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CHAPTER 1

Introduction

This thesis deals with basic regularity properties of solutions to nonlinear elliptic
—diva(Du) = (1.0.1)
and parabolic equations
uy —diva(Du) = p
of quasilinear type. One of the main prototypes in this thesis is given by the familiar
p-Laplacian equation
—div (|DulP~*Du) = p (1.0.2)
together with its evolutionary analog
u; — div (|DulP"*Du) = p. (1.0.3)

The kind of properties and results we are interested in here can be considered a nonlinear
analog of the standard, linear Calderén-Zygmund theory for instance available for solutions
of the Poisson equation

—Au = p. (1.0.4)

In particular, the basic question we are interested in is the maximal regularity of the gra-
dient of solutions in terms of the regularity of the assigned datum g, and an instance of
the results we are going to discuss here is given, in the case of solutions to (1.0.4), by the
well-known implication

p€ L= D*uec L for v € (1, 00).
Another instance, more specifically related to the gradient integrability of solutions, is valid
for the equations of the type

Ay =div F
where, instead, it follows that

Fel'= Duel” for v € (1,00). (1.0.5)

While the classical approach to this problem available for solutions to (1.0.4) is based on
an explicit representation formula via fundamental solutions and the analysis of related sin-
gular integrals, a different path must be taken in the nonlinear case. In particular, a suitable
nonlinear replacement of the Harmonic Analysis tools used in the classical approach must
found out, depending both of the kind of regularity one is looking for and on the geometry
of the equation considered. Iwaniec [89] was the first to get a nonlinear analog of the result
in (1.0.5), considering the natural equation

div (|Du|P"*Du) = div (|F|P~*F)
and proving that
Fel"=— Duel” for v > p. (1.0.6)
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The fundamental result of Iwaniec marks the beginning of what is nowadays could be
called Nonlinear Calderén-Zygmund theory [120] and suggests a possible path to over-
come the use of explicit representation formulas: local regularity estimates can be used as
a local analog of the fundamental solution while maximal operators replace the use of sin-
gular integrals. This technique, which opened the way to several different developments,
does not apply in the parabolic case

uy — div (|DulP"2Du) = div (|F|P~*F) (1.0.7)

due to the lack of scaling properties of the equations. The next step has been indeed taken
by Acerbi & Mingione [4] who provided a purely PDE approach to nonlinear Calderén-
Zygmund estimates, employing no Harmonic Analysis tool but rather providing exit times
and covering arguments directly at the level of the equation considered. The final outcome
is that (1.0.6) still holds for energy solutions to (1.0.7).

The passage form the linear to the nonlinear case enhances the theory with several
additional challenges and new phenomena. For instance, in the nonlinear case we will
discuss different notions of solutions leading to analyze situations in which the solutions
considered are not in the natural Sobolev spaces and estimates below the natural growth
exponent are needed. As a matter of fact the extension of (1.0.6) to the whole range ¢ >
p — 1 — which is known for the case p = 2 — remains a major open problem, relating
to several different areas of modern nonlinear analysis. Indeed, one of the problems we
analyze is the degree of regularity of solutions to measure data problems i.e. (1.0.2) where
1 is a general Radon measure with finite total mass. These aspects immediately relate these
topics with the so called nonlinear potential theory [87], i.e. the study of fine properties of
solutions of (1.0.2).

In this respect another classical connection with the classical gradient integrability
estimates for solutions to (1.0.4) finds a starting point in the pointwise estimates via Riesz
potentials (see Chapter 2 for the definition)

lu(@)] S L(lph(z)  and  |Du(z)] S L(lp)(z) (1.0.8)

that are again consequences of representation formulae via fundamental solutions.

Estimates in display (1.0.8) allow, for instance, to reduce the growth and integrability
issues to the analysis of the corresponding potentials. Moreover, such estimates are at the
core of the analysis of the fine properties of solutions to (1.0.4). The nonlinear version of
the first estimate in (1.0.8) is a fundamental result of Kilpeldinen & Maly [94] and uses, in a
sharp way, suitable nonlinear versions of the classical Riesz potential, namely the so-called
Wolff potentials [85, 86] given by

1/(p—1
o) [ 109
B,p 0 pnf,@p P
for 0 < Bp < n. The estimate of Kilpeldinen & Maly is
lu(z)| S W, (z,R) +][ (Jul + Rs) d¢ (1.0.10)
' Br(z)

and holds for almost every x € €2, and for balls Br(x) C ). The previous estimate, up to
the additional integral average due to its local character, reduces to the first one in (1.0.8)
when p = 2. The extension to the gradient level of the estimate (1.0.10) has remained an
open issue for some while till Mingione first in the case p = 2 but for general quasilinear
equations as in (1.0.1), and then Kuusi & Mingione [101, 106] for the case p > 2 (see also
[69, 70] for intermediate results), have shown that the second estimate in (1.0.8) remains
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true for solutions to (1.0.2)
|Du(z)[P~t < Lh(|ul)(x) (1.0.11)

thereby unifying the linear and nonlinear potential theories at the gradient level. Even-
tually, Kuusi & Mingione [104] have given suitable extension of the nonlinear potential
estimates in the parabolic case. This involves the use of the so called intrinsic geometry, a
way to look at equations as in (1.0.3) on a suitable space/time cylinders where they behave
as the heat equations. Also, a proper notion of nonlinear potential must be considered.

Starting from the above basic results in this thesis we provide new contributions to
what might be indeed called Nonlinear Calderon-Zygmund theory. Amongst the other
things, we shall give new results for quasilinear parabolic equations with measure data,
allowing to extend, in the parabolic setting and in cases where equations have measurable
or highly discontinuous coefficients, several of the basic consequences of estimate (1.0.11)
(see Section 4.2 and Chapter 6). Moreover, again when considering general parabolic equa-
tions with measure data, we shall provide new fractional differentiability results extending
to the maximal degree of regularity several of the results obtained on the integrability of
the gradient, for instance in [24] (see Section 4.1 and Chapter 5).

We shall also produce several extension of the potential estimates given in (1.0.11)
to solutions to very general class of operators with different kind of degeneracies as for
instance those of the type in (1.0.1) where

la(Du)| < g(|Dul)

for a rather general Young function g(-); the standard case is g(t) = t?~! (see Section 4.7
and Chapter 10). Another instance is given by variable exponent operators, i.e those of the

type
—div (\Du\p(r)72Du) =pu

for which we refer to Sections 4.4, 4.6 and Chapter 9, together with natural evolutionary
analogs

ug — div (| DuP®D=2Dy) = div (|F[P@D72F).

These are treated in Section 4.5 and Chapter 8 where a sharp analog of the result of Acerbi
& Mingione [4] is given under optimal assumptions of the exponent function p(z, t), i.e.

|F|P@D ¢ [V = |DufP@D ¢ L7 for v > 1.

A particularly delicate part of this thesis is the one dealing with borderline integrability
estimates for solutions to problems of the type (1.0.3), where the right-hand side p is
assumed to be a measure satisfying a density condition of the type

lul(Qr) S R (1.0.12)

Here 3 is a positive number and the previous inequality holds whenever @) is a parabolic
cylinder. We prove that inequalities of the type in (1.0.12), that roughly speaking quantify
the way 1 does not concentrate on lower dimensional sets, improve the integrability of the
gradient of solutions in a way that precisely relates to the size of 3. For this we refer to
Section 4.3 and Chapter 7.

More precisely, the thesis is now structured as follows. Chapters 2 and 3 are of intro-
ductory character. In the first one we shall give a brief outlook at the existing results, in
order to put the next pages into a correct perspective, while in the second one we shall fix
the notation and the technical preliminaries that will be necessary for the following devel-
opments. In Chapter 4 we shall describe in detail the new results obtained here, while the
remaining ones contain the detailed proofs of the statements of Chapter 4.






CHAPTER 2

Linear and nonlinear Calderén-Zygmund theories

The main purpose of the classical Calder6n-Zygmund theory is to give integrability
and/or regularity results for solution to linear and elliptic and parabolic partial differential
equations, possibly in a sharp way, in terms of integrability/regularity of the data. This
definition is very rough, but nevertheless it is really concrete, since it points out the prin-
cipal issue we are dealing with: elliptic (or parabolic) partial differential equations with
data enjoining some regularity properties. However we warn the reader that by “regular”
we will, from now on, mean almost every property less general than mere “measurability”,
at least when not dealing with measure data. For example, an interesting part of this the-
ory is given by the case where the datum is a L' function. In this case solutions are far
from being regular in the classical sense i.e. continuous, for instance. They turn out to be
differentiable in suitably weak sense, and this already means they enjoy a few regularity
properties.

In this chapter we will first briefly outline the basic elements of the classical, linear
Calder6n-Zygmund theory, eventually turning to describe the available results in the non-
linear setting, which is the main our main concern in this thesis. In this case the theory
matches with what is nowadays called Nonlinear Potential Theory and one of our aims is
to show how our topic lies therefore as a cornerstone between the two theories. Moreover,
when treating the parabolic case we shall deal with the delicate theory of evolutionary
p-parabolic type equations, where classical concepts have to be suitably reformulated in
order to fit the natural geometry of the equations considered.

2.1. The linear case

Most of the features and the classical Calder6n-Zygmund theory in the linear case are
already contained in the simplest PDE example, the Poisson equation

—Au = p. (2.1.1)

Here, and throughout the whole Chapter, we shall consider (2.1.1) on the whole R™ with
n > 2. Since we are here mainly interested in a priori estimates, we shall initially assume
that p is smooth with compact support, while w is the unique solution which decays to
zero at infinity, at least in this first Sections. The case when  is a general Borel measure
with finite total mass can be then reached via approximation procedures, that turn out to be
particularly simple in the linear case (2.1.1).

It is well known that the solution to (2.1.1) is given via the representation formula, i.e.
convolution with the fundamental solution Green’s function:

1

u(x) _ G(|£E _ |) * u with G(|$ - y|) ~
_1n(|x—y|) ifn=2.
(2.1.2)
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The symbol ~ means that quantities are equal up to constants inessential in our discussion;
in this case just a normalization constant depending on n. This representation of the so-
lution via the convolution with Green’s function clearly allows to give sharp estimates of
Calderén-Zygmund type: indeed consider, with 8 € (0,7n] and p Borel measure on R”,
the linear Riesz operator

dp(y)
Ig(p)(x) := / —_—
s)) = [
also called the 3-Riesz potential of p. Using (2.1.2) one obtains in a straightforward way
the pointwise estimates

lu(@)] S L(lp)(z)  and  |[Du(x)] < L(lp)(@),

the second one obtained by differentiation of (2.1.2) while the first one is valid in the case
n > 2. For this reason, without loss of generality, in the following we shall restrict to
this case, keeping in mind that the two-dimensional one n = 2 can be easily obtained by
similar arguments.

Using the latter estimate and the classic regularizing property of the Riesz potential

Ig: L' —s Lo5 fory>1 and By <n, (2.1.3)
see [139], one can prove the a priori estimates
[1Dull | = S llpllzo, lull, e S llellzn (2.1.4)

for1 <y <mnandl <~ < n/2, respectively. Here < means that the inequality holds up
to a universal constant that does not depend on the specific values of the norms appearing
in both sides and the arrow “—”” means that the operator is bounded between the concerned
spaces. Note that both the kernels G(|z — y|) and DG(|z — y|) are locally integrable in
the sense that

Gllo—y)~lz—yP™ and  |DG(z—y))| <o —y|'™"

therefore estimates in (2.1.4) invoke, as a matter of fact, essentially size properties of the
kernel. When looking for maximal order estimates for solutions to (2.1.1), i.e. estimates for
the full Hessian D?u, things drastically change. The analysis of the integrability properties
of the second derivatives requires a further differentiation of (2.1.2), thereby yielding

D?u(z) ~ - K(x —y)du(y). (2.1.5)

At this point the approach used to deduce (2.1.4) cannot anymore be applied. Here comes
into play the work of Calder6n and Zygmund [36, 37]. Although the kernel K () is sin-
gular

<L
™ el

|K (z) (2.1.6)

it however enjoys enough cancelation properties to ensure that the linear operator y
CZ () defined as CZ(u)(x) := K(x — -) * u still has the property
CzZ:L"—L" for all v > 1. 2.1.7)

Indeed the kernel K (x) is a so-called Calderén-Zygmund kernel and has the following
properties: it has the singular behavior described in (2.1.6),

o there holds the Héormander condition

sup / !K(m—y)—K(m)‘dac<oo;
veR™ 520 J|z|>2]y|

e ||K|| = is finite, where K denotes the Fourier tranform of K.
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At this point the Calderon-Zygmund theory of singular integrals comes into the play
and implies that (2.1.7) holds; indeed the second point in the list above together with the
classic Plancherel’s Theorem implies

1CZ (L2 < Nl (2.1.8)

at this point the first condition, together with usual interpolation and duality arguments,
gives plainly the estimate for the second derivatives

1 D?ul| L < |l o forall v > 1. (2.1.9)

Note that (2.1.4) could be inferred by the previous estimate using Sobolev’s embedding
but, on the other hand, the contrary is not true, i.e. the constant in (2.1.4) depends on 3 and
blows up when # — 0. Note moreover that counterexamples show that all the previous
estimate fails in the extremal cases.

The extremal case v = 1 and extensions. Estimate (2.1.9) fails in the case v =
1 together with those in (2.1.4); on the other hand the analysis of the level sets of the
fundamental solution

[{z € R" : IDG(jx —y|)| > A} S A7,
{z € R" 1 [D*G(lz = yl)] > A} £ A
for all y € R™, suggests the perform the analysis in the so called Marcinkiewcz or weak-

Lebesgue spaces M*(Q), for Q@ C R™ open set and ¢ > 1, i.e. the space of measurable
functions f : © — R*, such that

sup A~ € 22 [£(&)] > M| = 1 F ey < o0

It is easy to see that L' G M" & L*~¢ for all € > 0 and then it is also easy to think how
these spaces are suitable to treat borderline cases when treating Newtonian potentials: the
classical enlightening example is the potential
1
TE € MY (By) ~ LY(By). (2.1.10)
x|t

A more convincing argument is that inequality (2.1.3) in its extremal case reads indeed as

Ig: L' — M5,
see again [139], and therefore we have the borderline estimates

[ Dul

s Sl o IDul oy ) S @),
in the case p is a measure. For the second derivatives the borderline result is

ICZ(Wllae SNl = ID%ullae < llullze

and actually (2.1.9), in the classical approach of Calderén-Zygmund, is obtained interpo-
lating the previous inequality with (2.1.8) and then passing to the super-quadratic range
q > 2 by duality methods.

It is worth remarking that many of the results on the integrability properties explained
above extend to more general linear elliptic equations of the type
—div(A(z)Du) = p, (2.1.11)
where the matrix with variable, continuous coefficients A(z) € C°(R™) is such that
VA2 < (A(@)A N) < LIAP

for any A € R”, uniformly in 2 and with 0 < A < 1 < L. This extension goes through
using a perturbation method: by the continuity of the coefficients, the equation can be
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considered as a local perturbation of the Laplace operator, and estimates follow by mean
of fixed point arguments, see for instance [81]. The same results do not hold when the
coefficient matrix A(x) has just measurable entries, due to well-known counterexamples,
but anyway certain types of mild discontinuities for the matrix A can still be allowed, for
example so called VMO coefficients work as well [42].

A slightly different problem. The techniques outlined in the previous section also
extend to equations having a right-hand side in divergence form of the type

Au = div F (2.1.12)

indeed it is enough to (formally) substitute p with div F', differentiate just once below the
integral sign and then integrate by parts to have a singular integral operator like C'Z. This
scheme yields the first order estimate

|Dullzv S| Fllp» forall1 < < oo, (2.1.13)

where now clearly on the left-hand side we just have the gradient and not anymore the
Hessian. The equation in display (2.1.12) offers the opportunity to outline a method to
obtain integral estimates that is alternative to original one of Calderén-Zygmund and that
was devised in the 60s by Campanato & Stampacchia [137, 136]. This goes as follows:
defining the linear operator

T:F— T(F) = Du

where u is the solution of (2.1.12) once boundary data are given. At this point a standard
Caccioppoli’s inequality gives the continuity of this operator in 2

IT(E) g2 = [[Dullpe SEF L2, (2.1.14)

while a slightly less immediate argument, using Campanato spaces £2" = BMO [38],
gives

IT(F)llBaros) S N1F L () (2.1.15)

BMO is a function space, strictly larger than L>° but close enough to it to allow for
suitable interpolation between (2.1.14) and (2.1.15). Indeed, by Stampacchia’s interpola-
tion theorem, see [137, 136] and duality arguments one proves (2.1.13) again starting from
(2.1.14)-(2.1.15).

2.2. The main nonlinear example: the p-Laplace operator

The results in the previous section are concerned with linear equations, and, although
explicit representation formulas are not always an unavoidable tool — as for instance out-
lined in Section 2.1 — all the classical approaches to Calderén-Zygmund theory found till
the beginning of the eighties strongly rely on the linearity of the problems considered. In
this section we shall describe the first nonlinear results of Calder6n-Zygmund type, mainly
referring to possibly degenerate quasilinear equations of p-Laplacian type, i.e. involving
operators modeled on the following p-Laplacian operator:

Apu = div (|DulP"?Du). (2.2.1)

The nonlinearity of the problem poses new issues: even the notion of solution employed
must carefully treated and therefore we initially provide a general approach. Consider a
problem of the form

—diva(z, Du) = H,
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where the right-hand side H is at the moment only a distribution and the vector field a(-)
is a Carathéodory function satisfying the following strong p-monotonicity and growth as-
sumptions:

(a(z,&1) — a(z, &), & — &) > v(s® + &2 + |§2|2)pT_2\§1 — &2,

ja(z, )] < L(s® + €2) T,
(2.2.2)

forall z € 2, £,&,&% € Rrand with0 < v < 1 < L. s € [0, 1] is a parameter which
discriminate between the degenerate (s = 0) and the non-degenerate (s > 0) case. We say
that a weak solution to such problem is a map u € WHP~1(Q; RY) satisfying the weak
formulation

/ (a(x, Du), D) dx = (H, ) g )xce (o) forall p € CZ°(Q2), (2.2.3)
Q

where on the right-hand side we find the duality crochet between 2’ and 2. This definition
turns out to be too general, as it will become clear very soon. Therefore in the following
we shall mainly distinguish two situations, and the first is when H € W% that is
the dual of the natural Sobolev space Wol’p (;RYN). In this case standard monotonicity
methods apply [115], allowing to find - for instance when solving Dirichlet problems - a so
called energy solution, that is a solution belonging to the natural energy space associated
to the problem: u € W1P(;RY). This is actually the standard situation and solutions
are unique in their Dirichlet class provided strict monotonicity properties, as for instance
(2.2.2)1, are assumed.

The second is when H ¢ W-—1P" and it is more delicate; indeed in this situation
the notion of solution must be specified more carefully since specific phenomena appear.
Solutions that do not lie in the natural space WP, often called very weak solutions, have
naturally to be considered. They for instance naturally occur when considering measure
data problems, as we shall in the following pages. In general, very weak solutions may
also exist beside usual energy solutions, even for simple linear homogeneous equations of
the type (2.1.11) — here take n = 0 — as shown by a classical counterexample of Serrin
[134].

p-Laplace equation: the dual case. We here mean that H belongs to the dual of the
energy space related to the operator, H € W ~%P(£)). Here usual monotonicity methods
[115] apply and therefore there exists a unique solution in the energy space I/VO1 P(Q). Since
by density (2.2.3) can be tested with VVO1 P(£2) test functions, one is therefore allowed in
this case to test the equation with the solution itself, or some multiples, in order to get
energy estimates.

Let us represent the right hand side in divergence form H = — div G, with G € L1
and ¢ > p%l. A change of variable leads to the more symmetric equation
div (|Du|P"*Du) = div (|F|P*F), p>1, (2.2.4)

where F' € L1(Q), g > p, which is the nonlinear analog of equation (2.1.12). We start by a
fundamental result of Iwaniec, which marks the beginning of what may be called nonlinear
Calderon-Zygmund theory.

THEOREM 2.1 ([89]). Let u € WLP(R™) be a weak solution to the equation (2.2.4)
in R™. Then

Fe L"(R",R") = Du € L"(R",R™)  foreveryy > p.
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Iwaniec’s innovative approach consists of replacing singular integrals with another
tool from Harmonic Analysis, the Fefferman-Stein sharp maximal operator, see [77], while
representation formulae are replaced by some kind of local surrogate, i.e. local compar-
isons with solutions to the homogeneous equation — div(|Dv[P~2Dv) = 0, which enjoys
nice C1® estimates.

Iwaniec result actually extends to bounded domains €2 and more general vector fields
a(Du) satisfying the classical Ladyzhenskaya and Ural’tseva assumptions

(Da(E)NN) > v(s2 +[€2) "2 A2,
a(€)] + (52 + €]2) *10a(€)] < L(s? + |¢]?)

for all £, A € R"™. (2.2.5) models the structure of the more general vector field (s +
| Du|?)(P=2)/2 Dy and clearly reduces to (2.2.1) for s = 0. A proof of the following local
version can be adapted from [3, 97].

(2.2.5)

p—1
2
)

THEOREM 2.2. Let u € WHP(Q) be a weak solution to
diva(Du) = div (|[F|P7F) in Q)
under the assumptions (2.2.5). Then
FeLl (Q;R") = Duel]

loc loc

(;R™) foreveryy > p . (2.2.6)
Moreover for every ball Br C € it holds that

Rl 1/p 1/y
][ |Du|” dz < <][ |Du|? dm) + <][ |F|Y dac) . (22.7)
Bry2 Br Br

Iwaniec’s result has been extended by DiBenedetto and Manfredi in [56] to the vecto-
rial case of the p-Laplacian systems (2.2.4); see also [59]. Such a generalization to general
structures as (2.2.5) is not anymore possible. Indeed, already when considering systems of
the type

diva(Du)=0 u:Q—=RY N>1.

energy solutions might be unbounded, as recently shown by [140], while a partial result
in this direction has been obtained by Kristensen & Mingione [99]. An analog of Theo-
rem 2.2 holds for systems of quasi-diagonal p-Laplacian structure, often called Uhlenbeck
structure, i.e.

a(Du) = g(|Dul)Du where Dul) =~ |DulP~2. (2.2.8)
(Du) = g(|Dul) 9(|Dul) = |Dul

We have up to now dealt with energy solutions i.e. u to be an energy solution to (2.2.4).
What is known for very weak solutions to (2.2.4), i.e. solvability and a priori estimates in
L7 as long as v > p — 1?7 Not quite more than just the fact that solving the problem in
the full range is an hard open problem, since the only result available is due to Iwaniec
& Sbordone [90] and Lewis [110], who proved that the estimate (2.2.6) holds true in the
range v > p — €, where € > 0 is a small parameter depending only on the data of the
problem.

2.3. p-Laplace operator: the non-dual case

In this Section we deal with problems where we assume that the right-hand side does
not to belong to the dual of space W', We shall actually deal only with the the case
H = pu is a signed Borel measure with finite total mass (|u|(€2) < oo). Of particular
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interest for us will be the case p is a function which belongs to the space LY(Q); the
limitation on y will be

np

I T )

p<n
and this guarantees that 4 is not in the dual of WO1 ‘P a case that can be reduced to that
analyzed in Paragraph 2.2; for this see also (2.3.9) below. For the sake of readability in this
case we shall often re-denote by i1 = g. Finally, without loss of generality we shall assume
in what follows that p is defined on the whole R™, by eventually letting p(R™ \ £2) = 0.
Consider now in the most general case a vector field a(-) satisfying measurability,
growth and monotonicity assumptions (2.2.2). Although we shall mainly deal with local
regularity results, for the sake of exposition we shall restrict to analyze the case of homo-
geneous Dirichlet problems. The weak formulation reads now

/(a(ac7 Du),Dy) dx = / odp  forallp € WyP N L>®(N). (2.3.1)
Q Q

Note that the enlarged class of test functions ¢ is allowed by density arguments. Note
moreover that we are only dealing with very weak solutions, since if u were an energy so-
lution, then the left-hand side of (2.3.1) would define an element of w—Le (), differently
form of what we are interested in here.

In the case

1
2——<p<n

n

a distributional solution to (2.3.1) can be obtained by regularization methods as showed
in [25, 26], and this generates a notion of solution called SOLA (Solution Obtained as
Limit of Approximations). Let us outline the strategy, which is on the other hand very
natural. One considers smooth, C* functions g, converging to y in the weak-* topology
of measures such that ||gx || 1 () < |u[(£2) and the regularized problems

—diva(z, Dug) = gk in Q,
u=0 on 99,

Solutions of such problems are found by classic monotonicity methods, since g, € W17,
While in [25, 26] it is shown a suitable strong convergence uj — u in WO1 p-1 () towards
a function © € WO1 P _1(9) which is indeed a SOLA to (2.3.1). This scheme involves a
priori estimates and therefore implicitly carries on regularity results. Summarizing, the
following, that contains the lower order Calderon-Zygmund theory for measure data
problems.

THEOREM 2.3 ([25, 26, 48]). Under the assumptions (2.2.5) with2 — 1/n < p < n,
there exist a SOLA u € Wy =1 (Q) 10 (2.3.1). Moreover

(r—1)
1

n

and |DulP™' € M7=1(Q).

we Wy (Q) forevery v < o

Finally, there exists a unique SOLA when ji € L' () or p = 2.

Uniqueness in Theorem 2.3 is in the sense that by considering a different approxi-
mating sequence {gx} converging to p in L(£2), we still get the same limiting solution
u. See also [114, 49, 144, 94] for important, related contributions. Note that we have
n(p—1)/(n—1) > 1ifand only if p > 2 — 1/n. One of the very few cases uniqueness
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of SOLA is given when p concentrates at one point, in this case we have a Dirac measure.
Indeed the only SOLA to

—div(|Du|P~2Du) = & in By,
(2.3.2)
u=0 on 0By,

is given by the following nonlinear fundamental solution, or nonlinear Green’s function:
|m|110>:711717 1<p<n,
Gp(z) = Gy(|z]) = (2.3.3)
log ||, p=n.

In turn, such uniqueness result allows to test the optimality of the regularity result, such as
for instance Theorem 2.3, which is in fact optimal.

When 1 < p <2 — 1/n, one is lead to consider different notions of solutions, which
do not anymore belong to W1 !; subsequently different notions of “gradient” must be
considered. For instance in the case pn € L' 4 W17 one can consider entropy solutions,
see [23, 27, 128]; this concept was then extended to general measures with the notion of
renormalized solutions, see [50]. Despite we are not going to deal here with these notions,
note however that for positive measures renormalized solutions coincide with SOLA, as
recently proved in [92]. Finally, just a few words about systems: it is actually an open
problem the solvability of the Dirichlet problem of (2.3.1) in the case of vector-valued
measures. It is only known the existence in special cases, amongst them the Uhlenbeck
structure (2.2.8), see [62, 63, 64].

We now want to recall a few recent results aimed at obtaining, on one hand what can
be called the maximal Calderén-Zygmund theory for measure data problems, and on
the other one at outlining a few results aim at going beyond Theorem 2.3 when certain
more special measures are considered.

The idea is now very basic: since equations as in (2.3.1) formally involve second order
operators, then it is natural to expect for the gradient of solutions a degree of regularity that
goes beyond the integrability one considered in Theorem 2.3. More precisely, we consider
differentiability rather that integrability properties of the gradient. For this we need to
consider assumptions which are stronger than those considered in Theorem 2.3, but that
are nevertheless natural towards the forthcoming results. More precisely, we shall consider
differentiable and Carathéodory vector fields a such that O¢a is a Carathéodory function
and such that

(Oealz, )N A) = v(s® + [€12) T N2,

p—1

la(z,&)| + (s* + |§|2)%|3£a(3;,5)‘ < L(s2+[¢2) T o3
a1, ) — a(e2, )] < Loz — wal)(s? + )T,

forall z, 21,22 € Qand all §,&;,&, A\ € R™. Again0 < v <1< Land s € [0, 1]. Here
the differentiable dependence on the coefficients x is encoded by the inequality

w(R) < R.

The first results in this direction are due to Mingione, and can be summarized in the fol-
lowing:
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THEOREM 2.4 ([118, 123]). Let2 — 1/n < p < n, let u be as in previous Theorem
and let 1 be a signed Borel measure with finite total mass. Then

1—c
Duewr " 1(Q;R”) fore >0, if p>2,

loc

p—np(2—p)—¢

1
DueWw,, **Y T(R")  fore>0, if 2—1/n<p<2.
In particular

Due WL SN LR fore >0, when p=2.

loc

The previous result is optimal in the sense that we cannot allow for ¢ = 0, as eas-
ily shown by considering the fundamental solution displayed in (2.3.3) together with the
following well-known fractional versions of Sobolev embedding:

WY (QRY) < Lioas (3 RY),  for  y>1, ay<n. (2.3.5)

Also notice, that in the case p < 2 the limiting fractional differentiability exponent [p —
np(2 — p))]/(2p — 2) tends to zero when p approaches 2 — 1/n.

Theorem 2.3 can be upgraded in a different, in some sense orthogonal direction. As
we have seen before, Theorem 2.3 is optimal when considering the fundamental solution.
The question is now: What happens if we are considering measures that do not concentrate
on sets with small Hausdorff dimension? As observed in [118], measure data problems
obey the heuristic principle

“the less the measure concentrates, the better the gradient is”.

A natural way to quantify this can be, following [8], for a given signed finite Borel measure
1 € My(Q2), to consider the Morrey type density condition

lul(Br(z)) SR, 0<9<n, (2.3.6)

the inequality being valid for all the balls Br(x) € §2. We shall denote, with some abuse
of notation, the space of such measures L'”(£2); see also the next paragraph. Assuming
(2.3.6) does not allow p to concentrate on sets with Hausdorff dimension less than n — 4,
and indeed higher regularity of solutions can be obtained. We shall divide the range 0 <
¥ < n into two separate sub-ranges: a classic Harmonic Analysis result [6] indeed asserts
that if 0 < 9 < p, then L?(Q) ¢ W—1P(Q). This will be called the capacitary case as
in this case the measure in question is absolutely continuous with respect to the p-capacity.
Note also that this obviously occurs when p < n. We shall mainly restrict to this case. The
principle in (2.3) finds now the following quantified form, due to Mingione:

THEOREM 2.5 ([118,123]). Let2—1/n < p < nandletu € WHP~1(Q) be a SOLA
of problem (2.3.1), where the vector field satisfies assumptions (2.2.2) and the measure |4
satisfies the density condition (2.3.6) for p < 9 < n. Then

_9
|DulP~t € M2 (O R™). (2.3.7)
Moreover, it holds that
sup  A"71|{z € Bg : |Du(z)| > \}| S R, (2.3.8)
A>0,BRCQ

Note that the previous result reduces to the one in Theorem 2.3 in the case of general
measures ¥ = n, and claims a better integrability of the gradient when ¥ < n, i.e. when
the measure diffuses. The inequality in (2.3.8) means that in the information on the density
of the measure is inherited by the gradient Marcinkiewicz norm. This result opens the way
to those of the following paragraph, indeed concerning Morrey spaces.



18 2.3 p-Laplace operator: the non-dual case

Linear and nonlinear Adams theorems. The main viewpoint linking the results of
this paragraph is that they show that certain classical potential theory facts apparently
linked to the linear setting can be actually reformulated in the context of what is called
nonlinear potential theory. We shall in fact present at the same time classical results of
Adams [7], Adams & Lewis [9] and Talenti [141], therefore refining gradient estimates of
Section 2.1, and their nonlinear extensions given in [121].

Here we shall initially focus on the case where H = g is a function and

np

e L7(92), l<y< () =—F"——,
A <0 = e

p<n (2.3.9)

and then we will introduce more and more subtle function spaces. We restrict to this range
since, as already observed in the previous paragraph, when v > (p*)’ then g belongs to
the dual of WO1 P and we are here interested in the sub-dual case. Clearly throughout the
section we shall consider only the solution obtained via approximation described in the
lines above. Moreover we shall focus from now on on the case

2<p<n.

Note that forcing p = n would give in the limit as p * n, v\, 1, a case we are not going
to consider since it falls in the realm of the previously considered measure data problems.

We begin with the analog of (2.1.4); for the nonlinear case we are considering; we
consider a quasi-linear equation of the type

—diva(xz,Du) =g in Q, (2.3.10)

u € I/VO1 Pl (€2), where the vector field satisfies the assumptions (2.2.2). We are therefore
allowing for measurable coefficients. In this case we have the following classic result:

THEOREM 2.6 ([141, 26]). Let u € Wy? '(Q) be a SOLA to equation (2.3.10),
where g is as in (2.3.9). Then

|DulP~' € L7 ().

The previous result represents the sharp nonlinear analog of estimate , which is in turn
implied by the mapping property of Riesz potentials in (2.1.3). It is therefore natural to
see the extent to which other mapping properties of Riesz potentials, and therefore other
related a priori estimates for solutions to the Poisson equation, find an optimal nonlinear
analog. We start by Morrey spaces: with 0 < ¢ < nand 0 < 8 < 9, a classical result of
Adams [7] asserts that

Is: L77(R") —s L5 Y(R™), forally > 1suchthat By <9, (2.3.11)
and therefore for the Poisson equation (2.1.1) there holds
pel™(Q), l<y<d<n = Duc Lﬂ%’ﬁ(Q;R").
We recall that L7?(Q) is the Morrey space of functions g € L () such that
/ 9" d S R, (2.3.12)
Br(z)
with Br(z) € €, cfr. (2.3.6). Mingione in [121] proved that these estimates, valid for

the Poisson equation, extend also to nonlinear p-Laplacian elliptic equations of the type
(2.3.10), at the same time extending Theorem 2.6 at Morrey level; indeed there holds
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THEOREM 2.7 ([121]). Let u be as in Theorem 2.6 and let g € L7 (€; R™), with

Up
l<y<—H= <9 <n. 23.13
"S- w-p PTUET 2319
Then
Oy
IDufp~t e L7 (). (2.3.14)

Note that forcing ¥ = p would give v = 1 and therefore we would fall in the realm of
measure data problems. In this case the previous result should be compared with Theorem
2.5. Further relevant instances of spaces that can be considered when using Riesz potentials
are the so-called Lorentz spaces. The Lorentz space L(v,¢)(€2), with 1 < v < oo and
0 < g < 00, is defined prescribing that a measurable map g belongs to L(~, ¢)(Q) iff

> 7 dA
19112 e = q/o (Vi €9 lgta)] > AH) S < e (2.3.15)

when g < oo; for ¢ = oo we instead set L(7y,00)(Q2) := M7(), and this means finding
Marcinkiewicz spaces back. We shall also consider the “Morreyzation” [119] of such
spaces, namely the Morrey-Lorenz spaces L”(, ¢)(£2) prescribed by the fact that the set
function A — HQH%(%,})(A)’ defined for measurable subsets of €2, belongs to L7 (1), i.e.

s 1915 ¢y.0)(Br(eyy S B" - (2.3.16)
This definition has to be compared with (2.3.8). Note that the quantity defined in (2.3.15)
is only a quasi-norm, that is satisfies the triangle inequality only up to a multiplicative fac-
tor larger than one. Recalling that here {2 has finite measure, we remark that the spaces
L(v,q)(R) “decrease” in the first parameter -, while increasing in ¢; moreover, they “in-
terpolate” Lebesgue spaces in the following sense: for 0 < ¢ < v < r < co we have

L" = L(r,r) C L(v,q) C L(v,7) C L(v,7) C L(g,q) = LY,

with continuous embeddings. Note by Fubini’s theorem that L(vy,v) = L”. Lorentz
spaces serve to describe finer scales of singularities, not achievable neither via the use
of Lebesgue spaces nor of Marcikiewicz ones. We have seen that Marcinkiewicz spaces
describe in a sharp way potentials, see (2.1.10). The perturbation of a potential via a
logarithmic singularity is then described via Lorentz spaces:

1

. 1
TE B C L(v,q)(B1) iff g > —.
|z~ log” ||

B

At this point, as usual, we come to Adams-Lewis theory [9] which yields

Ig: L(v,q)(R") — L(n_m,q> (R™), (2.3.17)
forg € (0,n], y>1, ¢ >0, By <nand
") 9
Is: LP(7, ) (R" Lﬂ( YooY )R", 23.18
g L7, Q(R") — " 19_/87( ) ( )

for 8 € (0,9),y > 1, ¢ > 0, By < 9. Note that in the case v = ¢, (2.3.18) reduces
to (2.3.11), but when dropping the Morrey condition ¥ = n, (2.3.18) does not reduce to
(2.3.17): this is not a gap in the theory, but a genuine discontinuity phenomenon discussed
at length, and by mean of counterexamples, in [9]; see also an interesting discussion in
[119, Remark 5.7]. The same phenomenon shows in the nonlinear analog of such results:
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THEOREM 2.8 ([121]). Let u € Wol’p_l(Q) be a SOLA of equation (2.3.10), where
g € LY(7,q)(Q) with~,9 as in (2.3.13) and for 0 < q < 0o, then

0 9
|DulP~t e LY 777 e locally in Q.
Y- 0 —x

The discontinuity phenomenon discussed above obviously appears also in the nonlin-
ear setting: in the case the Morrey condition is dropped, i.e. ¥ = n, the previous Theorem
would give, with 0 < ¢ < oo and « as in (2.3.13), the following implication:

ny nq

n—vy n-—-y

GeL10Q) = DuwleL( ) locally in .

The optimal result in this case is

THEOREM 2.9 ([12, 95, 121]). Let u € W,"*~ (Q) be a SOLA of equation (2.3.10),

where g € L(y,q)(Q) with 0 < ¢ < oo and
1<y<O) = —2—.  p<n
np = (n—p)

Then

|DulP~! € L( ik ,q) locally in ().
n—r
Notice that the previous theorem has been proved in [12, 95] in the case v < (p*); the
delicate borderline case v = vy < (p*), separating the case of energy solutions form the
very weak one since Du € L(p, g(p — 1)), has been finally reached in [121].

2.4. Back to the roots: pointwise estimates

Here we describe a more radical approach to Calderén-Zygmund estimates. Recall
where we began: for the Poisson equation we have, by the representation formula, the
pointwise estimates

lu(@)] < La(Ju)(x) ~ and  [Du(z)] < L(|pul)(@); 2.4.1)

at this point, since we exactly know the action of Riesz potential over almost every kind of
integral spaces, zero and first order estimates become almost trivial; in particular border-
line cases, which usually are difficult to handle by itself nature, are treated with no more
difficulty than other cases. The same would be for nonlinear functions, if such pointwise
estimates held true. Actually the first of the two in (2.4.1), a pointwise estimate for so-
Iution to elliptic nonlinear equations of p-Laplacian type, has been proved almost twenty
years ago by Kilpeldinen and Maly in a fundamental paper [94]. First we need to define
an appropriate nonlinear potential. Indeed an estimate like (2.4.1) would be impossible for
solution to p-Laplacian equations, for scaling reasons. Indeed it is clear that multiplying a
non-null solution to —A,u = p by a constant ¢ # 0 we still obtain a solution % = cu to
the same equation with on the right-hand side the measure ji = ¢P~!u. Applying therefore
(2.4.1); to u and coming back to u and p we would get |u(z)| < P~ 215(|u|)(z); letting
¢ — 0 we would get u = 0. The same would apply to solution to nonlinear problems of
the type

—diva(z,Du) = p (2.4.2)

where the vector field is modeled upon the p-Laplacian.
Therefore for the nonlinear case we need a potential encoding the information of the
rescaling of the problem: this is the nonlinear Wolff potential, introduced in [85], see also
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[86], defined in (1.0.9):
R 1/(p—1)
u _ |1l (By(2)) dp
for 0 < Sp < n. This one appears as a nonlinear version of the classical truncated Riesz
potential

o
pl(By(x)) dp
I‘ﬁﬂ‘(va) = / nﬁﬁ IR
0 P P
for for 0 < 8 < n. Then the analog of (2.4.1); was given by Kilpeldinen and Maly in the

following

THEOREM 2.10 ([94, 70]). Let u € W'P~1(Q) be a SOLA to (2.4.2), under the
assumptions (2.2.5) and with p > 2 — 1/n, where 1 is a Borel measure with finite total
mass. Then the pointwise estimate

lu(z)| < W, (z, R) + ][ (Jul + Rs) d&, (2.4.4)
Bpg(x)

holds for almost every x € Q, for Br(xz) C Q.

Again noticeable contributions have also been given in [93, 144, 100]. Note that the
previous estimate for p = 2 becomes

R
s LAl R

P p
which is already highly non-trivial, due to the nonlinearity of the context. The potential
Wi, (z, R) =: Ilzﬂl(x, R) appearing in the previous estimate is the truncated Riesz po-

tential. Note that by a simple change of variable I‘Q’” (z,R) < Ix(|p|)(x) for all R > 0;
therefore the result in [94] locally recovers (2.4.1); for nonlinear Poisson equation (let
R — o0 and the average on the right-hand side will disappear). Moreover (2.4.4), despite
not involving the well-known behavior of the Riesz potential, allows to recover in a lo-
cal way all the integrability results known for u via the properties of the Wolff potential.
Indeed it is possible to estimate Wolff potentials via iteration of Riesz potentials:

W (@,00) S Te{ [1a(1u)] 7™ Ha) = Va(lul) (@),

the potential V being called Havin-Maz’ya potential of |u|, see [10, 85].

But what about (2.4.1)2? Its extension to nonlinear equations in the non-degenerate
case, i.e. nonlinear vector fields satisfying the following

a(&)] +10ca(©)l(s +1€]) < L(s + [€]), VAP < (ea(@)A X)) (24.5)
for £, A € R™, has been reached by Mingione, who proved the following

THEOREM 2.11 ([122]). Let u € W1P=1(Q) be a SOLA to the equation

—diva(Du) = p,
where the vector field a(-) satisfies (2.4.5) and where 1 is a Borel measure with finite total
mass. Then for every i € {1,...,n} the pointwise estimate
|Du(z)| < 1"(x, R) + ][ (IDsul + s) de, (2.4.6)
BR(I)

for almost every point x € Q2 and whenever Br(z) C Q.
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Here we have I‘f“(m, R) := W’f/Q o(x, R). (2.4.6) was proved using an interesting
technique which involves fractional Cacéioppoli’s inequality and De Giorgi’s iteration per-
formed at a fractional level. Indeed it is not possible, even with a differentiable vector
field as in (2.2.5), further differentiate the equation, as done in [94] in order to get bounds
on u. However, differentiation can be done at a fractional level, and this is sufficient to
get the potential bound (2.4.6). Note that clearly here we have to impose differentiability

assumptions on the vector field, when looking for gradient estimates.

At a first sight, one may think that only the nonlinear Wolff potentials play a fun-
damental role in extending (2.4.6) to p-Laplace like nonlinear vector fields, as estimate
(2.4.3) is sharp. As a matter of fact the first estimate for nonlinear elliptic equations (and
also for nonlinear heat equation, for the reasons we explained in Section 2.5) was given
by Duzaar & Mingione in [70], using techniques different from [122], for the case p > 2.
They proved the following

THEOREM 2.12 ([70]). Let u € W1P=1(Q) be a SOLA to (2.4.2), where the vector
field satisfies (2.3.4) with p > 2 and the map R — [w(R)]*/? being Dini continuous. Then
the pointwise estimate for the gradient

IDu(w)] S W, @)+ . PRCIEDE: 24.7)

holds true for almost every point x € 2 and with Br(x) C Q.

One might think the previous result as an optimal one but it is indeed not so. In fact,
when looking at the equation

—div(|DulP~2Du) = p

one may think both as a nonlinear equation in the gradient and as a linear equation in the
vector field | Du|P~2 Du. This heuristic argument leads to think of the possibility of a linear
estimate for the quantity | Du|P~!. It indeed holds

THEOREM 2.13 ([69, 106]). Let u € W1P~1(Q) be a SOLA to (2.4.2), where the
vector field satisfies (2.3.4) with p > 2 — 1/n and w(R) is Dini continuous. Then the
pointwise estimate

p—1
|Du(z)P~' <1z, R) + (f (IDul + s) df) (2.4.8)
B

Rr(w)

holds true for almost every point x € 2 and with Br(z) C Q.

The main point in the previous result is the case p > 2. Indeed, while in the case
p < 2 the previous estimate does not improve a possible Wolff potential bound of the type
in (2.4.7), which is not conjectured to hold in the subquadratic case, when p > 2 estimate
in display (2.4.8), obtained by Kuusi & Mingione, improves the one in (2.4.7) and requires
substantially new technical tools.

Estimate (2.4.8) shows that the first order integrability theory of solutions to equations
of p-Laplacian type is completely reduced to the linear one, i.e. there is basically no
difference between degenerate quasi-linear equations as (2.2.1) and the classical, linear
Poisson equation (2.1.1). The analogy actually extends up to the C'*-regularity of solution.
For instance, in [106] Kuusi & Mingione also proved that

@€ L(n,1)(Q2) = Duis continuous,
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exactly as for the classical Poisson equation. This in turn relates to a classical result of
Stein [138] that claims the continuity of a function f whenever its distributional derivatives
belong to L(n, 1).

Interpolation potential estimates. The potential estimates in the previous paragraph
allow for size estimates of solutions and their gradient in terms of potentials. Clearly
estimates regarding the values of functions in just one point are not enough to provide esti-
mates in spaces equipped with non-local norms, as for instance fractional Sobolev spaces.
More in general, what about oscillation estimates? For instance estimates in Holder or, in-
deed, fractional Sobolev spaces? We will here see, for instance, that estimates (2.4.4) and
(2.4.7) can be viewed as two special cases of a one parameter family of potential estimates,
covering estimates for finite differences of solutions, and carrying sharp information on
the regularity of solutions depending on the data. To frame the results, we recall here a
proper notion of fractional differentiability introduced by DeVore & Sharpley [51]. This
notion has the merit to reduce non-locality of norms to a minimal status: two points only
are needed. Let o € (0,1] and ¢ > 1. For a measurable function f :  — RF finite almost
everywhere is in the Calderén space C; if there exists a nonnegative function m € L9()
such that

|f(x) = f)] < [m(x) +m(y)] |z —y|* (2.4.9)

holds for a.e. z,y € . In a certain sense, (2.4.9) allows to identify m(-) as “a fractional
derivative of order ” for f. For this reason, one may wonder if it possible to interpolate
estimates (2.4.4) and (2.4.7) with Wolff potential depending on a parameter, so to get for
a = 0 the potential Wfﬂp and for o = 1 the other potential W' o This can be suggested
by the analysis of the Poisson equation: using elementary estimates and the representation

formula, one gets

u(z) —u(y)] £ [L—a(lu) (@) + L-allu)) )]z -y

for the solution to the Possion equation (2.1.1), and this may be intuitively thought as

|D*u| < TV

2—a

for every « € [0, 1]. This possibility has been actually showed true by Kuusi & Mingione
[103]. Also here we restrict to the case p > 2, for ease of exposition. One can refer
to Section 4.6 for some of the statements in the sub-quadratic case. Depending on the
regularity with respect to the coefficient of the vector field in (2.4.2), where a satisfies the
first two assumptions of (2.3.4), one has estimates as (2.4.9) up to the maximal regularity
(i.e. o varying up to a certain threshold) allowed from the coefficients. Several estimates
are in fact achievable and we refer to [103] for complete statements. Here we confine
ourselves to report a model theorem.

THEOREM 2.14 ([103]). Let u € WHP=1(Q) be a SOLA to equation
—div(|DulP~?Du) = u in Q.
Then for Bag C ) and for every x,y € Bpr s the estimates

|u(x) - u(y)| < n °w
T S Wl_a%l,p(x, 2R) + W

(y, 23)]

p—1
B=p

Y R4 (u| + Rs)de
Br
and

|Du(x) — Du(y)|
< H K
|z — y|o ~ W17(1+a)%,p(l‘7 2R) + W17(1+a)1’Tfl,p

(4:2R)]
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+ R_C“][ (|Du| + s) d¢
Br

hold uniformly in o € [0, 1] and locally uniformly in « € [0, &), respectively.

In the previous statement & < 1 is the maximal Holder continuity of solutions to the
homogenous equation

— div(|Du[P~?Du) = 0.

Indeed, the C1®-regularity for some & = a(n,p) € (0,1) is the maximal regularity of
solutions to the p-Laplaclan equation, as first shown by Uraltseva [145]. Lower bounds are
available for & although its precise value is still unknown.

Notice also that in both the estimates of Theorem 2.14 we go back to the potential
occurring in Theorem 2.12 when a@ = 1 (“from below”) and o = 0 (“from above”),
respectively. The role of Theorem 2.14 is now clear: for instance, if we want to know

whether w is locally in C% it is sufficient to ask for W’;_QE » € L. By requiring

for instance that Wf, € L1 for some ¢ > 1 one gets informations in Besov spaces

)

p—1

B¢? and so on. In other words, Theorem 2.14 provide a unified approach to the regularity
of p-Laplacian operators via potentials.

2.5. Parabolicities

We now want to discuss the extension of the above Calderén-Zygmund theory to the
parabolic case. Following the presentation in the elliptic case we shall fist outline a few
results in the linear case i.e. we shall talk about the heat equation

U —Au=p
and then we shall move to nonlinear equations of the type
ug — diva(Du) = p. (2.5.1)

In the case the vector field a(-) satisfies (2.4.5), so that no degeneracy is allowed, the
analysis of such equations can be carried out using a family of standard parabolic cylinders

Qr(20) = Qr(wo,to) == Br(xo) X (to — R*,to + R?)

whose shapes is devised to rebalance the lack of one derivative in the time direction, al-
lowing for suitable rescaling arguments. When instead we consider assumptions as for
instance (2.3.4) with p # 2 we cover the very relevant model case of the parabolic evolu-
tionary p-Laplace operator

ug — div (\Du|p72Du) =0, p#2, inQp:=Qx(-T,0). (2.5.2)

The lack of scaling of the previous equation makes the standard parabolic cylinders un-
suitable to get regularity estimates, and this leads to consider what is called an intrinsic
geometry: the size of cylinders is dictated by the behavior of the solution on the same
cylinders. This in particular tells that no universal family of balls is associated to the equa-
tion and, as a consequence, typical harmonic analysis tools like maximal operators are
automatically ruled out. This is a major obstruction in the theory, that, as we are going
to see in the following, leads to find purely PDE approaches to the Calderén-Zygmund
theory.

The intrinsic geometry approach has been introduced by and some details are as fol-
lows: consider, for simplicity in the case p > 2, cylinders of the type

Qn(20) = Qr(zo,t0) == Br(zo) x (tg — N2 "PR% tg + \>"PR?) (2.5.3)



Chapter 2. Linear and nonlinear Calderén-Zygmund theories 25

with A > 1 a scaling parameter. The heuristic underneath the choice of the scaling param-
eter ) is the following. Suppose that on such a certain cylinder the relation

][ |DulP dz = AP (2.5.4)
Q% (20)

holds. We call such a cylinder intrinsic, since the parameter A appears both in the definition
of the cylinder and in the values Du takes over it; therefore everyone of these cylinders
depends explicitly on the solution. Relation (2.5.4) roughly tells that | Du| ~ X on Q% (z0)
and hence one may think to equation (2.5.2) as actually

uy — A2 divDu=0  in Q}(20). (2.5.5)

Now switching from the intrinsic cylinder Qj\%(zo) to (Q1, that is making the change of
variables

v(x,t) == u(zo + Rx, to + N> PR?*t), (z,t) € By x (—=1,1) = @1,

we note that (2.5.5) rewrites as v; — Av = 0 in (1. This argument tells that on an intrinsic
cylinder like (2.5.4) the solution u behaves as a solution to the heat equation Note however
that the previous argument is clearly only heuristic, and its implementation is far from
straightforward. The ultimate outcome is anyway that, when considering solutions on
such cylinders a priori estimate for solutions become homogenous and therefore enjoys
homogeneous estimates which is a technical keypoint in the estimates we are dealing with
here. For instance, when considering standard parabolic cylinders, for solutions to (2.5.2)
it is only possible to prove bounds of the type

sup |Du| < c(n,p)][ (|Du| +1)P~ 1 dz, (2.5.6)
Qr/2(20) Qr(20)

whose lack of homogeneity precisely reflects that of the equation. In this sense the previous
estimate is natural but still unsuitable to be used to develop Calderén-Zygmund estimates.
When instead considering intrinsic cylinders with (2.5.4) being in force, estimates become
dimensionally homogeneous:

1/(p-1)
c(n,p)<][@( )|Du|p_1dz> <A = |Du(z)] <\ (2.5.7)
™ 20

The analysis in the following paragraph is therefore strongly based on the use of intrinsic
cylinders, that are the basic objects when dealing with regularity and qualitative properties
of solutions. In particular, their use allows to analyze the equation considered on portions
of domains where it behaves, roughly speaking, as the heat equation.

Estimates for nonlinear evolutionary p-Laplacian. The distinction between duality
and non-duality range we made in the previous pages makes sense also in the parabolic
setting. The energy space gathered to the Cauchy-Dirichlet problem

ug —diva(Du) = H in Qp,
(2.5.8)
u=0 on 9pQr = 0Q7 . (2 x {0}),

where the vector field a : Q7 x R™ — R is Carathéodory regular and satisfies at least the
monotonicity and p-growth assumptions

(a(&1) — a(&2), & — &) > v(s* + &> + \€2|2)p2;2|§1 - &2,

la(€)] < L(s* + |¢) T,
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forall £,&1,& € R™, v, L, s asin (2.2.2), is the space
[(LP (=T, 0; Wy (Q)])* = LF (=T, 0; W~ (Q)); (2.5.9)

indeed if H € L¥' (—=T,0; W1 ()), then we are in position to apply the classic mono-
tonicity argument of [115, Chapter 2] and conclude that there exists a solution u to the
problem (2.5.8) belonging, by Sobolev’s embedding, to the space

LP(=T,0; Wy (Q)) N CO(=T,0; L3(Q)).
We here now consider the duality case
H = div (|F|P7%F) (2.5.10)

with F' € Li(Qr), ¢ > p. We again confine ourselves to the case p > 2 for ease of
exposition. In this setting the problem of the parabolic extension of the result of Iwaniec
in Theorem 2.2 has remained an open problem for sevreal years. Indeed, due to the lack of
scaling of the equation, as described in the previous paragraph, standard parabolic cylinders
cannot be any longer used due to lack of scaling of the equation. In turn, this rules out the
possibility of using the Harmonic Analysis tools (for instance various maximal operators)
who lie at the heart of Iwaniec’s approach. The result has been finally achieved by Acerbi
& Mingione in [4], who gave a purely PDE approach to the problem, thereby avoiding any
use of Harmonic Analysis tools.

THEOREM 2.15 ([4]). Let u belonging to the energy space defined in (2.5.9) be a
solution to (2.5.8), where H has the form (2.5.10) with F' € LY (Qr), v > p > 2. Then

Du € L} (Q7:R")

loc
and for every parabolic cylinder Qar C Qr the following local estimate holds true:

1 b

(][ Du|7dz)w < K][ (|Du|p+1)dz>p+(][ F’de>7r.
Qr Q2r Q2r
2.5.11)

Compare estimate (2.5.11) with (2.2.7); the scaling deficit d = p/2 is typical when
dealing with energy estimate for the evolutionary p-Laplacian on standard parabolic cylin-
ders, and precisely reflects its lack of scaling. Similar results have been proved for general
parabolic systems in [71] with restrictions on -, following the elliptic case treated in [99].

Non-duality range for evolutionary p-Laplacian. The techniques described in the pre-
vious lines would allow to treat at least integrability problems for (2.5.8) as those described
in Section 2.3, since they all essentially rely on estimates over level sets. A first approach
to this program form part of the original of this thesis and can be found in Chapter 3, to
which refer for the parabolic version of the elliptic results presented in Section 2.3 and in
particular in Paragraph 2.3.

(Intrinsic) potential gradient bounds. We come here to the last Section to describe
the very recent approach to potential estimates for the evolutionary p-Laplace operator
obtained by Kuusi & Mingione in [104]. The extension of elliptic gradient estimates to
the nonlinear heat equation (2.5.1), where a satisfies (2.4.5), follows the one in the elliptic
case, and can be found in [70]. The result is

THEOREM 2.16 ([70]). Let u € LP~1(=T,0; W P~1(Q)) be a SOLA to equation
(2.5.1), with a satisfying (2.4.5). Then for every cylinder Qar = Qar(z) C Qr the
following estimate holds:

|Du(z)| < 1/(2,2R) +][ (IDul + s) de
QRr
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provided z is a Lebesgue point of Du.

Here clearly the appearing Riesz potential is the parabolic one, i.e. the one obtained
replacing balls B, with cylinders (), and the dimension n with the parabolic one IV:

" z
1z, R) = /0 W?.

The case of the evolutionary p-Laplacian operator for p # 2 is a completely different
story. It necessitates a new approach, and first of all it imposes to understand how the basic
concept of intrinsic geometry — which is something that links the cylinders considered to
the solution — links to the one of nonlinear potentials. The two things are apparently incon-
sistent. Indeed, on one hand one of the ultimate goals of potentials is to “separate”, when
performing estimates, the solution from the equation and form the assigned datum, using
indeed an estimate involving potentials, exactly as when using convolution via fundamen-
tal solutions. On the other hand, when using degenerate parabolic problems, one is led to
consider intrinsic geometries, that is to consider cylinders linked to the solutions itself, and
this, in principle, reflects again on the form of the potential one is going to consider.

The way to match intrinsic geometry and potential estimates has been recently found
in [104, 105] and consists in defining potentials in an intrinsic way, eventually getting non-
intrisic estimates, i.e. estimates valid on standard parabolic cylinders. Recall the definition
of the cylinders Q% (2) given in (2.5.3), and define the intrinsic Wolff potential as

R A1V g
wiie - [/ LS00
o LA*TPp p
This is the key to the parabolic gradient estimate.
THEOREM 2.17 ([104]). Letu € LP(=T,0; W1P(Q)) be a solution to (2.5.8)1, where

the vector field is differentiable and satisfies assumptions (2.2.5) for p > 2. Then for every
z € Qr being a Lebesgue’s point of Du and every cylinder Q%‘R(z) C Qr there holds

1/(p—1) 2RT A 1/(p—1)
- 1l(Qy(2)) dp
Du+sp1d£) +/ [ﬂ <z
<][Q}§(z) (‘ | ) o A2—ppN-1 P)

= |Du(z)| < A (25.12)

Note that (2.5.12) essentially reduces to (2.5.7) when p = 0. The previous intrinsic
estimate in turn implies potential estimates on standard, non-intrinsic parabolic cylinders,
where the loss of homogeneity is showed by the appearance of the scaling deficit p — 1, as
in (2.5.6):

COROLLARY 2.18 ([104]). Let u as in Theorem 2.17. Then for every z € Qr which
is a Lebesgue point of Du and every parabolic cylinder Qar(z) C Qr there holds

|Du(z)\1’—1 5/02R [W} 1/(p—1)dpp

+ <][ (IDu| + s + 1)”1d5>
Qr(2)

p—1






CHAPTER 3

Some technical background

In this Section we first want to fix the notation we shall use throughout all the thesis.
Despite having already introduced some of them, we will repeat ourselves for complete-
ness, and for the ease of the reader. Particular notations, used only in certain cases, will be
highlighted at beginning of respective Chapters. Moreover here we collect definitions of
function spaces.

3.1. Notation

In the elliptic case we shall always consider € as a bounded domain of R", with n > 2.
We denote by

Br(wg) :={z € R": |z — x| < R}
the open ball in R™ with center zy € R" and radius R > 0 and by

Cr(xg) := {x € R" i max |z; — o] < R}
J

the open cube with center x( and sidelength 2R. As a general convention B; and C; will
be the ball of radius one (resp. cube of sidelength 2) and center 0. Often, when clear from
the context, we will drop from notations the centers of families of (concentric) balls. For a
given ball B C R™ we denote by Cin,(B) and Coyt(B) the largest and the smallest cubes
with sides parallel to the coordinate axes concentric to B contained in B or containing
B, respectively; i.e. if B = Bgr(xo) we have Cinn(B) = Cg/ m(20) and Cou(B) =
Qr(zo). These cubes we shall call inner and outer cubes. Being D € R™, a measurable
set with positive measure and f : D — R* with m, %k > 1 an integrable map, we denote
with (f) ,, the average of f over D

(F)p = ]{3 £(6) de = ﬁ /D 1(6) d 3.1

and with E(f, D) the (L')-excess of f:

E(f.D) := ][D F(€) — (f)pl de. (3.12)

Note that a useful property of the excess, which we shall use extensively in the following,
is that

E(f.D)<?2 ]{3 F(€) — | de (3.13)

for all n € R*. The expression |D| will denote the m-dimensional Lebesgue’s measure
L™ depending on where D lives: |D| = £™(D) if D C R™; here £ is the variable in
R™. a, will denote the Lebesgue measure of the unit ball B; of R™. When dealing at the
same time with different ambient space, for example with R+ and R™ at the same time,
we will use Hausordff notation for the measure on the set with the lower dimension, in the
case above H", to settle possible misunderstandings.
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For the parabolic arguments, we shall always consider problems on parabolic cylinders
Qp :=Q x (=T,0), with Q as above and T' > 0. R will always be thought as R™ x R,
so a point z € Q7 C R™ ™! will be often also denoted as (z,t), 29 also as (g, o), and so
on, eventually without recalling this convention every time. We shall need several type of
parabolic cylinders. The point zy € 2, for each of those defined in the following lines,
will be its “vertex”. We denote by Q) s(%0) the generic cylinder

Qr,s(20) := Br(z0) X (to — 5,10+ 5)

for r, s > 0. In the case r = R, s = R? we shall have the standard parabolic cylinders
QR(Zo) = QR,R2 (2’0) = BR(xo) X AR(to) = BR(l‘Q) X (to — R2,t0 + RQ),

according to the parabolic metric

dp(z1, 22) = max{|x1 — 2|,/ |t —t2|} (3.14)

forall zy = (x1,t1), 22 = (x2,t2) € Q.
Qr(20) = Crl(xo) x (to — R? to + R?)

will denote instead the open parabolic cylinder having a cube Cr(z() of sidelength 2R
as horizontal slice. Throughout the paper all the cubes considered will have sides par-
allel to the coordinate axes in R™ and will have positive sidelength. As above, we shall
denote Q1 := Q1(0), Q1 := Q;(0) and A; := A1(0). Moreover, for a given parabolic
cylinder Q@ = Bg(zo) x (to — R?,tg + R?) C R™*! we will denote by Q. (C) the
smallest parabolic cylinder with horizontal cross section a cube with sides parallel to the
coordinate axes containing @, i.e. Cr(xg) x (to — R?,to + R?). Similarly, the largest
parabolic cylinder with cross section a cube contained in @ is denoted by Q;,,, and given
by Cr/m(x0) X (to — (R//1)? to + (R/+/n)?). Note that due to the parabolic scaling
we have to decrease the time interval in the case of Qin, (Q). Without abuse of confusion
we will call Qi (Q) and Q. (Q) inner and outer parabolic cylinder (associated to Q).
The cylinders Q7 (zo), defined starting from a radius r and a parameter A > 1, will be of
special importance. They are defined in the following way:

Qn(20) = Qrr2-rr2(20) = Br(wo) x Aj(to), (3.1.5)
where
AN (to) := (to — N2 PR? to + N2 PR?).

Such cylinders will be called “intrinsic” if some intrinsically defined relation between \
and the data (and the solution) of the considered problem will hold, see for example (7.3.6)
or (8.3.6). Luckily enough we shall need this kind of cylinder with cross-section a cube
only for nonlinear heat equation, and therefore there will be no need of building intrinsic
cylinders starting from them. Accordingly with the parabolic metric, for o« > 0 we shall
write aAR = AXp(to) = (to — A2 7P(aR)?, to + A2 P(aR)?). The same will hold for
the cylinders aQ% = (to — A27P(aR)?, to + A>7P(aR)?), in particular when A = 1 (and
therefore Q% = Qr). Idem for Qg := Cyr X (to — (aR)?, g + (aR)?). When dealing
with families of cylinders with the same*“vertex” (respectively of balls, of intervals), we
will avoid to denote its center, highlighting only when the cylinders considered will not
share the vertex.

All the subset of the cylinder 2 we are going to consider will be of cylindrical form.
Indeed, if C' C Qp, then C = A x J, with A C Q and J C (—T,0). Subsequently by
parabolic boundary of C' := A x J, with A C Q, J C (=T, 0), we will mean

OpC = A x {inf JYUOA x J. (3.1.6)
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Moreover writing C € Qp we will mean that A € Q, J € (—T,0), eventually keep-
ing implied the spacial and temporal sections. Coming back to (3.1.1), for a measurable
function over a cylinder as above g : C' = A x J C R"*! — R¥ we will use the notation

(9) 4(1) = ]{4 o(e, 1) da

for the slice-wise averages, for all ¢ € J. Note that if g € LP(J,WP(A)), p > 1, then
x +— g(z,t) € WHP(A) for ae. ¢t € J. Hence we will be allowed to use Poincaré’s
inequality slice-wise for almost every instant of time.

Concerning derivatives, we will use different notations throughout of the paper, but all

the expressions J,u, %u, u; will mean the derivative of u with respect to ¢. For the spatial
gradient of u we will always use the notation Du and by D;u, ¢ € {1,...,n} we shall

mean %u. With a vector field ¢ = a(§), a(z, §) or similar, Jza will denote its differential
{Dia’ }i ;.

Finally, we will denote with c a generic constant always greater than one, which will
not necessarily be the same at different occurrences throughout the paper. In particular it
may also change from line to line. For reasons of readability, dependencies of the constants
will often be omitted within the chains of estimates, therefore stated after the estimate.
Constants we need to recall will be denoted with special symbols, such as ¢y, co, ¢, c«. By
R* we will mean the half-line [0, c0), by N the set {1,2,...} and Ny := NU {0}.

3.2. Function spaces

Here we collect many of the definitions we gave throughout all the previous pages (and
many others we didn’t give) regarding function spaces more or less known. Clearly this in
just intended to clarify the concepts we are going to use, and will not be nowhere near to as
general as possible. We give the definitions in the elliptic setting, but it is enough to replace
balls Br with parabolic cylinders Q g, the dimension n with the homogeneous dimension
N and Q) with Q7 to get the parabolic analog. Moreover we shall give the definitions of
some typically parabolic spaces.

First of all we recall that whereas X = X (C) is some space functions over C' C R™,
m € N, its local variant X, is defined in the usual way, thatis f € Xi,.(C) if f € X(C")
whenever C/ € C. This applies also to the parabolic setting, since we shall only deal
with symmetric cylinders. Sometimes we will lighten a bit notations writing X (C') for
X(C; ]Rk), k € N, k > 1, when treating vectorial valued functions where no confusion
shall arise. In this spirit, we restrict our description of the following spaces to the scalar
case: the reader should however keep in mind that they have a trivial generalization for
vector valued (and, as we will see, also for Banach-valued) functions.

Spaces measuring size. A measurable map g: 2 — R is said to belong to the
Lorentz-space L(p, ¢)(Q2) with 1 < p < coand 0 < ¢ < oo iff

° 5 d\
191 e =2 | (Ve €0 lat@)] > 2H)" 5 < o0 (2.1)
when ¢ < oo, while for ¢ = oo it is imposed that

il;% N{z € Q:g(x)] > N} = 1915w 0y < 0©. (3.2.2)

The latter is the so called Marcinkiewicz, or weak-LP space. Since we always assume {2
to have finite measure the spaces L(p, ¢)(£2) decrease in the first parameter p, which means
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that for 1 < p < p < ocand 0 < g < co we have a continuous embedding

~ . 1_1
L(p, q)(€2) = L(p, q)(2) with ||9|‘L(,3,q)(9) <|Qr|P7w ||9||L(p,q)(9)~

On the other hand the Lorentz-spaces increase in the second parameter g, i.e. we have for
0 < g < ¢ < oo the continuous embedding

L(p,q)(Q) = L(p,0)(Q)  with  {lg]l 1, 0)) < @, & DNl L0y -

The so-called parabolic Lorentz-Morrey-spaces are obtained by coupling definition
(3.2.1) with a density condition in the following sense: A measurable map g: 2 — R
belongs to L’ (p,q)(2) for 1 < p < 00,0 < g < oo and 0 < I < niff [|g]l 1o, 40y <
00, where

A
191l 2o (p.gy ) = e e 19112 (p.q)(B,)

%0 LN
sup {p/ (/\pgﬁ_"Hﬂ? € B, :|g(x)] > )‘}|) /\} )
0

B,C®
(3.2.3)

while g € L?(p, 00)(Q) = MP?(Q) iff

d—n
lall s i= 12 0l uncs,

=

= sup g% sup (/\p|{x € B, : |g(z)] > )\}D < 00.
B,CQ A>0

REMARK 3.1. By Fubini’s Theorem we have

p — OO)\P Q )\ @_ p
l9lZney =P | ¥ |w € Q:lg@) > A = = llgligm @

so that LP(Q) = L(p,p)(Q). As an immediate consequence we also have LPY(Q) =
L7 (p,p)(Q) with [|g[| 100 () = 11911 o (p ) e2)-

A measurable map g defined on Q2 belongs to the space L log L(£2) iff

. g g
1917, 10g r.() := inf {/\ >0: ]{2 ’X’ log (e+ ’XD dz < 1} < 00. (3.2.4)

Note that we have incorporated in the preceding definition a dependence on the measure
||, by considering an averaged integral in (3.2.4). The reason for this will become clear
in few lines, when we introduce a Morrey-type variant of the L log L-spaces. Due to a
remarkable result by Iwaniec [91] we have

g
o ~ o = log| e + ) dx. (3.2.5)
llgllzy g L(Q) 912108 L(22) ]ZQ 9] g( (laha

The constant connecting the Luxemburg-norm || - || 1 10g . With | - |1, 104 1, 1S independent of
) and g. Moreover, and this is the striking fact of Iwaniec’s result, | - |1, log L defines a true
norm on L log L(2). Moreover, a fundamental estimate when dealing with non-standard
growth conditions, and which is a consequence of this result, is that for any v > 0 and
g € L7(2) for some o > 1, there holds

5 1l ( . )
£ lalog (e 1) do < o) F 1o ar)" (3.2.6)

here and later log” (¢) := [log(¢)]?. Thereby, the constant ¢(o, 3) blows up when o N\ 1.
See also [3, inequality (28)]. Moreover, ¢(o, 5) depends continuously on 3 and therefore
it can be replaced by a constant ¢(a, y1,72) if 5 € [v4,V4]-
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In the light of Definition (3.2.3) for © € [0, n] the parabolic Morrey-Orlicz-space
Llog L () is defined as the space of measurable functions g defined on €2 satisfying

o 9
||9||L10gL«9(Q) = ;:11)99 HgHLlogL(BQ)

9
(l9D) B,

Maximal operators. In Chapter 9 we will make use of the (restricted) centered frac-
tional maximal operator: for 3 € [0,n] and being g € L'(Q2) or eventually a measure
with finite total mass, we define

A sup gﬂ_"/ lg| log (e + ) dr < oo. (3.2.7)
BQ

B,CQ

B
Mg r(g)(z) := sup rﬁ][ lg| d¢ or sup riﬂM.
0<r<R  JB,(2) 0<r<R | B, ()]
For § = 0, the above defined operator Mpr(g) = Mo r(g) is the classical (restricted)
centered Hardy-Littlewood maximal operator. On the other hand for 8 € [0,n] and g €
L'(Q) the (restricted) centered sharp fractional maximal operator of g is

M} p(g)(z) = sup 7“5][ l9 — (9)B, ()| .
’ 0<r<R B, (z)

In the case 8 = 0 the definition gives the usual Fefferman-Stein sharp maximal operator
Mi(g) = M&R(g). Obviously, by Poincaré’s inequality, for any g € W11(Q) we have

M o(9)(x) < c(n) Mi_o r(Dg)(x)  forall a € [0,1]. (3.2.8)

In the parabolic setting, for fixed 5 € [0, N] we consider the (restricted) fractional

maximal function operator relative to a symmetric parabolic cylinder 0=20 r(z0) C
R"*1, which is defined by

M50 = s 10% £ Jglw)ldu. (3.2.9)
' 0cd,zeQ o)

where the sup is taken with respect to all parabolic cylinders Q contained in Q having
sides parallel to those of Q and containing the point z. When 5 = 0 we write M *Q instead
of Mg 5 Moreover, in the case O = R™+! we abbreviate Mg = M ﬂ*anﬂ respectively

M = Myg,.1,. Completely similar definitions and notations are given when cylinders with
a cube as horizontal slice are replaced by those ones with a ball as horizontal slices:

* B
M g0 = sw Q17 £ lg(wdo.
’ QCQ,2€Q Q

where @ is a fixed parabolic cylinder and () is any other parabolic cylinder contained in @
containing the point z. From [34, 82] we recall the boundedness of the maximal operators

in Marcinkiewicz spaces, i.e. if g € L9(Q) then
co(n,
2 € Qs M3(0)(5) = M < 20 [ Jgpeas (32.10)
Y 3

holds for every A > 0 and ¢ > 1.
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Spaces measuring oscillations. The fractional Sobolev space W*%((Q) is the sub-
space of L7(€2) made up of all the functions g whose fractional Sobolev seminorm

g lg(x) — g(y)|*
9o 12/ —gag drdy

is finite. It is endowed with the norm [|glyya.4 () == |91l 4 () + [9]wra.a(q)- For a function
g : Q — R, any “small” real number h € Rand i € {1,...,n}, we define the spatial finite
difference operator 7; ;, as

[7i.n9] () = Ting(x) = g(z + her) — g(2),

being e; the i-th vector of the standard orthonormal basis of R™. This will make sense, for
example, whenever © € A € ), A an open set and 0 < |h| < dist(A, 92), an assumption
that will be always satisfied whenever we shall use this operator. Analogously, we define
also the finite difference operator in time 77, as

(73] () = T3(t) = g(t + h) — 3(1),

again for |h| > 0 sufficiently small such that the definition makes sense. For a set A € (2,
we define the Nikolski space N'“7(A) as the space of the L?(f2) functions g such that
their N**% norm

90 preacay =119l Lagay + [@aroagay »

with

9] preca(ay = sup B 7ingll Lo ay;

Nea(a) izzlo<h<dist(A,BQ) Le(4)

is finite. In the following we shall also let W%4(A4) = NY%9(A) = L9(A), with an
intentional abuse of notation. It is well known that there exists a precise chain of inclusions
between fractional Sobolev and Nikolski spaces (see, among the others, [99, Lemma 2.3]
or [38]), which reads as

W*9(A) Cc N*¥9(q) € Wo =Y (A) foralle € (0, ), (3.2.11)

loc

see Proposition 3.8.

Parabolic and Banach-valued spaces. Here we spend a couple of words with regard
to Banach valued spaces of functions, which are quite common in the parabolic setting. In
general, take a measurable function g : A x B — R, where A C Rl and B ¢ R™ are
bounded domains whose points are denoted respectively by y; and y». Let’s moreover take
two spaces of integrable functions X and Y, which could be defined over A and B, with
respective norms || - ||x and || - ||y. By writing g € X(A;Y (B)) we will simply mean
that the scalar function [|g(y1, -)||y () : A — R belongs to X (A).

In particular X and Y will always be or a Lebesgue space, or one of the previously
defined spaces, and the sets A and B will be, alternatively, a bounded interval of R and a
bounded open subset of R™. For the particular choice X = L", A = (-T,0), Y(B) =
We1(Q) we have g € L™ (=T, 0; W*(Q)) iff

0 r/q
1) — q
/ (// lg(, 1) giy,S)l dxdy) dt < oo
_r\JaJo |z —ylrted
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whereas with the choice £ = W*", A = (-T,0), F(B) = L%(Q) we obtain g €
Wer(=T,0; LI(Q)) iff

/ /O Hlg(, ||Lq(Q g(-, 8)llLagey|” dtds < oo

S|1+ar

similarly interchanging (2 and (fT, 0). We shall lighten again notations always denoting
X(=T,0;Y(A)) := X(-T,0;Y(A)) and similarly, as we already did. Finally a straight-
forward inclusion, whose proof is simply given by triangle’s inequality, in between some
of these spaces is the following

REMARK 3.2. For g € L(—T,0; W?4(£2)) we have the inequality

||9||W0,q(Q;Lq(7T,o)) < HgHLtz(—T,O;WﬂxQ(Q))‘

Obviously the previous Remark can be applied interchanging the sets €2 and (-7, 0)
so that we also have the continuous immersion

LY WY9(=T,0)) ¢ W4(=T,0; L9(Q)). (3.2.12)
Parabolic factional spaces. We say that a function g € L?(S2r) belongs to the par-
abolic fractional Sobolev space W7 4(Qr), with 9,9 € (0,1) and 1 < ¢ < oo, if it

belongs to LI(—T,0; W?4(Q2)) N L4(Q; W?4(—T,0)), which is the space consisting of
all functions v € L4(—T,0; L9(2)) such that

0
[g];z/vﬁﬁq(QT) _/ [g( t)]wo 4 () dt+/ﬂ[ ( ) )](II/VS,q(,T,O) dx

lg(z,t) — g(y,t)|?
dz dy dt
/ / o |z —ylnte Y
0 q
// / 9. 1) = 9@ N e < 00, (3.2.13)
[t — s|1+0a

It is a Banach space if it is endowed with the norm, see [108],

q
||g||W1‘),1§;q(QT ”g”LLI(QT) + [ ]Wﬁ 9 9 (Qr )

Also Nikolski spaces have a natural generalization when considered in parabolic shape
(see [32]): precisely, we call the parabolic Nikolski space N'7:%9(A x J), for A € (),
J € (=T,0) and ¥, € (0, 1], as the space of functions § € L9(y) such that

[g]/\m,ﬁ,q(,qxj) = sup |h‘_0||7'hg|‘Lq(A><J)
0<|h|<dist(]8(7T 0))

-
+ Z sup || ||Ti,h,g||Lq(AxJ) < Q.
T3 0<h<dist(A,09)

Obviously there is a chain of inclusion similar to (3.2.11) between the W]gcﬁ ? and the

NOia spaces, see Proposition 3.8 and Corollary 3.9

Function spaces properties. Here we collect some useful properties of the function
spaces defined in the previous lines. We shall use them only in the parabolic framework,
so they are directly stated for cylinders instead of balls. First we propose the following
standard Holder type inequality for Marcinkiewicz spaces:
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LEMMA 3.3. Let g € MP(A) withp > 1 and A C R"! a measurable subset with
Sfinite measure |A| < oo. Then g € L1(A) for any 1 < q < p. Moreover, we have the
estimate

1
p q 1_1
1l 0n) < (pq) A gl ey

The Lemma below about the scaling properties of || - || v, q), respectively || -[| £ 1og 1,2
is an immediate consequence of definitions (3.2.3), (3.2.7).

LEMMA 3.4. Let g € L?(p,q)(Q,(20)) with1 < p < 0o and 0 < q < co. Then, the
map §(y, s) := g(xo + oy, to + 0°s) for (y, s) € Q1 belongs to L”(p, q)(Q1) and
_ _»
||9||L0(p,q)(Q1) =0 HQHLﬂ(p,q)(QQ(zO))-
Similarly, if g € Llog L”(Q,(20)) then § € Llog LY(Q1) and

~ —9
191l 2 10g L7 () = @ Hg||LlogL19(Qg(z0))'

Next theorem is a standard embedding theorem for the maximal function in Lorentz
spaces. It can be easily inferred from [121, Theorem 7].

THEOREM 3.5. Let 3 € [0, N) and p > 1 suchthat Bp < N; moreoverlet) < q < 00
and Q a parabolic cylinder in R, Then there exists a constant ¢ = c(n,p, 3,q) such

that for every map g € L(p, q)(Q) there holds

||ME7Q(9)||L( No_ )(Q) < c||9||L(p,q)(c2)'

N—pBp°

Lower semi-continuity of quasi-norms. As we have pointed out after (2.3.16) the
quantity |- || Lo, ¢)() is only a quasi-norm. Nevertheless, the mapping g — |9/ 14, 4) ()
is lower semi-continuous with respect to a.e. convergence. This can be seen as follows:
Take gi, € L (p, q)(Q) with gi(x) — g(z) a.e. on Q as k — co. Then by Fatou’s Lemma
we have

H{z e Q:lg(z)| > A} < likminf {z € Q: |gu(z)| > A} (3.2.14)
—00
whenever A > 0. For ¢ < oo we use (3.2.14) and Fatou’s Lemma in (3.2.1) to have that
1
& N
ol = | [ (¥t € 025 lat) > ) 5|

1

S L)

< {p/0 (/\Pl1kn_1>£f|{a: € Q:lgp(z)| > )\}D )\}
o 0 LdA]

= hgggéf {p/O (x\p’{a? € Q:gr(z)] > )‘}D )\]

= lim inf 198l L(p,a)(92)-

When ¢ = oo, recalling the definition of the Marcinkiewicz norm, by (3.2.14) for fixed

A > 0 each of the functionals g — (A|{z € Q: |g(z)| > A}|)” is lower semi-continuous
with respect to a.e. convergence. The lower semi-continuity of the MP-norm now follows
from the general fact that the supremum of an arbitrary family of lower semi-continuous
functionals is still lower semi-continuous. The same argument also implies the lower semi-
continuity of the quantities || - || #(p.q)() and || - || £ 10g v () Since they are defined as the
supremum over a family of balls of lower semi-continuous functionals.
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Additivity of quasi-norms. The following elementary inequality holds

m ﬁ m
(Zai) < max{l,m"*'} 3 "a] (3.2.15)
i=1 i=1
whenever 5 > 0 and a;, ¢ = 1,...,m are non-negative numbers. We assume now that

Q c Ui~ Q;. Then, from (3.2.1) and (3.2.15) we infer that

190 L(p.g) ) < G(m,p,q) Z 1911 £p.a) 020 (3.2.16)
i1
holds for every 0 < ¢ < oo, where G(m,p,q) = 1if 1 < ¢ < p or ¢ = oo, while
G(m,p,q) =mYP=Y4if ¢ > pand G(m,p,q) = m'/P~1if0 < ¢ < 1.

For the following fractional Sobolev’s embedding result see [109, Theorem 14.29]
with minor changes, keeping in mind that B*P? = W*P, or also [11].

PROPOSITION 3.6 (Fractional Sobolev embedding). Let 2 C R™ a Lipschitz domain
and let g € W*9(Q) with 1 < q < oo and o € (0,1) such that g < n. Then g €
L/ (n=29)(Q) and there exists a constant ¢ = c(n, o, q,[0Q)o.1) such that

”g”LNq/(Nfaq)(Q) <c HgHW‘*"I(Q)‘

The next result roughly says that we can increase integrability of a fractional Sobolev
function up to lowering their fractional differentiability; its proof can be found in [109,
Theorem 14.22], see also [11, Theorem 7.58].

PROPOSITION 3.7. Let g € W®4(Q) for & € (0,1), 1 < § < 0o and Q as in
Proposition 3.6. Then for every o« € (0, &) there exists a constant ¢ = ¢(n, p, &, o, [0Q]o.1)
such that

[Glwe.a(q) < clglwaaa)

if g € (g, 00) satisfies
n ~
a——=a-—
q

In particular W*9(Q2) C W*4(Q) for such q.

<] S

The proof of the following inclusion result between parabolic Nikolskii and fractional
Sobolev spaces is a straightforward variation on the proof of the elliptic analog, see [66,
98]; for this parabolic formulation we refer to [67, Proposition 3.4].

PROPOSITION 3.8. Let g € L(Qr) with 1 < q < oo and assume that there exists
€ (0,1], two open sets Q € Qand J € (—T,0) such that

||Ti,hg||Lq(ﬁxj) < S‘h| )

for some constant S > 0, for every i € {1,...,n} and every h € R satisfying 0 <
|h| < D, where 0 < D < min{1,dist(Q, 0Q)}. Then g € Li(J; W.%(Q)) for every

loc
€ [0,a). In particular for each open set O € ) there exists a constant ¢ depending on

¢.a — a, D, dist(€2, 09), dlst(O 0Q), || such that

lg(z,t) — gly, )|
/// y|n+aq drdydt <[5+ 9%, 5]

Moreover if for some ﬁ € (0, 1] there holds
dt < S|h)?,

||Th9HLq(§Xj)
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for every h € R satisfying 0 < [h| < D with0 < D < min{1, dist(J, (=T, 0))} and with
a constant S > 0, then g € LI(Q; WP q(J))for every 3 € [0, 3); moreover there exists a
constant ¢ depending only on q, B 3, D, dist(J,d(—T,0)) and T such that

\gwt z, )|’ g
/// qu dtdsdr < [S7+ g%, 5. 5]

We will always use the two results of the previous Proposition coupled together with
the choice 8 = @&/2; so we state explicitly the following Corollary

COROLLARY 3.9. Let g € LI(Qr) satisfy the following estimate

n
||Th29||Lq(§><j) + Z ||Ti,h9HLq(§><j) <SS |h|ﬂ>
i=1

for every 0 < |h| < D, with Q,.J as in the Proposition 3.8, ¥ € (0,1], S > 0 and
0 < D < min{1, dist(Q, 0Q), dist(.], d(—T,0))}. Then g € W"/*9(Q x J) for every
¥ € [0,9) with the explicit estimate

[g]Wﬁ,ﬁ/Q;q(OXJ) <c|S+ ||g||L‘1(Q><j):|'

for O € Qand J € J. The constant ¢ depends on q,9 — 9, D, dist((NZ, o0), dist(O, 8?2)
dist(J,0(-T,0)),

The final statement of this Section is an appropriate version of the fractional Poincaré
inequality. The proof is simple and follows widely the classical ones in the elliptic setting,
see [66, 67], so we skip it.

LEMMA 3.10. Let g € W?9/%4(Q,) for ¥ € (0,1) and q > 1. Then there holds

F b= (@, ld= < o

Qp

n+2

a [Q}szﬂ/z;q(Qp),

with a constant ¢ = ¢(n, q).

We stress here that it is also possible to obtain a Poincaré-type inequality involving
only the spatial derivatives of solutions to certain parabolic problems, see Proposition 7.11
in Chapter 7.

3.3. Technical tools

Here first we collect standard iteration and algebraic Lemmas which will be used in
various point in the proofs in next Chapters. Subsequently we shall give the argument
which allows to test the weak formulation of a parabolic problem with the solution itself,
i.e. the regularizing Steklov’s averaging. Finally we want to give a parabolic version of the
Calder6n-Zygmund covering, proposing also for the convenience of the reader its proofs,
which is a revisitation of the original, elliptic one.

The following Lemmas are standard iteration argument and can for instance be found
in [81, Lemma 6.1 & Lemma 7.3].

LEMMA 3.11. Let ¢ : [R,2R] — [0, 00) be a function such that
1 B
p(r1) < §¢(7"2) + A+ (ra—11)P
where A,B > 1and 3 > 0. Then

o) < () [ A+ 7]

forevery R <r; <rqe <2R,

RP
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LEMMA 3.12. Let ¢: [0, Rg] — [0, 00) be a non-decreasing function such that
do
o(o) < A [(é) +5} o(R) + BR" (3.3.1)

for every 0 < o < R < Ry, where A,B > 0and 0 < &1 < 0g. Then there exist
g0 = €0(00,01,A) > 0and ¢y = ¢1(do, 01, A) such that whenever (3.3.1) holds for some
0 < e <egqthen

01
(o) <1 {(R) o(R) + 3961] forevery 0 < o < R < Ry.

The following reverse Holder type inequality encodes part of the self-improving prop-
erties of reverse Holder’s inequalities and allows to reduce the integral power on the right-
hand side below the natural exponent for the linear growth problems:

LEMMA 3.13. Let g : Qp — R"™ an integrable map such that

1/x0 ) 1/2
[][ lgx° dz} <c {][ (s+ |g\) dz}
Q Q2p

P

holds whenever @2, € Qp, where s > 0, xo > 2 and c > 0. Then, for every o € (0,2],
there exists a constant ¢y = co(n, o, ¢) such that

[, ] " <nlf,

P

1/o
(s+lg]) dz]

2p

for every QQ2, € Q.

The following one, on the other hand, is a less known version and it is particularly
useful when dealing with p # 2-growth parabolic equations. See [102, Lemma 5.1].

LEMMA 3.14. Let v be a non-negative Borel measure with finite total mass. Let
moreover 1 < q¢ < p < oo and & > 0, and let {0U} be a family of open sets with the

property
0LUCOUClU=U (3.3.2)

whenever 0 < 01 < 05 < 1. If w € LI(U) is a non-negative function satisfying

1/p co 1/q
wP dv < — / w? dl/> (3.3.3)
</91U ) (02 — 01)* ( 0,U

Sforall 1/2 < 0, < 05 < 1, then there is a positive constant ¢ = ¢(co, &, p, q) such that

1/p c
P
(/er dv) < =07 /del/, (3.3.4)

forall0 <0 <1, where &' = Eq(p—1)/(p — q).

The following algebric Lemmas are a useful tool when dealing with p-growth prob-
lems. The continuous dependence of the constant with respect to p allows to instead con-
sider a constant depending on 71,72 when p € [71, 2], so they fit also the variable growth
situation described in Section 4.4.

LEMMA 3.15. Let p € [vy1,72]. Then there exists a constant ¢ = c¢(n, N,v1,72) such
that for any A, B € RN, not both zero, there holds

(AP +B) "B = AP? < c(|BP 2B — |A]P"2A, B — A).
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LEMMA 3.16 ([47]). Let p € [y1,72]- Then there exists a constant ¢ = co(y2) such
that for any A, B € RN™ there holds

p—2

AP < co|BP + ¢ (JAP* +|BI*) 7 |B— AP

Parabolic Dirichlet problems and Steklov averages. Here we briefly explain what
has to be intended when dealing with solutions of Cauchy-Dirichlet problems of the type

Opu — diva(z,t, Du) = p in Qp,

u=0 on 87>QT,

with for instance a satisfying assumptions (4.3.4). Avoiding any further consideration upon
the concepts of solution, here we want to specify the meaning of v = 0 on 9p{27 and a
further question. The fact that « vanishes on the lateral boundary is prescribed by denoting
u(-,t) € Wy =1 (Q) for a.e. t: the initial boundary value u(x, —T) = 0 should be on the
other hand understood in the L! sense, which means that

1 —T+h
lim — u(x,t)| dxdt = 0.
mﬁh[T A|< )

The other question we want to explain here is the following: as we already said, one usu-
ally gets energy estimates testing the equation with the solutions itself; eventually one can
truncate the solution when working with very weak solutions, but in any case a problem
here appears. The solution to parabolic problems in general enjoys a low degree a regu-
larity with respect to time, while for the test function ¢ we need the existence of the time
derivative ¢, in L2, see the weak formulation (4.1.4).

Therefore here is mandatory, but by now standard, to regularize the solution itself
before using it as a test function. This can be done by convolutions or Steklov averaging;
in this manuscript we chose the second option and now we explain in which this consists.
For h > 0 and ¢t € (—T,0) we define the so-called Steklov average of u by

1 [tth o
- D di ift<—h,
up(z,t) := h/t u(@, ) nr=

0 ift > —h.

(3.3.5)

This definition naturally extends to the case when h is negative, averaging backward in-
stead of forward. Being u a weak solution of (4.1.1) with u € L(Qr) and uy, the Steklov
average of u, the slicewise equality

/Q{@t[uh]@—&-([a(~,t,Du)]h,D@>} dx:/gwhdx’

holds true for any ¢ € C°(Q) or W, ”(2) and for ae. t € (—T,0) (see [54, Chapter
2]). In Section 5.1-5.2 we shall show, with an example, how to implement this regularizing
procedure.

Calderén-Zygmund coverings. Let Oy = Qg(z0) = Cr(wo) x (to — R%,to + R?)
be a parabolic cylinder in R"*! with horizontal cross section being a cube. By D(Qy) we
shall denote the class of all dyadic parabolic cylinders obtained from Qy by a finite number
of dyadic subdivisions. The construction of a dyadic subdivision is as follows: If Qg is as
above then we subdivide C'r(z¢) into 2™ congruent sub-cubes C’ having sides parallel to
Cr(zo) and (to — R?,to + R?) into four disjoint intervals I’ of equal length R?/2. Then,
the set of all parabolic sub-cylinders obtained by this dyadic subdivision consist of all
cylinders of the form C” x I’. The total number of sub-cylinders obtained from a parabolic
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cylinder Qg by one dyadic subdivision is 2V, N = n + 2. We note that Qy & D(Qy).
For later use we mention a few simple facts of the class D(Qy): First, if Q1, Q2 € D(Qy)
then either Q; N Qs = 0, or one of the parabolic cylinders contains the other one, i.e.
Q1 C 9y or Q9 C Q7. We shall denote é € D(Qy) the predecessor of Q if Q has been
obtained by exactly one dyadic subdivision from the parabolic cylinder Q. The following
is a Calderén-Zygmund-Krylov-Safanov type covering lemma in the parabolic setting; for
the elliptic (classical) version we refer to [35].

PROPOSITION 3.17. Let Qo C R™! be a parabolic cylinder. Assume that X CY C
Qo are measurable sets such that the following properties (i) and (ii) hold:
(i) there exist 6 > 0 such that | X| < §|Qol;
(ii) if @ € D(Qy), then | X N Q| > 6|Q| implies Q C Y, where Q denotes the
predecessor of Q.

Then there holds | X | < §|Y|.

The proof of the preceding proposition can be inferred using arguments from [35].
For convenience of the reader we give the simple adaptation to our parabolic set up. The
starting point is the following version of the classical Calderén-Zygmund type covering
lemma.

LEMMA 3.18. Let Qy C R™"! be a parabolic cylinder and X a measurable subset

of Qp satisfying
0 < |X| < 0|Qo]

forsome 0 < § < 1. Then there exists a sequence (Q;);en of disjoint dyadic sub-cylinders
of Qg such that there holds:
(i) [ X\UZ, Qi =0,
(i) | X N Q;| = 6|Q;| and _
(iii) | X N Q| <6|Q|if Qe D(Q)and Q; & Q.

PROOF. We divide Q into 2%V dyadic sub-cylinders Q(lj ) and select those satisfying
[x 1] = 6l

Now, we take those cylinders that were not chosen, divide each of them again into oN
dyadic sub-cylinders and repeat the selection argument from above. Proceeding iteratively
in this way we obtain a sequence of disjoint dyadic cylinders Q; € D(Qy), ¢ € N. By
construction each of these cylinders satisfies (i7) and (iii). For z € Qg \ |J;=, Q; we have
a sequence of dyadic cylinders Py, with |[Py| — 0 as k — oo, each of them containing z,
such that

|Pr N X|

<d<1.
| Pk |

|Pr N X| < 6|Px| orequivalently ][ xx(2)dz =

P
By Lebesgue’s differentiation theorem the left-hand side of the preceding inequality con-
verges to xx(z) for a.e. z as k — oo, and therefore we have z € Qg \ X for a.e.
z € Qo \ U2, Qi- Hence | X \ ;2 Qi| = 0, proving finally (3). O

PROOF OF PROPOSITION 3.17. We apply Lemma 3.18 to have a sequence of disjoint
dyadic cylinders (Q;);en covering almost all of X. By (i) of Lemma 3.18 we have
|X N Q;| > 6|Q;l; therefore by assumption (ii) the predecessor Q; of Q; is contained
in Y. Now, from the sequence of predecessors (Qvi)ieN we can extract a sub-covering
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(éi)ieﬁ of X, where the @i are pairwise disjoint and 8 C N. Then, using Lemma 3.18,
(4i7), the fact that Q; C Y, as well as the disjointness of the Q; for ¢ € & we obtain
X< IxNQ <6 19 < alv],
ief ief
proving the claim of Proposition 3.17. (]



CHAPTER 4

New results

In this section we shall present the original results obtained in this thesis; as a con-
sequence, we shall be necessarily more detailed than in the previous review chapter. The
rest of the manuscript will be structured as follows: in this chapter we shall present the
statement and everything will be needed in order to put them in the right context, included
specific bibliographical informations not presented in the previous chapter. We are going
to devote a different section to every argument we are going to present. All the proofs will
make up a subsequent chapter with the same name of the corresponding section.

4.1. Fractional differentiability for nonlinear heat equation

In this first paragraph we are going to deal with nonlinear heat equations of the type
(2.5.1) where the vector field a(-) will satisfy assumptions similar to (2.4.5); we shall also
allow for coefficient Lipschitz regular with respect the spatial variables. Our goal will be
to provide fractional differentiability results for the spatial gradient of very weak solutions
similar to those obtained in [118] and described in Theorem 2.4 in the elliptic case. With
respect to this elliptic result, we here will focus on the case p = 2. In particular we are
going to consider inhomogeneous Cauchy-Dirichlet problems of the type

Opu — diva(x,t, Du) = p in Qp,
@.1.1)
u=0 on a'pQT,

where p a signed Borel measure with finite total mass, |u|(Q7) < oo. Here, and through-
out all the chapter, 2 C R™ will be a bounded domain with n > 2 and Q¢ will denote
the parabolic cylinder Q x (=T, 0); see (3.1.6) for the definition of its parabolic boundary.
a: Qp x R®™ — R™ is assumed to be a Carathéodory vector field fulfilling the following
monotonicity and continuity conditions:

{a(z,t,61) — a(a,t, &), & — &) > v|E — &,

axatvg —ax,t,f SLE _5 )
|a(a,t,&1) = a(x,t,&)| < L|g — &)| “412)
la(z,1,0)| < Ls,
|a($1,t,§) - a(x23t7£)| < L|l’1 - x2|(8 + |£D
forall x,z1, 29 € Q,t € (—T,0), £, &1, & € R™, with constants
O<v<1<L (4.13)

and degeneracy parameter s € [0, 1]. Note that no regularity of a(-) but measurability is
assumed with respect to t. The notion of solution we are going to deal with is the SOLA
described in Section 2.3. Similarly as in the elliptic case, we call a very weak solution to
(4.1.1); a function u € L' (=T, 0; W11(Q)) solving the distributional formulation

/ [—u¢t+<a(x,t,Du),Dgp>] dz=/ o 4.1.4)
Qr

T
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for every ¢ € C2°(§2r). Existence of such distributional solutions has been proved using
the already described approximation method, for the general nonlinear parabolic case p >
2 —1/(N — 1), by Boccardo & Gallouét in [25] and Boccardo, Gallouét, Dall’Aglio &
Orsina, see [24]. In particular, in the case p = 2 these results read as follows: [25] it is
proved the existence of a SOLA belonging to LI(—T, 0; VVO1 "1(Q)) for every exponent ¢
satisfying

N
1< 4.1.
Se<y (4.1.5)

-1’
while in [24] the result is refined in an anisotropic sense, in the sense that the solution is
shown to belong to L"(—T, 0; WO1 "1(£2)), where the couple of exponents (, ¢) satisfies the
following bounds:

2
l<p<—"1 1<r<2 2425 n41 (4.1.6)
n—1 r o q

The first Theorem we present here concerns the differentiability and not anymore the in-
tegrability of the solution found in [25]; we find that, depending of the exponent satisfy-
ing (4.1.5), we have a certain level of (fractional) differentiability that reduces to zero as
g — N/(N —1). The following Theorem quantifies this rough statement:

THEOREM 4.1 ([20]). Let u € L'(=T,0; Wy"'(Q)) be a SOLA to equation (4.1.1)
under the assumptions (4.1.2) on the vector field a(-); then

Du e W5 (Qpy R"), 4.1.7)
forall q as in (4.1.5) and with
0<d< %—(N—l) =:6(q). (4.1.8)
The estimate above in particular implies that
Du e Wor ™7 (@i R

forall € € (0, 1). The most general version of Theorem 2.4, which can be found in [118],
asserts that in the elliptic case, under completely similar hypotheses on the vector field, the
regularity for the gradient of SOLA is

loc

Du € W2I(Q;R™), forall 0<§<—— (n—1),
q

which is completely analogous to (4.1.7). We moreover stress that using slice-wise frac-
tional Sobolev’s embedding (2.3.5) it is possible to recover, at least locally, the anisotropic
integrability result proved in [24], also getting a different kind of integrability property.
Indeed we have

COROLLARY 4.2 ([20]). SOLA u to problem (4.1.1) enjoy the following integrability
property:
Due L}, .(=T,0; L{ (Q))N L}

loc loc loc

Sor all (r, q) satisfying (4.1.6).

(2; Lioe (=T, 0))

Theorem 4.1 comes along with the following local estimates of Calderén-Zygmund
type:
THEOREM 4.3 (Local Calderén-Zygmund estimates, [20]). Under the assumptions of

Theorem4.1, let qbe asin (4.1.5), § asin (4.1.8), letc :==dqand o € (0, N—(N—1)/q =:
0(q)). Then for every cylinder Q, = B, x A, € Qr it holds
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Sy Je

Toy2 / Bpya / Bpyo

D t)y— D a
/ / / [Du(z, 1+2‘/(f N s de
p/2 Iz p/2 |t—8|

< cp_"/ (s + [Dul)?dz + cp” D=7 [|u|(@,)]" (4.1.9)

Qp

D —D q
Dute. ) Dy O 4,

T — |n+o’

for a constant ¢ = c(n, v, L, q,5). Furthermore, for any open subset Q7' = Q' x J' € Qr
the estimate

D — Du(y, )|
/ |Du|qdz+/ // [Du(z ) nfg(y’t) dx dy dt
QT ’ ’ ’

|Du(a,t) —Du(x,s)\q .
+// i s dtdsdz < c[s+ |ul(Qr)]" (4.1.10)

holds true with a constant ¢ depending on n, L/v, q, distpar(QT’7 0Qr), and T.

Finally using standard immersion theorems between fractional Sobolev spaces we can
deduce the following anisotropic regularity result

THEOREM 4.4 ([20]). Let u € L'(=T,0; W, () be a SOLA to problem (4.1.1).
Then we have:

(i) for all (r,q) satisfying (4.1.6) and the condition r < q we have
Du € Ly (=T,0; WoH Q) NWoL(Q; Ly (—T,0))  forall § € [0,5(r,q));

loc loc

(ii) for all (r,q) satisfying (4.1.6) and the condition r > q on the other hand
Du € LY (W2 (=T,0)) n W/ (=T,0; LT (2))

loc loc

forall § € [0,6(r,q)). In both cases & denotes the function
< 2
o(r,q) == g + o (n+1)>0  for(r,q) satisfying (4.1.6).

For the definition and the basic properties of the fractional Sobolev spaces above, we
refer the reader to Section 3.2.

4.2. Adams theorems for nonlinear heat equations

In this Section we indeed focus on the sub-dual case for the Cauchy-Dirichlet problem
(4.1.1), that is we investigate regularity properties of solutions to (4.1.1) in the case 1 = g is
a Lebesgue function with low integrability property in the sense of Paragraph 2.3, adapted
to the parabolic case p = 2 and the vector-field a: Qp x R™ — R” is assumed to be a
Carathéodory map which satisfies only the growth and monotonicity conditions:

<a($7t, 51) - a(x7t7§2)7§1 - §2> Z V|§1 - €2|27
la(z,t, &) < L(1+¢])

for every choice of (z,t) € Qr, &,& € R™, and v, L as in (4.1.3). As in the previ-
ous Paragraph we shall deal with the (unique) solution obtained by approximation and
also in this case the existence and integrability question have been faced by Boccardo,
Dall’ Aglio, Gallouét and Orsina who in [24, Theorem 1.9] prove the existence of a solu-
tion u € L*(—T,0; W,"' (Q)) such that

4.2.1)

Du e LY(Qr), with  ¢=

4.2.2)
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provided the datum p = g satisfies

2N

L7(Q fi 1 .
g€ L7(Qr) or some <7<N+2

Moreover, by Sobolev’s parabolic embedding the solution u belongs to L7 (£2r) with o
given by 0 = NA_’ %; this result is optimal in the scale of Lebesgue spaces. Note that the
exponent 2N/(N + 2) is the analog of the duality exponent we met for instance in (2.3.9),
the parabolic Sobolev’s embedding gives

L2(=T,0; Wy 3(Q)) < L¥°2(Q7)

and therefore the space L%+ (Qr) embeds into the dual of the energy space. Coming
back to (4.2.2), here we ask for a more accurate scale to describe regularity of Du in
dependence on the inhomogeneity g. Before stating the result, we stress here that, since
the notion of solution to measure data problems holds uniqueness in the case of L' data,
our results apply to every class of solutions which provides uniqueness in the case of data
in L' data. In particular, all our regularity results could therefore also be stated in terms of
renormalized solution, [126] or entropy solutions.

The first result we want to propose here is the extension to nonlinear parabolic equa-
tions with linear growth of the elliptic result of Theorem 2.7. Here we focus our consider-
ation on the range of coefficients

29
9+ 2
The following theorem is a special case of Theorem 4.8, which is the main theorem of

this paragraph, being concerned with the more general Lorentz-Morrey space regularity.
Indeed, Theorem 4.5 will follow from Theorem 4.8 by the special choice ¢ = 7.

1<~y < and 2 <19 < N. 4.2.3)

THEOREM 4.5 (Nonlinear parabolic Adams theorem, [21]). Let g € L7?(Qr) with
v, as in (4.2.3) and let uw € L'(—T,0; WO“(Q)) be a solution to (4.1.1) under the
assumptions (4.2.1). Then

By
Due L’ 7" (Qr;R™).

loc
Moreover, there exists a constant ¢ = c¢(n, v, L,~, V) such that the quantitative local esti-

mate

Y=y
||Du||L 9y <cR™ NH|Du\ + IHLI(QQR) +c Hg||m,g(Q2R)

7=7"(Qr)

holds for any parabolic cylinder Qop C Q.

We recall here that the parabolic Morrey space LYY (Q7) for 0 < ¢ < N is simply
defined substituting in definition (2.3.12) balls B with parabolic cylinders Qi and the
resulting Morrey norm is given by

vy o« 9—N vy
191170 : S R /QR lg]” dz. (4.2.4)
Note that the special choice ¢ = N in the above theorem gives back (4.2.2). On the other
hand, Theorem 4.5 fails in the borderline case v+ = 1. Here we recall that also in the
elliptic, and even linear case, (2.3.11) and (2.3.14) fail for the borderline choice v = 1, and
Llog L-integrability on the inhomogeneity has to be imposed. Analogously we have to
impose some further logarithmic integrability on the datum g and we obtain the following:
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THEOREM 4.6 (Borderline parabolic Adams theorem, [21]). Under the assumptions
of Theorem 4.5 and being g € LV?(Qr) N Llog L(Qr) with 2 < 9 < N, the solution
u e LY(=T,0; Wy () is such that

9
Du e L7 (Qp; R™).

loc

Moreover, the quantitative local estimate

9
[][ |Du\% dz} < c][ (|Du| + 1) d=
Qr Q2r
g

9—1
1 o
+ecllglise [][ lg|log (e + —— dz] . (4.2.53)
LY (Q2r) Osn ( (g|)Q2R)

holds for any parabolic cylinder Qar C Q1 with a constant ¢ = ¢(n, v, L, 9).

Moreover we mention that the particular choice ¥ = 2 is allowed in the above theorem,
since we are in the case v = 1. With this particular choice we reach the maximal regularity,
thatis g € LY2(Q7) N Llog L(Q7) = Du € L2 (Q7p;R™).

loc
REMARK 4.7. In the case we don’t impose a L log L condition on g, still an estimate
in Marcinkiewicz spaces holds true:

_9
ge LY (Qr), 2<9<N — Du € M7 (Qp;R™);

loc

compare with (2.3.7).

As we have already mentioned above, the result of Theorem 4.5 is a particular case of
more general results in Lorentz-Morrey spaces. We recall that the space L (p, q)(Q27) is
defined by asking

9N
lg] L (7,q) () “= QE??ZTR Rl ||9||L(n,,q)(QR) < 00.

The main theorem of this Paragraph is indeed the following:

THEOREM 4.8 ([21]). Letu € L'(—T,0; WOM(Q)) be the solution to (4.1.1) where
the structure conditions (4.2.1) are in force. Moreover, assume g € L (v, q)(27) with
~v,9 as in (4.2.3) and 0 < g < oco. Then

1977, & locally in Q. (4.2.6)
J—y 90—y

Furthermore, we have the local estimate

|Du| € Lﬂ<

9=y N
1Dl o 2o 9 gy SR |

T—~ T—~

|Du + 1HL1(Q2R) T ”g”L"(%q)(QzR)’
(4.2.7)

for any parabolic cylinder Qar C Qp, where the constant ¢ depends onn,v, L,y q, 0.

For the special choice ¢ = <, having in mind that LY (p,p)(Qr) = LPY(Qr), we
obtain the statement of Theorem 4.5. As in Theorem 2.9, for the borderline case ¥ = N
this Theorem does not give the sharp regularity in Lorentz spaces for the gradient, which
indeed is

THEOREM 4.9 ([21]). Let u be as in Theorem 4.8 and let g € L(v, q)(Qr) with v as
in(4.2.3)and 0 < q < co. Then

N
|Du| € L( 7 ,q) locally in Q.
N-—vy
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Moreover, the local quantitative estimate

N—~v_N
1Dl 2o gy S BT IDul+ 1| 11 g, 1901600 @n) 428)
holds for every parabolic cylinder Qar C Qr, with a constant ¢ = c(n, L,v,, q, ).

Now we treat the borderline case L log LV in full generality: we recall also here that
this is the space of measurable functions defined over Q21 such that

1900900y~ s ROV [ gllog (e 8 ) dx < .
QrCQr Qr OgDQR
Note that this is not the usual norm over L log L, but we used the fact that this norm is
equivalent to the expression above by a result of Iwaniec & Verde [91], see also Section
3.2. Note that from this expression it is straightforward that (LY N Llog L) C Llog LY,
with also continuous embedding, and therefore Theorem 4.6 follows as a consequence of
the following

THEOREM 4.10 ([21]). Assume that (4.2.1) holds and g € Llog Lﬂ(QT) with 2 <
¥ < N. Then the solution u € L*(—T, 0; WOI’I(QT)) to (4.1.1) satisfies
9
Due L7 (QpiRM).

Moreover, the local quantitative estimate

JY—1—-N
”Du”L%,ﬂ <cR ! H'Du|+1HL1(Q2R)+||gHLlong9(Q2R)

(Qr)
holds for every parabolic cylinder Qar C Qr, with a constant ¢ = ¢(n, v, L, 9).

Finally we treat the complementary case to (4.2.3):

9+2’

The techniques applied for Theorems 4.5 and 4.6 provide Morrey-Gehring regularity in the
following sense:

2<9<N. (4.2.9)

THEOREM 4.11 (Morrey-Gehring regularity, [21]). Let u € L'(=T,0; Wy (€)) be
a solution to (4.1.1) under the assumptions (4.2.1) and let g € L'Y’ﬁ(QT), with v, as in
(4.2.9). Then

Du ¢ Lh’ﬂ(QT; R™) for some h = h(n, L,v,v,9) > 2; (4.2.10)

loc
moreover, for a constant ¢ = c¢(n, v, L, v, ) the quantitative local estimate
9 _
| Dul|proo(gpy < cR*N||[Dul + 1||L1(Q2R) + cllgll 29 (Qan) (4.2.11)
holds for any parabolic cylinder Qor C Qr with radius R < 1.
Integrability of u. The technique of establishing Calderén-Zygmund type estimates
for the maximal function for the spatial gradient Du of the solution leading to the state-
ments of Theorems 4.5 and 4.8 can also be applied on the level of the solution w itself

and provides — under certain modifications — also Lorentz-Morrey space estimates for the
solution u:

THEOREM 4.12 ([21]). Under the assumptions (4.2.1), g € LY (v, q) () with

9
0<g<oco, 1<y<gy and 2<9<N, (4.2.12)

the solution u € L'(=T,0, Wy () 10 (4.1.1) is such that

0y Jq .
o
uel <19—27’19—2*y> locally in Q.
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Moreover, the following quantitative estimate

9=2vy N
”“HLﬂ(ﬂ‘Z—gwﬁf—‘;v)(Qn) ScR H|u| + RHLI(QQR) t+c HgHL"(%q)(QzR)
(4.2.13)

holds for any Qar C Qr, where ¢ = c¢(n,v, L,~v,q, ).

Also here, we may establish a “borderline” estimate in Lorentz spaces, coming up in
the special case ¥ = N, in the sense that

THEOREM 4.13 ([21]). The solution u € L'(=T,0, W, (Q)) to (4.1.1) under the
assumptions of Theorem 4.12, where g € L(v, q)(Qr), with q,~ as in (4.2.12), is such that

N~ .
u € L(N — 27,(]) locally in Q.

Moreover, the following quantitative estimate

N—2y

—N
lell .y ay@m S €T T Il + Bl Ly ) + € 19llLir, 012

holds for any Qar C Qp, where ¢ = c(n,v, L, 7, q).

To conclude, the borderline case 7 = ¥/2,q = oo provides the following BMO-
estimate:

THEOREM 4.14 ([21]). Under the assumption (4.2.1) and with g € M?/%?(Qr),
2 < 9 < N, the solution u € L*(=T,0;Wy"' (Q)) t0 (4.1.1) belongs to BMOyc(Qr).
Moreover; there exists a constant ¢ = c¢(n, L, v, ) such that for any parabolic cylinder
Cr C Q7 holds

1-N
[u]BMO(QR/g) < cR |||D’LL| + 1||L1(Q2R) +c ||g||M1‘)/2,19(Q2R)~

Here MY/2Y(Qp) = L?(9/2, 00)(27) denotes the Marcinkiewicz-Morrey, see Sec-
tion 3.2 and we recall that the BMO semi-norm is given by

[ulBmo(Q = sup ]l u—(u)g,|dz.
(@uja) 3= S g| .|

Equations with more regular coefficients. We would now like to focus on the situ-
ation where the vector-field a(x,t, ) in (4.1.1) satisfies stronger assumptions, especially
more regularity with respect to the variable x. We therefore consider weak solutions to the
equation (4.1.1) under either one of the following two settings:

e The vector-field a = a(z, ¢, £) is Carathéodory regular and differentiable with re-
spect the £ variable, Oca(z, t, §) is a Carathéodory map and moreover ¢ satisfies
the structure assumptions

<8§Q(I,t,f)>\, /\> > V|>‘|27
la(z, t,€)] + (1 + [€])|deal, t,€)| < L1+ [€]), (4.2.14)
|a(x,t,£) - a(l‘o,t,fﬂ < Lw(\:c - 1‘0|)(1 + |£D7

for any choice of z,z9 € Q,¢t € (—T,0) and £, A € R", with the structure
constants v, L satisfying (4.1.3). Finally, we assume that w : [0,00) — [0, 1) is
a bounded, concave modulus of continuity with w(0) = 0.
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e The vector-field has the structure a(z,t, ) := c(x)a(t, £), where a: (=T,0) x
R™ — R" is a Carathéodory maps, differentiable with respect to £ and also Oca
is a Carathéodory maps. Moreover we suppose that a satisfies the growth and
ellipticity conditions:

(Oca(t, A N) = VYA,
la(t, &) + (1 + |§D]dea(t, )| < VL1 +[¢]),

for any choice of ¢t € (—T,0) and &, A € R™, with v, L satisfying (4.1.3). For
the function ¢ : 2 — R we shall assume that

(4.2.15)

0<vv<ecl)<VL (4.2.16)

for all x € 2 and VMO-regularity, which means that the function c satisfies

lim w(R) =0, where w(R) := sup ][ ‘c(m) - (c)Bp| dr. (4.2.17)
RN\.0 B,e JB
0<p<R
We are going therefore to consider parabolic equations where the vector field a(-)
satisfies either the structure assumptions (4.2.15) to (4.2.17) — the VMO-case — or (4.2.14)
— the case of a continuous vector-field. In these cases we can weaken the assumption
(4.2.3). As we will see below, we can assume

l<~y<¥<N. (4.2.18)

The reason for this comes from the fact that the corresponding solutions to homogeneous
Cauchy-Dirichlet problems satisfy reverse Holder-type inequalities for arbitrarily large in-
tegrability exponents; see Theorem 6.16 and equation (6.3.4) of Chapter 6. The last theo-
rem of this section will hence be the following

THEOREM 4.15 ([21]). Letu € L*(—T,0; WOM(Q)) be the solution to (4.1.1), where
either the structure conditions (4.2.14) or (4.2.15) to (4.2.17) are in force. Assume g €
L? (v, q)(Qr) with v,9 as in (4.2.18) and 0 < q < co. Then

Oy Vg

Du| e L’ in Q.
|Du| € <ﬂ_7,§_7> locally in Q1

Furthermore, we have the local estimate

| Dl

9= _N
Lo 2y S CRT T IDul 4 1 g, F gLty 0 (o)
(4.2.19)

for any parabolic cylinder Qar C Qp. In the case ¥ = N, still v, q satisfying (4.2.18), we
furthermore have

N
|Du| € L(N jW’7 q) locally in Q1

and the local estimate

N-v_n
1Dl gy S ¢ BT IDul+ 1| i, + e 190y .0 @am)

The constant c appearing in the previous local estimate depends only onn, v, L,~, q, while
the constant in (4.2.19) depends also on .
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4.3. Marcinkiewicz regularity for degenerate parabolic equations

In this section we keep on analyzing the arguments developed in the previous one, at
the same time moving to p-Laplace equation. Indeed here we consider degenerate equa-
tions of the type

up — diva(z,t, Du) = p in Qr, 4.3.1)

where the vector field a(-) shall satisfy only minimal measurability and ellipticity assump-
tions of Ladyzhenskaya & Uralt’seva type, see [108] and later for precise statements.
Moreover, here u is a signed Borel measure with finite total mass satisfying a Morrey
density condition. The most prominent model we have in mind for (4.3.1) is the parabolic
p-Laplace equation with measurable coefficients, i.e.

p—

2
a(z,t, Du) = A(z,t) (s> + |Dul*) * Du, p>2,

where A(-) is a measurable, bounded and uniformly elliptic matrix, p > 2 and s € [0, 1] is
the degeneracy parameter.

The phenomenon we want to investigate here is the one which we already showed in
Theorem 2.5, that is the improvement of integrability for the gradient of solutions of (4.3.1)
in the case the measure on the right-hand side satisfies a Morrey-type density condition.
Here we shall naturally consider the density condition

M<cd = pel"(Qr), d.<I<N,

sup RN—0 =

QRr(20)EQr
4.3.2)

compare with (2.3.6) and (4.2.4). The threshold J.. € (1, 2) we are considering in (4.3.2) is
a constant depending on the data of the problem, i.e. upon n, p, v, L — and it is linked with
the higher integrability exponent for homogeneous problems. Indeed it is the solutions to
the equation

1

1 —
L

pX (4.3.3)

where x = x(n,p,v, L) > 1 1is the higher integrability exponent for homogeneous prob-
lems v, — div a(z, t, Dv) = 0, see Corollary 7.8.

In the most general case we here consider Carathéodory regular vector fields a : Q7 X
R™ — R satisfying the following ellipticity and growth conditions for p > 2:

<a($,t,51) - a($,t7£2),§1 - £2> > V(52 + |€1|2 + |£2|2)p772|§1 - £2|27
la(a,t,)] < L(s* + 1) 7.
(4.3.4)

The main Theorem of this Section is directly given for SOLAs, which clearly can be found
using the procedure described in [25, 24], similarly to the elliptic case. Actually a SOLA
w € LP~H(=T,0; WHP~1(Q)) is such that

1

Du € LI(Q;R™) foralll <g<p-—1+ N_1 (4.3.5)

as proved in [25].
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THEOREM 4.16 ([18]). There exists a constant 9. € (1,2) depending on n,p,v, L
such that if u is a SOLA to equation (4.3.1) under the structure conditions (4.3.4), with
e LY (Qr) for 9. < 9 < N, then

1
Du € Mi,.(Qr;R™) where m=p—1+ -1 (4.3.6)
Moreover for any parabolic cylinder Qap = Qar(20) C Qr there exists a constant de-
pending on n, p, v, L, ¥ such that the following quantitative estimate holds:

m

m 1l @2r) ", v p1
| Dwl\m <cRY [ +cR |Du|+s+1 dz
M™(Qr) Qg QzR( )

4.3.7)

Regularity (4.3.6) for the non-degenerate evolutionary case p = 2 has already been
stated in Remark 4.7 and subsequently extended in [52] considering also lower order terms.
Note that (4.3.6) actually sharpens, at least locally, (4.3.5), since in the borderline case
LYN (Q7) coincides with the full space of Borel measures with finite total mass.

At this point the heuristic behind (4.3.3) should be clear: for what concerns regularity
for Du, we obviously cannot overcome the maximal regularity we can get when p = 0,
just Dv € LPX(Qp; R™). Things change when considering more regular vector fields, i.e.
vector field as those considered in Paragraph 4.2 recast to the polynomial p # 2-growth.
In particular we consider the two following options: the first one is that the vector-field
a(z,t,§) differentiable with respect the & variable, with d¢a(x,t,£) a Carathéodory map

and moreover a satisfying the p-growth and monotonicity assumptions

(Oca(x,t, )M N) > v(s? +[¢7) 7 |AP,

0, £,€)] + [deale, 1O (s> + €P)* < L(s* +[€P) (43.8)

p—1

la(x,t,€) — a(wo, t,€)| < Lw(|z — zo|) (s + €7) *

forall 2,29 € Q,t € (—T,0),¢,€ € R*, withp > 2 and v, L as in (4.1.3) and s € [0, 1].
Moreover we suppose @ : [0,00) — [0,1) a concave modulus of continuity such that
lim,\ o w(p) = 0.

The second option is when the vector-field has the structure a(x, t, &) := e(x)a(t, ),
where a: (—7,0) x R® — R" is a Carathéodory maps, differentiable with respect to &
and also O¢a is a Carathéodory maps. Moreover we suppose that ¢ satisfies the growth and
ellipticity conditions:

(Dea(t NN > Vo(s? + €2) 7 AP,

(4.3.9)
1 -1
la(t, &) + 10¢a(t, )|(s* + [€])* < VL(s* +[€]*) 7,
forall t € (—T,0), 575 € R™, p > 2 and with v, L, s as above. We moreover suppose
¢ : Q — R bounded and VMO regular, i.e. /v < ¢(-) < v/L and exactly satisfying
(4.2.17). In this cases we have the following

COROLLARY 4.17 ([18]). Let u be a SOLA of equation (4.3.1), where the vector field
a(+) is more regular in the sense that (4.3.8) or (4.3.9) hold. Then if u € L (Qr) for
1 < ¢ < N the conclusions of Theorem 4.16 hold.
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Here we can see that if y satisfies the condition |u|(Qr) < cgRN™!, then Du €
Ll (Qr;R™) for all ¢ > 1. Compare with [105, Theorem 1.5] which states that

1l(Qr) < cgRN1*e forsomee >0 = Duec C2P(Qr)

loc

for some § € (0, 1) depending on n, p, v, L, £, and moreover the improved borderline case
in [107]

11| (Qr) < caRN " h(R) —  DueC'Qyp),

where h(R) is Dini continuous (note that actually in [105] only the case with no coefficients
is considered).

4.4. Variable exponent p-Laplacian: an overview

In this section we are going not to present original results; we shall rather give a brief
overview on the results available for so called variable exponent operators. In the next
section we shall then give new results on such operators.

We start here considering the model equation

—div (\Du\p(z)*QDu) =0 or —div (p(x)|Du|p(‘”)*2Du) =0
(4.4.1)

in €2, the latter being the Euler equations of minimizers of the functional
Dy (u) == / | Du|P®) d. (4.4.2)
Q

This kind of functionals has been first considered Zhikov in the context of homogenization
of strongly anisotropic material (see [148]), and in recent years the subject has gained a
relevant importance by providing variational models for many problems from Mathemati-
cal Physics: special non-Newtonian fluids, called electro-rheological fluids, as modeled by
Rajagopal & Razicka in [129, 131, 130], temperature dependent viscosity fluids, as again
conceived by Zhikov [146], image processing models by by Chen, Levine & Rao [40],
flows in porous media by Antonsev & Shmarev and Henriques & Urbano [13, 88]. More
generally, a functional as D serves when modeling physical situation with strong anisotrop-
icity, the nature of the situation being described by the appearance of the z-variable in the
growth exponent.

Spaces where these equations and functionals naturally are posed have however been
studied already by Orlicz in [125]. These are the so-called generalized Lebesgue spaces
LP0)(Q) and generalized Sobolev-Lebesgue spaces () (Q), that is the spaces of mea-
surable functions f : 2 — R such that

/ mp(z) dr < oo (reSpectiver / Z |Daf\1’(1) dr < oo),
QO Q

|| <K

with a multindex. In general p : 2 — R is taken to be a continuous function, and
these spaces are endowed with a Luxemburg type norm. Many of the properties of clas-
sic Lebesgue spaces are inherited by generalized ones: for instance, Sobolev’s conjugate
exponent is the pointwise one, and it is also possible to establish estimates of Calderén-
Zygmund type for Singular integrals in the spaces LP("), to stay in our setting; see [60, 61,
72] and the recent book [58]. Regularity for equations and functionals with non-standard
growth condition of this kind has been settled down by Acerbi & Mingione in [1, 2], while
the analog of Calderén-Zygmund type Theorem 2.2 can be found in [3]; we shall examine
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this result later. Several authors in these last years have extended regularity results avail-
able for standard p-Laplacian equations, systems and functional to non-standard situation;
a good overview on all these results can be [84].

We sketch now some of these results in order to show appropriately assumptions
(and problems) naturally appearing when treating equations like (4.4.1) or functionals like
(4.4.2). We shall treat only the basic cases of the p(z)-Laplacian and the p(x)-energy,
therefore stressing that results presented here are naturally valid for more general function-
als, equations and systems with “p(x)-growth”, provided suitable distinctions between the
various cases are done. An essential regularity assumption for p(-), in addition to its conti-
nuity, is the so-called log-continuity assumption, first introduced by Zhikov [147] to treat
the Lavrentiev Phenomenon related to D,,(.y. This goes as follows: if we denote by w(:)
the modulus of continuity of the exponent function p(-), then the log-continuity assumption
prescribes that

lim sup w(p) log(l) < 00. (4.4.3)
PNO P

Such an assumption turns out to be crucial: Zhikov in [147] proved that the failure of
(4.4.3) is a possible cause of discontinuities of minima. On the other hand, condition (4.4.3)
is sufficient and necessary condition for boundedness of Singular integrals in LP()(Q);
furthermore under the same assumption can be proved higher integrability for minimizer
of (4.4.2), even if in [149] Zhikov and Pastukhova proved that a certain form of logarithmic
higher integrability does still hold even without assumption (4.4.3). Also Holder continuity
of solutions for some “small” Holder’s exponent « € (0, 1) follows from (4.4.3); this result
has been given in full generality by Acerbi & Mingione in the following way:

THEOREM 4.18 ([1]). Let u € W P1)(Q) a local minimizer of the functional Dy.,.
Then for every o € (0,1), there exists € = () such that if

1
lim sup w(p) 10g<7) <,
PO P

then u € CO% ().

loc

In other words, controlling the oscillations of the exponent function p(-) against a
logarithmic weight allows to control the degree of regularity of local minimizers. It is at
this point straightforward that if

1
lim sup w(p) log(f) =0 (4.4.4)
PN\0 P

then u € C2%(€) for every a € (0,1). In order to reach first order regularity, Holder

loc
regularity has to be imposed on the coefficient, i.e.

w(p) < p* (4.4.5)

for some o € (0,1). The maximal regularity theorem has been given by Coscia & Min-
gione and read as follows:

THEOREM 4.19 ([46]). Let u € W0 (Q) a local minimizer of the functional Dy(.y.
If (4.4.5) holds for some a € (0, 1), then
Du e C2P(Q; R™)

loc

for some 5 < a.
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The previous regularity results extend obviously also to (4.4.1) and equations, sys-
tems and functionals whose vector field or integrand, respectively, is in a suitable sense
controlled by |Du|p(“); see [1, 73, 117] for the general statements.

Concerning parabolic equations with p(z, t)-growth, these are simplified versions of
the models we already showed in the time-dependent case. For instance, the viscosity of
electro-rheological fluids strongly depends on the external electromagnetic field, which can
vary both space and time. The mathematical model for electro-rheological fluids developed
by Radzi¢ka in [131] also admits a p(x, t)-growth structure in the non linear diffusion term.
Regularity for such a model has been studied in [5].

However, we note that compared to the stationary case only few regularity results for
such problems are in general available, and this is probably due to technical reasons: to
treat evolutionary p(x,t)-Laplace equation, one has to match the already described in-
trinsic approach of DiBenedetto with the localization techniques used to handle variable
exponent growths. We shall give an example to the reader in Chapter 8 how not immediate
this matching can be.

The first regularity result we want to mention here, not only since it is the starting
point for almost any other regularity result in this area, is the higher integrability, i.e. the
existence of some € > 0, depending only on the structural constants, such that

|DulPO) € LI (Qr).

This result was first established in the case of the p(z, ¢)-Laplacian equation by An-
tontsev & Zhikov [16], and later for a quite general class of parabolic systems with p(z, t)-
growth independently by Zhikov & Pastukhova [150] and Bogelein and Duzaar [29]. With
regard to Holder regularity, Chen & Xu [41] proved that weak solutions of the parabolic
p(x, t)-Laplacian equation are locally bounded and Holder continuous, while the local
Hoélder continuity of Dwu for parabolic p(x,t) systems has recently been established by
Bogelein & Duzaar [30].

4.5. Calderon-Zygmund estimates for parabolic p(z, ¢)-Laplacian

In this section we describe our extension of the parabolic result of Calder6n-Zygmund
type Theorem 2.15, which has been proved for evolutionary p-Laplacian, to parabolic sys-
tems with non-standard growth of the following type:

dyu — div (a(z, )| Dl Du) = div (|F|P“D 2 F) 4.5.1)

Since we consider the case of systems, the solution is a possibly vector valued function
u: Q7 — RN with N > 1. With respect to the variable exponent p(z,t) we shall assume
first of all its boundedness:

—— <y <p(z) <y <occ  forallze Qr. 4.5.2)

Note that the lower bound y; > 2n/(n + 2) is unavoidable even in the constant exponent
case p(-) = p, cf. [54, Chapters 5, 8]. With respect to its regularity, we will assume the
logarithmic continuity (4.4.4), in the sense that if w it she modulus of continuity of p(-)
with respect to the parabolic metric (3.1.4), i.e.

Ip(z) — p(2)| < w(dp(z,2))  forany z,z € Qr, (4.5.3)

with w : [0,400) — [0, 1] nondecreasing, then we assume that w satisfies (4.4.4). For
the coefficient function a : Qp — R we are going to assume its measurability and the
boundedness

v<a(z) <L for any z € Qr (4.5.4)
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for some constants satisfying (4.1.3). With regard to its regularity, we shall assume not
necessarily its continuity but only that it satisfies a VMO condition with respect the spatial
variable. More precisely, denoting

(@) go,p(t) == ][ a(z,t) dx for B, (zo) C Q,
By (z0)
we assume that there exists w: [0, 00) — [0, 1] such that

sup ][ (1) = (a)ag (1) da < () “5.5)
B,,(zg)

By (z0)CQ,
0<p<r

forae.t € (0,7) any > 0 and
}1{1(1) (r) =0. (4.5.6)

Here we stress that with respect to time we assume not more than measurability. Clearly
our assumptions on a allow product coefficients of the type a(x,t) = b(x)c(t), with b €
VMO(Q)NL>®(Q) and c € L>(0,T).

As usual we shall consider weak solutions w of (4.5.1), which we define as maps u €
L2(Qp; RN) 0 LY (=T,0; WH1(Q; RY)) such that Du € LP()(Qp; RN™) and satisfying
the distributional formulation

/ [u-¢: — (a(-)|Du’) "2 Du, Dg)] dz = / (|FI"°F,Dp) d> (4.5.7)
SZT QT

for every test function ¢ € C5°(Qr; RY). The existence of such weak solutions is ensured
by a result of Antontsev and Shmarev [14, 15]. For such solutions we proved that the
following Calderén-Zygmund result holds:

THEOREM 4.20 ([19]). Let u be a weak solution of the parabolic system (4.5.1), where
the exponent p and the coefficient a satisfy the assumptions listed above; moreover, assume
that |F|PC) € LL (Qr) for some q > 1. Then we have

loc
|DuP®) € L2 (7).

Moreover, for K > 1 there exist a radius Ry = Ro(n, N,v, L,v1,72, K,w(:),&(),q) > 0
and a constant ¢ depending upon n, N, v, L, v1, 32, q such that the following holds: If

/ |DuP®) + (|F| +1)PO dz < K, (4.5.8)
Qr

then for every parabolic cylinder Qs = Q2r(30) € Qr with R € (0, Ry, then the local
estimate

][ |Du|p(-)q dz
Qr

0 $71+d(po)(g—1)
< c[][ (|1Du| +1)" dz + (][ |F|p(')qdz> } , (459)
2R 2R

where we denoted
= ifpo > 2,

d(po) := with pg := p(30). (4.5.10)

2po
po(n+2)—2n
We here note that the constant ¢ in Theorem 4.20 remains stable when ¢ \, 1 and it
blows up, i.e. ¢ — oo when ¢ — o0.

ifpo <2,
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REMARK 4.21. The same result holds true if we assume, instead of the VMO condi-
tion (4.5.6), that the BMO seminorm of a with respect to x is small, i.e. that
[a]smo := sup@(r) < esmo
r>0
with some constant egpp > 0 depending on n, N, v, L, v1, 2, q.

Note that the previous result extends to the parabolic setting the Calderén-Zygmund
results due to Acerbi & Mingione for elliptic p(z)-growth systems we mentioned above
and we report here.

THEOREM 4.22 ([3]). Let u € W'P0)(Q;R™) be a weak solution to the system
div (| Dul"™ 72 Du) = div (|F|P'™ 2 F),

where the exponent function p(-) satisfies (4.5.2), (4.5.3), (4.4.4) recast to the elliptic case.
Then if |[F|P@) € L (Q; R™Y) for some q > 1, then

loc

|DulP™® e LE (Q; R™Y).

loc

The previous Theorem is moreover coupled with a local estimate similar to (4.5.9)
apart from the fact that the scaling deficit doesn’t there appear.

4.6. Interpolation potential estimates for p(z)-growth conditions

In this section we keep on considering non-standard, p(z)-growth conditions but the
topic now is quite different, since we want to face potential estimates, in particular inter-
polation ones of the type of those considered in Paragraph 2.4. In particular here we are
going to consider nonlinear elliptic equations of the form

—div [’y(x)a(x, Du)] =pu in Q, (4.6.1)

where o denotes a signed Radon measure with finite total mass. The vector field a :
OxR™ — R™ is modeled upon the non-standard p(-)-Laplacian so that the most prominent
model we want to imitate with (4.6.1) is the following elliptic equation with non-standard
growth conditions:

—div [y(2)|Du"™ "*Du] = p, (4.6.2)

see below for the precise assumptions on the vector field a(-). We tell however in advance
that the exponent function p : Q — (2 — 1/n,+00) is assumed to be bounded and to
satisfy — at least — the classical weak logarithmic continuity condition (4.4.3), and we
allow the bounded coefficient function v : €2 — R to be discontinuous, but in a mild
way: in particular, we will only consider coefficients with controlled integral oscillation,
namely in BMO or VMO classes. The aim of this Section is to show how the interpolation
estimates proved in [103] and explained in Section 2.4 can be extended, at various levels,
to solution to non-standard elliptic equations of the type (4.6.2), or more generally (4.6.1),
in a scale depending on the regularity of both (-) and a(-, §), that is, referring to (4.6.2),
the regularity of both coefficients and exponent.

We make the choice here to present all the estimates in this Section in the form of
a priori estimates for C*-solutions of problems with L' data, but they all hold true also
for energy solutions u € Wl”’(')(Q) provided one only considers x,y Lebesgue’s points
of u. Estimates for SOLA u € W190) with ¢(-) < min{n(p(-) — 1)/(n — 1),p(-)} to
genuine measure data problems can be obtained therefore using approximation techniques
that apply also to the case of non-standard growth conditions, see [33, Chapter 4] and the
references therein. Due to the reason just explained, we shall involve not more than the
1-energy bound in our estimates instead of the p(-)-energy which is typically used for non
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standard growth problems — see for instance (4.5.8); hence within the whole section we
shall assume that the total 1-energy of the solution w is bounded, i.e.

/ |Du|dx =: M < +o0. (4.6.3)
Q

The estimates described in the following lines involve the following nonlinear Wolff
potential for variable exponent functions:

1 z)—1
Wi ey [ [ B@) ) dp
BOWOV T T n—Bo)p(@) p

which is defined pointwise just as the usual constant exponent Wolff potential (2.4.3).
Moreover, in the case p(z) = 2, the Wolff potential reduces to the non standard Riesz
potential, defined as

T |ul(By(2)) dp
)($7R) 1:/0 TonA@ B(x) € (0,n].

» Blx) € (0,n/p(x)],

m
L.

We need to introduce also the following mixed potential, depending explicitly on the value
of the function p(-):

Vp@)-1)
[I‘;(Ii)p(_)(x, R) if p(z) < 2,
i —
WIS (@ R) = (4.6.4)
Wg(_)_’p(_)(m, R) if p(x) > 2.

Notice that both the right-hand side potentials share the same scaling properties with re-
spect to the exponent, and subsequently also WI does. We introduce this potential since in
order to get fractional estimates on u having as a upper borderline case a pointwise bound
for the gradient, accordingly with [103], we need to catch different behaviors depending on
the value of the exponent in the point considered, see also the discussion before Theorem
4.25.

Before detailing the assumptions on the vector field a(-), we stress that we made ex-
plicit the possible presence of coefficients in (4.6.1) since, while we are forced to consider
a continuous dependence of the vector field a(-) upon z by the fact that we want to model
the p(-)-Laplacian (4.6.2), and in this case continuity is essentially an unavoidable condi-
tion, we can consider slightly weaker assumptions when considering the regularity of the
coefficient of the equation. Now the vector field a :  x R™ — R™ is assumed to be C''-
regular in the gradient variable &, with J¢a(-) being Carathéodory regular, and to satisfy
the following non standard growth and ellipticity conditions:

<aga(x,§)/\7)\> > ﬁ(sg + |£|2) p(z)=2 |/\‘2
la(e )] + el ©)|(s2 + |£2)* < VE(s2 + 1) .

whenever z € Q and £, A € R", where v, L satisfy (4.1.3) and s € [0, 1] is fixed. The
exponent function p :  — (2 — 1/n, +00) is assumed to be continuous with modulus of
continuity w : [0, 00) — [0, 1] and bounded:

(4.6.5)

1
2 — - <y <px) <7y <0 forall z € Q. (4.6.6)

We shall see time by time which kind of regularity we require upon w. Let us remark that
the restriction 7, > 2—1/n already appears in the constant growth case since this condition
guarantees that solutions u to measure data problems belong to the Sobolev space W1,
which in turn allows to speak of the usual gradient of .



Chapter 4. New results 59

We shall also impose the following continuity assumption on a(-) with respect to :

la(z,¢) — a(xo, €)| < Liw(|z — zo|) X

pz)—1 p(zq)
< | (g +5%) 2 (g +57) ][1+|log(|§|2+s2)|}, (4.6.7)

with Ly > 1 and for all z,29 € Q2 and z € R". Now v : © — R denotes a possibly
discontinuous bounded function with

Vv <~(x) < VL for all z € . (4.6.8)

In the course of the Chapter we will impose a variety of conditions on the oscillations of
~. In order to do this we introduce the quantity

v(r): sup ]{3 PR

1
2VL b,(=g)ca,
0<p<r

and call the coefficient v(x) of bounded mean oscillation (or BMO regular) if there exist a
constant ¢ and a radius ry > 0 such that

v(r) <c for all radii r < rg. (4.6.9)
Moreover, we call y(x) of vanishing mean oscillation (or VMO regular), if
v(r) =0 as r — 0. (4.6.10)

Brief overview on non-standard potential results. In [116] Lukkari, Maeda and Marola
generalized the basic results of Kilpeldinen & Maly [94] to the case of non standard growth
conditions with variable exponent. They showed a pointwise estimate for the solution to
the equation (4.6.1) under the structure conditions (4.6.5) to (4.6.7), where w satisfies the
logarithmic continuity (4.4.3), of the following type:

[u(@)| < ¢| W (@,2R) +]{9 (s ) e @6.11)
r(x

for all Bog(x) € Q and R < Ry, where Ry is a universal constant, depending only on

the structural data of the equation. On the other hand, Bogelein & Habermann in [33]

generalized pointwise potential estimates for the gradient of the solution of Theorem 2.12

to the non standard growth situation, i.e. solution to equation (4.6.1) under the conditions

(4.6.5)—(4.6.7) and the additional condition y; > 2 the estimate

|Du(x)| < c W*% p(_)(x,2R)+][ (|Du| + s + R) d€ |, (4.6.12)
()7 BR(:E)

for all balls Bar(z) € Q and radii R < Ry, Ry as above. For the pointwise potential
estimates (4.6.11) and (4.6.12) to hold true, different continuity conditions on the modulus
of continuity w have to be imposed: Whereas for the estimate (4.6.11) it is sufficient to
impose the logarithmic Holder continuity condition as (4.4.3), i.e.

1
w(p) log; < e(w(+)) < 4o0, forall p <1, (4.6.13)

in order to make estimate (4.6.12) hold true, we need to impose a logarithmic Dini-
condition of the type

/ [w(p) log %}R% =:d,(r) < oo for some 7 > 0, (4.6.14)
0

. (2
K= mln{f ,1}.
Y2

where
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Condition (4.6.14) is stronger than (4.6.13). This is in accordance with the standard growth
situation in which for the pointwise estimate for it has merely be imposed measurability
of the vector field with respect to x, whereas for the pointwise estimate for the gradient
Du one needs to impose a Dini-type condition on [w(r)}mm{wp’l}. This comparison
is not completely correct, since in our case we uncouple the regularity of the exponent,
roughly speaking given by the behavior of w from the regularity of the coefficient, given
by v. We therefore also need to impose a Dini-condition on the coefficient function ~(x),

involving the function v which measures its integral oscillation, as follows:

fMM”@:mw<w 4.6.15)
0 P

for some r > 0 and with 05, < 1 depending on data of the problem. Note that it might
be difficult to verify condition (4.6.15), since the exponent o, depends on the higher inte-
grability exponent for homogeneous equations with p(z)-growth (see Lemma 9.9) but for
example it is satisfied in the case v(p) < ¢ p? for some v € (0,1).We immediately point
out that, despite we uncouple the regularity of the vector field a(-) and the regularity of the
coefficient vy, the two conditions (4.6.14) and (4.6.15) will always be coupled, see Theorem
4.25 and Lemma 9.12. This is due to the fact that in order to get estimates for the gradient,
we need to perform a comparison argument with the problem where the dependence of the
full vector field y(z)a(x, z) on the variable x will be frozen in some fixed point. Hence
both the conditions (4.6.14) and (4.6.15), through a dyadic summation process, will attend
the result.

Interpolation fractional estimates. Let us first state the results of De Giorgi type, cov-
ering fractional differentiability “of order & < «p” — with some oy > 0 depending on
the structural data. We highlight here that for this first result we don’t require any further
regularity property with respect to = apart from the weak logarithmic continuity (4.4.3)
for the vector field a(-), similarly as when the only measurability of the coefficients yields
Holder continuity of solutions to homogeneous problems.

THEOREM 4.23 (Estimates of De Giorgi type, [22]). Let u € C1(Q) be a weak solu-
tion to the equation (4.6.1) with the assumptions (4.6.5) to (4.6.7) holding for a modulus of
continuity fulfilling the weak logarithmic condition (4.6.13). Moreover let the coefficient
v(z) be bounded as in (4.6.8). Then there exists o, > 0 depending only on the structural
data of the equation and a radius Ry = Ro(n,v, L,v1,72,w(+))), such that the following
holds true: Whenever Br C Q) with R < Rg and x,y € Bp/g, then

fule) = u(y)] < e[WH .,

J2R)+WH
1w7$m@ y+1w%%

@ 2R) e =y

Hﬂkﬂff(w+m+mﬂ@(%w)
Br

holds uniformly in o € [0,@] for every & < «,, where the constant depends only on
n,%1,72,V, L7 Ll and o

The next results specifies the dependency of the Holder exponent — and therefore the
fractional differentiability — on the continuity property of the exponent function p(-) and
the x—dependence of the vector field:

THEOREM 4.24 ([22]). Let u € CY(Q) be a weak solution to (4.6.1) under the struc-
tural assumptions (4.6.5) to (4.6.8). For every & < 1 there exists two positive numbers
01, 02 depending both on n, vy, Y2, v, L, L1, & such that if

1
i — ] < i < .0.
lim w(p) log(p) <o lmv(p) < (4.6.17)
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then the pointwise estimate (4.6.16) holds uniformly in o € [0, &), for a constant ¢ which
depends on n, y1, Yo, v, L, w(-), &, diam(RQ2), as soon as x,y € Br/s and R < Ry, where
Ry is the radius appearing in Theorem 4.23.

Note that the previous condition on v can be rephrased as y is BMO regular and has
a small (in the sense specified above) norm; it is otherwise always satisfied in the case ~y
is VMO regular. The same holds for the condition regarding w: (4.6.17) would always
be satisfied if a strong logarithmic continuity condition (4.4.4) held, or just eventually a
smallness condition similar to that in Theorem 4.18. Note moreover that in order to get the
borderline case & = 1 — which means differentiability — it is not even sufficient to impose
condition (4.6.17) for both §; = 0. Indeed, we have to impose Dini conditions of the form
(4.6.14), (4.6.15) to obtain fractional differentiability in the full range « € [0, 1]. In other
words, even not a strong estimate for the integral oscillations of coefficients and the strong
logarithmic continuity of the exponent are sufficient to assure differentiability: it is indeed
needed a quantitative description of the behavior of the two moduli of continuity close to
zero.

Another problem here is that we have to match the case @ < 1 —i.e. no gradient
estimate is approached, Theorem 4.23 — involving the non linear Wolff potentials indepen-
dently of the value of the function p(-), with the case @ = 1, which is the gradient estimate
involving both the Wolff and the Riesz potential, depending on the value of the exponent
function p(-). Namely in the case p(z) > 2 we have the estimate (4.6.12), while in the
case p(x) < 2, as a byproduct of the following theorem, we will have

1
Du@) < e [Ww,2R)| T v e £ (Dl s+ R)E
Br(x)
analogously as in the standard case. In order to deal simultaneously with the two different
behaviors of the estimates, and for simplicity of notations and readability of the estimates,
we will make use of the mixed potential introduced in (4.6.4). In particular, in order to
“match” the two borderline estimates we were talking about, we have to replace for ev-
ery a € [0, @] the nonlinear Wolff potentials W’f}p(_)(x, R) by the slightly larger Riesz

potentials [IL‘E!)(QJ, 2R)]*/(@)=1) for the points where p(x) < 2. See therefore also the
comment before [103, Theorem 1.5]. After this introduction we can state the following

THEOREM 4.25 ([22]). Let u € C1(Q) be a weak solution to (4.6.1) under the struc-
tural assumptions (4.6.5) to (4.6.8) and with w satisfying the log-Dini condition (4.6.14).
There exists a constant o, depending on n, L/v, 1,7, such that if also (4.6.15) holds,
then

lu(z) — u(y)|
I I e
<o|WI oy 2R EWE 28—
+c(|:”];y|)a][ (|lu| + Rs + R°) de, (4.6.18)
Br

holds uniformly in o € [0,1], whenever Bg €  is a ball with radius R < Ry and
x,y € Bpys, being Ry = Ro(n,v, L, L1,71,72,w(-)). Here s has the expression

QU ifa < /2
2 ifo, <a <l

and the constant ¢ depends on n, 1,2, v, L,w(-), 0.
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Note that as a Corollary of some of the estimates used in the proof of the previous
Theorem, we have the pointwise gradient estimate for the case p(z) < 2, which together
with [33] completes the theory of non standard potential estimates for the gradient.

COROLLARY 4.26 ([22]). Let u € C*(2) be a weak solution to (4.6.1) under the
structural assumptions (4.6.5) to (4.6.8); let moreover the logarithmic-Dini conditions
(4.6.14) and (4.6.15) hold. Then there exists a contant ¢ and a positive radius Ry, both
having the same dependencies listed in Theorem 4.25, such that the pointwise estimate

|Du()| < c {1'1“'(3:,23)} PO ]{9 ( )(|Du| + s+ R)de (4.6.19)
RrR(T

holds for every x € ) such that p(z) < 2 and Bag(x) C Q, with R < R,.

REMARK. Notice that the previous Theorem holds with the conditions

" d
/o {w(p) log% + [v(p)}“h/] ?p < o0 for some r > 0,

op, as in Theorem 4.25, which is a slightly weaker assumption. This can be seen carefully
checking the proof of (the second part of) Theorem 9.1 (or directly proving Corollary
4.26) taking into consideration that we used the quantity « in order to have an unitary
approach, while the correct exponent in the case p(z) < 2 is one (see the definition of x
after (4.6.14)).

We finally remark that also estimates for the Maximal and the sharp Maximal func-
tions, which are necessary to prove the various previous theorems, are available, but we
shall leave them in Chapter 9 since we prefer to highlight here only the potential interpo-
lation results.

4.7. Linear potential estimates under general growth conditions

In this final Section we consider general growth conditions as those studied by Lieber-
man in [112], and we show that still linear potential estimates as those proved in [106]
Theorem 2.13. Let us consider the elliptic equation

. Du .
—dlv(g(Du|)|Du|> =pu inQ, 4.7.1)

where 11 is a Borel measure with finite total mass and being g € C'(R™) a positive function
satisfying only

<go, t>0. 4.7.2)

Lieberman introduced this kind of conditions in [112] since (4.7.1) in turn can be seen as —
using his own words — the natural, and, in a sense, the best generalization of the p-Laplace
equation (where the function g takes the power-like form g(t) = t*~1, with p > 1). More
in general, we shall consider equations like

—diva(Du) = u in Q, (4.7.3)
where the C''(R™) vector field satisfyies the ellipticity and growth conditions
g€
(Ocaln N > v LS 2

€] 4.7.4)
la(€)] + [Dea(&)]IE] < Lg(I€])
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for all £, A € R™ and with v, L as in (4.1.3). g is the function considered in the lines above
satisfying (4.7.2) and moreover the degeneracy conditions

lim @ =0, lim @ = 00; 4.7.5)
t—0+t 1 t—oco t
this is to say that as the gradient vanishes, the modulus of ellipticity of the equation be-
comes zero and that the equation is not asymptotically non-degenerate. We make this
choice in order to simplify the (already technically heavy) presentation, still considering a
case that in many respects can be considered as the most interesting one.

We shall focus here only on the case
1<d6< go-

Notice that without loss of generality we can suppose d # gg, on the other hand we would
have g(t) ~ t5~! by integration. Natural examples of functions g satisfying (4.7.2) are the
logarithmic perturbations of the monomials, i.e.

g(t):tp_l[log(a—&—t)]a, p>2, a>1, a>0.

The principal aim of this Section is to show that for equations like (4.7.1), or more in
general (4.7.3), holds the linear potential result showed in Theorem 2.13; in particular we
prove that

THEOREM 4.27 ([17]). Let u € WG (Q) be a weak solution to equation (4.7.3),
where 1 is a Radon measure with finite total mass, or a function in L' (Q), and the vector
field satisfies assumption (4.7.4)-(4.7.5). Then there exists a constant c, depending on
n, o, go, V, L, such that the pointwise estimate

g(|Du(2)]) < 1 (2,2R) + cg(]{g |Du| dg) (4.7.6)

r(z)

holds for every x € ) Lebesgue’s point of Du and for every ball Bor(x) C Q.

Note that also here we give the Theorem in the form of an a priori estimate, for
the reasons already explained. See Section 10.5 for some more words on measure data
problems and SOLA for this kind of growth conditions, and in particular Theorem 10.19.

The reason for Lieberman’s words we mentioned above can be found in [112]: (4.7.1)
is the Euler-Lagrange equation for local minimizers of the functional

w%/G(|Dw|) dz, 4.7.7)
Q

where G’ = g. Since again in the case G(t) = t¥, p > 1 (or, more in general, G(t) =
(s2 +t2)P/2,p > 1, s € [0,1]) (4.7.7) gives back the classical p-Dirichlet energy, whose
Euler-Lagrange equation actually inspires the ultra-classic Ladyzhenskaya and Ural’tseva
growth conditions, it is therefore natural to investigate more general forms of G(-) than
power-like ones. In [112] a full basic regularity theory (local boundedness of solution and
its gradient, zero and first order Holder regularity, Harnack’s inequalities and properties
De Giorgi classes) is proved.

Once having the a priori potential bound (4.7.6) at hand, the following Corollary
follows in a straightforward way using a covering argument:

COROLLARY 4.28. Let u € WG () be a weak solution to (4.7.3), where the vector
field a(-) satisfies the assumption (4.7.4)-(4.7.5). Then

1‘1“‘(.7 R) e L2 (Q) for some R >0 = Du € L3 (Q; R™).
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Moreover the following local estimate holds true:

1Dul| o () < 97" (||I'1“'<-,R>||LW(BR)) +e ][B | Dul d,

R

for every ball Br C 2 and with constant depending upon n, v, L, d, go.

It is worth to remark that this shows that the classic, sharp Riesz potential criterium
implying the Lipschitz continuity of solutions to the Poisson equations still remains valid
when considering operators of the type (4.7.1). Only few modifications of the proofs given
in [106] at this point lead to the following borderline conditions for the continuity of the
gradient Du:

PROPOSITION 4.29 ([17]). Let u € WYS(Q) be as in Corollary 4.28 and suppose
that at least one of the following assumptions holds:
(1) leimo I‘f“ (-, R) = 0 locally uniformly in Q) with respect to x;
—
(2) p € L(n,1) locally in Q;
dp

(3) |u|(Br) < ¢ R" h(R), for some constant ¢ > 1 and with / h(p)— < 0.
0 p
Then Du is continuous in €.



CHAPTER 5

Fractional differentiability for nonlinear heat equation

We first sketch here (again) the SOLA approach in the parabolic setting, which we
shall refer to also in the following: consider the regular problem

Opu — diva(x,t, Du) = f in Qp,
(5.0.8)
u=20 on OpQlp,
with f € L?(Qr) N C*°(Q) regular function and its unique solution
we L*(=T,0;Wy'?(Q)) N CO([~T, 0]; L*(Q)); (5.0.9)

such a solution exists via monotonicity methods, see for instance [115]. We shall consider
a sequence of regular functions { fx} in the sense above which converges weakly in the
sense of the measures to u, with the properties

||kaL1(QT) < |ul(Qr) and ka”Ll(Qp) < [l @p+1/k)- (5.0.10)

We shall denote by wuy the solution to (5.0.8) with f = fi and we deduce all regularity
theorems of Section 4.1 first for the solutions uy; finally, we shall obtain the regularity
result for the solution v of the original problem with measure data exploiting the fact that
the properties are stable when passing to the limit, i.e. they involve only the L' norm of fj,
see (5.0.10). Note that the a priori estimates we are going to deduce are strong enough to
imply pointwise convergence of the gradients, using a classic compactness result by Simon
[135], without using the ad hoc result proved in [24].

5.1. A global estimate

The following estimate was also proved in [25]. We propose again its proof for two
reasons: we compute explicitly the dependence upon the norm of f, which will be use-
ful later, and we show how to use the Steklov averaging when testing the equation with
(truncates of) the solution.

LEMMA 5.1 (Global estimate). Ler u € L*(—T,0; Wy>(2)) be a weak solution to
the problem (5.0.8) and let q satisfy (4.1.5). Then we have the global estimate

1Dl oy < €[+ 123 ar)
with ¢ = c¢(n,v, L, q,|Q|,T).

PROOF. We first suppose || f|| 1 (q,) < 1 and later show the statement for the general
case by a scaling argument. Starting with the Steklov formulation of (5.0.8), for a.e. ¢ €
(—T,0) we have

| [eun .00 + .t Dl D) do = [ fulc ), (.11

for any test function ¢ € WO1 ’Q(Q), where uj, denotes the Steklov average of « defined in
(3.3.5). The proof is performed by applying a classical truncation technique (see [26, 24,
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118]). For k € N, we define the truncation operators

Ty (<) := max{—k, min{k,<}}, () =T (s — Tu(s)), (5.1.2)
for each ¢ € R. Moreover we define

Dy :={2€Qr:k<u(z)| < k:+1}. (5.1.3)
Furthermore let ¥, : R — R be defined as W(s fo @ (¢) d¢. An explicit calculation

of W, shows immediately (see [70]) that

Ui(s) >0 forany ¢ € R. (5.1.4)
We now test the Steklov formulation (5.1.1) with the function

o(x,t) = ((t) Pr (un(z,t)), z€Q,

for a function ((¢) in time. Note that ¢ is admissible in (5.1.1) for a.e. t € (—=T,0), i.e
o(-,t) € W, *(Q). Integrating the resulting equation over (—T',0) with respect to ¢ gives

Druny (ur)C(1) d= + / ([a(-+ £, D)}, DBy (un))C (£) d=

Qr Qr
Z/ Py (un) fr(t) dz
Qr
For 7 € (=T,0) and ¢ > 0 let € W1 >°(R) be defined as
1 ift <,
1
Ct) = 1—g(t—7') ifr<t<rt+e, (5.1.5)
0 ift >7+4e¢.

Using this function in the previous identity and recalling the definition of ¥ we obtain

8tuh<I>k(uh)C(t) dz = 8t [\Ifk(uh)C(t)] dz — / \I/k(uh)C/(t) dz

Qr Qr Qr
= —/ Uy (up)(z, =T) dx — / W (un)C'(t) dz
Q Qr

for a.e. 7 € (—T,0). Now, the second integral on the right-hand side of the preceding
equality converges, as ¢ \, 0, to [, ¥y (u)(z,7) dx for a.e. 7 € (—T,0), whereas the first
integral converges to 0 as h \, 0, since uy (-, —T') — 0 in the sense of L?. Therefore,
letting first € \ 0 then h \, 0, we obtain for a.e. 7 € (—T,0)

/Q\Ifk.( u)(z, T dx+/ /<a z,t, Du),D®y(u)) dz dt

_ /T /Q By () f da d.

Now recalling the definition of Dy, and exploiting the explicit calculations of @ (u), Uy (u)
and D®y (u) (we refer the reader to [70] for a detailed calculation) the terms of the previous
identity can be treated as follows:

/ (a(z,t, Du), D®k(u)) dz :/ (a(z,t, Du), Du) dz,
Qr

Dy,
/QT Dy (u)f d2| < /Q fldz,

(5.1.6)
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/ Uy (u)(z,7)dx >0 for all k and for every 7 € (—T,0),
Q

since u € C°([-T,0]; L*(Q)) and by (5.1.4). Now exploiting the structure conditions
(4.1.2)1 and (4.1.2)3, then (5.1.6) together with the previous estimates, and finally Young’s
inequality and the fact that || f|| 11 (o) < 1, we deduce

1// |Du|? dz §/ (a(x,t, Du) — a(z,t,0), Du) dz
Dk Dk
g/\I/k(u)(x,())dx+/ (a(x,t, Du), Du) dz
Q Dy

—/ (a(z,t,0), Du) dz
Dy,

§/ \f|dz+Ls/ |Du| dz
QT Dk:

L2 2
< 1+5/ |Dul? dz + ———| Dy
Ds 4e
Choosing ¢ = v/2 we therefore conclude
/ \Dul?dz < (v, L)<1 n 52|Dk|). (5.1.7)
Dy,

Secondly, (5.1.6) for k = 0 yields, writing for shortness Dy (7) := Do N (Q x (=T, 7)),

I fllLr ) 2/ (a(z,t, Du), Du) dz+/ Uo(u)(z,7)de
Do(T) Q
= / (a(z,t, Du) — a(x,t,0), Du) dz
Do(7)
—I—/ (a(x,t,0), Du) dz+/ Uo(u)(x,7)de
Do(7) Q

Z/llfo(u)(x,T)da:—Ls/ |Du| dz,
Q

Dy
keeping in mind the structure conditions (4.1.2) and discarding the positive term. Now,
calculating ¥ explicitely, we achieve

1
/Q\Ilo(u)(x,T)dxz/Q|u(x,7')|dxf§m|.

Thus, merging this with the last estimate, the fact that || || ,1(,) < 1 and s < 1, together
with Young’s inequality and (5.1.7), we finally conclude the L>°~L! estimate

1
sup / lu(z, 7)|de <1 +Ls/ |Du|dz + =9
re(-1,0) Jo Do 2

1
§1+L252|QT\+/ |Du|2dz+§|Q|

1
§c(1+52|QT|) +§|Q\ <e(v, L, |9, T). (5.1.8)

Let ¢ > 1 be a free parameter, which will be chosen later. Using Holder’s inequality,
(5.1.7) and the definition of Dy, in (5.1.3) we obtain for 1 < ¢ < 2 and for any k € N

/ |Du\qdz§\Dk|1’%</ |Du|2dz)2
Dk Dk



68 5.1 A global estimate

< ¢|Dg|' "% + ¢| Dy

s NS
< qu(12)</ |uqdz> + ¢|Dyl,
Dy,

with ¢ = ¢(L/v, q). Now we split in the following way, using also Holder’s inequality and
(5.1.7) in order to deduce

(o)
/|Du|qdz:/ |Du|qdz—|—2/ |Dul|9dz
QT D() k=1 Dk,
<c{|DO|1—3(/ \Du|2dz)§
Do
oo oo } B 1-2
+2Dk|+2kq<1%></ |uqdz> }
k=1 k=1 Dy,
) ) . B 1-%
<c {1 +1Qr|+ ) k1079 (/ |u|qdz> }
Dy,

k=1
0 1 B 1-2
Sc[l—i— (Zk‘?<31>> (/ |u|qdz> } (5.1.9)
k=1 Qo

for a constant ¢ = ¢(v, L, q, ||, T'). To treat the integral on the right-hand side we remark
that a well-known version of the Gagliardo—Nirenberg embedding (see for example [80,
Chapter 7]), applied on time slices ¢ € (—7',0), gives us

(-, )l oy < e(n, @)IDul )1 %0y llul Bl o)

for an interpolation parameter 0 < 6 < 1 such that % = 9(% — %) + 1 — 0. If we choose

d = q(n+ 1)/n an we keep in mind (5.1.8) it is easy to check that

/ lul?dz < c¢(n,v, L, q, |Q|)/ |Dul? dz

QT QT

and that c’j(% — 1) > 1, if ¢ satisfies (4.1.5), so the series appearing in (5.1.9) is convergent.
Subsequently we can write

1—q/2
/ |Duldz < c [1 + </ | Du|? dz) }
QT QT

with ¢ = ¢(n, v, L, ¢, |9, T'), and finally conclude using Holder’s inequality, since 1 — £ <
1, to re—absorb the right-hand side norm of Du:

we LI(=T,0; Wy %)), ie. / |Du|?dz < ¢, (5.1.10)
Q

for all ¢ satisfying (4.1.5), with a constant ¢ that depends on n, v, L, ¢, ||, T. In a last step,
it remains to eliminate the assumptions || f||z1(,) < 1 by a scaling argument: Let u €
L2(=T,0; W,%(2)) be as in the statement of the Lemma. We define F := I fllLror +
s > 0 (otherwise the statement is trivial) and let

1 - 1 1
ﬁ;:F% f::ff’ d(x,t,z)::Fa(x,t,Fz).

We therefore easily see that

a; —diva(z,t,Du) = f onQr and ||f||L1(QT) <1
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Furthermore, a fulfills the conditions (4.1.2) with s replaced by § := s/F and we have
5 = s/F < 1. Therefore estimate (5.1.10) holds for . Having in mind @ = u/F we
conclude

q
/ DUl dz < ¢ [s + 1 fllson]
Qr
with ¢ = ¢(n, v, L, q, ||, T). The proof is now complete. O

5.2. Comparison lemmata

A main tool of the proof of Theorems 4.1 and 4.3 is a series of comparison procedures.
Let us first fix z9 € Qp and 0 < p < 1 such that Q,(z0) C Qr, and let v € u +
L2(A,(to); Wy (B, (z0))) the unique weak solution to

O — diva(z,t, Dv) =0 in Q,(20),
(5.2.1)
v="u on OpQ,(20).

Existence and uniqueness directly follow from the structure conditions and can be referred
from [115]. Since v is the solution of a homogeneous problem, we have the following
higher integrability property for v (see [79, Theorem 2.1] or [124]):

LEMMA 52. Let v € u + L*(A,(to); Wy *(B,(x0))) be the solution of (5.2.1),
where the vector field a satisfies the ellipticity and monotonicity assumptions (4.1.2)1
and (4.1.2)a. Then there exists xo > 1, depending on n and L/v, such that Dv €
LX°(Q,(20)). Furthermore there exists a constant ¢ = c(n, L/v) such that for any

Q25 € Q,(20) and any x < xo the following estimate holds true:

1/x
][ Dv|2xd2} < c][ (s + |Dv|)? dz.
o 2

p p

REMARK 5.3. The higher integrability statement in [79] is done for homogeneous
parabolic systems of the special type v; — div (a(z)Dv) = 0 with bounded, measurable,
continuous and elliptic coefficients a(z). However, some minor modifications of the proof
in [79], involving the growth and ellipticity conditions (4.1.2); and (4.1.2)s, also provide
the result for equations (and systems) of the type (5.2.1).

REMARK 5.4. Once having higher integrability in terms of Lemma 5.2 at hand, Lemma
3.13 allows to reduce the integral power in the sense of

1/2
[][ Dv|2dz] §c][ (s + |Dvl) dz,
Q5 Q25

p p

with a constant ¢ depending onn, L /v.

A second step consists in considering the following homogeneous frozen Dirichlet
problem on a smaller parabolic cylinder

Orvg — div a(xg, t, Dvg) =0 in Q,/4(20),
(5.2.2)
Vo =V on apr/4<Zo),

and its unique solution which belongs to v + L*(A,,4(to); T/I/()I’Q(Bp/4(x0))). Again, ex-
istence and uniqueness of such a solution can be referred from [115].

We now establish suitable comparison estimates between the solution u of the original
problem and the solution v of the homogeneous one, respectively vy of the homogeneous
frozen one. Note at this point that it is essential to involve nothing more than the L' norm
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of the inhomogeneity f on the right-hand side. Therefore the proofs again involve certain
truncation techniques. Define, for the sake of shortness, the following quantity:
N

o(q) == i (N-1) (5.2.3)

and notice that by the bounds for ¢ in (4.1.5), we have 6 < 1. Consequently denote by
o(q) the quantity

o(q) == N —q(N —1) =d(q)q.
Note again that o(q) > 0 for all ¢ satisfying (4.1.5) and also o(¢) < g.

REMARK 5.5. At certain points in the proofs of our results it is useful to scale from an
arbitrary parabolic cylinder ), (2o) to ()1 via the following scaling procedure: for (y, s) €
Q1 we define

1

u(y, s) = ;U(wo + Ry, to + R’s),
1

ﬁ(yv S) = U(‘TO + Rya to + RQS)a

g(ya S) = Rg(mo + Ry7t0 + RQS)
Then it is easy to verify that
oyt — div a(x,t, Do) = f, 8,0 —div a(x,t, Do) =0 in Q.

and % = ¥ on Jp,,y Q. Furthermore it is easy to check that the new vector field @ satisfies
the growth and and monotonicity properties described in (4.2.1).

We can start now with comparison between v and v:

LEMMA 5.6. Let u as in (5.0.9) be the solution of problem (5.0.8) and v the solution
of problem (5.2.1). Then the following comparison estimate holds true:

5
1Du = Dol o, ) < 0"V Nl 2000
Sor all q satisfying (4.1.5), with ¢ = ¢(n, v, q).

PROOF. We first consider the case @,(z0) = Q1(0) = @ = B x A and suppose
lfllz1(q) = 1. The general case will follow again by a scaling argument. We start with
the Steklov formulations of the equations which write as

/ |:8tuh('7t)<p + <[a('7ta Du)]hv D(p>:| dx = / f}L('>t)S0d33> (524)
B B
forall p € WO1 2(B) and for a.e. t € A, respectively
/ [3tvh(~,t)<p + ([a(-, t, Dv)], Dgo)} dr =0, (5.2.5)
B

for all p € W, *(B) and for a.e. t € A.

Defining now the truncation operator ®(s) as in (5.1.2), having again ¥y (s) :=
fg 4 (¢) dC as in the proof of Lemma 5.1 and denoting

Dy :={z€Q:k<|uz)—v(z)] <k+1},
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we test the difference of (5.2.4) and (5.2.5) by p(z,t) := Pk (up — vp)(2,t)((¢), € B,
where ((-) denotes a Lipschitz continuous function in time, and subsequently integrate
over A with respect to ¢ to achieve

/Qat(uh — vh)fbk(uh — Uh)C dZ
+/ {[a(-,t, Du)]p — [a(-, t, Dv)|p, D®k(up — vy)) (dz
Q

= / Tn®r(un — vp)(dz.
Q

Now choosing ((¢) as in (5.1.5) and arguing exactly as in (5.1.6), letting £ \, 0, then
h ™, 0 and taking the supremum, we finally arrive at

sup /B\I'k.(u—v)(x,T) dx

—1<7<1

+ / (a(@,t, Du) — a(w,t, Dv), DBy (1 — v)) Cdz < / 1[5 (1 — )] .
Q Q
(5.2.6)
Writing (5.2.6) for k£ = 0 and exploiting (4.1.2)2 we immediately have

sup /B\I'o(u—v)(x,f)dasS/Q|f|dz:1.

—1<7<1

On the other hand carefully exploiting Young’s inequality and the explicit expression for
WUy we have fora.e. 7 € A

/|u )|dx—/ ||d:v+/ |...|dz
Bn{|u—v|<1} BN{|ju—v|>1}

/ (7)o de 2 B {u o] < 1))
Bn{|u— v|<1}

/ u(, ) — (7| da
Bn{|u— v|>1}

1
7/ u(,) — 0,7 de Bl 2B {u— ol > 1]
2 JBAflu— 'u|<1}

/ fu(-,7) — (-, )| da
BO{lu—v[>1}
:/ \Ifo(u—ﬂ)(',T)d$+%|B|.

B

Merging this estimate with the previous one, we arrive at

u—v € L®(—1,1; LY(B)) and lu — v poe(—1,1;1(B)) < c(n).

N)M—l

_|_

Having again a look at (5.2.6) , keeping in mind that D®y(u — v) = Du — Dv on the
set Dy, and D®y(u — v) = 0 otherwise, subsequently exploiting (4.1.2)9, |®x| < 1 and
(5.1.4), we achieve

|Du — Dv|*dz < / (a(z,t, Du) — a(z,t, Dv), Du — Dv) dz
Dy,

< [ 1fldz=1
Q

1
/ |Du — Dv|*dz < —
Dy, v

Dy,

and thus



72 5.2 Comparison lemmata

Now further proceeding exactly as in the proof of Lemma 5.1, here with the function u — v
instead of u, we finally conclude

Du—Dv € LYQ1), [[Du—Dv|14q,) < cln,v,q), (5.2.7)

for all ¢ satisfying (4.1.5) (cfr. (5.1.10)). The case 0 < F' := ||f||L1(Q1) # 1 (f
£l £1(q,) = O the thesis is trivial since u = v by the monotonicity of the vector field)
is faced exactly as in the proof of Lemma 5.1, considering the functions @ := u/F and
v := v/ F; consequently we get

1Du = Dol uony < el oo

Finally for the general case Q),(zo) we consider the rescaled functions @ and ¥, defined in
(1, as in Remark 5.5 and by (5.2.7) we arrive at

_N N - =
p~ 7 ||Du— DUHLQ(QP(:L’O)) = [|Di — DUHLq(Ql) <c HfHLl(Ql)

=cp” N e

which is the desired estimate. Let us note that (4.1.5) ensures that the exponent of p is
positive. The proof is complete. (I

Subsequently, we establish a comparison estimate between the solution v of the ho-
mogeneous problem and the solution vy of the frozen homogeneous one:

LEMMA 5.7. Letv € u+ L2(A,(to); Wy > (B,(z0))) be the unique weak solution to
(5.2.1)and vy € v+L*(A,/4(t0): W&’Q(Bp/4(xo))) the one of (5.2.2). Then the following
comparison estimate holds true:

|Dv — DUOHLQ(QPM(%)) <cp@ {/Q ( )(s + |Dvl) dz|,
pl20

with ¢ = ¢(n, L/v, q).

PROOF. To focus on the main aspects of the proof, the following argumentation is
merely formal, since it would need time derivatives of both v and vy. On the other hand,
the calculations can easily be made rigorous by again involving the Steklov formulation of
the equations, thereafter passing to the limit. We test the difference of the equations

/ (0.0 wo)o + {a(a,t, Dv) — alo,t, Dvo), Di)| d= =0,
Qp/4(20)

by the function ¢ := (v — vg)(, with ¢ as in (5.1.5), and proceed analogously to the
argumentation in the proof of Lemma 5.6 to achieve (5.2.6), arriving at

sup / lv — vol?(x, 7) dx
TE€A,/4(to) Y By ya(mo)
+/ (a(z,t, Dv) — a(xo,t, Dvy), Dv — Dvg) dz <0,
Qp/a(z0)
and therefore by (4.1.2); also at

1// |Dv — Dug|? dz
Qp/4(20)

< / (a(xg, t, Dv) — a(xo,t, Dvg), Dv — Duvg) dz
Qp/a(z0)

< sup / lv — wol?(z, T) dz
TEN,/4(to) /B, a(o)
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+ / (a(z,t, Dv) — a(xo,t, Dvg), Dv — Duvg) dz
Qp/4(20)

+ / (a(zg, t, Dv) — a(z,t, Dv), Dv — Dvg) dz
Qpa(z0)

< ‘/ (a(zg,t, Dv) — a(z,t, Dv), Dv — D) dz
Qp/a(z0)

Exploiting now (4.1.2), and using Young’s inequality we finally arrive at

V/ |Dv — Dug|? dz
Qp/4(20)

< Le(e) p? /

(s* + |DU\2) dz—!—La/ |Dv — Dy dz.
Qp/a(z0)

Qp/a(zo0)

Choosing € = v/(2L) and reabsorbing the last term of the estimate, we get
/ |Dv — Duv|? dz < ¢(L/v) p2/ (s> + |Dv\2) dz. (5.2.8)
Qp/a(z0) Qp/a(z0)

Using now again Holder’s inequality, (5.2.8) and thereafter the reverse Holder inequality
of Remark 5.4, we deduce

/ |Dv — Dug|? dz §cpN(1g){/ |DvaOde}
Qp/4(20) Qp/a(20)
q
SCpN+q |:][ (52+‘DU|2) dZ:|
Qp/4(20)

a
< ¢ pN—aV-1) [/ (s + |Dvl) dz]
Qp(20)

2
with ¢ = ¢(n, L/v, q), which is the desired comparison estimate. O

)

2

Finally we deduce an energy estimate for the L? norm of Dy in terms of L9 norm
of Du, in the following sense:

LEMMA 5.8. Let u be a weak solution to (5.0.8) with f € Ll(QT), v and vg respec-
tively as in (5.2.1) and (5.2.2). Then the following estimate holds true:

1/2
{/ (8% + | Dvo|?) dz]
Qp/a

2402
< Cpl st ey [HS + |D’u|||Lq(Qp(ZO)) + ||f||L1(Qp(zo))}7

with ¢ = ¢(n, L/v, q).

PROOF. We start, using the intermediate comparison estimate (5.2.8), reverse Holder’s
inequality of Remark 5.4 and Holder’s inequality (note that p < 1), to deduce

][ (32+|Dvo|2)dz§2][ (s2+\Dv|2)dz+2][ |Dv — Duo|* dz
Qpa Qp/4 Qp/a

< C(L/V)][ (s> + |Dv\2) dz

Qp/a

< e(n, L)) [][Q (s + |Dv]) dzr

p/2
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< (n, L, q) []{2 (57 + | Do|?) dz} ‘

Now exploiting Lemma 5.6 and recalling p < 1 we get

p/2

[/ (52 + | Dwo|?) dz]
Qp/a

1
< Cp% [][ (574 |Dul?) der][ DuDU|qdz}
Qp/2

Qp/2
_24p9=2 %
<eptTattm {f”Ll(Qp(zO))"F(/Q (s+|DqudZ) },
P

where ¢ = ¢(n, L/v, q). This finishes the proof.

5.3. Fractional estimates for the reference problem

In this chapter we consider the reference problem (5.2.2) which is homogeneous and
with no dependence of the vector field on the space variable, while the dependence on
the time variable is merely measurable. We will show by approximation that the gradient
Duy of its solution v is differentiable with respect to space and at least “almost” half
differentiable with respect to time. This is the content of the following

LEMMA 5.9. Let Q,(20) C S be a parabolic cylinder and let furthermore vy €
v+ LA, 4(to); Wy (B,/a(x0))) be the solution of the frozen Dirichlet problem (5.2.2)
on the cylinder Q ,/4(z0), where the vector field a satisfies the hypotheses (4.1.2). Then for
any 6 € (0,1/2) we have

Dug € L (A a(to); Wo2(Byya)) N W2 (A ya(to); Lie(By)a))-

Moreover; there exists a constant ¢ = ¢(n, L/v) such that for arbitrary ) € R™ the follow-
ing estimates hold true:

][ |D2v02dz} < cp_l][ | Dvg — | dz (5.3.1)
L/ Qp/16 Qp/a
and
r D 2 %
][ M dz} <cpt ][ |Dvy — 1| dz, (5.3.2)
LS Q)32 |h| Qp/a

forany h € Rwith 0 < |h| < (p/32)2.

PROOF. The proof is done in firmly exploiting Lemma 9.4. of [67], see also [31, 32].
Since the vector field a is not differentiable with respect to the variable z, we proceed anal-
ogously to [118, Lemma 3.2], regularizing a in an appropriate way, showing the desired
estimates for the solution of the regularized problem and passing to the limit, as in [4].

Ist step: Approximation by regularized vector fields. Let us, for the whole proof, use
the abbreviation a(t,p) := a(xo,t,p). We define a standard smooth, radial, nonnegative
mollifier ¢ : R™ — R, such that ¢ € C°(By), ||¢[|z1(m») = 1 and impose the additional
condition

1
/]31\31/2 ¢(€) df = m’
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which is a technical condition needed for this kind of approximation procedures (see also
[118, 75]). For k € N we set ¢ (§) := k™ ¢(k¢) and define the smooth vector fields ay, by
convolution

ar(t,p) = (a(t, )  éx) (p) == /B ( )&(t,p+ k™Yo (y) dy.
1(0
Proceeding analogously to [75, Lemma 3.1] and having in mind (4.1.2), defining sj, :=
s+1/k, we find that the smoothened vector fields satisfy the following structure conditions

<a§dk(t7£))‘7 >‘> > E_1|)“27

(8, )] + earn(tp)| (s2 + 162) "2 < &(s2 +1¢2) 2, (53.3)

|&(t,€) - dk(taf)‘ <

for all \,§ € R™, ¢t € (—T,0), with a constant ¢ = é(n, L/v). Moreover each vector
field ay, satisfies the assumptions (4.1.2) with s replaced by sy, for different growth and
ellipticity constants v, L but still depending on the original ones and independent of k.
Therefore the Dirichlet problem

{ Opvp, — div dk(t,DUk) =0 in Qp/4(z0),

Vg = Vg on 9pQ,/4(20)-

T ™

(5.3.4)

has a unique solution vy, € vo + L?(A,4; W&’Q(Bp/4)).

2nd step: Estimates for the regularized problems. We start with the estimate corre-
sponding to (5.3.1) for the second spatial derivatives. By Nash-Moser’s theory (see [71])

we conclude that v, € L12()C(AP/4; Wf)f(BpM)); moreover wy := D, fori € {1,...,n}
belongs to CP (A, /43 wA(B »/4)) and is a weak solution of the differentiated equation
Oywy, — div (Elk (:L‘, t)Dwk) =0, (5.3.5)

with G (x,t) := O¢ay(t, Dvg(z,t)). Furthermore ay(z,t) has measurable entries and by
(5.3.3) is elliptic and bounded by a constant which does not depend on k, i.e.

EYAR < (@@ NN, an(z,t)] <@

for every (x,t) € Q,/4(20) and all A € R"™, where ¢ = ¢&(n, L/v) is the constant from
(5.3.3). Thus, [39, Lemma 2.10] provides for any 7; € R the estimate

/ |DD;vg|? dz < %/ |Dsvy — mi|? dz,

Qp/16 P"JQ,s

with ¢ = ¢(n, L/v). Since D;v,, — 7, is a solution to (5.3.5), we can apply the higher
integrability Lemma 5.2 and Remark 5.4, which hold — with s = 0 — also for equations
like (5.3.5) (see Remark 5.3), getting

1/2
{][ |DDivk|2 dz} < cpfl][ |Djvg, — ;| dz. (5.3.6)
Qp/16 p/4

To prove the existence of the fractional time derivative of Dvy we argue as follows:
Taking the approximated problem (5.3.4) and having in mind that wy = D,vy solves the
linear equation (5.3.5) in @, /g, write the Steklov formulation of (5.3.5) at “level” h (we
consider only the case 4 > 0, the h < 0 one is very similar), noting that 7wy, = h 0 [wy],,:

ThW
/B hhk ¢ + ([ax(z, t) Dwy],, Dp) dz =0 Y E Wol’Q(Bp/S).
p/4
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Choosing as testing function ¢(z,t) := &2(2) 7wy, where £ € C2°(B,,3) denotes a cut-
off function, 0 < § <1, = 1on B,/3y and { = 0 outside B, 14, with | D¢| < ¢/p and
integrating with respect to time over A, /35, we deduce

2
/ / |Thwg| €2 dy dt = _/ / <[@kak}h’D(§27-hwk)>da:dt.
Apys2Y Bps h B2 B

p/8

Now we take into account (5.3.3);, apply Young’s inequality and use | D&| < ¢/p to arrive

at
2 2
THW ThW
/ / Mgdmgg/ / @gzdxdt
Apysz 7/ Bpys h Apszn /Bojie P

c
+47/ / {|Dwk|2+n2|Tthk\2 dz dt.
€ Ap/32 By 16

Finally, estimating |7, Dwy|?> < 2(|Dwg(z,t)|? + |Dwy(z,t + h)|?) and exploiting that
h < (p/32)? we may choose € = 23% to absorb the first term of the right-hand side on
the left and conclude

Dy |2
/ M dz<c / |DD;vy|? dz.
Qpoz 1 Q

p/16

At this point we may exploit estimate (5.3.6) which we already derived before to achieve

Djvg|?
][ M dz<cp! ][ |Djvg, — ;| dz. (5.3.7)
Qp/32

Qp/a
3rd step: Passing to the limit. We now prove the strong L2-convergence of {Duvy, }.
Since both v, and vg are solutions and coincide on the parabolic boundary, arguing analo-
gously to Lemma 5.7, taking (4.1.2); adapted for ay, subsequently Young’s inequality we
achieve

D/ |Duy — Duol? dz < / <dk(t,ka) — ag(t, Dvg), Dy, — Dv0> dz
Qp/a Qp/a

v

< */ |Duy, — Dug|? dz
2 Qp/a

+C/ ’d(t,Dvo) 7&k(t,DU0){2dZ
Qp/a

where Q,/4 = Q, /4(z0); hence absorbing the first term of the right—hand side on the left
one, and noting that by (5.3.3)3 the second integral on the right-hand side goes to zero as
k — oo, we immediately deduce that Dvy, — Duy strongly in LQ(Q,, /4;R™) and also
in Ll(Qp /4;R™). In consequence, using the strong convergence for the right-hand side
of the inequalities (5.3.6) and (5.3.7) and lower semicontinuity for the left-hand sides, we
may pass to the limit k¥ — oo and obtain both estimates for the limit function vg. Summing
over ¢ = 1,...,n finally provides the desired inequalities (5.3.1) and (5.3.2). O

5.4. Uniform fractional estimates

In this section we will take use of the previous Lemmata to construct the proof of
Theorem 4.1. First, we recall the definition of § in (5.2.3) and we define, once fixed ¢
)
(k) = d+1—k
The strategy of the proof is now the following: In a first step, by comparison tech-
niques, we show initial fractional differentiability of Du, i.e.

Du € WEF/249(qp) for some & > 0,

loc

for every k € [0, + 1). (5.4.1)



Chapter 5. Fractional differentiability for nonlinear heat equation 77

(see (5.4.7) for v(0) = 6/(6 + 1)). This is the starting point of an iteration procedure:
Once having fractional estimates to some quantified exponent (coupled with an explicit
local estimate), one may exploit this information in order to increase the amount of dif-
ferentiability in space and time. Thus, this procedure can be iterated to finally prove the
desired result. Let us mention that for the whole proof, we argue on the finite differences
of step h in space and step h? in time, whereas the estimates are established on cylinders
Q of “radius” \h|ﬁ. Thus, the step size of the finite differences is linked to the size of the
radii of appearing parabolic cylinders.

Let us first fix a notation: for subsets A C Q and J C (—T,0), with C := A x J, we
denote with A\ [C'] the quantity

Ao[C] := [Is + [Dull|Laccy + 1 fllzr(c)- (5.4.2)

Moreover, for a cylinder Q@ = Q,(zp) with 32Q0 € Q, let v be the solution of the
homogeneous problem (5.2.1) on the cylinder 32¢Q) and v, the solution of the frozen ho-
mogeneous problem (5.2.2) on the cylinder 8(¢). Later in this chapter, ) will be a cylinder
of radius p = |h|5 (see the definition in (5.4.12)), where h € R denotes the step size of the
finite differences in space and time. However, for the first Lemma, we leave step size and
radius uncoupled.

Let us first recall the definitions of the finite difference operator of step £ € R in space

[Ti{f}(‘%t) = f(l‘ + feht) - f(:&t),

for i € {1,...,n} with e; denoting the unit vector in direction 4, as well as the finite
difference operator of step £2 in time

[re2 fl(w, 1) := f(a,t + sign(€)€?) — f(x),
both for |£| small enough to assure that the expressions are well defined.

LEMMA 5.10. There exists a constant ¢ = ¢(n, L/v,q) such that for any £ € R with
|€] < p and for any n € R™ the following estimate holds true:

[|7¢2 Dul|pa(q) + Z HTLEDuHLq(Q)
i=1

< e pD2[32Q] + ep™ " Ve] ][Q |Du — ] dz.
8

PROOF. For the finite difference operator in space we argue as follows: For ¢ =
1,...,n, keeping in mind that |¢| < p, we obtain

||Ti,£Du||Lq(Q) < HTLEDUOHLq(Q) + [[Du — DUHLq(Q) +[[Dv — DUOHLq(Q)

+ (/Q \Du(z + €es,t) — Doz + €y, t)|* da dt)l/q

+ (/ |Dv(x + €e;,t) — Dvg(x + Eei, t)|? da dt) e
<I+1II i 111,
where we define
I:= ||T7;’£DU0||LQ(Q), I := ||Du— Dv||pac2qy, 111 := | Dv— Duvg|lpa20)-
Using Lemma 5.6 we estimate II:

I < ||Du — Dol|asq) < c(n,v,9) PPN fll 1, (s0)-
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Secondly, we estimate 111 in the following way: using Lemma 5.7 and the estimate for 17
we established before, always having in mind |£] < p < 1, we deduce

111 < cp‘s(q)/ (s + |Dvl) dz
8Q
< ¢p[|Du = Dol sy + 15+ 1Dulllags

<ol + 1Dullneay + 1o |

where ¢ = ¢(n,v, L,q). Hence, summarizing the estimates for 77 and I, taking into
account § < 1, we get

11+ 111 < ¢ (p+ 9" @) s + [Dulll ooy + 1l s |

< ep?[lls + 1Dullpagsq) + 1/ 50
= cpé)\O[SQ]7

with a constant depending on n, v, L, q. To estimate I, we take use of Lemma 5.9. First,
noting that Duvg(-,t) € W12(B) for a.e. t, elementary properties of Sobolev functions
together with |£| < p provide that

/ i7i.e Do (-, 8)[2 da: < c(n) |g|2/ D2ug (-, 8)]” da.
B 2B

Secondly, applying Lemma 5.9, equation (5.3.1) with ), /16 = 2() we obtain

1/2
[/ |D2v02dz} <c(n,L/v)p*? ][ |Dvg — | dz.
2Q 8Q

Merging the second last estimate (integrated with respect to time) and the last one,
using twice Holder’s inequality, we therefore conclude

1/q N(1_4 1/2
I= (/ | 75,6 Dvol? dz) cpT( -4) [/ |7 n Do ? dz}
Q Q
N q 2 1/2
<cp«<1—2>|5|[/Q|D%o i
2

N_
<cpa 1|§][QDv0n|dz
8

IA

for any n € R"™, with a constant ¢ = ¢(n, L/v,q). For the last term in the preceding
inequality, we write, using again Holder’s inequality:

][ |Dv0—n\dz§][ |Dvo—Du\dz+][ |Du —n|dz=
8Q 8Q 8Q

_N
< cp ¥ |Deo ~ Dulliusgy + £ 1Du=1]d:
8Q

No—
<cp @ [II+III] +][

< |Du —n|dz (5.4.3)
8Q

with the definitions
11 := ||Du - DU||L<1(8Q), and 111 := HDU - DUQHLq(gQ).

Note that the quatities IT and 117 similar to the expressions /1 and 111 which we de-
fined before, just being integrated over the cylinder 8() instead of 2Q). However, the same
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argumentation which lead to the estimate of 11 + I1T also applies here and gives
I+ 111 < ¢ p® D), [32Q)].

Merging this estimate with the one before, which gives an estimate for I, combining this
with the estimate we established for IT + 71, and having in mind that |£| < p, we finally
conclude

N _
I7ieDull L) < cp 1|§|][ |Du = 1| dz + ¢ p° A[32Q)]. (5.4.4)
8Q

Let us now have a look at the finite difference operator in time. We argue analogously,
first writing

|72 Duul| 1y ) < I+ 11 + 111,
where we define

j = ||T§2DUOHL‘1(Q)7

and I1, I1T are exactly as before. Consequently, it remains here to estimate the quantity
I. We use Holder’s inequality, subsequently Lemma 5.9, estimate (5.3.2) with h replaced
by sign(£)&2, and Lemma 5.8 to conclude

n42

I<cpa [][ |T§2DU02dZ:| < cp%_l\ﬂ][ |Dvy — 1| dz,
Q 8Q

with ¢ = ¢(n, L/v, r, q). To replace Dvy in the last integral of the preceding estimate, we
proceed again as in (5.4.3). We conclude the proof of the Lemma by merging together the
estimates for I, I1 and 111 with (5.4.4). O

The following Proposition is the key to the proof of Theorem 4.1. For the seek of
brevity, we define for sets C' := A x J with subsets A C 2, J C (=T, 0) the mapping

As[C] = Ao[C] + x(8) [Duly s /200y (5.4.5)

where x(k) = 0, if &« = 0, and x(k) = 1, whenever k > 0; A is the function defined
in (5.4.2). Note that A, is a true extension of \y. Let’s also use the following notation,
regarding the sets mentioned in the statement of the Proposition: for i = 1, 2 we denote

QT,i = x J;, QT/ =Q xJ and naturally QTN =0 x JH,
and we recall the meaning of the compact inclusion for a product set.

Our aim is to prove the following estimates for the finite differences of step h, h?
respectively, in space and time:

PROPOSITION 5.11. Let u € L2(—T,0; W) (Q)) be the unique weak solution to
(5.0.8), under the assumptions (4.1.2) and let q be as in (4.1.5). Assume that for some k €
[0,68), where § is defined in (5.2.3), and that for any couple of subsets Q7' € Q7" € Qr,
there exists a constant ¢y such that the estimate

[DU]WN,H/Q;Q(QT/) S Cle[QTN] (546)
holds true. Then
Du e WEFZ9(Qn)  forall & € [0,7(k)), (5.4.7)

loc

where ~(-) is the function defined in (5.4.1). Moreover, for every couple of subsets Qp1 €
Qr o € Qr the following statements hold:
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(i) There exists a constant D € (0, 1), depending on 6, ,dist(Q21, 9s), dist(Jy, 0J2)
and a constant co depending on D, c1,n, L/v,q such that for any 0 < |h| < D
there holds

||Th2Du||Lq(QT,1) + Z HTi,hDuHLq(QT)l) < e |h|7(ﬁ)>\o[QT72}; (5.4.8)

i=1

(i) There exists a constant ¢1 depending on c1,n,q, —y(k), v(Kk)—F, dist(2, ),
dist(Qq, 0Qs), dist(Jy, 0.J2), dist(Jy, dJ3) such that

[Duly.a/2.00p,) < E1A0[27,2]- (5.4.9)

PROOF. Step I: Choice of suitable parabolic cylinders. Let us take a parabolic cylinder

Q = Qr(z0) € Qr of radius R and center 2y = (g, tp). We denote by Qp the cuboid of
the form

Qr(z) := {(m,t) € R™H! :max{mjax W,M} < R},

which is the largest cuboid centered in zy = (2, o) and contained in . Therefore we
denote this cuboid also by Qin = Qinn(Q). Analogously we denote by Qo = Qou(Q)
the smallest cuboid containing ). Denoting by Q = 32(Q) the enlarged cylinder Q, we
denote Qiny = Qinn(Q) and Oout = QOU[(Q) and finally have the following inclusions:

Qinn € Q €2Q € 32Q = Q C Qour. (5.4.10)

Now we fix arbitrary open sets Qp; € Q7o € {p, and find an intermediate subset
Q73 = Q3 x J3such that Qr; € Qr 3 € Q7. Itis easy to see that

Qrs:={z = (z,t) € Qp dist(x, Q) > dist(0Q2,1)/2,
dist(t, 0.J2) > dist(0Jz2, J1)/2}

is an appropriate choice. Take 5 € (0, 1) to be chosen later, and let & € R be a real number
satisfying

0<|h < min{ (W) ﬂ, (W) ’ , 1} =:D. (54.11)
We take zo € Q71 and fix a cylinder of radius |n|?, ie.

Q = Q(h) := Qu#(20) = Byye (w0) x (to — |h*? 1o + |1[*®). (5.4.12)
Let us recall that for a > 0 we write

aQ := Byjps (o) x (to — 2> to + o®|h|*).

Note that by condition (5.4.11) we have that Qout € Qp 3 andsince 5 € (0, 1) we moreover
have |h| < |h|?. Finally, let v and v, respectively be the solutions of (5.2.1) and (5.2.2)
with p = 32|h A which means that v solves (5.2.1) on the cylinder 32Q = Q3255 (20),
whereas vg solves (5.2.2) on 8Q = Qg5 (20)-

Step 2: Estimates on certain parabolic cylinders: We start by Lemma 5.10, which we
apply with p = |h|? and ¢ = h, to deduce

I Dull ooy + 3 ImsnDull o g
=1

< c|h]PP2o[32Q] + c|n)lT ~IH ][ |Du —n|dz, (5.4.13)
8Q
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with ¢ = ¢(n, L/v, q) and where we recall the definition of Ag[C] in (5.4.2). Let us now
distinguish two cases: In case of kK = 0 we choose 77 = 0 and obtain by Holder’s inequality

_pgnt2
fQ|Du|dz<c<n,q>|h| 52 || Dull 1o s,
8

and therefore

S _
1742 Dull oy + Y 170 Dt 1o ) < € (1817 + 11|20 320,
i=1
with a constant ¢ = ¢(n, L/v, q). In case of k > 0 we choose n = (Du)s¢g and apply the
fractional Poincaré inequality in terms of Lemma 3.10 to deduce

o IV
£ 19— (D)ol dz < el il o

with ¢ = ¢(n, ¢) and thus, merging this with (5.4.13), and having in mind the definition of
A, 1n (5.4.5), we arrive at

| 7h2 Dul| Laq) + Z I7in Dull oy < € [|h‘55 n |h|1—ﬂ+ﬂm]AN[32Q],

i=1

for a constant depending on n, L /v and q.

Step 3: Covering argument: Recalling the choice of the involved cylinders in (5.4.10),
i.e. Qimn = Qim(Q) C Q and 32Q = Q C Qo (Q) = Qou, we immediately have

n
1702 Dl o (@) + D ITin Dull oo,
=1

< c[|B 4+ (AP N[ Qou,  (54.14)

with a constant ¢ = ¢(n, L/v, q).

Let’s now observe that, even if the set function defined in (5.4.5) is not a measure —
due to the presence of the term [Du)y;, . «,2,, — it is nevertheless countably super-additive,

that is
Z )‘H[Cj] < A [U Cj]ﬂ
J J

whenever {C} is a countable family of mutually disjoint subsets. The covering argument
is now the following: First, we recall that the sets Q involved here are cuboids with sides
parallel to the coordinate axis. Then, for each h € R, satisfying the smallness condition
(5.4.11) we can find cylinders Q1 = ng(zl), iy Qu = ng(zm) of the type con-
sidered in (5.4.12) such that the corresponding inner cuboids Qipn(Q1), - - -, Qinn (@) are
disjoint and cover Q7 ; up to a negligible set, i.c.

Ln+1 (QT,l \ UQinn(Qj)) =0, Qinn(Qk)innn(Qj) =0 fork # j (5.4.15)

Precisely we proceed as follows: for the two sets {7 ; and Q7 3, we first take cuboids
{Qj}, all centered in Q7 ;, with sides parallel to the coordinate axes and side length com-
parable to |h|? in order to obtain (5.4.15). Then we see them as inner cuboids of the
cylinders @5 (2;), according to (5.4.10). Now, we sum up the inequalities (5.4.14) for
7 < m and obtain

m

> [I\Tthullmgm(Qj)) +> ||Ti,hD“HLq(Qi.m<Qj))}

j=1 i=1
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¢ [P+ R PEPRT S A [Qou(@Q)]. (5.4.16)
j=1

By construction, and in particular by (5.4.11) we have that Qom(QJ) C Qp3 forany j <
m. Moreover, each of the dilated cuboids Qout(Qk) intersects the similar ones Qout(Q])
less than c(n) times. Therefore, using these facts, i.e. (5.4.15), (5.4.16) together with the
countably super-additivity of the set-function )\, we end up with

1702 Dl Ly + D ITenDull o,y < ellBl® + [R5 0 [Qr ).
i=1
In a next step, we determine [ in order to minimize the right-hand side of the preceding
inequalities with respect to |h|. L.e. we choose ( in such a way that 1 — 8 + Sk = (30, that
is f = (k) /6, where we recall the definition of v(x) in (5.4.1). Note at this point, that
since k < J implies y(k)/d < 1, this choice of 8 € (0, 1) is admissible. Therefore, for
satisfying (5.4.11), the preceding estimate becomes

I Dl gy + D 175 Dull o,y < o BN NIQrg), (5417)
=1

with a constant ¢y = ¢o(n, L/v, q).

Now we are at the point to conclude the assertions of Proposition 5.11. First, we prove
(5.4.8): In the case k = 0, we have directly
Ax[Q7,3] = Ao[Q73] < Ao[Qr2],
whereas in the case k > 0, we take (5.4.6) with Q7 3 as inner subset, {7 2 as outer one,
and achieve
AK[QT,?)] = /\0 [QT 3] [DU]WK/ R/2:9(Qr 3)
< Ao[Q7a] + 1 [Qr2] < (1+ 1) Xo[Qr2]-
Merging these two estimates with (5.4.17), we conclude (5.4.8) for 0 < |h| < D with
co:=co(l+c).
Having (5.4.17) at hand, the proof of (5.4.9) and (5.4.7) is performed via the Corollary

3.9: We retrace the proof in the previous lines in order to get the finite differences on the
set Q5 estimated by A\o[€2r 2], using a further intermediate set. We hence have

142 Dull o (g ) + Z I17enDull ey 5y < (1 ex) [R7 No[Qr0],
i=1

for every 0 < [h| < D. This estimate enables us to apply Corollary 3.9 with J = Js,
Q=03 0=Q,J = Ji, 0 replaced by v(x) and S = (1 + ¢1)A[Qr 2] in order to
obtain

[Dulyyi./zaap,) < C1ho[Qr.2]

= c1|lls + [DulllLaar.) + 1 fllr@r) |
forall & € [0,7(k)), with the constant ¢, depending on ¢1,n, g, D, v(k) — R, dist(Q2, 092),
dist(Q, 0Qs), dist(Jy, 0.J2), dist(J1, 0.J3) so that, since all our subsets are arbitrary,

DueW? H/Q’q(QT) forall & € [0,7v(k)).

loc

O

The main Theorem 4.1 is now proved for the approximate sequence by an iteration
argument:
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PROPOSITION 5.12 (Iteration). Let u € L*(—T,0; Wolz(Q)) the (unique) solution to
(5.0.8) under the assumptions (4.1.2) and let q satisfies (4.1.5). Then

Du € WR"{/Q;‘Z(QT) for every k € [0,9) (5.4.18)

loc
where § is as in (5.2.3). Furthermore, for every couple of subsets Qr 1 € Qro € Qo
there exists a constant ¢ depending only on n,v, L,q, 6 — k, dist(Q21, 99), dist(Qs, 91),
diSt(Jl, an), diSt(Jl, 8J2) such that

(DUl sy < € [Is + 1Dulla@r + 1l 0rs |- (5.4.19)

PROOF. The proof of this lemma follows essentially the lines of the one in [118,
Lemma 6.3]. However, for the convenience of the reader we sketch at least the argumenta-
tion: The function (-) in (5.4.1) is easily seen to be non-decreasing and to satisfy

k€ (0,0) = v(k) € (k,9) and v(8) = 0. (5.4.20)
Let’s define by induction the two sequences {¢} and {r} as follows:
__ 0 __ 0 o _ V(kk) +y(l)
by = m; R1 = 2(5+ 1)7 £k+1 = ’Y(gk), Rk+1 = B) .

From (5.4.20) it follows that ¢, * J; since ~y(+) is increasing we have ¢, < ki < d,
hence also ki " 6. Applying in a first step Proposition 5.11 with k = 0, we get that
Du € I/Vlif/ 2;q(QT), with corresponding estimates of the type (5.4.9) for k, for any
R € 10,7(0)), where v(0) = /(6 + 1). Since () is increasing, we have in particular
that Du € W™ /%4 (Qr), with corresponding estimate of the type (5.4.8) and (5.4.9) for
Kk = k1. Having once at hand the estimates on level x;, we once again apply Proposition

K

5.11 with k = ky, and we get that Du € I/Vlof/lq(QT) forall & < (k) and in particular,
since (-) is increasing and thus ¢, < ki, we have ki1 < (k) and therefore also
Du € I/Vlzc’““’m““/&q(QT). Moreover, (5.4.19) holds for = xx41. Then by induction
we get both (5.4.18) and (5.4.19). [l

REMARK 5.13. It can be proved in particular, exploiting the iterative process of the
previous Proposition together with estimate (5.4.8), that

1T Dull Latr.yy < clB|lls + |DulllLar.) + [1fllLi @) (5.4.21)

for every k € [0,0/2) and |h| small, with a constant depending essentially on 6 and on the
distance between Q) 1 and the boundary of )t 2.

PROOF OF THEOREM 4.1 AND ESTIMATE (4.1.10). We consider the approximation
sequence {uy} built as solutions of (5.0.8) with data f = f as stated in Section 2.3,
adapted to our case. The strong convergence in L!(§27) of the sequence uy, to u can be
deduced exactly as in [24], using the fact that from the equation Jyuy, is uniformly bounded
in LY(=T,0; W=11(Q)), and deducing the convergence by compactness arguments, see
[135]. For the convergence of the gradients, our stronger estimates allow a simpler, inde-
pendent proof. The global estimate in Lemma 5.1 applied to any g, together with (5.0.10),
leads to

1Dkl pagry < € [3 + ||fk\|L1(szT>} < c[s + |ul(Qr)], (54.22)
which coupled with (5.4.19) and (5.4.21) gives the following two facts: for J € (—T,0),
Q1 € Q, forevery Kk < §

1/q

([ 1Dy ) ™ < s+ )]
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and
I7h Dull ooy <) < ¢ |h["? [s + |ul(Qr)].

In particular, { Duy} is uniformly bounded in L' (J; W*4()) and |7, Dul| a(0, x5y —
0 as h — 0 uniformly with respect to k. Hence we can apply the compactness result [135,
Theorem 3] to deduce, after extracting a non relabeled subsequence, the convergence of
Duy, to Du strongly in Li (7) and almost everywhere. Note that we made the choice
X = W*"4(€) which is compactly (see [11]) embedded into B = L7(),).

Hence finally we can prove our theorem for the function u which is, a SOLA. Indeed
it is now easy to see, using Lipschitz continuity (4.1.2)s and the convergences just proved,
that u solves (4.1.4). Writing estimate (5.4.19) for uy, in particular we find, for Q7 € Qr

[Duk:}wmm/%q(ﬂ/x‘]') S c [S + |/”"(QT)]7

where ¢ depends on n, L/v, ¢, dist(2.,, 9Qr), || and T'. Here we have used (5.0.10)
and the previous global estimate (5.4.22). Now estimate (4.1.10) follows by treating the
left-hand sides of the previous inequality with Fatou’s Lemma. O

PROOF OF LOCAL ESTIMATES ON CYLINDERS. Finally in order to prove (4.1.9) we
make use of a scaling argument. Fix Q,(z0) € Qr and take u € L2(—T,0; W, *(Q)) the
unique solution to (5.0.8) for a fixed regular f; then restrict u to ),(20) and then rescale
it to 1, as in Lemma 5.6, in order to get & € L?(—1,1; W12(By)). Now observe that
we may apply Lemma 5.12 to u since the whole argument is just local and no boundary
information is needed. Hence we can deduce by estimate (5.4.19) applied to @ with Q7 ; =
Q1/2 and Q72 = Q1, up to a little change in notation, for o < dq:

D@y 0.0/ 0r0(0 1y < |15+ 1Dy + 1711 0|

Scaling back to @, (zo) yields to

D - D
o’ N/ / / | u nfo-(ya )| dIdydt
0/2 Bpj2 /B2 |.’1?—y|

D t)y—D 4
P N/ / / [Du(z, 1+f/(f N 4 ds de
B2 p/2 p/Z ‘t—5|

< c[o Vs + 1Dullfiqr) + 2 N VNS 1)

that is

DUy aosmaanm < €077 I+ 1DulLagn + 0" DN 0|

Now it’s enough to write the latter estimate for u = wuy, uj being the approximated
solution described in the beginning of this proof, and follow again the scheme described
just above, using also (5.0.10). O

PROOF OF COROLLARY 4.2. Recall that by the definition of fractional Sobolev space
(3.2.13) we have (the reason of the changing in the notation from ¢ to r will become clear
in a moment)

Du € LL (=T, 0, W2 (Q))  forall§ € (0,6), (5.4.23)

loc

with

r e [1,%) and d=46(r) =
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Using fractional Sobolev embedding of Proposition 3.6 slicewise in space, after a simple
computation we have

Du € Lj,.(—T,0; L .(Q)) forallq € [1,¢7),

loc loc

% % L nr
¢ =q(r) = POESVETS (5.4.24)

Moreover by immersion (3.2.12) we have that

Du € W?9(—T,0,L8 (Q))  forall § € (0,0), (5.4.25)

loc loc
with this time
N N
1,7) d  0=6(g)=——(N—1).
ge[ly—) an (@="-(N-1)
Applying Proposition 3.6 this time slicewise in time (which in this case means applied to
the function || Du(+, t)||q), with N = 1, gives
Du e Li,.(-T,0; L{ (2)) forall r € [1,77),
M- 2q
r*=r = .
(@) gn+1)—n
It is easy to check that the bounds for r and ¢ appearing in (5.4.24) and (5.4.26) fully
recover the bounds in (4.1.6), since the images of ¢ = ¢*(r) and r = r*(q) are the same
arc of hyperbola in the (r, ¢) plane.
Reasoning exactly as above, using the facts that

(5.4.26)

5 N
Du € L?OC(Q7 I/Vliélq(_Ta O))v q S |:13 m) (5427)
and
S,r iy, T N
Du € Wy (2 Lie (=T, 0)) rel+—) (5.4.28)
we obtain Du € L (Q; Lj, (=T, 0)) for all (r, q) satisfying (4.1.6). O

PROOF OF ANISOTROPIC REGULARITY THEOREM 4.4. We argue similarly as above.
Since by Proposition 3.7

W(S,T(Q) c Wéfn/rjtn/q,q(Q)

loc loc

plugging last result slicewise into (5.4.23) gives

Du e L}, (=T,0;W29(€))  forallg > rand § < &(r,q)

loc
with
5(r,q) == 2y z_ (n+1).
q

Applying Proposition 3.7 to the function || Du(z,-)||zr(s with J € (=T,0) generic we
get by (5.4.28)

[Du(z, )| ey € WEA(Q)  thatis  Du € Wol(Q; Ly (—T,0))

loc loc
for 6 € (0, S(r, q)) and r < ¢. Finally we get results involving time regularity (r > q)
exactly in the same way, using Proposition 3.7 in dimension 1 together with inclusions
(5.4.27) and (5.4.25). This finally finishes the proof. O






CHAPTER 6

Adams theorems for nonlinear heat equations

In this Chapter we give the proof of the results of Section 4.2. We shall here consider
the Cauchy-Dirichlet problem (4.1.1) where H = g is a Lebesgue function and the vector-
field a: Qp x R™ — R"™ satisfies assumptions (4.2.1). Theorem 4.14.

Some notes about the techniques of the proofs

The proof of our theorems is based on the method developed in [121] for elliptic
equations, which we carry over to the framework of parabolic equations. The key point
to the proof of Theorem 4.8 is an estimate which allows to control the level set of the
Hardy-Littlewood maximal function of the spatial gradient | Du| locally by the level sets
of a suitable parabolic Riesz potential operator. More precisely (see (6.2.16) together with
Lemma 6.1 for the exact estimate) we establish for some exponent x > 1 an estimate of
the type

{M(|Dul) > TA}Y S T~*X|{M(|Dul) > X}| + e(T)[{L1(lg]) = A},
(6.0.29)

where M (|Du|) denotes the maximal operator of |Du|, A is a number large enough and
T > 1is a constant. Here, the parabolic Riesz potential operator for 5 € (0, N] is defined
as
Is(lg])(2) ::/ de z e R*TL
Rn+1 dp(z,w)N_ﬁ ’

and dp denotes the parabolic metric (see (6.0.30) and (3.1.4)). The precise definitions
of the other involved quantities can be found in Section 3.2 and in a few lines. All the
Lorentz- and Lorentz-Morrey estimates and also the borderline cases can then be derived
with the help of (6.0.29). In order to prove the decay estimate (6.0.29), we apply the
classical Calderén-Zygmund covering Lemma in the parabolic setting to suitable level sets
of the maximal function. Indeed, to verify the conditions necessary to apply the Calderén-
Zygmund Lemma in our setting, we take use of a comparison strategy to the solution v
to an associated homogeneous problem.The proof of such comparison estimates is similar
to that given in Chapter 5 already going back to the contributions of Boccardo & Gallouét
[25]. For the solution to homogeneous problems, well known Holder continuity and higher
integrability results coming up from the De Giorgi-Nash-Moser theory provide suitable
reference estimates.

In the case of general equations, as (4.1.1), fulfilling the structure conditions (4.2.1),
the decay estimate of the type (6.0.29) can be established for some fixed exponent xy > 1,
depending on the data of the equation. This, in turn leads to restrictions on the range
of exponents which are allowed in the Lorentz and Lorentz-Morrey estimates, and we
come up with the desired estimates for exponents fulfilling (4.2.3). On the other hand,
assuming more regularity on the data as those considered in Paragraph 4.2, integrability and
Holder continuity estimates for solutions to homogeneous equations have been established
by Duzaar, Mingione & Steffen in [71] in a stronger form (in particular Holder continuity
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holds to any exponent « € (0, 1)) and therefore the decay estimate (6.0.29) can be found
to hold true for any exponent x > 1. As a consequence, we derive Lorentz and Lorentz-
Morrey estimates in this case for the full range of exponents, as in (4.2.18).

Concerning the level of the solution u itself, the decay estimate (6.0.29) can be substi-
tuted by an estimate of the form

{M(u) > TAY S T7X[{M(u) > A} + o(T) [{L2(lg]) = A},

which holds for any A large enough and 7" >> 1, and for any exponent y > 1. Here, instead
of the Riesz potential I (|g|), we have the potential I5(|g|) involved on the right hand side,
clearly according to (2.4.1). This finally allows to establish the desired Lorentz-Morrey
estimate for u for the range of exponents declared in (4.2.12).

For 8 € (0, N] the fractional integral operator Ig(-), also called parabolic Riesz po-
tential, is the linear operator defined by

15(9)(2) = /RM dp(j,(;))]v_ﬂ dz  zeR™, (6.0.30)

for all measurable functions g: R"*1 — R. This specializes the definition given in [83, p.
24, (31)] for a doubling metric space (X, d, i), i.e.

[ sl
Iﬂ(g)(Z) o /X M(Bd(z,w)(z)) d , © X7

to the case (R™"*1 dp,PN). We recall that the Parabolic metric dp has been defined
in (3.1.4). Note that the parabolic Hausdorff-measure PV is equivalent to the Lebesgue
measure in R”1. The following Lemma is an immediate consequence of the definitions
of the fractional Riesz potential and the fractional maximal operators.

LEMMA 6.1. For every non-negative measurable function g defined on R"*! there
holds

I5(9)(2) > 2°"N|Qu|'"" ¥ Ms(g)(z)  for every z € R™,

PROOF. Let Q,(29) C R™"! be an arbitrary but fixed symmetric parabolic cylinder
containing the point z. Then Q,(z¢) C Q2,(z) and therefore

Iog)(2) > /Q " e du > (20 /Q L gwdv

- _£ £
=9f N|Q1|1 N’Qg(zo)|’\’ ][ g(w) dw.
Q(z0,0)
Taking the sup with respect to all parabolic cylinders Q,(z) containing z then yields the
result. O

LEMMA 6.2. Let0 < 3 < N, p > 1,9 > 0 be such that 8 < 9/p < N, and let g be
a non-negative measurable function on R" 1. Then the pointwise estimate

15(9)(2) < ¢ [Map()()] ¥ [M(9)(2)]
holds for every z € R""1 with a constant ¢ = ¢(n, p, 9, ).

Bp
1-%

PROOF. Without loss of generality we may assume that g # 0. Let = € R™+!. For
§ > 0 to be chosen later we decompose R"*! into Q;(z) and R" ™!\ Q5(z) and write

m(g)(z):/ ...dw+/ dweT 4D,
Q5(2) Rn+1\Q5(2)
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with the obvious meaning of I; and I5. Moreover, for k € Z we let
Ap(2) == {w e R"™ . 285 < dp(z,w) < 2¥T16}.

We first treat the integral I;:

DS S [ i

Qy—kt14(2)

< 3256V Qyonns(2)] ][ g(w) dw
Qy—kt14(2)

k=1

<t S 2P re)) = 2L ar(g)(2)

261
k=1

On the other hand we have for the integral I5:

I < 7d
2 Z/ () dp (2, w)N -

Z 2k6 ‘Q2k+15 |][ (w) dw
Qok+14(2)

k=0

< 30(246) PN Qg g (2)] T My (9)(2)
k=0

= 2Nt 6ﬁ"zzk P My 1(9)(2)

_ [2N+1wn]1_Nip

_9
e O T Map(9)).

Having arrived at this stage we choose

6=6(z) = {Mﬂ/(”(i)z()z)} g

and finally obtain

Bp
9

< 2¢ [My,(9)(2)]
where ¢ = ¢(n, p, 9, 5). O

REMARK 6.3. We note that the constant in Lemma 6.2 blows up either when 8 N\, 0
- the case of singular integrals - or when 8p ¢ - the limiting case in the Sobolev-
embedding. This settles in a certain sense the dependencies of the constants in all following
results. Moreover, as an immediate consequence of Lemma 6.2 we obtain that for any
measurable function ¢ defined on R™*! the pointwise Hedberg-type estimate

1— 8

Is(l])(2) < ¢ [Ma,(9)(2)] ¥ [M(g)(2)] "

holds true for every z € R™*! with a constant ¢ = ¢(n, p, 9, 3).
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COROLLARY 6.4. Let0 < f < N, 0 <9 < N, 1 <p< %4 1<gq< o0
g € LP(R"Y), E C R"*! and My,,(g) € LI(E). Then

Bp 1-8p
115(9)] Lr(m) S ¢ ||M§/P(9)H£9q(E)||g||LP(]E7L+1)7
where
1 1 B pBp
—= - — =4 — 6.0.31
r p 9 + Yq ( )

PROOF. The case ¢ < co: Integrating the Hedberg-Type inequality from Lemma 6.2
over F, using Holder’s inequality and (6.0.31) we infer

@

B

/ [Iﬁ(m')]rdzgc/ [My)0(9)]" [M(9)] ™ F a2
E E

rBp 1_Tr8p

<ol [ aopto)tas) (Do) as) T

1—rBp

rBp Oq
< CMﬂ/pm)anw)( [ [M@)]de) |

This leads to the estimate

(/E [Mlgl)]f-dz>i SCHMM(Q)H?;(E)(/RM [M(g)]”dz>

Bp | Bp
<c HMﬂ/IJ(g)||L0q(E)||g||Lp(u1§n+1)a

3=

NS

where we have used the boundedness of the maximal operator between LP-spaces and the
identity (6.0.31). This proves I3(|g|) € L"(E) and the desired estimate follows easily.

In the case ¢ = oo, instead of using Holder’s inequality in the first step, we have the
trivial estimate

rBp
9

[ 11506 a2 < el Moo Z iy [ M) a2

and we immediately obtain the desired estimate, taking into account (6.0.31) and g—g =
0. O

LEMMA 6.5. Let0 < 3 < N, p > 1 such that Bp < N, and assume g € LP(R"1).

Then
N-—Bp 1
_Np Np P
([ @ a) ™ <cups( [ lra)
Rn+1 Rn+1

Np
ie. Ig: LP(R"T1) — L~=55 (R"*) is a continuous embedding.

PROOF. We apply Corollary 6.4 with £ = R"*!, 9 = N and ¢ = oco. Note that

Myp(9)(2) = Myjpl(g)(2) = sup  |QIF ][ lg(w)| duw
QCR"tl 2€Q Q

< swp ( /Q |g<w>|f’dw) < Ngll gy

QCR"*1 2€Q

so that ||MN/p(g)||Loo(Rn+l) < ||g||L,,(Rn+1). Moreover, 1/r = 1/p — /N = NJ;EP_

Inserting this in the estimate of Corollary 6.4 then yields the result. (]
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REMARK 6.6. The preceding lemma yields in combination with the pointwise esti-
mate from Lemma 6.1 that also the fractional maximal operator Mg is a continuous em-

bedding from LP(R"*1) into L =57 (R™*1). Moreover, we have the estimate

N-—Bp 1
_Np Np P
( / |M(g)| ™5 dz) < c(n,p, /3)( / |g|pdz) ,
Rn+1 Rn+1

whenever 0 < 8 < N and p > 1 such that Sp < N.

LEMMA 6.7. Let g € LY(p, q)(R"*') and Qr C R"*! be a parabolic cylinder with
radius R > 0. Then, for any s > 1 there holds

9—

v-N
”gXQR”Lﬂ(p,q)(]R"Jrl) < max {17 [(S - 1)/2] ’ }HgHLﬂ(P-,Q)(QsR)'

PROOF. We consider @, such that Q, N Qg # () and remark that

{z € Qo : [(9x@n)(2)] > A} <[{z € Qo : |g(2)[ > A}

In the case @, C Qsr we have

I—N
" M oxerlL a0,

= :p/ooo ()\pgﬁ—NHZ € Qo l(gxor(2)] > )\}|>Zd/\)\:|2
< :p/ooo ()\pgﬁ—NHZ €Q,:l9(2)] > )\H)Zd)j\}g

< -P/OOO ()\Pgﬁ—NHZ € Qsr : lg(2)] > )\H)Zd/\)\r

<

19120 (5,03 -
In the remaining case Q, ¢ Qs (taking also into account Q, N Qsr # 0) we have
20 > (s — 1)R. This implies
0"z € Qo : [(9xan)(2)] > A}
<[(s=1)/2"""R""N|{z € Qr : |g(2)| > A},

and similarly to the first case this leads us now to the estimate

I—N
191 Z2 (o) (@)

Combining the two cases yields the desired estimate. (]

" Naxanll o, < (s = 1)/2

REMARK 6.8. Let @), be a parabolic cylinder with radius ¢ > 0. Then, from the
definition of the Lorentz-Morrey-norm (see (3.2.3)) we infer the bound

sz]i

= N R AV . dA
190200 = © [p | (e e o latail > 1) 5

)
< max{1,0 ? }HQHLﬁ(p,q)(Qg)'

LEMMA 6.9. Let Q be a parabolic cylinder in R" 1. Then for every g € Llog L(Q)
with support in Q we have

]{2 M(g) d= < e(m)lgll 105 10y ~ c()l92 106 L(0)-
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PROOF. We define

hom— 9
||g||Llog L(Q)

Then, we have ||| 10 (@) = 1 and therefore
][Q h|log (e + |h]) dz < 1.
Applying (the parabolic analog of) [65, Theorem 2.15] we conclude
| M= < i@l +ctm) | 1og (c-+ h1) d= < ctm)Ql,

so that oM (h) dz < ¢(n). Re-scaling back from h to g then yields the desired estimate.
O

THEOREM 6.10. Let 0 < 3 < ¥ < N, Q a parabolic cylinder in R"*! and s > 1.
Then there exists a constant ¢ = c¢(n, 3,7, s) such that the estimate

* 1—
1M5.0(0), 42, o < 1€

holds, whenever g: sQQ — R is measurable.

PROOF. Without loss of generality we may assume that g > 0. Then, Ig(g) > 0. Let
g = gxq- Applying Lemma 6.2 with p = 1 we obtain that

@] 77 < e [Mo(3)(2)] 77 M@)(E) < 1725 o, M@ (2)

holds for every z € R™!. Here we have also used the obvious estimate My (g)(z) <
c||gll z1.» mn+1y which follows directly from the definitions of the fractional maximal op-
erators given in (3.2.9) and the usual one of a Morrey-space. Using the pointwise bound
from below for I5(g) from Lemma 6.1 we infer that

(Ms@)()] 77 < el g M)

holds for every z € R™*!, Integrating the preceding inequality on ) and using Lemma 6.9
yields

19
IMA@ITE, <l g ][ M

< lQUIGNT g 1312 105 200

Recalling the obvious inequality M7 5(g) < Mp(g) in order to estimate the left-hand side
from below and Lemma 6.7 to estimate the right-hand side from above, i.e. the fact that
(9l L1.0 1) < €llgll 1.0 (5q)» We conclude the assertion of the lemma. O

THEOREM 6.11. Let 8,9 € (0,N], p > 1, such that Bp < ¥, and let ¢ € (0, 0].
Furthermore, let QQ be a parabolic cylinder inR" " and s > 1. Then there exists a constant
¢ =c(n,p,q,B,9,s) such that

<clygl

* £p 1_Tp
M50l (e o 2o @ 191w 0 @

=) (Q)

holds whenever g is a measurable map defined on sQ. Moreover, if |sQ| < 100V we have

M5, (s, 00 @) < €9l ooy

The constant c blows up, i.e. ¢ — 0o, when q \, 0 or p \ L.
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PROOF. In the case ¢ = oo we let ﬁf%p := 00. Once again we may assume without
loss of generality that g > 0. We define § := gx¢q. Then for Qr C R""! we have

- p _1, . cp N(1=21)~
/Q |g|dZ§E|QR|1 P||9HMP(QR):ER NGl ame @)
R

9 9-—N cp oL
rRP ”g”MP(QR)SERN PHgHMp,w(Rn+1)7

where ¢ = ¢(n, p). This implies in particular that My, (7)(2) < 527 [|g[ smp.o mn+1) holds

for every z € R™*!, Using this in the Hedberg-type inequality from Lemma 6.2 yields

9 ~ Bp ~ ~
[Z6(3)(2)] 77 < ¢ [My),(3)(2)] 7" M(3)(2) < CIIQIIM%(RW)M(Q)(Z%
for every z € R™*L, In the preceding inequality we want to replace the Marcinkiewicz
norm of g by an appropriate Lorentz-Morrey norm. For this we recall that for ¢ > 0 we

- 1 - -
have |Gl rmr(@r) < (4/P)7 13Nl L(p.0)(@r)» 30 that [|F]| peo ey < € lIFllLo (pg)Rn+1)-
Inserting this above we immediately find

Bp

~ P ~| T=Bp ~
L@ T < elGlT ) e, M()(2),

which leads after integrating in an appropriate way over R"*! to

ﬁp Bp
1[Z5(g)]7=7» 77 ”L (p,q)(Rn+1) <c ||9||L0(p @) (Rn+1) ||M( )HL(pq Y(RnF1)* (6.0.32)

Using definition (3.2.1) and a simple change-of-variable argument we find for the left-hand
side of (6.0.32) the identity

H[IB< ) 19 BPHL(p DR
- p/0°° ()\PI{Z c R . [Iﬁ(g)(z)]ﬁ%@ S )\H)pd/\)\} g

1

= :p/ooo (VI e R™: 15(5)(2) > A ’“’}l) }

o [ 19]3 d Oo( ﬂ%H ERnJrl'I(N)( )> }|)%di %
T s i z :15(9)(2) > p .
— 15(@)7 " (6.0.33)

e 19q Rn+1)

On the other hand the boundedness of the maximal operator in Lorentz-spaces allows us
to estimate the second term on the right-hand side of (6.0.32) from above; to be precise we
have

1M ()| L(p,qy@n+1y < (P, DG L(pq)@n+1)-
Using this and (6.0.33) in (6.0.32) we arrive at

B _., Br _1-8p
”Iﬁ(g)”L(of%W0f%p)(Rn+l) < CHgH;ﬂ(p’q)(Rnﬁ»l)||g||L(p:?1)(Rn+1)'

The first term in the right-hand side of the preceding inequality is estimated by Lemma 6.7,
i.e |Gl Lo (p.g)n+1) < €(8) |91l 1o (p,q)(s0)> While the second term is equal to [|g][ 1, )(q)-
On the other hand from Lemma 6.1 and the definition of the restricted maximal operator
in (3.2.9) we infer the pointwise estimate ¢~175(g)(2) > Mp(g)(2). Inserting this above
yields

p 1_%
2oy 19 Ly @)

IMs @l n oa o) < cloll

9
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Combining this with Mg (g)(z) > Mps.q(g9)(2), z € @Q, leads to the first asserted esti-
mate of the theorem. In order to obtain the second assertion we use Remark 6.8 and the
assumption |sQ| < 100 to estimate the right-hand side from above. g

6.1. Basic Regularity
In this section we will consider
u € C°([—T,0]; L*(Q)) N L*(=T,0; W%(Q)),

defined as the unique solution to the regularized Cauchy-Dirichlet problems (4.1.1) with
H = g € L*>(Qr) under the assumptions (4.2.1). For the ease of the reader we re-write it
here:

ug — diva(z,t, Du) = g € L= (Qr) in Qr,
(6.1.1)
u=0 on Op§dr.
For a fixed parabolic cylinder Qr = Qr(z0) C Qr we consider the unique solution
v € C%[to— R?, to+ R*); L*(Br(w0))) N L*(to — R? to+ R*; W*(Brg()))

to the following comparison homogeneous Cauchy-Dirichlet problem:

vy —diva(z, Du) =0 in Qr,
(6.1.2)
vV="u on apQR.

The following comparison lemma can be inferred by Lemma 5.6 using also Poincaré’s
inequality.

LEMMA 6.12. Let u be a solution to (6.1.1) under the assumption (4.2.1) and Q r(2o)
a parabolic cylinder in Qp. Moreover, let v be a solution to the Cauchy-Dirichlet prob-
lem(6.1.2). Then there exists a constant ¢ = c(n) such that

/ udz—&—/ |Du— Dv|dz <cv 'R lg| dz. (6.1.3)
Qr(20) Qr(z0) Qr(z0)

LEMMA 6.13. Let u, v be as in the previous Lemma; moreover let g € L7 (7, q)(QR)
for some v > 1. Then there exists a constant ¢ = c(n, v,~y) such that

/ [u = vl dz+/ |Du — Dv|dz
Qr(zo0) R Qr(z0)

N_9=x
< cRTT Il (ray@ntzoy: (©14)

PROOF. Using Lemma 3.3 and the embedding ||g([ g,y < (q/'y)% 191 (v.0)(@r)
we can conclude for the right-hand side in (6.1.3) that

2 1+N(1-2)
R/ gdzﬁc(ds)R N gl gy
1l — 190t o)

1
gl 4\ pr+N(a-1)
<e (7 - 1) (7> R 191 2.¢v,0)(@n)

29—

_ V= N _ V=
<R R 9llnia@m S BT 19l tayan:

where ¢ = ¢(n, v,7). Using the preceding inequality in 6.1.3 yields the result. O
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LEMMA 6.14. Let u, v as above and let g € L*7(QRr). Then there exists a constant
¢ = ¢(n, v, ) such that

/ R™Mu— |+ |Du— Dv[dz < c RN~ D|g]l o gnizey: (615
Qr(z0)

PROOF. For the proof it is sufficient to note that ||g||L1(QR) < RN*ﬁHgHLM(QR).
U

Homogeneous problems. The results of this chapter summarize the basic Holder reg-
ularity results from the De Giorgi-Nash-Moser theory of solutions to nonlinear, homoge-
neous parabolic equations as well as the higher integrability theory.

THEOREM 6.15. Let v € C°(I; L?(A)) N L2(I; W12 (A)) be a weak solution to the
parabolic equation
vy — diva(x,t,Dv) =0 inAxIcCQr, (6.1.6)
under the assumptions
la(@, t,§)l < LA +E]),  vIgl* = L*/v < {a(x,1,€),8), (6.1.7)

Sor every choice of (x,t) € AXx Tand & € R" where 0 < v < 1 < L < oo and
a: A x I xR"™ — R" is a Carathéodory vector field. Then, there exists o € (0,1/2]
depending only on n and L/v, such that for every q € (0, 2] there exists a constant ¢ =
¢(n, L,v,q) such that the following holds: Whenever Qr C A x I and 0 < ¢ < R there
holds

N—q+aq
/ (IDv|? + 1) dz < c(é) / (|Dv|? + 1) dz (6.1.8)
e R
and
N
/ (Jo]? + o) dz < ¢ (@> / (Ju]? + R%)d=. (6.1.9)
) R Qr
Furthermore, there exists x = x(n, L,v) > 1 such that Dv € LIQOXC(A x I; R™) and
1
X 7
(][ (|Dv|+1)2xdz> . §c<][ (|Dv|—|—1)qdz> (6.1.10)
QRry2 Qr

holds for every q € (0, 2], while for every xo > 1 there holds

(][ (Ju] + R) dz) < c<][ (Jv| + R)" dz) " ©.1.11)
QRry2 R

In both (6.1.10) and (6.1.11) we have the following dependence of the constant c from the
structural constants: ¢ = c¢(n, L, v, q)

PROOF. The statement is a direct consequence of De Giorgi-Nash-Moser’s theory. We
give a very brief hint how to retrieve the estimates (6.1.8) to (6.1.11). (6.1.10) for ¢ = 2
can be inferred for instance from [124], and we refer the reader also to [32, Lemma 3.1],
where the statement is directly proved at the boundary. From this, the reduction of the
exponent 2 on the right hand side to any exponent ¢ € (0, 2] follows by a standard result
on reverse Holder inequalities. For details, we refer the reader for example to [70, Chapter
4] and Lemma 3.1. The estimates (6.1.8), (6.1.9) and also (6.1.11) with ¢ = 2 follow
for instance from [113], Chapter 6, where De Giorgi’s proof is performed in the parabolic
setting. Then, again the arguments of [70] allow to reduce the exponent 2 on the right
hand side to any exponent g € (0, 2]. Note here, that the arguments in [113] are worked
out for linear parabolic equations, but as mentioned in the notes in Chapter 6, the linearity
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of the equation is actually irrelevant for the estimates and they hold also for quasi-linear
equations fulfilling the structure conditions (6.1.7). (]

The next theorem is the homogeneous case of a much more general result concerning
Calder6n-Zygmund estimates for weak solutions to nonlinear parabolic equations (sys-
tems); see [71, Theorem 1.8, 1.9] for the specific form of the statement. We consider
weak solutions v to (6.1.6) where the vector-field a(z,t, &) satisfies either the structure
conditions (4.2.14) or the vector field has the special form a(z,t,£) = c¢(z)a(t, &), where
¢(x) and a(t, €) satisfy the conditions (4.2.15), (4.2.16) and (4.2.17). Then the following
theorem holds:

THEOREM 6.16. Let v € CO([-T,0]; L2(Q2)) N L?(=T,0; W2(8)) be a weak so-
lution to the homogeneous nonlinear parabolic equation (6.1.6) where either the struc-
ture assumptions (4.2.14) or the conditions (4.2.15) to (4.2.17) are in force. Then for any
a € (0,1) and q € (0, 2] there exists a constant ¢ = ¢(n, L, v, «, q) such that the following
holds: Whenever Qr C Qp and 0 < ¢ < R there holds

N—q+a
/ (|Dv\q+1)dz§c(£) ! q/ (|Dv|? + 1) d=. (6.1.12)
Q. R Qn

Furthermore, Dv € Lﬁfg” (Qr; R™) for any xo > 1. Moreover; for any given xo > 1 and

q € (0,2] there exits a constant ¢ = ¢(n, v, L, xo0,w(+),q) such that for any Qr € Qr
there holds

(][ (|Dv| + 1)?x0 dz) o < c<][ (|Dv| + 1)qdz) ‘. (6.1.13)
QRry2 Qr

PROOF. Estimate (6.1.13) is the statement of [71, Theorems 1.8, 1.9]. Then, once
having (6.1.12) for the case ¢ = 2, the general estimate for ¢ € (0, 2] can be retrieved by a
simple application of Holder’s inequality to pass from exponent ¢ < 2 to exponent 2, then
exploiting (6.1.12) for ¢ = 2, and subsequently using (6.1.13) to reduce the exponent 2
again to exponent ¢ < 2. However, (6.1.12) for the special case ¢ = 2 is a consequence of
the Holder continuity to any Holder exponent o € (0, 1) for solutions to parabolic equa-
tions with linear growth. On the other hand, Holder continuity to every exponent v € (0, 1)
is a standard consequence of the fact that the vector field a is sufficiently regular with re-
spect to . In this case, Holder continuity can be shown via suitable comparison procedures
to differentiable or constant coefficient equations (see [71, Chapter 8] for comparison esti-
mates in the case of VMO-regular vector fields as well as continuous ones). We note here,
that actually the estimates in [71] are shown for much more general possibly degenerate
p growth equations and systems. Standard references for Holder regularity in the constant
coefficient case are for example [108, 113]. O

REMARK 6.17. In the estimates (6.1.10) and (6.1.13) we can replace R/2, Rby o R, R
forany o € [%, 1) as long as we enlarge the constant by factor ~ (1— U)N(i_%). This can
be inferred along the arguments form [81, Remark 6.12]. On the other hand inequalities
(6.1.8)—(6.1.13) continue to hold when replacing the parabolic cylinders () with a ball as
horizontal slice by the cylinders Q having a cube as horizontal cross section.

6.2. Integrability of Du

Parabolic Lorentz spaces estimates. Here we give the proof of Theorem 4.8. Note
that Theorem 4.5 follows directly from the more general Theorem 4.8 by the choice ¢ = 7.
The proof is divided into several steps.
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Step 1: Level sets decay. On a fixed parabolic cylinder Q satisfying n?Qy € Q7 and
|Qo| < 1 we consider the following maximal operators

M* = MO*,nZQU = M*QQO and Mik = ik,nQQo'

n

For the definitions of these restricted maximal function operators we refer the reader to
Section 3.2.

LEMMA 6.18. Let u be a weak solution to (6.1.1) where the assumptions (4.2.1) are in
force and g € L (Qr). Then, for every S > 1 there exists a constant € = ¢(n, L, v, S) €
(0,1) such that if A > 1 and Q is a dyadic sub-cylinder of Qg such that

|Qﬂ{z € Qo : M*(14|Dul)(z) > ASX and My (g) <eA}| > JS‘% (6.2.1)
then the predecessor Q of Q satisfies
QC{z€Qy: M*(1+|Dul)(2) > A} (6.2.2)

Here x = x(n, L/v) > 1 is the higher integrability exponent introduced in Theorem 6.15,
while A = A(n, L/v) > 1 is an absolute constant.

PROOF. We shall prove the assertion of the lemma by a contradiction argument. We
therefore assume that (6.2.1) holds but (6.2.2) fails. Hence we can find Z such that there
holds

M*(1+|Dul)(3) <A and ZeQ.

Since Q C 3Q C n2Qy, and trivially Z € 3Q we have
][ (14 |Dul) dz < M*(1 + |Dul)(3) < A. (6.2.3)
30

Moreover, from (6.2.1) we infer the existence of z satisfying

M{(g9)(2) <eA and ze Q. (6.2.4)
Now, let ) denote — in the sense of Section 3.1 — the unique parabolic cylinder having 3Q
as inner cylinder, i.e. Qinn(Q) = 3Q. If @ = C,(x1) X (t1 — 0%, t1 + 0*) then Q is given

by B(z1,3v/no) x (t1 — (3v/no)?,t1 + (3y/n)?). Itis easy to check that @ C n%Qy.
Next we denote by

v e C([ty — (3v/no), t1 + (3v/no)?]; L*(Bsv/no(z1))
N L% (t — (3vne)* t1 + (3v/ne)*s WH2 (B3 o (1))

the unique solution to the homogeneous Cauchy-Dirichlet problem (6.1.2)

vy —diva(z,Dv) =0 inQ,
(6.2.5)
v=u on 0pQ.

We consider the outer parabolic cylinder to @, i.e. Qou(Q) = Qs ﬁg(xl) x (t1 —
(3v/n0)?,t1+(3y/no)?), which satisfies also Qou (Q) C n2Qp. Then the definition of the
fractional maximal operator M7 and (6.2.4), i.e. Z € Q C Quy(Q) and M7 (g)(2) < e,
yield that

* |Qout(Q)|>11{7 ~
Ql ][Q |g|dz§(|Q| 1ot (Q) J[Qm(@'g'd““”w'

(6.2.6)
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Combining (6.2.6) with the universal comparison estimate from (6.1.3) we obtain
/ |Du — Dv|dz < / |Du — Dv|dz < 01/71|Q|%/ lgldz < ceA|Q),
3Q Q Q
for a constant ¢ = ¢(n)/v. Using |Q] = ¢(n)|3Q] in the preceding inequality we arrive at
][ |Du — Dv|dz < ¢(n,v)el. (6.2.7)
3Q

Next, we observe that the hypothesis of Theorem 6.15 are fulfilled for the solution v to the
homogeneous Cauchy-Dirichlet problem(6.1.2) on Q. Therefore, we have the local higher
integrability of Dv on 2Q C 3Q C () with the estimate

(][ (1+ Do) dz)” < e(n, y,L)][ (14 |Dv]) dz, 62.8)
2Q 3Q

where x = x(n,v, L) is the higher integrability exponent introduced in Theorem 6.15.
Using the comparison estimate (6.2.7), (6.2.3) and 0 < £ < 1 the right-hand side of the
preceding inequality is estimated as follows:

][ (1+1|Dv|)dz < ][ (1+ |Du\)dz+][ |Du— Dv|dz < A+ceX <cA,
30 3Q 3Q
with a constant ¢ = ¢(n, v). Combining the preceding estimate with (6.2.8) yields
][ (1+ |Dv|)** dz < ¢(n, v, L)A?X. (6.2.9)
29

In order to proceed further we use the restricted maximal operator on 2Q and here we
abbreviate M™* := M 5. Using (3.2.10) twice, (6.2.9) and (6.2.7) we obtain

|{z € Q: M**(1+|Dul)(z) > ASA}|
<|{z€Q: M™(1+ |Du])(z) > %ASA}}

+{z € Q: M*™(|Du— Du|)(z) > %AS/\}|

c(n, x) 2 C(”)/
) g e de+ Y [ 1 pu— Dold
(45N /QQ( + D)™ dz + 2 2Q| u = Dv|d>

c(n,v, L) c(n,v)e
(ag) 2+ —4s

ci(n,v, L) = ca(n,v)e
= . 6.2.10
{ asp toas |9 (6.2.10)
Having arrived at this stage we perform the following choices of A and e: We first choose
A = A(n,v,L) > 1 such that

32

N 1 1
A=4-10"1+c1(n,v,L)] = (AS7 < 155 (6.2.11)
Then we the choose € = £(n, L, v, S) € (0,1) such that
1 CoE 1
= = — < —. 6.2.12
© T IS+ o AS = 15%x (6.2.12)

Using these choices in (6.2.10) we find that
|{z € Q: M™(1+ |Dul)(z) > ASA}| < 57%X|Q)|. (6.2.13)

At this stage it remains to replace in (6.2.13) the restricted maximal operator M** =

Mg g by the restricted maximal operator M* = My .o . Let £ = 2¢ be the side-length

of Q and z € Q arbitrary. Moreover, let @ denote an arbitrary parabolic cylinder with
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side-length ¢ = 2p contained in n2Q, and containing the point z. We distinguish two
cases: In the case £ < %E we have Q C 2Q C n?Q and therefore

][@(1 +|Dul) dz < M*™(1 + | Dul)(2).

In the other case 2¢ > £ or equivalently 20 > o, it is possible to enlarge the cylinder @
to another cylinder Q' in such that @ C Q' C n2Qy, |Q’| < 5V|Q| and finally Q C Q,
where Q is the predecessor of Q. In particular we have z € Q’. Therefore, we find

][A(1 + |Dul) dz < 5N][ (1+|Dul)dz < 5N\,
Q !

where we have also used (6.2.3). Since é is an arbitrary cylinder in n2Qy we have shown
M*(1 + |Du|)(z) < max {M**(1+ |Dul)(z), 5V A} VzeQ.

Combining the preceding inequality with (6.2.13) and the particular choice of A in (6.2.11)
leads us to the estimate

[{z € Q: M*(1+ |Dul)(2) > ASA}| < S™*¥|Q)|, (6.2.14)
which contradicts (6.2.1) and therefore proves the assertion of the Lemma. [l

Step 2: Application of Proposition 3.17. Let Qg as in Step 1. Then, we define

Ao = 2c0(n)n2N52X][ (14 |Dul) dz, (6.2.15)

n2Qo
where cy is taken from (3.2.10). Obviously we have that A\g > 0. The strategy of proof is
now to apply Lemma 6.18 for the choice \ := (AS)* ), for k € Ny. We first show that the
hypotheses of Lemma 6.18 are fulfilled for every k € Ny. Using (3.2.10) and (6.2.15) we
infer that

|{z € Qo : M*(1+|Dul)(z) > (AS)*Xo}|
< |{z € Qo : M*(1+ |Du|)(z) > )xo}|

< M/ (1 +|Dul)dz < S™2X|Qy|.
Ao Qo

In the light of Lemma 6.18 we can therefore apply Proposition 3.17 with § := S~2X,

X :={z€ Qy: M*(1+|Dul)(z) > (AS)*1),

and  M;(g)(2) < (AS)*eAo}

and

Y = {z € Qy: M*(1+|Dul)(z) > (AS)*Xo} .
The application of Proposition 3.17 and the definition of X and Y yield that

[{z € Qo+ M*(1+ |Dul)(2) > (AS)F Ao }|

< S7|{z € Qo : M*(1+ |Dul)(2) > (AS) Ao }|

+[{z € Qo : Mi(9)(z) > (AS)FeXo}|
(6.2.16)

holds for every k € Np. With
pi(H) == |{z € Qo : M*(1+ |Dul)(z) > H}|,
wua(H) == |{z € Qy: M{(g9)(z) > HH,
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the preceding inequality turns into

1 ((AS)FT1Ng) < 72Xy ((AS)*Xo) + o ((AS)Fedo) - (6.2.17)
Multiplying (6.2.17) by (AS) “5 A7 we find
(A8) 50T 1y ((AS) o)
< AT5 ST X (AS) mg 5 p1 ((AS)F o)

Iy k Iy
+ (AS/e) 5 (45) 7 (eXo) "7 12 ((AS)FeXg) . (6.2.18)
Note that 'y < ¥ by (4.2.3) and therefore 19— > 0. On the other hand, condition (4.2.3)1,

ire.y < is equivalent to require 19 S < 2 and therefore, since x > 1, we have

19+2’
9
d:=2y — 1 >2(y—1)>0. (6.2.19)
U=
We now choose
l
S = {4/15” } (6.2.20)

where A has been determined in (6.2.11). Note that yﬂ% < yz, whenever y > 1, and
therefore S < [4A?] i < [447] oD = [QA]ﬁ. Recalling the dependencies of A and
X,1.e. A= A(n,L,v) and x = x(n, L, v) we easily infer that S from (6.2.20) is bounded
by a universal constant depending on n, L, v. On the other hand, we have the estimate

AS/e = 41 + 2] ASPX < 2[1 4 €] (24) 27 — %c*(n,L,y),

oy ”
so that (AS/e) 75 < (e4/2) =3 Using this and (6.2.20) in (6.2.18) we conclude that

G410y

(A8) N g ((AS)’““Ao)

ﬁmsw A ((48)520)
+ (%) T (AS) 2 (200) T s ((AS)*eAo)

(6.2.21)
holds for every k € Ny.

Step 3: Parabolic Lorentz spaces estimates on level sets. We take 7 € (0, 00) and
raise the terms appearing in (6.2.21) to the power 7(1997;7). This leads us to

(=)

(k+1) ol Dy

[(AS) A ((AS)’““AO)}

T(9—
P (=) (=)

< max {(1/4) oy ,(1/2)} [(AS)%/\(%/M ((AS)’C)\())} Rt

. oy LS k e
+ 7 [(A8) 5 (e00) 7 iz ((48) ao) }
We note that here we have also used that % < 1919_7 < 1 and therefore 2 5 )_1 < 27

in order to obtain the constant c] in the second term. Now, we sum up the preceding
inequality for £ = 0, ..., H and finally add the quantity )\T|QO| =57 (0 both sides. In
this way we obtain:

L(H) < 7|Qo| "7

T (/2 (H) + e (o0),
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where we have defined

Htl oy 1 G
L(H) =Y [(AS)MA(;’—VM ((AS)’GAO)} " and

k=0

i Koy 9 k 7-(11997;7)
L(oo) =Y {(AS)m (£X0) 77 2 ((AS) EAO)}

k=0

We note that Iy = I3(00) is finite since g € L (7 ), but this fact is not needed here. Re-
absorbing the second therm appearing in the right-hand side of the preceding inequality on
the left and then letting H — oo yields

(=)

1(00) < e [N51Qo "5 + B(o0)] (6.2.22)

where we have abbreviated

7'(19 'y)

cy = [1—max{ 1/4)

1/}

Using the fact v < 192—% we see that (1/4)7(%;W> < (1/2)7 so that the constant ¢; in
(6.2.22) can be replaced by the larger quantity [1 — max{(1/2)7,(1/2)}]~!. This implies
in particular that c; ¢ can be replaced by a constant of the form ¢” where c¢(n, L, v, T) :=
c.[1 —max{(1/2)7,(1/2)}]~/7. We note that c is a decreasing function of 7 with ¢ — oo
when 7 N\, 0 and ¢ — ¢, when 7 — co. Therefore, ¢ = ¢(7) stays bounded on any interval
[10, 00) with 79 > 0. We will keep this kind of dependence for the rest of the proof. Now,

if k > 0and A € [(AS)* ), (AS)k+1)\0) then

9 (k+ )9y
A7y (N) < (AS) 7= /\“ & 11 ((AS)F o), (6.2.23)
and similarly when k > 1 and A € [(AS)*~1e)g, (AS)*e)g) we have
(A8) T (2X0) 75 12 ((AS)Fedo) < AT (V). (6.2.24)

Using (6.2.23) we find

00 T(@W=v) Ao 00 A(AS)EtINg
9y oy d\ / d\ / dA
A7 (A —+§ e )—
/0 [ o )} 2 Jo ) A (AS)*Xo ( )/\

k=0
T(0=v)
|Q0| 197
oo e (#=)
+ (AS)" log(48) Y [(45) 7 A ((48)"x0) ] 7
k=0
— 201 Qo “F + (AS)" log(AS) 11 (),
and similarly using (6.2.24) and the fact that we have chosen ¢ < 1 we infer that
T(@—7y)
In(00) = (Aoe)7| Qo] "7 +Z [ (AS)FZ (edo) " 1 ((AS)’%)\O)} 7
< A\j|Q A7=7 o (A
| O| IOg(AS) (AS)k— 1€>\0|: 2( ) )\

Lo sw-m (AS) oy G dA
—/\|Q0| o +log(AS)/0 [M ”M2(/\)} ~

Combining the preceding estimates with (6.2.22) we conclude

/Ooo [A'ﬁﬂuul(k)}ﬂ%wd)\A
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T(W—7) T(9—7)

)\T
< 20 Qo] T + ¢ (AS)" log(AS) [ Qol T + La(oc)]

T(9—7)

= %+CT(AS)Tlog(AS)]A6|Qo| T+ ¢ (AS) log(AS)I5(c0)

0o T(9=7)
CE)) 9y e dA
< GN|Qo| T 4 65 / IS S (6.2.25)
0
1
where we have abbreviated co = max { [1 ds + 2¢7(AS)7 log(AS)] 7, c (AS)?}. As for
the constant ¢ the constant co = co(n, L, v, 7) blows up when 7 \, 0, while ¢y remains
bounded when 7 is bounded away from zero. Taking into account the definition (3.2.1) and
(3.2.15) the preceding inequality turns into

1ML+ [DuDll 2 y000)

,197 [ or T(‘;i;‘”dA I
_— A7=7 g (A —
(G5 el TR

<c(T)es [/\0|QO\%;77 + HMf(g)HL(f%wT)(QOJ’

1

where ¢(7) = 4'/7. Here we have used in the last line that (1;9%7) T < 2Y/7. With the
obvious inequality |Du(z)| < M*(1 + |Dul)(z) for almost every z € Qg we conclude
from the preceding inequality that

D—y *
(@) < C)\0|QO| 9 4 C||M1 (g)HL(oﬂjw'r)(Qo)’

where ¢ = ¢(n, L, v, ) stays bounded as long 7 is bounded away from zero, and ¢ — oo
when 7 N\, 0. For 0 < ¢ < oo the choice 7 = fqu in (6.2.26) yields

|Dull o

jvT)

(6.2.26)

inled %
IDull o oy gp) < Mol Qol ™ + ¢ [MF(9)]| i 000, (6227)

Having arrived at this stage we can apply Theorem 6.11 with 3 = 1 and p = -y (note that
Bp = v < ¥) passing to the outer parabolic cylinder @, i.e. Qinn(Q) = Qo and choosing
s = 2. Note that, if Qg = Cr x (=R?, R?) then Q = B 5z x (—nR?,nR?) and 2Q =
By g X (—4nR? 4nR?) C Cp2p x (—n*R?*,n*R?) = n?Qy. Furthermore, [Qo| < 1
implies R < 1, so that v/nR < y/n. Hence, the application of Remark 6.8 at the end of the

9 —~ n(9—v)

proof of Theorem 6.11 yields a constant max{1, /n} V"5 < /n~ 7 < ¢(n,7).
Applying Theorem 6.11 with the choice of the parameters described before leads to

HM{((Q)HL(T"% 29 y(9,) < C(na'V?q)”g”L'@('y,q)(ano)' (6.2.28)

9—~ T —~

Combining (6.2.28) and (6.2.15), i.e. the choice of Ay, with (6.2.27) and noting that 52X <
¢(n, L,v) by the choice in (6.2.20), we finally arrive at

e
1Dull oo oy 00y < € (][ (1+ |DUI)dz> Qo ™
vy vy nZQO
JrCHgHLﬂ(%q)(,LQQO), (6.2.29)

where ¢ = ¢(n, L, v, 7, q).
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We now show how the previous inequality, i.e. (6.2.29), can be extended to the case
q = o0. We proceed as follows: We first go back to (6.2.21) and obtain for H € N that

Ko~y 9L
I;(H):= sup (AS)7 AT " 1 ((AS)FXo)
0<k<H+1

Oy 1 ROy L
<A Qo| + 1 1s(H) + c? ig%(AS) 7= (eXo) 77 pa ((AS)FeXo) -

Here we have used that cf = < c , since 5—— < 2 and ¢, > 1. Re-absorbing as usual
1I5(H) in the left-hand side, and then lettmg H — oo we deduce

I3(00) < (4/3) )\19 7|Q0H-csup(AS) (E)\ )‘9 & 5 ((AS)Feo)

< (4/3) )\‘9 w|Q0\ —&-csup)w9 vug()\)

Here we have used (6.2.24) in the last line. On the other hand using (6.2.23) we can bound
the left-hand side of the preceding inequality from below and obtain

v Oy v
sup 77 1 (\) <A77 |Qo| + (AS) 77 I3(c0).
A>0

We note that (AS)I;% can be bounded by a constant ¢ = ¢(n, L, ). Combining the last
two inequalities we have

Sup AT 1 (V) < e A ”IQo|+csup/\“ T p2(N),
A>0

where ¢ = ¢(n, L, v). Taking into account the definition of the Marcinkiewicz space from
(3.2.2) and again the obvious a.e. estimate | Du(z)| < M*(1+ |Dul)(z) we conclude that

O
Du| oy <eA) 7 |Qol + || M 0y . 6.2.30
1Dull g o <X 1l e M@ e (6230)
Similarly to (6.2.28) we use Theorem 6.11, now with the choice ¢ = oo, in order to get
HMI (g)H/\/l,;?j7 (Q0) <c(n,v) ||g||Mw9(n2Q0)~

Connecting the last two inequalities and recalling the choice of A\g from (6.2.15) we infer
that (6.2.29) extends to the case ¢ = oo

PROOF OF REMARK 4.7. Note that (6.2.30) holds also for v = 1, when 4 > 2. In
this case it is enough to estimate the Marcinkiewicz norm on the right-hand side with the
same norm of I (g) and then recall the classical result of Adams [11]: I : L' — M =3
See also Step 6. (]

Step 4: Intermediate parabolic Morrey-space regularity of Du.

PROPOSITION 6.19. Let u be a weak solution to (6.1.1) where the assumptions (4.2.1)
are in force and let g € L”(7y,q)(Qr) with 2 < 2y < 9 < N. Then, for every pair of
concentric parabolic cylinders Q) € Q, C Qr there holds

L 1Dul]| yos  <elo=o) T N1+ |Dull] g,

-
T Q)
+cllgl

L(a)@p) (623D

where ¢ = ¢(n, L,v,7, q).
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PROOF. Let Q, € Q, C Qr be two fixed concentric cylinders and let 2, be a point
in Q,. Moreover let Qr(zy) be a parabolic cylinder with 0 < R < dp(20,0Q,), ie
Qr(z0) C Q,. Moreover, let v € C%([ty — R% to + R?|; L*(Br(z0)) N L3(to —
R? to+ R?; WY2(Bg(z0)) be the unique solution to the Cauchy-Dirichlet problem(6.1.2)
in Qr(zo). Then, using (6.1.8) for the choice ¢ = 1 we infer that for any 0 < r < R we
have

/ (1—|—|Du|)dz§/ (1—|—|Dv|)dz+/ |Du — Dv|dz
Qr(20) Qr(z0)

Qr(20)
r N—-14+«
<e(z) )
R Q

where ¢ = ¢(n, L,v) and a = a(n, L,v) € (0,1/2]. Now, the second integral appearing
on the right-hand side of the preceding inequality is estimated by (6.1.4) from Lemma 6.13,
i.e. we have

N_9=x
/QR(Z ) |DU, — DUl dZ S CR ol ||g||L19(%q)(QR(ZO)),
0

(1+|Dv|)dz+/ |Du — Dv| dz,
Qr(z0)

r(z0)

where ¢ = ¢(n, v, ). Inserting this above yields

/ (1+ |Du|) d=
QT(ZO)

r\N—1+a
<e(m) [ asIpuds ol o

r(20)

19;7 > 1 and therefore

N — ﬁ% < N —1 < N — 1+ a. This allows us to apply the iteration Lemma 3.12 with

#lr) ::/Q ( )(1 +[Dul)dz,  A=c,  B:=clglo.g@,):
20

Ry := dp(20,0Q,) and

502:N71+Q>N7u 251.
Y

Applying (3.3.1) and taking the choice R = Ry > ¢ — o we obtain in particular

/ (1+ |Dul) dz (6.2.32)
Q- (20)

Y-y _ _9=x
<cle= )T [ Qe IDu s+ ol a7
whenever Q,.(z9) C Q., and with a constant ¢ = ¢(n, L, v, ). Here we have used the
dependence o = «(n, L,v). Inequality (6.2.32) immediately implies (6.2.31), and this
completes the proof of the Lemma. U

REMARK 6.20 (Extensions). Proposition 6.19 holds under the assumption 2v < ¥ and
this is implied by the assumptions of Theorem 4.8. In fact, v < ﬁ +2 and 2 < 9 < N imply
that 2y < 1. Therefore, the assumption 2y < 1} can be replaced by the weaker assumption

¥(2 - §) < ¥, where @ > 0 is the exponent from (6.1.8). This condition serves for
o= 7 > 1 — 5 and therefore also for 6; = N — ﬂ,y'y <N-1+§<N-1+a=do,
Wthh was needed in the proof of Proposition 6.19. When v = 1 the proof of Proposition

6.19 still works, provided 2 < ¥ < N and that we use the comparison estimate (6.1.5)
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instead of (6.1.4). Note that in this case N — 1 + a > N — (¢ — 1). The final outcome is
instead of (6.2.32) the following estimate:

/ (1+ |Dul) d= (6.2.33)

T

<ele= N [ IDubds 4 gl |0,

e

where now ¢ = ¢(n, L, v).
With respect to u (instead of Du) we have a statement similar to (6.2.31), assuming

)
1<7<§ and 2<9<N

instead of (4.2.3). This can be seen as follows: keeping in mind the notation introduced
at the beginning of the proof of Proposition 6.19 we obtain using (6.1.9) instead of (6.1.8)
and again (6.1.4) the following decay estimate:

/ (r + |u|) dz
Qr(z0)
<c(r)N/ (R + |u|)dz + c|g]] pN-t2
) i L (v, 4 T,
R QR(Z()) ('Y q)(Q )

for any 0 < r < R. We note that 2y < 1 implies that 19—% > 0. Therefore we can apply
Lemma 3.12 to the quantity o(r) := fQ (z0) (r + |u|) dz. The final outcome, that follows
along the lines of the proof of (6.2.32), is

lull oz <clo—o) T N
L’

o lo + [ulll@,) + llgllLoy.q)q.)

(6.2.34)
We note that ¢ — co when vy 7 9/2.

Step 5: Full Morrey space regularity of Du. In this section we prove (4.2.7) for the
approximating solutions © = u;. We consider a parabolic cylinder (), C Q7 and scale
the problem as in Remark 5.5 to Q1 = Q(0, 1), switching from u, g, a to @, §, @. Applying
(6.2.29) with 4, g with Qg := Qs (note, with this choice of Qy we have n?Qy =
Qi/n2 C Q1/y) we conclude that

1Dl 2 yiq,,0 S N +IDil Lo, ) +elilomae, .0

A
<clt+IDilll 1,y + e ldllLe (ar@im

< CH1+ |Dﬁ|HL1,19%w +cl9ll2o(v.0)(@1m)

(Qi/n)
<clftripall o o clldlle @)
At this stage we scale back to ), and find
_9) =
1Dull e 2y @, ) < €00 Lo v27,0) U(Qg) oV (6.2.35)

where we have defined
v = |14 |D _
(QQ) H + ‘ u|HL1YLfL(QQQ/10) + ”g”Lﬁ(’WQ)(Qg)

for every choice of (), C Q. For a general parabolic cylinder Q2r C €27 we conclude
the proof by means of a covering argument. Let (), C Qg be a parabolic cylinder not
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necessary concentric to Qar. If 4, C Qg then applying (6.2.35) we have

_N)Z=x
TN Dullp g 20y, < €W(@nto) < W)

On the other hand, if Q,4, ¢ Qr We cover (), with a finite number of parabolic cylinders
Q; of radius o/(8n*) and center in QQ,. Note, that the total number of these cylinders is
bounded by a constant m(n) independently on the radius o. Moreover, for each i we have
n*Q; C Q3 2. Therefore, (3.2.16) and (6.2.35) imply

9—N)2=2
"IN Dull o sy,

9—N) 22
<c(n,q) Yo" T IDully pn a0 g,

T 9=
S C(?’L, Lv v, 9, Q) Z \I’(TL4Q1) S Cm\I](QSR/Z)'
Together the last two inequalities (recall definition (3.2.3)) imply that

||Du||L19(19L1{70‘9f‘1w)(QR) S C(n7La V7’Y>q) \II(QSR/Q)

—c|ln+ Dulll oz 1901001 @uryo |- (62:36)

It remains to estimate the first term on the right-hand side of (6.2.36). For this we proceed

by applying (6.2.31), i.e. Proposition 6.19 (note that the conditions imposed in (4.2.3), i.e.
1<y < 192—32 and 2 < ¥ < N,yield 1 < v < g so that the hypothesis 2y < 9 from

Proposition 6.19 is fulfilled) with o := 27R/20 and ¢ := R and conclude that

Hl‘HDuIHLl,ﬁ%7 < CR?iNHl""lDM||L1(Q2R)+C||9||Lﬁ(7,q)(Q2R)a

(Q27r/20)

and inserting this into (6.2.36) yields

[ Dl

22N
LY (220 24 )(QpR) <cR™ Hl + |Du‘||L1(Q2R) +cllg]

Ty Ty L?(7,9)(Q2r)’

where ¢ = c¢(n,L,v,v,q). Recall that we are applying the preceding estimate to the
approximating solutions and data u = uy, g = gx € L>=(Qr), see (6.1.1) and beginning
of Chapter 5, we see that we have established

1Dukll o 22, 00 y(qp)

-y _
<cR™ NH1 + |Duk|||L1(Q2R) + ¢ ||gx LY (v,a)(Q2r)"

with a constant ¢ = ¢(n, L, v, 7, q) independent of k. Since the right-hand side g €
L>°(Qr) of the approximating problems is constructed in such a way that it satisfies | g | <
9] we have [|gk [l L9 (y.0)(Qar) < 191 L9 (4,4)(Qan) — We can indeed truncate

gk(z) := max{—k, min{g(2), k}} ke N.
Therefore the preceding estimate can be replaced by
1Durll o, 20 y(@n)
Y=y _
<R V14 1Dukll| 1y guny T N9 Lo () @unys 6:237)

and this is exactly the estimate for the approximating solutions we were looking for.
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Step 6: Approximation and conclusion. The proof of (4.2.7) and therefore the one
of Theorem 4.8 follows by the use of the lower semi-continuity of the Lorentz-Morrey-
norm with respect to a.e. convergence. In fact, the approximating solutions u;, converge
as k — oo to the solution u in L'(—T,0; W' (€2)) and a.e. on Q (see Section 2.3).
Therefore, we can pass to the limit & — oo in (6.2.37) using the lower semi-continuity of
the Lorentz-Morrey-norms from Section 3.2. This finishes the proof of Theorem 4.8 and
therefore also of Theorem 4.5.

PROOF OF THEOREM 4.11. We ﬁrst recall that v = 2 is equlvalent to z=- = 2.
Since ¥ > 2 we have 192f2 <3 v < W Therefore the assumptlon 19 +2 < ylelds the
existence of vy such that

20 19’)/0
— < d d:=2x————>x—1, (6.2.38
9+ 2 VO—mm{ /2} an X 2 XL (6238

where x = x(n, L,v) > 1 is the higher integrability exponent from Theorem 6.15 and
a = an,L,v) € (0, %] is the Holder exponent from the same Theorem. Using Holder’s
inequality we easily obtain the following embedding for parabolic Morrey spaces:

I(v—="0)

191l L209 (@omy < €(0)2R)™ 770 gl 1.0 (0 ) (6.2.39)
for any parabolic cylinder Qr C Q7. With these preliminaries we proceed along the lines
of the proof of Theorem 4.8 taking into account the following changes: We replace by
7o and choose ¢ = ~y. Then everything can be carried out, since (6.2.19) holds with d
defined in (6.2.38). Moreover, from the definition of y we see that yo(2 — §) < ¥, so
that (6.2.33) is applicable with 7, instead of v (see Remark 6.20). On the other hand we
can also apply Theorem 6.11 in this setting with p = 9 and S = 1 as in (6.2.28), since
Bp =" < 5= Q/Q < 9 by (6.2.38). Having arrived at this stage we let

_ U0
=0’
and note that by (6.2.38) we have h > 2. Then (4.2.10) follows from (4.2.6) specialized

to v = g = 7o, and the quantitative estimate (4.2.11) follows from (4.2.7) and (6.2.39) for
radii R < 1 as follows:

oy
IDullro(@u) < eR 0 ML+ Dull| 1 gy F+ €Nl 00 ()
Y-v0 N 4L
SCR "o ||1+|DU|HL1(Q2R)+CR ||g||Lw19(Q2R)

< REN1 4 1Dulll 1 g, + €190 700 @y

This completes the proof of Theorem 4.11. t

Borderline estimates. Here we consider the cases that g € Llog L(Qr), resp. g €
Llog LY (7). We start with the case g € LY?(Qr) N Llog L(27) and the following

PROOF OF THEOREM 4.6. We proceed as in the proof of Theorem 4.8 taking v = 1;
we note that the proof works with this choice up to (6.2.25), i.e.

X oy e d)\ T(9=7)
/ [/\»ﬂm(,\)] oA M| Qo 7
0

) (=)
~ dA
v [ ] L
0
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Taking 7 = % and recalling that v = 1 the preceding inequality turns into the following

analog of (6.2.26):

/ |Du
Qo

In order to bound the integral appearing on the right-hand side of the preceding inequality
we argue as in the proof of Theorem 4.8 (the paragraph before (6.2.28)) passing to the
outer parabolic cylinder () and then applying Theorem 6.10 for the choice § = 1 and
s = 2 instead of Theorem 6.11. Proceeding in this way we have

9

« _9 S
71 dz < (02/\0) T Qo| 4 ¢yt / | M7 (g) =
Qo

" 2 9 Pt
IME@ITE, <10l g 9l es 2o

e 71
< c¢v-1 ‘TL2Q0| ||g||z1,19(n2Q0)HgHLlogL(n2QO)

e i
< ¢ Qol 911715 (2 00) 1911 10g L(n2 00

where ¢ = ¢(n, L,v) > 1. Inserting this in the second last inequality and recalling the
definition of \g from (6.2.15) we find

=
(][ |Du|% dz)
Qo

S B ey
< |:(CQ)\0)071 + (CZC)ﬂ71 HQHZI,b(n?QO)||g||LlogL(n2Qg)

v—1
9

1 -1
< C[)\o + ||g||21,19(n2go)HQHqugogL(ano)
N 91
< CJ[QQ (1 + |Du|) dz +c HgH}jl,a(anO) ||g||L1iog L(n2Qy)’ (6.2.40)
n2Qo

with a constant ¢ = ¢(n, L,v). Apart from the fact that the preceding estimate (6.2.40)
holds for the approximating solutions u = uy, on the concentric parabolic cylinders Qy,
n2Qy, having in mind (3.2.5), it has exactly the structure of (4.2.5) from Theorem 4.6.
Therefore, all assertions of Theorem 4.6 follow by a standard covering argument combined
with the usual approximation argument. (]

PROOF OF THEOREM 4.10. Since g € Llog L(Qr) we have g € LY7(Qr) N
Llog L(Qr). Therefore, the arguments from the proof of Theorem 4.6 apply and we ini-
tially end up with (6.2.40) from above. At this stage we go on using the strategy from the
proof of Theorem 4.8, Step 5, and scale everything back to ();. Using the thereby intro-
duced notation, in particular passing to inner and outer parabolic cylinders, we obtain for
the re-scaled function @ the following estimate:

|Dall o
L7=T(Q, 1)

1 w1
<clr+iDill g, o) +ellilfioe, 19T 1o, )
1 e
< et 1Dl 1 gy, + e N0 (@) 19112 Tog i)

1 91
S C H]. + |Du|HL1’19—1(Q9/10) +c ||g||zl~0(Q1)”g”L?ogL(Qﬂ
<c H]. + |D'L~L|HL1,1971(Q9/10) + C”é”LlogLﬁ(Ql)’

where ¢ = ¢(n, L,v). Here we have used the fact that [|g||z1.0(0,) S 19l 210g 22 () In
the last line. Scaling back to , we have

, < (N—9) 252
DUl e < el ) U@,



Chapter 6. Adams theorems for nonlinear heat equations 109

where this time we have defined

\I'(Qg) = ||1 + ‘Du|||L1,7971(Q90/10) + ||g||L10gL19(Qg).

Having arrived at this stage we can use the covering argument from the proof of Theorem
4.8, Step 5; more precisely, the argument leading us to (6.2.36) now yields

[1Dull, 520 < c(n, L,v) ¥(Q3r/2)

(Qr)
=cC [Hl + |Du|HL1v0*1(Q27R/20) + HgHLlogLﬁ(QR)]’ (6241)

whenever Qr C €7 is a parabolic cylinder. Now, as observed in Remark 6.20 Proposition
6.19 works also when v = 1 and ¢ € L“?(Qr). Therefore, we apply (6.2.33) with
o := 27R/40 and ¢ := R in order to bound ||1 + |Dul| £1.9-1(Q,, 4 s,)- This leads us to
the estimate

||1 + |DU‘HL1'19_1(Q27R/20) <c |:R19717N||1 + |Du|||L1(QzR) + ||g||L1’ﬁ(Q2R):|

Y—1—N
< C|:R H1+‘Du‘||L1(Q2R)+||g||LlogL19(Q2R):|7

where we have used once again the trivial bound [|g|11.0(,) < 9]lL10g £7(@,) in the
second line. Using the preceding inequality in (6.2.41) we finally arrive at

|Dull o

9—1—N
7217 Q) <c [R ||1 + ‘Du|||L1(Q2R) + Hg”LlogL"(QzR)]’

(6.2.42)

with a constant ¢ = ¢(n, L,v). Note that in the preceding inequality we have u = uy,
where wuy, are the approximating solutions with right-hand side g € L°(Qr) satisfying
|| < |g|- From the definition of the L log L”-norm we easily have that |||/, 10g 1.9 (07) <
917, 10g 1.9 (02> SO that (6.2.42) turns into

1Dkl oo, S [RIH*NHl +1Durl || 11 gy T ||9||LlogLﬂ(QZR)}’

(Qr)

where again ¢ = ¢(n, L,v). This is the desired estimate for the approximating solutions
we were looking for and the final result follows again by passing to the limit k& — oo in the
right-hand side and the lower-semicontinuity on the left-hand side. (|

PROOF OF THEOREM 4.9. Once again we refer to the proof of Theorem 4.8. We start
with (6.2.26) with the choices 7 = g and ¥ = N and obtain

N—~v %
1Dull L g0 < Aol Qol ™ + e MF(9)]| v g0 (6.2.43)

with Ao from (6.2.15). The second term appearing on the right-hand side of (6.2.43) is
treated via Theorem 3.5 (again switching to outer and inner cylinders)

1M D L2 )20 < N9z

Combining this with (6.2.43) and recalling the definition (6.2.15) of A\ yields the following
analog of (6.2.29):

N—~"

N—vy
1Dull g gy00) < C(][zg (+ |Du|)dz>|go| Y7 A cllgllL g 200
n2Qo

Modulo a standard covering argument and the additivity of quasi-norms from Remark 3.2
the preceding inequality is essentially equivalent to (4.2.8). The conclusion of the Theorem
then follows by approximation. ]
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6.3. Integrability of © and more regular coefficients

Parabolic equations with more regular coefficients. In this section we consider par-
abolic equations where the vector field a satisfies either the structure assumptions (4.2.15)
to (4.2.17) — the VMO-case — or (4.2.14) — the case of a continuous vector-field. In these
cases we can weaken the assumption (4.2.3). As we saw in Theorem 4.15 see below, we
can assume that

l1<y<d9 <N

holds. The reason for this comes from the fact that the corresponding solutions to homo-
geneous Cauchy-Dirichlet problems satisfy reverse Holder-type inequalities for arbitrarily
large integrability exponents; see Theorem 6.16.

Since the ideas in the proof of Theorem 4.15 are very close to the ones of Theorem 4.8
we confine ourselves to sketch the necessary modifications. We deal with the approximat-
ing solutions u = uy, where g = g, € L>°(Qr). Keeping in mind the notation introduced
in the proof of Theorem 4.8 we must replace Lemma 6.18 by

LEMMA 6.21. Let u(= uy,) € CO([~T,0]; L*>(Q)) N L2(=T,0; W, *(Q)) be a weak
solution to (6.1.1) where the assumptions (4.2.1) are in force and g € L (Qr). Then,
for every choice of xo,S > 1 there exist constants ¢ € (0,1) and A > 1 depending on
n, L,v,w(-), S and xo such that if A\ > 1 and Q a dyadic sub-cylinder of Qg such that if

Q|
S2x0’
(6.3.1)

|QNn{z€ Qy: M*(1+ |Dul)(z) > ASX and M;j(g) <e\}|>

then the predecessor Q of Q satisfies
Qc {z € Qo : M*(1+ |Du|)(2) > A}.

PROOF. Due to the fact that we are dealing with parabolic equations with more regular
vector-fields we can use the better higher integrability result from Theorem 6.16 instead
of the ones from Theorem 6.15. Again we shall prove the assertion by a contradiction
argument. We proceed as in the proof of Lemma 6.18 until (6.2.7). Having arrived at this
stage we observe that the hypothesis of Theorem 6.16 are fulfilled for the solution v of the
homogeneous Cauchy-Dirichlet problem (6.2.5) on (). Therefore, we have the local higher
integrability (6.1.13) of Dv on 2Q C 3Q C . This means that for any given yo > 1
there exist a constant ¢ = ¢(n, L, v,w(-), xo) such that the estimate

<][ (14 [Do|)? dz) v gc][ (1+|Dv]) dz,
20 39

holds. Exactly as in the proof of Lemma 6.18 this leads us to
£ Q1D b < el L), x0) 420
2Q

We proceed further using again the restricted maximal operator M ** := Mg ,5 on 2Q and
obtain the following analog of (6.2.10):
|{z € Q: M*™(1+ |Du|)(z) > AS)\}‘

c1(n, Lyv,w(-),x0) c2(n
< |~ Gspe a4

,V)E
liel 632
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Now we perform the following choices of A and e: first we choose A = A(n, L, v,
w(+), Xo) > 1 such that

o N C1 1
A=4-10"1+¢1] = (A5)2 < o (6.3.3)

and then choose ¢ = &(n, v, S, xo) € (0, 1) accordingly to

1 . C2€ 1
452x0—1[1 + ¢,] AS ~ 48%xo’
These choices in (6.3.2) yield the following analog of (6.2.13):
|{z € Q: M1+ |Du|)(z) > AS)\}| < §7™0|Q].

Having arrived at this stage we can argue exactly as in the proof of Proposition 6.18 after
(6.2.13) to derive the analog of (6.2.14), i.e.

[{z € Q: M*(1 + |Du|)(z) > ASA}| < §7%x|Q),

which contradicts (6.3.1). This proves the assertion of the proposition. (]

E =

To proceed with the proof of Theorem 4.15 we choose Ag accordingly to

Ao := 2¢o(n)n?N §2x0 ]Z (14 |Dul) d=.

n2Qo
With the arguments form the proof of Theorem 4.8, Step 3, replacing x by xo everywhere
we arrive at the following proper version of (6.2.18) (the only change here is the replace-
ment of y by x¢):

(k+1) ~y

(AS)™ @ v & 1 ((AS)F+1No)

Oy
< ATESTHETIO(AS) ATy ((AS) o)
Sy Oy
+ (AS/e) 777 (AS) 5 (Xo) T pa ((AS)Fe) -
Since v < ¢ by assumption, the quantity % can be arbitrarily large. Nevertheless, since

Xo > 01is at our disposal, we can choose X large enough to have

di=2y0— -2 S0, (6.3.4)
=7
a relation playing the same role as (6.2.19) before. Note, that here we really need the
possibility of taking xo large. This fixes xo = xo(¥,7) (for example we could choose
X0 = %), d = d(¥,v) and also A = A(n, L, v,w(-),,~) by (6.3.3). Having fixed xo
we choose

S = [4/1 1;"_1] ? , (6.3.5)

where A has been determined in (6.3.3). Then S admits the same dependencies as A, i.e.
S =5(n,L,v,w(-),Y,7), and therefore we can write AS/e =: ¢, (n, L,v,w(:),9,7). In
view of (6.3.4) and (6.3.5) we find that the analog of (6.2.21), i.e.

(k+1)197

(AS) 7= x’ =P ((AS)’““)\O)

< L(AS) ATy ((49)"20)

- (CQ) T4 (h0) e ((45)), (636)

holds for every k € Ny with a constant c,. The preceding estimate for the level sets allows
us to proceed as in the proof of Theorem 4.8 after (6.2.21); i.e. we first sum up (6.3.6)
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upon k € N and then re-absorb the intermediate sum in the left-hand side. Arguing exactly
as in (6.2.21)—(6.2.29) we arrive at the following analog of (6.2.29):

Yv—

D i , < 1 D 5

I u||L(f~{’J9~r)(QO)_C(]{¢2QO( + | U|)dz>|Qo| ~
+C||g||L'l9('y,q)(n2Q0)’ (6.3.7)

where now ¢ = ¢(n, L, v, 1,7, ¢). In the next step we have to replace Proposition 6.19
by an appropriate version valid under the weaker assumption 1 < v < 9 < N. This is
achieved in the following

PROPOSITION 6.22. Let u(= uy,) € CO([—T,0]; L*(2)) N L*(=T,0; Wy *(2)) be
a weak solution to (6.1.1) where either the structure conditions (4.2.15) to (4.2.17) or the
condition (4.2.14) are in force and g € L’ (vy,q)(Qr) with 1 < v < 9 < N. Then, for
every pair of concentric parabolic cylinders Q) C Q, C Qr there holds

Y=y _ N
R+IDulll o=a < cle=0) 7 "L +[Dulllzr@y +ellglizo.q@.

(Qs)

where ¢ = ¢(n, L,v,v, 3, q).

PROOF. We first note that by Proposition 6.19 we only have to treat the case v €
(9/2,9). Let zo be a point in @, and Qr(zo) a parabolic cylinder with 0 < R <
dp(20,0Q,),ie. Qr(20) C Q,. Moreover, letv € C%([tg — R?,to + R?]; L?>(Br(0)) N
L3(tg — R?,to + R?; W12(Bgr(z0)) be the unique solution to the Cauchy-Dirichlet prob-
lem (6.2.5) in C(zg, R). Then, using (6.1.12) for the choice ¢ = 1 and with o € (0, 1) to
be fixed later we infer by the argument from the beginning of the proof of Proposition 6.19
that

r\N—-1+a
/ (14 |Dul) dz §c(—> / (14 |Dul) dz
Qr(20) R Qr(z0)

—|—c/ |Du — Dv|dz,
Qr(z0)

holds for any 0 < r» < R where ¢ = ¢(n, L, v, «). Using (6.1.4) from Lemma 6.13 the
previous inequality leads us to

r

N—-1+«
/ (14 |Dul) dz Sc(—) / (14 |Du|) dz
Qr(20) R Qr(20)

— _ 9=
+ellgllpoa@B T,

where ¢ = ¢(n, L,v,q, ). At this stage we remark that v € (¥/2,9) yields 1 — 19%7 €
(0,1). Therefore we choose « € (0,1) such that1 > a > 1 — ﬂ% > 0. Note, that here
we really need the possibility of taking « close to 1 at our disposal. For example we could
choose o :=1 — 192;7'*, fixing o = (¥, y). Now, we can finish the proof exactly as in the
proof of Proposition 6.19 by the application of Lemma 3.3.1. O

Having arrived at this stage the local Lorentz integrability of Du from (6.3.7) can be
turned into the desired Lorentz-Morrey space estimate via the scaling argument along the
lines of the proof of Theorem 4.8, Step 5, combined with the intermediate Morrey space
information for Du from Proposition 6.22. See also the Proof of Theorem 4.9.
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Integrability of u. Since the proofs of Theorem 4.12 is very close to the one of The-
orem 4.8 we confine ourselves to outline the necessary modifications only. Again, we deal
with the approximating solutions u = wuy, abbreviating again g = g. Now, we go back to
the proof of Theorem 4.8 and keep in mind the notation introduced thereby. Then, Lemma
6.18 must be replaced by

LEMMA 6.23. Let u(= uy,) € CO([~T,0]; L*(Q)) N L2(=T,0; W, () be a weak
solution to (6.1.1) where the assumptions (4.2.1) are in force and g € L™ (Qr). Then,
there exists an absolute constant A = A(n, L,v) > 1 such that: For every S > 1 and
Xo > 1 there exists a constant € = e(n, L, v, S, x0) € (0,1) such that if \ > 1 and Q a
dyadic sub-cylinder of Qg such that

[
S2x0

|9n{z€ Qy: M*(1+|ul)(z) > ASX and M;(g) <eX}| > , (6.3.8)

then the predecessor o} of Q satisfies

Qc {z€Qo: M* (14 |u])(z) > A}

The main changes in the statement of Lemma 6.23 are essentially the replacement of
Mi(g) = My ,20,(9) by M3(g) = M; .o, (9) and the introduction of the parameter
Xo > 1 which is at our disposal, i.e. xg can be picked large at will, while the quantity x in
Lemma 6.18 was fixed. In principle, the proof of Lemma 6.23 follows the one of Lemma
6.18 replacing M*(1+ |Dul|), M (g) by M*(1+ |u|), M5 (g). But for convenience of the
reader we describe the main differences. Since we are dealing with M5 (g), (6.2.4) has to
be replaced by M5 (g)(2) < e for some zZ € Q, yielding in turn the following analog of

(6.2.6):
Q1% £ lgldz < clmen,
Q
Therefore, by (7.2.2) we have
/ |lu —v|dz < c(n,y)|Q\% / lgldz < ¢(n,v)e.
3Q Q

At this stage the proof proceeds exactly along the lines of Lemma 6.18, starting with the
preceding inequality instead of (6.2.6). This leads us to the following analog of (6.2.9):

/ (14 [0)2 dz < c(n, L, v) A2X0.
20

Here we have taken into account that the side-length of the cylinders is bounded by 1. Now,
as in the proof of Lemma 6.18 we compare the level set of M **(1 + |u|) in the cylinder Q
with the one of M**(1 + |v[), where M** := M, 5. This procedure implies that

c1(n, L,v)
(AS)2xo

[z € Qi M™(1+[ul)() > ASH} < | + cQ(Z’S”)E Q).

The choices of A and € are performed exactly as in (6.2.11), (6.2.12), but everywhere
replacing x by xo. This fixes A = A(n, L,v) > land e = ¢(n, L,v, S, x0) € (0,1) and
leads first to the analog of (6.2.13), and secondly with the arguments from the proof of
Lemma 6.18 to the following analog of (6.2.14):

[{z € Q: M*(1+ [ul)(2) > ASA}| < S~2x0|Q),

contradicting (6.3.8). This completes the proof of Lemma 6.23.
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We now proceed with the proof of Theorem 4.12 along the lines of Theorem 4.8,
starting at Step 2. We initially choose

Ao 1= 2¢o(n)n?N 52X ][29 (1+ |ul) dz, (6.3.9)
n2Qo
and define 4, (-), pa(-) by
pr(H) = |{z € Qo: M*(1+ |u])(2) > H}|,
and
pa(H) = |[{z € Qo : M;(g)(z) > H}|,
respectively, for H > 0. At this stage we start replacing % by 19_1’%27 everywhere.

Applying Lemma 6.23 and Proposition 3.17 at levels H = (AS)**t1),, (AS)*)\ for
k=0,1,2,... we arrive at the following analog of (6.2.18):

(b+1)9~y

(AS) 7= Ay 1 ((AS)*120)

k

9y ~ 9y U
< ATH ST XO(AS) AT iy ((AS) )

1 (AS/e)TE (AS)TE (M) TF g ((AS)*eXo) . (6.3.10)

We observe that this time we can choose X large enough to have 2y — 19137 > 0; see

(6.2.19) for the corresponding relation in the proof of Theorem 4.8. Note also that at this
stage we need the possibility for choosing x large at will, since 2+ can be arbitrarily close
¥ making ﬁlzw large. This motivates the following definitions

dZ: 2X0—

Py oy 14
>0, S = {41419*2“/} ,
¥ — 2y
so that A7 Sﬂmv 0 < %. Using this in (6.3.10) allows us to proceed as in the proof
of Theorem 4.8 after (6.2.21); i.e. we first sum up (6.3.10) upon k£ € N and then re-absorb
the intermediate sum in the left-hand side. Arguing exactly as in (6.2.21)—(6.2.26) we
arrive at the following analog of (6.2.26):

9 =2 «
||UHL(19127727,T)(Q0) < eXo|Qo| ™ +CHM2(9)||L(£7"2’,Y,T)(QO)’ (6.3.11)

which holds for every 7 > 0, and where ¢ = ¢(n, L, v, 7,9, 7). At this stage we take 7 =

ﬂf%’v in (6.3.11) and apply Theorem 6.11 with 5 = 2 and p = v (note that 8p = 2y < ¢

by assumption (4.2.12); this leads us to

HM;(Q)HL(%,L)(QO) < C||g| L7 (v,q)(n2 Qo)

Y —2~
It is worth to remark that this is exactly the point where we use the fact that M5 admits a
higher regularizing effect then //]". Combining the preceding inequality with (6.3.11) and
recalling the definition of A\ from (6.3.9) we obtain

9 —2~
ol 12420 S(][ e |U|)d2)|Qo|”” +ellg]
n?Qq

Y—27v 79 —2v

LY (v,9)(n2Qo)"

Having arrived at this stage the local Lorentz integrability of w can be turned into the
desired Lorentz-Morrey space estimate via a scaling argument along the lines of the proof
of Theorem 4.8, Step 5, combined with the intermediate Morrey space information for
from Remark 6.20, (6.2.34). Consider (), C Q. Scaling back to ()1 as in Remark 5.5 and
arguing along the lines of Step 5 we find

ey, 20nn < L+ ez +eldloga@n:

T—2~ 0 T—24

(Qo/10)
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Scaling back to ), via Lemma 3.4, we find for every parabolic cylinder ), C Qr that

9—2y

(N—9)
lull L2, 21 @, 00 < € ¥(@e) 0 (i

where this time we have set

V(Q,) = ||9+ |“‘HL1’§927 (Qo0/10) + ”g||L*9(%q)(Qg)‘

Having arrived at this stage we follow exactly the proof of Theorem 4.8, Step 5, after
(6.2.35). The only difference occurs when using the intermediate Morrey-space estimate
(6.2.34) instead of (6.2.31). The desired estimate (4.2.13) then follows by the approxima-
tion argument from the proof of Theorem 4.8, Step 6.

The proof of the second part follows similarly to the one of Theorem 4.9, taking into
account Theorem 3.5 for the choice g = 2.

PROOF OF THEOREM 4.14. We once again consider the approximating solutions u =
uy, € CO([-T,0]; L3(2)) N L2(-T, 0; W&Q(Q)) to (6.1.1). From [28, Lemma 4.3] we re-
call that the following Poincaré-type inequality holds

/ |U*(U)Qe/2|dZch/ IDUIdZ+092/ lgl dz,
Q9/2 Q Q

e e

for any parabolic cylinder @, C Q, with a constant ¢ = ¢(n, L, v). Therefore, we have

lBMOQR ) =  SUD ][ fu— (u)q, | dz
(Qry2) QuCQrnys . o

<c[IDulpgn + sw ¢ 4 lglds]
QQCQR QQ

The first term appearing on the right-hand side of the preceding inequality can be estimated
with Proposition 6.19 for the choice v = ¢#/2 and ¢ = co (note that 1957}92/2 = 1); we infer

that
||DU,||L1,1(QR) S CRliNHl + |DU|HL1(Q2R) + CHgHMx‘)/2,19(Q2R)7

where ¢ = ¢(n, L,v,9). On the other hand, the second term can be treated by use of
Lemma 3.3 as follows:

)
2 —2/9 2
0 ]{2 gld= < 75 ds1Qul gl o,

e

) o9 P=N
< 55 R2a)] 0 7 gl ppor2 o,

=N
c(n, 9)0 77 |9l por2(g,)-

Therefore, we have

2
sup ¢ £ lgldz < eln, D)ol a2
Q.COn Q. ’ M (Qr)
Combining the preceding estimates leads us to
—-N
[u]BMO(QR/z) < CRl Hl + |Du|||L1(Q2R) +c ||g||M19/2119(Q2R)7

where ¢ = ¢(n, L, v, ) we note that the constant ¢ blows up, i.e. ¢ — oo, when J \ 2.
Again the desired result follows by approximation. O






CHAPTER 7

Marcinkiewicz regularity for degenerate parabolic
equations

To begin here we spend a few words about the main problem, but at the same time the
interesting point, of the proof of the results of Section 4.3. As we saw in Section 2.5 when
dealing with evolutionary p-Laplacian operator it is customary to consider estimates over
intrinsic cylinders, i.e. cylinders of the form (3.1.5) in which |Du| ~ A, in some integral
sense. The problem when dealing with the techniques we have seen in the previous two
Chapters is that there are two possibilities which are to be accommodated. The correct
geometry to be used when approaching questions regarding homogeneous problems are
energy ones, i.e.

][ (s+ |Dv|)pdz ~ AP,
Qh
see (7.1.18) and also the Caccioppoli estimate Lemma 7.3; this could be seen as the energy
geometry. On the other hand, since we are dealing with very weak solutions to equation
(4.3.1), these functions might even have infinite energy. Consequently, also comparison
estimate Lemma 7.9 does not hold for the natural integrability exponent p. Therefore, the
only meaningful definition for intrinsic cylinders for u is

][ (s—i—|Du|)pi1 dz = N1 = (s+ |Dv\)p71 dz ~ \P71
Qk Qr

via comparison, see (7.3.6) and (7.3.12); we could call this the weak geometry. It will turn
out in Section 7.2 that the right geometry for the problem is the weak one, as one could
expect, since the regularity for solutions to homogenous will allow to show that the two
geometries for v are actually equivalent, as proved in Proposition 7.13.

7.1. Estimates for homogeneous problems
Let us consider v € C°(I; L?(A)) N LP(I; WP (A)) solution to the problem
vy —diva(z,t, Dv) =0 inAxICQrp, (7.1.1)

being A, I open sets and with a : Qp x R®™ — R the vector field appearing in (4.3.1),
therefore satisfying (4.3.4) and

(a(,t,€),€) > c(s* + |§|2)1°2;2|g\2 —c 1 LsP, (7.1.2)

by a simple use of Young’s inequality, with ¢ = ¢(p, v, L). In this section we collect some
regularity and comparison results for weak solutions to (7.1.1).

The following is the sup bound for solutions to degenerate parabolic equations. It can
be found in [127], see obviously also [54, Chapter V, Theorems 3.1 & 4.1]. Some modifica-
tions of the proofs are needed; in particular we followed the proof of the homogeneous case
and the last term in (7.1.3) is due to the fact that in (7.1.2) the term containing s appears.
Moreover we introduced the parameter ¢: following [54, §12, Proof of Theorem 4.1], once
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we fix € € (0,1), we just need in (12.1) to take k so big that k > £(p?/0)/(P=2). Note
that DiBenedetto’s book notation differs from ours (in particular 6 < o).

PROPOSITION 7.1. Any positive local sub-solution w to (7.1.1) in A X I is locally
bounded with the following quantitative estimate: for Q, -(20) = Qp.0 C AxI, 0 € (0,1)
and for every € € (0, 1] there holds

n+p

1 2 o3 /2
5 < - - 732 Pd
swwse(gta) (5) (f, we)

.o
P 1/(p—2)
+ e () +sp (7.1.3)

g

for a constant depending only on n,p, v, L.

Starting on the other hand from (7.1.3) and following exactly [54, §12, Proof of Theo-
rem 4.1] we can lower the exponent appearing on the right-hand side, therefore getting the
following corollary:

COROLLARY 7.2. Let w be as in Proposition 7.1; then for ), »,0, € as above there

holds
1 n+p D 1/(p—2)
sup wgc((l_e)g) %][ wP™1 dere('DU) +sp (7.1.4)

Qop,00 P
with ¢ = ¢(n,p,v, L).

The next Lemma is a standard Caccioppoli’s inequality on generic cylinders. For its
proof see [96, Lemma 3.2].

LEMMA 7.3 (Caccioppoli’s inequality). Let v € LP(I; WP (A)) be a weak solution
to (7.1.1) and let Qpy 6, = Qpy.00(20) C A X I be a cylinder. Moreover let k € R. Then
the following estimate holds:

—2
/ (524r|Dv|2)pT|Dv|2 dz + sup / lv — k|* dx
Q Bpl(IO)

p1,01 te(to—0o1,toto1)

< ¢ / v — k|* dz
09 — 01 Q

p2,02

c

+— v—kPdz+csP|Qr,.s,|, (7.1.5)
(pg_m)p/Q o — K Qv

P2,02
for all concentric cylinders Q,, .o, = Qp, 01 (20) € Qpy,0,(20) and with a constant de-
pending on n,p, v, L.

The next is [96, Lemma 3.1]:

LEMMA 7.4. Letv € LP(I;W'P(A)) be a weak solution to (7.1.1). If Q,, »(z0) €
A x I and py < pa, then there exists a radius p € (p1, p2) and a constant ¢ depending on
n, p, L such that

|(U)Bﬁ(ggo)(zt1)(U)Bﬁ(%)(tz)gp;_"pl]é2 (|Dv\+5)p’1dz (7.1.6)

p2,0

fora.e. ti,ts € (tg — 0,to + 0).

The following is instead a Sobolev-type inequality. See again [96, Lemma 3.3].
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LEMMA 7.5. Let 1 < q < 00 and suppose v € Li(to — 02, to + 02; WH4(B,, (20))).
Then, for a constant depending only on n, q, there holds

q
/ ’” —(v)B,, (t)}q(Hz/n) dz<c < r > / |Dv|?dz x
Q p2—p1) Jo

P1:91 P2,02

q/n
x ( sup / B,, (t)|2d:c> (7.1.7)
te t —0o2,to +0’2)
<R

Sor every couple of radii R/2 < p1 < ps
zZo = (3?0, to).

A

. Qoo and Q,, 5, share the vertex

PROPOSITION 7.6. Let v € LP(I;W1P(A)) be a weak solution to (7.1.1) and let

Q¥ (20) C A x I be a cylinder such that
A\ P
<7> < ][ (s+|Dv|)"dz and ][ (s+[Dv|)"dz < kP AP (7.1.8)
K Q> Q2
R/2 R

hold for a constant k > 1. Then there exist constants c1 depending on n,p,v, L, k and an
exponent £ = &(n, p) such that

(f, ) <o) (f

forall R/2 <11 <19 < R and with ¢ := max {p —1,np/(n+ 2)} < p. Here Qi‘l and
Qi‘z are concentric cylinders having the same vertex of Qi\z

1/q
(s+|Dv|)qdz) (7.1.9)

A
T2

PROOF. Since this proof is very similar to that of [96, Lemma 3.4], in some points the
arguments are only sketched. We refer to the aforementioned paper for the missing details.
For shortness of notation from now on we suppose zo = 0. If this were not the case, a
simple translation would be sufficient to recover this situation.

We begin by defining 3 := (ry —r1)/5. Caccioppoli’s inequality (7.1.5) applied with

QP1,01 = Qi\l’ Qﬂz,az = BT1+T3 X A7/"\1+2r3 = BT1+T3 X (_)‘Q_I)(Tl + 2T3)2’ )\2—p(r1 +
2r3)?) gives, for e € (0, 1) to be chosen

cAP2
][ (s> + | Do ) E |Dv|2 dz < ]l v — k|? dz
Q r3 Biyqrg XAD

Tl r1+2r3

¢
—I——p][ v — kP dz+ csP
713 B"l +73 XA7 1+2r3

g)\ —i—— |v — kP dz + ¢ s,

’I” A
3/ Brytrg X A'r'l +273

(7.1.10)
with the constant c. depending on n,p,v, L and on €. In the last line we used Young’s
and Holder’s inequalities. Note moreover that we could take averages in (7.1.5) since
|Brygrg X AY 40, |/1Q0 | < ¢(n). Now we choose

k= (’U)BT LaxXAX = vdz,
1 r1+2rg By s AN
S

r1+2rg

recalling that By, 17 X A} 5., = Br4r X (=A27P(r1 +2r3)%, A27P(r1 +2r3)%) and 7 €
(r3,2r3) is such that r; + 7 is the radius p of Lemma 7.4 with p; = 1 +73, p2 = r1 +2r3
and o = A\27P(r; + 2r3)2. Note that

A A A
BT1+T3 X Ar1+2r3 C BT1+f‘ X Ar1+2r3 C Qr1+2r3
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and their measures differ only by a constant ¢(n), since R/2 < r; < ro < R. With this
choice of k£ we can estimate the integral term in (7.1.10) in the following way, writing for
shortness @ := By, 47 x A} o, and B := B,

f 0= ()P dz < clp) f 0= ()50 dz
Brytrs ><Af,‘1 +2rg Brytrg XAﬁ\l +2rg
belp) sw [(0)p(0) - (@l @111
A,

where sup is to be understood in the sense of essential supremum. Applying (7.1.6) from

Lemma 7.4 we have
A27P(ry + 2r3)2
|(0) (1)~ (0) )| < 2L 2T8)

X
"3 Q) y2rg

(IDul+s)? " dz (7.1.12)

for a.e. t1,t2 € A7)“\1+2r3' This will be useful to estimate the second term in (7.1.11):
indeed for a.e. t € A?1+2r3 by (7.1.12), using the intrinsic estimate (7.1.8), we have

l(v)p(t) — (U)Q\ < c%

2
o
T3 Q

for a constant depending on n, p, L, k. Note again that |Q} ,o,.| = |Q}| =~ |Q}, up
to a constant depending on n. Now we estimate the first term of (7.1.11). Using the
Sobolev’s estimate of Lemma 7.5 with ¢ = np/(n +2), Qp, o, = Q = By, 4 X A o
szﬂz = Qi\l +3r3 we gain

£ s
7‘1+7‘3><

r1+2r3

R\ P/ (nt2)
<c () ][ | Do|"P/ ("+2) 2 x
T3 Q

(|Dv| + s)p_l dz

A
er +2r3

(D b\ YD
vl +s)" dz (7.1.13)

A
T2

A
r1+3r3

x( sup /
tEAr1+37~3 B

We now need to further estimate the supremum on the right-hand side of the previous
inequality. By a simple argument, using triangle’s inequality, we get

/B [0+ 1) = (W), 1, (D) di < 2 / [o(-+) — (v)n

Bry+3ry ritars
Using the previous estimate together with the Caccioppoli’s Lemma 7.3, this time with
— OX — OX - ;
QT'1,S1 = er+3r37 QT‘Q,SQ = Qr1+47"3 and k = (U)Qa1+4'r3 gives

p/(n+2)
[0(-11) = (V) B, 1, (D] dx) . (1.1.14)

r1+3rg

2 dx.

r1+3r3

e N—
|Q7’1 +4r;3 | tGAﬁl +3rg

1 2
sup / [0( 1) = (V) By, 150y ()] d
By +3rg

de

cAP—2 [
< —
B ’I“% Q) ‘U (U)Q¢1+4'f3

r+4rg
c
+ — ’v— V) oA
5 Jor ©)a2, ar

r1+4r3

Pdz+csP, (7.1.15)

the constant depending upon n, p, v, L. We estimate, again by triangle’s inequality
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2
Fo Qe Pl - @, 0
Q7'1+4'V'3 Q'1+473
2
+2  sup ()B4, () — (v) - |”. (7.1.16)
tEAX L4y riTeTs
At this point Poincaré’s inequality applied slicewise gives
2
[0 = )8y, (O d2 < ) (11 +4r3)* f Dol dz

Qi\1+4r3 Qr1+47‘3
< c(n) (ry 4 4r3)?\2,
using Holder’s inequality and (7.1.8). As for the second term of the right-hand side of

(7.1.16) we deduce, similarly as done in (7.1.11)-(7.1.12), using Lemma 7.4 with p; =
Ty +4r3, po =71+ 5ry = roand 0 = A\27P(ry + 4r3)?

! 2
xS |(V)B, 4, () — (V)
|Q7”1+4T3| t€A71+473| s Q7'1+4”‘3 ’
A2(27P) 4 4 2(p—1)/p
<c (T; + 4r3) (][ (IDv|? + s?) dz)
T3 QX

T2
<c <(T1 +47“3)2)2>\2
< 7’3
with ¢ = ¢(n, p, L), so merging the last two inequalities into (7.1.16) gives
4
v = (W)gn M)
T3

71 +4r3

2z <c(r+ 41"3)2 <1 + |QT1+47"3|>\2

Q| parg

<err( ) Qa7 1A

c having the same dependencies as the constant above. Similar estimates give

v —
A ‘ )Q71+473

T1+4r3

putting these two estimates into (7.1.15) gives (notice that s < k A)

% sup L |’U(~,t) - (U)Br1+3r3 (t)’2d{17

|Qr1+4r3| tEAr 4arg r1+3rs
2p 2p
R R
<ec|— N tesP <cel — AP,
T3 T3

R\
s [ o) - @, OF do < ere ()
tEA, +3ry J B r3

using in turn this estimate into (7.1.14) and using again Young’s inequality, € being the
same quantity already chosen in (7.1.10), finally gives an estimate for the first term of
(7.1.11)

1

D
T3 J By g xA)

dz < cRp(T3> AP,

that is

r1+3r3

v = (0) (B[ dz

ri+2r3

R 2p(n+p+1)/(n+2)
< C)\QI)/("+2) () ][ |D,U|np/(n+2) dz
T3 Q

2p(n+p+1)/n
< =N+ ek )(R) (][
T3 Q

A
T2

™

(n+2)/
\Dv|”p/("+2) dz)

\V]

A
T2
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with ¢. = c.(n,p,v, L, K, €); putting this estimate inside (7.1.11) together with (7.1.13)
and in turn the result into (7.1.10)

p—2
][ (s> +[Dv[*) = |Dv]*dz
Q)\

1

R\*
<N te () (][
T3 Q%’g
(R)Qp(nﬂOJrl)/” (][
+ Cs -
T3 Q

c. depending upon n, p, v, L, k and obviously €. Now we only need some algebraic ma-
nipulations to get (7.1.9). In particular we first recall the definitions of r3 and ¢ < p, we
estimate from below the left-hand side and we sum to both sides s. Then we estimate

Al’gnp][
Q

and choose ¢, depending on n,p, K, small enough to make reabsorption possible. This
finishes the proof. O

(D - )p/(pl)
vl +s)" dz

(n+2)/n
|Dv|np/(n+2) dz) ,

A
T2

|Dv|P dz < &P 2"+2][ |Dv|P dz
@,

A
R/2

Matching the previous Proposition with Lemma 3.14 immediately implies the follow-
ing homogeneous reverse-Holder estimate:

COROLLARY 7.7. Let v € LP(I;WP(A)) be a weak solution to (7.1.1) and let
Q% (20) C A x I be a cylinder such that
AP p p
— < (s+ |Dv|)" d= and (s+ [Dv])" dz < KP NP
KP A QX
R/2 R

hold for a constant k > 1. Then there exists constants c depending on n,p,v, L, q, k such
that
» 1/p c . 1/q
s+ |Dv| dz) < ,<][ s+ |Dv| dz) , (7.1.17)
(£, e+ e (f,, o

forany 6 € (0,1), q € [1,p] and with &' = &' (n, p, q).

PROOF. We apply Lemma 3.14 with the choices

1
= LM U = Qp(20), oi =
Q%]
so that o;U = (r;/R)Q%(20) = Q7. (20), i = 1,2. (3.3.2) obviously holds. With these
agreements (7.1.9) looks exactly like (3.3.3), apart from a constant depending on n and p
(the reader might recall that |Q}| ~ |Q;, | & |@;, ). Then (7.1.17) follows straight from
(3.3.4). 0

T

§7 7::1’25

Finally we can state the higher integrability for the parabolic p-Laplacian in the homo-
geneous form we needed. With all the preceding results at hand, its derivation is straight-
forward.

COROLLARY 7.8. Let v as in Proposition 7.6 and in particular let
AP P P
-] < (s+ |Dv])" dz and (s+ [Dv])" dz < (kA)P
Y A A
QR/2 Qr

(7.1.18)
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hold in some cylinder Qf‘%, with A\ > 1 and for a constant k > 1. Then there exists
X = x(n,p,v, L) > 1 such that

(f@ (s + [Dv|)™* dz)l/(pX) <c <][Q

R/2

1/q
(s+ Dv|)qdz) (7.1.19)
R
Sorany q € [1,p|, for a constants ¢ depending onn,p,v, L, k.

PROOF. The estimate

1/(px) 1/p
(s+|Dv|)dez <c (s+|Dv\)pdz
Q% Q3

R/2 3R/4
is deduced starting from [96, Proposition 4.1] and (7.1.18) very similarly to [4, Lemma 3].
At this point using (7.1.17) in the previous estimate gives (7.1.19). (]

7.2. Comparison lemmata and merging the geometries

In this section we approach to the proof of Theorem 4.16, first collecting some com-
parison result and then showing how to accommodate the two geometries of the problem,
as explained in the beginning of the Chapter.

First of all, from now on we will choose for the set A x I a cylinder Q% (z0) € Qr and
we introduce therein the comparison function solution to the Cauchy-Dirichlet problem
vy —diva(z,t, Dv) =0 in Q}:
! ( ) R (7.2.1)
v=u on OpQ%y,
where w is a solution to (4.3.1). Recall we are dealing with approximating, regular solutions
u = uy; therefore existence and uniqueness of v are well known arguments (see [54]) and
so it is the fact that v € u + C°(A; L2(B)) N LP(A; Wy P(B)) if Q% = A x B. The
following comparison result is [104, Lemma 4.1].

LEMMA 7.9. Let u be a weak solution to (4.3.1) and let v be the comparison function
defined in (7.2.1). Then

a V2 [ lel@y) |
(][ | Du — Do| dz) <c [N} (72.2)
Q% Q™™
1
forevery q € [1,p -1+ m) and for a constant ¢ = ¢(n, p, v, q).

We note that this comparison estimate has a non-homogenous character as the elliptic
corresponding ones, see [123, Lemma 9.5], since as we already said equation (4.3.1) does
not show homogeneity. However this estimates perfectly fit our situation, once having
intrinsic relations at hand, as we will see several times in the sequel. The first one is the
following

LEMMA 7.10. Let u be a weak solution to (4.3.1) and let the density condition (4.3.2)
Sfor some 1 < 9 < N hold. Moreover suppose that the intrinsic relation

[I/ﬁlé?f)} " (7.2.3)

holds true for some constant k € (0, 1), where m is defined in (4.3.6). Then

1/q N
(][ ’Du — Dv’q dz) < ¢y KIN-DG=DFT )\
QA
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1
forall q € {1,19 -1+ m),ﬁ)r a constant c, depending on n,p, v, cq, q.

PROOF. From (7.2.3) and (4.3.2) we obviously have
A A
BQY oy g @D s
Q%] Q%
Hence by Lemma 7.9 for ¢ as in the statement ,we deduce, using the previous relations
1/q A 1 OGO
(][ ’DuDv’qdz) §C[|u|>\(%}
Q% Qrl™F
a+p
_ [l@i] ™ o0
Y "

_ ___2-p N
< cgm NP+ G o gAY DG o

where «, 8 are two positive constants such that « + 8 = N/[(N — 1)(p — 1) + 1]. We can
choose « and (3 in such a way that the exponent of R is zero and the exponent of \ is s, i.e.

(1 1) N 3 1 N
a=(1-— , = — .
W/ (N=Dp-1)+1 dI(N-1)(p—1)+1
At this point a direct calculation shows that m > N/[(N — 1)(p — 1) + 1]. O

At this point, in order to prove that the two geometries of the problem, we first a
Poincaré-type estimate for the function v.

PROPOSITION 7.11. Letv asin (7.2.1) and let Q% = Q% (20) C A x I be a parabolic
cylinder, not necessarily intrinsic. Then

1,

v— (V)@
R

a
dz < c][ (s + |Dv|)? dz
Q

A
R

+ C)\Q(2*P) <][
Q

forall 1 < q < p, for a constant c depending on n,p, L, q.

A
R

q
(s+|Dv)"™" dz> (7.2.4)

A
R
PROOF. For the sake of readability we denote Q% = Qx(20) = Br x Aj. Take a

positive weight function € C2°(Bp) satisfying

][ ndr =1, n(x) + R|Dn(x)| < e¢(n) forallz € By

Br

and define the weigthted mean of v(+, t) on Br by

00, = . ultnda,

Br

Now we split the integral on the left-hand side of (7.2.4) in the following way:

]{y _QQ dzsaq)ﬁ y W
+ CI(;)]{% ()5, (1) — ][A;?(U)BR(T) drl dt
+%J[ (05 (1) dT = (v)q; “dt= T4 11400
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We have, by a standard variation of Poincaré’s inequality applied slice-wise

IHI<I< c(n,p)][ |Dv|?dz.
QR
To estimate /1 we rather use the equation. Test indeed directly (7.2.1); with the test func-
tion 7 independent of time: for a.e. t1,ts € Aj\%

(), () — () () = | [

ta
O [(v)h,(1)] dt‘ = / . Owndx dt‘
t1 R

t1

2}
/f(a(-,Dv),Dn)dmdt’
t1 Br

L _
< c(n) / ][ (s + |Dv|2)(p n/2 4,
R A JBr

<c¢(n, L) AHRJZ (s+|Dv|)" " dz,
A

R

SO

q
IT < ¢(n, L,q)\13~P) <][ (s+ \Dv|)p_1 dz> :
A

Qr
Note that the previous estimate is just formal: a precise proof can be done using a regular-
izing procedure in time, for example Steklov’s averaging. See for example the analogous
[29, Lemma 5.1] or [71, Lemma 4.11]. Merging together the estimates for I, I'1, I11 gives
(7.2.4). O

The previous proposition immediately translates in the following corollary, once we
know that the cylinder Qf‘% is intrinsic:

COROLLARY 7.12. Let v as in Proposition (7.11) and moreover let us suppose the
intrinsic relation

£ Dol i < (!
Q/\

R

is satisfied. Then

1,

for a constant c depending on n,p, L, k.

v— (V) [P B
v= ey dzgc][ (s+ Do)’ ' dz
R Q

A
R

A
R

The following Proposition finally shows that the weak geometry for Dv is equivalent
to the standard one.

PROPOSITION 7.13. Let v be the weak solution to (7.1.1). Then if

A\ P - _
() S][ (s +[Do|)" " dz, ][ (s + [Du))" " dz < (ko A)P™
QQM Q%

K1 X
(7.2.5)
hold for constants k1, ke > 1, then
)\ q
<) < ][ (s + |Dv|)? dz, ][ (s+[Dv|)?dz < c(ra))? (7.2.6)
R Qs R/2

holds for every q € [p — 1,p), with ¢ depending on n,p,v, L, k1 and ka.
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PROOF. The first inequality of (7.2.6) follows immediately from (7.2.5). For the sec-
ond one, we use Caccioppoli’s inequality together with Holder’s and Young’s inequalities

to infer
P 2/p
][ (3+Dv|)qu§c[)\p2<]l dz>
Q Q3r/a
p q/p
—l—][ ( + 3”) dz]
Qé\R/4

v—(V)or |P a/p
§C|:)\P+][ (Q3R/4 —i—sp)dz}
Q)\

R

3R/4

¢ q

< — [ 0sc v} + cs?+ c(kaM), (7.2.7)
R LQdn,,

v—(v)

Q3r/a
R

A
R/2
U= (V)Qd,

R

where ¢ = ¢(n, p, v, L, q). Now we estimate the oscillation using Corollary 7.2: we indeed

apply (7.1.4) withe = 1, Q,, = QIA%, 6 = 3/4, to the positive sub-solutions w =
. . . .. . )\

(v — (U)QQRM)i, the.n we sum up the resulting inequalities and, noting that Q35 4 C

(Q3R/4,372-r R2 /4, WE infer

p—1

v — (v
v= Way dz + 2\R + 2sR.

< cAPR
osc v<c¢ R

A
Q3R/4 QIA%

with ¢ = ¢(n, p, v, L); note that we replaced the average in the right-hand side. Therefore,
using Poincaré’s inequality Corollary 7.12, and this is allowed since (7.2.5)2 holds, we
infer

1 p—
— osc v <A\ ][ (s + [Dvl)” Ydz + 2)\ + 25 < cha, (7.2.8)
R Q§3/4 Q2

R

using again (7.2.5), which also yields s < ko A. Using again this fact together with (7.2.8)
into (7.2.7) concludes the proof. [l

7.3. Proof of Theorem 4.16

Finally we come to the proof of the Theorem. We take a parabolic cylinders Qo =
Q2r(30) C Qr, R > 0, and following [123] we let M > 1 be a free parameter to be
chosen and we define the Calderén-Zygmund functional

cz(9) = ( ]{] o (1P 5" dZ)ﬁ - [M W} E

for cylinders Q = Q(z¢) Cr, where

1
mi=p—1+——>p—1.

J—-1
Now, after fixing two radii R < r; < ro < 2R, we define
1 -~ P w
AT = <][ (1Du] + 5) " dz) T {M'M(Q”)} 11, (71.3.1)
Qry |QT2|
we take \ such that
N
800
A>DB)  where Bi= ( 2 ) >1 (73.2)
To —T1
and subsequently consider radii satisfying
N7 (1.3.3)

40
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Note that due to such a bound Q}(z) € Q,, for any z € Q,, and for all r satisfying
(7.3.3). Hence by (7.3.1) and (7.3.2), enlarging the domain of integration, we have

|Q7” | pil T p=2 20T2 p111 1 1
CZ(Q)(2)) < [ 2 AT < AT AP BT
Q720 0 ( r )

<A <4 (7.3.4)

Now we prove by Lebesgue’s theorem that the converse inequality holds for cylinders
centered in points where the gradient takes big values. More precisely, for A > 0 and radii
v € [R, 2R], define the level sets

E(\7) = {z € Q. (20) : |Du(2)| + s > /\}. (7.3.5)

Note that the cylinder () (zp) have the same “vertex” as Qg and Q2. Take then a point
z € E(4\, ) with A > B)g. By Lebesgue’s differentiation theorem, for almost every
such points it holds

1

lim CZ(Q)Nz2)) > lim(][ Du| + s pildz)p_1 > 4.

iy CZ(QX:) 2 i (f - (1Dul+)
r/20

Hence for small radii 0 < 7 < 1 we have by continuity CZ(Q}(z)) > 4\. From this

consideration and the fact that (7.3.4) holds, together with the absolute continuity of the

integral, we infer the existence of a maximal radius 7, such that

1

1\ (@) j20) 7
CZ(Q)) = (][ . (|Dul + s)” dz) + {M%} =4\

rs /20

(7.3.6)

The word “maximal” refers to the fact that for all radii 7 € (7, (r2 — r1)/2] the inequality
CZ(Q2)(2) < 4 holds. In particular for # = 20r, we have
( ][ (@)1

Q

QA} = CZ(Q3,.) < 4A. (1.3.7)

Note also that obviously 7. < (r2 — r1)/40 and hence Q3;, (z) C Qy,.

(| Dul —I—s)p_l dz) iy {M

A
Tz

A favorable case. Now we single out an intrinsic cylinder Q; (2), z € E(4),r1),
A > BXg where (7.3.6) holds. For ease of notation, from now on let’s denote Q := Q_(2).
Assume now that, in addition to condition (7.3.6), also

SO 7{2/20 (1Du| + )" " da (7.3.8)

holds true. The reason for this additional assumption will become clear in the remainder
of the proof.

We introduce now the comparison function solution to the Cauchy-Dirichlet problem
vy —diva(z,t,Dv) =0 in Q;
v=u on 0pQ.

We apply Lemma 7.10 with k = 4™ /M and we get

1/q c
(][ |Du — Dvl* dz> L —— S (7.3.9)
Q

= N =
M E=Dp-D+1

1
with ¢ depending on n, p, v, L, 9, cg4, for any g € [l,p -1+ ﬁ)
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The previous estimate (7.3.9) in particular holds for the choice ¢ = p — 1. Hence first
we have

]l (|Dv| + s)pil dz < 21’_2][ (|Dul + s)pil dz
Q Q
+ 21’*2][ |Du — Dv[P~ldz < e AP™1 (7.3.10)
Q

by (7.3.7) and (7.3.9); moreover
][ (|Dv| + s)p_l dz > ;][ (| Du| + s)p_l dz
Q/4 — 27715 S 20
2
— 4N][ |Du — Do’ tdz > AT -
Q 5

since we are assuming (7.3.8), we can use (7.3.9) and % > 1. Now we impose
that M > 1 is so big that

AN B 1
M~ 5N
and this, making M depend on n, p, v, cq, 9, yields, together with (7.3.10)

p—1
A < Dol + )7 dz, Dv| + s p_ldzgc)\p_l;
Q/4 Q

(7.3.11)

c
(7.3.12)
therefore we can apply Proposition 7.13 which gives
by q
() < ][ (|Dv| + s)qdaj, ][ (|Dv| + s)q dx < cA? (7.3.13)
¢ Q/4 Q/2

for all ¢ € [p — 1, p| and with a constant ¢ depending on n, p, v, L, ¢4. Since in particular
(7.3.13) holds for ¢ = p, we are finally in position to apply Corollary 7.8:

1/(px) . 1/(p—1)
<][ (s+ |Dv|)pX dz) <c <][ (s+ |Dv\)p dz)
QRrya QRry2

<cA, (7.3.14)
for x = x(n,p, v, L) > 1 and the constants c at this point depending only on n, p, v, L, ¢4.

1
We moreover have, for any g € [p —-1p—1+ ﬁ) , using the previous (7.3.14) and
(7.3.9)

(]lQR/4 (s+|Dul)* dz)l/q < <][QR/4 (s + IDv)qu>l/q

1/q
+ <][ |Du — Duv|? dz) <cA. (7.3.15)
QR/a

Splitting the intrinsic cylinder — a density estimate. First we show why the addi-
tional assumption (7.3.8) can be assumed and, at the same time, we make use of the results
of the preceding section. Clearly, by the definition of the C'Z operator and by (7.3.6), one
of the following inequalities must hold true:

111(Q/20)
1Q/20]
(7.3.16)

(2))P~1 g][ (IDul+ )" ""dz or N <M
Q/20
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Suppose we are in the first case, so we can use the results of the previous section: we split

the integral, observing that )/20 = ﬁz /20(2) C @r, and we use Holder’s inequality to
infer
_ 20N E(A
][ (lDU‘ +S)p 1dl’§ ‘Q/ N ( 7r2)|)\p—1
Q/20 |Q/20]

1
+ P
1Q/20] Jq/20nE(xr) (

1-2=1 ~ et
<)\p_1+c<|Q/20ﬂE(/\’T2)> <][ (|Du+s)qu> ,
Q| Q/20
(7.3.17)

| Dul + s)p_l dx

for ¢ = ¢(n, p) and for the exponent

N-—-1
Plugging the density estimate (7.3.15) into (7.3.17) (the reader might recall now (7.3.18))
and taking into account the fact that (7.3.16); holds, we infer

1 1
ji=p—14+ v —Lp—1+—-). 7.3.1
q:=p +2<N_1)€(p p—1+ ) (7.3.18)

Q/zomE(A,wﬂ)”al}

(2A)P~! 3][ (IDul+5)" " da < AP~? {l—kc(
Q/20 Q|

in turn, dividing by A?~! and reabsorbing the first term, we get
1 _1Q/200 B\ 1)
¢ Q| ’

with ¢ = ¢(n, p,v, L). Merging this estimate with the second alternative (7.3.16),, we
get finally the estimate for || we were looking for:

M
QI < c|Q/20N E(A, r2)| + ¢ 101l (Q/20). (7.3.19)
We recall that Q = Q) (2).

A covering argument. The following covering argument has been developed in [96].
The technique we use here is very similar to the variant which can be found in [4]. We saw
in the preceding step of the proof that, once we fix A > B, then for every z € E(4\,r1)
we can find a cylinder Qi‘z (z) such that (7.3.6) and subsequently (7.3.19) hold.

Then we consider the collection of all the cylinders £, := {Q;}Z /20 (2)}2eB(an,r) and,
by a Vitali type argument, we can extract a countable sub-collection F) C &, such that
the 5-times enlarged cylinders cover almost all E(4\,r1) and the cylinders are pairwise
disjoints. Le. if we denote the cylinders of Fy by QY := Qﬁz,/zo(zi)» for i € T, being
eventually 7, = N, and with z; € E(4\,r1), we have

Q)NQY=0 wheneveri#j and E(4\r)C | J QIUN,  (7.320)

i€Ty

with [N| = 0. We denoted Q} = 5Q¢ = Qf}z»/4(zi); note that by (7.3.3) we have the
inclusion Q} C Q,, forall i € Z,. We now fix H > 4 to be chosen later and we estimate

|E(H)\,’I“1)| < Z |Qzl n E(H/\7T2)|7

1€y

where {Q}} = F, is the family related to E(4),r1) just defined. We split every term in
the following way:

|Qi NE(HA, 1) = [{z € Q] : s+ |[Du(z)| > H\}| (7.3.21)
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< |{z € Q! : |Du(x) — Dui(x)| > HA/2}|
+ {7 € QL : s+ |Dui(x)| > HA/2}| =: I + ;.

Here v; is the comparison function, solution to (7.2.1) with Q = Q? = Q} = 4Q}.
We estimate separately the two pieces: for the first one we use (7.3.9) and subsequently
(7.3.19) to infer

2 p—1
< _ |p—1 < 21yp—1 3.
I; (/\) /2 |Du — Du;| dz 7( N r|Q |A (7.3.22)

o [[@nEom, iah)
M A

<
= fr—1

On the other hand we use higher integrability (7.3.14) to get

< (2 px/ (1Dvi| + 8)™ dz < —
H\ Q! ! = (HM)Px

Dwmﬂ ro)| + M

2| \PX (7.3.23)
< ul(Q”)}
= Hrx |

Connecting the two estimates (7.3.22) and (7.3.23) and plugging into (7.3.21), taking into
account that H > 1, gives

Iu\(QO)

1 €2
\B(HX, 1) N QY| < [Hp =7+ e
At this point, since the {Q{} are disjoint, see (7.3.20), summing up and rnultlplylng both

sides of the previous inequality by (H\)™ gives

2 11Q2 N B\ 7| + e ML

7 Cx Cx m
(HN[EHN1)| < [ + e | N B 7))

+ cMH™|u|(Q2r). (7.3.24)
Finally we perform the choice of M and H: recall thatp — 1 < m < px by (4.3.3). First
choose H so big that
Cy 1
Hpx=—m — 4
Then at this point, having fixed H = H(n,p,v, L,cq,9), choose M > 1 satisfying
(7.3.11) and such that

and H > 4.

c 1

= < _gritm,
M ~ 4

This choice makes also M depend on n, p, v, L, c¢q, . Having such choices at hand, after

taking the supremum with respect to A > B, (7.3.24) rewrites as

1
sup AT|E(A, )] < 3 sup A E(A )| + ¢|p|(Q2r)
A>HBo A>BXo

1 m
Sl + 51 Rim g, + €l (@ar) (7325)

and therefore, recalling that E'()\, ) denotes the super-level set (7.3.5)

IN

1Dl + sl Xm(q,,) *IIIDUI+8||"L (@) T ¢[BXo] "R + ¢|ul(Qz2r)

forall R <r; <ry < 2R, since BAyg > 1. We now, recalling the definitions of A\ and B,
apply Lemma 3.11 with ¢(r) := ||| Du| + SHTAM(QT), A = c|p|(Q2r),

m p—1
B = ¢ RN+ ([][ (s + | Dul)P~* dz] + [lﬁgQ;R)} + 1)
Q2r 2
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and S = Nm. Note that this is possible since we are dealing with approximate energy
solutions and therefore, since Du € L{X(Qr), we have |||Du| + S| prm (o) < 00 for

m < px. This yields, using also Young’s inequality with conjugate exponents p — 1 and

p—1)/(p-2)

p—1
H\DU|+5HZm WC&R)] +c¢RN

<c —
(Qr) — |:|Q2RH
+c¢RY [][ (s + |[Du|)P~! dz}
Q2r

which finally gives (4.3.7).

PROOF OF COROLLARY 7.8. In the case we consider more regular vector fields as
ones satisfying (4.3.9) or (4.3.8), higher integrability Corollary 7.8 holds for every x > 1,
see [71, Theorems 1.8 & 1.9] and also [21, Theorem 5.7], with the constant appearing in
the right-hand side depending critically upon . Therefore an argument similar to the one
carried in Section 7.1 can be performed, in order to get that Corollary 7.8 holds for every
x > 1 and with the constant depending also on . Now the only different points in Section
7.3 are two: in (7.3.24) now we can choose, given ¢ > 1, x(p,?) so big that py = m + 1;
this reflects in the critical dependence of the constant upon ¥, as ¥y — 1. The same reason
and the same [71, Theorems 1.8 & 1.9] justify the reabsorption after (7.3.25): since the
data for the approximating problems are regular, at least L°°, then the energy solution wuy,
under assumptions (4.3.8) or (4.3.9), are as integrable as needed. O






CHAPTER 8

Calder6on-Zygmund estimates for parabolic
p(z, t)-Laplacian

Here we give the proof of the result of Section 4.5. We have already seen the problems
that appear when dealing with parabolic p-Laplace equations or systems.

The case of non-standard growth is even more involved, the construction of a uniform
system of intrinsic cylinders, as done in the previous Chapter, which would allow to certain
covering argument as done in [4] is not anymore possible: the exponent p appearing in the
scaling parameter A>~? and therefore the scaling would depend on the particular point zo.
This means that the scaling of the intrinsic cylinder will in fact depend on space and time,
so that we have to deal with a non uniform intrinsic geometry. Additionally, the structure
of the problem and of the proof requires to handle with cylinders different from those
defined in (3.1.5), but essentially equivalent in the standard constant exponent case. We
shall consider cylinders of the type

2-p 2-p
QWM (20) 1= B, (wo) x (to — A 70 p*to + A 70 p?), (8.0.26)

where pg := p(zo), with an intrinsic coupling of the form (where for simplicity we omit
the role of the right-hand side F'):

][ |DulP®) dz ~ A
QY (0)

Note that compared to (2.5.4) we performed a change of parameter \P° <+ A, so that the
right-hand side is independent of py and hence independent of zy. The main difficulty
now comes from the fact that the heuristics we described above for the standard growth
case do not apply for the case of non-standard growth, i.e. on Qé’\)(zo) the parabolic

p(z)—2

p(z, t)-Laplacian system behaves like Oyu = A “37 Aw such that the multiplicative factor
p(z)—2 2-pg

AP does not cancel out with the scaling factor A 5. This problem will be solved by

a parabolic localization argument which has its origin in [29], see Section 8.

Now, we briefly describe the strategy of proof of our main result. The technique we
use goes back to [4]: since we have to work on a system of non uniform intrinsic cylinders
of the type (8.0.26) there is no uniform maximal function available. Instead of maximal
operators we construct a covering of the super level sets

{\Du(z)|”(z) > Al A>1
by exit cylinders QEJ?) (2i),1=1,..., 00 defined according to (8.0.26) on which we have
][ |DulPC) + M(|F| + 1)P0) dz = A
Q) (=)

Thereby, M > 1 is a suitably chosen parameter depending on the structural constants of
the problem. Then, we know that

A
][ IDuPO dz < A and ]l (F| + 170 dz < 2
(=) Q) (=) M
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Therefore, if M is large u solves approximately (here we suppose a = 1 for simplicity)
Opu — div (\Du|p(z)_2Du) ~0 on foi‘)(zi).

This heuristic suggests to compare u to the solution w of

dyw — div(|Dw|PE)=2Dw) =0 in Q(p’})(zi),
w=u on apQg?)(zi).

To be precise, this will be done in a two step comparison argument. Here, we stress that
the comparison argument strongly relies on the parabolic localization technique, since we
replaced the variable exponent p(z) — 2 by the constant exponent p(z;) — 2. The advantage
now is that the theory of DiBenedetto and Friedman [55] ensures that Dw satisfies an a
priori L>°-estimate. Via the comparison argument this L°°-estimate can be transferred into
estimates for Du on the super level sets. At this stage the final result follows by a standard
argument using Fubini’s theorem.

Particular notations and tools

In this proof we shall employ some different, even slightly, objects respect to the ones
used in the other pages of the manuscript and fixed in the notation Section 3.1. We collect
them here, together with some additional observations regard our assumptions.

In particular note that by virtue of (4.4.4) we may assume that there exists Ry € (0, 1]
depending on w(-) such that

1
w(p) log(;) <1 forallpe (0,Ry]. (8.0.27)

The cylinders we are going to use in this proof as we already said slightly differ from
the ones defined in (3.1.5). In particular we shall deal with scaled cylinders of the form

QM (20) := By(xo) x A (20), (8.0.28)
where A > 0 and
2—p 2-p
AV (20) 1= (to = AP0 p2 g+ A 70 p?).

In any case, when considering a certain cylinder Qg)‘) (z0) with center zg, by py we denote
the value of p(-) at the center of the cylinder, i.e. pyg = p(zp). Note that such a system

of scaled cylinders is non-uniform in the sense that the scaling )\2;% depends on the
particular point zg via pg = p(20). Also for the cylinders Qg‘), in the particular case
A = 1 the cylinders Qf,l)(zo) reduce to the standard parabolic ones, i.e. Qf)l)(zo) =
Q,(20). By XQE)A) (20), for a constant x > 1, we denote the x-times enlarged cylinder, i.e.

XQY (20) = QY (20)-

For shortness of notation we will denote by the word data exactly the set of parameters
n, N, v, L, 1,2, so that writing ¢(data, M) we will mean that the constant ¢ depends on
n, N,v, L,v1, 2 and moreover upon M.

Non uniform intrinsic geometry. In the following lemma we provide a parabolic
localization technique. Obviously the difficulty stems from the necessity to couple the
technique of intrinsic geometry with the localization needed to treat the variable exponent
growth conditions. As we already pointed out in the introduction, this will be achieved by
a non uniform intrinsic geometry, i.e. a system of cylinders as defined in (8.0.28) whose
scaling depends on the particular point considered. Most of this technique goes back to
[29].
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LEMMA 8.1.

Let ks, K, M > 1 and p: Qr — [y1,72] satisfy (4.6.6) and (8.0.27)
Then there exists a radius py = po(n, v, x, K, M,w(-))

(0, Ry] such that the follow-
ing holds: whenever Du, F € LPC)(Qp; RN™) satisfy (4.5.8) and Q" (20) C Qr is a
parabolic cylinder with p € (0, po] and A\ > 1 such that

A< H][ |DulP®) + M(|F| + 1)P0) dz
QW (z0)

then we have

(8.0.29)
r %? (e} w(Tp®) 3npg
< W , p2—p1 <w(lp®) and X <ea (8.0.30)
where
po:=p(z), pii= inf p(), pa:= sup p()
™)
p (20) Qp" (20)
and
2
[:=48,kKM, B, :=max{l,(2w,) '}, «a:= min{l ’hn—i— n

4 _5}'

(8.0.31)
PROOF. We first deduce from (8.0.29), (4.5.8) (recall that Q™ (z9) C §2r) and the
definitions of I" and 3, in (8.0.31) the following bound for A

K KM

K KM /\M Bnk KM r po—2
= P _— Po = — Po
A n—+2 n+2 n—+2
Q5 (20)]  Zwnp"" P 4pm*
define

Rewriting this inequality we obtain (8.0.30);. Now, we come to the proof of (8.0.30)2. We

1
po:=RiT % <R <1

(8.0.32)
and assume that p < pg. Keeping in mind the definition of o and I this determines pg as a

constant depending on n, vy, K, M, k, w(+). From (4.6.6) and the fact that A > 1 we obtain
the following preliminary bound for the oscillation of p(-) on Q" (

) Zoy
2—p 2
P —p1 < w(2p+ V2N p) < w(2p+ V2A 70 p)
In the case y; > 2 this leads us to

p2—p1 Sw (4P)
while in the case =5 < 1 < 2 we infer from (8.0.30); that

— 2—71
p2—p1 < w(4/\ 0, p) < w(4(£) :
Note that the restriction y; > =5

n

1_ 2= ()
p 4
2

w(I‘p I2*%).

> ensures that the exponent of p is positive, i.e. 71 "= "+2 —
> 0. Combining the estlmates from the cases y; > 2 and v; < 2 and recalhng that
p < 1 we arrive at:

p2 —p1 < w(T'p%),

we obtain

which proves (8.0.30)5. Finally, we come to the proof of (8.0.30)3. Using the definition of
po in (8.0.32) and the logarithmic bound (8.0.27) (which is applicable since R /T" < Ry)

w

1
Moreover, by a similar reasoning and usmg the last inequality we get
p—w(I‘p"“) — F“(FP ! (Tp*)~ (%

(%) < pw(lef) < pw(Ra/T) < ( )W(RI/F) *exp[ (%) log( )] <e

<ew(Fp )~ S

a
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=e= exp [@ log #] < en.

At this stage (8.0.30)3 follows from (8.0.30); and the previous two inequalities since
A(Tr%) < (Fp—(n-&-?))w < Bl o sz

This completes the proof of the lemma. (]

Since the family of intrinsic cylinders is non uniform — in the sense that the scaling
depends on the center of the cylinder — we need the following non uniform version of
Vitali’s covering theorem, which can be found in [29, Lemma 7.1]. Note that we may
choose Ly = 1 due to assumption (8.0.27) and that we replaced M by K M which is more
suitable in our setting.

LEMMA 8.2. Let K, M,\ > 1 and let p : Qr — [y1, V2] fulfill assumptions (4.6.6)
and (8.0.27). Then there exists x = x(n,v1) > 5 and p1 = p1(n,1, K, M) € (0,1]
such that the following is true: Let F = {Q; }icz be a family of axially parallel parabolic
cylinders of the form

2-p(24) 2—p(24)
Qi = QY (2:) = By, () x (ti — NTHCD 2ty AP P?)

with uniformly bounded radii, in the sense that there holds

pi < min{py, [BKMN T L VieT (8.0.33)

with 3, defined in (8.0.31). Then there exists a countable subcollection G C F of disjoint
parabolic cylinders, such that

UJecxe

QeF Qeg
8.1. Higher integrability and a priori estimates

In this Section we provide a higher integrability result for solutions to homogeneous
parabolic p(z, t)-Laplacian systems that will be crucial later in the proof of certain com-
parison estimates. We consider the parabolic system

0w — div (a(z)|Dv\p(z)_2Dv) =0  onAXx(t,tz) =: %, (8.1.1)
where A C R™ is an open set and ¢; < t5. Then, we have the following higher integrability
result from [29, Theorem 2.2].

THEOREM 8.3. Suppose that p: 2 — [y1,72] satisfies (4.6.6) and (8.0.27) and that
a: A — R satisfies (4.5.4). Then there exists ¢g = €o(data) > 0 such that the follow-
ing holds: whenever a function v € L*(,RN) N L1(t1,to; WHL(A,RN)) with Dv €
529 (2, RN™) is a weak solution to the parabolic system (8.1.1) on 2, we have that

Dv € LPOUF<0) (90 RN™). (8.1.2)

loc

Moreover, for any K > 1 there exists a radius p = pa(n,y1,v2, K, w(+)) € (0, R1] such
that there holds: If

/(|Dv\ +1)P0dz < K (8.1.3)
A

and € € (0, €o], then for any parabolic cylinder Q2,(z0) C A with p € (0, p2] we have

][ | Do+ g < c<][ |Dv|PO) dz
Qp(20) Q2p(20)

for a constant ¢ = c(data) and with d(-) defined in (4.5.10).

1+ed(p(z0))
) +c (8.1.4)
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Note that the quantitative higher integrability estimate (8.1.4) is non homogeneous, in
the sense that the exponents of |Dv| on both sides of the inequality are different. In the
following Corollary we deduce a homogeneous version of this estimate valid on intrinsic
cylinders of the type (8.1.5). In order to understand that inequality (8.1.7) is homogeneous
one has to interpret A ~ f |Duv|? () dz in a heuristic sense which will become clear later
on.

COROLLARY 8.4. Let K, c.,¢ > 1 and suppose that p: 2 — [v1, 2] satisfies (4.6.6)
and (8.0.27) and that a: A — R fulfills (4.5.4). Then, there exist g = €p(data) > 0,
¢ = c(data, cy,é) > 1 and py = pa(n,v1,7v2, K,w(+)) € (0, Ry] such that the following
holds: whenever v € L2(2,RN) N L (ty,to; WU (A, RN)) with Dv € LPO (A, RV™) is
a weak solution to the parabolic system (8.1.1) satisfying (8.1.3) and

][ |DoPY) dz < e A\ (8.1.5)
Qé?,)(zo)

for some cylinder Qéz)(zo) C A with p € (0, p2] and X > 1 satisfying

AP2TPL g where py 1= iAnf p(-), p2:= sup p(), (8.1.6)
Q%) (20) Q%) (z0)
then we have (8.1.2) and
fl» | DoPOEH) gz < e Ao, (8.1.7)
P (20)

PROOF. Without loss of generality we assume that zp = 0. We let ¢p and p2 be

the constants appearing in Theorem 8.3. The strategy now is to rescale the problem from

Ef‘), Qéz) to the standard parabolic cylinders (),, 2, via a transformation in time and

then apply Theorem 8.3. We start with the case py := p(0) > 2 and define for (z,t) € @2,
the rescaled exponent

p(z,t) = p(az, )\%t),
the rescaled function

o(x,t) == A7 v(z, )\%t)
and the rescaled coefficient

Pz, t)—pg

2-pg
a(z,t) =X o a(z, N0 t).

Then, v is a weak solution of the parabolic system
0o — div (a(-)|Do|PY72D5) =0 in Qo (8.1.8)

In order to apply the higher integrability Theorem 8.3 to © we have to ensure that the
hypotheses on p and a are satisfied. Since py > 2 and A\ > 1 we have

[p(x1,t1) — Px2, t2)] = |p(21, /\%tl) *p(xz,)\%tzﬂ
< w(max{|x1 —x2|,)\2;Tp00\/M})
< w(maxﬂxl — o], \/M})
= w(dp((@1, 1), (22,2)) ). (8.1.9)
Moreover by (4.5.4) and (8.1.6) it holds that

14 _P2-P1 P2—P]
—<vX r <a(z,t) <LAN ro <¢L. (8.1.10)
Cc
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Therefore, we are allowed to apply Theorem 8.3 with (v/é, é L) instead of (v, L) to the
PO (+0)

i~ (Q2,, RN™) and moreover the follow-

function ¥ on Q,, Q2 to infer that Do €
ing quantitative estimate holds:

][ DO+ 4y < c(][ Do) dz
Q Q2p

P

1+€0d(po)
) +c

for a constant ¢ = ¢(data). Note that py = p(0) = p(0). Scaling back from v to © and
back and using the preceding estimate, (8.1.5) and (8.1.6) several times we find that

][(M ‘DU|P(')(1+60) dz :][ )\%(1+60)‘D@|I5(~)(1+60) dz
Qp

P

< c/\1+50][ |D1~1|ﬁ(')(1+€°) dz

P

< e Ao K ][ D[P0
Q25

()
—esa[(f a i
Qs
1+eod(po)
< ¢ \o(1=d(po)) |Do[P®) dz ’ 0+ e \LFeo
Qf)

< c(data, c,, ¢) A\1Te0, 8.1.11)

14-€0d(po)
)

1+€od(po)
)

This proves the lemma in the case py > 2. In the case py < 2 we define similarly as above
—2 —2
Pz, t) := p()\p'gpo z,t), O(z,t):= A2 v()\pgpo ,t)

and

p(z,t)—po

po—2

(z,t) = A" m a(A 0 z,t) (8.1.12)

2—p
for (z,t) € Q2p, where p := A0 p. A straightforward computation shows that
J Po—2

Do(x,t) = A" o Dv(/\ 2pg x,t) in Q25
and that ¥ is a weak solution of the system (8.1.8) in ()25, where a, 0, p are this time
the quantities defined just above. Notice that estimate (8.1.10) holds also for the vector
field defined in (8.1.12), while the verification of (8.1.9) in this case is analoguous to the

previous one. Applying again Theorem 8.3 and repeating the computations in (8.1.11) we
obtain the assertion of the lemma also in the case pg < 2. (]

In the next Theorem we state the gradient bound of DiBenedetto and Friedman [54, 55]
for parabolic standard growth problems. Later on, we will transfer these a priori estimates
via a comparison argument to our non-standard growth problem. Therefore, in this Section
we consider parabolic systems with constant p-growth of the type

w; — div (a(t)|DwP?Dw) =0 on A x (t1,ts) =: 2, (8.1.13)
with p > 2n/(n + 2) and a: (t1,t2) — R. Thereby, A is an open set in R™ and ¢; < ta.
Moreover, we denote

QE)A)(ZO) := B, (wo) x (to — )\%Tppz,to + /\2%}7/)2).

Note that the scaling of this system of cylinders does not depend on the center zy. Later
on, we will apply the subsequent Theorem with the choice p = py = p(2), and hence the
cylinders Q,(j\)(zo) will coincide with the ones defined in (8.0.28). As mentioned above,
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the next Theorem is a consequence of the gradient bounds proved in [55, 54]. The precise
statement for the case p > 2 can be found in [4, Lemma 1] (replacing A by )\%), and for
the case 2n/(n + 2) < p < 2 in [4, Lemma 2] (replacing p by A"2" p and subsequently A
by A7).

THEOREM 8.5. Letw € CO(ty,to; L2(A, RN))NLP(ty, to; WP (A, RN)) be a weak
solution to (8.1.13) in A with a: (t1,t2) — R satisfying v < a < L for some constants
0 < v <1< L. Moreover suppose that

][ |Dw|P dz < ¢\
g (z0)

holds for some cylinder Qg’;)(zo) € A, where c, is a given positive constant. Then there
exists a constant cp;p > 1, depending on n, N, p,v, L and c, such that

1
sup |Dw| < cpig AP.
M (20)

8.2. Comparison estimates

In this Section we prove two different comparison estimates. The first one compares
the weak solution u of the original inhomogeneous parabolic system (4.5.1) to the solu-
tion v of the associated homogeneous parabolic system (8.2.2) below. The second one
compares v to the solution w of the frozen parabolic system (8.2.14). Both, the parabolic
localization Lemma 8.1 and the homogeneous version of the higher integrability estimate
from Corollary 8.4 will be crucial in order to achieve homogeneous comparison estimates.

Now, we let K > 1 and suppose that (4.5.8) is satisfied. Next, we fix k, M > 1
to be specified later. In the following we consider a cylinder Q) := QE)/\)(Z()) with 2y =
(xo,t0) € Qp, p € (0,1] and A > 1 defined according to (8.0.28) and which satisfies
2Q = Qéﬁ) (Zo) € Qp and

A ,
Z< ][ | DulP®) dz—i—][ M(|F| +1)P") dz < A (8.2.1)
2Q 2Q

K
Moreover, we abbreviate B := B,(x¢) and A := AE,A)(tO) so that Q = B x A and define

po :=p(20), p1:=infp(-) and po:=supp(:).
2Q 2Q

By v € L?(2Q,RN)N LY (2A; WH1 (2B, RY)) with Dv € LP()(2Q, RV™) we denote the
unique solution of the homogeneous initial-boundary value problem
v — div(a(z)|Dv|p(Z)72Dv) =0 in 2Q,
(8.2.2)
v=u on 0p2Q).

Thereby, the parabolic boundary 9p2@Q is given by 9p2Q := (92B x 2A) U (2B x {to —
A27P0(2p)2}). Note that the existence of v can be inferred from [15] by small modifica-
tions. Our first aim is to prove suitable energy and comparison estimates for the comparison
function v. We hence subtract the weak formulation of the parabolic system (8.2.2) from
the one of (4.5.1) given in (4.5.7). This yields

/ (u—wv)-Opdz — / a(~)<|Du\p(')*2Du — | Dv|PY 2D, Do) dz
2Q 2Q

= / <|F|p(')72F, Do) dz
2Q
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2-po
for any ¢ € C5°(2Q,RY). For§ > 0and 7 :=ty + A 70 (2p)? we define

1 on (—oo, 7 — 4],
xo(t) == —4(t—7) on(r—0,7), (8.2.3)
0 on [7,00).

Since Du — Dv € LP()(2Q,RN™) and v = v on 9p2Q in the sense of traces, we are
(formally) allowed to choose ¢ = (u — v)xy in the preceding identity. We note that
the argument can be made rigorous via the use of Steklov averages and an approximation
argument; since this is standard we omit the details. This choice of ( together with the
observation that

/ (u—v) - 0(u—v)xeldz = —/ O(u—v) - (u—v)xgdz
2Q 2Q

1
z—f/ Aylu —v|*xp dz
2 2Q
1 2
=- |u —v|"Orxo dz
2 2Q

1 T
:f—/ / lu —v|?dz
20 7—60 J2B
1

s ”/ lu—v|*(,7)dz <0 (8.2.4)
2 2B

leads us after letting 6 | 0 to

/ a(-)<\Du|p(‘)72Du — |DvPY"2Dv, D(u — v)) dz
2Q

S —/ (|FPO2F, D(u—v))dz.  (8.2.5)
2Q

This inequality will be used in the following in two different directions. The first one
will lead to an energy inequality for Dv. Rearranging terms and taking into account that
v <a(-) <L we find

u/ |DulP0) dz < L/ (|1Du[PO= Dol + | Dv|PO =t Dul) dz
2Q 2Q

+/ |F|PO~=Y (| Du| + |Dvl) dz
2Q

14

g—/ |Dv|p(')dz+c/ (|1DuP®) + |F|PY)) dz,
2 )20 2Q

where in the last line we applied Young’s inequality and ¢ = ¢(v, L, 1, y2). Reabsorbing
the first integral of the right-hand side into the left and subsequently using (8.2.1) we get
the following energy estimate for Dv:

/ |Dv[PO) dz < c/ (IDu|P®) + |F|PO) dz < ¢(data) A|Q). (8.2.6)
2Q 2Q

We now come to the proof of the comparison estimate. Starting again from (8.2.5) we use
Lemma 3.15 and Young’s inequality to infer

r(

2 2y 2=2 2
u/ (|Dul” + |Dv|") % |Du— Dv|" dz
2Q

§c/ |F|PO~Y (| Du| + |Dvl) dz
2Q
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11
ch*T/ (IDufPY) + | Do|PO) + M|FPO)) dz,
2Q

where the constant ¢ depends on n, N, L, v1,72. Finally, using (8.2.1) and the energy
estimate (8.2.6) this leads us to the first comparison estimate we were looking for:

p()=2

/ (|Du|2 + |Dv\2) 2 |Du — Du|* dz < c(data) M_%/\\QL (8.2.7)
2Q

We now let g = €p(data) > 0 be the higher integrability exponent from Corollary
8.4 and set

ps = min{po/2, p2} € (0, 1],

where pg is the radius appearing in the localization Lemma 8.1 and po the one for the
higher integrability from Corollary 8.4. Note that ps depends on data, k, K, M,w(-). In
the course of the proof we shall further reduce the value of p3 when necessary, but without
changing its dependencies. In the following we assume that

p < ps.

Thanks to assumption (8.2.1) we are allowed to apply Lemma 8.1 on 2Q) which yields that

3npg 3nyg

p2—p1 <w(T(2p)*) and P27t < \TRAY < o708 <75 (8.2.8)

where I" and « are defined according to (8.0.31). Note that for the second estimate we
also used that A > 1. Therefore, assumption (8.1.6) of Corollary 8.4 is satisfied with ¢ =
é(nyy,ve) == ¢” . Due to the energy estimate (8.2.6) we know that also assumption
(8.1.5) is satisfied with ¢, replaced by the constant ¢(data) from (8.2.6). The application
of the Corollary then ensures that Dv € LP()(1+<0)(Q RN™) and moreover

][ | Do|PO0+<0) gz < ¢(data) A He0. (8.2.9)
Q

Next, we reduce the value of p3 in such a way that

w(T(2p5)") < % where ¢; 1= VI +e0 — 1 < o (8.2.10)
1

is satisfied. Then, by (8.2.8), for any z € 2@ there holds
po(1+e€1) <p(z)(1+w(T(2p)*)) (1 + 1)
<p(2)(1+w((2p3)*)) (1 + 1)
<p(z)(1+e1)? = p(2)(1 + €0)

and therefore we have Dv € LPo(1+¢1)(Q RN™) together with the estimate

][ | Dufro+en) g g][ | DuPO (e ) (1) g 4 g
Q Q
(Hw(ﬂfﬁr)“))(wq)
< <][ | Do[p() (o) dz) ” +1
Q

< AIHE)M)A+a) |

_ oala ywTEn ) 4a) | q

< c(data) \' T, (8.2.11)
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where we used Holder’s inequality, (8.2.9), (8.2.8) and the fact that A > 1. For later
reference we also provide the following estimate using (8.2.8) and (8.2.10):

, P2 — Do w(I'(2p3)”)
— — = 1< —_— T’ 7
Po(p2 — 1) P0(1+p071)_190(1+ po— )
<po(l+ ) <po(l+er). (82.12)

Together with (8.2.11), Holder’s inequality and (8.2.8) this implies

_ pp—1
][ \DU|p6(p271) dz < (][ |DU|P0(1+51) dz) oty
@ Q

< CARTT = ¢ AT < ¢(data) A (8.2.13)

‘We now define
i(t) = (@)ay (1) ::f a(t)dz  foranyt € (0,T).
Bp(zo)

Note that v < a(t) < L for any t € (0,T") as a consequence of (4.5.4). By
w e CO(A, L*(B;RY)) n LP (A, WP (B;RY))
we denote the unique solution to the initial-boundary value problem

dyw — div(a(t)| Dw["~*Dw) = 0 in Q,
(8.2.14)
W=7 on 0pQ.

We now start deriving energy and comparison estimates for w. As before, we subtract the
weak formulations of (8.2.2) and (8.2.14) and test the result with ¢ := (v — w) x4, where
Xo is defined in (8.2.3). Here, we recall that Dv € LP°(Q), RN") by (8.2.11) and therefore
 is (formally) admissible as a test function. Proceeding as before, i.e. treating the terms
involving the time derivatives with the argument performed in (8.2.4) and passing to the
limit # | 0 we obtain

/ {a(-)|Dv[P) 2Dy — a(t)| Dw|P°~2Dw, D(v — w)) dz < 0. (8.2.15)
Q

Firstly, we shall use this inequality to get an energy estimate for Dw. Rearranging terms,
taking into account that v < a(+), a(-) < L and applying Young’s inequality we find

y][ \DuwlP dz < L][ (|Dw[P~ | Du| + [Du]PO | D) d=
Q Q

< %][ |Dwl|P° dz + c][ (| Dv|Po + |Dv\p6(”(')_1)) dz
Q Q

with a constant ¢ = ¢(v, L,y1,72). Reabsorbing the first integral of the right-hand side
into the left and using Holder’s inequality, (8.2.11), (8.2.13) and the fact that A > 1 we get
the following energy estimate for Dw:

][ |Dw|P° dz < c{][ |Dv|P° dz Jr][ |Dv|Po®2=1) dz 4 1| < c(data) M.
Q Q Q
(8.2.16)

In order to obtain a comparison estimate we once again start from (8.2.15) which can be
rewritten as follows:

][ a(t)(|Do|"* Dv — | Dwl"~> Dw, D(v — w)) d=
Q

< ][ (a(t) — a(")){|Dv[P*~*>Dv, D(v — w)) dz
Q
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+ ][ a(-)(|Dv|P*"2Dv — | Dv[PY 2 Dv, D(v — w)) dz.

Using Lemma 3.15 and the fact that v < a(-) < L we obtain

po—2
][ (\Dv|2 + |Dw|2)OT|DU — Dw|*dz
Q

< c[][Q |la(t) — a(-)||Dv[Po~|Dv — Dw|dz

+][ |[Dvfre=t — | D[PO~H | Dy — Dw|dz} =:c[I+II],
Q
(8.2.17)

where ¢ = ¢(v, L,v1,72). Now we estimate separately the two terms. For the first one
we use Holder’s inequality several times, (8.2.11), (8.2.16), the fact that a(-),a(t) < L,

(4.5.5) and @ < 1 to infer that

I's C<][Q la(t) — ()" | Dol dz) % <][Q (IDv[P° + |Dw|P) dz) "

el 1
Q(+er) T(1+e1) T(1+e1)
Q Q

< cAiﬂL% [@(p)] it < c(data) [&(p)] ﬁ)\

In order to estimate /1 we first use (8.2.8) to find that for any z € ) and b > 0 there holds

sup b7 | log b|

pPo=t — P71 < |po — p(2)]
o€[p1—1,p2—1]

< w(T'(2p)?) [bm—l log (e 4 bPo@2=1) 4 76(%1_ o1k

where in the last line we used b7 log b| < m forbe [0,1]and o € [py — 1,p2 — 1]
and 07| log b| < bP>~'log(e+ bPo®P2=1)) forb > 1and o € [p; — 1, py — 1]. This together
with Holder’s inequality, (8.2.11) and (8.2.16) yields
IT < cw(T(2p)%) ][ {|Dv|p271 log (e + |Dv|p6(p2*1)) + 1} |Dv — Dw|dz
Q

/

S

< cw(T(2p)%) <][ [|Dv|pr1 log (e + |DU\P6(P2*1)) + 1] o dz)
Q

. <][ |Dv — Dw|P° dz) "
Q
’ pz)
< cw(T(2p)%) (][ [|Dv|”2_1 log (e + |Dv[Po(P2=1)) 1} dz)
Q

where ¢ = ¢(data). Next, we note that the monotonicity of the logarithm implies
Va,b>0,

E18

log(e 4+ ab) <log(e + a) + log(e + b)

which together with Young’s inequality allows to further estimate II as follows:
o(p2—1)
@) \7o P (P2—1) 1,020 | Dol
IT < cw(T(2p)*) Ao [][Q | Dv|Po log?o (e + (DofseDy dz

+log?® (e+ (|Dv|p‘3(”2_1))Q>][ | DofPo®2=1) gz + 1] "
Q
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= c(data) w(T(2p)*) A7 [T1y + TTp + 1] %, (8.2.18)
with the obvious meaning of II; and II5. In order to estimate II; we apply inequality (3.2.6)
with the choices g = | Dv|Po®2~1) and

1+e
o= -
1+711

= ¢(data) > 1

to infer that

In < c(data)( ][ | Du[Po(P2=1)a dz) ’
Q

To the integral on the right-hand side we apply Holder’s inequality (which is justified by
(8.2.12)). Subsequently using (8.2.11) and (8.2.8) we obtain

1. pa—1
o (po—1)(1+e€1/71)
I < c<][ | Dy[poltter/m)eo dz> .
Q

pp—1
—)(1Fe
_ C<][ ‘Dv|p0(1+61) dz> (po—1)(1+er)
Q

< CARTT = ¢ AT < c¢(data) A.
Now, we come to the estimate for Il in (8.2.18). From (8.2.13) and (8.0.30); we get

KM\
pn+2 >

(|Dv|p6(”2‘1))Q = ][ |Dv|p6(”2_1) dz < ¢\ < ¢(data, k) (
Q

Using this estimate, again (8.2.13), the fact that log(cz) < clog(z) for ¢ > 1 and that we
can always assume c(K M /p"t2)Po/2 > e by possibly reducing the value of p3 we find

Po
/ KM\ ? / / K
11, < logPo (e + C(+2> ) ][ |Dv‘po(172—1) dz < ¢ MPo logPo (7) by
pr Q p

with ¢ = ¢(data, k). Joining the estimates for IT; and Iy with (8.2.18) we end up with
K
11 < ¢(data, k) w(F(Qp)a)Mlog (—) A
P
Merging the preceding estimates for I and II into (8.2.17) we get

Po

][ (|Dv)* + |Dw|2)%|Dv — Dw|?dz
Q

< ¢(data, k) [w(F(2p)°‘)M10g (%) + [@(p)] ;vli})\.

Here, we still want to replace the exponent py in the integral on the left-hand side by p(-).
This is achieved with the help of Holder’s inequality as follows:

p()—2
][ (|Dv]* 4+ |Dw|?)* |Dv — Dw|* dz
3Q

2

po—2
< <][ (|Dv]? + |Dw|2)OT|Dv — Dw|? dz>
1

(r

|

2

€1

) M log (%) + [@(p)] 2wifﬁ

Q
9 9 2p()—po—2 9
][ (|Dv]* + [Dw|?)” % |Dv — Du| dz)
3Q
(2p)

Sc[w
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. (][ |DU|2P(-)—po + |Dw|2p(')_p° dz) 5_
1

2
In order to further estimate the integral on the right-hand side we use that fact that 2p(-) —
po < p(-)1+wT(2p)¥)) < p(-)1+w(Tpg)) < p(-)(1 + €) which is a consequence of
(8.2.10), Holder’s inequality, (8.2.9), (8.2.8) and A > 1 to infer that

][ D[P0 =P0 g < 2n+2][ | DulPOHTE™) g 4
1Q Q

1+w(T(20)%)
1+eg

< 2”+2<][ | Dy[P() (1 +e0) dz) +1
Q

< e AT L1 < e(data, k) M.

Moreover, since the parabolic system (8.2.14); is of the same type as (8.1.13) we are
allowed by (8.2.16) to apply Theorem 8.5 which yields that

sup [Dw| < cpip A7 . (8.2.19)
3Q
Note that cp;p initially depends on n, N, v, L, py. Since the dependence upon pg is con-
tinuous it can be replaced by a larger constant depending on ~; and ~ instead of py, i.e.
¢pip = c¢p;p(data). Therefore, using (8.2.19) and (8.2.8) we can bound also the inte-
gral involving Dw in terms of \. Inserting this above we deduce the second comparison
estimate we were looking for:

p()—2
/ (|Dv]* + |Dw|?) * |Dv — Dw|* dz
1
7Q

2

< ¢(data, k) {w(r(zp)a)Mlog (%) + [@(p)] *] oL 8220

Note that this estimate holds for any cylinder 1@ = Q(p>)2(zo) with A > 1 and p € (0, p3]
such that 2@) satisfies the intrinsic relation (8.2.1) and 2Q € Q1. We recall that p3 € (0, 1]

depends on data, k, K, M, w(+).

8.3. Proof of the Calderén-Zygmund estimate

This Section is devoted to the proof of Theorem 4.20. We shall proceed in several
steps.

A stopping-time argument and estimates on intrinsic cylinders. Here, we shall
construct a covering of the upper level set of |Du\P(') with respect to some parameter \
by intrinsic cylinders. The argument uses a certain stopping time argument which takes
its origin in [96] together with the non uniform version of Vitali’s covering argument from
Lemma 8.2.

We let K > 1 and suppose that (4.5.8) is satisfied and consider a standard parabolic
cylinder Qr = Qr(30) such that Q2 € Qp. Then, we fix M > 1 to be specified later
and define

d
Ao = {][ |DulP®) + M(|F| +1)*© dz| >1, whered :=supd(p(-))
Q2r Q2r

(8.3.1)

and d(-) is defined according to (4.5.10). Next, as in [4, Section 4], we fix two numbers
R <ry <ry <2Rsuchthat Qr C Qr, C Qr, C Q2r, all the cylinders sharing the
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same center 3¢. In the following we shall consider A such that

(n+2)d
A> B\,  where B = ( Sl ) (8.3.2)
To —T1
and for zg € Q,, we consider radii p satisfying
po—2 _ po—2 _
min{l,)\ %o }TQ n <p< min{l,)\ 5o }7327741, (8.3.3)

where pg := p(zp) and x = x(n,v1) > 5 denotes the constant appearing in Lemma 8.2.
Note that these choices of A and p ensure that QEJ)‘) (20) C @, for any zp € Q,,. Next,
we want to prove that for any zp € @), there holds

][ N |DulPO) + M(|F| +1)PY) dz < A (8.3.4)
Qp (20)

Indeed, enlarging the domain of integration from fo‘) (z0) to Q2p and recalling the defi-
nition of Ay from (8.3.1) we infer that

£ o IDuP MO 1P d:
(N)
Q" (20)

< ﬁi][ |DulP®) + M(|F| + 1)P) dz
Q5 (20)] / Q2r
2R\"+2 o2 1

=(5) 2

Now we distinguish the cases pp > 2 and pg < 2. If pg > 2, then 1/d < 1/d(po) = 2/po

po—2
and min {1, /\ST)} = 1, so that, using also the choice of p from (8.3.3) we obtain
n+2 pg—-2 1
][m IDulP©) + M(|F| + 1)PO dz < (ﬂ) DY
Qp (20)

o —T1

1 Po

1.P0=2 1.1 -2 .1
< Bad)Xro B7d)d =)\ ro \d <\

po—2
If v1 < po < 2, we have 1/d < 1/d(pg) =1 —n(2 — pg)/(2po) and min {1, A e } =
—2
A% and therefore we get
2—pg
8YRA 20 )n+2 po—2 1

PETEPY
g —T1

|DulP®) + M(|F| +1)*0) dz <
QE;A)(ZO)

1 n2-—p n(2—pg) n(2—pg)

= BIANTEUAL < BEAT I BiAR = AT A <

Hence, in any case we proved that (8.3.4) holds.
For X as in (8.3.2) we consider the upper level set

E(X\,71) := {2z € Qy, : z is a Lebesgue point of | Du| and |Du(z)[P*) > A}

In the following we show that also a converse inequality holds true for small radii and for
points zgp € E(A,r1). Indeed, by Lebesgue’s differentiation theorem (see [29, (7.9)]) we
infer for any zo € E(\, r1) that

lim D)+ M(IF| + 1)) dz > | Du(z0) ") > A,
P10 J QLY (zo0)

From the preceding reasoning we conclude that the last inequality yields a radius for which
the considered integral takes a value larger than A, while (8.3.4) states that the integral is
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smaller than A for any radius satisfying (8.3.3). Therefore, the continuity of the integral
yields the existence of a maximal radius p,, in between, i.e.

0 < pay < min {1, %% }’"2471 (8.3.5)

such that
][ |DulPC) + M(|F| +1)P0) dz = A (8.3.6)
QL) (20
—2
By saying that p,, is maximal we mean that for every p € (p,,, min {1, A3 Hra—r1)/2]
inequality (8.3.4) holds. With this choice of p,, we define concentric parabolic cylinders
centered at zy € E(A,r) as follows:

= szo( ) = QXPZO( )
= Q) (o), Q% = 0Q, (z0). (837)
Then, we have Q% C Q1 C Q2 C on C Q,, and for j € {0, ..., 3} there holds
A
DulPY) + M(|F| + 1)P0) dz < 3.
(4X)n+2—][ |Du|P*) + M(|F| +1)""7 dz < A (8.3.8)

Note that the upper bound follows from (8.3.6) and the maximal choice of the stopping ra-
dius p,,, while the lower bound follows from (8.3.6) by enlarging the domain of integration
from QY to QI  and taking into account that [QJ |/|Q% | < (4x)™+2.

We now fix one particular cylinder ng and define the comparison functions v and
w as the unique solutions to the initial-boundary value problems (8.2.2) and (8.2.14) with
3 and Q2 instead of 2Q and Q. Thanks to (8.3.8) we know that (8.2.1) is satisfied with
k= k(n,v1) = (4x)"*2. Moreover, we assume that
R < Ry < ps,
where ps = ps(data, K, M,w(-)) € (0, 1] denotes the radius introduced after (8.2.20) for
the choice k = (4x)"+2. This ensures that we may apply (8.2.7), (8.2.19) and (8.2.20)
with K = (4x)"*? for any radius smaller than p3. Therefore, from (8.2.19) applied with
k = (4x)"*? we infer that

sup | Dw| < epip A7, (8.3.9)
=0
where ¢p;p = cpip(data) > 1. In the following by ¢, = ¢¢(72) > 1 we denote the
constant from Lemma 3.16. For A chosen in dependence on data according to

A>28 ¢ e >1

we now consider z € Qio N E(AX, r1). Our aim now is to deduce a suitable estimate for
| Du(z)[P*). Applying Lemma 3.16 twice yields

|Du(2)[P*) < ¢} [Dw(z)[P?)
p(z)=2
+¢; (IDv(2)? + [Dw(2)|?) > [Dv(2) — Dw(2)[”

4 e (IDu(2)]? + [Du(z)P) 7 [Du(z) — Du(z). (8.3.10)

Next, we prove that
p(z)—2
|Dw(2)P*) < (|Du(2)* +|Dv(2)]*) * |Du(z) — Du(2)|?

+ (IDo(=)2 + [Dw(2)2) T |Du(z) - Dw(z)[>  8.3.11)
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holds. Indeed, if (8.3.11) fails to hold we obtain from (8.3.9), (8.0.30)2 3 from Lemma 8.1
(which is applicable due to (8.3.8)), the fact that z € F(A\, r1) and (8.3.10) that

(=) n
[Du(2)P?) < Bip A < chipes
Y2 in 202 12 3n
< CD“ile IDU(Z)|p(Z) < Cy CD/;B €
But this contradicts the choice of A and hence (8.3.11) is proved. Therefore, combining
(8.3.10) and (8.3.11) we get

| Dw(z)[").

p(z)—2
|Du(2)[P?) < 2¢f (|Du(z)* + [Dv(2)]*) * [Du(z) — Do(2)[?
p(z)—2

+ 2¢7 (|D11(z)|2 + |Dw(z)|2) 2 |Dv(z) — Dw(z)\g.

Integrating over Qiu N E(A\, 1) and using the comparison estimates (8.2.7) and (8.2.20)
applied with x = (4x)"*? we obtain
p()—2
/ |DulP®) dz < 2c§/ (|IDul? + |Dv[*)” 7 |Du— Dv|* dz
QL NE(AN1) QL
p()=2
+2c§/ (IDv? +|Dw[?) " |Dv— Dw|*dz
1
Z0

< c(data) G(M, R) \|QY, |, (8.3.12)

where

1 K o 1%
G(M,R) := e w(TEp) ) Mlog () + [@(0)]7F | .
o= s [t v )anes (5) + o]
(8.3.13)

Note that M > 1 is yet to be chosen and o and I' are defined according to (8.0.31).
Moreover, we recall that this estimate holds for any A > B and 29 € E(\, 71).
Next, we will infer a bound for the measure of the cylinder ng. From (8.3.6) we have

1 1
Q% | = X/ | DulP®) dz + X/ M(|F| + 1)P0) dz. (8.3.14)
QY QY

We split the first integral of (8.3.14) as follows:

/ |Du|P) dz = / | DulP®) dz

Q Q0. N{|Dul?) <x/4}

—|—/ | Du|P®) dz
QY NE(N/4,r2)

<fiesl+ [ (Dul? dz,
QY NE(A/4,r2)

and similarly the second one

0
Z0

_ A
. M(|F|+1)P0 dz < 21Q% |+
Z0

/ M(|F| 4+ 1)P0) dz.
QU N{M(IFI+1)?O)>x/4}
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Inserting the last two estimates into (8.3.14) we can reabsorb the term |Q? |/2 from the
right-hand side into the left, yielding the following estimate:

2
0 )
Q%<5 Dl d

/QQOOE(A/zl,rQ)
2
+ f—

/ M(|F|+1)"Y) dz.
A J Qo {M(IF|+1)7C)> 2 /4)

Using this estimate in (8.3.12) we obtain for a constant ¢ = ¢(data) that

/ |DulP") dz < ¢ G(M, R)/ |DulP") dz
Q}ZUOE(AX,H) QQUOE(X/&T'Q)
+cG(M, R)/ M(|F|+ 1" dz. (83.15)
QN {M(IF|+1)P0)>x/4}

Estimates on level sets. Here, we will extend estimate (8.3.15) to the super level set
E(AM, rq). To this aim we first construct a suitable covering of E(), r1) by intrinsic cylin-
ders of the type as considered in the preceding steps. Here, we recall from the preceding
two steps that for every zo € F(\,r1) there exists a radius p,, satisfying (8.3.5) such that
on the cylinders QZO, j € {0,...,3} the estimates (8.3.8) and (8.3.15) hold. Next, we
want to apply the Vitali-type covering argument from Lemma 8.2. For this aim we note
that (8.3.6) and (8.0.30); (with x = 1) imply that

r(z0)

A< <5nMK> :

n+2
zo

This ensures that assumption (8.0.33) of Lemma 8.2 is satisfied for the family 7 := {QY }
of parabolic cylinders with center zo € E(\, r1) (note that by possibly reducing the value
of Ry we can ensure that p,, < R < Ry < pp, where p; is the radius from Lemma
8.2). The application of the Lemma then yields the existence of a countable subfamily
{QS 721 C JF of pairwise disjoint parabolic cylinders, such that the y-times enlarged
cylinders Qii cover the set E(A\, 1), i.e.

E(AXN 1) C E(\,m) C | QL.
ieN
Moreover, for the 4x-times enlarged cylinders Qi we know that Qi C Qr,. Here, we
have used the notation from (8.3.7) with 2y replaced by z;. Since we know that on any of
the cylinders Qii, 1 € N estimate (8.3.15) holds, we obtain after summing over ¢ € N that

[ puvdzzeconm [ papta:
E(Akﬁj) E(k/4,7"2)

+cG(M, R)/ M(|F| +1)*O dz, (8.3.16)
QryM{M(IF|+1)P) >0 /4}
where ¢ = ¢(data). We recall that this estimate holds for every A > B),.

Raising the integrability exponent. Having arrived at this stage we would like to
multiply both sides of (8.3.16) by A\9~2 and subsequently integrate with respect to A
over (B)g,00). This, formally would lead to an LP()9 estimate of Du after reabsorbing
Ik | Du|P()9 dz on the left-hand side. However, this step is not allowed since the integral
might be infinite. This problem will be overcome in the following by a truncation argu-
ment. For £ > B\g we define the truncation operator

Ty : [0,400) — [0, K], Ty (o) := min{o, k}
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and
Ey(AXN, 1) := {2 € Qp, : Ti(|Du(z)|P*)) > AN},
Then, from inequality (8.3.16) we deduce that
/ |DulPO) dz < ¢ G(M, R)/ |DulP") dz
Ek(A)\,’l"l) Ek()\/4,’l"2)

+cG(M, R)/ M(|F|4+1)PY) dz. (8.3.17)
Quy N{M(IF|+1)70)>x/4}

This can be seen as follows: In the case k < A\ we have Ey(A\,r1) = 0 and therefore
(8.3.17) holds trivially. In the case k > A\ inequality (8.3.17) follows since Ej(AX,r1) =
E(AX,r1) and Ex(M\/4,7m2) = E(M\/4,72). Therefore, multiplying both sides of (8.3.17)
by A?~2 and integrating with respect to A over (B, +00), we obtain

/ A2 / | DulP®) dz d\ (8.3.18)
BXo ER(AXN,r1)

oo
< c¢G(M, R)/ )\‘1‘2/ | Du|PC) dz dA
BXo Ex(X/4,72)

(oo}
+cG(M,R)/ N2 M(|F| 4 1)PY) dz d.

BXo /QTZO{M(|F+1)”<'>>A/4}
Using Fubini’s theorem we get for the integral on the left-hand side of (8.3.18) that

/ N2 / | DulP®) dz dA
BX\o Ek(AA,T’l)

Tio(|Du(2)|7*)) /A
= / | DulP®) / N2 4\ dz
Ek(ABAo,Tl) BXo

1 1 / -1
- |— DulPOT, (|DulPO)* " dz
q—1 [Aql Ei(ABXo,r1) [Dul (1Duf"™)

— (BXo)T! | DulP®) dz]
Ek (AB/\o,T'l)

1 1 _
= q_l[Aql/Q |DufPO Ty (|Duf?)) " dz

— (BXo)T! / | DulP®) dz] ,
Qry
where in the last line we used the decomposition

er = Ek(ABA(),Tl) U (er \Ek(ABAo, 7‘1))

and the fact that T}, (| Du|[P()) < ABXg on Q,., \ Ey(AB)g,r1). Again by Fubini’s theo-
rem we obtain for the first integral on the right-hand side of (8.3.18)

/ A2 / |DulP) dz dA
B Er(M/4,r2)

AT (1 DulP)
_ / Dyl / A2 N dz
Ek(BAO/4,T‘2) B)\(]

4(1—1 q—l
< 1 / |Du|p(')Tk(|Du|p(')) dz
q—1Jq,
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and analogously for the integral involving the right-hand side F"

/ Aq—Q/ M(|F| + 170 dz d)
BXo Qry {M(|F|+1)PO) > /4}

4M(|F|+1)P0)
M(|F| 4 1)P0) / N2 dN\dz

B /QT2O{M(|F+1)”(')>B)\O/4} BXo

49-1pa
< 7/ (|F| 4+ 1) dz.
qg—1 Q

T2

Hence, joining the preceding estimates with (8.3.18) we get

/ |Du|p(')Tk(|Du|p('))q_1 dz
1
< (AB)\O)q_l/ | Du|P®) dz
Qry
a A1 () p(-))4—1
+cA G(M,R)/ | Du|P Ty (| DulP)* " dz
)
+ ¢ AT MIG(M, R) / (|F| 4+ 1)P09 dz, (8.3.19)
T2
where ¢ = ¢&(data). Note that the estimate stays stable as ¢ | 1.

Choice of the parameters. We now perform the choices of the parameters M and Ry
in such a way that ¢A971G(M, R) < % whenever R < Ry. First, we choose M =
M (data, q) > 1 large enough to have

cAT1

——= <

M'Ta A4
Next, we reduce the value of Ry, now depending on data, K, w(-),®(+), g, in such a way
that for any p < Ry we have

A u(rap) Miog () + (6] 7T] " < ¢ (8:3.20)

Note that this is possible due to the assumptions (4.4.4) and (4.5.6). Recalling the definition
of G in (8.3.13) we therefore have ¢4 1G(M,R) < % for any R < Ry. Using this in
(8.3.19) we get

/ | DulPOT, (| DuPO) "™ dz
1
1 _
< 5/ | DufPO Ty, (| DufPO) ™ dz

T2

B
—|—c( i )Ag’l/ |Du|p(')dz+c/ (|F| + 1)P) 4z,
Q2R Q2R

1T —T1

where 5 = (n 4 2)(¢ — 1)d and with a constant ¢ = ¢(data, q). At this point we apply
Lemma 3.11 with

qﬁ(r)z/ \Du|p(')Tk(\Du\p('))q71 dz,

T

and

Azc/ (|F| +1)PV9dz  and BECRBAgfl/ |DulP) dz,
Q2r Q

2R
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yielding that
. Avg—1 B
/QR IDuPOT(|DulPO) ™ de < e(B) [A+ =3

Passing to the limit £ — oo which is possible by Fatou’s lemma and taking averages we
find that

][ DU dz < ¢ {Ag—l][ |Du|p(')dz+][ (1F| + 1707 4z
Qr Q2r Q2r
(8.3.21)

Note that ¢ = ¢(data, q), since 8 depends continuously on p(-), i.e. the dependence
upon p(-) via the parameter d can be replaced by a dependence on +; and 7,. Since
Q2r € Qp was arbitrary, we have thus proved the first assertion in Theorem 4.20, i.e. that
|DulP®) € L{ (). It now remains to show the estimate (4.5.9).

Adjusting the exponent. Here, we first observe that (8.3.21) together with the defini-
tion of Ag in (8.3.1) lead to estimate (4.5.9) in Theorem 4.20, but with d instead of d(py),
with po := p(30) and 3¢ is the center of the cylinder Q2 = Q2r(30). We recall that d
was defined in (4.5.10) and d > d(po). In order to reduce the exponent from d to d(pg) we
need to show a bound of the following form

@l < ¢(n,v;), where €:= ][ |DuPO) 4+ (|F| +1)PO9 2. (8.3.22)
Q2r

To this aim we first shall deduce an upper bound for d — d(pg) in terms of w(R). Since

d(p(-)) is continuous there exists 2 € Qp, such that d = d(p(%)). From the definition of

d(-) in (4.5.10) we observe that

Do 2po
d > —_ .
(pO)_maX{Q,pO(TL—‘rz)—QTL}

In the following we distinguish the cases where p(Z) is larger, respectively smaller than 2.
In the case p(%) > 2 we get from (8.0.27) that

d—dipo) = P& _apy <P 0 Ly,

2 2 22
while in the case p(2) < 2 we have p(2) < pg and therefore we find in a similar way that
2p(2) 2po
d—d(po) < —
(po) < p(2)(n+2)—2n  po(n+2)—2n
4 —p(2 4
_ n(po — p(2)) < n _w(R)
[P(2)(n +2) = 2n][po(n +2) —2n] ~ [n(n+2) —2n]

Hence, in any case we have proved that d—d(pg) < ¢(n,v1)w(R). Recalling the definition
of € from (8.3.22) and using (4.5.8) we thus obtain

@d—d(po) < C(n7’71) [R—(n+2)K] c(n,m)w(R) < C(n7’71).

We note that the last inequality is a consequence of the logarithmic continuity of w from
(8.0.27), since R~(®) < ¢ and

KB — exp [w(R)log K| < exp [w(R)log ()] <e

provided R < Ry < min{R;,1/K}, where R; is the radius from (8.0.27). This finishes
the proof of (8.3.22) and by the reasoning from above we therefore obtain the asserted
estimate (4.5.9). We have thus completed the proof of Theorem 4.20. O
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Proof of Remark 4.21. Here, it is enough to ensure that we can choose Ry > 0 and
egmo in such a way that (8.3.20) is satisfied. Assuming for instance

4~
1 - o K 1 2
gart) | and w(0o)) Mo () < (g5075)
for any p < Rj we conclude that (8.3.20) holds, since @(p) < [a]lpmo. The rest of the
proof is completely the same as the one of Theorem 4.20.

[algmo < €BmoO = (

Finally, note that the constant ¢ in Theorem 4.20 remains stable when ¢ | 1 and it
blows up, i.e. ¢ = oo when g — oco.






CHAPTER 9

Interpolation potential estimates for p(z)-growth
conditions

We begin this Chapter by stating an intermediate result which will allow, starting from
Theorem 4.23, to infer Theorem 4.24 and 4.25 and also Corollary 4.26.

THEOREM 9.1. Let u € C'(Q) be a weak solution to (4.6.1) under the assumptions
(4.6.5), (4.6.6) and (4.6.8), with w(-) satisfying (4.4.3). Let B C ) be a ball, cen-
tered at x. Then for every & < 1 there exist positive numbers §1 and 0o depending on
n, Y1, Y2, V, L, L1, & such that if (4.6.17) is satisfied, then the pointwise estimate

1
M, p(u) (@) + My g (Du) () < ¢[My()—a(p()-1),8 (1) (x)] 7

+ chfa][ (|Du| + s+ R)dy (9.0.23)
Br

holds uniformly in « € [0, &), for a constant ¢ = ¢(n,y1, v, v, L,w(-), &, diam(2)).

If in addition the continuity assumption (4.6.7) on the vector field together with the
conditions (4.6.14) and (4.6.15) — for oy, as in Theorem 4.25 — are in force, and moreover
Bsogr C Q, then the estimate

M p(w)(@) + M, r(Du) () < W, 0 0o (@, 2R)

+cR™ ][ (|Du| + s+ R)dy (9.0.24)
Br
holds true uniformly in o € [0, 1], with a constant ¢ = c¢(n, v1, Y2, v, L, w(-), diam(12)).

9.1. Preliminaries

Since the prototype for equations we handle in this manuscript is the p(z)-Laplacian
operator, it is convenient that we work with an operator for the gradient Du, involving the
growth behavior of this equation. For s € [0, 1] and p € |1, 2], we introduce the function

p—2
Vp(z) = (s> +1[2*) T 2, zeR™

A basic property of the map V,,(-) reads as follows: for any 21, zo € R”, any s € [0, 1] and
any p € [y1, 2] it holds

p — = V — V
071(52 + |Zl|2+ |22|2),2z | P(ZQ) P(Q’Zl)|
|22 — 21

p—2
2 .

2
< e(s® + |z + [22f)

IN

(9.1.1)

Here the constant ¢ depends on n and p and we notice that for p € [y, 2] it can be replaced
by one depending only on ; and ~y» instead of p. On the other hand, in case of a function
p: Q — [y1,72], the estimate (9.1.1) can be written pointwise for every = and again the
constant ¢ depends only on n and the global bounds ~y; and ~y, of the function p(-).
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At this point we recall that assumption (4.6.5)2 implies the following monotonicity
property of the vector field z — a(+, z): There exists a constant ¢ = ¢(-2) > 1 such that

p(z)—2
VY (2P + 2P+ 5%) 7 |z — a1l < lalz, 22) — alz, 21), 22 — 21)

(9.1.2)

whenever 2 € Q and 21, 22 € R™. Taking into account (9.1.1) we have for all p(z) > 1
the estimate

VY| Via) (22) = Vi (21)

for a constant ¢ = ¢(n,71,7v2) > 1. In particular, in the case p(z) > 2, the previous
inequality directly implies

Iz — 2P < (a(x, 220) — a(w, 21), 20 — 21) .

For a fixed ball Bag(zo) C §2 we define

‘2 <A(a(x,z2) —a(x,z1),22 — 21), (9.1.3)

p1 = inf p(x) and p2 = sup p(m) (9.1.4)
IGBQR(I()) ﬂ?GBZR(fEO)

Then, assumption (4.6.6) directly gives
p2 —p1 <w(AR) and Zﬁ <1+w(4R). (9.1.5)
1

Furthermore, an elementary computation shows that (4.4.3) and (9.1.5) imply
R~(P2—p1) < p=w(R) < c(w(-)), (9.1.6)

for all radii 0 < R < 1. Finally, from [33, estimate (2.8)] we take the following elementary
estimate, which we shall use several times in the course of the proof. For any a,0 > 0,
R € (0,1] and © € [0,w(R)] we have

A% < cla,w()) (A+ Rt forall A>0. 9.1.7)

Elementary facts on Wolff potentials. The statement in the following remark is a con-
sequence of the fact that the non standard potentials are defined pointwise, see for the
standard case [133, Lemma 2.3].

REMARK. Forl < p(x) < 2and 8 >€ (0,n/p(x)|, the estimate

1
w# @ =1
lﬂ)p(')(x, R> S C(’Yla Y2, B) [Igp() (l’, 2R)i|
holds true.

The following simple Proposition shows how to estimate the series of the density of
the Wolff/Riesz potential, on some dyadic sequence, with the whole Wolff/Riesz potential.

PROPOSITION 9.2. Let R > 0 and let R; :== R/K% i = 0,1,... be a sequence
of geometrically shrinking radii with K > 1. Then if p(x) > 2, for every m € N and
0(z) € (0,n/p(z)] we have

m 1
|ul(Bi) 17mr=1
Z[W} <c(n,m, K) W
i=0 i

and for every q(x) € (0, n] there holds

— |ul(Bi) lul
Z Rn—q(w) < C(’I’L, n, K) IQ(I)
=0 Y

where B; :== B(R;, x).

by (@ 2R), (9.1.8)

(z,2R), (9.1.9)
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PROOF. Since the nonstandard potentials are defined pointwise, the proof is exactly
the one for the standard potentials, which can be found for instance in [70, 103]. Indeed
from [70, p. 20] we deduce that the constant in estimate (9.1.8) is

n—=0(z)p(x) n—0(x)p(x) n n
2 p@)—-1 K p@-1 2711 K1

<
log 2 + logK — log2 + log K’
Estimate (9.1.9) is just estimate (9.1.8) with the choices p(z) = 2 and 0(x) = ¢(x)/2. O

c

The following Lemma, whose proof is just a pointwise revisitation of the proof of
[103, Lemma 4.1], will be useful in order to estimate maximal operators associated to the
measure ;. with related Wolff/Riesz potentials.

LEMMA 9.3. Let p be a Borel measure with finite total mass on S and let s € (0,1),
B(x) € [0,n), p(x) € [71,72) and Br C . Then there holds
1
[Mp(e),er(1) (@) 770 < e(n, 31,72, YW 1) i (25 R)
and
Mp(a) r(1)(@) < e(n, 5,71, )14 (. R).

Note that the constant appearing in [103, Lemma 4.1] is continuous and increasing
with respect to B(x), so we replaced the dependence on 3(x) with a dependence on n,
and the dependence on p(x) with a dependence upon 71, 7,. The proof of the following
Lemma can be found in [51]:

LEMMA 9.4. Let f € L' (;R¥) and Br C €U then for every a € (0, 1] there exists
a constant depending only on n such that the inequality

(@) = F)| < = [ME 2(£) @) + ME o ()]l = y1°
holds for every x,y € BR4.

9.2. Regularity for the reference problems

Since we will prove the main theorem by suitable comparison procedures to homo-
geneous and “frozen” problems, in this section we collect several regularity results for
problems with non standard growth.

Decay estimates for the reference problem. For a sub-domain A C 2 we consider
the homogeneous equation

—div[y(z)a(z, Dv)] =0 in A. (9.2.1)

Then De Giorgi’s theory is available for solutions v to this equation, since the vector field
a satisfies the ellipticity and p(z)-growth conditions (4.6.5) and p(-) is logarithmic Holder
continuous. More precisely we have estimates of Morrey-type for the gradient Dv, as the
following Theorem shows:

THEOREM 9.5. Letv € W' PO (A) be a weak solution to (9.2.1) under the structure
conditions (4.6.5) with a growth exponent p(-) satisfying (4.6.6) and (4.4.3) and with co-
efficient () bounded in the sense of (4.6.8). Then there exist constants o, € (0,1) and
¢ > 1, both depending at most on n, v, L,y and 3, such that the estimate

p2(am—1)
£ el + sy s < e (BY"TT L (D0l 45 da s cppien D,
B, R Br

holds, whenever B, C Br C A are concentric balls.
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PROOF. The proof works by showing that v lies in an appropriate generalized De
Giorgi class and subsequently via the embedding of De Giorgi classes into the space of
Holder continuous functions. In fact, this is shown for local minimizers of functionals
with p(z)-growth structure in [76] and in [74] (in the latter paper more general problems
involving obstacle conditions are treated). In the context of solutions to p(z)-growth equa-
tions the argument can be established completely analogously. O

Next, we consider the homogeneous frozen equation
—diva(xg, Dw) =0 in A, (9.2.2)

for a sub-domain A C Q. Since the vector-field z — a(xg, z) is frozen in the point z( € €,
it fulfills the structure conditions (4.6.5) with a constant exponent p(z(). Therefore, [69,
Theorem 3.3] and [70, Theorem 3.1] provide the following reference estimate:

THEOREM 9.6. Letw € WP(o)(A) be a weak solution to (9.2.2) under the structure
conditions (4.6.5) with constant growth exponent p(xg) > 2 — 1/n. Then there exists
Bm € (0,1] and ¢ > 1, both depending only on n,v, L, p(xo) such that the estimate

Bm
][ \Dw — (Dw)p, |dz < c (%) ][ \Dw — (Dw)p,,| d, 9.2.3)
B, Br
holds whenever B, C Br C A are concentric balls. Moreover it holds that
][ (|[Dw| + s)dz < c][ (|[Dw| + s) dx, (9.2.4)
P Br

again for a constant ¢ = c¢(n, p(xg), v, L).

REMARK. (Dependence of the constants) As also mentioned in [69, Remark 3.2], the
constants 3 and c in the estimate above depend continuously on the data. This means that
for p(zo) € [11,72] we may replace the dependence upon p(zo) by a dependence on the
bounds ; and 5. Let us in particular point out that the constants remain stable when
p(zo) — 2, since they rely on estimates for a linearized elliptic equation as considered in
[70, Lemma 3.2].

We state a result concerning boundary regularity and nonlinear Calderén-Zygmund
theory for solutions to the frozen homogeneous equation. We refer the reader for instance
to [103, Theorem 2.3] and [99, Theorem 7.7] for more details and a comment on the proof.

THEOREM 9.7. Let w € W1P0(Q) be a weak solution to the Dirichlet problem
—diva(xg, Dw) =0 on Bgr
w=v on OBg,

where the vector field z — a(xg, z) satisfies (4.6.5) with constant exponent py = p(xg),
Br C Q denotes a ball and v € W19(Bg) denotes an assigned boundary datum with
po < q < 0o. Then w € WH4(BR) and the estimate

IDwllze(sr) < ¢ (IDvl|La(sr) + 5) 9.2.5)
holds true for a constant ¢ = ¢(n, po, v, L, q).

REMARK. (Dependence of the constant) Again, a careful look at the proofs of Theo-
rem 7.7. in [99] shows that the appearing constant can be replaced by one which depends
only on the global bounds ; and 7, instead of py. Later on we will apply Theorem 9.7 for
a choice ¢ = pa(1 + 01/2), where py denotes the supremum of p(-) on a small ball and 0,
a higher integrability exponent depending on the data. However the constant in Theorem
9.7 depends in a monotone way on the parameter ¢ and blows up when ¢ — oo. Thus, we
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can replace the dependency of the constant on ¢ by the upper bound of pa(1 + §;/2) and
therefore make it independent of p(-) itself.

9.3. Comparison estimates for reference problems

The proof of the main theorems will be performed by a series of comparison proce-
dures to suitable “simpler” problems. Let us denote by u € C'(f2) the solution to the
equation (4.6.1) with bounded 1-energy. We consider on a fixed ball Bag(xg) C §2 with
suitable small radius which will be specified later, the solution v € W'P()(Q) to the
Dirichlet problem

div [y(z) a(z, Dv)] =0 on Bag,

9.3.1)
v=u on 8BQR
and the solution w € W70 (), where py = p(x), to the Dirichlet problem
div a(zg, Dw) =0 on Bg,
(9.3.2)

w=v on OBpg.

Existence and uniqueness of v and w are guaranteed by standard monotonicity methods.
In order to handle the cases py > 2 and pg < 2 widely simultaneously, we introduce the

notation
0 ifpg>2
X{po<2} =

1 ifpy < 2.

Comparison to the homogeneous problem. We first establish a comparison estimate
between the solution u € C'(Q) to the original measure data problem (4.6.1) and the
unique solution v € W1P()(Q) to the homogeneous Dirichlet problem (9.3.1). Our result
is the following

LEMMA 9.8. Under the structure conditions (4.6.5), (4.6.6), (4.4.3), and being ~(+)
bounded in the sense of (4.6.8), let u € C! (Q2) be the solution to the equation (4.6.1) and
letv € u+W01’p(') (Bar) be the unique solution to the Dirichlet problem (9.3.1), where 0 <
R < 1. Then there exists a constant ¢ depending upon n,v,y1,7vs, |u|(Q), |2, M, w(+)
such that the following estimate holds true:

][ |Du—Dvdac<c['u|(BQR>}po1
Bon - Rn—1

B 2—po
+ CX{po<2} {W} (]i (|Du| + s) dx) +cR. (93.3)
2R

PROOF. Estimate (9.3.3), in the case p; > 2, can be almost directly inferred from [33,
Lemma 3.1]. The only difference consists in the presence of the coefficient function ~(z)
here. However, it can be easily seen that only slight modifications are sufficient, involving
in particular the bound (4.6.8) for v(z), to get the estimate also in our case. So in this proof
we only concentrate on the case p; < 2.

The proof consists in three steps. First, we reduce the situation to the one where

2— _

29 =0, 2R = 1, thus Bag = By, and |u|(By) + [|pl(B1)] (fBl(|Du| + ) dz) Pl
for a constant ¢ = ¢(n, 1, v2, M, ||, w(-)). Here we have set po = sup,cp, p(-). Then,
in a second step we justify this simplification by a scaling argument. Finally, we have to
adjust the outcoming estimates by replacing the “wrong” exponent py by the exponent pg.
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Step 1: Dimensionless estimate. We here show that in the case Bag(z¢) = By, setting
p2:= sup p(-),  p1:= inf p()
rEB; € B,

and supposing the estimate

|mwo+uwm(/

holding for a constant ¢ < co, we have

2-p1
(|Du| + s) dac) <e¢, (9.3.4)

1

/ |Du — Dv|dx < ¢(G, v, 71,72, n). (9.3.5)
B,

First we introduce for k£ € N the truncation operators
Tk (t) := max{—Fk, min{k,t}}, Op(t) :=T1(t — Tr(t)), teR,
and the sets
Cr:={zeB: k<|ulz)—v()| <k+1}
Substracting the weak formulations of (4.6.1) and (9.3.1), testing the resulting equation
/ ~(z) {a(x, Du) — a(z, Dv), Dp) dx = / pdu
B, By

with ¢ := ®(u — v) and using that Do = Du — Dv on Cy, Dp = 0 on By \ Cj and
|| < 1, we obtain by (9.1.3) and the bound (4.6.8) for every k € N

/C Vi) (D) = Vi (D) |* dae < ¢ |l (By), (9.3.6)

with ¢ = ¢(v,72). Observing that the lower bound ~; for the exponent function p(-)
satisfies v, > 2 — X, we find = n(v1,n) € (0,1) such that

P12’71>2—Q
n

and therefore also
n(p1 — 1)
n—mn

For every integer k € N we then obtain

/ Vo) (Du) — Vp(o(Dv)\% dx
Ch

> 1. 9.3.7)

p1—1 2 ﬁ
< |Gkl (/C Vo) (Du) = V(Do) dx)

< c|Chl T [|ul(B)] 7

pp—1

C n P1 1
smqn</ wwwnm> [ll(BD)] ™
kpi(n=n) Ch

for a constant ¢ = ¢(v, 1, 72). Moreover, by Holder’s inequality we obtain for & = 0:

/c Vo) (Du) = Vo) (Dv)|7F dz < e, v, 71, 72) {1 (B)] 7+
0

Now, having in mind (9.3.7), we proceed exactly as in [69, p. 2981] with p replaced by p;
and obtain

/B Vo) (Du) = Vi) (D) | 71 dxe
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n(p1—1)

1 p1(n— n) a1
c[lul(Br)] ™ + c(/B |Du — D] da:) [lul(B1)]". (9.3.8)

In the preceding estimate, the constant ¢ depends on n, v, 71, 2 and 1, where — in view of
(9.3.7) — the dependence upon 7 can be replaced by a dependence on y; and n. In a next
step we use (9.1.1) to write

1
|Du — Du| = [(|Dul? + | Dv[? + 5%) " Duf?]?

2—p(x)

. (|Du|2 + |Dv|2 + 82) 1

2—p(x)

< ¢ |Vi(a) (D) = Vi) (D) | (| Dul® + |Do|* + s*) *

2—-p1

< C| (x) ) Vp(w)(Dv)|(‘Du|2 + |DU|2 + 32 + 1)T
< ¢ |[Vay (D) = Vi (D) || Du —

2—-py

+ ¢ [Vo(a) (D) = Vo) (Do)[ (IDuf” + 5% +1) =
%|Du—Dv|+c] Du)—Vp(x)(DU”E

2
+ ¢ [Vyge) (D) = Vo (Do) [ (1Duf? + 52 4+1)

Here the constant ¢ depends on n, y; and 5. Thus, by absorbing the first term on the right-
hand side of the preceding inequality into the left-hand side and subsequently applying
Holder’s inequality, we get

/B |Du — Dv|dx < ¢ /B V() (Du) — Vp(.)(DU)’% dx

P1 2—-p3

U| po (D) = p()(DU)|p1d1¢]2{1+/Bl(|Du|+s)dx]2

Combining the last estimate with (9.3.8) and (9.3.4) we arrive at

/ |Du — Dv|dx
B,
n(p;—1)

i1 + s ([, 10w pitae) ]

+c[u|(31)</31 (|Dul| + s) dx+1>2pl}
+c[u|(31)</31 (|Dul + s) dz;+1)2_pl]><
n(p;—1)

(=)
X (/ |Du—Dvdm)
B,

n(p;—1)

p1(n—n)
§c+c[/ |DuDvdx} ,
B

for a constant c that depends on n, v, 1, ¥2, ¢. Here we have used in the last step also that

n(p1—1) n(pi—1)
p1 < 2 and therefore 2—5 > S0

npr—1) _pi(n—1)
pi(n—"2) pi(n—7)
and as a consequence Young’s inequality leads to the desired estimate (9.3.5).

M

=

. Having moreover p; < 2 < n, we observe that

<1
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Step 2: Scaling procedures and adjusting of exponents. We show the comparison estimate
(9.3.3) by re-scaling. Here we have to distinguish carefully several cases of the appearing
exponents p1, p2 and pg. We recall that we are supposing here we are in the case p; < 2.
In the case p2 < 2, which implies that py < 2, we define on the ball Bog = B(xg,2R) C
Q) the quantity

||(Bag) ] 72
A= |: Rn—1

2—p2
+ [WILEHBQIR)] <][ (|Dul + s) dx) +R>0 (939
Bar

and consider the new functions

_+ u(zo+2Ry) _v(zo+2Ry) ., . 2Ru(xo+2Ry)
uy)=——Fym MW =——op s AW =
(9.3.10)

together with the new vector field

. a(xg + 2Ry, Az -

ay,z) = %a Y(y) == v(zo + 2Ry), (9.3.11)
fory € B1,z € R™. It is now easy to see that 4 and v solve the equations

—div [’y(y)d(y, Da)] =g and —div [’?(y)&(y, Df})] =0 (9.3.12)

on Bj. On the other hand, we want to ensure that a(-, -) satisfies the assumption (4.6.5)5.
To see this, we estimate by (4.6.5)5, which holds for the vector field a(-,-), and © :=
o + 2Ry:

(@=(y, )X, X) = A*7P2 (a.(z + 2Ry, Az)\, A)

p(zo+2Ry)—2

> VUAPTP(|Az)P + %) 2 A2
By

)—2
= VUAPE P2 (122 4 (s/A)%) 2 AP, (9.3.13)

where p(y) := p(zo + 2Ry). Note that infp, , p(-) < p(-) < supg,, p(-). Our aim is now
to estimate the expression AP(*)=P2_1In a first step we write

n—1

A< L+ @] T TR + () [M + c(n)s +1]> " R=(=D=n2=1) 4 1
S C(’I’L,’}/l, |M‘(Q)7 M)R_C(nﬁl)a

since R < 1. Having in mind (9.1.6), we therefore get
Ap(z)—pz > C(’fl, V1,72, |/J/|(Q)7 M)RC(nﬁl)W(ZR) > c*(n, Y1572 |M|(Q)7 M7 W(')),

which gives with (9.3.13) in turn

ply)—2

(@0, 20,0) 2 Y2 (P + (s747)

IA2, (9.3.14)

and means that a(-, -) satisfies (2.2.5)y with (1/v, s) replaced by (1/v/cs, s/A), where ¢,
denotes the constant in the above estimate. Note that in order to prove (9.3.5) we only used
p1 < p(+) < po. On the other hand we have to check that the assumption (9.3.4) is satisfied
for the measure fi and the function u. Here we have to be careful since in the definitions
of i and @ we used the quantity A of (9.3.9) which involves the exponent p,, whereas the
assumption (9.3.4) is formulated with the exponent p;. First, by the definition of A we
directly see that |fi|(By) < A'~P2[|u|(B2r)/R""'] < 1. Moreover we have
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|,1|(Bl)[/31 (1D + 5/A) d:crpl

2-p1
gc(pl)Am—m—l“'(fiﬁ{][ (|Du+s)dm] . (93.15)
R Bagr

Having in mind that A > R we deduce by (9.1.6) that AP*~P2 < ¢(w(+)) and moreover

that
2—-p1
[][ (|Dul + s) dx}
Bar

- HBR (1Dul + 5) dxr_” HBR (1Dul 4 5 dxrz_pl
st UBE, (1Dul +5) dxr_m UQ (1Dul + 5) dﬂj o

2—p2
<c(M+1)P2m {][ (|Dul + s) dfc} ,
Bar

with ¢ = ¢(n, y1, Y2, w(+)), and therefore

7(B) [ / (1D +3/4) dy}

B 2—p2
< cA‘lm(nQIR){][ (|Dul + s) dm] <é,
R Bar

for a constant ¢ = é(n,y1, Y2, ||, M,w(-)). Thus, the assumption (9.3.4) is satisfied and
we can apply (9.3.5) to u and © and obtain

][B Dii — Dl dy < e(n, o1, 7 (@), 101, M, o(-)).

The dependence of the constant on |u|(€2) and |©2| comes from the replacement of /v by
\/V/ ¢y, and we note in particular that the constant does not depend on A, since the constant
in (9.3.5) is independent of s. Recalling the definitions of 4, © and A we arrive at

][ |Du — Dv| dx
Bar

|ul(Bar) |70 |pl(B2r) [ e
< _— _— .
<c [ =1 +ec F=1 . (|Dul + s) dz +cR
(9.3.16)

It remains now to replace the exponent po in the preceding estimate by py. For this aim
we take use of (9.1.6) and (9.1.7) as follows: Replacing p2 by pg in the first term of
the right hand side makes difficulties only in the case that |u|(Begr)/R"~! < 1, since

1
p2171 < pqu' Using (9.1.7) with the choices A = [|u|(B2gr)/R" |7, o = 1,

1 ~ — . . .
Bo— and w = ’;7227_"10 we infer the following estimate

p2—1
1 1
Bop)] 721 Bop)] 771
Pugnff)] ’ gc{'“gnff)] " 4¢R, 9.3.17)

with a constant ¢ = ¢(w(+)). On the other hand, to replace ps by pg in the second term
of the right-hand side in estimate (9.3.16) we use again (9.1.7), this time with the choices
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A=Ay (|Dul+s)dr,0 =2—ps>0,0:=py—poanda = (2—py)~" > 0to obtain

Here we used in the last estimate (9.1.6). Combining this with (9.3.16) we conclude the
desired comparison estimate (9.3.3) in the case po < 2. It remains to consider the case
p1 < 2 < po. Here we define the quantity

L 2—po

Bog)] 7T B

A= {'Mgn_zf)] +X{P0<2}7‘ugnff) H (|Dul + s) d:c} +R,
Bar

and perform the same scaling as in (9.3.10) and (9.3.11). Then with the new quantity A,
(9.3.12) and (9.3.13) hold true. With the same argumentation as before we observe that the
ellipticity condition (9.3.14) holds and it remains to check condition (9.3.4). The condition
|2|(B1) < 1 is again easy to see. Moreover, we observe that again (9.3.15) holds. It
remains to consider the right-hand side of the preceding estimate. In the case po > 2 we

have
2=p1
{][ (|Dul + s) dm]
Bar

2—=po Po—P1
< {][ (|Dul| + s) dx-i—l] [][ (IDu] + s) dx—i—l}
B2R B2R

<ec (M + l)pl—poR—n(po—m) [/
B

2—po
(|Dul| + s) dz + 1}

2R

< C(TL,’Yl,’YQ, |Q|7Maw('))’

where we have used (9.1.6) and 2 — pg < 0 in the last step. On the other hand we observe
that |p|(Bag)/R"1 < AP2~1 and obtain in this way

2—p1
| [ (palesaya| T <cariae,
By

In the case that A > 1, we have AP1~2 < 1, whereas in the case A < 1 we can exploit
that AP2~! < A and thus AP1—P2=1AP2=1 < APi=P2 < ¢(w(-)). Again we have used
(9.1.6) for the last inequality. Altogether we have shown that (9.3.4) is fulfilled in the case
Ppo > 2. In the remaining case pg < 2 observe that by an analog argumentation to above
we again see that

2—p1 2—po
[][ (|Dul| + s) dx} <ec [][ (|Dul + s) d;v]
Bor Bar
and thus

(B [ / (Dil+/4) dy]

2—po
< cApl_pz_leiflR) [][ (|Dul + s) dx]
R Bar

S c AP1—P2 S c,
hence also in this case (9.3.4) is satisfied. Applying (9.3.5) to to the functions @ and v and

subsequently using again (9.3.17) to exchange p, against pg on the right-hand side finally
gives the estimate

1
][ |Du — Dv|dx < ¢ [M(BZR)] "
Bon - Rn—1
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2—po

B
+c><{po<2}w[][ (IDul + s) dz +cR.
Bar
The constant ¢ depends on n, v1, V2, ¥, |u|(2), M and w(-) and the lemma is proved. [

Higher integrability and energy bounds. In this chapter we collect integrability
properties for the solution v of the homogeneous problem. We note at this point that we
have no higher integrability for the original solution « at hand, since the right hand side
of the equation (4.6.1) is merely a L!-function. However, the solution v of the homogenous
problem shows at least local higher integrability properties and so does the solution w of
the frozen homogeneous problem. We start with a higher integrability Lemma for v, which
can be found in [147]; we refer the reader in particular to the discussion in [33, Remark
3.3] concerning the dependence of the constant.

LEMMA 9.9. Let u € WHP()(Q) be a solution to (4.6.1) under the assumptions
(4.6.5), (4.6.6), (4.6.8) and (4.4.3). There exists a radius Ry = Ry(n, L,y1,7v2,w(-)) <1
such that the following holds: Letv € u+ Wol’p(') (Bar) be the function defined in (9.3.1),
with Bop = Baog(xg) C Q, 0 < R < Ry. Then there exists 09 = do(n, L/v,v1,72) €
(0,1] such that |Dv|PC) € LLF%(Byg) and for every § € (0,1) and § € [0,8,] the

estimate
1,

holds true whenever B, C Bsp/s. Note that ¢ = c(n,L/v,v1,v2, M, |u|(Q),[9],0),
where M was defined in (4.6.3) and ¢ — cc as 0 7 1.

1
e
(| Do +s)p(m)(1+6) d:v] < c][ (/Do +5+p)p(m) dz,
B

0p P

We point out that the higher integrability Lemma in [33] is formulated for the special
situation of equations with non standard growth exponent p : Q — [2,72]. However,
a closer look at [33, Remark 3.3] shows that only slight modifications have to be done to
adapt the Lemma to the case p(-) € [v1, 72]. We sketch the proof since several intermediate
results will be useful. We start from the following reverse Holder’s inequality which, in a
slight different form, can be found before equation (3.15) in [33].

e

7
/ (1Dv]+)"™ dz < C"U (|Dv|+s+R)dz| , (9.3.18)
By, (2 = p1)77 Uz,
for every 0 < p1 < p2 < 2R, with ¢ = ¢(n, v, y2,w(+)). Here we have
9 - -1
a::n(ﬂ_l), g2V _pp(@-1)
D1 p1p1—1 p1 pr—1

where ¥ := /1 4+ 1/n and we eventually reduced the value of R, in a fashion depending
on n,y2,w(+), so that 8 < 1, see [33, (3.14)]. Now we fix p; = 3R/2 and the first result
we derive from this inequality is the following:

REMARK. Let v be the solution of (9.3.1). Then the following estimate holds:

{][ (IDv] + 5)7@ dm] "< 0][ (IDv| + s + R) dz, (9.3.19)
B3sr/2 BrRry/a

with ¢ depending on n,v, L, L1,v1, 72, |p|(Q), ||, M and w(-). Recall that R < 1.

PROOF. The proof of this Remark follows the lines of the one of [33, Lemma 3.5],
here we just consider the case py < 2 which is more involved due to the presence of an
additional term. The case pg > 2 can be deduced adapting this proof or following [33].
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In order to reduce the exponent p(z) to the level 1, we take use of the reverse Holder

inequality (9.3.18). Note that by their definitions
0 R - S 0.

1-8 1-8

eventually reducing again R, we also have

0 775~ po < c(mn)w(4R)

as proved in [33, Lemma 3.5]. Hence, choosing po = 7R/4 and taking averages in
(9.3.18), the goal now is estimating the quantity

ﬁ*?o -
[][ (Dv|+s+R)dm] <cJTETPo
Brry/a
by Lemma 9.8, where we defined

3 Bop)] 70T
J:i% qu+s+Rym+{mK:Tq
Bar R

- ['“]';EBP} (]{%(DM " S)dx>2_p0,

The estimate of JT=7 70 is performed similarly as the estimate of J in [33, Lemma 3.5];
note that since pg > 1 > 2 — 1/n and R < 1, we have R(p°_1)<1_:07:11) < 1 and also
the fact that both the exponents (1 —n)/(po — 1) and —n(2 — pg) — (n — 1) are greater or
equal to —n. Therefore, for instance, R7o-1(125 ~P) < R=¢(112)9(4R) < ¢(p ~y. w(-)).
This yields

TP < e(n, L, ya, M, |l (€), w()),
which finishes the proof. O

Using once more Lemma 9.8 we get the following corollary:

COROLLARY 9.10. Under the assumptions of Lemma 9.8, the following estimate holds
true:

1

[][ (s+\Dv|)p(”’) dm] " Sc][ (|Du| + s + R) dx
Bsr/2 Bar

2—po et
pl(Bar pu|(Bar) | Po—T
+cmm04g%1q<ﬁ3(pm+@¢0 +mPJ;%)] ,
2R
(9.3.20)

for a constant and radii as in Remark 9.3.

REMARK. Corollary 9.10 shows that the p(z)-energy of Dv can be bounded in terms
of a constant essentially depending on M, i.e. on the 1-energy of Du. Is is indeed easy to
show this, using also the facts stated in the proof of Remark 9.3. To be more precise, our
goal is to show that the constant appearing in higher integrability Lemma 9.9 depend on M
and not upon fQ | Du|P(®) dz: as in the original paper of Zhikov [147]. Indeed in that paper
the constant depends, roughly speaking, on [pr | Du|P(®) dg]<(P), 1t is now easy, using
(9.1.6) and following [33], to show that the constant in Lemma 9.9 has the dependencies
therein stated. See also the following
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REMARK. From the estimate (9.3.20) we also directly conclude the following esti-
mate, which will be useful later:

R

for a constant ¢ depending on n, v, 1, v2, || (2), ||, M and w(-).

Let 69 = do(n, L/v,v1,72) € (0, 1] be the higher integrability exponent from Lemma
9.9; choose Ry € (0, Ry] such that w(4Rz) < 60/2; thus Ry = Ra(n, L/v,v1, Y2, w(+)).
For a radius R < Rs we define the exponents p; and ps as in (9.1.4) on the ball Bsg. By
the choice of Ry, with 4y < 1 and having in mind that p; > 2 —1/n > 1+ §/2, we then
find that

r(145) < (P +wdR)(A+5) < (Pt 5)(1+3) <pi(l+00),
and hence pg(l + %0) < p(x)(1 4 &) for all z € Byg. This implies that
Dv e Lpz(1+5o/2)(BR)_

Moreover, following the argumentation in [33, Chapter 3.2] we infer the following energy
bound for the function v: For any o € [p1, pa(1 + d0/2)] and p € [p1, p2 + w(4R)] there
holds

[][ (|1Dv) —&-s)adx} "< c][ (1Dv| + )" da + ¢ R?, (9.3.21)
Br Bsr/2

for a constant ¢ = ¢(n, v, L, v1,v2, |1|(Q), ||, M,w(+)) and for any radius 0 < R <
RQ = R2(n7 L/Va 15 '727‘*}('))'

Decay estimate for the reference problem II. We go once again back to Theorem 9.5
where we stated a decay estimate for the solution v to the homogeneous problem (9.2.1).
However, for our aim, we have to replace the exponents p(z) in this decay estimates by the
exponent 1 on both sides of the inequality. This can now be done with the help of Lemma
9.8, following basically the argumentation of Remark 9.3. The outcome is the following

LEMMAO9.11. Letv € u+W01’p(') (B2r) be the weak solution to the Dirichlet problem
(9.3.1) on Bsog, where the structure conditions (4.6.5), (4.6.6), (4.4.3) and (4.6.8) are in
charge. Then there exists an exponent o, € (0, 1), depending on n, v, L, v1 and o, a
constant ¢ > 1, depending on n, v, L, Ly, v1, v2, M, |u|(Q), || and w(-) and a radius
Ry < 1 which depends onn, L, 1, y2 and w(-), such that the estimate

am—1
][ (|Dv| + s) d:cSc(B) ][ (|Dv| + s) dz 4 ¢ pom 1
B, r B,

holds true for all concentric balls B, C B, with radius R < R, lying in the ball Bap.

PROOF. We do not perform the proof in detail but we give the main arguments. In
a first step we use Holder’s inequality and subsequently (9.1.7) with & := p(x) — p; to
obtain

1
_ P1
£ (el +5)do < e, 7m,00) [ £ (el + st dx} ,
B, B,

where & > 0 is arbitrary but fixed. The right-hand side of the previous inequality involves
the exponent p(z) and can therefore now be estimated from above with the help of Theorem
9.5 by the quantity

p2(am—1) _
c |:(p) 2 ][ (‘D’U| + S)P(ﬂc) dx + Cpp2(am—1) + paP1:|
Ber 7

r

1

P1
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In a final step we use the argumentation analogous to (9.3.19) to reduce the exponent p(x)
inside the integral on the righ-hand side to exponent 1. Here, the comparison estimate
of Lemma 9.8 is also needed and the restriction on the maximal radius R; comes into
play. We finally adjust the appearing exponents by the localization technique also used in
Remark 9.3 and since a,, — 1 < 0 < & to conclude the desired decay estimate with the
claimed dependencies of the constants. O

Comparison to the homogeneous frozen problem. In this chapter we establish com-
parison estimates between Dv and Dw. We consider here a fixed ball Br(z,) with
Bsgr(z,) C Q and denote py := p(x,). In order to simultaneously deal with the cases
po > 2 and py < 2, we introduce the following quantity:

Ps = min{2,pg}. (9.3.22)
Moreover we define
2
K= min{l, 7} <P _ ) po (9.3.23)
25 PO gy < 2,

and we will take use of this quantity at various stages in the course of the proof.

LEMMA 9.12. Let v be as in Lemma 9.9; moreover let the continuity assumption
(4.6.7) hold and let w € v 4+ Wy'**(Bg(x0)) be the solutions of the Dirichlet problem
(9.3.2). Then there exists a constant ¢ depending only onn,v, L, L1,v1,v2, M, |u|(Q) and
w(+) and a radius Ry = Ro(n, L/v, 1,72, w(-)) < 1 such that whenever 0 < R < Ry the
following estimate holds:

][ |Dv — D’w‘po dx (9.3.24)
Br

<elputmios () + ]| £ (Dol dos m)

3R/2

where p, is defined in (9.3.22). Here

Op = 750
"2+ bo)

and &g denotes the higher integrability exponent coming from Lemma 9.9.

€ (0,1)

PROOF. The proof models on the one in [33], given for the case y; > 2. Therefore
we will only give the necessary modifications for the other case, namely when pg < 2. We
note that the proof for pg > 2 is given in [33] without the presence of the coefficient y(x).
However, the necessary modifications are similar to the ones we also need to carry out in
the case py < 2 and therefore again we only consider the case pg < 2 here. Let Ry be the
radius appearing in the discussion just above this Lemma, possibly again reduced in order
to have w(4R) < 0p/4 for all R < Ra, &y being the higher integrability exponent from
Lemma 9.9. We have in a first step by Holder’s inequality:

P 2 pTO
Po—<
][ |Dv — Dw|P° dx < [][ (s> + |Dvf* + |Dw|?) 2 |Dv—Dw|2dx}
Br Br
2—pg
P 2
X {][ (52+|Dv|2+|Dw2)20dx} . (9.3.25)
Br

Taking into account that

]{3 (+(x)a(z, Dv) — (7)sy ga(z0, Dw), Do — Duw) dx = 0,
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we estimate the first term of the right-hand side, using (9.1.2) and (4.6.8) in the following
way:

v

—][ (|Dv]* + |Dw|* + s ) |Dv — Dw|?dx (9.3.26)
c(72) Br

< ][ (Ve {a(z0, Dv) — a(zo, Dw), Dv — Duw) de
Br

= ]{3 (V)z.,.r (a(xo, Dv) — a(z, Dv), Dv — Dw) dx

+ ]{9 ((y)me — 7(;2)) (a(x, Dv),Dv — Dw) de =: I+ II.

The first term I is now treated with the continuity condition (4.6.7) and the bound (4.6.8)
as follows:
po;l ]

I< cLlw(R)][
X [1 + | log(s* + |Dv|2)|} |Dw — Dv| dz

(24 Do) ™4 4 (5% + Do)

Br

with ¢ = ¢(n, L, v2). Using on the right-hand side above the elementary pointwise estimate

( — —
(8> + [Du) ™2 4 (s> +|Dv) 7 < (s> + | Dof> + |Dw[?) ™

2p(=)—pg
4

X [(52 + |D'U\2 + |Dw|2)'

+ (s + | Dol + | Dul?) ¥],

and subsequently applying Young’s inequality and re-absorbing one of the resulting terms
into the left hand side, we infer

][ (s* +|Dv|* + | Dw| ) \Dv — Dw|*dx
Br
<cLit(R) [+ Dof? + [Duf?)
Br
? 2
+ (82 + | Duf? + |Dw|2)7°} [1 + [log(s® + |Dv|2)|} dz

< ¢ L2W2(R) [Il I+ 13},

where we have abbreviated

I :2]{3 (52 + Do) 57 4+ (2 + [ Duf2) # | ¢

2
X [1 + |log(s + \Dv|)|] dx

Iy = ][ | Dw|P° [1 + |log(s + |Dv|)”2dw
Br

2
Iy = ][ D@~ [1 4 [log(s + |Du])||da
I, is treated exactly as in [33]; hence we can write

L <clog® (%) ][ (s + |Dv|)"™ dw + RPo. (9.327)

B3r/2

To estimate I, we split By, into the sets Bg N {|Dv| > |Dw|} and B N {|Dv| < |Dwl|}.
In this way we obtain

I, < ][ Vpo (Dv) dx+][ Vo (Dw) dx (9.3.28)
Br
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where we denote for the moment

Val©) 1= 1el*[1 -+ rog(s + feD)]

and analogously, since 2p(x) — pg > 0

I3 < ][ V2p(w)—po (D’U) dzr + ][ V2p(w)—po (Dw) dzx. (9.3.29)
BR BR

We want to deal with both estimates simultaneously in the following way: we establish a
pointwise estimate of V,(Dv) and V,(Dw) for ¢ € [p1 — w(4R), p» + w(4R)]. Note that
both pg, 2p(x) — po lie in this interval. We proceed widely analogously to [33], but we
nevertheless present the argumentation here since our assumption py € (2 — %, 2) requires
some additional comments. First we estimate V,(Dw); to do so we split again Bg into
three sets: Sy := {x € Bg : s+ |Dw| > 1}, Sg := {x € Bg : s + |Dw| € [R**,1)} and
S3:={x € Br: s+ |Dw| € (0, R*")}, where 7 := 1 + "+

Estimate on S;: Using the fact that s+ |Dw| > 1 on S; and the elementary inequality
log(e+ AB) < log(e+ a) + log(e +b) for all a, b > 0, we deduce the pointwise estimate

Vy(Dw) < 4(s + | Dw|)”* 4 1og? [e + (s + | Dul )P2+W<4R>} (9.3.30)

(5 + | Dw|)p2te(tR) }
((s + \Dw|)P2+W(4R))

S 8(8 + |Dw|)p2+w(4R) 10g2 |:€ 4

Br

2+w(4R) w
+8(s+ \Dw\)pz log? [e—l— ((s + |Dw|)P>* (4R))BR}.
To calculate the integral over S7, we first need to recall from [91] the inequality

][A |f|1og? (e + (%A) dx < ¢(q) <]{4 |fqu>; (9.3.31)

which holds for all f € L?(A), A C R™, |A| > 0 and for all ¢ > 1. Integrating (9.3.30)
over S and dividing by |Bgr| we get

1
|Br| Js,

where we define

A= ][ (s + |Dw|)p2+w(4R) log2 [e +
Br

Vy(Dw)dx < 8(A+ B),

(s + | Dw]|)P=+AR) } ,
X
((s + [ Duwl|jp2tehr)) |

R

and
B .= ][ (s+ ‘Dw‘)p2+w(4R) log” [e + ((s + |Dw\)p2+w(4R))BR} dz.
Br

The first integral A is estimated using the logarithmic bound (9.3.31) with exponent
q(n,L/v,v1,72) = (4 + 280)/(4 + 0) and f = (s + |Dw|)P>+t<*F) Theorem 9.7
with ¢ replaced by ¢(p2 + w(4R)) to replace |Dw| on the right hand side by |Dv| and
subsequently (9.3.21) with the choices o := ¢(p2 + w(4R)) and p := ps + w(4R) (note
that ¢(p2 +w(4R)) < paq(1+00/4) = p2(1+00/2), since w(4R) < §p/4). We therefore
achieve

1
A<ec [][ (8 + \Dw|)Q(p2+w(4R)) dm]
Br

1
<e [][ (s + | Do) 72 0B dx}
Br
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< c][ (s + |Dv|)"™ da + ¢ RPre@R), (9.3.32)
B3sgr/2

for a constant ¢ = ¢(n, v, L, y1,72, M, |11|(2)). We note that the constant in the first line
depends also on pa(1 + d¢/2), but by Remark 9.2 and with §g = do(n, L/v,v1,72) it
can be replaced by ¢ = ¢(n, L/v,71,7v2). To estimate the integral B we use Theorem
9.7 in order to pass over from the energy of Dw to the one of Dw, thereafter the higher
integrability (9.3.21) for Dv together with the energy estimate of Remark 9.3. In particular
we estimate as follows:

][ (s + |Dw|)p2+w(4R) dx < ][ (s + \Dv|)p2+w(4R) dx
B

R Br

<c ][ (s+ |Dv|)p(m) dx + ¢ R2(P2Hw(hR)
B3ry2

<c ][ (s + Do) da + ¢ R0 < cR™("2) (9.3.33)
Bsry2

with ¢ = ¢(n, L/v,v1,72, M, |11|(Q),w(-)). Here we used moreover that R2(Pz+<(41)) <
R?o < R=<(n72) Now, using twice the last estimate we easily deduce

B<c logQ(e + R—C(nﬁz)) l:][ (8 + |D,U|)P(w) do + CR2po]
B

3R/2

< ¢ log? (%) []i (s + \Dv|)p($) dx + cR2p°} , (9.3.34)
3R/2

for a constant depending on n, L /v, v1,v2, M, |1|(2), w(-). Recall that we again assumed
that Ry < 1/e in the last step.

Estimate on S3: We first observe the pointwise estimate

[log(s + |Dw|)| < 2ilog () since R*™ < |Dw|+s<1 on S,

1

Moreover, by possibly reducing Ry to a value less than e™" we obtain

1+ |log(s + |Dw\)| < (14 2n)log (%),
for R < Ry. On the other hand, noting that (|Dw| + s)?P(*) < 1if ¢ > p(z) and
(|Dw| + s)a~P@) < R=22p()=q) < R=20(p@)+w@R)=P1) < c(w(.)) if ¢ < p(x) we
conclude

Va(Dw) < c(n, w(-)) log? (%) (s + [Dw|)"™.
Integrating the previous inequality over So directly gives, using (9.3.21) and (9.1.6)

1

—— [ Vy(Dw)dz < clog® (L) [][ (s + |Dv|)"™ da + R0 |,
|Brl Js, B

3R/2

(9.3.35)
with the constant depending on n, v, L, v1,v2, M, || (), w(+).

Estimate on S3: Since s + |Dw| < R?", we have by elementary calculus (s +
|Dw|)'/?1og?(s + |Dw|) < 16e~2, so we can estimate pointwise

_1
V,(Dw) < ¢|Dwl|? logQ(s +|Dwl|) <c¢ (s + |Dw|)q 2

note that 1 + |log(s + |Dwl|)| < 5|log(s + |Dw|)| since s + |Dw| < RZ" < e~* and
moreover

i)

1 2 0

1 1
q—§2p1—W(4R)—§2p1—12

SIS

> =2

ST
[N}
g
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In the previous chain of inequalities we used the lower bound of the exponent function
p(r) > 2— % together with the definition of 7 and (9.1.5). Combining the previous two
estimates we arrive at

V,(Dw) < cR¥5% = ¢ RP,
which holds pointwise on S3. Integrating this over S5 therefore gives
1
[Brl Js,

Finally we combine the estimates (9.3.32), (9.3.34), (9.3.35) and (9.3.36) to arrive at

][B ) (vpo(Dw) + Vap(ay—po Dw)) "

Vy¢(Dw) < c RP°. (9.3.36)

< clog? (1) ][ (s +|Do|)"" de+cRP,  (93.37)
B3sr/2

where the constant ¢ depends on n, L/v, v1,v2, M, |£|(£2), w(-). It finally remains to esti-
mate the integrals of V,, (Dv) and V,,(;)_p, (Dv), where — in contrary to (9.3.37) — the
function w is replaced by v. However, this case is even easier to see, since we can argue
directly on the energy of Dv and omit the pass-over from Dw to Dv on the right hand side,
as for example done in (9.3.33). Indeed, we can repeat the pointwise argumentation above,
replacing w by v (also in the definition of the sets S7 to S3). Then we integrate over B
and obtain finally

]{3 (Vpo(Dv) + Vap(a)—po (DU)) dx

< clog? (%) ]{3 (s + |Dv))"™ dw + ¢ RP, (9.3.38)
3R/2

for a constant with the same dependencies as the one in (9.3.37). Combining the estimates
(9.3.37) and (9.3.38) with (9.3.28) and (9.3.29) and merging this with (9.3.27) we conclude

I < cL2w*(R)log? (%) {][ (s+ \Dv|)p(x) dx + RP°|.
B

3R/2

The constant here depends on n, v, 71, V2, M, |u|(Q2) and w(-). In a second step we
consider the expression 771 in (9.3.26). By the growth condition (4.6.5)s and Young’s
inequality we have in a first step

1) < VI f (@) — (V) 5] (5% + [ DV[?) ™5 |Dw — Do| da
Br

Po

2
< 6][ (s> + [Dv]* + |Dw|?) % |Dv — Dw|* dz
Br

ro
2

+c<s>LfB (@) = (Veo m (5 + [Dof? + | Dwl?) # da

=: IIl +IIQ

11; can be absorbed into the left hand side of (9.3.26) by choosing ¢ := % C(,”m . The term
I15 can be handled by (4.6.8), (4.6.10), the higher integrability result for Dv in terms of
the Lemma 9.9 and the Calderén-Zygmund type estimate for Dw in terms of Theorem 9.7

as follows:

L)
1t3,

I, < c{][ |v(z) — (V)xo,R|2(1+%) dz
Br
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4
2o (14 % 4+30
% |:][ (32+|Dv|2—|—|Dw|2) 20(1+4?)dl_:| 0
Br
8+8g i
< cL%% {][ [7(@) = (V)] dx] X
Br

4
b (145 =5y
X [][ (52+|Dv|2)§(1+%)d1‘] ’
Br

5 p(z)
< cv(R)ﬁ {][ (s> +|Dv|?) * dz+ chpO}
B3r/2

Here we have used in the last step the estimate (9.3.21) with the choices o = po(1 + 09 /4)
and p = pg. Thus, combining the estimates for I and /1 we arrive at

po—2
][ (|Dv]?* + \Dw|2+52)0T\Du—Dw|2dx (9.3.39)
Br

C[L% (w(R)log £)” + v<R)“i*%°} H (s + [Do])?®) dz + cRP|.
B3r/2
Notice that the previous lines apply also to the case pg > 2 with minor changes and
give the missing estimate of [33] we need. In a very last step, we consider the second term
on the right hand side of (9.3.25). Here we proceed analogously to (9.3.33): We first use
the Calderén-Zygmund type estimate for Dw in terms of Theorem 9.7 and thereafter the
higher integrability estimate (9.3.21) (with ¢ = p = py) to conclude

70
2

I1T = ][ (s* + |Dovf* + |Dw\2)70 dx < c][ (s*> + |Dvl?)
Br Br
< c{][ (s+ | Dv|)P®) dg: + R?Po ||
Bsr/2

for a constant ¢ which depends on n, v, L, 71, 2, M and |u|(£2). Combining this estimate
with (9.3.39) and (9.3.25) proves the comparison estimate (9.3.24) in the case py < 2;
taking into account that the case py > 2 is Lemma 3.4 in [33], the proof is complete. I

Combining the two comparison results Lemma 9.8 and Lemma 9.12 in terms of Re-
mark 9.10, using Holder’s inequality together with the fact that (4.4.3) and v(p) < ¢(L)
hold, leads to the following Lemma, which will show to be useful when assuming condi-
tions (4.6.14) and (4.6.15) holding true.

LEMMA 9.13. Under the assumptions of Lemma 9.12, let Bop = Baogp(xzo) C €,
po = p(x,), u the solution to (4.6.1) and w the solution to (9.3.2) on Bgr. Then there exists
a constant ¢ = c(n,v, L,v1,v2, M, |p|(Q), |Q],w(-)) and a radius Ry < 1 depending
upon n, L /v, L1,7v1,v2,w(-) such that whenever 0 < R < Ry the following estimate

holds:
1
][ |Du — Dw|dx < ¢ lul(Bor) | 7o~
Br - Rnr—1

B 2—po
+ CX{po<2} |:|M]|%n 21R ] ( A |Du| + s) dx)
2R
.\ P

+c [Llw(R) log (%) [V(R)}Uh} " {]2’23 (|Dul + s) dz + R}

O
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The further immediate consequences of the comparison estimates we gained for so-
lutions to homogeneous equations with p(z)-growth and measurable coefficients and for
homogeneous equations with constant py growth are the following reference estimates
for the initial solution u. For the convenience of the reader we recall that the exponent
am € (0,1) denotes the maximal Holder exponent available by Theorem 9.5 or Lemma
9.11, for solutions to homogeneous equations (9.2.1) with p(x)-growth structure.

LEMMA 9.14. Let u € C*(Q) be a weak solution to equation (4.6.1) under the condi-
tions (4.6.5) to (4.6.8) and the logarithmic continuity condition (4.4.3) on w(-). Then there
exists ¢ = e(n,v, L, L1,v1,7v2, M, |1](Q), |Q],w()) and a radius Ry < 1, depending on
n,v, L,y1,v2,w(-), such that for all concentric balls B, C Br C Q with radius R < R;
there holds

£ (ul+sjar<e(£) £ (Dul+ )
u S)axr cl\—= u s)axr
B, - \R Br

o (Y [AER™ p(BY g

texonen (2) [SEO) [ f 0w s syar]

PROOF. The proof is done via comparison. We take the estimate of Lemma 9.11 for
the solution v to the homogeneous equation and apply twice the comparison Lemma 9.8 to
transfer this estimate to the solution u. Indeed we have the chain of estimates

][ (|Du\+s)dx§][ (|Dv|+s)dw+c(5)n][ |Du — Dv| dx
B, P Br

P

p —14am 1
<c(2) ][ (|Dvl + ) dz + c pm
Br

R
+c (%)n ]{3 |Du — Dv| dx
R

—14+am
= c(ﬁ) ][ (|Du| + s) dx + cp®m~!
R B

+e {(f)n v (;)_Ham} ]{3R \Du — Dol d.

The statement now follows by applying Lemma 9.8 to estimate the last integral in the
preceding estimate. (|

LEMMA 9.15. Let u € W'P0)(Q) be a weak solution to (4.6.1) under the structure
conditions (4.6.5) to (4.6.8) and (4.4.3). Then there exists a constant ¢ > 1 depending at
most on n, v, L, v, and s, such that for all concentric balls B,(xo) C Bgr(zo) C
with radius R < Rs — denoting by Rs = Ra(n, L/v, L1, 71,72, w(-)) the maximal radius
appearing in Lemma 9.13 — the following estimate holds:

][(lDu+s)dwSc][BR(DU|+5)dx+c(f)n[|/‘RSlBll%)]”oll

P

+ CX{po<2}(§>n [%&B?)] []{BR(IDUI +5) dxr_po + cR(%)n

+ C[Llw(R) log & + [V(R)]Uh} G (g)n]{g (|Du| + s) da.

Here we have py := p(x¢) and p,. := min{2, py }.
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PROOF. The proofs work exactly as the one of Lemma 9.14 via comparison: for p <
R/2 this time we involve as “reference estimates” (9.2.4) and comparison Lemma 9.13,
while the case p € (R/2, R] is trivial. O

Again for the convenience of the reader we recall that the exponent §,, € (0,1)
denotes the maximal Holder exponent due to Theorem 9.6 for the gradient of solutions
to homogeneous frozen equations (9.2.2) with constant growth pg. At this point also the
following Lemma follows plainly:

LEMMA 9.16. Let u € W'P0)(Q) be a weak solution to (4.6.1) under the structure
conditions (4.6.5) to (4.6.8) and (4.4.3). Then there exists a constant ¢ > 1 depending at
most on n, v, L, L1, v1, y2 such that for all concentric balls B,(z9) C Bgr(zo) C Q with
radius R < Rs, Rs being the radius appearing in Lemma 9.13, the following estimate
holds:

][ Du—(Du)BP|dx§c(]p%)ﬁm]{g |Du — (Du)p,| dx

P R

Ye [Llw(R) log % + [v(R)]"h] % (%)" ]{9 (|Du| + 5) d

X po<2) (f)n[llﬁf’f) ] [ ][B (1Dl +5) dx} o

+c (%)n PM'(BR)} o + cR(%)n.

Rnfl
PROOF. The proof is completely similar to that of Lemma 9.15, once using compari-

son estimate (9.13) into (9.2.3). O

9.4. Proofs of the Theorems

PROOF OF THEOREM 9.1. In the following let Ry > 0 be a “maximal radius” which
will at several stages be restricted to smaller values, in dependence of the structure condi-
tions, in particular we demand Ry to be, from now on, smaller than the occurring maximal
radii appearing in Lemma 9.9 and Lemma 9.12. Therefore we have

RO = R()(ny La V,Y1,72, L17w())

Further restrictions may possibly come up in the course of the proof. We prove Theorem
9.1, basically following widely the ideas of [103].

Proof of estimate (9.0.23): Our aim is to show in a first step the following estimate:

1
p(x)—1

My (D) () < e[ Myt —apr-1, (1) ()]
+ ch—“][ (|Du| + s + R)d¢; (9.4.1)
Br

then (9.0.23) follows from this estimate via (3.2.8). We shall first show the estimate for a
sufficiently small radius. Take concentric balls B, C B,,, C B, C Bpg with center x
and R < Ry. Having at hand the identities

1—a [ 1B 70T _ ul(Br) e
" [ rn—1 } - {Tnfp(z)+a(p(a:)fl)} ’ (94.2)

and

Ao (B [ (a1 syae]

T
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lBr) [ ia e
= @ | , (|Du| + s) d¢ , (943)
the estimate of Lemma 9.15 with R = r multiplied by p* = reads as follows
l1—a
pl—a][ (|Du| + ) dé < ¢ (g) 7‘1_"‘][ (|Dul + 5) de (9.4.4)
B, B,
ryre [ul(By)
+EX{p() <2} (;) (@) +a(p(@) 1)
2—p(z)
X {rla][ (|Dul + s) dg]
ryn—l+a mie:n T yotl
t+c (;) [rnfp(w)+a(p(w)fl)i| +c anrafl
n—1+a . p*(,f)
+c (%) [Llw(r) log% + [v(r)] h} o) 7"1*0‘][ (|Du| + s) dg,
B,

with a constant ¢ = ¢(n, v, L, v1,72) and this estimates holds for all p < r < R. Recall
that p.(x) = min{2, p(z)}. Now, we choose H = H(n, v, L, 1,72, &) > 2 large enough
to have

1\1-a 1\1-& 1

— <cl|l= < = 9.4.5

C(H) _C(H) =g (94.3)

and moreover we choose §; = 6;(n, 1,72, v, L, L1,&) < 1/(2L1), ¢ = 1,2, so small that
2

H"[Ly61 + [62]7"] 7 < (9.4.6)

Y
1
8
and finally we decrease Ry = Ro(n, 71,72, v, L, &,w(-)) > 0 taking use of condition
(4.6.17) in order to have

pa ()

H" [Llw(r) log % + [v(r)] ah] ot 9.4.7)

px(x)
U}L} p()

< H" [Ll sup  w(r)log i + [v(Ro)]
r€(0,Ro]

< H"[Ly6y + [05]7]" < é

Choosing in (9.4.4) p = r/H and exploiting step by step the smallness conditions above,
we finally end up with the estimate

() £ i+
r/H

pl-a |,U|(BT) ﬁ
< ]iT(DUI +s)dE+c [rn—p($)+a(17($)—1):|
(B,) . T e
X< rat@ D |1, (1Dul+s)de per?

At this point we proceed exactly as the authors in [103]. We take the supremum over all
radii, noting that » < R is still arbitrary, and therefore introduce the maximal functions,
use Young’s inequality and reabsorb into the left-hand side to arrive at

Mo (|Dul + 5)(z) < R][ (IDul + ) de
Br
p(wl)fl

te [Mp<~)+a<p<~>71>,zz(u)(w)} +eR7T,(948)
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for a constant ¢ = ¢(n, v, L, 71,72, L1, &). All in all, we conclude that this estimate holds
true for all R < Ry, smaller than R;, R, and satisfying (9.4.7). Now we remove the
smallness condition on R by a standard argumentation (see for example the proof of
(1.35), Step 2 in [103]), which we will sketch for the convenience of the reader and for
the fact that we will use this argumentation at some points also later in the proofs. Having
(9.4.1) at hand for radii R < Ry, we find in the case R > Ry that

Moo p(Du)(a) < Miony(Du)@) + (5) 'R £ (1Dl +) e

On the other hand we trivially have

My —a(p()=1),Ro (1) () < Mpy—a(p)—1),r(1)(T)

Therefore, starting with the second-last inequality, then exploiting (9.4.1) with the radius
R = Ry and thereafter using the last inequality, we eventually obtain

1
p(@)—1
Mi o m(Du)(#) < ¢ [My()-agpo-n.m(m)(@)]

+c (g)n][BR(|Du| + s+ R)dE.

0

Since R < diam(2) and the constant ¢ here depends on n, L, v, v1, 72, & and w(-),
we conclude the estimate (9.4.1) for all radii R such that Br C () and with a constant
enlarged by the factor (diam(2)/Ry)". Since Ry depends on n, v, L, L1, 71, 72, and w(-),
we obtain the final dependence of the constant c as stated in estimate (9.0.23).

Proof of estimate (9.0.24) for small radii: Since the estimate is a pointwise one valid
in the fixed point x, we can follow exactly the argumentation in [103]. For the convenience
of the reader we mention the main steps of the argumentation, but refer to [103] for a
detailed discussion.

Dyadic sequence: We let H > 1 and define the dyadic sequence of balls

Bi = BR/HI(x) = BRi(lf), i:0,1,2,...

Moreover we define

A, ;:][ \Du — (Du)s,
B,

k3

dg, k; :== |(Du)p,

Choosing now H = H(n,v, L,~1,72) large enough to have

1\ Bm 1
()"
H 16

where (3,,, denotes the maximal exponent appearing in (9.2.3) and c the constant therein
appearing, and applying Lemma 9.16 on the balls B, = B; 1 C B; = Bpg, we achieve

RM1

7

1
1 B;)]7@®-1
AZ_H<16AZ_+5HT{IMI( )]

px (x)

+éEH" [Llw(R,;)logR% + [v(Ri)]“*"] e ]lB(|Du| + 5)d¢

) B; e
+CX{p(x><2}H”[|ﬁg£_1)} {][ (IDul + s) dx} +EH"R;,
for a constant ¢ = é(n, v, L, y1,72). Notice that, in contrary to (3.16) of [103] this esti-
mate holds true, provided that R < Ry where Ry = Ra(n, L, v,v1,7v2,w()) denotes the
maximal radius determined in Lemma 9.16. Now, we further restrict the maximal radius

i
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by imposing the smallness condition R < R3, where Rj is chosen in dependence on n, v
L, Ly, 1, v2 and w(-), such that

px(x)

EH" [Lyw(Ry)log = + [v(R)] ™ ] "

~ Tn 1 on]” 1

< EH"[Lyw(Rs)log 7 + [V(Ra)] ™| < .

This is possible, since the logarithmic Dini conditions (4.6.14) and (4.6.15) surely imply
w(p)log % — 0and v(p) — 0 as p — 0. By this fact, the above estimate can be written as

P ()
A < A —l—c{ R;)log =7+ [V(Ri)]ah} o (ki +s)
= —p(z)
pl(By) ] 7 l(Bi o
+ec ['Ril)} + X {p(z)<2} P}zlfgl)] [][ (|Dul + s) dm]

+cR;, (9.4.9)
for all 7 € Ny, since

][ Dulde < A, + k.

i

Now follow line by line the argumentation in (3.20) to (3.24) of [103]: applying iteratively
the preceding estimate on the dyadic sequence, we get

km+1§0][ ‘Du—(Du)BR‘dg—l—c][ ’Du‘d«f—i—cZ[ 2 ;)}P<w>1
Br 7,

px(x)
+c Z [Llw )log ~ r + [V(Ri)]ﬂh} P (ki +s)

+ CX{p(a)<2} Z [“];'T(L 1)] []{9 (I1Dul + 5) dﬁ} o +e iRi.

i=0
Now multiplying the inequality with R}~ and rearranging terms, taking also into account
that R,,+1 < Ry, < R;, we find that

Ry (ka1 +5) < ch—a][ (|Dul + s) d¢

1
|/.L| ) Pt - 2—a
+CZ|: npz)+o¢ (z)—1) +CZR
m

px(x)
+c Z [Llw )log A T+ [V(Ri)}f} "Rk 4+ 5)

m
2—p(x) |1|(Bi)
+ CX{p(x)<2} [Ml—a.,R(|Du| =+ 3)(£)] ? Z Rn—p(~)+oc(lp(~)—1) :
1=0 i

(9.4.10)

A uniform upper bound: In a next step we prove
LEMMA 9.17. There exists a constant ¢ = c(n,v, L,v1,72) and a positive radius
Ry = Ry(n,v, L, L1,v1,72,w(+)), both independent of c, such that
R (kg1 +8) < cM,
where the quantity M is defined as
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. pl- m
M = R ]quDu +8)dE+ W (@, 2R)

2—p(x) —a
+ X{p(x)<2} [lea’R(lpul + S)(x)] ? IL%F),a(p(.),l)(xv 2R) + R*«,

PROOF. Since the mixed potential appears in the estimate we want to prove, we have

to distinguish the two cases p(x) > 2 and p(z) < 2. In the first case, estimate (9.1.8), with

f=1-— ap(;()zgl, reads as

X jul(By) ] ; |
; _Rf‘*p(mHa(p(x)fl) | < Cwlfa(p(.),l)/p(,)’p(_)(1‘, 2}{)7

for the second one we use (9.1.9) together with the following elementary estimate:

>0 15G=1 00 1
|M|(Bz) pl@)—1 Z |,u,|(BZ) pl@)—1
(z)—1)

| g P@)+alp(z)-1) | RPp@)talp

IA

@
I
o

=0

1
p(x)—1

< c[II | z, 2R)} :

" (
p(-)—a(p(-)—1)
see (9.4.16) for the reason of this estimate. Matching this estimate with (9.4.10) implies
that

Ry (kg1 +8) < ca M
px ()

+es Y [Liw(Ri)log & + [v(Ri)]”h} " Rk +5). (94.11)
=0

The proof of the lemma follows now by induction. In a first step, also for later use, we
mention that an argumentation analog to the one in [33], estimate (3.32), provides the
estimate

o Px ()

i {Llw(Ri) log R% + [v(R;)] E} »(@)

2R P
< c/o [Llw(p) log - + [v(p)}"h] dTJp < éd,(2R) + édy(2R). (9.4.12)

With this estimate, exploiting (4.6.14) and (4.6.15), we further restrict the maximal radius
R, to achieve

1
dw(2R)+dy(2R) < d,(2R4)+dy(2R4) < Sod’ forall R < Ry. (9.4.13)
Cc3C
Thus we have the dependence Ry = Ry(n,v, L, L1,71,7v2,w(:)). This smallness condi-
tion, together with (9.4.11), (9.4.12) and (9.4.13) allows to conclude inductively that for
every positive integer m € N we have

R} (kg1 + 8) < [2c4 + H'IM,
from which the statement of the lemma follows immediately by noting that R.-% <
H'- R} < HR}. O
Maximal inequality and inclusion: We define the quantities

Cp = R:A,, = R}n—a][ |Du — (Du)p,, | d€, B i= ][ | Dul| d¢

m m

and we want to show that

R:%h,, < cM. (9.4.14)
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To prove this, we note in a fist step that by Lemma 9.17 we deduce
RNy < Rk + Cpy < e M+ C, (9.4.15)

with ¢ = ¢(n, v, L, L1,71,72) and we therefore search for an appropriate bound for C,,.
To find this, we first see that by (9.1.8) or (9.1.9) and (9.4.2) we have

1

[1pl(B:) ] 7@ —1 -1
R S eRITIWIT 01y p() ) (@ 2R) < e BT M
and similarly by (9.4.3)
r Bz ] 2—p(z)
|l]ib|£_1) [][ (|Du| + s) dz]
a— 2—p(x o
< ROTV[My_o r(|Dul + 5)(@)] "I (@, 2R) < e RTIM.

(9.4.16)
On the other hand, again Lemma 9.17 gives
ky +5 < cRﬁfl./\/l,
and combining these two facts, (9.4.12) and (9.4.13) with (9.4.9) we deduce easily
Cmg1 < écm +cs M,
from which in turn follows by induction that

Cm S 265/\/17

with c¢5 depending on n, v, L, 1, y2. Combining this with (9.4.15), the asserted estimate
(9.4.14) follows. Having (9.4.14) at hand, we see that for » < R, determining the integer
1 € Ny in such a way that R; 1 < r < R;, we deduce

R, \
7’170‘][ |Du dé < (—) Rg—“][ |Dul d¢ < ¢ H"R*h; < ¢ M,
B, Rip B
which means that

Mi_q r(Du)(z) < cM;
at this point using Young’s inequality, in the case p(x) < 2, with conjugate exponents

1 1

2—pl@) plo)—1

as in (9.4.8) gives (9.0.24) for radii R < Ro(n, v, L, L1, 71,72, w(+)).

Finally, in order to remove the conditions R < Ry in the estimate (9.0.24), we argue
basically as in the proof of estimate (9.0.23).
O

The coefficient case: We remark at this stage that estimate (9.0.23) takes a slightly
different form in the case analog to the sole measurability of the coefficients in the standard
growth case. In the case we only suppose the weak logarithmic continuity (4.4.3) to hold
and that y(z) is merely supposed to be bounded (4.6.8),we have that estimate (9.0.23)
holds not for every & < 1, but only for & < ou,. In particular we have

PROPOSITION 9.18. Let u € C*(2) be a weak solution to (4.6.1) under the assump-
tions (4.6.5), (4.6.6) ,(4.6.8) and (4.4.3). Let B C §); then for every & < «, the point-
wise estimate

1

Mi,R(u)(x) + Mo r(Du)(2) < ¢[Mp()—a(p()-1),r (1) (2)] 77
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+ ch_a][ (|Du| + s) dé + ¢ R~ (9.4.17)
Br

holds uniformly in « € [0, &), for a constant ¢ = ¢(n,y1, Y2, v, L, &, diam(£2)).

PROOF. The proof of (9.4.17) is completely similar to those of (9.0.23) — and even
simpler. We only sketch the steps which differ. The main difference is that now we use
Lemma 9.14 instead of Lemma 9.15. Hence, going along again the previous Section, we
can forget about the term involving w(r)log L + [v(r)]°". In estimate (9.4.4) we also
need to substitute (£) "~ in the first therm of the right-hand side with (2)*" ™. The last
change we need to do is substituting (9.4.5) with the analog

() o)™
\m =\H X

where we use the fact that @ < «,,, while (9.4.6) and (9.4.7) are no more necessary, but
a term r*m~“ appears. Now the proof goes ahead exactly as sketched in the previous
lines. O

PROOF OF THEOREM 4.23 — DE GIORGI TYPE INTERPOLATION ESTIMATES. Goal
of this section is proving the interpolation estimate of Theorem 4.23. Take a ball B C (2
with R < 1 and consider a point # € Bp/s and a radius » < R/2. In the course of the
following argumentation will occur several limitations of the size of the maximal radius.
We now want to consider a geometric sequence of radii whose spread 4H > 1 will be later
chosen as a function of the parameters of our problem n, v, L, v1, v2. Consider the families
of shrinking balls

B; := By, (%) := By jamyi (x) and B; := By, j2(x)
fori =0,1,... and H > 1, so that B;; C Bi C B;. Moreover set

A; = ][ () | €, ki i=|(w) g,

Applying Lemma 9.14 with B, = B; 1 and B = B; and Poincaré inequality, after some
easy manipulations, recalling the definition of A; just given, we obtain

(B

o G

Aig1 < 0(%)%7%]2 (|Du] + ) df+cH”{

) 2—p(x)
+ X {p(a) <23 H" [ |M|(B’)} {7‘1][ (|Dul + ) dﬁ]
T

n—p(z) 5
i B;

+er?H" 4 cHrd™, (9.4.18)

for a constant ¢ = ¢(n, v, L,y1,72). This estimate holds if we impose the smallness con-
dition R < Ry = Ry(n,v, L,v1,72,w(-)). To estimate the right-hand averaged integrals
in terms of A; we need the following Caccioppoli estimate:

PROPOSITION 9.19. (Caccioppoli’s inequality) Let u € W'P()(Q) a weak solu-
tion of equation (4.6.1) under the only growth and ellipticity assumptions (4.6.5), with
p() >2— % eventually dropping the hypothesis — and subsequently the associate growth
requirement — of existence of the derivative a, with respect to the gradient variable. Then
there exists a radius Rc = Ro(n, L,w(+)) < 1 such that the following holds true: For
every s € (0,1) there exists a constant, depending only on n,~vy,ve,v, L, ¢, M, |u|(Q),
such that

Bp)] 7@
][ |Du|d§§%][ |u—k|d§+[“|( R)} +es,
BGR

Br Rn—l
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for any k € R, where B.p C Bgr C () are concentric balls with center x and radius
R < Re.

We postpone the proof of this version of Caccioppoli’s inequality to the end of this
section. Combining this estimate, which we apply with the choices k¥ = (u)p,, Br = B;
and ¢ = 3 with (9.4.18) we arrive at

A1 < e {(Ig)am +€] A;

e [N
Lk
forall € € (0,1). This ¢ appears when we estimate (A; +7;5)2~P(*), in the case p(x) < 2,
with Young’s inequality. In the last estimate the constants co, ¢ depend on n, v, L, vy1, 72
and c3 on the same quantities and also on €. Now, choosing ¢ small and H big enough
to make the coefficient of A; smaller than % (and this gives a dependence of H,¢< and
subsequently of c3 on n, 1, ¥2, v, L - this depends also on the dependence of the exponent

o, on the same quantities, see Theorem 9.5), we can write

|1l (B:)

yp)

1
1 p(z)—1
Ay < 2Ai—|—c{ } +eri™ 4 cers.
Now we can iterate the previous relation in a standard way — see for example the detailed
calculation after (3.18) in [103], for an analog case — getting

1
B; p(z)—1
kmy1 < cAo+cko+cr® Z {H_Yﬂa((p(i)_l)} +crs+crom
i=0 LT

m—1

a 12 Qm,
< C]{Br(x)“’“ +r8) dE+er WL 0 1) e p() (85 B) + ert

where we used again (9.1.8) and r < R/2. Letting m — co now gives

u(@)] = lim ke <o ][ (ul + rs) de
m—»00 By (z)

o 1% Qm
e Wi o)1) /() (@ B) +erom.

Now we observe that also u — g, whenever g € R, is a solution to (4.6.1); therefore

) ~gl<cf (u-gl+rs)de
B, (x)
@ M A
T W a)-1)/p() () (@ B) F e,
with the constant depending on 7,71, vz, v, L. Writing the same estimate for y € Bg/g
and using the triangle inequality gives

|u<x>—u<y)|§c][ u—g|d£+c][3()lu—g|d€
r (T Y

B (z)
« 14 1
e W 1m0 @ B W00 0 85 B)
+ers+cr®m. (9.4.19)
Now take g = (U)Bgr(l‘) and r = @; notice this choice is allowed since |z — y| < %

Moreover we have B, (y) C Bs,(z) and we can estimate, using also (9.4.17),

][ lu— gl d§+][ lu—gld§ < 6”][ lu— (), (] A€ (9:4.20)
BT(I) Br(y)

Bgr(I)



Chapter 9. Interpolation potential estimates for p(z)-growth conditions 183

< cro‘Mg)R/2 (u)(x)

< er® [Mp()—a(p()-1).1/2(1) ()] 7F
—|—c<%) R (|Du