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Gaussian random variables due to Kolmogorov and Rozanov. The inequalities
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processes which are w-Holder continuous in p-th moment. For these processes
we obtain Besov regularity of the paths of order «. We also obtain estimates for
the moments in the Besov norm. In particular, the results are applied to vector-
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Kerkyacharian and Roynette and of Hytonen and the author.

Keywords Correlation inequalities - Gebelein’s inequality -

Gaussian random variables - Maximal inequalities - Law of large numbers -
Type and cotype - Gaussian processes - Fractional Brownian motion -
Besov—-Orlicz spaces - Sample path - Non-separable Banach space

Mathematics Subject Classifications (2000) Primary: 60G15 - Secondary: 46E35 -
60B12.60G17

This work originated during the author’s stay at the IMPAN institute in Warsaw which was
supported by the Research Training Network MRTN-CT-2004-511953. Part of the work has
been carried out during the author’s stay at the University of Karlsruhe as an Alexander von
Humboldt fellow.

M. Veraar (<)

Delft Institute of Applied Mathematics,

Delft University of Technology,

P.O. Box 5031, 2600 GA Delft, The Netherlands
e-mail: M.C.Veraar@tudelft.nl, mark@profsonline.nl

@ Springer



342 M. Veraar

1 Introduction

Let (2, F,P) be a probability space. Let (&, ) be a centered Gaussian vector in
R? with &2 = [E»? = 1. Let the correlation number between & and 7, be defined as
p = |E&n|. The Gebelein inequality [13] (also see [2]) states that

Ef &g < p (EIFEP) (Elgml?)? (1.1)

for all f,g:R — R such that f(&),g(n) € L*(R) and E f(&) = g(n) = 0. In other
words, if Eq. 1.1 holds for all linear f and g, then it holds for all centered f and
g which are in L?(u), where u is the standard Gaussian measure on R. In the latter
formulation, the inequality (1.1) is extended by Kolmogorov and Rozanov [16] to
the multidimensional Gaussian setting (also see [9]). We will extend the result also to
vector-valued f and g. The Gebelein inequality gives a method to obtain control over
the rate of dependence of & and 7. In particular, this is illustrated by the following
consequence due to Kolmogorov and Rozanov:

PEecAneB) < gp(g € AP(y e B), A, B e Bg.

In [1, 2], Beska and Ciesielski have studied sequences of real valued centered

Gaussian random variables (&),>; with E§? = 1 and (&}, &, ..., &,) is Gaussian for
all n. Let p be the matrix defined as p;; = |E&;;|. Under the assumption that
C= supr,-j < 00, (1.2)

the authors extend several result for independent random variables to the above
setting. For example the Borel-Cantelli lemma and several laws of large number are
proved for sequences of the form ( f,,(§,))n>1, Where f,, : R — Rissuch that f,(§,) €
L*(Q).

In the first part of this paper, we will extend the above results to the setting where
(&y)n>1 are Gaussian random variables in a locally convex space X and f, : X — Y,
where Y is a Banach space. However, in some cases we have to assume more
structure of the space Y. We also extend a maximal inequality due to Hytonen
and the author [15] to the above setting. The result is a two-sided inequality for
E sup,..; [I&:]l in terms of the moments and weak variance of &,.

In [5] Ciesielski proved that the standard Brownian motion W on [0, 1] has paths

in the Besov space B} (0, 1) for all p < co. Later Roynette [27] characterized all
triples (o, p, q) for which W € B} (0, 1). In [6] Ciesielski improved his result by
proving a Besov-Orlicz regularity result for W. The proofs of the above results
depend on non-trivial norm equivalences for Besov norms. In [15] Hytonen and the
author found a new method which gives a way to obtain the above Besov regularity
results directly from the definition of the Besov space. Also vector-valued Brownian
motions are considered there. Moreover, maximal inequalities are applied to obtain
1

two-sided estimates for the first moment of W in the Besov norm B} o, and a certain
Besov-Orlicz space.
As a second application of Eq. 1.1 one can study regularity of Gaussian processes.
For Gaussian processes which do not have independent increments one can use
Eq. 1.1 to obtain Besov regularity results. This has been done for a certain class of
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Gaussian processes by Ciesielski, Kerkyacharian and Roynette in [7]. In particular,
they prove that the fractional Brownian motion with Hurst parameter H € (0, 1) has
paths in B;{ (0, 1). Again the proofs depend on the norm equivalences for Besov
spaces.

In the second part of this paper we will consider a certain class of Gaussian process
G:[0,1] x 2 - X, where X is a Banach space. Assuming that G is «-Holder
continuous in p-th moment, we will show that G has paths in B”;’OO(O, 1; X) and in
a certain Besov-Orlicz space. We will use the methods from [15] combined with the
vector-valued generalization of Eq. 1.1 to obtain the Besov regularity results directly
from the definition of the Besov space. We will also obtain two-sided estimates for
the first moment of G in the Besov and Besov-Orlicz norm. In particular, we apply
the results to vector-valued fractional Brownian motions.

The paper is organized in the following way. Some preliminaries are discussed
in Section 2. In Section 3 we prove a generalization of Eq. 1.1 to the vector-valued
situation. In Section 4 we consider sequences of Gaussian random variables with
values in a locally convex space under the assumption that Eq. 1.2 holds. In the last
and main Section 5, we consider the Besov regularity of Gaussian processes.

For convenience we will only consider real vector spaces in this paper.

2 Preliminaries

We will write a < b if there exists a universal constant C > 0 such that ¢ < Cb, and
a~bifa<b <a.lf the constant C is allowed to depend on some parameter ¢, we
write a <, b and a =, b instead.

For sake of completeness, we recall the definitions of Orlicz and Besov spaces that
we will need. We use the same notation and definitions as in [15].

2.1 Orlicz Spaces

We briefly recall the definition of Orlicz spaces. More details can be found in
[18,24,29].

Let (S, 2, u) be a o-finite measure space and let X be a Banach space. Let & :
R — R, be an even convex function such that ®(0) = 0 and lim,_, ., ®(x) = co. The
Orlicz space L®(S; X) is defined as the set of all strongly measurable functions f :
S — X (identifying functions which are equal p-a.e.) with the property that there
exists a § > 0 such that

Mo (f/5) = /S (|| £(s)11/8) dya(s) < oo.

This space is a vector space and we define

po(f) =inf(s > 0: Mo(f/5) < 1.

The mapping pe defines a norm on L®(S; X) and it turns L®(S; X) into a Banach
space. It is usually referred to as the Luxemburg norm.
For f e L®(S; X) we also define the Orlicz norm

1
1 flle = inf { 5(1 + Mo(6/)}.
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Usually the Orlicz norm is defined in a different way using duality, but the above
norm gives exactly the same number (cf. [24, Theorem III.13]). The two norms are
equivalent (cf. [15, Lemma 2.1]).

2.2 Besov Spaces

We recall the definition of the vector-valued Besov spaces. For the real case we refer
to [28] and for the vector-valued Besov space we will give the treatise from [17].

Let X be a Banach space andlet I = (0, 1). Fora € (0, 1), p, g € [1, oo] the vector-
valued Besov space Bg,q(lg X) is defined as the space of all functions f € LP(I; X)
for which the seminorm (with the usual modification for g = c0)

1/q

1
d
/ (wp(f, ) {
0

is finite. Here

wp(f,t) =sup | fC+h) — fFOlLeam: x

|h<t

with I(h) ={s€ l:s5s+h e I}. The sum of the L”-norm and this seminorm turn
B¢, ,(I; X) into a Banach space. By a dyadic approximation argument (see [17,
Corollary 3.b.9]) one can show that the above seminorm is equivalent to

1/q
Il fllpge = (Z @ I fe+2" - f(')”LI’(I(Z-");X))q) .

n>0

For the purposes below it will be convenient to take

I fllBe 0 = Il e + 11 fllpag.a

as a Banach space norm on B‘;‘W(I; X).
For 0 < 8 < o0, we also introduce the exponential Orlicz and Orlicz—Besov
(semi)norms

. —1
I £ o . x) = sup p~PIl fll e x),
p=1
- —1
1 Fllay.0a = SUp 2™ f = fC = 2 ey x) = SUP P P\ fllpsoas
n> p=

and finally the Orlicz-Besov norm

I Fl By, ) = sup p VPN By ) = 1 Fllgos gy + 1 Fllog.c0
p=
Because of the inequalities between different L? norms, it is immediate that
we have equivalent norms above, whether we understand p > 1 as p € [1, 00) or
p €{1,2,...}. For definiteness and later convenience, we choose the latter.
The above-given norm of £%#(I; X) is equivalent to the usual norm of the Orlicz
space L® (I; X) from Subsection 2.1 where ®g(x) = exp(|x|?) — 1 for g > 1.
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3 Correlation Inequalities

Let X and Y be locally convex spaces. Let (€2, F,P) be a probability space. A
measurable mapping & : 2 — X is said to be a centered Gaussian random variable
if for all x* € X*, (&, x*) is a centered Gaussian random variable. A probability
measure p on B(X) is called a centered Gaussian measure, if for all x* € X* its image
wo (x)~!is a centered Gaussian measure on B(R). In this section we will usually
assume that & and u are also Radon.

An extensive theory for Gaussian measures on locally convex spaces can be found
in [3].

Let&:Q — X andn: Q — Y be such that (&, n) is a centered Gaussian random
variable in X x Y. Define the (absolute) correlation between & and 7 as

_ [E(&, x*)(n, y*)I
p=  sup

T T 3.1)
vextyer (B[, x4)1%)* (El(n, y*)I?)*

with the convention % = 0. Equivalently one can write
p = inf{r >0 |EE, x*)(n, y*)| < r (EIE x))? (Eln, y)I?)*. x* e X*, y e Y*]-

Clearly, p € [0, 1] and p = 0 if and only if £ and 5 are independent. If we want to
emphasize the dependence of p on & and n we write p (&, n) instead of p.

If X =R"and Y = R" and if £ and 5 are non-degenerate, then one can check that
p=IlA; AnAy’ || with Ay = E&§§', Ajp = E&n' and Ay = Eny'.

In the next result we will extend [6, Theorem 4.6] to the vector valued situation.
It will play a key role in the proof of Theorem 3.4. We will need the setting of
UMD Banach spaces. We refer to [4] for details on UMD spaces. UMD stands for
unconditional martingale differences. Example of UMD space are Hilbert spaces and
reflexive L?-spaces. If Z is a UMD space, then its dual Z* is also UMD.

Proposition 3.1 (Gebelein inequality, preliminary version) Let u be a centered
Gaussian Radon measure on a locally convex space X. Let Z be a UMD Banach
space and let p, p’ € (1, 00) be such that % + i = 1. Let (&, ) be a Gaussian random

variable such that & and n have distribution . Assume that there is a number
r € [—1, 1] such that for all x* € X* and y* € X*

B, x*)(n, y*) = rE, x") (&, y). (32)

Then for all f e LP(u; Z) and g € LP (u; Z*) such that Ef(&)=0and Eg(n) =0
the following estimate holds

IECFE), g = Clrlll fE e @: ) I8 Lo @: 2+ (33)
where C depends on p and Z only. Moreover, if f or g is even, then
[E(£&). gl < C*IrlPIl fE) I Lriesz) I8 Ly 2+)- (34)

Notice that from Egs. 3.1 and 3.2 it follows that p = |r|.
The following will be clear from the proof of Proposition 3.1.
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Remark 3.2 Instead of the function (-, ) : Z x Z* — R, one may consider an arbi-
trary bilinear mapping I' : Z, x Z, — Z3, where Z,, Z, are UMD Banach spaces
and Z; is a Banach space.

Remark 3.3 We do not know whether the assumption that Z is a UMD space is
necessary in Proposition 3.1. We do know that the result fails for p = 1 in general.
Indeed, in the case X = Z = R and pu is the standard Gaussian measure on R, then
as in the proof below the estimate (3.3) implies that

1O™(®) i < Ce™' 1 fll L

for all fe L'(u) with mean zero. This inequality cannot hold, since the point
spectrum of the generator of the Ornstein-Uhlenbeck operator is {A € C : Rex < 0}.
(cf. [8, Theorem 3] and [22, Theorem 5.1]).

Proof We may assume r # 0. First assume » > 0. Let £ and 7 be independent copies
of &. Then the Gaussian random variables (rj + +/1 — r2§, 7j) and (&, ) have the same
distribution and therefore

E(f(€). g0n) = E( £ (i +v/1= 1), 60) = (Q% O £, &) (Lr w2017 s 2

Here t = —In(r) and (Q’é ()0 on LP(u; Z) is the vector-valued extension of the
the Ornstein-Uhlenbeck semigroup (Q*(#));0 on L?(u), i.e.

Q" (Hglx) = /X g (e"x +v1- e‘z’y) dp(y).

Note that by positivity of Q,(f), Q‘} (t) = Q,(H) ® I extends to a contraction on
L?P(u; Z). It follows from the Holder’s inequality that

E(f(éf), g(’l))(Lp(u;z),Lp’(M;z*))‘ < Qé (t)fllu(u;z>llglle'(M;z*)-

Now since Z is a UMD space and p € (1, 00), it follows from [21, Lemma 6.4] (also
see [23, Lemma 1.4.1]) and E f(¢) = 0 that

105 ® fllLrw:z) < Ce™ Nl fllLru: 2)- (3.5)

This implies Eq. 3.3. To obtain Eq. 3.4 we first assume that f is even. Then [21,
Lemma 6.4] gives that

2 =2
105 @ fllrgz) < C eI fllLru: 2)

If g is even, we have to argue as above but replacing the roles of f and g.
If r < 0, then one can reduce to the case r > 0 if one replaces & and f(x) by —¢&
and f(—x) respectively. O

In the next result we extend the Gebelein inequality to the general setting. In the
case Z = R, this result is due to Kolmogorov and Rozanov [16] (see also [9, p. 66])
where it is formulated in a more geometric language. Also in the case Z = R, our
proof is of interest since it differs from the proof in [9, 16].
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Theorem 3.4 (Gebelein inequality, general version) Let & and n be centered Gaussian
Radon random variables with values in locally convex spaces X and Y respectively,
and such that (&, n) has a Gaussian distribution as well. Let Z be a UMD space and
let pe (1,00). If f: X —> Z and g: Y — Z* are such that f(§) € LP(w; Z) and
g(n) € L*(Q; Z*) and E f(&) = Eg(n) = 0, then

IE(f(), gl = Coll fFEILr@:2) 18Il v (@: 2+ (3.6)

where p is as in Eq. 3.1 and C only depends on p and Z. Moreover, if f or g is even,
then

IECFE), g < C*0° Il fFE N e ) I8 Lt 0. 74)- (3.7)
It will be clear from the proof that the same Remark 3.2 applies to Theorem 3.4.

Proof By approximation we may reduce to the case where f and g can be written as

FO = (e, x7), s (6 x5)) s €00 =¥ (v, ¥1)s s (3, 00)

where ¢ :R” — Z and ¢ : R" — Z* are measurable and xj,...,x}, € X* and
Y1, ..., y; € Y* are such that ((§, x7), ..., (§,x},)) and ({n, y7), ..., (§, y};)) are stan-
dard Gaussian random variables in R” and R” respectively.

By the above observation it suffices to consider the case where X = R™ and
Y =R" and ¢ and 5 are standard Gaussian random variables, where possibly p in
the approximated case is smaller than the original p. We may assume p > 0. Let

I, A
A=EE nED) = (A’lz I:f)

be the covariance block matrix of the Gaussian random variable (&, n), i.e. I, =
E£g', Ay, = E&n' and I, = Enn'. One easily checks that p = || Apy|. Let &', £2, &3, &4
independent standard Gaussian vectors, where £!, £3 take values in R and &2, £*
take values in R”. Let £ = (¢!, £2) and 71 = p& + /1 — p2(&3, £*). We claim that there

exists an n x (m + n) matrix B = (B, B}») such that (¢', B7}) L (&, n). From this the

result would follow. Indeed, let f: R x R" — Z and g : R” x R" — Z* be defined
as f(x,y) = f(x) and g(x, y) = g(B(x, y)), it follows from Proposition 3.1 that

IE(F(&), g)| = [E(fE), ()| < C,0||f(g)HL:’(sz;Z)||g’(ﬁ)||Lp/(Q;z*)
= Coll FE N Lo 2) I L (@ 275

which shows Eq. 3.6. The same argument combined with Eq. 3.4 gives Eq. 3.7.
For the claim the two Gaussian random variables (¢!, B7) and (£, ) have to have
the same covariance structure. Therefore, B has to satisfy

A22 = Er)n' = BﬁﬁtBt = BB' = BllBtll —+ BlzB’lZ
and
Ay = Eén' = B¢ (Bi) = B&'i'B' = p(I,, 0)B' = pBl,.

One easily checks that By = p~'A!, and By, = P(I — p 2E)? satisfy these equa-
tions. Here P is a orthogonal matrix and E a diagonal matrix such that A}, A, =
PEP'. Since max; E; = || A2 ||> = p?, Biy is well-defined. ]
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For later reference it will be convenient to state the case that Z is a Hilbert space
and p = 2 separately. In this case the result holds with constant C = 1.

Corollary 3.5 Let & and n be centered Gaussian Radon random variables with values
in locally convex spaces X and Y respectively, and such that (¢, n) has a Gaussian
distribution as well. Let (H, [, -]) be a Hilbert space. If f: X - Hand g: Y — H
are such that (&), g(n) € L>(Q; H) and E f(§) = Eg(n) = 0, then

[ELFE). g1l = ol FE 2@ mllg L2y (3.8)

where p is as in Eq. 3.1. Moreover, if f or g is even, then
IEfEgm| < oI FE 2 mlg | L2 11)- (39)

Proof The constant C appearing in Proposition 3.1 and Theorem 3.4 comes from
estimate (3.5). Therefore, it suffices to show that

10 @ fll 2y < €Il fll2gu ms

where p and f are as in Proposition 3.1 and similarly with e~ replaced by e~ if f is
also even. The case that H = R follows from [23, Lemma 1.4.1]. In the general case
we may assume without loss of generality that H is separable, because f(§) and g()
are strongly measurable. Let (4,),>; be an orthonormal basis for H. By the result for
the case H = R we obtain that

s = 2 fX |0 @11 ]

n>1

< eith/‘;(‘[f’hn]

n>1

2
du

| 0% f

2
—2i 2
du=e t“ il L2 H)

For the improvement in the case f is even, one can argue in the same way. O

4 Sequences of Gaussian Random Variables

In this section we will consider sequences of centered multivariate Gaussian Radon
random variables (£,),>; with values in a Banach space X. Here multivariate means
that (En);11V=1 is a Gaussian random variable in XV for each N. Many of the results
below extend without difficulty to the more general setting where each &, takes values
in a Banach space X,,, and (g,,)jj:l is a Gaussian random variable in ®,11V=1 X,,. This
can easily be checked by the interested reader.

Let By~ be the unit ball of X*. Let 0, = sup,..p,. (E(&,, x*)z)% denote the weak
variance of &,. Define the correlation matrix p;; of (§;);=1 by pi; = p(&;, &;), where p
is as in Eq. 3.1. Throughout this section we will assume that

C:= squ | pijl < o0. 4.1)

i

If X =R, then Eq. 4.1 reduces to the assumption in [2]. Note that since p; = 1, one
always has C > 1. The (&,),>, are pairwise independent if and only if C = 1.
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With the same argument as in [2] one can obtain the following extension of
[2, Lemma 2.1] to the vector valued setting.

Lemma 4.1 Under the assumption (4.1) for arbitrary Borel subsets (A;)i=1 of X we
have

YialaG) [P c

E — _
Y PéEie A) T YL PE e A

(42)

Therefore, also the same Borel-Cantelli lemma [2, Corollary 2.1] extends to the
vector-valued setting.

Corollary 4.2 Assume Eq. 4.1. If (A))i>1 is a sequence of Borel sets such that
Y2 P € A) = oo, then P& € A; i.o.) = 1. Moreover, if Y = P& € A;) < o0,
thenP(§; € A;io.) =0.

Of course the second statement holds without assumption (4.1). As a consequence
we obtain the following result (see [2, Corollary 2.4]).

Corollary 4.3 Assume Eq. 4.1. Then the following statements hold:

(1) there exists an r>0 such that Y ;o P(|&|| >r) <oo if and only if
P(sup;; 1§l < 00) = L.
(2) forallr > 0,32, P(|&ll > r) < oo if and only if P(limi,  ||&] = 0) = 1.

If P(sup;~ |&]l < oo) = 1, then (&);>; can be seen as a Gaussian random variable
in />°(X) with a definition of a Gaussian random variable which is slightly more
general (cf. [20] or Section 5). In particular, Esup, [|&,] < co. In [15] two-sided
estimates for Esup, ||§,]| have been found under the condition that the &, are
independent. Below we extend this result under the assumption that Eq. 4.1 holds.

Let ®: R — R be defined as ©(x) = x2¢~ =, let [° denote the Orlicz sequence
space associated to ® and let pg(a) denote the Luxemburg norm of a sequence
a = (a,)p>1,1.€.

a? 52
pe(a) :=inf 4 >0:Z§6Xp<_ﬁ) <1; < co.
n

n>1

Theorem 4.4 Let X be a Banach space. Let (§,),>1 be an X-valued centered multivari-
ate Gaussian Radon random variables with first moments (my),>, and weak variances
(0n)n=1. Let m = sup,,.| my,. Assume that condition (4.1) holds. Then

1
max {m Ep@((o'n)nzl)} <Esup &l < m+3pe ((0n)n=1) -
n>1

The upper estimate of Esup,., [|&,]| in Theorem 4.4 has been obtained in [15]
without any assumption on the correlation structure. The lower estimate with C = 1
has been proved there in the case where the (§,),>, are independent.
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Proof To prove the lower estimate, we extend the arguments from [15]. Note that
Esup,,..; [|&:]l = m is clear. As for the estimate for pe((0,),=1), by scaling we may
assume that Esup,.; [|£,[=1. Let r > 1 be arbitrary. Then P(sup,...; [|&:]l > r) < 1/r.

Let ¢ € (0, 1) be arbitrary. For each j choose xj‘- € By- such that (E(§;, x?‘-)z)% >

oj(l —¢).Let X; = ﬁ Then with r; = r/(E( ]* x’]‘-)z)% it follows from Eq. 4.1
i

and [2, Lemma 2.1] (or Eq. 4.2 in the real case) that

" c
ZP(|Xj| SO E Y Lixilr, 1 . (4.3)
= ‘ZLI BX,=r) ‘

For alln > 1, we have

2
>E || =15 X <rp

j=1

E an:l 1\M\zr,- 1
Zj:l POXjl =)

1=P | Jix;l = r

I

> 1 —P<sup|<:§,‘,x>}f>| > r)

j=1

1
zl—P<sup||§,-llzr> >1—--.
p

j=1

If we combine this with Eq. 4.3 we obtain that

D P(IXl =) <

=1 1-

~ =

On the other hand since E(§;, xj‘lj)2 > (1 —¢e)%02,

P(Xj| >r) > V2 e "1 dt

2
ﬁ r/(oj(1—¢))
V2 roj(l —¢) ( 1 r 2
SRCIL/UC N (-
ﬁaj(1—8)2+r2 2\oi(1 —¢)
Since ¢ € (0, 1) was arbitrary it follows that
C 2 ; 1 2
_ 2 7 exp <_,<L> )
1— ﬁj>laf+r2 2 o

= o B e (50))

VT +R(5) G

~ =
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where we used

2 2
of = sup E(gx)? =7 sup (Elgx)l) < Z(Elgl) <

x*eB yx X*€B x+

SIS
SIS

Therefore,

A Cym ((Z): +12(Z)s
X (7) e <_;(<:,)2) - (f22<r3 - )

=1

Considering r > 2 only, one can estimate

Cvr((B) +r(3)) ova((@) ra+r@)]) (3 i+ ()

<
V203 =) - V2(r3 =) - V2(r—1)
Noting that C > 1, one easily checks that the latter expression is less than 1 for r =
3C. This completes the proof. O

In the last part of this section we will consider several cases of the law of
large numbers for random variables ( f,,(§,))n>1, where the (f,),>; are measurable
functions from the locally convex space X into a Banach space Y. The presented
results generalize several results from [1, 2], where the case that X =Y =R is
studied.

First we state a generalization of [1, Theorem 3.1].

Theorem 4.5 Let i be a centered Gaussian Radon measure on a locally convex space
X. Let (H, [, -]) be a separable Hilbert space. Let (&,),>1 be a multivariate Gaussian
sequence with distribution u. Let ( f,),>1 be Borel measurable functions from X into
H such (|| fu|)n=1 are uniformly integrable in L'(w). If Eq. 4.1 holds, then

1 0 1o
Jim - 0 (fitg) —Efi&) = 0in L'(Q: H).

i=1
Using Corollary 3.5 the proof is a straightforward extension of the proof from [1,
Theorem 3.1]. We leave the details to the reader.
A similar generalization holds for [1, Theorem 3.2] as the interested reader can
easily check. Next we extend [2, Theorem 3.3] to the vector-valued setting.
Theorem 4.6 Let i be a centered Gaussian Radon measure on a locally convex space

X. Let Y be a Banach space. Let (§,),>1 be a multivariate Gaussian sequence with
distribution . Let f € L'(u; Y). If Eq. 4.1 holds, then

1 n
lim — § f(&) =Ef(&) as. andin L.
In particular, if X is a separable Banach space, then

1 n
lim — Zéi =0as. and in L? forall p € [1, 00).
n—oo n P
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Proof The proof of the a.s. convergence is divided into two steps.

Step 1:  The case Y = R. This can be proved in the same way as [2, Theorem 3.3]
using the straightforward extension of [2, Lemma 3.2] or Lemma 4.8 with
H=R

Step2: The general case. We use a well-known approximation argument (cf. [14,
Theorem I11.1.1]). We present it for convenience to the reader. Without
loss of generality we may assume E f(&;) = 0. Let ¢ > 0 be arbitrary. Since
f e L'(u; Y) we can find a simple Borel function g : X — Y such that

/X () dp(x) = 0 and | f — gll iy, < &.

Since g(X) C Y is finite dimensional, we can apply Step 1 (on each coordinate) to
obtain

l n
lim — ) =0 a.s. 4.4
nggon;g(é) as (4.4)
Let h: X — R be defined as h(x) = || f(x) — g(x)||. Again by Step 1,
1
Jim Zl: h(&) = Eh(&) < ¢ as. (4.5)

We conclude that

) <e¢ as.

n—o00o n—oo

imsup [ 23 6o | < timsup (| £ 3 sc60] + |2 Y- nee)
i=1 i=1 i=1

Since ¢ > 0 is arbitrary, the result follows.

The final statement follows by taking f(x) = x, and noting that by the separability
of X, the function f is strongly measurable. By [26] the L”-convergence follows from
the almost sure convergence.

The proof of the L! convergence follows by a similar approximation result and [1,
Theorem 3.1]. ]

Conversely, we have the following result which extends [2, Proposition 3.1].

Proposition 4.7 Let u be a centered Gaussian Radon measure on a locally convex
space X. Let Y be a Banach space. Let (§,),>1 be a multivariate Gaussian sequence

with distribution . Assume Eq. 4.1 holds. If lim sup Hnil Z f(&)|| < oo on a set of
n—oo i=1

positive probability, then f(&) € L'(u; Y).

Using Corollary 4.2 one can show the result in the same as in [2].

Next, we consider the case of a.s. convergence where the (§;);>; are not necessarily
identically distributed and the function f is replaced by a sequence of functions
(fi=1. For this we will need the following lemma which extends [2, Lemma 3.2]. For
arandom variable £ : @ — X, where X is a Banach space, let Var(¢) = E||& — E£|°.
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Lemma 4.8 Let X be a locally convex space. Let (H,[-,-]) be a separable Hilbert
space. Let (§,)n,>1 be a centered multivariate Gaussian Radon sequence that satisfies
Eq. 4.1. Let (fu)n>1 be Borel measurable functions from X into H. Then for each
n > 1, we have

i=1 i=1

C™' Y Var(fi(&)) < Var (Z ﬁ(&-)) < CY Var(f(&)).
i=1

The first inequality seems to be new even in the case X = H = R.

Proof Without loss of generality, we can assume E f;(&) = 0 for all i. By Corollary
3.5, the Cauchy-Schwarz inequality and [2, Lemma 3.1],

Var (Z ﬁ-(&-)) = Y E[fi@. fi@)] = 3 oy (Var(fi@? (Var(fn)*
i=1 i j=1 i, j=1

1

= (Z’Zpi/(Var(ﬁ(&)))é 2) (ZVar(f,(g,)))
j=1 i=1 =1

<C) Var(fi(&)).

=1

This proves the second inequality.

To prove the first inequality let (p;;) be defined as f;; = p;j if i 7 jand g; = 0. As
in [2, Lemma 3.1] by the assumption (4.1), [pllgw2) = C — 1. Recall that C > 1. We
obtain

(SIS

> D E[ S, £i€)]

i>1 ji

<22 Ay (Var(fi&)* (Var(f;(&)

i1 j#i

<(C—1)) Var(fi&)).

i>1

Therefore, it follows that

> Var(fi&) = C)_ Var(fi(&)) — (C—1) Y _ Var(fi(&))

i=1 i=1 i=1

= CY Var(fie) + Y. Y E[fie. £6)]
i=1

i>1 j#i

< CVar (Z ﬁ-(&-)) :

i=1

The next result is a generalization of [2, Theorem 3.6].
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Theorem 4.9 Let X be a locally convex space and let (H, [-, -]) be a separable Hilbert
space. Let (§,),>1 be a centered multivariate Gaussian Radon sequence in X that
satisfies Eq. 4.1. Let f, : X — H be such f,(&,) € L*(Q; H) for all n > 1. Moreover,
assume

supEl| fu(6,)]| < o0 and Zw <00

i>1

Then
I
Jim -~ fi&) —Efi&) =0as.
i=1
If additionally, X = H and sup,..; E||&,|| < oo, then

] n
lim — Zéi =0a.s. and in L? forall p < oc.
n—-oo N pn

The proof of [2, Theorem 3.6] is based on the techniques of [10, 11] which use the
order of R. Since we consider vector-valued random variables, we have to extend this
argument.

Proof Let (h;);> be an orthonormal basis for H. For an h € H,let (h)* and (h)~ be
defined as

(W* = [h. I h,

I>1

where for a € R, a™ = max{a, 0} and a~ = max{—a, 0}. With this notation we can
write

[(X) —E fi(Xp) = (fi(X) = EfiX))* — (fi(X) —Efi(Xo)™.
Since [(h)™, (h)~] = 0, one has
I £i(X0) — B fiXoII? = (i XD — EAHXN TP + (XD — Efi(Xa) |12
and therefore,
Var(fi(X;)) = Var(( f(X;) — E fi(X))*) + Var(( f,(X;) — E fi(X))").

It follows that it suffices to prove the theorem in the case that [ f;(X), /;] > 0 for all
[>1landalli> 1.

Asin [2] let @ > 1 be fixed and define the integers (k,),>1 by ko = 1 and k,, = [¢"],
where [x] is the greatest integer less than or equal to x. Then lim,,_, « kk—H = é and
for all m > 1 there exists an n(m) > 1 such that k(-1 < m < k,¢n). We claim that
forall @ > 1,

Sk, — ESk,

n

lim
n—oo

=0 as. (4.6)
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Before we prove the claim let us show how the theorem follows from this. Since

IS0 —ESall? = 32 37 [ £X0 = E£ X0 [ £1(X) —E (X, 1]

I>1 i j=1

Knm)—1

=22 [ A0 —EfX0, h]| £0X) B fi(X)), ]
=1 i j=1

k/x(m)

+> Y ([ m][ A )

=1 i, j=knony—1+1

+[Eficxo, m][Efixp, m))

2 2
) kn(m) k/t(m)

=[St —ESt |7 +| D AXD| +| Y EfiX)|
i=Knmy—1+1 i=Knmy—1+1

it follows that
||Sm _ ]ES’” || < || Skn(mH B ESkn(/n)fl H

m kn,,,fl

knm _knm—
+2supEHf,—(X,-)||7(;€ -1
i>1 n(m)—1

We obtain
| Sim —ESu]|

lim sup
m-—oo

< 2suFE||ﬁ<Xi>||<a - D.

Since o > 1 is arbitrary, this gives the result.
It remains to show Eq. 4.6. Equivalently, we can show that P(limsup,,_, . [|Sk, —
ESk, || > ek,) = 0 for all ¢ > 0. For this it suffices to show that for all ¢ > 0,

D P(|[Sk, — ESk, || > k) < 0.

n>1

Let ¢ > 0 be arbitrary. By Chebychev’s inequality and by Lemma 4.8 it follows that

1 Var(Sy,)
ZP(”Skn - ]E’Skn > 8kl’l) E 72 Tk
n>1 € n>1 n
k
C 1 “ C 1
<50 2 VarlfiE) = 5 ) Var(fi&) Y 5
n>1 " j=1 i>1 n>1,i<k,
CC, Var( f;(&))
= Z 2 <00
i>1
The final result follows from the first part and [26]. O

One could hope to extend Theorem 4.9 to more general Banach spaces. For
instance under assumption on the type of the Banach space. We only know how
to extend the second part of Theorem 4.9 to Banach spaces with non-trivial type.
For the definition and properties of type we refer to [14]. We will need the following
proposition.
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Proposition 4.10 Let X be a Banach space. Let (§,)n>) be~a centered multivariate
Gaussian Radon sequence in X that satisfies Eq. 4.1. Let (§,),>1 be a sequence of

independent Gaussian Radon random variables such that for each n > 1, &, 2 &. Let
¢ : X — R, be a measurable convex function. Then for alln > 1,

Eo (C‘é Zgz) <Eg (Z Ei) <Eg <C; Z§z> . (4.7)
i—1 i1 i1

In particular, Zizléi converges in L*(Q; X) if and only if Y i=1&i converges in
L*(2; X).

As explained in [19, p. 129], by Anderson’s inequality it also holds that for all
convex and symmetric Borel sets K C X, one has

P<c—%i§i¢1<)gﬁb(igw()gp(céiéw().

i=1 i=1 i=1

Proof Let& = Y1 & and € = Y| &. First we show the right-hand side of Eq. 4.7.
One can check that for all x* € X*, E(&, x*)2 < CE(E, x*)2. Indeed, this follows from
Lemma 4.8 with H = R and

EE, x*)* =Y K& x"). (4.8)
i=1

Now the result follows from a standard argument based on covariance domination.
We present it for convenience of the reader. By [19, p. 128] we can find a centered
Gaussian Radon random variable 5 independent of & and such that C %5 has the same
distribution as £ + n and & — n. It follows from the convexity of ¢ that

Ep®) = Bo(T 22 + 1) < 1Eg(e +m) + 1B — ) = Bp(CHE).

To prove the left-hand side of Eq. 4.7 note that it follows from Lemma 4.8
with H = R that E(£, x*)2 < CE(&, x*)2. Now the result follows again by covariance
domination.

The final statement clearly follows if we apply the result to ¢(x) = ||x||%. O

Theorem 4.11 Let X be a Banach space with type p for some p > 1. Let (§,)n>1
be a centered multivariate Gaussian Radon sequence in X that satisfies Eq. 4.1 and
sup,.» | Ell&, | < oo. Then

1 n
lim — ZE,— =0a.s. and in L? forall g < .
n—oo p 4

i=1
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Proof By the Kahane-Khinchine inequalities (cf. [20, Corollary 3.2]) and the as-

sumption we have that K :=sup;.; E[&|” < co. By Proposition 4.10 applied to

¢ (x) = ||x||” and by the type p condition we obtain that for alln > 1,

n' Yy g
i=1

p n
E < CiChnP Y Rl

i=1

< CEChKn Pt

For g < oo again by the Kahane-Khinchine inequalities it follows that

n n P %
-1 ) -1 )
36 38 )
i=1 i=1

< CECIK T,
Since —1 + % < 0, this proves the convergence in L7 for arbitrary g < co. Further-
more, choosing g < oo so large that ) ., a,, < 0o, the Borel-Cantelli lemma
implies that lim,, o' Y 1 | & = 0 a.s. u]

agn:=E

q
o

5 Besov Regularity of Gaussian Processes

Let X be a Banach space. A process G : [0, 1] x @ — X is called a Gaussian process
if it is strongly measurable and if for all x* € X*, the real-valued process (G, x*) is a
Gaussian process.

A theorem of Kolmogorov (cf. [12, 25]) gives a way to obtain Holder regularity of
paths from Holder regularity in p-th moments. In particular,if G : [0, 1] x Q@ — X is
a Gaussian processes such that G € C*([0, 1]; L?(RQ; X)) for some « € (0, 1), then G
isin C*([0, 1]; LP(2; X)) for all p < co. Applying the above mentioned theorem by
Kolmogorov gives that G has a version in L?(Q; C#([0, 1]; X)) for all 8 € (0, «) and
all p < oo.

We will study regularity in the case § = «. Of course it is not true in general that G
has a version with g-Holder continuous paths. Indeed, if one takes G = W, where W
is a standard Brownian motion, then W € C%([O, 1]; L*(Q)), but a.s. W ¢ C%([O, 1D
(cf. [25]). Instead of Holder spaces one has to consider certain Besov spaces.

In [5] (also see [27]) it has been shown that W € Bé,w(o, 1) as. for all p < co.
Moreover, it has been shown in [6] that the paths of W belong to a certain Besov-
Orlicz space. In [15] this has been extended to Brownian motions with values in a
Banach space with more direct proofs.

In [7] the authors have obtained Besov and Besov-Orlicz regularity for fractional
Brownian motion and other Gaussian processes. Their methods are based on non-
trivial norm equivalences for Besov and Besov-Orlicz spaces. We will use the
methods of [15] to obtain the Besov and Besov-Orlicz regularity directly from the
definition of the spaces. We consider a certain class of vector-valued Gaussian
processes which in particular contains fractional Brownian motion.

For random variables &, n : 2 — X such that (&, n) is a centered Gaussian random
variables, we write p (&, n) for the correlation number p as defined in Eq. 3.1.
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Theorem 5.1 Let X be a Banach space. Let a € (0, 1). Let (Gy)iepo,1) be an X-valued
centered Gaussian process with the property that for all s,t,a,b € [0, 1] with s + a,
t+ael0,1]and (s,s +a) N (t, t+a) =@, it holds that

p(G(t+a)— G@®), G(s +a) — G(s)) < K(a, |t —s]), (.1
with K : [0, 11> — [0, 1] such that
2"—1

Yooy - (K2 i27)” < . (5.2)
n>1 i=1

If for some p e [l,00), G e C¥([0,1]; LP(Q; X)), then for all p e[l,o0), G €
B"l‘,‘oo(O, 1; X) a.s. Moreover, G € B‘&‘DZ,OQ(O, 1; X) a.s.
If additionally,

liminf “"E|G +5) = GO’ = k}, (5.3)
t

uniformly in s € [0, 1) for some constant k, then ||G||B;m(0,1;x) >k, a.s. and for all
gell,00), G ¢ Bj,01;X)as.

If G has independent increments Eq. 5.2 is always fulfilled because Eq. 5.1
holds with K = 0. Secondly, for Eq. 5.2 it suffices to find C,e > 0 such that
for all @ € (0,1) and b > 1, K(a,ab) < Cb~*. This condition should be compared
to [7, p. 173, Condition (H)].

Proof The Kahane-Khinchine inequalities and the assumption yield that for all
p < 00, cp = |Gllceqo,11; Lr(@; X)) 1s of order ,/p as p — oo.

Let p < oo be arbitrary. Denote
Yup=2IG(+27") = Gllrrae—ry:x)-

As in [15] we can write

1 P

Y'Il),l7 = /2—n Z ||)/n,m.s||pdS,
m=1

0

where y, s =2(G((s +m)27™") — G((s+m—1)27") for m=1,...,2" — 1 and
n > 1ands € [0, 1]. Denote

P
chnms = Elvamsll” < ) = 1G 1w o,11: 0 x)

and

Then also ¢}, < cb.
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It follows from Jensen’s inequality that

2"—1

an;:E(Y’Z _Cp ) = /2_ Z ||)/nma|| _cgnmv] S

2

1 m_q
E/E 27HZ ||ynms|| pnms] ds
0 m=1
1 m_
= / 27203 Bkl = € ) 1nmsll? = €5 ) ds.
0 k,m=1

By Corollary 3.5 with H = R we obtain that for m # k,

E(”yn,k,é‘”p pnks)(”ynman pnmq)

1 1
- —n 2p 2 (2p 2p 2
= (K(2 |m k|2 )) <C2p nks Cp,n,k,s) <C2p,n,m,s - Cp,'l,m’s)

< (K@, Im — kI2™)’ &P

For m = k we can write

E 2 2p 2p 2p
‘ ”Vn k,s “ p nks| — c2p,n,k,s - Cp,n,k,s = C2p,n,k,s'
Therefore,
]
a, <2y (K(z " m— k|2 )) A
k,m=1
21 m—1
= (2742722 ) YK n =02 ™))
m=1 k=1
21 m—1
= (22 Y Y Ke 2,
m=1 i=1
2
=C, 625’
where

P
Co= (27427223 @ =K ™, 27)?).
i=1
By Eq. 5.2, ,., C; < 0o holds, hence ), a, < co. From this we obtain that for
alle >0

Z]P’(|Y5 —cp N >e) <e” 2X:an<c>o

n>1 n>1
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Therefore the Borel-Cantellli lemma gives that

lim Yp —c? =0as.
n—00 p.n

Since ¢, < ¢, this implies that Y, , is uniformly bounded a.s. This proves the first
statement. Since Eq. 5.3 implies that limsup,_, . ¢p.» = k,, the two final statement
also follow.

We still need to show that G € B§

%000, 1; X) a.s. We proved that E(Y, , — ¢)* <
C2§ C,. Therefore,

E(YZ ,c,” —1)" < 3he,PC, < K G,

where K > 1is some constant. Hence for all A > 1,

P(Y,,¢," > 1) < P(YE c;7 — 1] > AP —1) < K¥C, (A7 —1) 7,

n,p“p

and thus for A = 2K
3 P(Yapc,! > A ZC ZK2” —1)7 <o,
n,p=1 n=1 p=I

so that by the Borel-Cantelli lemma

IP’(Y,LPC’1

, > A for infinitely many pairs (n, p)) =

Since ¢, ~ p'/? this means that a.s.

sup 2" (|G (- +27") — Gl Lo x)p~ ' < 00,
n,p
hence G ¢ B%Z,OO(O, I; X). O

It would be interesting to construct a Gaussian process such that the assertion
of Theorem 5.1 does not hold. Of course such a process does not satisty Egs. 5.1
and 5.2.

Problem 5.2 Let« € (0, 1) Does there exists a centered Gaussian process G : [0, 1] x
Q — Rsuch that G € C*([0, 1]; L*(R)) and G ¢ B‘]"LOO(O, 1) a.s. for some p < c0?

Next we apply Theorem 5.1 to fractional Brownian motions. Let H € (0, 1). Recall
that G : R, x Q — Ris called an H-fractional Brownian (H-fBM) if G is a mean
zero Gaussian process with G (0) = 0 and

t2H +S2H _ |t _ S|2H

2

EGT )G (s) =

for all s, € R,. A process G : R, x Q — X is called an H-fractional Brownian
motion (H-fBM) if for all x* € X*, (GY, x*) is a constant times an H-fractional
Brownian motion. One can check that G is a stationary process and for each
te0,1],

G 2 HGH(1). (5.4)
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As a consequence of Theorem 5.1 we obtain the following vector valued extension
of a result in [7]. The case H = 1 has been considered in [15].

Corollary 5.3 Let G : R, x Q — X be an nonzero H-fractional Brownian motion.
Then forall p € [1,00), G € B;{w(O, 1; X) as. and G € Bqﬁ[zm(O, 1; X) a.s. More-

over, |G| p_.1:x) = EIGH(D)IIP)7 as. and for all g € [1,00), G ¢ Bl (0. 1; X)

a.s.

Proof 1t follows from the above discussion that for all s, ¢, a € R, and x*, y* € X*,
E(G"(t+a) — G"(0), ¥ (G (s + a) — G"(5), y*)

lt+a—s* +|t—a—s* =20t —s*H

= (0x", y") 3

Therefore,
(G (t+a) — G (1),G" (s + a) — G"(s)) = K(a, |t — s)).
where

‘|t+a—s|2H—|—|t—a—s|2H—2|t—s|2H‘

a2t

K(a, |t —s)) =
It follows that fora € (0, 1) and b € [1,a7'],
K(a,ab) = |(b + D + b — 1)1 —2p21)
One easily checks that
K(a,ab) < Cyb*72, ac(0,1), b € [l,a_l], (5.5)

where C only depends on H. Therefore, the condition of Theorem 5.1 (see the
remarks below it) is satisfied, so Eq. 5.2 is fulfilled.
By stationarity and Eq. 5.4 we obtain that for ¢ > s

EIG(t) — GH5)II” = EIG" ¢t —5)|I” = (¢t — )"PE|G" (1)||7.

The first result now follows from Theorem 5.1. The estimate |G" ||Bl:7:_w(0,]; x) =
ENIGH 1) ||P)% follows from Theorem 5.1, since by Eq. 5.4

EIG"@))? = "PE|G" (1)|”.

Next we consider the case that G : [0, 1] x 2 — X is of the form

G(t) =Y Gu(0)xn. (5.6)

n>1
Here (G,),>; are centered real-valued independent Gaussian processes on [0, 1] with

sup sup E|G. (1)) < oo,
n>11€0,1]

@ Springer



362 M. Veraar

and (x,),> in X are such that ) ,_, y,x, converges in L*(2; X) where (Yn)n=1 18
a sequence of independent standard Gaussian random variables. By the Kahane
contraction principle for each ¢ € [0, 1], G(¢) is well-defined in L*(R2; X). As it turns
out, in this situation it suffices to assume Eq. 5.1 for each of the processes G,,.

Corollary 5.4 Let G be as above. Let o € (0, 1). Assume that for all n > 1 and for all
s,t,a,b € [0, 11withs+a,t+a € [0, 1] and (s,s + a) N (t, t + a) = @ it holds that

p(Gu(t+a) — Gu(0), Gu(s +a) — Gu(s)) = K(a, |t — s1), (5.7)

with K :[0, 11> = [0, 1] such that Eq. 52 holds. If for some pe[l,o0), G €
CY([0, 11; LP(2; X)) then for all p € [1,00), G € B;’OO(O, 1; X) a.s. Moreover, G €
B‘;zm(o, 1; X) as.

Proof We only need to show Eq. 5.1 for G. Let us denote AG,(t,a) = G,(t +a) —
G, (t). For x*, y* € X* we can estimate

IE(G(t+a) — G@), x"(G(s +a) — G(s), y")|

Y E(AG,(t, ) AG,(s, @) (X, X*) (X, y*)

n>1

= " [EAGu @ @1 AG G5, an| |, x| (6 )

n>1

< K(@.|t =) Y_(BIAG,(t. ) )} EIAGu(s, @)) {xn, x*)]| (2, )|

n>1
< K(a, |t —s]) (ZEIAGn(I, a)|2|<xn,x*>|2> (ZEAGn(s, )| (xa, y*>|2>
n>1 n>1

= K(a, |t — sNE(G(t + a) — G(1), x*)7)? (B(G(s + a) — G(s), y*)?)?.

The result follows from this. O

Remark 5.5 In Eq. 5.6 and Corollary 5.4 the assumption that (G,),>; are inde-
pendent is not needed. It suffices to assume the correlation behaves properly. Let
pij(t, s, a) = p(AGi(t, a), AG|(s, a)). Assume that (compare Eq. 4.1)

C :=sup su{) Z lpij(t, s, a)l, (5.8)

=z

where the supremum is taken over all ¢, s € [0, 1) and a € [0, 1]such thatt+a,s+a €
[0, 1]. Then by Proposition 4.10, G is well-defined. If each G, satisfies the conditions
(5.7) and K satisfies Eq. 5.2, then using similar arguments as in the proofs of Lemma
4.8 and Proposition 4.10 one can show that Eq. 5.1 holds and therefore the assertion
in Corollary 5.4 extends to the case of Gaussian processes (G,),>; which are not
necessarily independent and satisfy Eq. 5.8.
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Another application of Theorem 5.1 is the following.

Corollary 5.6 Let r e (2,00] and ¢ € L"(0,1). Let (W(t))cio.; be a standard
Brownian motion. Then the integral process () = fot ¢ dW satisfies ¢ € B,i,;; ©, 1)

a.s. forall p € [1, oo)andg‘eB ©,1) as.

(13200

This result can be generalized in various ways. It has an extension to the case
where ¢ takes its values in a Banach space X with type 2. Further, one may
consider integration with respect to other Gaussian processes for which a stochastic
integration theory exists.

For r = oo, in [27] Roynette considers the more general situation that ¢ is an
adapted process with ¢ € L>°(0, 1) a.s.

Proof Since ¢ has independent increments, it suffices to show that ¢ is (— — —)
Holder continuous in second moment. Let 0 <s; < s, < 1. Then using the L2
isometric property of the stochastic integral and Holder’s inequality, we deduce

(Bl - c60P) (/ ¢ (t)dr)z < (52— 50 7 [@lro-

[m}

If G € B, (0, 1; X) as., then as in [15] one can show that G : @ — B, (0, 1; X)
is a centered Gauss1an in a slightly different sense than we defined before Namely
it does not have to be a measurable mapping in general and it does not have to be
Radon. Let us recall some definitions (cf. [20, Section 3.1]).

Let X be a Banach space with the property that there exists a norming sequence
of functionals, i.e. there exist x},x3,... in By- such that for all x € X, |x|| =
sup,~ |{x, x})|. Examples of such Banach spaces are all separable Banach spaces,
but also spaces like /°° and B} (0, 1;Y) for a separable Banach space Y.

Let X be a Banach space with norming sequence (x}),>;. A mapping § : @ - X
will be called a centered Gaussian if for all x* € span{x}, : n > 1} the random variable
(&, x*) is a centered Gaussian. For a centered Gaussian random variable we define

o (&) = sup(E[(g, x3) 1)/ (5.9)

n>1

The value of o is independent of the norming sequence (x}),>; (cf. [20, Section
3.1]). Note that we do not assume that & is strongly measurable. However, by the
assumptions ||| is always measurable.

Let us turn back to the mapping G : @ — Bj (0, 1; X) that one can consider
in the setting of Theorem 5.1. As in [15] one can show that G is a centered
Gaussian. The centered Gaussian G : @ — B (0, 1; X) has the peculiar property
that [|Gll gz _0,1;x) = kp a.s. Therefore, it is not Radon (cf. [20, Section 3.1]).

Due to the fact that G is a centered Gaussian Fernique’s theorem implies that
there exists an ¢ > 0 such that E exp(¢|| G||ZB$ N(O,I:X)) < 00. Using Lemma 5.9 and [20,

Corollary 3.2] one can even show that ¢ > 0 can be chosen independent of p € [1, 00).
Similarly, there exists an ¢ > 0 such that [E exp(¢|| G||%$ ©0.1:x)) < 0°.
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In the next result we will estimate IE||G||B;&(0,1;X) and E||G||Bg)2)m(o’];x). This
extends [15, Theorem 6.1] where the case that G is a vector valued Brownian has
been considered. The assumption on the correlation structure will be slightly stronger
than the assumption in Theorem 5.1. It is the same condition as below Theorem 5.1.
There exists an ¢ > 0 such that

K(a,ab) <Cb™¢, ac(0,1), bell,a']. (5.10)

Theorem 5.7 Let X be a Banach space. Let o € (0,1). Let (Gy)epo.1) be an X-
valued centered Gaussian process starting at zero with the property that for all
s,t,a,b €0, 1] with s+a,t+ae[0,1] and (s,s+a)N(t,t+a) =0, Eq. 5.1 holds
where K : [0, 11> — [0, 1] satisfies Eq. 5.10. Assume that for some p € [1,00), G €
CY([0, 11; LP(2; X)). Then for all p € [1, c0),

EllGl gy . 0.1:x) Sk 1Glla,p, (5.11)
EllGlls;, . 0.1:x) Sk 1Gla- (5.12)
Here
EIG®) — G617
IGlla,p = sup - . (5.13)
S#L |t - S|

The inequalities (5.11) and (5.12) are new even in the case X = R. The constant
in the inequality depends on ¢ and contains a factor (C + 1)z, where ¢ and C are as
in Eq. 5.10.

Notice that if Eq. 5.3 holds for some p € [1, c0), then Theorem 5.1 also yields the
following estimates from below hold:

ElGli5y 0.1:0) = kp,

ElIGl 5

3,00

Recall that for H-fBMs we already obtained Eq. 5.10 in Eq. 5.5. Therefore, as a
consequence of Theorem 5.7 we have the following result.

_1
©0.1:x) = P 2kp.

Corollary 5.8 Let X be a Banach space. Let p € [1,00). Let H € (0,1). For an
X-valued H-fractional Brownian motion G we have

EIG I 8y_0.1:x) ~u EIGT ()77, (5.14)
EIG gy 010 =1 EIGT DI (5.15)

For a centered Gaussian Radon random variable £ with values in a Banach space
X, let Q¢ € B(X*, X) denote its covariance operator, i.e.

Qex™ = E(§, x7)8.

The following estimate for Q¢ will be needed: for all p € [1, c0), we have

101 S p 2 EIENP) 7. (5.16)
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Indeed,

1017 = sup (BIE, x)D)? < pt sup (BIE x)P)r < p 2 EIE(P)7.

x*eB yx x*eB y+
For the proof of Theorem 5.7 we need the following lemmas.

Lemma 5.9 Let (Gy)icp0.1) be an X-valued centered Gaussian process with the property
that for all s,t,a,b €[0,1] with s+a,t+acl0,1] and (s,s+a)N(t t+a) =0,
Eq. 5.1 holds where K : [0, 11> — [0, 1] satisfies Eq. 5.10. Let c € (0,1). Let p €
[1,00). Consider AG(-,¢c)=G(-+c¢)— G as an LP(0,1 — ¢, X)-valued Gaussian
random variable. Then

1
o(AG(,¢)) Sk sup | Qacaollzc"/?.

te[0,1]

The lemma is similar as [15, Lemma 6.2] where the case G is a vector valued
Brownian motion is considered. The proof in [15] uses stochastic integration theory.
Since we cannot use a “good” stochastic integration theory for our class of Gaussian
processes, we give a different argument.

Proof We may assume ¢ € (0, 1). Secondly we may assume p > % Indeed, if the
lemma holds for p € (2,00), then let g =2+ 1. For pe[l,2) it follows from

I
ol Lr©,1-c;x) < 1@l L90,1-c;x) and ¢4 < c? that

orr01-x) (G +¢) = G) < 0140,1-e:x)(G(- +¢) = G)

1
1
<k sup [[Qacuolzc?.
tel0,1]

Fix p € (%, oo)and f € L7 (0, 1 — ¢; X*). In particular note that p > 2. We use the
same symbol for the extension of f to R as being zero outside (0, 1 — ¢). By Fubini’s
theorem and symmetry we can write

I—c 2 1—c 1-c
E‘/ (AG(t, o), f(0))dt :f / E(AG(t, ¢), f())(AG(s, ), f(s))dsdt.
0 0 0

l—c pt
- 2/ / E(AG(t, ¢), fF(O)(AG(s, ¢), f(s))dsdt.
0 0

By the assumptions (5.1) and (5.10) for all s € (0, t — ¢), we have

E(AG(, ¢), fFO)(AGs, 0), (5)) < [ Qaceol | FOI N F©IK(c, t —s)
< CllQacuollZ10acsoll? | FOI I F$) I t—s)".
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Let g: (—o0, —c) — R be defined as g(s) = (—s)~°. By Holder’s inequality, Fu-
bini’s theorem and Young’s inequality we obtain that

1—c t—c
f f E(AG(, ¢). FONAG, ), f(s)) dsdt
0 0

= C swp [0acialle’ fR /R 1 FON T O oo ()t —5) dsdt

tel0,1

= C sup [Qaguollc’ fR (o0 * | LS £ ds

tel0,1]

< C sup [ Qaceolle’ I fl o xo | Ao * 1 F1 | 1o
€[0,1]

1€

c 2
< C sup |QaGuo N fl 7 g1 - xoy Moo ~08ll 5 g,
te[0,1] T

2 2
58 C Sup ” QAG(f,C) || ” f” L[’/(().]fc:X*)Cp 9
te[0,1] ' '

where in the last line we used p > 2.
For the other part again by Holder’s inequality, Fubini’s theorem and Young’s
inequality,

1—c t
/ f E(AG(t, ¢), f(O)(AG(s, c), f(s))dsdt
0 t—c
1—c t
< sup || QAG(t,c)”/ f I FOINSf) N ds dt
te[0,1] 0 t—c

< sup [[Qacuoll | Qeeo * I1FIDE) I f(9)Il ds
rel0,1] R

< sup 10a6aolll fll Lroi-axs 1 L—cop * I £l I ey
1€[0,1]

2
< sup |Qacaolll fll7y g 1—cx Mol 5
r€10.1] e

2 2
sup ” QAG(t,L‘) “ ” f” L7 (0,1—c; X*)C’] -
t€[0,1] ’ ’

Therefore, we can conclude that

(E‘/H(AG(L o, f(t))dtr)m
0

1 1 1
Ss (C+1)2 sup ||QAG(t,c)||2 ||f||Lp’(o,1_c;X*)C”-
tel0,1]

Since, L”' (0,1 — ¢; X*) is norming for L?(0, 1 — ¢; X) the result follows. O

Corollary 5.10 Let (G;)ejo.1) be an X-valued centered Gaussian process with the prop-
erty that for all s, t,a,b € [0, l]withs +a,t+a € [0,1]and (s,s +a) N (¢, t+a) = 0,
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Eq. 5.1 holds where K : [0, 1]* — [0, 1] satisfies Eq. 5.10. Let ¢ € (0, e~'/?]. Consider
G(-+c)— Gasan £*(0, 1 — ¢; X)-valued Gaussian random variable. Then

o(G(-+c¢)— G) Sk sup

1 e —
| QaGuoll? Qoge™) =12,
tel0,1]

This follows from Lemma 5.9 using similar arguments as in the proof of [15,
Corollary 6.1].
We are now ready to prove Theorem 5.7. It is an extension of [15, Theorem 6.1].

Proof of Theorem 5.7 Since G(0) = 0, the L?-part of the norm in B%’OO(O, 1; X) can
be estimated as

1 1
EIGllro.1:0 < EIGI 01,007 = ( /0 EIG®) — GO di)’

1
= ([ #1612, d)" <Gl
— o a,p — P

For the other part of the Besov norm we consider

n>1

Esup2™||G(- +27") — Gl Lr@.1-2-: x)- (5.17)

To estimate this, we apply Theorem 4.4 to the L?(0, 1; X)-valued Gaussian random
variables &, = 2"[G(- + 27") — Gll|0.1—2-:
Esup (1€, < supEl&a ]l + [[(0)n=1lle,
n>1 n>1
where o, are the weak variances of &, in L?(0, 1; X).
The first term is smaller than || G||,, ,. For the second term note that by Eq. 5.16,
1061 < P2 IG lap.

(5.18)
By Eq. 5.18 and Lemma 5.9 we the Holder continuity assumption we obtain

on =2"01r0,1-2 x) (AG(,27")) Sk 2" sup

1._n
1Qaca2ml?27r
tel0,1]

1 _n _1 _n
sup [[Qg, 112277 < p 2 lIGlle,p27 7
te[0,1]

Therefore, using [15, Example 2.1] we obtain

_1 _
lonnz1llo Sk P2 1Glapl Q7)1 llo
=~ p 3Gl pv/log(1 — 271/p)~T
_1
= IGlla,pp™ 2 (1 + y/log p).

Since p*% (1 + /log p) is uniformly bounded for p € [1, 00), the proof of Eq. 5.11 is
complete.
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Next, we show Eq. 5.12. By [15, Equation (2.2)] we can write
EllGl sy, 0.1:x
< ElGlle:0.1:x) + Esup 2™ [|G(- +27") = Gllgos0,1-2-7:x)- (5.19)

n>1

The first term can again be estimated as

1
EIGll Lo 0.1:x) < E fnf — / EexpG2 GO dt
= 0

1 1
< inf : / Eexp(X2|G()|?) dt.
0

A>0

By a power series expansion and the Kahane-Khinchine inequalities (cf. [20,
Corollary 3.2]) we obtain that

)\’Zk
2 2 _ 2k
EexpA GO dt = kE . o EIGOI

2k
1+ Z%(L@EHG(OH)”‘

k>1

IA

IA

1+ QelhLE| G0 I1H)* |,
k>1

< |14 ) Qe L||Gllai»* |,

k>1

where L is an absolute constant from the Gaussian norm comparison result [20,
Corollary 3.2], and we used k¥/ k! < eX. Letting A = (2¢L||G||4.1)~", we find that

ElGlo20.1:0) S 1Glla- (5:20)

The second term in Eq. 5.19 can be estimated as before using Theorem 4.4.
Consider the £%2(0, 1; X)-valued Gaussian random variables &, = 2"/?[G(- +27/) —
G11i0,1-2-n1. Let o, denote the weak variance of §,. In the same way as in Eq. 5.20 one
can show

E”fn”mz(o,l;)() < Ell&:ll Lo20.1: x) S IGllar-

By Theorem 4.4, [15, Remark 3.1], Corollary 5.10 and Eq. 5.18, it follows that

1/4
4
Esup |8l e5:0.1:3) S SupEllEnlleoro.0 + (D _on |
n>1 n>1 n>1

1

i
Sk 1Gllat + 1Glla <Zn_2) )

n>1

This clearly gives the result. O
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