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Abstract

In this work, we obtain quantitative estimates of the continuity constant for the LP maximal regu-
larity of relatively continuous nonautonomous operators A : I — L(D, X), where D — X densely
and compactly. They allow in particular to establish a new general growth condition for the global
existence of strong solutions of Cauchy problems for nonlocal quasilinear equations for a certain
class of nonlinearities v — A(u). The estimates obtained rely on the precise asymptotic analysis
of the continuity constant with respect to perturbations of the operator of the form A(-) + Al as
A — t+o00. A complementary work in preparation supplements this abstract inquiry with an appli-
cation of these results to nonlocal parabolic equations in noncylindrical domains depending on the
time variable.

Keywords: Nonautonomous Cauchy problem, LP maximal regularity, relatively continuous op-
erators, quasilinear equations.

1 Introduction

The LP maximal regularity theory deals with the well-posedness in the strong sense of the following
abstract nonautonomous Cauchy problem,

d
{ Eu(t)JrA(t)u((t; - éf(t) tel=(ab) O

The problem is set on a time interval I = (a,b) C R bounded from below, the source term f lies
in LP(I; X) and A: I — L(D(A); X) is a nonautonomous linear operator with a uniform-in-time
domain D(A) C X.

For a generic source term f € LP(I; X), a strong solution of (dl), i.e. a solution u such that
t = [Su](t), A(t)u(t) are elements of LP(I; X), lies in the Banach space MR? (1) := WP(I; X) N
LP(I; D(A)) called the maximal regularity space. Given the regularity of the source term f € LP(I; X),
this is the best regularity one can possibly obtain for u, giving a precise semantic meaning to the
terminology of LP maximal regularity. More precisely if there exists K > 0 such that for any
f € LP(I; X) there exists a unique solution v € MRP(I) to () and

||u||MRP(I) < K||f||LP(I;X) @)

then we say that A is mazimally reqular in LP.

It is of interest to study the following questions which have numerous applications, e.g. to the
study of the well-posedness and regularity of solutions of Cauchy problems for general parabolic
equations:

(Q1) Under which conditions on A is (II) well-posed with respect to the source term f € LP(I; X)?

(Q2) Can we identify quantities related to the operator A which give fine estimates and precise
asymptotic behaviors of the constant K in (2)?



(Q3) In which topologies on the set of nonautonomous operators is the set of maximally regular
operators closed? In these topologies, does the continuity of strong solutions in MR?(I) hold?

(Q4) Can answering [(Q2)| and allow to infer well-posedness criteria of the Cauchy problem

for nonlocal quasilinear equations of the form fu(t) + A(u,t)u = F(u, t), u(0) = 2?

Logically, answers to questions [(Q2)} [(Q3)|and [(Q4)| must rely on the already existing answers
to question|(Q1)} and we hereby give a short summary of the standard results found for LP maximal
regularity regarding for autonomous and nonautonomous operators.

For autonomous operators A(t) = A, has received a lot of attention. Since de Simon [13]
it is known that if X is a Hilbert space, the maximal regularity on the unbounded interval (0, +00)
is equivalent to the sectoriality of the operator —A which is also equivalent to the analyticity of the
semi-group generated by —A on a sector of the complex plane. In the setting where X is merely a
Banach space, the sectoriality of —A is necessary (see e.g. [24]) but not sufficient in general.

More recently, in [21]], it has been proved that the R-boundedness of the resolvent operator of A
yields maximal regularity in Banach spaces X of the UMD class, that is, the Banach spaces for
which the Hilbert transform is a bounded operator in L4(R; X), for some 1 < ¢ < +00.

For a thorough introduction on maximal regularity for autonomous operators we refer the reader
to the lecture notes of Kunstmann and Weis [21].

The study of the autonomous case relies on a Fourier transform in the time variable and the

study of the regularizing properties of the subsequent kernel. Such a technique logically leads to
difficulties in the nonautonomous case. Sufficient conditions known in the literature for maximal
regularity usually require a certain degree of regularity in time of A(-) as well as the maximal reg-
ularity of each A(t), t € I.
The first notable results were obtained by Acquistapace and Terreni [I] who have uncovered a
Holder-type condition in time of the operator, which may have a time-dependent domain D(A(t)).
In the case of a constant domain D(A), which is our interest here, Priiss and Schnaubelt [26] showed
that the strong continuity in time along with the maximal regularity of each A(¢) is sufficient to
guarantee the maximal regularity of the nonautonomous operator. These inquiries were further
refined and developed by Amann [3], Yagi |28 Chapter 3], Gallarati and Veraar [I5]. In this di-
rection, Arendt and coauthors [10] gave a weaker sufficient time-regularity condition called relative
continuity.

Overall, on the subject of nonautonomous maximal regularity, we refer the reader to the reviews
by Monniaux [24] or most recently by Pyatkov [27].

We rely on relative continuity assumptions to provide new answers to questions|(Q2)} |[(Q3)|and
We introduce the space RC(I; (D, X)) of relatively continuous operators and isolate mean-
ingful quantities through which one can estimate the constant K.

The LP maximal regularity has shown its wide uses in various settings for the study of strong
solutions of very wide classes of parabolic-type equations. Again we refer the reader to the mono-
graph [24] and references therein. The framework of maximal regularity is a crucial tool to study the
strong solutions of nonlinear equations. Let us mention the recent work of Danchin and coauthors
[12] who explore the critical setting p = 1. It turns out that this L' setting is natural to study



the equivalence of Lagrangian and Eulerian formulations globally in time. Their inquiries lead to
well-posedness results in free boundary problems of fluid mechanics.
Answers to|(Q4)| can rely on answers to|(Q2)} To fix some ideas, we focus our interest on a class

of nonlocal quasilinear equations of the form

d
{_u(t)+A(u,t)u(t) = F(ut) tel (3)

ula) = =

on a bounded time interval I = (a,b) C R, b < +00. The nonlinearities u — A(u) and u — F(u) are
assumed to be defined on X (I), a functional space on I for which the following chain of embeddings
holds:

MRP(I) <>, X(I) = LP(I; X)

where the first embedding is compact. As such these nonlinear operators may include nonlocal
effects in time. They are sometimes assumed to satisfy a certain causality principle translated by
the Volterra property (see Amann [4]): the restriction of A(u) and F(u) to any subinterval of the
form (a,t), t < b only depends on u|y,.

These equations appear in various models of elasticity and solid mechanics with memory and
nonlocal effects (see [I1], [5], [14] and references therein) or population dynamics [20]. They gen-
erally model phenomena which have a memory of their past states. Their interest is both found
in applications and in theoretical studies since they also appear when regularizing certain singular
equations, for instance in the Perona-Malik model of anisotropic diffusion [6] 17, [18].

The well-posedness of these Cauchy problems in an abstract framework has been studied by
Amann (see [7} [3, [4, [5]). His most important result in [4] shows that if X(I) = MRP(I) and under
the Lipschitz continuity of u — A(u) in L*°(I; £(D, X)) and u — F(u) in LP(I; X) then the local
well-posedness of ([B]) holds. Amann further shows existence of a Lipschitz semi-flow associated to
the equation. These results rely on a Banach fixed point theorem which inherently requires the
Lipschitz continuity of the operators.

Since the embedding D — X is compact, we rely here on Schauder’s fixed point theorem to
obtain existence results. No Lipschitz continuity is required, thereby permitting lower regularity
assumptions on the nonlinearities A and a mere weak continuity condition for F (see e.g. Arendt
[9]). The existence is guaranteed through growth conditions on the regularity constant Ky, in the
regime ||ul| y ;) — +00. We use our answers to in the setting of relatively continuous operators
of Holder-type to obtain quantitative growth conditions on A(u) and F(u). An interesting interplay
between the pointwise maximal regularity constant of each operator A(u) and their Hélder semi-
norm is observed.

In[Section 2 we introduce the notion of LP maximal regularity on bounded and unbounded inter-
vals as well as the maximal regularity constant. We describe the maximal regularity space MRP ()
and a special discussion is dedicated to scale-invariant norms. Then relatively continuous operators
and their ranges of relative continuity are introduced. Related preliminary results pertaining to
relatively continuous operators are further presented. This context allows the exposition of our
main result: we first present the quantitative behavior of the regularity constant with respect to
perturbations of the form A(-)+ I, in particular in the asymptotic regime A — +oo (Theorem 2.5)),
we then show our main quantitative estimates of the regularity constant for relatively continuous



operators (('heorem 2.6l [Theorem 2.7)).

As an application to the estimate in [Theorem 2.6, we present various conditions giving positive
answers to [(Q3)| (Corollary 2.9[Corollary 2.10}, [Corollary 2.11]). The growth condition for the global
existence for quasilinear equations is then presented for a Holder-type class of relatively continuous

operators [Lheorem 2.12, [I'heorem 2.13!

In Section 3 we describe the operators L := & + A! related to the Cauchy problem on I C R
and recall known properties in the autonomous case. We then prove precise perturbation results
with asymptotic behavior through fine manipulations of the chosen norm of the maximal regularity
space.

[Section 4lis dedicated to the proof of intermediate results, in particular [Theorem 4.4l which provides
the frame of the quantitative estimate [Theorem 2.6] proved in [Section 5l

Lastly [Section 6ltreats the global existence of nonlocal quasilinear equations for a class of relatively
continuous operators.

2 Main results

In the quantitative study of LP? maximal regularity, the choice of the norm in the maximal regularity
space MRP(I) can have a noticeable impact and should be chosen with care. Hence in
we set basic notations for operators and norms and we motivate our choices for the norm of the
maximal regularity space via time-scaling invariance. We further introduce in basic
notations of L? maximal regularity and elementary results. [Section 2.3 contains an introduction to
the class of relatively continuous operators and we describe topological properties of this space of
operators. [Section 2.4 finally showcases our main results.

2.1 Operators, spaces and measurability

Graph norms and domains of operators If two norms N; and Ny are equivalent in a given
Banach space, meaning there exist ¢, C' > 0 such that

cNy < N; < CNo

11

. ,C . ' . .
we write Ny Y Ny or equivalently Ny X° Np. If the constants are universal or not of interest for
further development we may simply write N1 ~ Na.

A linear operator A : D(A) — X on a Banach space X, defined on a linear subspace D(A4) C X,
is said to be closed if its graph I'(A) := {(z, Az);x € D(A)} is closed. In such a case, we can equip
D(A) with the p-graph norm induced by A, p € [1,4+00), and defined by

=

Illap = (1 + 14-1%) >

The domain D(A) is then a Banach space. It is straightforward to see that for any two p, ¢ € (1, +00),

19 . ] . . o
-1l 4 » =~ A Since the constants of equivalence are universal, we denote without ambiguity
|||l 4 for any p-graph norm of A.



Let (X,]|-||x) be a Banach space and let D <X X be a Banach space with norm denoted
|-/l 5, which injects densely and compactly in X. We denote by L£(D;X) the space of bounded
linear operators from D to X. For the rest of our developments X and D are fixed, as well as
p,q € (1,400) two conjugate exponents satisfying % + % =1.

Functional spaces for I” maximal regularity Let I C R be any open interval bounded from
below i.e. I = (a,b), with —oo < a < b < 400 and Y be a Banach space.

We define the vector valued Lebesgue space LP(I;Y) as the space of Bochner-measurable func-

tions v : I — Y such that
1
fallsniro = ( [l at) " < +oc

We denote by W1P(I;Y) the Y-valued Sobolev space. It is the space of functions u € LP(I;Y)
which admit a weak derivative d—‘iu € LP(I;Y) which satisfies

- e o= foolg o

for all ¢ € C°(I;R). It is endowed with the semi-norm

o, = Ul e

As usual in the spaces LP(I;Y) and W1P(I;Y) we identify two elements u and v if they agree
L'-almost everywhere on I for the Lebesgue measure £'. Throughout we endow the equality rela-
tion = with this meaning when we identify elements of such spaces.

’ dt) ’ (4)

Y

d
[Wlwo ) = H&

Hereafter we define the maximal regularity space on I along with its norm.

Definition 2.1. Define MRP(I), the L? mazximal regularity space as
MRP(I) := LP(I; D) n WHP(I; X)

If b < 400 we choose the following norm

1
ellyro 1y = (1l sy + 1l ) + P o)) (5)

Otherwise if b = 400 then

1
lallsmocry 1= (Il oy + 1l sy + Bl ) (6)

The norm is more classical: it allows for a unified treatment of maximal regularity
on bounded and unbounded intervals. However in our work, we mostly study maximal regularity
in the bounded setting b < +00. The norm () is well behaved under time rescalings thanks to the
weight ||P in front of the WP semi-norm. In fact, for any X # 0 a natural isometry from MRP([)



to MRP(AI) can be defined as ¢y : u — /\_%u()\*L). This rescaling property will prove useful in
the development of the arguments throughout.

For further use, let us also define the closed subspace MR{(I) C MRP(I) defined as follows

MRZ(I) = {u € MR?(I) u(a) = 0} (7)

Remark 2.1. Tt makes sense to evaluate u € MRP(I) at any point of I (e.g. u(a)) as the following
continuous embedding MR (I) < C(I; Tr?) holds, where Tr? := (D, X)1 , is a real interpolation

between D and X of parameters (%,p) (see e.g. [23] Theorem 3.12.2]). Equivalently Tr” can be
interpreted as a trace space of MR (I) meaning Tr? = {u(a) v € MRP(I)} equipped with the norm

lallroo,r = it { lullymr ) w € MBP(D), u(a) = |

In the case of a bounded interval b < 400, under the isometry ¢y : MRP(I) — MRP(AI) the
norm of the trace space is scaled accordingly. More precisely we have for any x € Tr?,

]l ; = 1nf{|\u||MRp 5 w€MR(D), u(a) =z}

]
o

5 @l v € MR, 15 0)0) = o}
lollmeary v € MRP(A), APv(da) =z}
1
P

Using the time-reversing rescaling ¢_1 we see that the trace can either be taken on the left or
on the right of the interval in the definition i.e. Tr? = {u(b) u € MRP(a,b)}.

||33||Trr' Vs

Strong measurability of nonautonomous operators Let I = (a,b) C R be an open interval,
bounded from below. For nonautonomous operators A : I — L£(D;X), the notion of strong mea-
surability is necessary to allow the definition of the associated multiplication operators A defined
in the next paragraph. We want to give meaning to the quantity

1

Aol 1) = ( [1aweols dt)

which requires the measurability of the map ¢ — ||A(t)v(t)| . Andift — A(t) is strongly measurable
as defined below, the measurability of this map will hold for any v € L?(I; D).

Definition 2.2. A nonautonomous operator A : I — £(D; X) is said to be strongly measurable if
for any « € D, the map A(-)z : I — X is Bochner-measurable in X.

The following remarks motivate the use of this notion of strong measurability for applications.

Remark 2.2. (i) The notion of strong measurability for operators is a weaker type of measura-
bility than the measurability of ¢t — A(t) in £(D; X). Even with D and X separable, these
two notions of measurability are not equivalent in general.



(i) By virtue of Pettis’ theorem [25], since X is separable, if ¢ — A(t)x is weakly continu-
ous in X for any = € D, then A is strongly measurable. Pettis’ theorem allows to show
the strong measurability of differential operators with continuous coefficients. For example
fix c € Cy(I x R), let X = L?(R), D = H'(R) and define for each t € I the operator
Atyu == {z > c(t,z)2u(z)} € L(D, X). We see that ¢ — [A(t)]u = c(t, z) ~u(z) is weakly
continuous in L?(R) if u € H'(R). Since L?(R) is separable, Pettis’ theorem applies and we
obtain the strong measurability of A.

We may then equip this notion of strong measurability to Lebesgue spaces of nonautonomous
operators.

Definition 2.3. We define the Lebesgue space

A is strongly measurable
L L(D; X)) =4 A: I — L(D; X) and

For any x € D, ||A(")z||x € L=(I;R)

The separability of D and the uniform boundedness principle ensure that the map ¢ — | A(t)|| £ p, x)
is essentially bounded in I for any A € L*>°(I; L(D; X)).
As usual, the identification in L>°(I; £(D; X)) is performed almost everywhere in I (for the one-

dimensional Lebesgue measure) and the norm HAHL,,O(I;L(D;X)) = H HA(~)||£(D;X)}

i it th
L) gives it the

structure of a Banach space. When there is no ambiguity, we shall often write || Al for this norm.

2.2 [ maximal regularity

Let T = (a,b) € R be an open interval bounded from below, i.e. —o00 < a < b < +oo. We
define the maximal regularity property and the maximal regularity constant for autonomous and
nonautonomous operators on I. We then derive elementary properties of the classes defined below,
in particular the stability of the maximal regularity property under restriction of the time interval.

Autonomous operators: mr,(I)
Definition 2.4. An operator A € £L(D; X) has the L? mazimal regularity property on I if
(aut.i) [l o ~ [l p-

aut.ii) For each f € LP(I; X) there exists a unique solution v4 € MRP(I) of the following abstract
¥ g
Cauchy problem,

d

Ev(t) + Av(t) f@t) fortel 8)
v(@) = 0

and there exists K > 0, independent of f such that

"v?"MRP(I) < K fllpor,x)- 9)

We denote mry,(I) this family of maximally regular autonomous operators and for each A €
mry(I), the infimum K in (@) is denoted by [A]mrp(l). It is called the mazimal reqularity constant
of Aon I.



Nonautonomous operators: MR, (I)

Definition 2.5. A nonautonomous operator A € L°°(I; £(D; X)) has the LP mazimal regularity
property on I if

(nonaut-i) For any t € I, ||[| 4,y ~ [I'll p-

nonaut-ii) For any f € LP(I; X) there exists a unique solution v4 € MRP(I) of the following abstract
f
nonautonomous Cauchy problem

d
{Ev(t)—i—A(t)v((ti - g(t) tel 10)

And there exists K > 0, independent of f such that

HU?HMR;?(]) < K”fHLP(I;X) (11)

We denote MR, (I) this family of nonautonomous and maximally regular operators and for
each A € MR,(I) the infimum K in (II)) is denoted by [A] MR, (1)- 1t is also called the mazimal

reqularity constant of A.

Following these definitions several clarifying remarks are in order.

Remark 2.3. (i) The condition ||-||, ~ ||-|| 5 is equivalent to asking that A be a closed unbounded
operator on X with domain D, provided D C X. If D = X, then maximal regularity will hold
for all A € £(X) by virtue of the abstract Cauchy-Lipschitz theorem. In the case X = LP(Q),
D = W2P(Q) N W, P(Q) it is known that autonomous second order and uniformly elliptic
operators with continuous coefficients are maximally regular, condition being given by
the theory of elliptic regularity (see e.g. [16]).

1) See that mr,(I) (resp. MR, (1)) is not stable by finite sum because requirement |(aut.s)| (resp.
P P
|(nonaut-1)) fails in general for the sum of two operators.

A counter-example is provided in the following pair of operators on L?(0,1): Au := u' and
Bu = u(0) - 1, with domains D(B) = D(A) = {u € H*(0,1) : u(1) = 0}. Since A is closed
and from the Poincaré inequality on [0, 1], we have |[Bu| ;2o 1) < %HAUHL2(O71), which is to
say that the A-bound of B is at most 1 which is smaller than 1. By [19, Theorem IV.1.1] it
follows that the sum S := A + B is closed.

However see that B is not closed on D(B) = H'(0,1), indeed define for any n € N,

1—-nt O
un(t) ::{ 0o 1

The sequence (uy)nen of elements in H'(0,1) converges to 0 in L?(0, 1), however lim Bu,, =
% # 0 = Blimu,, yielding that the sum S + (—A) is not closed.

(#47) When the time interval I is clear by context, we shall write mr, and MR, instead of mr,(I)
or MR, (I) respectively. Moreover we easily see that mr,(I) C MR,(I).

10



(iv) For autonomous operators, mr,(I) = mr,(J) for any two bounded intervals I, J C R, in other
words, in the case of bounded intervals, maximal L? regularity is independent of the interval.
However we remark that, according to [Definition 2.4 mr,(0,1) # mr, (R4 ) in general. Fix an
open bounded space interval {2 C R and consider the diagonally perturbed Dirichlet Laplacian
operator A := —Ap — A1d defined on D = H?(Q) N H}(Q) C L*(Q), where A > 0 is some
eigenvalue of —Ap. We have A € mr,(0,1) while A ¢ mr,(Ry). Indeed, if uy € C*(Q)
is an eigenvector of —Ap associated to A, then ¢ € Ry — uy, is the unique solution of the
homogeneous Cauchy problem with initial condition u(0) = uy € Tr?. Hence v € MRP(0,1)
while u ¢ MRP(R? ).

Another way to see that A & mr,(R%) is to remark that it is not a sectorial operator.

If we are given a nonautonomous operator A : I — L(D, X), a source term f € LP(I; X) and
an initial condition x € Tr? we can consider the following Cauchy problem:

(CP)

—N—
&
=

<
—
N
+
b
=~
N~—
4
—
N
|
g
—
N
.y
m
~

via) = =z

where recall that I = (a,b) C R is bounded from below. We use the notation (m) to refer to
the above Cauchy problem: we explicitly specify the initial datum x, the source term f and the
time interval I under consideration. It turns out that condition is equivalent to the
well-posedness of the general Cauchy problem (]CE[){E s for any z € Tr?, f € LP(I; X). We omit the
proof of this result which relies on standard lifting techniques.

Proposition 2.1. Let A € L>°(I; L(D; X)) be a nonautonomous operators satisfying |(nonaut-i)|

Then A € MR,(I) if and only if for any x € TP, f € LP(I; X) there exists a unique solution
to (K:H)if and there exists K > 0, independent of f and x such that

lolry < K (1l nrox + I7lhmen.r)

It is quite natural to want to be able to restrict an operator A € MR, (I) to any subinterval
J C I while keeping the maximal regularity property of the restricted operator A|;. This property
amounts to the existence of a regular evolution operator for the equation. In our case, the compact-
ness of the embedding D < X is a key ingredient that allows to derive this property. The proof of

the result can be found in

Proposition 2.2. Let I C R be an open interval bounded from below and let A € MR,(I).
Then for any subinterval J C I, A|l; € MRy(J). Moreover, if either |J| = |I| = oo or |J| < |I| <
+o00 then

(Al pmr, ) < Al pr, () (12)

Otherwise if |J| < |I| = 400, then
(Al pr, () < TV DIA] w1 (13)

2.3 Relatively continuous operators

Regarding nonautonomous operators, relative continuity is a weaker type of continuity than strong
continuity. Relative continuity incorporates the idea of perturbing continuous operators and as

11



such allows to treat with generality various kinds of such perturbations. The definition, which
we reformulate here, was first given by Arendt and coauthors in [I0, Definition 2.5]. We state
elementary topological properties of RC(I), the space of relatively continuous operators on I.
In particular RC(I) is a closed linear subspace of L>(I; £L(D;X)). Then we exhibit a theorem,
analogous in shape, to the Arzela-Ascoli theorem for continuous maps.

Definition 2.6. Let I = (a,b) be a bounded open interval.

e We say that a strongly measurable nonautonomous operator A : I — L£(D;X) is relatively
continuous if for any € > 0, there exists § > 0 and 1 > 0 such that

VeeDVtsel, |t—s|<d = |A@t)r — A(s)zllx < ellzllp +nllzlx (P7.5)

We denote by RC(I;(D; X)) the class of nonautonomous operators of £(D;X) which are
relatively continuous.

e For A € RC(I;(D; X)), we call the ranges of relative continuity the following set-valued
function, which is nondecreasing with respect to set inclusion
. { (0,400) — P((0,+00) x [0, +00))
Tyt

€ — {(5, n) holds}

o We say that r4 = (4,7) : (0,+00) — (0,400) X [0, +00) is a specific range of relative continuity
of A if
(x) ra(e) € % (e) for any € € (0, +00).
(%) €+ d(e) is nondecreasing.
(%) €+ n(e) is nonincreasing.
Here D and X are fixed, therefore we write RC(I) unambiguously for RC(I;(D;X)). Fur-
thermore, when we wish to select a specific range of relative continuity 74, with a slight abuse of

notation, we may simply write r4 € 7%. If A € RC(I), then it is always possible to select a specific
range of relative continuity for A.

We now state some topological facts about relatively continuous operators which are proved in

Proposition 2.3. RC(I) is a closed and proper linear subspace of L*°(I; L(D; X)).
Before stating our Arzela-Ascoli type result, let us define the notion of relative equicontinuity.

Definition 2.7. We say that a family F C RC(I) is relatively equicontinuous, if for any ¢ > 0,
there exists § > 0 and 1 > 0 such that holds for any A € F.

Equivalently, this means that

ﬂ £

AeF

12



For the statement of the Arzela-Ascoli-type theorem, we describe several topologies one may put
on the space L>(I; L(D; X)), here translated in terms of convergence. Given a family {Ax},., C
L(D; X)! of nonautonomous operators, where A is some unspecified metric space, we can describe
the following convergences:

(t,z)-pointwise convergence in X: In this topology Ay — Ay ifforall (t,z) € IxD, Ax(t)x —
A= A=A

Ax(t)x strongly in X. It is generated by the product topology of X7*P.

t-pointwise convergence in £(D; X): In this topology Ay — Ay if for all t € I, A\(t) —
A=A A=A
Ax(t) for the norm topology in £(D;X). It is generated by the product topology of

L(D; X)L
Uniform convergence: This is the topology generated by ||-||, as defined in [Definition 2.3}

There is an obvious hierarchy of these three topologies, the former being the weakest and the
latter being the strongest.

Proposition 2.4. Let F C RC(I) be a family of relatively continuous operators on I. The following
properties hold:

(i) If F is relatively compact in L>(I; L(D, X)) then F is relatively equicontinuous.

(i) If F is relatively equicontinuous and for each t € I, {A(t) A € F} is bounded in L(D,X)
then F is bounded in L*°(I; L(D, X)).

(ii) If F is relatively equicontinuous then F C RC(I) and is also relatively equicontinuous, where
F is the sequential closure of F for the (t,x)-pointwise convergence.

Note that, contrary to the standard Arzela-Ascoli theorem for continuous maps, if we replace the
two occurrences of "bounded" by the expression "relatively compact" in then the conclusion
may fail. A counter-example is provided by the sequence of nonautonomous operators, n > 2,
t €[0,1], An(t) == A+ 11 29(t)B where A € L(D, X) and B € L(D, X) satisfies an interpolation
inequality i.e. there exists L > 0 and 6 € (0, 1) such that for any = € D,

(% 1-6
1Bz x < Lllzlx ] p

Thanks to Young’s inequality, it is straightforward to check that the family {A,}, .y C RC(0,1) is
relatively equicontinuous and that A, (t)r — Ain X asn — 4oo for all ¢t € [0,1], x € D. However

Vn € N, |An — Al = ||B||£(D,X) >0

2.4 Main results and scheme of the proof

In our main result, we derive quantitative estimates of the maximal regularity constant for relatively
continuous operators which satisfy pointwise maximal regularity up to a small perturbation. This
result is proved through a combination of intermediate results which have their own interest. In
Section 2.4 1l we describe the asymptotic behavior of the regularity constant under diagonal pertur-
bations (i.e. taking the form A+ A1d). In[Section 2.4.2l we describe the main quantitative estimate
as a result of a gluing-up of operators defined on subintervals. discusses limiting
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behavior of operators in MR, in particular its persistence in the limit. Finally in [Section 2.4.4 a
global well-posedness of the Cauchy problem for abstract quasilinear equations on bounded intervals
and a corollary are presented.

2.4.1 Asymptotic behavior of diagonal perturbations

For our quantitative inquiry it becomes important to evaluate quite precisely the behavior of the
maximal regularity constant with respect to diagonal perturbations. Indeed, the proof of the main
result relies on a perturbation argument. It is stated in the following.

Theorem 2.5. Let I C R be a bounded open interval and let A € L*°(I; L(D; X)) be a nonau-
tonomous operator. The following statements are equivalent:

(i) There exists Ao € R such that A+ Ao € MR, (I).
(it) Ae MR,(I).
(i7) For any N € R, A+ X € MR,(I).

And if one of these statements holds true, we have for any A € R,

A+ A pr, ) < oQHDIALvwr, (1) (14)
where the function c, : R — R satisfies
1
ep(v) == (v —l—ﬂp(y))(l—l—ep"* —efpl’*)p (15)
L kp(V) . . . _
with T ‘ |—> 0 and k,(0) = 1. In particular the following asymptotic behavior is observed for
14 v|—+oo
Cp:
ep(v) ~ —veV
V——00

cp(v) et v

It is not surprising to see the exponential factor e™ appear in the regime v — —oo since this

exponential behavior is already sharp for autonomous operators (see later [Lemma 3.3)). It is however
still not clear to the authors whether one can discard the extra factor v appearing. This asymptotic
result is shown in We can remark (I4) possesses a particular invariance related to the
behavior of [A] with respect to the rescaling A — pA(p-) (see Remark 4.1] later). This is a direct
consequence of the use of the norm () for MRP(I). In fact any estimate in the form

[A + )\]MRP(I) < C()‘a |I|)[A]MRP(I)

can be reduced to an estimate with C(\,T) := inf,,~o C(u, %) thereby forcing the invariance of
the inequality with respect to these transformations.
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2.4.2 Maximal regularity constant of relatively continuous operators

We introduce here several auxiliary quantities which are involved in the estimate of the maximal
regularity constant of nonautonomous operators. Let I C R be a bounded open interval and let
Ao : I — L(D, X) satisfy the pointwise autonomous maximal regularity on the unbounded interval
RJ’_:

Veel, Ao(t) € mrp(Ry). (16)

It is then well-known that for each t € I, —Ag(t) is the generator of a bounded analytic semi-

group {e_TAO(t)}T>O on X and from we infer [A(t)],,,. ) < +oo. Hence we can

define the following positive maps:

Kot AWy qy Mo tr— suplle™ 0 (17)

1
2(Ko(t) +1)(Mo(t) +1)

Now let us describe the main assumption on A : I — £(D, X)) which guarantees nonautonomous
maximal regularity of A.

(18)

€ :t—

(a) Relative continuity: A € RC(I;(D; X)).

(b.1) Forall t,s € I, A(s) = Ao(t) + B(¢, s).
(A1) (b.2) For all t € I, Ay(t) € mrp(R4).
(b.3) There exists a range 74 = (d4,14) € r% such that for all x € D,

Vi,sel, [t—s|<pa(t) = [IB({t s)x]x <eol®)|z]p+pa®)lz]x

where pa := 094 0¢g, pta :=1n4 0 €y and € is defined by ([I7)-(IS).

Assumption @ says that we can decompose A into the sum of a pointwise maximally regular
operator Ap and a perturbation B, the meaning of this perturbation being expressed by Note
that we may have B = 0 in which case amounts to the assumptions of relative continuity and
pointwise maximal regularity of A given in [I0, Theorem 2.11] of Arendt and coauthors.

Theorem 2.6. Assume that A satisfies on the bounded open interval I C R. Then A €
MR, (I) and there exists a subdivision T := {7;}y<;<n of I and center points C := {t;}, ., 5 such
that o o

a=1g<t1 <7 <..<in<TN=0D (20)
pa(tis) <7 —7i1 < 2pa(ti), Vie{l,..,N} (21)

and there exists K := K(p,T,C, Ko, Mo, ||A]|,) > 0 such that

[A]MRP(I) <K (22)
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Quantitative description of K In order to obtain quantitative growth conditions for the global
existence for quasilinear evolution equations, it is of interest to describe the form of K found in
([22). Define for (r,p, M, K) € R, the function

G(ry 11, M, K) i= 4(M + 1)cp(—4M7p) K
where ¢, is given in [Theorem 2.5l Given 7, C as in[Theorem 2.6 for 1 < i < N denote
Gi = G(1 — Ti—1, pa(ti), Mo(t:), Ko(t:))
We show that K in ([22]) is written as
N N
K=Y | [ Hi T Al G) | 6 (23)
=1

T — Ti—
i=1 0T T\ o

where for fixed p, T, C, the functions H?(p, T,C,-) : Ry — R, j € {2,..., N} have linear growth at
most. Observe in particular that K only depends on the evaluation of the maps Ko, My : I — R4
at the center points C C I, and remark that this dependence is not invariant under permutation of
the values (Ko(t1), ..., Ko(tn)): this is due to the intrinsic direction of time imposed in the Cauchy
problem. The proof of the estimate is found in

We obtain a even more explicit estimate in the particular class of relatively continuous operators
which satisfy a Holder-type regularity and when an additional integrability condition holds for the
maps Ko and M.

For a € [1,+00) and B € [0, +00), let us introduce the subspace RC*#(I) ¢ RO(I).

Definition 2.8. We say that A € RC*A(I) if there exists a range of relative continuity r, =
(04,ma) € 7% for A and ms € (0, 1], m, > 0 such that

Ve >0, da(e) =mse”
Ve >0, na(e) < mye”

RC*P(I) is a closed linear subspace of RC(I) equipped with the topology induced by L>(I; £(D, X)).
In many applications the differential operators encountered fall in the class RC®(I), since it
amounts to a Holder regularity of order é in the higher order coefficients and bounded lower-order
coefficients. Let A : I — £(D, X) satisfy assumption with the decomposition Ay and B, for
the more explicit estimate we ask the additional assumptions:

(a) (a,B)-Holder regularity: A € RC*?(I;(D; X)) for some a > 1, 8 > 0.

(b) L°"(I) Integrability condition: There exists » > 1 such that
(A2)

T = (o, r, Mo, Ko) := (/I(Ko(t) +1)°T (Mo(t) + 1) dt) < +00
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Theorem 2.7. Assume that A satisfies |(A1)| and [(A2), Then there exists a constant C =
C(1|,||All o5 ps 75 v, B) such that,

1
. +
'\’ 52(04-,@7”)1-\51(&,377“)
log([A]MRp(l)) <C (%> myM N +my 41 (24)

log| —
ms

% +1 %
where s1(a, B,71) =1 (% — 1) and sa2(a, B,1) == g—i} — (2+1)51(a,ﬁ,r), r* =t

Estimate ([24)) is only suitable to evaluate [A] MR, (1) Bear +0o with some precision. Indeed by
definition I" > 0 therefore, the left-hand side cannot be made smaller than a given positive constant.
However the estimate allows the derivation of asymptotic behavior of the constant in terms of the
three quantities ms, m, and I'.. We will see that the asymptotic behaviors have practical uses in
existence results for quasilinear equations.

2.4.3 Topologies for the persistence of maximal regularity in limits

Let us be given a metric space (A,da) which describes the range of a given parameter of our
operator. Consider a mapping

A — LD Xx)

of nonautonomous operators on I. We are given an open subset @ C A where for each A € O A,
is maximally regular. We are also given a corresponding map of source terms f(.y : A — LP(I; X).

We equip the closure O of @ with the natural induced topology by da, and we denote A 8 A

the corresponding convergence.

To study |(Q2), we rely on the following elementary result.

Proposition 2.8. Assume {A\},co C MR,(I) is such that K := SuanN[A"]MRP(I) < +o00.

Assume further that there exists X € O such that one of the following convergences holds:
(CVry) ||A,\ — AXHOO — 0 as A\ 8 .
(Vi) ST, [[Ax(t) = A5(0)] ) — 0 as A= X
Then Ax € MR,(I) and [Asx] MR, (1) S K.

Moreover denote vy : O — MRP(I) the corresponding mapping of solutions to (m)é)f(_).
Then,
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(i) If[(CVi) holds and fx — fy weakly in LP(I; X) then
vy — vy weakly in MRP(T)
)\8>\

(1) If|(CVir) holds and fx — fx strongly in LP(I; X) then

Uy — Ux strongly in MRP(I)
XBX

Obviously if[(CVy)[holds, then [(CV ;)| also holds hence the conclusion also holds.

We observe the following assumptions on the mapping restricted to O:

(a) For any ¢ € I, the family {A\()},co C mrp(R%) and supreo[Ax(V)] . (1) < +00-
(Anr) (b) The family {Ax},co € RC(I;(D; X)) and is relatively equicontinuous.

(c) For any t € I, the family {A(t)},.c is bounded in £(D; X).

These assumptions can be used straightforwardly along with [[Theorem 2.6]to infer the following
uniform boundedness of the maximal regularity constant on O:

Corollary 2.9. Assume that Ay satisfies [(Ap)] in O C A. Then {Ax} e © MR,(I) and we
have
sup [Ax] yir, (1) < 00
A€O
The above corollary may be used to infer several results answering affirmatively. The
rather elementary proofs of the results below rely on for the convenience of the
reader we chose to collect them in |[Appendix C]

Corollary 2.10. Assume that Ay satisfies [(Ax]J(a)] in O C A and that there exists X € A such

that [(C'V7 )| holds.
Then Ax € MR,(I) and|(i)] of [Proposition 2.8 holds.

Corollary 2.11. Assume that Ay satisfies in O C A and that there exists X € A such that

OV]] holds.
Then Ax € MR,(I) and|(ii) of [Proposition 2.8 holds.

2.4.4 Global existence for a quasilinear equation

We state a global existence result for a class of abstract quasilinear equations. Assume that X (I) —

LP(I; X) is a functional space on I, and we make the further assumption that the injection
MRP(I) < X(I) is continuous and compact

Since the injection D — X is compact, we already know that MRP(I) injects in LP(I; X)
compactly. Hence there exist such spaces X(I), take for example any real interpolation between
LP(I; X) and MRP(I). We consider the following nonlocal-in-time Cauchy problem for a quasilinear
equation,

18



Lot + A @ut) = Fa)E) tel
(QL)

where the initial condition x € TrP.
To ensure existence of global strong solutions to (QL)), i.e. solutions u € MR (I) which satisfy
the equation for a.e. t € I, we introduce the following assumptions on the maps Ay : X'(I) —

L(D; X)T and F : X(I) — LP(I; X):

(Er) For all R > 0, define the quantities:

WR) = sup (AW, (25)
||“HX(1):R
i(B)i= s (A + IFl ) + 1) (26)
Ullx(y=

and assume that for any L > 0 the following sublinear growth condition holds,

Ry)k(R
sup 1(R1)r(Ra) 0 27)
Ri,R2€[R—L,R+L] R R—s+o0

(E;r) We ask the following continuity properties:

L[ X)) — LAX) .
(i) IE‘{ v — F(u) is weakly continuous.

(ii) A:{ X)) — L=(LL(D, X)) is continuous.

u +— Au)

The sublinear growth condition stated in|(Ej)| does not allow local singularities or degeneracies
to develop in the operator A and imposes a quite restrictive growth condition on the source term F.
Indeed, in the case of a constant operator A(u) = A, it is required that F have a strictly sublinear
growth.

The statement of the growth condition involves the supremum over the two variables R; and
Ry in the interval [R — L, R 4+ L]. This allows to treat any initial condition x € Tr?. One can
restrict the range of L > 0 if one has a smallness assumption on the initial data x. In the
case of a homogeneous initial data, we can reduce the assumption to L = 0 and take x(R) :=

b= { 1A + IF@)] orix) | instead
The existence of strong solutions no longer requires the Lipschitz continuity of the nonlinearities
A and F.

The method of proof uses Schauder’s fixed-point theorem contrary to the proof in [4] which uses
Banach’s fixed point. The uniqueness of the solution is thus not guaranteed with this method.

Theorem 2.12. Assume that A and F satisfy conditions -[(E11). Then for any x € TrP there
exists a global solution u € MRP(I) of (QL)
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This framework is then used to infer quantitative growth conditions on the regularity constant for
relatively continuous operators in RC®?(I) which satisfy [(A1){(A2)} Denote by Ag : u +— Ag(u)

the operator given by the decomposition [(A1){(b)|and the subsequent u — Ko(u), Mo(u) given in
(7). Naturally this gives rise to the following maps:

(i) ms: X(I) — (0,1]
(i) my : X(I) — Ry

fxn B
) r { T T e + 10+ Dl

Our existence criterion reads as follows:

(E}) For any R > 0, define the following quantities:

= (i) (1 o s 5)) 4o

taog(R) = sup_ {1og (A + IF@ + Ulsnirn) ) §
Ullx ()=

and assume that there exists hg > 0, such that for any L > 0, there exists Ry > 0 such that
for all R > Ry we have

Yog (Rl) + Rlog (R2)
sup
Ry,R2€[R—L,R+L)] log(R)

<1-ho (28)

where s1(a, 8,1) = T*(% — 1) and sqo(a, B,71) := g—i} — (Zi%)sl(a,ﬂ,r).

Theorem 2.13. Assume that for each u € X(I), A(u) satisfies|(A1)| and|[(A2). Moreover assume
that A, satisfy and|(Ejrr ) Then for any x € TrP, there exists a global solution u to (QL).
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3 Perturbation and asymptotic behavior

We here study the influence of well-chosen perturbations on the maximal regularity constant. First
we recall useful notions of LP maximal regularity for autonomous operators on unbounded inter-
vals. For such operators, we describe the asymptotic behavior of their maximal regularity constant
under diagonal perturbations on bounded intervals. The same prospect is then carried out for
nonautonomous, even though much less is known about. Lastly we exhibit the influence of suitable
nonautonomous perturbations on the regularity constant.

3.1 The operator L, := d—‘i + A

We assume throughout that A : I — L£(D;X) is a strongly measurable operator. Before our
asymptotic study, let us describe the operators of interest in the Cauchy problem (CP):

e A! is the multiplication operator associated to A on LP(I; X); it is defined on the domain
DAY :={u € LP(I; X) : t = A(t)u(t) € LP(I; X)}
By definition, (A’u) : t — A(t)u(t) for any u € D(A’);

d
* 5 is the time-derivative operator defined on the domain of LP(I; X)

D(%) =Wy P(I; X) == {ue W'"(I; X) : v(a) = 0}

Their sum is an unbounded operator on LP(I; X) denoted by

d
LI A I
dt+A

and defined on the domain D(L%) > D(A') N D(&2) = MR§(I) where MR5(I) is defined in (7).

Lemma 3.1. A € MR,(I) if and only if LY is closed on D(L%) = MRA(I) and LY is invertible
in LIMRE(I); LP(I; X)). In such a case we have

[A]MRP(I) = ||(L{4)71 HL(LP(I;X);MRS(J)) (29)

Proof. * The fact that LY is closed on MR} (1) follows from inequality (II). Indeed, let ,, — x

in LP(I; X), xn, € D(LY) such that L4z, — y in LP(I; X). Since A € MR, (I), there exists

u € MRJ(I) such that LYu = y. Therefore, L, (z,, — u) = L4z, — y, meaning by (II) that

20 = ullyre (a,p) < K||LYx, — yHLP(I;X) — 0. Therefore z = u.

x The surjectivity of LY € L(MR](I); LP(I; X)) is equivalent to the solvability of (CP)) for any
f € LP(I; X) and the injectivity to the uniqueness of its solution.

The bounded inverse theorem ensures inequality (1) as LY, is indeed bounded from MR} (I)

to LP(I; X).
O
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We can concisely describe
MR, (I) = {A 1= LID; X), |y ~ [l p forall t € I, [A]yp ) < +oo}.

As before, we shall often write A and L4 instead of A’ and LY, when the time interval is clear by
context.

3.2 Diagonal perturbations by constants in mr,(I) and MR,(I)

Let us show that the maximal regularity property of the operator on a bounded interval I is not
affected by a constant diagonal perturbation of the form AId. We first show it for autonomous
operators in mr,(R) (Lemma 3.3) with associated decays and then for nonautonomous operators
(Theorem 3.4); in each case we give asymptotic bounds of [A + Al],,,. 1y s, (r) When [A] = +oc.

The autonomous case Let A € mr,(Ry). Recall (see e.g. |24, Proposition 2.2]) that —A is the
generator of an analytic semi-group (e’tA)DO. It means that the semi-group (e *4);>¢ can be an-
alytically extended to a sector Xy := {z € C: |arg(z)| < 6} U {0}, 6 € (0, Z] of the complex plane

2
and sup, ¢y, He‘ < +00. The analyticity of the semi-group is equivalent to the sectoriality

ZAH
L£(X)
of the original operator A.

These facts will prove useful in the study of the resolvent operator Ry := (Al + L)~ of —L4
for real values of A, since this operator can be represented by a Laplace transformation of the
semi-group generated by —L 4, as stated in the following result.

Lemma 3.2. If A € mrp(Ry), then for any bounded open interval I C R and A € R, N1d +L% is
invertible in L(LP(I; X)) and we can express

R =/ e Me Tladr (30)
0

Proof. We aim at representing R as a Laplace transform of the semi-group generated by —L 4 on
the Banach space LP(I; X).

On the one hand note that the multiplication operator —.A generates the strongly continuous

semi-group erA.{ LP(I;X) — LP(I;X)
' v {tH(e’TA)v(t)}

for 7 > 0. From the uniform boundedness of He_ZAHL(X) on Yy, we obtain the following uniform
boundedness,

—TA < —TA — M 31
Sl e oy = sl oy = M < oo (31)

On the other hand —d—dt generates the shift semi-group (S;),>0 on LP(I; X) where
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LP(I;X) — zp(l;?( : _>
S. v ‘s v(t—T1 ift—7el

0 otherwise

for 7 > 0. (S:)r>0 is a strongly continuous contraction semi-group and it is nilpotent since S, =0
for 7 > |I|. Observe also that for any 7 > 0, S; and e~ commute.

We see in fact that the two operators A and -1 satisfy the hypotheses of [Lemma ATl with
Y = LP(I; X). Consequently —L 4, which is closed since A € mr,, is the generator of the strongly
continuous semi-group e~ 7t4 = S e7TA = ¢7TAS_ on LP(I; X). As a consequence T — e~ 7L4 is
also nilpotent, so for any A € R, the integral fooo e e~ 7La dr, which is a Laplace transform of the
semi-group, is well-defined.

We finally check via standard computations that this Laplace transform is indeed the resolvent
operator of —L 4. O

Using representation [B0), we further refine our study of Ry by obtaining bounds and asymptotic
behaviors when A\ — +o0.

Lemma 3.3. Assume that A € mrp(Ry), then for any bounded interval I C R and any A € R,

1—e M
1Rl qrorxy) < M5 (32)
and
[A+ )\Id]mrp(l) = HRAHﬁ(LP(I;X);MRP(I)) < (1 + M1 - €7MI||) [A]mTp(I) (33)

where M := SllptZOHe_tAHX'

Proof. From (B0), since S, is a contraction semi-group and vanishes for 7 > |I|, we have for any
A #£ 0 and v € LP(I; X), using the triangle inequality and (31I),

1]
[ RAv] 1o (1. x) S/o 6_/\T||6_7A”||LP(I;X))dT

\
< M(/o Ile 7 d7'> Vil 2o (1, x)

1 —e A
< M———vllzo(rx)

1—e M

and the above inequality also holds for A = 0 if we extend A — X by continuity. This yields

estimate ([B2). Observe that R, = (La + pld)~" = L;l-li-uld for any p € R. Now use the resolvent
identity Ry = Ry — ARgRx = Ro(Id —AR)) and (32)) to find ([B3). O
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The nonautonomous case Similarly we show that a constant diagonal perturbation \Id does
not change the maximal regularity property of a nonautonomous operator on a bounded interval.
Moreover we describe the asymptotic behavior of the maximal regularity constant as the diagonal
perturbation goes to +-0co. Parts of the proof techniques are inspired by the proof of [22] Proposition
2.2].

Theorem 3.4. Let A: 1 — L(D;X) be a nonautonomous operator on the bounded open interval
1. The following statements are equivalent:

(i) There exists Ao € R such that A+ Ao € MR,(I).
(i1) Ae MR,(I).
(t43) For any A€ R, A+ € MR,(I).

And if one of these statements holds true, we have for any A € R,

A+ My, ) < oD ALy, 1 (34)
where the function c, : R — R satisfies

cp(v) = (V] + Rp(0)) (1 4 €7~ — e P7+) 7 (35)

with kp(V) = 0100 (|V]) and kp(0) = 1. In particular the following asymptotic behavior is observed
for cp:

Remark 3.1. Note that the bounds in the autonomous case ([B3]) and nonautonomous case ([B4)) do
not have the same asymptotic behaviors in v — 400 as they differ by a factor v. However note
that ¢p(v) is sharp around 0 since ¢, (0) = 1. It is not yet known to the authors whether or not this
asymptotic at +oco for the nonautonomous case is sharp or not.

Proof. First see that |(¢i2)| = = [(z)| obviously.

Also for ¢ € [a,b], since ||| 4345 ~ [I'[l a¢)4 Tor any A, p € R, we obtain [|[| 4\ ~ [/l p if
and only if ||-||A(t)+# ~ |l p-

There only remains to show =

Existence and estimate: Possibly renaming A+ )y as A, let us assume without loss of generality
that A\g = 0. Also upon performing a time translation, we can further assume that I = (0,7),
with T = |I].

Let A € R, f € LP(0,T; X). Define g : t — e* f(t) € LP(0,T; X), because A € MR, there
exists v € MRP(0,T") such that

{d_dtU(t)"i‘A(t);)(%% — 90 (36)
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And further for any ¢ € (0,7, using (I2)) we find
”U”MRP(O,t) < [A]MRP(O,T)”gHLP((O,t);X) (37)
Now let u : t = e *Muv(t) € LP((0,T); X) and for all ¢t € [0,T] the integrand of the norm

of MR”(a, b) defined in () is [u]”(t) := [lu(®)|% + [[u(®)]*) + TpHd—dtu(t)H; € LY((0,T);R,) .
Note that by convexity of r — 7P, for any u € (0,1),

P

t — At d b
< <||AeA v(®)]| x + |l av(zs)HX)
_ <M|A|||vlit>||x ‘a _de—‘wa)

I—p
p
>e—p)\t
X

d

—o(t)

< (IO + (- 0

Therefore we have the bound,

[u]”(t) < ((1+ul_pT”|)\|p)llv(t)||§( +o@Ip + @ =)' rT?

FTAAY
< Ry(p, AT)e P [u]"(2) (38)

where R, (p,v) == (14 p'P|v|P) v (1 — p)' 7. Performing an integration by parts, we obtain
the following if A # 0,

T
/ e PMIP(t) dt = e*p)‘T/ t)dt + p)\/ e PA / t)drdt
0 0

<0 if A<0

T t
Aur, _pATHgIl’ip((o,T);X)+P>\+/O 6_””/0 ||9(T)||§(d7“df>

T T
R( _“Tllgll’ip«om);x) +p/\+/0 IIf(T)Ilﬁ’(/ e M) dtdf‘)
p)\ _ r
MR, <epA TIIfHLp((()T +/ If(rI% @1 PAT= ’)d>

=, (& Wz oy + (1= DI ll‘ip«wm)
[ ]MRp(l + T — e IR 0myix)

where Ay := AV 0 and A_ := (—X) V0. Note that this final inequality also obviously holds if
A = 0. Now combining with ([B8)) we find that for any u € (0,1),

1 _ 1
||u||MRp(07T) < Rp(,ua /\T) P (1 +er T —e )\+pT) ? [A]MRP ||f||L:D(];X) (39)
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From ([B9) we infer that v € MRP(I) and solves

{ Loty + At)ult) + Mu(t)
u(0) =

|
O
-
:—/
~
m
~

(40)

Uniqueness: If & € MR?(I) also solves ({@0) then o : t — eMa(t) € MRP(I) must also solve (B8]
and by unique solvability, v = © hence u = .

Optimization of R,(p,v): For any v # 0, there exists a unique minimum g, := argmin R, (p, v).
ne(0,1)
Indeed any minimizer u, of R,(-,v) is the unique zero of the continuous and strictly decreas-
ing function p — 1+ p*~P|v|P — (1 — p)' =P which diverges to +o0c and —oo at u = 0 and
1 = 1 respectively. Moreover v — p, is increasing on v € R;.

Since (g )v>0 is bounded from below, by monotonicity, there exists po € [0,1) such that
Ly —6 to. Assume by contradiction that poy > 0 then we see that upon taking the limit
v—

v — 0, in the identity 0 = 1 + PP — (1 — p, )} 7P, we obtain

0=1—(1—po)?
L= (1~ po)' ™"
po =0

We find a contradiction, meaning uo = 0. Hence ay,(v) := Rp (i, V)% =(1- uu)% e 1.
v—

Since (1y),>0 is bounded from above, again by monotonicity, there exists o € (0, 1] such
that u, —+> lhoo- And observe that
V—r+00

(=)' 7P =14 p, 0P
(1—pu)"?7 — 400

v——+o0o

1 1-p
Meaning fioc = 1. We then infer that oy, (v) = (14 pl PvP)? ~ p,° v~

v——+o0
O
We will use this result later to estimate the effect of well-suited nonautonomous perturbations
on the maximal regularity constant.
3.3 Nonautonomous perturbations of autonomous operators in mr,

Let us state the following perturbation result, also found in [10, Proposition 2.7]. The novelty being
that a quantitative estimate of the maximal regularity constant is given.

Theorem 3.5. Let Ag € mr,(Ry) and B : I — L(D; X) be strongly measurable on the bounded
interval I. Assume there exists § > 0, such that for anyt € I, x € D,

1B(#)zllx < eollzllp +nllzllx
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where €g := Ao HX

1 _ —
AT, 006D @nd Mo = sup,ole

Then Ay + B € MR, (I) and we have the following bound,

[Ao + Bl pr,, 1y < G|, Mo, [Aol,,,y, (1)) (41)
where G(1,m, M, K) := 4(1 + M)c,(—4Mn7)K for (1,1, M, K) € (R4)* and ¢, is given by (B5).

In such a case we call B a regular perturbation of Ag.

Proof. First see that for any t € I, N ag+m) ~ Ilag ~ [l o, since o < 1. As before, denote

for A € R, Ry := (A + La)~! and observe that A + La,+5 = (Id+BR))(A + La) where B is
the multiplication operator on L?([; X) associated with B, this operator is well-defined by strong
measurability of ¢ — B(t). Now for A > 0 and using the bounds [B2)) and (B3) of
compute the following,

||BR>\f||Lp(1;X) < €0||R>\f||Lp(1;D) + 77||R>\f||Lp(1;X)

1
< RS Inire 1y + 0 BAS N o i)
2([A0]mrp(1) + 1>(M0 +1)
1 1 — e A
< §||f||LP(I;X) + anHfHLP(I;X)
L nMo
< (5+ 52 Whocrr

Fix Ao := 4nM for which we then have

3
||BR)\0f||Lp(I;X) < ZHf”LP(I;X)

Hence Id +BR), is an invertible operator of LP(I; X), and so La,4+p4r, = Id+BRx,) (Mo + La,)
is invertible as an operator of L(MRP(I), LP(I; X)). By virtue of (33)) in [Lemma 3.9 we infer that
Ao+ B+ X\ € MR, (I) with

| N

[Ao + B + Ao] MR, ( (1——) 1+M)[Ao]mrp(1)
= 4(1 4+ M)[Aol,,,, (1)

Apply [Theorem 3.4l with —\g to obtain that Ay + B = (A + B+ X\g) — Ao € MR, (I) with the
desired bound [{I]). O

This perturbation result is key to the analysis of the maximal regularity property of nonau-
tonomous operators which are relatively continuous.
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4 Gluing maximally regular operators

As a tool for the quantitative study of regularity constant of relatively continuous operators, let us
derive an estimate concerning the gluing of finite family (A4;)1<i<ny of maximally regular operators
defined on a subdivision of the bounded time interval I = (a, b).

4.1 Behavior of ||, ;) under a change of variable in time

To refine the bounds on the maximal regularity constants obtained in the next section, it is useful
to study the behavior of [] MR, (I) with respect to a change of variables in time. An invariance

stemming from the choice of the norm of MRP(I) (B) is observed when the change of variables is

linear (see Remark 4.1] later).

Lemma 4.1. Let I,J C R be two bounded open intervals and ¢ : I — J be a C'- diffeomorphism
and denote ¢ == ¢~1. Let A:J — L(D,X) € MR,(J), then the nonautonomous operator Ag
defined by

Ay =¢()(Aog)(-): I = L(D,X)

belongs to MR, (I) and we have,

Aol < 19/ (1, 000 ) AL, 0 (12)

Proof. Before proving inequality (42)) we first estimate the continuity constant of the isomorphism
tp :u— uo ¢ from MRP(J) to MRP(I) induced by ¢.

Let u € MR"(J) and let us estimate ||ug(w)|lyro(p)-

Estimation of the LP([; X) and L?(I; D) norms: We compute

o BB rix = /nu DI di

/ (s Bl (5)] ds

< |l ||oo||u|\wx>. (43)

Applying the previous computations with the Banach space D, we obtain the similar result
lwo o0y < 1Vl llelo(s,p) (44)

Estimation of the W'?(I; X) semi-norm:

P d w0 P / iu !
| gees] = <t>(d5 )<¢<t>> th
|I|P/|¢ o) weas
(1 S
g||¢||m<|J||¢|| >|J| = (45)
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Operator norm of (4: By combining inequalities (43), (@4) and (4H) we obtain a bound on the
operator norm ||L¢||L(MRP(J),MRP(1)) of 1y

! 1]
el < 16/ (1, 51110 ) (16)
Inequality ([@6) becomes an identity in the case of affine homomorphisms (i.e. ¢ of the form
@(t) = At + tg), since inequalities (A3)) - (@) saturate and %Hqﬁ’”w = 1. Remark that if
¢ >0, then 14 also induces an isomorphism of MR{(J) onto MR (/) with the same operator
norm.

Maximal regularity of Ays: Denote ay := infI, ay := inf J and let f € LP(I; X). By the iso-
morphism ¢4, the unique solvability in MR{(I) of the nonautonomous Cauchy problem

d .
{ &v—i-Ad;v = f, inl (47)
v(iar) = 0

is equivalent to the unique solvability in MR§(J) of
d 1
—u+ Au

ds Yo
u(ay) = 0.

fo/lb? in J (48)

1—1

Since ‘ ﬁf o wHLP(J;X) < WL ;17||f||Lp(I;X) < 400, the assumption A € MR, (J) shows

existence and uniqueness of v € MR{(I) solution of ([@7). Let us then estimate [Ay] MR, ()

ol ry < eallelyme

1
———fov
¢ o L7 (J,X)

1—1
< leo 1A v, (1) 19 o P ILF o (2,30

I
< ¥l max<1, %ndnw) Aol

< ||L¢||[A]MRP(J)

From which we infer (42]).
O
As a direct application of [Lemma 4.1] we derive the two following important remarks for any
Ae MR,(J):
Remark 4.1. (i) Note that (Ay), = A, hence using ([42)) with ¢ we obtain a lower bound for

[Aqﬁ]MRp([) as
1 , Il 1
7T M\ T ) e = Welm, (49)
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(14) Let ¢ : I — J be a linear homomorphism, denote ¢ = X := ML Using both #2) and {9) we

1]
find
1 1

X[A]MRP(J) < [A¢’]MRP(I) S X[A]MRP(JV
yielding
1
[A¢]M7zp(1) = X[A]MRP(J) (50)

4.2 Gluing finitely many MR, operators

We here show that finitely many adjacent maximally regular operators can be glued-up together
to form a maximally regular operator on the joined interval. The results are all stated as quantita-
tively as possible with the tools developed before. The estimations here described are new in the
theory of LP maximal regularity.

A first lemma is derived on the gluing of functions in MRP. Working with the weighted W?1?
semi-norm in () yields nonstandard norm behavior with respect to restriction and extension of
functions in MR?.

Lemma 4.2. Let v; € MRP(a,b), va € MR?(b,c), with a < b < ¢ € R and assume that v1(b) =
va(b). Then v := viljg ) + valp,g € MR (a, c) and we have

||U||MRP(a,c) < "$1||U1HMRP(a,b) + “2||U2HMRP(b,c) (51)

where k1 = 7=, K2 1=

(e}

s}

=

c—

Proof. Let &€ € C}((a,c);R) and see

(e)vwai= [ (S0 un@ars [*(Sew)umoa
[, Giew)oa= | |

— 60Ol - [ 05O+ o] - [ 6050

a

= €000 0) = €0~ [ 600010 Laa@) + 0200 10,0

= _/:g(t)(d—ivl (t))l[mb] () + <d—iv2(t))1[b,c] (t) dt

Therefore v = (d—ivl)l[a)b] + (d—dtvg)l[b)c] € L?((a,c); X). Since also v € LP((a, c); D) we infer that
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v € MRP(a, ¢). Furthermore observe that

p
—

dt

||U||§4Rp(a,c) = ||U||Z£p((a,c);x) + ||U||ip((a,c);p) +(c—a)”
Lr((a,c);X)

= ||U1||p (a,b);x) T ||U2||Lp((bc y T ||U1||pp (ab);D) T ||U2||Z£p((b,c);p)

+ (c—a)? H—v1
Lr((a,b); X ((b,e); X)
cC—a P C —
< b—a ||vl||MRP (a,b) + m ||U2||MRp (b,c)

< a+ g for any «, 8 > 0 to conclude (GBI)). O

S

Now see that (o + 5P)

As a first step, we glue two operators together and then proceed by induction to show maximal
regularity and bound on the regularity constant for finitely many operators. Some asymptotic be-
haviors are discussed as well as the sharpness of obtained estimate.

Lemma 4.3. Assume that A1 € MR,(a,b) and Ay € MR,(b,c) for some a < b < c € R. Then

the glued-up operator A defined by

A(t), a<t<b
A(t)::{A;Etg, bgt;

belongs to MR,(a,c) and we have

11
(Al pry (a,e) < FrlAa] + RolAo] + 51 k3 Qple = b, [[ Az, [A2])[Ad]. (52)
where k1 1= {=¢ and Ky 1= —=¢. Moreover denoting wy, := 24 (p—1) we have
1423 (CGV &) ifw,G <1
2pap G\»? .
Qy(T,C,G) = m (f) if1<w,& < gr (53)
1
(Frv1)7(1425CG)  if dp < wy$

Proof. * Remark that A obviously satisfies by maximal regularity of A; and As.

* Let f € LP((a,c); X), let us show that there exists a unique v € MRP (a, ¢) satisfying (m)(a <)
and that () holds.

Uniqueness: Assume that v is a solution to é 7 9t implies that v|[a p is a solution of
the Cauchy problem with operator A; and source term 0, hence v = 0 on [a,b]. Now
this implies that v|, o starts at 0 and is a solution of the Cauchy problem with operator

Az and source term 0, again v = 0 on [b, ¢].
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Existence and initial estimate: Denote f1 := f|,5 € LP((a,0); X), fo = flp,q € LP((b,c); X).
For convenience of notations let us set [A;] := [Al]MRp(a,b) and [Az] := [A2] g, (b,0)-

Since 41 € MR,(a,b), there exists a (unique) solution v; € MRP(a, b), solution of the
Cauchy problem starting at 0 with source term f; and such that

”UlHMRP(a,b) < [Al]”fl”Lp((a,b);X) (54)

Denote = = v1(b) € TrP. Fix u > 1 and let z € {w € MRP(b,b + p(c — b)) : w(b) = x},
which is nonempty since 2 € Tr”. By definition, La,z|s,c) € LP((b,¢); X), let us then
denote g. := fo — La,2|p,q € LP((b,c); X). Since Ay € MR,(b,c) there exists v, €
MR? (b, ¢) such that,

{d—dtvz(t)—i—AQ(t)vz(t) = g.(t), ae te(bo)
v(b) = 0

And by linearity vy := v, 4 2|p, must be the (unique) solution to

{ %Ug(f) + Az(t)vz((ti = fg(t), a.e. t € (b,C)
va(b) =

Now by maximal regularity of A, we infer:
||Uz||MRP(b,c) < [A2]||g||LP((b,c);X)
< [A2]llf2ll Lo ((b,e);x) + [A2lI LAz 2l o (b))

Observe that,

p

dt

d
= 2(0) + As(1)2 (1)

([

b+uc b)
<2p—

< op—1 (Cp V;

||LA22||ip((b,c); x) =

X

dt+0p/ ()%, dt)

b+p(c—b)
z(t) dt+Cp/ lz(6)]|%, dt
b

1 p
ey ) P Ime o buce-n)

zt

(55)

according to (B)) of Definition 2.Tland where C' := [|Az|| e ((5,¢).2(p, x)) < T00- Therefore
we can infer the following bound using (G3):

||”2||MRP(b,c) < ||”Z||MRP(b,c) + HZHMRP(b,c)

1 1
< A2 f2ll o b)) + 27 (C v m) [A2]ll2lntre b5 uce—y) T 12 lnme @04 00e—09)

L 1
< i -
< [Allfell o (v,e0x) + (1 +2 (C v (o= b)) [A2]> 121t (5,64 0(c—b))
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Passing to the infimum over z € {w € MRP(b,b + u(c — b)) w(b) =z}, we find

1 1
o2 llvre (b, < (1 + 249 <C \% m) [A2]> % mve (.04 pe—py) + [A2]llf2ll Lo (b,

Using the rescaling of the norms on the trace space described in [Remark 2.1] together
with (B4]), we find
1
”‘T”Trp,(b,b-i-u(c—b)) = (pk)? ||I||Trp,(a,b)
1
< (pka)? ||”1||MRP (a,b)

<
< () A1 D ooy

c—
where K, = e therefore we finally obtain,
a

1 1 1
et < one)? (1428 (€ ) 1 AL g Al el

(56)
Define the function v := v11j4 5 +v21p,q. Since v1(b) = v2(b), we infer from Lemma 4.2
that v € MRP(a,c). Further we observe that v is in fact a solution to (CP) for a.e.
t € [a, c]. Moreover recall that

||v||MRp (ae) = ”1||v1||MRp (ab T “2||U2||MRP(1) c) (57)

where K1 = b 141l —q1andk, = ot . Hence assembling

K2 2"
6) and &1, together Wlth the fact that ||f1||Lp((a 0:x) 12l e (eyix) < e (a0 %)

oo < (sl + ra (on)3 (1428 (v~ el ) i)+ [42]) ) o

11
By remarking that KQ(H*)% = r{ 5 we deduce the following estimate of [A] iz (4 0

(Al i, () < F1[A1] + ko[ Ao] + WP Rl b (1 +23 (c v ﬁ) [AQ]) (A1) (58)

Optimization with p: Let us denote QP(T, C,G,p) = u% (1 121 (C \% #LT)G) Let G,C, T

be given and let us minimize p — P(u) := Q,(T,C,G,pu) on [1,+00). Remark that
P(p) = a(u) v B(p), where
1 1
alp) = pur (1 + 2ECG)

1+ 2:G
uT

is increasing and

=

E
|
'@I»—‘




We note that p — SB(u) admits a unique global minimum on R attained at p; :=

(p — 1)2%% =: w,%, because f is decreasing on (0, 4] and increasing on [u1,+00).
Moreover observe that a and § both meet at a unique point ps = % Therefore the

global minimum of P(u) on R is attained at p1. := p11 A po. We can therefore infer that
the minimum of P on [1,+00) is attained at 1V (G5 A w,$) which yields our result.

O

Remark 4.2. Note that in (B2]), the roles of A; and A are not symmetric, this accounts for the fact
that the maximal regularity constant is defined with the initial condition z = 0. It is worth noting
that it is the multiplicative interaction between [A] and [As] of the term gr1k2Qp(c—b, C, [A2])[A1]
which gives rise to the asymmetry.

It might seem possible to further refine (52)) by exploiting a piecewise linear change of variable ¢
such that |¢((a,b))| = |#((b, ¢))| so as to obtain optimality on the factors k1 and k2. Unfortunately
the factor in ([@2) cancels out the optimality.

Remark that for any A > 0, C,T,G € Ry, we have the invariance Q,(C,T,G) = Q,(AC, L, %)
This invariance is compatible with a linear change of variables in time (see [Remark 4.7 (50))). This
then implies that (52) is invariant with respect to a linear change of variables in time.

Now we derive the result for the glued-up operator of a finite family of nonautonomous operators.
We first define the following geometrical parameters related to the subdivision.

Definition 4.1. Let N > 2 and Ty = {7i}y<;<y be such that a = 79 < 71 < ... < 7y = b, define
for each j € {2,..., N} the function H;(p,T,-,-) : Rt x Ry — R} as

11
H;i(p,T,C,G) = k1,j + K7 jk3 ;Qp(1; — 7j-1,C, G) (59)
o Ti—T0 S T;—T0
where k1 1= =, Kaji=

We now give an estimate of the MR, constant for the glueing of finitely many operators in
terms of these geometrical parameters.

Theorem 4.4. Let T = {7i}y<,<y be any finite subdivision of 1. Let us be given a family
{Ai},<icn of nonautonomous operators such that A; € MR, (Ti—1, 7).

Then the operator A defined by
Al(t), ifT0§t<T1
Ag(t), ile <t<my
An(t), if o1 <t<TN
belongs to MR,(a,b) and we have

N

N
Al vr, @ <20 T B Tl A oor TG | K2l Ailpiry (o) (60)
i=1 \j=i+1

Proof. We show the estimate by induction on N.
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* For N =1, the result is trivial.

* Fix some N > 2 and assume that the result holds for any subdivision of size N — 1, let us
show that the result holds for any subdivision of size V.

Let a,b € R, a < b, T := {73 }g<;< be a subdivision of size N and let {A;}, ., be a family
of maximally regular nonautonomous operators on each [7;_1,7;] respectively. Denote by A
the resulting glued-up operator on [a, b].

Denote By := Al +y_,] and By := Ay. By our induction hypothesis, we are able to apply
Lemma 4.3 on B; and By. We obtain:

11

[A]MRp(a,b) < (IilvN + KIE,N'%S,NQP(TN—l — TN, HBQHOO’ [32])) [Bl]MRP(TO,TN—l) + K/2’N[B2]MRP(TN—117N)
=Hy(p, T, | B2llos: [B2D Bl i,y (r0,7w 1) T K28 B2 pr (ry ma)

Let us then apply our induction hypothesis on the subdivisions 7' = {Tz}o<l< N1 and the
corresponding famlly of operators {4;}, <i<n_1 glueing-up to By and each of size N — 1. For

simplicity denote H; := H;(p, T, [|4;]| ., [A il MR, (ry—r; 1)) We infer:
N-1 [/ N-1
[A]MRP(G, b S HN H HJ "<‘./2,7;[A7;]MRP(7-7;7177-,£) + K/2!N[AN]MRP(TN71,TN)
i=1 \j=it+1
N—

1
( Hj | k2,ilAil pr 7oy ) T E2N AN MRy (107
1 \j=i+1

(1

This completes our proof.

3

bnﬁz
11212

H_j 52,1’[141’]/\/(71;,(7'1’7177'1’)

—

.
Il

5 Proofs of the main estimates and examples

In this section we prove our main estimation results. The general estimate [Theorem 2.6l is derived

in [Section 511 It is then used in to show the quantitative version [Theorem 2.7 for
operators in RC*#(I). Finally [Section 5.3 contains some examples.

5.1 Estimation for general relatively continuous operators

The idea for the study of the maximal regularity of relatively continuous operators, is to subdivide
the time interval [a, ] and consider the operator on each subinterval I; C [a,b] as the sum of an
autonomous maximal operator A; and a regular perturbation B arising from the relative continuity.
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We start with a somewhat precise version of the Besicovitch covering theorem in dimension 1
(found e.g. in |8 Theorem 2.18]).

Lemma 5.1. Let p : [a,b] = (0,+00) be a positive function, then there exists N = N(p) € N, a set
of center points C := C(p) = {ti};<,«n C la,b] and a subdivision of [a,b], T := T (p) = {Tito<icn
such that o o

a=Tp<t1 <7 <te<.TN_1<tin<TN=0b (61)
such that for alli € {1,..., N},
[ti = 7l [ti = Tia| < p(ti) (62)
p(ti) < |mi — mica| < 2p(ts) (63)
Hence we can write N
[a,b] = U[Ti—l,Ti]
i=1

Proof. We have [a,b] C U,e(qp It: It = (t — p(t),t + p(t)). By compactness there exists a finite
family of intervals 7 C {I;},, ) covering [a,b].

* Claim: there exists a subcover F C F which satisfies both of the following nonoverlapping
properties:

(P1) Forany I,J e F,ICJ=1=J.
(P2) Forany I,JJKe F,INJNK#0=>I=JorJ=Kor K =1.

We show the claim by induction on the size N of F.

Base: If N = 1, the result is trivial.

Induction: Assume the claim holds for some N > 1. Let F be a covering family of size

N +1. If F already satisﬁes andwe are done. Otherwise, eitheror
fail to be satisfied.

Case 1: Assume that fails for F. There exist I,J € F such that I C J and I # J.
Observe then that F \ {I} still covers [a,b] and is of size N.

Case 2: Assume now that fails for F. There exist I,J, K € F, all distinct such that
INJNK #0. Write I = (ar,br), J = (ay,by) and K = (ag,bx) and assume
without loss of generality that a; < ay < ak.

* If by < by or bg < by then we conclude that K C I or K C J hence F \ {K}
covers [a,b] and is of size N.

* Otherwise if bx > by and by > by, then since IN K # 0, ax < b;. Thus we
have TU K = (ar,bx) and so J C I U K. Therefore F \ {J} covers [a,b] and is
of size N.

In any case we can cover [a,b] with a subfamily 7 C F of size N. The induction
hypothesis allows to conclude.
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* We still denote by F = {Iy, }, ., 5 some finite subcover of [a, b] satisfying (P1) and (P2). Let
us assume furthermore that (ﬂ)} <i<n are ordered in an increasing fashion, i.e. a <t; <ty <

... <ty <banddefine g =a, 7y =band 7; := t"“;ti + p(t")fg(ti“) for i € {0,..., N —1}.
From the properties|(P1)|and [(P2)] we infer for any ¢ € {1, ..., N — 1} that,

pti) — p(tiv1) <tip1 —t; < p(t:) + p(tit1)
and
tiyr — p(tiv1) > tica + p(ti-1)
From these we straightforwardly infer (6II) and (G3)).
O
Let us now state and prove an explicit version of the result of Arendt (found in [I0, Theorem

2.7, Theorem 2.11]). First let us recall the quantities of interest and the main assumption of the
theorem.

(a) Relative continuity: A € RC(I;(D; X)).

(b.1) For all t,s € I, A(s) = Ao(t) + B(t, s).
(A1) (b.2) For all t € I, Ay(t) € mrp(R4).
(b.3) There exists a range 74 = (d4,7n4) such that for all € D,

Vi,sel, |t—s[<palt) = [IB{ s)zllx <eo@)]zllp+pa®llelx

where pa := 84 0 €g, pta =14 0 €9 and € is defined through (I7)-(I8).

Recall also the auxiliary quantities Ky and My for Ay defined in (I7).

Theorem 5.2. Assume that A satisfies |(A1). Then A € MRy(I) and there exists a subdivision
T :={7i}gcicn of I and center points C := {t;}, ., n such that

a=To<t1 <M <.<tnN<TnN=0b (65)
pa(tis) <7 —7i1 < 2pa(ti), Vie{l,..,N} (66)

and there exists K := K(p,T,C, Ko, Mo, ||A| ) = 0 such that
Ay, 1y < K (67)

Proof. Apply [Lemma 5.1] with p4a = 4 0 €p on [a,b]. This yields the corresponding N € N,
C:= (ti)lgiSN and T = (Ti)OSiSN-

Define A4; := Al|.,_, ;, for each i € {1,...,N}. By the decomposition assumption [(b)} we have
Ai(s) = Aop(t;) + B(ti,s) and by ([62), s — B(t;, s) is a regular perturbation of Ag(¢;) on the
interval [1;_1,7;]. Hence by [Theorem 3.5 we have A; € MR, (7;,_1,7;) and,

[Ai]MRp(nfl,n) < G(ri — Tim1, pa(ts), Mo(t:), Ko(ts))
Finally we can apply [Theorem 4.4] to A with the subdivision 7 to obtain (G7]).
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(b) Decomposition: There exist Ag: I — L£(D,X) and B: I x I — L(D, X) such that

(64)



5.2 Estimation for Holder-type relatively continuous operators

In order to estimate the L? regularity constant more explicitly, we use an integrability condition

on the maps Ko and My stated in [(A2)|[(D)} (Ko + 1)(Mo + 1) € Lo"(I). This implies in fact that
1

= e L"(I).

PA

Under this condition, the Besicovitch covering theorem can be explicited with concrete constants
with the use of Techebyshev inequalities.

Proposition 5.3. Let p: I — R be measurable and such that % € L"(I) for some r € (1,400].
Then there exist (N, {t:},<;<n+{Ti}ocicn) satisfying (1)) and such that

3|1|H1 “N< |I|H1
2 el P

where r* is such that % + Tl* =1.

' Jv1 (68)

L(I)

Proof. Denote for € > 0, F, := {t el p(t) > e}. From Markov’s inequality we have for any € > 0,

T

- 1
T\ E| <ot (69)
p Lr([)
1
Hence there exists ¢* := ﬁ > 0 such that E. # 0 for any 0 < e < €*. If €* > |I|, then we may
pllpr

take N =1, hence (G8]) obviously holds. From now on we assume that ¢* < |I|.

Fix some 0 < a < 1, and note that if there exists some 0 < €y < €* such that
|Eeo| = |I] — aeo (70)

then for any ¢ € I, we have dist(¢, E.,) < aey otherwise we could fit a ball of diameter strictly
bigger than aey outside F., which would contradict ([{0]). Therefore we have

IcC U B(f,eo)
teEe,

Compactness of T allows to extract a finite subcover, which we may assume satisfies [P1)}{(P2)]
yielding (6I)) with ep < |7; — 7i—1] < 2¢p for all 1 < i < N. Therefore we can bound N from above

and below: / /
s
260 €0

Now from (69]), condition (Z0) is satisfied for ¢y satisfying

T

1
ell— = aeg
PllLr ()
. T*71 .
After some rearranging we find that ¢y := ﬁ < €* because we assumed €* > |I|. Denoting
pllLr(n

B=(L)™ € (1,400), we find from (7T

«
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L7 (1)

i1, ...
2l = <N < |B|I|||~- 72
L"MJ‘ _{ﬁIIP (72)

Letting 3 be close to 1 in ([[2]), we obtain (6]).
o

Assume that A satisfies[(A1)|and [([A2)] Recall that then A € RC*#(I): it has a specific range
of relative continuity 74 = (d4,7m4) such that there exists ms >0, ms € (0,1] and
Ve >0, da(e) =mse”
Ve >0, nale) <mye?
The integrability condition [(A2)|[(b)] lets us define T := ||(Ko + 1)(Mo + DlIZar(ry-

Theorem 5.4. Assume that A satisfies (A1) and |(A2). Then there exists a constant C =
C(1], | All oo, p, 7 cx, B) such that,

1
. +
r'\" 52(O¢>B7T)F51(Ouﬁﬂ”)
log([A]MRP(I)) <C (%) mymg N +my +1 (73)

()

log| —

ms

where s1(a, B,1) := r*(% - 1) and sa(a, B,1) := g—ﬁ - (zi%)sl(a,ﬁ,r).

This result is useful for applications, it allows to express an explicit bound of the regularity
constant in terms of the parameters of relative continuity of the nonautonomous operator A. This
estimate is then used to infer a global existence result for quasilinear equations, stated in the next
section.

Proof. For this rest of the proof, we shall denote ©® < A when the quantity © is bounded by the
quantity A up to a factor C' that is independent of ms, m,, and I.

As a preliminary note that
log(cp(v)) Sv+1

Let (N,C,T) be the parameters of the subdivision given in [Proposition 5.3] First assume that
N =1, in this case then we can directly apply [Theorem 3.5 to obtain,

[Alvir, 1y S (Mo(tr) + D)ep(=4Mo(t) (8 HDIAED)] v, 1) (74)

And since N =1, ms < 1 we have pa(t1) > 5o L

> 7', therefore

1
Ko(t1)+1)*(Mo(t1)+1)~
Mo(tr), Ko(t1), (Ko(t1) + 1)(Mo(t1) + 1) S [1|7%

and also p(t1) = na(eo(t1)) < mn|I|§. Therefore from (74)), there exists C' > 0 independent of
my, ms and I' such that
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Hence

Hence (73)) holds.

[A]MRP(I) S ¢p(=Cmy)

log([A]MRp(I)) Smy+1

From now on we consider that N > 2. The bound is obtained first for ms = 1, then we treat
the general case by using a time rescaling.

Case ms = 1: Let (N,C,T) be the parameters of the subdivision given in with
p=pa:=00e =2"%Ko+1) %M+ 1)~*. Therefore the bound (G8) can be rewritten,

[%w < N < |Nr]

i - 1
where Nr = [I[T" > 1, with T = ([(2(Ko + 1)(Mo +1))*" dt)™ = 2°T by assumption. For
simplicity denote T, :=T . We find from the first bound that

and for 1 <i < N,

Therefore, €y(t;) =
any ¢ € {1,..., N},

and also

< i ;
or, — 12%211\/ p(ti)

1
ST —Tie1]| S =+
or, < Il S

RI=

Q(Ko(ti)‘i’l;(MD(ti)‘f’l) > (2%*) . Hence we infer the following bounds for

(Ko(t;) +1)(Mo(t;) + 1)

*Qo =

Ko(t;) ST

Mo (t;)

B
pa(ti) =naleo(ts)) S myl's

From which we then infer that there exists C' independent of ms, m, and I'. such that for
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je{l,..,N},

Gj = G(1j — 7j—1, u(ty), Mo(t;), Ko(t;))
S (Mo(t;) + 1) (Ko(ty) + Dep(=4Mo(t;) pu(ti) (75 — 7j-1))

1 1 81
STee <—CP§ mpl's 1“_)

1 Bt1_y
=I2cp| —Cmyl e

=: D(m,;,T'y)

Moreover we have k1 ; S 1 and ko ; S Np. We use the previous estimates and the somewhat
crude estimate Q(T,C,G) <1+ (C + %)G, to find for any j € {2,..., N},

1
Hj(vav ”AJ”oovG]) 5 1+ NI? (1 + (HAJHOO + F*)D(mmr*))
1 1 1
= 1+ [I[3T2 + [T[3T | Al D(my, D) + 1375 D(m,, T)

11
r, Ik

D(m,,T'y)  D(m,,T.)

1+2

1 1 3
S T Al + 117 | T D (g, T

Since by assumption I'x > |I|~! and m, > 0, we have D(m,,T,) > D(O,2O‘|I|§) > | =.
Therefore

141 1 1\ 142
Hi(p, T 1 4]0, G5) 5 (110 + 114145 + 1117127 DGy )

_1 11 1,1 14141 B+l
T I T i

A

4+14+2 Bl _q
B AL e (~om, )

Hence the following global estimate can be obtained as follows:

B+1

N 1,1 B N—i—1
Al r, i S (EN;J“’JFQ ¢ (—Cmnl"* g 1)) Nr-D(m,,T.)
=1

14141 B+1_q N-1
<<ENF ‘ acp(—cmnr*a >) NrD(m,,T.)

~

141
Note that we used the fact that £, Np, ¢, > 1. Moreover, NpD(m,,T'y) < |I|_§EN11+‘*+ “ep (

therefore we have,
1.1 B4l Nr
[A]MRP(I) S III’é (EleJquraEp (—C2mnl"*a 1))
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Nr
1 14142 ALy
Let us deote P11, [AlL sy, ) s= 11175 (BT LALLM (—cam,r 1) )

General case: There exists A(ms) € (0, 1] such that Ay := AA(X) falls in the first case m} = 1.
And we find the following relations:

1

_ a+1
A= myg
A \B41

my, = AP imy,

r.<T) < 2rletor,

I
= 4
A3l = Al

Therefore we deduce that N = |I,|} = AT @)= N = A (et D) N

Using the time-scaling invariance (B0), we have the following bound

] Crtend
[A]MRP(I) = )‘[AX]MRP(IA) < )\F(T’ )\HAHOO’)\ﬁJrl, A ( +T)l—‘*

Since ms < 1, we have A < 1, hence we can see that E(|I5,]|Ax].) < E(], ||A] ). Assem-
bling together the estimates yields,

—r*(a+1)
<\ 1+i7-2 —r* (141 + 1) (at+1) 1+%+§ B+1—r*(a+l)(&,1) g1y A Nr
(Al pr, ) S AU BpA ata Ny " ey [ —Cmgh H(Z -1,

o
Upon replacing A = mg™" we find,

41 [ oti (5+1 ) ms ' Nr
1 i —(4141ypr  g4l4l at1 " <a+{) o« 1) By
a - q o q o —
[A]MR,,(I) < mg || Ems Np cp | —Cmymg

Let us compose by the logarithm in order to identify the dominant factors of this product.
We do not display the dependence with |I| or ||A]|_ , they are hidden in the constants. We

obtain,
1
+
" logc (—Cm ms2(°"5’r)f‘sl(°"5’r))

1og([A]MRp(I)) < logms —|—<—6) gCp U 5+

<0 r

log(—)
me
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where we denoted s1 (o, 8,7) = 7* (% - 1) and so(a, B, 1) = % - (i:ﬁ)sl(a,ﬁ,r). Now

+1
log ¢, (v) S v+ 1 for v <0 allows to conclude (73)).

O

5.3 Examples

We here give two simple but useful examples of operators in the class RC®?(I) for which we can
apply our explicit estimate in [Theorem 2.7

Throughout the development of these examples we fix A € mrp(Ry) a given maximally regular
operator on R and an additional operator B € £(D’; X)) where D — D’ — X is an intermediate
space between D and X, that is we assume there exists L > 0, 6 € (0, 1) such that for any z € D
the following interpolation inequality holds,

0 1-6
1Bzl x < Lllz|pllelx
The reader may think of A as a well-known, autonomous and maximally regular operator (e.g.

A=—Aon L*(R"), A= —div,(a(z)V,) with a,a”! € L>®(R"; ST (R))) and B as representing
an operator with "low-order coeflicients" (e.g. Gagliardo-Nirenberg interpolation inequalities).

Ezample 5.1. Fix some A € C%= (T; R, ) such that %= € Lo (I) for some r > 1 and define for t € I,
A(t) == M)A

1 o At) — A
Then A € C%= (I; £L(D; X)) € RC*P(I) with ms = (1 + ||A||L(D;X)[)\]é) , where [\]1 := sup M

1
* izsel |t —s|a
is the %—Hélder semi-norm of .

The operator A satisfies assumption [(A1)|with Ag = A and B = 0. Now observe that

Ko(t) = [AWO] (1)
= ﬁ (AL (585
= % (Al )
< C(A 1IN 57
first by time rescaling invariance (see (50) in [Remark 4.1)) then by Also My(t) :=

supTZOHe_TA ’X, therefore

«

1
a2
Therefore from [Theorem 2.7] (24) we find that there exits C(A4, ||, |\, p, @, 7) > 0 such that

<1 +1og<(1 + [A];)H% LM)) (75)

I < (A1), ||A||oo>\

L(w‘([)

*
ar

g (Al aam, ) < (0 +) " |35

Lar
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We observe from estimate (73 that the behavior of the regularity constant of A can be expressed
in terms of the strength of the oscillations of A represented by [A].1 and of the term H)\%’
representing a measure of the degeneracy of the operator.

Lr

Ezample 5.2. We now consider a more general operator of the form
A(t) = Mt)A+~(t)B

where as before A € C%= (T; R,) and v € L (I;R). As above we show how to obtain a log-estimate
of [A] iz (1) using [Mheorem 2.7

Relative continuity: A € RCO"%(I).
Let us compute a range of relative continuity for A(-). Let t,s € I, t # s and © € D, we have,
1A — As)allx < IAE) = X A]| 2 px 12 p + 17(E) = ¥(s)[|1 Bl

_ 1 0 1-6
< WL oIt = sl llallp + 2L I Lo el 2]

Now for any h > 0, from Young’s inequality with p = %, g = 15, we have /b7 <

-6
Ohta+ (1 — 0)h~T-9b. Therefore,

— 1 1 1
4@ — Als)ellx < (23] gl — 5% + 20LI10h? )l 420 -B)Ll 7l
Fix r > 0 and take h = (r|t — s|)% to find,

‘]

[A(t)z — A(s)z| x < ([/\]é 4 2oy + 2¢9L||7||oo7“3) [t=s|=[lz]| p+2(1=0) Lilv]| o (r[t = s]) =07 |||

NFY A
Now choose r := WL to find,

o
- A 6L\ ™7 et
lA@z — Als)ellx <203 AL )t = s1% lallp +2(1 = )Ll (m [t — 5|50 2]

(2]
1 o Cy\ -9 0
=Gl = sl¥lellp + @y (1= )¢, ()l ol

where C) = 2[)‘]iHZH£(D~X) and C, := 2L|v||,,. Observe then that for any ¢ > 0, if
[t —s] < Oy %€, then we find
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6
Co\NT7? % _ o
402 = AGsJelx < ellellp + o, () T el

1
< el +CoCT e T j2]
A range of relative continuity of A can be

0(e) := (Cy + 1) %™

1
7€) 1= CyCT e 10
and therefore A € RC® T (I).

Maximal regularity: A € MR,(I).
Here A satisfies assumption|[(AT)|with Ag : ¢ = A(¢)A and B : (¢,5) — (A(s) — A(t))A+7(s)B.
Now we have for x € D, e > 0

IB(t, s)z|lx <[lA(s)r = A(D)z| x + [Vl 1 B2l x

—_0
< [Als)z = At)z] x + 5zl p + CoCre™ ™7 |l x

5|
2
Hence upon choosing d4(€) := §(5) and na(e) := ﬁ(%)—!—CgCﬁye*ﬁ we find that (54, 74) is still
a range of relative continuity for A, compatible in RC* T (I) and that B satisfies|(A1)|(b.3)|

Logarithmic estimate: 1og([A]MRp(I)).
As in the continuous case, we find that

[e3

< 400

— 1
rsamumwuw
Ler(I)

A2

Hence A satisfies [[A2)] for a and 8 = £;. We also observe from the definitions of §4 and
na that
)704

1
may o Y1357

ms x (14 [}

Q=

where the proportionality factors only depend on 6, L and HZHﬁ(D X Also see that s1(a, %) =

atl
r* ﬁ - 1) and sz (a, 1%00) = Wl(oﬂrl) —r* (%ﬁ) (m - 1). Hence we can apply

to find
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+
ar® 1 ar® + asa 1 jest 1
o8(I40aem,n) < €| (1+W3)" 53] ||v|;09(1+m+;) E [ S

where C := C(|I|, ||\ o, p, o, 6, 7).

As for the continuous case described in[Example 5.1] the behavior of the regularity constant of
A in ([76) is expressed in terms of [A] 1 representing the oscillations of the diffusion coefficient

A and in terms of H )\%’ ;- Tepresenting a measure of degeneracy of A. Extra terms in [|v||

appear which account for the perturbation v (¢)B. Remark that if 6 is close to 0, then the
log-estimate becomes linear with respect to |||, which matches the asymptotic behavior of

[A+ 9] pr, (1) 887 — +00, 7 ER (see [Theorem 3.4). If v = 0 we exactly find (75]) back.

A regime of interest happens when «(1 — 6) < 1, in this case we have s1, s3 < 0. Therefore the
above bound can be simplified as follows:

1
ar* 1 ar™® 1%
1og([A(~)]MRp(1)) <C (1+[A]§) orl e HWIJI:OQ +1

o)

1og((1 + [)‘]é) Hﬁ

6 Global existence for quasilinear equation

6.1 A general existence result

Let us recall here the criterion for the existence of global solutions on the bounded interval I of the
following quasilinear problem:

diu +AMwu = F(u)
' (@Qu)
u(a) = «
where z € TrP.
(Ey) For all R > 0, define the quantities:
V(R) = sup  [A(w)]pp, (77)

||UHX(1):R
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K1) = swp {14 + ) + 1)
Ullx(y=

and assume that for any L > 0 the following sublinear growth condition holds,

sup Y R)RRe)

Ri,R2€[R—L,R+1L) R R—+o00
(E;r) We ask the following continuity properties:

p(T.
(i) F: { XD — LX) is weakly continuous.

y [ x(I) — L=®(I;L(D,X)) . .
(ii) A(){ u — A is continuous.

Let us now prove the existence theorem.

(79)

Theorem 6.1. Assume that A and F satisfy conditions and [(Err ). Then for any x € TrP

there exists a unique global strong solution u € MRP(I) of (QL)

Proof. Reduction to x =0: Fix a function w € MRP(I) such that w(a) = z, and consider the

following quasilinear problem:

d%v—l—A(v—kw)v = F(v—kw)—d—iw—A(v—l—w)w

v(@) = 0

(80)

If v € MRP(I) is a solution of (80), then u := v+ w is a solution to the original problem (QL)

starting from z. Let us show that

Ay()=A(+w)

F.() :=F(+w)— d—iw —A(Hw

satisfy assumptions and [(E;)| - [[E;7)l It is straightforward to see that they satisfy [(E;/)|

There only needs to show that they satisfy |(Ej)}

Define as required

Yz(R) = sup [A; (u)]MRp(I)
llull x (1)=R
me(B) = sup {1Aa(@)lla + IFalw)l i) )
||u|\x(1):R

For a given u € X(I), from the triangle inequality we have [|u + w|| y ) =Wl x5y < lJullx(p) <

lu+ w7y + Wl x(p)- We infer that if Ly, := [Jw]| x (I), we have for any R > L.,

Yz(R) < sup v(R1)
R1E[R—Luy,R+Ly]
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In a similar fashion, since there exists C, > 0 such that

IFa )l iy < oo (PG +0)]| o1y + 1A+ w)l o +1)

we find that
kz(R) < sup Cwk(R2)

R2€[R—Luw,R+Ly]

Let L >0 and let R >0 and Ry, Re € [R — L, R+ L] we have,

Vo (R1)kz(R2) < sup v(RY) sup Cwh(Rs)
R} €[Ry— Ly, R1+Lu] RLE[Ro— Ly, Ra+Ly)
< Oy sup v(R})k(R)

RY,Ry€[R—L—Ly,R+L+L.)

Now taking the supremum over R; and Rs, we find from with L + L,, that

sup Yo (R1)kw(R2) — 0
Ri1,R2€[R—L,R+L] R—+o0

Existence: The existence of the solution is shown through Schauder’s fixed point theorem. Define
the following map:

X)) — xX()
T'{ U — Lg(lu)lﬁ‘(u)

and note that any solution v of (QL]) must be a fixed point of T'.

x The map T is continuous from X(I) equipped with the strong topology to MRP(I)

equipped with the weak topology as a consequence of [(i)] of and the
continuity properties of F and A in |(Er7)l Now since the embedding MRP(I) < X(I) is

compact, this implies the continuity of T onto the strong topology of X (I).
* T is compact, again by the compact embedding MRP(I) < X(I).

* Let u € X(I), and denote R := [|u[| y;). We have

||TU||MRP(1) < [A(u)]MRp(I)||F(u)||LP(I;X)

<(R)K(R)
V(R)K(R)
< A s
- 2
Denote by C' > 0 the continuity constant of the embedding MRP(I) — X(I), to find
Y(R)k(R
|ﬁmmm)scR(J;%il) (81)

For any r > 0, denote B, = E/y(])(o,’l“) the closed ball of X'(I) of radius » € Ry and
centered at 0.
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By|[(E;)|there exists Ry > 0 large enough such that for any R > Ry we have C 1= R;(R) <i
By continuity of the map T there exists Ry > 0 large enough such that T(Br,) C Bg, .
2

We denote R* := Ry V Ry and define the quantity

aim s o M) <o

2 <R<R* R
* We claim that T(Bygr+) C Bagr-. Indeed, if @ <1 then it is obvious because from (8T)
that T(Bagr+) C T(Br+) C Bagr+. Otherwise if a > 1 let us write Bog+ = Bro, US1 U So
2
where S; := Bp-« \BRO, Sy := Bug~ \ Br-. We already know that T(BRO) C Bpg, C

Bgr+ C Byr+. Now from [®I) we find that T'(S1) C Bor*, and from the deﬁmtlon of Ry
and again from (8II) we find that T'(S2) C Bg g+ C Bar:-

Finally since B,g-+ is a closed and convex subset of the Banach space X (I), we can apply
Schauder’s fixed point theorem which yields the existence of a solution to (QL]).
O

6.2 Existence of strong solutions for relatively continuous operators

We assume throughout this subsection that the map A : X(I) — RC(I) maps to the space of
relatively continuous operators and that A(u) is globally bounded in L (I L(D, X)).

Let « > 1, 8> 0, r > 1 be fixed and assume that for each u € X(I), A(u) satisfies [(AT)} [(A2)]
Denote by AO :u — Ag(u) the operator given by the decomposition [@] and the subsequent
u— Ko(u), Mo(u) given in ().

Naturally this gives rise to the following maps:
(i) ms : X(I) — (0,1]
(i) my : X (1)

X(I) — Ry
(iii) T: o all
U — H(KA(u) +1) (MA(U) + 1) ’ I

— Ry

(I
(E}) For any R > 0, define the following quantities:

mog(R) = sup {( L(w) ) (14 mtwms(y T + tog( 5101 +mn<u>}

Hu”X(I):R mé(u) u
wor(B)i= b {log (JA@c + IF@lri +1) }
Ullx ()=

and assume that there exists h > 0, such that for any L > 0, there exists Ry > 0 such that
for all R > Ry we have

R R
sup 7]og( 1) + filog( 2) <1-h (82)
Ri1,R2€[R—L,R+L] log(R)
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where s1(a, 8,7) = r* (% - 1) and so(a, B,1) = g—ﬁ - (iii)sl(a,ﬁ,r).

Theorem 6.2. Assume that for each u € X(I), A(u) satisfies|(A1) and[(A2) Moreover assume
that A, F satisfy and . Then for any x € TP, there exists a unique solution u to (QLJ).

Proof. The growth condition ([82) straightforwardly implies the growth condition is
fulfilled by assumption. We simply apply [Theorem 6.1l O

7 Conclusion and perspectives

This work gives new estimates of the maximal regularity constants of nonautonomous relatively
continuous operators and describes the weak topologies of operators in L>(I; £(D, X)) for which
the maximal regularity is persistent.

These inquiries are used to derive a new well-posedness criterion for a general class of Cauchy
problems for nonlocal in time and quasilinear equations. This criterion allows to bypass the standard
Lipschitz continuity of the nonlinearities and instead requires growth conditions on the pointwise
constant of maximal regularity.

We hope that these inquiries will help the study of nonlinear parabolic equations arising in
various models involving time-delays or memory effects with moderately low-regularity coefficients
in time. A first inquiry pursued by the authors is to find concrete applications of the result.

Remaining inquiries would involve the existence and regularity of the semi-flow associated to
(QL) and better asymptotic estimates of the maximal regularity constant to possibly improve the

criterion (28)).
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A Generators of the product of commuting semi-groups

Lemma A.1. Let A and B be two closed and densely defined operators of the Banach space Y .
Assume the following:

(i) The intersection of the domains D(A) N D(B) is dense in Y.

(i) A and B are the negative generators of strongly continuous semi-groups (TT )7->0 and (TT )

7>0"
(iii) (TA)r>0 is uniformly bounded in L(Y).
(iv) For any 11,72 >0, TATE = TBTA

T17 T2 T2 T1°

Then U, = TATZE is a strongly continuous semi-group, the sum A + B is densely defined and
closable on'Y, and the closure A+ B is the negative generator of U.

Proof. Remark that Uy = I and that U, U,, = Uy, 4., for all 7,7 > 0 since T4 and TP commute.
Now let 7 > 0 and see that for any z¢ € Y,

[Urmo = olly = ||TAT 20 — aol|y,
< TP 0 - Thzally + [0 — ol

< sp [Ty, 170 = 0l + [T0 = o]l

Taking the limit 7 — 0 yields that (U;),> is strongly continuous.

Now denote by C the infinitesimal negative generator of (U;),>o which is a closed and densely
defined operator. Take € D(A) N D(B), T > 0:

Ux—x TATBy — 2
T - t
—TTA{TTB‘T_ZE] +T7Ax—x
T T

B
Now observe that by uniform boundedness of (7). 5o, TA =2~ — — B strongly in Y. Hence
= T

taking the limit 7 — 0, we find

Cz=(A+ B)x

which concludes our proof. O

B Proof of [Proposition 2.3| and [Proposition 2.4

We restate each proposition and prove them afterwards.
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Proposition B.1. RC(I) is a strict, closed, linear subspace of L*>°(I; L(D; X)).

Proof. RC(I) C L*(I;L(D, X)): Let A€ RC(I) and (64,714) € 774, then let (¢;)1<;<n be aregular
subdivision of I of step d4(1), i.e. t; = a +1id4(1). Then fort € I, x € D,

[A@®)z] x <Az — Alti)z] x + [|A)]|
< lzllp +na@llzlix +1AE) £px) 12l o

< (1+ma) + 14@) gy ) Il

Now taking the supremum over ¢ € [a,b], yields A € L (I; L(D; X)).

RC(I) is a linear subspace: If A,B € RC(I) and A € R, we can check that dyatp(€e) =

min(éA(mA—m_l),5B(%)) and a4 p(€) := WA(M;H) + WB(é) is a range of relative conti-
nuity for AA + B.

RC(I) is closed in L*°(I; £(D, X)): Let (A,)nen be a uniformly converging sequence of operators
of RCI, i.e.
sup [[A(t) = An(®)llz(p,xy — 0

te(a,b] n—++o00

Then let € > 0, and let ng € N be such that sup [[A(t) — Any ()]l z(p,x) < g Now for each
t€la,b] ’
€D, and [t — 5| <da, (5) we have

[A()x — A(s)z| x < [[A()x = Ang (O)]| x + [[Ang ()2 — Ang ()] x + [[An, ()2 — A(s)z]| x
< Xl + Sl +ma ()l
€
< e
< elellp sy (£) el
Meaning A € RC(I).
o

We say that A, — A converges pointwise on [a,b] and D if A, (t)x — A(t)x for any t € [a,b]
and z € D. It is a weaker convergence than the pointwise convergence on [a,b] in £(D, X) which
itself is weaker that the convergence in L>°(I; L(D, X)).

Proposition B.2. Let F C RC(I) be a family of relatively continuous operators on I. The
following properties hold:

(i) If F is relatively compact in L>°(I; L(D, X)) then F is relatively equicontinuous.

(i) If F is relatively equicontinuous and for each t € I, {A(t) A € F} is bounded in L(D,X)
then F is bounded in L*°(I; L(D, X)).

(iii) If F is relatively equicontinuous then F C RC(I) and is also relatively equicontinuous, where
F is the sequential closure of F for the (t,x)-pointwise convergence.
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Proof.  (¢) Assume by contradiction that there exists €y > 0 such that for any 6 > 0, n > 0, there
exist A;, € F,t,s € I, [t —s| <d and « € D such that,

[As.n(t)x = As ()2 x > eollzllp + nllzll x (83)

Let 6, — 0 and 7, — +00, n € N*. From the contradiction hypothesis, we can construct
the sequences (Ap)nen, (tn)nen, (Sn)neny C I with |t, — sp| < d,, and (2, )nen C D such that,
(&3)) holds for each n.

By relative compactness in L*™(I; £(D, X)) of F, we can extract a subsequence, still de-

noted (Ap)nen such that A, — A in L>=(I; L(D, X)). Now by [Proposition 2.3 we know that
A € RC(I) and denote (64,m4) € 7.

Because ¢, — 0, 1, = 400 and A,, - A in L>®(I; L(D, X)) there exist N € N such that for

any n > N,
€
€
b < 6a(3)
€0
SupfeTHAn(t) - A(t)Hﬁ(D,X) < 6

Let us then compute for n > N:

6OHfEnHD + 77n||513n||x < | An(tn)zn — An(sn)xnnx
< |[An(tn)zn — A(tn)anX + | A(tn)zn — A(Sn)xnnx + | A(sn)zn — An(tn)anX

€0 €0
<2 sup [An(t) = AWl oy I2nlp + Flwallp +1a () lwallx
t€la,b]
260

€0
< Laallp + 14 (3 ) lznllx

which yields the contradiction ||z, < 0.

(ii) Let A € F and take (6,7) € () 4c7 4, then let (t;)1<i<n be a regular subdivision of T of step
§(1),i.e. t; = a+i8(1). Then for any t € I, there exists i € {1,..., N} such that [t —¢;| < §(1)
hence for any = € D,

JA®)2lly < 1Atz — Alt)al x + ALl
< Nlellp + 0l + 1A £ oo Il

< (140 + 1AW o) ol
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(ii)

Now taking the supremum over ¢ € I, and then over A € F yields

sup sup||A()ll (p,xy < 1+n0(1) + sup sup [[A®E:)|zp,x) < +oo.
AEF teT AEF1<i<N

Denote by 7 = (6(-),n(-)) € (Nacr 7 a common range of relative continuity of the sequence

F. Let (A,)nen C F be a sequence that converges pointwise on I and D to some operator
A. Let us show that A € RC(I).

Let z € D, x # 0 and t, s € I such that [t — s| < 6(%). Let ng € N be large enough to ensure
[Ang () — A@)z[| x V [|Ang (s)z — A(s)z|| x < 5|25 Then,

[A(t)z = A(s)z] x <[|AB)z = Any (D)l x + [[Any ()2 = Ang (s)2]| x + [[An, ()7 — Als)z]|

€
< elallp, + () lallx

Now the previous inequality obviously also holds for x = 0, which finally yields A € RC(I) and

7:=(6(3).n(3)) € r%. Now observe that 7 is independent of A and by the same argument
is also a range of relative continuity for any pointwise limit of elements of F.

Hence ﬂ ra D {7} # 0 which conclude our proof.
AeFP”
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C Proof of the corollaries

C.1 Persistence and continuity corollaries

Corollary C.1. Assume that Ay satisfies [(AxJ(a)] in O C A and that there exists X € A such

that|(CVy )| holds.
Then Ax € MR,(I) and|(i)] of [Proposition 2.8 holds.

Proof. For simplicity we denote A := Ay. From the convergence of A, remark that L4, — La

. A=A
strongly in £L(MR(1); LP(I; X)).

Consider any sequence \, — X in O and denote A, := A,,. Since L£(LP(I; X),MR}(I)) is
complete with respect to the strong topology, we will show that {L;‘i}neN is a Cauchy sequence

which converges strongly to Lzl. This will suffice to show the theorem. From the hypothesis and

[()] of [Proposition 2.4} we know that C' := sup,,enlAn] pr, (1) < 00 as a conclusion of [Corollary 2.9

Let ¢ > 0 and let m,n € N be large enough so that ||[L4,, — LAn||£(MRg(I);LP(I;X)) <e We
have,

-1 —1 _ -1 -1
HLAn a LAmuﬁ(Lp([;X),MRg([)) - HLAn (Lan — LA")LAm
< C?||La,, - L, |l courp (e crix))
< (%
Denote by T € L(LP(I; X); MRE(I)) the limit of the Cauchy sequence and observe that LT =
La(T - LK}L) + (La— LAn)L;‘i + I for any n € N. The first two terms converge to 0 yield that T’

is a right inverse of L 4. A similar computation yields that 7" is a left inverse of L 4.
O

Corollary C.2. Assume that Ay satisfies in O C A and that there exists X € A such that

CV]] holds.
Then Ax € MR, (I) and|(ii) of [Proposition 2.8 holds.

Proof. Again for simplicity denote A = Ay. By of [Proposition 2.4 we know that A € RC(I).
Consider any sequence A, — X in O. Now since A, (t) € mr,(R;) and A, (t) — A(t) strongly

in £(D,X), we easily infer that A(t) € mr,(R4+). Hence A satisfies [(A1)| and as a conclusion of
Theorem 2.0] we find that A € MR, (I) and [A] yir, (1) < SUPnen[An]pir, () =1 € < +00.

Now remark that (L, )nen does not necessarily converge strongly to L4 in L(MRE(I); LP(I; X),
however for any v € MR?(I) we have,

b
1Las0 = Lol = [ 1An(6)0(5) = AGs)o()l% ds

b
< / 14n(5) = A()|% ) 0 (3)II% ds
— 0

n—-+o0o
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The convergence being given by dominated convergence, since (A, )nen is uniformly bounded in
Lo°(I; L(D, X)) by relative equicontinuity of the family. Hence L4, converges pointwise to L4, by
virtue of the Banach-Steinhaus theorem this implies that L4, converges to L4 uniformly on any
compact subset of MRP(I) .

Now let (fn)nen C LP(I; X) be a sequence converging to f strongly. Remark that K =
{L;lf} U {Lzlf"}neN is a compact subset of MRP(I) by maximal regularity of A.

Let € > 0 and let n € N be large enough such that sup,cx||Lav — LAanLP(J-X) < ¢ and
HL;xlfn - L,ZlfH < e. We have

”Uﬂ - UHMRP(I) = HLZXif" - LzlfHMRp([)
<L fo = L3 fullymory + 122" o = L2 Fllmo
< ||L;171L(LA - LAn)L;xlanMRp(]) te
< C||(La— LAn)LglanLp(z;x)) te
< Csup|[Lav— LAanLP(I;X)) +e
veK
< (C+1)e

This concludes the proof. O
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D Proof of |Proposition 2.2

Proposition D.1. Let I C R be an open interval bounded from below and let A € MR, (I).
Then for any J C I, Aly € MR,(J). Moreover, if either |J| = |I| = oo or |J| < |I| < +oo then

(Al wr, ) < [Alur, o (84)

Otherwise if |J| < |I| = 400, then
(Al pr, ) < TV DA yr, (1) (85)
Proof. Note first that for any J C I, condition is obviously satisfied.

Let us denote I = (a,b) and for ¢ € I, define I := (¢,b) C I. Now consider the following set
M:={tel Al € MR,(I;)} # 0 C I, where by convention we set Aly € MR,(0).

If we manage to show that M = T then the theorem is proved. Indeed, let J C I, and denote
J = (aJ, bJ)

Uniqueness: Assume that v is a solution of (mg,o- Denote = wv(by) and recall that since
by € M, Al,, € MR,(I,), hence denote w, the unique solution to (]CEl)ibé We can then
v in I

» . Iy o
we  inly, € MR?(I,,) which solves (CP)),. Since a; € M,

define the extension v := {
we find © = 0 hence v = 0.

Existence: For any f € LP(J; X), there exists a solution v of (]CE[)(IJ”; where f = fin J, f =01in
I,. Hence v|s is a solution of (]CH)gf.

Estimate: Define the extension ¢ of v (as above) by 0 on I. & € MRP(I) because v(a;) = 0. This
extension solves (m(l) ; where f is extended by 0 on I. From A € MR, (I), if |I| < +o0, we
find 7

||U||MRP(J) < ||77||MRP(1) (86)

f

< Al g, 1) Lo (%)

= [A]MRP(I)Hf”LP(J;X)

which yields [84) directly. The same estimate holds if |J| = |I| = +oo. However if |J| < |I]| =
+00, the extra factor |J| vV 1 appears in (86]) yields (83).

Let us now proceed to show that M :=T.

We note first that for any ¢ € I, to show that ¢t € M, it is sufficient to prove the existence of the
solution to (]m)étf for any f € LP(I;; X).

Indeed, for the uniqueness, if v € MR}(I;) solves ([CP)(',, then note that & := { 2 12 ga,t]
’ t

MR (1) solves (CP){ ,. Since A € MR,,(I) this means that o = 0 in I which implies v = 0 in I;. And
the estimate can be performed in the same manner as in (B6]).
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x We show that M is closed from the left in I (i.e. stable under limits of nondecreasing sequences in
MNT) and open from the left in I (i.e. for any t € M, there exists § > 0 such that [t,t+ ) NI C
M). This implies our claim by a contradiction argument. Indeed assume that I\ M # (), denote
t* ;= infI \ M < b. Since a € M and is open from the left, we also have t* > a. Now since
Va < s < t*, s € M, closedness from the left implies t* € M and openness from the left then implies
that [t*,t* + ) C M for some § > 0 small enough. This contradicts the definition of ¢*.

M is closed from the left in I: Let (t,), ey C M be an nondecreasing sequence of points of M
converging to t € I. Let us show that there exists a solution to (]CEl)étf for any f € LP(I;; X).

Let f € LP(I;; X), denote v the solution of (@)é 7 Where f = fon I, and is extended by 0 out-

side I. Denote f,, = f|r, the restriction of f on I,. For all n € N, the solution v,, to (m)ét’}n

coincides with v on I, . In particular v(t,) = v,(t,) = 0 and by continuity of v € C(I; Tr?), we
find v(t) = limy o0 v(tn) = 0. Hence v|y, is a solution to (CB)' .

M is open from the left in I: Lett € M, let us show there exists 6 > 0 such that [t,t+0)NI C M.
As shown, we only need to prove the existence of solutions to (m)éff, for all s € [t,t +0) NI,
feLr(L; X).

We assume without loss of generality that ¢ < b. By assumption A|;, € MR,(I;) hence for
any g € LP(I;; X), there exists a unique solution v, € MRP(I) to (m)éfg. Since the embedding

D — X is compact, from [2, Theorem 1.1] we infer that MR?(I;) — C(I;; Tr?) is also compact.
Thus from the inequality,

vaHMRP(It) < [A]MRP(Q)HQHLp(It;X)

we infer that the set {v, g € LP(I;; X),|lg|| < 1} is relatively compact in C(I;; Tt?). The Arzela-
Ascoli theorem then states that there exists a uniform modulus of continuity w : I — RT, w
with w(d) — 0 as § — 0, such that for any g € B, for any s1, s € I,

[vg(s1) = vg(s2)llpys 7, < w(|s1 — s2[)

where B := {g € (L X) gl gy < 1} is the unit ball of L?(I;; X).

There exists a continuous linear mapping g € LP(I;; X) — w, € MRP(I;), such that z, :=
wy(s) = vy4(s) and satisfies ngHMRP(It) < C1l|@s |l 7, for some fixed C1 > 0. For instance w,

Iy
xs,0°

can be the suitably shifted solution to

Consider the following linear mapping
0. { Lr(I5; X) — LP(Is;X)
° g — g—La, w;

b . [0, ift € a,s)
WHEEC 9 = g(), ifteT,

solution to (CP)}*, @)

Since vg4(s) = wy(s) = x5, remark that (v, —wy)|s, is a
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Hence the surjectivity of as € L(LP(Is; X)) will allow to conclude the existence. Note that

oy = Id+5,, with B, € L(LP(I5; X)). We compute for any g € LP(Ls; X), |9l 17, x) < 1,

1
184ty = 1 aws sy < (||A||oo " m) A —
1
<o (HAHOO T m) el 1
1
<o (||A||oo n m)wut )

Now there exists 0 < 6 < ! such that for any s € tt+6), w(|t—s|) < ————— .
; v € o), il =) £ ey

such s € [t,t +6), ||Bs| < 3, yielding that a; is surjective.
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