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Abstract

We establish new general sufficient conditions for the existence of an invariant mea-
sure for stochastic functional differential equations and exponential or subexponential
convergence to the equilibrium. The obtained conditions extend the Veretennikov—
Khasminskii conditions for SDEs and are optimal in a certain sense.
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1. Introduction

While ergodic properties of stochastic differential equations (SDEs) are more or
less understood by now, less is known about ergodic properties of stochastic functional
(or delay) differential equations (SFDEs). In this article we establish new general
sufficient conditions for existence of an invariant measure for SFDEs and obtain estimates
for the rate of convergence to the equilibrium.

SFDEs in general have quite a peculiar ergodic behavior that can be very different
from the ergodic behavior of SDEs. Let us briefly describe the main features. First of all,
as was shown in [24], an SFDE might have a reconstruction property. Namely, consider
the equation

dX@ (1) = f(X@(t = 1))dt + g(X D (t —1))dW (t), t >0, (1.1)
X@ () =z(t), te[-1,0].
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Invariant measures for SFDEs

where f: R — R is a Lipschitz function, g: R — R is a positive strictly increasing
bounded Lipschitz function, z: [-1,0] — R is a continuous function and W is a 1-
dimensional Brownian motion. It turns out that if for some N > 0 (that might be
arbitrarily large) one observes a single piece of trajectory { X (¢,w), t € [N, N + 1]}, then
with probability 1 one can reconstruct the initial condition { X (¢), t € [—1,0]} of the SFDE.
Clearly, this is not the case for SDEs.

As a result of this, the solution to (1.1) is not a strong Feller process and it does not
have a mixing property. Indeed, if © # y, then the measures Law{X®)(t), t € [N, N + 1]}
and Law{X®)(t), t € [N, N + 1]} are mutually singular for any N > 0. Therefore, one
cannot hope to construct a classical coupling between these measures to show asymptotic
stability.

SFDEs might also have a resonance property. If one considers a delay version of a
classical Ornstein—-Uhlenbeck process,

AX(t) = - A\X(t —1)dt +dW(t), >0, (1.2)

where A > 0, then (contrary to the non-delay case) for large enough A\ (more precisely,
A > m/2) this equation does not have an invariant measure [14]. Moreover, for large A
the equation oscillates to infinity with rapidly increasing diameter of oscillations.

Due to the above mentioned challenges the question of existence of an invariant
measure and rate of convergence to the equilibrium remained open even for a relatively
simple SFDE (1.1) if f is not affine. In the current paper we present an answer to this
question.

Let us recall that there are two quite general approaches that are used to study
the ergodic properties of Markov processes. The first approach is based on functional
inequalities, see, e.g., [1]. The second approach is based on the concept of small sets and
utilizes the coupling method, see, e.g., [17]. Using these techniques, it was shown that if
the drift vector field of an SDE points towards the origin (the so-called Veretennikov-
Khasminskii condition), then, under some further non-degeneracy assumptions, the SDE
has a unique invariant measure and converges to it in total variation, see [4], [13], [26].
More general SDEs are treated in [11].

Unfortunately, these methods are not applicable for SFDEs due to their lack of mixing
properties. Note though that ergodic properties of affine SFDEs can be treated by
comparison with the deterministic case and by studying the fundamental solutions, see
[7], [14], [18], [20]. However this technique also does not work for non-affine SFDEs.

Some sufficient conditions for the existence of an invariant measure for SFDEs are
obtained in [12, Theorem 3]. Let us note though that it might be quite hard to verify
these conditions in practice.

To overcome these difficulties and to derive verifiable sufficient conditions M. Hairer,
J. Mattingly and M. Scheutzow suggested a new approach targeted specifically at Markov
processes with bad mixing properties [10]. They introduced a new concept of a d-small
set, and showed that under certain conditions (much weaker than mixing) a Markov
process has a unique invariant measure and converges to it. The price to pay is that
this convergence occurs in the Wasserstein metric rather than in total variation. This
approach was further developed in [3].

In this paper we apply this general approach to SFDEs. The main obstacle here
is to construct a proper Lyapunov function. Due to the memory property it is much
more challenging than in the SDE case. Indeed, a solution to an SFDE is an infinite
dimensional Markov process with non-locally compact state space and rather involved
generator. We develop a new technique inspired by some ideas from [23].

Another obstacle was to obtain a condition that is general enough to cover drifts
in (1.1) of the form f(z) = —|xz(—1)®sign(x(—1)), 8 € [0,1) (in this case an invariant
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measure exists), but not “too general” since (1.1) with the drift f(z) = —Az(—1) does not
have an invariant measure for A > /2.

The obtained result can be formulated as follows: one should check that the drift
vector field f(x) points towards the origin only for “typical” x. This extends and general-
izes the corresponding theorems for SFDEs in [23], [10], [3]. The obtained conditions
and rates are optimal in a certain sense. We explain our result in more details below in
Section 2.

Note also that there is an alternative fruitful approach, which is also suitable for
SFDEs, that was suggested and developed in [10], [16]. It is based on the generalized
coupling method. Using this approach it is possible to establish uniqueness of an
invariant measure and asymptotic stability under some natural conditions. However,
this approach does not allow directly to obtain the results on existence of an invariant
measure and on the convergence rate. Therefore we do not use it here.

The paper is organized as follows. We formulate and discuss our main results in
Section 2. Section 3 contains specific applications of our results to different SFDEs as
well as some counterexamples. All proofs are placed in Section 4.
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2. Main results

We assume that all random objects are defined on a common probability space
(9, F,P). Fix r > 0, positive integers d, m and let C := C([-r,0],R?) be the space of
continuous functions endowed with the supremum norm || - ||. We study a stochastic
functional differential equation

dX(t) = f(Xy)dt 4+ g(X;) dW(t), t>0 (2.1)
XO =T

where f:C — R% and g : C — R%™ are measurable functions, IV is an m-dimensional
Brownian motion, the initial condition # € C, and we used the standard notation X;(s) :=
X(t+s),se[-r0].
For a matrix M € R%™ we denote by || M| its Frobenius norm, that is, | M| :=
> ij For a real a we put a := max(a,0). We suppose that the drift and diffusion of
(2.1) satisfy the following condition:
Assumption Al. The drift f is continuous and bounded on bounded subsets of C. The
diffusion ¢ is non-degenerate, that is, for any x € C the matrix g(z) admits a right inverse
g~ () and
sup [lg™" ()] < cc.
zeC

EJP 22 (2017), paper 98. http://www.imstat.org/ejp/
Page 3/23


http://dx.doi.org/10.1214/17-EJP122
http://www.imstat.org/ejp/

Invariant measures for SFDEs

Furthermore, f satisfies the one-sided Lipschitz condition and ¢ is Lipschitz. Namely,
there exists C' > 0 such that for any x,y € C we have

(f(@) = fy),2(0) = y(0))+ + lg(z) — gWI* < Cllz — ylI*.

It follows from [21] that under Assumption A1 SFDE (2.1) has a unique strong
solution. Moreover, this solution X = (X;);>¢ is a strong Markov process with the state
space (C, B(C)), see Proposition 4.1 below. We denote the transition probabilities of X by
Pi(x,-), wheret > 0, xz € C.

In this article we study the invariant probability measures of X. Further, we will drop
the word “probability” and refer to these measures just as invariant measures.

It was shown in [10, Theorems 3.1 and 3.7] (see also [16, Section 6.1]) that under A1l
X has at most one invariant measure and if it has one, then the transition probabilities
weakly converge to this measure. Note however that A1 does not guarantee the existence
of the invariant measure of X. Indeed, the equation

dX(t) = dW(t), t>0

satisfies A1 but does not have an invariant measure. Also assumption A1l alone does not
imply any bound on convergence rate, see [10, Remark 3.4].

We will provide two different sets of conditions for the existence of an invariant
measure for SFDE (2.1) and present upper bounds for the rate of convergence to the
equilibrium. To formulate our results we need to introduce some notation.

Let (E, B(F)) be a Polish space. Recall that the Wasserstein (or Kantorovich) distance
between two probability measures y, v on (E, B(E)) is defined as follows:

Wa(p,v) :=inf Ed(X,Y),

where d is a lower semicontinuous metric on E and the infimum is taken over all random
variables X, Y that are distributed as © and v, correspondingly. If the metric d is the
discrete metric, that is d(z,y) = 1(z # y), then the Wasserstein distance is equivalent to
the total variation distance which is defined by
dry(p,v) == ifP(X #Y) = sup_|u(A) —v(4)],
A€EB(E)

where again the infimum is taken over all random variables X, Y that are distributed as
w and v, correspondingly. In the paper we will consider only bounded distances d. In this
case, convergence in total variation implies convergence in the Wasserstein metric; the
latter is also equivalent to the weak convergence (see, e.g., [2]).

Throughout the paper, we will take the space C as the state space E. For x € C we
denote the diameter of the range of x by

D(z) == sup |a(t1) —x(t2)].
tl,tQG[f’F,O]

As in [10, Section 5], we consider the following family of distances on C:

dy(z,y) == M ANl z,y€C,

P
where p > 0.

Now we are in position to present our main results. We consider two different groups
of conditions which are sufficient for the existence of invariant measure and exponential
or subexponential convergence to the equilibrium.

Assumption A2 (Exponential convergence). The diffusion g is globally bounded and the
drift f is sublinear. The latter means that there exist constants § € [0,1), C > 0 such that

If(x)| < C(1+ =), zeC. (2.2)
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Furthermore, there exist constants ¢, M > 0 and a function x : R4 — R such that
lim, o (n(z)z_ﬁ) = oo and

(f(z),z(0)) < —cl|x(0)], forany z € C with D(x) < k(]z(0)]) and |z(0)| > M.  (2.3)

Assumption A3 (Subexponential convergence). The diffusion g and drift f are globally
bounded. Furthermore, there exist « € (0,1), o > 0, M > 0 and a function « : Ry — R4

such that lim;_, (r(2)/v/logz) = oo and
(f(z),z(0)) < —ol|x(0)]*, forany x € C with D(z) < k(|2(0)|) and |z(0)| > M. (2.4)

We will also present results concerning convergence in the total variation distance.
To state these results we need an additional assumption on the structure of the drift and
the diffusion.

Assumption A4 (Convergence in total variation). The drift f is globally Lipschitz and
the diffusion g depends on x only through z(0).

Theorem 2.1. Suppose that Assumptions A1 and A2 hold. Then SFDE (2.1) has a unique
invariant measure 7 and the transition probabilities P;(x,-) converge to it exponentially
in the Wasserstein metric. That is, for any p > 0 there exist C > 0, \; > 0, Ay > 0 such
that for all x € C we have

Wa, (Pi(z,-),m) < CeMlzOFD@e=dat -y > (2.5)

Moreover, if additionally Assumption A4 holds, then the convergence in the Wasserstein
metric in (2.5) can be replaced by convergence in total variation metric.

It is interesting to compare the obtained theorem with the corresponding result for
SDEs. Recall that in the non-delay case the following condition is sufficient [25] for
existence and uniqueness of the invariant measure and exponential convergence of
transition probabilities in total variation:

(fy),y) < —olyl, |yl =M,yeR, (2.6)

where M > 0, ¢ > 0. In other words, for large enough y € R? the drift f should point
towards the origin. Therefore, condition (2.3) is a direct equivalent of (2.6) for SFDEs.
We can call it the extended Veretennikov-Khasminskii condition.

Note that it is sufficient to check (2.3) only for trajectories x with not too large
diameters. This is quite important as it makes verifying (2.3) in practice much easier,
see Section 3. The intuition here is the following. As one can see from the results of
Section 4 below, for large enough n with high probability D(X,,) is approximately of
the size O(|X(n)|?) regardless of the initial conditions. Thus, it is very unlikely that
the trajectory will have a much bigger diameter. Even if it happens, one can just wait
till the trajectory has a smaller diameter and then the drift would point towards the
origin. Thus, one has to check the extended Veretennikov-Khasminskii condition only
for “typical” trajectories. Note that this additional assumption lim, ., (/{(z)z*ﬁ ) = o0 is
optimal, see Section 3 for counterexamples.

The convergence in the Wasserstein metric in (2.5) cannot be replaced by the conver-
gence in total variation without additional Assumption A4. This is due to the reconstruc-
tion property discussed above. If the diffusion does not depend on the past, then SFDE
does not have the reconstruction property and the convergence occurs in total variation.

Let us also mention that one cannot hope to replace (2.3) by something like

(f(x),2(=1)) < —ole(=1)[, [z(=1)] = M.

Indeed, the delayed Ornstein—-Uhlenbeck equation (1.2) satisfies this assumption, but it
does not have an invariant measure.
Let us move on to our second main result that concerns subgeometrical convergence.
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Theorem 2.2. Suppose that Assumptions A1 and A3 hold. Then SFDE (2.1) has a
unique invariant measure 7 and the transition probabilities P;(x,-) converge to it subex-
ponentially in the Wasserstein metric. That is, for any p > 0 there exist C' > 0, A\; > 0,
A2 > 0 such that for all x € C we have

Wa, (Pi(, ), m) < CeMIzOI"+MD@)? =2t/ B2 1y 2.7)

Moreover, if additionally Assumption A4 holds, then the convergence in the Wasserstein
metric in (2.7) can be replaced by convergence in total variation metric.

We see that in the subgeometrical case it is also enough to check the extended
Veretennikov-Khasminskii condition only for trajectories with not too big diameter. The
explanation is the same. It is worth mentioning that since the drift f “pushes” to the
origin weaker than in the exponential case, one has to check (2.4) for a slightly bigger
set of x than just “typical trajectories”.

We also would like to mention that the obtained rate of convergence to infinity in the
right-hand side of (2.7) matches the corresponding rate for the SDE case. The latter
cannot be improved, see [8, Section 7.1].

The proofs of Theorems 2.1 and 2.2 are postponed till Section 4.

Convention on constants. Throughout the paper, we denote by C' a positive con-
stant whose value may change from line to line.

3. Examples and counterexamples

In this section we present a number of examples showing how the theoretical results
from Section 2 can be used for studying convergence of SFDEs. In addition to it,
we provide some counterexamples that show the optimality (in a certain sense) of
Assumptions A2 and A3.

We begin with the following example.

Example 3.1. Let d = m = 1. Consider an equation
dX(t) = h(X(t —r))dt + g(Xy)dW(t), t>0, (3.1)

where the memory > 0, h: R — R is a smooth function such that h(z) = —|z|” sign z for
|z| > 1, v € (—1,1) and the diffusion ¢ is bounded Lipschitz and non-degenerate.

Clearly, Assumption A1 holds and hence equation (3.1) has a unique strong solution.
Let us check A2 and A3. Put x(z) := 2(}t7)/2, Note that there exists large enough M,
such that for any = € C with D(z) < x(|z(0)|) and |z(0)| > M, we have

|z(—=r)| > |2(0)] = D(z) > |x(0)| — |2(0)| /2 > 1 3.2)

~

|) and |x(0)| > M,. Using (3.2), we derive
)

and hence h(z(—r)) = —sign(z(—r))|x(—r)]

Take now any z € C with D(x) < k(]z(0)
h(z(=r))z(0) = —sign(z(-r)

— sign(w(~r))

a(=r)[7(0)
a(=r)["(@(=r) + z(0) — z(-r))

< —la(=r)]"*! + |2(=r)[" D(x)
= _|$(0) - |m(0)|(1+7)/2|7+1 + (|z(0)]” + D(z)” 4+ 1)D(x)
< —|:U(0) — |$(0)|(1+7)/2|v+1 n 3|x(0)|(1+7)/2+(w0)_

This implies that there exists large enough M > M,, such that if |2(0)] > M and
D(x) < k(]z(0)]), then

ha(=r))(0) < —gla(0) .
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Now if v € [0,1], then A2 holds. Therefore, by Theorem 2.1 SFDE (3.1) has a unique
invariant measure and converges to it exponentially in the Wasserstein metric.

If v € (—1,0), then A3 holds. In this case we apply Theorem 2.2. We obtain that (3.1)
still has a unique invariant measure but converges to it subexponentially with the rate
given in (2.7). O

Remark 3.2. In Example 3.1 it was crucial that it was sufficient to check condition (2.3)
or (2.4) only for x € C with not “too large” diameter. Evidently, these conditions are not
satisfied for all « € C. Thus, the exponential/subexponential ergodicity of (3.1) cannot
be obtained by [10, Remark 5.2] or [3, Theorem 3.3].

Example 3.3. Using the same method we can study more general equations. Let
d,m € IN, r > 0. We are interested in ergodic properties of the SFDE

0
dX(t) = h(/ X(t+ s)u(ds))dt +g(X)dW (), t>0, (3.3)

where h : R? — R? is a smooth function with h(z) := —z|z[7~! for |2| > 1, vy € (—=1,1); p
is a finite signed measure with pu([—r,0]) > 0; g is as in Example 3.1. We see that the
drift and diffusion of equation (3.3) satisfy Assumption A1 and thus this equation has a
unique strong solution.

In order to verify A2 and A3, we choose again x(z) := z1*7)/2, We consider the
Jordan decomposition of the measure u:

p=pt—p,

where pt and i~ are two finite nonnegative measures, and note that for any z € C with
D(z) < k(]z(0)]) we have

L[ﬂﬂ@%%[}@w@ﬂ{[}@www
2 (= O]~ [ fa(s) — 20) )

—r

0

1 (= 0fa(0)] = [ Jal) = w0} (ds)

-r

>[2(0)|([=r,0]) = D(@)(p* ([=r,0]) + p~ ([=,0]))
>e1fa(0)] — ezl (0)| /2,

where ¢; = p([—r,0]) and ¢z = (" ([-7,0]) + = ([-r,0])). By our assumptions, we have
c1 > 0. The verification of A2 and A3 is completed exactly as in Example 3.1. Thus,
applying Theorems 2.1 and 2.2, we obtain that X has a unique invariant measure and
converges to it exponentially if v € [0, 1) or subexponentially if v € [—1,0). O

Now we move on and present some counterexamples to demonstrate a certain
optimality of the conditions in Theorems 2.1 and 2.2.

First, we consider the case § = 0. The next example shows that in this case it
may happen that no invariant measure exists if the drift and diffusion satisfy all the
conditions of Theorem 2.1 with the only exception that the condition lim, . x(2) = oo in
Assumption A2 is replaced by liminf,_,,, x(z) > N, where N > 0 is an arbitrarily large
constant.

Example 3.4.Letd=m=1,r =2, N > 0. Put x(z) := N, z > 0. Consider an equation

dX(t) = f(Xp)dt +dW(t), t>0
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where f is a Lipschitz continuous function which takes values in [—1, A], and satisfies
f(z) = A whenever D(z) > N + 1 and (f(x),x(0)) < —|z(0)| whenever D(z) < N and
|z(0)| > 1. We claim that A > 0 can be chosen in such a way that for every fixed initial
condition we have

lim X(t) =400 a.s. (3.4)

t——+oo
This would imply in particular that X does not have an invariant measure.

To verify the claim we fix the initial condition # € C and introduce an auxiliary
sequence

Y (n) :=z(0) —n+ W(n +AZ W(i—1)>N+2), ncZ,.

Since the drift f is bounded from below by —1, we derive forn € Z,, n > 1

X(n—|—1)—X(n):W(n+1)—W(n)+/ " F(Xy)dt
>W(n+1)—W(n)—14+A1( inf D(Xy)>N+1)
te[n,n+1]
>W(n+1)—W(n)—14+A1(X(n) — X(n—1) > N +1)
>W(n+1)—W(n)—14+A1L(W(n)—W(n—1) > N +2)
=Y(n+1)-Y(n), (3.5)

where we also used the fact that the memory r = 2 and hence X(n) - X(n—1) > N +1
implies that D(X;) > N + 1 for all t € [n,n + 1]. Recall that by definition X (0) = z(0) =
Y (0) and X (1) > 2(0) — 1 + W(1) = Y (1). Therefore (3.5) implies X (n) > Y (n) for any
nez;.

By the strong law of large numbers,

Y(n)/n— —14 AP(( > N +2), a.s. whenever n — oo,

where ¢ denotes the standard Gaussian random variable. Hence by taking large enough
AwegetY(n)/n — 1, a.s. asn — oo. Since X(n) > Y (n), this yields (3.4); thus the
claim is proved and the process X does not have an invariant measure. O
Next we consider the case 3 € (0, 1). We show that the condition lim, ,, k(2)2™" = 0o
in A2 cannot be replaced with the condition liminf,_,, x(2)z~” > N. Since we need to
construct an example with unbounded «, the proof here will be different from the proof
in Example 3.4.
Example 3.5. Let 3 € (0,1), N > 1. Put x(z) := (N —1)z?, 2 > 0. Consider the following
stochastic delay equation ford =m =1, r = 2:

AX(t) = f(Xp)dt + dW (1), (3.6)

where f is a Lipschitz continuous function such that f(z) = 5Nz(0)? if (0) > 1 and
D(x) > Nz(0)?. Similar to Example 3.4, one can easily extend f in such a way that
Assumptions A1 and A2 hold with the only exception that condition (2.3) is satisfied for
all x € C with D(z) < (N — 1)|=(0)|® and |z(0)| > 1. Let us prove that SFDE (3.6) does
not have an invariant measure.

Put 2o := (2N)Y/(1=#) We need the following technical statement.

Lemma 3.6. Let x € C be such that for some t1,t; € [—2,0] we have z(t2) > 2o and
(t1) > (tz) + 2Nw(ta)”.
Then D(z) > N|z(0)|.
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Proof. We consider two different cases. If z(0) < 0, then

B/-8)  |(0)|1-5
D) 2 a(t2) = 2(0) > N4+ o(0)] = Na(0)* (T ()]

oF toN )
If now |z(0)|'~# > N, then by above D(z) > N|z(0)|%. If |z(0)|*~# < N, then N#/(1=58) >
|z(0)|? and, again, by above D(x) > N|z(0)[°.

If 2(0) > 0 we derive

Nz(0)? < N(z(0) V z(t))?

< N((x(0) vV x(t1)) — 2(t2))” + Na(tz)?
< (el0)Vlt) =40 Gy s + )
N 1
< D(:C)(m + 5)
= D(z). -

Now we go back to our equation (3.6). Define the “bad” set
G:={reC:x(-1) >z and z(0) > z(-1) +2Nz(-1)"}.
Let us prove that if the process X starts with any initial condition from G, then it tends
to infinity with positive probability.

Put 7 := inf{t > 0: X(t) = 1} and W, := inf,c[o 1) W(s). Note that if Xy € G, then,
thanks to Lemma 3.6, we have D(X,) > N|X(s)|” for any s € [0,1]. Hence, it follows
from the definition of f that

P.(f(Xsnr) = 5NX (s AT)P for every s € [0,1]) = 1,
for any = € G. This and (3.6) imply that if X, € G, then for any s € [0, 1] we have
X(sAT)>X0)+W(sAT)> X(0)+ W,. (3.7)
Therefore on the set {W, > —X(0) + 1} we have 7 > 1. We employ this observation
together with (3.7) to deduce for any z € G
P.(X1 € G) = P, (X(1) > z(0) + 2Nz(0)?)
> P, (X (1) > 2(0) + 2Nz(0)°, W. > —z(0)?/2)
> P, (5N (z(0) + W.)" + W, > 2Nz(0)°, W, > —2(0)"/2)
=P(W, > —2(0)?/2)
> 1 - 2exp{—x(0)*"/8},
where in the fourth transition we used the fact that 2:(0) > 1 and hence
5N(z(0) + W,)? + W, > 5N (x(0) — 2(0)?/2)# — 2(0)%/2 > z(0)’ (5N —1)/2 > 2Nz(0)?,

whenever W, > —z(0)% /2.
We apply the Markov property of X to get for any z € G

Po(X, €GforallneZ,)>1-2) exp{—y2*/8}, (3.8)

n=0

where we defined recursively yo := 2(0) and y,, := yn-1 + 2Ny,f_1. Since 8 > 0 and
yn > 2(0) + n, we see that there exists large enough Z; > 0 such that the right-hand
side of (3.8) is positive whenever z(0) > Z,. Thus for any z € G’ := G N {z(0) > Zy} we
have P, (lim, - X(n) = +00) > 0. This implies by [23, Theorem 3a and 3c] that X does
not have an invariant measure. O
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Example 3.7. Finally, let us mention that the condition that the diffusion ¢ depends on
x only through x(0) in Assumption A4 also cannot be dropped. Indeed, consider again
SFDE (3.1) with v = 0, g(z) = g(z(-7)), r > 0, x € C and g: R — Ry is a bounded
increasing and strictly positive function. This equation satisfies Assumptions A1 and A2
and its drift is Lipschitz. Nevertheless, as shown in [24] this equation converges to its
invariant measure only weakly and not in total variation. Hence without this additional
assumption, one cannot replace convergence in the Wasserstein metric in (2.5) and (2.7)
by the convergence in total variation.

4. Proofs of the Theorems 2.1 and 2.2

Till the end of this section without loss of generality and to simplify the notation we
assume that the memory » = 1. In Section 4.1 we establish general lemmas that are
useful for the proofs of our main results. In Sections 4.2 and 4.3 we prove Theorems 2.1
and 2.2.

4.1. General tools

First let us verify that the strong solution to SFDE (2.1) has indeed a Markov property.
Whilst this statement is well-known for the case of Lipschitz drift and diffusion, we were
not able to find in the literature the proof of the Markov property of SFDE in the case of
the one-sided Lipschitz drift. Thus we provide it here for the sake of completeness.

Proposition 4.1. Suppose that Assumption A1 holds. Then the unique strong solution
to (2.1) X = (Xy):>0 is a strong Markov process with the state space (C, B(C)).

Proof. We establish the Markov property using the standard technique (see, e.g., [20,
proof of Proposition 3.4]). The authors are grateful to Alexei Kulik for communicating
the main idea of the proof.

Fix t > s > 0 and a bounded measurable function f: C — R. Introduce the filtration
Fri=0(W(u),0 <u<r)VN, where r > 0 and N denotes the collection of null-sets in
F. Similarly, put G, s := c(W(u) — W(s), s <u <r) VN, r>s. Our goal is to show that

E(f(X0)|Fs) = E(f(X0)[X5). (4.1)

Since the function f is arbitrary, (4.1) would imply the Markov property for X.
To establish (4.1) consider the equation

XG0 (1) = 2(0) —|—/ b(X (™)) du —|—/ o(XNdW (u), r>s, xeC. (4.2)

It follows from [21, Theorem 2.3] and a simple shift argument that for each fixed x € C,
equation (4.2) has a unique strong solution and Xt(s’z) is a G; 5| B(C) measurable function.

Introduce now a function ®: C x Q — C, (z,w) — X" (w). By above, for any fixed
z € C the function ®(z, ) is G; ;| B(C)-measurable. By [10, Proposition 5.4], there exists

C' > 0 such that
E”Xt(s,a?) - Xt(s,y)”él < eC(H—t)z Hf . yH47 z,y€C. (4.3)

Therefore ®(z,-) is continuous in probability with respect to z. Since the space C is
Polish, [6, Theorem 3.1] implies that ® has a modification ® that is (B(C) ® Gy.,)| B(C)-
measurable.

Strong uniqueness of solutions to (4.2) ([21, Theorems 2.2 and 2.3]) yields that

Xi(w) = (X5, w) a.s.,
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where we also used the fact that X, is 7, measurable and the o-algebras F; and G; , are
independent.

Now let us prove (4.1). It follows from the measurability properties of ® established
above, that f(®(X,,)) is o(X,, G:.s)-measurable. Using again the independence of F;
and G; ; and a standard approximation argument (see, e.g., [19, Theorem 7.1.2]), we
derive B N

E(f(Xe)|Fs) = E(f(R(Xs, ) Fs) = Ef(R(,))|a=x.-
Similarly;, B B

E(f(Xe)|Xs) = E(f((Xs,))Xs) = Ef(@(2,))|a=x,
and therefore identity (4.1) holds.

To establish the strong Markov property we employ again bound (4.3). This inequality
and the Portmanteau theorem imply that the process X is Feller. Since it has also
continuous trajectories, it is strongly Markov [22, Theorem 3.3.1]. O

As mentioned above, our approach for establishing ergodicity is based on Lyapunov
functions. The propositions below state that if one is able to construct a “good” Lya-
punov function, then SFDE (2.1) possesses all the required ergodic properties. These
propositions essentially follow from the corresponding results in [3] and [10].

Recall that by P, we denoted the Markov semigroup associated with the strong
solution to (2.1).

Proposition 4.2. Suppose that Assumption A1 holds. Suppose that there exists a
measurable function V': C — R, such that lim|, |, V (z) = +oo and

E.V(X:) <V(z)—¥(V(x)+C, ze€C, (4.4)

where ¥: R, — (0,+00) is a differentiable concave function increasing to infinity. Then
SFDE (2.1) has a unique invariant measure 7. Furthermore, for any p > 0, € > 0 there
exist constants C'; > 0, Cy > 0 such that

W (P, ), m) < L V(@)

< - , t>0,1€C. (4.5)
U(Hy ' (Cat))'—=

Here Hy(t) := flt ﬁ ds, t >0, and Hy,' is the inverse function.

Proof. Fix p > 0. It follows from [10, Sections 5.1 and 5.2] that for some ng € IN, ¢ € (0, p)
we have
Wd(;(Pno(zW%Pno(yW)) S d5(x7y)a x,y eC. (46)

and for any N > 0 there exists v € (0, 1) such that
Wda(Pno(wa')aPno(ya')) §'yd5(x,y), x,yGC, ||C£H SN? Hy” SN (47)

Consider now an auxiliary skeleton Markov chain with the state space (C,ds) and
transition kernel B
P(Z7A) = P’VLU(m7A)7 376671466(6)

Let us check that this chain satisfies all the conditions of [3, Theorem 2.1]. By
iterating (4.4) ng times, we see that

| V) Pa.dy) = EV(X,,) < Vi) = W(V() +mC, aeC

Therefore the first condition of [3, Theorem 2.1] holds. As explained above, the space
(C,ds) is a complete separable metric space, therefore the second condition is also met.
It follows from estimates (4.6), (4.7), and our assumption lim |, V' (z) = +oo that the
third and the fourth conditions of [3, Theorem 2.1] are also satisfied.
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Thus, all conditions of [3, Theorem 2.1] are met. Hence the skeleton chain has a
unique invariant measure 7, and there exist constants C; > 0, C5 > 0 such that

i ~ Ci(1+V(x))
de (pn(x’ .),7r) < Wy, (Pn(x, ')77T) < \I;(}[‘Ijl(C’gn))l*57

where we also used the fact that d, < ds. Now by a standard argument (see, e.g., [3,
p. 550]), we see that the measure 7 is also a unique invariant measure for our original
Markov kernel P; and that bound (4.5) holds. O

’I’LGZ+7$€C,

Proposition 4.3. Assume that all conditions of Proposition 4.2 are met. Suppose addi-
tionally that Assumption A4 is satisfied. Then the convergence in the Wasserstein metric
in (4.5) can be replaced by convergence in total variation metric.

Proof. We begin by observing that, thanks to the additional Assumption A4, the Markov
semigroup P; satisfies the Harnack inequality. Namely, it follows from [27, Theorem 4.1]
(see also [5, Theorem 1.1]) that for any ¢ > 1 and large enough p > pg, there exists
C = C(p) such that

(Py(z, A))" < Py, A)eCOH =Dy e ¢, A e B(C).
Therefore for any z,y € C, A € B(C) we have
Pi(x, A) — Pi(y, A) < Py(z, A) — (Pi(w, A))" (e~ COFIe=3I%) A p=1)
<1-— (6—0(1+\|$—y|\2) /\p—l).
Thus, we have the following bound on the total variation distance.
dry (P(z,-), Pi(y,-)) <1-— (e_c(l"’”x_yHQ) Ap™h, zyecC.

Now similar to the proof of Proposition 4.2 we fix t = 2 and consider the skeleton
Markov chain with the transition kernel

P(z,A) := Py(x,A), z€C, AeB(C).

It follows from the above that P satisfies all the assumptions of [15, Theorem 1.15 and
Theorem 1.13]. Note that we do not have to check that the skeleton Markov chain is
irreducible or aperiodic, see also the related discussion in [9, Remark 3.3].

Thus, if 7 denotes the invariant measure of P (its existence and uniqueness was
already established in Proposition 4.2), then by [15, Theorem 1.15 and Theorem 1.13]

we have
dry (Pon(x,-),m) = drv (Pu(a, ), 7) < \I/(CJ’L}(11£FCV(;C))1)E’
v 2M

Therefore if t = 2n + s, where n € Z, and s € [0, 2], then for any = € C we derive

_ . T ). 01(1+V(I))
drv(Pe(z,-),m) = drv (Ponts(z, ), Psm) < dpv (Pon(z,-), ) < W(H, (Cot)) ==

where we made use of the nonexpanding property of the total variation metric. This
completes the proof of the proposition. O

neZy, xeC.

The following two lemmas describe the behaviour of D(X;). These lemmas provide
very important estimates that will be used in the sequel.

Lemma 4.4. Suppose that Assumption A1 holds. Assume that the drift f satisfies the
growth condition (2.2) with 5 € [0,1) and the diffusion g is globally bounded. Then there
exists a constant C' > 0 such that for any A > 0 we have

EIeAD(Xl) < eC)\(lw(O)|B+D(1)B+)\+1)’ reC. (4.8)
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Moreover, there exist C' > 0, \g > 0 such that

Exe’\OD(Xl)z < CC(\90(0)IZBJrD(JD)MJrl)7 reC. (4.9)
Finally, there exist constants C7, Cy > 0 such that for any z > 0 we have
P.(D(X1) > 2) < CLeCrle@F D@ =22 e o (4.10)

Proof. We begin by observing that for any « € C

D(X;) <2 sup |X(¥) |<2/ | (X |d8+2 sup |M( ) (4.11)
0<t<1

where we denoted M (¢ fo W (s). We make use of the growth condition (2.2)
and the estimate D(X ) g D( )+ D(Xl) valid for all s € [0, 1], to derive

1 1
/ |f(Xs)ds < C/ (1X:1” + 1) ds < C(|z(0)]” + D(x)” + D(X1)” +1)
0 0
1
< 1 D(X) + Clz(0)|® + CD(z)? + C, (4.12)
where we also used the fact that 3 < 1 and hence for some C3 > 0 one has C2P < z/4+Cg

for all z > 0. Substituting (4.12) into (4.11), we get

D(X;) < Clz(0)|® + CD(z)? + C sup |M(t)] + C. (4.13)
0<t<1

To estimate the exponential moments of sup;<,<; |M(t)| we use the Dambis-Dubins-
Schwarz theorem and the global boundedness of g. It follows that

M(t) = (BY(m),...,B%m)), telo,1],

where B!, B?,..., B? are (possibly dependent) one-dimensional Brownian motions and

t) :/Z ZJ ds<Cg, tel0,1],i=1,2,....,d.

and the constant C,; does not depend on z. Thus,

d

sup |M(t)] < sup |B(t)].
te[0,1] ;tE[OC]

Therefore, we apply the Cauchy-Schwarz inequality to get for any A > 0, z € C

E.exp{)\ sup |M(#)|} < Eexp{)\z sup |B'(t)|} < Eexp{d\ sup |B(t)|}
te[0,1] i—1 t€[0,Cy] te[0,Cyq]

Eexp{CA|B(1)|} < exp{C(A+ \?)},

where by B we denoted a standard Brownian motion. This together with (4.13) implies
(4.8).
Arguing as above, we see that there exists constants C' > 0, Ag > 0 such that for any
x € C we have
E.exp{Ao sup M(t)*} < C.

t€(0,1]
This together with (4.13) implies (4.9).
Estimate (4.10) follows directly from (4.9) and the Chebyshev inequality. O
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Lemma 4.5. Suppose that the assumptions of Lemma 4.4 hold. Letv¢: R, — Ry be an
increasing continuous concave function such that ¢(t) < Cy(t + 1) for some Cy, > 1 and
anyt € R;. Then there exist constants C; > 0, Cy > 0 such that for any ¢ € [0,1] and
x € C with D(z) < ¥(|z(0)|)/(4Cy) we have

P.(D(X;) > (X (1)) < Clecl‘$(0)|2ﬁ+ch(7:)2ﬁ_C2w(‘w(0)‘)2. (4.14)
Proof. First, let us note that for any ¢ € [0, 1] we have | X (¢)| > |X(0)| — D(X:). Hence
P(IX D)) = »(X(0)]) = (D (Xe)).

Therefore, using the condition ¢ (s) < Cy(s+ 1), s € Ry, we derive for any ¢ € [0, 1],
z € C with D(z) < ¢(|z(0)[)/(4Cy)

Po(D(Xe) 2 ¥(|X(#)])) <P2((Cy +1)D(Xe) + Cy = $(1X(0)]))
XD

<P,(D(X;) > w(zcw 1)
<P, (D(X1) > W - 1),

where in the last inequality we used the assumption D(z) < v (]z(0)|)/(4Cy) and the
estimate D(X;) < D(X;)+ D(x). Now the application of estimate (4.10) yields (4.14). O

4.2. Proof of Theorem 2.1

To prove Theorem 2.1 we use the following Lyapunov function:
V(z) :=exp {\z(0)| + (D(z) — 'y|:c(0)|ﬁ)+}, z €C, (4.15)

where the parameters A > 0, v > 0 are to be set later. To avoid technicalities we assume
that the function x from Assumption A2 is increasing and concave. Clearly, this is not a
restriction at all: if Assumption A2 is satisfied, then there exists an increasing concave
function k such that A2 is also satisfied with k in place of k. It follows that there exists a
constant C; > 1 such that x(t) < Ck(t + 1) forany ¢ > 0.

First, let us prove that V' is a Lyapunov function on the set where D(z) is relatively
big compared with |2(0)|. The heuristics here is as follows. As we explained in the
introduction, it is not typical for the process X to have a large diameter. Thus, D(X;)
will decrease with high probability. This will also cause the decrease of the Lyapunov
function V. Formally we have the following lemma.

Lemma 4.6. Suppose that Assumptions A1 and A2 hold. Let V' be the Lyapunov function
defined in (4.15). Then forany A >0,y > 0, € € (0,1) there exist L > 0 and B > 0 such
that
E.V(X;) <eVi(x), (4.16)
for any x € C such that D(x) > L and D(z) > B|z(0)|".
Further, forany A >0,~v >0, L >0, R > 0 we have

sup E.V(X:) < oc. (4.17)
z€C,|z(0)|<R
D(z)<L
Proof. Fix A > 0, v > 0. Then for any z € C we have
E.V(X1) < Epexp{A[X(1)| + D(X1)}
< E,exp{A(|X(0)| + D(X1)) + D(X1)}
— M= (0)] Eze(’\"'l)D(Xl), (4.18)

which immediately yields (4.17).
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To establish (4.16), we apply estimate (4.8) to (4.18). We get
E.V(X1) < exp {Az(0)] + C(A + 1)(Jz(0)|” + D(x)? + X +2)}
<V(z) exp{ —D(z) + Cl|x(0)\5 + CQD(J:)B + 03}, (4.19)

where C; :=~v+ C(A+1), Co :=C(A+1), and C3 := C(A + 1)(A + 2). Now take large
enough Ly = Lo()\) such that Cyz” + C3 < z/3 whenever z > Ly. Put B := 3C;. Then it
follows from (4.19) that for any = € C with D(x) > Ly and D(z) > B|z(0)|® we get

E.V(X1) < V(z)e P@/B <y (x)eLo/3,
which implies (4.16). O

The case when the initial diameter is “small” is much more complicated and more
precise estimates are needed. In this case D(X;) stays at the same level, and the
decrease of the Lyapunov function V' happens due to the decrease of | X (¢)|. To formalize
these ideas we will use the following version of the Gronwall inequality.

Lemma 4.7.LetT > 0,0 > 0, r > 0. Let f: [0,7] — R be a continuous function
satisfying for any 0 < s < u < T the following inequality:

fw < 16)- [ "(0F () — rdt.

Then for any ¢ € [0, T
f(t) < e P f(0) +r/6. (4.20)

Proof. Consider the function g(t) := e~ (f(0) —7/8)+7/6, 0 < t < T. Clearly, g(0) = f(0)
and for any 0 < s <u < T we have

) = gs)— [ " (Bg(t) — r)dt.

Hence by [11, Proposition 9.2], we have f(t) < g(t) for any ¢ € [0,7]. This implies
(4.20). O

For B > 0, N > 0 define
Cp.n :={x €C:D(z) < Blz(0)|° and |2(0)| > N}. (4.21)

We start treating this case with the following key lemma.

Lemma 4.8. Suppose that the assumptions of Lemma 4.6 hold. Then there exist v > 0,
p € (0,1), such that for every B > 0 there exists N > 0 such that

E e’ XM < EV\I(O)I(l _)
forallz € Cp N.

Proof. Recall the definition of constant M from condition (2.3). With such M in hand, let
A€ (0,1), let p: R — R, be a smooth function such that ¢(y) := exp(Aly|) for |y| > M.
We want to apply a version of Gronwall’s lemma to the function u — E,o(X (u)).

First of all, we observe that this function is finite. Indeed, thanks to (4.8), we have
foranyz €(C,0<u<1

Exo(X (1)) < C + E el X < 0 4 eFOIE PEDI < o,
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We make use of assumption A2 and apply Ito’s lemma. We have for |y| > M

8;(2/) — N\l |y‘71yi§

4

o(y)
Z N A2y 2 — AeMY 73__, £
8yi8yj e ‘y| YiY; e \yl YilYj 1#£ ]
Poly _ _ ~
3;2 ) ey 22 — ANy =252 4 2ejy] 1,
1

Thus, we derive foranyx € C,0<s<u <1

E.o(X(u)) <E,o(X(s)) *0/\/ Eo (Lipx)<n(x @ xm)>ny (X (1)) dt

+CA Eu(Lip(x0)>s(x 0D, 1x (0> (1 + ||Xt\|5)eA\X(t)l) dt

+CN /u E,e X0l gt
+C)\/ E 1{\X(t)\>M}e (t)llX( )| 1dt+C(u—s)—|—Em(M(u)—M(s))

=E,0(X(5)) — oM} + CA; + C)NI3
+CONy+ C(u—s) + Ex(M(u) — M(s)), (4.22)

where we denoted

We use the boundedness of g, the deﬁnltlon of ¢, and estimate (4.8) to derive
Eo(M), <C+ C/ E.e2XOlgt < ¢ + 02t OIE, 2P(0) < o0,
0

Thus (M (t)):>0 is a martingale and

Eo(M(u) = M(s)) = 0. (4.23)
To estimate I; we assume that |z(0)| > My := M + (M) in which case |X(t)| < M,
t € [0,1] implies D(X;) > | X (t) — z(0)| > (M ) k(]X (t)]). Therefore,

E:r(1{D<Xf,>s~<|X<t>\>,|X<t>|2M} p(X( )))
= Eo(Lipoxosaixon #(X (1)
= Exp(X(1) = Ex(Lipxnsn(x )y (X (1))
E (X (1) = (P2 (D(X0) > w(IX (1)) (Exlp(X (1))

We continue this calculation in the following way. Recall that x(z)/2® — +o0o as z — +oo.
Therefore for any B > 0 there exists N = N(B) > 0 such that

(Iw( )I)

1/2

Y

(4.24)

CB7NC{$€CLD($)_ },

where C,; was defined in the beginning of Section 4.2. Hence Lemma 4.5 implies that
there exist constants Cy, C; such that for any B > 0 there exists N = N(B) > 0 such
that for any ¢ € [0, 1]

P.(D(X}) > k(| X (1)) < Cre~@r=OD* 4 ccp . (4.25)
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By Lemma 4.4, for any = € C, t € [0, 1] we have
Ecp(X(1)* < O+ Ege? X0
< O + PEOIE 2D(X1)
< O 1 PO L) +D@) +1).
Using again the fact that x(z)/z? — +o0o and combining the above estimate with (4.24)

and (4.25), we see that there exist constants C3 > 0, Cy > 0 such that for any B > 0
there exists Ny = Ny (B) > 0 such that

u
L > / Ero(X(¢))dt — Cge)““(o)‘e_c““(lw(o)‘)Q(u —3), z€CpnN,- (4.26)
S

Next, we estimate the integrand in I,. We estimate this term applying Holder’s
inequality to the three factors. The first and third factors are estimated as above.
Further, forany z € C, t € [0, 1]

Eo (14 X]1*)? < Bo(1+ [2(0)]” + D(2)” + D(X1)?)*
< C(1+[2O)[F + D) + B, [D(X1)*))
< O(L+]2(0)P + D) 4 OO D0,

where in the last inequality we used Lemma 4.4. Thus, there exist constants C5 > 0,
Cg > 0 such that for any B > 0 there exists N = No(B) > 0 such that

I, < CseMN*Ole=Corl2OD* (y, — 5) - 2 € Cpp,. 4.27)

For M > M, z € C we estimate the integrand in I, as follows.
_ ~_ SN
Ex (Tqxol>any expAX OBIX (0] 7) < M7 Epp(X (1) + 7™ (4.28)

Combining (4.23), (4.26), (4.27) and (4.28) with (4.22), we see that there exist constants
C7 > 0, Cs > 0 such that for any B > 0 there exists N3 = N3(B) > 0 such that for
xr € CBJ\/3

EL (X (1) SEp(X(5)) — (oA = N = CAIT ) [ Eup(X(0) dt
+ O (X7l =Carlz()N® 4 AMy(yy _ gy,
Now, we choose M large enough and A > 0 small enough so that
0 :=oA—CA2—CAM~' > 0.

Clearly 0 is independent of B and N3. Recall also that we have checked in the beginning
of the proof that E,¢(X (u)) < oo for any u € [0, 1]. Thus, by Lemma 4.7 (a version of the
Gronwall inequality) we get

E,eMXMI < E.p(X(1)) + MM < Alz(0)]=0 4 e/\lx(o)‘((\x(O)D, z € CB Ny,

where the function ((z) is independent of B and N3, and tends to 0 as z — oo. This
implies the statement of the lemma. O

Now we are able to establish a crucial Lyapunov inequality. Recall the definition of
Cp,n in (4.21).
Lemma 4.9. Suppose that Assumptions A1 and A2 hold. Then there exist A >0, v > 0,
c¢1 € (0,1), ca > 0 such that the function V defined in (4.15) satisfies the following
inequality:
E.V(X1)<(1—-c1)V(x)+ce, z€C. (4.29)
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Proof. First we note that for any A > 0, v > 0, € C we have
E.V(X1) < (EweQ/\IX(l)\)l/z(Ewe2(D(X1)—"/\X(1)\B)+)1/2. (4.30)

We take v > 0 and p € (0,1) as in Lemma 4.8 and put A := v/2. Then, thanks to
Lemma 4.8, for any B > 0 there exists N = N(B) > 0 such that for any « € Cg y we have

(EeIXN Y2 < MeOl(1 — )72 < V(2)(1 — p/2). (4.31)

Thus, it remains to show that on Cp y the second factor in the right-hand side of (4.30)
is smaller than (1 + p/2). Without loss of generality we assume that N(B) is large
enough so that BN? < N (otherwise we can take larger N(B)). Using the inequality
|X(1)] > |z(0)| — D(X1), we deduce for any = € Cp n

E,e2PED=1XDIM)+ <1 4 E_o2PXD)—IX D)%)
<1 + e~ 2O g 2(D(X)+7D(X1)7)
<1 4 e~ 2012(01°=C) g AD(X0)
where we have also used the fact that for some C, > 0 we have vz” < z + C, for all
z > 0. We continue this estimate, using Lemma 4.4. Recall that on Cp y we also have

D(z) < |«(0)], thanks to our additional assumption on N(B). Therefore we derive for any
x e CB,N

E,e2PCI1IXON s <1 4 exp { — [2(0)°(2y — C) + C +2C, } (4.32)

and the constant C' depends neither on v nor on B. Thus, taking v = (C) large enough,
and combining (4.30), (4.31) and (4.32), we see that for any B > 0 there exists a constant
Ni(B) such that on Cp, n, we have

E.V(X1) < V(x)(1—p/4), z€Cpu,. (4.33)

Now with such A and v in hand we apply Lemma 4.6 with e = 1 — p/4. We get that there
exist B = B(\,y) > 0, L = L(\,~) > 0 such that
E.V(X1) SV(2)(1 - p/4), D(x) > (LV Blz(0)").

Together with (4.33) this bound implies that for some No = No(\, ), L1 = L1(\, ) we
have
E.V(Xy) <V(z)(1-p/4), |z(0)] > Ny or D(x) > L.
z)

Finally, if |2(0)| < N, and D(z) < Ly, then by (4.17)

sup E,V(X1) < c0.
|z(0)| SN2
D(z)<Ly
This completes the proof of the lemma. O
Based on the previous lemmas, we can now complete the proof of Theorem 2.1.

Proof of Theorem 2.1. It follows from Lemma 4.9 that condition (4.4) holds with the func-
tion ¥(z) := ¢1z, z € R4, where the constant ¢; is defined in (4.29). Hence Theorem 2.1
follows immediately from Propositions 4.2 and 4.3. O

4.3. Proof of Theorem 2.2

Now we move on to the subgeometric case. We fix till the end of this section the
constants «, ¢, M and the function k£ from Assumption A3. As above without loss of
generality, we assume that x is an increasing concave function.
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We work with a Lyapunov function
V() := exp(A[2(0)|” + Ao (D(@)* — (|2(0)])) ), (4.34)

where A\; >0, Ay > 0, and ¢: Ry — R is an increasing continuous concave function. We
will specify A1, A3, and the function v later. As before, we consider two cases: the “small”
diameter case (where we gain from the decrease of the first factor in the Lyapunov
function) and the “large” diameter case (where we gain from the decrease of the second
factor in the Lyapunov function).

We start with the second case. Recall the definition of \¢ from Lemma 4.4.

Lemma 4.10. Suppose that Assumptions A1 and A3 hold. Let V be the Lyapunov
function defined in (4.34). For any A\; > 0, A2 € (0, A\¢/2] there exists R = R(\1, A2) such
that for any x € C with D(z) > (R + ¢(|z(0)]))"/? we have

E.V(X1) <V(z)/2. (4.35)
Further, for any A1 > 0, A2 € (0, X0/2], N > 0 we have

sup E.V(X1) < o0 (4.36)
z€C, |z(0)|<N

Proof. For any x € C we derive
E.V(X1) =B, exp(M|X (D)™ + X2 (D(X1)* — (X (1)) )
<Mz (E$62A1(D(X1)+1))1/2 (EmeZ)\?D(Xl)z)l/Q
< el i |2(0)] (4.37)

where in the second inequality we applied Lemma 4.4 and used the fact that 2\ < .
This immediately implies (4.36). To establish (4.35) we deduce from (4.37) that

E. V(X)) < V(z)e 22P@* (20D ceCOut ) 4 e ¢,
Now we find large R = R()\1, \2) such that
e M RCCOTAD) < 1/2.
By above, if D(z) > (R +¢(|z(0)]))'/?, then E,V(X;) < V(x)/2. O

Now we move on to the “small” diameter case. Recall the definition of the constant
C; from the beginning of Section 4.2.

Lemma 4.11. Suppose that the assumptions of Lemma 4.10 hold. Then there existv > 0,
Ny >0, p1 > 0, p2 > 0 such that for any « € C with |z(0)| > Ny, D(z) < &(|z(0)])/(4C.)
we have

E e/XWIT < el (1 — p112(0)2272) + py. (4.38)

Proof. Recall the definition of M from condition (2.4). Let A € (0,1). Similar to the proof
of Lemma 4.8, we introduce a smooth function ¢ : R — R, such that for |y| > M we
have o(y) = exp(\|y|) and for |y| < M we have ¢(y) € [0,e*]. Arguing as in the proof
of Lemma 4.8 and applying Ito’s formula, we have for any = € C

Ezp(X(1)) <¢(x) + OM/O Eo 1(|X(s)| > M)eNXOV X (5)]*72(X (s), f(X)) ds
+ %Aa /1 E. 1(|X (s)] > M)eMNXEN"| X (5)|*2(Chha| X (s)|* + C1)ds + Oy
0

SQD(I’) -+ Oé)\([l + IQ) + C1.
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Suppose further that D(z) < x(|z(0)|)/(4C,;). First we bound I;. Using assumption (2.4),
we derive

X(s)[**%ds

1
L <-— a/ E. 1(|X(s)| > M)eMX®I"
0

e /1 Ex L(D(Xy) > £(IX(5)]), [X(5)] = M) X ()| ds + Cs.
0

It follows from the Cauchy-Schwarz inequality that for any s € [0, 1]
E. 1(D(X,) > m(IX(s)]), [X ()] = M)NXO X (s)[*
1/2 1/2
< M (Pa(D(X,) > w(IX(5)))))  (Ea exp(2AIX (5)[))
< Oy ML= Carllz(0)) Ale(0)| (Co(142+).
where in the last inequality we use the bound | X (s)|* < |2(0)|*+ D(X;)+1, and estimates

(4.8) and (4.14). .
To bound I, we take a large M > M to get

1 —
I < / E, 1(X(s) > M)eMNXON"| X (5)[222(CLh e + CLM ~%)ds + CreM
0

Note that the constants C;, Cs, ... C; above do not depend on A € [0, 1] or M.
Combining all the previous estimates, we deduce

Exp(X(1)) <p(z 9/ B, 1(1X ()] > M)p(X(5))| X (5)* 2 ds + Cge™
+ Cye~Csr(lz(0 ID? Alz(0)]* (4.39)

where 6 := aX(oc — C1 a — C1 M%), -
__ Recall that C; does not depend on M and A. Thus, we take A to be small enough and
M to be large enough so that 6 > 0.

Suppose additionally that |2(0)| > 1. We derive for s € [0, 1]

Ex[1(1X (s)] = M)p(X ()| X (5) 7]
Eo[1(1X (s)] = M)p(X (s)(1 + X (s)])**7?]
>E, [ XX O (14 X (5))* %] - Cug
> MO |2(0) P2 B [PV TN+ |2(0) 71+ D(X1)|2(0)]71)?*7?] = Cug
>eMNeO |2(0)[2*2E, [e PV (2 + D(X1))?* 2] — Cho. (4.40)
We continue the calculations using Jensen'’s inequality and estimate (4.8) with g = 0. We
get
E,[e” P24 D(Xy))* 2] > (Ew [P (2 4 D(Xm““z‘“])*1 > Cyy > 0.
Combining this estimate with (4.40) and (4.39), we get
E,eNXMIT < A2 _ 0 MO 2 (0)22~2 + Cge/\\r(o)\"efcsn(II(O)\)"’ +C13. (4.41)

Recall our assumption on growth of x: x2(z)/log(z) — oo as z — oo. Thus, if Ny is
large enough, and |z(0)| > Ny, then inequality (4.38) with v = X follows directly from
(4.41). O

Now we are ready to give the proof of Theorem 2.2. Recall the definitions of Ny, v

from Lemma 4.11. The next lemma is crucial.
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Lemma 4.12. Suppose that the assumptions of Lemma 4.10 hold. Then there exist
A1 >0,X>0,c0>0,c0 >0, N >0 and a function ¢ such that

E.V(X1) <V(z)(1 = c|z(0)]2*72) + o, = €C,|x(0)] > N. (4.42)

Proof. First we fix the function ¢ such that (t)/log(t) — oo and x(t)?/v(t) — oo as
t — oo. Such 1 exists due to our assumptions on the growth of x. Take C, such that
P(t) <t +Cy, t>0.
We begin in the same way as in Lemma 4.10. We derive for any =z € C
E.V/(X1) =E, exp(M[X (D] + A2 (D(X1)2 = (1 X(1)]), )

<(EpeXMIXMITY 2 (B 222D =0 (IX WD) ) /2, (4.43)

First we deal with the second factor in the right-hand side of (4.43). We have
E, e (DX’ =v(XMD)+ <1 4 E,e22(DX1)*=$(X (D)D)
<1+ e 22Uz E 222 [D(X1)*+4(D(X1))]
<1 4 =222 @W(z(OD=Cy—1 g _4A2D(X1)* (4.44)
We choose A\ := \g/4. Then (4.44) and (4.9) imply
E, e (DX’ =v(X(MD)+ < 1 4 Ce 22020 4 e C. (4.45)

The first factor in the right-hand side of inequality (4.43) has been already estimated in
Lemma 4.11. We put A, := v/2. If |2(0)| > Ny and D(x) < k(]z(0)|)/(4Cy), then (4.38),
(4.43), (4.45) imply for such «

E.V(Xy) < ex\llzr(O)IC‘(l — Cy|z(0))?* 2 + 026—2/\zw(|m(0)\)) + Cs.

Since (z)/log(z) — oo as z — oo, we get for large enough N; and all z € C with
[2(0)] = Ny and D(z) < r(|x(0)])/(4Cx)
E.V(X1) < MO (1 — Cylz(0)|?*72) + C5 < V(2)(1 — Cyl|2(0)|2*~2) 4 Cs. (4.46)

Now let us consider the second case: D(x) > k(|]z(0)])/(4C,). We choose R as in
Lemma 4.10. Due to our assumptions on the growth of ¢, for large enough N, and any
z > Ny we have «(2)/(4C,) > (R + (z))'/2. Thus, by Lemma 4.10 we have for all € C
with |2(0)| > N2 and D(z) > s(|x(0)])/(4C%)

E.V(Xy) <V(x)/2.
This together with (4.46) proves the lemma. O

Proof of Theorem 2.2. Let V be a Lyapunov function defined in (4.34) with the parame-
ters specified in Lemma 4.12. Let ¥: R, — R, be a differentiable concave increasing

function such that .

(lOg Z)(Q—Qa)/a
for large enough z (more precisely, for z > N, where N >0 is the same as in Lemma 4.12).
It follows from (4.42) that for « € C with |z(0)| > N

U(z) =

E.V(X1) < V(z) — C1V(z)(log V (x)) =2/ 4 Cy.
This together with (4.36) implies that for any x € C
E.V(X1) <V(z)— C1¥(V(x)) + Cs.

Thus, condition (4.4) holds with the function ¥ defined above. Therefore Theorem 2.2
follows now from Propositions 4.2 and 4.3. O
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