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Infinite horizon stopping problems with (nearly) total reward criteria

Jan Palczewski?, Fukasz Stettner”

4School of Mathematics, University of Leeds, Leeds LS2 9JT, UK
b Institute of Mathematics, Polish Academy of Sciences, Sniadeckich 8, 00-956 Warszawa, Poland and Vistula University,
Warszawa, Poland

Abstract

We study an infinite horizon optimal stopping Markov problem which is either undiscounted (to-
tal reward) or with a general Markovian discount rate. Using ergodic properties of the underlying
Markov process, we establish the feasibility of the stopping problem and prove the existence of op-
timal and e-optimal stopping times. We show the continuity of the value function and its variational
characterisation (in the viscosity sense) under different sets of assumptions satisfied by large classes
of diffusion and jump-diffusion processes. In the case of a general discounted problem we relax a
classical assumption that the discount rate is uniformly separated from zero.

Keywords: optimal stopping, infinite horizon, total reward, general Makovian discounting,
non-uniformly ergodic Markov processes

1. Introduction

The theory of optimal stopping has recently seen its renaissance due to applications in finance and
operations research (e.g., pricing of American options, optimal timing of a sale or valuation of natural
resources, see [23] and references therein, or pricing of swing options with applications in energy
trading [3]), and statistics (e.g., sequential hypothesis testing, see [22, 26] and references therein). In
some applications, such as the valuation of American options, there is a natural bound for stopping
times — the maturity date of the option. This results in finite horizon stopping problems. In others,
like finding an optimal time to sell a stock/business or valuing natural resources, the horizon is infinite
leading to an optimal stopping problem of the following form:

TAT A
w(x) = sup lim supEx{ / e~ Jo r(Xu)du £ (X Vig 4 e~ Jo TT(X“)d“g(XTAT)}. (1)
0

T T—o00

Here, the stochastic process X (¢) models the underlying randomness in the world, such as the price
of a stock, the price of a natural resource (gas, oil, etc.), or factors influencing the interest rate. The
running profit/cost is represented by f while the proceeds from the final sale at time 7 or the closure
of the production facility are given by g. The function r corresponds to an instantaneous interest rate
that is used for discounting of future cash-flows. For years, it had seemed sensible to assume that
interest rates were uniformly separated from 0. However, recent developments in Japan and in Europe
showed that (even nominal) interest rates for government bonds can get arbitrarily close to 0.
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The uniform separation of the discount rate from 0 (i.e., inf, r(x) > 0) is in line with a large
strand of literature in infinite-horizon optimal stopping [2, 22, 23, 24]; commonly, the discount rate
is a positive constant. This ensures, under appropriate assumptions on the growth of f and g, that the
value function is finite and allows to approximate the infinite horizon stopping problem with finite
horizon ones. An abolition of the discounting or a relaxation of its separation from zero brings in
a lot of difficulties. In particular, the integrability in the functional is at risk; in Section 2 we show
that this is indeed the case. A solution to this problem is to impose restrictive assumptions on f and
g. In martingale approaches it is common to assume that E*{ [ e~ Jo rXwdu = (X Yds} < oo for
every x and that the family {e~ Jo r(Xu)du g— (X;) : T-astopping time}, is uniformly integrable, see
[20, 22] and references therein. Alternatively, one can take f to be non-positive (then the integral term
penalises for waiting only) [22, 26].

A general stopping problem without the restrictions on f was studied in [25, 27, 29] for uniformly
geometrically ergodic Feller-Markov processes. Such processes converge exponentially fast to their
invariant measure and the speed of this convergence is independent of the starting point. Examples are
usually constrained to processes on compact state spaces. An attempt to generalise these results was
made in [28], where the author assumed that trajectories of the process can be split into excursions
with square integrable lengths between two compact sets. In this setting optimality was studied within
a narrow class of stopping rules.

The aim of this paper is to analyse the optimal stopping problem (1) for non-uniformly ergodic
Feller-Markov processes with minimal assumptions on f and g, and a general discount rate » which
is only assumed to be non-negative. Specifically, assume that the state of the world is described by a
right-continuous time homogeneous Markov process (X (t)) defined on a locally compact separable
space F endowed with a metric p with respect to which every closed ball is compact. The Borel o-
algebra on F is denoted by £. Let P; be the semigroup generated by the process (X;), i.e., Pip(x) =
E*{¢(X}:)} for any bounded measurable function ¢ : E — R. The transition measure is given by
Pi(x,A) =P"{X; € A} for A e &.

We make the following standing assumptions:

(A1) (Weak Feller property)
P, t CO - CO7

where Cy is the space of continuous bounded functions £ — R vanishing in infinity.

(A2) (Xy) isergodic, i.e., there is a unique probability measure 1 on £ such that for any x € FE
Jim [Py, ) — uO)llrv =0,
where || - ||y denotes the total variation norm.

(A3) Functions f, g : £ — R are continuous and bounded.

Assumption (A1) is commonly imposed and, in fact, necessary, to establish the existence of optimal
stopping times for general weak Feller processes (for the necessity see the example at the end of
Section 3.1 in [21]). The class of weakly Feller processes (A1) comprises Levy processes [1, Theorem
3.1.9], solutions to stochastic differential equations with continuous bounded coefficients driven by
Levy processes (for details see [1, Theorem 6.7.2]) and many diffusions and jump-diffusions with
unbounded coefficients encountered in modelling. Notice that a weak Feller process can be assumed
to be a standard Markov process, see [8, Theorem 3.14].



The ergodicity assumption (A2) will be used to remove the requirement for the discount rate to
be bounded from below by a strictly positive constant. It provides information about the behaviour of
the integral part of the functional (1). Indeed, when the function f is not restricted to either positive
or negative values, the integral of f with respect to the invariant measure p determines the solution of
the problem. For an undiscounted problem, i.e., 7 = 0, it is optimal never to stop whenever p(f) > 0.
On the other hand, the case of u(f) < 0 exhibits a much more interesting behaviour which is studied
in detail in this paper.

The continuity in assumption (A3) can be relaxed when the process is strongly Feller, for example,
for locally non-degenerate diffusions or jump-diffusions.

To formulate Theorem 1.1 below, we need to introduce two notions: of e-optimal stopping times
and strong Markov processes. The first notion is related to the approximation of the supremum in the
optimal stopping problem (1): a stopping time 7 is called e-optimal if

AT
limsup E*{ / e IRt (X )ds 4 ¢TI T WG(X )b > w(a) - e
T—o00 0

The semigroup of weakly Feller Markov processes, assumption (A1), may not sufficiently smooth
out the payoff to guarantee continuity of the value function w under weaker assumptions. Instead,
a stronger notion of strong Feller process can be used. A Markov process (X;) satisfies the strong
Feller property if its semigroup P, t > 0, maps measurable bounded functions into continuous func-
tions. The family of strong Feller processes includes uniformly non-degenerate diffusions, and jump-
diffusions with uniformly non-degenerate diffusion term as well as solutions to stochastic differential
equations driven by Levy processes with a non-zero Brownian part or with an appropriately high
intensity of small jumps (see also Section 6).

The most important of our contributions towards the solution of the stopping problem (1) are
distilled in the following theorem:

THEOREM 1.1. Assume that u(f) < 0, function r is non-negative, continuous and bounded, and
either

i) there is K : E — (0, 00) bounded on compacts and h : [0,00) — Ry such that
1P, ) = n()lrv < K(z)h(t),
and [° h(t)dt < oo,
ii) E*{K(Xr)} < ooforanyx € EandT > 0,

iii) the process (X;) is strongly Feller, or for any compact set L C E there is o > 0 such that
SUPger, 720 E7{K (X7)' T} < oo,

or

i’) forany d,e > 0 and a compact set K C E there is N > 0 and p > 0 such that forn > N and
z € K we have

Px{)f"‘s —fol Xu)du g

nd )
/ eI TB(F(X) — p(f))ds| > e} < D),



Then the stopping time 7. = inf{t > 0: ¢(X;) > w(X;) — e} is e-optimal for any € > 0, the value
function w is continuous and satisfies, in a viscosity sense, the variational inequality

min(—Aw+rw—f,w—g):0,

where A is the infinitesimal generator of (X}).
If, additionally, R = limy_,~ fg r(Xs)ds < oo P*-a.s. (for example, r = 0) then the stopping
time 7% = inf{t > 0: g(X) > w(X})} is optimal for w.

REMARK 1.2. For a stopping problem with the total reward criterion

TAT
w(z) = suplim supEgC{ /0 f(Xs)ds + g(XT/\T)}

7T T—oo
Theorem 1.1 takes the following form: Assume that u(f) < 0 and either (i)-(iii) hold, or

i’) forany d,e > 0 and a compact set K C E there is N > 0 and p > 0 such that forn > N and
z € K we have

1 no
pr{| s [ #xds = ()] > 2} < vl
no 0
Then the value function w is continuous and satisfies, in a viscosity sense, the variational inequality
min(—.Aw—f,w—g) =0.

Moreover, T is optimal for w. N

Examples of processes satisfying (i)-(iii) are given in Section 6. They include a large class of
(non-uniformly) exponentially or sub-exponentially ergodic diffusions (e.g., polynomially ergodic),
including an Ornstein-Uhlenbeck process. Assumption (i’) is mostly applicable in the undiscounted
case (r = 0) to processes on compact state spaces (for example, for reflected diffusions). It then
follows from the weak Feller property (Al).

Theorem 1.1 combines selected results from Sections 2-4. For the undiscounted problem (r = 0),
conditions (i)-(ii) or (i’) imply the main assumption (B1) at the beginning of Subsection 2.1 through
results in Subsections 2.2 and 2.3. Theorem 2.11 shows that 7* is an optimal stopping time. Conti-
nuity of w is proved in Subsection 2.4. The case with a general discount rate 7 is studied in Section
3. e-optimality of 7. is demonstrated in Theorem 3.7. Theorem 3.11 shows that w is continuous.
Optimality of 7* follows from Theorem 3.8. Variational characterisation of the value function is
established in Section 4.

The structure of the paper is as follows. Section 2 presents results for the undiscounted functional,
r = 0. These results are generalised to an arbitrary discount rate in Section 3. Variational characteri-
sation of the value function is presented in Section 4. In Section 5 we show that when p(r) > 0 and
a certain upper bound for the large deviations of the empirical process r(X}) holds, then the stopping
problem (1) inherits many properties from the problem with a constant positive discount rate, in par-
ticular, the value function is finite for an arbitrary function f (not necessarily satisfying u(f) < 0).

Acknowledgements. Part of the research of the first author was performed during a visit to
the Hausdorff Research Institute for Mathematics at the University of Bonn in the framework of the
Trimester Program Stochastic Dynamics in Economics and Finance. Both authors acknowledge the
support of MNiSzW Grant no. UMO-2012/07/B/ST1/03298.
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2. Undiscounted functional

The study of the stopping problem (1) commences with a special case when the discount rate r(x)
is zero:

AT
w(z) = sup lim supE”{ / f(Xs)ds + g(XT/\T)}. (2)
0

T T

This particular stopping problem will highlight main differences between a standard discounted func-
tional and the functional with the discount rate that is not uniformly separated from zero. To appre-
ciate the difficulty of the problem notice that by the law of large numbers for ergodic processess (see
Lemma 2.1 below) we have

1
lim —
t—oo t

/ fH(XDds = p(f*)  and L - / f~(X)ds = p(f")
0 0

t—oo t
P*-a.s. for all z € E. When both the positive part f™ of f and the negative part f~ of f are yu-
a.s. non-zero then the integral fooo f(Xs)ds is undefined because it is a difference of two infinities.
Ergodicity of the process (X;) introduces a delicate trade-off between these integrals ensuring that
one infinity “cancels” the other.

LEMMA 2.1. Under assumption (A2), for any measurable function h : E — R such that p(|h|) <
oo, we have for palmost all x € E

1 t
t/ hXs)ds — p(h) P*-a.s. as t — oo,
0

where pi(h) denotes [ h(x)p(dx).

The proof of the above result follows from the law of large numbers for stationary processes [6,
Chapter X, Theorem 2.1]; for details see [19, Theorem 17.1.2].

The solution of the stopping problem (2) is determined by the value u(f). The case u(f) > 0is
trivial: it is optimal not to stop and the value function is infinite:

LEMMA 2.2. Assume (A2). If u(f) > 0 then w(z) = oo and it is optimal to take T = oo, P*-a.s.
forall x € E.

Proof. The ergodicity of the process (X;) implies that lim;_, P, f(z) = u(f) > 0, so for 7 = oo
we have

T T
limsupEx{/U f(Xs)ds +g(XT)} > limsup/0 Psf(z)ds — ||g]|cc = o0.

T—o0 T—o0

O

The case u(f) < 0 is the main topic of this paper and results in a much more interesting behaviour.
In particular, the value function is often finite. The case of u(f) = 0 is a grey area — a transition point
between interesting and trivial results. Our methods do not allow us to provide a thorough study of
this case. However, a glimpse at possible results can be caught if one takes f = 0. Obviously, the
value function is finite, but the existence of an optimal stopping time depends on the interplay between
the process and the function g as the following example shows.



EXAMPLE. Let (X;) be an Ornstein-Uhlenbeck process
dX; = 0(# — Xt)dt + odW;.

Take f = 0 and g(x) = arctan(z). Obviously, w(z) < max, g(z) = . Take a stopping time
7. = inf{t > 0 : Xy > K(e)}, where K (¢) = tan(m — ¢). This stopping time is e-optimal because
9(X;.) > m—¢e > w(x) — e. This also proves that w(x) = w. However, there is no optimal stopping
time as the objective function g(z) grows when x increases. N

2.1. Optimal stopping times
The developments of this subsection are pursued under the following additional assumption:

(B1) Forany x € E, there is d(x) < 0 such that

v(x) = suplimsupEx{ /OT/\T (f(Xs) — d(x))ds} < 00.

T T

Sufficient conditions will be provided in the following subsections.
Although the above assumption does not state explicitly that u(f) < 0, this is a necessary condi-
tion. If pu(f) > 0 then u(f) — d(x) > 0 and by ergodicity

Jim BE{f(Xe) = d(@)} = u(f) = d(z) > 0,

which implies y(z) = oco.

REMARK 2.3. Itis vital for applications to notice that if assumption (B1) is satisfied for a function f,
it is also satisfied for any function f’ < f. This trivial observation greatly extends the applicability of
sufficient conditions for (B1) discussed in Subsections 2.2 and 2.3. N

Assumption (B1) allows us to restrict the set of stopping times in (2) to those with finite expecta-
tion.

LEMMA 24. For every integrable s-optimal stopping time o we have

() +2llgll +¢
—d(x)

E®{o} <
Proof. Since o is integrable, we have
Bo{ [ a0} = {7 (106 — da))ds + @)+ o(X,)}
<v(@) +[lgll + d(x)E*{o}.
On the other hand,
Bo{ [ 1+ 900} 2 wio) = = ol .
Combining the above two inequalities,

—llgll =& <~(=) + llgll + d(2)E“{a},

completes the proof. O



It follows from (2) that the value function can be defined as a supremum over bounded (hence,
integrable) stopping times. The above lemma proves that the optimisation can be restricted to those
stopping times whose expectation is bounded by

(@) +2llg +1
—d(x)

Hence, the value function w(z) is bounded from above by || f||M (z) + ||g]|-

M(z) = 3)

REMARK 2.5. By the dominated convergence theorem and quasi left-continuity of (X;) (see [8,
Theorem 3.13]) whenever E“{7} < co we have

AT
tmsupE={ [ F(C)ds + g(Xonr) / F(Xo)ds +9(X,)}.
T—o00 0
<
LEMMA 2.6. The value function w is lower semi-continuous.
Proof. Let
wrp(z) —supEm / f(Xs)ds + g(X )} 4)
T

Due to the continuity and boundedness of functions f and g as well as the weak Feller property of the
underlying process (X;), the value function wy is continuous, see [21, Corollary 3.6]. Functions wp
converge pointwise to w and they form an increasing sequence. Hence, w is lower semicontinuous.

O

The construction of an optimal stopping time requires a few intermediate steps achieved in lemmas
below.

LEMMA 2.7. For every x € FE, there exists an non-decreasing sequence o, of bounded %-optimal
stopping times for w(x).

Proof. The stopping problem w(x) can be equivalently written as a supremum over bounded stopping
times. Hence, wr(x) defined in (4) approximate w(x) from below. By [21, Corollary 3.6], these
stopping problems admit optimal solutions of the form

mr =inf{t € [0,T] : g(Xi) > wr—+(Xs)}.

As wr are non-decreasing in 7', it is easy to see that 7 are non-decreasing in 7" as well. By setting
T(m) =inf{T > 0: w(z) —wr(z) < 1}, wecanseto, = T (m)- O

In what follows we shall denote by (o,,) the sequence of stopping times from the above lemma.

LEMMA 2.8. The process Z; := fo s)ds +w(Xy) is a right-continuous P*-supermartingale for
any x € E. Moreover, for a bounded stoppmg time o and an arbitrary stopping time T

Ex{ /Og f(Xs)ds + g(XU)} < E“’{ /OTNr f(Xs)ds + 15y 9(Xo) + Lio>ry w(XT)}. 5)



Proof. Define Z = fo s)ds+wr_i(Xy), t € [0,T]. This process is a Snell envelope of the pro-
cess t fo Xs)ds + g(Xt), s0, in particular, it is a right-continuous supermartingale [22, Theorem
2.4]. These supermartingales are increasing in 7' as so is wr—_;. Notice that Z; = supps; ZtT P*-a.s.
Theorem T16 in [18] and the remark following it imply that (Z;) is a right-continuous supermartin-
gale.

Since o is a bounded stopping time, the optional sampling theorem yields E “{Z, | Frro} < Zrpo-
This reads

TN } .

| s 0o 2 B2 { [ FOX s+ w(X)

Hence,
TNAO
/ f(Xs)dS + 1{0’27’} w(XT/\O' > E / f dS + 1{0’>T} w( ) F. /\o‘}
0
> B7{ [ F(X)ds + 12 90X Fon |
0
Adding 1¢, 7} 9(X,) to both sides completes the proof. O

Due to the lower semi-continuity of w and the continuity of g, the random variable
=inf{t > 0: g(Xy) > w(X¢) — €}
is a stopping time and g(X,.) > w(X, ) — e on {7 < co}.
LEMMA 2.9. Forany x € E, we have }P’x{am < Tg} < L

me
Proof. Apply (5) to o,,, and 7

wie) = o < B [ fx)ds X))

O'm/\TE

<E { / (Xs)ds + Lo, <r} 9(Xo,,) + Lo} w(XTE)}
O'm/\TE

< E“{ / (Xs)ds + Lomer.} (w(XUm) — g) + L) w(Xra)}
O'm/\TE

< Em{ / S)ds + w(XU'm/\Tg)} - €]P):E{O'm < Ta}

<w(z )—€Px{0‘m<7};},

where the third inequality follows from the observation that g(X,,,) < w(X,,,) —€ on {0, < 7}
and the last inequality is the result of (5) applied for 7 = 0 and 0 = 0/, A Te. O

LEMMA 2.10. Let (X,,) be a sequence of positive random variables with EX,, < 1. If Y is a
positive random variable (with a possibly infinite expectation) and lim,,_,c P{Y > X,,} = 0 then
EY <1.

Proof. Assume first that Y < K a.s. for some constant K > 0. Then
E{Y} =E{lyy<x Y} +E{lyy>x,, YV}

<E{lyy<x,y X} +E{lyy>x,, Y}
<E{X,} + KP{Y > X,} <1+ KP{Y > X,,}



and the last term tends to 0 as n — oo. Take now an arbitrary Y satisfying assumptions of the
lemma. For each K > 0, we have lim,_,oo P{Y A K > X, } = 0. Previous considerations imply
E{Y A K} < 1. By monotone convergence, E{Y '} = limg_, o E{Y A K} <1. O

THEOREM 2.11. Under assumptions (Al)-(A3) and (B1) an optimal stopping time is given by
™ =inf{t > 0: g(x) > w(z)}.
Moreover, E*{1*} < M (x), where M (x) is defined in (3).

Proof. By Lemma 2.4, for every m the stopping time o,,, has a bounded expectation: E*{c,,} <
M (z), where M (z) is defined in (3). This bound does not depend on m. Combining this with
conclusions of Lemma 2.9 and Lemma 2.10 (with Y = 7. /M (z) and X,, = 0,,/M (z)) yields that
E*{r.} < M(x).

Apply (5) to o, and 7. and notice that w(X;. ) — e < g(X,.) due to the continuity of g, lower
semicontinuity of w and right-continuity of the process (X;):

w(z) —

IN

B{ [T s+ 90X}

1
m

IN

Om/N\Te
Ew{ /(; f(XS)dS + 1{0'm<7'g} g(XUm) + 1{0'sz5} w<X7'£)}

IN

oOm/N\Te
Eﬂc{ /0 f(XS)dS + 1{0m<7€} g(XUm) + 1{Um27'5} (g(XTE) + 8) }

When m — oo, the dominated convergence theorem implies

w(z) <E*{ /0 F(X)ds +g(Xy.) + ).

so 7. is e-optimal. Put 79 = lim._,0 7. Since this is an increasing sequence of random variables
with the expectation bounded by M (z) then 7y is well defined and E*{7p} < M(x). Forn > 0
and any 0 < ¢ < 7 we have g(X,.) > w(X,.) — n. By the quasi left-continuity of (X;) and lower
semicontinuity of w, taking the limit ¢ — 0 and then  — 0 yields

9(Xry) > w(Xr).

So 79 > 7*. This means that 7* is finite and E“{7*} < M (x). Its optimality follows in the same way
as e-optimality of 7. O

The stopping time 7* can be characterised as a limit of optimal stopping times for problems with
a finite stopping horizon when the horizon increases to infinity.

LEMMA 2.12. We have 7" = limp_.o, 71, where T is an optimal stopping time for the problem (4).

Proof. Recall that 70 = inf{t > 0 : g(X;) > wr_¢(X¢)}. The sequence (77)7>¢ of random
variables is increasing and each element has its expectation bounded by M (z). Hence, 7oc =
limp_,o 7r exists. Since 77 < 7%, we conclude that 7o < 7*. We also know that g(X,,.) =
Wr—rp (X77), 80 imp_y00 g(X 7, ) = limyyoo wr—7, (X4, ). By the quasi left-continuity of (X;) we
have limr_,o 9(X7,) = 9(X;). Foreachw € Q,any T > 7*(w) and 0 < d < T — 7p(w) we
have wr_,,.(X;,) > wq(X;,) (dependence on w is omitted here for clarity of notation). Hence, for
each positive d we have lim inf7_, o wr—,,.(Xr,.) > wq(X, ) P¥-a.s. and letting d — oo we obtain
liminfr_yoo wr—rp (Xr,) > w(X5,). Finally, g(X; ) > w(X,), P* - as., 80 Too > T O



Summarising, under the assumptions of this section we showed that the value function w(z) is
lower semi-continuous and the stopping time 7, the first time the process enters the closed set {x €
E : g(x) > w(z)}, has a finite expectation and is optimal.

2.2. Zero-potential bounded from below

This and the following subsection provide sufficient conditions for (B1). Here, they are first
expressed in terms of a zero-potential

q(x) = h?‘jo‘ipw{ /OT (f(Xs) - u(f))dS}'

They are later derived from certain conditions related to the speed of convergence of transition prob-
abilities of the process (X;) to the invariant measure /.

(C1) ¢(x) is continuous and bounded from below

(C2) for any bounded stopping time o

o) = E7{ [ (£00) ~ 1) ds + o)}

(C3) u(f) <0

REMARK 2.13. Assumption (C2) is equivalent to requesting that the process Z; = fg ( f(Xs) —
1(f))ds + q(Xy) is a martingale. g
REMARK 2.14. Under assumption (C2), for any bounded stopping time 7

Be{ [ £(X)ds + 9(X) | = ala) + Bl + (g - (X))
0
The optimal stopping problem (2) can be equivalently written as

w(x) :=w(r) — q(z) = suplimsup E“{u(f)(1 AT) + (9 — q)(X7n7)}- (6)

T T—o00

This transforms the problem with a possibly unbounded integral term into a problem with an un-
bounded terminal reward and a strictly negative running cost. N

REMARK 2.15. The limit lim sup;_,., can be omitted in the definition of @ and w and the set of
stopping times can be restricted to those with a finite expectation. Indeed, if E“{7} = oo, then

limsupE* (()(r AT) + (g — 0)(Xear)} < (f) Jim E*{r AT} +T = —o0,

T—oo

where I' = sup, (g — ¢)(x) < oo by assumption (C1). q

The following lemma shows that the assumptions introduced at the beginning of this subsection
are sufficient for (B1).

LEMMA 2.16. Under (C1)-(C3), assumption (B1) is satisfied with any d(z) € (u(f),0). Moreover,
v(z) < q(x) — A, where A = inf, q(y).

10



Proof. Take any stopping time 7 and 7" > 0. Then

EI{/OTAT (f(X.) —d(m))ds}
TAT
—E*{ /0 (F(X,) = u()ds + (u(f) = d(@)) (r AT)}

TAT
<E*{ /0 (f(X.) — ulf))ds)
— 4(a) — E*{q(Xar)} < () — A,

where A is a lower bound for ¢ and in the first inequality we used u(f) — d(z) < 0. From the
arbitrariness of 7 and 7" we conclude that y(x) < g(x) — A < 0. O

The existence and continuity of the zero-potential is ensured by (D1) below, while the integrability
required in (C2) follows from (D2).

(D1) thereis K : E — (0, 00) bounded on compacts and & : [0, c0) — R4 such that
1Pe(, ) = n()llrv < K(2)h(t),
and [;° h(t)dt < oo,
(D2) (integrability) E*{K(Xr)} < oo forany z € Fand T > 0.

REMARK 2.17. Ergodicity assumption (D1) is commonly studied in the theory of stochastic processes
(see, e.g., references in Section 6):

1. (geometric ergodicity) there are functions K, \ : E — (0, co) bounded on compacts such that
1Py, ) = u()lrv < K(z)e @,

2. (polynomial ergodicity) there is a function K : E — (0,00) bounded on compacts and a
constant p > 1 such that

| Pi(x,-) — p(-)||lrv < 1+t

<

LEMMA 2.18. Assume (D1) and (D2). Then the zero-potential q is finite-valued and continuous, and
assumption (C2) is satisfied.

Proof. Define N
q(x) = {/0 ‘Psf(ac) — u(f)‘ds}.

This function is finite-valued by assumption (D1). This means that ¢(z) is finite valued and continuous
by the weak Feller property (and dominated convergence theorem). By (D2), for any 7' > 0 and
x € E, the random variable g(X7) is P*-integrable.

Denote f(z) = f(z) — u(f). For o > 0 and T > 0, due to the boundedness of f and Markov
property of (X;) we have

E*{ /0 Te*“f‘()@)ds} = da(7) — e E{ga(X1)}, ™

11



where

dola) =E*{ /0 e (x,)ds).

Clearly, |go ()| < @(x), s0 |go(X7)| is dominated by g(X7). The integrability of the latter and the
dominated convergence theorem yield that when o — 0 the equation (7) converges to

Be{ [ Fxas} = ato) ~ E*(al)).

Take now a stopping time ¢ bounded by 7'. Then

a6 = [E7{ [ e ftas| 7}
e e e e

et [

= T|fl| + e |E*{qu(X1)| %o }| < TIFI + [E{a(Xr)

which gives a bound for |g, (X, )| independent of «v. Strong Markov property gives

Bo{ [ e fxds} = o) ~ B an(X,), ®

Using the bound obtained above, we can take the limit &« — 0 on both sides and conclude the proof.
O

To ensure that g is bounded from below, we have to assume something about the function f.
Knowing that under ergodicity, the process spends most of the time in a ball with an appropriately
big radius, we want to allow for flexibility of the function f there. However, to give us control of the
integral the effect of f should be under control outside of the ball. The following lemma shows that it
is sufficient to assume that f > p(f) outside of a compact set.

LEMMA 2.19. Assume (D1)-(D2). If u(f) < Oandtheset L = {x € E: f(x) < p(f)} is compact,
then q is bounded from below.

Proof. Let B be a closed ball such that ;(B) > 0. It is easy to see (for example, by the law of large
numbers for ergodic processes) that 75 < oo P*-a.s. for any x € E, where 75 = inf{t > 0: X, €
B}. Let B be the smallest closed ball containing B and L. Then Tz < oo P*-as. forx € E. We have
f(x) = u(f) > 0for z € BC. Forany T > 0, equation (8) reads

TB/\T T
@) =B [T e (10X) - ) dsp + B 05 D0 (X))
0
> E7{e=05 ) g, (X, 1)}
By the dominated convergence theorem and finiteness of 75 we obtain

da(z) = E*{e""Bqa(X-;)} (©))

12



Considerations in the proof of Lemma 2.18 imply that g, (x) converges to ¢(x) when « | 0, but they
do not apply to the right-hand side of the above inequality since 7z does not have to be bounded.
However, X € B by the right-continuity of (X}), so it is sufficient to prove uniform convergence
of g, to ¢ on compact sets. We have the following estimate:

4(2) — qa(2)] < / T (1= e ) EF(X) — ulf)}ds
0
< / (1= e )| £ 11 P, ) — () s
<K (@) /0 (1— e=)h(s)ds.

By the dominated convergence theorem, this proves uniform convergence of ¢, to ¢ as o | 0 on
compact sets since K is bounded on compacts. Again, by the dominated convergence theorem, (9)
yields

q(z) = E*{q(X7,)}-

The function ¢ is continuous hence bounded on B, so ¢(z) > inf, 5 q(y) > —oc. O

REMARK 2.20. It is easy to see that the set L from the above lemma is compact when f € Cy. This
compactness property is also true for any continuous function f with u(f) < 0 and bounded from
below by a Cy function ¢. Indeed, L C {z € E : ¢(x) < u(f)} = Ly and the set Ly is compact
since p(f) < 0. Examples include functions f that are positive outside of a sufficiently large ball but
with negative values in a set of a large p-measure. N

It is not clear yet that ¢ can be unbounded from above and bounded from below. The lemma below
shows that this is natural for a large class of processes.

LEMMA 2.21. Assume (D1)-(D2). If u(f) < 0 and there is § > 0 such that the set Ly = {x € E :
f(x) < pu(f)+ 8} is compact, then lim|j, o0 q(7) = o0 if and only if lim, o E“{7B, } = o0 for
all n, where B, = {x € E : ||z|| < n}.

Proof. Assume lim||;|| o0 E {rp, } = oo forall n. Let N be such that Ly C By. As in the proof of
Lemma 2.19, for any a > 0

aula) =B*{ [ e (£00) - ) s} + B a0 (Xo, )}
0

> 0E*{ e “ds} +Ex{e_aTBNqa(XTBN)}.

By the monotone convergence theorem lim, o E “{ fOT PN emesds} = E%{rp,}. In the proof of
Lemma 2.19 we have shown that g, converges to ¢ uniformly on compact sets. Hence,

q(z) > SE {7} + inf q(y)
yEBN

and the proof is complete.
Assume now that lim||, o ¢(z) = oo and take any N > 0. Then for x ¢ By

TBN B
inle) <287 [ sy B (e an(x,,) ),

13



which, when « | 0, yields

q(x) <2/ fIE*{Tpy} + Sup a(y)-
yEBN

Hence, lim ;|00 E* {75, } = 00. O
Notice that the compactness of L is not required in the proof of the left implication.

The above lemma suggests another criterion for the boundedness of ¢ from below. The proof is
omitted.

LEMMA 2.22. If q is continuous and q(x) — 0o when ||z|| — oo, then q is bounded from below.

2.3. Large deviations type condition

The second criterion for (B1) is provided by an upper bound for large deviations of the empirical
process:

(L) For any d,e > 0 and a compact set X' C F thereis N > 0 and p > 0 such that for n > N and

x € K we have 5
1 T
_ < o~ P(nd)
5 | rxgas—up] > <} <

There are two important classes of Markov processes that satisfy assumption (L):

e weakly Feller processes over a compact state space with a unique invariant measure (see [7,
Theorem 3] and also [4, 5]),

e weakly Feller processes on a locally compact separable matric space with a unique invariant
measure for which there exists a Lyapunov function, i.e., a function v > 1 such that for each

positive m the set {x € E : Pzz(f)x < m} is compact (for details see [7, Theorem 3] and

Lemmas 4.1, 4.3 and Theorem 4.4 of [5] and also [4] and [15]).

Note that the first of the above condition means that if the state space F is compact then our standing
assumptions (A1) and (A2) are sufficient for (L) to hold.

LEMMA 2.23. Assume (L). For any € > 0 and a compact set K C E thereis S > 0, C' > 0 and
p > 0 such that fort > S and x € K we have

/f Ydu — (f)‘ }gce*f)t.

s>t

Proof. Fix acompactset K C Fandputd = ¢/(2||f —u(f)||). Take N and p from (assumption (L))
such that for n > N and x € K we have

= / " F(x)ds - ulf)| > e2) < ered).

The boundedness of f and the choice of § imply that for n > N
(n+1i)d
w)du — ‘ } {Su / w)du — ‘>z~: 2},
- | ) up | s w(h)| > f

14
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where N denotes the set of non-negative integers. The probability of the event on the right-hand side
is bounded from above by

i[?x{‘l /(n+i)5 f(Xs)ds — (f)‘ > 5/2} < iefp((nﬂ‘)é) B efp(n‘s)#
=0 (n+14)0 Jo ) g i a 1—e P

This proves the statement of the lemma for ¢ = nd, n > N, and p = p. Extending it to any
t > N§ =: S is straightforward due to the boundedness of f. O

Notice that p in the above lemma corresponds to p in assumption (L) for /2.
LEMMA 2.24. Assumption (L) and p(f) < 0 imply (B1).

Proof. Choose 0 < ¢ < —pu(f) and fix x € E. By Lemma 2.23 there is S > 0 such that for ¢t > S
we have P*{A;} < Ce™ ", where

Ay = {sup i/osf(Xu)du—u(f)‘ >ch

s>t

T

Then for any integrable stopping time 7 we have
(7o) = )ds)}

B { [ (e~ utris} = f(;E {ticrcin |

<eErr+2(lS|+ DA+ D 2006+ DPT{A}
=S +1

<eECr+2(1SI+ DI+ D0 2flIGE+1)Ce
i=[S5]+1
=eE*{r} +C,

This is equivalent to
-
E® {/ (f(zs) — p(f) — E)ds} <C.
0
Hence, (B1) holds with d(x) = u(f) + € which, by the choice of ¢, is strictly negative. O

REMARK 2.25. The above lemma implies that on any compact set one can keep d(x) in assumption
(B1) constant and the resulting function «(z) is also bounded on this compact set. Hence, M (x),
defined in (3), is bounded on compact sets. q

The estimate in assumption (L) is uniform over compact subsets of E. This is an excessive re-
quirement for deducting (B1), but it will be needed for proving the continuity of the value function
in the following section. Moreover, to the best of our knowledge most conditions for a weakly Feller
process to satisfy (L) pointwise automatically imply that the bound is uniform on compact sets.

2.4. Continuity of the value function

So far it has only been proved that the value function is lower semi-continuous, which was suf-
ficient for contructing an optimal stopping time. However, it is often important to know if the value
function is continuous. We will require it in Section 4 to characterise the value function as a viscosity
solution to an appropriate variational inequality.

15



Assumption (L)
Assumption (L) ensures the continuity of w without any additional conditions. Denote by A(x)
the set of stopping times with the expectation bounded by M (z), defined in (3). Then

VT
0< w(@) —wr(e) < swp B{ [ f(X)ds+ Ly (90X — 9(Xr)}

TEA(x) T
10
< sup Ex{/TVTf(X )ds}—l—QHgHM "
T reA(z) T ° T’

where wr is a value function for the stopping problem with horizon T'. Fix a compact set L C E. The
second term converges to 0 uniformly on L since M (x) is bounded on L (see Remark 2.25). Take any
e > 0. By Lemma 2.23 there is S > 0 such that for ¢t > S we have P*{A;} < Ce %, where

- faplt [ s sin] -}

Since p(f) < 0, for any stopping time 7 € A(x) we have

E"”"{/TTVTf(Xs)ds}— {1{T>T}/ (xs) — u(f))ds + Lizsry p(f)(T T)}
<B* {1pm [ (@)~ upis

Then, for T > S

E* {1{T>T} / (zs) ))ds} < iE${1T+i§T<T+i+1 /T(f(xs) - M(f))ds}

T

E {Irsicr<rritiliap,y (0 + 2] fIl} + ZE {1T+1<T<T+Z+11{AT_H} / (f(xs) — M(f))ds}
1=0

< QHfHCZ(i +1)e T 4 ZEx{1T+i§T<T+i+11{A } eT + ) / (zs) — ))dsH }
i=0 i=0

The first term is bounded by 2|/ f||Ce™*T (1 — e~#)~2. For the second term notice that AS. C AS$
Hence, it is bounded from above by

T+

o)
ZEx{1T+i§T<T+i+11{A%+i} [87‘ + ET]} < 2€E${7‘} < 25M(ZL‘)
=0

In total, we have demonstrated that

0 < w(z) — wr(x) < 2||f|Ce " +2eM () + 2”9”@

1
for sufficiently large T'. This proves that when 7" — oo the difference w — wr converges, uniformly
on L, to a positive function that is bounded by 2e M (x). Due to the arbitrariness of ¢ > 0, this proves
that wr converges to w uniformly on L. Recalling that the value functions w7 are continuous yields
the continuity of w.
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Negative f
Assume that f < 0. Recall that

ww) = swp B [ 1(Xds +9(x)},

TEA(x)

where A(x) is a set of stopping times 7 such that E“{7} < M (x). Let wr(z) be the value function
of the stopping problem with stopping times bounded by 7". Then

0 <we) —wr(e) < s B [ 55+ 9(X) — g(Xenr))

reA() T
< sup E*{1y~7 2(gl}
TEA(x)
<2 —
< 29 ),

where the penultimate inequality is due to f < 0 and the last inequality follows from Tchebyshev’s
inequality. The function M (z) is bounded on compacts when (a) assumption (L) holds (see Remark
2.25), or when (b) assumptions (C1), (C2) are satisfied: by Lemma 2.16 y(z) < ¢(x) — A, where A
is the lower bound for ¢, and q is continuous. This means that functions wr converge to w uniformly
on compact sets. As wr are continuous, So is w.

Strong Feller property

Recall that a Markov process (X;) satisfies the strong Feller property if its semigroup P;, t > 0,
maps measurable bounded functions into continuous functions.

Under assumptions (C1)-(C2), the optimal stopping problem (2) is equivalent to the stopping
problem (6) which we recall for convenience:

w(x) = w(z) — q(z) = suplimsup E“{u(f)(r A T) + (9 — ¢)(X7a7)}-
T T—o0

The function  is bounded from above because ;(f) < 0 and g is bounded from below. Let 6 > 0.
By the strong Feller property the mapping x +— E “{w(Xs) V (—M)} is continuous for every M > 0.
By monotone convergence theorem, lim ;o E“{w(X5) V (=M)} = E*{w(X5s)}, so the function
Psw(x) is upper semicontinuous. We shall show now that Pyw converges to w uniformly on compact
sets as & — 0, which implies that @ and w = W + ¢ are upper semicontinuous. Combined with the
lower semicontinuity of w and the continuity of ¢ this yields that w is continuous.

For the proof that Psw converges to w uniformly on compact sets we need the following properties
of weakly Feller processes.

LEMMA 2.26. ([21, Proposition 2.1]) For any compact set K C E, T > 0 and € > 0 there is N
such that for alln > N

sup P*{Vt € [0,T] X; € B(0,n)} > 1 —¢,
rzeK

where B(y,n) is a closed ball of radius n centered at y.

LEMMA 2.27. ([8, Theorem 3.7]) For any compact set K C E and any €, > 0 there is hg > 0
such that

sup sup P*{X}, ¢ B(z,n)} <e.
0<h<hy z€K

17



Notice that w(z) — Psw(z) = w(z) — Psw(z) — q(x) + Psq(x). Assumption (C2) gives
5
Poata) = ale) = E*{ [ (10X = () s}

Hence, | Psq(x) — q(z)| < 2||f||0. By Lemma 2.8 we have E “{w(Xys) +f05 f(X5)ds} < w(x) which
implies
Byw(z) —w(z) < o[ f]]
On the other hand, Lemma 2.8 applied for 0 = 7* AT (with T' > §) and 7 = ¢ yields
T*NT
wle) =timswpE{ [T F(C)ds + 9(Xnr)
0

T—00
T*NS
< Ex{ /0 f(Xs)ds + Lre oy 9(Xre) + Lizesy w(Xé)}~
Hence,

w(z) — Psw(x) < O fIl +E {15y [9(Xre) — w(Xe)] }
< OIfI+E {1 <oy [9(Xr) — 9(X5)]}
< Ol fIl + SggEx{g(Xf) —9(Xs)}-

Fix a compact set K C E. By Lemma 2.26, for any £ > 0 there is a compact set L such that

sup P {X; € LYt € [0,1]} >1—e.
zeK

By Lemma 2.27, for any n > 0 there is 2y > 0 such that for all § < hy we have

sup sup P*{X}, ¢ B(z,n)} <e.
0<h<hy z€L

Take § < hg A 1. Then

iliI;Ew{g(X-r) —9(Xs)}

< SliIgEx{l{XTeL} EX{g(X0) — 9(Xs-+)} + Lyx, ¢y (9(Xr) — 9(X5)) }

< (w(n) +e2llgll) +<2llgll,

where wr,(+) is the modulus of continuity of g restricted to the 1-neighbourhood of L, i.e., the set
{z € E: ||z —y| <1forsomey € L}. Summarising, for any n € (0, 1) and a sufficiently small
0>0

—0[[fll < w(z) = Bsw(x) < |||l +wr(n) + 4ellg]l.

Hence, Ps(x) converges to w(x) uniformly on K. This completes the proof of uniform on compact
sets convergence of Psw to w when § — 0.

18



Uniform integrability of K (Xr)
Assume (D1) and

(D2’) for every compact set L. C E there is a > 0 such that

sup E{K(X7)'**} < o0,
xzel, T>0

where K is defined in assumption (D1).

This, in particular, implies (D2). In the proof of Lemma 2.18 we have established that |g(z)| <
q(z) < CK(x), where C = 2||f|| [;° h(t)dt. Hence,

sup  E%{|¢(X7)]'T} =T < oo. (11)
zeL, T>0

This estimate will play a crucial role in showing that wy converges to w uniformly on L. Recall (10):

. VT M(m)
w) —wr(@) < sw B [T f(Xoyds} + 20l 77

Since M () is bounded on L the second term converges uniformly to 0. Take a stopping time 7 with
E*{r} < M(z):

™VvT
Be{ [ 7(X)ds} = ES{u(D)(r v T~ 1) + a(Xr) ~ o Xrur)}
T

<SE*{ sy a(X7)} — APP{7 > T},

where A is a lower bound for ¢ which can always be taken negative. By Holder inequality, for any
relL

B {1y a(Xn)} < (B {7 > 7))V (B {lgxn) 7o) VO < (M) v/,

where ¢ = (1 + «)/«a is adjoint to 1 + «. Summarising,

w(z) —wr(z) < (Ag”s))l/qu/ﬂw + (2|lg]| — A) Mz(f”),

which proves uniform convergence to 0 on L when T' — oo.

Relaxation of the lower bound on q

Assumption (C1) requires g to be bounded from below. This can be interpreted as a guarantee that
long waiting is not penalised severely. Lemma 2.19 establishes the lower boundedness of ¢ under the
assumption that f > u(f) outside of a compact set. But, intuitively, harsh penalisation of waiting (i.e.,
lower f) should make the problem easier as it would provide incentives to stop earlier and, therefore,
prevent the explosion in the functional. This is indeed the case as we shall show in the theorem below.

THEOREM 2.28. Assume (D1)-(D2) and one of the following conditions
e the process (Xy) is strongly Feller, or

e assumption (D2’).
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Then the value function w is continuous.

Proof. Assume first that there is a continuous bounded function f such that f > f, u(f) < 0 and the
set{z € E: f(x) < p(f)}is compact. We will relax it later. Let z,,(z) = 1 — p(z, B,) A 1, where
p(x, By,) is the distance of  from the ball of radius n. Put

fal@) = fx) = zu(@) (f(2) — f(2)).
Clearly, f, = fon B¢, and f, < f. Hence, pu(f,) < pu(f).
{zeE: fulz) <p(fa)} C BaprU{z € B fz) < u(f)},

and assumption (B1) holds for f,, by Lemma 2.18 and 2.19. Denote by w,, the value function corre-
sponding to f,, i.e.,

wp () = sup lim supIEx{ /OT/\T fn(Xs)ds + g(XT/\T)}.

T T—oo
By Theorem 2.11 and discussion in the previous subsections w, is continuous and there is an optimal
stopping time 7,5 = inf{t > 0 : ¢g(X:) > w,(X:)}. Since f,, are decreasing in n then w,, are
decreasing in n and so do 7,;. Hence, for any 7" > 0

TENT

Er{/OT" fn(Xs)ds—i—g(XT;;)} —Ez{/o " fn(XS)ds—l—g(XT;;/\T)}
< NfllE{(ryy = T) "} + 2||gl[P*{7; > T}
< (IFI+IFINE={(rf = T)*} + 2| g|P* {7 > T} =: H(T).

This implies that wy, () — wy, 7(x) < H(T'), where w,, 7 stands for the value function when stopping
times are bounded by 7. Notice that due to the integrability of 7, we have limp_,o, H(T) = 0.
Hence,

wy(z) — w(z) = (wn(z) — wp,r(@)) + (Wnr(z) — wr(z)) + (Wr(z) — w(z))
< H(T) + (wn,r(z) — wr(z)) + 0.

Pointwise convergence of w,, to w is established once we show that w,, 7(z) — wr(x) can be made
arbitrarily small for every fixed 7. By Lemma 2.26 for each € > 0 and a compact set L C E there is
N such that P*{V¢ € [0,T] X; € B,} > 1 —eforn > N and z € L, i.e., the process stays in the
ball B,, over time [0, T'] with the probability at least 1 — ¢. Using the fact that f,, coincides with f on
B,,, we have for every n > N

0 < wnr(@) —wr(z) ST fu— fIP{3t € [0,T] X¢ ¢ Bu} < T(IIf+ 1/1])e.

Summarising, for every T' > 0, € > 0 and a compact set L there is N such that for all n > N and
z € L we have wy(z) — w(z) < H(T) + T(||f|| + || fI])e. This proves convergence of wy, to w
uniform in L. Hence, the continuity of w,, implies the continuity of w.

Take now an arbitrary continuous bounded function f with pu(f) < 0. Let N be such that

S, |F(@) d) < —pu(f)/4. Define f(x) = z(x)f(x) and f = f V f. Then

w(f) < [ fle)u(de) + / |f(@)|p(de) < p(f) — p(f)/4 = u(f)/4 = pu(f)/2.

By BS,

Hence, u(f) < 0. Moreover, f(z) > 0forx € BY q,sotheset{z € E": f(z) < u(f)}is contained
in Byy1 and compact. The function f satisfies the conditions in the first part of the proof. O
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REMARK 2.29. The function f in the above proof satisfies conditions of Lemma 2.19. Hence, as-
sumption (B1) holds for f. As it has been said earlier (see Remark 2.3), it also holds for any function
dominated by f, in particular, for f. Theorem 2.11 yields that 7* = inf{t > 0: g(Xy) > w(Xy)}
is optimal and has the expectation bounded by M (x). Function M (x) is bounded on compact sets
because it is so for f. N

3. Functional with a general discount rate

In the previous section we studied an optimal stopping problem without discounting. Here, we
solve the problem with an arbitrary non-negative discount rate r(x). The development will follow a
similar line of thought as before but due to the presence of discounting many steps are more compli-
cated.

For the sake of compactness of notation, we shall denote

¢
at:/ r(Xs)ds.
0

The optimal stopping problem (1) takes then the form

TAT
w(z) = sup lim supEx{ / e f(Xs)ds + e_O‘TATg(XTAT)}. (12)
0

T T—o00

Standing assumptions for this section are (A1) (weak Feller property), (A3) (the continuity of f, g)
and

(E1) Forany x € E, there is d(z) < 0 such that

Yr(z) = SUpthUPEx{ /OT/\T e (f(Xs) — d(a;))ds} < o0,

T T

(E2) Function r is continuous bounded and r(z) > 0 forall z € E.

Similarly as in the undiscounted case, when assumption (E1) holds for a function f it also holds for
any function f’ < f with the same function d.

LEMMA 3.1. For any x € E and any integrable c-optimal stopping time o we have

o [ v s 22

The optimisation in (12) can be constrained to stopping times o with

E*{ /0 T} < M(a) = W)fdix” +1

and w(x) < ||f|M () + gl < oo,

The proof is similar to that of Lemma 2.4.
Define a value function for the stopping problem with a finite horizon:

wi(x) = supE{ | e s + g .
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LEMMA 3.2. Functions wr are continuous and the value function w is lower semicontinuous.

Proof. The discounted semigroup P} ¢(z) = E*{e” I r(Xu)dug( X)) maps continuous bounded
functions into continuous bounded functions, [9, Chapter II, Section 5, Lemma 4]. This implies
the continuity of wr. As w can be approximated pointwise from below by continuous functions wr
it is itself lower semicontinuous. [

Hence, the random variable (using the convention that inf () = co)
Te =inf{t > 0: g(X;) > w(Xy) — e}

is a stopping time. On the set {7. < oo}, due to the continuity of g and lower semicontinuity of w as
well as the right-continuity of (X;) we have

9(Xr) > w(Xr,) — e

It is not possible to determine without further assumptions whether 7. admits only finite values. The
following example explains why.

EXAMPLE. Consider an optimal stopping problem w(z) = sup, limsupy_, .. E={e= ") g(X A7)}

for r > 0 and g = —1. It is easy to see that there is a unique optimal stopping time 7* = oo and the
value function w(z) = 0. However, for any € € (0, 1) the set {¢ : g(X;) > w(X;) — £} is empty, so
Te = 0. <

This example suggests that although it cannot be guaranteed that 7. is finite-valued it can still be
e-optimal for w. This property is shared by the class of optimal stopping problems discussed in this
section. The following technical lemmas provide us with tools required to demonstrate it. Proofs that
are very similar to their counterparts in Section 2 are omitted.

LEMMA 3.3. For every x € E, there exists a non-decreasing sequence o, of bounded %-optimal
stopping times for w(x).

In what follows we shall refer by (o,,,) to the sequence of stopping times from the above lemma.
LEMMA 3.4. Assume only (E2). Then:

e The process Z; := fot e” % f(Xs)ds + e~ *w(Xy) is a right-continuous P*-supermartingale
forany x € E.

e For a bounded stopping time o and an arbitrary stopping time T

Be{ [ e (Xds + e g(Xn)}
0
oNAT
< EI{ / e_asf(Xs)ds + ]‘{G'<T} e_aag(Xa) + 1{027—} e_aTw(XT)}' (13)
0

o For a bounded stopping time o
Ew{/ e f(X,)ds + e w(Xo) b < w(a), (14)

0

Proof. First two statements are proved in a similar way as Lemma 2.8. Inequality (14) follows from
(13) by taking 7 = 0. O
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LEMMA 3.5.
1

1. Ex{l{am<‘r5} €_a0m} < mifj

2. lim Ex{1{75<oo} 1{0'm27's} e_aTs} = EI{1{7'5<OO} e e }

m— 00

Proof. We follow similar lines as in the proof of Lemma 2.9. Apply (13) to o,,, and 7

w(w)—;gEx{/o

OmNTe
EI{ /0 e™ % f(Xs)ds + 1o, cry e (w(Xo,,) —€) + 15,571 e_o‘fﬁw(XTE)}

om/N\Te

e f(Xs)ds + Lio<r e Ymg(Xy, )+ Lo e_“wa(XTE)}

IN

IN

Om/N\Te
EI{ /0 e_asf(XS)ds + e_aamATEw<XUm/\TE)} o 8IEz{l{O'm<‘l'e} e_ao'm}

w(z) — aEx{l{gm<T€} e %Yom },

IA

where the second inequality follows from the observation that g(X,,,) < w(X,,, ) —eon {0, < 7:}
and the last inequality is the result of (14). This proves the first statement of the lemma.
The second statement is a consequence of the first one. Write

Ew{l{TEQ)O} e } - Em{l{TEQ}O} 1{Um<7's} E_QTE} + Em{1{75<oo} 1{0m27’a} e e }

Recall that a4 is non-decreasing:

Em{1{75<oo} 1{0m<7'5} e o } < EI{1{7'5<00} 1{0'7n<7'5} e %om } —0
as m — oo by the first assertion of the lemma. O
The following lemma unveils an important relation between 7. and oy,.

LEMMA 3.6. Under the standing assumptions of this section

lim (o, ATe) = 7.
m—r00

Proof. Stopping times o,,, are non-decreasing, hence the limit 0o, = lim,—00 0y exists (and is
possibly infinite). From Lemma 3.5, by the dominated convergence theorem

_EL i - ~lrlom
0=E"{ lim 1(5, <rye ®on} 2 B7{ lm 1, crye 77}

Hence, on {0 < oo} we have lim,, o Ligpn<ry =0, which implies 0, > 7.. Obviously on
{00 = 0} we have 05 > Te. O

We are now in a position to prove the main result of this section that 7. is an e-optimal stopping
time for w. This proof does not require 7 to be finite.

THEOREM 3.7. Under the standing assumptions of this section the stopping time 7. is e-optimal for
w.
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Proof. Apply (13) to oy, and 7

1

wie) = 2 < B [ e f(Xds (X))

Om/N\Te
< ]EI{ A e_asf(Xs)dS + 1{0'm<7'5} e_aamg(XUm) + 1{0m27_5} e e w(XTE)}
(15)

We now want to find out how the right-hand side of this inequality looks like when m — oo. By
assertion 1 of Lemma 3.5,

lim E*{1¢,, <rye “mg(X,,)} =0.

m—ro0

On {0y, > 7} we have 7. < 00, so w(X,.) < g(X.) + . Hence, for each m

E{ 1o, >rye Fw(Xe)} SE{1, >nye e g(Xn )} +e
=E"{1{r. o0} Homory € ““0(Xn)} + E™{1{r.c0) Lopomy € " 9(Xr) } +e

Clearly, the second expectation is 0, while the first one converges to

E x{1{7'5<oo} eiang(XTs)}

by the second assertion of Lemma 3.5. A proof of convergence of the first term on the right-hand side
of (15) is slightly more involved. Notice that

Om/ATe Om/N\Te
[ e < [ e,
0 0

The right-hand side is increasing in m. Hence, it is bounded by a random variable || f|| [~ e emasds =
| £1I [;° e~*<ds whose expectation does not exceed || f||M (). This allows us to use the dominated
convergence theorem from which we obtain

n%iinoow{/oamm e f(X,)ds | :Ex{/; e~ f(X,)ds }.

Since [;° e~ *ds < M(x) we also have

IE‘T{ /TE efasf(XS)ds} = limsupEm{ /TE/\T efasf(Xs)ds}.
0 0

T—o0

Combining the above results gives

T—oo

w(z) < lim EI{ /OTEAT e*“&f(Xs)ds} +Ex{1{fs<oo} e*%g(XTa)} +e.

It remains to prove that
limsup]Em{l{TS:OO} e_O‘Tg(XT)} =0. (16)

T—o00

By the first assertion of Lemma 3.5, we have

oy o L
E*{lfrmocye ™} < —.

24



By monotonicity of £ — a4 and the dominated convergence theorem, this implies

1 . _ : _
e > Tlgr;oEx{l{TE:oo} e YomAT 1 > TlgréoEx{l{TE:oo} e T}
This is true for an arbitrary m, so the limit on the right-hand side is in fact 0. Boundedness of g then
yields (16), which implies

TeNT
w(z) < lim sup]Ex{ / e~ % f(Xs)ds + e_aTEATQ(XTa/\T)} t+e.
0

T—o00

Hence 7. is -optimal. O

We have shown that an e-optimal stopping time exists in a standard form. Without further assump-
tions we are not able to construct an optimal stopping time. This should not be surprising as this is
common for infinite horizon stopping problems even with a constant discount rate. Indeed, our main
tool in the undiscounted case is the integral part of the functional which is interpreted as a penalty
for a long wait before stopping — an infinite-valued stopping time drives the functional to —oco. When
discounting is applied, the integral part of the functional may remain bounded whatever the stopping
time is applied; this is clearly the case when inf, r(z) > 0. However, when the discounting is limited,
we are able to say more about an optimal stopping time and about properties of the value function.

(D3) The random variable R := lim;_, o o4 is P*-a.s. finite.

The random variable R is well-defined because r(z) > 0 so oy is non-decreasing. It is satisfied if
the discount rate r(X;) decreases quickly with time. In particular, a constant discount rate does not
satisfy (D3).

(D3’) There is 6 > 0 such that oy < —log(d), P*-a.s. forall ¢ > 0.

The simplest example of a stopping problem satisfying (D3’) is » = 0, i.e., the problem studied in
Section 2. Notice that assumption (D3) is a particular case of assumption (D3) with R < — log(J).
Let
™ =inf{t > 0: g(X;) > w(Xy)}.

On the set {7* < oo}, due to the continuity of g and lower semicontinuity of w as well as the right-
continuity of (X;) we have
9(X7+) = w(Xre).

We shall use this property in the proof of the following theorem.

THEOREM 3.8. Assume (D3) in addition to the standing assumptions of this section. The stopping
time T* is finite P*-a.s. and optimal for w(x). Moreover, E*{r*e~%} < M (x), where M (z) is de-
fined in Lemma 3.1. Under (D3’) we additionally have E*{7.} < M(x)/d and E*{7*} < M (x)/0.

Proof. We have .
E*{one ) < Ex{/ efasds} < M(z),
0

where the first inequality follows from the monotonicity of a; and assumption (D3) while the second
inequality is from Lemma 3.1. By the first assertion of Lemma 3.5 we obtain

1

E*{1 B e ——
{ {om<Te} € }— me
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The factor e~ can be interpreted as an unnormalised Radon-Nikodym density. Using this density to

change the probability measure we end up in the setting of Lemma 2.10. Hence, E “{r.e %} < M (x).
In Theorem 3.7 we showed that 7. is e-optimal. Put 79 = lim._,¢7.. Since this is an increasing
sequence of random variables with the weighted expectation bounded by M (x) then 7y is well defined
and E*{rpe "} < M (x). Since R is finite-valued, this implies that 79 < oo P¥-a.s. We also have
that g(X.) > w(X;.) — €. By the quasi left-continuity of (X}), taking the limit ¢ — 0 we obtain

9(Xry) = w(Xr).

So 79 > 7*. This means that 7* is finite-valued and E*{7*e~%} < M(z). Clearly, 7. < 7%, so
70 = 7*. The optimality of 7* follows immediately by letting ¢ — 0 in

ww) == < B [ e f)ds £ (X))

Under assumption (D3’) we have e~ % > §. Then E*{7. §} < E*{r.e~f} < M(z) and, analo-
gously, E®{7* 6} < M (z). Recalling that § is a constant completes the proof. O]

3.1. Sufficient conditions for (El)

We shall present two conditions that imply (E1). They generalise corresponding conditions from
Section 2.
Define a potential

gr(z) = “;“jo%pEm{ /OT e (f(Xs) - u(f))dﬁ}-

and assume:
(CT’) ¢, (x) is continuous and bounded from below,

(C2’) for any bounded stopping time o

o) =B7{ [ e (100 — ) ds + ¢ an (X))

These assumptions collapse to their counterparts in Section 2 when » = 0, i.e., oy = 0. Sufficient
conditions for (C1°) under uniform (geometric) ergodicity of (X;) can be found in [29, Theorem 4]
(see also [12]). An easy adaptation of Lemma 2.18 and 2.19 shows that conditions (C1°)-(C2’) are
satisfied when p(f) < 0,theset L = {z € E: f(x) < u(f)} is compact and assumptions (D1)-(D2)
are fulfilled.

The statement and the proof of the following lemma resembles closely Lemma 2.16.

LEMMA 3.9. Assume (C1’)-(C2’) and (C3). Assumption (EI) is satisfied with any d(x) € (u(f),0).
Moreover, 4, (z) < g, (z) — A, where A = min (0, inf, - (y)).

The second criterion for (E1) is provided by an upper bound for large deviations of the discounted
empirical process (cf. assumption (L)).

LEMMA 3.10. Assume
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(L) Foranyd,e > 0and a compact set K C E thereis N > 0 and p > 0 such that forn > N and
z € K we have

1 no

P{| / e f(X)ds = pu(f)| > e} < ),
Jo emosds Jo

Then (E1) holds and M (x) defined in Lemma 3.1 is bounded on compact sets.

Proof. This proof is similar to the proof of Lemma 2.24. Choose 0 < ¢ < —u(f) and fix x € E. Let
Ay = {sup,s; | ( [y e*ans)fl o e f(Xs)ds — p(f)| > }. Similarly as in Lemma 2.23 there
is N > 0 such that for ¢ > N we have P*{A4;} < Ce™ . Then for any integrable stopping time T we
have

E® { /0 "ean (f(as) - M(f))dS} = iE {L‘W“/o

<erf | esds} 201+ 327+ DP ()

T

e () - u(f))dS}

< ew{/o e~eds } 4+ 2] |+ 3207 + )0
=1

= dEI{/OTe_anS} +C.

E® {/OTe—as(f(%) ) —s)ds} <c.

Hence, (E1) holds with d(z) = u(f) + & which, by the choice of ¢, is strictly negative. Since C' can
be taken bounded on compact sets, we immediately obtain that d can be taken constant on compact
sets and then M (x) is bounded on compact sets. O

This is equivalent to

3.2. Continuity of the value function

In three out of four cases studied in the theorem below, the continuity of w results from the
convergence of wr to w uniformly on compact sets and proofs from Subsection 2.4 apply. The proof
when the process (X¢) is strongly Feller retains its validity due to the boundedness of the discount
rate r (see assumption (E2)).

THEOREM 3.11. Assume (E1)-(E2) and (Al). Either of the following conditions is sufficient for the
continuity of the value function w:

1. Assumption (L, ) holds.

2. f(z) <0forz € E.

3. The process (X3) is strongly Feller and assumptions (C1°)-(C2’) hold.
4. Assumption (DI1) and (D2’) hold.

Proof. The proof is an easy adaptation of the reasoning in Subsection 2.4. O
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4. Variational characterisation of the value function

Previous sections discuss properties of the value function and existence of optimal stopping times.
This section provides a more explicit description of the value function as a solution to a variational
inequality

min(—Aw+rw—f,w—g):0, a7

where A is a generator for the process (X;). In general, it is unlikely that the value function is in the
domain D 4 of the generator, so this variational formulation cannot be interpreted in a classical sense.
Instead, we shall show that the value function is a viscosity solution of (17). We shall employ a more
stringent definition than commonly used, i.e., we shall use a larger class of test functions.

DEFINITION 4.1. A continuous function w is a viscosity subsolution of (17) if for each x € E and
Y € D 4 such that u(z) = ¢(x) and ¢ > u we have

min ( — Ap(z) + r(@)p(z) - f(z),u(r) - g(z)) <0. (18)

A continuous function u is a viscosity supersolution of (17) if for each x € E and ¢ € D 4 such
that u(x) = ¢(x) and ¢ < u we have

min (— A¢(z) + r(z)¢(z) — f(x),u(z) - g(z)) > 0. (19)
A continuous function u is a viscosity solution of (17) if it is both super- and subsolution.

In practice, the domain of a generator is rarely known. Instead, one considers a core, a linear sub-
space of D 4 that defines the generator A on D 4 uniquely via the closure of its graph. Test functions
in the definition of the viscosity solutions are then restricted to belong to that core. For diffusions, it
is common to consider C2 functions or even C§° functions. Our choice to use all functions from the
domain of the generator as test functions in the definition of viscosity solutions gives a flexibility for
the selection of a core in the subsequent quest to solve (17) and to prove the uniqueness of solutions.
This also comes at no additional cost.

Assume (A1)-(A3), (E1)-(E2) and (D3’). They ensure that there is an optimal stopping time with
a finite expectation. We also require that the value function w is continuous. Theorem 3.11 provides
sufficient conditions.

The domain of a generator of a weakly Feller process is a dense subset of the space of continuous
functions vanishing in infinity [10, Theorem 17.4]. The range of the generator is within the same
space — we shall use this continuity property in the proof of the following theorem.

THEOREM 4.2. Under the standing assumptions of this section, the value function w is a viscosity
solution of (17).

Proof. Supersolution property: Take x € E and ¢ € D 4 as in the definition of supersolution. Obvi-
ously, ¢(x) — g(x) = w(xz) — g(x) > 0. By Lemma 3.4 for any ¢ > 0 we have

w(z) > IE"”{ /Ot e~ f(X,)ds + e*atw(xt)}.

Thus
B{e0(X)} — o) + B [ e p(xXas) <o,
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By Dynkin’s formula

IE””{ /Ot e (Agb(Xs) (X)X + f(Xs))ds} <.

Dividing by ¢ both sides of the last inequality and letting ¢ — 0 we obtain A¢(x)—r(z)p(x)+ f(x) <
0.
Subsolution property: Take © € E and ¢ € D 4 as in the definition of subsolution. If w(x) =
g(z) then (18) is trivially satisfied. Otherwise, 7% > 0 P*¥-a.s. By Lemma 3.4, the process Z; :=
(fe_O‘Sf(XS)ds + e~ “w(X;) is a right-continuous P?-supermartingale. Since E“{Z,«} = Z; by
the optimality of 7%, the process Zix,+ is a martingale and therefore

Ex{e—ar*Mw(XTW) —p(z) + /OTW e_O‘Sf(XS)ds} >0,

Dynkin’s formula yields for any ¢ > 0

Ef{ /OTW e (/w(xs) (X )(Xs) + f(X5)>ds} > 0.

Dividing both sides of the last inequality by ¢ and letting ¢ — 0, taking into account that 7* > 0
P*¥-a.s., we obtain that Ay (z) — r(z)y(x) + f(x) > 0. O

Demonstration of uniqueness of viscosity solutions to the variational inequality (17) is much more
involved. We shall only conjecture here that when the process X; is a weakly Feller jump-diffusion
on R? and viscosity solutions are defined by a core of C’g test function then one can obtain uniqueness
of solutions within a family of functions with a polynomial growth. The sufficiency of this notion
depends very much on whether the value function has a polynomial growth. This growth is related to
the expectation of the optimal stopping time 7*. Under the setting of (D1)-(D2), this expectation is of
the order O(K (x)), where K (x) is from assumption (D1).

5. Dichotomy of discounting

In this section we drop the assumption x(f) < 0 and consider a general problem with a continuous
bounded discount rate function . We show that under certain assumptions (to be specified below)
there are effectively two distinct regimes of the optimal stopping problem. When u(r) > 0, the
stopping problem exhibits features of the classical optimal stopping problem with the discount rate
separated from zero (cf. [24, 33]). In particular, the value function is continuous (hence, finite) for
any continuous bounded function f and wp approximates w uniformly on compact sets. On the other
hand, when p(7) = 0 it behaves as if the discount rate was equal to 0. Indeed, the discount rate is non-
negative so the assumption that p(r) = 0 implies that » = 0 on the support of the invariant measure
w. It is common in many applications that the invariant measure is supported by the whole space F
$0 f(f r(s)ds = 0, P*-a.s. for all ¢ > 0. In an unlikely case when the space contains a transient set
(1 is not supported by the whole space) and the time until reaching the recurrent set is integrable,
assumption (D3) is satisfied and we can employ Theorem 3.8.

Consider now p(r) > 0 and assume that the following upper bound for large deviations of the
empirical process holds:
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(Lg) For any d,¢ > 0 and a compact set K C F there is NV > 0 and p > 0 such that for n > N and
x € K we have

IP’I{ % /nar(Xs)ds - u(r)‘ > 5} < 7P,
0

By an identical argument as in Lemma 2.23 there is a constant C' > 0 and p > 0 such that for
t>85:=N¢

IP’Z{ sup 1/ r(Xy)du — M(T)) > 5} < Ce *', VzeK.
0

s>t IS

Choose 0 < € < pu(r) and let

A = {sup

s>t

S

1 S

/ r(Xy)du — ,u(r)‘ > E}.
0

Consider a modified stopping problem

i(x) = supE*{ / e~ f(X,)ds + e~ g(X)
T 0

where A = u(r) — €. One can solve this problem in a standard way (cf. [24]). Denoting by wr the

value function with stopping times bounded by 7" we have

1
A
Functions w7y are continuous [21, Corollary 3.6]. They approximate w uniformly on compact sets,
which implies that w is continuous. e-optimal stopping times take a standard form, while optimal

stopping times might not exist as in the case with a constant discount rate.
It is interesting to note that under (L) the difference w — w is bounded. Indeed, for z € K

0 < @(x) —ar(z) < ce M fl + 2 lgll.

w(z) —w(x) < sup Ex{ /OT (e — e_(aSV)‘S))f(Xs)ds + (e — e_(aTW‘T))g(XT)}.

T,bounded

Recall that P*{A;} < Ce *' fort > S. Letn = | S| + 1. Since on A{ there is as > As for s > ¢,
we have

w@) —i@) < s B3 Tgen 1ag 11} +nlfl + ol

T,bounded

<l ZPI{Ai} +allfll+ gl

C
= o—pn
<A+ e ) + gl

Similarly, one can estimate the difference w(x) —w(x). This means that w(x) is finite, so the integral
term cannot explode. Moreover, this similarity between the two optimal stopping problem guides the
following lemma.

LEMMA 5.1. Assume (Lg) and pi(r) > 0. The value function w is continuous and approximated
uniformly on compact sets by wr.

30



Proof. Fix a compact set K C E and € < p(r). Take T > S, where S is introduced below the large
deviations assumption (Lg;). For any x € E

w(z) —wr(z) < sup Ez{ /T e~ f(Xs)ds + 1oy (677 g(X7) — e_aTATg(XT/\T))}

7,bounded AT

< sup Ex{ > Vesrray € “TH Il + Ly 67”2”9!’}

T,bounded i—0

0o
< sup E’”{ D prergiy (Lapy e T + Lae ye T ]
7,bounded i—0

1 pary €2l gll + sy T2 gl |

IN

+PP{Ar}2| gl + 2| g]|

LA P A} + 1l T ——
=0

< (S 4 T L) gl (T 4T,

1
1—e A
Hence, value functions wr converge to w uniformly (and exponentially fast) on compact sets. Since
wr are continuous, SO is w. ]

It is now standard to show that 7. = inf{t > 0: ¢(X;) + ¢ > w(X;)} is an e-optimal stopping
time for any € > 0.

6. Examples
Example 1. Consider a diffusion on R4
dXy = b(Xy)dt + o(Xy)dWy, (20)

where (W, ) is a standard d;-dimensional Brownian motion with d; > d, b : R? — R%and ¢ : R* —
R¥*41 are bounded Borel measurable functions. The boundedness of b outside of a large enough ball
is actually implied by the conditions spelled out below, so it is enough to assume local boundedness at
this stage. Let a(x) = o(z)o” () and assume uniform non-degeneracy, i.e., inf) =y inf, la(z)¢ >
0. The speed of convergence of X, to its invariant measure will depend on the quantity

2T

n(x) = mb(x)-

The following list summarises three cases we will describe in detail. Each set of conditions implies
assumptions (D1), (D2) and (D2’). It is easy to verify that the Ornstein-Uhlenbeck process belongs to
the first class.

e If n(z) < —r for sufficiently large = and some r > 0, then the process converges at an expo-
nential speed.

o If n(x) < —r/||z||P for sufficiently large = and some r > 0, 0 < p < 1, then the process
converges at a subexponential speed.

o If n(xz) < —r/||z| for sufficiently large x and some r > d/2 + 1, then the process converges at
a polynomial speed. In particular, it suffices to show that lim supj ;. zTb(z) = —o0.
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Details are collected in two lemmas below (Lemma 6.1 and Lemma 6.2). We shall omit references for
the first class as it is contained in the second one, which provides sufficient conditions for this paper.
Although the same could be said about the relationship between the second and third class, we present
details for both cases as they are less well known.

LEMMA 6.1 ([11]). Assume that there is M > 0, r > 0 and 0 < p < 1 such that n(z) < —r/||x||P
for ||x|| > M. Then there are a unique invariant measure | and constants Cy, C1, Ao, A1 such that

SupEx{GQAOHXt } < CO€2AOHm||a
t>0

I

and 5
P, ) — ()| < Creollel®=Astt,

wherea =1—pandd = (1—p)/(1+p).

LEMMA 6.2 ([30]). Assume that there is M > 0 and r > d/2 + 1 such that n(z) < —r/||z|| for
lx|| > M. Then there are a unique invariant measure | and constants m, k,C > 0, such that

I1Pi(z, ) = u()llry < CA+ al™) (1 + 1)~

and
sup E7{[| X[} < Co(1 + [l ™)
t>0

for sufficiently small 5 > 0.

The rate of convergence of transition probabilities to an invariant measure is closely related to so
called mixing coefficients. In [31] it is shown that the bounds from Lemmas 6.1 and 6.2 are almost
optimal.

Example 2. The reader is referred to [17] for details. Consider a jump-diffusion

dXt = b(Xt)dt + O'(Xt)th + /

|z]<1

(X it d) + [ (X Dl dz),
|z|>1

where b : R — R?, o : R — R4 and ¢ : R? x R®2 — R?, (W,) is a d;-dimensional
standard Brownian motion and y is a Poisson measure on [0,00) x (R92 \ {0}) with the intensity
v(dz)dt. The Levy measure v satisfies [(|z] A 1)v(dz) < oo. fi is the compensated measure /i,
ie., a(dt,dz) = p(dt,dz) — v(dz)dt. Let Assumptions 1, 2 and 3* from [17] be satisfied. The first
one enforces linear growth for b, o, (, the second one is concerned with absolute continuity of the the
transition probability with respect to the Lebesgue measure. The last assumption is a Foster-Lyapunov
criterion. Theorem 2.2 in the aforementioned paper shows the existence of a unique invariant measure.
Coupled with Proposition 3.8 therein it proves our assumptions (D1)-(D2). As a special case consider

an Ornstein-Uhlenbeck process
dX; = —QXydt + dZ,

where (Z;) is a (multi-dimensional) Levy process with the generating triplet (b, A, v) and all eigen-
values of () have positive real parts. If f|2\>1 |z|9v(dz) < oo for some g > 0 then the process (X3)
satisfies (D1)-(D2) [17, Theorem 2.6]; in fact, the convergence is exponentially fast. It can also be
shown that it is strongly Feller if either (a) A is of full rank or (b) ¥(R?) = oo and v is absolutely
continuous with respect to the Lebesgue measure [16, Theorem 3.1]. Other conditions for the strong
Feller property of jump diffusions can be found in [14, 32]. If the diffusion term vanishes, o = 0, i.e.,
when (X;) is driven only by a jump noise, a sufficient condition for (D1) (with an exponential speed)
and (D2) can be found in [13].
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