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NONAUTONOMOUS MAXIMAL L?-REGULARITY UNDER
FRACTIONAL SOBOLEV REGULARITY IN TIME

STEPHAN FACKLER

We prove nonautonomous maximal L?-regularity results on UMD spaces, replacing the common Hoélder
assumption by a weaker fractional Sobolev regularity in time. This generalizes recent Hilbert space results
by Dier and Zacher. In particular, on L?(2) we obtain maximal L?-regularity for p > 2 and elliptic
operators in divergence form with uniform VMO-modulus in space and W?-regularity for o > % in
time.

1. Introduction

In this work we improve some known results on maximal L?-regularity of nonautonomous abstract
Cauchy problems with time-dependent domains of the form

u(r) + A@u@) = 1),

NN (NACP)

In particular, we obtain new stronger results if the operators A () are elliptic operators in divergence form.
Let us right away start with the definition.

Definition 1.1. For a family (A(7));e[o,7] of closed linear operators on some Banach space X the
problem (NACP) has maximal L?-regularity if for all f € L? ([0, T]; X) and all initial values u in the
real interpolation space (D(A(0)), X)1,,,, there exists a unique solution u € L? ([0, T']; X) satisfying
u(t) € D(A(t)) for almost all ¢ € [0, T'] as well as u, A(-)u(-) € L?([0, T]; X) and if there exists C > 0
such that one has the maximal regularity a priori estimate

lullw 1.2 o, r3:x) T 1A u()Lrqo,1:x) = CULS NLeqo,11:x) + Mol (D(40)),X)1/p.,)-

Observe that W12 ([0, T]; X) < C([0, T]; X) and therefore the initial condition makes sense. Maximal
regularity results have profound applications to nonlinear parabolic problems, as we will exemplify in
Section 8.

We now give a summary of the previously known results on maximal L7 -regularity. The autonomous
case A(t) = A is well understood. Here, maximal L?-regularity holds for one p € (1, co) if and only if
it holds for all p € (1, 0o). Further, maximal L?-regularity for uo = 0 implies maximal L?-regularity for
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allug € D(A, X)1/p,p- On Hilbert spaces an operator A has maximal L?-regularity if and only if —A4
generates an analytic semigroup. In non-Hilbert spaces, not every generator of an analytic semigroup has
maximal regularity; see [Kalton and Lancien 2000; Fackler 2014]. Here, an additional R-boundedness
assumption is needed. We refer to Section 3, [Denk et al. 2003] and [Kunstmann and Weis 2004] for details.
Let us come to the nonautonomous case. Here the best understood setting is that of nonautonomous
forms on Hilbert spaces. For this let V, H be two complex Hilbert spaces with a dense embedding
V < H. Amapping a : [0, T] x V x V — C is called a coercive, bounded sesquilinear form if a(t, -,-)
is sesquilinear for all ¢ € [0, T'] and if there exist o, M > 0 such that for all u,v € V
Rea(t,u,u)ia”u”%,, (-1
ja(t.u.v)| < Mlullyvlly.
This induces operators A(z) : V — V'. We denote their parts in H by A(¢). It has been shown in [Haak
and Ouhabaz 2015] that the operators (A(?));e[o,1] satisfy maximal L?-regularity for all p € (1, c0) if
t — A(t) is a-Holder continuous for some o > % For o > % and maximal L2-regularity this has been
improved to the fractional Sobolev regularity A € W2 ([0, T]; B(V, V')) [Dier and Zacher 2017]. If one
considers elliptic divergence form operators

L(t) = —div(A(1)V +)

for coefficients A(t) = (a;;(t)) realized by the form method (see Section 7), this translates into the
regularity of the mappings ¢ — a;;(t,-) € L™, i.e., a;; € W*2([0, T]; L°°) for some o > % The less
regularity one needs here, the more applicable the results are to nonlinear problems in the form of a
priori estimates. In the special case of elliptic operators in divergence form, some more refined results
are available; see [Auscher and Egert 2016; Fackler 2017b]. However, all results have in common
that one needs some differentiability in time of order at least % This is no coincidence. Recent
counterexamples to Lions’ problem by the author [Fackler 2017a] show that maximal L?-regularity can
fail if A € C1/2([0, T]; B(V, V’)). For more details see the recent survey on maximal L2-regularity of
nonautonomous forms [Arendt et al. 2017]. Dealing with nonlinear problems, one needs some form of
Sobolev embedding to carry out the usual iteration procedure. In higher dimensional cases maximal
regularity on X = L?(R) is too weak for the embeddings to hold. Therefore one is interested in maximal
regularity on X = L9(2) for g big enough.

Nonautonomous maximal L?-regularity on Banach spaces is far more involved. The classical works
for time-dependent domains are [Hieber and Monniaux 2000a; 2000b]. Although the general method used
there is applicable on Banach spaces, maximal L?-regularity was first only obtained on Hilbert spaces in
a nonform setting [Hieber and Monniaux 2000a] and in [Hieber and Monniaux 2000b] extrapolated to
X = L9(Q) for smooth bounded domains €2 and elliptic operators assuming a;; € C*([0, T]; C'! (Q))
for some o > % A true generalization of this approach to Banach spaces was obtained in [Portal and
Strkalj 2006] using the emerging concept of R-boundedness. Already the results in [Hieber and Monniaux
2000b] indicate a fundamental new issue in the non-Hilbert space setting. Whereas on L? the coefficients
only need to be measurable in space, on L4 all known results require some regularity in space. Recently,
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the author lowered the needed regularity in space and showed maximal LP?-regularity on L9(2) for
elliptic operators in divergence form if the coefficients have a uniform VMO-modulus [Fackler 2015].

The aim of this work is to generalize the results in both [Dier and Zacher 2017] and [Fackler 2015].
We show maximal L?-regularity on UMD Banach spaces assuming fractional Sobolev regularity as in
[Dier and Zacher 2017]. To give a flavor of the proved results let us formulate a particular consequence
of our general result for elliptic operators in divergence form.

Theorem 1.2. Let Q C R” be a bounded C'-domain, T > 0 and ajj € L®°([0, T]xQ) fori,j=1,...,n.
Assume further that there exists § > 0 such that for almost all (t,x) € [0,T] X Q2 and all £ € C" the
ellipticity estimate "
Re Y a(t. x)EE > 58]
ij=1
holds and that for t € [0, T'] the functions x — a;;(t, x) lie in VMO(2) with uniform VMO-modulus. Then

for all q € (1, 00) the nonautonomous problem (NACP) associated to the operators (—div AV-);c(0,1]
has maximal L? -regularity

(a) for p e (1,2] if a;; € WY/2+82((0, T]; L%(Q)) for some & > 0,
(b) for p € [2,00) if a;; € WV/2+82((0, T]; L®(Q)) for some & > 0.

Here, the divergence form operators on L4 () are compatible with the operator on L?(2) obtained
via the form method (for a precise definition see Section 7). Note that in comparison to [Hieber and
Monniaux 2000b], the regularity in space is lowered from C!(22) to VMO(L2) and the time regularity
C1/2+¢ jg replaced by W1/2F&P in the case p > 2. This is the lower time regularity we aim for and
leads to more refined results in nonlinear PDE, as we illustrate in Section 8. The general result makes use
of some more technical definitions and we postpone its formulation to Section 3.

The obtained results are even new in the Hilbert space case as [Dier and Zacher 2017] fully relies on
Hilbert space methods and therefore only deals with the case p = 2. Our result is the first improvement
of the time regularity on non-Hilbert spaces since the classical work [Acquistapace and Terreni 1987].
Since we establish maximal L?-regularity for elliptic operators on L9 (2) for ¢ > 2, we obtain existence
results for strong solutions of quasilinear parabolic equations in divergence form. Such results cannot be
obtained with maximal regularity results on Hilbert spaces. We further show that our results are optimal
in the sense that in general we cannot relax the regularity to some o < %

Note that, in contrast, elliptic operators in nondivergence form have time-independent domains and
one can therefore obtain maximal L?-regularity only assuming the time dependence to be measurable;
see for example [Gallarati and Veraar 2017b; Dong and Kim 2016] for recent results. However, note that
in correspondence with our results, one still needs a variant of VMO-regularity in space.

This work is structured as follows. The first sections introduce the necessary mathematical background.
The main result and the strategy of proof is then presented in Section 3. The proof of the main result is
given in Section 6. As a consequence, we obtain in Theorem 7.4 the stated result for elliptic operators.
Section 8 uses this result to establish strong solutions of quasilinear elliptic equations. We discuss the
optimality of our results in Section 9.



1146 STEPHAN FACKLER

2. Extrapolation spaces and the fundamental identity

Using ideas established in [Acquistapace and Terreni 1987] and their previous works, we show that maximal
LP-regularity solutions of (NACP) satisfy a certain integral equation. It turns out that this equation is better
approachable with analytic tools. We recall some basic definitions first and introduce the fundamental
concept of extrapolation spaces. For ¢ € (0, ) we denote by ¥, :={z € C\ {0} : |arg z| < ¢} the sector of
angle ¢. If A does not lie in the spectrum o (A4) C C of A, we write R(A, A) = (A — A)~! for its resolvent.

Definition 2.1. A linear operator A : D(A) — X on a Banach space X is sectorial of angle ¢ if the
spectrum o (A) of A is contained in fl(p for some ¢ € (0, %) and if

sup (|A|+ DIIR(A, A)|| < oo.

AEE,
A family of linear operators A; : D(A;) — X for i € [ is uniformly sectorial if 0 (A;) C fl(p for some
¢ €(0,%) and all i € [ and if there exists C > 0 with

sup (JA|+ D||R(A, A))|| <C foralli e l.
A€Zy

Recall that a closed operator A is sectorial if and only if —A generates an exponentially stable analytic
semigroup [Engel and Nagel 2000, Chapter II, Section 4 and Chapter V, Section I]. In particular, 4 is
invertible.

In the following we need interpolation and extrapolation spaces associated to a sectorial operator A on
some Banach space X, a fully developed theory carefully presented in [Amann 1995]. We only discuss
spaces associated to the complex interpolation method [ -, - |g [Bergh and Lofstrom 1976, Chapter 4]. The
results to be obtained hold for several other, but not all, scales of interpolation and extrapolation spaces.
As a unified treatment would lead to a more abstract presentation, we focus on this important setting.

We define X; 4 = D(A) endowed with the norm x — ||Ax| and X_; 4 as the completion of X
with respect to the norm x — ||A~!x]|. For 6 € (0, 1) we further let Xo4=1[X,X1,4lgand X_g 4 =
[X,X_1,4]9. The operator A : X1 4 — X and its extension A_; : X — X_; 4 are isometries. By
interpolation, for 6 € (0, 1) the part A_g of A1 in X_g 4 is an isometry A_g: X;1_9 4 — X_g 4. The
operator A_p is sectorial on X_; 4 with p(A—1) = p(A) and satisfies the same sectorial estimates as
A. By interpolation, the same holds for the operators A_g on X_g 4. Considering duality, if X is
reflexive, one has (Xg_4)" >~ X’_g,f1 and (Ag)" = A", with respect to the pairing induced by (-, )x x’.
Extrapolation spaces allow us to define a weaker notion of solution for (NACP).

Proposition 2.2. Let (A(t))se[o,7] for T > 0 be uniformly sectorial operators on some Banach space
X. If u is a maximal L?-regularity solution of (NACP) for the initial value ug = 0 in the sense of
Definition 1.1, then for every fixed t € [0, T| one has in X_1_4(r)

u(t) = /0 t e~ =D (A (1) — A(s))u(s) ds + fo =940 f(s)ds

t t
::/0 KI(Z,S)M(S)dS"‘/O Ka(t,5) f(s) ds =: (S1u)(t) + (S2./)(1). 2-1)
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Proof. Fix t € (0, T). Consider v : [0, 7] — X given by v(s) = e~¢=)4®y(s). Then v is differentiable
in X almost everywhere and for almost every s € (0, ) we have

3(s) = A(t)eE040y (5) 4 e~ C=D AWy (5)
= e T OUL (0 = AS)u(s) + e TIO f(s),

Notice that (A—1(t) — A(s))u(s) € X_q 4() for almost every s € (0, 7). The fundamental theorem of

calculus gives
t

v(t) =v(0) +/(; v(s)ds.

Inserting the explicit terms for v and v and using u(0) = 0 yields (2-1). d

3. Formulation of the main result and strategy of proof

The crucial assumption we make is that on a certain extrapolation space the operators get independent of 7.
For concrete differential operators endowed with some boundary condition this is often satisfied. For this
we refer to [Triebel 1978, Section 4.3] for operators with smooth coefficients and to the results originating
from the positive solution of the Kato square root problem in [Auscher et al. 2002] for operators with
rough coefficients (see also Section 7).

Definition 3.1. For 0 € [0, 1] a family (A(2));e[o,1] of sectorial operators on some Banach space X is
called 0-stable if there exists a Banach space Xy 4 and K > 0 such that for all ¢ € [0, T'] the spaces
Xo,4(r) and Xy 4 agree as vector spaces and

K Y xllo.a <lIxll6.a¢) < Kl xllg.a forall x € Xg 4 (3-1)

and if the same also holds for some space Xg_1 4 and all spaces Xg_1 4(r)-

Note that (A(7));efo,7] is 1-stable if and only if the domains D(A(z)) agree for all 7 € [0, T'] and
their norms are uniformly equivalent. Further, as already mentioned in the Introduction, even for the
autonomous case A(f) = A, maximal L?-regularity may fail on non-Hilbert spaces. This has to do with
particular features of harmonic analysis on Banach spaces. In particular, it is by now well-understood that
the classical multiplier results only hold in the vector-valued setting if one makes additional assumptions
both on the Banach space and the multiplier. We now introduce the necessary background.

Definition 3.2. A Banach space X is called a UMD space if for one, or by Hérmander’s condition all
p € (1, 00), the vector-valued Hilbert transform
—1
fa-n
|t]=e t

(Hf)(x) = lim

initially defined on C2°(R"; X)) extends to a bounded operator L? (R; X) — L?(R; X).

In different words, on UMD spaces one of the most basic Fourier multipliers m(§) = 1gr_,(§) is
bounded. Only on those spaces a reasonable multiplier theory can be developed. For our purposes it is
sufficient to know that Hilbert and L”-spaces for p € (1, co) are UMD spaces and that all UMD spaces
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are reflexive. For detailed information on UMD spaces we refer to [Rubio de Francia 1986; Burkholder
2001], whereas more on R-boundedness, to be defined now, can be found in [Denk et al. 2003; Kunstmann
and Weis 2004].

Definition 3.3. Let X and Y be Banach spaces. A subset 7 C B(X, Y) is called R-bounded if there exists

aconstant C >0 such that foralln eN, T1,...,T, €T, x1,...,Xxn, € X and all independent identically
distributed random variables €1, ..., &, on some probability space (2, X, P) with P(g;, = £1) = % one
has
n n
E ZEkaxk <CE ngxk .
— Y _ X

The smallest constant C > 0 for which this holds is denoted by R(7). Further, we define Rad X as the
closure in L1(Q2, =, P; X) of finite sums of the form > ke EkXk-

Note that the definition of R-boundedness depends only on the distribution of the random variables
and is therefore independent of the probability space. The same holds for the definition of Rad X up to
canonical isomorphisms. We write RX =Y to indicate between which spaces the mapping is considered if
it is not clear from the context. Every R-bounded set is bounded in B(X, Y). If both X = Y are Hilbert
spaces, then the converse holds as well. Further, Kahane’s contraction principle sates that {z1d: |z| < 1}
has R-bound at most 2 on every Banach space. By a celebrated theorem of Weis [2001], on a UMD space
the autonomous problem A(z) = A has maximal LP?-regularity for one and then for all p € (1, co) if and
only if A is R-sectorial, the R-boundedness analogue of sectorial operators, up to shifts.

Definition 3.4. A linear operator A : D(A) — X on a Banach space X is called R-sectorial of angle ¢ if
o (A) of A is contained in f:(,, for some ¢ € (O, %) and if

R{(A|+ DR, A) : A € Ty} < 00.

A family of linear operators A; : D(A;) — X for i € [ is uniformly R-sectorial if 6(A;) C iw for some
XS (O ) and all i € [ and if there exists C > 0 with

R{A|+ DR, 4;): A g Xy} <C foralliel.

The main point in our maximal L?-regularity result is that it only assumes the operators to lie in a
fractional Sobolev space.

Definition 3.5. Let X be a Banach space, p € (1,00) and « € (0, 1). A Bochner-measurable function
£ 1[0, T] — X lies in the homogeneous fractional Sobolev space WP ([0, T]; X) provided

TIfO-SOIE \
1 Wy o,y = (// L= Lok o d) <oo.

The inhomogeneous Sobolev space W*P ([0, T]; X) is the space of all f € LP([0,T]; X) such that
“f”WOt-P([O,T];X) < 00.
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We remark that there exist equivalent definitions of fractional Sobolev spaces based on Littlewood—
Paley decompositions [Amann 2000, Section 3, (3.5)]. The usual embedding results for Sobolev spaces
into Holder spaces hold: for o € (0,1) and p € (1,00) with @ > % one has W*2([0,T]; X) —
C*~1/P([0,T]; X) [Simon 1990, Corollary 26]. We are now ready to present our general maximal
LP-regularity result that in particular implies Theorem 1.2 presented in the Introduction.

Theorem 3.6. For T > 0 and 6 € (0, 1] let (A(t));e[o,1] be a 0-stable family of uniformly R-sectorial
operators on some UMD space X with fractional regularity A_y € W4([0, T]; B(Xg,4,Xo—1,4))- Then
the nonautonomous problem (NACP) has maximal L?-regularity

@ forpe(l.145). = g anda > 1-0,
(b) for p € [{15.00), ¢ = pand & > 1—86.
Let us compare the above conditions with the Acquistapace—Terreni condition [1987] used in [Hieber
and Monniaux 2000b; Portal and Strkalj 2006]. Apart from some uniform R-boundedness assumptions

they require that there exist constants 0 <y < 8 < 1 such that for all 7,5 € [0, T] and all A ¢ ¥, for some
¢ € (0, %) one has the estimate

|t —s

[4ORGAAO™ =40 D |sex) S 7

In principle, no regularity assumptions on the domain like 6-stability are made. However, in concrete
examples some stability is usually necessary and one chooses y = 1 — 6 to verify the estimate; see for
example [Fackler 2015]. Then one requires § > 1 — 6 and one arrives at the usual Holder regularity
assumptions. However, for example for elliptic operators with irregular coefficients substantial effort is
needed to verify the above inequality from the assumed Holder regularity on the coefficients. Exactly this
is done in [Fackler 2015], where as intermediate steps reformulations of the problem that are close to—
but more general than — our setting are used.

The improvement of C*- to Wep -regularity has direct consequences to applications of maximal
regularity to nonlinear PDE. As one can see in Theorem 8.1 and Remark 8.2 our result gives existence
results under more relaxed regularity assumptions.

Strategy of proof. In Section 4, we first show existence and uniqueness of less regular integrated solutions
than is needed for maximal L?-regularity. This can be done only assuming some continuity on the operators
A(t) on the extrapolation spaces. Afterwards in Section 5, we show that we can bootstrap the regularity
of these solutions if the operators are o-Holder continuous for some arbitrarily small exponent @ > 0.
With respect to this we note that our assumptions on the fractional Sobolev space are in a such way that
the fractional Sobolev space embeds into the space of o-Holder continuous functions for some o > 0.
After that we show in Section 6 that this higher regularity of the solutions implies maximal L?-regularity.

4. Existence and uniqueness of integrated solutions

In this section we show that under certain assumptions a unique solution of (2-1) exists. We next show by
interpolation that, given an R-sectorial operator, one obtains corresponding R-boundedness estimates on
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the induced extrapolation spaces. The following result is not new [Haak et al. 2006, Lemma 6.9]; we give
a proof for the sake of completeness. For its proof we use the fact that for an interpolation couple (X, Y)
of UMD spaces we have by [Kaip and Saal 2012, Proposition 3.14]

[Rad(X), Rad(¥)] = Rad([X, ¥]p). @-1)
Here one uses the facts that [L1(Q, =, P; X), LY(Q, X, P;Y)]g = LY (R, =, P;[X,Y]g) and that the
Rad(X)-spaces are complemented in the vector-valued L1 (2, =, P; X)-spaces if X is UMD.

Lemma 4.1. Let A: D(A) — X be an R-sectorial operator on a UMD space X. Then for all 6,, 6, €
[—1, 1] with 6, > 01 and 6, — 01 < 1 one has with ¢ as in Definition 3.4 and with constants independent
of A

R¥LAP X a1 4 AN O7 RN, A) A g S, SRETXL(A + DR, A) i A €,

Proof. The assertion holds for 6; = 6, € {—1, 1}. By complex interpolation and (4-1) this extends to
0y =6, € [—1,1]. Since AR(A, A) = AR(A, A) —1d, one has for all 8; € [—1, 0]

RXQI,A—>X91+1,A{R()L, A): A€ E,} <00

For the case of general 6, with 8,—60; <1 consider for givenn €N, A1,..., A, gz/—f)(p andxy,...,xp€X
the mapping S = {z € C:Rez € [0, 1]} — Rad(Xg, 4) +Rad(Xg, +1,4) given by

n n
Tz Z EpXf > Z (1 4+ A ) R(Ag, —A)xp.
k=1 k=1
The mapping z — 7 is continuous on S and analytic in the interior of S and it follows from Kahane’s
contraction principle that the norms of 7;; and 71+, as operators in B(Rad(Xg, 4),Rad(Xg,+1,4)) and
B(Rad(Xg, 4),Rad(Xp, 4)) are bounded by el!1® up to a uniform constant. Hence, it follows from the
generalized Stein interpolation theorem [Voigt 1992] and (4-1) that for « € (0, 1)

7:1 : Rad(Xel,A) - Rad(X01 +G!,A)7
which gives the statement by unwinding the definitions of R-boundedness. O

Remark 4.2. Curiously, the above result fails for the negative Laplacian and the real interpolation
method [Haak et al. 2006, Example 6.13]. Hence, this is one step where one cannot work with arbitrary
extrapolation spaces.

We establish the existence of a unique solution of (2-1) assuming Holder regularity of arbitrarily low
order.

Definition 4.3. A function f : [0, T] — X with values in some Banach space X is a-Hdlder continuous
fora € (0, 1]if | f(t)— f(s)|| < C |t —s|% for some C >0 and all ¢, s € [0, T]. We denote by C*([0, T']; X)
the space of all such functions.

We are now ready to prove the existence of integrated solutions.
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Proposition 4.4. For T > 0and 0 € (0, 1] let (A(t));e[o0,1] be a 0-stable family of uniformly R-sectorial
operators on some UMD space X . Suppose there exista € (0, 1] with A—1 € C¥([0, T]; B(Xg,4, X9—1.4))-
Then forall p € (1,00) and f € LP([0, T]; X) there exists a unique solution u of the integral equation
(2-1)in LP([0,T]; Xg,4). Further, one has u € WP ([0, T); Xo—1,4) NLP([0,T]; Xg,4),

u(r) + Ag—1(u) = (1),

w(0) = 0, (WNACP)

and |[ulL»(0,11;Xx,_4) Only depends on || fLr(0,11:x5_1 4)> T> @ 0, K in (3-1) and the constants in the
Hoélder and R-sectorial estimates.

Proof. First note that by the uniform sectorial estimates and the properties of extrapolation spaces we
have the uniform estimate

—(t—s)A_

t -1
le YO sxgyaxo SlE—s7

Using this together with the assumed Holder regularity on A—;(-) we get

1K1 ()| 5(xp %0 0) S 16 =8| (4-2)

By Young’s inequality for convolutions we then have the norm estimate

T
IS1ullzr (o,71:x0 4) < /0 sV ds|ullLrqo,m1:x0 0 = T NullLeo,77:X0 4)-

Let us show the uniqueness of solutions of (2-1) in L? ([0, T']; X4 4). Since the equation is linear, it
suffices to consider a solution with u = Sju. Now, for sufficiently small Ty we have ||.S1|| < 1. Hence,
Id -8} is invertible and consequently u[g,7;,] = 0. Using this information we see that (2-1) for 1 > Tj
reduces to .
u(t) = [ IO (@)= Ay 6t ds.

To
By the same argument as before we see that the operator defined by the right-hand side is bounded and
invertible on L?([Ty,2To]; Xg,4). Hence, u |, 21,] = 0. Iterating this argument finitely many times
gives u = 0.

Since 1 + Ag_1 € B(Xg,4, Xg—1,4) is a fortiori continuous, it follows from perturbation arguments
and Lemma 4.1 that (WNACP) has nonautonomous maximal L2 -regularity for all p € (1, 0c0); see [Priiss
and Schnaubelt 2001, Theorem 2.5; Arendt et al. 2007, Theorem 2.7]. This means there exists a unique
w e WLP([0,T]; Xo—1,4) N LP([0,T]; Xg_4) satisfying (WNACP) and the corresponding maximal
LP?-regularity estimate. Using the same argument as in Proposition 2.2, we see that w satisfies (2-1). By
the uniqueness shown in the first part, we have w = u. O

5. Bootstrapping regularity

Again, assuming Holder regularity of arbitrarily small order, we improve the regularity of the obtained
integrated solutions with the help of the following bootstrapping result.
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Proposition 5.1. For T > 0 and 6 € (0, 1] let (A());e[0,T] be a 0-stable family of uniformly sectorial
operators on some Banach space X satisfying Ay € C*([0,T]; B(Xg,4, X9—1,4)) for some o € (0, 1].
If either

(a) pe (ﬁ, oo) and q € (1, 00], or
(b) p= ﬁ and q € (1, 00), or
() pe(l, ﬁ) and q € (1, %],
then there exists Cpq > 0 depending only on T, K in (3-1) and the constants of the sectorial and
Holder estimates such that for all solutions uw € LP([0,T]; X9 4) of (2-1) for some right-hand side
feLP(0,T]; X) one has
lullaqo,71:x0. 1) = CpqUlullLrqo,71:x6 0 + 1/ L2 (0, 77:x))-

Proof. By Young’s inequality for convolutions and the kernel estimate (4-2) we have for ¢, p,r € (1, 00)
with % + % =1+ % the estimate

T ‘ 1/q T t vt q 1/q
([ rsong, ar) "= ([ ([ o= e, as) ar)

. T 1/p
Sl s o ( [t ds)
i |

The weak L" norm is finite for r € (1, ﬁ] Hence, S is a bounded operator L?([0,T]; X9 4) —

L4([0,T]: Xg,4) forall pe (1,1) and g € [1, 5al P> 1 then

¢ , 1/p’ t 1/p
iS00k = ([ 1K@ as) ([ o, ,as)

t a1 1/p’
5( /0 |r—s|l’<°‘—>ds) lllLr qo.71%e -

Hence, S1 : LP([0,T]; Xg,4) — L*°([0, T]; Xg,4) is bounded for p > é.
Interpolating the analytic estimate

le= =4O 50x, peagey < I =517
with the boundedness of the semigroups ||e~¢=)4®)| B(x) S 1, one sees that the kernel of S, satisfies
IK2(t ) 50x, X0 40y = €™ 4O sx x, a0 S 1t —s17°. (5-1)

Using Young’s inequality together with the kernel estimate (5-1) and 6-stability, we obtain for p,q,r €
(1, 00) with % + % =1+ % the estimate

T 1/q T t q 1/q
(f ||(Szf><z)||§9Adr) s( / ( [ e=91r6x ds) dt)
0 : 0 0

o T 1/p
<l ||Lr.oo( /0 ||f(s>||§;ds) .
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This time the L">°°-norm is finite for r € (1,6~!]. Hence, S, : L?([0,T]; X) — L4([0, T]; Xp,4) is
bounded for all p < ﬁ and g € [1, %]. Further, one has S5 : L? ([0, T']; X) — L°°([0, T]; Xg,4)
for p > ﬁ. For the stated result, we iterate the obtained regularity improvement finitely often to
bootstrap the regularity of u. O

6. Maximal regularity results under fractional Sobolev regularity

In this section we come to the heart of the proof. To the solution obtained in Proposition 4.4 we apply
A_1(t) to both sides of (2-1). This gives A—1(t)u(t) = A_1(t)(S1u)() + A—1(t)(S2 f)(t). We show
that both summands lie in L? ([0, T]; X). The second summand requires some preliminary work. We
rely on the following Holder continuity of the R-boundedness constant.

Lemma 6.1. For 6 € (0, 1] let (A(2)):er be a 8-stable family of uniformly R-sectorial operators on some
UMD space X. Suppose there exists a € (0, 1] with A—y € C*([0, T]; B(Xg,4, Xo—1,4)). Then for all
k € Ny there exists a constant Cy, > 0 depending only on K in (3-1) and the constants in the Holder and
R-sectorial estimate of Definition 3.4 such that for all t,h € R

a k
RX*X{ 1+ |5|)"(%) [iE(RGE. A+ ) — RGE AN)]: € € R] < Celhl®

Proof. We first establish the case k = 0. For all ¢, 7 € R the resolvent identity gives
R(i§ At +h))—R(>i§, A1) = R(E, A1 (1 + h)[A-1(1) — A1t + h)]R(i§, A(1)).
By the assumed Holder regularity on A_; and Lemma 4.1 we get for all 7,7 € R

RXTXLE(RGE A+ h) — R(E, A()))}
SRXO-1AZXLL - ENRGE AL (t + I)HA—1(t + 1) — A (Dl B(Xo 0,01 0)
x RXZX0A{(1 415D O RE AW}

S

For the case k > 1 notice that the map S : z — R(z, A(t + h)) — R(z, A(t)) € B(X) is analytic on
the complement of some shifted sector X, + ¢ and that the above estimate holds there by the same

argument. It follows from the Cauchy integral representation of derivatives [Kunstmann and Weis 2004,
Example 2.16] that for S(z) = z(R(z, A(t + h)) — R(z, A(2)))

R{(l + |z|)k(%)k5(z) 2 d zq,} < R{S(ié + g) e R} <|hl% 0

Proposition 6.2. For T > 0and 0 € (0, 1] let (A(t)):er be a 0-stable family of uniformly R-sectorial op-
erators on some UMD space X. Suppose there exists o € (0, 1] with A1 € C*([0, T]; B(Xg,4, Xg—1.4))-
Then A(-)S, : L?([0,T]; X) — L? ([0, T]; X) is bounded for all p € (1, 00) and its norm only depends
on p, K in (3-1) and the constants in the Holder and R-sectorial estimates.
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Proof. It is shown in [Hieber and Monniaux 2000b, p. 1053; Fackler 2015, Section 2.4.1] that the
boundedness of A(-)S> follows from the boundedness of the pseudodifferential operator

o0

S F)) = / a(t.8) f (©)e2m1E d

for the operator-valued symbol a : R x R — B(X) given by

iER(iE, A(0)), <0,
a(t,§) = {iERGE A(t)), t€]0,T],
iER(GE, A(T)), t>T.

Such operators are well-studied and understood. Applying [Hytonen and Portal 2008, Theorem 17] and
[Hytonen and Portal 2008, Remark 20] (the dependence on the constants is not explicitly stated) in the
one-dimensional and one-parameter case, we see that S : L? ([0, T]; X) — L? ([0, T]; X) is bounded for
all p € (1, oo) provided

9 k
R{<1+|5|)k(%) [a(t +h.8)—a(t. )] £ e B < )

holds for some « € (0, 1] and all k = 0, 1,2. This is the R-analogue of the condition considered by
Yamazaki [1986] and therefore called an R-Yamazaki symbol. The fact that a is indeed an R-Yamazaki
symbol has been verified in Lemma 6.1. O

The next proposition shows that in many cases it is sufficient to show maximal L?-regularity for initial
value zero. This is well known in the autonomous case. The arguments have been used before; see for
example [Dier and Zacher 2017, Theorem 6.2].

Proposition 6.3. Let X be a Banach space, p € (1,00), T > 0 and (A(t)):e[o,1] a family of uniformly
sectorial operators:

(a) Suppose that the nonautonomous operator (B(t))se[o,7+1]

[ A©0) fort €10, 1],

B = A(t—1) forte[1,T +1],

has maximal LP-regularity for ug = 0. Then (A(t));e[o,7] has maximal LP-regularity for all initial
values ug € (D(A(0)), X)1/p,p- Further, the maximal regularity estimate only additionally depends on a
constant controlled by the sectorial estimate for A(0).

(b) Suppose additionally that for all to € (0, T'] the nonautonomous problem associated to (Ct, (1)) <[0,19+2]>
where

A(0) fort €]0,1],
Ci(t)=qA@—1) forte[l,1+10],
A(tg) fort €[l 41,2+ 10],

has maximal L?-regularity for ug = 0. Then the unique solution of (NACP) for (A(t));e[o,1] satisfies
u(t) € (D(A@)), X)1/p,p forallt €[0,T] and ug € (D(A(0)), X)1/p,p-
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Proof. We start with the first part. By the characterization of real interpolation spaces via the trace
method [Lunardi 1995, Proposition 1.2.10] and a cut-off argument, there is some C > 0 such that for all
ug € (D(A(0)), X)1/p,p there exists v € wLp(o,1]; X)NLP? ([0, 1]; D(A(0))) with v(0) =0, v(1) =uy
and

[A©)vllLrqo,13;x) + I0lL2 (0,11:x) < Clluoll(pa©).x)1,/p.,-
For given f € LP([0,T]; X) we define g € LP([0, T + 1]; X) as

_(9()+ A©O)v(r) forz €0, 1),

g(t) = f@E—=1 fort e[1,T +1].

By assumption (B(?));e[o,7+1] has maximal L?-regularity for ug = 0. We denote by w the unique
solution of (NACP) for (B());e[o,7+1] With right-hand side g. By the uniqueness of mild solutions in the
autonomous case we have w = v on [0, 1]. In particular, we have w(1) = v(1) = ug. As a consequence
we see that u(z) = w(t + 1) solves (NACP) for u(0) = w(1) = ug. Further,

lullw .o qo.17:x) + 1ACHUC) 2 0,11;%) S N€llLrqo,7+11:)
S llrqo,mix) + ol (pa©)), )1/, -

For the uniqueness observe that a second solution # of (NACP) with right-hand side f and u(0) = ug
yields a solution z = (0 + A(0)v) 1[g,1) + @(- — 1) 11 s+1) of (NACP) for (B())se[o,7+1] that agrees
with u(- — 1) on [1, T + 1] by the uniqueness of solutions.

For the second part and fixed 79 € (0, T'] let z be the solution of (NACP) for (Cy,(t));e[0,1,+2] and
the right-hand side g = g 1[o+,+1]- Then z agrees with the solution w of the first part on [0,79 + 1]
and solves the autonomous problem z(s) + A(tg)z(s) = 0 on [ty + 1,29 + 2]. Since functions in
WULP(([tg+ 1,19 +2]; X) N LP([to + 1,19 + 2]; D(A(to))) take values in the corresponding trace spaces
[Amann 1995, Theorem I11.4.10.2], we have u(to) € (D(A(t0)), X)1/p,p- O

We are now ready to prove our general maximal regularity result.

Theorem 6.4. For T > 0 and 0 € (0, 1] let (A(t));e[o,1] be a 0-stable family of uniformly R-sectorial
operators on some UMD space X with fractional regularity A_y € W*4([0, T]; B(Xg.4,X9—1,4))- Then
the nonautonomous problem (NACP) has maximal LP-regularity

@ forpe(l.45). = g anda>1-0,
(b)forpe[ﬁ,oo), g=panda>1-0.

In this case the unique maximal LP-regularity solution u of (NACP) satisfies u(t) € (D(A(1)), X)1/p,p
forallt € [0, T] and there exists a constant Cp, > 0 with

lullw.rqo,11:x) + 1ACHuC) e qo,11:x) < CULS L2 (o, 71:x) + Iuoll(D(a©).x)1 .,

which only depends on T, a, 0, K in (3-1), ||A—1 ||Wa.q([0 T1:B(Xp 4.Xo—1 4)) and the constants in the
R-sectorial estimates. ’ ’
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Proof. First note that under the made regularity assumptions, we have A1 € C” ([0, T']; B(Xg,4. X9—1,4))
for some y > 0. Further, let u € W12 ([0, T]; Xo—1,4)NLP([0, T]; Xg,4) be the unique solution of (2-1)
given by Proposition 4.4. We show that u has the higher regularity A_; (£)u(¢) € L? ([0, T]; X). For this
we use the decomposition of A_j(¢)u(z) given by (2-1).

Let us start with the integrability of A_(¢)(S1u)(¢). We will omit subindices in the following estimates.
For g € L?' ([0, T]; X’) we have, where A’(¢) is the adjoint,

T pt
/0 /0 (g(0), A@)e™ IO U@) — A@)uls))y, y ds di

[ / (A (e~ IV Og(r), (A(t) — A(s)uls))y/ dsdt. (6-1)

QA/(I)’XG 1,A@)

We now distinguish between the cases p € (ﬁ, oo), p= ﬁ and p € (1, ﬁ) In the first case we
know from Proposition 5.1 that u € L°°([0, T']; Xg_4). Hence, up to constants (6-1) is dominated by

T T |(A@O-AGHuG)E, 1/p
(/0 /0 |t—s|I+pa det)

T pt
/ —(t—s5)A' () )4 _
([ 1o clIZ_, . li-s

T pt , 1/p
s||A||Wa.p||u||Looqo,T];Xe,A)(/0 /0 (I—S)p(1/p+a+0_2)dS||g(f)||§/dt) .

/

1/p
|P’(1/p+a) ds dt)

The inner integral is finite because of the assumption & > 1 — 6. Since g € L? ([0, T]; X’) is arbitrary,
we get A_l(-)Slu € L?([0,T]; X). The case p = ﬁ follows similarly, using u € L9 ([0, T]; Xo.4)
for some big ¢’ and the fact that the condition @ > 1 — @ leaves a little room. Let us come to the case
pe(l, = 9) Here Proposition 5.1 shows that u € L?/1=P1=0) ([0, T]; Xp,4). Hence, using Holder’s
inequality, for 8 > 0 the expression in (6-1) is dominated by

T A — AG) gy, X 1-6 1/p'
(// S|1+a§190/; 19 lA)d dl) (//(t 5)P "(a+B— l)dS”g(t)HX/dt)

(18 1/p—(1-0)
(// ([ ) Bp/(1—p(1— 0))dt||u(s)||p/( —p( ))ds) ]

The last integral is finite for § < 6 — %. Since @« > 1 — 6, we can find 8 € (0, 60— i,) for which the
second integral is finite as well.

Further, A_1(-)(S2 f)(+) liesin L? ([0, T]; X) by Proposition 6.2. This shows that the solution satisfies
u(t) € D(A(t)) for almost all £ € [0, T] and A(-)u(-) € L?([0,T]; X). Since u solves (WNACP), it
follows that i € L?([0, T]; X). This shows maximal L?-regularity in the case ug = 0. It remains to

verify the maximal regularity estimate. By the estimates obtained in the first part of the proof we have for
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some case-dependent ¢’ € (p, 00]

[AC)uC) e qo,11:x) = IA=1()u()llLr (0, 17:x)
< [[A=1 () S1) () lLeqo,11:x) + 1A=1 ) (S2. /) lrqo,17:%)
S MAllyiraa 1l Lo’ o, 71:x4 4y + 1/ ILr o, 11:)
< Cog | Allypraa (el Lo o, 115x0 00 + I1f L2 (0,17:)) + 11 f L2 (0, 71:%)
< Cog | Allypaa | f lLe qo,71:) + 1L L7 (0, 71;) -

Here we have used the estimates obtained in the first part of the proof, Proposition 5.1 and Proposition 4.4
in the third, fourth and fifth lines respectively. Since u solves (NACP) and the operators (A());c[o,7] are
uniformly sectorial, this implies the maximal regularity estimate for ug = 0.

The case of general initial values ug € (D(A(0)), X);/p,, follows from Proposition 6.3. Here we use
the fact that for ¢ > «~! functions in W*4 can be extended with the same regularity by their values at
the endpoints [Dier and Zacher 2017, Proposition 7.8]. O

Remark 6.5. Compared to the result in [Portal and Strkalj 2006] we need a weaker R-boundedness result.
Further, the time regularity is lowered to some fractional Sobolev space at the cost of more regularity on
the domain spaces. In order to obtain maximal L?-regularity for all p € [(1—6)"!, 00) our result requires
A_q € ﬂpe[(l_g)—l,oo) Ue=0 wi=b+er([o, T]; B(Xg,4. Xg—1,4))- This is slightly less restrictive than
the «-Holder continuity for some o > 1 — 6 assumed usually.

For nonautonomous problems given by sesquilinear forms on Hilbert spaces one obtains by the same
line of thought the following improvement of [Dier and Zacher 2017], where only the case p = 2 was
treated. Let us shortly recall how the form setting is related to the general setting considered by us.
Given, as in (1-1), a coercive, bounded nonautonomous sesquilinear form on some Hilbert space V'
one gets operators A(7) : V — V'’ with A(¢t)u = a(t,u,-). Given a second Hilbert space with dense
embedding V < H and the associated triple V < H <> V' one considers their restrictions A(¢) on H,
ie, D(A(t)) ={u € V : A(t)u € H}. One then obtains an associated problem (NACP) for (A(?));e[0,7]
on H. The spaces V and V' can be seen as replacements of X/, 4 and X_;/5 4. Hence, (A(?)) is
%-stable in some sense.

Corollary 6.6. Let V, H be Hilbert spaces with dense embedding V — H andleta [0, T|xV xV —C
be a coercive, bounded nonautonomous sesquilinear form as in (1-1). Then the associated problem (NACP)

on H has maximal LP-regularity
(a) for p € (1,2] provided A € WY/2+2([0, T1: B(V, V")) for some & > 0,
(b) for p € [2,00) provided A € WY/2+&P ([0, T]; B(V, V")) for some & > 0.

The constants in the maximal LP-regularity estimate only depend on T, &, the constants o, M in (1-1)

and the fractional Sobolev norm of A.

Proof. Repeat the previous proof for X = H and replace X/, 4 and X_; /5 4 with V and V", O
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Note that V' and V' only agree with the complex interpolation spaces X1/2 4(;) and X_1/2 4(s) if the
operators A(t) satisfy the so-called Kato square root property; see [Auscher 2002] for a short introduction
to this topic. However, this is not necessary to carry out the argument. In the UMD setting the case 6 = %
is also of particular interest. We obtain the following corollary relevant for concrete applications (which

holds for other values of 6 as well).

Corollary 6.7. Let T > 0 and (A(t))¢e[o,1] be uniformly sectorial on a UMD space X such that for some
w € (0, %) and M > 0 the imaginary powers satisfy

1A(@)™S|| < Me®ls!

uniformly for all t € [0,T] and s € R. Further, suppose that there exist Banach spaces X1/, and X_j
for which for all t € [0, T] the spaces D(A(t)Y/?) and D(A(1)~Y/2) agree with X1/2 and X_q/, as
vector spaces and the respective norms are uniformly equivalent for some constant K > 0. Then the
nonautonomous Cauchy problem (NACP) for (A(t));e[0,1] has maximal LP-regularity

@) for p € (1,2] if A=y € WV2H52([0, T); B(X1/2, X—1/2)) for some & >0,
(b) for p € [2,00) if Ay € WY2+&P([0, T); B(X1 /2, X_1/2)) for some & > 0.

The constants in the maximal L?-regularity estimates only depend on p, T, ¢, K in (3-1), M, w, the
fractional Sobolev norm of A_1 and the constants in the sectorial estimates.

Proof. Since the operators A(¢) have uniformly bounded imaginary powers, it follows from [Denk et al.
2003, Theorem 4.5] that for ¢ € (w, 7)

sup R{AR(A,A(t)): A & f(o} < 0.
t€[0,T]
Since uniformly bounded analytic families are uniformly R-bounded on compact subsets of a common
domain [Weis 2001, Proposition 2.6], the operators (A());e[o,7] are uniformly R-sectorial. Further,
the fractional domains spaces D(A(¢)'/2) and D(A(r)~1/2) are uniformly equivalent to X; /2,A@) and
X_1/2,4(r) [Fackler 2015, Proposition 2.5]. As a consequence of the assumptions, the family (A())se[o,7]
is %—stable. This means that we can apply Theorem 6.4. O

Remark 6.8. Corollary 6.7 holds under the slightly weaker assumption that the operators (A(?));e[0,7]
are uniformly R-sectorial. For this one uses the scale Xy 4 = D(AY) for |0] € (0, 1) and repeats the proof
of Theorem 6.4. The main difference is that one has to use [Haak et al. 2006, Lemma 6.9(1)] instead
of Lemma 4.1.

7. Nonautonomous maximal regularity for elliptic operators

We now illustrate the consequences of our results for nonautonomous problems governed by elliptic
operators in divergence form. We concentrate on pure second-order operators with VMO-coefficients
subject to Dirichlet boundary conditions, as the used results are already involved and spread over the
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literature in this special case. On a bounded domain 2 C R” we consider bounded measurable coefficients
A = (ajj): Q — C"™" and the bounded sesquilinear form

a: Wy 2(Q)x Wy () - C, (u,v)l—>/ AVuVv.
Q

Further, we assume that (a;;) satisfies for some § > 0 and all £ € C" the estimate

n
Re Y aij(x)& = 8¢
i,j=1
Then the operator L, on L?(2) associated to a is sectorial. Further, one has for u € D(Lj) C Wol’2 ()
the identity Lou = —div(4AVu) in the sense of distributions. One can show that if Q has C!-boundary
and if the coefficients lie in VMO, then L, induces for all g € (1, c0) compatible sectorial operators L
on L9(2) (see the proof of Theorem 7.2). These operators are realizations of —div(AV -) on L9(R2).
For further details on the form method we refer to [Ouhabaz 2005].

Definition 7.1. Let Q C R” be a bounded domain. A bounded measurable function f : Q — C is of
vanishing mean oscillation if one has infy~¢ 17 (r) = 0 for the modulus

1 1/2
N p— ( G — /s mzdx) ,
4 B:dB)<r \|BN| Jpna n

where fonp denotes the mean of f over BN and the supremum is taken over all balls B C R” centered
in © whose diameter d(B) does not exceed r.

We need the following variant of the Kato square root property on L4(2).

Theorem 7.2. Let n € N, Q@ C R” be a bounded C'-domain, q € (1,00) and A = (ajj)1<i,j<n €
L°(Q; C"™") be complex-valued coefficients with

n
Re Y a;j(x)&& = 8|E)* forall§ e C",
ij=1
for some § > 0 and almost every x € Q. Let Ly be the realization of —div(AV -) on L4(Q2) subject to
Dirichlet boundary conditions. If a;j € VMO(R) foralli, j = 1,...,n, then there exists Ao > 0 such
that the following holds:

(@) Lgq + A is a sectorial operator on L91(2) for all A > A¢ and
13
1A llg + 1V Fllg = I(Lg + 02 fllg forall fe Wy (Q).
(b) The operator Ly extends to an isomorphism Wol’q (Q) = W=H4(Q).

The constant Ao only depends on 2, q, Na;;, 6 and || Al|o. With an additional dependence on A, the same
holds for the constant in the equivalence in (a), the isomorphism in (b) and the sectorial estimates of the
operators Lg + A.

Proof. Under the made assumptions, the operator L, satisfies local Gaussian estimates [Auscher and
Tchamitchian 2001a, Theorem 7]. Although not explicitly stated, the coefficients in the estimate only
depend on the claimed constants. This has several consequences. First, for A sufficiently large the operator
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Lo + A satisfies global Gaussian estimates [Auscher and Tchamitchian 1998, Section 1.4.5, Theorem 18]
and extends to a sectorial operator Ly + A on L4(2). Secondly, it essentially follows from [Auscher
and Tchamitchian 2001b, Theorem 4] that || (L4 + A)l/zllq S| fllg + IV flg. Here are two additional
points to consider. First, the theorem is only stated in the case A = 0. The case A # 0 can be obtained by
including terms of lower order in the argument or by arguing as in [Auscher and Tchamitchian 1998,
p. 135]. The second point is the not explicitly stated dependence on the constants. However, taking a
close look at the proof in [Auscher and Tchamitchian 2001b] one sees that most auxiliary results give the
explicit dependence on the constants (in [Auscher and Tchamitchian 2001b, p. 162] such a dependence is
explicitly stated in a special case). One crucial point needed here is the dependence in the case p = 2,
which is well known. This can be found in [Axelsson et al. 2006, Theorem 1] for a broad class of Lipschitz
domains and a combination of [Egert et al. 2014, Theorem 4.2; 2016, Theorems 3.1 and 3.3 and Section 6]
yields the dependence for general bounded Lipschitz domains and therefore a fortiori for C !-domains.

Now, as in [Auscher and Tchamitchian 1998, p. 135], the converse inequality follows if (L, + 1)~
extends to a bounded operator from W~14(Q) = (Wol’q/(Q))’ into Wol’q7 (£2). Notice that

n
ol ypr—1.0(0) =inf{ lgllg + D I Fillq: g Fx € LY(Q) withu = g +div F ;.
k=1

It is shown in [Dong and Kim 2010, Theorem 4] that for A > 0 there exists C > 0 such that for all
Fi, g € L4(Q2) there is a unique u € Wol’q (R) with —div(AVu) + Au = g +div F and

n
el o) = C(Ilgllq +) IIFkIIq)-

k=1
Here, our required dependence on the constants can be found in the lemmata in [Dong and Kim 2010,
Section 7]. Note that the above estimate is exactly the boundedness of (A —i—Lq)_l Wh(Q) - Wol’q (),
which is a uniform isomorphism by the uniqueness of u € Wol’q (R2). ([

Remark 7.3. The estimate |LY/2 f], < [V fl4 is known under more general assumptions on the
coefficients and the domain [Auscher and Tchamitchian 2001b, Theorem 4]. The same holds for the
boundedness of (Lg +A)~1: W~14(Q) — Wol’q (R2) for which originating from [Krylov 2007] many
results have been obtained in the last years. For a complete list of references we refer to the introduction
of [Dong and Kim 2016] and for a proof of similar results within the framework of maximal regularity to
[Gallarati and Veraar 2017a; 2017b].

Theorem 7.4. Let Q@ C R” be a bounded C'-domain, T >0 and a;j € L>°([0, T]x Q) fori, j =1,...,n.
Assume further that the following properties are satisfied:

(1) There exists § > 0 such that for almost all (¢t,x) € [0, T] x Q and all £ € C"
n
Re Y aj(t, x)&& = 8|
ij=1
(2) The functions x +— a;;(t, x) lie in VMO(2) and there is 1 : [0, 1] — [0, oo] with lim, o n(r) = 0 and
Naj; ) <nforallt €[0,Tlandi,j =1,...,n.
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For q € (1,00) let Ly(t) = —div(A(t)V -) be realizations on L1(2). Then for all q € (1,00) the
nonautonomous problem (NACP) associated to (L4(t));e[o,1] has maximal L?-regularity

(@) for p e (1,2] if a;j € Wl/2+e2([0, T]; L(Q)) for some ¢ > 0,
(b) for p €[2,00) if a;; € WY/2+8P((0, T]; L®(Q)) for some & > 0.

The maximal LP -regularity estimate depends only on p,q,T,S2, 8,1, ¢, ||a;j|lco and the homogeneous
Sobolev norm in (a) or (b).

Proof. Thanks to the Gaussian estimates discussed in the proof of Theorem 7.2, for sufficiently large A the
operators L (¢) + A have uniformly bounded imaginary powers with ||(Lg(¢) +1)'5|| < M eS| for some
M >0and w € (0, %) This follows from the general result [Duong and Robinson 1996, Theorem 4.3]
(which even gives a bounded H °°-calculus), which does not state the dependence on the constants
explicitly. Further, it follows from Theorem 7.2 that D((L4(?) + N/2) ~ Wol’q(SZ) holds uniformly in
t € [0, T]. Moreover, the operator L () + A extends to an isomorphism W, "¢ (Q) — W~14(Q) which
is uniform in ¢ € [0, T']. Consequently, for u € L2(2) one has

Il DL, )+1)-172) = I(Lg (1) + N7Vl o)
= [(Lg(t) + D)2 (Lg(t) + 1) ullpaqe) = I(Lq(r) + l)_IMIIWOLq(Q)
>~ |lullw-1.4()-

Therefore X/, = W4 (Q) and X_ 1= W~14(Q) in Corollary 6.7.
It remains to check the time regularity. For u € WOI’2 ()N Wol’q (R)and v € WOI’Z(Q) N Wo1 1(Q)
one has

[(Lq(u—Lg(s)u,v)| = '/Q(A(t)—A(S))WVv = [14@) = A) ool Vullg [ VoVl

By density this extends to all u € Wol’q (R)and all v € WO1 ’ql(Q). Hence, it follows that L,(-) + A €
wer ([0, T1; B(Wol’q (Q), W=14(Q))) with « and r as in the assumptions. Now, Corollary 6.7 applies
and yields maximal L?-regularity for (L4(¢) 4+ A);¢[0,7] and A big enough. By a rescaling argument this
is equivalent to the maximal L?-regularity of (Lg4(?))se[o,7]- O

8. Applications to quasilinear parabolic problems

We now use Theorem 7.4 to solve quasilinear parabolic equations. It may be a little bit confusing that in
the result below Holder assumptions on the coefficients are made. The point for concrete applications is
not that we can replace Holder regularity by fractional Sobolev regularity, but that the fractional Sobolev
regularity in Theorem 7.4 allows us to loosen the assumed Holder regularity. We will comment on this
point later.

Theorem 8.1. Let Q C R" be a bounded C'-domain and T > 0. For coefficients A = (a;;) : C — C"*",
p €[2,00), g € (1,00), an inhomogeneous part f € LP ([0, T]; L1(Q)) and an initial value uy € L9(2)
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satisfying the condition ugy € (D(div A(ug)V-), L9 (Q))l/p » consider the problem

St %)~ dv(A@(E, )V, ) = £0,3),
u(t, x) =0 on [0, T] x 32, (QLP)
u(0,x) =uo(x) onS.

Suppose that the following assumptions are satisfied:

(1) The coefficients a;; are B-Holder continuous for some 8 > %
(2) For all M > 0 there exist 5(M) > 0 such that for all |lu| < M
n
Re Y a;j(w&& = 8(M)|E* forall & € C".
ij=1

If g>nandp > then there exists C > 0 such that for

2(q n)’
I/ L2 qo,71:29 @) + uoll(D(aiv A@o)v).La @)1, < C
the quasilinear problem (QLP) has a solution
ue Wbh2([0,T]; L1(Q)) NBUC([0, T] x Q)
with u(t) € D(div A(u(t,-))V ) for almost every t € [0, T] and div A(u)Vu € LP([0,T]; L1(R2)). A
fortiori,u € C*~YVP([0, T]; C1*"/4(Q)) fora € (% 1— g)

Proof. Choose o € (ﬁ 1— g) which is possible by our assumptions. Now, choose § > 0 with o« — 6§ > ﬁ

anda+8<1— g. Further, let
= {v e WP ([0, T): Wy ~*7(R)) : v(0) = uo}
and Mpg for R > 0 be the ball B(0, R) in Mpg. For v € My consider the problem
%u(t, x)—div(A(v(t, x))Vu(t, x)) = f(t,x),

u(t,x)=0 on [0, T] x 9%2, (LP)
u(0,x) =up(x) on Q.

Since o + 6 < 1—% anda—§ > ﬁ > % > %, we have v € W82 ([0, T]; BUC(R)) and M is compactly
embedded in BUC(]0, T] x ). By the Arzela—Ascoli theorem, the functions in Mg are uniformly
equicontinuous on [0, T] x 2. As a consequence (2) of Theorem 7.4 is satisfied and one can find uniform
ellipticity constants for A o v with v € Mpg. For e > 0 withr := (¢ —§ —¢)8 > % we have

T llaij (. ) —aij (0(s. ))&
”al] UHW; -2([0,T];L>°(R)) / / Z—S|1+pr dsdt

T Ju(e.-) —v(s, )15
// |t_s|1+pr dsdt = ”v”WrB 1/31,([07,] Loo(Q))

=1 ”Wa §=e.8r([0,T1;L>°(RQ)) ™ Sl ”fo 8.2([0,TT;L°°(R))

8-1)
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This means that the coefficients A o v satisfy the assumptions of Theorem 7.4. Hence, (LP) has a unique
solution u and there is Cg > 0 independent of v € M g with
lullwr.rqo,71;L9()) + 1div AW)VullLr (o, 11;L9(2)) < CRUIS IL2 (0, 17;L9(2)) + [uolD),

where the norm of ug is taken in (D(div A(u)V -), L9(2))1/p,p- Further, by the real interpolation
formula for vector-valued Besov spaces [Amann 2000, Corollary 4.3] one has for 6 € (%, 1— é) and
sufficiently small ¢ > 0, uniformly in v € Mg, the embeddings

w e WP (0. T): L) N LP(0. T): Wy () = (LP([0. T): W * (). W7 (0. T): L()))
= WOZSP (0, T): (Wy (), L (), p)
— wo=eP([0, T1; Béj’q(ﬂ))
o WIEP (0. T]: Wol—e—e,q (Q)). (8-2)

0,p

All estimates hold uniformly for v € Mg. The embedding (8-2) implies that for sufficiently small

I f L2 qo, 1104 2)) + ol (D(iv Awo) V), L@ 1 /5.

we obtain a well-defined map
SR : Mpr —> Mg, vi>u, where u is the solution of (LP).

It follows from (8-2) and the compact embedding results for vector-valued Sobolev spaces [Amann 2000,
Theorem 5.1] that SR MR is a precompact subset of M g. We next show that Sg is continuous. For this
let v, — v in Mg and let u, = Sgv,. After passing to a subsequence we may assume that v, — v in
BUC([0, T] x Q) and that u,, converges weakly to some u in

WP ([0, T]; L9(2)) N LP ([0, T]; W,y 4 (Q)).

Now, let g € L? ([0, T]; Wol’q/(Q)). Note that A7 (v,)Vg — AT (v)Vg in L7 () by the dominated
convergence theorem. Since u; solves (LP) we have

T

T T
f (). 5(0)) di = [ (i (0). (1)) di + [ (A(on (1)) Vit (1), Vg () dt
0 0 0

T T
- [0 (i (0). (1)) di + /0 (Vi (1), AT (0 (1)) Vg (1)) di.

Taking limits on both sides of the equation, we get

T

T T
/ (F(0). (1)) di = / (o). g(1)) di + [ (A@O)Vu(). Vg () dr.
0 0 0

Since g is arbitrary and ug = u,(0) — u(0), this implies that u solves (LP) on W~14(Q), i.e., is the
unique integrated solution of (LP) given by Proposition 4.4. Hence, Sgv = u. Since the same argument
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works for arbitrary subsequences, we have shown that Sg is continuous. Now, by Schauder’s fixed point
theorem there is some u € Mg with Sgu = u. Using Theorem 7.4 for v = u we see that

[l wl.r([0,T];L4(Q)) T [[div A(u)Vu ||L1’([0,T];L‘1 ()

< C([[ fllLeqo, ;4 2)) + 1uoll(p@iv Awo)v-),.L2@)1,,.,) B

Remark 8.2. We illustrate the benefits of Theorem 7.4 for quasilinear equations with the help of
Theorem 8.1. First, maximal regularity results for nonautonomous problems governed by elliptic operators
before [Fackler 2015] assumed C !-regularity in space. In particular, such results cannot deal with Holder
continuous coefficients a;; as in Theorem 8.1 because the composition a;; o v in (8-1) would fail to have
the necessary C '-smoothness.

Further, in (8-1) one needs from a conceptual point of view that the composition operator v > a;; o v
maps into the Sobolev space WP ([0, T]; L°(R)) for some o > % in order to apply Theorem 7.4.
Although v lies in some fractional Sobolev space and one only requires the image to lie in a different
fractional Sobolev space, the only useful sufficient condition the author is aware of is to assume that the
coefficients a;; are Holder continuous. Nevertheless, the less restrictive fractional Sobolev assumption in
Theorem 7.4 is useful as it allows us to relax the assumed regularity. To illustrate this point explicitly, let
us calculate the necessary regularity if one needs to check that a;; o v is in C¥([0, T']; L>°(2)) for some
o> % Using the same notation as before one has

laij (v(t,-)) —aij (s, ) lloo < l0(t,) — (s, )L,

Now, ignoring the technical aspect of having an additional § > O of room, for functions v € W*? ([0, T'];
W1=%4(Q)) we have for « € (%, 1— 'q—’) the embedding

WP ([0, T]; W'™%4(Q)) — C*~ /P ([0, T]; BUC(Q)).
Consequently, we have
laij (u(z,-)) —aij (s, )lloo S |t —s[P@1/P),

Sincea < 1— %, for maximal regularity with Holder assumptions one needs

n 1 1 q
g <1 q p) R e
In particular, this is a stronger condition than 8 > ﬁ, as used in Theorem 8.1. This improvement
comes from the fact that the p-integrability is for free in the fractional Sobolev result, whereas in the
Holder case one has to sacrifice some differentiation order for the Sobolev embeddings.

Remark 8.3. We can only deduce the existence of solutions for small data in Theorem 7.4 because the
constant in the maximal regularity estimate depends on the VMO-modulus of the coefficients and their
fractional Sobolev norm. If one has estimates on solutions of (QLP) independent of these regularity data,
the Leray—Schauder principle would yield solutions for arbitrary f and ug.
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Further note that the reasoning of Theorem 8.1 works for a far more general class of problems. For
example, the coefficients A(u#) may depend in a nonlocal way on u, e.g., on the history of the solution as
in [Amann 2005; 2006].

9. Optimality of the results

In this section we show that the maximal regularity results obtained in Theorem 6.4 are optimal or close
to optimal. In fact, even in the form setting considered in Corollary 6.6, maximal regularity may fail
if one relaxes the assumed regularity, i.e., for maximal L?-regularity A € W%P ([0, T]; B(V, V")) for
some o > % It was shown in [Fackler 2017a, Theorem 5.1] that there is a symmetric nonautonomous
form with A € CY/2([0, T]: B(V,V')) and f € L°°([0, T]; V) for which the unique solution given by
Proposition 4.4 satisfies 1(¢) &€ H for almost all ¢ € [0, T], although u € L°°([0, T']; V) holds as one aims
for in the bootstrapping result given in Proposition 5.1. As a consequence, maximal L?-regularity fails
for all p € [1, 00]. Note that C1/2([0, T]; B(V, V")) < W*4([0, T]: B(V, V")) for all & € (0, 1) and all
1

g € [1, oc]. Hence, Theorem 6.4 fails for & < 5 in all possible variants.

This leaves open the critical case @ = % Note that for g € (1, 2) the space W1/2:4([0, T]; B(V, V"))
contains piecewise constant forms. Hence, as observed by Dier [2014, Section 5.2], the failure of
the Kato square root property for general forms implies that maximal L2-regularity may not hold for
g < 2. Example 7.2 in [Fackler 2017b] shows that for p > 2 maximal L?-regularity on L?(2) for
Ae WY24([0,T]; £(V,V')) with ¢ € (1,2) does not even hold for elliptic operators. Note that for
p € (1, 2) these arguments based on the incompatibility of trace spaces break down.

Refining the arguments in [Fackler 2017a], we show that for symmetric forms maximal L?-regularity

may fail for all p € [1, oo] under the regularity A € W1/2:4([0, T]; B(V, V")) for some ¢ > 2.

Example 9.1. We take H = Lz([O, %]) and V = Lz([O, %], w) with w(x) = (x|log x|)~3/2 Further,
we consider u(¢, x) = c(x)(sin(tp(x)) + d) for p(x) = w(x), c(x) = x - |log x| and some sufficiently
large d > 0. Note that for all ¢ € [0, T]
1/2 1/2 1
O = [ lewpePdr= [ a7

Hence, u(t) ¢ H for all t € [0, T']. Following the ideas and arguments in [Fackler 2017a] we now show

dx = oo.
llog x|

that v is indeed an integrated solution of a nonautonomous problem associated to some coercive, bounded
symmetric sesquilinear form a : [0, T] x V x V — C and inhomogeneous part f(¢) =u(¢) € L°°([0, T]; V).
For this one defines the form a(z, -, -) on the set (u(¢)) x V as

a(t.c-u(t),v) =c[(fO)v)a = (i), v)y ] (9-1)

and then extends the form to V' x V' by the same procedure as in [Fackler 2017a, Section 4]. Following
Section 5 of that paper, one checks the regularity of the extended forms. By the explicit formula for
the extension, one sees that it suffices to control the regularity of (duality) products of the functions
u:[0,T] =V, wu:[0,T]— V and 1 : [0, T] — V' Since W%P 0 L is an algebra under pointwise
multiplication, the regularity question boils down to the regularity of these individual functions. Further,
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one sees that for our concrete choice of u, the relevant fractional norms are dominated by that of
u : [0, T] — V. Hence, one only has to check the regularity of u : [0, T] — V, which we do now.
We show explicitly that u € W1/2:4([0, T]; V) for all ¢ € (2, 00). Note that on the one hand

[sin(r¢(x)) —sin(se(x))|> < [t — 59> (x) = |t —s]>x|log x| > 9-2)

On the other hand the left-hand side can clearly be estimated by 4. Now, let ¥ (x) = 2x3/2|log x|3/2.
Then (9-2) gives the sharper estimate if and only if |t — s| < ¥ (x) or equivalently x > ¥~ (|t — s]).
Splitting the fractional norm, we obtain

T ey —u(s)|14 1q
(// Il d)
T=t |lu(t) —u(t +r)|| 1a
(// S Vdrdt)

T pT—t v(r)) q/2 1/q
5(// (/ x1/2|logx|1/2dx) Ldr)
0 J—t 0 |r|1+a/2
T (T—t 1/2 a2 gy 1/q
+(/f (/ x_5/2|10gx|_5/2dx) —dt) . (9-3)
oJ- \Jy=104r) r|1-a/2

1/2

Now, for the innermost integral of the first term we have for F(x) = x3/2|log x|

v X (13)]
/ M2 log x |12 dx < / F/(xydx = F(IrD)
0

0
- — -1 — -1 —
Sy (r)flogy = (rD| T =Irlflogy N (rD| T S Irlflogr| .
Analogously, for the second term we have for F(x) = —x3/ 2|log x|_5/ 2
1/2 1/2
[ o avs [ Fydx <—F 7 (D)
v=1(rD v=1(rD

1 — -1 — —
ww(w_lﬂrl))}ogw (|r|)‘ <™ [logr|

Hence, (9-3) is dominated up to a constant by the finite expression

d 1/q
(/ [logr|™ /2 r)
0 7]

Hence, for maximal L2-regularity of forms the only case left open is that of W1/2:2([0, T]; B(V, V"))
regularity, which we are not able to answer at the moment. Note that there is also a positive result
assuming some half differentiability. Namely, it was shown by Auscher and Egert [2016] that for elliptic
operators one has maximal L?-regularity if the coefficients a;; ;j satisfy 3 /2q;; ;7 € BMO. This in particular

for g > 2.

implies a;; € H /24 for all g € (1, 00), which in turn implies aij € W1/2:4 for all ¢ > 2, which in general
is not sufficient for maximal L?-regularity by the above example. In the other direction, the inclusion
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W1/2:4 <5 [1/244 does only hold for g € (1,2]. Hence, for g € (1,2) the space H /24 contains step
functions. Note that in the critical case one has H!/2:2 = w1/ 2.2. j e., the Besov and the Bessel scale
give rise to the same problem.
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