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Sums of commuting operators with maximal regularity
by

CHRISTIAN LE MERDY and ARNAUD SIMARD (Besancon)

Abstract. Let Y be a Banach space and let S C Lp be a subspace of an Ly space,
for some p € (1,00). We consider two operators B and C acting on S and Y respectively
and satisfying the so-called maximal regularity property. Let B and C be their natural
extensions to S(Y) C Lp(Y). We investigate conditions that imply that B + C is closed
and has the maximal regularity property. Extending theorems of Lamberton and Weis,
we show in particular that this holds if Y is a UMD Banach lattice and e tPisa positive
contraction on Ly for any ¢t > 0.

1. Introduction. Let X be a Banach space. Given any p € (1,00)
we consider the vector-valued L, space L,(R;X) and we let Ax be the
derivation operator on L,(R; X), defined on its natural domain WP (R; X).
Let —B be the generator of a bounded analytic semigroup on X, with do-
main D(B). We denote by B the operator on L,(R; X) defined by D(B) =
L,(R; D(B)) and Bu(t) = B(u(t)) for all uw in D(B) and ¢ in R. By definition
we say that B has the maximal reqularity property (MR, for short) if there
exists a constant K > (0 such that

(1.1) Vu € D(Ax)ND(B), [ Axull, < K| Axu+ Bulp.
This property implies that for any 7' > 0 and any f € L,(0,T;X), the

Cauchy problem
u'(t) + Bu(t) = f(t), te(0,7),
(12) (CP)y {U(O) Y

admits a (necessarily unique) solution u € Wol’p(O, T;X)NLy0,T;D(B)).
It follows e.g. from [4] or [8] that the maximal regularity property MR for
B does not depend on p € (1,00). In 1964, de Simon [33] showed that if X
is a Hilbert space then MR« is satisfied by every negative generator of a
bounded analytic semigroup. Then in 1987, Dore and Venni [12] showed that
B satisfies MR, if X is a UMD Banach space and if B has bounded imag-
inary powers, with an estimate |B*|| < Ke?I*l for some 6 € (0,7/2). Very
recently, Kalton and Lancien [15] showed that the latter result does not hold
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true if we remove the assumption on imaginary powers. They proved that if
X is a separable Banach lattice and if every negative generator of a bounded
analytic semigroup on X satisfies MR, then X is isomorphic to a Hilbert
space. We refer to [4], [8], [11], and [21] for some background on MR, and
its variants, and to [31] for general information on UMD Banach spaces.

We are interested in the following general problem. Let —B and —C be
the generators of two commuting bounded analytic semigroups on X, and
assume that B and C satisfy MRs,. Which additional conditions ensure that
the sum B+ C is closed and in that case, does it satisfy MR as well? Our
motivation for this problem lies in results from [13], [30], and [18] which
show that in many natural situations, sufficient conditions for MR, such
as having bounded imaginary powers or a bounded H° functional calculus,
are preserved by taking sums of commuting operators. In this paper, we shall
obtain positive results in cases when X is a tensor product of two Banach
spaces and the operators B and C act on one of the components of the
tensor product. A typical situation is that of vector-valued L, spaces. Let Y’
be a Banach space, let ({2, 1) be a measure space, and let X = L,(£2;Y) for
some p € (1,00). Let B and C' be negative generators of bounded analytic
semigroups on Ly ({2, dp) and Y respectively. It is not hard to see that B& Iy
and I, ® C' admit closures B and C on X. In Section 4 (Theorem 4.3), we
will show that if e7*# is contractively regular for any ¢t > 0 (see below for
a definition), if Y is a UMD Banach lattice, and if C satisfies MR+, then
B + C is closed and satisfies MR,. This result extends a well known result
of Lamberton [17] (see also [8, Section 5]), corresponding to the case when
C = 0, and complements some recent work of Weis ([34], [35]). In Section
5 (Theorem 5.2), we will show that if Y is a Hilbert space, if C' admits a
bounded H® functional calculus, and if B satisfies MR, then B 4+ C is
closed and satisfies MR. This result complements [18, Theorem 1.4].

We will work in the more general context of the so-called vector-valued
SL, spaces, and will establish a general result (Theorem 4.1) from which
the two theorems presented above will be deduced. For any closed subspace
S C Ly(£2,dp), called an SL, space, and any Banach space Y, we will
consider the Banach space X = S(Y), defined as the closure of S ® Y in
L,(£2;Y), and consider operators B and C' acting on S and Y respectively.
Theorem 4.1 will provide a general sufficient condition ensuring that the
sum B + C of the extensions of B and C to X is closed and satisfies MR .
Its proof requires several preparatory results of independent interest which
are established in the next two sections.

All Banach spaces considered here, including Banach lattices, are com-
plex. Given a Banach space X, we denote by B(X) the Banach algebra of
all bounded linear operators on X.
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2. A domination principle for contractively regular semigroups.
Let 1 < p < o0, let (§2, 1) be a measure space, and let S be a closed subspace
of L,(£2,dp). It is plain that for any Banach spaces Y7, Y2 and any bounded
operator b : Y7 — Y5, the tensor product mapping Ig ® b extends to a
bounded operator from S(Y7) into S(Y2), with

(2.1) s ®b: 5(Y1) — S(¥a)[| = [[b]-
In particular, given a Banach space Y, the tensorization by Ig yields an
isometric embedding
(2.2) B(Y) c B(S(Y)).

The tensorization of a bounded operator on S by Iy requires some special
assumptions. We say that a bounded operator T': S — S is regular if there
exists a constant K > 0 such that

(23) YneN'Vzy,...,zp €8, | sup [Tz, < K| sup |zl
1<i<n 1<i<n

We denote by ||T'||; the smallest constant K which satisfies (2.3). Clearly
I |l: is a norm on the vector space of regular operators on S. When ||T||,
< 1 we say that T is contractively regular and by extension a contractively
regular semigroup (T;)i>0 on S is a co-semigroup such that for all ¢ > 0,
T; is contractively regular. We refer to [29] for some information on regular
operators on SL,, spaces. This notion extends the well known one of regular
operators on L, spaces. We recall that any bounded operator on L1 (£2,du)
or on Lo (£2,dp) is regular and that if p € (1,00), a bounded operator
T : Ly(82,dp) — Lp(82,dp) is regular if and only if T is a linear combination
of positive operators on L,(£2,du) (see e.g. [24] or [32]). In particular we
mention that a positive operator T' on L, ({2, dp) satisfies ||T||, = ||T||. More
generally, T' is contractively regular if and only if there exists a positive
contraction T : L, (§2,du) — L,(£2,dp) such that |T'(f)| < T(|f|) for every
f € Ly(£2,dp). The following reformulation of regularity will be useful.

LEMMA 2.1. LetT : S — S be a bounded operator. Then T is regular if
and only if for any Banach space Y, the tensor product T'® Iy extends to a
bounded operator on S(Y'). Furthermore, we have

(2.4) 1T @Iy : S(Y) = S| < [T

Proof. Note that (2.3) means that ||T'® Iy : S(£3°) — S(£7°)]| < K for
any integer n > 1. Assume that 7" is regular and let Y be a finite-dimensional
Banach space. For any € > 0, there exist an integer n > 1, a subspace
E C £, and an isomorphism b : Y — E such that ||b] - [[b7!|| < 1 +e.
Using (2.1) twice, we obtain ||T ® Iy || < ||T||:(1 + ¢). Since ¢ is arbitrary,
we obtain (2.4) for any finite-dimensional Y. The inequality for arbitrary Y
follows at once because S ® Y is dense in S(Y') by definition. Conversely,

the boundedness of T'® I, on S(cp) implies (2.3). =
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IfT:S C Ly(£2,dp) — S is regular and b : ¥ — Y is bounded, then
Teb=(T®Iy)(Is®b) extends to a bounded operator on S(Y) that we
denote by T'® b. By (2.1) and (2.4), we have

IT©b:S(Y) = SY)I < [Tl

If B (resp. C) is a closed operator on S (resp. Y), then the tensor product
B®1Iy (resp. Is® (), defined on D(B)®Y (resp. S® D(C)), is closable on
S(Y) (see e.g. [19, Lemma 1]). These closures will be denoted by B and C.

If (T})>0 is a contractively regular semigroup on S, then (T; ® Iy )0 is
obviously a contraction cg-semigroup on S(Y'). It is easy to check that if —B
is the generator of (T}):>0, then —B is the generator of (7} ® Iy )¢>0. Note
that similarly, if (V4)¢>0 is a bounded co-semigroup on Y with generator —C,
then (Ig ® V4)¢>0 is a bounded co-semigroup on S(Y') with generator —C. It
should be noticed that if (V;)i>0 extends to a bounded analytic semigroup
on Y, then the same property holds for (Is ® V;);>0 on S(Y).

We now wish to establish a domination principle for contractively regular
semigroups on S which will extend a famous inequality of Coifman—Weiss
[7, Corollary 4.17]. Our result is also clearly related to [5, Theorem 5.6], and
actually extends it. We start with the discrete counterpart of this principle.
Let us denote by o the shift operator on £,(Z) defined by

V(xn)HEZ € Epv U[(xn)nEZ] = (xnfl)nGZ-

LEMMA 2.2. Let S be a closed subspace of Ly(§2,dp) for some p €
[1,00). Let T' be a contractively reqular operator on S. Let Y be a Banach
space. Then for any sequence b € £1(N; B(Y')) we have

O o I R

Proof. Regard T': S — S C Lp(§2,dp) as having values in L,(2,du).
Since T is contractively regular, it admits an extension T : L,(§2,du) —

L,(£2, dp) such that ||T]|, = ||T|,. This extension property of regular opera-
tors is due to Pisier [29, Theorem 3|. Then for any sequence b € ¢1(N; B(Y))
we have

(2:6) H;O " ®blk) HB(S(Y)) = H;O T3 b(k) HB(LP(Q;Y))‘

We can now apply Akcoglu’s dilation theorem [1] and its generalizations
([6], [26]), which ensure that there exist a measure space ({2, '), two con-
tractively regular operators

J: Ly(02,dp) — Ly(2',dy’) and P L,(2',dy") — Ly(£2,du),
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and an invertible isometric operator U : L,(£2,du’) — L,(£2’, dy’) such that
both U and U~! are contractively regular, and

(2.7) vneN, T"=PU"J.

Note by Lemma 2.1 that ||U|, < 1 and U™}, < 1 imply that [|[U"®]y||
=1 for any n € Z. The Coifman—Weiss transference principle [7] (in fact,
a vector-valued version of it) can therefore be applied to the sequence
(U" @ Iy )nez and we find that for any sequence b € ¢1(Z; B(Y)),

Uk®ka g” ak@bsz .
’;Z O sz, @y ;Z O ey

Assume that b is supported by N. From (2.7), we deduce

(2.9) S TFebk) = (PoIy) (ZU’“@b k))(J@Iy)
k>0 k>0

(2.8)

on L,(f2,dp) ® Y. Since P and J are contractively regular, Lemma 2.1
implies that

1P ® Iy | (L, v),v) <1 and  [[J® Iy | g, @v),L,@v) <1
Therefore (2.6), (2.8) and (2.9) give the desired inequality (2.5). m

We shall denote by (Uy)i>0 the translation semigroup on L,(R) defined
for any f in L,(R) by Ui(f)(s) = f(s —t), s € R. Note that it is obviously
a contractively regular semigroup. The following result is a generalization
of [5, Theorem 5.6], which we recover when S = L,({2,dpu), the T}’s are
positive contractions, and b is scalar-valued.

THEOREM 2.3. Let Y be a Banach space and S be a closed subspace
of Ly(£2,du) for some p € [1,00). Let (T3)i>0 be a contractively regular
semigroup on S. Then for any b € Li(R4; B(Y')) we have

2.1 T, ® b(t dtH H b(t dtH
(2.10) H§ £ @ b(t) B(S(Y Vi@ B(Lp(R;Y))

Proof. We shall only outline the proof. Indeed we follow a well known
discretization principle introduced in [7], and whose details appear e.g. in [5,
Appendix]. First note that compactly supported functions in L;(Ry; B(Y))
are dense in L1(R4; B(Y)), hence we may assume that the support of b is
compact. Under this assumption, there exist sequences by = (bn(k))r>0 €
01(N; B(Y)) such that for all z € S(Y),

o0

(2.11) (7 b(t)) () dt = Jim S (T @ by (k) (@)
0 k>0

and for any N > 1,
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(2.12) szmakmN(k’)HB(zpm;y» = H§) Ve ®blt) dtHB(Lp(R;Y»‘

Since ||Ty/n|lr < 1, we can apply Lemma 2.2 to obtain

(2.13) HkZQTf/NmN(k))(:c)HS(Y) < H;Uk@bzv(k)HB%(Z;y))!mHS(Y%

The estimate (2.10) follows from (2.11)—(2.13). =

3. Generalized H* functional calculus for generators of con-
tractively regular semigroups. H* functional calculus for generators
of bounded semigroups, or more generally for sectorial operators, was in-
troduced by McIntosh [23] on Hilbert spaces and then developed on general
Banach spaces in [10]. Its deep connections with maximal regularity are well
known; see e.g. [21] for a survey. Here we shall especially use the so-called
generalized H* functional calculus introduced in [2]. This approach was
already exploited in [18], [19], and [22]. We briefly recall the relevant defini-
tions and refer to the papers quoted above for complements.

For any w € (0,7), let X, be the set of all z € C* such that |Arg(z)| < w.
Given a linear operator A on a Banach space X, we denote by D(A), R(A),
and N(A) the domain, range and kernel of A respectively. We denote by
o(A) the spectrum of A and we let o(A) be the resolvent set of A. For any
A € 9(A), we denote by R(\, A) = (AIx — A)~! € B(X) the corresponding
resolvent operator. We say that A is sectorial of type w € (0,7) if A is
closed, densely defined, with the property that o(A) C X, and

VO € (w,m) IC >0Vz € (55)°, ||zR(z,A)| <C.

We recall that the negative generator of a bounded cp-semigroup is sectorial
of type m/2 and that an operator —A is the generator of a bounded analytic
semigroup if and only if A is sectorial of type strictly less than 7/2.

Given a sectorial operator A of type w € (0, ) we define its commutant by

Es={T € B(X):VYA€p(A), TR(\,A) = R(\,A)T}.
For any 6 € (w, ), we let H>(Xy; E4) be the space of all bounded analytic
functions F': Xy — E4. This is a Banach algebra for the norm
1l oo (£0:84) = suD{[[F'(2) | B(x) = 2 € Zip}-
We then define the (non-closed) subalgebra

HG(Xg; Ep) = {F € H>®(Xy; E4) : there are s,C > 0 such that

1F() By < C’ﬁ for z € 29}.
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Let w < w’ < 0 < 7, and let I, be the path defined by

—te' teR_
() = {te—iw' te RJF?

Then for any function F' € H{*(Xg; E4) we set

(3.1) wa(F) = % [ FOYRO, 4) ax.

UJ/

Since A is sectorial and F' € H§®(Xp; Ea), ua(F) is well defined and belongs
to B(X). Furthermore, the definition (3.1) does not depend on the choice of
W' € (w,0) and the mapping uy : H°(Xp; E4) — B(X) is an algebra homo-
morphism. Note that u4 is not bounded in general. If we moreover assume
that N(A) = {0} and R(A) is dense in X, then for any F' € H®(Xp; E4)
we may define a possibly unbounded operator u4(F') as follows. We let ¢
be the scalar-valued function defined by ¢(2) = z/(1 + 2)%. Then for F €
H>(Xy; E4), the product function F¢ belongs to H°(Xg; E4) and we set

ua(F) = o(A) lua(Fp),
with domain equal to
D(ua(F)) = { € X : ua(Fg)(z) € D(A) N R(A)}.

The point here is that the range of p(A) is equal to D(A) N R(A) and that
the latter space is dense in X. Consequently, the operator u4(F') is a closed
and densely defined operator, with D(A) N R(A) C D(ua(F)). Note that
uA(F) is unbounded in general. If F' is scalar-valued (i.e. with values in
Span{Ix}), then the operator u4(F) is simply denoted by F'(A).

Let Y be a Banach space. Let p € [1,00), let S C Lp(£2,dp) and let
—B be the generator of a contractively regular semigroup (7%):>0 on S.
We consider the Banach space X = S(Y). Recall that we denote by B the
negative generator of (T3 ® Iy )i>p on X. This operator is then sectorial of
type 7/2. Via the isometric embedding (2.2), we may consider B(Y) as a
(closed) subalgebra of the commutant Eg; hence for any 6 > 7/2, we may
regard H{°(Xg; B(Y')) as a subalgebra of H{®(Xy; Eg), which allows us to
define ug(F') for any F € H{°(Xg; B(Y)). Likewise we may regard B(Y')
as a subspace of B(Ly,(R;Y")), which is actually included in the commutant
algebra E 4, of the derivation operator Ay, and we will therefore consider
operators w4, (F) for F' € H3°(Xg; B(Y')). Note that Ay is 1-1 with a dense
range.

THEOREM 3.1. Let Y be a Banach space. Let S C Ly(£2,dp) for some

p € [1,00), and let —B be the generator of a contractively reqular semigroup
on S.
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(i) For any 0 € (7/2,m) and any F € H3®(Xyp; B(Y)),

(3.2) lus(F)l|B(syy) < llway (F)| B, ®:y))-

(ii) Assume that B is 1-1 with dense range, and let F € H*(Xy; B(Y))
for some 0 € (m/2,7). If ua, (F) is bounded on L,(R;Y), then up(F) is
bounded on S(Y').

Proof. Let 6 € (n/2,7) and let F' € H{°(Xp; B(Y)). We choose v’ €
(m/2,0). By the definition of H5®(Xy; B(Y')), the integral SFw/ HF()\)H‘d—/\/\‘ is

finite and hence
o0

V VIEQOI - 1] |dA] dt < oc.
r,o0

By Fubini’s Theorem, we may therefore define b € L(R; B(Y)) by letting

b(t) = —ﬁ | F()eMdA

(/.)/

and for any f € S and any y € Y we have

V@) (feyd= - o= § L)@ FO)@)e drdt
0 07,
=5 § (= § T dt) o POy ) ax
I 0
1

=5 § (ROLB) @ FO)(f @ y) .

Applying formula (3.1), we deduce that for any z € S® Y,
up(F)(z) = | (Ti @ b(t))(z) dt.
0

Similarly,

uay (F)(x) = | (U @ b(1))(x) dt.
0
Indeed, Ay is the negative generator of (U ® Iy)i>0 on Lp(R;Y’). The
inequality (3.2) therefore follows from (2.10).
Let us show (ii). We assume that B (hence B) is 1-1 with dense range.
We let 6 € (7/2,7) and F € H>*(Xp; B(Y')) and we assume that w4, (F) is
bounded. We introduce the sequence (p;,),>1 of rational functions defined by

TLQZ

n+z)(1+nz)

QOn(Z) = (
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Let x € X = S(Y). Each F, belongs to H3°(Xy; B(Y)), hence by (i) we
have

[us(Een)(@)lsv) < llway (Fen)ll i, @ llzllse)-
For any n > 1, ¢, (B)(x) belongs to R(B) N D(B), hence to D(up(F)), and
since up is a homomorphism on H{®(Xg; B(Y)), we see that ug(Feyy,)(z) =
up(F)[¢n(B)(z)]. Similarly, ua, (Fe,) = ua, (F)en(Ay). Consequently,

(3.3)  [lus(F)[en(B)(@)]llsv)

< lway ()l Bz, @ypllen(AV) Bz, @y 12l sxv)-
By the sectoriality of B, the sequence ¢, (B) strongly converges to the iden-
tity on X (see e.g. [21]). Again the sectoriality of Ay implies that the se-

quence (¢n(Ay))n>0 is bounded. Hence the boundedness of ug(F) follows
from (3.3). m

We shall deduce two corollaries from Theorem 3.1. If A is a sectorial
operator of type w € (0,7) on a Banach space X, and if § € (w,7), we
say that A admits a bounded H*(Xy) functional calculus if there exists a
constant K > 0 such that

VF e Hi* (%),  [[F(A)llpx) < Kl Fllgee(s,)-

We recall (see [23], [10]) that if A is 1-1 with dense range, then this is equiv-
alent to the property that F'(A) is a bounded operator for any F' € H>(Xy).
It was proved in [9] and [14] that negative generators of contractively regu-
lar semigroups on L, spaces (1 < p < co) admit a bounded H*° functional
calculus. We provide a generalization to subspaces of L,, spaces.

COROLLARY 3.2. Letp € (1,00), let S C L,(£2,dp) be an SL, space, and
let —B be the generator of a contractively reqular semigroup on S. Then for
any 0 > 7/2, B admits a bounded H>(Xy) functional calculus.

Proof. We fix § > m/2 and apply Theorem 3.1 with Y = C. For any
F € H§°(Xy), we have ||[F(B)| < ||F(A)||, where A = Ac is the derivation
on L,(R). This operator admits a bounded H>(Xy) functional calculus (see
[9]), hence the result follows at once. m

REMARK 3.3. If Y is UMD, the operator Ay admits a bounded H*> (X))
functional calculus, hence for any B as in Corollary 3.2 and any UMD Ba-

nach space Y, the operator B admits a bounded H > (Xy) functional calculus
on S(Y).

COROLLARY 3.4. Let p € (1,00) and let —B be the generator of a con-
tractively regqular semigroup on some SLy, space S C Ly(§2,dp). Let C be
an operator on a Banach space Y which satisfies MRo,. Then the operator
B+C:D(B)ND(C)— S(Y) is closed, and there exists a constant K > 0
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such that
(3.4) Vu e D(B)ND(C), |[|Cullsryy < K[(B+Clullsy-

Proof. Here we denote by C the closure of I¢ ® C on S(Y') and to avoid
confusion, we denote by C; the closure of I} &) ® C on Ly(R;Y). Since C
is sectorial of type w < /2, the function F¢ : z — z(z + C)~! belongs to
H>(Xy; B(Y)) for some § > 7/2. We assume that C satisfies MR, hence
applying (1.1), there is a constant K > 0 such that

Vo € D(Ay) N D(C1),  [[Avvllr,my) < Kl[(Ay + C1)vl|p,@y)-

By [18, Proposition 2.6], this implies that w4, (F¢) is bounded. Assume for
simplicity that B is 1-1 with dense range. Then Theorem 3.1(ii) implies
that ug(F¢) is bounded, hence again by [18, Proposition 2.6], we see that
B + C is closed and that (3.4) holds. When B is not 1-1 with dense range
we can consider the operators B + elg for € > 0, which are invertible and
are negative generators of contractively regular semigroups. Then it is easy
to check that they satisfy (3.4) with a constant K not depending on £ > 0.
We conclude by letting € tend to 0. =

REMARK 3.5. Let S C L,(£2,dp), Y, B, and C be as in Corollary 3.4.
Then let (T3)¢>0 and (V;)i>0 be the semigroups generated by —B and —C on
S and Y respectively. It follows from [25, A-I, 3.7] that B+C is the negative
generator of the semigroup (73 ® V;)>0. We may derive two simple properties
from this fact. First, if B is sectorial of type < 7/2, then the operator B+C is
sectorial of type < 7/2 as well. Second, assume that Y C L, (2, ') is also an
SL,, space. Then using Fubini, we may regard S(Y') C L,(2x 2, p®p’) as an
SL, space in an obvious way. Assume moreover that (V;):> is contractively
regular. Using the identity S(Y)(£°) = S(Y(42°)) = Y (S(4°)) for any
n > 1, it is easy to check that (73 ® V;):>0 is also contractively regular. Thus
the assumption that —B and —C generate contractively regular semigroups
implies that the same is true for —(B + C).

4. A generalization of theorems of Lamberton and Weis on
maximal regularity. For operators B and C as in Corollary 3.4, the next
general result gives a sufficient condition under which the sum B+C satisfies
MR .

THEOREM 4.1. Let p € (1,00), let S be a closed subspace of some
L,(£2,dp) and let Y be a Banach space. Let —B be the generator of a con-
tractively regular semigroup on S and assume that B is sectorial of type
strictly less than w/2 and satisfies MRoo on S(Y'). Then for any operator C
on'Y satisfying MR, the sum B+C is closed and satisfies MRoo on S(Y).
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Proof. We let X = S(Y'). We know from Corollary 3.4 and Remark 3.5
that C + B is closed and sectorial of type strictly less than 7/2 on X. Let A
be the derivation operator on Ly(R), and let A = D(A) ® D(B) ® D(C) C
L,(R)®S®Y C L,(R; X). Using the bounded net of mappings nR(—n, A)®
n'R(—n/,B) @ n" R(—n",C) : Ly(R; X) — A C L,(R; X), for n,n’,n” > 1,
it is not hard to see that B + C satisfies MR, provided that there exists a
constant K > 0 such that for any v € A,

(41) |(A®Is® Iy)u|
<K|(A®Is®@ Iy + 11, ® BO Iy + I, ® Is © C)ul.

Let By be the closure of I, ® B on L,(RR; S). Our assumption that 3 satisfies
MR, implies that B satisfies MR, hence by Corollary 3.4 and Remark 3.5,
By + Ag is the negative generator of a contractively regular semigroup on
L,(R;S). Using the identification L,(R;S)(Y) = L,(R;X) and applying
Corollary 3.4, we deduce that there is a constant K7 > 0 such that for any
u € A,

(A®Is® Iy + I, ® B® Iy)ul|
<Ki(A®Is@Iy + 1, ® B Iy + I, ® Is @ C)ul|.

We assumed that B satisfies MRy on X, hence we have an estimate
[(A® Is ® Iy)ul| < K3||(A® Is ® Iy + I, ® B® Iy)ul| on A, whence
(41) with K = KlKQ. ]

REMARK 4.2. Let S, Y, B, C, (T})t>0 and (V;)¢>0 be as in Theorem 4.1
and Remark 3.5. Then our Theorem 4.1 says that if (T} ® Iy )¢>0 extends to
a bounded analytic semigroup on S(Y) whose negative generator satisfies
MR, and if that of (Ig® V4)¢>0 satisfies MR, then the negative generator
of the product semigroup (7} ® V;)¢>0 satisfies MRo, as well.

We now turn to the special case when S = L,(£2,du), with p € (1, 00).
Let (T3)¢>0 be a bounded analytic semigroup on L,({2,du). It was proved
by Weis [35, Section 4] that if in addition, (7}):>0 is a contractively regular
semigroup, then its negative generator satisfies MRo. (In fact Weis only
stated this result in the case when the T;’s are positive contractions but his
proof works as well in the general case.) Recall that Lamberton [17] had
obtained the same conclusion under the assumption that for any ¢ > 0, T}
extends to contractions from Lj(f2,du) into itself and from Lo (§2,du) into
itself. It should be noticed that Weis’s theorem contains Lamberton’s as a
special case. Indeed, using interpolation (see [3]), it is easy to see that if a
linear operator T': L, (§2,du) — Ly(§2,dp) is both contractive on L1 (2, du)
and on Lo (£2,du), then ||T'||; < 1. It was observed in [8] that Lamberton’s
Theorem may be extended to L,,(£2;Y"), provided that Y is any UMD Banach
lattice. Here is an extension of these results.
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THEOREM 4.3. LetY be a UMD Banach lattice, let (£2, 1) be a measure
space, and let p € (1,00). Let (T})i>0 and (Vi)i>o be two bounded analytic
semigroups on Ly(§2,dp) and Y respectively. Assume that | Ty, < 1 for any
t>0.

(i) (Ty ® Iy)i>0 extends to a bounded analytic semigroup on Ly(£2;Y)
whose negative generator satisfies MRy .

(ii) If the negative generator of (Vi)i>o satisfies MRoo, then the negative
generator of (T; @ Vi)i>0 satisfies MRo as well on Ly(£2;Y).

Proof. Clearly (ii) follows from (i), Theorem 4.1, and Remark 4.2 hence
we only need to prove (i). We shall use complex interpolation, for which we
refer to [3]. Improving an earlier result of Pisier [27], Rubio de Francia [31,
Part ITIc| showed the following extrapolation result. Given a UMD Banach
lattice Y, there exist a Hilbert space Hy and a UMD Banach space Yy such
that Y = [Ho, Yp]q for some a € (0,1). We then have

LP(QS Y) = [LP(Q§H0)7LP<QSYE))]04

by [3, Theorem 5.1.2]. We let B be the negative generator of (T3):>0. Then we
denote by By, B, and B; the negative generators of (T &1, )t>0, (1t&Iy )0,
and (T ® Iy, )t>0 respectively.

Assume for a while that these operators are invertible, so that we may
consider their imaginary powers. Our goal is to show that

(4.2) JK >030 <7w/2VseR, |BY| < Kell.

Once it is proved, we can conclude as follows. By [30, Theorem 2], this esti-
mate shows that —B, generates a bounded analytic semigroup on L,(£2;Y).
Furthermore Y is a UMD Banach space, hence L,(£2;Y) is UMD as well
and so by [12], (4.2) ensures that B, satisfies MR .

We now proceed to the proof of (4.2). It follows from [16, Corollary
5.2] (and its proof) that B admits a bounded H*°(Xj,) functional calculus
for some 6y < m/2. In particular, there is a constant Ky > 0 such that
| B*|| < Koe®!*! for any s € R. Moreover the space Hy is a Hilbert space,
hence for any T' € B(L,(£2)), the operator T' ® I, extends to a bounded
operator of norm equal to ||T| on L,(£2; Hp). Since B§ is the closure of
B @ Iy, for any s € R, we obtain

(4-3) IKo > 03 <m/2Vs R, |Bi| < Koell.

On the other hand, since Yy is UMD the operator B; admits a bounded
H>(X)y) functional calculus for any 6 > 7 /2. Indeed, this is implicit in [5];
see also Remark 3.3. In particular,

(4.4) VO, > /23K >0Vs e R, ||BY| < Kl
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We then choose 67 such that
(4.5) 0=(1-a)by+ abh <7/2.

By construction, the imaginary powers Bés, Bi and Bi* are compatible,
hence by interpolation,

Vs €R, (1B < 1188

The estimate (4.2) now follows from (4.3)(4.5), with K = K; “K?.

The general case can be deduced as follows. For any € > 0, replace (1%)+>0
by (e~¢'T})i>0. Then By, B, and By are replaced by By + eI, B, + el and
By + 1. These operators are invertible, hence the preceding reasoning can
be applied to them. The point is that the constants Ky and K appearing
in (4.3) and (4.4) can be chosen to be independent of ¢ > 0. Indeed, this
follows from the boundedness of the H®° functional calculi of By and Bj.
Consequently, (4.2) is now replaced by

JK>030 <7/2Ve>0Vs €R, |(Ba+el)®| < Kel¥l.

Applying [12], we obtain an estimate || Axu| < K'||Axu+ 11, ® Bou + cul|
for some constant K’ only depending on K, 6, p and Y. In particular K’
does not depend on £ > 0, hence we finally get the desired inequality. m

REMARK 4.4. It is clear from the above proof that Theorem 4.3 remains
true if Y is any UMD Banach space with the property that Y = [H, Z],, for
some space H isomorphic to a quotient of a subspace of an L, space (this
includes Hilbert spaces), some UMD Banach space Z, and some « € (0, 1).
This holds in particular if Y is the Schatten p-class, for p € (1,00), or more
generally a non-commutative L, space for p € (1,00). We do not know if
Theorem 4.3 is true for any UMD Banach space Y.

5. Maximal regularity on Hilbert-space-valued L, spaces. Let H
be a Hilbert space, let p € (1,00), and let ({2, 1) be a measure space. We let
B and C be two sectorial operators of type strictly less than 7/2 on H and
L,(£2,dp) respectively, and denote as usual by B and C their extensions to
L,(£2; H). We look for conditions under which the sum B+ C on Ly(£2; H)
is closed and satisfies MRoo. It was proved in [18] that this holds true if we
assume that C' admits a bounded H>°(Xy) functional calculus on L, ({2, du)
for some 6 < 7/2. In Theorem 5.2, we prove that the same result holds if
the assumption of bounded H*° functional calculus is assigned to B (and C
satisfies MRoo).

We fix an orthonormal basis (e;);e; on H, for some index set I. Let
(gi)ier be a family of complex independent Gaussian normal variables on a
probability space (2, 4). Then we let S C L,(£2, 1) be the closed linear
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span of {g; : ¢ € I'}. For any finitely supported family of complex numbers
(ti)ier, we have |3, tigill, = ap(X; |tl-|2)1/27 where o, is the L, norm of
any g;. Thus the mapping e; — a,, 1g; induces an isometric identification
H =S, whence

(5.1) Ly(2: H) = S(Ly(2, d).

LEMMA 5.1. Any bounded operator T : S — S is automatically reqular,
with |7 = |T].

Proof. When I is finite, this follows from [28, Proposition 3.7] and Lem-
ma 2.1. The general case follows by a simple approximation argument. m

THEOREM 5.2. Assume that C satisfies MRoo on Ly,(£2,dp) with p €
(1,00). Let B be the negative generator of a bounded analytic semigroup
on H, which admits a bounded H* functional calculus. Then B+C is closed
and satisfies MRoo on Ly,(£2; H).

Proof. The operator B satisfies MR (see [33]), hence using the identi-
fication L,(R; L,(£2; H)) = Ly(£2; L,(R; H)), we see that B satisfies MR .
Let (T)t>0 be generated by —B on H. Since B admits a bounded H>
functional calculus, it follows from [20, Theorem 4.3] that there exists an
invertible operator R on H such that (RT;R™!);>0 is a contraction semi-
group. We let R = Iy, (ga,) @ R € B(Ly(£2; H)). Then RBR™! clearly
satisfies MRoo. Let us identify H with S C L,(£2,1’) as explained above.
Then (RTtR_l)tZO is contractively regular thanks to Lemma 5.1. It therefore
follows from Theorem 4.1 and (5.1) that RBR ™! + C is closed and satisfies
MRy on S(Ly(£2,dp)), hence on Ly(£2; H). Since

RBR ' +C=R(B+C)R,
the result follows at once. m

REMARK 5.3. We wish to mention a result which essentially follows from
[34] and was indicated to us by Nigel Kalton (in June 2000). Let X be a
Banach space and let —B and —C' be the generators of two commuting
bounded analytic semigroups (T%):>0 and (V;)i>0 on X. Recall from [25,
A-I, 3.7] that the product semigroup (7;V;)>0 is bounded analytic and that
its generator is —(B + (). Kalton’s observation is that if B and C satisfy
MR and if X is UMD, then B + C satisfies MR. Indeed, since X is
UMD, it follows from [34, Theorem 4.2] that there exists § > 0 such that
the two sets {e *P : 2z € 5y} and {e*C : z € Xy} are R-bounded. Then
the “product set” {e7*Be=%C : 2z € X} is R-bounded as well. Hence ap-
plying [34, Theorem 4.2]| again, we deduce that B + C' satisfies MR .. This
yields an alternate route to prove the second half of either Theorem 4.3 or
Theorem 5.2. We also refer to [16] for recent developments.
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