R-BOUNDEDNESS OF SMOOTH OPERATOR-VALUED
FUNCTIONS
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ABSTRACT. In this paper we study R-boundedness of operator families 7 C
B(X,Y), where X and Y are Banach spaces. Under cotype and type as-
sumptions on X and Y we give sufficient conditions for R-boundedness. In
the first part we show that certain integral operator are R-bounded. This
will be used to obtain R-boundedness in the case that 7 is the range of an
operator-valued function T : R¢ — B(X,Y) which is in a certain Besov space
B‘Ti/lT(Rd;B(X, Y)). The results will be applied to obtain R-boundedness of
serﬁigroups and evolution families, and to obtain sufficient conditions for exis-
tence of solutions for stochastic Cauchy problems.

1. INTRODUCTION

The notion of R-boundedness (see Section 2.3 for definition) appeared implic-
itly in the work of Bourgain [6] and was formalized by Berkson and Gillespie [5].
Clément, de Pagter, Suckochev and Witvliet [7] studied it in more detail in relation
to vector-valued Schauder decompositions, and shortly after Weis [40] found a char-
acterization of maximal regularity for the Cauchy problem v = Au + f, u(0) = 0,
in terms of R-boundedness of the resolvent of A or the associated semigroup. After
this, many authors have used R-boundedness techniques in the theory of Fourier
multipliers and Cauchy problems (cf. [8, 16, 21] and references therein).

For Hilbert space operators, R-boundedness is equivalent to uniform bounded-
ness. The basic philosophy underlying much of the work cited above is that many
results for Hilbert spaces remain true in certain Banach spaces if one replaces bound-
edness by R-boundedness. Thus it is useful to be able to recognize R-bounded sets
of operators.

Let X and Y be Banach spaces. In this paper we will study R-boundedness of
some subsets of B(X,Y) under type and cotype assumptions. Although the defini-
tion of R-boundedness suggests connections with type and cotype, there are only
few results on this in the literature. Arendt and Bu [3, Proposition 1.13] pointed
out that uniform boundedness already implies R-boundedness if (and only if) X has
cotype 2 and Y has type 2. Recently, van Gaans [12] showed that a countable union
of R-bounded sets remains R-bounded if the individual R-bounds are ¢" summable
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for an appropriate r depending on the type and cotype assumptions, improving on
the trivial result with r = 1 (the triangle inequality!) valid for any Banach spaces.
Implicitly, one can find similar ideas already in Figiel [11].

In [13, Theorem 5.1], Girardi and Weis have found criteria for R-boundedness
of the range of operator-valued functions 7 : R? — B(X,Y) in terms of their
smoothness and the Fourier type of the Banach space Y. Their result states that

da
if Y has Fourier type p € [1,2] and T is in the Besov space Bzil(]Rd; B(X,Y)), then
{T(t) : t € R%} is R-bounded.
We will prove a similar result as [13, Theorem 5.1] under assumptions on the
cotype of X and the type of Y. More precisely, if X has cotype ¢ and Y has type

pand if T € Bfl(Rd;B(X,Y)) for some r € [1,00] such that L = % - %, then
{T(t) : t € R%} is R-bounded (see Theorem 5.1 below). Our result improves [13,
Theorem 5.1]. This follows from the fact that every space with Fourier type p has
type p. Furthermore, we note that the only spaces which have Fourier type 2 are
spaces which are isomorphic to a Hilbert space. However, there are many Banach
spaces with type 2, e.g., all L? spaces with p € [2,00). In the limit case that X has
cotype 2 and Y has type 2 our assumption on T becomes T € B | (R%; B(X,Y)).
This condition is quite close to uniform boundedness of {T'(¢) : t € R?} which under
these assumption on X and Y is equivalent to R-boundedness.

Following [13, Section 5], we apply the sufficient condition for R-boundedness to
strongly continuous semigroups. Furthermore, we show that our results are sharp in
the case of the translation semigroup on LP(R). The R-boundedness result for semi-
groups leads to existence, uniqueness and regularity results for stochastic equations
with additive noise. As a second application we present an R-boundedness result
for evolution families, assuming the conditions of Acquistapace and Terreni [1].

We will write a < b if there exists a universal constant C' > 0 such that a < Cb,
and a =~ b if a $b < a. If the constant C is allowed to depend on some parameter
t, we write a <; b and a ~; b instead.

2. PRELIMINARIES

Throughout this paper (€2, A, P) denotes a probability space, and E is the ex-
pectation. Let X and Y be Banach spaces. Let (r,,),>1 be a Rademacher sequence
on (1, i.e. an independent sequence with

For N > 1 and z1,...,zy € E, recall the Kahane-Khinchine inequalities (cf. [10,
Section 11.1] or [23, Proposition 3.4.1]): for all p,q € [1, 00), we have

N py L N P
(2.1) (EH Zrn:cn )p ~p.g (EH Zrnxn )q.
n=1 n=1

These inequalities will be often applied without referring to it explicitly.
For each integer N, the space Rady (X) C L?(Q; X) is defined as all elements of

N .
the form >, _, 7n2y, where (2,))_; are in X.
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2.1. Type and cotype. Let p € [1,2] and ¢ € [2,00]. The space X is said to have
type p if there exists a constant C' > 0 such that for all (z,,)Y_; in X we have

N o L N 1
B X[ ) < (X i)
n=1 n=1

The space X is said to have cotype q if there exists a constant C' > 0 such that for
N 1 N
(Z H%H”) ' < C(EH > rnn
n=1 n=1

all (x,)N_; in X we have
2> 3
with the obvious modification in the case ¢ = co.

For a detailed study of type and cotype we refer to [10]. Every Banach space
has type 1 and cotype oo with constant 1. Therefore, we say that X has non-trivial
type (non-trivial cotype) if X has type p for some p € (1,2] (cotype g for some
2 < ¢ < 00). If the space X has non-trivial type, it has non-trivial cotype. Hilbert
spaces have type 2 and cotype 2 with constants 1. For p € [1,00) the LP-spaces
have type p A 2 and cotype p V 2.

Recall the following duality result for Radx (X) (cf. [34] or [10, Chapter 13]). If
X has non-trivial type then

(2.2) Rady (X)* = Rady(X*)

isomorphically with constants independent of N.

1

2.2. Fourier type. The Fourier transform f: Ff of a function f € L'(R%; X)
will be normalized as

1 —4ix-
f(f) = W /Rd f(x)e fdm, § S Rd.

Let p € [1,2] and p’ be the conjugate exponent, % + ; = 1. The space X has
Fourier type p, if F defines a bounded linear operator for some (and then for all)
d=1,2,... from LP(R% X) to L¥ (R%; X).

If X has Fourier type p, then it has both type p and cotype p’. In particular,
spaces isomorphic to a Hilbert space are the only ones with Fourier type 2 (see [22]).
The LP-spaces have Fourier type p A p’ (see [30]), while every Banach space has
Fourier type 1. The notion becomes more restrictive with increasing p.

2.3. R-boundedness. A collection 7 C B(X,Y) is said to be R-bounded if there
exists a constant M > 0 such that
2 2\ 3
X) ’

N 1 N
(3 i) < (e S

for all N > 1 and all sequences (7,,)Y_; in 7 and (z,,))_; in X. The least constant
M for which this estimate holds is called the R-bound of T, notation R(7). By
(2.1), the role of the exponent 2 may be replaced by any exponent 1 < p < oo (at
the expense of a possibly different constant).

The notion of R-boundedness has played an important role in recent progress in
Fourier multiplier theory and this has applications to regularity theory of parabolic
evolution equations. For details on the subject we refer to [8, 21] and references
therein.
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A property which we will need later on is the following. If 7 C B(X,Y) is
R-bounded and X has non-trivial type, then it follows from (2.2) that the set of
adjoint operators 7* = {T* € B(Y*,X*) : T € T} is R-bounded as well.

2.4. Lorentz spaces. We recall the definition of the Lorentz space (cf. [14, 38]).
Let (S,X, 1) be a o-finite measure space. For f € L'(S) + L°(S) define the non-
increasing rearrangement of f as

fi(s)=mf{t > 0: pu(|f] >1t) <s}, s>0.

For p,q € [1, 0] define

LPA(S) = {f € L'(S) + L=(S) : || fllzrua(sy < oo},
where

oo e

(fo=earmp@rd) ™ i ge 1,00,
SUpys ot/ f* (1) if ¢ = o0.
For p € [1,00] and ¢ < g2 one has

£l Lracsy =

I llLeecs) = I fllLecsys [ llzraz(s) < cpargellfllLra(s)-
Also recall (e.g. [35, pp. 331-2]) that for p,q € [1,00)

~ a/p dty §
(23) Flzracs) = ([ ottt > 0)" ) s

indeed, just compare the two iterated integrals of s~ 1¢9/P~1 over the subset { f*(t) >
st = {u(|f] > s) >t} of (0,00)

2.5. Besov spaces. We recall the definition of Besov spaces using the so-called
Littlewood-Paley decomposition (cf. [4, 38]). Let ¢ € .(R?) be a fixed Schwartz

function whose Fourier transform ¢ is nonnegative and has support in {¢ € R? :
1 < |¢] < 2} and which satisfies

Y o2k =1 for ¢ e R\ {0}

k€EZ
Such a function can easily be constructed (cf. [4, Lemma 6.1.7]). Define the sequence
(or)k>0 in 7 (R?) by

Pr(&) =027 for k=1,2,... and G(&) =1-) Gk(€), £eR™

E>1

Similar as in the real case one can define . (R%; X) as the usual Schwartz space
of rapidly decreasing X-valued smooth functions on R?. As in the real case this
is a Fréchet space. Let the space of X-valued tempered distributions .7’ (R% X) be
defined as the continuous linear operators from .#(R¢) into X.

For 1 < p,qg < oo and s € R the Besov space B;)q(Rd; X) is defined as the space
of all X-valued tempered distributions f € .%/(R% X) for which

/1

is finite. Endowed with this norm, B;q(Rd;X ) is a Banach space, and up to an
equivalent norm this space is independent of the choice of the initial function ¢. The
sequence (@ * f)r>o is called the Littlewood-Paley decomposition of f associated
with the function ¢.

L ks
By ,(R%:X) i H(2 or* f)iso 19(Lr (R4: X))
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If 1 < p,q < oo, then Bf,,q(]Rd;X) contains the Schwartz space . (R%; X) as a
dense subspace.

For 1 < p; < ps < 00, q € [1,00] and s1, s2 G]Rwithsl—pl1 :52—%the
following continuous inclusion holds (cf. [38, Theorem 2.8.1(a)]

B (R% X) — B _(R% X).

Dp1,9 Dp2,9

Next we give an alternative definition of Besov spaces. Let I = (a,b) with
—0 <a<b< oo Forhe€Rand a function f : I — X we define the function
T(h)f : R — X as the translate of f by h, i.e.

o(t+h) ift+hel,
(T(h)e)(t) := :
0 otherwise.
For h € R put
I[h] := {7‘6]: r—|—h€]}.
For a strongly measurable function f € LP(I; X) and ¢ > 0 let
1
ot1.8) 1= sw ([ 1710 = 1))
|h|<t
We use the obvious modification if p = co. For p,q € [1,00] and s € (0,1) define

Ay (LX) =A{f € L"(I; X) : || f]

AZ,(I(I;X) < OO},
where

(2.4) £ llas, (i) /llf |pd7" % (/ (‘Sgp(f,t))q%f

with the obvious modification if p = oo or ¢ = oco. Endowed with the norm
[+ las ,(r;x)s A o(1; X) is a Banach space. Moreover, if I =R, then A7  (R; X) =
B, ,(R; X) with equivalent norms (cf. [31, Proposition 3.1] and [36, Theorem
4.3.3]). Similarly, if I # R, then for every f € A;  (I; X) there exists a function
g € Ay ,(R; X) such that g|; = f and there exists a constant C' > 0 independent of
f and g such that

(2.5) C7Hgllas , @ix) < IIf]

g (1iX) S gl As (R X)-

3. TENSOR PRODUCTS

We start with a basic lemma, which can be viewed as a generalization of the
Kahane-contraction principle.

Lemma 3.1. Let X be a Banach space and let (S, %, 1) be a o-finite measure space
and let g € [2,00). The following assertions hold:

(1) If X has cotype q, then there exists a constant C' such that for all (f,))_;
in Lq’l(S) and (z,)N_; in X

H Z Tnfnxn
n=1

N
<C’/ max u|f|>t1/‘1dtHZrnxn
n=1

La(S;L2% (X))
(3.1)

L2(:X)
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(2) If X has cotype q, then for all § € (q,00] there exists a constant C such
that for all (f,)N_y in LI(S) and (z,)N_; in X

N N
(32 || Y rafuzn <C swp | fulluas | X ran
n=1 l<n<N n=1

La(S;L2 (X)) L2(:X)

Moreover, if g € {2,00}, then (3.2) holds with ¢ = q.

(3) Assume (S,%,u) contains N disjoint sets of equal finite positive measure
for every N € Z... If there exists a constant C such that (3.1) holds for all
(fo)N_, in L91(S) and (z,))_; in X, then X has cotype q.

Remark 3.2. Note that by (2.3) for g € [1,00) it holds that

o o0
1
1/q < * 1/q - = *
[ et > 00 < [ e (5> 0= 2 o (D

where A denotes the Lebesgue measure on (0,00). Moreover, if the fi,..., fx are
identically distributed, then one has

o
1
a4 — =
/Olg%vu(lfnlﬂ) dt = | fillzercs):

With this in mind, one can also view (3.1) as an extension of [24, Proposition
9.14] and [33, Proposition 3.2(ii)]. There it is shown that (3.1) holds for the case
that u(S) =1, (fn)n>1 are i.i.d. and symmetric.

Remark 3.3. By (2.1), one could rephrase (3.2) as follows when ¢ < oco. In the
natural embedding L(S) — B(X,Li(S; X)), f — f ® (), the unit ball Bra(s)
becomes an R-bounded subset of B(X, L(S; X)).

Proof of Lemma 3.1. (1) and (2): Define the operator T : £3¥ — L2(2; X) by
T(a) = ZnN:1 TnanTy. By the Kahane contraction principle there holds

N
1Tl Bese L2 @:x)) < 2H ;T”x” L2@x)’

Since L?(2; X) has cotype ¢ it follows from [10, Theorem 11.14] that T is (g, 1)-
summing with mg 1(T) < Cx 4||T||. Then [32, Theorem 2.1] (also see [10, Theorem
10.9]) implies that there is a probability measure v on {1,2,..., N} such that
T = Tj, where j : (3% — (%' (v) is the embedding and T € B((%'(v), L*(Q; X))
satisfies HT||B(€§’V’1(V),L2(Q;X)) < q71+§7rq71(T). It follows that for all scalars (a,, ).

n=1»
N N
HE T'nanTn E T'nTn
n=1 n=1
N
E Tnn
n=1

where ¢4" () denotes the Lorentz space L%" defined on {1, ..., N} with measure v,

< CX7q||(an)71y:1||z‘11v’1(,,)

L2(Q;X)) L2(4X)

< CXvQ@”(an)rJY:l”Z?\](u) L2(Q-X)7

and the second step follows from the embedding of ¢4 (v) into 5?\, (v) for G € (q, o0].
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If we apply this with a,, = f,(s) and take the L?(u)-norms, then it follows from
(2.3) and Minkowski’s inequality that
N p—
La(S:L2(2:X)) x H ;r"%

N
H § Tnfnxn
L2(; X
ot (;X)

S CX,q(/S /Ooo (ﬁ: U(n)l{‘fn(s)bt})l/q dt)qdp,(s)>%

n=1

N

(
< Cx,q /OOO (/SZ (n)1{|fn(s)|>t}du(8))1/q dt
(

n=1

vl > ) dt

1<n<N

o 1/q
<Cxy [ ((mas il > 0) " ar

Similarly with L9(u)-norms, it follows that

N N .
HZT"JC”"T” Li(S;L2 (X XHZT""T" L2(0X
n:l (s:i2ux) N = (24X)

SCX,q,q(/S(i vl fa17) " ()
= Craa( X v [ 1o ()"

1/4
< Cxyqq 131532(N/|fn |qu )

(3): Let x1,...,2x € X. Let (S,)Y_; be disjoint sets in ¥ with u(S,) =
1(S1) € (0,00) for all n. Letting f, = u(S1)"'/91g, for n =1,2,..., N, we obtain

that
N q N
Trfn = z, 9.
Hn;l nfnn La(S;L2(%X)) ZH o

n=1

On the other hand,

p([ful > 1) = p(S1) - Lo usy)-1/0) (1)
for all n =1,..., N. Therefore, (3.1) implies that

N N q
> lleallt < €1 3 razn
n=1 n=1

L2(:x)

which shows that X has cotype q.
O
We do not know, whether we can take § = ¢ in Lemma 3.1(2) if ¢ # 2. However,

if X is an Li-space with ¢ > 2, then one may take ¢ = ¢q. This follows from the
next remark in the case that X = R.
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Remark 3.4. Let (A, A,v) be a o-finite measure space. Let 2 < ¢; < ¢ < 0o. Let

X be a Banach space with cotype ¢;. If X = L9(A; X), then (3.2) of Lemma 3.1(2)
holds with ¢ = q.

Proof. By Fubini’s theorem, Lemma 3.1(2) applied to X and (2.1) we obtain that

N
H > rafatn
n=1

N
La(S;L2(Q:X)) ~a H nz::lrnfnxn La(A;La(S;L2 (X))

L9(A;L2(0X))

N
<C swp | fallzas| Y razn
l<n<N n=1

L2(4X)

N
~q C sup || fn SH TnTn
q 1§n§NH TIHL‘J( ) ; nLn
O

Remark 3.5. Notice that a version of Lemma 3.1 also holds for quasi-Banach spaces.
This can be proved in a similar way as above. Instead of [32] one has to use the
factorization result of [18, Theorem 4.1]. Note that in [18] the role of the Lorentz
space L%1(S) is replaced by L?7(S), where r is some number in (0, 1] which depends
on X. One can see from the above proof that this number r will also appear in the
quasi-Banach space version of (3.2). The details are left to the interested reader.

The following dual version of Lemma 3.1 holds:

Lemma 3.6. Let X be a Banach space, let (S,%, 1) be a o-finite measure space
and let p € (1,2]. The following assertions hold:

(1) If X has type p, then there exists a constant C such that for all (f,))_, in
LP>°(S) which are identically distributed and (x,)N_; in X

N
(33 Milns)|| D raen
n=1

N
e P

(2) If X has type p, then for all p € [1,p) there exists a constant C' such that
for all (fo)N_; in LP(S) and (z,))_, in X

LP(S;L2(Q:X))

LP(S;L? (X))

N
Bt Wl | o] g

N
< CH Z Pnfnln
n=1

Moreover, if p € {1,2}, then (3.2) holds with p = p.

(3) Assume (S,%, ) contains N disjoint sets of equal finite positive measure
for every N € Z,. If there exists a constant C' such that (3.3) holds for
all (fn)N_y in LP1(S) which are identically distributed and (z,)N_; in X,
then X has type p.

A similar statement as in Remark 3.4 also holds.

Proof. (1) : Without loss of generality, || f1[|zr.(s) = sup;~g t'/7 f¥(t) = 1. Choose
to so that fj(to) > (2tg)~Y/P, or equivalently to < p(|f1] > (2t)~V/?). Let A, =
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{|fn] > (2to)~/P}, so by equidistribution, u(A,) = (A1) > to. It follows that

N ) ) N N )
‘Z<x”’x"> = M‘/SIE<;rnlAnxmmz_:lrmlAmmm>d,u(s)‘

n=1

1 N
S H Tn]-Anwn
(A1) ;

N
*
H Z Tmla, Tl .
Lr(S;L2 (X)) 1T 2= LP (S;L2(X+))

Now X* has cotype p’, hence by Lemma 3.1(1) there holds

N N
H E Tmla, ), E rmx:‘n‘
m=1 m=1

Since X has non-trivial type, taking the supremum over all 22[:1 rpx) € Radn (X*)
with norm one, it follows that

N
(D
n=1

< AP
aixey = CHA

LP' (S;L2( L2(2X ")

N 14
,S H Tn S xn‘
L2?2(9;X) n§::1 [L(Al)l/p

N
n=1

where the last estimate used the contraction principle and the fact that |f,| >
(2t0)"Y/P14, > u(A1)~1/P1,4, by the definition of A,.
(2) : The case p = p = 1 follows from

Lr(S;L2($5X))

LP(S;L2(2:X))

L2(Q;X)

N
LHSGA < | or, /S [ Fa()ldp(s)n

N
< [ rlsutolan
n=1

where the first estimate was the contraction principle. For p > 1, we argue by
duality in a similar spirit as in (1): assuming minj<n,<n || fallzs(sy = 1, choose

du(s) = RHS(3.4
Le(aux) Ls) = RHS(3.4),

gn € LP' (S) of at most unit norm so that Js fr - gndp =1 and write

N N N
n=1 S n=1 m=1

Then proceed as in (1), only using Lemma 3.1(2) instead of Lemma 3.1(1).
(3): This follows in a similar way as the corresponding claim in Lemma 3.1. O

4. INTEGRAL OPERATORS

An operator-valued function 7' : S — B(X,Y") will be called X -strongly measur-
able if for all z € X, the Y-valued function s — T'(s)x is strongly measurable.

Let r € [1,00]. For an X-strongly measurable mapping T : S — B(X,Y) with
IT(s)x| prs;yy < Mlz]| and f € L (S) we will define Ty € B(X,Y) as

Trx = /ST(s)ac f(s)du(s).
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By Holder’s inequality, we have ||T¢|lgx,v) < M| fllp~(s). If 7 =1, then by [21
Corollary 2.17]

(4.1) R({Ty : Ifllpe(s) < 1}) < 2M.

In the next result we will obtain R-boundedness of {T% : [|f| () < 1} for
different exponents 7 under assumptions on the cotype of X and type of Y.

Proposition 4.1. Let X and Y be Banach spaces and let (S,%, ) be a o-finite
measure space. Let pg € [1,2] and qo € [2,00]. Assume that X has cotype qo and
Y has type pg. The following assertions hold:

(1) If r € [1,00) is such that X > pi - qi. Then there exists a constant

C =C(r,po,qo, X,Y) such that foruall TeL"(S;B(X,Y)),

(4.2) R({Ty € B(X,Y) : | fll v (s) < 1}) < C|IT]

L7 ($;B(X,Y))"

(2) Assume the pair (po,qo) is an element in {(1,00),(2,0),(2,2),(1,2)}. If
r € [1,00] is such that * = pio—q—o then there exists a constant C = C(X,Y)

such that for all T € LT( i B(X,Y)) (4.2) holds.

Remark 4.2. Since B(X,Y) is usually non-separable, it could happen that T : S —
B(X,Y) is not strongly measurable and therefore not in L"(S; B(X,Y)). However,
one can replace the assumption that 7' € L™(S; B(X,Y)) by the condition that T is
X-strongly measurable and s — ||T(s)|| is in L"(S) or is dominated by a function
in L"(S). This does not affect the assertion in Proposition 4.1 and the proof is the
same.

The following will be clear from the proof of Proposition 4.1 and Remark 3.4.

Remark 4.3. Let (A;, A;,v;), i = 1,2 be a o-finite measure space. Let 1 < py <
pr<2and 2 < ¢ < qy < oo. Let X be a Banach space with cotype ¢; and Y be a
Banach space with type p;. If X = Lq"(Al X) and Y = LP(A,;Y) , then (4.2) of

Proposition 4.1 (1) holds with 1 = L — L
PO qo

Proof of Proposition 4.1. (1): Let (f,)N_, in L' (S) be such that sup,, [ fallr ) <
1 and z1,...,z5 € X.

First assume py > 1 and ¢g < oo. Let p € (1,pg) and ¢ € (go,00) be such that
1.= % - é, and hence 1 = i + é Let gn = |fa]”/% and h, = sign(fn)|fn]” /"
forn =1,...,N. Then |[gn|lres)y <1, th”LP’(S) <1 and f, = gnh, for all n.

Let (y2)M_, in Y* be such that H S|, ey 1 Then it follows from
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Holder’s inequality and % = % + % that

N N N
]E< Zrannxna Z T’ﬂy:L> = Z Tf".'L'n, yn
n=1 N n=1 =
- /S > an T ()51} ()
/ < Zrngn xn,zrn n yn>du( )
= HT;T"‘%% LP(SXQ;Y)H;rnhny:;

N
< ||T||LT(S;B(X,Y)) H Z Tngnxn’
n=1

LP' (SxQ;Y*)

N

O T .

LQ(SXQ;X)Hzl nltnYn LY (SxQY*)
e

Since X has cotype qo < ¢ it follows from Lemma 3.1(2) that

sisany 56 2

La(;X)

Since Y has type pg it follows that Y™ has cotype p; < p’ (cf. [10, Proposition
11.10]) and therefore it follows from Lemma 3.1(2) that

H Z rnh nyn

< (Cs.
P (Y *)

< H T
LY (SxQY7) 2 Z "y”

We may conclude that

L90 (X))

N N N
E< Z T, T, Z Tny;;> < CLGo||T || L simix,v)) H Z Tnn
n=1 n=1 n=1

By assumption Y has non-trivial type, hence Rady(Y)* = Rady(Y™) isomorphi-
cally (see (2.2)). Taking the supremum over all y7,...,yy € Y* as above, we obtain
that

H Z Tann n

Loy ~ ” ”LT(S B(X, Y))H ZT" In LX)

The result now follows from (2.1).

If po > 1 and gy = oo one can easily adjust the above argument to obtain the
result. In particular, g, =1 for n =1,..., N in this case.

If po = 1 and gy < o0, then the duality argument does not hold since Y only has
the trivial type 1. However, one can argue more directly in this case. Now ' > qq.
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By the triangle inequality, Holder’s inequality and Lemma 3.1, we obtain that
N N

(D OrE N BN A L S
n=1 n=1

N
<NTlzrsimx,vy) H > rufun
n=1

dp(s)

L2(QY)

L™ (S;L2(Y))

N
< C|T| 1 s H " n .
< ClT | zrsimx,vy) nz::l?" z L@Y)
(2): The case pp = 1 and gy = oo follows from (4.1). The cases (py = 2 and
qo = 00) and (po = qo = 2) follow from Lemma 3.1 in the same way as in as (1).
If pop = 1 and gg = 2 then r = 2 and by the Cauchy-Schwartz inequality and
Lemma 3.1 we obtain that

N N
H;r T L2(Q;Y)_/S (5);T fu(s)z L2(;X) a8
N
< ||T||L2(S;B(X7y))H;Tnfniﬁn L2(Sx2:X)
N
< C|T|l12¢s. H n ”‘ :
= || HL (S;B(X,Y)) ;r r L2(SxQ;X)

O

With a certain price to pay, it is possible to relax the norm integrability condition
of Proposition 4.1 to the uniform L"-integrability of the orbits s — T'(s)x. This
is reached at the expense of not being able to exploit the information about the
cotype of X but only the type of Y, as shown in the following remark. In the
example further below, it is shown that in general the L"-integrability of the orbits
is not sufficient for the full conclusion of Proposition 4.1.

Remark 4.4. Let X and Y be Banach spaces and let (S, %, i) be a o-finite measure
space. Let py € [1,2]. Assume that Y has type po. The following assertions hold:

(1) Assume pg € (1,2). If r € (1,pg) and T': S — B(X,Y) is such that

(4.3) T2 zrs;v) < Crllzll, =€ X.
Then there exists a constant C = C(r, pg, Y') such that
(4.4) R({Tf € B(X,Y) : | f] L'(s) = 1}) < CCr.

(2) Assume that pg = 1 or pg = 2 and that (4.3) holds for » = pg. Then there
exists a constant C' = C(Y") such that (4.4) holds.

If Y is as in Remark 4.3, then (4.4) holds for r = py.

Proof. (1): One can argue as in the proof of Proposition 4.1 with p =7, g, = 1
and h, = f,. Indeed, we have

N N N
1E< D raTraan, Y rny2> < HT > raga
n=1 n=1 n=1

N
rohayl .
Lr(SxQ;y)an_:l I L (S 357 )
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By the assumption 4.3 one can estimate

N
HTZrnxn
n=1

‘ 25:1 Tnhnys,

proof of Proposition 4.1.
(2): The case pg = 1 follows from (4.1). The case py = 2 can be proved as

above. O

N
< CTH Z T'nZn .
Lr(SxQ;Y) el LP(Sx;X)

The term can be treated in the same way as in the

L™ (SxQ;Y*)

In the next example, we will show that even if X has cotype ¢ for some ¢ € (2, 00)
the result in Remark 4.4 cannot be improved.

Ezample 4.5. Consider the spaces X = {9, g € (2,00), and Y = R, so that X has
cotype g and Y has type 2. Let S = Z, with the counting measure, and define the
B(X,Y)-valued function T on S by T'(s)x := ¢(s)x(s) for some t : S — R. Then we
can make the following observations:

T € L"(S;B(X,Y)) if and only if ¢ € L"(S) = ¢". The condition (4.3) means
lltz|l» < llx]lq (where tx is the pointwise product), which holds if and only if t € £*,
1/u = (1/r—1/q)v0. Under this condition, the operators x — [ T(s)f(s)x ds are
well-defined and bounded from X to Y for f € L™ (S) = ¢

Let us then derive a necessary condition for the R-boundedness of the mentioned
operators. Let x; € X = £% be a(i)e;, where e; is the ith standard unit-vector and
a(i) € R. Let f; = e;. The defining inequality of R-boundedness for these functions
reduces to

N N
ltalle = E|| Y- rit@)a@)|| S E|| S ratel, = lall,.
=1 =1

This holds if and only if ¢t € £¥, 1/v = 1/2—1/q, which is stronger than (4.3) unless
r < 2. Conversely, the condition (4.3) suffices for R-boundedness in this range, as
shown in Remark 4.4.

As a final result in this section we will show how one can use Lemma 3.1 to
obtain a version of Proposition 4.1 with sharp exponents. It may seem artificial at
first sight, but it enables us to obtain a sharp version of Theorem 5.1 below. For
f € LYS) + L>2(9) let
(45)  Lp(8) = {g € LX(S) + L=(S) : ullgl > £) = (|| > 1) for all ¢ > 0}

Proposition 4.6. Let X and Y be Banach spaces and let (S,%, ) be a o-finite
measure space. Let p € [1,2] and q € [2,00]. Assume that X has cotype q and Y
has type p. If r € [1,00] is such that % = % — %. Then there exists a constant

C=C(p,q,X,Y) such that for all fo € LT/’I(S) and T € L™(S; B(X,Y)),
(4.6) R({Ty € B(X,Y): f € Ly, (9)}) < ClT | r(s;m(x vy L follras)-
Since each f € Ly, (S) is also in L' (S), Ty € B(X,Y) is well-defined. Note

that Remark 4.2 applies also here. In the limit cases p € {1,2} and ¢ € {2, 00},
Proposition 4.1 (2) yields a stronger result.

Proof. Without loss of generality we may assume that || fo||r1(s) = 1. Let (fn)h,
in Lz (S) and 4,...,2ny € X.
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First assume p > 1 and ¢ < oo. Let g, = \fn|r,/q and h,, = sign(fn)|fn\7"l/p,
for n =1,...,N. Then the |g,| have the same distribution as |fo|”/ and the |h,|
have the same distribution as | fo|”/?", and f,, = gnhy, for all n. Let (y%)N_, in Y*

be such that H anl Yo < 1. Then it follows from Holder’s inequality

LP' (;Y*)

1_1,1
andE—T—i—qthat

N N
< HT TnOnT H hpylt
- nz_:l ndntn LP(SxQ:Y) Z:l nltnYn L (SxQY*)

N
< Tl s H H bt :
< Tl esixvy) ;T"g"x" La(SxQ;X) ;Tn n¥n Lo (Sx QY ")

Since X has cotype ¢ it follows from Lemma 3.1 (1) that
N . N
nGnTn <C > /"’ 1/thH nTn
H;T In® LI(SxQ;X) 1/0 (I fol ) ;T *

It follows from (2.3) and L"! — L""% that

o 1 1 dt

[ wtol > e yisaae = —/ (15l > 0611 5
0

= *(7“')_7" TSN, < Cye
q L"a(8S)

La(QX)

Since Y has type p it follows that Y* has cotype p’ (cf. [10, Proposition 11.10])
and therefore it follows from Lemma 3.1 (1) that

N o N
whny <C > /) dtH Y
|32 rutati ey <o il > 277t 3

As before it holds that

LY (Y ")

/0 u(lfol > '/")Vadt < Gy,

The result now follows with the same duality argument for Radx(Y') as in Propo-
sition 4.1.

If p > 1 and ¢ = oo one can easily adjust the above argument to obtain the
result. In particular, g, =1 forn =1,..., N in this case. If p =1 and ¢ < oo, then
one can argue as in Proposition 4.1, but instead of Lemma 3.1 (2) one has to apply
Lemma 3.1 (1). If p=1 and ¢ = oo the result follows from Proposition 4.1. ([

Similar as in Remark 4.4 the following strong version of Proposition 4.6 holds.
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Remark 4.7. Let X and Y be Banach spaces and let (S, 3, u) be a o-finite measure
space. Let p € (1,2]. Assume that Y has type p. If fo € Lp,’l(S) and T : S —
B(X,Y) is such that (4.3) holds, then there exists a constant C = C(p,Y’) such
that

(4.7) R({Ty € B(X,Y): f € L, (9)}) < CCrllfollporas)-
Proof. Similar as in Remark 4.4 one can argue as in the proof of Proposition 4.6

withp=7, g, =1 and h,, = f,.
O

5. BESOV SPACES AND R-BOUNDEDNESS
Recall from [40] that for an interval I = (a,b) and T € WH1(I; B(X,Y)),
(5.1) R(T(t) € B(X,Y) : t € (a,b)) < [|T(@)|| + | T"[| . (z:8x.v))

In [13, Theorem 5.1] this result has been improved under the assumption that ¥ has
Fourier type p. In the next result we obtain R-boundedness for the range of smooth
operator-valued functions under (co)type assumptions on the Banach spaces X and
Y. The result below improves [13, Theorem 5.1].

Theorem 5.1. Let X and Y be Banach spaces. Let p € [1,2] and g € [2,00]. As-

sume that X has cotype g andY has type p. If r € [1,00] is such that % = %—%, then
d
there exists a constant C = C(p,q,X,Y) such that for all T € Bgl(Rd; B(X,Y)),

5.2 R({T(t) e B(X,Y):teRY}) < C|T :
(5.2 (0 € BOXY) te R <OTl e o

Note that Bil(Rd;B(X, Y)) — BUC(R% B(X,Y)) (the space of bounded, uni-
formly continuous functions) for all r € [1, 00] (cf. [38, Theorem 2.8.1(c)]).

If p=¢q=2in (2), then the uniform boundedness of {T'(¢) : t € R?} C B(X,Y)
already implies R-boundedness (see [3, Proposition 1.13]).

Proof. (1): Let Z = B(X,Y). We may write T =3 -0 T = D 350D _n>0 Pn * Tk
where T}, = ¢ * T and the series converges in Z uniformly in R?. Let ¢_; = 0. By
[40, Lemma 2.4] we obtain that

R(T(t)€Z:teRY) <> Y R(pn*Ti(t) € Z:t €RY)
k>0n>0
k+1

:Z Z R(¢n * Ti(t) € Z:tGRd).
k>0 n=k—1
Fix n € {0,1,2,...,} and t € R? and define ¢, ; € .Z(R?) by ¢,.(s) = on(t —
s). Then for all t € RY, ¢, € L, (RY), where L, (R?) is as in (4.5) and
lpnllpr 1 gay < 2% . Indeed, it is elementary to check that ¢ (t) = 24np* (2nd¢).
Therefore,
oo o0
ol =2 [ trr @i S =2% [
0 0
Letting Tk, ., € Z be the integral operator from Propositions 4.1 and 4.6, it
follows that for all k > 0,

R(pn*Ti(t) € Z :t €RY) = R(Typ,, € Z : t € RY) < C12% | 1| v (s 2)-

dn
=2 H@HLr’J(Rd)
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We may conclude that

k+1
R(Tt)e Z:teRY) <1 > > 27 |Thl 1 masz)
E>0n=k—1
dk
< C 27 Tk 7r(ra. 7y = Co||T .
<y kllLr a2y = Call HBfl(JRd;Z)

k>0

In [13, Remark 5.2] the following result is presented for operator families which
are in a Besov space in the strong sense. If Y has Fourier type p and T : R? —
B(X,Y) is such that for all x € X,

Il gy < Crllel

P (REY)

then {T'(t) : t € R%} is R-bounded. We will obtain the same conclusion assuming
only type p. Notice that many Banach spaces have type 2, whereas all Banach
spaces with Fourier 2 are isomorphic to a Hilbert space.

We first need an analogue of Proposition 4.1 involving the space v(H,Y") of -
radonifying operators from H to Y. See [29] for information on this space. We note
that a version of the following Lemma is also in [15, Proposition 3.19], where it is
instead assumed that Y has so-called property (a). Moreover, in [15, Remark 5.3
and Proof of Proposition 3.19] it is claimed that this assumption can be relaxed
to non-trivial cotype, which is weaker than our assumption below. However, there
seems to be a small confusion there: in [15, Remark 5.3] it is observed that non-
trivial cotype suffices, thanks to a result in [17], if (a certain Hilbert space) H; = C,
whereas in [15, Proposition 3.19] and the following lemma one has the dual situation:
H, = H is a general Hilbert space and Ho = C. Indeed one could deduce the
following lemma by a standard duality argument from the result in [17], but since
a self-contained argument is only slightly longer, we provide it for completeness:

Lemma 5.2. Let Y be a Banach space with non-trivial type and let H be a Hilbert
space. Then there exists a constant C such that for all U, € v(H,Y) and f, € H,

N
<C su H rn U
L2(2:Y) 1gn§NHf"HH ; "y

N
H Z rnll’nfn
n=1
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Pmof Let (hg)&_ | be an orthonormal basis for the span of (f,,))_; in H, so that

Zk 1 (h, fn)h;c Let further (r,)Y_; be a Rademacher sequence on a proba-
blhty space €2, and (v;)E_ | a Gaussian sequence on . Then

\Z U, s ) —\ZZ@ i, (i Fa)v7 )

n=1 k=1

‘E]E/<Z’Yk<zrn n>hk, i Tmi’)’e (he, fm ym>

n=1 m=1 1

= H ZW(ZT”W")M‘ L2(QL2(Q7:Y))
H Z T'm Z'YK by fn)Ymm,
m=1

The first factor is bounded by

N
H Zm\lln
n=1

by the definition of the norm in y(H,Y’). As for the second, the non-trivial type of
Y implies some non-trivial cotype qo € [2,00) for Y*, and then, taking ¢ € (o, 00)
and applying Lemma 3.1(2),

N K
H Z: 'm Z’Y@(hévfm)y:n’

2 .
La(Q;L2 (Y ) q € [2,00)

L2 (v (H,Y))

La(Q;L2(Q;Y %))
N

dr

m=1

Here Zﬁil ~e(he, fim) is a centered Gaussian variable with variance Zle (he, fm)? =
| fm %, hence its L norm is ¢,|| fin||z for a constant c,.

sup HZW (hes fin) H o)

1<m<N L2(;Y)

The assertion follows by taking the supremum over all Eﬁzl rmys, € Rady (Y™)
of norm 1, using the non-trivial type of Y. (|

Proposition 5.3. Let X and Y be Banach spaces. Let p € [1,2], and assume that
Y has type p. If T : R? — B(X,Y) satisfies

(5-3) 1T < Crllz], =X,

4P (R9;Y)
then there exists a constant C = C(p,Y) such that
(5.4) R({T(t) € B(X,Y):t e R"}) < CCr.

Proof. If p =1, the result follows from [13, Remark 5.2]. Let then p € (1,2].
Fix for the moment € X and k > 0. Let fx : R — Y be defined as fi(t) =
Tk (t)x = @ * T(t)x. Then by [19, Theorem 1.1],

dk(i_1
(5.5) 1fklly(z2@ayy) < C||kaBi)(§7%)(Rd~Y) < 2G| il o rasy)-

3
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Choose (t,,)M_; in R? and (z,,)M_; in X arbitrarily. Since Y has type p > 1 it
follows from Lemma 5.2 that

M k+1 M
H Z T ()7 L2(QY) Z Z Z rm@n * Tiltm)@ L2(Q;Y)
m=1 k>0n=k—1 m=1
k+1 M
=2 2 H > Tm/ Ty (W)@ ©n(tm — u)du‘
k>0n=k—1 m=1 R L2(Q;Y)
ket 1 M
< su n(tm — - d rmTkscm‘
;)n;_llgmgMH(p (tm = Mz mZ::l L2(Qiy(L2(RY),Y))

M
~ Zde/QHTk( Z rmxm)‘
k>0 m=1

Applying (5.5) pointwise in Q) yields that

M
5.6 HT( rmxm>H Sde(%_%)
(56) * ,Zzl (L2 (RE),Y)

L2(Qy(L2(RY),Y))

M
(55 )
m=1

Lr(R;Y)
Therefore, we obtain from (5.6) and (2.1) that
M
22T 3 o)
kzzo mZ:1 L2(Q3y(L2 (R4),Y))
1 1 M
< okd/29kd(§—3) ‘T ( . m)‘
<2 e 2 rme L2(@Lr (R5Y))
k>0 m=1
M
= J, 22 )|
203 ), e,
k>0 m=1
M
= J (3 rman)
/QH mz::lr ) gty ey
M M
< | Cr| Y rman|| P < Cr| D rmanl .
Putting things together yields the required R-boundedness estimate. (]

As a consequence of Theorem 5.1 we have the following two results. One can
similarly derive strong type results from Proposition 5.3.

Corollary 5.4. Let X and Y be Banach spaces. Let p € [1,2] and ¢ € [2,0].
Assume that X has cotype ¢ and'Y has type p. Letr € [1,00] be such that % = %—é.
If there exists an M such that

1

(5.7) (/Rd ||DQT||;3(X,Y)> <M

for every a € {0,1,...,d}* with |a| < LgJ +1, then {T(t) € B(X,Y) : t € R%} is
R-bounded.
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Corollary 5.5. Let X and Y be Banach spaces. Let p € [1,2] and q¢ € [2,00].
Assume that X has cotype q and let Y have type p. Let I = (a,b) with —oco < a <
b < oo. Letr € (1,00] be such that L > %—%, Leta € (1,1). If T € L"(R; B(X,Y))
and there exists an A such that

(5.8) IT(s+h)—T(s)| < AR*(A+1s])™%, s,s+hel, hel,
then {T'(t) € B(X,Y) :t € I} is R-bounded by a constant times A.

Note that in the case that I is bounded, the factor (1 + |s|)~ can be omitted.

-1 l

Proof. By taking a worse p or ¢ it suffices to consider the case that =
First con81der the case that I = R. As in [13, Corollary 5.4] one may check that
T e AM(R; B(X,Y)), where the latter is defined in Section 2.5, and therefore the

result follows from Theorem 5.1.
If T # R, then one can reduce to the above case by (2.5). O

6. APPLICATIONS

6.1. R-boundedness of semigroups. In the next result we will give a sufficient
condition for R-boundedness of strongly continuous semigroups restricted to frac-
tional domain spaces.

Theorem 6.1. Let (T'(t))ier, be a strongly continuous semigroup on a Banach
space X with | T(t)|] < Me™“" for some w > 0. Assume X has type p € [1,2] and
cotype q € [2,00]. Let v > L = Il] - é and let io : D((—A)*) — X be the inclusion
mapping. Then

{T(t)io :t € Ry} C B(D((—A)Y), X)
1s R-bounded.
Proof. For § € (0,1) let X9 = (X, D(A))p,00o- Then x € Xy if and only if

|z|lx, == |lz|| + sup t~||(T(t)z — z)||
teR,

is finite, and this expression defines an equivalent norm on Xy (cf. [25, Proposition
3.2.1]). If we fix § € (1, ), then we obtain that

sup t~ T (t)ia — tallB(D((-A)>),x) = sup sup t7 YT (t)z — x| x
teR, 2l p((—aya)<1teERL
< osup o lzllx,
Izl p((—ayey<1
S sup ||$HD((,A)O¢) =1.
Izl p((—ayey<1
Therefore,
IT(s+ h)io — T(S)Z'QHB(D((_A)Q)7X) < Me “*h”
and the result follows from Corollary 5.5. (]

The result in Theorem 6.1 is quite sharp as follows from the next example. An
application of Theorem 6.1 will be given in Theorem 6.3.

For a € R and p € [1,00], let H*P(R) be the Bessel-potential spaces (cf. [38,
2.3.3]).
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Ezample 6.2. Let p € [1,00). Let (T(t))tcr be the left-translation group on X =
LP(R) with generator A = di Then for all o € (|% —1|,1) and M € Ry,
Jia

(6.1) {T(t € [-M, M]} C B(H*"(R), L*(R)),
is R-bounded, where i, : H ‘”’(R) — LP(R) denotes the embedding.

On the other hand, for a € (0, |f — 1) and M = 1, the family (6.1) is not
R-bounded.

Proof. Note that LP(R) and H*? have type p A 2 and cotype p V 2. Therefore, for
o> |]% — 2| the R-boundedness of

{e7"T(t)iy : t € Ry} C B(H*P(R), LP(R))

follows from Theorem 6.1. Therefore, we obtain from the Kahane-contraction prin-
ciple that
{T'(t)io :t € [0,M]} C B(HYP(R), LP(R))

is R-bounded. Since a similar argument works for T'(—t), the R-boundedness of
(6.1) follows from the fact that the union of two R-bounded sets is again R-bounded.

For the converse, let ¢ € C*°(R) \ {0} be such that supp(¢)) C (0,1). For

€ (0,00) let Y (t) = ¢(ct). Then (—A)*. = c*[(—A)*¢].. Fix an integer N
and let f,, = fo := ¢y for all n. Then fy has support in (0,1/N) and Hf0||ip(R) =
N2 g

There holds, on the one hand,

L2(4X)

N p N p
| 2o g = | 7 folm/)

N
= Z [fo(- + ”/N)Hip(]]@) = NHfOHI/;p(]R) = ||¢||I£p(1g)a

and on the other hand,

N
p
| >t
n=1

N% P A\ £ ||IP
L2(Q;D((7A)a)) ”fOHD(( A)e 2(||f0HLp(R)+”( A) fO”Lp(]R))

= N (1ol ey + VLA Ul )

:NflJr%(W’H]zP(R)+Nap||(_ )* ]HLP(]R))'

Therefore, if 7 := {T'(t)io : t € [-1,1]} is R-bounded, then it follows that there
exists a constant C' such that

1< CON-»tate

Letting IV tend to infinity, this implies that « > ~—= i.e., 7 can only be R-bounded
in this range.
We still have to prove that the R-boundedness also implies « > 5 — E This can

be proved by duality. If {T'(¢t) € B(H*P(R),LP(R)) : t € [— 1,1]} is R-bounded,
then {T*(t) € B(L (R), H=*? (R)) : t € [~1,1]} is R-bounded as well. It follows
that {(1—A)~*T*(t) € B(L* (R), L*’ (R)) t € [~1,1]} is R-bounded. This implies
that {T*(t) € B(H*? (R), L* (R)) : [ 1]} is R bounded According to the
first part of the proof this implies that a> [

fl 1_ 1
2*2 p'

E‘)—u
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6.2. Stochastic Cauchy problems. We apply Theorem 6.1 to stochastic equa-
tions with additive Brownian noise. We refer the reader to [29] for details on sto-
chastic Cauchy problems, stochastic integration and «-radonifying operators. Let
(Q, F,P) be a probability space. Let H be a separable Hilbert space and let Wy be
a cylindrical Wiener process. Recall from [29] that for an operator-valued function
® : [0,t] — B(H, E) which belongs to v(L?(0,t; H), X) (the space of y-radonifying
operators from L?(0,¢; H) to X) we have

t
| / () dWin (s)

0
On a real Banach space X we consider the following equation.

{ dU(t) = AU(t)dt + B(t)dWg(t), t€Ry,

ey — Nl onm. x)-

SE
= v =
Here A is the generator of a strongly continuous semigroup (7'(t))icr,, B : Ry —
B(H,FE) and = € X. We say that a strongly measurable process U : Ry x Q@ — X
is a mild solution of (SE) if for all t € R, almost surely we have

Ut) = T(t)x + /0 T(t — s)B(s) dWg (s).

In general (SE) does not have a solution (cf. [29, Example 7.3]). In the case
when B(t) = B € «v(H,X) is constant, there are some sufficient conditions for
existence. Indeed, if X has type 2 or (T'(t))icr, is an analytic semigroup, then
(SE) always has a unique mild solution and it has a version with continuous paths
(see [39, Corollary 3.4] and [9] respectively). In the next result we prove such an
existence and regularity result under assumptions on the noise in terms of the type
and cotype of X.

Theorem 6.3. Assume X has type p € [1,2] and cotype q € [2,00]. Let w € R be
such that limy oo e”*T(t) = 0. Let @ > & — ¢ and B € 7(L*(Ry; H), D((w— A)®)).
Then (SE) has a unique mild solution U. Moreover, if there exists an € > 0 such
that for all M € Ry,

(6.2) sup ||s+— (t— S)iEB(S)||,Y(L2(O,t;H)7D((w_A)a) < 00
te[0, M)

then U has a version with continuous paths.

In particular we note that if B(t) = B € v(H, D((w — A)®)) is constant then for
alle € (0,1)
- 1,1
15 = (t = 8) " B(3)ll (L2 0,:1).D((w—a))) = (1 = 26) " 42| Blly(ar.0((w—2))-

Remark 6.4. Here is a sufficient condition for (6.2): there is an s € (2,00) such
that for all M € R4,

B € By * (0,M; D((w — A)%)).

Indeed, it follows from [28, Lemma 3.3] that (6.2) holds for all € € (0, — 1).

Proof. Assume that (6.2) holds for some € € [0, 3). In the case e = 0 we will show
existence of a solution, and in the other case we show that the solution has a version
with continuous paths.
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By Theorem 6.1, {e“!T(t)io, € B(D((w — A)¥),X) : t > 0} is R-bounded. It
follows that for fixed M > 0,

{T(t)io € B(D((w— A)*),X) : t € [0, M]}
is R-bounded by some constant C. Therefore, by [20] (see also [27, Theorem 9.14]),
the function s — T'(s)i, acts as a multiplier between the spaces v(L?(0,t; H), D((w—
A)¥)) and v(L?(0,t; H), X ), and we conclude that

sup |[s — (t — ) T (t — 5)B(8) |y (z2(0,6;1), )
te[0,M]

<C sup s (t=35)""B($)yz2(0.68),D(w-n)a)) < 0.
tel0,M]

Now the result follows from [39, Proposition 3.1 and Theorem 3.3]. (]

6.3. R-boundedness of evolution families. In the next application we obtain R-
boundedness of an evolution family generated by a family (A(t)):[o,7) of unbounded
operators which satisfy the conditions (AT) of Acquistapace and Terreni (see [1]).
For ¢ € (0, 7], we define the sector

%(¢) := {0} U{A € C\ {0} : |arg(N)] < ¢}
The condition (AT) is said to be satisfied if the following two requirements hold:

(AT1) The A(t) are linear operators on a Banach space E and there are constants
K >0, and ¢ € (5, ) such that ¥(¢) C o(A(t)) and for all A € ¥(¢) and
te0,T],

K
IR AW < 7

(AT2) There are constants L > 0 and pu, v € (0, 1] with g+ v > 1 such that for all

A € X(¢,0) and s,t € [0,T],

IA@®RO, A@)(A®) ™" = As) ™D < Lit = s (IA] +1)7.

Under these assumptions there exists a unique strongly continuous evolution family
(P(t, s))o<s<t<r in B(X) such that % = A@t)P(t,s) for 0 < s <t < T.
Moreover, ||A(t)P(t,s)|| < C(t —s)7L.

For analytic semigroup generators one has that for all ¢ > 0 and T € [0, c0),
{teS(t) € B(X) : t € [0,T]} is R-bounded. This easily follows from (5.1). This may
be generalized to evolution families (P(t,s))o<s<t<T, Where (A(t))sepo,r) satisfies
the (AT) conditions. Indeed, then by the same reasoning we obtain that for all
a >0,

sup R({(t — s)*P(t,s) € B(X):t € [s,T]}) < oo.
s€[0,T]
This argument does not hold if one considers the R-bound with respect to s € [0, t]
instead of ¢ € [s,T]. This is due to the fact that
OP(t,s)

6.3 =522 = -5

(63) ) < - s)

might not be true. The R-boundedness with respect to s € [0, t] has applications for
instance in the study of non-autonomous stochastic Cauchy problems (see [39]). We
also note that (6.3) does hold if (A(t)*)¢cjo,7) satisfies the (AT)-conditions (see [2]).

Recall from [42, Theorem 2.3] that for all 6 € (0, p),

(6.4) IP(t,s)(—A(s)?| < C(t—s)", 0<s<t<T.
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Due to this inequality one might expect that under assumptions on u, one can still
obtain a fractional version of (6.3). This is indeed the case and in the next theorem
we will give conditions under which the R-boundedness with respect to s € [0, ]
holds.

The authors are grateful to Roland Schnaubelt for showing them the following
result.

Proposition 6.5. Assume (AT). Then for all 0 € (0, u) there exists a constant C
such that for all0 < s <t <T,

(6.5) I(=A@®)~*(P(t,s) = DIl < C(t — 5)°.
Proof. First let 8 € (1 — v, ). By [26, equation (A.5)] we can write

(=AW®)(P(t,s) = I) = g(t, 5) +/ (—A@®) " P(t,7) (= A(7) h(7, s)dr,
where
g(t,s) = (A1) (724 — ),
Bt ) = (AW [(—A() " = (~A(0) 1 A(s)elt 40,
We may write
lg(t, )| <[((=A@#) 7% = (=A(s)")) (=94 — 1)
+I(=A(s) O (74 — 1.
By [37, equation (2.10)]
I(=A®) ™" = (=A(s) ") (4 — D S|t = s S (8- 9)”.

For the other term it is clear that
t—s

I(=A(s) (=94 — I)|| < / I(=A(s) e dr < (¢~ 5)°.
0
This shows that [|g(t,s)|| < (t — s)?. By [41, equation (2.2)] we obtain that
Ih(t, 9] < (8= s)" .

Since by [26, Lemma A.1] V (¢, s) = (—A(t)) " P(t, 7) (= A(7))? is uniformly bounded,
it follows that

/ IV (t, T)h(r,8)ldr S (t = s)" < (t—s)°.

We may conclude (6.5) for the special choice of 6.
For general 6 € (0,u) choose € > 0 so small that u —e > 1 — v. Then by
interpolation with 6/(u — ¢) it follows that

I(=A®)~(P(t,s) = T)|
SI=A@) W (Pt s) = DY@ P(t,s) = I|' =909 < (= )°.
O
Theorem 6.6. Let X be a Banach space with type p € [1,2] and cotype q € [2,00].

Assume (AT) with

1 1
mw>—-——.
p q



24 TUOMAS HYTONEN AND MARK VERAAR

Then for all e > 0,

sup R({(t —s)°P(t,s) € B(X) :s € [0,t]}) < o0.
te[0,T]

As a consequence one obtains a version of [39, Corollary 4.5] without assuming

OP(t,s _
|22 < Ot — ).

Proof. Choose 6 € (3 — &, 1). Let 7 € (1,00) be such that § > L >+ — L and ¢ >

6—1. Fixt € [0,T]. We will apply Theorem 5.1, with the equivalent norm explained
in Section 2.5, to the function f : [0,¢] — B(X) defined by f(s) = (t — s)°P(t, s).
Let h € (0,t). By the triangle inequality we can write

I(t — s — h)*P(t,s + h) — (t — s)° P(t, s)]|
<N =5 =h)*(P(t; s +h) = P(t,8) | + [(t =5 = h)" — (¢t = s)°[[[P(¢, 5)]-

Since the main point is dealing with small e, we may assume that (¢ —1)r < —1.
Then

/Oth|(ts)5(tsh)”ds (/h2h+/22)|u5(uh)5|rdu

o0

2h ¢
< / u" du + / |he(u — h)=™H" du < h(2h)°" + (hs)r/ uwE" dy
h 2h h
<€ ., h1+sr + hrh1+(€71)r = h1+sr'
For the other part it follows from (6.4) and Proposition 6.5 that for all § < u

|P(t,s +h) — P(t,s)|| = |P(t,s + h)(—A(s + h))’(=A(s + h)) (I — P(s + h,s))|
<C(t—s— h)_9||(—A(s + h))_‘g(P(s + h,s) = 1)
<C(t—s—h)"n’,

We conclude that

3=

(/Oth (=5 = B Pt s + ) = (¢ = )° P(t,5)|]" ds )

e+l 0 o (e—0)r r
<h r+h( (t—s—h) ds)
0

§h€+%+h65h6

where we used € > 0 — % Similar results hold for h < 0.
It follows that o,.(f,7) < 7%, for 7 € (0,1), where g, is defined as in Section
1

2.5. Since 6 > 1 we can conclude that f € A7 (0,4 B(X)). Now the result follows

from (2.5), the norm equivalence of Ail(R; B(X)) and BEI(R; B(X)), and Theorem
5.1. O

Acknowledgment — The authors thank S. Kwapieni for the helpful comments on
Lemma 3.1 which eventually led us to parts (1) and (3) of that Lemma. The authors
thank R. Schnaubelt for showing them Proposition 6.5.
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