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Abstract

In this paper, the weak Harris theorem developed in [18] is illustrated by using
a straightforward Wasserstein coupling, which implies the exponential ergodicity
of the functional solutions to a range of neutral type SDEs with infinite length of
memory. A concrete example is presented to illustrate the main result.
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1 Introduction

The ergodicity theory is a rich and active area in the study of Markov processes and related
topics. Existing results include both qualitative characterizations (for instance, existence
and uniqueness of invariant probability measures, strong Feller property, irreducibility)
and quantitative estimates (convergence rate of Markov transition semigroups, gradient
and heat kernel estimates, etc.). Among many other references, we would like to mention
[10, 12, 26, 31] for the study of non-degenerate stochastic differential equations (SDEs)
and stochastic partial differential equations (SPDEs), and [13, 15, 16, 17, 25, 30, 33] for
degenerate SDEs/SPDEs. In these references, several different probability distances (for
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example, total variational distance, L? distance, and Wasserstein distance) have been
adopted to measure the convergence rate of Markov transition semigroups. Efficient tools
developed in the literature include functional inequalities (for instance, weak Poincaré,
Poincaré, and log-Sobolev inequalities), Lyapunov type criteria, Harris’ theorem, and
coupling method, etc.

For path-dependent SDEs (i.e., the coefficients depend on the history), which are also
called functional SDEs or SDEs with memory, the solutions are no longer Markovian.
In this case, one investigates the functional solutions (i.e., the segment process, also
called window process, of the solutions), which are Markov processes on the path space
determined by the length of memory. However, the above tools mentioned are very hard
to apply to such kind of infinite-dimensional Markov processes:

e Due to the lack of characterization on Dirichlet forms, functional inequalities are
not yet established;

e The Lyapunov condition on the path space is less explicit since the formulation
of infinitesimal generator is not yet available; on account of the same reason, the
classical coupling argument via coupling operator is invalid;

e The classical Harris’ theorem does not apply since the functional solutions are highly
degenerate (infinite-dimensional Markov processes with finite-dimensional noises).

To see that the above mentioned tools do not work for path-dependent SDEs, we
consider the following instructive example taken from [8, 18]

(1.1) AX (1) = b(X (t — 1))dt + o (X (t — 1))dW(¢), t >0,

with the initial datum X (0) = £(0),60 € [—1,0], where b : R — R is a Lipschitz function,
o : R — R is a positive strictly increasing bounded Lipschitz function, £ : [-1,0] — R
is a continuous function, and W is a 1-dimensional Brownian motion. As shown in [27]
that (1.1) has a reconstruction property, i.e., given the trajectory (X(t,w))icin,n+1] for
some N > 0, the initial path (£(t))tc[-1,0 can be reconstructed with probability one.
Whence, the functional solution to (1.1) does not admit the strong Feller property and
nor the mixing property. Moreover, a “small set” has to be a singleton, and the classical
Lyapunov condition (based on infinitesimal generator) does not hold true any more since
both the drift and the diffusion are lack of the present information.

In recent years, some new approaches have been developed to investigate the ergod-
icity and related properties for path-dependent SDEs. When the noise term is path-
independent and the drift depends only on a finite segment of path, the ergodicity under
the total variational distance was investigated in [8], while gradient estimates and Har-
nack type inequalities (which in particular imply the strong Feller and irreducibility) have
been established in [3, 34, 32], to name a few, by using coupling by change of measures.
When the noise part is also path-dependent, but both drift and noise parts depend only
on a fixed length of past path, a weak Harris’ theorem has been established in [18] to
derive the exponential ergodicity under the Wasserstein distance. In case the noise is



path-dependent, we would like to emphasize that the ergodicity under the total variation-
al distance and the strong Feller property are not available since the laws of functional
solutions with different initial data are mutually singular. The weak Harris’ theorem
has been applied in, e.g., [7, 11, 23, 29] to establish the ergodicity for highly degenerate
stochastic dynamical systems including Markov processes with random switching.

In this paper, we aim to investigate by using a straightforward Wasserstein coupling
the exponential ergodicity for a class of neutral type SDEs with infinite length of memory.
Such kind of model fits more real world systems whose time evolution depends on the whole
history (cf. [24, Chapter 6]). Intuitively, the farer the history, the weaker the influence
to the evolution of the system. So, in the following we will take a reference norm on the
path space which indicates that the influence of history decays exponentially when the
time goes to —oo.

For an integer d > 1, let (R%, (-,-),|-]) be the standard d-dimensional Euclidean space,
and R? ® R? the family of all d x d-matrices equipped with the Hilbert-Schmidt norm
||lus. € = C((—o0, 0]; R?) stands for the space of all continuous maps f : (—oo, 0] — R%
For a map f(-) : (—o0,00) — RY, define its segment map f. : [0,00) — € by setting

fi(0) = f(t+6), t>0,0€ (—o0,0].

For a fixed number r € (0, 00), let

G={oet ol = swp (6(0))) < o}

—00<0<0

Then, (%, || ||-) is a Polish space. The norm || - ||, fits the intuition of exponential decay
with regard to the influence of history; that is, the contribution to the norm from the
history at time § < 0 has a minus exponential discount ¢”’. For any 6 € (—o0,0], let
&(0) = 0, a d-dimensional zero vector.

Consider the following path-dependent SDE of neutral type

(12) d{X(t) - GX)} = b(X)dt + o(X)dW (1), t>0, Xo=£E€%E,

where G,b : 6, — R? and 0 : 4, — R? ® R? are measurable with G(&) = 0, (X;)i>o is
the segment process associated with (X (¢))i>0, (W (t))s>0 is the d-dimensional Brownian
motion on a complete filtration probability space (2, . %, (#;)i>0, P). For more motivating
examples of (1.2), please refer to [24, p.201-202].

A continuous adapted process (X(t)):>o is called a solution to (1.2) with the initial
value Xy, if P-a.s.

X(t) = X(0) + G(X;) — G(Xo) + / t b(X,)ds + / t o(X,)dW (s), t> 0.

We call (X%),>0 a functional solution to (1.2) with the initial value X§ = ¢ € %,.
Throughout this paper, we assume that



(AO) b and o are continuous and bounded on bounded subsets of %, and there exists
« € (0,1) such that

(A1) There exists a constant Lo > 0 such that
(€(0) =n(0)+G(n) = G(&),b(&) =b(m) " + o(&) = (Mllfis < LollE =77, &n €%

(A2) For each £ € €, 0(€) is invertible, and supgcq, { |0 (&)[ + lo ()71} < oo.

(A3) There exists a continuous function V' : ¢, — R, with lim¢), o V(§) = 0o such
that
BV(§) < Ke"'V(€) + K

holds for some constants K,~ > 0.

Under (A0) and (A1), (1.2) has a unique functional solution (X?)i=0; see [2, 4] for more
details. Before we proceed to investigate ergodicity of the functional solution to (1.2), we
introduce some additional notation. For the functional solution Xf , which is a Markov
process, we define the Markov semigroup P, by

PIE) =Ef(X0) = | JP(&dn), 120, ] € B(%), £ C.

where P,(€, A) := E14(X?), A € B(%,), which is the transition kernel of X*. As explained
above, P;(&, ) does not converges in the total variational distance in particular when the
noise term is path-dependent. Next, we take the Wasserstein distance induced by the
distance

(1.3) pr(&m) =1ANE =1l &ne€E.

For any p,v € P (%6,), the collection of all probability measures on ,, the L'-Wasserstein
distance between p and v induced by p, is defined by

(1.4) W, (u,v) = inf /K ) pr(&,m)m(dE, dn),

TE€E (p,v)

where € (u, v) is the set of all couplings of p and v; that is, 7 € € (u, v) if and only if 7
is a probability measure on 6, X %, such that (- x 6,) = p and 7(%, x -) = v. For the
Lyapunov function V' in (A3), let

prv(&m) = V(& MA+ V() + V), &neE.



Theorem 1.1. Assume (A0)-(A3). Then P, has a unique invariant probability measure
7, and there exist constants c, A\ > 0 such that

(1.5) W, (uPr,vP) < ce™™W,  (uv), pve P(E), t=>0,

where W, . is defined as in (1.4) with p, therein replaced by the pseuso-metric py.y.
Consequently, there exists a constant C' > 0 such that

(1.6) W, (P&, ), m) SCe™M/1+V (), t>0.

Theorem 1.1 only considers the exponential ergodicity of the solution to (1.2) in the
Wasserstein distance. However, the method used in its proof also works in the study of the

ergodicity with slower (i.e., subexponential, polynomial) convergence rates by replacing
(A3) with

PV(E) < V() _/O PpoV)(E)ds+ Kt, €%, t>0,

where function V' : ¢ — R is measurable with limy¢, 0 V(§) = 00, ¢ : Ry — Ry is
concave with ¢(0) = 0 and ¢(s) 1 0o as s T oo, and K > 0 is a constant. See, for instance,
8, 21] for the study of path-dependent SDEs with finite length of memory. We also remark
that, in [14], sufficient conditions are provided for subgeometric rates of convergence in
Wasserstein distance concerning general state-space Markov chains which need not to be
irreducible.

The proof of Theorem 1.1 is based on the weak Harris’ theorem developed [18] (see
Lemma 2.1 below for more details) and is completed by constructing a straightforward
Wasserstein coupling. It is worth pointing out that straightforward Wasserstein coupling,
also called generalized coupling, has been applied to study the exponential ergodicity
in Wasserstein type metrics for path-dependent SDEs, SPDEs, and some other infinite-
dimensional processes in the Wasserstein metric, see for instance [9, 22] and references
within.

To meet the conditions of Lemma 2.1 below, one has to overcome the difficulties
caused by the infinite length of memory. Unlike conditions (AO) and (A1), which are
explicitly imposed on the coefficients, the Lyapunov condition (A3) is set by means of
the semigroup P, which is less explicit. In many cases, one may verify (A3) by using the
Lyapunov condition

(1.7) LVE) <NV () +e, E€F,

for some constants ¢, A > 0, where .Z is the extended generator corresponding to the
semigroup (F;)¢>o. However, as already explained before, £ is not yet available for the
present model. In this spirit, we present below explicit conditions for (A3).

Proposition 1.2. Let g € P ((—00,0]) such that

(1.8) 52 (110) = / e~ 10(d6) < oo,

—00



and set

2
(19) 5 = (1 + Vo + CXQ(ST([LQ)> .
Then (A3) holds for V(€) := ||€||? provided that the following two conditions hold:

(1) For any & € 6,, there exist constants oy, ag > 0 with oy + aod, (1) < 1 such that

0

(1.10) wwfgmmW+%/ €(0)2p10(a).

—00

(1) There exist constants co, A1, Aa > 0 with v := A\ — 2r8 — X290, (10) > 0 such that

0

(L11)  2(5(0) = G(£),b(&)) + lo(©)lfis < co = MIE(O)]* + A2/ [€(0)]” o (d0),

—0o0

0

(112) Jo@)ls < o1+ €O + [ e@Puolas)).

—0o0

The assumption on the Lyapunov function (i.e., limjg|, 00 V(§) = 00) seems to be
a little bit restrictive. Whereas, provided that (i) the diffusion coefficient is uniformly
bounded, and the drift coefficient can be decomposed into two terms

b(§) = bi(&) + b2(£(0)), £€C,

where by : ¢ — R? is uniformly bounded; (ii) the drift b satisfies the generalized
Veretennikov-Khasminskii condition, i.e., there exist constants «, M > 0 such that

(1.13) (€(0) = G(&),b(&)) < =rl(0)], £€C, [€0)]= M,

the Lyapunov function can be designed via the present state but not the whole path. See
e.g. [7, Theorem 3.2 (ii) & Theorem 3.3 (i)] for further details. For further examples which
satisfy the generalized Veretennikov-Khasminskii condition, please refer to [8, Section 3]
for more details. If the drift term is pure delay, the condition (1.11) no loner holds true. In
this setup, we can replace (1.11) by the generalized Veretennikov-Khasminskii condition
(1.13) concerning the drift term b. Moreover, for the following semi-linear SDE of neutral

type
d(X(t) . /_O X(t+ e)p(d9>) - (/_O X(t+ G)M(de))dt +o(X)AW (1),

where p, 1 are signed measure on [—7, 0], and ¢ is bounded Lipschitz and non-degenerate,
we can examine that (A3) still is satisfied by taking V(£) = [£(0)]* and employing a
variation-of-constants formula although (1.11) is invalid; see [5, Section 4] for more details.

To conclude this section, we present below a concrete example to illustrate Theorem
1.1.



Example 1.3. Let 11o(df) = Ler?df € P((—o0,0]) for some ro > 2r and let

)
0

Gl&) = [ €Om(s), o(€) =1+ [ (LA Dro(a0)

—0o0

1) = 2560 = (50) ~ 3 [ cOmotan)’ 55 [ e@pofas)

for some constants v; > 0,2 =1,--- ,5. If
(1.14)

2 2 2
7 <ro(ro—2r) and 2v3> 2r<1 + n )) + n 205t
To

ro(ro — 2r ro — 2r) \/7’0(7“0—27“)’
assertions in Theorem 1.1 hold.

Remark 1.1. Path-dependent SDEs of neutral type have been utilized to model some
evolution phenomena arising in e.g. physics, biology and engineering; see, for instance,
[1, 19, 20]. Here, whenever f is a signed measure on the finite time interval [—7,0] and
~4 = 0, this example has been investigated in [1]. Moreover, the example can demonstrate
Proposition 1.2 in the case 4 = 0 (the natural case). Whereas, we herein allow 74 # 0
just to emphasize that the drift term can be singular.

The remainder of this paper is organized as follows. In Section 2, Theorem 1.1 is
proved by using weak Harris’ theorem and Wasserstein coupling. Section 4 is devoted to
the proofs on Proposition 1.2 and Example 1.3.

2 Proof of Theorem 1.1

Now, we shall start to complete the proof of Theorem 1.1 by the aid of weak Harris’
theorem introduced in [18]. For readers’ convenience, we state it below in details. To
begin, we recall some notions.

Definition 2.1. Let X be a Polish space, and (P;):>o a Markov semigroup with transition
kernel P,(&,-) on X.

(1) A continuous function V' : X — Ry is called a Lyapunov function for (P):>, if
there exist constants v, K > 0 such that

21 RVE = [VOREa) SKOVEO K EEX, t20
(2) A function p : X x X — [0,1] is said to be distance-like if it is symmetric, lower
semi-continuous, and p(¢,7n) = 0 if and only if £ = 7.
(3) A set A C X is said to be p-small for P, if there exists € € (0, 1) such that
W, (P(&,-), P(n,-)) S1—e, &€ A,
where W, is defined as in (1.4) for (X, p) replacing (%, p;).

7



(4) p is said to be contractive for P, if there exists € € (0,1) such that
Wo(Bi(&,-), Peln, ) < ep(&m), & neX with p(§,n) < 1.

The following result is due to [18, Theorem 4.8].

Lemma 2.1. Let p be a distance-like function on X x X, and V' a Lyapunov function
such that (2.1) holds for some constants v, K > 0. If there exists a constant t* > 0 such
that {V < 4K} is p-small and p is contractive for Py, then there exists a constant t > 0
such that

1
WPV(:U’RHVB) < §WPV(/’L7 V)v v J2RZAS gZ(X)?

where py(§,n) == /p(&n)(L+ V(€ +V(n), & n € X.
To apply this result to the present model, for any 6 > 0 and R > 0, let

pra=1A(0""p), Br={¢€% : [€], < R},

1 3 902" SN 2 R?
(2.2) tm—1+§10g(ﬁ<(1—a)2<2}”§> +1_a>)’

where p, was given in (1.3). Obviously, the metric p,s is equivalent to p,. To check
the conditions in Lemma 2.1 for the present setup, we need to prepare the following four
lemmas concerned, respectively, with the (local) irreducibility, the continuity with respect
to the initial variable, p,s-small property, and p, s-contractive property for the Markov
transition kernel.

Lemma 2.2. Under the conditions of Theorem 1.1, for any R,6 > 0,

(2.3) inf P(Xf € Bs) >0, t>tpy.
£€BR

Proof. The idea of proof is essentially borrowed from that of [28, Lemma 2.2], where the
crucial point is to apply a standard result (e.g., [6, Lemma 1.8.3]) that a uniform elliptic
diffusion process is irreducible. So, below we will compare the radial process | X¢|(s) with
an elliptic diffusion process. For any £ € Bg and 6 > 0, let h € C°(R;RY) such that

(1 —a)
3
where « € (0,1) was introduced in (A0). Let

(2.4) h(0) = £(0) = G(&) — (1,0,---,0), || < |A(0)], and h(s) =0 for s > 1,
(2.5) A (1) = XE() — G(XE), AXSX"(1) = AXS (1) = AX" (1), t>0.
By taking (A0) into consideration, we have

.6)  (1=a) sup (@ X5 < (1= a)lglE+ sup (@A @), s =0

0<u<s



Consider the following radial process
(2.7) D(s) := |AY"(s) = (s)* —

By Ito’s formula, it follows that
d(e**D(s)) = 2re**D(s)ds + e**dD(s)
(2.8) = & {2rD(s) + 2(A%" (s) = h(s), b(XE) = W(9)) + o (XE)|Bs }dls
+2e¥(AX(s) = h(s), o (XE)AW(s)), s> 0.

Define the stopping time

6%(1 — )? }

(2.9) T = inf {S >0:e**|D(s)| > F

Since D(0) = 0 and D(s) is continuous with respect to s, we have P(7 > 0) = 1. In terms
of (2.7) and (2.9), we therefore have

2 1 — 2 2 1— 2
P s emin(s)] 2 (D) = T A (s) — h, s e 0.7
As a consequence, we arrive at
2 1— 2
(2.10) IAXS(s) = h(s)]> > % s € [0, 7].

Combining (2.10) with (A2), we obtain from (2.8) that

i(eQ’nsD(s)) = 4e4r5]0*(X§)(AX£(s) —h(s))|? € e1,¢], s€[0,7 AL

(2.11) i

for some constants ¢ > ¢; > 0. Herein, (-) means the quadratic variation of a continuous
semi-martingale and ¢ > tg 5, which is to be fixed in what follows. Next, we are going to
claim that (2.11) implies that

(2.12) ]P’( sup (€| D)) < L=

0<u<s 18

>>07 s> 0.

To achieve (2.12), we extend (€*"*D(s))sep0,7) into (€*"*D(s))s>o in the following manner
(2.13) Y(s) := N ID(s AT) + Lpnry (W(s) = WH(r)), s>0,

where (TW!(s))s>0 stands for the first component of (W (s))s>o. Consequently, (2.11) gives

that
d

&<Y(S)> €l N1, V1.



By applying [6, Lemma 1.8.3] and using Y'(0) = 0, this yields

(2.14) IP’( sup |Y(u)] < c) >0, s,¢>0.

0<u<s
Combining this with (2.9) and (2.13), we obtain
0%(1 — w)? 62 (1 — )?
IP’( sup (€27 D(w)]) < u) :IP’< sup (2 D(u)]) < =)
0<u<s 18 0<u<sAT 18

=B sup [¥(u)| < M) - 0.

0<u<s 18

o<r)

So, (2.12) holds true.
By using the fundamental inequality: |ul®> — [v]* < |u — v|*,u,v € R?, and recalling
that h(s) = 0 for s > 1, we deduce from (2.6) and & € By that

P( sup (e D(s))) < T

0<s<t 18

5% (1 — «)?
S ]P( sup (e2rs|AX5(8) _ h(S)‘Q) S M62rt>
0<s<t 6
1 2 1— 2
(215) S IP)( sup <_627‘8|AX§(8>|2 - 827‘8|h(8)|2> S ue%t>
0<s<t 6
52 (1 — «)?
< P((sup (X)) < 2 sup (@ Ju(s)?) + T W)
0<s<t 0<s<1 3

1 2 52
<IP’< sup (7| X¢(s)]?) < R4+ ——— sup (e¥|h(s)|? +—e2rt>.
< P( sup (¢ IX¥(9)) € T R+ g s (RGP +

On the other hand, we observe that

P(X¢ € Bs) = IP’(e_Q” sup (€2 XE(s)]?) < 52)

—oo<s<t

P([lg2 v sup (e[ XE(s)[?) < 262
0<s<t
> ]P’( sup (e X%(s)]?) < 62”52>.

0<s<t

Combining this with (2.12) and (2.15), it follows that we need to show

(2.16)

L 2 2 2 0% o o
- TS _ T < T > .
1—aR + (1_&)2021;21@ |h(s)]?) + g€ Se 6%, t>tpgs
By (2.4), (A0), G(&) = 0 and £ € Bpg, we infer that

O 2
B2 < |hO) < (2R+3) .

10



which incurs

2
sup (e**|h(s)[?) < e*" (23 + é) :

0<s<1 3

Then (2.16) holds definitely provided that

20% ,,, 2e%" 6\2  R?
Wy 2 g O R
3¢ _(1—a)2< T3) 1,
which indeed is true for t > tg ;. O

Lemma 2.3. Under conditions of Theorem 1.1, there exists a constant K > 0 such that
(2.17) EJIXS — X2 < KeK* [le—nl2, >0, &ne,

Proof. The proof of Lemma 2.3 is more or less standard (cf. [2, 4]). Whereas we herein
provide an outline of the argument just to make the content self-contained and emphasize

some corresponding differences due to the infinite memory and the neutral term. Let
A&1(t) = AXSX"(1) for simplicity. Using (A0) we have

L up (@A) 2).

1
2.18 *IXE = XPIIF < ——I€ = nllf +
( ) [R¢ < _ 04”5 ll; (1 —a)? p<s<t

Thus, to obtain the desired assertion (2.17), it is sufficient to show that

(219) T =E( sup (A(s)P)) < Jele —ulP, 120, £ne,

0<s<t

for some constant J > 0. Applying It6’s formula and using (A1) and (A2), we obtain
t
FIASO < A€ = 2+ [ o L2r|AT(S) + Loll XS - X2}
0
t
2 [ @A), (o(XE) - (X)W ().
0

Combining this with (2.18), (A2) and BDG’s inequality, we find out constants ¢y, ¢z, c3 > 0
such that

I(t) < e — nll? + / (1€ = nlP? + T(s)}ds

t 1/2
+B( sup (@A) [ e o) = (XD )

0<s<t 0
t 1 t -
<lle =l +er [ €=l + () + 500 + en [ B8 - X7
0 0

<

1 t
SO+l + 0l =l + e [ T(o)s

11



Consequently,

T(t) < 2e3(1+ )€ — ]2 + 25 / P(s)ds.
0

By Gronwall’s inequality, we obtain
D(t) < 2¢3(1 + )e*'||€ —n]l7.
Therefore, (2.19) follows from (2.18) immediately. O

Lemma 2.4. Under conditions of Theorem 1.1, for any R, > 0,

2
(8%
(2.20) W, s(P(&,-), P(n,+) <1 — gt <1, t>tgrsm, §n € Bg,

holds for tgs/a in (2.2) and oy = infecp, IP’(Xf € Bs)a).

Proof. For any £,n € Bg, let (X )i>0 be the functional solution to (1.2) with the initial
value X§ = € € €,, and (X")t>0 the functional solution to (1.2) with the initial datum
Xg = 1 but for an independent Brownian motion (W(t))tzo replacing (W(t))i>0. We
call (X§,X7) an 1ndependent coupling of the functional solutions to (1.2). In view of the
independence of (X¢);>0 and (X] ! )i>0, we deduce that

W, 5(Fi(€,), Pi(n,-)) S E(LA (07H|XE = X7I,)

_1
“P(X; € Bsa, X; € Bsa) +P({X} ¢ Bsja} U{X] ¢ Bssa})

O |

1
=1— éP(Xf € Bs;4)P(X} € Bs)s)

<1—%
2

Hence, (2.20) holds true due to Lemma 2.2. O

Lemma 2.5. Under the conditions of Theorem 1.1, for any B € (0, 1) there exist constants
dg,ts > 0 such that

(2'21) Wpr,6 (Pff(£7 ')7 Pt(na )) < 6pr,6(£7 77)7 t > tﬁa o€ (07 65]
for any &, n € 6, with p,s5(§,n) < 1.

Proof. Our proof is based on the Girsanov transform and Warsserstein coupling, which
is more straightforward than the “binding construction” argument adopted in [18, p.254-
257). For £,n € €, let (X$).>0 be the functional solution to (1.2), and let (Y"(s)).>0
solve the following SDE

(222) d{Y"(s) = G(Y)} = {b(Y") + AAS"(s) }ds + o (Y)AW (s), s >0, Y =n,

12



where A > 0 is a constant, AS7(s) := AX*X"(s) is defined in (2.5). For A > 0 sufficiently
large, the additional drift A AS7(s) strongly pushes Y7 moving toward to X$ whenever
s T 0o. Indeed, when A > 0 is sufficiently large, for any rq € (0,r), there exists a constant
¢ > 0 such that

(2.23) E[|X; = Y2 <ce ™€ =}, s>0,&n €%,
and, for any stopping time 7,

(2.24) E|lX5,, - Y

SAT

IF<clg=nlf, s=0,¢ne

as shown in the proof of [4, (3.11)],
To compare Y7 with X7 via the Girsanov theorem, let h(s) = Ao~ (Y/")AS"(s) and
set

R, = exp(—/ﬂt(h(s),dW(s»—%/Ot|h(s)|2ds>.

Generally, R; may not be a well defined probability density, so we shall restrict it by the
following stopping time

7. = inf {s >0: / |h(s)]2ds > e H|€ — 77H,%}
0

for some constant ¢ € (0,1) sufficiently small to be determined later. By Girsanov theo-
rem, dQ. := Ryr,.dP is a probability measure on (£2,.%#) under which

Wi(s):=W(s)+ /OSATE h(u)du, s>0

is a d-dimensional Brownian motion. Let Y"(s) solve the SDE

A{Y"(s) = G} = {bY)) + L2 A A () Jds + o (YA W (s),  s>0, Y =n,

where AS7(s) = AXSY"(5). By the weak uniqueness of solutions to (2.22) up to time AT,
we have

(2.25) POX) €)= QT € ), Vi =Y., t>0.

To estimate W, ,(P;(&,-), Pi(n,-)), we take the following Wasserstein coupling of PP
and Q.:

T(dw, d&) =(1 A Rony, ) (w)B(dw)d,, (dD)

(2.26) L= leg[)g (0_«1) ](%itf)gﬂ— 1)* (@) P(dw)P(d),

13



where 0, is the Dirac measure at point w, and the last term vanishes if E[(1 — Rip..)T] =0
which is only possible when £ = 1. Combining this coupling with (2.25), and noting that
prs < 1, we obtain that

WPT,(S (Pt(éa )7 Pt(n7 ))
< / (X ). T7(@) M, )
< E[prs(XE, YY1 A Rins)] + E[(Rins. — 1)7]

< E [1{t§75}p7“,5(Xt§7 Y;ﬂ)} +E |:]‘{t>T5}pT‘,5(Xt£7 }7;77)] +E [(Rt/\‘rE - 1)+}

(2.27)

Next we are going to estimate three terms above, one-by-one.
Firstly, by (2.23), there exists a constant ¢ > 0 such that

(2.28) L(t) < ce ™27 e =, = ce ™ 2p, 5(€,m)

for arbitrary &, n € €, with p,5(£,n) < 1. Next, by Holder’s inequality, the strong Markov
property, (2.17), (2.23), (2.24), Y1, = Y., due to (2.25), and noting that the SDE for
Y coincides with (1.2) when s > 7., we obtain that
I(t) < 6T'E[IIXF = Y Lpr<n]

= |1 {EIXE, - V1)

/7 /) — Xﬁ/\ 71/’7\7_ :|
(229) (£ 77) ( tATe? "t E)

< 5—1\/19(76 <) KeKE|| X;,, — Y |2
< \/cKeKtIP’(TE <t)prs(§,m)

for any &, n € €, with p,5(&,n) < 1. On the other hand, Chebyshev’s inequality, (A0)-
(A2) and (2.23) imply

P(r. < 1) < IP( [ s = e - n||2)

t
(2.30) < e e — )l / EJLXE — V7|2ds
0
t Cy €&
< 028/ e "%ds < —
0 To

for some constants ¢, ¢y > 0. Combining (2.30) with (2.29), we may find out a constant
c3 > 0 such that

(231) [2(t) S 03\/geC3tpr,5(£vn)a 5777 € Cgra pr,5(5777) <L
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By Holder’s inequality and the definition of the stopping time 7., we obtain
() <ER,, —1

tATe tATe
<Eexp ( - 2/ (h(s), dW(s)) — / h(s)Pds) — 1
0 0
tATe 1/2
< (Eexp (6/ ]h(s)]2ds>) -1
0
< ¥ el 1 < 3e7 || — g 2ete eI

where the last step is due to the inequality: e —1 < ze®, x > 0. Hence, for any &, 7 € 6,
with p,5(€,m) < 1, we infer that

Io(t) < V322 € — . = V32003 ps € m).
Combining this with (2.27), (2.28) and (2.31), we arrive at
WPr-,é (Pt(£> ')7 Pt(na )) g CB{e_TOt/z + eKt/25 + 5_1/256387162 }pr,6(£> 77)

for any &,n € 6, with p,s(¢,n7) < 1. Thus, (2.21) holds by taking ¢ > 0 sufficiently large
and e = ¢ € (0, 1) sufficiently small. O

Proof of Theorem 1.1. Since limj¢|, o0 V() = 00, there is a constant B > 0 such that
{V <4K} C Bg. By Lemmas 2.3 and 2.4, there exists tg > tp /4 such that {V < 4K} is
pro-small and p, 5 is contractive for P, for any ¢t > ¢, and > 0. So, in terms of Lemma
2.1, P, has a unique probability measure 7, and there exists a constant ¢; > 0 such that

1
(232) Wpr,s,v (:uPtl? VPtl) S §WPT,6,V (:uv V)v K, v S g(é‘)

Combining this with the semigroup property, to prove (1.5) it suffices to find out a constant
C > 0 such that

(233) Wp,,«’&v((;gpi’? 617Pt) < Cpr,5,V(€7 7])7 te [07 tl]a 5) ne Cg'r'
By (2.1) and (2.17), besides Holder’s inequality, there exists a constant C' > 0 such that

W, (5P 0,P2) < B prs (XE XP)(1 + V(XE) + V(X))

<\ Ep s (XE, XIE(L + V(XE) + V(X]))

< CVp (&L +V(E)+ V()
= Cprsv(&m)

for any t € [0,t1],&,n € 6,. Therefore, (2.33) holds true so that (1.5) is available by in
addition taking the equivalence of p, and p, ;.
Next, by (2.1), we have 7(V) := [, Vidr < oo, so that (1.5) implies

W,, (P, ), 1) = W, (6P, 7P) < co™ / Py (Em)r(dn) < Ce ™M /T V(E)

@

for some constant C' > 0. O
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3 Proofs of Proposition 1.2 and Example 1.3

Proof of Proposition 1.2 . For simplicity, we write X (t) = X¢(t) and X, = X¢. By (2.6),
it is sufficient to find out a constant ¢ > 0 such that

(31) E( sup (A% (5)) < e (14 1)l + 7).

By Fubini’s theorem and integration by substitution, we deduce from (1.8) that
t 0
/ / ¥ X (s + 0)|* 1uo(d0)ds
0 —00
t —s 0 t+6
(32) — / / e 02| X (5 1 0)[210(d6)ds + / e / &3] X () [2ds10(d6)
0 J—oo —t 0

t
< 5, (uo)lIEN% + 6, (1) / 79X (s)ds,
0

which, together with (1.10), leads to: for any € > 0, there exists a constant ¢. > 0 such
that

t t
/ e2TS|AX(3>|2dS < <]. +e+ (1 + 1/€)a1> / e2TS|X(S)|2dS
0 el
HUr e [ [ X+ 0)Puola)ds
0 —00
t
<l (14 @i+ asd () +<+ (ar + asd () e) [ e |X(s)Pds
0
Taking € = (a1 + a6, (110))/?, we find out a constant ¢; > 0 such that
t t
(33) [ ern@Pds < allges s [ erxopas
0 0
where ) > 0 is in (1.9). Now, by It6’s formula, it follows from (1.11) that

SN < SO+ [ e e+ 2NN - MIX )P
(3.4) o U’ .
+ Ay / | X (s + 9)|2,u0(d6’)}ds + 2/0 e (A*(s), 0 (X, )dW (s)).

Plugging (3.2) and (3.3) into (3.4) and utilizing (A0) gives
t
BN (1) < co((1+ DI + ) = (M = 2081 = Aadi(1u0)) / e E|X (s)|"ds
0
for some constant ¢ > 0. Since Ay — 2151 — A2d, (o) > 0, this implies

t
(3.5) | B ) Pas <l g + ot
0
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for some constant ¢z > 0. On the other hand, by BDG’s inequality, we deduce from (1.12)
and (3.2) that

2 sup | [ (0¥ (), (X)W ()

0<s<t
) 1/2
36)  <VRE( sup (AN [ o) sds)
0<s<t 0
1 2rs X 2 2rt 2 ! 2rs 2
< SE( sup (XA (s)%)) + eae™ + t]€)2 + / " E|X (s)|ds
0

2 \o<s<t

for some ¢4 > 0. Thus, by taking (3.3) and (3.4) into account and making use of (3.6)
and (AO0), there exists a constant ¢; > 0 such that

t
B( sup (A (6))) < es((L+ O+ e+ [ T BIX(5)Pds).
0<s<t 0

Henceforth, (3.1) follows directly from (3.5). O

Proof of Example 1.3. It suffices to verify (A0)-(A2) and conditions in Proposition 1.2.
Thanks to Holder’s inequality, one has

0

(37) 1GE) -G < 712/ [€(0) = n(O)*1o(d0) < 776, (o) I€ —mll7, &, € E.

— 00

Therefore, (A0) holds for a = v14/0,(10) < 1 owing to (1.14). By Holder’s inequality
and (3.7), we can find some constants c1, co > 0 such that

(€(0) = 1(0) = (G(&) = G(m), b(&) = b(n)" + |o(§) — o (n)|”

w2 ([ k) - w@lnotan))’

< a{l¢(0) = nOF + |6() - G}
§02||§—77||g» 57776(@7

where the first inequality is due to

—74(€(0) = G(&) = (n(0) — G(n)), (£(0) — G()* — (n(0) — G(n))"*) < 0.

Consequently, (A1) holds true. According to the formula of ¢(¢), (A1) holds trivially.
Finally, we verify conditions in Proposition 1.2. Obviously, (1.8) holds with d,(uo) =
m < oo due to g > 2r. Thanks to G(&) = 0 and (3.7), (1.10) holds for a; = 0 and

= 2. By Holder’s inequality, it follows that

1.
d

0
38) P <1+ rani [ [€OPm@), a>0.¢e%.

—00

17



Next, by using (3.8), for any ¢ > 0 and £ € %,
2(£(0) = G(€)b(&) + o (&)

<142 = 260 + 20+ w0) [ EOulan) + (1 k3 [ I60)Fro(ad)

0

— 00

0

<142 = (2= O+ W) O + (Z0n + w0 + (14 ag) [ 1660)Frala),

€ —00

Taking ¢ = /0,(uo) and « € (0,1) sufficiently small and combining (1.14), we conclude
that (1.11) holds.

O
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