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Abstract

We study quantitative asymptotics of planar random walks that are spatially non-
homogeneous but whose mean drifts have some regularity. Specifically, we study the
first exit time 7, from a wedge with apex at the origin and interior half-angle a by
a non-homogeneous random walk on Z? with mean drift at x of magnitude O(|x| =)
as [|x|| — oo. This is the critical regime for the asymptotic behaviour: under mild
conditions, a previous result of the authors stated that 7, < co a.s. for any a (while
for a stronger drift field 7, is infinite with positive probability). Here we study the
more difficult problem of the existence and non-existence of moments E[73], s > 0.
Assuming (in common with much of the literature) a uniform bound on the walk’s
increments, we show that for o < /2 there exists sy € (0,00) such that E[r7] is finite
for s < sp but infinite for s > sg; under specific assumptions on the drift field we show
that we can attain E[7%] = oo for any s > 1/2. We show that for & < 7 there is a phase
transition between drifts of magnitude O(||x||~!) (the critical regime) and o(||x|| ™) (the
subcritical regime). In the subcritical regime we obtain a non-homogeneous random
walk analogue of a theorem for Brownian motion due to Spitzer, under considerably
weaker conditions than those previously given (including work by Varopoulos) that
assumed zero drift.
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1 Introduction

By a random walk on R? (d > 2) we mean a discrete-time time-homogeneous Markov process
on R?. If such a random walk is spatially homogeneous, its position can be expressed as a
sum of i.i.d. random vectors; such homogeneous random walks are classical and have been
extensively studied, particularly when the state-space is Z%: see for example [16,23]. The
most subtle case is that of zero drift, i.e., when the increments have mean zero.

Spatial homogeneity, while simplifying the mathematical analysis, is not always realistic
for applications. Thus it is desirable to study non-homogeneous random walks. As soon as
the spatial homogeneity assumption is relaxed, the situation becomes much more complic-
ated. Even in the zero-drift case, a non-homogeneous random walk can behave completely
differently to a zero-drift homogeneous random walk, and can be transient in two dimen-
sions, for instance. This potentially wild behaviour means that techniques from the study
of homogeneous random walks are difficult to apply.

In this paper we continue the study of angular asymptotics, i.e., exit-from-cones problems,
for non-homogeneous random walks that was started in [17]. In [17] it was shown that, in
contrast to recurrence/transience behaviour, the angular properties of non-homogeneous
random walks are remarkably stable in some sense (as we describe later). We give more
evidence to this effect in the present paper.

We study non-homogeneous random walks with asymptotically zero mean-drift, that is,
the magnitude of the mean drift at x € R? tends to 0 as ||x|| — oo. This is the natural
model in which to search for phase transitions in asymptotic behaviour, as can be seen by
analogy with the one-dimensional problems considered by Lamperti [13,[14], for instance.

Before formally defining our model and stating our theorems, we informally describe
existing results, the results in the present paper, and their significance. In [I7], we studied
the exit time 7, from a cone with interior half-angle a for a non-homogeneous random walk
on Z%. For a zero-drift, homogeneous random walk, it is a classical result that 7, < oo a.s.
for any «, and tail asymptotics for 7, are known by comparison to a result of Spitzer [22]
for Brownian motion or by results of Varopoulos [24/25]. Our primary interest is how the
situation changes when the walk is allowed to be non-homogeneous, and in particular, to
quantify the effect of introducing an asymptotically small mean drift.

We will use p(x) to denote the one-step mean drift vector of the walk at x. Unlike
other asymptotic properties of random walk, it was shown in [I7, Theorem 2.1] that the
a.s.-finiteness of 7, remains valid for non-homogeneous random walks provided ||pu(x)|| =
O(||x||™') as ||x|| — oo, under mild assumptions. In contrast, such a random walk can
be positive-recurrent, null-recurrent, or transient: see e.g. results of Lamperti [I3,[14]. On
the other hand, it was shown in [I7, Theorem 2.2] that a mean drift of magnitude ||x||=?,
p € (0,1), can ensure that the walk eventually remains in an arbitrarily narrow cone: indeed,
under mild conditions the walk is transient with a limiting direction and a super-diffusive rate
of escape [20, §3.2]. These facts motivate the following terminology. If ||x(x)]| is of magnitude
(i) o(||x|I71); (i) []x||=% (iii) ||x||7#, B € (0,1) we say that = is in the (i) subcritical; (ii)
critical; (iil) supercritical regime, respectively.

The present paper is concerned with the critical and subcritical regimes. Here we know
from [17] that 7, < oo a.s., but in the present paper we are concerned with more detailed
information about the random variable 7,: in particular, its tails (which moments do or do



not exist). Thus the present paper is concerned with quantitative information to complement
the qualitative results of [17].

There are two main themes of the present paper. First, we show that provided that
ln(x)]| = O(||x]|™"), 7o has a polynomial tail, i.e., E[rZ] is finite for s > 0 small enough
but infinite for s > 0 large enough. Second, we demonstrate a phase transition in the
tail behaviour of 7, between the critical and subcritical regimes. Our main result on the
subcritical regime will be that not only does the property 7, < co a.s. carry across from
the homogeneous zero-drift case, but also that finer information on the moments of 7, also
remains valid, under mild additional conditions. On the other hand, we give results that
show that the critical case is genuinely different: there is a quantitative phase transition in
the characteristics of 7, between the critical and sub-critical regimes.

Studying the moments of 7, is much more difficult than determining whether 7, is a.s.
finite, so in the present paper we have to impose stronger conditions on the random walk than
those in [I7]. In particular, to ease technical difficulties we impose a uniform bound on the
increments of the walk (as opposed to the 2nd moment bound used in [I7]). The bounded
increments assumption, although relatively strong, is prevalent in the non-homogeneous
random walk literature: see e.g. [I5L21.24]. Moreover, we restrict to two dimensions (in [17]
the walk lived on Z4, d > 2). As well as again reducing technicalities, using Z? enables us to
present our results as clearly as possible since even the Brownian motion case becomes rather
involved in higher dimensions [3,5]. We do not, however, need to assume any symmetry for
the increments (as required, for example, in [15,21]).

Before describing in detail our main results, we briefly survey some relevant literature. In
the homogeneous zero-drift setting, for the analogous continuous problem of planar Brownian
motion in a wedge, a classical result of Spitzer [22] Theorem 2| says that E[7?] < oo if and
only if p < m/(4a). A deep study of passage-time moments for Brownian motion in R¢ was
carried out by Burkholder [3]. The random walk problem has received less attention, even
in the homogeneous zero-drift case. Varopoulos [24,25] studied, using potential-theoretic
methods, tails of passage-times for zero-drift random walks satisfying various conditions
including bounded increments and isotropic covariance; some of the results of [24,25] allow
the walk to be spatially inhomogeneous (at the expense of additional technical conditions,
stronger than ours), but all require zero drift. From [24,25] one can obtain a version of
Spitzer’s theorem for Brownian motion in the case of zero-drift random walks satisfying
appropriate regularity conditions. Exit times from cones for homogeneous random walks are
also considered in [10]. Other relevant results specialize to the quarter-lattice Z* x Z* [4}[12]
or the hitting-time of a half-line [9,[16]. Certain non-homogeneous random walks with linear
rate of escape were studied in [g].

A consequence of our results in the present paper is that Spitzer’s theorem for Brownian
motion essentially extends, under some moderate regularity conditions, to non-homogeneous
random walks with mean drifts that tend to zero as o(||x||™!). This considerably broadens
the spectrum of random walks for which a Spitzer-type result is known; crucially, previous
work has considered only the zero-drift case [24,25].

We briefly comment on the techniques that we use in the present paper. Often it is pos-
sible to prove the existence of passage-time moments directly via semimartingale (Lyapunov-
type) criteria such as those in [1L[14] in the vein of Foster [7]. In the subcritical case for our
non-homogeneous random walk, we have Lyapunov functions that are well-adapted to do



this. In the critical case, the non-homogeneity forces us to adopt a more direct approach,
where nevertheless martingale ideas are central. The situation is similar for the problem
of non-existence of moments, although even in the subcritical case rather delicate technical
estimates are required.

In the next section we formally define our model and state our main results. We also
mention some possible directions for future research.

2 Results and discussion

We work in the plane R?; e;, e; denote the standard orthonormal basis vectors and || - || the
Euclidean norm. For x € R? we write x = (x,79) where 7; = x - ;. Let 0 = (0,0) denote
the origin. Our random walk will be = = (&;);ez+, a Markov process whose state-space is an
unbounded subset S of Z2.

To ensure that the walk cannot become trapped in lower-dimensional subspaces or finite
sets, we will assume the following weak isotropy condition:

(A1) There exist K > 0, k € N and ng € N such that

i P&, — & = =x| > teZ").
xeS;yEI{r:ltll?eL:I:kez} Cigny — &=y | & =% > K ( )

Note that (A1) is weaker than ‘uniform ellipticity’ such as is often assumed in the non-
homogeneous random walk or random walk in random environment literature (see e.g. [15],
21]); for a discussion of the strength and implications of (A1), see [17].

Let 6; := &1 — & denote the jump of Z at time ¢t € Z*. Since = is time-homogeneous
and Markovian, the distribution of the random vector #; depends only upon the location
& € S at time t. In other words, there exists a Z*-valued random field § = (6(x))xes such
that for all t € Z+,

£(§t+1 — & | 5t) = £(9t | 5t) = 5(9(&))7

where £ stands for ‘law’. The law of 6 is the jump distribution of =. We write 6(x) in
components as (6, (x), f2(x)).
Our second regularity condition is an assumption of uniformly bounded jumps:

(A2) There exists b € (0,00) such that P[||¢(x)|| > b] =0 for all x € S.

It is likely that, as in [I7], this condition could be replaced by a moment assumption at
the expense of some technical work, but the assumption (A2) is frequently adopted in the
literature: see e.g. [15,211124].

Under (A2), the moments of §; are well-defined. Denote the one-step mean drift vector

p(x) = E[b, | & = x| = E[0(x)],

for x € §, and write p(x) = (u1(x), 2(x)) in components. We are interested in the case of
asymptotically zero mean drift, i.e., limx|— o0 ||£(x)|| = 0.



For a € (0,7), we denote by W(a) the (open) wedge with apex at 0, principal axis in
the e; direction, and interior half-angle a:

W(a) :={x €R?: e, -x > ||x| cosa}.

Thus W(r/4) = {(z1,x2) : 1 > 0, |x3| < x1} is a quadrant and W(r/2) = {(x1, 22) : 1 > 0}
a half-plane. The case a = m we will treat slightly differently: for s > 0, define

Hs = {(z1,22) : 11 <0, |22] < s}

for s > 0 this is a thickened half-line. Then with 6 > 0 the jump bound in (A2), set
W(r) := R? \ H,. (For convenience, we often call W(rm) a ‘wedge’ also.) It will also be
convenient to set W(a) := R? for any a > 7.

Our primary quantity is the random walk’s first exit time from the wedge W(a)). With
the usual convention that min () := oo, define

To :=min{t € Z" : & ¢ W(a)}- (2.1)

The following fundamental result says that as soon as the mean drift decays fast enough,
To 1s a.s. finite. Theorem 2.1]is essentially contained in [17]: indeed, [I7, Theorem 2.1] gives
such a result under conditions much weaker than (A2) and in general dimensions d > 2, but
not including the case o = 7 (hitting the thickened half-line). We will give a self-contained
proof of Theorem 2.1] that requires minimal extra work on top of that to obtain the main
results of the present paper.

Theorem 2.1 Suppose that (A1) and (A2) hold, and that for x € S as [|x|| — oo,

G = O(1[I7). (2.2)
Then for any o € (0, 7] and any x € W(a), P, < 00 | § = x| = 1.

Our first substantially new result, Theorem 2.2 gives information on the tails of 7,
a < 7/2. In particular, it shows that even for this non-homogeneous walk, the tail behaviour
is essentially polynomial in character, as in the zero-drift case: compare Theorem 2.4 below.
However, the ‘heaviness’ of the tail (i.e., the exponent sy in the statement of Theorem [2.2))
will depend on the details of the walk: compare Theorems and 2.4] below. For a one-
dimensional analogue of this result, see the Appendix in [IJ.

Theorem 2.2 Suppose that (A1) and (A2) hold, a € (0,7/2), and that for x € S, (2.3)
holds as ||x|| — oc. Then there erist so, A € (0,00) such that:

(i) if s < so, then E[73 | & = x| < 00 for any x € W(«);

(i) if s > so, then E[13 | & = x| = oo for any x € W(«a) with ||x| > A.



Remarks. (a) It is an open problem to show that Theorem holds for a > 7/2.

(b) Theorem 2.2)(ii) cannot be strengthened to all x € W(«) without stronger regularity
conditions on the walk =. Indeed, under (A1), it may be that for & close to the boundary
of W(a), &1 is outside W(«v) with probability 1; however, this cannot occur for ||&|| large
enough by our asymptotically zero drift assumption: see Lemma below. The same
remark applies to our other non-existence of moments results that follow.

Walks satisfying Theorem can have radically different characteristics. For example,
for small enough wedges a zero-drift walk will have E[r,] < oo (see Theorem 2.4] below).
On the other hand, the next result implies that for any « € (0,7/2), for a suitably strong
O(||x[|7") drift field, E[r,] = oco. In fact, Theorem 23] says that for any & > 0, there exist
walks satisfying the conditions of Theorem for which (1/2) + ¢ moments of 7, do not
exit. An open question is to determine whether (1/2) — e moments can be infinite under the
conditions of Theorem

We take the random walk to have dominant drift in the principal direction. Specifically,
we assume that there exists ¢ > 0 for which

liminf ([l (%)) > ¢, Tim (|xa(x)) = 0. (2.3)
[l =00 [I]|—o00
Theorem 2.3 Suppose that (A1) and (A2) hold, and o € (0,7/2). Then for any s > 0,
there exist co, A € (0,00) such that if (2.3) holds for any ¢ > ¢y, then for all x € W(«a) with
]| > A, E[r8727 | & = x] = oc.

Our final result, Theorem [2.4] gives sharp tail asymptotics for 7, in the subcritical regime.
To obtain such a sharp result, we need to assume additional regularity for =: specifically, we
need to control the covariance structure of the increments of the walk. Denote the covariance
matrices M = (M;;); jeq1,2y of 0 by

M(x) := E[@;@t | & =x] = E[Q(X)Té’(x)],

for x € S, where 6, is viewed as a row-vector. When (A1) holds, P[&1 # x | & = x] is
uniformly positive [I7, p. 4] so that M;;(x) + Mo (x) > 0 uniformly in x.

Theorem [2.4] shows that the critical exponent for the moment problem depends only on
« and is the same in this random walk setting as in the Brownian motion case, where the
result is due to Spitzer [22) Theorem 2]. In particular, Theorem [2Z4] includes the case of a
homogeneous random walk with zero drift, where the result follows from [24) Theorem 4]
(see also [25]). We write o(1) for a 2 x 2 matrix each of whose entries is o(1).

Theorem 2.4 Suppose that (A1) and (A2) hold, and there exists o* € (0,00) such that
lnG)ll = ollx[I™"), and M(x) = o*I+ o(1), (2.4)
as ||x|| = oo. Suppose that o € (0,7].
(i) If s € [0,7/(4cr)) and x € W(«a), E[75 | & = x| < 0.
(i) If s > w/(4a) and x € W(a) with ||x|| sufficiently large, E[7 | £ = x] = 00.



Certain cases of Theorem [2.4] extend results of Klein Haneveld and Pittenger [12] and
Lawler [16] for homogeneous zero-drift random walks (i.e., sums of i.i.d. mean-zero random
vectors) to non-homogeneous random walks with small drifts. First, for hitting a half-
line (&« = 7), Theorem [24] implies that 1/4-moments are critical, a result obtained for
homogeneous zero-drift random walks by Lawler (see (2.35) in [16], also [9]). Second, in
the case of a quadrant (o = m/4), Theorem 2.4(ii) implies that E[7;,] = co for s > 1, a
result contained in [12, Theorem 1.1] for a homogeneous zero-drift random walk with certain
regularity conditions (see also [4, Theorem 1.1]).

The outline of the rest of the paper is as follows. Section [3| collects some preparatory
results. Section Ml is devoted to the critical case and the proofs of Theorems 2.1] and 2.3]
while Section [{]is devoted to the subcritical case and the proof of Theorem 2.4l The proofs
of the existence and non-existence of moments results are largely separate.

3 Preliminaries

3.1 Semimartingale criteria

In this section we collect some general semimartingale-type results that we need. Let (F})scz+
be a filtration on a probability space (£, F,P). Let (Y;)iez+ be a discrete-time (F)iez+-
adapted stochastic process taking values in [0, 00). Typically, when we come to apply the
following lemmas later on, we will have Y; = r (&) for some r : R?* — [0, 00).

Following work of Lamperti [I4], the primary results available for establishing the exist-
ence and non-existence of passage-time moments for a (not necessarily Markov) stochastic
process are contained in [I]. For some of the applications in the present paper, we could not
apply these general results and so have to use other techniques.

The following existence result is contained in Theorem 1 of [1].

Lemma 3.1 Let (Y;)iez+ be an (Fi)iez+-adapted stochastic process taking values in an un-
bounded subset of [0,00). For B > 0 set vg := min{t € N : Y; < B}. Suppose that there
exist C,po € (0,00) such that for any t € ZF, Y7 is integrable, and

B[V — Y/ | F] < ~CY2™™, on {vg > t}.
Then for any p € [0,po), for any x, E[v} | Yo = x] < c0.
The corresponding non-existence result that we will need is Corollary 1 in [I]:

Lemma 3.2 With the notation of Lemma [31], suppose that there exist C;D,py € (0,00)
and r > 1 such that for any t € Z* the following 3 conditions hold on {vg > t}:

E[Y? — Y | ] > 0; (3.1)
ElYi, - Y| F] > -C; (3.2)
E[Y2, — Y | F)] < DY 2 (3.3)

Then for any p > po, for any x large enough, E[vl | Yo = x] = co.



3.2 Lyapunov functions

In this section we introduce some Lyapunov functions that we will use to study our random
walk in the subcritical case, and analyze their basic properties. These functions will be built
upon standard harmonic functions in the plane, as were employed by Burkholder [3] in his
sharp analysis of the exit-from-cones problem for Brownian motion; it is natural that they
are the correct tools when our random walk is sufficiently close to zero-drift. We need some
more notation.

For x = (1, 73) € R? we use polar coordinates (r, ¢) relative to the ray I'y in the e; dir-
ection starting at 0. Thus if r = ||x|| and ¢ € (—m, 7] is the angle, measuring anticlockwise,
of the ray through 0 and x = (xy, z3) from the ray I'g, we have x; = r cos ¢ and xo = rsin ¢.
We occasionally write ¢ as p(x) for clarity. Let e.(¢) = e; cosp + ey sin ¢, the radial unit
vector, and e (¢) = —ejsiny + ey cosp, the transverse unit vector. Note that in polar
coordinates, W(a) = {x e R*: r > 0,—a < p < a}.

Let B,(x) denote the closed Euclidean ball (a disk) of radius r centred at x € R2. For
a € (0,7] and s > 0 define the modified wedge

Wala) := W(a) \ Bs(0) = {x € W(a) : [Ix]| > s},

which is W(«) with a disk-segment around the origin removed. During our proofs, we will
often work with the exit time from the locally modified set Wa(«) for some fixed (large)
value of A > 0. Let Wy(«r) := W(«) and for A > 0, define

Toa = min{t € Z¥ : & ¢ Wa(a)}. (3.4)

Then 7,4 > 7, p for B > A, and 7,9 = 7, with the notation of (Z2.]).
We will use multi-index notation for partial derivatives on R%. For o = (0y,0,) € ZTXZ*,
Dy = Dy, o, will denote D' D5? where D} for k € N is k-fold differentiation with respect to

xj, and D? is the identity operator. We also use the notation |o| := 01+ 09 and x7 := x7'x52.

For w > 0, define the function f,, : R> — R by

fuw(X) = fu(r, @) :=r" cos(wep). (3.5)

Differentiating, using the appropriate from of the chain rule, shows that for any w > 0,

D1 fu(r,0) = wr teos((w — 1)p);  Dafu(r, @) = —wr* tsin((w — 1)), (3.6)
and DDy fy(r, @) = DaDy fo(r, ) = w(w — 1)r ?sin((w — 2)p). (3.7)

Moreover, f,, is harmonic on R?, since
D} fu(r, ) = w(w — 1)r* 2 cos((w — 2)¢) = —Dj fu(r, ¢). (3.8)

For w > 1/2, f, is positive in the interior of the wedge W(7/(2w)), and 0 on the boundary
OW(m/(2w)); fi/2 is positive on R? \ Hg and zero on the half-line Hy. For w € (0,1/2), f,
is positive throughout R?. As an example, the harmonic function

f2(x) = 1 cos(2¢) = 7 — 3 (3.9)



is positive on the quadrant W(n/4) and zero on OW(7/4).

It follows by repeated applications of the chain rule that f,, and all of its derivatives
D, f,, are of the form r*u(y) where u is bounded, and hence for any o with |o| = j there
exists a constant C' € (0, 00) such that for all x € R?

—Cr 7 < Dy fo(x) < Or* . (3.10)
The next result gives expressions for the first three moments of the jumps of f,(&).

Lemma 3.3 Suppose that (A2) holds. Then with f,, defined at (3.3), for w > 0, there exists
C € (0,00) such that for any x € S,

Pllfuw(8er1) = ful&)] < CA+ I [ & =x] = 1. (3.11)

Also, for any x € S as r = ||x|| = oo, we have the following asymptotic expansions:

Elfu(&1) = ful&) | & = x] = wr™" (1 (x) cos((w — 1)¢) — pa(x) sin((w — 1)¢))

+ % (M1 (x) — My (x)) w(w — 1)1 cos((w — 2)p)
+ Mip(x)w(w — 1)r ?sin((w — 2)p) + O(r*“?); (3.12)
E[(fu(€e+1) = ful&))” | & = x] = w'r™ ™ (M (x) cos®((w — 1)) + Mas(x) sin((w — 1))
— My (x)w?r*™ 28111(2(11) — 1)) + O(r*=3); (3.13)
)

E[(fu(&11) = fu(&))? | & = x] = O 7). (3.14

Proof. Since f,, is smooth, Taylor’s theorem with Cartesian coordinates and the Lagrange
form for the remainder applied in a disk of radius b at any x € R? implies

fu(x+y) = fu(x)+ Zyj(Djfw>(X+ ny),

J

for some n = n(y) € (0,1), for any y = (y1,2) with [ly|| < b. Taking y = &1 — & = 6,
conditioning on & = x, we then obtain, with (B.0]), a.s., for some C' € (0, ),

[fu(€er1) = Ful€)] < Cllx + ()",

for any y € Z*. Now (A2) implies (3.11)).
For the moment estimates, we include more terms in the Taylor expansion to obtain

E[fu(&s1) = ful&) | & =x] = ZE [(D; fu)(x ZE ?J(D3 fu) (%)
+ ) E[6i( [(D;D; f.,)(x) + IE > 07x)(Dofu)(x+n0(x)| . (3.15)
i<j olo|=3

for some n = n(6;) € (0,1). By (A2), E[f;(x)%] = O(1), so that using (BI0) the final term
in (B.13) is O(rv=3). Then using (3.6), (3.7) and (B.8) in (3.15]), we obtain (3.12).
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In a similar fashion, we obtain (813]). Specifically,

E[(fu(&41) = fu(&))* | & =] ZE ((D; fu)(x))?
+2 ZE J(Difu) ()(D; fu) (%) + O(r*2),
using (A2), and BI3) follows using (3:6). Finally,
E[(fu(&i1) = ful(&))’ | & =x] = ZE ((D; f)(x))* + O(r* ™),

and by (A2), E[f;(x)%] = O(1). Then (B.14) follows from (B.6)). O

When = has zero drift, one expects that (f,,(&;))iez+ is ‘almost’ a martingale, keeping the
Brownian analogy in mind [3]. Thus the process (fu(&))iez+ will be useful when ||u(x)|| =
o(||x|[71). In order to apply the semimartingale criteria of Section Bl we often want to
modify our process (f,(&;))iez+, to obtain either a submartingale or a supermartingale. So,
in Lemma below, we study the process (fu(&:)?)iez+ where v € R. Recall that for
w < 7/(2a), fu(x) is positive on a wedge W(mw/(2w)) bigger than W(«). The following
result is simple but important.

Lemma 3.4 Suppose that o € (0,7] and w € (0,7/(2c)). Then there exists €4 =
cos(wa)) > 0 such that for all x € W(«a),

EanwT”’ < fu(x) < 1. (3.16)
Moreover, for k > 0 we have that if w > k/2 then for all x € W(a),
cos((w —k)p) > €qw > 0. (3.17)
Proof. For fixed a € (0, 7] and fixed w € (0, 7/(2«)) we have

Eaw = 1Inf cos(wp)= inf cos(wy) = cos(wa) >0,
xeEW(a) pE(—a,a)

since wa € (0,7/2). Then (3.16) follows from (3.5). The statement (B.I7) follows similarly,
using the fact that for w > k/2 and k > 0, —w < —k/2 <w —k < w, so

inf cos((w—k > inf  cos(wy) = cq-
nf cos{(w = K)g) > _int cos(uwg) =<,

This completes the proof. [J

Lemma 3.5 Suppose that (A2) holds. Suppose that o € (0,7, v € R, and w € (0,7/(2cv)).
Then for all x € W(«a) we have that as r = ||x|| — oo,

E[fw(£t+1)7 - fw(ét)ﬁ/ | & = X]
= 7fu(x) " wr® ™ (u (x) cos((w — 1)p) — pa(x) sin((w — 1))
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L0 Mia(x)w(w — D 2sin((w - 2)¢)
3G (M () = M (3)) (o — 1)7 % cos{ (w0 — 2))

+ 570y = D) fu ()™ (M (x) cos® ((w — 1)) + Mas(x) sin®((w — 1)¢))

— DN =

= 5707 = D) 2w Mg () sin(2(w — 1)@) + O(fu(x)"~*r* ).

Proof. Let A := f,(&41) — fuw(&). Then for v € R and x € W(a),

A\
Elfuw(§er1)” = ful&)” [ & =x] = fu(x)E {(1 + m) -1 ‘ & = X} )
and as long as A/ f,(x) is not too large we can use the fact that for 7 € R and small z

1
(L+2)7 = 1+7yz+ 59y = 1o’ + O().

Under the conditions of the lemma, for x € W(«a) with r = ||x|| large enough, a.s.,

A < Crv=t
fw(X)| T fu(x)

using (B.11) and ([B.16). Hence for v € R and all ||x|| large enough
Elfu(§en1)" = ful&) | & =% =1fu(x)E[A | & =]

570 = Db B [ & =X+ O (fu( IR [ 6 =x).  (318)

Then from (BI8)), Lemma B3] and (3I6) we obtain the desired result. O

We will also need the following straightforward result.

Lemma 3.6 Let h : R* = R and R C R* be such that h(x) < 0 for all x € R*\ R. Set
h(x) := h(x)lixcry. Then for allx € R and allt € Z7,

h(Eir) — (&) > h(Er) — R(&), on {& = x}.

Proof. Forx € R we have on {& = x} that h(&,1)—h(&) = h(E1)—h(E)—h(E1) e, ¢ny
which yields the result given that h(x) < 0 for x ¢ R. [

4 Critical case: proofs of Theorems 2.1], 2.2, and

4.1 Overview and statement of upper bound

In this section we prove our main results on moments of 7, in the critical case, Theorems
and [2.3], as well as giving a self-contained proof of Theorem 2.1l including the case o = 7
not directly covered by the results of [17]. There are two largely separate components to the
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proofs of these three theorems. The existence of moments part of Theorem 2.2, as well as
Theorem [2.1], will follow from Lemma [4.1] stated below, which gives an upper bound on the
tails of 7,. We are not able to use the general results such as Lemma [3.1] to prove Lemma
4T} instead our proof is in some sense more elementary, although we do use semimartingale
tools at several points. On the other hand, for the non-existence part of Theorem 2.2 as
well as Theorem 2.3, we are able to appeal to the general result Lemma after finding
and analysing a suitable Lyapunov function. Thus in the second (non-existence) part of
the proof the intuition is encapsulated in the Lyapunov function and there is not a natural
central lemma to stand alongside Lemma [4.1] in that case.
Here is our central result for the ‘existence’ part of the proofs.

Lemma 4.1 Suppose that (A1), (A2), and (22) hold. Let o € (0,7/2) and x € W(a).
There exist v € (0,00), not depending on x, and C' € (0,00), which does depend on x, such
that for all t > 0,

Plra >t & =x] < Ct7. (4.1)

Now we describe the outline of the remainder of this section. First, in Section 2] we
show how Lemma [.1] gives an almost immediate proof of Theorem 1] including the oo = 7
case not covered by [I7]. Crucial to the proof of Lemma [A.1] will be a decomposition of
the random walk = based on the regularity condition (A1l). In [I7, Section 4.2] we used a
related decomposition that was, however, different, and in fact more complicated than the
one used below, since [I7] considers general dimensions. The version of the decomposition
in the present paper is described in detail in Section A3l Section [£4]is devoted to a key step
in the proof of Lemma 4.1l which is a result on the exit from rectangles (Lemma below)
that says, loosely speaking, that if the walk starts somewhere near the centre of a rectangle,
there is strictly positive probability (uniformly in the size of the rectangle) that the walk will
first exit the rectangle via the top/bottom. Here the fact that ||u(x)|| = O(]|x|| ™) is crucial.
This result clarifies the key difference between the one-dimensional and multi-dimensional
settings: see the remark after Lemma In Section we give the proof of Lemma 11
Then we turn to the ‘non-existence’ parts of the proof; our main tool is a Lyapunov function
introduced in Section Finally we complete the proofs of Theorems and in Section
4.7

4.2 Proof of Theorem [2.7]

We establish Theorem 2.11by studying the behaviour of the walk on a set of seven overlapping
quarter-planes that together span W(w) (the plane minus a thickened half-line). For this
reason, we need to consider wedges like W(«) with several different principal axes. This
requires some more notation. Define lattice vectors q;, ¢ € {1,...,7} by

s =—Qq1 =€ +€, (gsg=—(s==€y, (g3 = —qr =€ — €y, (yu = ey.

We also need notation for perpendiculars to the q;, specifically

qj_ = qg;i+2, { c {1727 .. '75}7 qé_ = —qq, qé_ =4qi-

12



For the corresponding unit vectors, write ¢; := ||q;|| 'q; and g := ||q; | 'q;; note that
|as|| = ||a; ||, which is 1 for even i and /2 for odd i.
For g € (0,7/2) and ¢ € {1,...,7} let W;(53) denote the wedge with apex 0, internal

angle 23, and principal direction q;; that is
Wi(B) ={xeR*:x-q; >0,|x-qf| < (tan B)|x - q;|}. (4.2)

With our existing notation, this means that Wy(«) is W(«a); the other W;(«) are rotations
of W(«) through angles kr /4, k € {£1,£2,£3}. In the proof of Theorem 2.1 below we will
need the quarter-planes W;(7/4); when it comes to the proof of Theorem 2.2l we need W;(«)
for a € (0,7/2). Thus we work in this generality for now. For 8 € (0,7/2), let

7(8) :=min{t € Z" : & ¢ Wi(B8)}. (4.3)

Proof of Theorem 2.7l It suffices to show that the result holds for o = =, i.e., the
walk a.s. eventually hits the thickened half-line H;. For notational ease let Q; := W;(7/4),
7, :=1(m/4) for i € {1,...,7}. Also write Qs := H;, and B := B4(0) for some A € (0, 00).

Suppose that & € Q;. It follows immediately from Lemma [4.1] that P[r; < oo] = 1, and
so Z almost surely exits the initial quadrant @);. By the bounded jumps assumption (A2),
the definition (£2)), and an appropriate choice of A, we see that at time 7;, &, is either: (i)
in Qg; (i) in B; or (iii) within distance b of the principal axis of either (; 1 or (;_1, working
mod 8 for the indices of the @Q);s.

In case (ii) or (iii), = exits B or the quadrant whose principal axis it is close to in finite
time. In the first case, having left B, = is in some quadrant, which it must exit in finite time,
again ending up in B or close to the principal axis of some other quadrant. This process
repeats, showing that = must, infinitely often, be close to the principal axis of one of the
quadrants ();. Moreover, at such times, the proof of Lemma [£.3] shows that the events that
the walk next visits ;11 each have uniformly positive probability. It follows that = visits
each @); eventually, a.s., and in particular hits the thickened half-line. [J

4.3 Decomposition

For each i, using the regularity condition (A1) we decompose = into a symmetric walk in the
q; direction and a residual walk. For x,y € Z?, n € Nand t € Z* let p(x,y;n) := P, =
y | & = x|. It follows from (A1) by considering finite combinations of jumps that for each
i€ {1,2,...,7} there exist constants ; € (0,1/2), n;, j; € N such that
min{p(x, X+ jid s 1), (X, X = i s i)} 2 i (4.4)
Now we fix ¢ and consider the ‘n;-skeleton’ random walk, i.e. the embedded process
(&in, )tez+. For notational convenience, for t € ZT write & 1= &,,,. Then =* = (&)ez+ is
a Markov chain on S with transition probabilities P[¢f, =y | & = x| = p(x,y;n;), and
& = &. The walk =* inherits regularity from = as described in the following lemma.

Lemma 4.2 Suppose that (A1) and (A2) hold. Then

PllIE; — &I < bni] = 1; and (4.5)
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E[[(&0 — &)@ [P 1 & = x] = 27 lai [*v > 0, (4.6)
for allx € §. Moreover, if (2.2) holds, then, for x € S, as ||x|| — oo,
Bl — & 1 & =]l = Odlx[™). (4.7)

Proof. The bound (43]) is immediate from (A2), while ([A6]) follows from (4.4]). Moreover,
it follows from (A2) that,

s — | < ib> .S., 4.8
miﬁggé(lfil)m ||€ gt H =" a.s ( )

which with (2:2]) implies (4.7). O
By (@4), there exist sequences of random variables (V;)en and ((;);en such that:
(i) the (Vi)ien are i.id. with V; € {—1,0,1}, P[V; = 0] = 1—2v;, and P[V; = —1] = P[]V} =
+1] = ;;
(ii) o1 € Z2 with P[Ciy = 0 | V; £ 0] = 1; and
(iii) we can decompose the jumps of Z* via, for t € ZT,

n;—1

g;—i—l - 6; = €(t+1)ni - gtni = Z e(gtni—i-s) - ‘/t-l-lquf_ + <t+1~ (49)
s=0

Note that given point (ii), (£9) is equivalent to, for t € Z™,

& — & = VierJidi Ly 200 + G L, —oy-

Thus we decompose the jump of =* at time ¢ into a symmetric component in the perpendic-
ular direction (Viy1J:q;"), and a residual component (s, 1), such that at any time ¢ only one
of the two components is present in a particular realization. By (9],

& =6+ > (Vaiar + ). (4.10)
s=1

This decomposition is valid throughout Z2, but for our purposes we will apply the decom-
position involving q; in the wedge W;(3) for appropriate 3 € (0,7/2).

4.4 Exit from rectangles

We will use the decomposition of Section F.3] to establish (in Lemma below) how the
walk exits from sufficiently large rectangles aligned in the q;, q; directions. First we need
two lemmas that deal in turn with the two parts of the decomposition.

The rough outline of the proof of Lemma L5 below is as follows. In time |[eN?], we show
that the process driven by Vi, Vs, ... will with positive probability attain distance sufficient
to take it well beyond the top/bottom of the rectangle; this is Lemma below. On the

14



other hand, we show that in time |eN?], for small enough & > 0, the residual process does
not stray very far from its initial point with good probability, regardless of the realization of
Vi, Vs, .. .; this is Lemma [4.4] below. Together, these two results will enable us to conclude
that with good probability the walk will leave a rectangle via the top/bottom. First we need
some more notation. Set Yy := & - q; and, for t € N,

t
Y =Yo+gillat | > Vi (4.11)

s=1

Then Y; is the displacement of the symmetric part of the decomposition for & in the qg;-
direction. The process (V)i ez+ is a symmetric, homogeneous random walk on ||q;" || Z with
P[Y; =Y, 1] =P[V; =0l =1 —2v; < 1 and jumps of size ||q; ||j;- For h € (0, 00), let

T =min{t € Z" : |Y;| > [3hN]|q; ||} - (4.12)

Lemma 4.3 Suppose that (A1) holds. Let h € (0,00). For any e > 0, there exist 6 > 0 and
N1 € N such that for any N > Ny and any y € Z with |y| < 2hN,

Plry < [eN?] [ Yo = [lq;-[ly] > 0.

Proof. Fix h € (0,00). Suppose Yy = ||q; ||y, |y| < 2hN. If y # 0 then couple a copy of the
walk Y; started from ||q;- ||y with another Y; started from 0 which has jumps in the opposite
direction to Y; until |Y; — Y;| < ||q;-||j; for the first time, from which time on Y}, Y; jump in
the same direction. Then when |Y;| > K we have |Y;| > K — ||qi"||;, and with probability
7; the next jump will take |Y; 1| > K. It follows that for any € > 0,

Plrt < [eN?] | Yo = |lat|ly] = WPl < [eN?] — 1] Yo = 0]
> Pl < [¢N?] | Yo = 0],

for any ¢’ € (0,¢) and all N large enough. Hence it suffices to take y = 0.

The process (Y;);ez+ is a symmetric random walk on ||q;"||Z with independent, bounded
jumps and E[|Y;, 1 — Y;|?] = 2v||q;||%52 > 0. Standard central limit theorem estimates imply
that for any € > 0 there exists § > 0 such that for all V sufficiently large

P [Yienz2) > [3RN]|lqi || | Yo = 0] > 6, and P [Y.n2) < —[3RN]|q; || | Yo = 0] > 4.

Each of the (disjoint) events in the last display implies that 7~ < [eN?].

Let Zy := (& - q;)q; and for ¢t € N let

t
Zy:=Zy+ ) (e (4.13)
s=1

Thus (Z;)iez+ is the residual part of the process (& )ez+ after the symmetric perpendicular
process (Y;)iez+ has been extracted. Indeed, with Y;, Z; as defined at (£IT)), (£I3) we have
& = & = Yoq; + Zo, and also from ([I0) that for ¢ € N,

& =Yy + 2. (4.14)
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We next show that with good probability the residual process (Z;);cz+ does not exit from
a suitable ball around its initial point by time [eN?]. By construction (Z;)scz+ depends on
(Vi)ien since the distribution of {41 depends on &,,. For t € N, let Qv (¢) := {—1,0,1}" and
let wy € Qy(t) denote a generic realization of (Vi,...,V;).

Lemma 4.4 Suppose that (A1), (A2), and (2.3) hold. Let r € (0,1/2]. There exist Ny € N
and £ > 0 such that for all N > N, all z € Z with |z| <b, and all wy € Qy(|eN?]),

P max ||Zt Z(]H S rN ‘ (‘/17“‘7V|_€N2J) = wv,ZO = (N"—Z)ql

0<t<|eNZ2|

|~

Proof. Although the decomposition used in the present paper is different, the proof of this
result is similar to (in fact, due to the stronger regularity assumptions, simpler than) the
proof of the corresponding Lemma 4.5 in [17], so we omit it. [

We now define notation for our rectangles. Fix h € (0,00), which will determine the
aspect ratio of the rectangles. For N € N, let

S(N):={xe€Z*:0<x-q < 2N|lail, |x-&| < 2hN|q}, (4.15)
and also define regions adjacent to S(N) via

Ui(N) = {x € Z%: x - & > 2N|ql},
Up(N) = {x € Z*: 0 < x - & < 2N]|q], [x - 4] > 20N ||} (4.16)

Lemmas and 4.4 combine to enable us show that = exits S(N) via Us(NN) with good
probability when started from somewhere near the bisector of S(NN) in the q;- direction.

Lemma 4.5 Suppose that (A1), (A2), and (2.2) hold. Let h € (0,00). Then there exist
d >0, Ny € N such that for any N > Ny, any y, z € Z with |y| < 2hN and |z| < b,

P[= hits Uy(N) before Ui (N) | & = (N + 2)q; + ya;] > 6.

Remark. This result highlights the difference between the exit-from-cones problem and
the analogous problem of exit from a half-line in one-dimension, where drift O(x™!) does
not imply finiteness of the exit time. The one-dimensional analogue of Lemma is false:
classical gambler’s ruin estimates imply that for a random walk on Z* with mean-drift
O(z™!) at z, the probabilities of hitting 0, 2M first, starting from M, are not necessarily
bounded uniformly away from 0.

Proof of Lemma [4.5. Fix h € (0,00). Suppose that & = (N + 2)q; + yq;. Let € > 0 be

as in the r = (1 A h)/2 case of Lemma [4.4l Suppose that N > max{Ny, No} with Ny, Ny as
in Lemmas [£.3] €4 respectively. Define the events

G::{ max ||Zt—Z0||§(1/\h)N/2}, = {r; < |eN?]}.

0<t<|eN2|
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By (@I4) we have that |& - qf| = |V + Zi - qf| = |Yi + (Z, — Zo) - @3, since Zy - q;- = 0. It
follows by the triangle inequality that on G F‘l H,

& - ai| = Yel = 112 = Zoll = [3hN|ag || — (1A h)(N/2) = 2AN]|q;-|l,

for some t < |eN?|, which in particular implies that | - | > 2hN||q; || for some ¢ <
n;|eN?]. On the other hand, also on G N H it follows from (£I4) that

il < *' AZ' zb: /A i i
ey 16 Wl < e, G- @l b = w12 il b
<|Zo- &+ max || Zy — Z|| + nib < 2N|q; |,

0<t<|eN?|

for all N sufficiently large, since Zy - q; = & - q; = (N + 2)||q;||. Hence (with &, as given)
E := {Z hits Uy(N) before U;(N)} D GN H.
H is determined by the realization wy € Qy (|eN?]), and so (with & as given)

P[E] > P[G N H] = > P[G | wy]Plwy].

wy €Qy (|[eN?]):H occurs

Applying Lemma L4 with = (1 A h)/2 to P[G | wy] we then obtain

> 0,

|

PIE 6= (N+aatya]>y 3 Plal= FlH]>

wy €Qy (leN2]):H occurs

applying Lemma A3l O

4.5 Exit from cones: proof of Lemma [4.7]

We can now prove our key upper tail bound. Recall the definition of 7;(3) from (4.3]).

Proof of Lemma [4.1] Take & € W;(5), f € (0,7/2). Let h =tan § € (0, 00) and
ko := min{k € N : 2%|qu|| > & - &, 2% > Ny, 2% > b},

where N is as in Lemma [L.5 and b is as in (A2). Consider the sequence of rectangles S(2*)
where k € Z", as defined at (4.I3]), with h = tan 5. Set 0q := 0 and, for k € N,

op:=min{t € Z" : & - q; > 2k||‘lz||}

Suppose that = has not left W;(3) by the time oy, for some k > ko, i.e., 7;(8) > oy. Then,
using (A2), 2%[lasl| < &, - @ < 2"||aul| + b and on {7(8) > oy}, from (@2,

&0, - G| < h|Es, - G < 28R|qu]| + hb < 2 2FR|q,

for all k > ky. Hence we can apply Lemma L5 to the walk started at &,,, with N = 2% > N,
for k > ky. Then, with U;(NV), Uy(N) as defined in (4.16]), we obtain, for all & > ko,

P[(&)t>0, hits U, (2F) before U (2%) | 7:(B) > or] > 6> 0. (4.17)
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But by definition of U;(N), Us(N), and ({.2), we have that if = hits Uy(IN) before U;(N),
then = leaves the wedge W;(3). Moreover, if = has not hit U;(2%) by time 7;(3), then
maxo<i<r(g) & - B < 27| qif|, so that 7(8) < og+1. Hence the inequality (IT) can be
expressed as P[7;(8) < ox41 | 7(B) > 0] > 6 > 0, for all & > k. Hence, for all k > ky,

Pri(5) > o] H Pri(B) > o; | 7:(B) > 051] - P[ri(B) > o1, ] < C(1 = 0)%,  (4.18)

Jj=ko+1

for some C' = C(ko, d) € (0,00) that does not depend on k.

We next estimate the tails of the times o,. It is most convenient to work once again
via the embedded walk =*. Set o} := min{t € Z* : & - q; > 2F||q;||}. For t € ZT, for the
remainder of this proof write X; := & - ;. Let A,C > 0 and set W; := ((C + Xynn(s))?).
We show that for A, C sufficiently large, the process (W;);cz+ is a strict submartingale so
that we can apply a result from [19] to obtain a bound for E[r;(8) A o7].

Note that Taylor’s theorem implies that for any > 0 and any y € R with |y| bounded,
(A-1y*
2(C + )

Set 0y =& — & Let Fy = 0(&o, - &). By ([@3) we may apply the last displayed equation
with x = ¢/ - q; and y = 6 - q; and take expectations to obtain

CHz+y)*—(C+2)=AC+2)" |y + +O((C + :c)_2)} .

EWi1 — Wy | Fidl
(A-DE[#; - @:)* | Fud
2 C+ X,

on {t < 7;(5)}. Also, on {t < 7;(5)} we have that X; > 0 and X; < ||| < O(X}). So using
(4.6) and (A1) we have that the last displayed expression is bounded below by

—AC + X)) {E[ez‘ | Fud) * O((“Xt)_z)] |

A(C + X)) {—01(1 + X))+ <AC_2 D (C+ X)) "+ O((C + Xt)‘Q)} :

for some constants C7,Cy € (0,00). Hence we can choose A,C' sufficiently large so that
E[Wi1 — Wi | Foi] > € >0, on {t < 7;(5)}. Moreover, from (@3] we have | Xy — Xi| <
1651 — & 1] < ngb. Hence we can apply a straightforward modification of [19, Lemma 3.2] to
obtain, for all k > ko, E[r;(8) A o;] < e }(C + 28! 4 n;b)A. By definition of &, oy < n,o;

s., hence there exists C' € (0, 00) such that E[r;(8) A g} < 2*¢, for all k > ko. Markov’s
inequality with M = C' 4 1 then implies that for k > kg,

Plr;(8) A og > 2FM] < 27FME[7(8) A oy] < 28C - 27FM = 9k,
Combining this with (£I8]) and the fact that for any £,
P[7:(8) > 2"M] < P[ri(B) > 03] + P[r:(B) A o > 28M],

we have that P[r;(8) > 2*M] < C(1 — §)* + 27% for all k > ko. It follows that there exist
constants M,~" € (0,00), not depending on x, and C' € (0,00), which does depend on x,
such that for all k£ > kg,

Plr;(8) > 28M | & = x] < C277F, (4.19)
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Clearly the result extends to all k € Z* for a suitable choice of C' in (419), depending on
ko and so also on &. For any ¢ > 0, we have that t € [2 2(-+DM) for some k € Z*. Then
given £, = x we have from (4.19) that

P[r(B) > t] < P[ri(B) > 2"M] < 277k < C(27 M) "M = 0,

for some C’, v € (0,00), not depending on ¢, with, moreover, v not depending on x. [J

4.6 Non-existence of moments via an almost-linear Lyapunov
function

This section is devoted to our technique for establishing the non-existence part of the proof
of Theorem 2.2 which will also enable us to give a proof of Theorem 23 In the wedge W(«),
a € (0,7/2), we work with the embedded walk & = &,,, where in this case we can take
n; = ng as in (Al). We first aim to show that for any « € (0,7/2) there exists p € (0, 00)
such that E[7?] = oco.

The outline of our approach is as follows. We consider a one-dimensional process (Y;)ez+
where Y; = g(&) for a suitably chosen g and apply Lemma More specifically, we con-
struct an almost linear or e-linear (in the sense of Malyshev [1§], see also [11] and [6, Chapter
3]) function g to enable us to apply the generalized form [I] of “Lamperti’s conditions” [14]
in Lemma The idea is to construct g so that its level curves are horizontal translates of
OW(«r) but with the apex replaced by a circle arc.

Fix o € (0,7/2). During the remainder of this section, set s := sina € (0,1), ¢:=cosa €
(0,1). We now construct the function g : R* — [0,00). Set g(x) = 0 for x € R* \ W(a).
For x = (z1,x2) € W(a) such that |zs| > 25121 let g(x) = sz — c|za|. For x € W(«) with

1+c2
22| < 13521, set g(x) = k € [0,00) on the minor arc of the circle

((2k/s) — w1)* + 25 = k° (4.20)

between (k(1+ c?)/s, ke) and (k(1 + ¢?)/s, —kc). Then g is specified on W(a) by its level
curves g(x) = k, k > 0, each of which is OW(«) translated so that the apex is at (k/s,0)
and the tip of the wedge smoothed to a circular arc. See Figure [I

We now state some properties of the function g. Observe that for x € R?,

9(x) < [Ix]- (4.21)

For x € W(a) with |za] > %11, Vg(x) = (s, £¢) and [|[Vg(x)|| = 1; for |zo| < 3521,

vwxwzﬁéacwemxwﬁ—ﬁmxm>=f%6(—v@&v—xam), (4.22)

from ([@.20), where D(x) := g(x) + (2/5)(z1 — (29(x)/s)). When |z5] < 521, so that the

T+
level curve of g is a circular arc, we have

g(x)((2/s) = 1)
—9(x)((2/5) = 1)

r1 < g(x)((2/s) —s), and (4.23)

<
< D(x) < —g(x). (4.24)
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]

k/s \ 2k/s x1

Figure 1: Level curve of the function g.

It follows from E22) that for x € W(a) with |zo| < 2521, V()| = [D(x)]"'g(x).
Hence from (£24)),

S
2—s

> —, and sup ||Vg(x)|| < 1. (4.25)

x€R2

inf >
nt Vg0 =

NI »

To obtain our non-existence of moments result for 7, we will apply Lemma toY; =
g(&f). The next lemma gives some further properties of g that we will need here and later
in the proof of Theorem 2.3

Lemma 4.6 For x € W(a) with |z| < 135z, we have
9(x) = x| (4:26)
Also, there exists € > 0 such that for all x € W(«),
Dig(x) > e. (4.27)
Finally, there exists C' € (0,00) such that for all x € R?* and all i, € {1,2},
| Dijg(x)| < Cllx||™". (4.28)

Proof. To obtain (4.26), we observe that for |x3| < 3%y, from (4.23),

Il = o + a3 < [(ﬁ (2/5) - s>) +((2/5) - s>2] 9(x)
= [ +((2/s5) = 9)°] g(x)* = ((4/5") — 3)g(x)*,
and (4.26) follows. Consider (B.27). It suffices to suppose |zs| < :3%21. By ([£.22),

SZL’l :|
=R|1+——"—|,
[ g(x) — Ry

2g(x) — sxy
((4/5) = s)g(x) — 22,
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where R € (0,2/3) and S € (0,1/6) are defined as

2 e (eSS
R= (s =5 ™S =R (s/2) 2(1-@2/4))' (4.30)

Here, since s € (0, 1), it is straightforward to show that in fact

3 3

2s S S
< R< = d —<9S<—. 4.31
_R_B,an 8_5_6 (4.31)

N »

Moreover, we have from (4.30) and (4.23)) that
(s°/4)9(x) < g(x) — Ray < (s5/2)g(x). (4.32)

It follows from (4.29) and (4.32) that D;g(x) > R, and so with (d31]) we get (4.27).
Now consider (£.28). Note that D;;g(x) = 0 unless x € W(a) with |zs| < 2571, so it
suffices to consider that case. First consider D;1g(x). Differentiating in (£.29) yields

RS RSZL’l
Pudb) = g~ Rn (o) — Ry 90
— B ((4(x) - Bay)’ — RS22), (4.33)

(9(x) = Ra)?

using ([£29) once more. Then from ([#33)), using ([E3T), ([£32), and ([£23), together with
(4.26]), we obtain (£.28)) in the case i = j = 1. The other cases of (£.28)) follow by analogous

but tedious calculations, which we omit. [

4.7 Proofs of Theorems and

The next result gives some basic properties of the process (¢(&;))iez+-

Lemma 4.7 Suppose that (A1), (A2) and (2.2) hold. Then there exist B,C € (0,00) and
e > 0 for which, for any x € W(«),

Pllg(&i) — 9(&)| < Bl = 1; (4.34)
Elg(&ia) — 9(&) | & = x]| < ClIx[| 7 (4.35)
El(g(&) —9(&)* 1 & =x] > e. (4.36)

Proof. The mean value theorem for functions of two variables implies that
9(&1) — 9(&) = (&1 — &) - Vy(2), (4.37)

where z = & + n(&fy, — &) for some 7 € [0,1]. So [@.37) implies that |g(¢/,,) — 9(§)] <
€500 — &Ll aws., by (.25]), which with (4.5]) yields (4.34]). Similarly, by (4.37) and (.25,

[Elg(&i) —9(&) | & = x]| < 2[[El&E,, — & [ & =x]II,
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and then (4.7) implies (A.35]). Finally, using (A1) we have from (£.37) that for x € W(«),

El(g(&/1) — 9(&)* | & =x] > klkier - Vg(z)]*,

where z; = x + nikieq, for some n; € [0,1]; so in particular z; € W(«). Thus, by (£27),
El(9(&51) — 9(§))% | & = x] > kkie® > 0, giving @.30). O

Now we verify that g(§;) satisfies the conditions of Lemma

Lemma 4.8 Suppose that (A1), (A2) and (23) hold. For A > 0 large enough there exist
C,D € (0,00), r > 1, and py > 0 such that for any t € Z%, on {vs > t}, (31), (33), and
3) hold for Vi = g(&7).

Proof. Let Y, = g(&), t € Z*. Let r > 0. We need to estimate E[Y,2, — Y | { = x]. By
Taylor’s theorem, for y > 0 and 0 with |§| < B, there exists n € [0, 1] for which

(y+0)7 — > = 2r6y> '+ r(2r — 1)0%(y + né)* >
= 2r6y* o (2r — 1)0%7 2 + o(y* 7). (4.38)

We now establish ([B.2]). Let r =1 in (4.38)) to obtain
BV, — Y7 | & =x] > 29(x)E[Yis - Yi | § =x] > —2Cg(x)lIx]

by (A35). Then (421 completes the proof of [B.2). Now let F; = o(&f,...,&). Then, by
the r > 1 case of [{38), E[YY, — Y*" | F4] is bounded above by

2rg(x)" T EYer — Ve | F] + 2r°E[(Vier — Y2)* | FJ(Ve + B)" 2
On {va > t}, g(&) > A so & € W(a). So by ([£34) and ([£35), on {va > t},
E[Y — Y7 | ] <200y H|E 7 + 2B (Y, + B) 2 = O(Y"77),

by (#2I)). Thus ([33)) is satisfied for » > 1. Similarly, taking r = py in ([£3]) and using
(435) again, but this time using the lower bound in ([£36]), valid on {v4 > t},

E[Y7 — Y7 | F] > —2poCY2 &7 + po(2p0 — 1)eY ™2 + o(Y272)
> Y 2po (—2C + (2po — 1)e +o(1)),

by ([@.21)), and the last expression is non-negative on {v4 > t}, taking A and py sufficiently
large. [

We need one more result that says, under our regularity conditions, an asymptotically
zero drift ensures that the walk cannot be forced to jump straight out of the wedge with
probability 1, provided it starts far enough away from O.

Lemma 4.9 Suppose that (A1) and (A2) hold and that ||pw(x)|| — 0 as ||x|| — oo. Let
a € (0,m]. There exist £, A,C € (0,00) such that for any x € W(«a) with ||x|| > A,

P[= hits Bo((g|x||,0)) before R\ W(a) | & = x] > 0.
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Proof. Let d(x) denote the distance of x from the boundary of the wedge W(«). Suppose
that x € W(«) and, without loss of generality, 5 > 0. First let a < 7/2. Given d(x) > bny,
condition (A1) implies that with probability at least x the walk starting at x € W(a) will
end up at x — ke, in ng steps, while during this time (A2) implies the walk cannot have left
the wedge. Repeating this argument a finite number of times (depending on x) until the
desired ball is reached leads to the desired conclusion for all such x. A similar argument
works when o > 7/2 and d(x) > bng, starting with steps of ke;.

Thus it remains to deal with the case where the walk starts at x with d(x) < bng but ||x||
large. Recall (see [19, p. 4]) that (A1) implies that P[&,,; # x | & = x] is uniformly positive.
We may suppose that x is such that P[(&,, — &) -ei(a) # 0| & = x| > 0, since if this is
not the case then (A1) entails that there is positive probability of the walk reaching such an
x in a finite number of jumps parallel to the boundary of the wedge (and hence, by (A2),
remaining inside W(«) provided the walk started far enough from 0). So we may take x such
that there is positive probability of the next jump having a component perpendicular to the
wedge boundary. In fact, for ||x|| large enough, we have P[(§;11—&) e (o) < 0] & =x] > 0,
so that there is positive probability of the walk jumping ‘farther into’ the wedge. To see
this, note that since Z lives on (a subset of) Z? and, by (A2), has uniformly bounded jumps
there are only finitely many possible values for &1 — &, and so any non-zero component in
the e («) direction must in fact be greater in absolute value than some § > 0 not depending
on x. Then

p(x) -ep(a) > 0P[(§y1 — &) -er(a) >0 | & =x] —bP[(41 — &) -erla) <d|& =x].

Take ||x|| large enough so that ||u(x)|| < e. Writing p = P[(§i41 — &) -1 > | & = x| we
have ¢ > 0p — b(1 — p), implying that p < 1 for ¢ small enough. For ||x|| large enough, a
finite number of such jumps occur with positive probability and take = to distance at least
bng from the boundary of the wedge, so we can then appeal to the first part of the proof. [

Proof of Theorem Let o € (0,7/2). To prove Theorem [2.2] it suffices to show that
E[r?] = oo and E[r?] < oo for some p, ¢ with 0 < ¢ < p < co. First, we apply Lemma 1] in
the case i = 4, 8 = a, so that Wy(5) = W(«a) and 7;(8) = 7,. Then from Lemma 1] for
some v, C' € (0, 00), where v does not depend on x,

Er?]&=x] <1 +/ Plr > rl/q]dr <14+ C'/ r1dr < oo,
1 1

provided ¢ € (0,7).

Finally, Lemma implies that we can apply Lemma with Y; = ¢(&;), so that for
some A,p € (0,00) we have E[vf | & = x] = oo for all x € W(«) with g(x) sufficiently
large. But by definition of g and =*, and (A2), 7, > ng(va — 1), a.s., for A > b. Hence
E[m? | & = x] = oo for all x € W(«) with g(x) sufficiently large. By Lemma [A.9] the
conclusion extends to all x € W(«) with ||x|| large enough. [

Remark. The difficulty with extending the overlapping quadrant argument of Section

to show existence of moments for a > 7/2 is that the constant C' in Lemma [4.1] depends
upon X, and so some control is required over the location of = on its exit from each quadrant
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;. Such an argument should be possible using similar techniques to those employed here;
for reasons of space we do not pursue this here.

To prove Theorem 23] we use a similar argument to the non-existence part of Theorem
22 In particular, we refine the lower bound in (£3H) that depends explicitly upon the
constant ¢ in (2.3)). For this (in Lemma below), we replace the first-order Taylor
expansion used in the proof of Lemma [4.7] with a second-order expansion.

Lemma 4.10 Suppose that (A1) and (A2) hold, and that o € (0,7/2). Suppose that (2.3)
holds for some ¢ > 0. Then there exist ¢,C € (0,00), not depending on d, such that for all
x € W(a) with ||x]| sufficiently large

Elg(&i) — 9(&) | & =x] > [[x]| 7} (ec = O).

Proof. Write &/, =& = (07(&),05(&;)) in Cartesian components. Given & = x, (4.8) holds
with n; = ng, so (2.3) implies that E[0}(x)] > (noc + o(1))||x]|~! and E[f;(x)] = o(||x||7").

Conditional on & = x, Taylor’s theorem gives
* * * 1 * *
9(&n) = 9(&) =D 0 (x) Dig(x) + 3 > 0;(x)0;(x) Dyyg(2)
i i.j

for some z € R?. Then taking expectations and using (£25]), (£28)), and (A2), we have

S Moc o(1) C

Elg(&1) —9(&) 1 & =x] > x| Dig(x) — m

Then (A.27) completes the proof. [

Proof of Theorem 2.3 Again we apply LemmaB2to Y; = g(&), analogously to the proof
of the non-existence part of Theorem Repeating the argument for Lemma 1.8 (B2

and (3.3)) hold as before, but now using Lemma [1.10 we have that ([B.I]) holds for py = 1/2,
taking ¢ sufficiently large. [

5 Subcritical case: proof of Theorem 2.4

5.1 Overview

In this section we prove Theorem 2.4l The proofs of parts (i) and (ii) of Theorem [2.4] use
the Lyapunov functions f,, defined at (3.5 but are otherwise independent.

The functions f,, are well-suited to the subcritical case, allowing us to obtain the explicit
exponents in Theorem 2.4l The technique in Section .5 used to prove the existence of
moments in Theorem 2.2 does not give sharp exponents, since v in Lemma 1] depends on
the § in Lemma [4.3] which depends upon the ¢ in Lemma [£.4] and these results assume very
general conditions on =. In addition, the method in Section works only for a < 7/2.
Similarly, the method used in Section to prove the non-existence of moments in Theorem
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is not sharp enough to produce the correct exponents that we require for Theorem [2.4]
and again needs a < /2.

The outline of this section is as follows. In Section we give the technical preliminaries
for the proof of Theorem 2.4](i) which we present in Section The more difficult problem
of non-existence of moments needs considerably more work. Preliminary calculations are in
Section 5.4l We are not able to use the general result Lemma in this case, so we use a
more elementary approach based on giving a lower bound for the probability that the walk
takes a certain time to leave a wedge. This key estimate is given in Section 5.5 Finally, the
proof of Theorem 2.4((ii) is completed in Section [5.6l

5.2 Existence of moments

For a given o € (0,7, we fix w € (0,7/(2a)). Then W(a) lies inside the larger wedge
W(r/(2w)). Define the modified random walk = = (&);ez+ by & = & 1<, S0 that = is
identical to = on W(«) but from x ¢ W(«) jumps directly to 0 and remains there; then
ét =0fort>71,+1. ForteZ", set X, := fw(ét)l/w. For B € (0,00), define

Top :=min{t € Z* : X; < B}.
The next result will be the basis for our results in this section.

Lemma 5.1 Suppose that (A1) and (A2) hold. Fiz o € (0,7] and w € (0,7/(2)). Suppose
that there exist pg > 0, Ao, C' € (0,00) such that for all x € W(a) with ||x|| > Ay,

E[fu(€s1) = ful€)™" | & = x] < =C f,, (x) 0=/, (5.1)
Then for any p € [0,po) and any x € W(«), E[7? | & = x| < 0.
Proof. fmﬂ = 0so X, 41 = 0; hence, for any B > 0, 7,5 < 7, + 1 a.s.. Hence
{Tap > 1} S{7a > 1,6 € W()} U{7a =1, € W(r/(2w)) \ W(a)}, (5.2)

for all B sufficiently large, using (A2) and the fact that by definition {7, > t} C
{l&l > B}. We consider the two events in the disjoint union in (B.2) in turn. Let

Fi = 0(&0,&1,---,&). On {7o > 1} we have §& = & and {1 = &1 So by (B.I) there
exists C" € (0,00) such that, on {1, > t},

E[X7 - X7 | F] < -C' X772 (5.3)

On {7, = t}, (X"} — X7 | Fi] = =X, so that on {7, p > t} N {7, = t}, E[X?) — X/*° |
Fi] < —B2X™7% since 7, p > t implies that X? > B2
Thus, for some C’ € (0,00), (5.3) holds on {7, 5 > t} for any B > By, say. We apply
Lemma B with Y; = X, to obtain, for any p € [0,pg), B > By, and x € W(«),
E[7) 5 | {0 =x] < oo. (5.4)

It remains to deduce the corresponding result for 7,.
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On {Ta 2 t}> gt = gt and so by (m)’ on {Ta Z t}a
&1 = X, > el/)&]. (5.5)

Recall that 7, g < 7, + 1. On {7o.5 < 7o}, 165, 51 < EgﬂwX%a’B < carl”B by (B3). On the
other hand, on {7, 5 = 7, + 1}, clearly 7, < 7, . Recalling the definition of 7, 4 from (3.4)),
it follows that for all A > Bg(;,lu{w, a.s., Ta, A < Ta,5. Then with (5.4) we obtain that for all
x € W(a) and all A sufficiently large E[7] , | {o = x| < oo,

Condition (A1) then extends the result to 7, by standard ‘irreducibility’ arguments.
Indeed, (A1) implies that for random variables Ky, K1, Ks, ... with P[K; > t] < e~ for
some ¢ > 0, 7, < ZZ.K:OI(Ti + K;), where 7, 7o, ... are copies of 7, 4; here K, represents the
number of visits to B4(0) before leaving the wedge, and K, K», ... are the durations of the
successive visits. By (A2), on each exit from B4(0) into W(«a), Z is restricted to a finite
number of states, and so E[7”] is uniformly bounded. Hence, for any p < po,

Clogt Clogt
Plro > t] <P[Ky > Clogt] + > P[K; > Clogt] + > P[r > t/(2Clogt)]
i=1 i=1
= Ot (log t)"™),
for C' < oo large enough, by Boole’s and Markov’s inequalities. Thus E[7?] < oo for any
q < p < po. This completes the proof. [

5.3 Proof of Theorem [2.4](i)

The next result, with Lemma [5.1] will enable us to deduce Theorem [2.4](i).

Lemma 5.2 Suppose that (A2) holds. Let a € (0,7]. Suppose that for some a* € (0,00),
for x e W(a) as ||x|| — oo,

Il = o(llx[I7");  Mia(x) = o(1);  Mu(x) =0"+o(1);  Ma(x) =0"+o0(1). (5.6)
Then for any w € (0,7/(2c)) and any v € (0,1), there exist constants A,C € (0,00) for
which for all x € Wa(«),

E[fuw(§e+1)” — fu(&)” | & =x] < —wa(x)y_@/w)- (5.7)

Proof. Let w € (0,7/(2a)). For x € W(«), we have that (3.I6]) holds. Then by Lemma [3.5]
with (B.0) we have that for v € R,

ElfulGn)? — ful€)7 |6 =] = 70y~ Do [y 2221 4 o(1)), (58)

for all x € W(a), as ||x|| — oo. It follows from (5.8) and (3.16]) that for v € (0,1) and some
C € (0,00), for x € W(«) with ||x|| sufficiently large (5.7)) holds. O

Proof of Theorem [2.4)(i). Let w € (0,7/(2a)). For v € (0,1), take py = yw/2. Then
Lemma [5.2 says that for x € W(«) with [|x]| sufficiently large (5.1]) holds for v € (0, 1) and
w € (0,7/(2a)). Then Lemma 5.1l implies that for any x € W(«), E[7? | £ = x] < oo for all
p € [0,po). Since both 7 < 1 and w < 7/(2«) may be taken arbitrarily close to their upper
bounds, we may choose any p less than 7/(4a). O
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5.4 Non-existence of moments

Let o € (0, 7]. Throughout this section we will take w = 7/(2a). We will again be interested
in f,(&)7, v € R, this time in the wedge W(«). Due to difficulties with estimating the
behaviour of f,,(£;)” near the boundary of the wedge W(«) (cf Lemma [B.5]), we cannot apply
the non-existence theorems from [I] (such as Lemma above). Thus we need a different
approach.

A key step in this section is a good-probability lower-bound on the time taken to leave a
wedge; this is Lemma below. A similar approach is used in [2], where Lemma 6.2 deals
with a special case of a random walk in a quarter-plane. In any case, to show non-existence
of moments something like Lemma is required; analogous lemmas are needed for the
general results of [11[14].

We use the Lyapunov function f,, where f,,(x) := fuw(%X)Lixew(a) for x € R The first
task of this section is to estimate the mean increment of fw(ft)“’ for v > 1. We recall that
for w = 7/(2c), Lemma applies for f,, only in a wedge smaller than W(«). The next
result will allow us to overcome this obstacle. For K > 0 we use the notation

WE(a) = {xeW(a): fu(x) > K 'x|“"}. (5.9)

Lemma 5.3 Let o € (0,7] and w = w/(2c). Suppose that (A2) holds, and that for some
€ (0,00), forx € W(a), as ||x|| — oo,

lux)]| =o(1); Mpa(x)=0(1); Mpu(x)>v+o0(1); Maxp(x)>v+o(l). (5.10)

Then there exist A, K € (0,00) such that E[fw(ftH) — fw(gt) | & = x| > 0 for all x €
Wa(a) \ WE(a).

Proof. For K > 0, take x € W(a) \ W¥(a). By (B9), fu(x) < K~'r*~! and hence
cos(wyp) < K~'r~!. Thus x is close to the boundary OW(«). In order to estimate the
expected change in f, on a jump of = started from x, we introduce the notation U(x) :=

{y e W(a) : fuly) > fu(x)}. We use the shorthand A= fw(§t+1) — fw(ft).

A

Since fu(&41) > 0, we have E[Al{gmw(x)} | & =x] > —fo(x) > —K 1“1 so
E[A | gt = X] Z E[A1{§t+1€U(x)} | gt = X] - K_lrw_l' (5'11)

For a random variable X with P[|X| < m] = 1, P[m|X| > X?] = 1 and so E|X| > m~'E[X?].
Moreover, E[X1y>n] = (E[X] 4+ E|X]|)/2. So we conclude that

E[X1(xs0)] > (E[X] +m'E[X?])/2. (5.12)

Now write A = fi,(&41) — fw(&). Then {A > 0,& = x} = {41 € U(x),& = x}. Hence
applying the elementary inequality (.12]) with X = A and using the bound (BT gives, for
some C' € (0,00) and all x € W(a),

E[A1{§t+1€U(X)} ‘ & = X]
E[fuw(&1) = fu(&) [ & =]+ C(1 + ||X||)1_wE[(fw(ft+1) - fw(ft))2 | & = x].

>

N | —
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By (5I0), we obtain from (312) and (BI3]) that there exists C' > 0, not depending on K,
such that, for all x € W(«) with ||x|| large enough,

E[A1{€t+1EU(x)} | gt = X] > CHXHw_l' (513)
It follows from Lemma that we can replace A by A in (5.13). Then the claimed result
follows from (B.11]) with (5.13), by taking K large enough. [J

Here then is our result on the mean increment of f,,(&)" for v > 1.

Lemma 5.4 Suppose that (A2) holds. Suppose that for some o® € (0,00), as ||x]| — oo,
(2:4) holds. Let o € (0,7]. Then for w =7n/(2ca) and any v > 1, there exists A € (0,00) for
which, for all x € Wy(a),

IE[ﬁﬂ(flwrl)V - fw(ft)7 [ & =x] > 0. (5.14)

Proof. It suffices to take v € (1,2]. Under the conditions of the lemma, Lemma [5.3 implies
that for some K the desired result holds for x € Wy (a) \ W*(a). So it remains to consider
x € Wala) N WE(a). Writing A = f,,(&11) — fu(&), we have that for & = x,

A Y
1 - — 1. 5.15
( fw(X)) ] o49)

To obtain a lower bound, we make use of the fact that for any v € (1,2] and L € (0, c0),

fulén) = ful(&)” = (fu(x) + ) = fu(x)" = fu(x)?

1
14z >14+~vyz+ 5(1 + L) 2y (y — 1)2? (5.16)

for x € [-1, L]. To apply (6.16)) in (5.15]) with « = A/fw(x) we need —f,(x) < A < Lf,(x).
The first inequality here is automatically satisfied since f,(&+1) > 0 a.s.. For the second
inequality, we have for x € WX (a) from (3.II) and (59) that on {§ = x},

IAI < Cllx[["" < CK fu(x) = CK fu(x).

So taking L = CK we can indeed apply (5.16)) in (515]) to obtain, for some A,C € (0, 00),
for any x € Wa(a) N WX(«), conditional on & = x,

ful&1)” = ful€&)? = v fu(x) A + O f, (x)72A%

The right-hand side of the last display is increasing in A, and so by Lemma we can
replace A by A and then take expectations to obtain

E[fw(gﬁly - fw(gt)ﬁ/ | & =x] > ”wa(xy_lE[fw(ft—l-l) — fuw(&) | & = x]
+ C LX) (fu(&11) — ful&))? | & = x],

for some C' > 0 and any x € W4(a) N WX (a). Now from Lemma [3.3 and the conditions on
pu(x) and M(x) it follows that, for some C > 0, as ||x|| — oo,

E[fu(&41)" — ful&) | & = %] > fu(x)7 [Cfo(x) 71?72+ 0(r72)]
for any x € Wx(a) N WX (a). Then the result follows since f,,(x)~! > r~%. O
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5.5 Key estimate

Now we state our key lemma for this section. As mentioned above, the idea is analogous to
that used (in a simpler setting) for Lemma 6.2 in [2].

Lemma 5.5 Suppose that (A1) and (A2) hold, and that for some o* € (0,00), (2.4) holds.
Let a € (0,7] and w = w/(2c). There exist A € (0,00) and 1,69 > 0 such that for all
x € W(a) with ||x|| > A,

Pl7a,a > e1][x|| | & = x] > 2 cos(wy).
Our proof makes repeated use of the processes (Y;(x))ez+ defined for x € Z? by
Yi(x) = [1& — x]|. (5.17)

First note that the triangle inequality implies that |V 1(x) =Y (x)| < ||&a1 =& < b, a.s., by
(A2). The next lemma gives more information about the increments of Y;(x). For notational
ease, for x € Z? and C € (1, 00) write

S(x;C)i={y e Z?: x| < llyl < Clxl}; U(x;C) = {y € Z*: [ly — xI| = C[|x[}.

Lemma 5.6 Suppose that (A1) and (A2) hold, and that for some o2 € (0,00), ([2-4) holds.
Then for any x € Z* and any C € (1,00), as ||x]| — oo,

sup B[V (%)? = Yi(x)* | & = y] — 20%| = o(1), (5.18)
yES(x;,0)
p BV () - i) | &= y] - 0%y x| = ollx| ), (5.19)
yEeS(x;C)NU (x;C)
sp[EI(Via(x) — i(x)? | & = y] — 02| = o(1). (5.20)

YES(x;0)NU (x;C)
Proof. Conditional on & =y € Z? we have that
LYen(x) [ &=y) = L((ly = x[I” + [0)]* +2(y — x) - 0(3))"/?). (5.21)
Then (5.21)) with (2.4) yields
E[Yi1(x)* = Yi(x)* | & = y] = E[|0(y)|I"] + 2E[(y — x) - 0(y)]
= 20" +o(1) + o(lly —x[l[lylI™") = 20° + o(1),
for all y with C7!||x|| < |ly|| < C||x||. This proves (5.I8). Similarly, by (E.21]),

Mwwwnw—x»mw)m_q.

(5.22)
ly — x||?

ElYin ()~ ¥i00) | & =) = Vi | (14
Taylor’s theorem applied to the term in square brackets on the right of (5.22]) yields

10> +2(y —x) - 0(y)  14((y —x) - 0(y))?

1
- + O(||x]| 73,
2 Iy - P 5 Ty =xI (Il
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using (A2), provided that C7|x|| < |ly — x| and C7|x|| < ||y|| < C||x]||. Taking expecta-
tions of this last expression and using (2.4]), we obtain

1 _ 1 _
Ll —xlI72(20° + (1)) — L ly — x| 2(® + o(1)).
which with (5.22]) gives (5.19). Finally observe that given & =y,

(Vs (%) = Yi(x))* = (Vs (%) = Yi(x)?) — 2]ly — ]| (Vi1 (%) — Ya(x).

So from (5.19) and (5.I8) we obtain (5.20). This completes the proof. [

Proof of Lemma Suppose that £, = x € W(a). Fix o/ € (0, «), which we will take
close to a.. First suppose that x € W(a/), so that the walk does not start too close to the
boundary of the wedge W(«). Note that the shortest distance from x € W(«) to the wedge
boundary OW(«) is at least ||x||sin(a — |¢]), and that for all x € W(d/), ¢ € (—a’, /) so
this distance is at least g¢||x||, where g¢ := sin(a — /) > 0.

Suppose that y € B, jx|/2(x) C W(a). Note that for y € B, x| /2(x) we have

ly —xI < (eo/2)x], NIyl < (1 +(e0/2)lIx[l, and |y} = (1 = (eo/2)[x[|.  (5.23)
It then follows from (5.I8) and (5:23) that for y € B.jjx|/2(x),
E[Yi1(x)? = Yi(x)* | & = y] =207 + o(1), (5.24)

as ||x|| = oco. For the rest of this proof, let kK = min{t € Z* : || — x| > eol|x]||/2}, the first
exit time of = from B.x|/2(x). It follows from (524 that for all x € W(«') with ||x|| large
enough, Y;A.(x)? is a nonnegative submartingale with respect to the natural filtration for =,
and there exists C' € (0, 00) such that for all x € W(a/) with ||x|| sufficiently large and for
allt € ZT, E[Yine(x)? | & = x] < Ct Ak < Ctt.

Then Doob’s submartingale inequality implies that there exists C' € (0, 00) such that for
any x € W(«') with ||x|| sufficiently large, any ¢ € Z*, and any = > 0,

2
P [mazYs,\,{(x) >

0<s

60 = X:| < Ct/!)ﬁ'

So in time ¢t = z/(2C), there is probability at least 1/2 that maxo<,<; Yire(X) < /2. Noting
that Y, (x) > eol/x||/2 a.s., and taking = = 2||x||*/9, we conclude that

P[ e~ x| < eolxl/3 \ & = x} > 172

0<s<ed|lx|[2/(18C

The event in the last displayed probability implies that = remains in B, x|/2(x) C W(a)
till time &3||x]|?/(18C). So, for any x € W(«') with ||x|| sufficiently large,

5(2) 2
P |7aa > —=|Ixl

o = x} > 1/2. (5.25)
This yields the statement in the lemma for x € W(«/), for any o’ € (0, ).
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7 ||| cos(a — ) tan(a — o)

Figure 2: The geometrical construction of ¢(x) and D;(x).

Now we need to deal with the case x € W(a) \ W(a'). We take o’ < «a but close to a,
so that g = sin(a — o) is small. Suppose that x € W(a) \ W(<’), and, without loss of
generality, that ¢ > 0; then ¢ € [/, ). Set

1 if > m/2
R:= R(a;x) := 1 o= ;
1A [(tan ) (cos(a — ¢))] if a € (0,7/2)
and then define ¢(x) := e, (a)||x|| cos(a — ¢) — R(a; x)e (a)|x]|.
When R < 1, this means that c¢(x) = e;||x]|| cos(ar — ¢) sec a lies on the principal axis of
the wedge. See Figure [2] for a typical picture for R = 1. Note that

lea) | = Il (B* + cos”(@ = ) **, (5.26)
and also x — ¢(x) = (R — sin(a — ¢))|x|le.(a), so that
[x = c(x)]| = (R —sin(a — ¢))[[x]| = &[], (5.27)

for some €1 > 0 and all x € W(a) \ W(<') provided that o is close enough to «. Also from
(5:26) we have that for some 5 > 0 and all x € W(a) \ W(d'),

eallx[| < fle(x)ll < vV2IIx]]. (5.28)

Consider the concentric disks D;(x) := Bgjx|/2(c(x)) and Dy(x) := Bpjx| (c(x)).
If R =1, the shortest distance of ¢(x) from the ray from O in the e,(o’) direction is

|x]| cos(av — &) — ||x]| sin(a — &') cos(a — @) > (1 — &o)||x]| cos(a — a),
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for all x € W(a) \ W(). If R < 1, the corresponding distance is ||x|| cos(a — ) sec asin .
In either case, choosing o’ close enough to «, it follows that D;(x) C W(d/) for all x €
W(a) \ W('). Moreover, for £y small enough, for any y € Ds(x), by (5.20),

Iyl > lleGo)ll = Rllxl| > ((B* +1 = £5)"/* = R) [Ix]| > eollx]|. (5.29)

We now aim to show that there exists ¢ > 0 such that for all x € W(a) \ W(a/) with
||x|| sufficiently large,

p(x) := P [E visits D;(x) before R* \ Dy(x) | & = x| > € cos(wep). (5.30)

From the geometrical argument leading up to (5.29)), and the jumps bound (A2), it follows
that if the event in (5.30) occurs, = visits a region of W(a') at distance at least o||x|| from
0 before leaving W(«). Hence given (5.30), (5.25)) yields the statement in the lemma in this
case also.

Thus it remains to prove (5.30). With the notation defined at (5.17), we now consider
Yi(e(x)) = ||& — ¢(x)]| for & in the annulus Ds(x) \ D;(x). For any y € Dy(x) \ Di(x) we
have R||x||/2 < ||y — ¢(x)|| < RJx||, so that ||y|| < ||x]| + ||e(x)||. This together with (5.28)
and (£.29) implies that for o/ close enough to « there exist C1, Cy € (0, 00) such that for any
x € W(a) \ W() and any y € Dy(x) \ D;(x),

Cillx[l = llyll = Callx]l, and [ly — e(x)[| = Cafx]]. (5.31)

Hence by (£31) and (5.:28)), the estimates (5.19) and (5.20)) are valid for Y;(c(x)) and y €
Dsy(x) \ Di(x), as ||x|]| — oo. Thus we have that there exists § > 0 such that for x €

W(a) \ W(a/) with [|x]|| large enough and all y € Dy(x) \ D;(x),

E[Yi1(c(x)) = Yi(e(x) [ & = y] = O(|Ix]| ™), (5.32)
E[(Yi1(c(x)) = Yi(e(x)))* | & = y] > 6 > 0. (5.33)

For C' € (0,00) consider now the process (Z;);cz+ defined for t € Z* by

7, = exp {C (R(a; x) — Yt(c(x») } :

]l

then by (5.27), Zy = exp{C'sin(a — ¢)}. Then we have for t € ZT and y € Z?,

ElZi1—Z | & =]
— e fo (r- B b n o L Euatetn - viteton } -1 \ a-y)

Il

Since there exist positive constants C;,Cy such that e™® — 1 > —z + C,2? for all x with
|x| < Cy, using the fact that Y;(c(x)) has uniformly bounded increments we obtain that for
any x € W(a) \ W(c/) and any y € Ds(x) \ D (x),

B exp {7 0alet) - Vet } 1| & =]
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C C

E | —(Yiri(e(x)) = Yi(e(x))) + Cri—p (Vi (e(x)) — Yi(e(x))) ‘ & = Y] -

— i Il

So by (5.32)), (5:33)) we may take C large enough such that for §, = x € W(a) \ W(d/),
ElZi = Z | & =y] 20, (5.34)

for all y € Dyo(x) \ D;(x) with ||x|| large enough, and all ¢t € Z™.

Now to estimate p(x) as in (5.30), we make the sets D;(x) and R?\ Dy(x) absorbing.
Then (using (A2)) Z; is bounded for this modified random walk, and (using (Al)) = leaves
Dy(x) \ D1(x) in almost surely finite time. Thus as ¢t — oo, Z; converges almost surely and
in L' to some limit Z., and

ElZs | €0 = x] < p(x) exp{CR/2} + (1 — p(x)),

while by (5.34) we also have that E[Z | { = x| > E[Zy] = exp{C'sin(a — ¢)}. Hence there
exists C' € (0, 00) such that for all x € W(a) \ W(a') with ||x|| large enough

exp{C'sin(a — ¢)} — 1 C .
S (1 1) R B e G

Now for x € W(a) \ W(«) we have that & — ¢ < o — o/, where aw — o/ is small. Since, for
a >0, 8292 4 ag 2 — 0, it follows that there exists some & > 0 such that

? sin(x)

W]_ Sil’l(O& — QO) Z 5/ Sin(w(a — (p)) = g/ COS(w(p).
e _

This proves (B.30), and so the proof of the lemma is complete. [

5.6 Proof of Theorem [2.4](ii)
Now we are ready to complete the proof of Theorem [2.4](ii).

Proof of Theorem 2.4((ii). Let o € (0,7] and w = 7/(2a). We first show that for A
sufficiently large, any € > 0, and any x € Wa(), E[r{/?7 | & = x] = co. We proceed in
a similar way to the proof of Theorem 6.1 in [2].

Let A € (0,00), to be fixed later. For the duration of this proof, to ease notation, set
T = Tya,a. Let x € Wy(a) be such that f,(x) > A*. Suppose, for the purpose of deriving
a contradiction, that for some ¢ > 0, E[t/2%= | & = x] < co. Let Z' = (&]);ez+ be an
independent copy of =, and let 7" be the corresponding independent copy of 7. Then for any

t € N, by conditioning on & and using the Markov property at time 7,
E[r/2 | & =x] 2 E[E [(t+ )27 § = 6] 1an | & =x] .
Hence by Lemma [5.5] for A large enough,

E[r/2% | & = x] > eE[(t + 1]|&|*) /27 cos(wp (€)1 rsgy | &0 = X]
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E [(fw(&/w»l-‘r@/w)a | 50 = x| — Aw-l—2a7

for some C' € (0,1), any ¢ € N, using the fact that f,(&,) < A” as.. Thus under the
hypothesis E[r(@/2+¢ | ¢ = x] < oo, for some & > 0 the process (fu,(Enr)) ™ is uniformly
integrable. It follows (since by hypothesis 7 < oo a.s.) that as t — oo, E[(fu(&nr))te | & =

x] = E[(fu (&) | S =x]< Av(+<) However, by the submartingale property (5.14), for
A large enough, E[(fu, ()t | &0 = x| > (fu(x))1H > A¥0+) for all t € N, given our
condition on x. Thus we have the desired contradiction, and E[r(/2+¢ | ¢, = x| = oo for any
X € Wa(a) with f,(x) > A". Since 7, > 7 a.s., this implies that E[r{"/? | & = x] = o0
for any x € Wy (a) with f,,(x) > A”. Lemma 9] extends the conclusion to any x € W(«)
with ||x|| large enough. OJ
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