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H*-CALCULUS FOR THE SUM
OF NON-COMMUTING OPERATORS

JAN PRUSS AND GIERI SIMONETT

ABSTRACT. A recent result of Kalton and Weis is extended to the case of non-
commuting operators, employing the commutator condition of Labbas and
Terreni, or of Da Prato and Grisvard. Under appropriate assumptions it is
shown that the sum of two non-commuting operators admits an H°°-calculus.
The main results are then applied to a parabolic problem on a wedge domain.

1. INTRODUCTION

In recent years the method of operator sums has become an important tool
for proving optimal regularity results for partial differential and integro-differential
equations, as well as for abstract evolutionary problems; see for instance [8], 9] [10]
19, 20, 21]. This method was introduced in the fundamental paper of da Prato and
Grisvard [5] and has been developed further in the case of two commuting operators,
A and B, by Dore and Venni [7], Priiss and Sohr [23], and more recently by Kalton
and Weis [I3]. Since in these results the sum A+ B with natural domain D(A+B) =
D(A) N D(B) has similar properties as A and B, one obtains the important feature
that the method can be iterated, and hence, complicated operators can be built up
from simpler ones.

If the operators are non-commuting, matters are, naturally, much more involved.
However, it is known that the Da Prato-Grisvard theorem remains valid if A and
B satisfy certain commutator estimates. Such conditions were already introduced
by Da Prato and Grisvard [0], and later on, Labbas and Terreni [I5] proposed
another, more flexible one. In Monniaux and Priiss [16], the Dore-Venni theorem
was extended to the non-commuting case, employing the Labbas-Terreni condition.

An extension of the Kalton-Weis theorem to the non-commutative case for the
Labbas-Terreni condition was obtained by Strkalj [26], provided the underlying
Banach space is B-convex. However, no such results are known for the Da Prato-
Grisvard condition, and it is also not known whether the result of Monniaux and
Priiss or Strkalj can be iterated. It is the purpose of this paper to present a
non-commutative version of the Kalton-Weis theorem, employing the commutator
condition of Labbas and Terreni, as well as that of Da Prato and Grisvard, without
any assumption on the Banach space. Under stronger hypotheses we show that the
sum A + B admits an H°-calculus, so that the sum method can also be iterated
in the non-commuting case.
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3550 JAN PRUSS AND GIERI SIMONETT

The plan for this paper is as follows. In section 2 we introduce the necessary
notation and the concepts and results relevant for this paper. Our main theorem is
formulated in section 3 and proved in section 4. We conclude the paper with some
applications to partial differential operators on domains with wedges or corners.
We are obtaining a new, purely operator-theoretic proof of a recent result due
to Nazarov [I7] and Solonnikov [25]. The main theorem of this paper will be
instrumental for the study of the Navier-Stokes equations in a wedge domain, as
well as for some free boundary problems with moving contact lines and prescribed
contact angles; see [22] for some results in this direction.

2. SUMMARY OF RESULTS FOR THE COMMUTING CASE

In the following, X = (X, |-|) always denotes a Banach space with norm |- |, and
B(X) stands for the space of all bounded linear operators on X, where we will again
use the notation | - | for the norm in B(X). If A is a linear operator on X, then
D(A), R(A), N(A) denote the domain, the range, and the kernel of A, whereas
p(A) and o(A) stand for the resolvent set and the spectrum of A, respectively. An
operator A is called sectorial if

e D(A) and R(A) are dense in X,

e (—00,0) C p(A) and [t(t + A)~L| < M for t > 0.
The class of all sectorial operators is denoted by S(X). If A is sectorial, then it
is closed, and it follows from the ergodic theorem that N(A) = 0. Moreover, by a
Neumann series argument one obtains that p(—A) contains a sector

Yo :={z€C: z2#£0, |arg(2)| < ¢}.
Consequently, it is meaningful to define the spectral angle ¢, of A by means of
da:=inf{p >0:p(—A) DXr_y, Mr_y <00},

where M, := sup{|A(A + A)71|: X € 4}. Obviously we have

> ¢ > arg(o(A4)) :=sup{|arg(A\)|: X #0, A€ g(A4)}.
Given two linear operators A and B we define

(A+ B)x:= Az + Bz, x€ D(A+ B):=D(A)ND(B).
A and B are said to commute if there are numbers A\ € p(A) and p € p(B) such
that

(A= A) = B)" = (u—B) " (A—A).
In this case, the commutativity relation holds for all A € p(A) and p € p(B).
In their seminal paper [5], Da Prato and Grisvard proved the following result:

suppose A, B € §(X) commute and the parabolicity condition ¢4 + ¢p < 7 holds

true. Then A + B is closable and its closure L := A+ B is again sectorial with
spectral angle ¢, < max{da,dp}.

The natural question in this context then is whether or not A + B is already
closed, i.e. if mazximal regularity holds. Da Prato and Grisvard were able to answer
this question in the affirmative for some special cases when X is a Hilbert space,
and in real interpolation spaces associated with A and B. In general, however,
maximal regularity does not hold, not even in Hilbert spaces, as was pointed out
by Baillon and Clément [I].
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H°°-CALCULUS FOR NON-COMMUTING OPERATORS 3551

An important step forward was made by Dore and Venni [7]. To describe their
result, recall that a Banach space X is said to belong to the class H7 if the Hilbert
transform, defined by

(Hf)(t) := lim f(t—s)ﬁ, teR, feCyPR;X),
e—0 |s|>e s

extends to a bounded linear operator on Lo(R; X). If A is sectorial, then the
complex powers A® of A are well defined, and they give rise to closed, densely
defined operators on X, which satisfy the group property A“AY = A“*? in an
appropriate sense; see for instance [6].

A is said to admit bounded imaginary powers if the set {A* : |s| <1} C B(X)
is uniformly bounded. The class of such operators is denoted by BIP(X). If A
admits bounded imaginary powers, then it is not difficult to show that {A*},cg
forms a Cy-group of bounded linear operators. The type 64 of this group is called
the power angle of A, i.e. we have

04 :=lim5_oo|s| ' log |A™®].

The Dore-Venni theorem in the extended version given by Priiss and Sohr [23] states
that A + B is closed, provided X € H7, A, B € BIP(X), A, B commute, and the
strong parabolicity condition 04 + 0 < w is satisfied. Moreover, in that paper it
is proved that A + B is not only sectorial, but admits bounded imaginary powers
as well, with power angle 0445 < max{04,0p}. This shows that the Dore-Venni
theorem can be iterated.

To state the third, more recent result in this line, the Kalton-Weis theorem [13],
we have to introduce some further notation. If A is sectorial, the functional calculus
of Dunford given by

1

Ba(f) = £4) = 5 [ FOA - 4)Man

is a well-defined algebra homomorphism ®4 : Ho(Xy) — B(X), where Ho(Z,)
denotes the set of all functions f : ¥4 — C that are holomorphic and that satisfy
the condition

sup (JATF(A)| 4+ [A°f(A)]) < oo for some € > 0 and some ¢ > ¢ 4.
AEX

Here I' denotes a contour I' = €%?(c0,0] U e%[0, 00) with 0 € (¢a,¢). A is said
to admit an H*°-calculus if there are numbers ¢ > ¢4 and M > 0 such that the
estimate

(2.1) |f(A)] < M|flne(s,), [ € Ho(Eg),

is valid. In this case, the Dunford calculus extends uniquely to H*°(Xy); see for
instance [6] for more details. We denote the class of sectorial operators which
admit an H*°-calculus by H*°(X). The infimum ¢% of all angles ¢ such that [2.1))
holds for some constant C' > 0 is called the H*-angle of A. Since the functions
fs(2) = 2% belong to H>(X,) for any s € R and ¢ € (0,7), we have the inclusions

H>*(X) C BIP(X) C S(X).
Moreover, we have the following relation between the angles introduced so far:

X > 04 > 0a.
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3552 JAN PRUSS AND GIERI SIMONETT

The first relation is obvious by the choice f(z) = 2%, and the second one has been
proved by Priiss and Sohr [23].

Let T C B(X) be an arbitrary set of bounded linear operators on X. Then 7 is
called R-bounded if there is a constant M > 0 such that the inequality

N N
(2.2) E( Y eiTiwi]) < ME(]Y i)
=1 =1

is valid for every N € N, T; € T, z; € X, and all independent symmetric {£1}-
valued random variables ¢; on a probability space (2,4, P) with expectation E.
The smallest constant M in ([22) is called the R-bound of 7 and is denoted by
R(T). A sectorial operator A is called R-sectorial if the set

{MA+A4)": A eX,_y} is R-bounded for some ¢ € (0, ).

The infimum ¢ of such angles ¢ is called the R-angle of A. We denote the class
of R-sectorial operators by RS(X). The relation ¢ > ¢4 is clear. If X is a space
of class HT and A € BIP(X), then it has been shown by Clément and Priiss [3]
that A € RS(X) with ¢& < 04.

Finally, an operator A € H*(X) is said to admit an R-bounded H*°-calculus if

the set

{f(A): feH™(XEy), | flne(s,) <1}
is R-bounded for some ¢ € (0, 7). Again, the infimum ¢%> of such ¢ is called the
RH>-angle of A, and the class of such operators is denoted by RH*(X).

The Kalton-Weis theorem [I3] implies the following: suppose that A € H*(X)
and B € RS(X), A, B commute, and ¢ +¢% < 7. Then A+ B is closed. It further
implies that A + B admits an H*°-calculus as well, provided we have, in addition,
B € RH™(X) and ¢% + ¢ < 7. Consequently, the Kalton-Weis theorem may
be iterated as well. Note that in contrast to the Dore-Venni theorem, no condition
on the geometry of the underlying Banach space X is needed.

We refer to the monograph of Denk, Hieber, and Priiss [6] as well as to [3], 4] [11]
141, 20, 27] for further information and background material.

Remark 2.1. If X enjoys the so-called property « (see [2]), then every operator
A € H>®(X) already has an R-bounded H*°-calculus, that is,

H¥(X) = RH™(X) and ¢4 = ¢F;

see Kalton and Weis [I3]. In particular, the L,-spaces with 1 < p < oo have
property «; see [2].

3. THE NON-COMMUTING CASE. MAIN RESULT

In this section we formulate our main result for non-commuting operators. We
first recall the commutator condition introduced by Da Prato and Grisvard [5].
Suppose that A and B are sectorial operators, defined on a Banach space X, and
suppose that

0 € p(A). There are constants ¢ > 0, o, >0, <1, a+ (> 1,
Ya > da, ¥ > dp, Yat+Yp <m,
(3.1) such that for all A € Xr_y,, 1t € Yr_yy
(A+ A)~'D(B) C D(B) and
[BO+A)™ = (A + A7 Bl(n+ B)H < /(14 [A)*|ul”.
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Then it was shown in [5] that the closure L = A+ B is invertible, sectorial and
¢, < max{ta,p} holds, provided the constant ¢ in ([BJ) is sufficiently small.

A different, more flexible condition was later introduced by Labbas and Terreni
[15]. It reads as follows:

0 € p(A). There are constants ¢ >0, 0 <a < f <1,
(3.2) Ya > da, ¥ > dp, Ya+iYp <m,

such that for all A € Xr_y,, 1t € Yr_yy

AN+ A) A (p+ B) ™ = (u+ B) TP AT < e/ (1 + A= |ul '+
In Monniaux and Priiss [16], the Labbas-Terreni condition was employed to extend
the Dore-Venni theorem to the non-commuting case. In particular, in that paper
it was proved that A + B with natural domain is closed and sectorial with spec-
tral angle ¢p44p < max{ta,¥p} provided X € H7, A,B € BIP(X), and (32)
holds with a sufficiently small constant ¢ > 0. The Kalton-Weis theorem has been
extended to the non-commuting case by Strkalj [26], provided the Labbas-Terreni
conditions hold with sufficiently small ¢ > 0 and X is B-convex.

We are now in a position to state our main results.

Theorem 3.1. Suppose A € H*(X), B € RS(X) and suppose that BI) or (32)
holds for some angles s > ¢%, ¥ > ¢% such that Ya +yp < m. Then there is
a constant c¢q > 0 such that A+ B is invertible and sectorial with

bayp <max{ya,Yp}
whenever ¢ < cg. Moreover, if in addition B € RH>®(X) and ¢p > ¢&>, then
A+ B e H®(X) and ¢%, p < max{ya,Vp}.

As for the smallness of the constant ¢ in the commutator condition ([B2), we
remark that (32) and also (B) are invariant under shifts v + A, resp. v+ B. Thus
by enlarging o and decreasing 3 slightly in [BI)-(3.2]), we obtain smallness of ¢ at
the expense of a shift. This remark leads to the following corollary of Theorem [3.11

Corollary 3.2. Let the assumptions of Theorem B be satisfied. Then there is

v > 0 such that v+ A+ B is sectorial with spectral angle not larger than max{,¥p}.

If B € RH®(X) and ¢ > ¢B>, we have v+ A+ B € H®(X) as well and
§O+A+B S maX{‘/’Aa ¢B}

4. THE PROOF OF THE MAIN RESULT

(i) The proof is based on the Da Prato-Grisvard formulae
1

(4.1) S\ =— (z+X+A)"Hz—B) dz
211 F’IQ
and
_ 1 -1 -1
(4.2) T\ = 57 FQ(Z B) " (z+ A+ A) dz,

where |arg(\)| < 7 — 1 for some 1 > max{14,¢p}. Here I'Y means the contour
% = (00, r)e Urel® ™0 U 1, 00)e™,

with ¢¥p < 0 < min{y), 7 — 4} and 0 < r < max{eg, |\|sin(¢) — ¥ 4)}, where g¢ is
sufficiently small. Here we recall that A is invertible by assumption. The integrals
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3554 JAN PRUSS AND GIERI SIMONETT

defining Sy and T) are absolutely convergent and, by the resolvent estimates of A
and B, we obtain the estimate

C
(4.3) 1Sx], 1Ta] <

PRV )‘627777
=1+ v

with a constant C' > 0 that is independent of A\. By Cauchy’s theorem it is easy to
deduce the identities

(4.4) A+ A)Syz+ S\Bx =z, x€D(B), €.y,
and
(4.5) T\(A+A)x+ BTz =z, x€D(A), NEZ,_y.

Therefore, AS) and S\B are bounded or unbounded simultaneously, as are Th A
and BT). On the other hand we have the identities

1
SxBx — BTz = — [ z[(z4+A+A)7 (2= B) Yadz
2mi Jro

= — 202=B) (z+ X+ A Bl(z— B) lzdz

L, zA(z+ A+ A) AT (2= B) Az + A+ A) e dz
2mi Jre

for z € D(B), where as usual [S,T] = ST — T'S denotes the commutator of the
bounded linear operators S and T on X. Conditions (BI)) or (3:2) show that

|S)\BxfBTAIE| < |1’|, )\Giﬂ-_w,

M
(L4 A7
where n = a+[—1 in the case of (1)), and n = B—« in the case of [B.2]). Therefore,
S\B — BT} is in B(X), and S\B — BT), is uniformly bounded in A € iﬂ,w. Thus
the operators AS\, S\B, BT, T)\ A are bounded or unbounded simultaneously. In
the first case, all the operators are bounded uniformly in A.

(ii) We will now assume that ASy (or equivalently, Sy B, BTy, ThA) is bounded
in B(X), uniformly in A € £,_,. This assumption will be justified in (vi).

Then in the case of condition ([B2]) we may proceed as in Monniaux and Priiss
[16] to obtain the inverse of A + A + B. We do not repeat the details here, but
observe that we then have

(46)  A+A+B) ' =5—A+A4)7'Q\IT +Qx)" A+ A)Sy = S\ + R.
Here due to (B2)

Qx = i 2A(z+ A+ A)THAT (2 = B) AW+ A) " ldz
27t Jro

is defined by an absolutely convergent integral, and we have the estimate

|Q)\|§C )\Eiﬂ—,w,

¢
(L4 [Af)f=e”

where C is a constant that does not depend on A. This shows that I + Q) is
invertible with say |(I + Qx)~!| < 2, provided the constant ¢ > 0 from [B2) is
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sufficiently small. Therefore in this case the remainder term in (6] satisfies

c

4.7 Ry<——
o = T

A€ 271-_1/,,

where e = 8 — a > 0.
Let us now consider the Da Prato-Grisvard condition (B]). In this case we can
write

(4.8) A+ A+B) =5 —SQxI+Qx)"" =S5+ R,
with
1
Qx = [B.5y] = / B.(A+ 2+ A) (= — B) ldz,
QWZ FS
and we arrive again at estimate (7)), with e = @ + 8 — 1 > 0 this time, thanks
to the commutator estimate ([B.I). Strictly speaking, Sx(I + Q)~! gives a right
inverse to A + A + B, and we still have to show that A\ + A + B is injective. To

do so, let us assume that (A + Au + B)u = 0 for some u € D(A) N D(B). Then
applying T to this equation and using (€A we obtain

0=T(A+ A+ B)u=u—[B,T)]u.
This yields
(1+B)'u=(1+ B)"[B,Tx\]u
1

=5 (1+B)(z=B) "B, (2 + A+ A) "1+ B)""(1+ B) udz
T re

with 7 € (0,1) to be chosen later. Using the functional calculus for B with an
appropriate contour I'p we get

(1+B)"u 2772 /re/ L+ B) Z_B>_1[B’(Z+)‘+A)_l]
x(1+¢) (¢ —B) "1+ B)"ud({dz.

Using (B1)) then yields

[(14 B)Yul| |d| |dz]
14 B)'u| < 0/ / :
@+ Bl < FBH+A“”WLHA+4)KWH+Q”

and we conclude that
|(1+ B)"u| < cC|(1+ B)"ul,

for some constant C' > 0, provided 1— < v < . Thus if ¢ > 0 is sufficiently small,
then (14 B)Yu = 0, and hence u = 0, which completes the proof of uniqueness. In
summary, (E6) and (@3) imply that A + A + B is invertible for all A € £, _.

We will now show that

(4.9) sup [AMA+A+B)Y < .
Aezﬂ_w

It follows from (4] that
(4.10) ASh e = (A + A)She — ASx\x =z — SyBx — AS»«z.
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3556 JAN PRUSS AND GIERI SIMONETT

This relation certainly holds true for every x € D(B). According to our assumption,
the operators SyB and AS) admit unique extensions in B(X), again denoted by
the same symbol, and these extensions are uniformly bounded in A. The assertion
in ([@9) is now a consequence of ([{I0) and (€a)—ZS).

It remains to prove that the domain D(A) N D(B) is dense in X. This is easy
to show in the case of condition ([B.), since (1 + dA)~(1 + §B)~tu belongs to
D(A) N D(B) and converges to u as 6 — 0. For the Labbas-Terreni condition,
density of D(A) N D(B) would be obvious if X was reflexive, since every operator
L with a resolvent estimate of the form sup,- |t(t + L)~!| < oo has dense domain.
However, since the underlying Banach space X is arbitrary, we cannot use this
argument. Instead we will prove that

(4.11) AMA+A+B)™' -1 strongly in X as A — oo.
We conclude from [@I0) (and our assumptions) that
AS x =x — SaBx — SyAx — [A, S\]z

for every z € D(A). We will now consider each of the terms in the equation above
separately. Clearly, SyBxz — 0 for all € D(B), and hence S\B — 0 strongly by
its boundedness. In particular, SyBx — 0 for every x € D(A). Clearly, SyAz — 0
for any x € D(A). A short calculation shows that

1
[A, S\t ==— [ A(z+A+A)7'(z—B)"', A Az d=
211 Fg

for x € D(A). Here we choose r = |A|sin(¢) —1p4). It follows from the commutator
condition ([B.2]) that

1
(1 A Ho-e

Therefore, [A, S\]z — 0 for every z € D(A). Hence AS\x — x for every z € D(A).
We have already observed in ([@I0) that A\S) admits a bounded extension in B(X),
and therefore ASy — I strongly in X. Equations ([@.6)—(41) now yield the assertion
in (@II), and this shows that D(A) N D(B) is dense in X.

In summary, we have proved the first assertion of Theorem [3.I] provided we can
justify the assumption made at the beginning of (ii).

(iii) To prove that A+ B admits an H*-calculus, we fix a function f € H{(Xy)
and choose 0 € (max{14,v¥p},1). Then by definition

[A, Sx]z| < C | Az,

fa+8) = o [ e -4+ )
1 1
= “ni o FS-xdx = o - ; FNR_xd)
=T'f +T?f.

By (7)) we easily obtain

|dA|
= < Cilfme -

T2 <c m/i
1T flex) < C|fln o T

Hence in order to prove the H*-estimate, it is enough to consider T f.
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H°°-CALCULUS FOR NON-COMMUTING OPERATORS 3557

By Cauchy’s theorem we may write
1
Sy=— [ (z—=A)"'\+2+B) =
21 T
with an appropriate contour I'. Then we have

=~ [ povs adn

211 Fg
- (%T%P/F TG AT -2 - BTl
1

=35 r(Z —A)'f(z+ B)dz.

To prove boundedness of T! we symmetrize as follows. Cauchy’s theorem implies
/(z — A7 f(z+ B)dz = / AV(z — A7 (2 + B)dz/2,
r r

where v € (0,1). Setting F(2) = f(z + B) we obtain the decomposition T'f =
TLf — T} f, where
1
Tl f = 7/gl(z,A)F(z)gg(z,A)dz/z”’,
™ Jr

T = 5 5 A0l Al

with g;(z,¢) = [(7/(2 = ()], j = 1,2, and &1 + 62 = 1.
(iv) We next prove boundedness of T3 f and provide the choices of v, d; € (0, 1).

Once more this involves the commutator conditions. Consider first condition (32).
We have

1 _ _
P A)) = i [ fgale =2 - B (- 4)
(2mi) T8 JT4
where "4 denotes an appropriate contour. Then (.2 implies
AP o _
F ) gnte AN < Clbe [ [ (0504 ) 70 A
0 A

C|f e | 2|~ Bat0201=7)

IN

by a scaling argument, provided we choose d2,v € (0,1) in such a way that a <
J2(1 — 7). Using this estimate in the definition of T3 f we get

1 |dz|
T2 flece) < Clfbe /F 1+ 25 0 |z F—ata: (=) |z [7
S C|f|'H°°7

provided B—a < 61(1—=). The choicey = (1-3)/2 and §3 = (2a+(1-03)/2)/(14+0)
meets these requirements.
In the case of the Da Prato-Grisvard condition (3.I]) we obtain a similar estimate.
This time a feasible choice is v = (1 —3)/2 and d2 = 2(1 —a— (/2)/(1 - 3) +1/2.
(v) To estimate T} f we use the technique introduced by Kalton and Weis [13].
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3558 JAN PRUSS AND GIERI SIMONETT

We begin with the following lemma from that paper. For the sake of completeness
a proof is incuded here.

Lemma 4.1. Suppose A € H™®(X), h € H(Xy4), ¢ > ¢X. Then there is a
constant C' > 0 such that

1> awh(28A)[(x) < C'sup o]
keZ k€EZ

for all ay, € C and t > 0.
Proof. Let h € H3°(X,) be given. Then we have

ki

|h(2)| S Cm, z e E¢,

for some numbers > 0 and ¢ > 0. Set f(2) = >,z axh(2Ftz). This series is
absolutely convergent as can be seen from the estimate

(@) < lalee Y [h(2"2)] < Clale,
k

since

& (r2k)s 2¢ B
zk:\h(Z tz)| Sczk: T+ (22 < T 5 r=t|z|.

Therefore f € H*(X,) and so by A € H*(X), ¢ > ¢% we obtain

1> ah(2A) 5x) = [£(A)|5x) < Calflne < Clals. O
kez

Since the integral defining T3 f is absolutely convergent, we have

N—oco 271

1
Tl f = lim —/ 10 A)F(N)gs(\, A)AA/XT = lim Tivf,
FN — 00

where Iy = {\ € T': 27 < |\| <2V} We write Ty = Ty + Ty, with

etif(1—7) 2% _ _ .
T / g1(re=, A)F(re) gy (re=?, A)dr /17
2—N

eif(1—y) NZ1  p2f+!

= - Z /zk hLi(A/T)F(T@iw)hZi(A/?“)d’l“/’l“

211
k=—N

etif(1—y) N

= — z_: /2hl,i(A/t2’“)F(t2’“eﬂ9)h27i(A/tz’“)dt/t

+
Tvf 211

27 1
k=—N
+i0(1—7) 2
€ +
= Ry (t)fdt/t

where h; 4 (2) = [27/(e*% —2)]% belongs to HE®(Xy), for ¢ € (¢%,0). Let (2, A, )
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be a probability space and let e, be independent symmetric {+1}-valued random
variables on this probability space. We randomize and estimate as follows:

(RN () flz,a) = | Y (e (A/129) F (125 ) ho 1 (A /122, 27)]
k=—N

N—
/ Z (h1 +(AJt2M)F (2R etV hy 4 (AJt2F)z, %) dp)

N-1

N—
Z P28 hy 1 (AJt2%)2, D ephy £ (A /12)2")dpl

_ k=—N

I
\

2

—1 N—-1
| e F (128 e ) hy 1 (A/12)2| L, 0x)| D enhn (A /12)2% |1 i)
k=—N k=—N
N—-1 N—-1
SR(F())| Y erhax(A/t28)2] L, | Y erha s (A /125)2% L, ix)
k=—N k=—N
< OR(F(Zg))lz||lz"|,

IN

by Lemma [AI] Here we have employed R-boundedness of F(X,) = f(X,4 + B),
that is, the assumption that B has an R-bounded H*°-calculus. This shows that
RE(t)f is uniformly bounded in ¢ € [1,2] and in N € N, hence so is T} f, with

T flsx) < CR(f (8¢ + B)) < Clflpee.

From (iii), (iv) and the last estimate we obtain that A + B again admits an H-
calculus with H>-angle smaller than or equal to max{¢%, p5>}. Note that A* €
H(X*) with ¢ = ¢%. in case D(A*) is dense in X. If D(A*) is not dense in X*,
then we may use the sun-dual A® on X© instead; see Hille-Phillips [12, Section
14.2).

(vi) We now show that, say, S)B is uniformly bounded in B(X) for all A € X _.
In order to prove this we introduce the Yosida approximation Bs = B(1 + §B)~!
of B, where 6 > 0, and we recall that Bsz — Bz for x € D(B) as § — 0. We use
the methods from (iv) and (v) to write

1

S3Bs = 5— (z—A)"'B(A+2+B)"'(1+6B) 'dz
r
1
=— [ A%(z—A)'BA\+2z+B) ' (1+6B) 'dz/2"
21 r

B %/gl(sz)B(A+Z+B)’1(1+5B)’192(z,A)dZ/ZW
™ Jr

*% /Fgl(z, A)BA+z+B) ' (140B)7", ga(z, A)ldz/ 2"
=Trs+Trs
Then the arguments given in (v) yield the estimate
TS 5] < CR(B(1+6B) " (A+ 54+ B)™)
<CRE(L+B)™' 1 § > 0)R(B(Z4 + B)™Y) < o0,
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where C' > 0 is independent of § and A, provided B is R-sectorial and ¢ < m — d)g.
Similarly, the estimates from (iv) yield |T§)5| < C with C > 0 independent of 6 and
A. Passing to the limit 6 — 0 we obtain boundedness of Sy B, uniformly in A. This
completes the proof of Theorem .11 O

5. PARABOLIC EQUATIONS ON WEDGES AND CONES

In this section we consider an application of our main results to the diffusion
equation on a domain of wedge or cone type, that is, on the domain G = R™ x Cgq,
where 0 C S"~! is open with smooth boundary 9Q # ), and Cq denotes the cone

Co={reR": z#0, x/|z| € Q}.
We then consider the problem
Ou—Au=f inGx(0,7T),
(5.1) u=0 ondG x (0,T),
ult=o =0 on G.
Here m € Ny and 2 < n € N. The function f is given in a weighted L,-space, i.e.
f € Ly(J X R™; L, (Cas 2] da),

where v € R will be chosen appropriately, and J = [0, T].
It is natural to introduce polar coordinates in the x-variables, i.e. = r{ where
¢ € Q and r > 0. Then the diffusion operator d; — A transforms into
n—1 AC
r

8t_Ay_[83+ ar} ,,,,_27

where y denotes the variable in R™, A, is the Laplacian in the y-variables and
A¢ means the Laplace-Beltrami operator on S7=1. The underlying space for the
function f now is

f€Ly(JXR™xQ; L,(Ry;r" dr /1)),

where the measure on € is the surface measure. It is also natural to employ the
Euler transformation r = e* where now x € R. Setting

9(t,y, ¢ x) = P f(ty, ), ult,y,¢or) = rPult,y, ¢ logr),
we arrive at the following problem for the unknown function v:
e (0 — Ay)v+ P(Oy)v—Acv=g in(0,7) x R™ x Q x R,
(5.2) v=0 on (0,7) x R™ x 90 x R,
V=g =0 on R™ x Q xR.

The resulting equations are now defined in a smooth domain. They contain the
(non-standard) differential operators e?**9; and €**A,. We observe that these op-
erators do not commute with P(9,).

Next we note that

/ l9(t, ., 0)|Pda = / TP (b, ) P < oo,
R 0

in case we choose p(2 — §) = v+ n, that is, 3 = 2 — (v + n)/p. Making this choice
of 3, we can remove the weight and work in the unweighted base space

X =Ly(J xR™ x QxR).
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The differential operator P(d,) is given by the polynomial
P(z)=—[z"+(28+n—2)z+ B(B+n—2)] = —2° + a1z + ao,

as a simple computation shows.

In order to derive the unique solvability and maximal regularity of (B.2)) we
introduce the following basic operators.

(i) Define B in L,(R) by means of

Bu(z) = P(8,)u(z), xz€R, wue D(B)=HR).

It is well known that the spectrum of B is given by the parabola P(iR), which
opens to the right, is symmetric about the real axis, and has its vertex at ag € R.
This follows from the Mikhlin multiplier theorem, and the latter also implies that
w + B belongs to H>*(Ly(R)) for w > —ag, with ¢ p < 7/2. Even more, the
H>°-calculus is R-bounded with the same angle, as follows from Remark 2.1. The
same results are valid for the canonical extension of B to X, which we again denote
by B. We also observe that B —ay is accretive in X, since —92 is so on L,(R), and
+0, are as well.
(ii) Define L in L,(£2) by means of

Lu(() = —Acu(¢), (€9, D(L)={u€ H}Q):u=0on N}

This operator has pure discrete point spectrum o(L) = {A;}treny C (0,00). It is

self adjoint and positive definite in Ly and has H*-calculus in L, with ¢7° = 0.

These facts are also well known and follow easily from known results on elliptic

differential operators by a coordinate transform to a flat domain in R*~!, e.g. by

a stereographic projection; see for instance Priiss and Sohr [24]. The canonical

extension of L to X enjoys the same properties and will again be denoted by L.
(i) Let C in L,(R™) be the negative Laplacian

Cu(y) = -Ayu(y), yeR™, weDC)= Hz(Rm).

C also admits an H>-calculus in L,(R™) with ¢ = 0. In fact the H>-calculus
for C' is also R-bounded with the same angle; see again [6]. The spectrum of C' is
the half-line Ry. The same is true for its canonical extension C' to X. Note that

C is accretive.
(iv) Next consider G on L,(J) defined by

Gu(t)=0wu(t) ted, D(G)= OH;(J) i={ue Hy(J): u(0)=0}.

This operator admits a bounded H>-calculus with ¢ = 7/2, and the same holds
true for its canonical extension G to X. Note that G is invertible and accretive.

(v) The final ingredient we need is the multiplication operator M in L,(R)
given by

Mu(z) = e*u(z), z€R, DM)={ucL,(R): Muc L,(R)}.

This operator has an H*°-calculus in L,(R), which is also R-bounded by the con-
traction principle of Kahane, and ¢%*° = 0. The spectrum of M is the half-line
[0,00). Once more, the canonical extension of M to X has the same properties.

Now we can build up the differential operator defined by the left-hand side of
B2). First, since G and C commute and G is invertible, the sum G + C with
domain D(G) N D(C) is invertible and

G+ C e H>®(X) with angle ¢F, o < m/2.
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This follows for instance from Theorem B ]since C' is in RH*(X). Next we consider
the product A := (G + C')M with natural domain

D(A) = {u € D(M) : Mu € D(G)n D(C)}.

Since G + C is invertible, A is closed, hence sectorial and in BZP(X), with 04 <
Oc+c +0nm < 7/2 by aresult due to Priiss and Sohr [23]. Due to [I3, Theorem 4.4]
we further see that

A e H™(X) with angle ¢% < /2.

Since M is a multiplication with a positive function, it follows from the accretivity
of G and C that A is accretive as well.

Next we consider the sum A + B with natural domain. It is here where we need
the full strength of Theorem [B.] since A and B do not commute. Let us compute
the commutator (8:2) for A and B. For this purpose we note first that B, C' and G
commute, however, M and B are non-commuting. We have the important relation

(5.3) MB = **P(d,) = P(0, — 2)e** = B_yM,
where B_s is defined in the same way as B. This implies
M(p+w+B) ' =(u+w+ B_y) ' M,
and hence
[A (n+w+B) = (n+w+B)'Q(u+w+ B_p) 4
where Q = B— B_3 = P(0,) — P(0; —2) = Q(9,) is a differential operator of first

order. Here and in the following we assume that w > 0 is fixed such that o(w + B)
as well as o(w + Bz) is contained in [Rez > 0]. This implies that both operators
w+ B and w + By are sectorial with angle strictly less than 7/2. Let n > 0. One
readily verifies that

n+ AN +n+ A7+ A) 7 A+ w+ B)

= - +n+A7A (ptw+B) T+ A

=M+ +A)  p+w+B)'Qu+w+ B o) tA(n+ AL

Therefore, we obtain the estimate

[+ AN +n+ )7 0+ A (n+w+B)7Y|
C- _ _ _
< [(p+w+B) Q(u+w+ B_og) '|A(n+ A)~'|
n+ Al
<« <
(LD [l
forall A € X, /5 ., pt € Xr/240., where € > 0 is small, and C' = C(e,7). Thus [B.2)

holds with « =0, 8 =1/2, ¥4 = 7/2+ ¢ and ¥p = 7/2 — 2. By Corollary B2 we
may conclude that

v+ A+ BeH®(X) withangle ¢ 4, p<7/2+c¢,

where v is sufficiently large.
To conclude, observe that A+ B —ag with natural domain D(A) N D(B) is again
accretive, hence A+ B — ag + ¢ is sectorial. Theorem 8.5 of Priiss [18] then implies
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that A+ B+ L is invertible with natural domain, provided o(A+ B)No(—L) = ().
Since 0(A+B) C {z € C: Rez > ap} and (L) = {Ar}ren, the latter is satisfied if

(5.4) A >—ag=p(B+n—-2)=(2-n/p—7/p)(n—n/p—7/p)

is valid. This is the condition found by Nazarov in his recent paper [I7]. We may
now summarize our considerations in the following result.

Corollary 5.1. Suppose 1 < p < 0o and suppose that v € R is subject to condition
G4), where Ay > 0 denotes the first eigenvalue of the Laplace-Beltrami operator on
Q c 8"~ with Dirichlet boundary conditions. Then for each f € L,(JxR™xQxR)
there is a unique solution v of ([B.2l) in the regularity class

v € Ly(J x R™; H2(2 x R)),
e**v € Hy(J; Ly(R™ x Q x R)) N Ly (J; HY (R™; Ly(Q x R))).

In particular, the map [v — f] defines an isomorphism between the corresponding
spaces.

We may now transform this result back to the original variables to obtain pre-
cisely Nazarov’s result for ([G.1)).

Corollary 5.2. Suppose 1 < p < oo and suppose that v € R is subject to condition
B4), where Ay > 0 denotes the first eigenvalue of the Laplace-Beltrami operator
on Q C 8" with Dirichlet boundary conditions. Then for each

feLy(J xR L,(Cq,|z|"dx))
there is a unique solution u of (B with regularity
u,u/|z)?, Ou, V*u € Ly(J x R™; L,(Caq, |z|"dz)).

The solution map [u— f| defines an isomorphism between the corresponding func-
tion spaces.

For simplicity we have chosen the integrability exponent p € (1,00) to be the
same for the variables ¢, x and y. By the arguments given above it also follows that
we may choose different exponents for these variables, and we may arrange them
in any order.

We also note that the method described above can be applied to other problems
on cone and wedge domains, like the Navier-Stokes equations, or free boundary
value problems with moving contact lines and prescribed contact angles. These
will be topics for our future work.

ACKNOWLEDGMENT

This paper was written while the first author was visiting the Department of
Mathematics at Vanderbilt University in the fall of 2003. He expresses his thanks
to the department for their kind hospitality and for financial support.

REFERENCES

[1] J.B. Baillon, Ph. Clément. Examples of unbounded imaginary powers of operators.
J. Funct. Anal. 100 (1991), 419-434. MR1125234(92j:47036)

[2] Ph. Clément, B. de Pagter, F.A. Sukochev, H. Witvilet. Schauder decompositions and mul-
tiplier theorems. Studia Math. 138 (2000), 135-163. MR1749077|/(2002c:47036)

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use


http://www.ams.org/mathscinet-getitem?mr=1125234
http://www.ams.org/mathscinet-getitem?mr=1125234
http://www.ams.org/mathscinet-getitem?mr=1749077
http://www.ams.org/mathscinet-getitem?mr=1749077

3564 JAN PRUSS AND GIERI SIMONETT

[3] Ph. Clément, J. Priiss. An operator-valued transference principle and maximal regularity
on vector-valued Ly-spaces. Evolution equations and their applications in physical and life
sciences. Lecture Notes in Pure and Appl. Math. 215, Marcel Dekker, New York (2001),
67-87. MR1816437(2001m:47064)

[4] Ph. Clément, J. Priiss. Some remarks on maximal regularity of parabolic problems. Evolution
equations: applications to physics, industry, life sciences and economics (Levico Terme,
2000), Progress Nonlinear Differential Equations Appl. 55, Birkhduser, Basel (2003), 101-
111. MR2013183

[5] G. Da Prato, P. Grisvard. Sommes d’opératours linéaires et équations différentielles

opérationelles, J. Math. Pures Appl. 54 (1975), 305-387. MR0442749|(56:1129)

R. Denk, M. Hieber, J. Priiss. R-boundedness and problems of elliptic and parabolic type.

Memoirs of the AMS vol. 166, No. 788 (2003). MR2006641 /(2004i:35002)

[7] G. Dore, A. Venni. On the closedness of the sum of two closed operators. Math. Z. 196 (1987),
189-201. MR0910825 (88m:47072)

[8] J. Escher, J. Priiss, G. Simonett. Analytic solutions for a Stefan problem with Gibbs-Thomson

correction. J. Reine Angew. Math. 563 (2003), 1-52. MR2009238 (2005b:35304)

J. Escher, J. Priiss, G. Simonett. Well-posedness and analyticity for the Stefan problem with

surface tension. In preparation.

[10] J. Escher, J. Priiss, G. Simonett. Maximal regularity for the Navier-Stokes equations with

surface tension on the free boundary. In preparation.

[11] M. Hieber, J. Priiss. Functional calculi for linear operators in vector-valued LP-spaces via the
transference principle. Adv. Diff. Equations 3 (1998), 847-872. MR1659281(2001a:47016)

[12] E. Hille, R.S. Phillips. Functional analysis and semi-groups. Third printing of the revised
edition of 1957. American Mathematical Society Colloquium Publications, Vol. XXXI. AMS,
Providence, R. 1., 1974. MR0423094 |(54:11077)

[13] N.J. Kalton, L. Weis. The H°°-calculus and sums of closed operators. Math. Ann. 321 (2001),
319-345. MR1866491|/(2003a:47038)

(14] P. Kunstmann, L. Weis. Maximal L,-regularity for parabolic equations, Fourier multiplier
theorems and H“°-functional calculus. Functional analytic methods for evolution equations.
Lecture Notes in Math. 1855, Springer, Berlin (2004), 65-311. MR2108959)/(2005m:47088)

[15] R. Labbas, B. Terreni. Somme dépérateurs linéaires de type parabolique. Boll. Un. Mat. Ital.
7 (1987), 545-569. MR0896340 |(89g:47016)

[16] S. Monniaux, J. Priiss. A theorem of the Dore-Venni type for non-commuting operators.
Transactions Amer. Math. Soc. 349 (1997), 4787-4814. MR1433125|/(98b:47005)

[17] A1 Nazarov. Lp-estimates for a solution to the Dirichlet problem and to the Neumann
problem for the heat equation in a wedge with edge of arbitrary codimension. J. Math. Sci.
(New York) 106 (2001), 2989-3014. MR1906030)/(2003d:35118)

[18] J. Priiss. Evolutionary Integral Equations and Applications. Volume 87 of Monographs in
Mathematics, Birkhauser Verlag, Basel, 1993. MR1238939 (94h:45010)

[19] J. Priiss. Maximal regularity for abstract parabolic problems with inhomogeneous boundary
data. Math. Bohemica 127 (2002), 311-317. MR1981536  (2004h:35123)

[20] J. Priiss. Maximal regularity for evolution equations in Lj-spaces. Conf. Semin. Mat. Univ.
Bari 285 (2003), 1-39. MR1988408)/(2004k:35232)

[21] J. Priiss, J. Saal, G. Simonett. Existence of analytic solutions for the classical Stefan problem.
Submitted.

[22] J. Priiss, G. Simonett. Operator-valued symbols for elliptic and parabolic problems on wedges.
Operator Theory: Advances and Applications 168 (2006), 189-208.

[23] J. Priiss and H. Sohr. On operators with bounded imaginary powers in Banach spaces. Math.
Z. 203 (1990), 429-452. MR1038710(91b:47030)

[24] J. Priiss and H. Sohr. Imaginary powers of second order differential operators in Lp-spaces.
Hiroshima Math. J. 23 (1993), 161-192. MR1211773/(94d:47051)

[25] V.A. Solonnikov. Ly-estimates for solutions of the heat equation in a dihedral angle. Rend.
Mat. Appl. 21 (2001), 1-15. MR1884933/(2003a:35086)

[26] Z. Strkalj, R-Beschrdanktheit, Summensdtze abgeschlossener Operatoren und operatorwertige
Pseudodifferentialoperatoren. Ph.D. thesis, Karlsruhe, 2000.

[6

[0

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use


http://www.ams.org/mathscinet-getitem?mr=1816437
http://www.ams.org/mathscinet-getitem?mr=1816437
http://www.ams.org/mathscinet-getitem?mr=2013183
http://www.ams.org/mathscinet-getitem?mr=0442749
http://www.ams.org/mathscinet-getitem?mr=0442749
http://www.ams.org/mathscinet-getitem?mr=2006641
http://www.ams.org/mathscinet-getitem?mr=2006641
http://www.ams.org/mathscinet-getitem?mr=0910825
http://www.ams.org/mathscinet-getitem?mr=0910825
http://www.ams.org/mathscinet-getitem?mr=2009238
http://www.ams.org/mathscinet-getitem?mr=2009238
http://www.ams.org/mathscinet-getitem?mr=1659281
http://www.ams.org/mathscinet-getitem?mr=1659281
http://www.ams.org/mathscinet-getitem?mr=0423094
http://www.ams.org/mathscinet-getitem?mr=0423094
http://www.ams.org/mathscinet-getitem?mr=1866491
http://www.ams.org/mathscinet-getitem?mr=1866491
http://www.ams.org/mathscinet-getitem?mr=2108959
http://www.ams.org/mathscinet-getitem?mr=2108959
http://www.ams.org/mathscinet-getitem?mr=0896340
http://www.ams.org/mathscinet-getitem?mr=0896340
http://www.ams.org/mathscinet-getitem?mr=1433125
http://www.ams.org/mathscinet-getitem?mr=1433125
http://www.ams.org/mathscinet-getitem?mr=1906030
http://www.ams.org/mathscinet-getitem?mr=1906030
http://www.ams.org/mathscinet-getitem?mr=1238939
http://www.ams.org/mathscinet-getitem?mr=1238939
http://www.ams.org/mathscinet-getitem?mr=1981536
http://www.ams.org/mathscinet-getitem?mr=1981536
http://www.ams.org/mathscinet-getitem?mr=1988408
http://www.ams.org/mathscinet-getitem?mr=1988408
http://www.ams.org/mathscinet-getitem?mr=1038710
http://www.ams.org/mathscinet-getitem?mr=1038710
http://www.ams.org/mathscinet-getitem?mr=1211773
http://www.ams.org/mathscinet-getitem?mr=1211773
http://www.ams.org/mathscinet-getitem?mr=1884933
http://www.ams.org/mathscinet-getitem?mr=1884933

H°°-CALCULUS FOR NON-COMMUTING OPERATORS 3565

[27] L. Weis. A new approach to maximal L,-regularity. Evolution equations and their applications
in physical and life sciences. Lecture Notes in Pure and Appl. Math. 215, Marcel Dekker,
New York (2001), 195-214. MR 1818002 |(2002a:47068)

FACHBEREICH MATHEMATIK UND INFORMATIK, MARTIN-LUTHER-UNIVERSITAT HALLE-WITTEN-
BERG, D-60120 HALLE, GERMANY
E-mail address: jan.pruess@mathematik.uni-halle.de

DEPARTMENT OF MATHEMATICS, VANDERBILT UNIVERSITY, NASHVILLE, TENNESSEE 37240
E-mail address: gieri.simonett@vanderbilt.edu

License or copyright restrictions may apply to redistribution; see http://www.ams.org/journal-terms-of-use


http://www.ams.org/mathscinet-getitem?mr=1818002
http://www.ams.org/mathscinet-getitem?mr=1818002

	1. Introduction
	2. Summary of results for the commuting case
	3. The non-commuting case. Main result
	4. The proof of the main result
	5. Parabolic equations on wedges and cones
	Acknowledgment
	References

