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We study recurrence and transience for a particle that moves at constant
velocity in the interior of an unbounded planar domain, with random reflec-
tions at the boundary governed by a Markov kernel producing outgoing an-
gles from incoming angles. Our domains have a single unbounded direction
and sub-linear growth. We characterize recurrence in terms of the reflection
kernel and growth rate of the domain. The results are obtained by transform-
ing the stochastic billiards model to a Markov chain on a half-strip Ry x S
where S is a compact set. We develop the recurrence classification for such
processes in the near-critical regime in which drifts of the R4 component
are of generalized Lamperti type, and the S component is asymptotically
Markov; this extends earlier work that dealt with finite S.
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1.1. Overview. Billiards models arise from study of the dynamics of ideal gas molecules
in containers or from optical reflectors (see Section 1.2 below). For a parameter v € (0, 1),
define an unbounded generalized parabolic or horn-shaped planar domain D, by

(1.1) Dy :={(z,y) e Ry xR: |y| <a"};

here R, := [0, 00). Suppose that a point particle moves at unit speed in D,. In the interior,
the particle’s velocity is constant, so it travels in straight lines, and it reflects instantaneously
and randomly when it hits the boundary. The reflection is governed by a Markovian kernel
IC, that defines the outgoing angle distribution for each incoming angle, where both angles
are measured relative to the inwards-pointing normal. We give a more formal definition in
Section 3. See Figure 1 for a picture.

FIG 1: Part of the region D~ with v =1/2. A section of the particle’s trajectory is indicated by the
dotted line. It hits the boundary at the incoming angle indicated by the single-ruled angle, and exits at
the angle indicated by the double-ruled angle, whose distribution is determined by the incoming angle
according to a kernel /C.

The resulting process is a stochastic billiards model with Markovian reflection; we discuss
motivation and related prior work in Section 1.2 below. At the time of the nth boundary colli-
sion, denote by Z,, € R the particle’s horizontal location, and denote by o, € S :=[~7, F]
the incoming angle. Then (Z,,, o) is a discrete-time Markov chain on R4 x S. We aim to
establish conditions under which transience or recurrence occur, i.e., lim,, o Z, = o0, a.s.,
or liminf,,_, . Z, < 00, a.s, respectively. The classification depends on the properties of the
transition kernel /C that regulates the reflection at the boundary and on the growth parame-
ter . The case where K is independent of the incoming angle (i.e., reflections are i.i.d.) was
considered in [28, 27].

Mild conditions, e.g., appropriate irreducibility, for the reflection kernel K on the compact
space .S guarantee a unique invariant measure, and we make a density assumption to avoid
the possibility of the trajectory of the billiards process hitting the boundary only finitely
many times. Thus we work in the setting where the reflection kernel K has a unique invariant
probability density w on S. We further assume some mild regularity conditions that include
the reflection angles being uniformly bounded away from 4 7.

We will see that the critical regime for this model has [ () tan 3d3 = 0, correspond-
ing to an asymptotically zero effective drift induced by the reflections. The main results of
this paper on the Markovian billiards model, Theorems 3.2 and 3.4, may be informally sum-
marized in terms of the following phase transition.

“THEOREM”.  Suppose that |, ¢ @(B)tan BdS = 0. Then, under appropriate conditions,
there is a critical value . € [0, 1], depending on K, such that if -y < . the stochastic billiards
process is recurrent and if v > 7. it is transient.
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Section 3 below gives details of our assumptions, the formal statements of the results, and
for remarks on possible extensions and generalizations, including the critical case v = ..
The fact that the recurrence phase transition is located in the parameter domain ~y € (0, 1)
is to be expected, under mild conditions, since in the case v = 0 (a flat tube) the condition
J ¢ @(B)tan Bdf = 0 ensures that there is zero averaged drift in the horizontal direction,
while for v > 1 (a wedge, or wider), on each boundary reflection the process will escape to
infinity with positive probability.

Under the stronger condition | ¢ K(a,dB)tan 8 =0 for all @ € S, which is the case, for
example, if every reflection distribution is symmetric around the normal vector, then v, €
(0,1/2) and the description of . is rather simple (and constructive), involving the reflection
kernel IC only through its stationary density w: see (3.11) below. Otherwise, the description
of ~. exhibits more complex dependence on /C: see (3.15).

We analyse the stochastic billiards problem via a transformation to a spatially non-
homogeneous Markov process &, = (X,,, ay,) on the half-strip ¥ := Ry x S, where X, :=
Zn77. The scaling is such that the increments of X, have variance bounded away from 0
and oo, in which case the half-strip model falls into a (generalized) Lamperti regime where
the effective drift at X,, = x is of order 1/x; the terminology is by analogy with Lamperti’s
fundamental work on the classification of near-critical processes on R [23]. Half-strip pro-
cesses have their own interest and history: see Section 1.3 below.

If our billiards model lived in a flat tube (y = 0) then «,, would be itself a Markov chain
and the corresponding strip model would be spatially homogeneous; the curvature of our y €
(0,1) domain D, given by (1.1), ensures that v, is only asymptotically Markov, in a sense
that we make precise below, since an incoming angle at a reflection is a small perturbation
of the preceding outgoing angle. Processes on the half-strip for which the second co-ordinate
is asymptotically Markov have been investigated in [12, 16] (the constant drift case) and
[16, 25] (the Lamperti case) when S is finite. Here we extend the classification to the case
where S is a compact metric space, such as the interval [—7, 7]. We use a Lyapunov function
approach, similar to [25], but for existence of suitable Lyapunov functions we must replace
finite-dimensional linear algebra with some theory of linear operators.

In this paper, we consider (1.1) for v > 0, so D, is planar and grows asymptotically in
the axial direction. Extensions to higher dimensions, and/or domains that contract asymp-
totically, are of interest but need significantly different analysis; see Remarks 1.1. Further
possible generalizations, of a more technical nature, are discussed in Remarks 3.3 below.

REMARKS 1.1. (a) A natural extension would be to higher dimensions, i.e., in (1.1)
one can take (z,7) € Ry x RY for general d € N, and read |y| as the Euclidean norm ||y||. In-
coming/outgoing ‘angles’ are now in the (compact) hemisphere H? := {z = (21,...,2441) €
R4 ||z|l = 1,2411 > 0}. The structure of the state space Ry x HY for the half-strip is
unaffected by the increase in dimension, so our method would still be feasible, but to obtain
a half-strip model that falls into the class considered here requires rather strong assumptions.
For example, if one assumes that the horizontal component of the outgoing angle depends
only on the first component of the incoming angle, then the model behaves essentially as in
the planar case. Otherwise, if strong symmetry conditions are not imposed, then the recur-
rence classification would involve a more complex interaction between the geometry and the
invariant measure of the angle process on H¢, demanding significantly more analysis. Thus
we do not pursue higher dimensional extensions in this paper.

(b) Also of interest are ‘shrinking” domains, as in [28], in which one expects recurrence,
but the questions of interest would be to study stability, i.e., positive recurrence, properties of
invariant measures, convergence, and ergodicity, for example. Roughly, one would take v < 0
in (1.1), but one would need to modify the domain around x = 0 to ensure that it is smooth



4

and does not produce any pathologies. In the present paper we give results on passage-time
moments for the half-strip model (see Section 2.2), but there are two main obstacles to an
analogous analysis of the billiards model. These are: (i) from a neighbourhood of the origin,
the billiards process can have heavy-tailed increments (cf. Lemma 5.2) which means that the
technical conditions of, e.g., Theorem 2.3, are not satisfied; and (ii) it seems more natural to
ask about ergodic properties of the real-time process, rather than the boundary-collisions pro-
cess, which would demand a detailed study of the time-change. Such an analysis in the case
of i.i.d. reflections was only partially completed in [28]. Thus the case v < 0 also demands a
dedicated and thorough analysis that we do not attempt here.

The rest of the paper is organized as follows. In Sections 1.2 and 1.3 we discuss motiva-
tion and prior literature for stochastic billiards and half-strip models, to explain the origin and
context of the present paper. In Section 2 we formulate precisely the half-strip processes that
we study and state our main results on the recurrence classification. In Section 3 we do the
same for the stochastic billiards model. The main structural elements of the proofs are given
in Sections 4 and 5, respectively. The Appendix collects some auxiliary results: Section A on
results from functional analysis around the Fredholm alternative theorem for compact opera-
tors, and Section B on Lyapunov-function criteria for recurrence and transience of processes
on half-strips Ry x S for compact S.

1.2. Motivation 1: Stochastic billiards. In the early 1900s, Knudsen undertook a series
of experiments studying the flow of rarefied gases through tubes [20]. If the mean free path
length of the gas is much bigger than the diameter of the tube, then collisions between gas
particles are much rarer than collisions of particles with the tube boundary, and the bulk be-
haviour is described via single-particle dynamics. This Knudsen regime of ideal gas dynamics
leads to the study of billiards processes, in which a particle moves with constant velocity until
it hits the boundary. Similar processes are also naturally motivated from optics.

Deterministic reflection leads to classical billiards models [32]. The presence of micro-
scopic irregularities in the domain boundary (its ‘microgeometry’) motivates considering
random reflections and hence stochastic billiards: what appears to be a single reflection at
the boundary is comprised of a rapid sequence of reflections whose cumulative effect is es-
sentially random [14, 15]. On the basis of his ideal gas experiments, Knudsen argued for
i.i.d. reflections according to a cosine law; in optics, the same reflection law is known as the
Lambertian law.

Stochastic billiards with i.i.d. reflections have received much attention, including [5, 22,
7, 11] for bounded domains and [28, 27, 6] for unbounded domains. For bounded domains,
stochastic billiards with i.i.d. reflections are related to ‘shake-and-bake’ algorithms for sam-
pling uniformly from the boundary [8]. Mathematical results have supported the belief that
the Lambertian law is the most natural law in the case where reflections are independent of
the angle of incidence [22, 2], and stochastic billiards with the Lambertian reflection law
have received particular attention. For example, in [6], the distribution of the exit angle for a
Lambertian process in a half-infinite tube with an aperture is studied, and in [5] the authors
prove a scaling limit result for a Lambertian process in a thin annulus.

As described above, a central motivation for stochastic reflections is the disordered mi-
crogeometry of reflectors. However, examining this assumption leads to the conclusion that
trajectories at different incoming angles are likely to interact with the same microgeometry
in different ways, as described, for example, in [14, 15]. Thus there are physical arguments to
propose a Markovian reflection law, where the incoming angle is important for determining
the reflections; these arguments can be made in both the ideal gas and optical settings.

In the probability literature, the study of billiards with Markovian reflection laws is in the
early stages: we are aware only of recent work for one-dimensional intervals in which the
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speed (and not just the direction) may change on each reflection [4]; see Remarks 3.3(d)
for how our results can be extended to incorporate varying speeds. One motivation for the
present paper is to study the probabilistic behaviour of Markovian billiards in unbounded,
multidimensional domains. In this respect, the present paper can be seen as an extension of
the model of [28] from i.i.d. to Markovian reflections. We focus on the two-dimensional case,
the minimal setting that displays the phenomena we are interested in; see Remarks 1.1(a) for
some comments on extensions to higher dimensions.

1.3. Motivation 2: Random walks on half-strips. Let &, be a time-homogeneous,
discrete-time Markov chain on state space X x .S, and write &, = (X,,,n,) in coordinates,
with X, € X and n,, € S. If the law of (X, +1 — X,,n,+1) depends only on 7, (call this
assumption homogeneity), then &, is a Markov random walk, n,, is itself Markov, and X, can
be represented as an additive functional of the Markov chain (X,, — X,,—1,7,). Under the
most common assumptions, 7, is ergodic with a unique stationary distribution 7t. See e.g. [1]
for a general view of such processes, which arise in many applications, such as:

* Queueing, where e.g. X = Zi is a space of queue-lengths and S is a set of service
regimes [29].

* Random walks with momentum, short memory, or internal degrees of freedom, where
e.g. X=R%and S is a set of internal states for the particle [21].

* Regime-switching processes in mathematical finance, where e.g. X = Ri is a space of
prices or interest rates and S'is a set of states of the market [17].

In practice, these may be hidden Markov models in the sense that one may not be able to
observe 1, only X,.

For concreteness, take X = R;. Then Ry x S is a half-strip and study of the case of
finite S is classical [26, 13]. To go deeper, it is natural to relax the homogeneity assumption,
and hence go beyond the Markov random walk case. To probe the recurrence/transience phase
transition for the half-strip model, for example, analogy with classical work of Lamperti [23]
suggests that the law of X, 1 — X, should also depend on X,,, and not just 7,. Once one
admits this generalization, it is often too restrictive to maintain the Markov assumption on
Ny in the presence of non-trivial dependence between X, and 7,, a perturbation of the
homogeneous situation to provide the necessary inhomogeneity for X,, will also tend to
introduce X,,-dependence for 7,,. We refer to [16, 25] for some examples. However, progress
can be made if we replace the homogeneity assumption by an asymptotic Markov assumption
on 7, and some asymptotic regularity on the drifts of X,,, both assumptions in the case of
large X,,. This framework is the subject of [16, 25] for the case where S is finite. The present
paper extends this to the case where .S is a compact metric space.

We emphasize that the application of the half-strip framework to the Markovian billiards
model demands that 7,, (which will be an angle in the billiards context) is only asymptotically
Markov, so we are outside the Markov random walk setting. Moreover, the reflection rules
on a continuous curved surface with inward normal vectors in [—7, 7] leads us to consider
uncountable compact sets .S. Thus, we need to go beyond the finite-S' setting of [16, 25]. In
this respect, the present paper can also be seen as an extension of previous work on half-
strips, and is of parallel interest due to the broad range of applicability of such models: our
application to the stochastic billiards model is one example.

2. Markov chains on a half-strip.



2.1. Asymptotic Markovianity. We study our stochastic billiards model by a reduction
to a Markov chain on a half-strip R4 x S. Half-strip models have their own independent
motivation, as described in Section 1.3. In this section we present our results on near-critical
half-strip models satisfying appropriate assumptions. The set S will be a compact metric
space; in our billiards application, S will be a real interval. In the somewhat simpler special
case where S is finite, our assumptions align closely with those of [16, 25].

For a metric space (H,dy) with Borel sets B(H ), denote by P(H) the set of probability
measures on (H,B(H)). Recall that a function K : H x B(H) — [0,1] is a Markov kernel
on H if (i) K(z,-) € P(H) for all x € H, (ii) = — K(x, A) is Borel measurable for each
A€ B(H),and (iii) L(z,H) =1 forallz € H.

To describe our model, fix (.S, dg) a compact metric space with Borel sets B(.S). We denote
by ¥ :=Ry x S, our half-strip, whose Borel sets 5(3) form the product o-algebra. Suppose
that we have a probability space (€2, F,P) on which there is a filtration (F,,,n € Zy) and
an adapted process £ = (&,,n € Z4) taking values in X, with initial state £y = (zg, ug) € X
deterministic (but arbitrary). We assume that £ is a time-homogeneous Markov process with
Markov kernel s (s’ for ‘strip’) on X, so that for all A € B(X) and all n € Z,

2.1) P(pi1 € A| Fp) =P(&ny1 € A| &) = Ks(€n, A), as.

In coordinates, we write &, = (X,,,n,,) for X,, € Ry and 7, € S. We will assume the
following basic conditions.

(N) Suppose that ¢ is non-confined: P(limsup,, ,. X, =00) = 1.
(By,q) Suppose that for constants xp € Ry, p,q > 0, and B, B, < 00,

(2.2) E“Xn—i-l - Xn|p ‘ fn] < Bp7 on {Xn > fL'B};
(2.3) E[|Xn4+1]?| Fu] < By, on {X,, <z}

The non-confinement condition (N) follows from suitable irreducibility or non-degeneracy
assumptions (see e.g. [27, §3.3]). Condition (B, ,) includes boundedness of pth moments
in the R, coordinate for X,, > xp. While the simplest case is when zp = 0 and (2.2)
holds everywhere, it is important for our application to stochastic billiards to permit the case
where (2.2) holds on {X,, > zp}, and elsewhere demand only (2.3) for some ¢ € (0, p).

We next formulate a condition that says 7, is asymptotically Markovian for large X,,. This
will entail a limiting kernel on S. Recall that a probability measure v € P(.S) is invariant for
a Markov kernel K on (S, dg) if

(2.4) v(B)= /S v(dz)K(z, B), forall B € B(S).

Write || - || for the total variation norm, so that drv (11, v) := 5|/ — v 7v defines the total
variation metric on P(.5).

(K) Suppose that the Markov kernel K : S x B(S) — [0, 1] satisfies the following.
(i) There is a unique solution v = 7t to (2.4) over v € P(.5).
(ii) The function u — K(u, -) is continuous from (.5, dg) to (P(5),drv).

Assumption (K)(ii) is a strong version of the Feller property and guarantees certain analytic
properties of the operator associated with K: see Section A below. To state the asymptotic
Markovianity condition, define for (z,u) € ¥ and B € B(S),

(2.5) K(x,u, B) := Ks(x,u,Ry x B),

where K is the kernel from (2.1), and P(n,,1 € B | Fy,) = K(Xn, 1n, B), a.s. There are
two versions of the asymptotic Markovianity condition, the basic (M) and the stronger (M.);
which one we will need will depend on the other conditions that we impose. Let M4 (.S)
denote the set of finite signed measures on S. In (2.6) and (2.7), K is the kernel from (K).
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(M) Suppose that
(2.6) lim sup [|KS (2, u, ) = K(u, - )|lpy = 0.

T—00 ueS
(M) Suppose that there is a continuous I : (S,dg) — (M4 (S), drv) such that

(2.7) sup HICg(x,u, ) —=K(u, ) — a:flf‘uHTV =o(x™ 1), as z — oo.
uesS

Any T in (M) must have I',,(S) = 0. In (2.7) and subsequently, we use the standard Landau
O, o0 notation: for f : (0,00) — (0,00), we write g(x) = O(f(z)) to mean that there exist
C,z’ € Ry such that |g(z)| < Cf(x) for all x > 2/, and we write g(x) = o(f(z)) to mean
that for every e > 0, there exists z’ € R, such that |g(x)| < ef(z) for all x > z'.

2.2. Lamperti regimes and recurrence classification. Classical work of Lamperti [23]
gives sufficient conditions for recurrence and transience of Markov processes on R in terms
of (the first two) increment moment functions: see [27, Ch. 3] for a survey of such results.
We develop here the analogous theory for the half-strip model satisfying the assumptions of
Section 2.1.

For (z,u) € ¥ and R € B(R, ), define K2 (2, u, R) := Ks(x,u, R x S). If (B,,,) holds for
p>keNand xp € Ry, then for x > xp, u € S, define

(2.8) Mk(xau) ::/R (y_x)kICZ(xvuvdy)7

s0 E[(Xp41 — X0)¥ | Fu] = pa(&n), on {X,, > xp}. For r € R, define the passage time
(2.9) Tr 1= min{n €ly: X, < 7“},

with the usual convention min () := oo. In this section we seek to classify the asymptotic
behaviour of £ using the asymptotic properties of 11 and puo.

We say ¢ is transient if lim,, .o X;,, = 00, a.s., recurrent if there exists rg € R such that
liminf, oo Xp, < 1, a.s., and positive recurrent if there exists 1 € Ry such that E7, <
oo for all » > ry. If for every r € R, there exists 1 > r such that E7, = oo whenever
xo > 71 (recall Xy = xg is deterministic, but arbitrary), we say the process is null recurrent.
Under suitable irreducibility assumptions these are essentially equivalent to other standard
definitions (see e.g. Chapter 10 of [9]). Let C,(S) denote the continuous (hence bounded)
real-valued functions on S, and C} (S) those that are non-negative.

PROPOSITION 2.1.  Suppose that (N), (K), and (M) hold, and that (B,, ;) holds with p > 1
and q > 0. Suppose also that there exists d € Cy,(S) such that p; defined by (2.8) satisfies
limg o0 SUPyes |11 (2, u) — dy| = 0. Set § := [y dyt(du). Then & is transient if 6 > 0, and
recurrent if 6 < 0. If, in addition, ¢ > 1 in (B, ), then & is positive recurrent if § < 0.

In the special case where S is finite, Proposition 2.1 was established on Z x S as The-
orem 2.4 in [16]; see also Theorem 2.1 in [25]. We omit the proof of Proposition 2.1, as it
is similar to, but simpler than, those of the subsequent results in this section. A proof may
proceed using appropriate Lyapunov functions f(z,u) = z¥ + va*~Lp(u) similarly to Sec-
tion 4.2.1 of [24], but, for the existence of an appropriate ¢, replacing the finite-dimensional
Fredholm alternative with the operator version described in Section A.

The case where § = 0 in Proposition 2.1 cannot be classified without further assumptions.
We move into the Lamperti setting, where the critical case has 11 of order 1/z (in this context,
after the drifts have been ‘averaged’ against 7t) and uo also comes into play as long as we
have p > 2 in (B, ). The following are the assumptions we will need.
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(L) Suppose that there exist d, e, 02 € Cy,(S) such that, as x — oo,

(2.10) sup ‘,ul(x,u) - (du + e—u) ‘ =o(z™"), and sup |pa(z,u) — o3| = o(1).
ues L u€es

Moreover, if 7t is as defined in (K), suppose that

2.11) / dy m(du) = 0.
S

We describe assumption (L) as ¢ being in the Lamperti regime. As mentioned above,
if (2.11) does not hold, the behaviour is simpler (cf. Proposition 2.1), while if the 1/z term
in (2.10) is replaced by 1/x”, 3 € (0, 1), the behaviour is again less critical, in that the phase
transition is driven by the sign of the effective drift alone (cf. the case of R as described
in Chapter 3 of [27]). Hence the Lamperti regime is the natural one in which to probe the
recurrence phase transition; it is also the regime that emerges from our stochastic billiards
application. Sufficient for (2.11) is that d,, = 0 for all u; this case has a special place in the
theory and we refer to it as the strict Lamperti regime:

(Lo) Suppose that (L) holds with d,, =0 for all u € S.

In the strict Lamperti regime, the recurrence classification depends on the values of
(2.12) dp == / (2e4, + (20 — 1)02) 7t(du),
S

where 6 € R. Note that if § < &', then &y, 6 € R satisfy dy < dg/, with equality if and only if
o2 is identically 0. The next theorem presents the classification. In the case where S is finite,
Theorem 2.2 is essentially Theorem 2.5 of [16] (see also Theorem 2.2 of [25]).

THEOREM 2.2.  Suppose that (N), (K), and (M) hold, and that (B, ;) holds with p > 2
and q > 0. Suppose also that (Lg) holds. Then the following classification applies.

(a) The process & is transient if o > 0 and recurrent if g < 0.
(b) If, moreover, q > 2, then £ is positive recurrent if 01 < 0, while £ is null recurrent if
0o <0 < dy.

The next theorem presents a refinement of the classification into positive/null recurrence,
via quantitative information on the moments of the passage times 7, as defined at (2.9). In
the case of finite .S, analogous results are Theorems 2.3 and 2.4 of [25].

THEOREM 2.3.  Suppose that (N), (K), and (M) hold, and that (B, ;) holds with p > 2
and q > 2. Suppose also that (Lg) holds. Define &g as at (2.12).

(a) If 69 < O for some 0 > 0, then for any s € [0,0 A p/2 A q/2) there exists r1 € R, for
which E[7%] < oo for all r > r;.

(b) If 69 > 0 for some 6 € (0,p/2 A q/2], then for every s > 0 and every r € R, there exists
r1 € (1,00) for which E[7] = 0o provided Xy = x( satisfies xo > 1.

REMARK 2.4. Theorem 2.2(b) is the special case § = 1 of Theorem 2.3; the case ¢ =
p will suffice for many applications (equivalently, xp = 0 in (B, ;)). With regards to the
boundary cases in Theorems 2.2 and 2.3, we anticipate, in line with [16, 25], that under
slightly stronger convergence rate assumptions in (2.6) and (2.10), the cases g =0 and §; =0
are null recurrent, while if g = 0 for 6 > 0, then E[7?] = co. We believe that the approach
of the present paper could be extended to prove this, but one would need a finer Lyapunov
function (e.g., with logarithmic corrections, as in [27, §3.4]) and additional technical work.
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We need one further assumption to give a classification under (L). By disintegration [18,
Thm. 6.4, p. 108], one has the representation

(2.13) ul(m,u):/Kg(x,u,dv)u‘f(x,u,v),
S

where ;1 : ¥ x S — R is measurable, essentially unique, and can be expressed via regular
conditional distributions: see Section 4.2. Let M, (.S) denote the bounded measurable real-
valued functions on S with the uniform metric d(f, g) :=sup,ecg | f(u) — g(u)].

(D) Suppose that there exist A\, € My (S) for every u € S such that v+ )\, is continuous
from (S, dg) to (M (S),ds), and

lim sup |pf(x,u,v)— Ay (v)|=0.

T30y ves

Let K™ denote the n-fold convolution of K, i.e., K" (u, B) := [ K(u,dv)K" (v, B) for
n € N, with K°(u, B) := 1{u € B}. The next theorem is our class1ﬁcat10n in the Lamperti
regime. The result is of a similar form to Theorem 2.2, but the role of dy defined by (2.12)
there is taken by dy defined in (2.14); now Jdy is less explicit due to the presence of the
function ¢ (see Remarks 2.6).

THEOREM 2.5.  Suppose that (N), (K), and (My) hold, and that (B, ;) holds with p > 2
and q > 0. Suppose also that (L) and (D) hold. Then there exists ¢ € Cy,(S) (unique up to
translation) with the property [¢(1)(u) —(v))K(u,dv) = d foralluw € S. For 6 € R, define

b0 —2/ [eu /1/1 } mt(du)
(2.14) +(20-1) / [0 —|—2/)\ K(u,dv)|7t(du).
Then b¢ is invariant under translation of v, and &g < dg whenever 6 < 0'. The following

classification applies.

(a) The process & is transient if b0 > 0 and recurrent if 59 <0.
(b) If, moreover, q > 2, then & is positive recurrent if 61 < 0, while & is null recurrent if
0o <0 < dy.

Moreover, if it also holds that
(2.15) lim SUPH/Cn( ) =71t()|[py =0,

n—oo ues

then one may take 1y € Cy,(S) given by the convergent series

o0
(2.16) Y(u) = Z/ K™ (u, dv)d,
n=0""5
REMARKS 2.6. (a) An alternative expression for (2.16) is obtained in terms of the
linear operator T associated with kernel XC, which acts on bounded continuous f: S — R
via T f (u) := [ K(u,dv) f(v), and is discussed in detail in Appendix A. If we set T,TC”rl =

TicoTg, n E Z.+ (with T the identity operator), then (2.16) becomes ¢ =Y Tikd.

(b) Only for (2.16) do we explicitly assume convergence of K™ to the unique invariant
probability 7t; under (K), condition (2.15) holds for any irreducible, aperiodic, Harris recur-
rent IC: see e.g. [9, pp. 251, 262]. For finite .5, a version of Theorem 2.5 was given in Theo-
rem 2.6 of [25], without the identification of v at (2.16). Even with (2.16), the classification
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in Theorem 2.5 is less explicit than that in Theorem 2.2 due to involvement of function 1,
whose probabilistic significance is explained in the next remark. In some cases, it is possible
to compute v explicitly: see e.g. [24, §5.1] and Example 3.7 below.

(c) Although (L) is weaker than (Lg), Theorem 2.5 does not imply Theorem 2.2 because
of the presence of the stronger conditions (M) and (D). On the contrary, we deduce Theo-
rem 2.5 from Theorem 2.2 by showing that, under the hypotheses of Theorem 2.5, the process
(X + ¥(nn),mn) satisfies the assumptions of Theorem 2.2 with appropriately transformed
parameters: see Theorem 4.8 below.

Recall that 7, is the passage time defined at (2.9), and that 59 is defined by (2.14) in terms
of the function 1/ described in Theorem 2.5. The following result on passage-time moments
provides a quantification of recurrence, and is the analogue of Theorem 2.3. In the case of
finite .S, analogous results are Theorems 2.7 and 2.8 of [25].

THEOREM 2.7.  Suppose that (N), (K), and (M.y) hold, and that (B, ;) holds with p > 2
and q > 2. Suppose also that (L) and (D) hold. Define &g as at (2.14).

(a) If 89 < 0 for some 6 > 0, then for any s € [0,0 Ap/2 A q/2) there exists 71 € Ry for
which E[7%] < oo for all r > 1.

(b) If 69 > 0 for some 6 € (0,p/2 A q/2], then for every s > 0 and every r € R, there exists
r1 € (r,00) for which E[17] = oo provided Xy = x( satisfies o > 1.

3. Stochastic billiards.

3.1. Model formulation and construction. Fix a domain D, as defined at (1.1), with
v € (0,1). We consider a stochastic billiards model that can be described informally as fol-
lows. A particle moves at unit speed, in a fixed direction in the interior of D, until it hits
the boundary, at which point it reflects, randomly, according to a reflection kernel K that
operates on the incoming angle to give an outgoing angle. Angles are measured relative to
the inwards pointing unit normal vector at the collision point. Instead of working with the
continuous-time process, we construct a discrete-time Markov process that records the colli-
sion locations and the incoming angles at the collisions; the continuous-time process can be
easily constructed from the collisions process, but as we do not need it in this paper, we omit
the details.

We outline the construction of the discrete-time collisions process ¢ := ((,,n € Z) with
Cn = (Zn, Xn, o) € X :=Ry x{~1,+1} x S, where S := [-7, §], endowed with the usual
Euclidean metric. Here Z,, € R, represents the horizontal coordinate of the collision loca-
tion, x,, € {—1,+1} is the sign of the vertical coordinate (with the convention that x,, = 1
if Z, =0), and o, € S is the incoming angle. The Markov kernel K(a,, -) is then used to
generate the outgoing angle (3,. Our sign conventions are such that if one extends the nor-
mal vector at a collision point (other than the origin) so as to divide the domain D,, into
one bounded and one unbounded component, positive 3, means that the outgoing trajec-
tory enters the unbounded component, while positive «,, means that the incoming trajectory
originates in the bounded component. There is then a deterministic function, derived from
the geometry of the problem, that gives (,,+1 as a function of (Z,,, xn, 8n). This gives us a
Markov evolution for . We now give the details.

Let K denote a Markov kernel on the compact metric space (S,dg). We also set Sy :=
[—00, 0] for some fixed 6y € (0,7/2), and assume an ellipticity condition:

(B1) Suppose that (o, Sp) =1 forall a € S.
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On a probability space (2, F,P), let U,U;,Us, ... be a sequence of independent U0, 1]
random variables, that will serve as our random inputs. There is a measurable function & :
S % [0,1] — S such that P(®(«,U) € B) = K(«, B) for B € B(S) (see e.g. [18, Lem. 3.22,
p. 56]). For (z,7) € Ry x {—1,+1}, we let h(z,j) := j27, so that if z > 0, (z,h(z,£1)) €
0D, are the points on the upper and lower boundary at horizontal distance z. Note that
(0,h(0,4)) = (0,0) for either value of j. For (z,j) € (0,00) x {—1,+1}, denote the inwards
pointing normal vector at (z, h(z, j)) € 9D., by

— -1
(3.1) n(z,j) = (1 +72z27_2) 1/2 [fyz_j } ;
also set n(0,7) := (1,0) and let 6(z) represent the magnitude of the angle between n(z, ;)
and the vertical (see Figure 2). Put differently, 6(z) is given by

(3.2) 0(0) := /2, and 0(z) := arctan(y2? ") for z > 0.

Note that 0(2) ~v27~! as z — co.

FIG 2: Point (2,h(1,2)) € 0D~ has inwards-pointing normal n(z,1), making angle 6(z) with the
vertical. The ray from (z,h(1,z)) at angle [ relative to the normal is parametrized by ¢¢(z, 1, ),
t > 0. If the particle hits D, at point (2, (1, z)) at incoming angle «, then it reflects at outgoing angle
B drawn from K(c, - ). In the picture, both a and 3 are positive.

For (j,0) € {—1,+1} x S, define Rot(j,0) : R? — R? by

. x| | cosf —jsinf| || |zcosh— jysind
(3.3) Rot(j,6) [y] T L’ sin# COS@] [y} - L’x sinf +ycosf |’
In words, Rot(j, ) acts as a rotation by 6, anticlockwise for j = 1 and clockwise for j = —1.

Combining the notation at (3.3) with (3.1) and (3.2), we obtain

N . 0] | sinf(z)
) =Ron(i. o)) | 0] = | ]

Now we can describe the construction of the Markov chain. We take arbitrary initial values
for (Zp, x0, ) € X* (subject to the convention xo = 1 if Zy = 0). Given (Zy,, Xn, n) =
(z,j,a), if z > 0 we generate an outgoing angle 3, := ®(«,,, U,,) according to the kernel K.
If z =0, then instead we take 3, := 6y(1 — 2U,,), a uniform angle on Sy.
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Given (z,j) € Ry x {—1,+1}, and an outgoing angle 5 € S, we define the ray from
(z,h(z,7)) with angle S to be the open semi-line L(z, j, ) := {¢:(z, j, 5),t > 0}, where

(2,4,8) = [h(z .)] +tRot(4,0(z) + B) [_0]} :

2V

Let A := A(z,4,0) :=inf{t > 0: ¢;(2,7,8) € 0D} be the travel time of the particle un-
til the next collision (equivalently, the distance between collision points). To construct the
subsequent boundary value, set

g)\(zajvﬁ) lf)\:)\(Z,],B)<OO,
0 otherwise,

(3.4) A(z,7,8) ;:{

and write coordinates of A as Ay, Aa. Then, with sgn(x) :=2- 1{x > 0} — 1, define
(35) Zn+1 - Al(Zna Xns 571)7 and Xn+1 = Sgn<A2<Zn7 Xn» Bn))

In words, given (z,j) locating the particle on the boundary, and an outgoing angle /3, the
subsequent boundary value is at the intersection of the ray L(z,j,3) and 0D., assuming
that there is such an intersection. One has A = oo only if 0(z) + 5 = 7/2, but this will be a
probability zero event for us, as we will assume K(a, -) has a density (see (B2) below).
Finally, to determine the next incoming angle, if z > 0 and if the outgoing angle at
(z,h(z,7)) is 3, then the incoming angle at A(z, j, ), as illustrated in Figure 3, is

B+9(2)+9(A1(Zvja/8)) lf]AZ(Zn]aﬁ)<07
sgn(B)m — p —0(z) +0(A1(z,4,8)) otherwise.

In the exceptional case that z = 0 we set ©(0, 7, 8) := § — [B| + 0(A1(0,4,3)). Then define
(37) Anpt1 = G(ZnaXn>Bn)-

The combination of (3.5), (3.6), (3.7) and the function ® that applies K to o, to generate 5,
completes the construction of the time-homogeneous Markov chain (; to see this note that
the functions A and © are measurable, and use e.g. [18, Prop. 8.6, p. 145]. The next section
describes our assumptions on the kernel X and our recurrence classification.

(3.6) ©(z,7,5) ;:{

0(A1(2,1,8))

A(z,1,5) A(z,—1,8)

(A) Case where jAo(z,7,8) <O0. (B) Case where jAo(z,7,8) >0and 3 > 0.

FIG 3: Two examples of the computation of the new incoming angle ©(z, j, 3) as given at (3.6). In
case (A), the next collision point is on the opposite side of the domain, and O(z,7,8) = 5 + 0(z) +
0(A1(z,7,0)). In case (B), the next collision point is on the same side of the domain and 5 > 0, so
@(Z7ja ﬂ) =T = B - 9(2’) + Q(Al(znjv ﬂ))
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3.2. Assumptions and results. Recall that the billiards reflection kernel K is a Markov
kernel on the compact set S = [—7, 7]. In what follows, in addition to (B1) above, we assume
the following density and spread conditions.

(B2) Suppose that there is a bounded measurable « : S — R such that

(3.8) IC(a,B):/Bn(a,ﬁ)dﬁ, for all B € B(S).

Moreover, suppose that x is uniformly equicontinuous in each argument, i.e., for any € >
0 there exists 0 > 0 such that (i) sup,cg ]/{( B) — k(a, )| < e for all 5,5" € S with
18— '] <9, and (ii) supgeg |k (a, B) — w(a’ )| < ¢ for all a, o € S with |a — o/ <.

(B3) Suppose that /C is right progressive in the sense that there exists € > 0 for which
K(a,le,m/2]) > e forall « € S.

Under (B2), if p is an invariant measure for /C, then, by Fubini’s theorem,

u(5) = [ @i, = [ | [ uaasta,5)] as. rorany 5 € 5(s).
S B LJS
Hence every invariant measure p has a density. The next assumption is uniqueness.

(B4) Suppose that X has a unique invariant probability measure y, whose density we denote
by .

Define for ke Nand o € S,

(3.9) / K(a,dp) tan* g = / B) tan® 8dp;

(3.10) . /S w(a)pp(a)da = /S w(B) tan* 86

the second equality in (3.9) uses the reflection density x from (3.8), while the second equality
in (3.10) uses (3.9), Fubini’s theorem, and the invariance of =, as assumed at (B2). Our first
result deals with the case where p; # 0.

PROPOSITION 3.1.  Suppose that (B1)—-(B4) hold. Then ( is transient if p1 > 0 and re-
current if p1 < 0.

As we shall explain when we make the connection to the half-strip model, the critical
(Lamperti) regime corresponds to p; = 0; this case occurs if, for example, w is symmetric
about 0. As in the half-strip model, the case where p;(«) = 0 for all « is simpler, and corre-
sponds to the strict Lamperti regime in the terminology of Section 2.2. Here the key quantity
determining the classification is

p2 Js@(a) tan® adov
1+ 2py 1+2fsw a)tan? ada’

(3.11) VYe,0 1=

We use the extra subscript ‘0’ to indicate the strict Lamperti setting, to parallel (Lg). Note
that, by (B1), [ @(a)tan® avder < oo and therefore .o € (0,1/2).

THEOREM 3.2.  Suppose that (B1)—(B4) hold, and p1(«) =0 for all « € S. Then ( is
transient if .0 <y < 1 and recurrent if 0 <y < 70, where 7 o is given by (3.11).

REMARKS 3.3. (a) Inthe case where x(c, 3) does not depend on «, reflection angles
are i.i.d. with density o, and the result of Theorem 3.2 is due to [28].
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(b) Recurrence/transience of ¢ will transfer to the continuous-time process that follows
the trajectories of the particle. This is because Lemma 5.3 below gives a lower bound on the
real time elapsed between successive collisions under assumption (B1).

(c) Theorem 3.2 does not admit v = 7. 9. We omit this case from our analysis, since
to treat the corresponding critical case of the half-strip model requires slightly stronger as-
sumptions, a more refined Lyapunov function, and associated additional technicalities: cf. Re-
mark 2.4. However, we anticipate that the billiards model would satisfy the necessary stronger
assumptions, and hence we would expect that the case v = 7. o is recurrent.

(d) One extension of our model is to a Markov process ((, i, Uy, ), in Which w,, € V' is
the speed of the particle between the nth and (n+ 1)st collisions, V' C (0, c0) is compact, and
the refection kernel /X is extended to operate on S* := S x V. Under the natural extension of
our assumptions, our analysis extends to this case, at the expense of some heavier notation,
working now on the half-strip Ry x S*. If outgoing angle 3, depends only on incoming
angle a,, and not on incoming speed u,, then our recurrence/transience results would be
unchanged, the speeds playing no role. In general, the density o in the critical parameter . o
at (3.11) would correspond to the S-projection of the stationary distribution of X on S*.

(e) A possible generalization would be to relax the assumption (B1), allowing the reflec-
tion density £ (c, 3) to be supported on the whole of 5 € S = [~F,+7], but with suitable
bounds on the tails near 8 = 4+ /2. The half-strip setting of Section 2.2 can accommodate
unbounded increments, and the pth-moments condition in (2.2) translates to a condition of the
form sup,cg [ k(e B)] tan B|PdS < oo (the relevant technical results on the increments of
the billiards process are Lemmas 5.1 and 5.4). However, the possibility of multiple collisions
in rapid succession introduces some technical obstacles in the billiards setting Furthermore,
the example of the Lambertian density x(«, 3) = (1/2) cos § has [ k(a, 8)|tan f|PdS < co
if and only if p < 2, which suggests that further exploration of this 1nterest1ng generalization
might fruitfully take place in a heavy-tailed setting; in the Lambertian case, taking ps =
in (3.11) suggests the conjecture 7. o = 1/2 (cf. Open Problem 6.4.13 in [27, p. 307]).

The more general case requires further assumptions, and produces a less explicit result. In
particular, we assume that the reflection densities in (3.8) are sufficiently smooth.

(B5) Suppose that #' (v, 3) := (0/08)k(c, B) and K" (v, B) := (0% /0?B)k(a, B) exist, are
continuous in each argument and are bounded uniformly for all «, B es.

Under (B5), w(f) = [qw(a ,B)da is differentiable since % k(a, B) exists and is
uniformly bounded over o, € S With w'(B):= % w(B) given by

(3.12) =/(3) = [ #(a.B)m(a)da
S
In particular, w is continuous on S and vanishes outside Sy, so w(£6) = 0.

THEOREM 3.4. Suppose that (B1)-(B5) hold, and p; = 0. Then there exists 1y € Cp(S)
(unique up to translation) with [¢(vo(a) — 1o(B))k(, B)dB =2p1(a) for all a € S. Let

(3.13) A= /S Yo(B)w(B) tan BdB, Ay:= /S wo(B)w' (8) dB.

Then A1 + p2 > 0. Suppose that the quantities in (3.13) satisfy
3.14) 14+ A1 — Ay +2py >0, and max{A; + p2,1 + A1 — Ay +2p2} > 0,
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and define

A1+ p2 )
3.15 o= A 1.
G-15) 7 <1+A1—A2+2p2

Then 7, € [0,1], and ( is transient if v. <~y < 1 and recurrent if 0 <y < 7.
Moreover, if, in addition, lim,_,oc Supyeg [|[K" (o, ) — p(-)|lrv = 0, where  is the
unique invariant measure from (B4), then one may take 1 defined by

3.16 —9 K™ (a,d —9 K™ (e, d .
@1 i =23 /s (@) =23 /S (a,dB) tan §

REMARK 3.5. Under the hypothesis (3.14), the fraction in (3.15) is not 0/0, and hence
Ye € [0,1] is well-defined (with the usual interpretations that 1/0 := oo and co A 1:=1). We
do not rule out, however, the possibilities v. = 0 (if and only if A; + p2 =0) or 7. = 1. In
these extreme cases there would be no phase transition for v € (0,1).

The quantities Ay, A1 depend on the function g and on o, and so are hard to compute in
general. However, for a restricted class of reflection kernels, we apply Theorem 3.4 to obtain
Proposition 3.6, which shows that the classification of Theorem 3.2 extends beyond the case
p1(a) = 0: this can be seen as a further generalization of the results of [28] from the case of
i.i.d. reflections.

PROPOSITION 3.6.  Suppose that (B1)—(B5) hold, p1 = 0, and that for some X € (—1,1),
(3.17) p1(a) = Atana, foralla € S.
Suppose also that w () = w(—p) forall € S. Then ( is transient if v > 7o and recurrent
if v < Ye,0, where ¢ o € (0,1/2) is given by (3.11).

The next example gives a family of reflection kernels to which Proposition 3.6 applies.

EXAMPLE 3.7. Fix A € (—1,1). Take for 0, 5 € S,
(3.18) Ko, B) = f(a)g(B) + (1 = f(a))g(—B),

where f :.S — [0, 1] is uniformly continuous on S and satisfies
1 tana
=—4+-—— a€bdy,
fla) 2 * 2tan 6y =0

and g : S — R will be constructed later to satisfy (i) g is twice continuously differentiable
on S, (ii) g(B) = 0 for | B| > 0p; (iii) fSo g(p)ds =1; and (iv)

(3.19) / g(fB) tan 5d S = A tan 6.
So

These properties for g ensure that (B5) holds, and, by (iii), f Sy g(—p)dp =1, so that k
defined at (3.18) satisfies fSo k(a, B)dp =1 for all a« € S. Note also that (3.19) implies

/ g(ﬁ)tanﬁdﬁz/ g(B) tan(—p)dB = —Atanb,
S() SO
so that, for any o € S, p1(«) defined at (3.9) satisfies

p1(a) = / k(a, B)tan fdS = [2f () — 1] AMtan by = Atan a,

0
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by choice of f, verifying (3.17). Any stationary density w for x given by (3.18) must satisfy
() = ag(9) + (1= a)g(=8). a:= [ fla)m(a)de.

Substituting the former equality for w in the definition of a and using the fact that f(—«a) =
1 — f(e)leads to a(1 —b) = (1 —a)(1 - b), where b:= [¢ f(a)g(a)da € (0,1). It follows
that @ = 1/2, and hence the unique stationary density is

(8) = ¢ (4(8) +9(-B) ==(~H), Fes.

Hence, by (3.10) and (3.17), p1 = A fSo w(a)tanada = 0.

Thus all the conditions of Proposition 3.6 are satisfied. It remains to check that a suitable g
satisfying (i)—(iv) above can be chosen. We present one reasonably concrete construction.
For real numbers m,n > 3 to fixed later, take P(a) := (a4 6p)™(6y — )™ for || < 6p.
Then P has zeros at £6y, and is strictly positive on (—6y, fy). Define

Gla) = P(a) if |af < 6o,
"o otherwise.

For a € (—0y,0p), P(c) is infinitely differentiable, and the kth derivative P(*)(a) is a sum
of products involving (a + 6p)"(6g — a)® for exponents r, s satisfying m — k <r < m and
n —k < s <mn. Since m,n > 3, it follows that the first two derivatives of P approach 0
continuously at +6y. We normalize G to obtain our g, via

— — _ m+n+1r(n+ 1)F(m+ 1)
o(0) = G()/Z, Z: /S Pla)da= () T
evaluating the integral using the change of variable o = 6y(2u — 1), u € [0, 1]. By the prop-
erties of P and G described, properties (i)—(iii) hold for this g.

To achieve (iv), i.e. (3.19), we describe how to tune n,m in the choice of P. Note that P
admits a unique maximum in [—6p, 6] at the point o = o™ := 0. Suppose that A €
(0,1). Fix n (n = 3 will do). Now, as m — 0o, a* — 6y and g converges to the Dirac mass
at 0y, and by the dominated convergence theorem,

)

lim g(a)tanada = tanb.
m—0o0 So
The function m > |, S, g(a)tanada is continuous, takes value 0 when m = n and, as
m — 00, eventually exceeds Atanfy (since A < 1). Hence, by the intermediate value the-
orem, there exists m > n for which (3.19) holds. On the other hand, if A € (—1,0), a similar
argument applies with n — co. If A =0, we can take m =n. A

REMARK 3.8. We prove our results for the stochastic billiards model by considering the
process (X, ) where X,, := Zy77 and ay, is the sequence of incoming angles, in the
framework of the half-strip model of Section 2. One could instead work with the process
(X, Bn), with 3, the sequence of outgoing angles. Again the results of Section 2 can be
applied, although the technical details differ. It is worth noting that although the reflection
kernel KC is the same in both approaches, p; («) and hence ) differ, but the ultimate quantities
A7 and As in (3.13) are the same.

4. Proofs for the half-strip model. In this section we prove the results presented in
Section 2.2, and we adopt the notation of that section. In particular, note that .S is a general
compact metric space. We first in Section 4.1 work in the strict Lamperti regime, and then
(in Section 4.2) use a transformation to reduce the more general Lamperti setting to the strict
case, with appropriate transformation of parameters.
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4.1. The strict Lamperti regime. To prove Theorems 2.2 and 2.3, we use a Lyapunov
function among the class of functions H,, , : ¥ — R defined in terms of a given ¢ € Cg“ (S)

and a parameter v € R by
1 ifr <1
@.1) Hy (2, 0) = o SE=
’ oV 4+ gav cp(u) ifz > 1.

For appropriate choices of v and ¢, depending on the parameters of the process &, the pro-
cess Hy, ,(&,) will satisfy an appropriate super/submartingale condition outside a bounded
set, which will enable us to apply martingale methods for adapted processes on R . In this
direction, the following result estimates the expected increment of the process H, ,(&y).

PROPOSITION 4.1.  Suppose that (K) and (M) hold, and that (B, ,) holds with p > 2
and q > 0. Suppose also that (Ly) holds. Let ¢ € Cf (S) and v € (2 — p,p A q]. Then
EH, (&) < oo foralln € Zy, and

E[Hy,go(fn—i-l) - Hu,go(fn) ‘ fn] = Wv,go(fn); a.s.,
where
42) Wyu(z,u)= gx”_Q [Qeu —(1— 1/)03 + / (p(v) — p(u)K(u,dv) + sx,u} ,
S
with limy o0 SUP,cg [€2,u] = 0.

We defer the proof of Proposition 4.1 until the end of this subsection. Let

(43) A0(8) = {g e Ci(9) : /S g(u)m(du) = 0},

where 7t is the stationary measure from (K)(i). Define gy € C},(S) by go(u) := 2e,, + (260 —
1)o2 — 69, where &y is defined at (2.12). Then, by (2.12), [ gg(u)7(du) =0, i.e., gg € Cp(S)
as at (4.3). Hence, by (K) and Proposition A.1, there is a g € C}j (S) for which

(4.4) /S(gpg(u) — po(v))K(u,dv) = gg(u), forall u € S;

note we have specified that ¢y > 0.
We prove Theorem 2.2(a); Theorem 2.2(b) is a special case of Theorem 2.3 (cf. Re-
mark 2.4) which we prove later in this section.

PROOF OF THEOREM 2.2(a). Recall the definitions of e,o? from (2.10) and Jy in the
0 = 0 case of (2.12). Recall also that the functions go € Cp(S) and vy € CyF (S) satisfy
go(u) :=2e, — 02 — 5o and the = 0 case of (4.4). Then W0, given at (4.2) satisfies

4.5) W0 (,0) = gx”d (50 + Vag + Ex,u) ,

with sup,,cg |€2,4| — 0as x — oo. Suppose that §y < 0. Proposition 4.1 with (4.5) then shows
that there exist v > 0 and ro € R, for which

(4.6) E[Hu,lpo (fn+1) - Hl/,g&o (gn) | ]:n] <0, on {Xn > TO}-

Since v > 0 it follows that inf,,cg Hy , (x, 1) — 00 as & — co. Then by (N) and Lemma B.1,
we conclude that £ is recurrent. On the other hand, suppose that 5y > 0. Now, by (4.5), there
exist ¥ < 0 and ry € Ry for which (4.6) again holds, but now sup,cg Hy o, (2, u) — 0 as
x — 00, and Lemma B.2 with (N) shows that £ is transient. ]
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Now we turn to the proof of Proposition 4.1. The necessary computations run along similar
lines to those in the proof of Lemma 3.2 in [25], which is a similar result in the case of finite S,
under similar hypotheses. We give the outline of the arguments, emphasizing the differences
from [25]. For ease of notation, define for n € Z,

A= Xpi1 — Xp, and Dy = Hyp(€ns1) — Hy o).

In our proofs we often separate computations of expected functional increments over whether
or not the increment is relatively big; for this purpose, we define the event

4.7) En, = {|An| < X7}, forr € (0,1).

The following technical lemma is the analogue of Lemma 3.3 of [25] and is proved similarly.

LEMMA 4.2.  Suppose that (B, ;) holds for some p > 2, B, € Ry, ¢ >0, and v € R..
Then for all r € (0,1), all s € [0,p], and all n € Z,

(4.8) E(|Anl*1p: | Fu] < BpXiEP) on {X, > zp}.
Moreover, if r € (1%, 1), then for k € {1,2},
(4.9) E[AFLg,, | Fo] =E[AL | Fo] + X5 2%ek(&n), on { X, > 25},

where lim,_, o SUP,c g ek (2, u)| = 0.

On the event £, , given by (4.7), we have X,,11 > X,, — X, and so for fixed r € (0,1)
we may choose 1 € Ry such that X,,;1 > 1on {X,, >z} N E, ,. Hence, by (4.1),

(4.10) E[Dypnlp

n,r

Fal = Unigr(€0) + 3 Vi (60), on { X 2 21},
where,

Uppr(n) =E [(Xpi1 — X)) 1g,, | Fnl;

Voo (&n) =E (X777 0(mi1) — Xy 20(m)) 15, | Ful -

The next two results give asymptotics for Uy, , » and V,, .

LEMMA 4.3.  Suppose that (B, ;) holds for some p > 2 and q > 0. Suppose also that (L)
holds, and that r € (7%, 1). Then for any v € R,

v o,,_
Ui = 272 2~ (1= )02+ 23]
where lim,_,o0 SUP,cg |€2,u| = 0.

PROOF. The proof is similar to that of Lemma 3.4 in [25]. On the event F, ., we can
apply Taylor’s theorem to get

—1
(Xo1 — X)) 1g,, =vX, 'Anlp, , + V(V2)

n XTliizAgl]]‘En,r + wn7
where |w,,| < CXE3|A, Py, < C|A,2XET3. Using (B,,) and (4.9), we get

_ vir—1) ,_ b
Uy,w’r(m,u) = l/:L‘V 1/"L1(:B’ u) + (2)1: 2#2(‘%‘7”) + € 26$7U’

where lim,_, o Sup, cg |€z,u| = 0. The result now follows from (Ly). d
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LEMMA 4.4.  Suppose that (M) holds and that (B, ;) holds for some p > 2 and q > 0.
Then for any r € (0,1) and any v € R,

Vagor(zs) =22 | [ (o(0) = plu)) K, d0) + 21,
S
where limy_,o0 SUP,cg [€2,u| = 0.

PROOF. Similarly to the proof of Lemma 3.5 of [25], first note that
B[] (X0 = X27) @) 1., | Fa] <suplou)|E[|X057 - X072 1,
ue

Ful,

where | X272 — X% ~2|1p, , is bounded by a constant times X "~3. On the other hand,

E [(¢(mnr1) = () LE, , | Fn] =Elp(nn11) — @(nn) | Fal +e(én), as.,
where lim; ,« sup,¢cg |€(z,u)| = 0, using the fact that  is uniformly bounded and P(EJ, . |
Fn) < BpX,,"?, by the s =0 case of (4.8). Here, by (2.5),

Elp(mmi1) =) [ Fnl = /S (p(v) = (1)) K (X, 1, dv), as.
The result now follows if we note that
Vo (€0) =E [(X5F — X27%) @(n41) 1, | Fu]
+E X2 (0(Mn41) = @(1)) 1B, | Fa)

and combine (2.6) with the preceding estimates. O

The following result provides a bound when the increment is large.

LEMMA 4.5. Suppose that (B, ;) holds for some p > 2 and q > 0. Then for any v €
(2 —p,p Aq|, there exists r € (p%l, 1) for which

EHDV#PJL ]lEfl,r ‘fn] = X;.:_Qg(fn), a.s.,

where lim,_, o SUP,c g |e(z,u)] = 0.

PROOF. The proof follows exactly that of Lemma 3.7 of [25], using the truncation esti-
mates from Lemma 4.2 and bounds for H, ,(z, ) in terms of x; this relies on the fact that ¢
is uniformly bounded. 0

PROOF OF PROPOSITION 4.1. First note that (B, ;) shows that E H,, ,(&,) < oo provided
v < pAq. The statement follows from combining (4.10) with the estimates from Lemmas 4.3,
4.4 and 4.5, on choosing a suitable r € (Zﬁ, 1). O

We turn to the proof of Theorem 2.3. We will need the following two results that give
conditions for existence and non-existence of moments of passage times. The formulations,
taken from [27, §2.7], are based closely on results of [3], and apply to an R -valued, adapted
process Y;, and its passage times A\, :=min{n € Z: Y,, <y}, y € R .

LEMMA 4.6 (Corollary 2.7.3 in [27]). Let Y, be an integrable F,-adapted stochastic
process, taking values in an unbounded subset of R, with Yy = yg fixed. Suppose that there
exist constants § € (0,00), y € (0,00), and a < 1 such that for any n € Z.,

@.11) E[Yps1 — Yy | Ful < —0Y2, on {n<\,}.
Then E[X;] < oo for any s € [0, (1 —a)™").
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LEMMA 4.7 (Theorem 2.7.4 in [27]). Let Y, be an integrable JF,-adapted stochastic
process, taking values in an unbounded subset of R, with Yy = yq fixed. Suppose that there
exist constants y € (0,00), B € Ry and ¢ € R, such that for any n € Z .,

C
(4.12) E[Yo1 = Yo | F) 2 = on {Ya >y},

n

(4.13) E[(Yni1 — Y3)? | Ful < B, on {Yy, > y}.

Suppose, in addition, that for some sg > 0, the process Yf/f‘j\y is a submartingale. Then, for
any s > so, E[\;] = oo provided yo > y.

PROOF OF THEOREM 2.3. The proof is divided into two parts; we first establish existence
of moments (Theorem 2.3(a)) and then non-existence of moments (Theorem 2.3(b)). Recall
the definition of §p from (2.12), that gg(u) = 2e,, + (20 — 1) — &y, and that g € C;F (S)
satisfies (4.4). We will use the process H,, ., (&,,), v > 0, defined via (4.1), in slightly different
ways in the proofs of each of the two parts of the theorem.

Proof of Theorem 2.3(a). Take v :=260 Ap A q, where § > 0, p > 2, and g > 2 are as in the
hypotheses of Theorem 2.3(a). Set Y;, := H,, ,,(Xn, o) € R Then, by choice of v and ¢y
for which (4.4) holds, the coefficient in W, ,, given by (4.2) satisfies

2e, — (1 - 1)o? + /S (0(v) — o (), dv) = 26, — (1 — 1) — g(u)

(4.14) =dg + (v — 20)02 < dy,
since v < 26 and 03 > 0. By hypothesis, dyg < 0, and, by (4.2), there is an x; € R, for which

sup Wy, g, (2, u) < —%]59@”‘2, for all > x1.
u€esS

Since, by (4.1), sup,cg | Hy,p, (x,u) — 27| = O(z¥~2)

. . ._ l/—2
which, setting a := “= <1,

, it follows that there is an x5 € R for

W, (20, 1) < —%]59\ (Hyp,(z,1))", forall 2 > 25 and all u € S.

This, together with Proposition 4.1, shows that (4.11) holds with Y,, = H,, o, (Xy, ), a =
¥=2 ‘and § = ¥|dp| > 0. Note that by the choice of a we have (1 —a)"! =4 =60AL AL By
Lemma 4.6 we conclude that E[A;] < oo for all s € [0,6 A § A 2) and all y sufficiently large.
Moreover, by (4.1) and the choices of g € C’J(S) and v > 0, we have that X <Y, as.
It follows that, with 7 as defined at (2.9) 7,1/» < ), and therefore E[7;] < oo for all 7 large
enough, which completes the proof of Theorem 2.3(a).

Proof of Theorem 2.3(b). Take v := 26, where 0 < § < & A 1 as in the hypotheses of Theo-
rem 2.3(b). Now define Y, := (H,,, (£,))'/7, where g € CP(S) again satisfies (4.4).

We verify the hypotheses of Lemma 4.7 for this choice of Y,,; we examine the increment
Y,+1 — Y,. First, observe that Taylor’s theorem and the = > 1 case of (4.1) gives

1/v
(Huplar ) = (14 Lgtwa=) " =24 2 0fad),
(4.15) = Hyy(z,u) + O(z™?),

as ¥ — oo, uniformly in u € S. We claim that for every ¢ € C;F(S), there exists C = C(¢) €
(1,00) such that

(4.16) zg(Hu,w(w,u))l/”gx—l—C, forallz e Ry, ues.
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For x <1, the bounds in (4.16) are immediate from (4.1), while for = > 1, they follow
from (4.15) and the fact that vp(u) > 0 for all u € S. It follows from (4.16) that

4.17) |Yii1 — Yol <|A,|+C, as.

Thus we verify (4.13) as a consequence of (4.17) and (B, ).
We next claim that

(4.18)  E[Ypi1— Y, | Ful = W(&,), where W (z,u) = % (60 — (20 — 1)02 + €40 ,

and, as usual, lim,_,c sup,c g |€z.u| = 0. We verify (4.18). Choose r € (0,1) with r(p—1) >
1 (recall that p > 2). Then,

(4.19) E[Yn-i-l -Y, | ]:n] = E[(Yn-i-l -Y, ) |F ] +E[( n+l = YH)ILE?L,T ‘ ]:n]’
where F, ;- is defined at (4.7). A consequence of (4.15) is that
(Yot1 = Ya)lp,, = (Hip(Ens1) = Hip(60)) g, + O(a™°), on {X, > a},

uniformly over 7, € S. Together with the v = 1 cases of Proposition 4.1 and Lemma 4.5, this
implies that E[(Y,, 11 —Y,,)1E, , | Fu] = W (&), where W differs from W, given by (4.2)
only in the €, ,, term. On the other hand, we have from (4.17) and an application of the s =1
and s = 0 cases of Lemma 4.2 that,

E[(YnJrl - Yn)ﬂE;,T ‘ ]:n] < EHAnmEfm | ]:n] + CP(ESW ’ fn) < Xn_le(gn),

where lim,_, o Sup,cg|ez,u| = 0, where we have used the fact that r(p — 1) > 1. Apply-
ing (4.19) verifies (4.18), appropriately redefining W (the €44 absorbs the additional er-
ror from the contribution on Efw,). Thus (4.18) is proved. It follows that (4.12) holds for
this choice of Y,,, recalling from (4.16) that X,, <Y, < X,, + C, a.s. Moreover, since
Yy =H,, (&) and v = 20 < p A q, we have from Proposition 4.1 that E[Y,” | =Y}, | F,,] =
Wi, (&n). a.s., where, since v = 26, by (4.2) and an analogous calculation to (4.14),

W (@, u) = 9202 (00 + €x.ul s

and, under the hypotheses of Theorem 2.3(b), we have g > 0. This verifies that Y29/\ is a
submartingale for a sufficiently large y € R;. We have thus shown that Y;, satisfies all the
hypotheses of Lemma 4.7 with sg = 6, and this establishes the conclusion of Theorem 2.3(b),
recalling once more that X, <Y, < X, + C. O

4.2. The Lamperti regime. The aim of this section is to prove Theorems 2.5 and 2.7. We
do so by mapping the process back to the strict Lamperti regime, identifying the appropri-
ate parameters, and verifying the conditions of, respectively, Theorems 2.2 and 2.3 for the
transformed process.

Our transformation will be achieved by a collection of horizontal shifts that eliminate the
constant-order terms of the drifts, following a similar idea to that in Section 5 of [25] for the
simpler case when S is finite. For a given ¢ € C;' (S), the transformation is

Ty:3— %, givenby Ty(x,u) = (z + ¢(u),u) forall (z,u) € .

THEOREM 4.8.  Suppose that (N), (K), and (M) hold, and that (B, ;) holds with p >
2 and q > 0. Suppose also that (L) and (D) hold. There exists a unique ¢ € C’b+ (S)
with inf,es(u) =0 and [4((u) — ¢ (v))K(u,dv) = dy for all w € S. Then the time-
homogeneous Markov process € = (én, n € Z4) defined by n = Ty (&n) € X satisfies the
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hypotheses of Theorem 2.2. In particular, the moments conditions in (2.10) are satisfied for{~
with coefficients €,5° € Cy,(S) given by

@20 eu=eut [ (0(0) - 0w Tuldo)
S
421)  F2=0242 /S A (V)0 (0)K (u, dv) + /S (V2 (v) — ¥*(u)) K(u,dv).

PROOF. By Proposition A.1, there exists a unique 1) € C;F (S) with inf,c5 ¢ (u) = 0 and

(4.22) /S(w(u) —(v))K(u,dv) =d,, forallu e S.

Note then that &, 52 defined by (4.20) and (4.21) are continuous, as claimed. This follows
from Lemma A .4 using the continuity of ¥, e, o2, of u— T, from M), of u — Ay from (D),
and the continuity of /C from (K).

Since T, is one-to-one and measurable (continuous, even), f is time-homogeneous and
Markov, and the non-confinement for §~ is inherited from non-confinement (N) for &, since
1 is bounded. Similarly the moments bound (B, ;) carries over easily. It remains to verify
that (2.10) holds with the claimed coefficients.

Write &, = (X,,, 7,) in components. Then, on {X,, > zp},

E[Xm-l - Xn | ]:n] :E[Xm-l - X, | fn] +E[Q/)(77n+1) — (1) ’ ]:n] = ﬁl(gn)y a.S.,

for a measurable fi; : ¥ — R, where, with £ as defined at (2.5),

fin(z,u) = pa (z — Pp(u), u) + / (Y (v) = P (u) K (x — ¢ (u), u, dv).

S

Since 1) is bounded, (M) and (2.10) show that, for some &, ,, with lim,_,o SUp,cg |€2.4| =
0,

~ e
,Ufl(x7u):du+u+/
X X X

(Y(v) = Y(u)) [K(u,dv) + Fu(dv)} 4 fou
S

:% [eu +/S(¢}(U) — () Ty(dv) +ex,u} :

where the second equality follows from (4.22). Similarly, E[(X, 11 — X,)? | F] = fi2(&n),
on {X,, > xp}. Observe that

E[(Xn+1 - Xn)Q | Ful = p2(&n) + 2E[(Xnt1 — Xn) (W (ng1) — () | Fl

+E[("¢(nn+1) - ¢(77n))2 ‘ ]:n]-
By disintegration [18, Thm. 6.4, p. 108], for measurable f : ¥ — R,

E[f (X1, mns1) | Ful = /S [ H0 K2 d0) L0 ), a5

where L(z,u,v, ) is aregular conditional distribution for X,, 11 given (&, nn+1) = (2, u, v).
In this notation, the conditional drifts appearing in (2.13) are given by

1S (2, 4,0) = / (v — )Lz, u,v,dy).

+
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Hence, a.s.,

E[(Xn-‘rl - Xn)(¢(nn+1) - w(nn)) | }_n] = L¢(U)HT(§n,0)K§(§n7dv) - ¢(77n)/~51(§n)-

It follows that

ﬂQ(wvu) = /1’2(1' - TP(U)?U) + 2/91/}(”)“?(33 - w(u),u,v)lC;’(x - TP(U)?U?dU)

(4.23) = 2¢(w)m (z — p(u),u) + /S(MU) — () (2 — ¥ (u), u, dv).
Note that
/@b i (x,u,v)Kg (z, u, dv) — /1/1 K(u,dv)

= ’/w(v) (M‘i(l’,uav)—)\u(v))lcé’(x,u,dv)+/1/1(’U)/\u(v) K (2, w, dv) = K(u, dv)]
S S

<9l sup |pi(z,u,v) = Au(v)[ + |9 sup Mu(v)lsggllﬁg(%uv ) = K, ) llpy -

u,veS u,veES

Since u — sup,¢ g Ay (v) is continuous, by (D), compactness shows that sup,, ,c s |Au(v)] <
00. Hence from (D) and (2.6) we conclude that

/Swwmim u, v)Kg (2, u, dv) — /Sw(v)ku(v)’C(uy dv)
It follows from (4.23) with (4.24) and (2.10) that, for €, ,, with lim;_,o sup,cg |€2.4| =0,
o) = 7t =2, 000) +2 [ BN de) + [ (0l0) = 00 PR d0) + s,
The final observation is that

/S (6(0) — 1)Ky ) — 2L ()

4.24) lim sup

T—00 ueS

=0.

= [[020) - vl 200 | [ (00) - vl Kludo) +4,]
and the term in square brackets vanishes, again by (4.22). 0

PROOF OF THEOREM 2.5. Under the conditions of Theorem 2.5, Theorem 4.8 shows that
the transformed process &, defined therein satisfies the hypotheses of Theorem 2.2, with
coefficients given by (4.20) and (4.21); note that &, is (positive, null) recurrent if and only
if §n is (positive, null) recurrent. To obtain the expression for dg in (2.14), we note that, by
stationarity of 7r,

(4.25) // (u))K(u,dv)n(du) = /111 ni(dv) — /w m(du) =0,
and, since I',,(S) =
/ / ()T (dv)e(dur) = 0.

In particular, we have from (4.25) that 6 au given by (4.21) satisfies

0< /S F2m(du) = /S o2rt(du) + 2 /S /S Ma(0)8 (0)KC (w, dv)re(dus),
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which also implies that 59 is non-decreasing in 6. Also note that, by (D), [¢ Ay (v)K(u,dv) =
limy o0 [ 15 (2, u,v)KS (2, u,dv) = dy, and so

// (u, dv)m(du) :/Sdun(du) =

which implies that the terms defined in (2.14) are invariant under translation of 1. This com-
pletes the proof of the recurrence classification. The series representation for ¢ given at (2.16)
follows from Proposition A.5. U

PROOF OF THEOREM 2.7. Similarly to the preceding proof, Theorem 4.8 shows that we
may apply Theorem 2.3 to the transformed process &, to obtain the result, noting that, since
1€ — &n] < C, as., for some constant C' < oo and all n € Z, existence of a given passage-
time moment is equivalent for the two processes. O

5. Proofs for the stochastic billiards model.

5.1. Displacement estimates. Recall from Section 3.1 the construction of the stochastic
billiards process, that the reflection kernel K is a Markov kernel on S = [—7, 7], and that
So = [—bo, o], for Oy € (0, 7). Each of the assumptions (B1)—~(B5) plays a role in one or
more of the subsidiary results in this section.

Although (B1) ensures that outgoing angles are confined to .Sy, the perturbation introduced
by the curvature of the domain means that incoming angles can only be confined (for large
enough horizontal coordinate) to a bigger interval; thus in this section we need estimates for
our functions on angles over an interval S7 containing Sy in its interior. For this reason, we
take 01 € (0o, 5), and S1 = [—01,01], so that Sy C S; C S. With A defined at (3.4), define
D:R; xS —Rby

5.1 D(z,B) :=A1(z,1,8) — .

Observe that ¢4(z, —j, 3) is the reflection of ¢;(z, j, 5) in the x-axis, which, with the reflec-
tion symmetry of 0D, means that A(z,—7, ) = A(2,,5) and Ai(2, 7, 8) = Ai(z,—J,5).
Hence (3.5) shows that Z,, 11 — Z,, = D(Z,, 5,) for any Z,, > 0, so we can interpret D as
the horizontal displacement of the billiards process.

Part (a) of the next result states that, outside of a bounded set, successive collisions occur
on opposite sides of the boundary, part (b) is a displacement bound, while (5.2) and (5.3) give
sharp expansions for D(z, 3) and its 3-derivative.

LEMMA 5.1.  Suppose that (B1) holds. There exist constants C, zg € Ry such that

(a) forall z> zy, all B € Sy, and any j € {—1,+1}, jA2(z,5,5) <O0;
(b) forall z> zp, supgeg, |D(2, 8)| < C27.

Moreover, as z — 00,

. sup |D(z, zitanfp + 2vz"" " + 4yt tan =
(5.2) D( 227 2922771 4 4yt (z%772)
BES:

(5.3) sup |==D(z, ) — 227 sec® B| = O(z2771).

pes, | O

PROOF. The main part of the argument is essentially that given on [27, pp. 284-7], but,

since there are a couple of minor errors there, and (5.3) is new, we outline the main steps.
Write D := D(z, ) for convenience.
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Recall the definition of #(z) from (3.2) and that, by (1.1), 9D, = {(z,h(z,5)): z €
Ry, j € {—~1,1}} where h(z,j) = jz7. Choose 02 € (61,5) and ¢ € (0,5 — 62). Since
(0/02)h(z,1) = y27~1 — 0 as 2z — oo, we may choose z; large enough so that, for all
2> z1, () |27 <&, and (i) [6(z) + B| < 0, for all B € Sy. Since [0(2) + 8] < 7/2 it
follows that, for all z sufficiently large, L(z, j, 3) meets 0D~ at the opposite boundary, giv-
ing (a). Furthermore, by assumption (B1), there is a constant C' € R such that, for all z suf-
ficiently large, the ray from (z, h(z, 7)) meets the opposite boundary at a point (', h(2’, —j))
with D := 2’ — z satisfying | D| < C'27; this gives the bound in part (a).

F1G 4: An illustration of the horizontal increment between successive collisions.

Suppose z > zp as above. Some geometry (see Figure 4) shows that
(54) D=(2"+(2+D)")tan(f(z) + 8) =27 [1+ (1+ D/z)"]tan(6(z) + B),

since |5 + 0(z)| < w/2 for € S;. Because |D| < Cz7, we can use a Taylor’s theorem
expansion in (5.4) to obtain, uniformly in 5 € S,

tan 8 + tanf(z)
1 —tanStanf(z)

Since tan#(z) = yz?~!, and using the fact that D/27 and tan 3 are both O(1), rewriting the
fraction above as (tan 3 + 727" 1) (1 + 27 L tan 8 + O(2?772)) we obtain

D =22 +yDz"")(tan B 44271 (1 472" tan B) + O(="772)
=227 tan 8 + D27 tan f + 292777 (1 + tan® ) + O(="177).

D=2"[24~2"'D+0(z*?)]

(The above display corrects the corresponding display at the bottom of p. 286 in [27], which
has an erroneous extra term.) Re-arranging the above display we get

D— 227 tan B + 2v227" (1 + tan? B)
N 1—~z7"1tan

= (227 tan B + 272271 (1 + tan? B) + O(z‘%_?)) (1+ 727 L tan g + 0(22”’_2)) ,

which yields (5.2). Finally, note that (5.4) and the implicit function theorem show that
D(z, ) is differentiable in 3. Writing D’ = (0/03) D, we obtain from (5.4) that

D' = (27 + (2 + D)")sec?(0(2) + B) + v(z + D)’ ' D' tan(6(2) + B),

and hence

+0(z5772)

D (27 + (2 + D)) sec?(0(z) + B)
1—~(z+ D)~ttan(0(2) + B)
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Since |D| = O(z7), sec?(0(z) + B) = sec? B + O(2771), and tan(f(z) + B) = O(1) we
obtain (5.3). ]

Lemma 5.1 gives control over the increments of the billiards process outside a bounded
set, which, after a suitable transformation of the process (see Section 5.2) will more than
suffice to check the condition (2.2) in (B, ,). Near the origin, we must verify the weaker
condition (2.3). This is the purpose of the next result.

LEMMA 5.2. Suppose that (B1) and (B2) hold. For any zg € R, there is a constant
C € Ry such that for every r >0, P(Zy 11 > 1 | Fp) < C/r1™7 on {Z, < 2}

PROOF. Forany z < zy, from point (z, h(z, 7)) the set of angles (3 that give A1 (z,7,5) > r
is contained in an interval I(z,5) C S with |I(z, )| < Cr?~L. Then, since P(3, € B | F,,) =
K(ap, B), as.,

P(Zpi1>7|Fn) <K(an, I(Zn,xn)) < Cr’~! sup k(a, 8), on {Z, < 20},
a,BES

which gives the result, since « is uniformly bounded under (B2). 0

The following fact will be used to show that the billiards process is non-confined, and
also concerns the implications of our results for the continuous-time version of the stochastic
billiards process (see Remark 3.3(b)).

LEMMA 5.3.  Suppose that (B1) holds. There exists €g > 0 such that \(z,j, ) > &g for
all ze Ry, je{—1,41}, and all 5 € S).

PROOF. Due to the smoothness of 9D, infgeg, A(2,j,5) > 0 everywhere. Moreover,
(z,8) = A(z,7,8) is continuous over (z,5) € Ry x Sp \ {(0,0)}. Also, for any z,j,
infges, A(2,7,0) is attained at 3 € {00, 0y }. Thus z — infgcg, A(2, j, §) is continuous over
z € Ry, and tends to oo as z — oo. Hence inf.cg, infges, A(z, 7, 3) > 0. O

5.2. Translation to the half-strip model. Define X, := Zi7 a rescaling of the horizon-
tal displacement.

LEMMA 5.4.  Suppose that (B1)—(B3) hold. The process (X,,, ) is a time-homogeneous
Markov process on ¥ := R x S, satisfying the following.

(a) There exist xp, B € Ry such that P(| X 41 — Xpn| < B|Fn) =1on{X, >z}
(b) There exists C € Ry such that P(X, 41 > 7| Fp) <C/ron{X, <zp}.
(c) There is non-confinement: limsup,,_,, X, = +00, a.s.

PROOF. We already observed below (5.1) that Z,,11 = A1(Z,,1,3,) is a function of
Zn, Bp, only. On the other hand, As(z, —j, 8) = —A2(z, 4, 8), which means that the sign of
JjA2(z,j,B) is the same for j € {—1,+1}. Hence O(z, j, 3) defined by (3.6) does not depend
on j, and a1 = O(Z,, 1, 3,) given at (3.7) is a function of Z,,, 3, only. Hence (Z,,, cv,) is
a time-homogeneous Markov process on ¥ := R x S. The same is true for (X,,, o), since
(z,a) = (2177, @) is a bijection for v € (0,1).

For statement (a), Taylor’s theorem applied to the function z — 2!~ shows that

(5.5)  (z+ D)7 =21

(1 + 1;)1‘” - 1] = (1 =7)Dz""(1+o(1)),
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if |D| = o(z) as z — oco. Lemma 5.1 shows that |Z,,+1 — Z,,| < CZ, on {Z, > 2}, and
so (5.5) with z=Z,, and D = Z,, 1 — Z,, implies that | X,,11 — X,| <2C(1—7),on {X,, >
xp} for xp sufficiently large. For statement (b), it follows directly from Lemma 5.2 that
P(Xp41 > 7| Fn) =O(1/r) on {X, < xp}. For statement (c), we have from (B1) and
Lemma 5.3 that there is a 29 € (0,00) such that P(X,,+1 > 2z | F,) =1 on {X,, < 2z},
while assumption (B3) ensures that there is € > 0 for which P(X,,1; — X,, > ¢ | F,) > ¢
on {X,, > zp}. The combination of these two facts implies limsup,,_, ., X, = +00, by, for
instance, Proposition 3.3.4 of [27]. ]

For z € Ry and § € S, define
(5.6) b.(B) :=0(2) + 0(A1(2,1, 8)).

From Lemma 5.1(a), (3.6) and (5.6), we have that for all § € Sy and all z € R sufficiently
large O(z,7,5) = B + b,(B) does not depend on j; for ease of notation, we write ©,(5) :=
B+0b.(8) and O, () := (0/93)O.(3). We will need the following basic properties of O..

LEMMA 5.5. Let 01 € (6o, 5) be arbitrary and recall Sy = [—01,01]. Then, as z — oo,

5.7 sup |zl_7(@z(6) - B)— 27‘ — 0, and sup ‘@'Z(ﬁ) — 1‘ = 0(227_2).
BeS, BEST

Moreover there exists a differentiable T, : S1 — S such that, for all z sufficiently large,
©.(T.(B)) = B for every B € S1. The function T, satisfies, as z — oo,

(5.8) sup }zl_V(TZ(B) - B)+ 27‘ — 0, and sup ‘T;(ﬁ) - 1‘ = 0272,
BES: BES:

PROOF. Note that (5.1) and Lemma 5.1(b) imply that supgeg, [A1(2,1, 8) — 2| = O(27),
as z — oo. Then, by (3.2), it follows that #(z) ~ vz~ ! and 0(A1(z,1,8)) ~ 7271, uni-
formly for 8 € S;. We also note that by Lemma 5.1(a), (3.6), and (5.6), for all z large enough
and all B € S1,0,(8) — B=0,(8) =0(z) + 0(A1(z,1,3)). Therefore,

lim sup |+1=(6.(8) — #) — 29| = lim sup 21775 (8) — 29| =0,

Z—r00 ﬁesl Z_mo,BESl
establishing the first statement in (5.7). Let b,(8) := (9/08)b.(53), where b, is defined
at (5.6). Since O,(8) =  + b,(8), we have that ©,(8) =1+ V,(8). From (5.1) we have
%Al(z, 1,8) = D'(z, 8) and, by the chain rule,

(5.9) sup |07 (8) — 1| = sup [0,(8)| = sup |¢/(A1(z, 1, 8)) D'(z, B)I,
BeS, BES: BES:
where differentiation of (3.2) shows that
d (1 =) 2 -2
1oy & _ _ _ ¥
2) = g0 = e = (1 =) +ell)eT

By (5.1) and Lemma 5.1(b), it follows that #'(A1(z,1,3)) = O(27~2) and also, by (5.3),
it holds that supgeg, |D'(2,8)| = O(27). Thus, by (5.9), we obtain the second statement
in (5.7). We now turn to the proof of (5.8). Take 6] € (fy,6:), and let S} := [—6],0]], so
that Sp C S| C S1. By (5.7), we have infgeg, ©’,(58) > 0 for all z sufficiently large, and the
image O,(S) contains S. Thus for all z sufficiently large, there is an inverse function 7, :
S} — Sp such that ©,(T(8)) = 8 for all 5 € S|. Moreover, by (5.7), T.(8) = 1/0.(T.(5))
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satisfies supgeg: [T2(8) — 1| = O(22772). Since B = O,(T.(B)) = To(B) + b, (T.(B)) for
every 5 € S1, by (5.7) we have that

lim sup zlfV(Tz(ﬁ) -08)+ 27! = lim sup 21—7(5 -T.(8)) — 27‘
Z—00 5651 Z—00 BES{
= lim sup [2'77(0,(T2(8)) — T=(B)) — 27| =0.
Z—00 BESi
Thus we have established (5.8), but over 3 € S} rather than the (larger) S1; since both .S} and
S1 were chosen arbitrarily, a suitable relabelling shows that (5.8) holds as written. ]

Write T, (B) := {8 € Sy : B+ b.(B) € B} for B € B(S), and define K : Ry x S x
B(S)—[0,1] via

(5.10) Ki(z, o, B) :==K(a, Tpr/0-- (B)).

By (3.6) and (3.7), if we denote the next incoming angle by o, 41 and the next outgoing angle
by B, with the notation of (5.6) we see that there is x1 € R, for which

n+1=Bn+bz,(Bn), on { X, >x1}.

We now note that, on {X,, > z1},

Plony1 € B[ Fn) =P(Bn +bz,(Bn) € B| Fn) =P(Bn € Tz,(B) | Fn),
and that, since P(3,, € B | F,,) = K(aw,, B), ass.,

Plan+1 € B | Fn) =K(an, Tz, (B)) = Ky (Xn, an, B), on {X,, >z},
using (5.10). The next result shows that K} satisfies the asymptotic Markovianity condi-
tion (M) or (M,.), as appropriate.

LEMMA 5.6.  Suppose that (B1)~(B3) hold. Then for K} as defined at (5.10) and K the

billiards reflection kernel, it holds that
(5.11) lim sup ||} (z, a, -) — K(a, -)||py = 0.

T—00 aES

Moreover, if (BS) holds, then, as x — oo,

(5.12) sup H/CE(SU, a,-)—Ka, ) — x_lfa“TV =o(z7h).
a€csS
Here a.— Ty, is continuous from (S, dg) to (M4 (S),drv), given by
(5.13) I'w(B):= —27/ k' (c, B)dB, forall B € B(S),
B

where k' (a, B) = (0/08)k(a, B) as in (BS).
PROOF. Let « be the density from (B2). First note that

(5'14) H’CE(JI,CY, -)—K(Oé, ')HTV: sup /f(ﬁ) (Kﬁ(m,a,dﬂ)—lC(a,dﬂ)),
fEC(S):NIflI<1IS

where | f|| := sup,cg|f(®)|, and we emphasize that in (5.14), 5 in K represents the next
outgoing angle, but in Ky it is the subsequent incoming angle. From (5.10), for x > x4,

/ FBIKE (0, dB) = / F(B)K (e, Ty (A8))
S S

(5.15) Z/Sf(ﬁ)"&(aaTxl/(lw>(5))T$1/<1w)(ﬁ)dﬁ'
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Since (B1) states that x(«, 5) = 0 for 8 ¢ Sy, and T,(3) — S uniformly for S € S} (see (5.8)
in Lemma 5.5), for all « large enough we can replace S by .S in the final integral in (5.15).
Thus from (5.15), the boundedness of « from (B2), and the bound on 77 from Lemma 5.5,

(5.16) sup sup
FlflI€1aes

[ 10 w.008) - f(ﬁ)m(a,Txmw(ﬂ))dﬁ\ 0@,

S1

as x — 00. By the uniform equicontinuity of x(c, -) from (B2), and the fact that T,,(8) —
uniformly in 5 € S, it then follows from (5.16) that
lim sup sup

[ 1@K3 0.9 - [ f(B)ﬁ(a,ﬁ)dﬁ‘ 0.
=0 r flI<1a€S /S s

Together with (5.14), this yields (5.11).

For (5.12), we look in more detail at (5.16). Under assumption (B5), we have that
(0/08)k(a, B) = K'(, B) and (02/0?B)k(c, B) = K" (c, B) are both uniformly bounded
over a, 3 € S. Then, by the uniform boundedness of " and ”, and the asymptotics
for T.,(8) — /8 from Lemma 5.5, Taylor’s theorem with Lagrange remainder shows that

sup sup |k (a, Tp/a- (8)) = K(, B) + 2yz~ 'K/ (o, B)| = o(z™).
a€S BES,

Thus from (5.16) we obtain

[ rs@aas - [ romanas+2 [ 1) mdﬂ’:o(:c—l).

But the left-hand side here is HIC{;(:U,@, )= K(a, -) —:n_ll“aHTv, where I'y, is given
by (5.13). Finally, continuity of o +— I', follows from the fact that

sup sup
flflI€1aes

sup |F04(B) - FO/(B)‘ < 2’7/ ’H,(C\f,ﬁ) - H/(O/,B)’ dﬁ - Oa
BeB(S) S

as o/ —a — 0, by dominated convergence, the uniform boundedness of «/, and the continuity
of a— £/(a, B) from (BS). O

By Lemma 5.4 there exist measurable p : Ry x S — R such that, on {X,, > zp},
E[Xn+1 — Xp [ Fo] = p1(Xn, o), E[(Xpt1 — Xn)2 | o] = pi2 (X, an).
Also, similarly to (2.13), by disintegration there exists u§ : Ry x .S x S — R such that

(5.17) ,ul(x,a):/Kﬁ(w,a,dﬁ)ui(aj,a,ﬁ), forallz > zpg,
S

where K} is given by (5.10); we emphasize that while we often use 3 for the next outgo-
ing angle, in (5.17) and other equations involving p, 3 represents the subsequent incoming
angle. Recall the definition of p; from (3.9).

LEMMA 5.7.  Suppose that (B1)—~(B4) hold. For each k € N, py, € Cy,(S), and, as © — oo,

(5.18) sug!m(az,a) —2(1 = )p1(a) = 2271y (1 —4)(1 + pa(c ‘ =0(1/z%);
aE
(5.19) Sup sup ‘,ul x,o,3) —2(1 — tanﬁ‘ O(1/x);
a€cS pes:
(5.20) sup‘,ug z,a) —4(1 —*y)ng(a)‘ =0(1/x).

aes
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PROOF. Since K(a,Sy) = 1, we may extend tan” o continuously to a uniformly bounded
function over S, and then an application of Lemma A.4 shows that p; is continuous and
bounded, as claimed. Denote the increment of process X, at (x,a) when the outgoing angle
is B by iy (z, r, B). Then, on {X,, > x; } for z; sufficiently large,

Xn+1 _Xn: n+1 Z% ’Y_Al(valHBn)l Y- Zrlzi’yzﬁi(Xn7an7/Bn)'
Moreover, since P(5,, € B | F,,) = K(an, B), a.s., we have
Ml(l‘,Oé) = LK(a7dB)ﬂi(xva76);

compare to /1§ as defined through (5.17). For x = 27 and D(z,3) as defined at (5.1),

Lemma 5.1 shows that supgcg, |D(2, 8)| = O(27), so that, by Taylor’s theorem,

ﬂi($7avﬁ) - A1<Z7 175)1—7 - Zl_’y = Zl_ﬁy

o/ 1 _ IL—7) 4 _
5 0,8) = (1= )2 Dz, 8) ~ T 20D )2 + 0217,
uniformly over a € S, 8 € Sy. Thus we obtain from (5.2) that
(5.21) sup sup |iS(z,a,8) —2(1 —v)tan 3 — 2y(1 — )z~ ' [1 + tan? 8 8| = O(1/z?).
a€eS BESy

Recall from (3.7) and Lemma 5.5 that o, 11 = Oz, (5,), where O, has an inverse 7, such
that supgeg, |T%(8) — 8| = O(z7~1). Then we see that

MT(SE,a?ﬁ) = /]T(SU,O[,TZ(ﬁ)),

and thus (5.19) follows from (5.21). Moreover, since X, 11 — X, = 5(Xp, an,0n) 0
{X,, > x1}, we obtain from (5.21) that

(5.22) ’XnJrl — X, —2(1—7)tan S, — 2y(1 — 'y)Xn_1 [1 + tan? Bn] ‘ < CX;2

for some C' € Ry. Since P(B,, € B | F,) = K(an, B), we have E[tan® 8, | F,] = pr(an),
with pg as defined at (3.9). It then follows from (5.22) that

E[X 41— X | Ful =2(1 = 7)p1(an) +2y(1 = )X, (1 + p2(02)) + O(X,?),

where the implicit constants in the O( - ) are non-random. This gives (5.18). A similar argu-
ment, starting from (5.22), yields (5.20). ]

5.3. Recurrence classification. 'To prove our results from Section 3.2, we will combine
Lemmas 5.4, 5.6 and 5.7 to show that the rescaled billiards process (X, «,) satisfies the
conditions of the appropriate half-strip results from Section 2.2. First we present the proof of
Proposition 3.1.

PROOF OF PROPOSITION 3.1. Under the conditions of Proposition 3.1, the process
(Xn,ay) is a half-strip Markov chain for which (N) holds (by Lemma 5.4(c)) and (B, ,)
holds for all p > 1 and all ¢ € (0,1) (Lemma 5.4(a) and (b)). Condition (K) follows
from (B2) and (B4), with the identification 7t(da) = w(a)da. Also by Lemma 5.6 it fol-
lows that (M) holds, and by Lemma 5.7 it follows that limxﬁOO SUPyeg |t (z, ) —do| =0
where dy, 1= 2(1 — v)p1(a). Write § = §(7) = [qdaw(a)da = 2(1 — 7)p1, by the k=1
case of (3.10). Then Proposition 2.1 says that the process is transient if § > 0 and recurrent
if § < 0, and the sign of ¢ is the same as the sign of pj. O
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Observe that equations (5.18) and (5.20) show that (2.10) holds with

(523)  da=2(1—pi(a); ea=27(1—7)(1+p2(@)); o2 =4(1—7)"p2().
Also (5.19) shows that (D) holds with

(5.24) Aa(B) =2(1 —7)tan .

PROOF OF THEOREM 3.2. When p;(a) =0 for all « € S we have d, =0 and so (L)
holds. Then Theorem 2.2 applies; write § = d(7y) = dp as in (2.12), so, by (5.23),

5= [ (260 = a2)mla)da =4(1 =) (1(1+ 29) = ).
S

Theorem 2.2 gives recurrence if 6 < 0 and transience if 6 > 0, where § < 0if 0 < v <~
and 6 > 0if 7.0 <7y <1, with o given in (3.11).

Moving on to Theorem 3.4, we will denote by v, € Cy,(.S) a function (whose existence is
guaranteed by Proposition A.1) such that

/S (5(8) — th5(0))K (0, 4) = —do = ~2(1 — 7)1 (1),

The function 7)., is unique up to translation (see Proposition A.1). We may also suppose that
1~ and 1y are related by 1., = (1 — 7).

PROOF OF THEOREM 3.4. Theorem 2.5 shows that we have recurrence or transience ac-
cording to the sign of 6 = () = do, as defined at (2.14); by (5.13), (5.23), and (5.24),

§=4y(1 = 7)1+ p2) —4(1 = 7)°p2 — 4WLL¢w(ﬁ)ﬂl(a75)W(a)dad5

41— ) /S /S by (B)s(ev B)w(a) tan fdad .

Moreover, ¢ is invariant under translation of ... Using the fact that «z is invariant to simplify
the last term, and 1), = (1 — )1, we get

5=4(1—7)(y+ (29— 1)) — dy(1 - ) /S /S Yo(B)K (o B)w () dad

—4(1=2)? [ vu(B)e(5) tan a5
Thus, with (3.12) and the definitions of Ay, As at (3.13), we get
0 =41 =) [(v+ (27 = Dp2) = (1 =) A1 —74s].
It follows from (5.3) that, for v € (0, 1), the sign of 0 is the same as that of ¢(~y), where
(5.25) c(y)i=v(1+ A1 — Ay +2py) — A1 — pa, for 0 <~y < 1.

Theorem 2.5 then shows that  is transient if c(+) > 0 and recurrent if ¢(vy) < 0.

A consequence of the fact that dy as defined at (2.14) is non-decreasing in 6 (see The-
orem 2.5) is that A; + p2 > 0. Under the hypothesis (3.14), the function vy — ¢(7y) given
by (5.25) is non-decreasing with ¢(0) <0, and . € [0, 1] given by (3.15) is well defined (see
Remark 3.5). If 1 + A; — Ay + 252 = 0, then, by (3.14), A1 + p2 > 0 and ~. = 1, while
c(y) = —A; — p2 < 0 (recurrence) forall 0 <y < 1=r.. If 1 + A] — As + 2p2 > 0, then
c(y) is strictly increasing, and has the property that c(y) < 0if v < v. and ¢(7y) > 0if v > .
This completes the proof of the recurrence classification.

The expression for g in (3.16), under the hypothesis on the total-variation convergence
of K", is a consequence of (2.16), (3.9), and (5.23). ]
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PROOF OF PROPOSITION 3.6. If (3.17) holds then we claim that a solution ¢y € C(5)
to [¢(v0(B) — Yo())k (e, B)dB = —2p1(c) is given by
2
3 tan 3, for g € S.

(5.26) do(8) = 1=
Indeed, with the choice for ¥y given by (5.26), by (3.17) it follows that

[ () = in(@ntan a5 = 25 [ w(a ) tan s — 2

2 (@) 2\

TIoAMMYTTIN
as required. By uniqueness of 1)y up to translation, we may suppose that v is given by (5.26).
Recall the definitions of A1, Ay from (3.13). With g given by (5.26), we have

2\ 2\

A =— tan® fdf = D2

1=7_ Sw(ﬁ) an” fdg 1"
Now to compute A; observe first that the function g given by (5.26) is differentiable on Sy,
with derivative ¢{(3) = (1 + tan? 3). Under (B5), the density w is also differentiable
with derivative given by (3.12). Also, since ¢o(—/3)w(—8) = —1o(8)w(5) for all 5 € Sy,

we have that h(53) := ¢o(8)w(5) has h(—p) = —h(S). Thus
[ [60(0)='(3) + vh(O()] 45 = | (5)d5 = 2h(60) =
So So

tan o
A

tana = —2p; («),

since w(fp) = 0, by the comment after (3.12). The above computation implies that

Ay = g bo(B)w'(B)dB = — g Yo (B)w(B)dp

=——"— | [1+tan?B] w(B)dB = — 2

1
= /g, T [L+72].

Since A € (—1,1), A1 + p2 = %ﬁg >0,and 1+ A; — Ay + 2py = M(1 + 2p2) > 0,
which means that condition (3.14) holds, and, moreover, that . defined by (3.15) is given by

Yo = 145)72252 = 7,0, as given by (3.11). The result now follows from Theorem 3.4. ]

APPENDIX A: KERNELS, OPERATORS, AND FREDHOLM THEORY

As in Section 2, let (S,dg) be a compact metric space, B(.5) its Borel o-algebra, and
K:S x B(S)—[0,1] a Markov kernel on S. Recall that M}, (S) is the set of bounded mea-
surable functions on S, and C},(S) the continuous functions on S. We endow Cy(S) with
the supremum norm || f|| := sup,¢cg \f( )|, so Cy,(S) is a Banach space. The kernel K is
associated with a functional Tx : M, (S) — My (S) whose operation is defined by

(T f)(u /ICudv , forallue S.

The Feller property is that f € Cy,(S) implies T f € Cy(S) [9, §12.1]. The Feller property

does not hold in general, but it does under assumption (K)(ii), which implies the stronger fact

that Ty f € Cy(S) for all f € M, (S): see Lemma A.4. We also note that || Tx f|| < || f|| for

all f. Thus T defines a continuous linear operator Tx : Cy,(S) — C,(S) [19, p. 127].
Consider for f, g € Cy(S) the Poisson equation

(A.T) f=Tkf =g
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Recall that if K satisfies (K)(i), then there is a unique invariant probability measure 7w € P(.S);
recall the definition of CP(S) from (4.3). The main result of this section is Proposition A.1
below. We will employ Proposition A.1 in two ways in the proofs of our results on the half-
strip model: first, to establish existence of Lyapunov functions with appropriate properties to
conduct the proofs for the strict Lamperti regime, as described in Section 4.1, and second, to
construct a transformation mapping the general Lamperti case into the strict Lamperti case,
as described in Section 4.2.

PROPOSITION A.1. Let (S,dg) be a compact metric space, B(S) its Borel c-algebra,
and K : S x B(S) — [0,1] a Markov kernel satisfying (K). Then there exists a continuous
linear operator F : CQ(S) — CY(S) such that for every g € CL(S) there is a unique f =
F(g) € CX(S) that solves (A.1).

We establish Proposition A.1 by the Fredholm alternative theorem for linear operators.
First we collect some necessary concepts and notation. The linear dual space to Cp(S) is
the Banach space L(S) of continuous linear functionals from C,(S) — R, endowed with the
induced (operator) norm [[¢|| := supj ¢ <1 [¢(f)]. By the Riesz representation theorem [10,
p. 265], L(S) can be identified isometrically with M (.S), the space of finite signed Borel
measures on S, with total variation norm

(A2) I T—— { [ swanwsrecis). sl < 1} |

since a continuous linear functional ¢ € L(S) corresponds to a unique finite signed Borel
measure v, via ¢(f) = [ f(u)v(du) overall f € Cy(S).

The adjoint operator T,C to T;C, acts as T : L(S) — L(S) via T ¢ = ¢Tx, or, equiva-
lently, as T¢ : M4 (S) — M4 (S) via

(A3) (TE0)(B) = /S V(dw)K(u, B), for all B € B(S).

In particular, 7§ restricts to a functional given by (A.3) on the metric space (P(S),drv),
where drv (u1,v) = || — v||rv is the total variation distance.

A linear operator between two Banach spaces is compact if it maps bounded sets into
relatively compact sets. The following lemma is essentially given in [31, pp. 36-37]; we
include a short proof here for completeness.

LEMMA A.2. If (K)(ii) holds, then the operator Tx. : Cy,(S) — Cy,(S) is compact.

PROOF. Let B, = {f € CL,(S) : ||f|| < r} € Cp(S). It suffices to prove that T B, =
{Txf: f € B,} C B, is relatively compact. For f € Cy,(S) and u,v € S we can write

(Ad) Teef (w) — Tic (v / F(2) Lun(d2),

where L, , € M4(S) is the signed measure defined by L, ,(B) = K(u, B) — K(v, B) for
B € B(S). It then follows from (A.2) and (A.4) that

(A.5) Ticf(w) — Ticf(0)] <7+ | Lu|lTy, forall f € B,.

Let u € S. By (K)(ii), for any ¢ > 0 there exists > 0 such that || L, , ||ty < e forall v € S
with |u — v| < §. Thus (A.5) shows that the collection of functions T B, is equicontinuous.
Furthermore, ||Tx f|| < || f||- Hence the Arzela—Ascoli theorem [10, p. 266] shows that T'B,.
is relatively compact. O
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Now we can complete the proof of Proposition A.1. Let 7" be a compact operator on a
Banach space X and T its adjoint on the dual space X'*; in both spaces we denote by [
the identity operator. For a set C C X* let C% := {z € X' : ¢(x) = 0 forall p € C'}, the
annihilator of C. We write ‘ker’ and ‘ran’ for kernel and range, respectively. We will use the
following result, which can be found e.g. in [10, pp. 609-610] or [19, p. 369].

LEMMA A.3 (Fredholm alternative). LetT' be a compact operator on a Banach space X
and T its adjoint on the dual space X*. Fix a scalar \. Then

dimker(AI —T) = dimker(AI —T7),
and
ran(A —T) = (ker(A\ —T))%.

Moreover, for any y € (ker(AI — T™))%, the set of all solutions x € X with (A —T)x =y is
equal to {xo + z : z € ker(A\] — T')} for any particular solution x.

PROOF OF PROPOSITION A.1. In (K)(i) we have assumed uniqueness of solutions to
T¢v = v over P(S); we claim that this implies that

(A.6) every solution to Tx-v = v over M4 (.S) has v = pm for some p € R.

To prove (A.6), we use a decomposition argument. If v = T v for v € M4.(S), the Hahn—
Jordan decomposition of v is v = v — v~ for two finite measures v, v, and v+ = TEv™
and v~ =Ty v~ too [9, p. 17]. By assumption, v = T-v has a unique solution v = 7t € P(S5),
which means that every v € M (S) for which v = Tiv has v+ = pymand v~ = p_7t for
p+,p— €ERL.Thus v = (py — p_ )= pm, p € R, verifying (A.6).

Now Lemma A.3 with A\ = 1 together with (A.6) shows that ker(/ — 7)) = {pm: p e R}
so both ker(/ — T¢) and ker(I — T ) are one-dimensional. Hence ker(/ — Ti) consists of
only the constant functions. In addition, by the definition of C(9) at (4.3),

(A7) ran(I — T) = (ker(I — T§))* = C2(S).
Thus (A.1) has a solution f € C},(S) for a given g € Cy,(S) if and only if g € C2(9).

Moreover, given g € CP(S), the set of all solutions to (A.1) is {f + ¢,c € R}, where
f € Cu(S) is any solution to (A.1). It follows that for g € C(S) there is a unique f € CP(S)
that solves (A.1). Thus we may define F': CP(S) — C2(S) by F(g) = f satisfying (A.1). It
is easy to see that F' is linear. It remains to prove that F' is continuous.

Consider U = I — Tx. Then (A.7) says that the range of U is CP(S). The set C2(S5)
is closed in Cy,(5). To see this take g, € C2(S) with lim, s gn = g € C,(S); then
Js g(u)m(du) =limy, o0 [ gn(u)m(du) = 0, by the bounded convergence theorem. Since U
has a closed range, there exists a constant K < oo such that for every g € CP(S), we can
find h € C1,(S) with Uh — g and [[h]] < K ||| [10, p. 487]. Butif F(g) = f € CY(S), then
Uf=gand since solutions to (A.1) are related by additive constants, we must have f =h —c¢
where ¢ = [ h(u)mt(du). Hence

IF(9)]l = lIh — e|| < 2|l < 2K|lg]], for all g € CR(S).
Thus F' is bounded, and hence continuous [19, p. 127]. ]
We will also use the following simple continuity result.
LEMMA A4. Let (S,ds) be a compact metric space. Suppose that L : (S,dg) —

(ML(S),dry) is continuous, and that gu € Mb(S), u € S is a family of functions with
w ' gy continuous. For u € S, define G(u) = [ L(u,dv)gy(v). Then G € Cy(S).
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PROOF. Since u +— ||g,|| is continuous and S is compact, sup,cg ||gu|| < co. Similarly,

since u — || L(u, -)||Tv is continuous, sup,c 5 ||£L(u, -)|/Tv < co also. Hence G is bounded.
Define Ly, € M4 (S) by Ly (B) := L(u,B) — L(u/, B), B € B(S). Then

|G(u)—G(u’)|:/ o (A0) g0 /.cu d40) (gur (1) — gu(v))

< Ngull - I Zw lov + £ v - g = gull,

which tends to 0 as dg(u,u") — 0, since both || Ly, .|| Tv — 0 and ||gus — gu|| — 0. O

We conclude this section with a more explicit description of the function ¥’ from Proposi-
tion A.1, under an additional uniform convergence assumption on X", the n-fold convolution
of IC. Related results can be found in [30, pp. 57-63].

PROPOSITION A.5.  Suppose that (K) and (2.15) hold. Let g € CP(S). Then f = F(g) €
CP(S) defined in Proposition A.1 has the representation

(A.8) HOEDSY /S K" (u,dv)g(v)

REMARKS A.6. (a) As in Remark 2.6(a), note that by (A), fS K" (u,dv)g(v) =
Tig(v) and (A.8) is equivalent to f =>">° | Titg.

(b) We emphasize that while the series on the right-hand side of (A.8) converges for g €
Cg(S ), it does not, in general, make sense to interchange the integral and the sum, since the
measures H (u, -) := Y > K" (u, -) will typically be trivial in our setting; here H is the
potential kernel of IC [31, p. 41].

PROOF OF PROPOSITION A.5. Suppose that g € CP(S). For n € Z.,, define

Z//ck u,dv)g Z/ /c’f (u, dv) — 7t(dv) | g(v).

Recall that K°(u, B) = 1{u € B}, so that fy = g. Note that ||K¥(u, -) — KF(«/, -)|Tv is
non-increasing in k (see e.g. Lemma D.2.10 of [9, p. 634]), so (K)(ii) implies that, for every
k€N, u s K¥(u, -) is continuous from (S,ds) to (M (S),drv), and hence so is u +
Sk KF(u, -). Lemma A.4 then shows that f, — fo = f, — g € C,(S), and hence f,, €
Cp(S). Moreover, [q fn(u)m(du) = 0by (K)(i), so f, € CL(S) for all n € Z. Furthermore,

/an(v)lC(u,dv)—ki)/S/SIC(u,dv)le(v,dw)g(w)

-3 /S KLty dw)g(w) = fg1 () — g().

Thus
— v u,.dv) = g(u) — . dv)g(v) =: u).
(A9) /S(fn(U) ) K. d0) = gla) = [ K7 u,do)g(0) = gn()

S

Note that (A.9) is equivalent to f,, — T fr, = gn. Also note that g,, € C,(.S) (by Lemma A .4)
and [g gn(u)m(du) =0, so g, € CL(S) for all n € Z. By assumption (2.15), g, — g in
Cy(S) as n — oo. In particular, sup,, ||g»|| < oc.
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By uniqueness of solutions to (A.9) over CP(S), we have that f, = F(g,) where F is
the continuous functional from Proposition A.1. Since F' is continuous, it is bounded, so
sup,, || fn]] < Csup,, ||gn|| < co. Next, we have that

n+1

Frn (@)~ fuaa () =g(u) =)+ 3 [ [ (o) = KA (w',d0)] 0
k=175

= u) — Ul - u,Qw ) — 'LL/'LU kwv v
—ﬂ)ﬂ)+§LLth)K(dﬂKbdM)

— g(u) — g(u') + / K, duw) — K dw)] fu(w).

S
It follows that

Sup | For1(w) = fasa (u)] < [g(u) — g()] + [[K(u, ) = K@/, )|y - Sup || full-

Thus f,, n € Z, are bounded and equicontinuous, and hence relatively compact by the
Arzela—Ascoli theorem [10, p. 266]. This means that any subsequential limit f of f,, is con-
tinuous, and so f = F'(g) by continuity of F. Hence all subsequential limits coincide, and
we have f =1lim,,_,~ fn=F(g) € C’g(S), as claimed. O

APPENDIX B: SEMIMARTINGALE CRITERIA

We obtain our recurrence classification using some semimartingale criteria, related to those
presented in [27, Ch. 3], which apply to discrete-time adapted processes on R without any
irreducibility assumptions. We present appropriate generalizations that apply to processes on
R, x S. The following recurrence result is based on Theorem 3.5.8 of [27].

LEMMA B.1. Let ¥ =R, x S for a compact metric space S, and suppose that ({,,,n €
Z...) is a stochastic process with &, = (X, ) € X, adapted to a filtration (Fp,n € Z4). Let
f 3 = Ry be such that inf,cg f(x,u) — 00 as x — oo. Suppose that E f(&,) < oo for all
n € Z, and there exists ro € Ry for which, for alln € 7,

E[f(§n+1) - f(fn) ‘ fn] <0, on {Xn > TO}‘
Then if P(limsup,,_, ., X5, = 00) =1, P(liminf, oo X, <79) = 1.

PROOF. By hypothesis, E f(&,) < oo for all n. Fix n € Zy and let Ay, := min{m >n:
X < ro} and, for some r > rg, set o, := min{m >n: X, > r}. Since limsup,, . X,, =
oo a.s., we have that o,, < 00, a.s. Then f(&,an, A0, )» T > 1, 1S @ NON-negative supermartin-
gale with limy, o0 f(Emar, o, ) = f(€r, A0, )s @.s. By Fatou’s lemma and the fact that f is
non-negative,

E f(§n) 2 E f(éxn,n0,) = Plon <An) inf  f(y,u).
(yu)y=>r
So

Ef(6)
inf(y,u):yzr f(y7 u)

Since r > 7o was arbitrary, and inf(, ,y.,>, f(y,u) — 00 as r — oo, it follows that, for fixed
n € Zy, P(inf,, >, X5 <79) = 1. Since this holds for all n € Z, the result follows. O

P(inf Xm§7"0> >P(\, <o0) >P(A\,<op)>1-—

m>n

The corresponding transience result is based on Theorem 3.5.6 of [27].
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LEMMA B.2. Let X =R, x S for a compact metric space S, and suppose that (§,,n €
Z.4) is a stochastic process with &, = (X, nn) € X, adapted to a filtration (Fp,n € Z.). Let
[ % = Ry be bounded, with sup,cg f(z,u) = 0 as x — oo, and inf(; ).0<, f(7,u) >0
forall r € Ry. Suppose that there exists ro € Ry for which, for alln € 74,

E[f(€nt1) = F(&n) [ Fn] <0, on {Xpn > 1o}
Then if P(limsup,,_, ., X5, =00) =1, P(lim;,—y00 Xp, =00) = 1.

PROOF. Since f is bounded, E f(&,) < oo for all n. Fix n € Z and r > rg. Forr € Z
let o, := min{n € Z4 : X,, > r}. Since P(limsup,,_,,, X, = 00) =1, we have o, < oo,
a.s., forevery r € Zy. Let A, :=min{n > o, : X;, <r;}. Then f(&ynn,)s 7 > 0y, is @ nON-
negative supermartingale, which converges, on {\, < oo}, to f(&,, ). By optional stopping
(e.g. Theorem 2.3.11 of [27]), a.s.,

sup  f(z,u) > f(&,) 2 E[f(Ex,)I{Ar < oo} [ F5,]

(z,u):x>r

>P(A\ <oo|Fs.) inf  f(z,u).

(z,u):x<ry
So
SUP(z,u):a>r f(xv u)

inf(x,u):xﬁm f(fL', U) ’

P(\, <o0) <

which tends to 0 as » — oo, by our hypotheses on f. Thus,
P (hnrgiogfxn < m) =P (Nrez, {Ar < 00}) = lim P(A, < 00) = 0.
Since r; > rg was arbitrary, we get the result. O
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