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THE LOCAL TIME OF A CLASS OF LEVY PROCESSES

BY
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Summary

We show that if X is a Lévy process with a regularly varying exponent
function and a local time, LY, that satisfies a mild continuity condition, then
for an appropriate function ¢,

om{s<t|X,=x} =LY Vi>20,x€R as.

Here ¢-m( E) denotes the Hausdorff ¢-measure of the set E. In particular if X
is a stable process of index a > 1, this solves a problem of Taylor and Wendel.
We also prove that under essentially the same conditions, a construction of L?
due to Kingman, in fact holds uniformly over all levels.

1. Introduction and statement of results

We study the local time and level sets of a broad class of Lévy processes, i.e.,
real-valued processes with stationary, independent increments that are continu-
ous in probability. Given such a process, we may select a version, X,, having
right-continuous paths with left limits. Such a version is strong Markov. More
precisely, by passing to the canonical space of such paths, we may assume
Q, #, #, X,, 6, P~)is a Hunt process in the sense of Blumenthal and Getoor
[5, p. 45]. Here { #,} denotes the canonical filtration for the Lévy process X,
augmented in the usual way (see [5, 1.5]). Write P and E for P° and E°,
respectively.

The characteristic measure of X, is given by

(1.1) E(e”‘Xv) = e“‘l’(’\)’

where

(12) $(A) = —iah+ a2 - [* (ew —1- 1"iyy2 w(dy),
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and p is a measure on R such that [g(1 A y*)p(dy) < oo and p{0} = 0. We
assume throughout that

(1.3) 0 is regular for {0}, and either 2 > 0 or p(R) =

or, equivalently (see [6] or [14]),

f Re( +¢(>\))d>\<oo\1s>0,

(1.4) -
and either 62> 0 or f x| A 1dp(x) =

Then for each x there is a local time, LY, that is continuous in ¢, jointly
measurable in (¢, x, w), and is normalized so that

(1.5)  [7(X)ds= [ f(x)L¥dx Vi=0and measurable f> 0 as.
0 — 00

(see Getoor and Kesten [11, Thm. 4]).

It is easy to check that if X is a stable process of index a > 1, then (1.4)
holds and a local time, L}, exists. In this setting, Taylor and Wendel [20]
showed that if ¢(h) = hP(logllog h|)' ~#, where 8 =1 — 1/a, then for some
constant ¢ > 0,

(1.6) Cem{s<tX,=0) =cL® Vi>0 as.

Here ¢-m(E) denotes the Hausdorff ¢-measure of the set E.

Fristedt and Pruitt [9] extended (1.6) to general Lévy processes (in fact, to
any strong Markov process with a local time at 0). In order to describe their
results in our setting we need some notation. Let

r*(¢) = inf{s|L} > t}
and write 7 for 7° The strong Markov property of X shows that 7 is a

subordinator (Blumental and Getoor [5, V, Thm. 3.21]) and therefore has
Laplace transform

(1.7) E(e™5"®) = ™18,

where

(1.8) g(s) = bs + jo°°(1 — e~ )w(dr).
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v is the Lévy measure ofr and satisfies
[e¢]

(1.9) j r A lv(dr) < o0, »{0}=0.
0

As [PI(X, = 0) ds = 0 a.s. (by (1.3)), b must be zero and the continuity of L°
implies »(0, o) = 0. (Throughout this work I(A) denotes the indicator
function of the set A4.) Using (1.8) and (4.9) of Getoor and Kesten [11], one
can obtain g from ¢ as follows:

-1

(1.10) g(s) = 277[ f:oRe-s—JriT}‘) X

(1.7) shows that g(s) is strictly increasing to oo as s oo and so g has a
well-defined inverse, . For ¢ small enough,

log|log ¢| -1
11 = el te L =

is increasing, and approaches zero as ¢ |0 (see (9) in Fristedt and Pruitt [9]).
Let

(1.12) f=hn

i.e., f is the continuous increasing inverse of 4 (f(0) = 0). As we will only be
interested in the asymptotic behavior of f(¢) as ¢ |0, the fact that f(¢) is only
defined for small enough ¢ will not concern us. Fristedt and Pruitt [9, Theorem
3] showed that there is a constant ¢ > 0 such that for each x,

(1.13) fm{s<t|X,=x}=cLf, t>0 as.

Hawkes [13, Thm. 1, 2] proved 1/2 < ¢ < 1 and noted that in the a-stable
case,

c=pP1-8)"" (B=1-1/0),

thus showing that this range is best possible.
It is then natural to ask if

(1.14) fm{s<t|X,=x}=cL,1>0, x€R as.
It is not hard to see that the left side of (1.14) defines a measurable (in(z, x))

version of c¢L}, and in general this is as much as one can say. If, however, the
local time of X has a jointly continuous version L}, then (1.14) becomes an
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interesting question concerning the “continuity” of the level sets in the space
variable. This problem was posed by Taylor and Wendel [20] in the stable case
and solved by Perkins [18] if X is a Brownian motion. In the Brownian case we
have [18, Theorem 1]

(1.15) ¢om{s<t|X,=x} =LF Vt>0,x€R,

where ¢() = (2t loglog1/t)}/?. We will extend this result to a broad class of
Lévy processes, including the stable processes of index a > 1, and thus give a
complete answer to the question posed in [20]. Before stating the theorem, we
recall that sufficient conditions for the existence of a jointly continuous local
time given by Getoor and Kesten [11, Thm. 4] and improved by Barlow [1].

Notation.
1 (™ 1
80(x) =T f_oo(l - COS)\x)Re(WA—)) dA
(< o by (1.4)),
(1.16) 8(x) = lsrlsp 8(x)
(117) o(y) = foy(logu-l)‘”d(am(u)) 0<y<1).

THEOREM 1.1 (Barlow [1, Thm. 1.1)). If p is finite, then X has a jointly
continuous local time, L}. Moreover, there is a constant ¢ > 0, and for each
t>0, an g,(w) > 0 a.s. such that

12
(1.18) sup|L? — Lb < c(supLj‘) p(|b —a|) forall |b— a| <e(w).
X

s<t

Notation. 1If B €[0,1], let c(B8) = BAQ — B)! 7B, where 0° = 1.
Recall that ¢: [0, o) — [0, o) varies regularly at co with exponent vy if
lim ¢(ct)/¢(t) =¥ Ve > 0.
t— o0
We are ready to state our first theorem.

THEOREM 1.2. Let X be a Lévy process with characteristic function given by
(1.1) and let g and 8 be given by (1.10) and (1.16), respectively. Assume (1.4),
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(Rp) g varies regularly at co with exponent B,
and

H) 8(x) < (logl/x)~37* for small x > 0 and some & > 0.
Then 0 < B <1/2 and X has a jointly continuous local time, LY, which we
normalize by (1.5). If f is given by (1.11), (1.12), then

fm{s<tX,=x}=c(B)L} Vi=0,x€R as.

The proof is given in Sections 4 and 5. The existence of a jointly continuous
local time is immediate from Theorem 1.1. Indeed, that result shows that if
8(x) < (log1/x)~!~¢ for small x and some ¢ > 0, then a jointly continuous
local time exists. On the other hand, there are examples of Lévy processes for
which 8(x) ~ (log(1/x))~! as x |0 (this means lim,  ,6(x)log1l/x = 1) and
no jointly continuous version of local time exists (Getoor and Kesten [11,
Section 4, e.g., (¢)], Millar and Tran [16]). Hence condition (H) is slightly
stronger than that needed to ensure the joint continuity of local time. Nonethe-
less in [3] (where a preliminary version of Theorem 1.2 is stated without proof)
we conjectured that if X is a Lévy process with a jointly continuous local time,
then for some ¢ > 0,

(1.19) fm{s<t|X,=x}=cL? Vi>20,x€R as.

It is not hard to show that (Rp) is implied by the regular variation of ¢ in
the following sense:

PROPOSITION 1.3.  Assume (1.4). If

. Rey(ed) .. Y(c))
A TR Y (M) pi e (A) !

for all ¢ > 0 and some y > 0 then (R,_,,,) holds.

The proof is given in Section 3.

The proof of Theorem 1.2 uses some of the techniques employed in [18] to
prove (1.15) (many of which originated in [20]). The arguments in [18],
however, were simplified by the continuity of Brownian sample paths and the
use of the Ray-Knight theorems for Brownian local time, two results which do
not hold for a general Lévy process. We will have to rely more heavily on the
spatial continuity of local time. Moreover, the L? estimates obtained in [18,
Lemma 1] by using Burkholder’s inequalities will no longer be strong enough
when B = 0 in Theorem 1.2. Instead, the following exponential inequalities,
taken from Freedman [8, Thm. 4.1] will be used extensively.
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Notation. 1f {(M,, #,)|n = 0,1,...} is a sub- or supermartingale, let

n

(M), = kZ‘,lE((Mk - Mk—1)2|yk—l)

(M) = (M),

THEOREM 1.4 (Freedman). Suppose that {((M,, #,)|n =0,1,...} is a su-

permartingale with My=0 and M, — M,_, <c, Vn =1 as. Then for any
g 02> 0,

— 2
P(supM, = ¢, (M) < o2 e |
sunp 28 (M)<o Sexp{2(02+ec)

Our second result (a preliminary version was also stated without proof in [3])
extends a construction of L? due to Kingman [15], to a global construction of
LY for all x € R.

Notation. a(t, x,&) = {s € RAu < tsuchthat |u — s|<e/2and X, = x}.
m denotes Lebesgue measure.
Write p(x) < g(x) as x |0 if lim,  ,p(x)/q(x) = 0.

THEOREM 1.5. Let X be a Lévy process whose characteristic function is given
by (1.1) and satisfies (1.4). Assume g and & (given by (1.10) and (1.16)) satisfy
(Rg) and

(1.20) 8(x) < (logl/x)~% asx |0,

respectively. Then 0 < B < 1/2, X has a jointly continuous local time L} which
we normalize by (1.5), and

) Q2 - B)m(a(t, x, €))
o rer eg(1/e)

t<T

—L|=0 VT >0 as.

The proof is given in Sections 6 and 7. The result is known for x fixed when
X is a standard Markov process having a local time at x (see Kingman [15] or
Fristedt and Taylor [10, Corollary 7.2]). In the case where X is a Brownian
motion, the theorem is proved in Perkins [17, Thm. 4.11]. Again the continuity
of Brownian paths, simplifies the arguments.

Although many of the techniques used in the proofs of Theorems 1.2 and 1.5
are similar (e.g., Theorem 1.4), each has its own source of complications. The
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fundamental problem encountered in Theorem 1.2 (especially in the “upper
bound” argument in Section 5) is that the optimal coverings of the level sets,
which give the Hausdorff measure, involve random times that are not stopping
times. In the proof of Theorem 1.5 we deal only with stopping times. On the
other hand, a deterministic result that gives a lower bound for the Hausdorff
measure of a set (Taylor and Wendel [20, Lemma 4]) simplifies the “lower
bound” portion of the proof of Theorem 1.2. This part of the proof (Section 4)
is even simpler than that given in [18] for the Brownian case. It is the absence
of such a result that makes the “lower bound” portion of the proof of Theorem
1.5 (in Section 6) more difficult.

Hence our main results show that two particular constructions for LY,
known to be valid for each x a.s., in fact hold uniformly in x a.s. It is
important to point out that this is not always true even in the case of Brownian
motion. In [3] (see also [2]), it is shown that for any Lévy process with a jointly
continuous local time, L}, there are constructions of Ly that are valid for each
x a.s. but fail a.s. at some x(w), in fact for an uncountable dense set of levels.

Here is an outline of the paper. In Section 2 we gather together some
preliminary results concerning subordinators in general. In particular if the
subordinator has a regularly varying exponent function, then exact constants
are found in the limsup behaviour at 0 of the first passage time process
(Theorem 2.9). In Section 3 we return to the setting described above and
present some preliminary lemmas. Theorems 1.2 and 1.5 are proved in Sections
4,5 and 6, 7, respectively. Finally, in Section 8 we consider some examples of
Lévy processes to which Theorems 1.2 and 1.5 apply. These include Lévy
processes with a Brownian component (i.e., 62 > 0 in (1.2)), stable processes of
index a > 1, and some “critical” processes which are close to Cauchy and
illustrate the gap between our hypotheses and those needed to ensure the
existence of a jointly continuous local time.

We use ¢ to denote several positive constants whose exact values are
unimportant. Hence the value of ¢ may change from line to line. The
complement of a set A4 is denoted by A4°.

2. Some preliminaries about subordinators

In this section our point of view is more general than that in the introduc-
tion, as 7(¢) is assumed only to be a driftless subordinator with an infinite
Lévy measure, v, and not necessarily the inverse local time of a Lévy process.
g(u) is still given by (1.7) and (1.8) (with b = 0), f is still defined by (1.11) and
(1.12) and the first passage time to a is denoted by

P(a) = inf{z|7(¢) > a}.

The following simple, but fundamental, lemma is taken from Fristedt and
Pruitt [9, Lemma 1].
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LEMMA 2.1. For any w > 0,

e—-tg(w) — e va

(2-1) T e v < P(’T(t) < a) < e 8WHwa
(2.2) P(r(1) = a) < 7500 i

LemMa 2.2. (a) 4(g(1/a))~! < E(P(a)) < E(PQ2a)) < e’g(1/a)™ .
() Ify = (2g(1/a))7", then

E(P(a/2) Ay) = (1-3e"2)g(1/a)™"

(c) E(PQa)?) <2e%’g(1/a)"2

Proof. (a) and (b) are slight modifications of [9, Lemma 6].
©

E(P(2a)") fo 20P(7(v) < 2a) dv
S/(; 20e™8W/D*2 4y (by (2.1))

=2e%(1/a) 2. o

Although Lemma 2.1 will suffice for most purposes in order to find the exact
constant ¢ (= ¢(B)) in Theorem 1.2 we must refine the lower bound in (2.1).

LEMMA 2.3. Forany e € [0,1], x > u>w > 0,

P(r(t) < a) = e*@=9[e~180)(1 — ¢79)
—g(u)(g(u) — g(w)) ‘exp{—a(u—w) — 1g(w)}
—u(x — u) exp{ —1g(x) + a(1 — &)(x — u)}]

Proof. Let

9 = Soto('r(u)|u <s).
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Use the strong Markov property at the { ¥, }-stopping time P(a) to get
E(e " I(7(t) = a))
= E(I(P(a) < ,)e—mma»E(e—uu(r)—r(ma)»lgp(a))
< e “E(I(P(a) < t)e (~P@sw)

- e‘““"g(“)[ [P (s < P(a)) dsg(u) + 1]
< e“""”g(“)[[)'exp{sg(u) —sg(w) + wa} dsg(u) + l]

for any w € [0, u) by (2.1). Evaluating this integral, we find

(2.3) E(emOI(r(1) 2 a)) < e™ ™7 5Wg(u)(g(u) ~ g(w)) ™
+e 418wy e (0, u).

On the other hand for each ¢ € [0, 1], one has
24)  E(e*OI(x(1) < a)) = E(fwe"“sl('r(t) <sAa) dsu)
0
< fa(l_e)e"“sP('r(t) <s)dsu
0

+e *d-9p(7(1) < a).

Use (2.1) again to show that for any x > u, the first term in (2.4) is bounded
by
fa(l_e)e"g(")e‘("‘“) dsu < exp{ —1g(x) + a(1 — e)(x — u)}u(x — u)~".
0

Substitute this into (2.4) and then add the resulting inequality to (2.3) to obtain
(forx>u>w>0)
e” "8 < exp{—a(u —w) — 1g(w)} g(u)(g(u) — g(w))
+exp{ —ua — 1g(u)}
+exp{ —1g(x) + a(l — e)(x — u)}u(x —u) ™"
+exp{ —ua(l — &)} P(7(¢) < a).

The result follows. n
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We now consider the hypothesis (Rg). An easy computation using (1.8)
(with b = 0) and (1.9) shows that lim__, _g(s)/s = 0. As g(s) increases to o
as s1oo, it follows that if (Rg) holds, then B €[0,1] (see Lemma 2.4(a)
below).

We recall some classical results on regular variation (due to Karamata) from
Feller [7).

LemMA 2.4. (a) [7, p- 282] Suppose ¢: [0, 0) = [0, o) varies regularly at
oo with exponent vy. There are functions a(s), e(s) such that a(s) = ¢ >0,
e(s) > 0 ass - oo and

#(s) = a(s)sexp| [(e(») /vy ).

(b) [7, p. 279] Suppose ¢: [0, €) — [0, 0) is regularly varying at 0 with
exponent y > —1. Then

[Po(s)ds ~ 89(8)(v + 1) as 8 L0,
0

(©) [7, p. 446] If ¢(s) = 0 is monotone and w(\) = [Pe~ ¢ (s) ds varies
regularly at oo with exponent —y < 0, then ¢(s) ~ s w(1/)['(y)™! as s 0.
|

In (c) we have used Theorem 4 in [7, p. 446] with A — o0 and x — 0 instead
of A = 0 and x — oo (see [7, Thm. 3, p. 445]).

We state some simple consequences of (Rp) for future reference. We assume
(R,) throughout the rest of this section.

LEMMA 2.5. (a) If B <1, then lim, ,v(e, 00)g(1/e)"'TQ1 — B) = 1.

(b) fvaries regularly at 0 with exponent B.

© lim, oE(P(a)g(l/a)[(B+ 1) = 1.

Proof. (a) This is an easy consequence of Lemma 2.4(c) and an integra-

tion by parts.
(b) This is a routine computation.

(©)
E(fooe"“' dP (a)) = E(/we‘)"(“) du) = fwe‘“g(") du=g(\)™" (A>0).
0 0 0
Integrate by parts on the left to see that
fooe"‘“ dP (a) = lim e *"P(N) + }\fNP(a)e""“ da
0 N—-oo 0

o0
= }\fo P(a)e **da
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(as the latter integral must converge, lim, _, . inf e *¥P(N) = 0). It follows
that

[TE(P(a))e™ da = (Ag(A) "
0
Lemma 2.4(c) now gives (c). |

LEMMA 2.6. For any € > O there is a uy > 0 such that if u € (0, u,) then

P(P(u) > (1 +e)c(B) 7' f(u)) < [log f(u)|71~*/2,

Proof. Fix & > 0. Apply (2.1) with
w = w(u) = su'log|log f(u)|

(s is a positive constant whose exact value will be chosen later) to get

(2.5  P(P(u)> (1 +e)e(B) f(u))
<exp{—(1+e)c(B) ' f(u)
x g(su~log|log f(u)|) + s logllogf(u)|}.

The definition of f implies (see (16) of [9])

(2.6) g(ulog|log f(u)|) = log|log f(u)|f(u) "

As f(u)|0, as u | 0, w(u) must increase to oo as u | 0. The regular variation of
g at co and (2.5) imply that for some u, > 0 and all u € (0, u),

P(P(u) > (1+e)e(B) ' f(u))
< exp{ — (1 + 3e/4)c(B) 'sf(u) g(utlogllog f(u)1)
+s 10g|logf_¢(u)|}
= llog f(u) |~ +3/9e®™ s (by (2.6)).
The result follows by setting
/4 if8=0
s={pA-p)" if 8 € (0,1) [

(1+¢e/2)(3e/4)”" ifB=1.
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LemMA 2.7. If 6 > c(B) there are constants p,y in (0,1) and a > 1 such
that if t, = e~ %", then for large enough k,

P(7(t,) < ph(6t,)) = k.
Proof. Let r, denote the above probability. If 8 = 0 or 1, the result is easily
obtained from (2.1) (see the derivation of (6) in Hawkes [13]). Now assume

1> B8>0. Choose a > 1, & p €(0,1), and 8 > c(B). Let ¢, = e™*°, and,
recalling that 7 is the inverse function to g, set

fi = log|log 0t,| ~ alogk ask — oo,

a, = ph(8t,) = pfn(fi/0) ",
W, = bn(fk/Otk)’
u, = en(f,./01),
x, = dn(f./0t,),

where d > ¢ > b > 0. Lemma 2.3 and (R;) show that for any ¢ > 0 and for
large enough £,

re= e“‘”‘"’/*[exp{ —cP(1+¢)f/0}(1 — e <ele)
—(1 + &) cP(c? — bF) exp{ —pfi(c — b) — (1 - &)bPf,/0)
—e(d~¢)"exp{~(1 = €)a/0 + (1 = e)pfi(d = c)}]

> k(l—Ze)cpa[k—(1+2e’)c"a/0 _ (1 + e/)cﬂ(cﬁ _ bB)_lk—a(l—e')(p(c—b)+h”/0)
—-c(d _ C)‘1k-(1—-Ze’)adB/0+(1—e)pa(d—c)] .

Choose ¢ > 0 such that

(2.7) BBl =(1-¢/2)p8

and then choose b < ¢ < d such that

B — pB dB — cB
c—b < e, d—c

> (1 - ¢)pb.
Now we may select ¢ > 0 such that

(1 —¢)(p(c—b) +bP/8) > (1 +2¢)cP/8,
(1 -2¢)dP/0 — (1 — e)p(d —c) > (1 + 2¢)cP/0,
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and so for large enough k,
S k(1—3s)cpa—(1+23/)c'9a/0

First substitute for ¢ (use (2.7)), and then note that the exponent on k£ may be
made greater than —1 by taking ¢, ¢ small enough, and « and p close enough
to 1 (use 8 > ¢(B) here).

We are now ready to state a key lemma for the derivation of the upper
bound for the Hausdorff measure of the level sets in Theorem 1.2.

LEmMMA 2.8. If 0 > c(B), there are constants v,, A > 0 and € € (0,1) such
that

P(u) ,_ -
P 723287(—,4)«0 1 < exp{ —flog f(v)|7*},

whenever 0 <y < vy, and f(8) > f(y)exp{|log f(v)|*}.

Proof. As there are already three detailed proofs of various versions of this
result in the literature we are not going to clutter things up with a fourth. The
proof is similar to that of Lemma 3 in Hawkes [13]. The only significant
difference is that Lemma 2.7 is used to prove the appropriate version of (6) in
[13]. Although our condition on f(8) and f(y) appears weaker than that in
[13], it is obtained by making some trivial modifications to the argument given
there. |

The above result, originally due to Taylor and Wendel [20, Lemma 3] for
stable subordinators, was generalized by Fristedt and Pruitt [9, Lemma 7] for
general subordinators (although they did not attempt to find the smallest
possible value of 6), and then refined by Hawkes [13, Lemma 3] (who did). The
novelty of our version of this result is that, under (Rp), it applies for all
0 > ¢(B) and not just § > 1. Theorem 2.9 shows this is the smallest possible
value of 4.

Fristedt and Pruitt [9, Theorem 2] showed that

. P(u)

lim sup —7—-

u—>0+p f (u)
for some constant ¢ € [1,2]. If 7 is a stable subordinator of index B then it is
known that (see the proof of Theorem 2 in Hawkes [13]) the above limit is
¢(B) 1. Using Lemmas 2.5 and 2.8, one can easily extend this latter result:

= a.s.

THEOREM 2.9.  Assume (Rpg). Then

liurgzlip ;)((:)) =c(B)™" as. [
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Remark. Lemma 2.7 (and hence Lemma 2.8 and Theorem 2.9) could also
have been derived from a recent result of Jain and Pruitt [21, Theorem 5.3]
which gives precise estimates on P(7, < ¢,) as ¢ |0.

3. Some preliminaries about Lévy processes

In the rest of this paper our setting is that described in the introduction.
That is, 7*(¢) now denotes the inverse of the local time (at x), L7, of the Lévy
process X. We state the following elementary result without proof. Recall that
p is the Lévy measure of X.

LemMma 3.1.

lim ;\—2[[” e™ — 1 — ixA(1 + x2) 'n(dx)| = 0. ]

IA|—> o0 )

LeMMA 3.2. If (Ry) holds, then B € [0,1/2].

Proof. It suffices to show g(s)s”l/ 2 is bounded as s > oo (use Lemma

2.4(a)). If ¢ =4y, + iy, where ; is real-valued then ¢y, > 0 and |Y(A)| <
K(M + 1)Y/2 for all A and some K> 1, by Lemma 3.1. Therefore for s > K,

1 _ s +¢1(A)
Re(s + ‘P(*)) (s M)+ 90

Therefore (1.10) implies for s > K,

g(s) <2n (45) [f_oo (s2+ %) d?\]~1
(4K) \/— §32

< cs1/?

by a contour integration.
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To prove Proposition 1.3 we need the following:

LEMMA 3.3.  Assume Y, ¥,: R = C are continuous and satisfy
(i) Rey;=20,i=1,2,

(i) hy(s) = f—wwRe(}T%m)d)\ <o ¥s>0,i=12
If

(A1|i—r>noo¢l()\)/¢2(>\) = |A1|i_£11ch ¥1(A)/Re g, (A) =1,

then

lim A,(s)/h,(s) = 1.

Proof.

1
Re( s +¥1(A) ) s+Reyi(A) s +¥,(A)?

1 s+ Rey,(A) s+ ¢ (M)
Re(s + ‘l’z(}\))

Now for s > 0,

Re\pIEA; ) I

s + Re ¢ () Re ¢, (A Re ¢;(A) .
s+Rey,(N) |= Is/Re v,(A) + 1] ~|Rev,(N) "1‘ (by (1))
and

bt - 1| < WM U g, = 11 oy ).

The above results show that for e > 0 there is an M such that

Re(—————1 )
s+ ¢1(X)

1 — 1| <e foralls>O0and |A| > M.
Re( )

s +¢,(N)
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It is now clear that there is an s, such that

1
Re| ———~
(s +¢,(A) )
1 —1|<e forall A real and s > s,
Re( )

s+ ¢,(A)

and therefore 1 — & < h;(s)h,(s)"! <1 + ¢ for s > s,. [

Proof of Proposition 1.3. Fix ¢ > 0 and apply the above lemma with
Y1 (A) = Y(cA) and ¢,(A) = ¢Y(A) ((ii) holds by (1.4)) to get

1= tim | sy ) o o) )
= lim ¢71*7g(s) g(sc ™).

A bit of algebra completes the proof. [ ]

Notation. For t > 0 and each real interval I, let

T(¢,1)=inf{s>t|X,€ 1} (inf¢ = c0).
Write T(t, x) for T(t,{x}) and T(x) for T(0, x). Let
p(u,y) = sup P*(T(0) > u) = sup P(T(x) > u),

Ix|<y |x|<y
L¥ = supLy, =¥ =inf{¢|L} > u}.
X

LEMMA 3.4. There is a constant ¢ such that

€))
p(uy) < cs(y)gw-l)((nogm) v 1)

for all y, u > 0,
(b)

| ilnfsoE"(LB Ay)zc(l = p(u/2,8))g(/u)™

for all y > 2g(1/u))"! and u, 8, > 0.
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Proof. (a) Foreachn >0,
P(T(x) > u) < P(Ly <) + P(LYx 1y = Linsy > 1, 7(n) < u)
< (1—e™) ng(u™t) + exp{ —n/163(|x))}.

We have used (2.2), and Proposition 2.7 and Lemma 2.4 of Barlow [1]. To
minimize this last expression let

_ 1-e1
"= 168("")1°g( T6g(u~1)3(Ix]) )

The desired inequality now follows easily.
(b) If y > (2g(1/u))"! and |x| < §,, then

EX(LYAy) = PX(T(0) < u/2)E(LS,, A y)
> (1~ p(u/2,8))(1 — 3e72)g(1/u) ",
the last by Lemma 2.2 (b). [ ]

We now prove a result that will play an important role in the proof of both
Theorems 1.2 and 1.5.

Notation. For each interval I with finite end points x; < x,, and each y,
u>0,let

N(y,u,I)= Y I(ju<t(y),3te [ju,(j+u] o X,€1I).
j=0

That is, N(y, u, I) is the number of time intervals of length u before 7*(y)
during which X visits I.

LemMA 3.5. There is a positive constant ¢, such that if I is an interval with
finite end points x, < x,, and if

(3.1) PX(T(x,) <u)21/2 Vxel,
(3.2) n>36yg(u?),

then for all n € N, and x € R,

P*(N(y,u,I)>n) < e "
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Proof. By spatial homogeneity we may assume x, = 0. Define stopping
times {S;} by

S, =T(0, 1)

S;=inf{r > S,_; + 2u|X(¢t) € I}.
Let

H()’, u, I) = ZI(SIS Ty)’
i=0

so that
(3.3) N(y,u,I) <3H(y,u,I).
If

U=L§ - Ly , m(x)=E*(LY,), d,=m(Xs )~ U,

then {(d,, .%j)| J = 1} is a martingale difference sequence satisfying
(34)  E¥(d}%) < E°(L3,2) < 2¢%(1/u)"* (Lemma2.2(c))
(3.5) d; < E°(L,) < e%g(1/u)”" (Lemma 2.2(a)).
Moreover, the strong Markov property shows that for x € I,
m(x) = PX(T(0) < u)E(LY) > +g(1/u) ™"
(by Lemma 2.2(a) and (3.1)). Hence by (3.3), for n satisfying (3.2) we have
P(N(y,u,I)>n) <P(H(y,u,I)>n/3)

| .05

1<j<n/3

SP( Y 4> X m(ij)—y)

l<j<n/3 1<j<n/3

sP( Y dj>n(36g(1/u))“).

l1<j<n/3

(3.4) and (3.5) allow us to apply Theorem 1.4 and bound the above by

exp { ~n?(36g(1/u)) " }
2((n/3)2e%(1/u) "> + n(36g(1/u)) 'eg(1/u) ")
—n3672
N cxp{ de? + e2/36 }
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4. Lower Bound for the Hausdorff measure

THEOREM 4.1. Assume (Rg) and (H). Then

fm{s<t|X(s)=x} 2c(B)L} Vx€R,t>0 as.

Proof. An integration by parts shows that (H) implies that for some ¢’ > 0,

(4.1) p(u) < (logl/u)"' " = p(u) asulo.

Fix M € {5,6,...} and let e = M~’. Define a random set A(w) by

A= {tllimsup(L,":Lh - LX)f(R) ™ > (1 + 4e)c(ﬁ)‘1}.
hl0

The method of Taylor and Wendel [20] shows that the result will follow from

(4.2) [(L(s)d,L;=0 vxeR as.
0

Indeed, Lemma 4 of [20] would then imply for a.a. w and all ¢t > 0, x € R,

(1 + 4e)c(B) fm{s < t|X, = x}
>(1+ 4e)c(B)_1f-m{s <X, =x,5 €AY}
2 [1(X, = x5 €49 d,L;
=L,

Let ¢ = 0 to complete the proof.
Note we have used the fact that

[T(X,=x)d,L; = L7 VxeR, 120 as.
0

This follows easily from the joint continuity of LY.
Fix u € (1 + 3e)(1 + 4¢)7 1, 1), choose u,, |0, §, |0 such that c(B)~ f(u,)
= u" and 2p(8,) = eu”. (4.1) shows that

(4.3) 81 = exp{(8/2)_(1/1+'~")u—n/(1+e')}.
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If
4, = {12 0%(0) ALY, — LI > (1+ 4e)e(B) /().

the Borel-Cantelli Lemma shows that (4.2) would follow from
X L0
(4.4) Y j I,(s)dL*<o VxeR as.
n=1%0 !

By (1.18) and (4.1) there is an N(w) < oo a.s. such that
(45)  uy<1,and sup, _,|L7 — L?| < p(}x — y) for all |x — y| < 8y(w).

Fix x€R, let 7_;, =0 and write 7, for 7*(keu"), k = 0. Suppressing
dependence on n, inductively define

ky=min{k 2 0|7, pr41 = T < u,},
kiyy=min{k >k, + M +2m, 01— 7 <u,},

I, = ["'k,—la "'k,+M+1] N ["'k,.+M+1 — Up, Tk,-+M+1]’ izl
We claim that if M, = [Mu™"] + 1 then for n > N(w),

(4.6) A4, N X Y[x,x+8,])c U L.

ki<M,

Assume v € 4, and X, =y € [x, x + §,). Then v € [1,_;, 7,) for some k €
{0,..., M,}, and for this value of k,

L., —Ly =L, —Lj— e

>L),, - Ly—e"— sup |L¥, - LY - (LY, — L)
(4.7) v<l,|x'~y|<8,

> (1+4e)u"t —eu"—2p(8,) (by(4.5))

> (1 + e)u”.
Therefore

—_— X — X —_—
Te+M+1 — T = Tkeu”+(1+e) Theu” <v+t u, Tk < u,

and v > 7, 1 — u,. It follows that k € [k,, k; + M + 1] for some k; < M,
and hence that v € I, for this value of i. This proves the claim (4.6), which in
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turn shows that for n > N(w),

[e¢]
sup j(; 1,(s)d,L}

y€l[x, x+8,]

[ee]
< sup Z I(k; < Mn)(L())fki+M+,) Al

yE€[x,x+8,]i=1

-1y
L((Tki+M+l_“n) Vrki—1) /\1)

(4.8) o
= z I(kl < M”)[(Lfk,uwn - L‘)’Cki—l)
i=1
+  oswp|L¥,, - L¥(L2,, - LY) l]
v<l, |y’ —x'|<8, " "
[ee]
< Y I(k; < M)[(1 + 2e)u" + 25(8,)].
i=1
Therefore
o M
(4.9) sup [ L, (s)d,L} < (1+4e)u" ¥ X(n,x, j),
y€[x,x+8,]70 " j=0
where
X(n,x, j)= E I("(k+1)(M+1)+j — TeMan+ < u,).

0<ksM,(M+1)7!

X(n, x, j) has a binomial distribution with parameters

N, = [M,,(M + 1)_1] +1<u™" (forlarge n)

and
Pn=P(r((1 +€)u") <u,)
= P(L%, > (1 +&)c(B) ' f(u,))
<|log f(u,)|”""** (for n > n, by Lemma 2.6).
Therefore

p, < en 172,

39
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Let 0 < §’ < &/2. Then

M
P{(1+4e)u" ) X(n,x,j)>(M+1)n 7%
j=0

< (M +1)P((1 + 4e)u"X(n, x,0) > n~17%)
< (M +1)P(X(n,x,0) = N,p, > (1 + 4e) 'n ' "%u" — cu"n~172)
< (M + 1)P(X(n,x,0) = N,p, > (1/2)n" 1 ~%u™")

for large enough n, independent of x. Apply Theorem 1.4 to bound the above
by

_ %n—z—zs'u—zn
N, p,+in 17y

ntn

(M + 1)exp{ 2( )} <(M+ l)exp{— %—n‘l“s'u—"}

for large n, independent of x. Therefore, if S, = {kd,|k € Z}, then for large
enough n,

M
P( max (1 +4e)u" )Y X(n,x,j)>(M+ l)n'l‘s')
X€S,,|x|<n j=0

< 3n8; (M + 1)exp{ —(1/8)n" "%y}

which is summable over n by (4.3). The Borel-Cantelli Lemma and (4.9) imply
that for a.a. w and large enough n,

sup waAn(s)dsLsy <(M+1)n 1%,
y Y0

This implies (4.4) and completes the proof. |

Remark. 4.2. An examination of the above proof (see especially (4.7) and
(4.8)) shows that the above theorem remains true if (H) is weakened to:

(H”) For all u € (0,1), & > 0, there exists 8§, | 0 such that if ¢(8) 'f(u,)
~ u" then

(a) Sup, <1, |x—y|58,,|(L;c+u,, - LF) - (Lty+u,, = LY)| < eu” for n> N(w),
where N(w) < o a.s. and

() T8, 'exp{—u""u"1"%} < oo for some & > 0.
Note that if (H) holds then (4.5) shows that (H") holds with

‘sn - exp{ _(2/6)1/(1+e’)u—n/(1+a')}
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for some ¢ > 0. We will give an example in Section 8 where it is easy to verify
(H”) but (H) fails.

5. Upper bound for the Hausdorff measure

The proof of the opposite inequality to that in Theorem 4.1 is more involved,
although we are able to weaken (H) slightly.

THEOREM 5.1.  Assume (Rp) and for some & > 0,

(H) 8(x) < (log%) for small x.
Then

fm{s<t|X(s)=x} <c(B)L? VxR, 120 as.

Proof. Fix 0, > 6 > ¢(B) and p > 0. Choose u, |0, @, |0, §, | 0 such that
fw) = f(5) = e 8(8) = nmre,
and let y, = plogn g(1/i@,)~!. It follows from (2.6) that
(51) g((logn)u,') = e"ogn, g(log(n/2)a,") = e"/*log(n/2).

Moreover, an easy application of Lemma 2.4(a) (recall also that 8 < 1/2 by
Lemma 3.2) shows that

(5.2) e"/? < g(u;') < e"/*log(n/2) for large enough n
(the upper bound is of course immediate from (5.1)). (H’) implies that
(5.3) 8,1 < exp{n?/@*+9en/@*9 ) for large n.

Let S, = {kd,|k € Z}, and for each x let x,(x) denote the unique element in
S, such that x € [x,, x,, + §,).
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For each x € R and n € N inductively define stopping times by
UOn(x) = 0’ T;'n(x) = T((Jx'il(x)’ [xn’ Xy + 8}1))9

(L - Ly)

f(t = T(x))

(5.4) min{ ku,(logn) ™" > ¥"(x)|k = 0,1,...}
if V' = T < i, and L — Ljn < y,

Vi"(x) = inf{t > T"(x) + u, > 6071} (infoé = ),

Ur(x) =
(5.5) min{ ku,(logn) ™' = T"(x) + u,lk = 0,1,...}
otherwise.

Call [T"(x), U,"(x)] a good interval if it is defined by (5.4) and a bad interval if
it is defined by (5.5).
The following facts are immediate:

(5.6) {s<1X,=x}c g([Ti”(x‘), U(x)] n o, ]),
(5.7) u, < UM(x) - T"(x) < &, + u,/logn,
(5.8) {U(x)li=0,1,...} c {ku,(logn) |k =0,1,...}.

As f is regularly varying at 0 by Lemma 2.5(b), (5.7) shows that for large
enough n (independent of (i, x)) and any good interval [T;"(x), U"(x)],
f(U(x) = T(x)) < 687/ (V"(x) — T"(x))
< 6,( Ly — L)
< 6(Ly — L)

i

Therefore, if ©§ and X’ denote summations over good and bad intervals,
respectively, then

)
limsup ng(l]xn(x) - Txn(x))I(Txn(x) < t) < lim 00Lf-1ﬁ”+u,,(logn)_1
n— oo

n—oo j=1

=0,L7 VxeR,t>0 as.

As 6, > ¢(B) is arbitrary, (5.6) and (5.7) show that to complete the proof it
suffices to establish

(5.9) lim max Y.?f(u,)I(T"(x) <t)=0 as. Vt>0.
n—00 xX€ .
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Note that we have used the regular variation of f at 0 and the fact that T7,"(-)
is constant on [k§,, (k + 1)8,).
Let

Lx
A,(x) ={ | sup L < 0“1}.
( ) { U, <t<i, AT(y,) f(t)

Use (5.8) to see that (5.9) would follow from

0
(5.10) lim maxe™"), I(T(iun(log n)"!,
n—o x€8§,,
|x|<n

i=1
[x, x + 8,,)) < (i + 1)u,(log n)_1 A T,

0T(iu,,(logn)“,[ x,x+8,,))(w) € An(x))

=0 a.s.

To show this we will need the following upper bound on P’(4,(x)).
LEMMA 5.2. There is a positive ¢ such that

sup P¥(4,(0)) <cn=?/?2 ¥neN.
Iy,

Proof. Fix |y| < 6, and choose 8, € (c(B), §). Then
P*(4,(0)) < P*(r(y,) < ,) + P*(T(0) > u,(logn) ")

+PY(T(O)Sun(logn)—1, sup L?/f(t)<0‘1)

< eexp{ ~y,8(i;"))
+¢8(8,)g(u; og n)((log(g(u;llog n)8(8n))_1) Y% 1)

+P°( sup L?(f(t + u,,(log,r,n)_l))_1 < 0‘1)

u,<t<i,—u,(logn)~!

(Lemmas 2.1 and 3.4)

(5.11) <en P+ cn??+ PO( sup LYf(¢) < 0{1),

u,<t<fi,—u,(logn)~?

where the last line holds for large enough n by the regular variation of f and
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by (5.1). Checking the hypotheses of Lemma 2.8, we have

f(@, — u,(logn)™") 2f(ﬁ,,(1 - (logn)—l)) > (1/2)e "2
(large n, by Lemma 2.5(b))
> f(u,)”* (large n).

Hence we may apply Lemma 2.8 to bound the last term in (5.11) for large
enough 7, by e~ for some A > 0. This completes the proof. |

Returning to the derivation of (5.10), let m,(y) = P?(4,(0)) and

T(n,i, x) = T(iu,,(log n) 7 [x x + 8,,)).

Then

sup e~ ¥ I(T(n, i, x) < ((i + Duy(logn) > A r¢)

x€S,,|x|<n i=1

xm, (X(T(n,i,x)) — x)

(5.12) <cn?/%""  sup N(l, u,(logn) ™!, [x, x + 8,,))

X€ES,,|x|<n

(see Section 3 for the definition of N). As g((log n)u; ') = e"log n (by (5.1)),
an application of Lemma 3.5 ((3.1) holds by Lemma 3.4) shows that for
large n,

P( sup N(l, u,(logn) ", [x, x + 8,,)) > 36e"log n)

XES,,|x|<n
< 3718,,_ le—c036e"log n

< 3nexp{n?/@*+9en/@+e — ¢ 36e"logn} (by (5.3)).

As this is summable, the Borel-Cantelli Lemma implies that (5.12) approaches
0 a.s. as n — co. Hence to prove (5.10) it suffices to show

(5.13) lim  sup e-"fjl(r(n,x,i)<((i+1)u,,(1ogn)”1)m;)

n— 0 xes,,|x|<n i=1

X [1(87n,x,0(@) € 4,(x)) = m,(X(T(n, x,1)))]

<0 as.
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For each (n, x), we divide the random collection of times
R(n, x) = {T(n, x,i)[T(n, x,i) < ((i + u,(logn) ") A 7}

into a finite number of random blocks and then bound each of the summations
contributing to (5.13) formed by selecting one time from each block. This
effectively spaces out the times so that each of the summations obtained in this
way will be a martingale and we will be able to apply the exponential bounds
in Theorem 1.4. The blocks are given by

B(n, x,i) = R(n, x) N[W2,(x), W"(x)),
where
Wo"(?‘) =0,
wi(x) = inf{t 2 T(W/(x), [x, x + 8,))ILf = Ly 2 3, o
t= W (x) 2 i)
We first bound the number of blocks,
N,(x) = inf{ilW/(x) > ¢ ).
Noting that either L}, — L}, >y, or W" — W, > i,, and that
x(Wr,wrh nlx, x+8,) # 2,
one sees that
N,(x) <y;'+1+ N1, [x,x+38,)).

Let H, = (logn)*/%"/% As H,/2 > 36g(ii; '), for large n by (5.2), Lemma
3.5 implies ((3.1) holds by Lemma 3.4) that for large n
P(N(1,4,,[x,x+8,)) = H,/2) < exp{—(co/2)H,}.

Therefore, because y, ! + 1 < H,/2 for large n (use (5.2)), one gets that

(5.14) 3n8,'P(N,(x) > H,) < 3nexp{n?@*+9e"/@*e — (¢, /2)H, },

for large enough n.

Next use Lemma 3.5 once more to bound the cardinality of each block,
|B(n, x,i)]. (5.1) and (5.2) show that for large n

36y,8((log n)/u,) < H,.
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Therefore Lemma 3.5 (and (5.3)) now gives us, for large n,

3n8,'P(|B(n, x,i)| > H,)
< 3n8;'H,P(N(y,,u,/logn,[x,x +8,)) > H,)

< 3nH,exp{n?/@+9en/@*o — ¢ H 1.

It follows from (5.14) and the above that

P( sup |B(n,x,i)|>H,,)

x€S,,|x|<n,1<i<N,(x)
is summable and so by a Borel-Cantelli argument

(5.15) sup |B(n, x,i)| < H, forlargeenoughn a.s.

xX€S,,|x|<n,1<i<N,(x)
Let S(n, x, i, j) denote the j-th time in the block B(n, x, i), where
S(n, x,i, j) = W"(x)

if there is no such time. For / = 0 or 1, define

k
M(n,x, j,1)(k) =Y e ™I(S(n,x,2i + 1, j) < W"(x) A 1)
i=1

X [I(os(n,x,2i+l,j)(w) € An(x))

-m, (X(S(n, x,2i + 1, j)) — x)]
That is, M(n, x, j, [)(o0) is obtained by summing only those terms in (5.13)
that are the j-th times in each of the even (/ = 0) or odd (/ = 1) blocks. Note

that each S(n, x, i, j) is a stopping time, as B(n, x, i) is an optional set. It is
now an easy exercise to check that

{(M("’ x, j, 1)(k), %(n,x,2(k+1)+1,j))|k =0,1,... }
is a martingale. Moreover, Lemma 5.2 implies

(M(n, x, j, 1)), <cn ?/%"2"N, (x).
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Use Theorem 1.4 to show

P( sup M(n, x, j,1)(k) > e_"/z(logn)“3)

k < o0

<P(N,(x)=H,) + P( sup M(n, x, j,1)(k) = e "*(logn) >,
k<oo

(M(n, x, j, 1)), <cn=?*(log n)5/2e—<3/2>n)
<P(N,(x) = H,)

+exp{ —e‘"(logn)"6 }

2(en=r2(log n)* e~/ + &= C/27(log n) )
< P(N,(x) = H,) + exp{ —e"/*(log n) > /4}

for large enough n. Therefore for large n we have

P( sup M(n, x, j,1)(0) = e "*(log n)_3)

x€S,,|x|<n, j<H,,[=0,1

<2H,(318;') sup P(N,(x)=H,)

XES,,|x|<n
+ 2Hn(3n8,,‘1)exp{ —e"/*(log n)_3/4} .
This is summable over n by (5.14) and (5.3) and hence

sup M(n, x, j,1)(o0) < e "?(logn) >
x€S,, j<H,, 1=0,1
|x|<n
for large enough n  a.s.
Combine this with (5.15) to get for a.a. w and large enough n,

max e " i I(T(n, x,i) < ((1 + 1)u,(log n)_l) A 1-1*)
XE3, i=1

X [I(or(n,x,i)("-’) € An(x)) - m,(X(T(n, x,i)) — x)]

®

< oD, L0 me 00
X (M(n, x, j,0)(c0) + M(n, x, j,1)(0))

<2He "*(logn)”>

=2(logn) * >0 asn— .

This completes the proof of (5.13) and hence the theorem. ]
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Theorem 1.2 is an immediate corollary to Theorems 4.1 and 5.1, and Lemma
3.2.

6. Lower bound for the Kingman construction
As mentioned in §1, the lower bound for m(a(t, x, 8)) in Theorem 1.5 is
harder to derive than the analogous bound for f-m{s < t|X(s) = x} because
of the lack of a result like Lemma 4 in Taylor and Wendel [20]. We require
several preliminary lemmas.

Notation. For each interval I and u, y, 6 > 0, define

A(Lu, y) = {w|I c X([0,u A 7(»)])},
q(u,8, y) = sume*(A(lo,a],u,yY)-

x€[0,

LemMma 6.1. Ifu,,$d,, y, = O satisfy
(6.1) lim p(8,)g(u;") /% = lim p(3,)y;7/* =0,
n— o0 n— oo

then lim,, _, q(u,,d,, y,) = 0.

Proof. (3.7) and (3.4) of Barlow [1] (see also Lemma 2.4 of [1]) show there
are ¢, ¢ > 0 and random variables {T,|]A € Q~°} such that

(6.2)

sup|A A L¢ — A A L?| < eX/*(p(|b — a]) + (8(|b — a)log(T v 1))

t>0
VA€ Q% a,be[~¢c¢],
(6.3) E(T)) <3 VAe Q™o

Choose y;, € Q9 such that (6.1) holds with y; in place of y,, and y, < y,. If

1, = 2¢p(8,)g(1/u,)(»))""*,

then (6.1) implies n, = 0 and y, > 7,8(1/u,)”! for large n. Therefore for
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large n we have
q(u,,8,, y,)
< P([-8,.8,]  X([0, u, A 7(¥))]))

sP( inf LY ..., =0)
<8, n A T(Yn)

< P(LS, < n,(g(1/u,)) ")

+P( sup L?/\y,:-L,y/\y,f>nng(l/un)'l)

\y|<8,,t<u,
< P(u, < 7(n,/8(1/u,))
+P(a2(p(8,) + (8(8)og(T,; A 1)) > 2e0(8,)(57)"”)
(by (6.2))

< (1—e )7, + P((1og(T,, v 1)) > e (8,)8(5,) )

-0 asn—- o
(the last by (2.2) and (6.3), since p(8,)8(8,) /> > 0 as n = o). [ |
For the next lemma, recall that

p(u,8) = sup P*(T(0) > u).

|x|<8
We assume (R,) throughout the rest of this section.

LEMMA 6.2. There is a ¢ > 0 such that for any y > O there is an €, > 0 for
which

(1~ v~ p(u,8)g(1/u)g(1/e) )T(2 - B) 'g(1/e) EX(LL A y)
< EX((T(u A 7(»),[0,8))e™1) A (1 — )
< EX((T(u,[0,8])e™?) A (1 + 7))
< (1+y+cp(u,8)g(1/u)g(1/e) )T (2 — B) 'g(1/e) EX(LY)
vx € [0,8), y > g(1/u)7},

providing €, u/e, n € (0, &y), and p(u/2,8) <1/2.



50 M.T. BARLOW, E.A. PERKINS AND S.J. TAYLOR

Proof. Recall that (A(¢) = t, Q(x, dy) = v(d(y — x)) is a Lévy system for
7 (see Benveniste and Jacod [4]). Therefore for v > u,

P*(T(u,0) 2 v,7(y) > u)
=5 T 1r6-) su<oze(s)

+PX(T(z,0) >0,7(y) > u, T(0) = u)
- E"(I(T(O, w) < u)EO(O§< I(r(s =) < u— T(0, 0)i
—<y v—T(0,w) < 'T(S))) + P*(T(0) = v)
- E"(I(T(O, ©) < u)EO(nywal(f(s —)<u-T(0,w)
<o-T(0,w) < y)w(d(y - (s -))) ds)) + PX(T(0) > v)
- E"(I(T(O,w) <)

XEO(./:I(T(S) <u-TO,w))v

X [v = T(0,w) — 7(s), ) ds))
+P*(T(0) = v).

As [gI(7(s) <u— T, w))ds = LY_pq . Ay, the strong Markov property
implies
(6.4) E*(L A y)r[v,0) < PX(T(u,0) = v,7(y) > u)
< EX(L2 A y)v[v - u,00) + PX(T(0) = v).
Next we establish a relationship between the law of T(,[0, §)] and that of
T(u,0). We have
P (T(u,0) 2 v+ u,7(y) >u)
< PX(T(u,[0,8]) = v, 7(y) > u)
+P*(T(T(u,[0,8]),0) > u, r(y) > u, T(u,[0,8]) <v)
< PX(T(u,[0,8]) = v,7(y) > u) + p(u,8) P*(7(p) > u).

Rearranging we get

(6.5) P*(T(u,[0,8]) 2 v,7(y) > u)
> [P*(T(4,0) = v+ u,r(y) >u) —p(u,d)]
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We are ready to consider the lower bound in the statement of the lemma. We
have

EX((T(u A (), [0,8])™) A (1 =)
> e_lj:j(l_")P"(T(u,[O,S]) >v,7(y) >u)dv

> e_lfe(l_n)P"(T(u,O) >v+u,7(y)>u)d

—(1=n—ue)p(u,d)
(by (6.5))
(6.6) = e_lfuﬂ(l_")v[v,oo) doEX(LOAy) — (1 —n—ue ") p(u,d)
2u
(by (6.4)).
Fix y > 0. Use Lemmas 2.5(a) and 2.4(b) and the fact that 1g(1/¢) varies

regularly at O with exponent 1 — B8 > 0, to see that there is an ¢, > 0 such that
if &, ue™ !, n € (0, ¢,), then (6.6) is bounded below by

1-y)r2- B)_Ig(l/e)Ex(Lg Ay) = p(u,8).

Finally use Lemma 3.4(b) in the above to see that for y > g(1/u)"! and
x € [0, 8},

E*((T(u A 7(»),[0,8])e™) A (1 =)
>[1=v-p(u,8)L(2 - B)e (1 - p(ur2,8)) 'g(1/u)g(1/e) "]
XT(2 ~ B) 'g(1/e) EX(L2 A y).
The lower bound is now immediate from p(u/2,8) < 1/2.
The proof of the upper bound is similar. Use the upper bound in (6.4) (with

y = o0) and, instead of (6.5), use the obvious fact

P*(T(u,[0,8]) = v) < P*(T(u,0) > v). ]
LEMMA 6.3. There are constants c, gy > 0 such that

EX(((T(u,[0,8))e7) A 2)°) < cg(e)g(u™) ™" vx e [0,8],

whenever 0 < u < & < g,,.



52 M.T. BARLOW, E.A. PERKINS AND S.J. TAYLOR

Proof. Fix 8 > 0 and let x € [0, §]. Use the upper bound in (6.4) with
y = o0 and x = 0, to see that

E~(((7(u,[0.8)e™) A 2)’)
< EX(((T(u, x)e™?) A 2)°)
= E°(((T(u,0)e™?) A 2)))
= e‘2£2E2vP(T(u,O) >v)dv

< e‘z[uz + 2'[28(0 + u)r[v, 00) dvE°(LY)|.
0

Use Lemmas 2.4(b) and 2.5(a), (c) to conclude there are c, ¢, > 0 such that for
0 < u < e < g, the above is bounded by

u?e™2 + cg(e V)g(u )"
By Lemmas 2.4(a) and 3.2, we may choose ¢, so that for u, € as above

g(e g ™) = (u/e)"" = (ufe).

The result is now immediate.

THEOREM 6.4. Assume (Rg) and §(x) < (log1/x)~% as x |0. Then for
each positive T,

) m(a(t, x, €))
limsup sup L*-T(2-B8)———>"2% <0 a.s.
el0 P xeg, ! ( B) eg(l/e)
0<t<T

Proof. Fix u € (0,1). An integration by parts shows that
p(x) < (logl/x)™"? asx|0

(p is given by (1.17)). Let e(x) = p(x)(log1/x)/? and choose §, = 0 such
that

e(8,)*(log1/8,) "/ = w2,
Then
p(8,) =¢(8,)(log1/8,) * < u"/? < (log1/8,) """

and so

(6.7) p(8,) <u/?,8,>e " Ve>0.
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Choose ¢, — 0 such that g(1/¢,) = u~". It is clear from (6.7) that there are
u!, = 0 such that

(63) 8(1/w)p(8)u2 >0 and u, < g,
Lemma 6.1 implies that

lim q(u,,8,,u") =0.

n—co
Now choose u,, = 0 such that 4/, < u, < ¢,,; and

lim g(1/u,)g(1/e,) " q(u;, 8, u") = 0.
As g(u, 8, y) is decreasing in u, we have
(6.9)  lim g(1/u,)8(1/8,) 7 q(tps 8y, u") = 0, < £,
Let x, = x,(x) denote the unique element in S, = {k§,|k € Z] such that
x € [x,,x,+8,)

and let I"(x) = [x,, x, + 8,]. For n € N, x € R, inductively define stopping
times as follows:

Ty'(x) = T(0, I"(x)),
Vir(x) = inf{t > T7(x)| Ly = Ly, = ') A (T7(x) + u,),
T (x) = T(V(x), I"(x)).
Write 4,(x) for A(1,(x), u,, u"). Note that

(610)  a(t,x,e) > U'[T"(x) — /2 + u,, T"(x) + ¢/2],
i=0

where U /. , indicates the union is over those indices i > 0 for which T;"(x) <
t — u, and 05,0 € 4,(x). The significant fact about (6.10) is that the right
side is constant on I,(x).

The required result follows easily from

(6.11)
limsup sup L}, ., — T(2 = B)m(a(t A 7(y), x, £))e ig(1/e) ' <0
el0 X

a.s. foreach ¢, y > 0.

Indeed, letting y — oo in (6.11) gives the result for each fixed ¢, and then use
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the continuity of L* (uniformly in x) and the monotonicity of 1 = m(a(¢, x, €))
to obtain the uniform convergence in ¢. Therefore we fix ¢, y > 0 and consider
(6.11).

(6.10) shows that
(6.12)

m(a(t A m(y), x, €))
> Z I(T”(x) <tAT(y) —u, Orn(yw € 4 L(x), Orr ow € 4 (x))

X(Tiix(x) = T"(x)) A (e = u,)
=m,(x,¢).

The continuity of local time and the fact that m,(-, &) is constant on
[k, (k + 1)8,) shows that (6.11) would follow from

(6.13)
lim sup sup Ly vy — T2 = B)m,(x, e)e g(1/e) ' <0 as.
n—o x€S,,e€[e, 1, 8,],

|x|<n
Use (6.12) to see that for x € S, and ¢ € [e, ), &,],

(6.14)
2Lt/\f"‘(y) u, F(2 - B)mn(x>€)8_lg(1/€)_l

[e¢]

OI(T (x) <t AT™(y)—u,)

[ Ly = Lipen) = (( Tiil(x)s_ Tin(x))

n

Afr- —))r(z ~ B)g(1/e,01)" ]

P2 I(T(x) <t A (y) — u,)
i=0
XI(770 € 4,(x))g(1/e,) " + g(1/6,) "

< X IT(x) <t Ar*(y) - u,)di(x, n)

i=0

+ Z I(TM(x) <t A1*(y) — u,)2q(u,,8,, u")u" + u”,
i=0
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where

d;(x,n) = u}( Ly = Lingo)

_(( T (x) = T;"(x)) A= /e,,+1))

n

XT(2 - B)g(1/e,4s1) "
+ 210570 € 4,(x)) = 2m, (X(17(0)) |8 1/6)
and
m,(x) = P*(4,(x)").

Note that d,(x, n) € fml(x) and
E(di(x, n)ly ;"(X)) = uZEX(Tin(x))(Lin A un)

-T2 - ’B)un+1EX(T.-"(x))(( (T(u, A 75(u"), In(‘x))) Al - un/8n+1))~

€,

Now note that we may apply Lemma 6.2 to bound the second term. Indeed,
(6.8), 2/u, < 2/ul,, and Lemma 6.1 show that

p(u,/2,8,) < q(u,/2,8,,u") >0 asn— oo.
Therefore by Lemma 6.2 there are y, — 0 such that
E(d,(y, n)|Fr0)
< quX(T""("))(Li" A u")
—u(1 =¥, = p(u,, 8,)g(u;")g(e;?) ) EXTO(L A wr)
<0

for n > N,, say. We have used the fact that p(u,,9,) < q(u,, d,, u"), and
(6.9) in the last line. Therefore for n > N,, if

k—1

M, (x,n) = E:Odi(x’ n)I(T7(x) <t A*(y) —u,),

then

{(Mk(x, n), Fryen ) Ik = 0,1,...,oo}
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is a supermartingale. Moreover (6.14) implies

(6.15) SUp  UPLEs oy, — T2 = B)m, (x, £)e7'g(1/e)
XES,,, EG[€"+1,6,,], !
|x|<n

< sup M_(x,n)

xX€S,,|x|<n
+[N(y,u,, I,(x)) + yu=" + 1]2q(u,, 8,, u")u" + u".
Clearly one has

(6.16) d;(x,n) < 3u".

In order to use Theorem 1.4 we now bound (M(x, n)). For large enough n,
say n > N,, we have

E(d,.(x, n)2|-d/r,."(x))
< c[EX(T"”("»((Lﬁ" A u")z)
+ EXTO((T(u,, 1,(x))/e,) A 1)2)u2” + u*"q(u,, s,, u")]

< c(EO(Lﬁj) + ug(e; V) g(u;?) ™ + u"g(u;l)_l)
(Lemma 6.3 and (6.9))
< c(g(l/u,) " + umg(1/u,) ™),
where we have used Lemma 2.2(c) in the last. Therefore we have,
[o]
(6.17) (M(x,n)) < ¢ X I(T"(x) <t Ar*(y))ug(l/u,)”
i=0
<c(N(y,u,, I,(x)) + yu™" + l)u"g(l/un)—l.
We now may use Theorem 1.4 to see that for n > N, x € S,, and K > 0,
P(M_(x,n) 2¢) < P(M_(x,n) =¢e (M(x,n)) < Ku")
+P(N(y,u,, I(x)) +yu"+ 1> (K/c)g(1/u,))

= exp{ 2(Ku”_-f 3eu™) }
+P(N(y,u,, L(x)) > (K/c —y — u")g(1/u,))

_52 —-n

< exp{m} + exp{ —c,36yg(1/u,)},
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where we may choose K large enough so that K/c — y — 1 > 36y and hence
apply Lemma 3.5. Therefore

2, -n
-1 —&U _ —n
P xs:g,Mw(x, n) = e) < 3né, [CXP{——2(K+ 33)} + exp{ —co36yu~"}|,

|x|<n
which is summable by (6.7). The Borel-Cantelli Lemma shows

(6.18) lim sup M_(x,n) =0 as.

n—w xes,,|x|<n

Another application of Lemma 3.5 and the Borel-Cantelli Lemma (just as
above) shows

(6.19) lim sup N(y,u,,I,(x))q(u,, 8, u")u"=0 as.

n— 0 xes,|x|<n

Applying (6.18) and (6.19) to (6.15) one obtains

lim sup sup ULy 1oy — T(2 = B)m,(x, e)e'g(1/e) ' <0.
n— o0 XES,,,GE[G,,+1,E,,],
|x|<n
Let u 11 to obtain (6.13) and hence complete the proof. [ ]

7. Upper bound for the Kingman construction
Fortunately, the easiest proof has been left to the last. Moreover the
continuity condition we will need on 8(x) is so weak that it does not even
guarantee the existence of a jointly continuous local time. Hence we must add
this as a hypothesis in the following result.
THEOREM 7.1.  Assume (Rg), X has a jointly continuous local time, LY, and
8(x) < (logl/x)™" asx|0.

Then for each positive T,

T2 - B)m(a(t, x,¢))

limsup su - L¥<0 as.
ewp xeg, eg(1/¢) !
0<t<T

Proof. Fix u € (0,1). Choose §, | 0 such that , = §(8,)u™ = O0asn — o
but §, > e " as n - oo Ve > 0. Now choose u, — 0 such that g(1/u,) =
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n,/?u™", and e, — 0 such that g(1/¢,) = u~". Then we have

(7.1) U, < &y,

(7.2) §,>e " Ve>0,

(7.3) 8(8,)g(u;') =n*>0 asn— o.
Lemma 3.4(a) therefore implies

(7.4) p(u,/2,8,) >0 asn— oo.

By making u,, larger if necessary we can maintain (7.1) and (7.4) and also have

(1.5) p(u,,8,)8(1/u,)8(1/e,) " =0 asn— o.
Fix ¢, y > 0. As in the proof of Theorem 6.4 it suffices to show
(7.6)

. T2 - B)m(a(t A m™(y), x, &)
1
e en eg(1/2)

e€[e, 11,8,

- L;CA ™*(y) S O a.s.

As before, let S, = {kd,k € Z}, and let x,= x,(x) €S, be such that
x € [x,, x, + 68,) and I (x) = [x,, x, + §,]. Define stopping times by

Ty'(x) = T(0, 1,(x)),
T 1(x) = T(T"(x) + u,, I"(x)).
Then
a(t A (), x,€)
< U [77(x), Tha(x) A (T(x) + u, + )]

v [TO”(x) - ¢€/2, To"(x)]’
where U’ indicates the union is over those indices i such that
T"(x) <t AT*(y) +u,.
Therefore
m(a(t A 1*(y), x, €))

< iOI(T,."(x) <tAT*(y) +u,)
X((Th1(x) = T"(x)) A (e +u,)) +¢/2
=, (x, €).
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As 7, (-, €) is constant on [k§,,(k + 1)§,) and L;, ,.,, is continuous, (7.6)
would be an immediate consequence of

(7.7) limsup sup T(2 - B)m,(x,e)e g(1/e) ' — L*, oy <0 as.
n—-oo x€S§,,x<n,
e€[e, 11,8,

If x€ S, and ¢ € [¢,,,, &,], then
wT(2 = B),(x, e)e"'g(1/€) ™" = Lir 1ayys2u,
(7.8) %
< L I(T(x) <t AT*(y) +u,)di(x,n),
i=0

where

d.(x,n) = (( Ti’il(xz ~ T (x)

n+1

) A (1 + un/£n+1))
xg(1/e,) 'T(Q2 = B)u? = (Lin o= Lipco)-

Clearly d,(x, n) € Fp» (). Moreover (7.1) and (7.4) show that we may apply
Lemma 6.2 to find y, — 0 such that

E(d,.(x, n)lg‘_,-"(x))

" T(u,, I
= EXT. U‘»(—(—u;——”(—x—) A1+ un/8n+1))“"+zr(2 - B)
n+1
—EX(T""("))(L;‘ )
<(1+v,+p(u,.8,)8(1/u,)8(1/e,.1) ")
X uE XM Lx )

— EX(T(x) (Lz )

<0

for large enough n, say n > N,, by (7.5). Therefore, if
k-1
M (x,n) = ¥ di(x,n)I(T"(x) < t A*(y) +u,),
i=0

then for x € S, and n > N,

{(Mk(x, n), Fraoo)lk=0,1,..., oo}
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is a supermartingale. Note that for large n, x € S, and all i,
(7.9) d,(x,n) < cu”,
E(di(x, )| %, ,(x))
< c[uanX(Ti"(x))((——————T(u”’ 1,(x)) A 2)2) + E"(Lﬂf)}

€141
< c[ug(1/e,)g(1/u,) " + g(1/u,) 7]
(Lemmas 2.2(c) and 6.3)
< cug(1/u,)”".
Therefore for n > N, (increase N, if necessary)
(o<}
(710) (M(x,n)y < cu'g(l/u,) " L I(T"(x) <t A7(p) +u,)
i=0
< a'g(1/u,) " (N(y, u,, I,(x)) + 1)
Now proceed exactly as in the proof of Theorem 6.4. Use (7.9) and (7.10) in

Theorem 1.4, as well as Lemma 3.5 and (7.2), to see that

ZP( sup M_(x,n) = s) <o Ve>0.
n

xX€S,,|x|<n

The Borel-Cantelli Lemma allows us to deduce from (7.8) that

limsup sup u?T(2 — B)m,(x,e)g(1/e) " = L¥, o+, S0 as.
n—>o x€§,,|x|<n,
e€(g,41, €,

Let u 11 to establish (7.7) and complete the proof. ]

Theorem 1.5 follows immediately from Theorems 6.4 and 7.1.

8. Some examples
(a) Lévy processes with a Brownian component.

Assume X is a Lévy process such that 62 > 0 in (1.2). Lemma 3.1 shows
that

o v
|>\1|1—I»noo (622)N L
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and therefore by (1.10) and Lemma 3.3 we have

1= _‘.l.i.g.log(s)_flﬂ?f_o;(s - 0227\2)—1‘“
e
s> 00 o°s/2
Therefore
(8.1) im £ _ .

oo V2oUs

In particular (R, /,) holds. An easy computation shows that §(x) = O(x) as
x | 0. Therefore the hypotheses of both Theorems 1.2 and 1.5 are satisfied.
Theorem 1.5 together with (8.1) implies for each T > 0,

. Vo m(a(t, x, €))
8.2 lim su e
(82) el xeR,It)sT 226 Ve

—Lj|=0 aus.
(8.1) implies that

f(t) ~ 7_;—0(tlog|logt|)l/2 ast |0
and so Theorem 1.2 gives us
(8.3) pm{s<t|X,=x} =LY Vx€R,t>0 as,
where
o(t) = o~ 1(2¢ log|log t))/>.
(b) Stable Processes.
Let X, be a stable process of index a. It is well known that X has a jointly

continuous local time if and only if & > 1. In this case the exponent function
of X is given by

v(A) = c1|)\|"‘(1 — ih sgn(A)tan%a-)
where ¢c; ER, 1 <h<land1l < a <2 Then

(8-4) g(s) = C2SB’
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where =1 —1/a and
(85) (,'2_1 = w—lr(l + 1/(!)F(1 —_ l/a)cl—l/aRe[(l — ih tan(vra/Z))_l/“],

(See Hawkes [12, Section 2]). In particular (Rp) holds. A routine calculation
shows

8(x) ~ cx*~! asx |0, for some ¢ > 0.

Therefore the hypotheses of Theorems 1.2 and 1.5 are satisfied. Theorem 1.5
and (8.4) imply

(8.6)  lim sup |¢;'T(1 + 1/a)1"ﬂ%}’—e—)l —L¥=0 as,
el0 x€R, €
t<T
where ¢;! is given by (8.5).
As f(t) ~ ¢; 'tPlog|log t|'~#, Theorem 1.2 implies
(8.7) om{s<t|X,=x} =L VxeR, t>0 a.s.,

where
6(1) = ;1 (1 = 1/a) 7Dl /21~ 1/%(log|log 1) /°.
(c) Critical symmetric processes.

Let X be a Lévy process whose exponent function is of the form

(59) v == [ (e =1 25 uan,

where
_ 1\°
p(dy) = |yl 2(10gry—|) I(]y| <1).

Then X has a jointly continuous local time if and only if & > 2 (see Barlow [1,
Section 4, e.g., 3]), and

(8.9) ¥(A) ~ 7|A|(log|]A)* as [A] - oo

(see (4.21) in Getoor and Kesten [11]). Proposition 1.3 gives us (R ). In fact a
calculation (use Lemma 3.3 and (8.9)) shows that

(8.10) g(s) ~7%(a—1)(logs)*™" ass— oo.
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Moreover from Barlow [1, Section 4, e.g., 3] one obtains
8(x) ~ c(logl/x)'™* asx |0

for some ¢ > 0. Therefore the hypotheses of Theorem 1.5 are satisfied if « > 3
and in this case we have :

(8.11) limsup |7eltx )77 (a = D
el0xeR 8(10g1/£)°“1

s
t<T

L7}=0 VT >0 a.s.

(8.10) implies

f(#) ~ m7*(a — 1) "'(log1/1)" “log(log|log 1/1]) = (1)
and so for a > 4 we may apply Theorem 1.2 to get
(8.12) om{s<t|X,=x} =LY Vx€R,t>0 as.

In fact one can do slightly better by using Remark 4.2. Fix ¢ > 0 and
ue€(0,1). If ¢,>0 and S, = {ie™"n i =0,1,...,[e"n]}, then Lemma 7
and Theorem 8 of Perkins [19] together show there is an N(w) < oo a.s. such
that

sup (L3, = L7) = (LY, = L)
tesS,,0<s<e™"
< n@ /2% (loglx — y71) TP Wix—y|<e™ and n = N(w).

An elementary interpolation argument now shows there is an 7(w) > a.s. such
that for 0 < 8 < s < (),

(8.13)
sup |(L¥,, — L7) = (L%, — L?)| < c(log1/s)® /> (log1/8)' /2.

<1,
x—yl<é

If f(u,) = u”, then u, < e " Let §,= e *" where y > (a — 1)L
Therefore (8.13) implies that for a.a. w and large enough #,

sup L., — Li - (Lly+u,, - Lty) | <u

t<1, |x-y|<8,
where

a—2 €
k=2(a—1)‘a—01‘7(1‘“/2)'




64 M.T. BARLOW, E.A. PERKINS AND S.J. TAYLOR

The above expression will be less than eu” for some &, > 0 and for large n, if

2 1 -
Y> oty — a0, vz(a=1)7"

Therefore (H'”) will hold (see Remark 4.2) if 1 > 2/(a — 2) — 1/(a — 1) and
(a — 1)"! < 1, or equivalently to « > 2 + V2, and hence the conclusion of
Theorem 4.1 will hold for « > 2 + V2. Since Theorem 5.1 applies for a > 3,
we see that (8.12) is true whenever a > 2 + V2.

(d) Critical asymmetric processes.

Finally we consider Lévy processes X whose exponent function ¢ is of the
form (8.8) where

_ 1\*
p(dy) =y 2(logm) (pI(0 <y <1)+qI(-1<y<0)),
2,9q>0,p+qg=1,p+#1/2.

X has a jointly continuous local time if and only if a > 0 (Barlow [1, Section
4, e.g., 3]). Some uninteresting calculations lead to

Rey(A) ~ —”—lM(loglM)"

Al -
Ly () ~ Z—x (log]a) *** e
g(s) *g%—q_—%)(logs)a“ as s — o0
(1) ~ E“ )) (log1/7) "'~ *log(log(log1/¢)) as ¢ L0
8(x) ~ c(logl/x)™'"° as x | 0.

Theorem 1.5 implies that for a > 1,

(8.14) lim sup (a+1) mlalsx, :22
el0 xeR, 2(p — q)* e(log1/¢)

Theorem 1.2 1mp11es that for a > 2,

(8.15) om{s<t|X,=x} =LY Vxe€R, t>0 as,

where

L7| forallT>0 as.

o(1) = 2%"‘* ))z(logl/t) ~“Jog(log(log 1/1)).

The energetic reader may use the techniques of [19] to show that (8.15) holds
for a slightly larger class of a, as in (c), but unfortunately not for all a > 0.
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