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GAUSSIAN SAMPLE FUNCTIONS: UNIFORM DIMENSION
AND HOLDER CONDITIONS NOWHERE

SIMEON M. BERMAN

Introduction.

Let X(¢#), t=0, be a real Gaussian process with mean 0, stationary
increments, and o%(f) = E|X() — X(O)|*. Here o2(t) = | |e™ — 112721 + 2)
dH(2), for some bounded monotone H. We summarize the main results. If
the derivative H’ of the absolutely continuous component of H satisfies
H'(Q)=C|2]«t for all large [1], for some 0 < a <2, then i) The local
time o¢(x, £) of the sample function exists, is jointly continuous in (z, #),
and satisfies a uniform Holder condition in ¢ of any order smaller than
1 — a/2, almost surely; ii) X(¢), 0=<<¢<T, nowhere satisfies a Holder condi-
tion of order greater than «/2, almost surely. If, furthermore, the sample
functions are almost surely continuous, then {z:dim [z:0=<?=<T, X(¢)
= 2]<1— «/2} is nowhere dense, almost surely. If, in addition, ¢*(¢) <
Blt|,, 0<t<Tforsome0<p<2 thendim{:0<¢t<T, X(¢)=2}<1-—p/2
for all =z, almost surely. If X(¢#) is stationary and ergodic, and « =g in
the conditions above, then dim {f:#=0, X(#) =2} =1— /2 for all z,
almost surely.

The theme of the preceding three papers [3], [4], and [5] is that the
smoothness of the local time of a Gaussian process implies the irregularity
of the sample functions. Here we continue to demonstrate this implication
in a quantitative way, and sharpen some of the earlier results.

The original calculations for the proof of the continuity of the local time of
a Gaussian process are in [3]. The conditions were simplified and weakened,
and joint continuity was proved in [5]. While not strictly comparable to
those in [5], the hypotheses here are more simply stated, and the conclusions
are stronger (Theorem 4.1).
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64 SIMEON M. BERMAN

Theorem 5.1 states that the sample functions nowhere satisfy a Holder
condition of a certain order. Although the hypothesis is stronger than
that in [4]; the conclusion is more precise.

The novelty of our results on the dimension of the z-values of the
sample functions is that they yield an upper bound on the dimension which
is uniform in % (Theorem 7.1), and an exact evaluation uniform in z for
stationary processes (Theorem 8.1). Our earlier result in [5] and Orey’s in
[11] give the dimension for a fixed value of #. Our present hypothesis is
slightly stronger than that of Orey.

It also follows from our method that in the particular case of the
Brownian motion process, the exact dimension of the pre-image of every
point in the interior of the range is equal to 1/2, almost surely.

A major part of the analytics of Gaussian local times concerns the de-
terminant of the covariance matrix of the finite-dimensional distribution of
the process. An elementary inequality for such determinants (Lemma 2.1)
is used for the first time; the calculations are simpler than in [3] and [5].

1. Gaussian processes with stationary increments and their local
times.

Let X(¢), t =0, be a Gaussian process with mean 0 and stationary in-
crements. Put o*(¢) = E(X(¢) — X(0))2. If ¢%t) is continuous (and we shall
assume this) then it has the spectral representation

(1.1) o*(t) = S"’ let —1]2272(1 + 22)dH(2),
where H is bounded and nondecreasing. For s < ¢ the difference X(¢) — X(s)

has the stochastic integral representation

oo 1at

(1.2) X)) = X(s) = |~ LyiF e,

where ¢ is Gaussian with orthogonal increments, and E|&(d2)|? = dH(2).
Throughout this work we will assume that H satisfies the following con-

dition: There exist numbers « and C, 0 < « < 2, C> 0, such that the deri-
vative k(1) of the absolutely continuous component of H satisfies

(1.3) [2]e71(1 + AAh(2) =C, for all sufﬁciently large |2].
This is equivalent to

(1.3) [2]#*1h(2) =C, for all sufficiently large |[4].
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We recall the definition of local time. Let f(¢), =0, be a real-valued
Borel function, and g the linear Borel measure. For every pair of Borel
sets A C (—oo, o) and I c [0, o), define

YA, ) = f (A4 NI

which is the time spent by f(¢), ¢ € I, in the set A. For fixed I, if v(., I)
is absolutely continuous, then its derivative ¢(x, I) is called the local time
of f relative to I; we then say that the local time exists relative to I. We
define the function ¢(z, #) to be ¢(x, [0, ¢].

Now let X(¢), t=0, be a process with Borel sample functions, for ex-
ample, continuous sample functions. If X is Gaussian then under certain
general conditions the local time exists for almost all sample functions [3].
We continue to use the symbol ¢(x, ¢) as the local time, but it now depends
also on the sample function; therefore, ¢(x, ¢) is a stochastic process of two
parameters x, ¢, where —o0 < & < 0, ¢=0.

Here is the outline of the analytic method used in [3] and [5] for the
calculation of the moments of ¢(x, ). For a fixed sample function and
fixed ¢, the Fourier transform on z is the function of #,

| emop(a, tyaa,

which is equal to

t

['ewriods,

0
Express ¢(x, ¢) as the inverse Fourier transform of this function:

—_ L © —tuz ¢ Tu X (8)

(1.4) ola, 1) = o S_me (Soe ds)du.

The mth power of ¢ is

o

(21:)""S . Slexp (—ixj‘élu j>

—oc0

XS; .. S;exp[iélqu(sj):]dsl' «vdspditys - ~du,,.

Take the expected value under the sign of integration: the second exponen-
tial in the above integral is replaced by the joint characteristic function of
X(sy), » + +, X(sm). Interchanging integration and applying the characteristic
function inversion formula, we get
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(1-5) E?’m(x, t) = S:' ° 'S;pm(x’ I RS PR 'ysm)dsl' * 'dsrm

where P (%, «++, m) S5, * * *, Su) 1s the joint density function of X(sy), » - -,
X(s,,) at the point (%, - - -, ,). In the Gaussian case the density is of the
form

(22) ™2 | R(sy, » » +, Sn)| V2e @2

where R is the covariance matrix of X(s,), - - -, X(sn), |R| its determinant,
and @ a nonnegative quadratic form. Estimates of the moments of ¢
depend on the rate of decrease to 0 of |R| as s; —s;-;—0 for some j.

In this paper X(¢) shall always be a Gaussian process with mean 0 and
stationary increments, and have the representations (1.1) and (1.2). In
Section 8 X(#) will be stationary.

2. Properties of the finite-dimensional distributions.

A preliminary result of much use to us is this property of determinants
of covariance matrices.

LemMA 2.1 Let A and B be nonnegative definite symmetric matrices of the
same order; then |A| < |A + B].

Proof. If |A| =0, the lemma is trivially true. Now assume |A| > 0.
Let m be the rank of A. The well known formula (e.g. [7], p. 120) states
that ‘

[A] = (2ﬂ)m<SRm- - S exp (_—;‘M'Au>du>_2,

where # is an m-component column vector. From this relation—with A + B
in place of A— and from the linearity and positivity of the quadratic form,
we obtain:

- Lu’Au—%u’Bu

14+ Bl =ean(] Je du)

= ([ - Se*%u,Auduyz = Al

In order to calculate the moments of the local time, we use the fol-
lowing property of the finite-dimensional distributions of the stochastic pro-
cess (cf. [3], p.294; [5], p. 1268). We shall first state it, calling it Condition
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A, and then prove that it holds under the hypothesis (1.3). The interpre-
tation of this condition is that the successive infinitesimal increments of the
process are not too highly correlated.

Condition A. For every T >0 and positive integer m, the determinant
of the covariance matrix of the normalized increments

X(t;) — X(t-1)

-y ot =)

j=1y"’, myt():()y

is bounded away from 0 on the m-dimensional set
(2'2) {(tly."ytm):0=t0<tl<"‘<tm£T}.
First we verify Condition A for a special process.

LemMA 2.2. Let X(t), t==0, have the particular spectral function

HG) = " y=e + y971dy;
here ® has the form
(2.3) o*(t) = K|¢|,

where
K= S” lei* —1]2]2]-a"1d2,

Then Condition A holds.

Proof. For 0 < a <1, the function (2.3) is concave in #, and the con-
clusion follows from the inequality in [3], p. 1269.

For 1<a <2, the proof is the same as that of [3], Lemma 5.2. While
the latter presumes the stationarity of the process, it is really only the
stationarity of the increments that is used in the proof.

In the following two lemmas, Condition A is shown to hold for the

more general process.

LemMA 2.3. Under (1.3), for every T>0 there exists a constant b >0 such

that
(2.4) (t)=blt|% for all t,0<t<T.

Proof. For sufficiently large M, o%(¢) is, by (1.1) and (1.3), at least equal
to
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c | tem 12,
1A|>M

This is asymptotic to CK|¢|* for ¢+ -0, and vanishes only for ¢ = 0.
LemMA 2.4. Condition A holds under (1.3).

Progf. The covariance matrix of (2.1) is representable as the sum of
two covariance matrices A and B, corresponding to the absolutely continuous
and singular parts of H, respectively. In proving this lemma, it suffices, by
Lemma 2.1, to consider only the matrix A; hence, we shall assume that H
is absolutely continuous.

The covariance matrix of (2.1) has another decomposition into matrices
of the same type. The stochastic integral (1.2) may be broken up into an
integral over [1| << M and an integral over |i] > M, for arbritary M > 0.
The covariance matrix is the sum of the covariance matrices of these two
independent processes. By another application of Lemma 2.1, it suffices to
disregard the first matrix and suppose that the function (1) satisfies

(2.5) k(2) =0, for |2| <M,

where M is arbitrary but fixed.
Under (1.3) k(2) has another decomposition—into the sum of two non-

negative terms for sufficiently large [2]:

C 2 1-a C 1 1-a
k(@) = 1|+|,22 +(W>_ 1I+l,12 >

By another application of Lemma 2.1, we may suppose in the proof that
the second term vanishes so that:*

h(2) = ?—'j_l—}:—, for 2] > M.

For simplicity we put C=1:

(2.6) h(3) = 1“):'2‘;, for 2] > M.

As a result of the statements above, the proof of our lemma has now
been reduced to that of the case of the function % defined by (2.5) and
(2.6). This function differs from that considered in Lemma 2.2 only on the
interval [—M, M]. We shall complete the proof by showing that this part
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of 2 has no effect on the nonsingularity of the limiting covariance matrix.

Decompose the vector of normalized increments (2.1) into two indepen-
dent parts,

it it
2.7) €T (1 4 a2)128(dR)
( ngle/lO'(tj—"tj_l)
and
oty _ gitt; e
(2.8) | Tl Ty L ).

1A >M

Let 2 be the function corresponding to the special process in Lemma 2.2.
The determinants of the covariance matrices of the two parts (2.7) and (2.8)
are strictly positive on the set (2.2), and the determinant of the sum of the
two matrices is bounded away from 0 (Lemma 2.2). This implies that the
determinants of (2.7) and (2.8) cannot both tend to 0 along a sequence of
points in (2.2) converging to the boundary. Any point on the boundary
has equality among at least two successive coordinates ¢;_; and ¢;; therefore,
as a continuous function, positive on (2.2), each determinant is bounded
away from 0 if and only if it is so bounded along sequences in (2.2) for
which #; —¢;.,—0 for some j=1,.--, m. The variance of (2.7) is equal
to
KA[" et — etz a]-m1d,

and tends to 0 as ¢; —¢;_;—0; therefore, the random variable (2.7) con-
verges in probability to 0 as the point in (2.2) approaches the boundary;
thus, the portion (2.7) of the process becomes singular at the boundary;
therefore, the portion (2.8) cannot become singular. Since the process cor-
responding to (2.8) has the function % defined by (2.5) and (2.6), the conclusion
of Lemma 2.2 holds also for this function; therefore Condition A holds.

We summarize certain results implicit in [3] and [5]:
LemMA 2.5. The determinant of the covariance matrix of
(2.9) X(t])_X(O), j:1’°"y m

on the parameter set (2.2) is equal to that of (2.1) times

(2. 10) ﬁ ﬂz(tj - tj—l)'
j=1
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Proof. By elementary row and column operations, the covariance matrix
of (2.9) can be transformed into that of X(¢;) — X(¢;.,), j=1,+-+, m :sub-
tract row j — 1 from row j, and column j —1 from column j, for j=2,-- -,
m. (The determinant is unchanged.) Next, divide every element in the jth
row by o(¢; —¢;.,), and the same for the jth column, j=1,---, m —~1.
The matrix has become the covariance matrix of (2.1). To preserve the
original value of the determinant, we multiply the transformed determinant
by (2.10).

LemMa 2.6.  Under (1.3), for every T >0 and positive integer m, there exists
B > 0 such that the multiple integral

(2.11) Sm- : -XMS:- : -r T [, 1

t t —ooj=]
. E{exp l:ig_‘.luj(X(l‘j) — X(O)):”jﬁld” j]ﬁldtj

s at most equal to

ml ¢ s
(2.12) Bl TE )
Jor all 6 such that

(e < _1 ——__1
(2 13) 0==d< >

and for all t and h such that t, t + h [0, T1.

Proof. By Lemma 2.4, Condition A4 is satisfied; therefore, by the cal-
culations given in [3], p. 294-295 and [5], p. 1268-1269, the integral (2.11) is at
most equal to

(2.14) B’ S T S [.ﬁﬂ'(tj — tj—l)]_l_aﬁ dt;,
{t=ty<ti<ore<tp<th)—I=1 7=1

where B’ dependsonly on 7 and m. (Note that the display in [5], p. 1269,

line 9, has two minor errors, and should be corrected to conform to (2.14).)

By Lemma 2.3 and elementary integration, we find that (2.14) is at most

equal to (2.12), where B is a suitable constant. Note that the exponent in

(2.12) is positive because § satisfies (2.13).
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3. One-way Hoélder condition for a stochastic process of two
parameters.

In [5, Theorem 5.1] we derived a sufficient condition for the joint con-
tinuity of a stochastic process of two parameters. By increasing the strength
of the hypothesis, we now get a condition sufficient for a uniform Holder
condition in one variable. As in [5], we shall then apply the result to the
local time process.

THEOREM 3.1. Let Y(s, t), 0<s, t <1, be a stochastic process of two para-
meters. Suppose there are positive constants v, b, ¢, d such that:
(3.1) EY(s+h, 7)—Y(s, o)|" < b|R|'",
for s, s+he[0,1], ==0, 1;
(3.2) E|Y(s, t +h) —Y(s, 8)|" <b|R|™?,
Jor all t, t + h, s ][0, 1];
(3.3) E|Y(s+k t+h)—Y(s+Ek t)=Y(s, t+h)+Y(s, t)|"<<blk|t+e|n| e
Jor all s, s+k, ¢, t + h €10, 1].
Then for every v < d|r there exist a version of the process Y, and random variables
n and 4 which are almost surely positive and finite such that
(3.4) [Y(s, t + k) —Y(s, t)| < 4|n]"
Sor all s, t, b satisfying
s, t, t+h [0, 1], and |h]| < 7.
Proof. By [5, Theorem 5.1] there is a version of the process with jointly
continuous sample functions; indeed, the current hypothesis differs from that

of [5] only in that condition (3.2) is stronger. Let Y represent this version
of the process.

By (3.3) and a suitable form of the Chebyshev inequality, the series

m

558 B £k £

m=1 j=1n=1 2™ AL
_mc_nd
v R ar(igl, B2 52T

converges; hence, by Borel’s Lemma, there exists (random) integers v, and
v, such that
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(3. 5) 1SjSI2£l.a1XSkSZ" Y(Z—]m-’ 7k"—>
—y(Agt B ov(f A e v(E5L, BoL)| _,

for all m=y, and n=v,. If 7, <c/r and 7, < dJr, then there exist a cons-
tant D < o and random variables 7’ and 7” which are almost surely positive
such that

(3.6) \Y(s+Fk t+h)—Y(s+Fk t)=Y(s, t +h)+Y(s, t)] <Dilk|"1|h]|"

whenever |k| <7’ and [k| <7”; indeed, this follows from (3.5) by a direct
extension of the calculations used to establish the Hélder condition for a
process of one parameter (cf. [8], p. 73-74).

The condition (3.2) implies that for each s [0, 1] and 7, <c¢/r, there
exist a constant D, and a positive random 7 such that

(3.7) [Y(s, £+ h) —Y(s, £)| < De|h|™

whenever |k| <7; this is the content of the theorem just mentioned above.
This does not yet complete the proof of (3.4) because the constant D, and
the random variable 7 in (3.7) depend on the fixed value of s.

We claim that D, is actually independent of s. To verify this, note
that the condition (3.2) is uniform in s, and then use the same proof as that
of the one-variable Hélder-condition theorem.

Now we proceed to construct an 7 which is independent of s. Let s
be an arbitrary number in [0, 1], with the dyadic expansion ’

o

s = 212"%a,, with ay=0, a, =0 or 1.
p=0

It follows from (3.5) and the continuity of Y that Y(s, ¢ + k) —Y(s, ) may
be expressed as the absolutely convergent series

(3.8) Y(0, t + k) —Y(0, #) + él[y p"go 2ay, t+ b))~ é‘,oz-pap, t)
- Y(:g_:z-?ap, t+h)+ Y(':glz-pap, )]

(The absolute convergence follows from the fact that each summand in (3.8)
may be expanded in a similar telescoping series with the dyadic represen-
tations of ¢t and ¢+ Ak, and that, by (3.5), the double series converges
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absolutely.) Choose 7’ and 7%” so that (3.6) holds, and then a positive in-
teger N so that 27%¥ <9’; then, the tail of the series (3.8), summed over
n=N, is at most

Dy|h|72 S 2-an
ll | EN 9

n=

which is not more than
2"
(3.9) Dl<ﬁ> |77,

whenever |k| < 7”.

Let 7, be such that (3.7) holds for s =0 whenever || <7,; and let 7,
be such that the nth term of the series (3.8) is dominated by 2D,|%|" when-
ever |h| <79, n=12 ---. Such 7, exist because the nth term of the series
is at most

¥(D27ay t+1) —Y(H27a, 1) + \Y(}:]:z—pa,,, t+ 1)~ Y(gz-pap, t)]-
As noted above, D, does not depend on xn. Put

N = min (77”, Doy N1y * * 77N—1)'

If |2] <7, then the sum of the terms of (3.8) up to index N is, by the de-
finition of 7, 71, + + *, 7x-1, at most equal to

(3.10) 2ND, | k|
Combining (3.9) and (3.10) we find that the series (3.8) is dominated by
4|k for |k| <7, where
2"
A = D1(271—_1> + 2ND2.

This completes the proof.
We remark that the conclusion (3.4) differs from the classical Hoélder

condition for stochastic processes because the bound 4 here depends on the
sample function.

4., Uniform Holder condition on the local time

By Lemma 2.3 the double integral
S‘S‘ dsds’

odoa(s — s’)
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is finite for every ¢ > 0; therefore, the local time ¢(z, #) exists for almost
every sample function [3], p. 284. Sufficient conditions on ¢*(¢) for the joint
continuity of ¢ are given in [5]. The present condition (1.3) is also sufficient:

LEMMA 4.1 Under (1.3) there ts a version of the local time which is jointly

continuous in (%, t), almost surely.

Proof. Condition A is exactly the hypothesis of [5, Lemma 6.1], which
asserts the joint continuity.
We now use (1.3) to get the Holder condition on ¢ as a function of ¢,

uniform in :

TueoreM 4.1 Under (1.3) there is a jointly continuous version of ¢(x, t) such
that for every pair of intervals [A, B] and [C, D], C> 0, and every 7 <1— a/2,
there exist random variables m and 4 which are almost surely positive and finite such
that

(4.1) lo(x, t +h) — oz, 1) 4|
Sor all x €[4, B), all t, t +h €[C, D], and all |h] <.

Proof. For simplicity we choose A=C=0 and B=D=1. We identify
p(x, 1), 0<x=<1, 0=<¢=<1, with the process ¥ in Theorem 3.1, and show
that the conditions of the theorem are satisfied.

For the purpose of the proof we may assume that X(0) =0 almost
surely. Indeed, consider the process X(t) — X(0) instead of X{(¢). The local
time of X(#) — X(0) is ¢(x + X(0), ¢). It is jointly continuous and satisfies the
uniform Hélder condition (4.1) if and only if ¢(w, #), the local time of X(z),

does.

For any 4, 096 <%——% and positive even integer m, the mth
moment,
(4.2) Elo(x +k t+h)—o@ +k t)— o, t +h)+ o, )"
is, by the method sketched after (1.4) and given in [3], p. 294, at most
equal to
‘4.3 ma—m‘+h...£+hm...mm .8
D AT e 10

[ . m ) ) m m
Elexp]:zjglu]X(t]D]j[lldujjﬂldt,.
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Since X(0) =0, we may apply Lemma 2.6: there is a constant B = B,, such
that (4.3) is at most

R mll—i—-ad
(4.4) By lk|™ ||~ ? )

By Lemma 4.1 the local time ¢(x, ?) is jointly continuous; therefore, by
the definition of ¢, we have

o(x, 0) =0, for all z.

Now replace ¢ and ¢+ % by 0 and ¢, respectively, in (4.2) and (4.3); then
the relation between (4.2) and (4.4) implies

(4.5) Elo(x +k, t) — oz, £)|™ < B, |k|™.

From (1.4) and the subsequent discussion we find that E|e(x, ¢ + k) —
o(x, £)|™ is a maximum at 2 =0 for fixed ¢ and %. Putting 6 =0 in (4.3),
and using Lemma 2.6, we obtain

(4.6) Elo(, t + k) — o, £)|™ sBmlhl’"(’"T),

for all 0<<z<1.

In order to apply Theorem 3.1, we now fix the magnitudes of m and
6. For a given 7 <1 — /2, let § be a positive number satisfying

~ 1 1 a
0<7 _2~and <1 —2— ad.

Choose m (even) so large that each of these inequalities hold:

(4.7) m(1 —%——a5>>1
ma > 1
. m(l——-—%——oz&)—-l.
m
Put

b=B,, r=m, ¢=ms—1, d=m<1———%——a6>-—-1;

these, by (4.7), are positive. With the following correspondence, the con-
ditions of Theorem 3.1 are satisfied: (4.4) represents the bound in (3.3), and
the inequalities (4.5) and (4.6) represent (3.1) and (3.2), respectively. The
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conclusion (3.4) follows.

5. Absence of points where a Holder condition is satisfied

For a large class of Gaussian processes the sample functions nowhere
satisfy Hoélder conditions of given orders [4], and are nowhere differentiable
[5], almost surely. Now we shall get sharper results on the lack of Holder
conditions under the hypothesis (1.3).

By extending the method in [5, Lemma 3.1], we obtain this general result
about continuous real valued functions and their local times:

LemmA 5.1 Let f(t), t € I (I a real interval), be a continuous function with a
Jointly continuous local time (%, t) satisfying a uniform Holder condition of order
r<1:

(5.1) [o(, t{h)—go(x, t)| <DI|h|" for all =, and t € I,
Jor sufficiently small h. Then, for any subinterval J of I:
|length of J1*77 .

— mi =
mfax £ m}n fl)= constant ’
in particular, f(t) nowhere satisfies a Holder condition of order greater than 1 —17.

Proof. Let J be the interval [c, d]. By the definition of the local time,
we have:

d—c= S:o[go(x, d) — o(x, c)ldzx.

Since f and ¢ are continuous functions, ¢(¢, d) — ¢(z, ¢) vanishes for all z
outside the range of f(), c <<t =d; therefore, the equation above may be

written as
maxf
(5.2) d—c=\ f[q:(x, d) — o(z, ¢)ld=.
J

By the compactness of I we may assume that (5.1) holds for any % such
that ¢ + & € I; then, from (5.2), we get

d — c<D(d — ¢)"(max f — min f).
J J

TueoREM 5.1. Under (1.3) the sample function nowhere satisfies a Holder
condition of order larger than «f2, almost surely.
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Progf. There are two cases to consider: when the sample functions are
continuous and when they are not.

Suppose first that they are continuous. By Theorem 3.1 the local time
satisfies a Holder condition of order 1 —a’/2 for any «’ > «; therefore, by
Lemma 4.1, the sample functions nowhere satisfy a Holder condition of
order greater than e/2.

When not almost surely continuous, Gaussian sample functions are
almost surely “badly” discontinuous. Well known theorems describe this
property of Gaussian processes (cf. [1], [9]). We want to show that if the
sample functions are not almost surely continuous, then neither do they sa-
tisfty a Holder of order greater than «/2 at amy point, almost surely. For
this purpose, we use the method in [2], p. 193-194. Let I be an arbitrary
interval on the positive real axis. According to the reasoning in [2], the
spectral representation (1.2) implies that if the sample functions are not
almost surely continuous on I, then there is a point « in I and a positive
number & such that

(5.3) lim sup X(1) — X(s) =,

almost surely. This must be true almost surely for every z in I because
(5.3) depends on the increments, which are stationary. It follows that (5.3)
must also hold for all r in a countable dense subset of I, almost surely.
Then X cannot satisfy a Holder condition at any point of I; indeed if
[ X(¢t + k) — X(t)| < D|h|" for all small %, then, by the triangle inequality,
|X(s) — X(s")] <2D|s — s’|" for all s and s’ near ¢; in particular, we would
have

sup [ X(s) — X(s")] <¢/2
on any interval of length (¢/4D)'" and which contains ¢; therefore, (5.3)
would not hold for any < in such an interval.

6. Lower bound on the dimension of {t: X(¢) = x}.

If the local time of a continuous function f(¢) is jointly continuous, then
{x : f(t) =  for at most countably many #}

is nowhere dense in the range of f [5, Lemma 3.2]. Using a Holder con-
dition on the local time we now get a better estimate of the set {t: f(f) =
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x}. We first need the following relation between the smoothness of a dis-
tribution function and the maximum measure it can assign to small sets.

LemmA 6.1.  Let G(t) be a bounded nondecreasing function (distribution function)
on an interval I, and satisfying a uniform Hilder condition of order ¥ <1 at each
point. If B is a subset of I of Hausdorff dimension B, where B <7, then

SBdG(t) =0.

Proof. By the hypothesis and by the definition of Hausdorff dimension,
for every 1’ > 8 and every n, there is a covering of B by open sets L., k=
1,2, - + - such that

diameter I,, <<1/n, for all k¥, and

lim > |diameter I,;|” < co.

n—ro0 k=1

If v/ <7, then

lim 3 |diameter I,,|" = 0.

n—oo k=1

For any g <7, choose 7’ so that 8 <7’ <7; then, by the limit relation above
and by the uniform Hélder condition on G, we have

[ act)<timsup M et

—oo" k=1

< constant- lim X |diameter I,;|" = 0.

n—oo k=1

The next lemma concerns the dimension of {¢ : f(¢#) = #} when f is con-
tinuous, with a jointly continuous local time satisfying a Holder condition.

Lemma 6.2, If f(¢), 0<t<T, is continuous, and its local time is jointly
continuous and satisfies a Holder condition

lo(@, t + k) — oz, t)| < D|h|"
uniformly in (x, t) for all sufficiently small h, then the set
(6.1) {z:dim[¢:0<t<T, fit)=2x]1<p}
15 included in the set of zeros of ¢(x, T) whenever BXT.

Proof. When the local time ¢(x, ¢) is jointly continuous, it is a distribu-
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tion function in ¢ for every z; furthermore, when f is continuous, then for
each z the support of the distribution o(#, ), 0=<<¢=<T, is contained in {f :
0<t<T, f(¢) =2} [5, Lemma 1.5]. If this set has dimension smaller than
8, then ¢(z, T) =0 because ¢ satisfies a Holder condition of order 7, and, by
Lemma 6.1, cannot assign positive measure to a subset of dimension smaller
than 7. )

This is applied to the sample functions of the stochastic process:

TuEOREM 6.1. If X(t) has continuous sample functions, and if (1.3) holds,
then the set

6.2) [x:dim[t:ostsT, X(t):x]<1—%«]

s nowhere dense, almost surely.

Proof. The local time is jointly continuous (Lemma 4.1) and satisfies a
uniform Hélder condition of any order 7 <1 — @/2 (Theorem 4.1). For any
B<1—al2, choose 7 so that <7 <1—a/2. By Lemma 6.2, the set

{x:dim[¢:0<t<T, X(¢) = 2]< 8}

is included in the set of zeros of the local time. By [3, Lemma 2.6] this
set is nowhere dense in the range of X. Since (6.2) is a subset of the
range it is nowhere dense.

7. Upper bound on the dimension of {¢: X(f) = x}.

The condition (1.3) guarantees a significant contribution to the process
from the high-frequency components of the spectrum. These components
are very irregular: their “‘scattering” effect gives most points in the range
an inverse image of positive dimension. This is why (1.3) implies a lower
bound on the dimension.

In order to derive an upper bound on the dimension, we put an up-
per bound on the contribution of the high-frequency components. A con-
dition of the following kind is sufficinnt: H(2) is absolutely continuous for
all large |2], and its derivative k(1) satisfies a condition of the type (1.3)
with the inequality sign reversed:

(7.1) [2]F71(1 4+ 2)h(2) =< B, for all sufficiently large |2,
for some B, 0 < B < 2.

LemMmaA 7.1. Under (1.7), for every T >0, there exists B > 0 such that
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(7.2) (t) < Bl|t|?, for 0<t<T.

Proof. The integral (1.1) is the sum of a finite part—over |1] < M—and
an infinite part—over |1] > M. The finite part is of the order 2 for ¢ —0:

S” le —1]2272(1 + 22)dH() < tzg’_‘M(l + dH().

Using the proof of Lemma 2.3 with the inequality reversed, we find that
the infinite part is of the order |Z|? for #—0.

According to [5, Theorem 2.1] the condition ¢*(#)~C|¢|? implies that
dim{t:0<¢t<T, X(f) = #} <1 — /2, almost surely for each x. An exami-
nation of the proof shows that the weaker condition (7.2) is sufficient;
actually, ¢%(¢£)~C|?|? was used to get an exact estimate of the dimension.
Now we show that the weaker hypothesis (7.2) furnishes a lower bound for
the dimension which holds for all , almost surely.

We begin with a result on real valued functions:

LemMaA 7.2. Let f(t), 0<t <1, satisfy a uniform Holder condition of every
order smaller than p, 0 < p <1, and have a jointly continuous local time. If x is
not equal to any of the values
(7.3) f(k2‘"),for k=0,1,--+,2", n=1,2,---,
then

dim{z:0<t<1, f§)=2}<1—p.

Proof. Let I,, be the open interval ((k—1)27", k2-"). If x is not one
of the values (7.3), then, for every n =1, the intervals I,;, containing at least
one point of the set {f: f(¢) = #} form an open covering of this set. For
any 7, 0 <7 <1, the sum of the 7th powers of the lengths of the intervals
in the covering is
(7.4) 27" .number of intervals I,,, 1<k=<2", such that

f(¢) = x for some ¢ in I,;.
By hypothesis, for every é < p, there exists D> 0 such that
| f(t) — f(s)| <D\t —s|’, for s, t €Iy, k=1,+++, 27,
for all sufficiently large »; thus, for all large =, (7.4) is not more than

(7.5) 2 *".number of intervals I,; such that |f(f) — x| << D2™™

for all ¢ in I, 1<k=<2".
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We claim that (7.5) tends to 0 if 7 >1— 5. Assume the contrary. For
€ >0, let (7.5) exceed ¢ for infinitely many n. Then the time spent by
f(s), 0==s=<1, in the interval x 4 D2 exceeds &2 @~ for infinitely many
n; thus, by the definition of the local time, the inequality

24 Da-ns
oly, 1) dy=c¢

z-Dg ™’

2n(1—7)g
holds for infinitely many ». But this contradicts the continuity of ¢:

-ng

2n<1">§x+m—”¢<y, 1)dy < 2D max ¢(y, 1)27"¢*~D — 0,
z-D2 0<y<1

Since 4 is an arbitrary number smaller than p, the conclusion of the lemma

holds.

In the proof of the dimension theorem for the stochastic process, we do
not need the full strength of the condition (7.1) but only its implication
(7.2).

TueoreM 7.1. If (1.3) and (7.2) hold, then
(7.6) dim{f:0=<¢t<T, X(t) =2} =<1—p/2

Sor all =, almost surely. (The particular value of o in (1.3) is unimportant as long
as 0 < a < 2.)

Proof. For simplicity, take T =1. Under (7.2) X(¢) satisfies a uniform
Holder condition of order 4, for any &< g/2, almost surely [8], p. 172.
The hypothesis of Lemma 7.2 is fulfilled; thus, (7.6) holds for all # not of
the form X%2-"), k=0,1,--+,2"; n=1,2, -+, almost surely.

Next, we have to prove that (7.6) is satisfied whenever 2 = X(k2™") for
some k and #». It suffices to show that

dim {¢ : X(t) = X(z), 0<t=1}=<1—B/2

almost surely for each z. The proof of this is similar to that of [5, Theorem
2.1, first part]: Substitute X(z) for %, and use the estimates

27w 31 PLIX(k27) — X(s)] = D27™]
= 2—n(r+5—1)(z/ﬂ)1/22—"é(a(r —k27),

and (from (2.4))
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27 1

2n R
27 (o(r — k2T < b 2" Sle — k277 ~2
k=1 =

Nb_%Sllf — s|-erds,
0

8. Uniform Hausdorff dimension for all real values for sta-
tionary Gaussian processes

Now let X be stationary, not just have stationary increments. For
simplicity the mean is assumed to be 0 and the variance 1. Let the covari-
ance function 7(¢) be continuous, with the spectral representation

rit) = | emar(),
where F is the spectral distribution function; then
8.1) a¥(t) = 2(1 — r(2)).
F is related to H through the equation
8.2) dF(2) = 221 + 1 dH(2).
The condition (1.3) on H is equivalent to the condition on F:
(8.3) |2]«*1F"(2) =C, for all sufficiently large [2],

where F’ is the derivative of the absolutely continuous part of F. Recall
that X is ergodic if and only if F is continuous [8], p. 157.

We now consider the z-values of X(#) for 0=<<¢ < oo, not just for # on
a finite interval. The lower uniform estimate of the dimension is based on

Lemma 8.1. If X is ergodic, and (8.3) holds, then
(8.4) lintl sup {'o(x, £) >0
Jor all =, almost surely.

Progf. Let ¢(x) be the standard Gaussian density. The idea of the
proof is that the family of processes {"¢o(x, ) : — c0 < & < oo} ““converges”,
for ¢ — oo, to the nonrandom process ¢(x). Since ¢(x) > 0 for all z, we con-
clude that (8.4) holds for all . Our program is to show that the conver-
gence

(8.5) t-lo(x, t) — o(x), for t— oo,

is sufficiently uniform in 2. For this purpose we shall show that (8.5) holds
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in the sense of weak convergence of measures over the space of continuous
functions of «.

For fixed =z, the stochastic process ¢(, t), ¢==0, has stationary incre-
ments because X is stationary; therefore, by the ergodic theorem,

lim £ to(x, )
t—c0

exists almost surely. The limit is constant because X is ergodic. By the
formula (1.5) with m =1, we have

(8.6) Elt™'o(x, t)]= ¢(x), for ¢ > 0;

therefore, (8.5) holds almost surely, for each z. It follows immediately that
the convergence (8.5) also holds in the sense of finite-dimensional distribu-
tions: the process {¢™'p(x, ¢), — oo < & < o} converges in distribution to the
(nonrandom) process {p(®), — o < & < co}.

Next we show: For every closed bounded interval J on the real line,
the convergence (8.5) for #  J is weak convergence of the induced proba-
bility measures on C(J). There are two conditions to verify. (See [6], p
95). Since (8.6) has already been demonstrated, it suffices to prove: there
exists constants D >0 and ¢ >0, and integer m > 0 such that

(8.7) E|t7o(x, ) —t7'p(a’, 1)|" < D]z — 2’|'7

for all 2, 2’ and #. From (1.4) and the calculations used to derive (4.3),
we find that the left hand side of (8.7) is at most

en e [ e

Elexp[[i 3u,x(¢) ]| [l du, [l dt,

where §< & — 1. Change variables of integration from ¢; to ¢¢;, j=1,
a 2

-+ -+, m, and estimate the integral as in [3], p. 294: (8.8) is bounded above
by a constant (which is independent of z, ’, and ¢) multiple of

(8.9) o — /™ [ oo § Mottt — 2,0 ] flats.
{0=tg<os <tmg1}]" J=t

(This is a slight variant of the computation leading to (2.14).) Under (8.3),
o%(t) vanishes only for £ =0, and is bounded away from 0 on every closed
subinterval of the positive f-axis; hence, by Lemma 2.3, the coefficient of
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|2 —2’|™ in (8.9) is bounded for ¢ — . For any <-i——L, choose m

so that mé > 1; then (8.7) holds with ¢ = mé — 1.
From the weak convergence relation (8.5) and the linearity of such
convergence it follows that the process
(8.10) {t7o(x, 1) — o(2), x € J}
converges weakly, for f— co, to the process identiéally equal to 0 on J;

therefore, the distribution of

max [t (%, t) — o(x)]
ze]

converges to the distribution of the maximum of the process identically
equal to 0; hence,

max |t™¢(x, t) — ¢(2)] >0, in probability,

]

for t — oo, and so there exists a sequence ¢,— co such that max |#;'¢(x, ¢,)
—¢(x)] -0, almost surely.
Since ¢(x) >0 for all 2, it follows that (8.4) holds for every « € J, al-
most surely. It then holds for all », almost surely, because J is arbitrary.
Now we combine the result of Lemma 8.1 with the upper uniform
dimension estimate of Theorem 7.1:

TuEOREM 8.1. Let X(t) be stationary and ergodic, and satisfying (7.2) and
(8.3) with a =B. (The former is assumed to hold for some T >0.) Then

(8.11) dim{t:¢t=0, X(t)=2}=1—a/2
Sor all x, almost surely.
Proof. Suppose, for some 2 and some sample function X,
dim {¢ : t =0, X(#) =z} <1— a/2;
then, for every T >0,
dim{t:0<t<T, X(t)=2}<1—a/2.

Under (7.2), X is continuous almost surely; and, under (8.3), the local time
is jointly continuous and satisfies a uniform Holder condition of every order
smaller than 1 — «/2, on the interval [0, 7). By Lemma 6.2, this particular
value of z satisfies o(®, T) = 0. Since T is arbitrary, it follows that #¢p(z,
t)=0 for all # >0. By Lemma 8.1, this occurs for some 2z with at most
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probability 0; therefore
(8.12) dim{¢: =0, X(¢) = ¢z} =1 — /2

for all z, almost surely.
If (7.2) holds for some 7 >0, and (8.3) holds with a =8, then, by
Theorem, 7.1,

dim{t:0<!<T, X¢§)=2}<1—a/2

for all z, almost surely. By stationarity this holds when the Z-set [0, T']
is arbitrarily translated along the ¢-axis; therefore, this continues to hold
for T = oo:

dim{t:¢t=0, X§)=2}<1—a/2

for all #, almost surely. Combining this with (8.12), we obtain (8.11).

We remark that the conditions of the theorem are satisfied if F is
absolutely continuous and F’ satisfies B, < |i|*"'F/(1)< B, < o for all suf-
ficiently large |1|, for some B; and -B;.

9. The special case of Brownian Motion
The methods of Sections 7 and 8 give an exact uniform dimension of
z-values in the particular case of the Brownian motion process. Here (1.3)

and (7.2) hold with a = =%. According to the proof of Theorem 6.1,

o(x, T) vanishes whenever # belongs to the set (6.2). It is shown in [12]
that the local time of Brownian motion is positive on the interior of the
range of X; thus, no point in (6.2) belongs to the interior of range. Com-
bining this with Theorem 7.1, we obtain:

dim{t:0<t<T, X(t) = v} :%

for every x in the interior of the range of X(¢), 0<t¢<T, almost surely.
The only previous results on exact dimension for x-values of Brownian mo-
tion appear to hold only for a fixed value of » (See [10] and [13].)
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