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Abstract In this paper we study maximal L?-regularity for evolution equations with time-
dependent operators A. We merely assume a measurable dependence on time. In the first
part of the paper we present a new sufficient condition for the L”-boundedness of a class of
vector-valued singular integrals which does not rely on Hormander conditions in the time
variable. This is then used to develop an abstract operator-theoretic approach to maximal
regularity. The results are applied to the case of m-th order elliptic operators A with time and
space-dependent coefficients. Here the highest order coefficients are assumed to be mea-
surable in time and continuous in the space variables. This results in an L? (L?)-theory for
such equations for p, g € (1, 00). In the final section we extend a well-posedness result for
quasilinear equations to the time-dependent setting. Here we give an example of a nonlinear
parabolic PDE to which the result can be applied.
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1 Introduction

In this paper we study maximal L”-regularity of the Cauchy problem:

u'(@t) + A@u) = f@), t €(0,T) 1

u(0) = x. (4.D

Here (A(?))/e(0,1) is a family of closed operators on a Banach space Xo. We assume the
operators have a constant domain D(A(t)) = X fort € [0, T].

In recent years there has been much interest in maximal regularity techniques and their
application to nonlinear PDEs. Maximal regularity can often be used to obtain a priori
estimates which give global existence results. For example, using maximal regularity it
is possible to solve quasi-linear and fully nonlinear PDEs by elegant linearization tech-
niques combined with the contraction mapping principle [4, 6, 14, 16, 67, 81]. This has
found numerous applications in problems from mathematical physics (e.g. fluid dynamics,
reaction-diffusion equations, material science, etc. see e.g. [1, 14, 21, 35, 44, 63, 70, 71, 79,
81, 84, 85, 95]). For maximal Holder-regularity we refer the reader to [2, 67] and references
therein. In this paper we focus on maximal L”-regularity as this usually requires the least
regularity of the data in PDEs.

An important step in the theory of maximal L?”-regularity was the discovery of an
operator-theoretic characterization in terms of R-boundedness properties of the differen-
tial operator A due to Weis (see [91, 92]). This characterization was proved for the class of
Banach spaces with the UMD property. About the same time Kalton and Lancien discovered
that not every sectorial operator A on X = L4 of angle < 7/2 has maximal L?-regularity
(see [53, 54] and [29]), but their example is not a differential operator.

In the case t — A(t) is (piecewise) continuous, one can study maximal L?-regularity
using perturbation arguments (see [5, 7, 82]). In particular, in [82], it was shown that max-
imal LP-regularity of Eq. 1.1 is equivalent to the maximal L?”-regularity for each operator
A(tg) for 1y € [0, T'] fixed. This, combined with the characterization of [92] yields a very
precise condition for maximal L?-regularity. The case where the domains D(A(t)) vary in
time will not be considered in this paper. In that setting maximal L”-regularity results can
be obtained under certain Holder regularity assumptions in the time variable (see [80] and
references therein).

In many real-life models, the differential operator A has time-dependent coefficients,
and the dependence on time can be rather rough (e.g. the coefficient could be a stochastic
process). If this is the case, the operator-theoretic characterization of maximal regularity
just mentioned does not apply or leads to unwanted restrictions. In the present paper we
develop a functional analytic approach to maximal L”-regularity in the case t — A(t)
is only measurable (see Theorems 1.1 and 4.9 below). Our approach is based on the L?-
boundedness of a new class of vector-valued singular integrals of non-convolution type (see
Theorem 3.4). It is important to note that we do not assume any Hormander conditions on
the kernel in the time variable. For discussion and references on (vector-valued) singular
integrals we refer the reader to Section 3.

When the time-dependence is just measurable, an operator-theoretic condition for max-
imal L?-regularity is known only in the Hilbert space setting for p = 2 (see [65, 66] and
[88, Section 5.5]). The assumption here is that A arises from a coercive form a(t, -, -) :
V xV — Cand V < X < V’. Unfortunately, this only yields a theory of maximal -
regularity on V' in general (see [30] for a counterexample). In many situations one would
like to have maximal L”-regularity on X and also for any p € (1, 0o). Results of this type
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Maximal Regularity 529

have been obtained in [8, 23, 24, 41] using regularity conditions on the form in the time
variable.

Most results will be presented in the setting of weighted L?-spaces. For instance Theo-
rems 1.2 and 5.4 we will present a weighted L? (L9)-maximal regularity result in the case
A is a 2m-th order elliptic operator, assuming only measurability in the time variable and
continuity in the space variable. Weighted results can be important for several reasons. Max-
imal L?-regularity with a power weight t* in time (e.g. see [59, 71]) allows one to consider
rather rough initial values. It can also be used to prove compactness properties which in
turn can be used to obtain global existence of solutions. Another advantage of using weights
comes from a harmonic analytic point of view. The theory of Rubio de Francia (see [18]
and references therein) enables one to extrapolate from weighted L”-estimates for a single
p € (1,00),toany p € (1, 00). In Section 5 A ,-weights in space will be used to check R-
boundedness of certain integral operators. We refer to Theorem 2.6 and Step 1 of the proof
of Theorem 5.4 for details. Weights in time will be used for extrapolation arguments more
directly. For instance in step 4 of the proof of Theorem 5.4 and also the proof of Theorem
1.1 at the end of Section 4.4.

In the special case X( is a Hilbert space, our main result Theorem 4.9 implies the
following result.

Theorem 1.1 Let X be a Hilbert space. Assume A : (0, 1) — Z(X1, Xo) is such that for
allx € X1, t — A(t)x is measurable and

cillxlix, < lixlix, + 1A@xlx, < c2llxllx,, 1€ (0, 7), x € Xi.

Assume there is an operator Ag on Xo with D(Ag) = X1 which generates a contractive
analytic semigroup (e_ZAO)zeze which is such that (A(t) — Ao)re(0,7) generates an evolution
system (T (t, §))o<s<i<r on Xo which commutes with (e_rAU)rzo.

T, ) =T, s)e "™, 0<s<t<rt, r>0.

Then A has maximal LP-regularity for every p € (1, 00), i.e. for every f € LP(0, t; Xo)
and x € (Xo,X1);_1 » there exists a unique strong solution u € LP(0,7; X1) N
il

WP, t; Xo)NC ([0, 71; (Xo, X1)_1 p) of Eq. 1.1 and there is a constant C independent
il
of f and x such that

lllze.z:x0) + Nullwrr e xo) Flullcqoer o xn, 1 )
L

= Clfllierozixo + Clixlxo.xn, o -
L,

The condition on A(t) — Ag can be seen as an abstract ellipticity condition. The assump-
tion that the operators are commuting for instance holds if A(#) and Ag are differential
operators with coefficients independent of the space variable on R?. We will show that the
space dependence can be put in later on by perturbation arguments.

In Section 4.4 we will derive this result from Theorem 4.9 where the case of more gen-
eral Banach spaces X and weighted L”-spaces is considered. Instead of assuming that Ag
generates an analytic contraction semigroup one could also assume that Ap has a bounded
H*-calculus of angle < /2.
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530 C. Gallarati, M. Veraar

As an application of our main result we prove maximal L”-regularity for the following
class of parabolic PDEs:

W', x) +A@u(t,x) = f(t,x), t € (0,T), x € ]Rd,

12
u(0,x) = up(x), x € R?. (-2

Here

ADu(t,x) = Z aq(t, x)D%u(t, x). (1.3)

loe|<m

For such concrete equations with coefficients which depend on time in a measurable way,
maximal LP-regularity results can be derived using PDE techniques. Our results enable us
to give an alternative approach to several of these problems. Moreover, we are the first to
obtain a full LP(0, T; L4 (R%))-theory, whereas previous papers usually only give results
for p = q or g < p (see Remark 5.7 for discussion).

In the next result we will use condition (C) on A which will be introduced in Section 5. It
basically says that A is uniformly elliptic and the highest order coefficients are continuous
in space, but only measurable in time.

Theorem 1.2 Let T € (0,00). Assume condition (C) on the family of operators
(A(t))e0,1) given by Eq. 1.3. Let p,q € (1,00). Then the operator A has maximal
LP-regularity on (0, T), i.e. for every f € LP(0,T; LY(R?)) and ug € B;,p(Rd) with

s=m(l — %), there exists a unique

ue WP, T; LYR) N LPO, T; W™ (RY) N C(0, TT; B} ,(RY))
such that Eq. 1.2 holds a.e. and there is a C > 0 independent of ug and f such that

Wl e, 7;wma@ay) + lullwrro,r;La@ay + llleqo.ry: sy, @y (14
< C(||f||Lp(R;Lq(Rd)) + ”uO”Bé,p(Rd))'

The conditions on f and uq are also necessary in the above result. Here B s (]Rd) denotes
the usual Besov space (see [90] for details). The proof of Theorem 1.2 is glven at the end
of Section 5. It will be derived from Theorem 5.4 which is a maximal regularity result with
weights in time and space. One can also consider systems instead of Eq. 1.2. The results in
this case are more complicated and will be presented in [33].

Overview In Section 2 we discuss preliminaries on weights, R-boundedness and func-
tional calculus. In Section 3 we prove the L”-boundedness of a new class of singular
integrals. The main result on maximal L”-regularity is presented in Section 4. In Section 5
we show how to use our new approach to derive maximal L”-regularity for Eq. 1.2.
Finally in Section 6 we extend the result of [14] and [81] on quasi-linear equations to the
time-dependent setting.

Notation Throughout this paper we will write .2 (X, Y) for the space of all bounded linear
operators mapping X into Y. In the estimates below, C can denote a constant which varies
from line to line. We set N = {1,2,3, ---} and No = N U {0}.
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2 Preliminaries
2.1 A,-Weights

Details on A ,-weights can be found in [38, Chapter 9] and [87, Chapter V].

A weight is a locally integrable function on R? with w(x) € (0, oo) for a.e. x € RY. For
a Banach space X and p € [1, oo], L”(R, w; X) is the space of all strongly measurable
functions f : RY — X such that

1
sz = ( [ 17017000 dx)” <00 it p € 11,00),

and ||f||L00(Rd’w;X) = €sS. sup,crd I fF(X).
For p € (1, 00) a weight w is said to be an A ,-weight if

1

p—1
A, = sup][ w(x) dx(][ w(x) T dx) < 00.
0 JQ o

Here the supremum is taken over all cubes Q C R? with axes parallel to the coordinate

axes and f, = ﬁ /, o- The extended real number [w],, is called the A)-constant. The

Hardy-Littlewood maximal operator is defined as

M(f)(x) = sup][ IfWldy, feL’® w)
0>3xJQ
with O € R cubes as before. Recall that w € A p if and only if the Hardy-Littlewood
maximal operator M is bounded on L” (RY, w).
The following simple extension of the extrapolation result from [18, Theorem 3.9] will
be needed.

Theorem 2.1 (Extrapolation) For every A > 0, let f5, g : R — R+ be a pair of nonneg-
ative, measurable functions and suppose that for some py € (1, 00) there exist increasing
functions ap, By, on R such that for all wy € Ap, and all ). > /31,0([w0]A[,0 ),

I Fullro (R wg) = @po ([wola, Il Lro e, wy)- (2.1)

Then for all p € (1, 00) there is a constant cp g > 1 such that for all w € A, and all

= Bpo (@ ((wla,))

1l Ly < 40t (@ (WA, 183N Lo et )

po—l+
where ¢ (x) = cp gx 77T .

Note that [18, Theorem 3.9] corresponds to the case that f; and g, are constant in A. To
obtain the above extension one can check that in the proof [18, Theorem 3.9] for given p
and w € A, the A, -weight wo which is constructed satisfies [wO]Apo < ¢([wla,). This
clarifies the restriction on the A’s.

Below estimates of the form (2.1) with increasing function o, will appear frequently. In
this situation we say there is an A, -consistent constant C such that

IflLrord we) < CEI Lro®RA wg)-

Note that the LP-estimate obtained in Theorem 2.1 is again Aj,-consistent for all p €
(1, 00).
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532 C. Gallarati, M. Veraar

The following simple observation will be applied frequently. For a bounded Borel set
A C R? and for every f € LP(RY, w; X) one has 1, f € LY (R?; X) and by Holder’s
inequality

||1Af||L‘(Rd;X) = Cw,A“f”Lp(Rd,w;xy
A linear subspace ¥ C X* is said to be norming for X if for all x € X, ||x|| =
sup{|{x, x*)| : x* € Y, ||x*|| < 1}. The following simple duality lemma will be needed.

Lemma 2.2 Let p, p' € [1,00] be such that % + % = 1. Let v be a weight and let

1
v =v P71, Let Y C X* be a subspace which is norming for X. Then setting
(f.8) = / (f(0).g)dr, feLPRv:X), geLl R X",
R

the space LY (R, v'; X*) can be isometrically identified with a closed subspace of
LP (R, v; X)*. Moreover, L? (R, v'; Y) is norming for L? (R, v; X).

2.2 R-Boundedness and Integral Operators

In this section we recall the definition of R-boundedness (see [15, 22, 62] for details).

A sequence of independent random variables (r,),>1 on a probability space (2, <7, P)
is called a Rademacher sequence it P(r, = 1) = P(r, = —1) = 3.

Let X and Y be Banach spaces. A family of operators .7 C £ (X, Y) is said to be R-
bounded if there exists a constant C such that for all N € N, all sequences (7},) ’Ilvzl in 7
and ()cn)flv:1 in X,

(2.2)

L2(Q;X)

N
H ZrnTnxn
n=1

N
L2:7) =< CH Zrnxn
’ n=1

The least possible constant C is called the R-bound of 7 and is denoted by R(.7"). Recall
the Kahane-Khintchine inequalities (see [25, 11.1]): for every p, g € (0, 00), there exists a
Kp,q > 0 such that

(2.3)

N N
H E FnXn < Kp.q H E FpnXn .
LP(2;X) L9(2;X)
n=1 n=1

Therefore, the LZ(Q; X)-norms in Eq. 2.2 can be replaced by L”(2; X), to obtain an
equivalent definition up to a constant depending on p.

Every R-bounded family of operators is uniformly bounded. A converse holds for
Hilbert spaces X and Y: every uniform bounded family of operators is automatically
R-bounded.

The R-boundedness of a certain family of integral operators plays a crucial role in this
paper. Let K be the class of kernels k € L!(R) for which |k| % f < Mf for all simple
functions f : R — R4, where M denotes the Hardy-Littlewood maximal operator. The
next example gives an important class of kernels which are in K.
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Maximal Regularity 533

Example 2.3 Let k : (0,00) x R — C, be such that |k(u, t)| < h(%)%, u > 0, where
h € LY(R;) N Cp(R4), h has a maximum in xo € [0, 0o) and & is radially decreasing on
[x0, 00). Then,

o0 o0 . dx o0 dx o0
/ sup |k(u, )| dx 5/ sup |[h ()| — =/ sup |h(s)| — =/ sup |h(s)|dy
0 0 t=x u 0 0 s>y

X u
[t]=x 5= %

X0 o0
= /0 sup [ (s)|dy +/ Ih(M1dy = xolh(x0)| + 121l L1 (xg,00)-
X

s>y 0
Now by [77, Proposition 4.5] we find {k(é—") cu > 0} € K with C = xg|h(xg)| +

||h ||L1(x0,oo)-

Suppose T : {(t,s) € R?:¢ # s} —> Z(X)issuchthatforallx € X, (¢,s) — T(¢, s)x
is measurable. For k € IC let

Lr f(t) = /Rk(t —)T(t,s)f(s)ds. 2.4)

Consider the family of integral operators . = {Ir : k € K} € Z(LP(R; X)). The
R-boundedness of such families .# of operators will play an important role in Section 3.

Proposition 2.4 If {T(t,s) : s,t € R} is uniformly bounded on X, then % is uniformly
bounded on L (R, v; X) for every p € (1,00) and v € Aj,. Moreover, it is also uniform
bounded on L' (R; X).

Proof For any p € (1, 00), note that

M f(O)lx < /le(t—S)IIIT(t,S)f(S)ledS

=< C/]le(t —INf®lxds = CM fllx)@).

for a.e. t € R. Therefore the uniform boundedness of I;7 follows from the boundedness of
the maximal operator. The case v = 1 and p = 1 follows from Fubini’s theorem and the
fact that ||k 1 gy < 1 (see [77, Lemma 4.3]). O

The R-boundedness of Eq. 2.4 has the following simple extrapolation property:

Proposition 2.5 Let pg € (1, 00). Ifforallv € Ay, I € L (LP(R, v; X)) is R-bounded
by a constant which is Ap,-consistent, then for every p € (1,00) and v € A, g C
Z(LP (R, v; X)) is R-bounded by a constant which is A ,-consistent.

Proof The special structure of .# will not be used in this proof. Let Iy, ..., Iy € .Z,
fi,..., fn € LP(R, v; X) and let

Fpt) = | irnlnfan and G,(1) = | f}rﬂf"m
n=1 n=1

LP(Q:X) LP (%)

Then the assumption combined with Fubini’s theorem yields that for all v € A,

1 EplliLroR,vy < CNG pyllLroR,v)s
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534 C. Gallarati, M. Veraar

where C is a constant which is A ,-consistent. Therefore, by Theorem 2.1 we find that for
each p € (1, 00), there is an A ,-consistent constant C” (depending only on C) such that

| Fpollr@®,v) < C'lIGpollLr®,v)- (2.5)
Now by Eq. 2.3, F), < kp,poFpy> Gpy < Kp,pGp, and the result follows from Eq. 2.5 and
another application of Fubini’s theorem. O

In [32] the following simple sufficient condition for /R-boundedness of such families
was obtained in the case X = LY.

Theorem 2.6 Ler © C R4 be open. Let qg € (1, 00) and let {T (¢, s) : s,t € R} be a family
of bounded operators on L1 (O). Assume that for all Ag,-weights w,

17 )Nl ewoo,w < C, (2.6

where C is Ay, -consistent and independent of t, s € R. Then the family of integral operators
I ={Lr ke K} S ZL(LP(R, v; L1(O, w))) as defined in Eq. 2.4 is R-bounded for all
p.q € (1,00)and allv € A, and w € A,. Moreover, in this case the R-bounds R(5)
are A - and Ag,-consistent.

The proof of this result is based on extrapolation techniques of Rubio de Francia. As for
fixedt, s € R, T (¢, s) on L9(QO) is usually defined by a singular integral of convolution type
in R?, one can often apply Calderén-Zygmund theory and multiplier theory to verify (2.6).
In this case it is usually not more difficult to prove the boundedness for all A,-weights, than
just w = 1. The reason for this is that for large classes of operators, boundedness implies
weighted boundedness (see [34, Theorem IV.3.9], [38, Theorem 9.4.6] and [45, Corollary
2.10]). Another situation where weights are used to obtain 7R-boundedness can be found in
[31,43].

Example 2.7 For a bounded measurable function 6 : R?Z — Clet T(t,s) f=0(s/f,
f € LRI w). Then Eq. 2.6 holds and hence Theorem 2.6 implies that .# C
L(LP (R, v; L1(RY, w))) is R-bounded for all p,q € (1,00)andallv € Ay and w € Ay.

2.3 Sectorial Operators and H*°-Calculus

Let X be a Banach space. We briefly recall the definition of the H°°-calculus which was
developed by Mclntosh and collaborators (see e.g. [3, 9, 17, 68]). We refer to [42, 62] for
an extensive treatment of the subject. For 6 € (0, ) we set

g ={z € C\{0}: |arg(z)| <6},

where arg : C\ {0} — (—m, 7]. A closed densely defined linear operator (A, D(A)) on X
is said to be sectorial of type o € (0, ) if it is injective and has dense range, its spectrum
is contained in ¥, and for all o’ € (o, 7) the set

{tc+ 47" zeC\ {0}, |arg(z)] > o'}

is uniformly bounded by some constant C 4. The infimum of all o € (0, ) such that A is
sectorial of type o is called the sectoriality angle of A. If o < /2, then by [67, Proposition
2.1.1], A generates an analytic strongly continuous semigroup T (z) = e %4 for arg(z) <
/2 — o and

1T = Cals, t=0. 2.7
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Maximal Regularity 535

Let H*(Xy) denote the Banach space of all bounded analytic functions f : ¥y — C,
endowed with the supremum norm. Let H°(Xg) denote the linear subspace of all f €
H®(Xy) for which there exists ¢ > 0 and C > 0 such that

Clz|®
| f ()] < ENEE

If A is sectorial of type og € (0, ), then for all o € (09, 7) and f € Hy°(X,) we define
the bounded operator f(A) by

7 € Xg.

f(A) = L/ F@@E+ A dz
2mi 9T,

A sectorial operator A of type og € (0, ) is said to have a bounded H° (X )-calculus)
for o € (op, ) if there exists a C > 0 such that

I£ (AN = Cliflla=cs,), f € H5 (o).

If A has a bounded H*° (X, )-calculus, then the mapping f — f(A) extends to a bounded
algebra homomorphism from H*(Z,) to -Z(X) of norm < C.

Many differential operators on L7-spaces with g € (1, 0o) are known to have a bounded
H*-calculus (see [22, 62] and the survey [93]). The case A = —A on L? (]Rd , w) has
a bounded H°-calculus of arbitrary small angle o € (0,7) for every w € A, and
p € (1, 00). This easily follows from the weighted version of Mihlin’s multiplier theorem
(see [62, Example 10.2] and [34, Theorem IV.3.9]). For instance, it includes all sectorial
operators A of angle < 7 /2 for which e /4 is a positive contraction (see [56]).

3 A Class of Singular Integrals with Operator-Valued Kernel

Let X be a Banach space. In this section we will study a class of singular integrals of the
form

IKf(t):f K(t,s)f(s)ds, teR, 3.1)
R

where K : {(t,s) : t # s} — £(X) is an operator-valued kernel. If a kernel L depends on
one variable we write Iy = Ix where K (t,s) = L(t —s).

There is a natural generalization of the theory of singular integrals of convolution type to
the vector-valued setting (see [50]). In the case the singular integral is of non-convolution
type, the situation is much more complicated. An extensive treatment can be found in
[47-49], where T 1-theorems [19] and T b-theorems [20] have been obtained in an infinite
dimensional setting. Checking the conditions of these theorems can be hard. For instance,
from [69] it follows that the typical BMO conditions one needs to check, have a differ-
ent behavior in infinite dimensions. Our motivation comes from the application to maximal
LP-regularity of Eq. 1.2. At the moment we do not know whether the 7 1-theorem and T b-
theorem can be applied to study maximal L”-regularity for the time dependent problems we
consider. Below we study a special class of singular integrals with operator-valued kernel
for which we prove L”-boundedness. The assumptions on K are formulated in such a way
that they are suitable for proving maximal L?-regularity of Eq. 1.2 later on.

3.1 Assumptions

The assumptions in the main result of this section are as follows.

@ Springer



536 C. Gallarati, M. Veraar

(H1) Let X be a Banach space and let p € [1, 00) and! v € Ap.
(H2) The kernel K factorizes as

ot —s|Ap)T (¢, s)p1 (|t — s|Ay)
t—s ’

K(t,s) = (t,s) e R* 1t #3s. (3.2)

Here Ag and A are sectorial operators on X of angle < op and < o respectively,

and ¢; € HG°(XZ,/) and crj/. € (oj,m) for j = 0, 1. Moreover, we assume T :
X J

{(t,s) : t # s} > Z(X) is uniformly bounded and for all x € X, {(¢,s) : t #

s} — T(t, s)x is strongly measurable.

(H3) Assume X has finite cotype. Assume A; has a bounded H Oo(EJ(,J.)-calculus with
oj €[0,m)for j =0, 1.

(H4) Assume the family of integral operators .% := {l;7 : k € K} € L (LP(R, v; X)) is
R-bounded.

The class of kernels K is as defined in Section 2.2. Recall from Eq. 3.1 that

Lr f(t) = Ak(t —)T(t,s)f(s)ds. (3.3)

Since T is uniformly bounded, the operator Iz is bounded on L? (R, v; X) by Proposi-
tion 2.4.

Remark 3.1

1. The class of Banach spaces with finite cotype is rather large. It contains all L?-spaces,
Sobolev, Besov and Hardy spaces as long as the integrability exponents are in the range
[1, 00). The spaces ¢y and L* do not have finite cotype. The cotype of X will be
applied in order to have estimates for certain continuous square functions (see Eq. 3.7).
Details on type and cotype can be found in [25].

2. In the theory of singular integrals in a vector-valued setting one usually assumes X
is a UMD space. Note that every UMD has finite cotype and nontrivial type by the
Maurey-Pisier theorem (see [25]).

3. A sufficient condition for the R-boundedness condition in the case X = L7 can be
deduced from Theorem 2.6.

4. In (H2), ¢;(]t — s]A;) could be replaced by ¢;((r — s)A;) if the A;’s are bisectorial
operators. On the other hand, one can also consider T (¢, s)1{;<,; and T (¢, s)1{;<y) sep-
arately. Indeed, the hypothesis (H1)—(H4) holds for these operators as well whenever
they hold for 7'(z, s).

Example 3.2 Typical examples of functions ¢; which one can take are ¢;(z) = z%e¢™* for
Jj=0,1.IfT(t,5) = I1{5-, then for A = Ay = A one would have

K(t, S) — (t _ S)ZO(—]Azae—z([—S)Al{s<f}.

This kernel satisfies || K (7, s)|| ~ (t — s)~! for  close to s. If one takes T'(¢, s) varying in ¢
and s one might view it as a multiplicative perturbation of the above kernel.

IFor the case p = 1, the convention will be that v = 1.
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The following simple observation shows that /g as given in Eq. 3.1 can be defined on
LP?(R; D(A1) N R(A1)), where D(A}) denotes the domain of A; and R(A1) the range of
Al

Lemma 3.3 Under the assumptions (HI1) and (H2), I is bounded as an operator from
LP(R,v; D(A1)) N R(Ay)) into L (R, v; X).

Proof As ¢ € H(?O(Egl/) we can find a constant C and ¢ € (0, 1) such that |¢;(z)| <
Clz|®|1 + z|72¢. One can check that for all x € D(A1) N R(Ay),
o1t A)x]l < Cmin{r®, r~*}(l|x || + [[A1x |l + ||A1_IXI|), t>0. 3.4

Now since ¢ € Hé’o (E[,é) and |7 (¢, s)|| is uniformly bounded we obtain

[t = sIIK@ x|l < llgo(t —s|A) I NT @, )l g1 (]t — s|ADx ||
< Cmin{|t — 5|, |t — s} (llx |l + 1A x| + 1AT X ).
Therefore, K : {(¢,s) : t # s} => L (R(A1;) N D(A}), X) is essentially nonsingular, and
the assertion of the lemma easily follows from [37, Theorem 2.1.10] and the boundedness

of the Hardy-Littlewood maximal operator for p € (1, c0). The case p = 1 follows from
Young’s inequality. O

3.2 Main Result on Singular Integrals

Theorem 3.4 Assume (HI)-(H4). Then I defined by Eq. 3.1 extends to a bounded
operator on LP (R, v; X).

The proof is inspired by the recent solution to the stochastic maximal L?”-regularity
problem given in [76].
Before we turn to the proof, we have some preliminary results and remarks.

Example 3.5 Assume (H2) and (H3). If T'(¢, s) is as in Example 2.7 then (H4) holds.
Therefore, I is bounded by Theorem 3.4. Surprisingly, we do not need any smoothness
of the mapping (¢, s) — K (¢, s) in this result. In particular we do not need any regularity
conditions for K (¢, s) (such as Hormander’s condition) in (¢, s).

Recall the following Poisson representation formula (see [76, Lemma 4.1]).

Lemma 3.6 Let o € (0, 7) and o' € («, ] be given, let E be a Banach space and let
f 1 Xy — E be a bounded analytic function. Then, for all s > 0 we have

i [ i
f(s) = | Z‘ 5/0 ko(u, s) f(ue’%)du,
Je{-1.1}
where ky : Ry x Ry — R is given by
(t/uyza 1

ka(u ) = — 22—
(t/u)e +1au

(3.5)

Remark 3.7 In the special case X = L4(S) withg € (1, 00), we present some identification
of spaces which can be used to simplify the proof below. This might be of use to readers
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who are only interested in L9-spaces. First of all one can use the usual adjoint * instead of
the moon adjoint # in the proof below. In this case one can take
y (4 X) = LI(S; L*(0, 00; 41)),
y (4 X)* = L9(S; L*(0, 00; 1)),
y (%5 LP(R, v; X)) = LP(R, v; L9(S; L*(0, 00; 4))).

The y-multiplier theorem which is applied below in Eq. 3.6 can be replaced by [91, 4a] in
this case. Finally, the estimates in Eq. 3.7 can be found in [64] in this special case.

Proof of Theorem 3.4 Step 1: By density it suffices to prove |Ix fllLr@®v:x) =

CllfllLr®,v;x) With C independent of f € LP(R,v; D(A1) N R(A1)). Note that by
Lemma 3.3, Ix is well defined on this subspace.

Step 2:Fix 0 < o < o' < min{oj—00, 0] —o1}. First, since z — ¢o(zA0)T (¢, s)$1(zA1)
is analytic and bounded on X/, by Lemma 3.6, forx € D(A;) N R(A1) and z > 0,

Po(zAD)T (2, s)p1(zA)x = Z / Do, j (ke (u, 2)T (2, s)Py,j(u)x du
je{—1,1}

with ky (u, 1) as in Eq. 3.5 and @y () = dr(ue'’® Ay) for j € {—1,1} and k € {0, 1}.
Together with (H2) this yields the following representation of K (¢, s)x for x € D(A1) N
R(Al):

Kt,s)x= Y. f Do, () Sy (t, 5)®y ,(u)x —
jel-1.1)

where S, (. 5) 1= ka(u,t — $)T(t,5) with ke (u, 1) := ko (u, |t]) and k, is defined as in
Eqg. 3.5. Moreover, the kernels ko (u, - satisfy

ko (u, )] < & " ha(Du™", u,t >0,

xA1

where hy(x) = P and g = 2”—& > 0. Extending k,(u,t) as zero for t < 0, by
Example 2.3 we find that I;a (u, ) € K. Indeed, substituting y = xP, we obtain
oo xP
”h”Ll(O,oo):/O W dx = ﬁ 32 +1 dy = a.

Therefore, the following representation holds for the singular integral

Ixf= ) f @0, (u) s, [P, ](u)f] —
je{—1,1}
where f € LP(R, v; D(A]) N R(AY)).

Step 3:Let Y1 = LP(R, v; X) and ¥» = L? (R, v'; X*), where X* = D(A )N R(AD) is
the moondual of X with respect to Ag (see [62, Appendix A]) and v/ = v T .Forge Y,
write (f, g8)y,.v, = fR f (@), g(t))dt. In this way Y, can be identified with an isometric
closed subspace of Y. Note that by [62, Proposition 15.4], X* is norming for X and hence
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Lemma 2.2 implies that Y> is norming for Y. For fixed g € Y> it follows from Fubini’s
theorem and y-duality (see [40, Sections 2.3 and 2.6] and [55, Section 5]),

1 o0 d
[USEERAENDS 5‘/]1%/0 <CDOJ(“)ISL¢[(DLJ(“)JC](”»g(f)>%dl“

je{—1,1}
1 e} # du
= > E’ {Is,[®1,j ) f1, Po,j (u) 8>7’
jel—1.1) 0
1 #
= 2 SMsI®L A, g, ey, 19008 g,
jel=1,1}

Here @ ;(u)* := ¢o(ue'/* A}). By (H4) the family {I5, : u > 0} is R-bounded by some
constant Ct. Therefore, by the Kalton-Weis y-multiplier theorem (see [55, Proposition
4.11] and [74, Theorem 5.2])

15,115 @O 1o, o,y = CrlI®1 ;@ fll g, auy,): (3.6)

Here we used that X does not contain an isomorphic copy of cq as it has finite cotype (see
(H3)). The remaining two square function norms can be estimated by the square function
estimates of Kalton and Weis. Indeed, by (H3) and [40, Theorem 4.11] or [55, Section 7]
(here we again use the finite cotype of X) and the y-Fubini property (see [74, Theorem
13.6]), we obtain

191 O f @, i,y = 1915 Fl Loy, o0y < Canll
100, @) *8ll, g, au.y,ye = 190, 8l Lo @,y @ 3y < Cag I8l
Combining all the estimates yields
Ik £, 8)v,, 121 < C1Ca,Ca,ll flly, gy,

Taking the supremum over all g € Lp/(R, v'; X*) with llglly, < 1 we find ||Ig flly, <
C1CayCa, ll flly,. This proves the L”-boundedness. O

Remark 3.8 One can also apply standard extrapolation techniques to obtain weighted
boundedness results for singular integrals from the unweighted case (see [13, 45]). How-
ever, for this one needs Hormander conditions on the kernel. As our proof gives a result in
the more general setting, we can avoid smoothness assumptions on the kernel.

4 Maximal L”-Regularity

In this section we will apply Theorem 3.4 to obtain maximal L?-regularity for the following
evolution equation on a Banach space Xj.

u'(t) + A(u(r) = f(t), t € (0,T)

u(0) = x. @D

As explained in the introduction no abstract L?-theory is available for Eq. 4.1 outside the
case where t — A(t) is continuous.
The following assumption will be made throughout this whole section.
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(A) Let Xo be a Banach space and assume the Banach space X| embeds densely and
continuously in Xo. Let p € [1, 00) and v € A, with the convention that v = 1 if
p=1LetA:R — Z(X;, Xp) be such that for all x € X, t = A(t)x is strongly
measurable, and there is a constant C > 0 such that

C7MIxllx, < IIxllx, + IA@x]x, < Clixllx, -

The above implies that each A () is a closed operator on X with D(A(?)) = X;. Note
that whenever A is given on an interval / C R, we may always extend it constantly or
periodically to all of R.

Before we state the main result we will present some preliminary results on evolution
equations with time-dependent A.

4.1 Preliminaries on Evolution Equations

Evolution equations and evolution families are extensively studied in the literature (see [2,
28, 67, 78, 86, 88, 89, 94]). We explain some parts which are different in our set-up.
For a strongly measurable function f : (a, b) — X we consider:

{ W' (@t) + A@ut) = f(), t € (a,b)

(@) = x. 4.2)

where u(a) = x is omitted if a = —o0.

(1) Assume —0o0 < a < b < oo. The function u is said to be a strong solution of Eq. 4.2
ifu e Whl(a, b; Xo) N L' (a, b; X1) N C([a, b]; Xo), u(a) = x and Eq. 4.2 holds for
almost all ¢ € (a, b).

(2) Assumea = —oo and b < oo. The function u is said to be a strong solution of Eq. 4.2
if u € Wi!(a b; Xo) N LY (a,b; X1) N C((a, b]; Xo) and limy_, u(s) = 0 and
Eq. 4.2 holds for almost all t € (a, b).

(3) Assume b = oo. The function u is said to be a strong solution of Eq. 4.2 if for every
T > a the restriction to [a, T] or (a, T] yield strong solutions in the sense of (1) and
(2) respectively.

Note the following simple embedding result for general A ,-weights.

Lemmad4.1 Letp € [1,00) andletv € Ay, wherev = 1ifp = 1. For —o0o <a < b < o0,
WP ((a, b), v; Xo) = C(la, b]; Xo) and

lullc(a,p1:x0) < C”””lel’((u,b),v;xo)-

Proof Since L?((a,b),v; Xg) — LY(a, b; Xo), and u(t) — u(s) = f:u’(r) dr, the
continuity of u is immediate. Moreover,
t
lu@I < llus)]] +/ ' ()l dr < Nu)IF+ CllullLe (a,b),v;x0)-
N

Taking L? ((a, b), v)-norms with respect to the s-variable yields the result. O

There is a correspondence between the evolution problem (4.2) and evolution families as
defined below.
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Definition 4.2 Let (A(t));cr be as in (A). A two parameter family of bounded linear opera-
tors S(t,s), s < t, ona Banach space Xy is called an evolution system for A if the following
conditions are satisfied:

i S¢,s)=1, Sk, r)S@r,s)=S(t,s) fors <r <t

(i) (t,s) — S(t,s) is strongly continuous for s < t.

(iii)) Foralls € Rand T € (s,00), for all x € Xy, the function u : [s,T] — Xp
defined by u(t) = S(t, s)x is in Li(s, T: X)) NnWhi(s, T; Xo) and satisfies u'(t) +
A(t)S(t, s)x =0 foralmostallt € (s, T).

(iv) Forallt € Rand T € (—oo,t] for all x € Xy, the function u : [T,t] — Xo
defined by u(s) = S(t, s)x is in LT, 1; XN w1 (T, t; Xo) and satisfies u'(s) =
S(t, s)A(s)x.

Note that (iii) says that u is a strong solution of Eq. 4.2 with f = 0.

Example 4.3 1f A(t) = A is independent of ¢ and sectorial of angle < 7 /2, then S(z, s) =
e~=94 and the two-parameter family of operators reduces to the one-parameter family
e~'4 ¢ > 0, which is the semigroup generated by —A.

Example 4.4 Assume A : R — Z (X1, Xp) is strongly measurable and satisfies (A). Define
a family of operators <7 by

1 t
ﬂ’:{A(t):teR}U[—/ A(r)dr:s<t].

- K

Here we use the strong operator topology to define the integral. Assume there exist ¢, M
and N such that all B € &/ are all sectorial of angle ¢ < /2 and for all A € Zy,

1.0+ B)~' < M and |ix]lx, < N(llxllx, + I Bxllx,)

Assume for every By, By € o/ and A, u € X4, the operators (A + B~ land (u + Bg)_1
commute. Define S(¢, s) = e~ (=94 where Ay = ﬁf;A(r) dr. Then § is an evolution
family for A. Here the exponential operator is defined by the usual Cauchy integral (see
[67, Chapter 2]). Usually, no simple formula for § is available if the operators in .2/ do not
commute.
Note that in this special case the kernel K (¢,s) = 1{s<,}A(0)e_)‘(’_S)S(t, s) satis-
aK

fies the Calder6n-Zygmund estimates of [45]. Indeed, note that - = —li<p(A +

A))A0)e=98(t,5) and K = 1, (0 + A(5))A0)e =9 S(2, 5). Now since for
allr e Rand B € &7, |A(r)x|| < NC(llx|x, + l|Bx|lx,), we find that for all , T € R and
s < tlettingo = (¢t +5)/2,

IAMA@)SE, )| = |AF)S(E, )l |A(T)S (o, )|
< N2C* (1 + Aot S(t, ) D1 + | Ase S(a, $) )
<CU+@-9"H <3cU+@-92.

Therefore, the extrapolation results from the unweighted case to the weighted case of
Remark 3.8 does hold in this situation.
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Proposition 4.5 Let S be an evolution family for A. Fix x € Xo and f € L'(a, b; Xo). If
Eq. 4.2 has a strong solution u € Ll(a, b; X1)N Wl’l(a, b; Xo) N C(la, bl; Xg), then it
satisfies

t
u(t) = S(t, s)u(s) —l—/ S, r)f(r)dr, a<s <t <b, 4.3)

N
where we allow s = a and t = b whenever these are finite numbers. In particular,
strong solutions are unique if a > —oo. In the case a = —oo this remains true if

lim, oo [[S(z, $)[| = 0.

A partial converse is used and proved in Theorem 4.9.

Proof Fix a < s < t < b. By approximation one easily checks that for u €
Wl’l(s, b; Xo) N LY(s, b; X1), r — S(t, ru(r) is in Wl’l(s, b; Xo) and

%[S(t, Nu()] = =8¢, NA@u(r) + S, Nu'(r), res,T). “4.4)

Applying Eq. 4.4 to the strong solution u of Eq. 4.2, yields %[S(t, Nu(r)] = S, r) f{).
Integrating this identity over (s, ¢), we find Eq. 4.3.

If a > —oo, then we may take s = a in the above proof and hence we can replace
u(s) = u(a) by the initial value x. If a = oo, the additional assumption on S allows us to
let s — —oo to obtain

t
u(t) = / S, r)f(rydr, t <b.

Corollary 4.6 If S| and S are both evolution families for A, then S; = S».
4.2 Assumptions on A

The following condition can be interpreted as an abstract ellipticity condition.

(E) Assume that X has finite cotype and assume that there exists Ag € Z(X1, Xo) which
has a bounded H*°-calculus of angle o < /2 and there exists a strongly continuous
evolution system (7 (¢, s))s<; for (A(t) — Ao):;er such that e~ 740 commutes with
T(t,s) forevery t > s and r € R and assume there exists an w € R such that

1T )2y <M, s <t.
Set T'(t,s) = 0 fort < s. The following R-boundedness condition will be used.
(Rbdd) Assume that the family Z := {Iy,xr : k € K} € Z(LP([R,v, Xp)) is R-
bounded, where for k € £ and f € LP (R, v; Xo),

Lot f (1) ::/k(z—s)e*w"*S‘T(t,s)f(s)ds.
R

Remark 4.7
1. By (A) and (E) there is a constant C such that

CUIA@x N x, + I1xllx,) < [l Aoxllx, + IIxllx,
= CUIAMxlIx, + lixllxy), teR

and both norms are equivalent to ||x] x,.

4.5)
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2. Form even, if the A(t) are m-th order elliptic operators with x-independent coefficients
one typically takes A9 = §(—A)™ with § > 0 small enough.

3. Forp,ge(l,00),veApand X = L9, the ‘R-boundedness assumption follows from
the weighted boundedness of T'(¢, s) for all w € A, (see Theorem 2.6).

4. Although we allow p = 1 and v = 1 in the above assumptions, checking the assumption
(Rbdd) seems more difficult in this limiting case.

Lemma 4.8 Under the assumptions (A) and (E) the evolution family S for A uniquely exists
and satisfies

S(t,s) = e 40T (1, 5)
. . (4.6)
— T(t, s)ef(lf.Y)A() — e*f([*.Y)A()T(t’ S)efi(lfs)A(), s 5 t,

and there is a constant C such that for all s < t, ||S(t, $)|l.#x,) = Ce®"=)_ Moreover,
there is a constant C such that,

1S Ollzcxy < CISE Hlzxg, s <t

Proof The second identity follows from (E). To prove the first identity, we check that S(z, s)
given by Eq. 4.6 is an evolution family for A. By Corollary 4.6 this would complete the
proof. It is simple to check properties (i) and (ii) of Definition 4.2 and it remains to check
(iii) and (iv). Let x € X1. By the product rule for weak derivatives and (E) we find

%S(I, s)x = —Age UTIAT (1, 5)x — (A(t) — Ag)T (1, s)e~ =940y
= —AOS(f, S))C - (A(l) — A())S(t7 S)x — _A(I)S(l‘, S))C.

Similarly, one checks that %S(t, s)x = S(t,s)A(s)x. The fact that S(z, s) satisfies the
same exponential estimate as 7 (¢, s) follows from the estimate (2.7) applied to Ag.
By assumptions, for every x € X1, e A0S (1, s)x = S(t, s)e " A0x. Thus, by differenti-
ation we find —AgS(t, s)x = —S(¢, s)Aogx and therefore
1S(, $)xllx, < CAUl A0S, 9)xllx, + 15, $)x]1x,)
< CUIS(, ) Aoxlx, + 15, $)x]1x,)
< CIIS(t, 9)l.2xe) (1A0xlx, + lIxIxy) < C'NISE )Nl 2xo) 1% x, -
O

4.3 Main Result on Maximal L?-Regularity

Next we will present our main abstract result on the regularity of the strong solution to the
problem

W' () + (A@) +MNu@) = f(t), t eR. 4.7

Theorem 4.9 Assume (A), (E), and (Rbdd). For any A > w and for every f € LP (R, v; Xp)
there exists a unique strong solution u € WhP(R, v; Xo) N LP(R, v; X1) of Eq. 4.7.
Moreover, there is a constant C independent of f and A such that

(A — o) ullLr®,v,x0) + 1AoullLr®,v:x0) < CIfllLr®,v;X0)

CO—w+1)

4.8)
' | Lr ®.v:x0) < =51 f 1L (R.v: X0) -
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Remark 4.10 Parts of the theorem can be extended to A = w, but we will not consider this in
detail. The constant in the estimate (4.8) for u” can be improved if one knows [|A(t)x| x, <
CllAox| x, or when taking A > w + 1 for instance.

Before we turn to the proof of Theorem 4.9 we introduce some shorthand notation. Let
St s) = e =98¢, 5) and Ty.(r,5) = e 29T (¢, s). Since by Lemma 4.8, S is an
evolution family for A, also S is the evolution family for A(¢) 4+ . Similarly, 7) (¢, s) is an
evolution family for A(t) — Ag + A. By Eq. 4.3 if the support of f € L'(R; Xy) is finite, a
strong solution of Eq. 4.7 satisfies

t
u(t) = / S @&, r)f(rydr, teR. 4.9)

Proof Replacing A(¢) and T (¢, s) by A(¢) + w and e~ U=)OT (¢, ) one sees that without
loss of generality we may assume w = 0 in (E) and (Rbdd). We first prove that u given by
Eq. 4.9, is a strong solution and Eq. 4.8 holds. First let f € L”(R, v; X1) and such that
f has support on the finite interval [a, b]. Later on we use a density argument for general
f € LP(R, v; Xp). Let u be defined as in Eq. 4.9. Note that u = 0 on (—o0, a].

Step 1: By Lemma 4.8 the function u defined by Eq. 4.9 satisfies

t
llu (@)1 x, 5/ 155, )Lzl f () x, ds

< CNflpiapx,) < CUIaAIfllLr @ x))-

We show that u is a strong solution of Eq. 4.2. Observe that from Fubini’s Theorem and
j—sSx(s, rx = — 4+ A(s))Sy(s, r)x for x € X1, we deduce

t t s
/ (A+A(s))u(s)ds:/ / A+ AG)S (s, r)f(r)drds

t t
= / / A+ AG)S(s,r)f(r)dsdr

t t
=/ (=8x(t, r)f(r)+f(r))dr=—u(t)+/ f(rydr.

Therefore, u is a strong solution of Eq. 4.7.
Step 2: In this step we show there exists a C > 0 independent of A and f such that

lAoullLr®,v:x0) < CllfllLr®,v:x0)- (4.10)
By Egs. 4.6 and 4.9 we can write Agu = I f, where
¢t — s)A0) T (2, ) ((t — 5)Ao)

r—s

K(t,s)=

Here ¢ € H°(Z,) for o' < m/2is given by ¢(z) = z'/?¢~%/2. In order to apply The-
orem 3.4, we note that all assumptions (H1)—(H4) are satisfied. Only the R-boundedness
condition (H4) requires some comment. Note that k € K implies that for all A > 0, k; € IC
where k; (1) = e 1{;>0yk(t). Therefore, it follows from (Rbdd) that for all A > 0,

Rr, ke K)y=RU1: k€KY <R(Ur : ke K) <o0

which gives (H4) with a uniform estimate in A. Now Eq. 4.10 follows from Theorem 3.4.
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Step 3: In this step we show there exists a C > 0 independent of A and f such that

MullLr®,v:x0) < CllfllLe®,v:xo)- 4.11)
Using Eq. 4.9 and ||S(¢, s)|| < C we find

t t
Mulsy = [ M09 f G ds =€ [ 2N f©lxds < v,
—0o0 —0o0
where r;.(r) = Ae ! and g(s) = If)llx, Asr1 € LY(R) is radially decreasing by
[37, Theorem 2.1.10] and [38, Theorem 9.1.9],

MullLr®,,v;x9) < Clira * gllLr®,v)
< CIMglLraw) < Clgler@vy = C'Il fllLr@®,v: xo)

in the case p > 1. The case p = 1 follows from Fubini’s theorem and the convention v = 1.
This estimate yields (4.11).

Step 4: To prove the estimate for u’ note that u’ = —Au — Au + f, and hence writing
Z = LP (R, v; Xp), by Egs. 4.5 and 4.8, we obtain

lu'llz < Mullz + | Aullz + 11 fllz

A+C
< G+ Ollulz + CllAoullz + £z < K (57— +1)If 1z

This finishes the proof of Eq. 4.8 for f € L?(R; X) with support in [a, b]

Step 5: Now let f € LP(R, v; Xg). Choose forn > 1, f,, € LP(R, v; X) with compact
support and such that f,, — f in L?(R, v; Xg). For each n > 1 let u,, be the correspond-
ing strong solution of Eq. 4.7 with f replaced by f,. From Eq. 4.8 applied to u,, — up
we can deduce that (u,),>1 is a Cauchy sequence and hence convergent to some u in
LP(R, v; X{)NWP(R, v; Xo). On the other hand, for u defined as in Eq. 4.9 one can show
in the same way as in Step 3 that for almost all # € R,

t

1S5 ) NS () = fu(s)ll ds

lu(t) — un ()] 5/

t

sC [ IR0 - fi0)lds =€ MAS - FIDO.
—0o0

where M is the Hardy-Littlewood maximal operator. Taking L?(v)-norms and using the

boundedness of the maximal operator we find u, — u in L? (R, v; X¢) and hence u = u

if p € (1, 00). Taking limits (along a subsequence), Eqs. 4.7 and 4.8 follow if p € (1, 00).

The case p = 1 is proved similarly using Young’s inequality. O

It will be convenient to restate our results in terms of maximal L% -regularity. For —oo <
a<b<oo,let

MR ((a, b), v) = WP ((a, b), v; Xo) N LP((a, b), v; X1).
Definition 4.11 Let —00 < a < b < oo. Assume (A) holds and let p € [1,00) andv € A,

with the convention that v = 1 if p = 1. The operator-valued function A is said to have
maximal LY -regularity on (a, b) if for all f € LP((a, b), v; Xo), the problem

{ W' () + A@u@) = f(t), t € (a,b)

@ — 0. 4.12)
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has a unique strong solution u : (a,b) — X and there is a constant C independent of f
such that

lullare ((a,b),0) < CllFIILP ((a,b),v; X0)- (4.13)

Here we omit the condition u(a) = 0 if a = —oo.

Of course, the reverse estimate of Eq. 4.13 holds trivially. Note that maximal LZ-
regularity on (a, b) implies maximal LY -regularity on (¢, d) < (a, b). It is also easy to
check that if |b — a| < oo, the maximal LY -regularity on (a, b) for A and X + A are equiva-
lent. Indeed, the solutions of u’(t) + (A +A())u(t) = f() and w' (1) + A w(t) = e £ (1)
are connected by the identity u(¢) = e Mw(t).

The result of Theorem 4.9 immediately implies that

Corollary 4.12 Assume (A), (E) and (Rbdd). For any A > o, » + A has maximal L7 -
regularity on R.

Actually the constant in the estimate can be taken uniformly in A. Indeed, for fixed 1o >
o by Eq. 4.8 and Remark 4.10, there is a constant C such that for all A > A¢ and for all
f € LP(RJF? v; XO)’
lullMrr ®,v) < CllfllLr@®,v;x0)- (4.14)
This is a maximal regularity estimate with constant which is uniform in A.

Remark 4.13 If A is time independent and has an H*°-calculus of angle < /2, then setting
Ap = A,and T (¢, s) = I, Theorem 4.9 yields a maximal regularity result for autonomous
equations. There are much more suitable ways to derive maximal L?”-regularity results in the
autonomous case (see [56, 62, 91, 92]), using less properties of the operator A. Indeed, only
‘R-sectoriality of A is needed, but the Banach space Xy is assumed to be a UMD space. We
assume more on the operator but less on the space as we only require finite cotype of X and
the R-boundedness of a certain integral operator. Another theory where no assumptions on
the Banach space are made but even more on the operator, can be found in [52]. In the above
mentioned works only maximal L”-regularity on R is considered, but by a standard trick
due to Kato one can always reduce to this case (see for instance the proof of [27, Theorem
7.1]). For the case of time-dependent operators this is no longer true.

4.4 Traces and Initial Values

Recall from Lemma 4.1 that any u € WLP((a, b), v; Xo) has a continuous version. We
introduce certain interpolation spaces in order to give a more precise description of traces.
Let X, , be the space of all x € X( for which there is a u € MR” (R, v) such that
u(0) = x. Let
Ixllx,, = inf{llullMre &, v) : 2(0) = x}. (4.15)
Spaces of this type have been studied in the literature (see [10, 12, 51] and references
therein). Obviously, one has X| — X, , < Xp.
Fort € R and a weight v, let v, = v(- —t). The following trace estimate on R is a direct
consequence of the definitions. A similar assertions holds for u € MR? (R, v) for all 1 € R.

Proposition 4.14 (Trace estimate) Foru € MR? (R, v), one has

lu®lx, , < lullpre®y vy, t € [0, 00).
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A simple application of maximal regularity is that one can automatically consider
nonzero initial values. Note that without loss of generality we can let a = 0.

Proposition 4.15 Assume (A) and let T € (0, oo]. Assume A has maximal LY -regularity
on (0, T) with constant K 5. For x € Xo and f : (0,T) — Xq strongly measurable the
following are equivalent:

(1)  The data satisfies x € X, and f € LP((0, T), v; Xo)
(2) There exists a unique strong solution u € MR? ((0, T'), v) of

u'(@)+Au@) = f@), t€@©,T
{M(E))Lx.() )= f@®), 1€07) “16)
In this case there is a constant ¢, , T such that the following estimate holds:
max{cy,p, 71Xl x, ,» I fllLr(0,7),0:x0)} = lullaarr 0,7,
v,p » ((0,T),v: Xo) ((0,7),v) 4.17)

< Kallxllx,, + Kall fllLro.1).0:x0)-

Proof (1) = (2): Let w € MRP (R, v) be such that w(0) = x. Let g(t) = —(w'(r) +
A(t)w(t)). Then g € LP((0, T), v; Xo). Let & be the solution to Eq. 4.16 with zero initial
value and with f replaced by f + g. Now u(¢) = it (t) + w(¢) is the required strong solution
of Eq. 4.16. Indeed, clearly u(0) = x and

W)+ AQu) =i (t) + ADa@) + w' @) + AQ)w(t)
=f+g—g=1

Moreover,

llulivre (0,7),0) < lEllMRP (0,7),v) + IWIIMR? (0, T),v)

< KallfllLro.1),v:x0) + KallwllmMrr ®, v)-
Taking the infimum over all w € MR? (R, v) with w(0) = x also yields the second part
of Eq. 4.17.

(2) = (1): Asu’ and Au are both in L?((0, T'), v; Xp), the identity in Eq. 4.16 yields

that f € LP((0,T), v; Xo) with the estimate as stated. To obtain the required properties

for x note that u € MR”((0, T), v) can be extended to a function u € MR” (R, v) with
o, p,TllulIMRP R, v) < lUllMR?((0,T),v)- In the case T = oo we can take ¢y, p, 7 = 1. (I

It can be difficult to identify X, ,. For power weights this is possible. Including a power
weight has become an important standard technique to allow non-smooth initial data and to
create compactness properties. At the same time, the regularity properties of the solution to
Eq. 4.16 for t > 0 are unchanged. For more details and applications to evolution equations
we refer to [39, 59, 67, 72, 73, 83].

Example 4.16 Assume v(t) = t* witha € (—=1,p —1). Thenv € A, and X, , =
(X0, X1)|_1te » (see [90, Theorem 1.8.2]). Here (X0, X1)g,, stands for the real interpola-
e

tion space between X( and X . In the limiting cases @ © p — 1 and @ | —1, one sees that
the endpoint X; and X can almost be reached.

As in [83] we find that for & € [0, p— 1), any u € MR? (R4, v) has a continuous version
with values in (X, X1)171%’17 and

sup [lu)llxo.x1), 1ia , < CllullmMrr @, ,0)- (4.18)
teRy P
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Indeed, this follows from the boundedness and strong continuity of the left-translation in
LP(Ry, v; (X0, X1)|_ 1t p) and Proposition 4.14.
e

On the other hand, for every —1 < @ < p — 1 one has u € C((0, 00); (Xo, X1),_1 p)
r’

and for every ¢ > 0,

sup fa/p””(l)ll(xo,xl)l <Cl|t ta/pu(t)”MRV(s,oo) < CellullmMrr Ry, )

1
tele,00) »P

where we used ~7 < max{l, ¢~7}. If additionally u(0) = 0, then by Hardy’s inequality
(see [46, p. 245-246]) we can take ¢ = 0 in the last estimate.

Proof of Theorem 1.1 First of all we may use a constant extension of A to an operator
family on R. Clearly, we can do this in such a way that 7 (¢, s) is uniformly bounded in
—00 < § <t < oo say by aconstant M. For instance one can take A(t) = Ao fort ¢ (0, 7).
Assumption (A) is clearly satisfied. Note that by the assumption and [62, Theorem 11.13],
Ao has a bounded H*°-calculus of angle < /2 and hence (E) is satisfied.

By Proposition 2.4 {7 : k € K} is uniformly bounded. For p = 2, this implies R-
boundedness of {Ix7 : k € K} € ZL(L%A(R, v; Xp)), because L2(R, v; Xo) is a Hilbert
space. By Proposition 2.5 this implies that {I7 : k € K} € Z(LPR,v; X)) is
‘R-bounded as well and hence condition (Rbdd) holds. Therefore, all the conditions of The-
orem 4.9 are satisfied, and we find that A has maximal L’ -regularity on R. This implies
that A has maximal L} -regularity on (0, 7), and hence the required result follows from
Proposition 4.15 and Example 4.16. O

4.5 Perturbation and Approximation

In this section we will illustrate how the additional parameter A from Eq. 4.14 can be used
to solve the perturbed problem

{ u'(t) + Au(t) + B, u(®)) = f(t), t € (0,T)

1(0) = x. (4.19)

Here B : [0,T] x X; — Xy is such that there exists a constant ¢ > 0 small enough and
constants C, L > 0 such that forall x, y € Xy andt € (0, T),

”B(ts-x) - B(tv y)”X() =< 8I|'x _y”X[ +LB||X - y”X()v
1B, x)lx, < Cr(l+ llxllx,).

Recall that MR? ((0, T), v) = WP ((0, T), v; Xo) N LP((0, T), v; X1).

(4.20)

Proposition 4.17 Assume T < oo. Assume (A) holds and assume there is a Lo such that for
all A > xo, A+ A has maximal LY -regularity on (0, T) and there is a constant C4 > 0 such
that for all . > ,o and f € LP((0, T), v; Xo), the strong solution u to Eq. 4.12 satisfies

MullLro,1),v:x0) + leellmrr (,7),0) < Call fllLeo,1),v:X0)- (4.21)

Assume the constant from Eq. 4.20 satisfies ¢ < C%y Then for every f € LP((0,T), v; Xo)
and x € Xy, p, there exists a unique strong solution u € MR?((0, T), v) of Eq. 4.19 and

lullmrr 0.1).0) < CA + lIxllx, , + 1 1ILr0.1),0:X0)) 4.22)
where C is independent of f and x.
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The proof of this proposition is a standard application of the regularity estimate (4.21)
combined with the Banach fixed point theorem. A similar result holds on infinite time
intervals if one assumes || B(t, x)||x, < Cpll x| x,.

Proof Let A > 0 be so large that % < Cpée := 1—0 and define the following equivalent
norm on MR?((0, T), v):

llzell5. = AMlullLr0,1),0;x0) + lullMr? (0,7),0)-

We will prove that for all g € LP((0,T), v; Xo) and x € X, , there exists a unique
strong solution w € MR?((0, T), v) of

w' (1) + (A() + Dw(t) + B, w(®) = gt), w(0) = x. (4.23)

and that w satisfies the estimate (4.22) with (u, f) replaced by (w, g). Here B’(t, x) =
e~ B(t, e x) and note that B satisfies the same Lipschitz estimate (4.20) as B. To see that
the required result for Eq. 4.19 follows from this, note that there is a one-to-one correspon-
dence between both problems given by u(t) = e* w(z) and f = e* g. Therefore, from now
it suffices to consider Eq. 4.23.

In order to solve Eq. 4.23 we use the maximal regularity estimate Eq. 4.21 combined with
Proposition 4.15 and the special choice of 1. For ¢ € MR?((0, T), v) we write w = L(¢),
where w € MR?((0, T), v) is the unique strong solution of

w' (@) + (A@) + Dw(t) = g(t) — B(t, ¢ (@), w(0)=x. (4.24)
Then for ¢1, ¢» € MR?((0, T), v), by Eq. 4.21 one has

IL($1) — L(@2) 5. < CallBC. ¢1) — BC. )l Lr(0.7),0: x0)
< Caclldr — d2llLr0,1),0:x,) + CaLplldor — d2llLr0,7),v:X0)
<A =0)lg1 — P2llx.

Hence L is a contraction on MR? ((0, T'), v) with respect to the norm || - ||,.. Therefore, by
the Banach fixed point theorem there is a unique w € MR” ((0, T'), v) such that L(w) = w.
It is clear that w is the required strong solution of Eq. 4.23. To prove the required estimate
note that by Eq. 4.21 and Proposition 4.15 one has

lwllix = IL)llx < [IL(w) = LO)[[x + IILO)]]5
= =Dlwlix + Cadlglzro,7).v:x0) + CB) + Clixllx, -

Subtracting (1 —60)||w||, on both sides, and rewriting the estimate in terms of f and u gives
the required result. O

With a similar method as in Proposition 4.17 one obtains the following perturbation result
which will be used in the next Section 6.

Proposition 4.18 Assume T < o0o. Assume (A) holds and A(-) has maximal LY -regularity
on (0, T) and the estimate (4.13) holds with constant C4. Let ¢ < Cy. If B : [0,T] —
Z (X1, Xo) satisfies | B(t)x|x, < €llxllx, forallx € X| andt € [0, T], then A + B has

Ca
1-Cgpe”

maximal LY -regularity with constant
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Proof One can argue as in the proof of Proposition 4.17 with A = 0, g = f, B = B and
1 -6 = Cge. Moreover, if w = L(w), then
lwlimre 0,7),0) = I1L(w) — LO)lImr?(0,7),v) + ILO) MR (0,7),v)
< (A =Dllwlmrr0,1),0) T Call fllLr0,1),v:X0)

and the required estimate result follows. O

Consider the sequence of problems:

{ wly(t) + An(Ou(t) = fu(t), t € (a, b)

(@) = x,. (4.25)

Here we omit the initial condition if ¢ = —o0.
Recall that v, = v(- — a). The following approximation result holds.

Proposition 4.19 Assume (A) holds for A and A, for n > 1 with uniform estimates in n.
Assume A and A,, for n > 1 have maximal L} -regularity on (a, b) with uniform estimates
inn. Let fp, f € LP((a, b), v; Xo) and x,, x € Xy,,p for n > 1. Then if u and u, are the
solutions to Eqs. 4.2 and 4.25 respectively, then there is a constant C only dependent on the
maximal LY regularity constants and the constants in (A) such that

litn = wllarr ar.or = C 1w = xl1x,,p + 1o = £l ixo
(4.26)

+ (A, — A)MllLﬂ((a,b),v;xo)]-

In particular if x, — x in X, p, forall z € X1, Ay(t)z — A(t)z in X a.e. and f, — f
in L?((a, b), v; Xg), then u,, — u in MR? ((a, b), v).

Typically, one can take A, = ¢, * A where (¢,),>1 is an approximation of the identity.
If ¢, are smooth functions, then A, will also be smooth and therefore, A, will generate an
evolution system with many additional properties (see [67, 88]).

Proof The last assertion follows from Eq. 4.26 and the dominated convergence theorem. To
prove the estimate (4.26) note that w, = u, — u satisfies the following equation

W)+ Agwy = (fu — )+ (A — Au, wy(a) = x, — x.

Therefore, the Eq. 4.26 follows immediately from the maximal L -regularity estimate. [

5 An Example: m-th Order Elliptic Operators

In this section let p, ¢ € (1, 00), m € {1, 2, ...} and consider the usual multi-index notation
DY = D‘;‘l et Djd, g2 = (gHr . . (ED% and |a| = o) + - - - + og for a multi-index
a=(ay, -, aq)e Ni. Below we let Xg = LI(R?, w) and X| = W™ (R?, w).

Recall that f € W™4(RY, w) if f € LY(R?, w) and for all || < m, | D* f | 14 rd .y <
o0. In this case we let

flwmagiwy = Y ID*Fllragd wys 1 lwma@iwy = Y 1D*Fllpaqrd w)-

lot|=m loe|<m

The weights in space will be used in combination with Theorem 2.6 to obtain R-
boundedness of the integrals operators arising in (Rbdd).
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Consider an m-th order elliptic differential operator A given by

(A@u)(t,x) = Y au(t, x)Du(t,x), t €Ry, x €RY, (5.1)
la|<m
where D; := —ia% anday : Ry x R — C.

In this section we will give conditions under which there holds maximal L} -regularity
for A or equivalently we will prove optimal L!-regularity results for the solution to the
problem

(5.2)

w(t,x)+ + A@)u(t, x) = f(t,x), t € (a,b), x € R?
u(a,x) =up(x), xe€ R4,

A function u will be called a strong LY (LY)-solution of Eq. 5.2 if u € MR? ((a, b), v) and
Eq. 5.2 holds almost everywhere.

With slight abuse of notation we write A for the realization of A on Xg = L4 (R?, w) with
domain D(A) = X;. In this way (5.2) can be modeled as a problem of the form (4.16).
Also, we have seen in Section 4 (and in particular Proposition 4.15) that it is more general
to study maximal L7 -regularity on R. Therefore,we will focus on this case below.

5.1 Preliminaries on Elliptic Equations

In this section we introduce notation and present some results for elliptic equations which
will be needed below.
Let

A= Z a, DY,
lee|<m
with a, € C constant. The principal symbol of A is defined as
As§) == ) asE".
lo|=m

We say that A is uniformly elliptic of angle 6 € (0, 7r) if there exists a constant x € (0, 1)
such that

Az(€) C Zo and [Az(€)| =k, § R |5 =1
If additionally there is a constant K such that |ay| < K for all || < m, then we write
A € Ell(8, «, K).
The following result is on the sectoriality of the operator in the x-independent case. The
proof is an application of the Mihlin multiplier theorem.

Theorem 5.1 Let 1 < g < coand w € Ay. Assume A € Ell(0y, k, K) with 6y € (0, ).
Then for every 0 > 0y there exists an A,-consistent constant C depending on the parameters
m,d, 0y — 0, k, K, q such that

_ 181 _
1A= DP O 4+ A gama wy <C. 1Bl <m, A€ Tap. (5.3
In particular, there is a constant c depending only on 0 and C such that ||e™"4| < C.

The case of x-dependent coefficients can be derived by standard localization arguments,
but we will not need this case below (see [43, Theorem 3.1] and [61, Section 6]).
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Proof For Eq. 5.3 we need to check that for every A € ¥,;_p, and |B| < m, the symbol
M :R? — C given by
_ 18l _
M@ =27 mEP o+ A
satisfies the following: for every multiindex o € Ng, there is a constant C, which only
depends on d, o, 8 — 09, K, k such that

|E* DY M(£)] < Cy, £ €RY, (5.4)

Indeed, as soon as this is checked, the result is a consequence of the weighted version of
Mihlin’s multiplier theorem (see [34, Theorem IV.3.9]).

In order to check the condition for £ > 0 let F; be the span of functions of the form
k”gh_l, where n € [0, 1], g : RY - Cis polynomial which is homogeneous of degree
veNpand h = (A + Ap)* with u € Nand £ = m(p — n) — v. It is clear that M € Fp.
Using induction one can check that for f € Fy one has D* f € Fyy|q.

We claim that for f € Fy the mapping £ — |£|¢ f (&) is uniformly bounded. In order to
prove this it suffices to consider f = A"gh~! with g and h as before, and £ = m (. —1n) —v.
As & — |&]|7Vg(&) is bounded it remains to estimate

AThE) T EITY = s7(s + Az (EF)TH,

where §* = £/[§| and s = A[§]7". _

Write Az (£%) = re'? with r = [A4(£%)| and |p| < 6 and s = pe'V with p = |s| and
|| < m — 6. Then

|s(s + Az (") ] = p"lpe +re? |7 = p (0 +r? 4+ 2pr cos(Y — @) /7.
Since cos({y — ¢) > cos(m — (0 — 6p)) = —cos(@ —6y) = —(1 — &2) with & € (0, 1) and
—2pr > —(p* + r?) and we find
|s7(s 4+ Ag(E) T < p"(p% 4 r7) eI < il T,

where in the last step we used r > k and p > 5. This proves the claim.

In order to check (5.4) note that M € Fy and hence by the above D*M(§) € Fy.
Therefore, the bound follows from the claim about Fy and the observation that the functions

g arising in the linear combinations of the form Mgh™1 satisfy [g(§)| < Ck.d.a-
The assertion for e 4 follows from Eq. 2.7 and the estimate (5.3) with 8 = 0. O

As a consequence we obtain the following:

Corollary 5.2 Let Lo > 0. Under the conditions of Theorem 5.1, the operator A is closed
and for every . > X,

cllullymama yy < N+ Autll Lo wd, ) < (K + ) ullyyma e, )

where ¢V is Ag-consistent and only depends onm, d, 0y — 0, k, K, q and .

Corollary 5.2 for x-dependent coefficients will be derived from Theorem 5.4 in
Remark 5.6.

Corollary 5.3 Letm > 1,1 < g < ocoandw € Ay. Ifm > 2, then there is an A -consistent
constant C depending only on d, q and m such that for all || <m — 1

ID? £l Loy < CIFN Lo oy Lf Twma g )
o

8 _m=Ifl
S C/)\,m ”f”L‘l(Rd,w) + C,}\. [f]W'"*q(Rd,w)'
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Proof Note that for |8] = 1,

1 _1
IDP £l Loty < CAZNF N Loy + A7 2L Iwza ge )

follows from Theorem 5.1 with A = —A and the required estimate follows by minimizing
over all A > 0. The case m > 2 can be obtained by induction (see [61, Exercise 1.5.6]). The
final estimate follows from Young’s inequality. O

5.2 Main Result on R?

For A of the form (5.1) and x¢ € R? and #y € R let us introduce the notation:

Alto, x0) := Y aq(to, x0) D"

la|<m
for the operator with constant coefficients.

(C) Let A be given by Eq. 5.1 and assume each a, : R x RY — C is measurable. We
assume there exist 8y € [0, 7/2), k and K such that for all 1) € R and x¢ € R4,
A(tg, x9) € Ell(6y, «, K). Assume there exists an increasing function w : (0, co) —
(0, 0co) with the property w(g) — 0 as ¢ | 0 and such that

lag (1, X) — ag(t, )| < o(Ix — y), lal=m, t €R, x,y e RY.

As 6y < m/2, the above ellipticity condition implies that m is even in all the results
below.
The set of parameters on which all constant below will depend is given by

P ={«,K,w,[v]a,, wla,, p,q,d,m, 6} (5.5)

Moreover, all the dependence on the weights will be in an A, and A, -consistent way.

Theorem 5.4 Let p,q € (1,00). Letv € A,(R) and w € A, (RY). Assume condition (C)
on A. Then there exists a Ay € R depending on the parameters in P such that for all A > Ag
the operator . + A has maximal LY -regularity on R. Moreover, for every A > Ao and for
every f € LP(R, v; Xo) there exists a unique u € MRP (R, v) which is a strong LP(L?)
solution of

w(t,x)+ A+ A)u(t,x) = f(t,x), ae.t €R, x € R?
and there is constant C depending on the parameters in P such that
MullLr®,v:xo)) + lullmre ®,v) < ClfllLr®,v:X0)- (5.6)

Recall that MR? (R, v) = WP (R, v; Xo) N LP (R, v; X1).

Also note that the estimate (5.6) also holds if one replaces R by (—oo, T) for some
T € R. The above result also implies that A + A has maximal L} -regularity on (0, T) for
every T < oo and every A € R.

The proof of the above result is a based on Theorem 4.9, standard PDE techniques and
extrapolation arguments. The proof of Theorem 5.4 is divided in several steps of which
some are standard, but we prefer to give a complete proof for convenience of the reader. In
Steps 1 and 2 we assume a, = 0 for |o| < m and show how to include these lowers order
terms later on.
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Step 1: Consider the case where the coefficients a, : R — C are x-independent. Choose
8 > 0 small enough and set Ay = 8(—A)™2. Note that by Corollary 5.2 D(Ap) = X1. We
write

A(t) = Z ag(H)DY, A(t) = A(t) — Ay.

la|=m
It is a simple exercise to see that there exist 5o > 0, 6" € (0, 7) and ¥" > 0 depending
on « and 6 that for all § € (0, 8], A(t) € EIl(@’, k', K). Therefore, each A(¢) satisfies the

conditions of Theorem 5.1 with constants only depending on 8, «, 6, K. The same holds
for operators of the form Aab = ﬁfabﬁ(t) dt, where 0 < a < b < co. Note that Aab
and A(t) are resolvent commuting and have domain X ;. Therefore, by Example 4.4 the
evolution system for A exists and is given by
T(t,s) =exp(—(t—s)AS,), 0<s<t<oo.

Moreover, for all A > 0,

17T N g@ramiwy <C, 0=s=1, (5.7)
where C only depends on éy, «, 6, 6p, K, q, [w]Aq. Since Ay is also resolvent commuting
with Aab and A(t), it follows from Lemma 4.8 that the evolution system generated by A
factorizes as

S(t,5) = e 2U=DAT (1, 5)e~ 20940 0 <5 <1 < o0,

We check the hypothesis (A), (E) and (Rbdd) of Theorem 4.9. Condition (A) follows
Corollary 5.2 with A = 1. For condition (E), recall from Section 2.3 that Ag has a bounded
H-calculus of angle < /2. Moreover, Xo = L9(R?) has finite cotype (see [25, Chapter
11]). Finally, (Rbdd) follows from Theorem 2.6 and Eq. 5.7. Therefore, by Theorem 4.9 we
find there is a constant C such that Eq. 5.6 holds for all » > 1.

Step 2: Next we consider the case where the coefficients of A are also x-dependent, but

still with a, = 0 for « < m. We start with a standard freezing lemma.
Lemma 5.5 (Freezing lemma) Let ¢ > 0 be such that w(e) < % where C is the constant
for Eq. 5.6 obtained in Step 1. If u € MRP (R, v) and for some xo € RY for each t € R,
u(t, -) has support in a ball B(xg, €) = {x : |x — xo| < &}, then for all A > 1, the following
estimate holds:

MullLe @ v:xo) + lullurr vy < 2C1A+ A)u + || Lr®,v: X) - (5.8

Proof Let f := (A+ A)u+u’ and observe that u’ + (A(-, xg) +Mu = f+ (A(-, x9) — A)u.
By Eq. 5.6, we find

MullLr®,v;x0) + lullmMrr®,v) < ClIlfllLr®,v;x0) + CI(AC, x0) — AullLrR,v: X0)-

Note that by the support condition on # and the continuity of x > ay (-, x),
(A, x0) — A@)u@®)lx, < w(E@)llu@®llx, .

Therefore, C||(A(-, x0) — AullLr®,v:x,) < %||u||MRp(R,U) and hence

1
MullLr®,v;x0) + lullmMre®R,v) < ClfllLr@®,v;x0) + EHMHMR”(R,U)-

and the result follows from this. O
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Step 3: In this step we use a localization argument in the case p = g to show that there
is a constant C such that for all u € MR” (R, v),

MullLe®,v:xo) + lullzo® v x,) < CIO A+ D+ u' || La®,v: x)-

5.9
(a) Take a ¢ € COO(]Rd) with ¢ > 0, ||¢||L4(Rd) = 1 and support in the ball B, = {x :
|x| < e} where ¢ > 0 is as in Lemma 5.5. Note that
Va0l = [ 9080 ol (5.10)
R4

By the product rule, we can write

V' ult, ) (x — )] = V"u(t,x) - p(x —E) + Y caDult, )DSVp(x — &),

la|l<m—1
with |g(a)| < m and ¢, > 0. Therefore,

V"u(t,x) - ¢ — )] < V" [ut. )G — 1+ C Y Dt x),
loe|<m—1

where used Z|a|§m71 ca|DE@D g (x)| < C. Taking L4 (R, v)-norms on both sides gives

1/q
V™ ull La (v x0) = <./ (V7 = S)”%q(R‘X‘))dé)
R4 ’

/g (5.11)
< ( f 19" (ugp (- —s»niq@,v;xo)ds> + L,
R4

where L = C 2 lat<m—1 ID*ullLa (R v; xo)- For each fixed & in the case p = ¢, Lemma 5.5
applied to x — u(t, x)¢(x — &) yields

1/q
V" () | 1 .01 x0) < ( / IV - —s»n‘iq(R,v;Xo)ds) +L
R / (5.12)
< c(/ 1+ DU~ )+~ Oy d8)” + L
Rd ’
Note that for each & € R9,

A+ A)(up(-—8§) = Z ao D*[u¢ (- — &)1 + rug (- — &)

|or|=m

=A+Au-d(-—8)+ Z co,aaD“uDg(“)qb(' —&).

lo|<m—1
Thus we also have

Q=

(/Rdn(x + AP =)+ u'PC— O] xo) dé)

1

< ( fR MO A At w1 = Oy 4E) + KL
= (A + A)u + 1|l Lo®ovixo) + KL.
Combining the latter with Egs. 5.11 and 5.12 gives

IV™ullLa®,v:x0) < CllA + A)u + |l Lo, v x) + (K + DL,
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where K is as in condition (C). We may conclude that

lull o @, v:x1) < CI 4 A+ | La®,v:x0) + Clltll Lo o wm-tagd wy-  (5.13)
To include the lower order terms, let
B(tu(t,x) =Y aq(t, x)D"u.
la|<m—1

By Eq. 5.13 with f = (A + B + A)u + u’ and the triangle inequality, we find
lulle®v;x) < Clfllzar,v;xe) + CK + Dllull Lgw v, wn—1.a R w))- (5.14)

In a similar way, one sees that for all > > 1

Mullza v xo) < CILf lLar,v:x0) + CK + Dllull o v, w19 R w))- (5.15)

In order to obtain Eq. 5.9 from Eqgs. 5.14 and 5.15 note that it follows from the interpolation
inequality from Corollary 5.3 that for all v > 0

||u || Wm’lvq(Rd,w) < CUm_l ||M ”Lq(]Rd,w) + CV_I ”M || W""q(Rd,w)' (516)
Therefore, choosing v small enough we can combine the latter with Eq. 5.15 to obtain

Mullpa®,v:xo) + lullLa®,v;x1) < CllfllLa®,v;X0)
1
+ EHMHL‘J(]R,U;Xl) + CollullLa®,v:x0)-

Setting Ao = max{2C,, 1}, it follows that for all A > A,

1 1
EMWHL‘!(R,U;XO) + EHMHUI(R,U;XI) < ClfllLa®,v;Xx0)-

This clearly implies Eq. 5.9.

Step 4: To extrapolate the estimate from the previous step to p # ¢, letu : R — X
be a Schwartz function. Then by Eq. 5.9 we have for all v € A, there exists A,-consistent
constants Ao, C > 0 such that for all A > A

I FallLe®,v) < CIGAllLa®,v)>

where F) = |lullx,, G» = (A + A)u + u'||x,. Therefore, by the extrapolation result
Theorem 2.1 it follows that for all v € A, there exist a A,-consistent constants k6 and C’
such that for all A > }\6,
I Fallee o) < CNIGAlILr (R v)s

This yields

lullr@®v:x;) < CII+ Au+ u' | Lr®,v:x,)-
Similarly, one proves the estimate for Alul|Lr(r,v;xg)- Asu’ = (A + Au+u' — (A + A)u,
Eq. 5.6 with righthand side f = (A + A)u + u’ follows.

Step 5: Let A be as in the theorem. For s € [0, 1]let Ay = sA + (1 — s)(—A)"/?, where
we recall that m is even. Then Ay satisfies condition (C) with constants x and K replaced
by min{x, 1} and max{K, 1}, respectively. Therefore, for all A > Ao, Eq. 5.6 holds with
right-hand side f = (A + A)u + 1’ with a constant C which does not dependent on s. For
s = 0 for all L > X, for every f € LP(R, v; Xo), one has existence and uniqueness of a
strong solution u € MR? (R, v) to u’ + (A + As)u = f by step 1. Therefore, the method of
continuity (see [36, Theorem 5.2]) yields existence and uniqueness of a strong solution for
every s € [0, 1]. Taking s = 1, the required result follows and this completes the proof of
Theorem 5.4.
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Remark 5.6 In the proof of Theorem 5.4 we applied Corollary 5.2 only for the case of
x-independent coefficients. It is rather simple to derive Corollary 5.2 with x-dependent
coefficients from Theorem 5.4 (cf. [61, Exercise 4.3.13]). Indeed, let A be 7-independent
but such that (C) holds and let u € W4 (R?, w). Applying Eq. 5.6 to ii : R — X given
by i(t) = e My with > 0 and v = 1, and letting & | 0, we find

Mullpe e wy + Nullwmawa,wy < CIH+ Aull Lo e -

Finally we show how to derive Theorem 1.2 from Theorem 5.4.

Proof of Theorem 1.2 By Theorem 5.4 there is a A € R such that A + A has maximal L”-
regularity on R and hence on (0, T') as well. By the observation after Definition 4.11 this
implies that A has maximal L”-regularity on (0, 7') and hence we can find a unique solution

we Whr©, T; LYRY) N LP O, T; W9 (RY))

of Eq. 1.2 with up = 0. By Proposition 4.15 with v = 1, we can allow nonzero initial values
up € Xyp = (LIRYH, Wma(RY)), 1 , (see Example 4.16). By [11, Theorem 6.2.4]
p’

or [90, Remark 2.4.2.4] this real interpolation space can be identified with Bg, p(]Rd) with

s = m(1 —1/p). Finally, the fact thatu € C([0, T]; B;,p(Rd)) follows from Example 4.16
as well. O

In the next remark we compare Theorems 1.2 and 5.4 to part of the literature on such
equations.

Remark 5.7

(1) In the case A is time-independent and v = 1, Theorem 5.4 reduces to [43, Theorem
3.1] in case of scalar equations.

(2) In a series of papers by Kim and Krylov several maximal L”-regularity results for
Eq. 1.2 have been derived under VMO conditions on the coefficients. In [61, Theorem
4.3.8] the case p = g and m = 2 has been considered under the same assumptions
under the coefficients. Extensions to the case 1 < ¢ < p < oo have been given in [57]
and [61, Chapter 7]. Here only VMO conditions in the space variable are required. In
the x-independence case results for p, g € (1, co) can be found in [58, 60]. For further
results and references in the case p = ¢ we refer to [26].

In future works we will consider other examples and applications of the above methods:

Remark 5.8

(1) One can extend Theorem 5.4 to systems of equations. This is more complicated as
the evolution family is not explicitly given in this situation. This will be addressed in
future works.

(2) With standard methods one can extend the result of Theorem 5.4 to half spaces and
domains. This will be presented elsewhere.

(3) The same method gives new information on stochastic maximal L?”-regularity for
SPDEs with coefficients which depend on time in a measurable way. The case of
continuous dependence on time was considered in [75].
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6 Quasilinear Evolution Equations

In this section we illustrate how the results of the paper can be used to study nonlinear
PDEs. We extend the result of [14] and [81] (see [59] for the weighted setting) to the case
of time-dependent operators A without continuity assumptions. Our proof slightly differs
from the previous ones since we can immediately deal with the nonautonomous setting. For
notational simplicity we consider the unweighted setting only.

6.1 Abstract Setting

Let Xo be a Banach space and X1 < Xgp densely, 0 < T < Ty < oo, J = [0, T],
Jo = [0,To] and p € (1,00). Let X, = (X0, X1);_1 » equipped with the norm from
il
Eq. 4.15. Consider the quasi-linear problem
uw'(t) + A, u()u(t) = F(t,u@®)), t € J
(6.1)
u(0) = x.

where x € X, and

e A:JyxX,— L(Xi1,Xo)is such that foreach y € X; and x € X,,1 — A(t,x)y
is strongly measurable and satisfies the following continuity condition: for each R > 0
there is a constant C(R) > 0 such that

[AE xD)y — A, x2)ylix, = C(R)Ix1 — x2llx, 1 yllx, (6.2)

with 7 € Jo, x1,x2 € Xp, llx1llx,, Ix20lx, < R, y € Xi.

o [ :Jypx X, — Xgissuch that F(-, x) is measurable for each x € X, F(z,-) is
continuous for a.a. t € Jy and F(-,0) € L?(Jy; Xo) and F satisfies the following
condition on Lipschitz continuity: for each R > 0 there is a function ¢g € L?(Jp) such
that

IF (@, x1) — F@t, x2)llx, < or@®llx1 — x2llx,.
fora.a.t € Jo, x1,x2 € X, ”leXp’ ||xz||xp <R.

Theorem 6.1 Assume the above conditions on A and F. Let xo € X, and assume that
A(-, x0) has maximal LP-regularity. Then there is a T € (0, To] and radius ¢ > 0 both
depending on xq such that for all x € B, ={y € X, : ||y — xollx, < ¢}, Eq. 6.1 admits a
unique solution u € MR(J) = WLP(J: X0) N LP(J; X1). Moreover, there is a constant C
such that for all x, y € Bg the corresponding solutions u™ and u” satisfy

lu® —u”lmry < Cllx = ylix,-
The proof will be given in Section 6.3.
6.2 Example of a Quasilinear Second Order Equation

Let To > 0 and Jo = [0, Tp]. In this section we will give conditions under which there exists
a local solution of the problem:

u'(t, x) + Z aq(t, x,u(t,x), Vu(t, x))D%u(t, x) = f(, x,u(t, x), Vu(t, x)), (6.3)
|o|=2

with initial value u(0, x) = ug(x), t € Jo, x € R? and where D; .= —i%. The main new
J
feature here is that the above functions a, are only measurable in time. Note that possible
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lower order terms a, can be included in f. We will provide an L?(L%)-theory for Eq. 6.3
under the following conditions on p and g:

201-1
(i) LetXo=LIRY), X; = WHIRY), X, = qu,, ”)(Rd)where P, q € (1, c0) satisfy

I\ d
2(1 - ;) SRt (6.4)

This condition is to ensure the following continuous embedding holds (see [90, Theorem
2.8.1])

231

Bq,p

_1 1 d
”)(Rd) s C'"(®RY), forall0<§ < 2(1 - 7) R —T (6.5)
r’ q

201-1
Also note that B, ,, ”)(]Rd) = (X0, X1);_1 » by [90, 2.4.2(16)].
il
On a and f we assume the following conditions:

(ii) Assume each a, : Jo x R x R x R — C is a measurable function such that
SUp; ¢y lag(t, x,y,z)] < ooandthereisand € (0, ) and k € (0, 1) such that for

allt € Jy, x,z € R?, y e R,

Z aq(t, x,y,2)E* C Ty and ‘ Z ag(t,x, y,2)E >k, £cR?, g =1.
la|=2 lo|=2

(iii) Assume that for every R > 0 there exists a function wg : Ry — R, with
lim o wg(e) = O such that for all # € Jo, x1,x2 € RY, |y, |z] < R,

|a0t(t5-xla Y, Z) _aO((ta-X:Zv y,Z)| = wR('-xl _'le)'

(iv) Assume that for each |o| = 2 for every R > 0 there exists a constant C, (R) such that
forallr € Jy, x € RY, |y1], |y2] < R, and |z1], |z2| < R,

|a0l(tv-xv )’I,Zl) _aot(ta X, ¥2, Z2)| =< CO{(R)(lyl - y2| + |Zl _ZZD’ (66)

(v) Assume f : Jg X R x R x R? — C is a measurable function such that

)
/(/ |f(l,X,0,0)|qu>th<oo.
Jo R4

For every R > 0 there exists a function ¢(R) € L?”(Jp) such that for all r € Jy,
x € R, |y1], [y2] < Rand |z1], |z2] < R,

[f@, x,y1,21) — f(t,x, 2, 22) %y < (RO (Iy1 — y2| + 121 — 22]).
Let MR?(J) = WhP(J; L1(RY)) N LP(J; W24 (R%)) and note that by Eq. 6.5

MR”(J) < C(J; Xp) = C(J; C'TOR?)).

In order to apply Theorem 6.1 to obtain local well-posedness define A : Jop x X, —
Z(X1,Xp)and F : Jo x X, = Xo by

(A(t,v)u)(x) = Z aq(t, x,v(x), Vu(x))D%u(x),

o] =2

F(t,u)(x) = f(t, x,u(x), Vu(x)).
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Then A and F satisfy the conditions of Theorem 6.1. Indeed, applying Eq. 6.6 we find that
for R > O and |lvi|lx,, llv2llx, < Randu € X1,

JAG, v — Al v2ullxy < KR)(Ior = v2llxg + 1901 = Voalx, ) el x,
= K(RICllvr = valx, lulx,

Here we have used that for k € {0, 1} and v € X, 1 D%Vl < Cllvlix, by Eq. 6.5.

Next we check that for every g € X,, A(-, g) has maximal L”-regularity. In order
to do so we check that A(¢, g) satisfies the conditions of Theorem 5.4. Indeed, let R =
lgllctray < 00. By Eq. 6.5, g € C'3(R?) and therefore,

laa (2, x1, g(x1), Vg(x1)) — aa(t, x2, g(x2), Vg(x2))|
< laa(t, x1, g(x1), Vg(x1)) — aa(t, x2, g(x1), Vg(x1))|
+ laa(t, x2, 8(x1), Vg (x1)) — aa(t, x2, 8(x2), Vg(x2))|
< wr(lx1 — x2f) + [g(x1) — gx2)| 4+ [Vg(x1) — Vg(x)|
< wr(lx1 — x2]) + lIgll s ay (Ix1 — x2| + |x1 = x21°).
Thus A(¢, g) satisfies the required continuity condition in the space variable. Hence Theo-

rem 5.4 yields that A (-, ug) has maximal L?-regularity. The conditions on F can be checked
in a similar way and we obtain the following result as a consequence of Theorem 6.1.

Theorem 6.2 Assume the above conditions on p, q € (1,00) and ay and f. Let g € X, :=

2(1-1
By ")(]Rd) be arbitrary. Then there isa T € (0, To] and radius ¢ > O both depending on

g such that for allug € B, = {v e X, : lv— gllx, < ¢}, Eq. 6.3 admits a unique solution
ue WhP(J; LIRYD) N LP(J; W R N CJ; X ).

Moreover, there is a constant C such that for all ug, vo € B the corresponding solutions u
and v satisfy

llu — U||W1-n(J;Lq(1Rd)) + llu — U||LP(];W2-‘J(Rd)) + llu — U||C(J;X,,) =Cllx— )’||Xp~

Remark 6.3

(1) If ay only depends on u and not on its derivatives, then one can replace Eq. 6.4 by the
condition 2(1— 1) = ¢ > 0.

(2) Theorem 6.2 can be extended to higher order equations. Then a, is allowed to depend
on the (m — 1)-th derivatives of u. Moreover, by [33] one can also consider higher
order systems.

6.3 Proof of Theorem 6.1

From the trace estimate (4.18) and a simple reflection argument one sees see that there exists
a constant C independent of T such that for all u € MR? (J) with u(0) = 0 one has

lullcqo.rix,) < Crellulimre - (6.7)

Without the assumption #(0) = 0, one still has the above estimate but with a constant which
blows up as T | O (see Eq. 4.17 and use a translation argument).
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For u, v € MR(J) with u(0) = v(0) € X, the following consequence of Eq. 6.7 will be
used frequently:

lullc:x,) < llu —vlcy:x,) + Ivllcw:x,) ©68)
< Crellu — vllmrr 0.1y + Illc:x,)-

Proof of Theorem 6.1 We modify the presentation in [59] to our setting. By the assumption
and Proposition 4.15 we know that for each x € X, there exists a unique solution w* €
MR? (J) of the problem

w'(t) + A(t, xo)w(t) = F(t, x0), t € Jp
w(0) = x.

Moreover, by linearity
lw* — wlmrre ) < Collx = ylix,-
By Eq. 4.17 and a translation argument we see that
lw® —wllcyx, < Crllw® —w’llvmre gy < C1Callx — ylix,- (6.9)

Step 1. Let C4 be the maximal L”-regularity constant of A(-, ug). We show that for a
certain set of function u € MR”(J) maximal LP-regularity holds with constant 2C4. Fix
R > 0. Since w™* : [0, T] — X, is continuous we can find T € (0, Tp] such that

@ = xollx, < geer €071 (6.10)
Let
. 1
"0 4C(R)CA(Cre + C1Ca + €1 Cy)
and write

By, = {v € MR?(J) : [[v(0) — xollx, < roand [[lv —w*™|lmMrr(s) < 7o}
From the assumptions we see that for all v € B, and ¢ € [0, T], writing x = v(0),

o) - xollx,
< @) = w* @Ollx, + lw* @) — w°Olx, + lw°0) - xolx,
1
4C(R)Cy 6.11)
1
4C(R)C4x

< Crellv — w¥[lmrr sy + C1C2llx — xollx, +

< Criro + Crel|[w™ — w* lmrr () + C1C2llx — x0llx, +

1
<
4C(R)C4 ~ 2C(R)Cy4’
where we used Egs. 6.7 and 6.9. Therefore by Eq. 6.11 and the assumption

< Cryro + CryCorg + C1 Corg +

1
A, v(1) — AL, x0) | .2(x,,x9) = C(R)[Jv() — xo0llx, < T

Now Proposition 4.18 yields that A(-, v(-)) has maximal L?”-regularity with constant 2C4
for each v € B,,.

@ Springer



562 C. Gallarati, M. Veraar

Step2.Let R =1+ Crr + C1vC2 + C1Co + [[w™lc sy x ) - Fix 0 < r < min{1, ro} and
T as in Step 1. Note that by Egs. 6.8 and 6.9 for v € B, and x = v(0),

lvlcw:x,) < Crellv — whllvmre gy + lw* —wllcyix,) + lwPlcw:x,)

< Crrllv — w™lmrr () + Crellw™ — w' [[mrr(s) + C1C2llx — xo0llx, + [w™llc:x,)
< Crr + (CreC2 + C1C)Ix — xollx, + lw™llcw:x,)

< Crr + (C1eCa 4 C1C)r + [ w™|lcs:x,) < R,

where we used r < 1. Similarly, for x € By, [[x[x, <7+ llxolx, < R.
For x € B,, let B, , C B, be defined by

B, x = {u € MR”(J) : u(0) = x and |lu — w™|mrr(sy < r}.
Before we introduce a fixed point operator argument on B, , let
fr,v2) = F(t,v1(0) — F(2, v2(1)),
a(vy, v2, v3)(1) = (A1, v2(1)) — AL, v1(1))v3 ().

for v; € IBBr,xj with x; € B, for j € {1,2} and v3 € MR”(J). Observe that by Egs. 6.8
and 6.9

lvr —v2licuix,) < Crllvr —v2 — (W' — w?)lmrr () + W —w2cu:x,)
< Crrllvi — v2llmrr ) + (C1eC2 + C1C) l|x1 — X2l %, -
Let C; = [l¢gllLr(s). For f we find
If (i, v)llLr i xe) < I@r(W1 —v2)llLrs:x,) < Csllvi —v2llcw:x,)
< CyCrrllvi — v2llmre ) + CrCallxr — x2llx,
where C3 = (C1:C> + C1C3). Similarly, applying the estimate for v; — v again,
la(ur, v2, v3)lLr:xe) < CR)|llv2 = villx, llv3llx, ||Lp(];X0)
= C(B®lvi — vallew; x,) lvaliMre ()
< C(R)|lvzllmre () [Crellvr — v2llmre sy + C3llx1 — x2]lx, -
Forv € B, and x € B, let L,(v) = u € MR?(J) denote the solution of

w'(t) + A(t, v)u(t) = F(t,v(®)), t € Jy
u(0) = x.

For vy, v as before letuj := Ly;(vj) for j € {1, 2}. We find that 4 := u; — up in MR? (J)
satisfies u(0) = x; — xp and

W' (t) + A, viO)u(t) = (1, v2)(0) +a(vr, v2,u2)(@®), teJ.
Therefore, by Step 1, Proposition 4.15 and the previous estimates, we find
1 Lx; (v1) = Ly, (v2) IMR? ()
= 2Ca (k1 = x2llx, + 1/ @1 ) Lrgixg + la@r v, u)lrgxg) — (6.12)

< Ki(luzlimrr o) llxr — x2llx, + K2 (luzllmre () lvi = v2llmre )

where for s > 0,
Ki(s) =2Co(1 4+ C;C3 4+ C(R)C3s),

K (s) =2C4[CyCre 4+ C(R)Crys].
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Extending the definitions of L, f and a in the obvious way we can write w' = Ly, (xo).
Estimating as before, one sees that for x € B, and v € B, y,

ILx(v) — Ly (x0)llMrP (1)

= 2Ca(Ilx = Sollx, + £ . oll o xo) + (. x0, w1 rs:x) )
6.13
= 2Ca(Ilx = %ollx, + [Cs + CRNw™ o) [0 = xollcix,)- o
<2C ( - Cs+CR)w™ 7)
<2Ca(llx = x0llx, +[Cs + C(R)[[w ||MRp<J>]2C(R)CA

where in the last step we used Eq. 6.11.
Choose 0 < r < min{1, ro} such that

1
4C4rC(R)Cry < 7
Choose T such that Eq. 6.10 holds,

1 Cj r
2CAC Cry < —, < -, and |[w™ <
ACIC = g TRy S g lw*llmre () <
Lete = min{ﬁ, r}. Then from Eq. 6.13 we obtain that for all x € B, L, maps B, , into
itself. In particular, for all x € B, and v € B, 4,

A~

-
ILx (W) IMrr )y < ILx () — wlMmre ) + WP IMrr () <7 + 75 2r. (6.14)

Moreover, for all x; € B; and v; € Br,xj for j € {1, 2},

1
ILx, (v1) = Ly, (W2) IMrr () < K1(Q)llx1 — x211x, + §||Ul — v2llmMRP (1) (6.15)

where we used Eqgs. 6.12 and 6.14. In particular, L, defines a contraction on B, , and by
the Banach contraction principle we find that there exists a unique u € B, , such that
L, () = u. This yields the required result.

The final estimate of the theorem follows from Eq. 6.15. O
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