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Abstract
Let X = {X(t); t € RY} be an additive Lévy process in R? with

X(t)=Xi(t) + -+ Xn(tn),  VEeRY,

where X1, -+, Xy are independent, classical Lévy processes on R? with Lévy exponents
Wy,..., Uy respectively. Under mild regularity conditions on the ¥;’s, we derive moment
estimates that imply joint continuity of the local times in question. These results are then
refined to precise estimates for the moduli of continuity of local times when all of the X;’s
are strictly stable processes with the same index a € (0, 2].
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1 Introduction

An N-parameter, d-dimensional random field X = {X(t); t € RY } is an additive Lévy process,
if X has the following pathwise decomposition:

X(t)=Xi(t1) + -+ Xn(tn), vt e RY,

where X1, --- , Xy are independent, classical Lévy processes on R?. Using tensor notation, we
will often write X = X; & --- @ Xy for brevity. Throughout this paper, we will always be
assuming that X (0) = 0.

Since they locally resemble Lévy sheets, and since they are more amenable to analysis,
additive Lévy processes first arose to simplify the study of Lévy sheets; see (DALANG AND
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WALSH 1993a, 1993b; ExM 1981; KAHAN 1986; KENDALL 1980). They also arise in the
theory of intersections and self-intersections of Lévy processes; see (LEGALL ET AL 1989;
FITZSIMMONS AND SALISBURY 1989; KHOSHNEVISAN AND XIAO 2001). Moreover, recent
progress has shown that additive Lévy processes have a rich and interesting structure on their
own; especially noteworthy in this regard, is their various connections to potential kernels
and operators not found in classical probabilistic potential theory. We mention (HIRSCH AND
SONG 1995; KHOSHNEVISAN 1999; KHOSHNEVISAN AND SHI 1999; KHOSHNEVISAN AND XIAO
2001), and refer the reader to the detailed discussion and the bibliography of the last reference
for further works in this area.

In this, and a companion paper, we study the local times of additive Lévy processes.
Formally, local times are defined by

L(a,I) = /Iéa(X(s))ds,

where d, denotes Dirac’s delta function at a. Here, we seek to find conditions that ensure
continuity of L(e, ), as a measure-valued process, assuming that such local times exist. In
a companion paper, we describe a necessary and sufficient condition for the existence of the
mentioned local times.

While the existing literature on local times is too vast to mention here, in the context
of Lévy processes and, more generally, Markov processes, we mention Ref.’s (BERTOIN 1996;
BLUMENTHAL AND GETOOR 1964; GETOOR AND KESTEN 1972). In the context of random
fields, a good deal of mathematical, as well as historical, information can be found in GEMAN
AND HorowITZ (1980); see also (EHM 1981; VARES 1983; GERMAN ET AL 1984; LACEY 1990;
X1A0 1997).

The rest of the paper is organized as follows. Section 2 contains the definitions and some
basic facts about ordinary, as well as additive, Lévy processes. Some sufficient conditions for
the existence of local times of additive Lévy processes are also derived. In a companion paper,
we will show that one of them is also necessary; see Theorem 2.1 for the precise statement and
a proof of the easy half which is sufficiency. The hard half, i.e., necessity, will be presented in
KHOSHNEVISAN, XIAO AND ZHONG (2001).

In Section 3, we prove the joint continuity of the local times of additive Lévy processes under
a mild regularity conditions. Our argument is based on deriving sharp moment estimates.

Section 4 establishes upper bounds for the moduli of continuity of the local times of additive
stable processes [Theorem 4.3].

In Section 5, we compute lower envelopes for the oscillations of the sample functions of
additive stable processes. Amongst other implications, these results show that the almost
sure estimates of Section 4 are sharp, up to multiplicative constants. An inspection of our
arguments reveals that the special structure of additive Lévy processes plays a very important
role in our derivations.

This paper raises many questions about additive Lévy processes and Lévy sheets. We state
them in a final Section 6.



2 Preliminaries

In this section, we present some notation, and collect facts about Lévy processes, additive Lévy
processes, as well as local times.

2.1 General Notation

The underlying parameter space is RY, or Rﬂ = [0,00)", throughout. A typical parameter,
t € RV is written as t = (1,...,ty), coordinatewise. We frequently write ¢ as {(c), if t; =ty =
o=ty =ceR

There is a natural partial order, “<”, on RV. Namely, s <t if and only if sj < t; for all
j=1,...,N. When s <t, we define the interval,

N

[s,t] = T [se. tal.

/=1

This partial order is, in fact, one of 2V useful partial orders on RV that we describe next.
Let IT={1,..., N} and for all A C II, we define <4y Via

st
(A)

s;<t;, foralliec A
s; >1t;, forallie AC.

Thus, < is nothing other than <m- We shall often also use % and ) they mean the obvious
thing: st if and only if ¢t < s, and so on. In particular, we note that = is the same relation
as (@)

Throughout, we will let A denote the class of all N-dimensional intervals I ¢ RV that are
parallel to the axes. That is I € A is of the form I = [s,t], where s <t are both in RY. We
always write A\, for Lebesgue’s measure on R” no matter the value of the integer m.

The state space, R?, is endowed with the ¢ Euclidean norm || - ||, and the corresponding
dot product (z,y) = 2?21 zjy; (z,y € R?). Furthermore, for any » € R?, || = max;<<q ||
denotes the ¢ norm of x. Since we often find it more convenient to work with |---| rather
than || - - ||, this notation is used consistently, and often, throughout.

We will use K, Ky, Ko,..., to denote unspecified positive finite constants that may not
necessarily be the same in each occurrence.

2.2 Lévy Processes

Recall that a stochastic process Z = {Z(t); t > 0}, with values in R?, is called a Lévy process,
if it has stationary and independent increments, and such that ¢ — Z(t) is continuous in
probability. It is well known that for ¢ > s > 0, the characteristic function of Z(¢) — Z(s) is

given by
E[ei@,z(t)*Z(S))] = ¢~ (t=9)¥(&)



where, by the Lévy-Khintchine formula,

[1 — i@l 4 M] L(dz), V¢eR?,

. 1 /
vl = ifa.&) + 5 ) + [ T

R4

and a € R? is fixed, ¥ is a non-negative definite, symmetric, (d x d) matrix, and L is a Borel
measure on R? \ {0} that satisfies

/ m L(dz) < oo.
R

@ 14 |||

The function, 1, is the Lévy exponent of Z, and L is the corresponding Lévy measure. In this
regard, we also note that

Re 9(¢) 2 0, and Re ¢(—¢) = Re ¢(¢),  V{ e R

A Lévy process, Z, is symmetric if —Z and Z have the same finite dimensional distributions.
It is clear that Z is symmetric if and only if ¥(£) > 0, for all £ € RY.
Strictly stable processes on R? with index o € (0,2] are Lévy processes on R?, whose Lévy
exponent has the form
0(©) = 1€l [ walés) Mid).
d

Here, o > 0 is some fixed constant,

wa(&,y) = [1—i8gn(<fyy>)tan(%)}-‘<H§—H,y>(a7 if o # 1,

wen) = (o) + 2 €noslEnl

and M is a probability measure on the centered unit sphere Sq C R*. When o = 1, M must
have the origin as its center of mass, i.e.,

/dewy) 0.

See, for example, SAMORODNITSKY AND TAQQU (1994, p.73). In particular, we note that the
completely asymmetric Cauchy process is not strictly stable.

Throughout, we will tacitly assume that all stable distributions are non-degenerate; that
is, the measure M is not supported by any diametral plane of S4. Then, it is possible to see
that there exists a positive and finite constant K, such that

Re 1(¢) > K||¢||*, V€ e R (2.1)

Strictly stable processes of index « are (1/«)-self-similar. A particularly interesting class
arises when we let M be the uniform distribution on S4. In this case, (&) = x||£]|* for some



constant x > 0, and Z is the isotropic stable process with index «. Isotropic processes are
sometimes also known as radial processes in the literature.

As discovered in TAYLOR (1967), it is natural to distinguish between two types of strictly
stable processes: those of Type A, and those of Type B. A strictly stable process, Z, is of Type
A, if

p(t,y) >0,  Vt>0,yecR,
where p(t,y) is the density function of Z(t); all other stable processes are called of Type B.
TAYLOR (1967) has shown that if a € (0,1), and if the measure M is concentrated on a
hemisphere, then, Z is of Type B , while all other strictly stable processes of index « # 1 are
of Type A.

BLUMENTHAL AND GETOOR (1961) have introduced the lower indez, 'V, of a Lévy process
Z as

A =sup{y >0: lim ||&]|77Re 1(€) = oo} (2.2)

€] —o0

It is always the case that 0 < '°% < 2. Moreover, when the process Z is strictly stable with
index a, 8% = a; see Ref. PRUITT AND TAYLOR (1996) and its bibliography.

2.3 Additive Lévy Processes

Let X1,...,Xy denote independent Lévy processes on R?, whose Lévy exponents are de-
noted by W¥q,..., Uy, respectively. For each t € Rﬂ , the characteristic function of X (t) =

Z;V:l X;(t;) is given by
E[ei6X®)] = e~ Sie1 i)
e~ HY(©), ¢ e R (2.3)

where \Il(é“) - (\Ijl(g)a ) \I/N(g))
We say that the additive Lévy process X = X1 @ --- & Xy is absolutely continuous if for

each t € RY \ ORY, the function ¢ — exp{ — (¢, ¥(£))} € L'(R?Y). In this case, for every
t e Rf \8Rf , X (t) has a density function p(¢;e) that is described, by the Fourier inversion
formula, as

p(t:z) = (27)~ / HEN YO ge vy e R
Rd

The gauge function, ®, for the multiparameter process, X, is defined by
N
®(s) = (2m) 4 /Rd exp{ -3 |sj|\1/j([sgn(sj)]5)} de, Vs eRY.
j=1

It is important to observe that ®(s) = p(s,0) > 0, where p(s, ®) is the density function of the
random variable

N
X(s) = sgn(s;)X;(|s;)- (2.4)
j=1

5



When X is absolutely continuous, this density function exists, since the fact that & — e~ (&Y€)
is in L'(R?) readily implies the integrability of the characteristic function of the random
variable in Eq. (2.4). In fact, it is easy to verify that X is absolutely continuous if and only if
the characteristic function of X (s) is Lebesgue integrable for all

RV\ {teRY : min |t;|=0).
seRVA{teRY - min |t =0}

In this case, we say that the additive Lévy process X is absolutely continuous. We remark,
further, that the gauge function, ®, is the continuous-time analogue of the gauge function
for the additive random walks of Ref. KHOSHNEVISAN AND XIAO (2000). Moreover, when
X1,..., Xy are all symmetric Lévy processes, our definition of gauge function agrees with that
of Ref. KHOSHNEVISAN AND XIAO (2001).

2.4 Local Times

We end this section by briefly recalling aspects of the theory of local times. More information
on local times of random, as well as non-random, functions can be found in Ref.’s (GEMAN
AND HorowiTz 1980; GEMAN ET AL 1984; X1A0 1997).

Let X(t) be a Borel vector field on RY with values in R?. For any Borel set B C RV, the
occupation measure of X on B is defined as the following measure on R?:

pp(e) = )\N{t €eB:X(t) e o}.

If 41, is absolutely continuous with respect to A4, we say that X (¢) has local times on B,
and define its local times, L(e, B), as the Radon-Nikodym derivative of p, with respect to A4,
ie.,

L@ B) =) vreRrd
dAg
In the above, z is the so-called space variable, and B is the time variable. Sometimes, we write
L(z,t) in place of L(z,[0,?]).

By standard martingale and monotone class arguments, one can deduce that the local
times have a measurable modification that satisfies the following occupation density formula:
for every Borel set B C RY, and for every measurable function f : R — R,

/ FX () dt = / f(z)L(z, B) dx. (2.5)
B R4

Suppose we choose and fix a rectangle T = Hf\i 1lai, a; + hi] in A. Then, whenever we can
choose a continuous modification of R? x [TV, [0, k] 3 (z,t1, - ,tn) — Lz, [ [ai, ai +t]),
X is said to have jointly continuous local times on T. When these local times are jointly
continuous, L(x,e) can be extended to be a finite Borel measure supported on the level set

XM o) ={teT: X(t) =z} (2.6)

In fact, the null set in question can be chosen to be independent of x; see Ref. ADLER (1981)
for details. In other words, local times often act as a Frostman measure on the level sets of



X. As such, they are useful in studying the various fractal properties of the vector field X.
In this regard, see Ref.’s (BERMAN 1972; EHM 1981; MONRAD AND PITT 1986; ROSEN 1984;
LEGALL ET AL 1989; X1A0 1997).

With the aid of some Fourier analysis, one can easily find the sufficiency portion of the fol-
lowing theorem. Proving necessity is more difficult, and is the subject of Ref. KHOSHNEVISAN,
XIAO AND ZHONG (2001). When N = 1, the following is due to HAWKES (1986).

Theorem 2.1 (Khoshnevisan, Xiao and Zhong (2001)) Let X = X; @ --- ® Xy, where
Xi,..., XN are independent Lévy processes in R whose Lévy exponents are Wq,..., WUy, re-
spectively. If

o 1
fo I Re () < 420 1)

then, X admits square integrable local times on every interval I € A.
If we further assume the following

Re (1;[1 %w) > Cle;IlRe (%w) (2.8)

Then Condition (2.7) is also necessary for the existence of local times.

In particular, whenever X;&- - -@® Xy has square integrable local times, so does the additive
Lévy process X1 ®--- XN BY1 D - DYy, where Y7,..., Yy are independent Lévy processes
in RY, that are also totally independent of X1,..., Xy.

Remark 2.2 Examples of additive Lévy processes which satisfy Condition (2.8) are given in
KHOSHNEVISAN, XIAO AND ZHONG (2001). Here we just mention that under the following

At least N — 1 of the Lévy processes Xi, ..., Xy are symmetric, (2.9)

we always have
o al 1
e (Tt ) = TRe (b ). 210
) - (7w
which can be verified by using induction. Hence, in this case, Condition (2.8) is satisfied with

Cy=1. O

It is easy to prove the sufficiency half of Theorem 2.1, which we do next for the sake of
completeness.

Proof of Sufficiency Throughout, we assume vazl Re{l+ ¥;}~1 € L(RY), and adapt the
argument of HAWKES (1986, Theorem 1.1) to the present, multiparameter setting.
Define a Borel measure v on R? by

v(e) = /RN e T 14 (X (s))ds.

+



Then, v is a random probability measure on the closure of X (]Rf ). It is easy to see that
v(A) = 0 if and only if u,(A) = 0 for every interval I € A. We prove that both v and p, are
absolutely continuous with respective to Ay, and their densities are square integrable.

Denote the Fourier transform of v by 7, so that

v(u) = / e~ Xitasi (X (s)w) ds, Vu € RY.
RN

By Fubini’s theorem, and by the independence of the X’s,

E{/ |D(u)]? du} —/ // E{ei<“’X(S)_X(t)>} e Xim1 57250 ds dt du
R Rd J JRY xRY

_ / / / o= S I tel We(fsan(se—tOl) =S 55-SN0 15 g dt du
R4 RﬁxRﬁ

N o0 o0
:/ H {/ / o= s—t—ls—1|¥; ([sen(s—1)]u) dsdt] du
R4 0 0
J=1

We now do the natural thing, and break up the double integral in to two regions: one where
s > t, and one where s < t, and use the fact that for all z € C, {1+ z}71 + {1 +z}71 =
2Re {1 + z}~!. Namely,

sf [ oopasy = [T [7o ["eormdas [ TT] [T [

=

N1 1

:/ 135 1+\y( )+1+‘Pj(u)}du
N 1

—/l;l 1_i_\p())du<oo.

By the Riesz—Fisher theorem and/or Plancherel’s theorem, v is , almost surely, absolutely
continuous with respective to Lebesgue’s measure )y, and its density is, almost surely, in
L?(RY).

To prove that for every I € A, X almost surely has square integrable local times L(e, I) on
I, we first note that there exists a positive and finite constant K—it depends on I—such that

E(|z; () < KE((w)]?), VYueR"

Hence, we almost surely have 11, € L? (Rd), which implies that X has a square integrable local
time on I. 0

We present two useful corollaries of this theorem that are stated in terms of easy-to-check
conditions; one in terms of lower indices, and one in terms of the gauge function, when it exists.



Corollary 2.3 Suppose X = X1®---® Xy, where X1,..., XN are independent Lévy processes
in R with lower indices ﬂ{”“’, e Jl\?“’, respectively. Then, X has square integrable local times

on every finite interval I € A, as long as Zévzl ﬁéow > d.

Proof By the definition of the lower indices [Eq. (2.2)], for all € > 0, there exists n > 0,
such that whenever ||u|| > n, Re Uy(u) > Hu||ﬁ20w_€, for all =1,..., N. Consequently, for all

ue R,
N
1
[T () -
e 1+ \I/g(u) J

1

. ____ < NS—Z?:U%OW A L.
1+ ReWy(u) — gl

=

1

This integrates [du), if we choose 0 < & < %[Zé\le Bi°" — d). Theorem 2.1 does the rest. O

Corollary 2.4 Let X = X1 @®---® Xy be an additive Lévy process in RY satisfying Condition
(2.8). We assume that X is absolutely continuous with gauge function ®. Then, X has square
integrable local times on every interval I € A if and only if ® € L} (RV).

loc

Proof A calculation similar to the one made in the sufficiency proof of Theorem 2.1 reveals
that as long as ® exists,

SN s e a [T 1
/RNe Sl (s) ds = (27) d/Rd]l;IlRe<1+Tj(u)> du.

Hence, thanks to Theorem 2.1, the existence of square integrable local times implies that the
left hand side of the above display is finite. This, in turn, implies that ® € L\ . Conversely,

loc*

given ® € L{ . it suffices to show that for all I € A, 1z, € L? (R?) a.s., keeping in mind that s,
is the occupation measure over I; cf. §2.4. For then, by Plancherel’s theorem, (i, is absolutely

continuous with respect to A4, and its Radon-Nykodym derivative is in L?(R%). However,

— 2 _ (u, X (s)—X(t))
]E{ /Rd|u1(u)| du}—/Rd//]E{e }ds dt du

IxI
_ / / / o S Isi 110 (sen(s;~2)]w) g4 gt dug
Rd
IxI
://@(s—t)dsdt

IxI

< )\N(I)-/I@ICI)(s) ds,

where I 61 ={a—"b: a,b € I}. This completes our proof. 0



3 Joint Continuity

Now, we turn to the problem of studying the existence of jointly continuous local times of
additive Lévy processes. Throughout, we assume the following regularity condition. In light
of Corollary 2.3, this condition, a priori, implies the existence of square integrable local times.

(C) If B)°™ denotes the lower index of Wy for £ =1,..., N, Zévzl B > d.

Remark 3.1 An equivalent formulation of Condition (C) is that there exists constants K > 0,
ro > 0and fi,...,06n > 0, such that Zé\[:l By > d, and Re W, (€) > K||€]|? for all ||€] > 7. In
particular, thanks to Eq. (2.1), all additive stable processes with index o and Na > d satisfy
Condition (C). O

Our main general result is the following;:

Theorem 3.2 Let X = X; & --- & Xy, where X1,...,XN are independent Lévy processes
in R?. If Condition (C) holds, then for any I = [a,a + h] € A, almost surely X has jointly
continuous local times, L = {L(z,|a,a +1]); (z,t) € R x [0,h]}.

Proof Throughout, we will assume and use the notation of Remark 3.1 regarding Condition
(C). It follows from Ref. GEMAN AND HOROWITZ (1980, Eq.’s (25.2) and (25.7)) that for any
z,y R T = Hévzl[ag,ag + h¢] € A and any integer k£ > 1, we have

E{[L(z,T)]*} = (2m)~" /Ik /de ¢~ Zier W IR{ o D (s XENY g7 g (3.1)

and for any even integer k > 2
)}

E{[L(z,I) — L(y, I

k
R S a) _ il )| f o S O XONY g g
= (2m) /Ik/dejl_[l{e e ]E{e =1 } du dt,

3.2)

where @ = (u!,--- ,u¥) € R¥ and T = (¢!, - ,t*) € I*; see also GEMAN, HOROWITZ AND

ROSEN (1984). [N.B. Written coordinatewise, t/ = (¢, - - ,tg\,).]

In order to prove the joint continuity of L, we first establish appropriate upper bounds for
(3.1) and (3.2), and then apply the continuity lemma of GARSIA (1972).

By the elementary inequality

|ez‘u_1|§21—7|u|7 forany uve R, 0 <y <1,

we see that for any even integer k > 2 and any 0 < v < 1, (3.2) is bounded above by
(2m) 2R g — g * /Ik /de [T - [B{em 2= XM qmar.  (3.3)
j=1

10



For convenience, we introduce the following quantity:

k . .
a1, k,y) = /Ik /de IT 1 \E{eiE?:WvX(“»H du dt, (3.4)
j=1

where I € A,y € [0,1), and k£ > 1 is an integer. We note that
E{[L(z,)]*} < (2m)7**3(1, k,0). (3.5)

For each fixed 7 € I*,

k o k N A ' ,
/ H [l ||7 - UE{eiZf:l (uJ,X(t]»H di = / H [ || - H |E{622§=1 (u],Xe(t%))H du. (3.6)
REd Rkd %1 =1

By Eq. (3.6), we may, and will, assume with no loss in generality, that g, > 0 for all
£ =1,...,N. Since Zévzl B¢ > d, by induction, we see that there exist N positive numbers
P1,-..,pN such that

N
1
> —=1 and pfp>d V=1, N. (3.7)
— Pt
It follows from the independence of X1,. .., Xy and the generalized Holder inequality (HARDY,

1934, p.140) that J(I, k,~) is bounded above by

N k ) )
/l I /R Tl g Xy e Y (3.8)
=1 j=1

Fix £ for the moment, and let rg (1 < j < k) denote the j-th order statistic of the k-tuple
(t},---,t¥). That is, (r},---,75) is a permutation of (¢},---,t§) that satisfies 7“5 < ... <
rf. To keep the notation from getting overbearing, we continue to write (u',--- ,u*) for the
corresponding permutation of w.

Since the Lévy process Xy has independent increments,

Pe

/deﬁHUjW : ‘E{eizﬂk':1<uj,Xg(t§)>} da
/deHuJ”v ‘E{exp il Pk ™ X (r 1) X 1)>)} pe
— /de U ||u3||'y . H‘E{exp (Kqu:jum,Xg(rg) o Xg(rg_l)»} Pe P

/ f[[\\uj\hexp —pe(r] — ] )Re Uy(X0, ]um))}d@

11



In the above we have written rg = ay. By letting
k
v]:Zum, V1 <j <k,
we see that the above integral is equal to
k .
/ H l|vg — j+ " exp { — pe(r) — rg DRe W, (v7 )} dv, (3.9)
Rkd j=1
where v**1 = 0. On the other hand, for any 0 < v < 1, |a + b]” < |a|” + |b]?, we have
k ok
H ij _ Uj+1Hv < Z H ij”qw’
j=1 J=1

where Y' denotes summation over all (qi,--- ,qx) € {0,1,2}* such that Z?Zl q; = k. Hence,
the integral in (3.9) is bounded above by

! k . . . .
/de Z H [|v7 |97 exp{ — pe(r) — 'rz_l)Re \Ilg(vj)} dv
k
Z H [/ o7 | %7 e~ pe(ry—ry”Re We(v7) g, J}

_gjv+d

k
SZ H _Té e (3.10)

where we have used Condition (C) in deriving the last inequality, and K > 0 is a finite constant
depending on ¥y, py and d only; cf. also Remark 3.1. Combining Eq.’s (3.4)—(3.10), and noting
the k! permutations of {1,...,k}, we obtain

k gjv+d

/ N . .
H(I,k,fy)SZKka:!/ [Le -4 e dth .. dik, (3.11)
/=1

ag=r)<rl.-<rk<a,+h, j=1

We take v € [0,1) such that (2v +d)/(Bepe) < 1, which is legitimate, thanks to (3.7). We also
need the following elementary calculation: for all £k > 1,h > 0 and b; < 1,

k .
/ — )i gst ... dsk = pPT Ejarb Lo (L~ by) ;
0<s1< <sk<h]:1 (1 + k- Z?:l b;)

::]w

12



where s = 0. [It follows from induction on k.] Thus, we obtain

T S (g P T = (gjy + d)/(Bepe))
J(I,k, < Kk k"hk > j=1(a;v+d)/(Bepe) H]_l J
(k) =2 g{ ‘ T(1+k—YF_ (g7 +d)/(Bepe)

N hk(l—(7+d)/(ﬁepe))
<K*EON ] t . (3.12)
1T (14 k(= (v + )/ (Ber)))

It follows from Eq.’s (3.1), (3.2), (3.3), (3.5) and (3.12) that

B[ 1) < bR [ (3.13)
T (R - d/(Bm)) |

while
hk(l—(7+d)/(ﬁepe))

N
E{[L(z,I) — L(y, D]*} < K*(kHN ||z — y||* £ . (3.14)
{ I S F ey

By Eq.’s (3.13), (3.14), and by the triangle inequality, for all even integers k > 2,
E{[L(z[a,a+s]) = Ly, [a,a + 1)]*} < KF (k)N |(z,5) = (3, )] (3.15)

The asserted joint continuity of (z,t) — L(x,[a,a + t]) follows immediately from Eq. (3.15),
and the continuity lemma of GARSIA (1972). This completes our proof of Theorem 3.2. O

The following is an immediate corollary of Theorem 3.2.

Corollary 3.3 Suppose X = X1®---® Xy, where Xq,..., Xy are independent, strictly stable
processes in R with indices o,...,an € (0,2], respectively. If Zé\le ay > d, then for each
I = [a,a + h], local times, L = {L(x,[a,a + t]),(x,t) € R? x [0,h]}, exist that are jointly
continuous in (z,t).

Remark 3.4 Ref. Eum (1981, Theorem 1.1) states that, under mild regularity conditions,
stable sheets have jointly continuous local times. Moreover, under the same conditions, upper
bounds are given for the moduli of continuity of these local times. The arguments of EHM
(1981) rely on decomposing an N-parameter stable sheet of index « as a sum of an N-parameter
additive stable process, and a negligible remainder; see EHM (1981, Eq. 1.9). Viewed as such,
EnM (1981, Theorem 1.1) is, in fact, a theorem on N-parameter additive stable processes of
index «, and is refined in Theorem 3.2 above. O

Remark 3.5 Thanks to Theorem 2.1, the condition Zé\;l ay > d is best possible in the sense
that whenever Zévz 1 a¢ < d, square integrable local times do not exist. O
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If Xq,..., Xy are strictly stable processes with the same index «, then our proof of Theorem
3.2 yields the following estimates for the even moments of the local time that will be used in
Section 4: If Na > d, then for any v € (0,1 A 1(Na — d)), there are finite constants Ko, K3
such that for any I = [a,a + h] € A, all 2, y € R?, and even number k,

LX) + 2, DAY _ g ! N
]E{ [[/\N(I)] 1—d/Na] } < K [F[l + k(1 —d/(Na))]] ~ (3.16)
and
(L(X(t) + 2, 1) — LIX(t) +y, [)7*
E
! [ (n)] e I (3.17)

k! N
P1+E(1—(d+7)/(Na))]

< K}l — ™|

Here, t may be either of the time points ¢t = 0 or t = a. In case t = 0, Eq.’s (3.16) and
(3.17) follow from Eq.’s (3.3) and (3.14), respectively. On the other hand, it is clear that Eq.
(3.4) remains valid if we replace the random variables X (/) in the definition of J(I,k,~) by
X(#) — X(a). Hence, Eq.’s (3.16) and (3.17) also hold for t = a.

4 Holder Laws: Upper Bounds

In this section, we are interested in deriving Holder-type estimates for the moduli of continuity
for the local times of additive stable processes. In the context of classical one-parameter
processes, such works can be found, for example, in (DONSKER AND VARADHAN 1977; KESTEN
1965), while EHM (1981) contains upper bounds for the moduli of continuity of the local times
of (multi-parameter) stable sheets. Further limit laws for two-parameter, real Brownian sheet
are found in LACEY (1990).

In this section, we continue along the lines of the aforementioned works by establishing
local, as well as uniform, upper bounds for the moduli of continuity of the local times of
additive stable processes. We will see later in Section 5, that these upper bounds are, in fact,
sharp up to multiplicatve constants. Throughout Sections 4 and 5, we assume that the strictly
stable processes X1,..., Xy are of Type A. For brevity, we will say that X is of Type A.

Lemma 4.1 Let X be a Type A additive stable process in R with index o € (0,2]. Then,
there exists a positive and finite constant K such that for all I = [0,a] € A and £ > 0,

P{sup[|X(t)[| > £} < Klal§™. (4.1)
tel

Proof Inequality (4.1) follows easily from || X (¢)|| < S, | X¢(t¢)|, and a well known fact
about ordinary stable processes of index a; see BERTOIN (1996, p. 221). O
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The following lemma is a consequence of (3.16), (3.17) and Chebyshev’s inequality. The
proof is standard, and hence omitted.

Lemma 4.2 Let X be a Type A additive Lévy process in R? with index a € (0,2]. For any
number v € (0,1 A %(Noz —d)), there are constants by, by > 0, and 0 < K4, K5 < 400, such
that for all I = [a,a + h] € A, z,y € R, and all u > 0,

1-d/(Na

P{L(X(t) +2,1) > [An(I)] Jydley < Kyet, (4.2)

and

P{L(X(t) + 2, 1) = L(X() +y, D)| = (D] 7T gy glebtn/oy

< K56_b2u (43)

where either t =0 ort = a.

Theorem 4.3 Let X be a Type A additive stable process in R with index o € (0,2] and No >
d. Let L be its jointly continuous local time, and for I € A, write L*(I) = sup,cgra L(z,I).
Then, there are finite constants Kg, K7, such that for every 7 € (0,00)", every T € A,

, L[ = (r), 7+ ()]
1 < Kg, a.s. 4.4
o rN=dja(loglog r—1)d/a = =% s (4.4)

and

limsup  sup 1—d/(§v ()I) < K, a.s. (4.5)
r—0  I€AICT [)\N(I)] “log Ay (I)|d/
)\N(I)<7‘

Proof Our proof is based on Lemmas 4.1 and 4.2, together with a chaining argument similar
to that employed in Ref.’s (EHM 1981; X1A0 1997). In the following, we only verify Eq. (4.4).
Eq. (4.5) follows along similar lines; see (EaM 1981; X1A0 1997) for further details.

For brevity, we write g(r) = rN~=%*(loglog r~1)%* for small > 0. Since for any 7 € RY
and 7 > 0, the cube [r — (r), T + (r)] can be covered by at most 2V subcubes of sides r in A,
we see that (4.4) will follow from a standard monotonicity argument, once we prove that for
any s € RY,

: L*(Cn)
lim su < Kg, a.s. 4.6
nﬂoop g(27") — ° (46)

where Cy, = [s,s + (27™)], n > 1.
Having dispensed with the requisite preliminaries, we divide our proof of (4.6) in four parts.

Part (a) Lemma 4.1 implies for any 5 > 0,

P{ sup | X(t) — X(s)| > 27an"} < Kn™*%  vn>1.
teChp
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We select G > é and appeal to the Borel-Cantelli lemma, to deduce that with probability one,

sup |X(t) — X(s)|| < 27an®,  ¥n large enough. (4.7)

Part (b) Let 6,, = (2" logn)~ "%, n > 1. and define
Gn={zeR: |z <27n and Fp € Z¢: = = b,p, }.
It follows from (4.2) that

P{max L(X(s) +,Co) = af/"g(27)} < K (27720, ~hrerloelos?’

z€Gp
< K (logn)#/® n—(bra1—dB)
Choose a; > (1 + df)/b; and apply the Borel-Cantelli, once more, to obtain the following:
with probability one,

d/a
max L(X(s) + z,C,) < al/

2 g(27"), Vn large enough. (4.8)
z€ln

Part (c) For any two integers n,k > 1, and any = € Gy, let

k
F(n, k,z) = {yeRd;y:erenzng*J,ge 0,114,1<j< k}
j=1

We select number v > 0 first, and then, we choose § > 0 such that it satisfies
0
a(d+ry) <y<1IA= (Na—d)

Consider the event B,, that is defined as

U U U {|L s) +y1,Cn) — L(X(5) + 42, Cy)| 2AHyl—yz\maﬂéklogn)%”},

x€Gn k=1y1,y2

where A = [)\N(Cn)] 17(d+7)/(Na), and “Uy, 4,” signifies the union over all yi,y2 € F(n, k,x),
such that y; — y2 = 0,£27% for some € € {0,1}%.
JFrom (4.3), we see that for any constant as > 0,

o0
P{B,} < K(2—%nﬂ/9n)d22<d+1>k6—b2a2251«10gn
k=1

= K(logn)g p~(b202/2=dB)

We have used the elementary fact that for x > 0 large enough,

o0
Z2(d+1)]€ eXp(_x25k) S 671/2'
k=1
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Hence, we can choose as > 0 large so that > P{B,,} < co. The Borel-Cantelli lemma implies
that almost surely, B,, occurs only finitely often.

Part (d) Fix an integer n, together with some y € R? that satisfies ||y|| < 2 an®. We can
represent y in the form y = limy_, o0 yg, With yp =z + 6, Z?Zl £;277, 2 € G, and ¢ € {0, 1}4.
As local times are continuous in the space variable, we see from this expansion, and the triangle
inequality, that, on the event BEL,

[L(X(s) +y,Cn) = L(X(s) + z,Cn)|

e

IL(X(5) + g, Ca) — L(X(8) + -1, C)| (0 =2) (4.9)
k=1
= - [e" dty
<3 (@] Ty (022 logn)
k=1

(o]

< 2—”(N—derW (aglogn) da7 Z d(2" log n)~ Y/ ra—kr=d(d+y)/e)
k=1

< Kg(27"),

where the finite constant K is independent of s and n.
When n is large enough, we combine (4.8) and (4.9) to get

sup  L(X(s)+z,Cp) < Kg(27").

|lz]| <2~ & nd
That is,
sup L(z,Cp) < K g(27").
lo—X(s)| <2~ & ns
Therefore,
L*(Cy) =sup {L(z,Cy); € X(Cp)} < Kg(27™).
This proves Eq. (4.6), and (4.4) follows readily thereafter. O

5 Holder Laws: Lower Bounds

Our purpose, in this section, is to derive lower bounds for the moduli of continuity of the local
times of additive stable processes. We achieve this by first establishing the following liminf
result about the oscillations of additive stable processes.

Theorem 5.1 Let X be a Type A additive stable process of index «. Let T € Rf and T € A
be fized. Then, there exist finite constants Kg, K9 > 1, such that, a.s.,

X(t)— X
KS_1 < lim inf sup [X() - (17-)1| < Kg, as, (5.1)
=0 yelrri () (r/loglogr=t)l/e
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and

Ky ' <liminf inf sup M
r—0 T€T tE[T TJr (T/ lOgT‘ ) /a (5 2)
X0~ X(r)| -
< lim sup inf sup T < Ky, a.s.
r—0 TE€T telrr4(r (T/ logr~ )

Our proof of Eq. (5.1) is based on the arguments of TAYLOR (1967). However, the multi-
parameter nature of the process X introduces new and interesting difficulties that need to be
overcome. First, we need a small ball estimate.

Lemma 5.2 Under the conditions of Theorem 5.1, there exists a constant K19 > 1 such that

exp (— Kior™®) <P{ sup [X(t)] <r} <exp(—Kj'r ).

te[0,1]V
Proof Clearly,
N
m{sup | X;(t)| <rN~ } { sup I|X(t) ||<r} m{sup | X (t5) |§r}.
j=1 ti€0,1] 0,1]N j=1 ti€0,1]

Therefore, Lemma 5.2 follows from the corresponding result of TAYLOR (1967, page 1240) for
ordinary stable processes of Type A. O

Proof of Theorem 5.1 The lower bound in (5.1) follows from (4.4) of Theorem 4.3 and the
inequality

AN(I) = /Rd L(x,I)dz
< L*(I) sup 1X (s) — X ()]
< 2°LX(I) sup || X (s) - X, (5.3)

with I = [r,7 + (r)]. The lower bound in (5.2) follows from (5.3) and (4.5) in a similar
way. Both lower bounds can also be obtained by using Lemma 5.2 and the first part of the
Borel-Cantelli lemma, with possibly different constants.
To prove the upper bound in (5.1), we assume, without loss of generality, that 7 = 0. For
r > 0, denote
M(r)= sup | X(#)], and ¢1(r) = (r/loglogr—")"".
te[o,r)N

Given .
nk:e_k ,k=1,2,...,

it suffices to show that there exists a finite constant Kg > 0 such that

P{M(n;) < Ks¢1 () infinitely often } = 1. (5.4)
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In order to create independence, we will first replace M(n;) by a sum of 2 random variables.
Recall that IT = {1,2,..., N}, and for every A C II \ &, define

Ma(ng) =
<77k+1 (\

X (k)] ],

and
Mg (k) = sup [ X(8)]| = M(ne+1)-
t={Met1)
We note that
Mu(e) = sap [|X(s) = X({ne+1),

(Meg1) < 5 <(mwe)

and, thanks to the triangle inequality,

Mine) € M) + , mmax, Ma(ne). (55)

Let v > 0 be a constant whose value will be determined later, and consider the following
events:

D = {M(nk) > 27v¢1(nk) },

G, = {Acrga}@ Ma(e) > vé1(nr)},

Hi, = {M(nk+1) > vé1(me)}-
Then, Eq. (5.5) implies that for all £ > 1 Dy C G U Hg, and for all m > 1

A= () (Un)

The point is that G,,,..., Go,, are independent events.
Let us write pp = IP’{G%}, for brevity. By our proof of Lemma 5.2, we have

Pk = IP’{ Agrﬁl?j(#gMA(nk)§7¢l(77k)}

> B{ s |X5(0) - X;0men)| € — i), V1< < N

Mre4+1<t; <Ny \/—
_ Y1 (nk)
= TIF{ g 00 < )

> exp(— K~ %loglogn, 1),

where the second inequality follows from the self-similarity and the stationarity of the incre-
ments of the processes X1, ..., Xy, and the last inequality follows from the result of TAYLOR
(1967, p. 1240). We now take v > 0 so large that

pe > k2 (5.6)
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On the other hand, Lemma 4.1 implies that

P{H:} < KnkH log lognkf1 < e_k, (5.7)
Nk

for all k£ large enough. It follows from (5.6), (5.7) and the aforementioned independence of
G, - - -, Gom, that for all m large,

2m 2m 2m
IP’{ N Dk} < JTa-p)+ D e
k=m k=m k=m
_y2m 1 _
S e Zk:mpk _|_ 1_671 e m

< exp(—m'/*),

By the Borel-Cantelli lemma, we see that Eq. (5.4) holds with Kg = 2v, which proves the
upper bound in Eq. (5.1).

Now, we prove the upper bound in (5.2). Without loss of generality, we assume T = [0, 1]V.
Let v > 0 be a parameter that will be determined later, and denote

Ga(r) = /| log 7|~ V.

For each integer n > 1, we divide [0,1]" into n® subcubes, {C;}, of sides n~!, where i =
(t1,...,in) and 1 < i; < n, and denote the lower left vertex of the cube C; by 7;. In order to
create independence, we will only use the subcubes whose lower left vertex lies on the diagonal
{s={(s1,....,sn) €RY : sy =+ =sn}.

Letting I' = {i: 41 = --- = iy}, we obtain the following from Lemma 5.2:

P{min sup | X(t+7)— X(r)] = 162(1/n)}
i€l yef0,1/n)N

- :P{ sup || X (®)] ZW?(l/”)Hn

te[0,1/n)N

r n
< |1 —exp ( — K~™¢ logn)}
— - niK'y_a]n

<exp(—n'"F7T).

We can take v > 0 large enough so that 1 — K~4~% > 0, and apply the Borel-Cantelli lemma,
to deduce that with probability one,

(X () = X(7)|

limsup inf sup —————=< . (5.8)
n—oo TEOIN serrt/my  $2(1/n)
The upper bound in Eq. (5.2) follows from Eq. (5.8) and monotonicity. O
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Combining Theorems 4.3 and 5.1 yields the following Holder estimates on the smoothness
of the local times of additive stable processes.

Theorem 5.3 Let X denote a Type A additive stable process in RY with index o € (0,2],
where the number of parameters Na > d. Then, jointly continuous local times exist, and for
every T € (0, OO)N and every T € A, there exist positive constants K11 and K15 such that

1 L*([r = (r), 7+ (r)])
Kl<l ’ < K11, as., 5.9
1 S mrljg]lp rN=d/a(log log r—1)d/a = 11, &8 (5.9)
L*(I
K1_21 <limsup sup () < Kjo, as. (5.10)

— 1-d/No d/a
0 Ied lcT A ()] | log An(1)]

Proof The upper bounds in Eq.’s (5.9) and (5.10) are contained in Theorem 4.3, whereas
the lower bounds follow from Theorem 5.1 and Eq. (5.3). O

6 Open Problems

The results, and methods, of the present paper raise several open questions about the local
times of additive Lévy processes and Lévy sheets. We list some of them below, as concluding
remarks.

Problem 6.1 Can Condition (C) be replaced by a more “geometric” condition in Theorem
3.27 The Lk(P)-norm of the local time difference induces a psuedo-norm on Euclidean space.
Thus, one might expect that there is a metric entropy improvement on Condition (C). For
classical one-parameter processes, some related results can be found in Ref.’s (GETOOR AND
KESTEN 1972; BARLOW 1985, 1988; BARLOW AND HAWKES 1985). O

Problem 6.2 Question 6.1 leads to the deeper, but also more difficult, problem of finding a
natural necessary and sufficient condition for the joint continuity of the local times of additive
Lévy processes. This seems to be outside the reach of the techniques that are known to us.
When N = 1, a necessary and sufficient condition for joint continuity is found in BARLOW
(1988). While the methods of the latter reference are unlikely to be of use in the present
random fields setting, those of Ref. MARCUS AND ROSEN (1992) are quite robust, and likely
to lead to interesting conclusions along these directions. O

Problem 6.3 Considered in conjunction with Ref. X140 (1997, Proposition 4.1), our Theorem
4.3, shows that for every z € R?, and for all T € A, the A-Hausdorff measure of the level set,
X7 (w), is positive, where A(r) = TN_%(log log 7“*1)%, and the level sets X' (z) are defined
in Eq. (2.6). Furthermore, it is not hard to show that

d
dim,, X;l(x) =N-——, a.s.,
a
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where dim,; denotes Hausdorff dimension. Thus, we are led to conjecture that A is the correct
Hausdorff measure function for the level sets of X. O

Problem 6.4 In its analysis of the local times of stable sheets, Ref. EHM (1981) considers
time points that remain strictly away from the axes of Rf . In fact, very little is known about
the behavior of local times of stable sheets, as we consider time points closer and closer to the
axes. Even in the simplest case of Brownian sheet, the subtle behavior of the Brownian sheet
near ORY [cf. TALAGRAND 1994)] suggests the delicate behavior of the local times on time
sets that intersect, or are approaching, aRf . For some related works in the special case of
Brownian sheet, see LACEY (1990, (2.21), p. 69), Khoshnevisan, R¥ész and Shi (2001). O

Problem 6.5 In this paper, we have not considered regularity results for the local times of
additive stable processes of Type B. Although classical stable processes of Type B do not have
local times, N-parameter additive stable processes of Type B do, in many instances where
N > 1; cf. Theorem 2.1 for precise conditions. In these cases, what can be said about the
Holder regularity of such local times? Related questions about the fractal measures of the
sample paths of additive processes of Type B are also open. Ref. HU (1994) contains some
results, in this direction, on the image of two-parameter additive stable subordinators. [l
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