Vectorial problems: sharp Lipschitz
bounds and borderline regularity

UMNIVERSITY OF

OXFORD

Cristiana De Filippis
Pembroke College
University of Oxford

A thesis submitted for the degree of
Doctor of Philosophy

Hillary 2020



If you find a good move,
look for a better one.



Abstract

This thesis is devoted to the proof of fine regularity properties of solutions to a
broad class of variational problems including models from geometry, material science,
continuum mechanics and particle physics. Our starting point is the analysis of the
behavior of manifold-constrained minima to certain non-homogeneous functionals:
under sharp assumptions, we prove that they are regular everywhere, except on a
negligible, "singular" set of points, [75]. The presence of the singular set is in general
unavoidable. Looking at minima as solutions to the associated Euler-Lagrange system
does not help: it presents an additional component generated by the curvature of the
manifold having critical growth in the gradient variable. For instance, sphere-valued
harmonic maps satisfy in a suitably weak sense

—Au = |Dul*u.

This turns out to be an insurmountable obstruction to regularity, [227]. It is then
natural to consider general systems of type

—div a(z, Du) = f (0.0.1)

and study how the features of f and of the partial map = — a(z,z) influence the
regularity of solutions. In this respect, we are able to cover non-linear tensors with
exponential type growth conditions as well as with unbalanced polynomial growth:
we prove everywhere Lipschitz regularity for vector-valued solutions to (0.0.1) under
optimal assumptions on forcing term and space-depending coefficients, [76]. When
the system in (0.0.1) has the Double Phase structure:

— div (|Du|P*2Du n a(x)|Du|q*2Du) = —div (mp*?g + a(x)|g\ﬂg)
0<a(yec®, 1<l<14l
P n
we complete the Calderén-Zygmund theory started in [62] by dealing with the delicate
borderline case a
= 1 + -,
n

hSEES

which has been left open so far, [78
analysis of variational integrals with

. Finally, we propose a new approach to the
p, q)-growth based on convex duality, [73].
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Chapter 1

Introduction

The aim of this thesis it to provide a complete regularity theory for certain non-uniformly elliptic
variational problems of geometric or physical nature. This is part of the work done during my
PhD studies. Other papers written in this period but that are not covered by this presentation
will be listed in the fourth part of the introduction.

1.1 Standard regularity theory: an overview.

We study qualitative features, such as continuity or differentiability, of vector-valued local mini-
mizers u: Q C R” — RY to the variational integral

WHHQ,RY) 5w / F(z,w, Dw) dx, (1.1.1)
Q

where 2 C R™ is an open set, n > 2 and N > 1. It is well known that if F(-) is a Carathéodory
function convex in the gradient variable and satisfying reasonable coercivity conditions, a min-
imizer of (1.1.1) exists, [123, Chapter 4]. Moreover, if F(-) is also sufficiently smooth and su-
perlinear at infinity, minima of (1.1.1) can be characterized as weak energy solutions to the
Euler-Lagrange system

—div (9. F(z,u, Du)) + 0, F(z,u, Du) = 0 in Q,

see [46,48]. It is then natural to wonder how the regularity of the integrand F(-) affects the
regularity of minimizers of (1.1.1). Lots of efforts have been made in this direction, starting
from [19], which states that any solution u € C3(IR?) of a nonlinear elliptic equation of type

F (x,y,u,@zu, 8yu,€)myu,8mu,8yyu) =0,

with F'(-) real analytic in each of its variables, must be real analytic. This can be achieved by
means of certain estimates for derivatives of solutions given in form of power series. Through
several other works [36-39,149,150,200,201,204-207,220,229] was established that any sufficiently
smooth, say C!, stationary point of (1.1.1) is analytic provided that the integrand is analytic as
well, see also [30,236]. However, by direct methods we can only prove existence of minimizers
in Sobolev spaces, thus the question of raising the regularity of minima from Sobolev to C°
or even more, is totally rightful. In the scalar setting, this problem was successfully solved by
Morrey [202], in two-dimensions and, finally, De Giorgi settled the general case [81], where linear
elliptic equations with measurable coefficients of the type

div (a(z)Dw) =0  in Q (1.1.2)



are considered, with a(-) satisfying the growth and ellipticity conditions
la(x)] < L and (a(z),€) > v|¢)? for all € € R™,

where 0 < v < L are fixed constants. The main outcome is that if u € VV&)C2 () is a weak solution

of equation (1.1.2), then there exists an exponent a = a(n, L/v) € (0,1) such that u € CL%(Q).
The same theorem has been independently obtained by Nash in [213] for parabolic equations,

and, later on, those results were proved for solutions of (1.1.2) and its parabolic analog
dyw — div (a(z)Dw) =0 in Qx[0,7)

by Moser via a different technique (Harnack inequality, which implies Holder continuity), in [209—
211]. The point of strength of De Giorgi’s method is that a(-) is allowed to be just measurable,
otherwise, for continuous coefficients, the same result can be obtained by means of perturbation
methods, the so-called Korn’s trick, see [119, Section 5.4.2]. The proof of De Giorgi’s theorem
essentially consists in an innovative iteration procedure which heavily relies on the Caccioppoli
inequalities on level sets

L
/ |Dul? da < %/ (u—r)2 do (1.1.3)
BoN{u(z)>r} (r—o) B,.n{u(z)>r}
and
L
/ |Duf? dz < M/ (u—r)% dr. (1.1.4)
Bon{u(z)<r} (r—o) B,n{u(z)<r}

A crucial observation to be made here is that, to get (1.1.3)-(1.1.4), the linearity of the equation
in (1.1.2) plays no role, therefore, with minor variations, the same techniques have been extended
to the non-linear case by [107,115,172]. Precisely, in the most general case, there holds that if
u € WHP(Q), p > 1, is a local minimizer of the variational integral in (1.1.1), with the integrand
F(-) satisfying

|2|P = c1(Jv)]® + 1) < Fx,v,2) < co)z|P +c1(Jo]® + 1), for all (z,v,2) € 2 x R x R",

where c1, ¢y are positive constants and p < s < p*, then there exists Sy = Bo(n,p,c1,co,5) €
(0,1) such that u € CIOO’CB °(Q). It is reasonable to expect higher regularity for minimizers of
(1.1.1), as soon as the assumptions on F(-) are strengthened. This is indeed the case. In fact if
(x,v) — F(z,v,-) is sufficiently regular and a suitable control from above and below on 9,, F (-, z)
in terms of powers of |z| is imposed, then it is possible to prove that Du is Holder continuous.

Precisely, if

(1.1.5)
|F(@1,v1,2) = F(xa,0,2)] < w(|e1 — @] + o1 —v2])(1+]2%)%,

for all x, 21,72 € R™, v,v1,v2 € R and any 2, € R", where 1 € [0,1] and 0 < w(t) < t# for
some 3 € (0,1], then there exists 8y = Bo(n,v, L,p,3) € (0,1) such that Du € CIOO’CﬁO(Q,]R”).
This result was proved in [117,172,180,242]. It is worth noticing that in the degenerate case,
i.e., when the parameter p appearing in (1.1.5)273 vanishes, local By-Holder continuity for Du is
the best result achievable, in the light of a counterexample due to Ural’tseva [172,242]. All the

theory exposed so far is related to the scalar case N = 1. In the vectorial setting N > 1, there



is no hope of getting analogous results, at least for general integrands. In fact, in [82] is shown
that for N = n > 3 the function

1
wz) =) am el
|| 2 (2n—2)+1

belongs to W12(B;,R™) and locally minimizes the variational integral

Wh2(B,R™) 3 w v F(z,Dw) dz,
By

where

n n
(z,2) € By x R™™ s F(x,2) := |2)> + | (n — 2) ;zf + nijzz:l T;TQJ z

The key point here is that © — F(x,-) is discontinuous at the origin, otherwise by perturbation
techniques, minimizers are locally Holder continuous to any exponent 8 € (0,1). In [125] a
quadratic-type functional

WhH2(By,R") 3 w — : ai’ (w)Dsw*Djw® doe n=N, (1.1.6)
1

with

4 Vo Vi 4 VgV
By = §. .5 5. B I P S T A
azy (v) i,jOa,8 + [ aqt n—2 1+ |v|2:| {573 + n—2 1+ v]?

is analyzed. The outcome is that for n > 2 large enough, the discontinuous map u(z) := % is a

E]
local minimizer of (1.1.6). This construction works because the map = +— Ez?f (z) := aﬁ}ﬁ (u(x))
is just measurable. Those counterexamples could lead to the erroneous conclusion that the
existence of singular minimizers is due to the way the coefficients depending on (z,v) mix up
with the components of the gradient variable z. Anyway, such irregularity is a purely vectorial
phenomenon and appears also when the integrand is smooth, uniformly convex and depends only
from the gradient variable. The first counterexample in this direction was obtained in [214], where
it is shown that, if the ambient space dimension is sufficiently high, the homogeneous degree one
map u(z) := |z|7!(x ® z) minimizes an autonomous functional with uniformly convex, regular
integrand. Such a result was improved later on in [130] to dimension n = 5 using the map

TR m

u(z) :=

PR (1.1.7)

which is symmetric and traceless, and so belongs to an n(n + 1)/2 — 1-dimensional subspace of
the set of n x n matrices. Furthermore, it was proved in [245] that the function in (1.1.7) provides
also the example of a non-Lipschitz minimizer in dimensions n = 3, N = 5 by constructing a null
Lagrangian L(-) such that 9, L(Du) = 9, F(Du) for some smooth, uniformly convex function F'(-).
The same technique was used in [244] to prove that when n > 3 continuous minima cannot be
expected: precisely when n = 5 and N = 14 it is found an unbounded minimum of a uniformly
convex variational integral (thus proving the sharpness of Campanato’s result on the Holder
continuity of minima for n < 4, c¢f. [113]), while when n = 4, N = 3 non-Lipschitz continuous
minima coming from the Hopf fibration are constructed. Finally, in [199] is found a singular
minimizer of a convex, autonomous functional with bounded second derivative in dimensions
n =3, N = 2, which are the optimal ones in the light of the results contained in [81,213]. In this
perspective, it is clear that certain structural assumptions must be imposed on the integrand in



(1.1.1) in order to prevent the formation of singularities: for instance the so-called Uhlenbeck
structure

F(z,v,2) = F(z) = F(|2) (1.1.8)

assures full C1Po-regularity, [2,116,121,129,241]. To determine the regularity for vector-valued
minimizers of more general functionals defined by means of integrands not satisfying (1.1.8), in
[124,208] was introduced the theory of partial regularity, which means regularity outside a closed,
small singular set. In fact, under assumptions (1.1.5) (obviously recast to fit the vectorial setting),
any local minimizer of (1.1.1) is C1Po-regular outside a set of zero n-dimensional Lebesgue
measure, [115,116,120,153,154]. The strategy employed in these papers relies on suitable freezing
techniques, firstly pioneered in [43] in the case of linear elliptic equations. Partial regularity
turns out to be also the correct way to approach the study of regularity for manifold-valued
problems, when both, minimizers and competitors take value into a submanifold of RY. In fact,
the prototypical example concerns harmonic maps into spheres, i.e. functions v € SV~! a.e.
satisfying in the weak sense

—Au = |Dul?u. (1.1.9)

The above is a critical system and, as [133,148,227] point out, there is no hope of full regularity:
in particular, in [227] is built a S%.-valued map satisfying (1.1.9), whose singular set coincides
with the whole three-dimensional closed unit ball. Therefore, being merely a weak solution of
(1.1.9) is not enough to carry out a decent regularity theory, unless quite restrictive assumptions
on the image of solutions are made [95, 140, 141], or the target manifold has a very specific
structure [226]. On the other hand, if we look at energy minimizing maps, i.e. local minimizers
of the variational integral

wh2mn)swe [ |Dw* da, (1.1.10)
B,

where 711 C R™ and 1 C RY are sufficiently regular submanifolds, then the situation greatly
improves. In [203] it is observed that in two dimensions, a minimizer of (1.1.10) is Holder
continuous and, by classical results on (unconstrained) harmonic maps, smooth if 777 and N are
smooth, while in [95] it was proved that, if 77 is compact and has non-positive curvature, any
homotopy class of maps from closed 771 to 1 has a smooth harmonic representative. Moreover,
if the image of a minimizer is contained in a convex ball of the target manifold or in a single
coordinate chart, then it is possible to recover the majority of the techniques available for the
unconstrained case and suitably modify them in order to deal with the complications mostly
due to the curvature of the constraint. In this perspective, a complete existence and regularity
theory can be found in [115,118,141,142]. A far more general geometric framework is considered
in [230] where partial regularity is proved for minimizers of functionals of the type "energy
plus lower order terms" defined on maps between two Riemannian manifolds. The strategy
followed here heavily relies on the substantial energy structure of the integrand, which turns out
to be fundamental for deriving a scaling inequality needed for the construction of smooth maps
approximating a minimizer and satisfying the constraint condition. The regularity theory is then
obtained by showing that the energy has the right decay to obtain, by Morrey’s Lemma, that
solutions are locally Holder continuous whenever their energy is suitably small. Once Holder
continuity is available, it is possible to localize the problem in a single chart and dealing with it
as in the unconstrained case [115,118]. The regularity theory for harmonic maps is completed
in [231], where is proved partial regularity up to the boundary and dimension reduction of the
singular set of solutions to the Dirichlet problem

+ (W(}’2(Q7RN) levQ(Q,n)) Sw /Q|Dw|2 dz



g€ WH=(Q,N) with || Dl <A< 1.

In particular, if A is sufficiently small, the regularity of the boundary datum propagates around
0%); in other terms, the singular set is strictly contained inside Q. It is also worth mentioning [179],
which treats a general class of functionals with nice blow-ups. The novelty in this approach mainly
consists in the construction of comparison maps which involves retractions in Euclidean space.
This, in the case of the Dirichlet integral, simplifies the proof in [230]. In [131,132] is presented
a theory analogous to the one contained in [230,231] for p-harmonic maps, i.e. manifold-valued
minimizers of the p-energy

WhP(MmM,N) s> wr | |[Dwl dz
m

as well as partial regularity for constrained minimizers of general functionals of the p-Laplacian
type when a certain number of homotopy groups of the target manifold is trivial or at most finite.
Such a topological characterization plays a fundamental role also in the question of density
of smooth maps in Sobolev spaces defined on manifolds [21,26,27,31,197], in the extension
problem for manifold valued Sobolev maps [20, 22,26, 197, 198] and in the regularity theory
for geometric constrained minima of non-homogeneous variational integrals [52, 67,69, 75, 90].
In [93] a purely PDE approach for critical systems including the case of manifold-valued p-
harmonic maps is proposed: if solutions have sufficiently small energy, then they are W' P-close
to an unconstrained p-harmonic map. Then, it is almost straightforward to prove that the p-
energy has the right decay, and, as a consequence, solutions are regular outside a negligible set.
Analogous results have been obtained in [103] in the autonomous, quadratic quasiconvex case
via blow-up techniques and later on extended to holonomic minimizers of general quasiconvex
functionals with p-growth [151]: here the question of partial regularity is handled by showing
approximate harmonicity for local minimizers. This permits to compare them to solutions of
bounded, linear elliptic systems with constant (frozen) coefficients for deriving estimates which
show that a suitable excess function has the right decay. As a result, solutions have Holder
continuous gradient away from a relatively closed set of zero n-dimensional Lebesgue measure.
The pathological behavior of weak solution of (1.1.9) lies in the critical growth of the term on
the right-hand side. Therefore, when studying systems of the type

—div(a(|Dul)Du) = f in Q, (1.1.11)

it is natural to look for optimal conditions to impose on the term on the right-hand side to assure
Lipschitz regularity for solutions. This problem has been studied in several papers for vector
fields of the p-Laplacian type, i.e. a(]z])z -z ~ |2|P, see 9,94, 166, 169, 170] for local regularity
results and [56-59] for global ones. The final outcome is that, if u € VVl})Cp (Q) is a solution of
(1.1.11), then

feLn1)(QRY) = Due LZ.(Q,RV*™), (1.1.12)

loc

This amounts to require that

1l sy == / {2 € Q: fa) > \HE d) < o (1.1.13)
0

Such assumption is optimal already in the linear case, when @ = 1, [55]. For nonlinear problems of
p-Laplacian type, the implication in (1.1.12) can be considered as the non-linear extension [169]
of [235], which states that any function whose gradient belongs to L(n,1) is continuous and
classically differentiable almost everywhere. This result is sharp with respect to immersions
because of the strict inclusion

L™ C L(n,1) C L™ for all o > 0,



see [64], and Morrey’s embedding theorem
Du e L"7 = ue C%its,

Hence, recalling that Lorentz spaces are interpolation spaces and using classical Calderon-
Zygmund theory, it follows that solutions of the Poisson equation have locally continuous gradient
under the assumption:

Au € L(n,1).

In particular Au € L™ does not guarantee continuity, see [55] for issues of optimality. Finally, it
is important to stress a remarkable aspect of (1.1.13): it is independent of the operator displayed
n (1.1.11); in other terms, no references to p appear there.

1.2 Non-standard growth

Given any variational integral of type
WEHQRY) 5w / F(Dw) dz (1.2.1)
Q

with F': RV*" — R satisfying z — F(2) € C2(RV*"\ {0}) N CY(RY*"), the quotient

R(2) = maximum eigenvalue of 9,,F(2) (12.2)
" minimum eigenvalue of 9., F(z) -

defines the ellipticity ratio associated to F(-), a quantity which essentially measures the un-
balance in growth of the integrand. A quick check assures that functionals satisfying (1.1.5)
have ellipticity ratio bounded from above and below by positive constants depending only from
(v, L, p). Such feature is visible in case of standard p-growth, and, more generally, it is satisfied by
the Orlicz functionals examined in [9,68,87,89,90,177] under assumptions analogous to (1.1.5),
this time with the p-Laplacian structure #? replaced by the more general (and possibly non-
homogeneous) N-function ¢(t), see [87,212] for a more detailed discussion. When R(z) ~ const,
the functional is said to be uniformly elliptic. However, there are several model energies available
in the literature which do not verify condition R(z) ~ const: their ellipticity ratio depends on
the value of z and may blow up as |z| — co. This phenomenon is called non-uniform ellipticity.
Consider, for instance, the simplest functional with fast exponential growth:

WP (Q,RY) 5w / exp(|Dw|P) dz, (1.2.3)
Q

for which R(z) ~ |z|P or, more generally, given any Orlicz function ¢ whose derivarives do not
satisfy the As-condition, i.e. ¢'(t) ¢ t¢”(t). In this case, the ellipticity ratio associated to the
integral

whi(Q,RY) 9w»—>/<p(|Dw|) dz
Q
is L
_max {¢"(|z]), 2|7’ (12) }

min {30 (12D, |Z|_180/(|Z|)}

and no information is available a priori on the behavior of R(z) for large values of z. Another
prominent example of non-uniformly elliptic functional is the class of integrals with (p, ¢)-growth.
Precisely, those are functionals of type (1.2.1) whose integrand F'(-) verifies

R(z)

v +)E < P < 1|2 +\z| JE+ (42 + |22
v(u? +122) "7 ¢ ? <8ZZF(z) (1.2.4)
0-F ()] < L[ (12 + |2 (u + 1227



for all z,& € RV*™ and some exponents 1 < p < ¢ < co. The systematic study of these variational
problems started with Marcellini’s seminal works [181,183] and, subsequently, has undergone an
intensive development, [1,17,18,28,29,44,45,53,67,70,74,77,97-101,105,112,144, 174, 184-187].
The quite general structure described by (1.2.4) is aimed at unifying the regularity theory for
several models with non-standard growth, such as

F(w, ) = / |Dul? + Z|8miu\q dz with 1<p<g<oo
Q i=1

or

k
G(w, ) / Z|Du|‘h dz where 1<p<gq <---<gqp < oo.

Qzl

It is evident from (1.2.4) 3.4 that for functionals with (p, ¢)-growth the ellipticity ratio behaves as
1S R(z) ST+ 2977, (1.2.5)

therefore it is reasonable to expect that, to get regularity, the exponents p and ¢ cannot be too
far apart. Precisely, in the autonomous case,

1< 2 <14 0(n), (1.2.6)
p
where 0(n) —, 00 0. This is not only justified in the light of (1.2.5), but (1.2.6) turns out to be
a necessary and sufficient condition for regularity, see [114,147,184]. Among these, it is worth
recalling the counterexample appearing in [184], where is shown that the unbounded function

~am
u(z) == cxp ? > Zx ,
for large values of ¢ is a weak solution of equation
n n—1 1)2;2
S0 | [ S tu|  Onu| +o., (|amnu|q—2a“u) —0, (1.2.7)
i=1 s=1
provided that the condition
-1
4o =7 (1.2.8)
p - n—1-p

is violated. Recently, in [1414] was shown that if p, ¢ satisfy (1.2.8), then minima of (1.2.1) under
assumption (1.2.4); are locally bounded, so (1.2.8) is sharp, see also [17]. At this point, it is
natural to object that equation (1.2.7) is degenerate elliptic in the z,-direction, i.e., it loses
ellipticity when 0, u approaches zero, so this may produce unbounded solutions, rather than the
too large distance between p and ¢. Such issue was fixed in [147], where is shown that a violation
of (1.2.8) may result in finding a map




unbounded on a whole line, which minimizes the regular, non-degenerate variational integral
1,2 > 1 4
WH2(Q) > w— |Dwl|* + §\Dw\ dz.
Q

Hence, the problem of identifying the optimal relation between p and g which assures that
minimizers of (1.2.1) are locally bounded is settled in the scalar case and for vector-valued
minima of functionals with radial structure (1.1.8). However, the same cannot be said on the
boundedness of the gradient. In [183,184] was originally proved under assumptions (1.1.8) and
(1.2.4) that any W1P-minimizer of (1.2.1) is Lipschitz continuous provided that

2
%<1+E' (1.2.9)

The bound in (1.2.9) has a purely interpolative nature and was confirmed by successive papers
[16,99,100]. However, no counterexamples to gradient boundedness are available, therefore the
question of finding the optimal bound for Lipschitz continuity of minima is still open. Condition
(1.2.9) was improved for scalar minima in [18] to

q<1+mm{L
p

2<p<q<oo. 1.2.10
nl} =P=4s0 ( )

The advance of [18] with respect to [184] stays in a refinement of Moser’s iteration technique
via optimization on radial cut-off functions, allowing the use of Sobolev inequality on spheres
rather than on balls. In this respect, in [73] we propose a new approach to functionals with
(p, q)-growth based on convex duality. Precisely, we formulate the growth from above of the
second derivative of F'(-) in terms of the stress tensor 0, F'(-) and exploit the strong convexity of
both F(-) and of its Fenchel conjugate F*(-) to gain more informations on the ellipticity of F'(-)
and, consequently, obtaining higher differentiability of minima under weaker assumptions than
those in (1.2.10). Once proven that local minima belong to Wli)’cq(Q, R¥), it is possible to exploit
the usual Moser iteration technique appearing in [183] to obtain Lipschitz continuity for minima,
provided that F'(-) satisfies (1.1.8) in the purely vectorial setting N > 1 and the exponents (p, q)
verify

2<p<q<

if n>3 and 2<p<qg< oo if n=2.
n —

We also obtain a Morrey-type regularity result in two space dimensions for local minima of
non-degenerate functionals in the spirit of [25]. When considering non-autonomous integrals like
WAWQRMBwHﬂ/F@DwMM, (1.2.11)
Q
where F'(-), in addition to (1.2.4) in the z-variable satisfies also

0-F (21, 2) = 0. F (02, 2)] < Llws — 2] [(12 + [2P) T + (12 + 22) T (12.12)

for all 21, x2 € Q and some « € (0, 1], the situation becomes much more involved. This time, the
functional in (1.2.11) cannot be in general considered a perturbation of the one in (1.2.1) as done
in [115], since whether F'(-, Dw) is integrable or not, depends on the interaction of Dw with the
space-depending coefficient. Moreover, (1.2.4), does not give any control on the Whenorm of
Dw. In this framework it is reasonable to expect the occurrence of Lavrentiev phenomenon, i.e.:

inf /F(x,Dw) dz < inf /F(x,Dw) dz, (1.2.13)
weWLP(QRN) Jo weW L2 (QRN)NWLI(QRN) Jo



which is by the way excluded in the autonomous setting by convexity (prescribed by (1.2.4),).
Following [32,101] we can restate (1.2.13) as follows: the Lavrentiev Phenomenon occurs for a
map w € VVﬁ)f (€2, RY) when it is not possible to find a sequence of more regular maps {w;} C
WE9(Q, RN) such that

loc

wj —w in WEP(QRY) and / F(z,Dw;) dz — / F(z, Dw) dx (1.2.14)
B B

for all open subsets B € €2, see also [70] for an adaptation of this concept to obstacle problems
and [77] for the case of non-autonomous functionals with unbalanced growth almost linear from
below. Concerning minima of (1.2.11), in [101] is proven that (1.2.14) is equivalent to higher
Sobolev regularity. In this respect, it reasonable to foresee that the regularity of the partial map
x + F(z,-) influences in a subtle yet quantifiable way the size of the gap ¢/p. Precisely, as in
the autonomous case, the ratio ¢/p must be controlled from above by a quantity slightly larger
than one, this time depending also on the Holder exponent appearing in (1.2.12):

o149 (1.2.15)
D n

Let us compare the restriction in (1.2.9) with the one displayed above. Clearly, there is a gap
between the two bounds: even in the best possible scenario o = 1, (1.2.9) and (1.2.15) do
not coincide and (1.2.15) is more restrictive than (1.2.9) due to the ineludible presence of an
x-component. All those informations are sharply encoded in the Double Phase energy, defined
as

WEP(Q,RY) 3w — P(w, Q) ::/ [(,ﬂ+ |Dw|?)% + a(z)(u® + |[Dw)®)E| dz  (1.2.16)
Q
1<p<yg, 0<a(:)eC™(Q), pelo,1].

In fact, as soon as (1.2.15) is violated, we can see that there exists a minimizer of (1.2.16)
u € Whr\ Wli’cq with a one-point singularity which prevents it from being highly Sobolev-
regular [101]. Furthermore, elaborating on some constructions of Zhikov [247] in the context of
Lavrentiev phenomenon, in [106] is found that if (1.2.15) does not hold, for any ¢ > 0, there
exists a functional as in (1.2.16) having a minimizer u € W1 whose singular set is a fractal of

Cantor type with almost maximal Hausdorff dimension:
n—p > dimg(X(u)) >n—p—ec. (1.2.17)

Recalling that the Hausdorff dimension of the set of non-Lebesgue point of W1 P-maps is at the
most n — p, (1.2.17) clearly states that u is nearly as bad as any of its competitors. Also in the
non-autonomous case, functionals with (p, ¢)-growth received lots of attention, see [3, 11,12 51,
60-62,70,77-79,96-98,101,144,146,174,190] and [194] for a survey. The class of non-autonomous
variational integrals with (p, ¢)-growth includes several models of crucial relevance in materials
science and in fluid mechanics, [246-249]. For instance, the p(x)-laplacian

WP(Q,RY) 5w &(w,Q) := / |Dw|P®) dx (1.2.18)
Q

1 < inf p(x) < p(-) < supp(z) < oo,

zeQ zeQ
studied in [3,4,52,63,69,222-225,237] provides a useful paradigm for the analysis of electrorheolog-
ical fluids, while the Double Phase energy in (1.2.16), examined in [10,12,51,60-62,72,75,78,80],
describes the behavior of strongly anisotropic materials whose hardening properties, linked to
the exponents ruling the growth of the gradient variable, drastically vary with the point. In
the regularity perspective, functionals (1.2.18)-(1.2.16) exhibit quite a different behavior. The
regularity of p(z)-harmonic maps is mainly affected by the modulus of continuity wy(-) of the
exponent:



o if lim, 0 wp(0) log(o~!) > 0, then minima are locally Bp-Holder continuous for some 3y €
(0,1);

e if lim, ,owy(0)log(o~!) = 0, then minima are locally Byp-Holder continuous for all 8y €
(0,1);

e if w,(p) ~ o* for some a € (0, 1], then minima are locally C1-#o-regular, for some 3y € (0, 1),

see [3,63,96,223]. Also the question of density of smooth maps in the Musielak-Orlicz-Sobolev
space Wli)’cp(') (2, RY) is strongly linked to the modulus of continuity of p(-): in [247,249] is proven
that if w,(0) = log(o™")*, then when s > 1 smooth maps are W'?()-dense, while for s € (0, 1)
density may fail. On the other hand, the regularity of minima of the Double Phase energy is
shaped by a very subtle interplay between the Holder continuity exponent of the modulating
coefficient a(-), the exponents (p,q) and further assumptions imposed a priori on minima. In
fact, let u € WHP(Q,RY) be a local minimizer of (1.2.16),

o if u € WHP(Q,RY) and (1.2.15) is in force, then Du € C’IOC)’EO(Q,]RNX");

o if u € WHP(Q,RN)NLZ (Q,RY) and ¢ < p+ a (large inequality allowed in the scalar case

N = 1), then Du € C2Po(Q, RN*n);

loc

o if u € WHLP(Q RYN) N CIOO’Z(Q,RN) for some v € (0,1] and ¢ < p + ﬁ, then Du €
Cloc® (0, RN>™),

cf. [12,60,61,75]. The problem of approximation with smooth maps in Wli)’CH(')(Q,RN), the
Musielak-Orlicz-Sobolev space built on the Double Phase integrand H(z, z) := [|z|P + a(z)|z]|7],
is again governed by a strict mesh between p, ¢ and «: it turns out that only (1.2.15) assures that
regular maps are W ()_dense [101], otherwise, any violation of (1.2.15) results in the possible
occurrence of Lavrentiev phenomenon |7, 101, 106]. Models (1.2.16)-(1.2.18) have been recently
unified within the concept of Musielak-Orlicz functional

Q

introduced in [212] and then intensively developed in a series of papers [5, 13,75, 135-138, 146]
with the scope of carrying on (1.2.19) the majority of the regularity results already available
for the usual p-Laplacian integral. Precisely, in [5] is treated the question of density of smooth
maps in the Musielak-Orlicz-Sobolev space W1#()(Q RN), in [137] Harnack inequalities for
quasiminimizers of (1.2.19) are shown and in [146], optimal C'1+#o-regularity is proven for scalar
minima of (1.2.19). The strategy here mainly relies on the comparison on balls B € € of the
original minimum with the solution of a Dirichlet problems defined by means of variational
integrals having as an integrand an autonomous N-function constructed in such a way that it
shares the same regularity as t — ¢(-,t) and it is equivalent to inf,cp ¢(x,t). Such a procedure
allows transferring the regularity from the solutions of the auxiliary boundary value problems
[89,177], to minima of (1.2.19).

The previous discussion enlightens that the matter of regularity for variational integrals with
non-standard growth has been deeply investigated and very well understood. However, the
question of manifold constrained problems, apart for [90] in the setting of N-functions, remained
almost untouched. This topic has been covered by [52,67,69,75] for the first time in the case of
non-autonomous functionals with non-standard growth. Precisely, [67] deals with the possible
occurrence of Lavrentiev phenomenon in manifold-valued Sobolev spaces defined by means of
non-autonomous energies, in [52,69] are presented sharp dimension estimates on the singular set,
interior and up to the boundary partial regularity theory for p(z)-harmonic map with values in

10



manifiold and [75] deals with the matter of partial regularity for sphere-valued minima of general
functionals with Double Phase structure of type

WP,V 1) 5 w e / b(z, w) [|Dwl? + a()| Dwl7]
Q

Since the Double Phase integrand features a strong degree of inhomogeneity, we cannot exploit
classical monotonicity arguments as in [69,132,230,237] to obtain an accurate dimension analysis
of the singular set of minima, therefore we mtroduce new intrinsic Hausdorff measures aimed at
capturing the local geometry of the integrand and then compare them with the natural capaci-
ties [13] generated by (1.2.16), and relate the corresponding outcomes to the size of the singular
sets. It turns out that singular sets consists of two regions: the one crossing the zero set of the
modulating coefficient, which resembles the singular set of p-harmonic maps and its complemen-
tary, analogous to the singular set of ¢g-harmonic maps, in perfect accordance with the structure
of the Double Phase energy. By now, this is the best description available of the singular set of
minima of general functionals with Double Phase. Also non-homogeneous problem (1.1.11) has
been studied at length in the literature under uniform ellipticity assumptions, i.e.:

—1<ia§a(§ <8y <00 forall ¢t>0

alt

(1.2.20)
a: (0,00) — [0,00) is of class CL (0, 00).

The assumptions listed in (1.2.20) essentially describe operators of the p-Laplacian type or gov-
erned by a general n-function. By convexity, solutions of (1.1.11) are local minimizers of the
variational integral

t
w / (|Dw|) — dz, A(t) == / a(s)s ds.
0
As a direct consequence of (1.2.20),, the doubling property
A(2t) < c(ia, 5q)A(t) (1.2.21)
immediately follows. Moreover, (1.2.20), also yields that A(-) has a growth of power type:
vt S At) S,

therefore the theory contained in [9,56-59,94,166,169,170] does not include functionals with fast
growth such as (1.2.3), or

WILQ,RY) 5 w r—>/Q [(exp(-~(exp(exp(\Dw|p°))p1)p2)--')pk ff~w] dr (1222

and

WAOEY) 3w [ | (el expln () expln(@Dul @) - fu] o
(1.2.23)

with

{feL(n,l)(QRN) if n>3 (1220

f € L*(LogL)*(, RY) with a > 2 if n=2,
for which (1.2.21) fails. Exponential type functionals likely provide the best example to test how

far one can go in relaxing uniform ellipticity conditions. From the point of view of regularity
theory the functional (1.2.3) for p = o(n) close to zero has been considered in [185]. This
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reflects the difficulty in considering exponentials in connection to different growth conditions.
The plain functional (1.2.3) with p = 2 was first studied in [91, 178]. As for the gradient
regularity, paper [188] contains results for functionals featuring an arbitrary large composition
of exponentials with constant coefficients as (1.2.22) with f = 0. Such type of functional was
studied recently in [16], in the non-homogeneous case f #Z 0. As it is clear from (1.2.3), the
growth and the variability inside the exponential strongly modify the rate of growth. When
passing to the case with coefficients, this phenomenon is magnified in a dramatic way. To give
an example, let us consider the simplified version of (1.2.23):

WEHQ,RY) 5w — / exp(c(z)|Dw|?) da.
Q
Any minimizer v € W11(€, RY) makes this energy finite, nevertheless it may fail to satisfy

/ exp(c(zo)|Dul?) dr < oo
Q

for a fixed zp € €. This basic fact implies that standard perturbation theory does not apply
in this case and makes the regularity theory completely non-trivial for fast growth functionals.
In other words, dependence on coefficients becomes very sensible in the fast growth case. The
difficulties leading to consider small p in (1.2.3), further strengthen considering functionals as

WEHOQ,RY) 5w — / exp(e(z)| Dw|P®) da.
Q

Eventually, any composition of exponentials leads to a stronger form of nonuniform ellipticity,
magnifying it at every stage of composition, which is the case of (1.2.23). Finding assumptions in
order to overcome problems deriving from the simultaneous presence of several exponentials and
coeflicients is therefore a major challenge here. In turn, such functionals suggest the shape of the
most general forms of nonuniform ellipticity to consider when deriving a general theory. These
exponential type functionals are useful when dealing for instance with energy approximations of
supremum norms. For instance, in [102] are considered functionals of type

WEHQ,RY) 5w [ exp(kH(x, Du)) du, (1.2.25)
Q

where H(-) is a quadratic, regular Hamiltonian in the context of weak KAM theory, in order
to get an approximated variational principle for supremum type functionals. Integral (1.2.25)
provides an extremely accurate approximation of supremal functionals when k& — oo. Notice
that (1.2.25) belongs to the same class of (1.2.23), but in [102] it can be treated only assuming
Lipschitz continuity, and, more importantly, zero boundary conditions. The regularity theory for
functionals like (1.2.23) was started in [190] in the non-iterated, homogeneous case and completed
in full generality in [76]. As already mentioned, the presence of space-depending exponents and
coefficients in a fast exponential growth regime makes the whole theory particularly delicate,
since a pointwise control on the ellipticity ratio in terms of (arbitrarily small) powers of the
underlying energy turns out to be crucial for reducing non-uniform ellipticity to uniform one in
approximating schemes. In fact, in [76] we first need to adjust the definition of ellipticity ratio
in such a way that it takes into account also the presence of z-depending coefficients:

R(z) = su maximum eigenvalue of 9, F(x, z) (1.2.26)

P—— :
zep Minimum eigenvalue of 9., F(z, z)’

where B € () is any open ball. We then combine a series of delicate techniques to first, earn
enough integrability for the gradient of minima as to treat the part involving the space coefficients
as a term of potential and then, via nonlinear iterations, obtain Lipschitz continuity under
optimal assumptions on the datum f and on the degree of smoothness of the space-depending
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coeflicients. We get also Lipschitz regularity results for minima of uniformly elliptic variational
integrals under limiting regularity assumptions on the coefficients. An interesting phenomenon
to be noticed in [76] is the duality (p, ¢)-growth versus structure: retaining only the growth in
the large of the integrand and its derivatives as done in the (p,q) setting [97, 98], permits to
prove regularity for a broad class of model energies, but this generality causes a severe loss of
informations, which are instead preserved when considering the full structure of the integrand.
For instance, let’s have a look at non-homogeneous problems involving the Double Phase energy

WHHQ,RY) 5w / [|[Dwlp + a(z)|Dw|? — f - w] du, (1.2.27)
Q

with f as in (1.2.24) and a € W4(Q) for some d > n rather than just Holder continuous. The
(p, q) approach would lead to

p 2qNn q _
P cry < — 2 L Dl e | 2]9P
qlg—1) ~ () < min{p — 1,1} [ +p”a”L (22 } 7

so, according to Theorem 12 in Chapter 5, minima are Lipschitz continuous provided that

_ _ i >
q<1+min{d n Alp 1))} with 19::{1 fp22

D nd " Ip(n —2 2 if 1<p<?2’

If we instead look at the full Double Phase structure, we immediately see that

R(z) = nmlig% (1.2.28)

so, applying this time Theorem 13 we obtain Lipschitz continuity under condition

<1+

if n>3

Ul

1
n

hSEES

(1.2.29)

1 1
g§1+f—f and ¢ <p? if n=2,
P 2 d

which for n > 3 (or when p > 3/2 in the two-dimensional case) is precisely the Sobolev counter-
part of the bound appearing in [12,61] when f = 0 and, evidently, (1.2.28) is worse than (1.2.29),
especially for p € (1,2). Another prominent subject of interest in regularity theory is the validity
of Calderén-Zygmund estimates for solutions of non-autonomous, non-homogeneous systems. In
the specific, we shall focus on the Double Phase energy (1.2.16) and consider the equation

—div (p|Du\p_2Du + qa(x)|Du\q_2Du) = —div (|S|p_23 + a(m)mq_QS) , (1.2.30)

where §: 2 — R” is a given vector field. This naturally occurs, for instance, as the Euler-
Lagrange equation of the functional

WP(Q) 3w — P(w, Q) — / [|3:|Hs+ a(x)|g|r2s} - Dw da.
Q

The main point here is the inference of optimal integrability properties of Du in terms of those
of the assigned datum §. This is quite a classical problem in the linear case —Au = — div§ and
its solution, together with the analysis of general linear equations dates back to papers [41,42].
The non-linear Calderén-Zygmund theory for non-homogeneous systems of the p-Laplacian type
has been started in [155, 156], see also [40, 86, 128,161,195, 196] for important contributions to
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this line of investigation. Equations modelled on (1.2.30) have been studied in [62]|, where the
sharp implication

U%’\p + a(~)|§\q] el () = [\Du|p + a(~)\Du\q} eL] () foral v>1 (1.2.31)

is proved for any solution u € Wéf(Q) to (1.2.30), assuming that the strict inequality holds in
(1.2.15). In [78] we show the validity of (1.2.31) also in the delicate borderline case

142, (1.2.32)
n

p

thus completing the Calderén-Zygmund theory for Double Phase problems.

1.3 Organization of the thesis

This thesis is organized as follows.

e In Chapter 2 we display our notation and collect some well-known results which will be
recalled several times in the next chapters.

e Chapter 3 is devoted to the proof of partial regularity and capacity estimates of the singular
set of sphere-valued minimizers of functionals modelled on (1.2.16), cf. [75].

e The content of Chapter 4 is based on [78], in which we complete the Calderén-Zygmund
theory for the non-homogeneous equation (1.2.30) in the limiting case (1.2.32) left open
in [62].

e In Chapter 5 we provide sharp Lipschitz regularity for vector-valued solutions to system
(0.0.1). We allow very general growth conditions for the non-linear tensor a(z,z): fast
exponential growth and unbalanced power growth are both covered, see [76].

e In Chapter 6 we propose a new approach to variational problems with (p, ¢)-growth based
on convex duality, cf. [73].

1.4 Other papers

In this last part of the introduction there is a short summary of the extra research made during
my PhD studies, only vaguely related to the theme of the thesis. The main results obtained,
together with the reference to the original paper for a complete treatment of the problem are
listed below.

Flow of non-uniformly elliptic problems

Joint work with L. Beck (University of Augsburg) and G. Mingione (University of
Parma)
Preprint (2020)

We study the gradient flow of the iterated exponential functional

E(w,Q) = /Q {exp (exp (-+-exp(|Dwl|?) - )) - fw} dz, (1.4.1)
with

p>1 and feL(n+21), (1.4.2)
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where n > 2 is the space dimension. The elliptic counterpart of assumption (1.4.2), reads as
f € L(n,1) and it is sharp, see [55,169,235]. In the time-independent setting, variational integrals
like (1.4.1) have been treated in [16,76]. In [15], we aim to prove Lipschitz bounds for solutions
to the gradient flow of (1.4.1) via a rigorous analysis of the intrinsic parabolic De Giorgi classes
associated to (1.4.1) coupled with delicate nonlinear potential theoretic techniques in the spirit
of [16,76,160,167]. Our analysis covers also the gradient flow of functionals with (p, ¢)-growth.

Boundary regularity for manifold constrained p(x)-harmonic maps

Joint work with I. Chlebicka (University of Warsaw) and L. Koch (University of
Oxford)
Preprint (2020) - https://arxiv.org/pdf/2001.06243.pdf

In [52] we complete the partial regularity theory for manifold constrained p(x)-harmonic maps
started in [68], by proving that solutions to the Dirichlet problem

g+ (W&’p(')(Q,RN) n Wl7p(~>(g,m)) 5w s min/ k()| DwP® do
Q
with
g € WH1(Q, M) for some ¢ > max {supp(x), n} ,
z€Q

are Holder continuous around boundary points. In other terms, the singular set of solutions %
is contained strictly inside Q, i.e.: ¥ N 9Q = 0.

Removable sets in non-uniformly elliptic problems

Joint work with I. Chlebicka (University of Warsaw)
Ann. Mat. Pura Appl. (2020) - https://doi.org/10.1007/510231-019-00894-1

In [51] we provide an upper bound to the maximal size of removable sets for equations of the
form

—div A(z,Du) =0 in Q\E,
where the nonlinear tensor A(-) has double-phase structure, in the sense that
Az, 2) - 2z ~ [|2]P + a(x)|2|7] .

Precisely, the magnitude of removable sets is quantified in terms of the intrinsic Hausdorff mea-
sures introduced in [77]. As a byproduct, we develop a regularity theory for solutions to the
obstacle problem defined by means of Double Phase operators.

Fully nonlinear elliptic equations with non-homogeneous degeneracy
Proc. Royal Soc. Edinburgh Math. (2020) - https://doi.org/10.1017/prm.2020.5
In [72] we prove C17-local regularity for viscosity solutions to problem

[|Dul” + a(z)|Du|?] F(D*u) = f(z) in Q@ with 0<a() € C(Q),

with inhomogeneous degeneracy term switching between two different powers according to the
zero set {x € Q: a(zr) = 0} of the modulating coefficient a. Our result is sharp in the light of the
observation made in [152, Example 1]. It is in fact consistent with our case when a(:) = 0.
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Gradient bounds for solutions to irregular parabolic equations with

(P, q)-growth
Preprint (2020) - https://arxiv.org/pdf/2004.01452. pdf

In [71] we study the Cauchy-Dirichlet problem

{ Opu — div a(z,t,Du) =0 in Qr (1.4.3)

u=f on Oparlr,
where the nonlinear tensor a: Qp x R™ — R™ features (p, ¢)-growth, i.e.:
dza(z,t,2)€- € 2 (0* + \ZI )" l¢f?
la,t,2)| + (2 + 212)2 [0:a(@, £, 2)| S | (12 + |27 + (02 + 211 T
and it is only Sobolev-differentiable with respect to the space variable, in the sense that
Osala,t, 2)| S (@, 1) 2|77,

where v possess a suitably high degree of integrability. In this setting, we prove the existence of
regular solutions to (1.4.3) satisfying the following L*°-LP inequality on parabolic cylinders:

B2
C
|H (D)@, < o 1+< H(Duw)k dy> 7

Qe
where H(z) := (u? + |2|?).

Higher Integrability for Constrained Minimizers of Integral Functionals
with (p,q)-Growth in low dimension

Nonlinear Anal. (2018) - https://doi.org/10.1016/j.na.2017.12.007

In [67] we study the minimization problem

loc

WEP(Q, SV N 3w F(w, Q) : /Fme x,

where the integrand F(-) has (p, q) growth and it is a-Holder continuous in the a-variable, i.e.:

2P S F(z,2) S 1+ 2] for some 1<p<gq
|0, F(x1,2) — 0, F(ajg, 2)| S lwy — @™ (14 |2[771) with «a € (0,1]

-2
(1% + |21 + |22 ) |21 — 222 S (0:F (x,21) — 0.F (2, 22)) - (21 — 22) for pe[0,1].

We prove that if Lipschitz-regular maps are dense in the energy space in the unconstrained
case, l.e., for any given map w € Wllp(Q RY) with F(w,Q) < oo, there exists a sequence
{w;} C LlpIOC(Q RYM) so that

i —w in WAP(Q,RY) and F(,w;) = F(,w) in LL ()

loc

then, given any function v € VVII P(Q,SV1) we can construct a sequence {v;} C Lipioc (2, SV 1)
so that

v; > v in VVllp(Q sNV- 1) and F(-,v;) = F(-,v) in Llloc(Q)-

We also derive higher Sobolev regularity when the ambient space dimension is sufficiently low.
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On the regularity of the w-minima of ¢-functionals
Nonlinear Anal. (2019) - https://doi.org/10.1016/j.na.2019.02.017

In [68] we study e-regularity and fractional differentiability for the gradient of vector valued
w-minimizers of variational integrals of the type

ocC

WEP(OQ,RY) 5w / F(z,w,Dw) dz,
Q
whose prototypical model example is

loc

WP, RY) 5 w s / bz, w)p(|Dw|) da,
Q
where ¢ is a Young function satisfying the As-condition.

Partial regularity for manifold constrained p(x)-harmonic maps
Calc. Var. € PDE (2019) - https://doi.org/10.1007/s00526-019-1483-6

In [69] we prove that manifold-constrained minima of the variable exponent energy
whrO(@Q,m) s w— / | Dw|P®) da
Q

are C'1Po_regular outside a negligible, "singular" set. We also analyze the structure of the singular
set of minima and provide sharp bounds on its maximal Hausdorff measure.

Regularity results for a class of non-autonomous obstacle problems with

(P, q)-growth
J. Math. Anal. Appl. (2019) - https://doi.org/10.1016/j.jmaa.2019.123450

In [72] we analyze the possible occurrence of Lavrentiev phenomenon in obstacle problems defined
as

Ky o) 2w — min/ F(z,Dw) dx,
Q

where F(-) has (p, ¢)-growth and Sobolev-regular coefficients and class Ky 4(€) is defined as
Ky g(Q) = {w € WHP(Q): w(z) > (z) ae. in Q and w|y, = 9|8Q}'
We then determine sharp conditions which guarantee Lipschitz estimates for solutions.

Uniform ellipticity and p, g-growth

Joint work with F. Leonetti (University of L’Aquila)
Preprint (2020) - https://arxiv.org/pdf/2003.06702.pdf

In [74], for any two fixed numbers 1 < p < ¢, we give an example of integral functional enjoying
uniform ellipticity and (p, ¢)-growth. The main point here is to emphasize that, for proving regu-
larity of minima of variational integrals with non-standard growth, whenever possible, it is more
convenient exploiting the full structure of the integrand rather than retaining only the growth
from above and below of its second derivatives: this could lead to a severe loss of information.
On this matter, compare the results exposed in [89,174,177] with those obtained in [183,184].
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On the regularity of minima of non-autonomous functionals

Joint work with G. Mingione (University of Parma)
J. Geom. Analysis (2020) - https://doi.org/10.1007/512220-019-00225-2

In [77], we collect a few general results on functionals with (p, ¢)-growth, i.e.,
WEL(Q) 5 w o / Flz,Dw) dz |2 < F(z,2) S (1 + |2[?)} (1.4.4)
Q

that extend those available in the literature in various directions. Precisely we consider conditions
where the only possible polynomial bound from below in (1.4.4) allows for the case p = 1. In
the first result, we relax the lower bound in (1.4.4) to allow nearly linear growth; in this case the
model we have in mind is given by a functional of the type

w / [[Dw|log(1 + |Dw|) + a(x)|Dw|?] dx (1.4.5)
Q

0<a(:)e Wh(Q), d>n.

We determine the optimal condition guaranteeing local Lipschitz continuity for minimizers of
(1.4.5). We also prove higher Sobolev regularity for a priori bounded minimizers of (1.4.4): the
boundedness information on minima allows to relax the restriction on the ratio ¢/p, making it
dimension-independent.

Holder regularity for nonlocal Double Phase equations
Joint work with G. Palatucci (University of Parma)
J. Differential Equations (2019) - https://doi.org/10.1016/j.jde.2019.01.017

In [80] we deal with non-local Double Phase equations; that is, a class of, possible singular and
degenerate, integro-differential equations whose leading operator switches between two different
fractional elliptic phases according to the zero set of the modulating coefficient a(-), i.e.:

Lu(e) =PV, [ Jule) = ule + )P ula) ~ ulo -+ g)ly] 7 dy

PV awlule) — e + )" ula) - ule + g)ly]

with 0 < a(-) € C(2) and exponents (p, ) satisfying:

{p>11S if p<2, ¢>{4,

q s q p=1
1<i4 <3, I<l+B=

Under these assumptions, we prove that bounded viscosity solution of the equation Lu(z) = f(z),
where f € C(£2), are local y-Holder continuous to some small v € (0, 1).

Regularity for multi-phase variational problems
Joint work with J. Oh (Kyungpook National University)
J. Differential Equations (2019) - https://doi.org/10.1016/j.jde.2019.02.015

In [79], optimal Ct-#o-local regularity is proven for minimizers of Multi Phase variational prob-
lems, i.e.,

k
WLP(Q) 5 w D—)/ Dl + 3" a;(@)|Dup | da
Q =
0<a;(-)€C®(Q) and 1< % <1+ % for all j e {1,--- k}.

The sharpness of this result is assured by the counterexamples contained in |7, 101, 106].
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Chapter 2

Preliminaries

In this chapter we collect some useful preliminaries such as a complete description of our notation
and several well-known results of algebraic or analytical nature which will be helpful in the
forthcoming chapters.

2.1 Notation

We denote by 2 C R™ an open domain; additional restrictions can be considered. Since our
estimates will be local, we shall always assume, without loss of generality, that {2 is also bounded.
We denote by ¢ a general constant larger than one. Different occurrences from line to line will
be still denoted by c. Special occurrences will be denoted by ¢y, co, ¢ or likewise. Important
dependencies on parameters will be as usual emphasized by putting them in parentheses. We
shall denote N as the set of positive integers and we set Ny := NU {0}. As usual, we denote by
B, (z9) := {xr € R" : |z — zg| < r} the open ball with center xy and radius r > 0; when it is clear
from the context, we omit denoting the center, i.e., B, = B,(xg). When not otherwise stated,
different balls in the same context will share the same center. We shall also denote By = B;(0)
if not differently specified and set w,, := |By|. Finally, with B being a given ball with radius
r and -y being a positive number, we denote by vB the concentric ball with radius vr and by
B/y = (1/9)B. In denoting several function spaces like LP(Q), W1?(Q), we shall denote the
vector valued version by LP(£2,R*), W1P(Q,R¥) in the case the maps considered take values in
R*, k € N. We shall often abbreviate L?(Q, R*) = LP(Q), W'P(Q, R*) = WP (Q). With B c R”
being a measurable subset with bounded positive measure 0 < |B| < oo, and with g: B — R¥,
k > 1, being a measurable map, we shall denote the integral average of g over B by

(@)= § a(o) do = [ g(w) ar.

We next introduce some quantities which are strictly related to the vectorial framework. We
denote {e*}N_; and {e; 7_; standard bases for RY and R", respectively; we shall always assume
n > 2 and N > 1. The general second-order tensor of size (N, n) is defined as ( = (¥e* ® e; is
identified with an element of RV*" (here we use the standard convention on the sum of repeated
indices). The Frobenius product of second-order tensors z and £ is defined as z - £ = 2Q£%; it
follows that ¢ - € = |€]? and in the rest of the paper we shall use the classical Frobenius norm for
matrices and tensors. We shall sometimes use the symbol "-" also to denote the scalar product in
R™. The gradient of a map u = u“e® is thus defined as Du = 0,,u%e™ ® e; , and the divergence
of a tensor ( = (f'e* ® ¢; as div( = 9,,({e*. When dealing with the integrands of the type
F: RN*" 5 ]0,00) of the type considered in Chapter 1, we interpret the second differential of
O?F(z) as a fourth-order tensor defined as 9?F(z) = 8 5 0.2 F (2)(e® ® ¢;) ® (e’ ® ¢;), whenever
J

z € RNxn,
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2.2  Function spaces and weak differentiability

Let us proceed to present certain function spaces which will appear in the next chapters and their
most relevant properties. For the sake of exposition, we shall report only definitions, some basic
features and significant embeddings, and refer to [83,85, 119,123,216, 239] for a fully detailed
discussion. We start with a few elementary facts on fractional Sobolev spaces.

Definition 1 Let « € (0,1), p € [1,00), k € N, and let Q@ C R™ be an open subset with n > 2
(we allow for the case 2 = R™). The fractional Sobolev space W*P(2, R¥) is defined prescribing
that w: Q — RF belongs to WP(Q, RF) iff the following Gagliardo type norm is finite:

lw(z) —w(y)? )Up
w o, = w + / — 7 dxd
|| HW p(Q) H ||LP(Q) ( o Ja |x7y|n+ap Yy
=t |wllze@) + [Wapo-

Accordingly, in the case a = [a] + {a} € N+ (0,1) > 1, we say that w € WP (Q,RF) iff the
following quantity is finite

Jwllwer ) = [wllwie.r@) + [PD*0]a) o -

The local variant WP (Q,R¥) is defined by requiring that w € WP (Q,RF) iff w € WP (Q,RF)

loc

for every open subset 2 € €.
Now we present an embedding theorem for fractional Sobolev spaces.

Lemma 2.2.1 Let f € WP(Q,R¥), with p > 1, a € (0,1] such that ap < n and let Q@ C R™ be
a bounded Lipschitz domain. Then

-ap<n=fe€ s (Q,Rk) with HfHLnT;p @ < C”f”W&vP(Q);

-ap=n=f¢c LY Q,RF) for all t € [p,0), with I fllze o) < cllfllwer);
-ap>n= f S CO’—QPP_LL (Q,Rk) with ||f||07%79 S CHf”Wa,p(Q),.

with ¢ depending at the most from (n,«,p,t, [0Q]o.1, diam(Q)).

For a map w: Q — R¥ and a vector h € R™, we denote by 7,: L'(Q,R*) — L!(Q;, R*) the
standard finite difference operator pointwise defined as mpw(z) := w(x + h) — w(z), whenever
Q) = {x € Q ¢ dist(x,0Q) > |h|} is not empty.

Definition 2 Let o € (0,1), p € [1,00), k € N, and let Q@ C R™ be an open subset with n > 2.
The Nikol’skii space N®P(Q, RF) is defined prescribing that w € NP (2, R¥) iff

1/p
w(z 4+ h) —w(z)|P
e (g
[R|#0 JQp |h|oP

The local variant N{P(Q,R¥) is defined by requiring that f € N2P(Q,RF) iff w € N*P(Q,RF)

for every open subset Q2 € Q2.

It is well-known that W?(Q,R*) & N*9(Q,R¥). A localized version of such embedding is
contained in the next lemma.
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Lemma 2.2.2 Let B, € B, €  be concentric balls with r < 1, 1 < p < g < 00 and w €
WLP(BT,R’“) with k > 1. Then there exists a positive constant ¢ = c¢(n, k,p,q) such that

1
|wllNewa(s,) <c [[[DwllLe(s,) + — Q||w||LP(BT) )

provided that
a=1-n(pt-q¢h). (2.2.1)

The quantity in (2.2.1) is always less or equal than one provided that p < q. Moreover, when
p < n we see that « is positive provided that ¢ < p*, while, for p > n any value of p and q assure
that o > 0.

Let us compare now the two spaces described by Definitions 1-2. We have that W®?(Q, R¥) S
NoP(Q,RF) S WHP(Q,R¥), for every 3 < a, hold for sufficiently regular domains. A local,
quantified version is in the next lemma, see for instance [6].

Lemma 2.2.3 Let B, C R" be a ball with r < 1, w € LP(B,,R¥), p > 1 and assume that, for
€ (0,1], S > 1 and concentric balls B, € By, there holds

IThwl| e, rey < S|AI*  for every h € R™ with 0 < |h| < *3%, where K > 1.

Then w € WHP(B,, R*) whenever B € (0,a) and

a—p n/p+pB
— K
[ e qu— ) Sqe[— ]l o (s, )
oX) = (0= g \ K r—o "

holds, where ¢ = ¢(n, p).

An important fact about translation operators is their continuity in Lebesgue spaces.

Lemma 2.2.4 Let Q € Q be any open set, h € R™ be any vector with |h| € (O o dist(Q,@Q))

» 100
and w € LY. (Q,RF) with p € [1,00) and k € N. Then

loc

[w( - +h) = w| g — 0 as |h| — 0.

Furthermore, whenever Q' & € is another open subset and |h| € (O,ﬁdist(ﬂ’,@fl)), there

exists an absolute constant ¢ > 0 such that
D
/ [|w(ac)|2 + |w(z + h)|2] Cdr < c/~ |w|? dz.
9% Q

Via the finite difference operator we can also define the difference quotient of a map w: Q — R¥

* w(z 4+ h) —w(x)

A
It is also useful to recall a basic property of difference quotient.

Lemma 2.2.5 Let w € L _(,R¥), k > 1, be any function. There holds that:

loc

Apw(x) = = |h| trw(z) for =€ Q.
R

o Ifp>1and Q €Q is any open set so that

sup |h\_p/ |ThwlP dz < oo,
|h|>0 o

then Dw € LP(QY, R¥*™) and 1,w — Dw strongly in LY. ;

loc”

o Ifin addition w € W57 (Q,R¥), Q" € Q is another open subset and |h| < o5 dist(Q”,09),
then

/ |Thw|? dxﬁc(n7s)|h|p/ |Dw|? dz.
1 QI
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2.3 Nonlinear potentials

Let us describe now an important nonlinear theoretic potential quantity that will play a crucial
role in Chapter 5, with related function spaces. Our main reference here is [16, Section 2]. The

modified nonlinear Riesz potential of a map g € L2 _(R",R¥) is defined as

1/2
s dg
P{(zo,7) ::/ <92][ |g|2d:v> —, (2.3.1)
0 By,(z0) 0

for zyp € R™ and 7 > 0. In the nonlinear setting, the potential P{(-,r) replaces the truncated
Riesz potential defined by

s B d s
I{ (zo,7) ;:/ ol ng_(fo))*g =wn/ ][ lg| dzdo,
0 0 o 0 BQ(xO)

provided that the argument function g is at least locally L'-regular. This can be easily see via
Hoélder inequality:

I (zo,7) < w,PY(xo,7).

The potential in (2.3.1) turns out to be the right one to use when dealing with a large class of
problems, from degenerate elliptic or parabolic PDE to fully nonlinear equations or systems of
differential forms, [8,05,165,232]. The potential P{ defines an operator which is well behaved
in various function spaces. We shall focus on the Lorentz space L(n,1), defined by means of
(1.1.13), when n > 3, and on the Orlicz space L?(LogL)®, a > 0, which can be characterized as

w € L*(LogL)*(Q,R¥) +—= /|w|210g(1 + |w|)* dz < oc. (2.3.2)
Q

The connection between such spaces and the potential P is given by the fact that, as an operator,
PY is bounded in L(n,1)(Q, R¥) when n > 3, and in L?(LogL)®(2, R¥) for n = 2 and o > 2. In
fact, whenever B, (xo) C R™ we have that

P‘ll](xoﬂ“) < C(n)”g”L(n,l)(BT.(éL’o)) if n>3
20,7) < c(@)||gll L2 (LogL)e (B, (20)) if n=2and a>2,

cf. [165, Lemma 2.3 and Lemma 2.4] and [16, Section 2]. Therefore, given concentric balls
B, C By1, CR", with g € (0,1), and g € L?(B,,;R¥), there holds that:

MglemayB..,), n=3

(2.3.3)
(04)||9||L2(1ogL)a(B,,+e)’ n=2,

HP‘({("Q)HLw(BT) sc
|’P£17('79)||L°°(B,,) =c

where in the last of the two inequalities ¢(ar) — oo when o N\, 2. The potential in (2.3.1) plays
also a crucial role in a nonlinear iteration lemma originally proved in [160] and based on the
iteration scheme contained in [81]. We present it in a version which is a quite straightforward
variation of the one in [16, Section 3].

Lemma 2.3.1 Let B, (z0) C R", n >2, 6 € (0,1/2) and v € W"2(B,, (o)) be non-negative
and f1, f2 € L?(R™); assume that there exist positive constants ¢, My, My, M3 > 1 and a number
ko > 0 such that for all k > ko and every ball B,(x¢) C By, (zo) the inequality

~M2
][ |ID(v — k)4 [*dz < ¢ 21 ][ (v—r)1dz
B,./2(z0) r By (z0)
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+5M22][ |f1\2dx+6M§][ | f2]? dz (2.3.4)
B, (xo) B, (o

holds. If xqy is a Lebesgue point for v, then

1/2
max{ §, 252
v(zg) < Ko + (:Ml1+ {057} <][ (v— l{o)a_ dx)
Bro(wO)

max u
+ e LB (w0, 200) + MyPE (29, 210) (2.3.5)

holds with ¢ = ¢(n, ¢, 9).

2.4 Tools for p-Laplacian type problems

When dealing with p-Laplacian type problems, we shall often use the auxiliary vector fields
Vyp: REXm 5 REX1 defined by

Viup(2) = (2 + |2)2) =2/, p € (1,00) and p € 0,1] (2.4.1)

whenever z € RF*™. If y = 0 we shall simply write Vip = Vp. A useful related inequality is
contained in the following

Vip(21) = Vip(22)| & (17 + |21 + [22) P72/ 421 — 24, (2.4.2)

where the equivalence holds up to constants depending only on n, k,p. An important property
which is usually related to such field is recorded in the following lemma.

Lemma 2.4.1 Let p > —1, p € [0,1] and 21, 20 € R¥ be so that pu+ |21] + |z2| > 0. Then

P
2 P
2

1
[l +1m e aGa=2)P] dr~ 2 +lal + 2P,
0

I

with constants implicit in "~" depending only from n, k,p.

For more details on this matter we refer to [2, 129]. Finally, the "simple, but fundamental”
iteration lemma of [115, Section 1].

Lemma 2.4.2 Let Z: [0g, 01] — R be a nonnegative and bounded function, and let 8 € (0,1)
and A, B >0, 71,72 > 0 be numbers. Assume that

A B

Z(t) < 0Z(s)+ G + CEDLEE

holds for g9 <t < s < p1. Then the following inequality holds with ¢ = c¢(6,v1,7v2):

cA cB

Zleo) < (01 — 00)™ * (01— 00)7
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Chapter 3

Manifold constrained non-uniformly
elliptic problems

Joint work with G. Mingione (University of Parma)
J. Geom. Analysis (2020) - https://doi.org/10.1007/512220-019-00275-3

We want to treat, from the regularity theory viewpoint, a special but yet significant class of non-
uniformly variational problems characterized by the fact that minimizers and competitors take
their values into the sphere. At the same time, we want to introduce a few intrinsic methods
and viewpoints that should be useful in order to prove regularity theorems for more general
classes of non-uniformly elliptic equations and functionals with geometric constraints. For this
reason we shall combine and present both old techniques from different perspectives and new
ones. Specifically, we shall consider a class of variational integrals of the type

WEHQ,RY) 5w = F(w, Q) := / F(z,w, Dw) dz (3.0.1)
Q

where the main model is provided by the so-called Double Phase functional

WEHQ,RN) 5w P(w,Q) = [, [|[Dw|P + a(z)|Dw|?] da
l<p<g< N (3.0.2)
0<a()eCQ).

Here, O C R™ denotes (unless otherwise specified) a bounded open domain, n > 2, and, again
unless otherwise stated, we consider N > 1 and a(-) satisfies the condition in (3.0.2), for some
€ (0,1]. When a(-) = 0, the integral in (3.0.2) reduces to the familiar p-Dirichlet integral

w / \Dwl? da, (3.0.3)
Q

whose Euler-Lagrange equation is given by the p-Laplacian system — div (|Du|p*2Du) = 0. The
regularity theory for minimizers of the functional in (3.0.3) has been treated at length starting
from the seminal papers of Uraltseva [242] and Uhlenbeck [241], in the scalar and vectorial case,
respectively. For results concerning more general functionals as in (3.0.1) with p-growth, that is,
modelled on the one in (3.0.2) and therefore satisfying

2" S F(z,w, 2) S 2" + 1, (3.0.4)

see for instance [168, 170, 180] and related references. Under suitable assumptions, the final
outcome is that minima are locally of class C™#, for some 8 € (0,1), on a subset of full n-
dimensional Lebesgue measure. The regularity theory in the case when both minimizers and
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competitors take values into a manifold 71 € RY poses additional difficulties. In particular, the
case M = SN~1 is the (N —1)-dimensional sphere in R" has been treated extensively. The theory
started with the fundamental papers of Eells & Sampson [95] and Schoen & Uhlenbeck [230,231],
analyzing harmonic maps, i.e., constrained minimizers of the functional in (3.0.3) for p = 2. The
extension of such basic results to the case p # 2 has been done in the by now classical papers
of Fuchs [110,111], Hardt & Lin [132] and Luckhaus [179]. Moreover, several results have been
extended to more general functionals with p-growth, that is, functionals as in (3.0.1) with F(+)
satisfying (3.0.4); see for instance [131]. On the other hand, we notice that energies of the type
in (3.0.2) do not satisfy conditions as in (3.0.4), but rather, the more general and flexible ones

2| S F(z,w,2) Slz7+1, 1<p<gq. (3.0.5)

These are known in the literature as (p, ¢)-growth conditions or non-standard growth conditions.
They have pioneered by Uraltseva & Urdaletova [243] and Zhikov [246-248] in the context of
Homogenization (see also the recent paper [92]). In the setting of the Calculus of Variations
they have been systematically studied by Marcellini [183,184]. We refer to [194] for a reasonable
survey on the subject. Growth conditions of the type in (3.0.5) often occur when considering
variational models for physical phenomena. For instance, in the setting of Homogenization, a
model as the Double Phase functional can be used to describe a composite of two materials with
hardening exponents p and ¢ respectively, whose geometry is dictated by the zero set {a(z) = 0}
of the coeflicient a(-). Obviously, both in the case a(-) = 0 and in the one when inf a(-) > 0,
we have a functional with standard polynomial growth of the type in (3.0.4) (with p replaced
by ¢ in the second case). In the remaining one, the nature of ellipticity of the functional %
switches between the p and ¢ rates accordingly to the value of a(-). For this reason models
as those in (3.0.2) are particularly useful to describe strongly anisotropic media. We refer to
the papers [12,50,61, 79,80, 219, 248] for more results, different directions and related topics.
Another, softer instance of functional with non-standard growth used to describe anisotropic
models [4,246-248] is the variable exponent one

w+—>/ |Dw|P® dg (3.0.6)
Q

that has attracted a lot of attention in the last years [221]; a match between the two cases has
been recently proposed in [69,88, 101,217,221,223,224]. The growth conditions in (3.0.5) are
typically linked to the non- unlform elhptlclty of the Euler-Lagrange equations associated to the
functionals in question. In case of (3.0.2), such equation is

—div A(z,Du) =0 with  A(x, 2) = |2|P" 22 + (¢/p)a(z)|2|9 2, (3.0.7)

and therefore, the ellipticity ratio R(z, B) on any ball B € Q touching the transition set {a(z) =
0}, which is defined by

highest eigenvalue of 9, A(z,2)

R(z,B) = ~ 1+ [lallLe(m)l2]"",

16 B lowest eigenvalue of 0, A(x, z)

becomes unbounded as |z| — co. This means that the equation in (3.0.7) is non-uniformly elliptic.
More specifically, the asymptotics of the ratio R(z, B) exhibit a delicate interplay between the
size of |2|77P and the one of the coefficient a(-) which is crucially close to the zero set {a(x) = 0}.
As a matter of fact, the rate a(-) approaches to zero rebalances the rate of potential blow-up.
This is displayed in the sharp condition ¢ < p + a, which in [12,60,62] is found to be necessary
and sufficient for unconstrained, bounded, scalar minimizers of the model functional (3.0.2) to
be regular; otherwise discontinuous minimizers of # may exist, [101, 106]. Let us remark that
both the model functional in (3.0.2) and the one in (3.0.6) fall in the realm of non-autonomous
functionals defined in Musielak-Orlicz spaces. These are functionals of the type

w / x, |Dwl) (3.0.8)
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where, ®: 2 x [0,00) — [0,00) is a Carathéodory function such that for each choice of z € Q, the
partial map t — ®(z,t) is a Young function and thereby generates an Orlicz space that changes
with 2. Such functionals are naturally defined on Musielak-Orlicz-Sobolev spaces/classes W%,
ie.,

Wie(Q,RY) = { Fe WEHQRY) © ®(-,|f]) + B(, |Df]) € L}(Q) } (3.0.9)

For such spaces we refer to [135]. A main problem here is the one of finding general conditions
ensuring the regularity of minimizers. This appears as a non-trivial and challenging issue. The
main idea is that the regularity of minima of (3.0.8) is governed by a delicate interplay between
the regularity of the function « — ®(z,-) and the growth conditions of ¢t — ®(-,¢). For instance,
in the Double Phase case, relations as ¢ < p+ a or ¢/p < 1+ a/n define sharp conditions for
regularity [12,33,60,61]. In the variable exponent case the log-modulus of continuity of p(-) is
another instance of such conditions. See [11] for a picture concerning the similarities between
(3.0.2) and (3.0.6) as particular cases of the one in (3.0.8). More general conditions unifying those
for (3.0.2) and (3.0.6) have been formulated in [138] and lead to a full De Giorgi-Nash-Moser
theory. A general approach to the gradient regularity has been devised and suggested in [12].
The regularity problem in the case of constrained minimizers for functionals with non-standard
growth conditions has recently received some attention, see the higher integrability result recently
obtained in [67] and the singular set estimates proved for the variable exponent case in [69]. The
main difficulties essentially rely in the lack of a certain number of properties, that are typically
linked to uniform ellipticity and that are essential in order to treat constrained minimizers. We
undertake this issue in the model case of Double Phase energies, i.e., functionals of the type in
(3.0.1) controlled by the one in (3.0.2) in the sense of (3.0.12) below. Moreover, we consider the
case when the manifold is the (N — 1)-dimensional sphere S¥~! in R", that already incorporates
several of the new difficulties. Our aim here is also to propose an intrinsic approach which
departs from the usual estimates, and it is designed for treating the quantity ®(-,|Dw|) which in
this case is |[Dw|P + a(-)|Dw|?, as a sort of replacement of |[Dw|?. We shall therefore formulate
and use a certain number of tools (harmonic approximation lemmas, a priori estimates and so
on) in terms of the quantity ®(-,|Dw]|). Accordingly to this viewpoint, in order to characterize
the singular sets, we shall use an intrinsic Hausdorft type measure aimed at catching the local
geometry of the integrand ®(-,¢). Such measures give back the standard Hausdorff measure in
the case ®(-,t) = tP as well as other examples of measures available in the literature. We then
compare these measures to the natural capacities generated by functionals of the type in (3.0.8)
and relate the corresponding outcomes to the size of the singular sets, that are indeed found to
have zero capacity.

3.0.1 Partial regularity
It is convenient to introduce some notation (see also Section 3.1 below). We shall denote
H(z,z) = |2|P + a(x)|z]|?, forall z€ RV*" ze€Q (3.0.10)

where a(-) is as in (3.0.2) and recall that in the following it will always be n > 2 and N > 1 (in
fact, sometimes we shall consider also the case z € RN=DX": gee Section 3.1 and Step 4 from
the proof of Theorem 1 below). Moreover, with B € Q) being a ball, we introduce the auxiliary
Young functions

{ Hp(2):=[2]P +ai(B)[z]%  where a;(B):= infrep a(x); (3.0.11)

HE(2) = |2|P + as(B))|z]9, where as(B) :=sup,cpa(z) .

With abuse of notation, we shall keep on denoting H (z,t) = tP + a(z)t? for ¢ > 0 (and the like
for the functions in (3.0.11)), that is when in (3.0.10) z is a non-negative number. From now on,

27



with B C R™ being a ball, we shall denote by r(B) its radius. Following [12]|, we then consider
variational integrals of the type in (3.0.1), where F: Q x RY x RV*" — R is a Carathéodory
integrand, such that z — F(-,z) is C}(RY*") 0 C2(RV*™ \ {0}) and satisfies the following
assumptions:

vH(z,z) < F(z,v,2) < LH(z,2)

|0.F(x,v,2)||2| + |0..F(x,v,2)||2|> < LH(x, 2)

v(|2P72 + a2)|2]??)[E]? < 0. F (x,v,2)€ - €

|0, F(x1,v,2) — 0, F(x2,v,2)||2| <L [w(\xl — xo|)[H (21, 2) + H(za,2)] + |a(z1) — a(x2)||z|‘1}
|F(z,v1,2) — F(x,v2,2)| < Lw(jvy — ve|)H (2, 2) .

(3.0.12)

These are assumed to hold whenever z,x1,22 € €, v,v1,v2 € RN, 2,221,290 € RV*"\ {0},
€€ RV*" where 0 < v <1< L and 9 € (0,1) are fixed constants and, for every non-negative
number ¢,

w(t) := min {tﬂ, 1} . Be(0.1] (3.0.13)

is defined as the standard concave S-Holder modulus of continuity. We finally consider the
necessary structure assumption to deal with the vectorial case, that is, we assume that for every
choice of (z,v) € Q x RN there exists a function F, ,(-) = F(z,v,-): [0,00) — [0,00) of class
C1[0,00) N C?%(0, c0), such that

F(x,v,2) = F(x,v,|z|) holds for every z € RN*" with ¢ — F(x,y,t) non-decreasing,

B1
F'(z,0,t+5) — F'(z,0,t)] < % (i) :

(3.0.14)

The inequality in the last line is assumed to hold whenever s,z € R are such that ¢ > 0 and
2|s| < t, and with a fixed constant $; € (0, 1] (which is independent of the considered (x,v)). As
for the exponents p, g, we assume

p<qg<p+a, qg < N. (3.0.15)

We remark that the inequality ¢ < p+ « in the last display, apart from the missing equality case,
is a sharp condition for regularity, as shown in [101,106]. The second inequality ¢ < N relates the
growth conditions of the problem and the topological properties of the target manifold, which
is in this case SV~1. This is necessary in order to use certain projection operators (see Lemma
3.2.1 below). Assumptions of this kind are considered by Hardt & Lin [131, 132] in the convex
case and by Hopper [151] in the quasiconvex one. The related definition of local minimizer we
are going to consider is the following:

Definition 3 A function u € W'll’l(Q,SN’l) is a local minimizer of the functional F defined

oc

in (3.0.1) under assumptions (3.0.12)1, if and only if H(-, Du) € L} (Q) and the minimality
condition F (u, supp (u —v)) < F (v, supp (u—1v)) is satisfied whenever v € Wb (Q, SN=1) is such
that supp (u —v) C Q.

By definition a local minimizer belongs to V[/li)f (€2,SN¥=1); in the rest of the chapter, we shall
appeal such local minimizers sometimes as constrained local minimizers to emphasize that the
presence of the constraint |u| = 1. We notice when a(-) = 0 assumptions (3.0.12) reduce to

the standard ones considered for functionals with p-growth when considering partial regularity
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problems (see for instance [162,163,191,194] and related references). In particular, assumptions
(3.0.12)-(3.0.14) are devised to cover functionals of the type

w / [Fl(a:,w,Dw) + a(x)Fg(m,w,Dw)] dz ,
Q

where Fi () and F5(-) have p- and g-growth, respectively, accordingly to the standard assumptions
described for instance in [162]. Another functional covered by our set of assumptions is

WhHQ) 3w / b(x,w)H (z, Dw) dz ,
Q

where 0 < 11 < b(z,v) < Lj, for some constants vi,L;. Here, b(-) is a Holder-continuous
function. For later convenience, we shall denote

data= data(n,N,v,L,p,q,a,[alo,q) (3.0.16)
as the set of basic parameters intervening in the problem. Our first main result is the following:

Theorem 1 Let u € W' (Q,SVN=1) be a local minimizer of the functional F in (3.0.1) under

loc

the assumptions (3.0.12)-(3.0.15). There exists , = d4(data) > 0 such that

H(-,Du) € L. (Q). (3.0.17)

loc
Moreover, there exist By = Bo(data,3,51) > 0 and an open subset Q,, C §, called the regular
set, such that
Due COP(Q,RN*™)  and  |Q\ Q.| =0. (3.0.18)

loc

In the case p(1 + &4) > n we have Q = Q,. When p(1 + 64) < n, there exists a number
e = e(data, B), such that a point xo € Q belongs to €, iff

—1
g = ][ H(z, Du) dz < 1 (3.0.19)
r(20) r Br(fﬁo)

holds for some ball B,.(xo) € Q withr < 1. Finally, as for the so-called singular set 3, := Q\ Qy,
it follows that

1

Tu= %o €Q: limsup |Hp () ][ H(z,Du) dz >0 ;. (3.0.20)
00 ‘ e B (o)

The e-regularity condition (3.0.19) differs from the usual ones given in the case of functionals
with p-growth as it gives an intrinsic quantified version of the amount of energy needed for
regularity; see also [90] for the case of autonomous functionals. The shape of (3.0.19) suggests
an intrinsic path to estimate the size of the so-called singular set Q\ ©,,. Indeed, this can be done
via a general definition of certain Hausdorff type measures that can be useful in general contexts
too; for this we refer to the next section. It is worth remarking that the results of Theorem 1
continue to hold in the case of unconstrained bounded minimizers and it is new in the vectorial
case (it extends the scalar one in [12]). In the unconstrained case the condition ¢ < N in (3.0.5)
can be dropped (see Remark 3.2.1 below).

Remark 3.0.1 It is still possible to get a partial regularity result by weakening the assumptions
on the function F, ,(t) = F(z,v,t) considered in (3.0.14). Specifically, we can drop (3.0.14)a,
thereby replacing (3.0.18) with the weaker outcome

we COP2(Q,, RV and  [Q\Q,]=0, (3.0.21)

loc

for every o < 1.
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3.0.2 Weighted Hausdorff measures, intrinsic capacities and singular
sets

Here we shall be slightly more general than what is needed in the present setting, as we wish
to settle down a general approach valid also for other contexts. We shall produce a family of
Hausdorff type measures that are naturally linked to general functionals of the type in (3.0.8).
In the following we consider a Carathéodory function ®: Q2 x [0,00) — [0,00), i.e., such that
x — ®(z,t) is measurable for every ¢ > 0 and ¢ — ®(x,t) is continuous and non-decreasing
for almost every x € €). Here, 2 C R" denotes an open subset. Moreover, we assume that
®(2,0) =0 and that lim;_, P(x,t) = oo for every z € Q. We also assume that

O(z,t) S m(x)t", forallt>1, ae 2€Q, where0<m(-)e Li.(Q) (3.0.22)
and that

there exists 33 € (0,1) such that ®(z,3) < 1 and ® (z,1/83) > 1 for every 2 € Q, (3.0.23)

d(z, s) < O(x,t)

s ot
These assumptions, also considered in [13], are trivially verified by all the relevant model examples
motivating us; see Remark 3.0.2 below. To proceed, for any n-dimensional open ball B C Q (there

is no difference in the following in taking closed balls in this respect) of radius 7(B) € (0, 00), we
define

whenever 0<s<t, forall ze€. (3.0.24)

h¢(B):/B(I>(J:, 1/r(B)) dx (3.0.25)

Notice that this function is always finite and that this is guaranteed by (3.0.22). It results:

he(B) < ]{Bm(x) dz.

We then use the standard Carathéodory’s construction to obtain an outer measure. For this,
let £ C € be any subset. We define the weighted k-approximating Hausdorff measure of F,
He w(E) with 0 < k <1, by

Ha.(E) = inf Z ha(Bj) , (3.0.26)
J

Ci = { {B;}jen is a countable collection of ballsB; C Q covering E, such that r(B;) < }.

As 0 < K1 < Ky < oo implies C3' C CF?, we have that #Hg ., (E) > Hae ., (E) and there exists
the limit

Heo(E) := lim He () = sup Ho (E) . (3.0.27)
K—0 k>0

When considering functionals of the type in (3.0.8), it is convenient to localize the z-dependence
and locally compare the starting integrand ®(-) with similar maps that are independent of x.
This means that, with a ball B C  being fixed, we consider the functions ¢ — essinf cp ®(z,t)
and ¢ — esssup,cp ®(z,t), and define

hg(B) = |Blesssup @ (z,1/r(B)) and hg (B) = |B| esseiélf ® (x,1/r(B)) (3.0.28)
x€EB T

so that hg (B) < he(B) < h(B). Accordingly, keeping (3.0.26)-(3.0.27), we finally set

#z (E) = gg;hg(fzj) and HE(E)= lim, HE . (E). (3.0.29)
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The above definitions obviously imply that #g  (E) < #He x(E) < %gﬁ(E) holds for every
k € (0,1] and therefore, upon letting £ — 0, it follows that

Hy (E) < Ha(E) < H (E). (3.0.30)

Remark 3.0.2 Definition (3.0.27) is aimed at catching and unifying several instances of similar
objects. Furthermore, let us notice that

e In the case ®(x,t) = tP for p < n, then H¢ is equivalent (up to constants) to the usual
(n — p)-dimensional spherical Hausdorfl measure.

e In the case ®(x,t) = t*®) for p(z) < n being a continuous function defined on an open
subset 2, then #¢ falls in the class of the variable exponent Hausdorff measures studied
in [215,240].

o In the case ®(z,t) = w(z)tP for p < n and w(-) being a non-negative and measurable
function, #g is equivalent to the weighted Hausdorfl measures introduced in [215, 240],
with particular emphasis on the situations when w(+) is a Muckenhoupt weight.

e The case we are mostly interested in is when ®(z,t) = [H(x,t)]'T0 = [t? + a(x)t?]'*+° for
some 6 > 0, with H(:) as in (3.0.10) and under the condition that ¢(1 4+ ¢) < n. In this
case we shall use the notation #H¢ = Hg1+5 and 5‘6% = 5‘6?;1”. These measures reveal to
be an essential tool to prove sharp theorems of removable singularities in Double Phase
problems, as shown in [51].

Remark 3.0.3 By standard arguments, i.e., those of the type needed in the case of the usual
Hausdorff measures, the set function #¢ turns out to be a Borel-regular measure (here we adopt
the standard terminology from [104]). We notice that the definition of #s , is invariant when
using open or closed balls in (3.0.25). As for the set functions #3 in (3.0.29), these turn out
to be Borel regular measures too. We mention an alternative way to describe measures as (?t’ff.
This occurs upon replacing (3.0.28) by

h}(B) = |B| ilelg ® (x,1/r(B)) and hg (B) = |B| ;Iéé ® (2,1/r(B)). (3.0.31)

In this case the corresponding set functions 5‘6; are again Borel measures and are Borel regular
too if ®(+) is continuous. Alternatively, one can use in the definition (3.0.31) closed balls instead
of open ones, thereby always getting automatically a Borel regular measure.

In order to place the above measures in the setting of regularity of minimizers and to connect
the three measures appearing in (3.0.30), we next consider the following assumption:

esssup @ (x, Bat) < cqessinf @ (x,1) (3.0.32)
zEB zeB

to hold whenever 1 < ¢t < 1/r(B) for all balls B C Q with 7(B) < 1 and for some constants
B4 € (0,1],¢4 > 1. This assumption is known to be crucial to prove the local Holder continuity
of bounded minimizers of functionals of the type in (3.0.8) and in certain Harmonic Analysis
questions related to Musielak-Orlicz spaces; see [138, 145]. In this respect, assumption (3.0.32)
is sharp by the examples in [101, 106]. When applied to the choice ®(z,t) = P + a(x)t? and
a(-) € C%%(Q), (3.0.32) amounts to require that ¢ < p + a as first considered in [60]; see
Proposition 3.0.1 and again (3.5.1) below. An immediate consequence of (3.0.32) is the following
fact, whose proof is reported in Section 3.5.
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Proposition 3.0.1 Assume that (3.0.32) holds. Then, for any subset E C § it follows that

H(E) < Ltz (E). (3.0.33)
B
As a consequence, if a(-) € C%(Q), ¢ < p+ « and § > 0, then there exists a constant ¢ =
c([alo,as ) > 1 such that the following inequality holds for every subset E C R™:

Horr s (E) < Hypros (B) < 3, o (B) < c¥r, () (3.0.34)

Following [13], we now introduce a notion of (relative) capacity generated by the function ®(-).
For a compact subset K C R", we denote

Capy(K) = Capy(K,Q) :=  inf / O(z,|Df|) dx (3.0.35)
FER(K) Ja

where
R(K) ::{feWM)(Q)mCO(Q): f>1in K, fzo} .

As usual, for open subsets U C Q2 we set

Capg((U) == sup Capy(K)
KCU, K is compact

and then, for general sets £ C €2 we finally define

Capy(E) = inf, Capg(U) .
EcUcCQ, U 1s open

It turns out that, under the present assumptions on ®(-), we have Cap} (K) = Capg(K), when-
ever K C ) is a compact subset and therefore the symbol Capy will not be used anymore,
see [13, Proposition 6.3]. Anisotropic capacities of this kind have been studied at length in the
literature. Classical reference in this respect are [54, 108,139,192, 215]. Here we refer to the
recent paper [13], where such capacities have been studied in detail under the assumptions in
(3.0.23)-(3.0.24) considered here. These ensure that Capg enjoys the standard properties of
Sobolev capacities; in particular Capg is a Choquet capacity in the sense that

Capg(E) =sup {Capy(K): K C E and K is compact } (3.0.36)

holds for every Borel set E C 2, [13, Remark 3.6]. Needless to say, in the case ®(x,t) = tP, Capg
coincides with the usual relative WP-capacity. In the following we shall denote Capy = Capg
when ®(z,t) = t? + a(x)t?. Exactly as in the case of the W P-capacity, we can prove a relation
between capacity and Haudorff measures. For this, we need some more assumptions. Specifically,
we assume that there exist 1 < p < ¢ < oo such that

D(x, s) <o D(x,t) and D(x,t) <o D(x, s)
sP 9 ¢p td Y

whenever 0 < s <t , (3.0.37)

for some ¢4 > 1. We then have

Theorem 2 Assume that (3.0.32) and (3.0.37) are in force. Let E C R™ be such that #e(E) <
o0, then Capg(E) = 0.

It is now possible to improve the estimates of the Hausdorff measure of the singular set 3, :=
0\ Q, from Theorem (1). This is in the following:
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Theorem 3 Let u € WI})’Cl (2, SV=1) be a local minimizer of the functional F in (3.0.1) under
the assumptions (3.0.12)-(3.0.15), and let Q, C Q be its regular set in the sense of Theorem 1.
Assume that (1 + 6,4) < n, where 04 is the number appearing in (3.0.17). Then

Hors, U\ Q) =0 and therefore Capgits, (2\ Q) =0. (3.0.38)
In particular, we have
HPP (2,) =0, (3.0.39)
and

Fnm1m % (2, N {a(z) > 0}) =0. (3.0.40)

3.0.3 An overview

As mentioned at the beginning of the Introduction, our aim is not only to prove regularity results
for constrained local minimizers of Double Phase functionals, but also to expose intrinsic tech-
niques bound to cover general functionals of the type in (3.0.8). In this sense, we further develop
the ideas introduced in [12] to get general regularity methods for non-autonomous functionals
and also simplifies some of the arguments presented there. Moreover, the techniques considered
here provide new results also in the unconstrained case. For instance, a partial regularity theory
which is analogous to the classical one for standard p-functionals can be derived in the Double
Phase case too (see Remark 3.2.1). The chapter is structured as follows. In Section 3.1 we fix
some notation. In Section 3.2 we establish some basic energy and higher integrability inequali-
ties adapting the path developed in [60,61] to the manifold constrained case. This is based on a
projection argument exposed in Lemma 3.2.1. Moreover, we derive the precise form of the Euler-
Lagrange equation of functionals of the type in (3.0.1), under assumptions (3.0.12)-(3.0.14). We
finally readapt a Morrey type decay estimate originally proved in [60] (see Theorem 4). In Section
3.3 we develop an intrinsic harmonic type approximation result (compactness lemma), which is
Lemma 3.3.2. The main novelty is that the energy bounds and the approximation are given
directly in the intrinsic terms of a Musielak-Orlicz energy, rather that a more typical Orlicz one,
as usually done in the literature [90,93]. The lemma is quantitative, in the sense that it reveals a
power type dependence of the constants. It therefore extends a similar result previously obtained
in [12], which was there considered in a more classical Orlicz setting. It is interesting to note
that the proof of Lemma 3.3.2 involves the use of an a priori smallness assumption (see (3.3.5)
below) which is exactly the one which is needed to prove partial regularity in the subsequent
Section 4. The conceptual advantage of using such an approach becomes clear in Section 4,
where partial regularity and Theorem 1 are proved. The intrinsic approach adopted in Lemma
3.3.2 allows avoiding to readapt the elaborate arguments of [12,60,61] as at this point we can
directly use the intrinsic Morrey decay estimate of Theorem 4 as a natural reference estimate.
This incorporates the regularity information on the solutions indeed developed in [12,60, 61].
The final outcome is a treatment which is close to the classical one proposed in [234] in the case
of harmonic maps. Finally, in Section 3.5 we develop the arguments concerning the Hausdorff
type measures presented in Section 3.0.2.

3.1 Some useful remarks

When dealing with p-Laplacian type problems, we shall often use the auxiliary vector fields
Vi, Vo RFX7 5 REX7 > 1 defined in (2.4.1). In these terms, we notice that

H(z,2) = |V,(2)]* + a(2)|V,(2)?, for all z € Q, z € RF™ . (3.1.1)
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For the maps in (2.4.1) and also H(-), we shall typically choose k € {N — 1, N}, where N > 1
is the number considered in Theorem 1. Actually, we shall almost always consider the case it is
z € RV>X"  When projecting on the sphere (in Step 4 of the proof of Theorem 1, for example),
we shall also consider z € RW=D*" Usually, we shall not specify the case occurring, as it will
be clear from the context. As a consequence of (3.0.12)3, it can be proved that

Vi(21) = Vp(22)” + a(2)[Vy(21) = Vy(22)? < ¢ [0.F(x,0,21) = 0. F (w0, 22)] - (21 — 22) (3.1.2)

holds whenever z1,2o € RV*" 2 € Q, v € RY and with ¢ = ¢(n, N,v,p,q). For this see for
instance [12,162]. We similarly have, again from (3.0.12),
Vp(22) = Vp(21)? + a(@) | Vy(22) = Vo(21)? + 0.F (v, 21) - (22 = 21)
< c[F(z,v,22) — F(z,v,21)] , (3.1.3)
whenever 21,2y € RVX" again for ¢ = ¢(n, N,v,p,q). We next recall some basic terminology
about Musielak-Orlicz-Sobolev spaces. The space W1 (Q, RY) is defined as in (3.0.9) with the

choice ®(-) = H(-), with the local variants being defined in the obvious way and W, Q) =
WHH(Q) N Wy P(Q). In the same way, we set

whH(Q,sN71) .= { we WHH(Q,RN) : |w| =1 holds a.e. } )

with the local variants defined in a similar fashion. Finally, with u € W (Q, SV ~1) we denote
the Dirichlet class

WhH(Q, V1) = { weWH QSN u—we W(}’I(Q,]RN)} .

We similarly define the Dirichlet class of unconstrained maps Wi-# (€, RY). Moreover, with
w e WhHi (Q,RJY ) and € being a domain that allows for a trace operator (for instance, this
happens when 9€ is Lipschitz), we denote by tr(w,dQ) the trace of w on 9f.

3.2 Basic material

3.2.1 Caccioppoli’s and higher integrability inequalities

Following the path established in [60,61], in this section we gather a few technical inequalities for
minimizers of functionals with Double Phase. The main difference is that now the setting is the
one of constrained variational problems. Therefore, in several cases, we shall confine ourselves to
give the necessary modifications to the proofs proposed in [60,61]. We start with the following
lemma; this provides an extension result in the spirit of [131].

Lemma 3.2.1 Let Q C Q be a bounded, Lipschitz domain in R" and vE WLH(Q,RN) be such
that v(9)) C SN=L. Then there exists ¢ = c(n, N,p,q) and © € WHH(Q,SN=1) satisfying

/H(.Z‘,D’D) dz Sc/ H(z,Dv) dz and v—1oe€ Wy (Q,RY). (3.2.1)
Q Q

Proof. For a € By5(0) C RY and v as in the statement of the lemma, define the map

v(z) —a ~
vi(x) = ———— xe).
v(z) — al
Clearly, it is
2| Du(z)|
Dv*(z)| < ————,
| D" ()] @) —dl
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so that we can estimate

D
/ H(z,Dv*) da < c/ H (Jc, v) da
By,2(0) By2(0) |U - a|

d d
¢ |Dv|p/ 7a+a(x)|Dv\q/ _da
Bl/2(0) |'U_a‘p Bl/2(0) "U_a"q

< c¢H(z,Dv).

Here ¢ = ¢(N,p, q) and we have used the assumption (3.0.15),; this makes the integrals in the
above line finite. Integrating over {2, using Fubini’s theorem and the content of the last display,

we obtain
][ [H(w,Dva) dxdagcﬁH(x,Dv) dz .
B1/2(0) JQ Q

By Chebyshev inequality, this yields the existence of ag € By/2(0) such that

/H(x,Dva") dz < c/~ H(z,Dv) dx , (3.2.2)
Q Q

with ¢ = ¢(n, N,p, q). Let us consider the projector

I, (y) := ﬁ, for yeSY ' anda€ By(0).

SNfl

Such a projector is a bilipschitz map into itself, and it is such that

[vm;l)}m <ec=c(N), (3.2.3)

an estimate which is independent of a € By/5(0). Since v*(z) € SV~ for a.e. x € Q and all
a € 31/2(0), we may define v := Hgol o v which has the requested features. In fact, since
v(9Q) € SN, we have

0

tr(s,00) = 11! (tr(vao,a(z)) = 11! (Hao (tr(v, a(z))) = tr(v, 09)
and, by (3.2.3) and (3.2.2),

/H(x,DTJ) dec/H(x,Dv“O) dxfc/~H(Jc,Dv) dz ,
Q Q Q

where ¢ = ¢(n, N, p, q), so that (3.2.1) is proved in view of the last two displays. a

Remark 3.2.1 The condition ¢ < N in (3.0.5) enters only in the proof of the above lemma and
therefore can be dropped when adapting the proofs given here to the unconstrained case.

Lemma 3.2.1 allows to derive in the new constrained setting a number of preliminary tools that
have been already obtained and used in the unconstrained one [60,61]. We shortly report them,
with some additional modification and informations.

Lemma 3.2.2 (Caccioppoli’s Inequality) Letu € WHH (Q SN=1) be a constrained local min-
imizer of the functional F in (3.0.1) under (only) assumptions (3.0.12); and ¢ < p+ «. Then
there exists ¢ = ¢(n, N,v, L,p,q) > 0 such that for any choice of concentric balls B, C Br € )

there holds
/ H(z,Du) dz < c/ H (CE, U_(U)BR) dz (3.2.4)
B, Br R —-T
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and, if R <1, it also holds that

H(x, Du) dz < c/ Hg <“(“)BR> dz (3.2.5)
Br/2 Br R
fOT c= C(TL, N7 v, L7p7 q, [a]o,a) > 0. MOTGO’UET, Zf
inf a(z) < 4lalp,o R (3.2.6)

Br
holds and again it is R < 1, then (3.2.5) reduces to

u— (U)BR P

0 dz (3.2.7)

H(x, Du) dec/

Br

Br/2

with ¢ = ¢(n, N,v,L,p,q,[alo,o). Finally, these facts still hold for an unconstrained local mini-
mizer u € (WHH N L°)(Q,RY), with all the constants depending in addition on ||u|| L.

Proof. The proof is a modification of the one originally given in [60, Theorem 1.1, (1.8)]; we
furthermore specialize to the case of constrained minimizers, the unconstrained one being totally
analogous. In the following all the balls will be concentric to the ones mentioned in the statement
of the lemma. With r < ¢t < s < R, we determine a cut-off function n € C2°(B;) such that
xB, <1 < xp, and |Dn| < 4/(s —t). Consider now the function w(x) = u(z) — n(u — (u)p,).
Since 7 is smooth and u € WHH (B, S¥~1), then obviously w € WL (B, RN) and u — w €
Wy (B, RY). Lemma 3.2.1 yields the existence of @ € W (B,,S¥~1) such that (3.2.1) holds
with Q = By, where ¢ = ¢(n, N, p,q). The minimality of u, (3.0.12); and (3.2.1) (with Q = B,)
yield

I//BSH(JZ,DU) da:S/BSF(m,u,Du) de/BSF(x,w,Du?) dz
§L/ H(x, Dw) dajgc/ H(xz,Dw) dz
B B,
gc/B\B [H(x, (1 — n)Du) + H(z, (u— (u)5y) © Dp)] de

§c/ H(x, Du) dx+c/ H <x, u_(u)BR> dzx (3.2.8)
B.\B, B.\B, s—t

with ¢ = ¢(N,v, L,p,q). The proof of (3.2.4) can be now concluded by filling the hole and
iteration, as in [61, Theorem 1.1, (1.8)], see also [60]. As for the proof of (3.2.5) we simply
estimate (as it is ¢ < p+ « and R < 1), for z € Bg

() o, (M) s o) -] P
< Hg, (%) 4 20F97P[g)y , ROTP % i

S CHgR (u_(RjL)BR> )
2

for ¢ = ¢(p, ¢, @), and (3.2.5) follows from (3.2.4) with » = R/2. Finally, for (3.2.7), we similarly
observe that (still z € Bgr)

u— (U)BR 1(326) a+p—q u— (U)BR P u-— (U)BR P
ai(BRr) 7 8la)o,o R 7 <ec 7 ,
so that (3.2.7) follows from (3.2.5) and the proof is complete. O
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We proceed with

Lemma 3.2.3 (Intrinsic Sobolev-Poincaré inequality) Letv € (WHHNL>)(Q,RY), N >
1, and B, € Q be a ball with radius r < 1, and assume that ¢ < p + «. Then the following

inequality holds
1/d
][ H (x, U_<U)Br) dz <c <][ [H(x, Dv)]? dx) ) (3.2.9)
B, r B,

where ¢ = c(n, N, p,q,[alo,a, |v]|L~(B,)) > 1 and d = d(n,p,q) < 1. In (3.2.9) we can replace
v— (v)B, by v in case we also have that tr(v,0B,) = 0. Finally, we can still replace v — (v)p,
by v, provided v =0 on A C B, and |A|/|By| > v > 0; in this last case the constant ¢ depends
also on 7.

Proof. The proof is implicit in the one of [60, Theorem 1.2], with minor modifications that are
left to the reader. See also [218]. O

Lemma 3.2.4 (Inner higher integrability) Let u € WHH(Q SN=1) be a constrained local
minimizer of the functional & in (3.0.1) under (only) assumptions (3.0.12); and (3.0.15). There
exists a positive integrability exponent 6, = d4(data), such that the following reverse inequality
holds for every Bar C ) such that R < 1:

1/(1+64)
<][ [H (x, Du)]**0 da:) <c H(xz,Du) dx (3.2.10)
Br Bar

where ¢ = ¢(data).

Proof. Also in this case, the proof follows the one for [60, Theorem 1.2], which in turn only uses
the assumed bound ¢ < p + « and the validity of (3.2.4). O

Lemma 3.2.5 (Higher integrability up to the boundary) Letu € W1 (Q,SN1) be such
that H(-, Du) € L%Oté(Q), for some § > 0, and, for B € Q, R <1, let v € WhHH (Bg,SN~1) be
a solution of

v min / F(z,w, Dw) dz
weW, " (Br,SN-1) JBg

where the Carathéodory integrand F(-) satisfies (only) (3.0.12)1 and (3.0.15). Then there exists
a positive exponent o4 € (0,6) and a constant ¢ > 1, both depending on n,N,v, L. p,q,a, [a]oq,

such that
1/(140y)
][ [H(z, Dv)]**t9 dx <c H(z,Du)]**% dz
BR BR

Moreover, in the above display, o4 can be replaced by any smaller and positive number.

1/(1+0g)

Proof. With z¢ € Bp, let us fix a ball B,(z9) C R" such that it is |B,(zo) \ Br| > |Br(z0)|/10.
Let us fix 7/2 < t < s < r and take a cut-off function n € C}(Bs(xo)) such that xp,(zy) <
N < XB.(wo) and |Dn| < 4/(s —t). The function v — n(v — u) coincides with v in dBr (in
the sense of traces) and therefore we can apply Lemma 3.2.1. This provides us with a map
w € WHH(Bg(xg) N Br, SV ~1) such that

/ H(z,Dw) dz < c¢(n,N,v,L,p, q)/ H(z,D(v—n(v—u))) dz.
Bs(zo)NBr B

s(z0)NBr
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The minimality of v and (3.0.12)1, together with the above inequality, yield

L
/ H(xz,Dv) da < —/ H(z,Dw) dz
BS(Io)ﬂBR v BS(ZQ)QBR
Sc/ H(x,Dv) dx—l—c/ H(z,Du) dz
Bs(20)\Bt(z0)NBr Bs(z0)NBr

S—i—c/ H(w,H> dz ,
BS(I())OBR s — t

with ¢ = ¢(n, N,v, L,p, q). By filling the hole and iterating as for instance done in [61, Proof of
Theorem 1.8], we arrive at

/ H(x, Dv) dmgc/ H(a:, u) da:—|—c/ H(xz,Du) dzx ,
B,./2(z0)NBr B, (x0)NBr B, (x0)NBr

for ¢ = ¢(n, N,v, L,p,q). From this point on, we can follow the proof of [78, Lemma 5| but using
the method of [60, Theorem 1.2], see also [69, Lemma 10]. O

v —

Remark 3.2.2 The assertion of Lemma 3.2.4 continues to hold in the case of unconstrained local
minimizers u € WHH(Q,RY), N > 1, such that u € L>(Q); in this case ¢ and d, also depend
on |lu||e; for this see the original proof in [60] and the extensions made in [218]. Moreover,
Lemma 3.2.5 still holds when u,v € L>(£,RY) and, also in this case, ¢ and 04 again depend
on |ul| g~y and |[v||Le~(p,). The proof follows again the one proposed in [78, Lemma 5]
and [60, Theorem 1.2]. For later convenience we discuss a case when assumptions in (3.0.12) are
relaxed. Instead of (3.0.12);, we consider

p(M)H(x,2) < F(z,v,2) < L(M)H(z, 2) (3.2.11)

to be satisfied as in (3.0.12);, whenever |v| < M, where 0 < v(M) <1 < L(M) are, respectively,
non-increasing and non-decreasing functions of M > 3N. Both Lemma 3.2.4 and of Lemma 3.2.5
hold assuming (3.2.11) instead of (3.0.12),, with exponents d,, o4 depending again on |jul| L~ (g,)
and [|v|| e (B,)- This can be easily seen (for instance in the proof of Lemma 3.2.4) by observing
that [|0| z (B, < 3|lullz=(By) and therefore (3.2.11) can be used with M depending only on
llull Lo (BR) in (3.2.8). In the same way, the content of Lemma 3.2.2 still holds under assumptions
(3.2.11).

Remark 3.2.3 The content of Lemma 3.2.5 applies in particular to the case when the function
a(x) = ap > 0 is constant and H(z, z) = Ho(z) := |2/P +ag|z|?. In this case assumption (3.0.15),
is not necessary and the statement continues to hold whenever p < g are arbitrary.

3.2.2 On the Euler-Lagrange equation under non-standard growth con-
ditions

Let us consider a ball B, € Q and v € WHH(B,.,S¥~1) being a solution of the frozen Dirichlet
problem

v min / g(z, Dw) dz, (3.2.12)
wew(B,,sNV-1) /B,

where, with @ € R being fixed, we have set

g(x,z) = F(x,u,z) = F(x,4,|z]) , (3.2.13)
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for z € Q and 2z € RV*" and of course F(-) is the Carathéodory integrand considered in (3.0.1);
this time we assume that F'(-) satisfies only (3.0.12); 2. By definition, g(-) matches (3.0.12),-
(3.0.12),. Because of the non-standard growth conditions considered here, we cannot derive
the Euler-Lagrange equation for (3.2.12) in the usual way, adopting variations defined through
smooth ¢ and then concluding via a density argument. We shall rather use a direct argument,
eventually leading to establish that

/ F'(z,a, |D11|) - Dy — F'(x, @, |Dv|)|Dv|(v - ¢) dz
B, |D |
:/ d.F(x,a,|Dv|) - Do — F'(x, 1, |Dv|)|Dv|(v - @) dz =0 (3.2.14)
B

holds whenever ¢ € (W) NL>)(B,,RN); needless to say, the symbol F’ denotes the derivative
of I with respect to the last variable. For the sake of completeness we report all the details. To
proceed, for s € (0,1), define the variation v, := II(v+ sp), where II(y) = y/|y| for y € RV \ {0}.
Clearly, for s sufficiently small, v, € W1 (B, S¥~1). The minimality of v and the very definition
of vy tell us that

0 S/ g(z, Dvg) — g(x, Dv) d
B S

r

1 1
:E/ </ 0,9(x, \Dvs + (1 — X\)Dv) d)x) - (Dvs — Dv) dx . (3.2.15)
B, \Jo
We aim to pass to the limit with s — 0 in (3.2.15) via the dominated convergence theorem. A
direct computation and the fact that VII(v)Dv = Dv show that

|Dvs — Dv| = |VII(v 4 sp)(Dv + sDy) — VII(v)Dv|

< |VIL(v + s¢) — VII(v)||Dv| + [sVIL(v + s¢) Dep| < es (|l |Dv| + [Dgl)
(3.2.16)

where ¢ = ¢(||VII||oo, | V2| o) = ¢(N). Plugging (3.2.16) into the last term in the right-hand
side of (3.2.15) we obtain

(/1 0.9(x, \Dvs + (1 — \)Dv) d)\> - (Dvg — Dv)
0

1
c(lel| Dol + |Ds0|)/O |0:9(x, ADvs + (1 = ) Du)| dA < ¢[(D)] + ¢|(ID)],

with ¢ = ¢(NV). From (3.0.12),, Young’s inequality and (3.2.16), we estimate

Y H(z,A\Dvs 4+ (1 — X\)Dv

)
Dv| dX
Do+ (1 —nDo PV

Ml < C||90||L°°B)

IN

cllell e (B,) /o [H(x, \Dvs) + H(x, (1 — A\)Dv) + H(z, Dv)] d\

IN

cH(z,Dy)+ cH(xz,Dv) ,
where ¢ = ¢(N, L, p, q, ||¢l| L= (B,))- In a similar way we also have

' H(zx, )\Dvs ( —A)Dv
[ADvs + (1 — A)Dv|

| < D] ax
< c/ [H(z,\Dvs) + H(x,(1 — A\)Dv) + H(z, Dyp)] dA
0
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< cH(z,Dy)+ cH(xz,Dv) ,

with ¢ = ¢(N, L, p, q). Merging the content of the last three displays yields
1 1
5 / 0.9(x, \Dvs + (1 — X\)Dv) dA | - (Dvs — Dv) | < ¢H(xz,Dv) + cH(z,Dyp) , (3.2.17)
0

again for ¢ = ¢(N, L,p,q, [|¢| =(p,)). Finally, by the regularity of z — g(-,2), (3.2.16) and
(3.0.12), we notice that

10.g(, ADv, + (1 = \)Dv)| dA < ¢ (H(x’D“) H(z, Dw))

| Do | D]
1in% 0.9(x,A\Dvs + (1 — X\)Dv) = 0,9(x, Dv) ,
S—

thus, by the dominated convergence theorem,
1
lin%) 0.9(x, A\Dvs + (1 — \)Dv) d\ = 9,9(x, Dv) . (3.2.18)
S—r 0

Using (3.2.16) and (3.2.18) we can compute

s—0 8

1
lim ! (/ 0.9(x, A\Dvs + (1 — X\)Dv) d)\> - (Dvs — Dv) = 0,9(x, Dv) - VII(v) Dy
0

VII(v + sp) — VII(v)

1
+ lim (/ 0.9(x, A\Dvs + (1 — X\)Dv) dA) . Dv
s—0 0 S
= 0,9(x, Dv) - (VH(U)D(,O + Vzﬂ(v)goDv) . (3.2.19)

Now, (3.2.15), (3.2.17), (3.2.19) and the dominated convergence theorem render
0< /B 0.9(x, Dv) - (VH(U)D@ + VQH(U)@DU) dz .

The same argument with s € (—1,0) finally yields
/B 0.9(x, Dv) - (VH(U)D(,D + VQH(’U)QODU) dz=0.

Taking into account the symmetry of the Jacobian of the projector, we can conclude that

" D
0 :/ F/(x,a,|Dv|)ﬁ : (VH(U)D(,O+V2H(U)QODU) dz
. Duv F'(z,a,|Dvl)
= / - . [ Sk Mt it v
= /B F'(z,a,|Dv|) Dol Dy Dol Ay (Dv, Do)y dx

. D .
- / F'(a.0|Dol) 50 - D = P/, |Du|Du(v- ) da

r

where in the last line we have used the explicit expression of the second fundamental form A, (-, -)
of S¥=1; see also [234, Section 2.2]. We have therefore proved the validity of (3.2.14).

40



3.2.3 A Morrey type decay estimate

In this section we briefly revisit some scalar regularity results reported in [12,60], adapting them
to the vectorial case. We consider unconstrained local minimizers of functionals of the type

w»—>/ g(z, Dw) dz (3.2.20)
B’V‘

under the structure condition (3.2.13). We then have the following:

Theorem 4 ( [12,60]) Let h € (WHH 1 L) (Q,RY) be a local minimizer of the functional
in (3.2.20) under assumptions (3.0.12)1234, (3.0.14)1, (3.2.13) and (3.0.15),. Then for every
o € (0,n] there exists a constant ¢ = c(data,||ul| (), o) such that

H(x,Dh)dx <c (t) / H(z,Dh) dx (3.2.21)
By 8 B,

holds whenever By C By C Q are concentric balls such that t < 1.

Proof. The proof can be obtained tracking the ones given for [60, Proposition 3.4] and [12,
Theorem 2], according to the remarks made in the proof of [60, Theorem 5.2], that describes the
modifications to make with respect to the scalar case. Reference [12] is actually more suitable as
the regularity results are proved for general functionals, without assuming the splitting structure
considered in [60]. The remarks given in [60, Section 5,2] will be also useful here. As an outcome
of the proofs of [60, Proposition 3.4] and [12, Theorem 2|, estimate (3.2.21) follows provided
B; C B; C Qg € Q) are concentric balls and with an additional dependence of the constant ¢ on
dist(Qo, 2), but under the full bound ¢ < p+a. As remarked in [12,60], it is possible to reach the
borderline case ¢ < p+a in the scalar case by using the preliminary local Holder continuity of A for
some exponent v € (0,1) (see [60, Proposition 3.1]); the same happens in [12, Theorem 6|. This
comes along with an a priori estimate of the type [h]o 4.0, < ¢, where, amongst the other things,
¢ depends also on dist(£2g,€?). This is exactly the point where the dependence on dist(€2, §2)
comes from in the final statement of (3.2.21) from [60, Proposition3.4] and [12, Theorem 2]. On
the other hand, as already remarked in the proof of [60, Theorem 5.2], when considering the
bound ¢ < p + « we can avoid using that u € Cﬁ)g(ﬂ) and in this way, taking into account the
proofs in [12], we arrive at (3.2.21) with the dependence of the constant ¢ as described in the
statement of Theorem 4. Notice that, in order to prove (3.2.21), in [12,60] it is also necessary
to replace the a priori Lipschitz estimate for minima of frozen functionals in [12, (132)] with an
analogous one for the vectorial case. This is discussed in Remark 3.2.4 below. Notice that here
we are not assuming that the function F(-) satisfies (3.0.14),. O

Remark 3.2.4 Let us consider a local minimizer v € WhHo (B, RN*") of the functional
w = / g(xo, Dw) dx x9 €Q, (3.2.22)
B,
where Hy(z) = |2|P + a(xg)|2|?. The following estimate holds:

sup Ho(Dw) < c]l Ho(Dw) duz, (3.2.23)
B2 B,

where ¢ = ¢(n, N,v, L, p, q). This estimate plays a crucial role in the proofs given in [12,60], and
these are concerned with the scalar case. To get that this result holds in our vectorial case too
it is sufficient to prove that

F'"(z,a,t)t ~ F'(z,q,t)  for every t > 0 (3.2.24)
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(for implied constants depending only on n, N,v, L,p,q) and then appeal for instance to [89,
Lemma 5.8]. Indeed, following [68, Lemma 3.4], we see that

i ~ Tn o
roz {NX Z®Z}, (3.2.25)

0..9(xg, 2) = F"(z0, 1, |2|) e + F' (0,1, ]|2|) B T

holds for every z € RV*™ such that |z| # 0; here it is [nxp, = 6;;0q3. Testing the above inequality
for €1z and for £ = z and using (3.0.12)9 3 yields

Z/H(QL‘(), t)
t

LH(xg,t) vH (xg,t)
o ad

LH(an t)

S F/(.l'o,ﬂ,t) S t2 )

< F'(xo,1,t) < (3.2.26)
respectively, for every ¢ > 0, so that (3.2.24) follows. Notice that here we are only assuming that

F(-) satisfies only (3.0.14).

Remark 3.2.5 This is a side remark of later use. Assuming that the function F(-) satisfies
(3.0.14)1 2, as in [68, Lemma 3.4], by using (3.2.26) we get that (3.0.14)2 can be reformulated as
B1

F'(z,0,t+s) — F"(x,0,t)| < c(n,N,v, L,p,q)F" (z,v,1) (|j|> (3.2.27)

3.3 Harmonic type approximation

In this section we revisit the arguments of [12,90], to give two kinds of harmonic type approxima-
tion lemmas. The most peculiar one is the first, which is given in terms of a generalized Young
functions (specifically, H(-)), rather than a usual Young function. Therefore all the arguments
used there will be of intrinsic type. This perfectly combines with the type of intrinsic estimates
already proved in [12,60,61], as we shall see in the next section when showing regularity theo-
rems. Accordingly to the notation already established in (3.0.11), with B, €  being a ball, we
shall denote

Hp (t) =17 +ai(Bp)t"  and  Hp (1) =17 + as(Bo)t? . (3.3.1)

e

We shall again denote, with abuse of notation, Hgg(z) = H§Q(|z|) and so forth, also in the case
z € RNVxn,

Remark 3.3.1 We collect some features of the functions in (3.3.1). We first notice thatn H§9(~)
is a Young function in the sense of [89, Section 2|, and satisfies the Ag-condition. Since t —
H;y (t) is strictly increasing and strictly convex, its inverse (ngg)_1 is strictly increasing and
strictly concave and (H;fg)*l(O) = 0, thus (Hgg)*1 is subadditive. Therefore, for all A > 0, the
subadditivity and the monotonicity of (Hgg)’l(t) yield

(Hi )7'O) < A+ 1D)(Hp )7 (1) (3.3.2)

In particular, if A > 1, (Hgg)’l()\t) < 2)\(H§9)*1(t). Next, notice that if B, = By(zo) € 2, then

the function (zg, 0,t) — Hf; (o
e

the Holder continuity of a(-). Finally, for zo fixed, if o1 < 02, then H, (xo)(t) > Hy (xo)(t),
o1 Q2

(Hggl(mo)(t) < ng (wo)(t)) holds uniformly in ¢ > 0, and, as a consequence, (ngg1 (wo))—l(t) <

(Hl;@(xo))*l(t), (resp. (ij.gg1 (o)) () = (Hj'gm(mo))*l(t))7 holds too for all ¢ > 0.

)(t) is continuous on 2 x [0, 00) x [0, 00). This easily follows from
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We start with a classical lemma (see [10] for a description and references), which is concerned
with some properties of Maximal operators with respect to the so called gradient truncation. We
recall that the Hardy-Littlewood maximal operator is defined as follows

M(f)(z) = sup ][ f)] dy, zeR",
BQ(QZ)CRW Be(w)

whenever f € Ll _(R").

loc

Lemma 3.3.1 Let B, C R™ be a ball and w € Wy (B,, RN) (trivially extended by zero outside
B,). Then for any A > 0 there exists wy € Wy ™°(B,, RN) such that

[ Dwal|Les (B, mNxny < €A, (3.3.3)
for some positive constant ¢ = c(n, N). Moreover, it holds that
B, N{w # wx} C (B, N {M(|Dwl|) > X\}) U negligible set . (3.3.4)
We have a first quantitative harmonic approximation type lemma.

Lemma 3.3.2 (Intrinsic and quantitative g(z, -)-harmonic approximation) Let B, C R"
be a ball with radius r < 1 and such that Ba, € Q, € € (0,1) and v € (WHH N L) (B,,RY),
N > 1, be a function satisfying

][ H(z,Dv) dz < ciHp (i) , (3.3.5)
B

1/(1+6)
<][ [H (2, Do)+ dx) <& { H( Do) de, (3.3.6)
B, B

T

and

| ][ 0.9(x, Dv) - Dy dx
BT/Z

ScQgt][ [H(x,Dv)+H(x,||D<p|Loc(Br/2))] dr, (33.7)
B

r

Jor some t € (0,1], 6 € (0,1) and all ¢ € C(B, 2, RY), where g: Q@ x RN*" — [0,00) is of
the type in (3.2.13) under assumptions (3.0.12)1,27374, and where c1,¢1 and co are fixed constants
larger than one. Then there exists h € WULH(BT/Q,RN) such that

/ 0.9(x,Dh) - Dp dz =0 for all ¢ € W&’H(BT/Q,RN) , (3.3.8)
BT/Q

Al (B, ) < \/NHUHLOQ(BT/Q) (3.3.9)

and

]l (\Vp(Dv) — Vo (DR) > + a(z)|V,(Dv) — Vq(Dh)|2) dr < cem][ H(z,Dv) dz, (3.3.10)
By B,

with ¢ = c(datag) and m = m (data,, HUHLO@(BT),t,é) (see (3.3.12) below for the meaning of
datag). Finally, the function h € Wvl’H(BT/Q, RYN) is the unique solution of the Dirichlet problem

h— min / g(z, Dw) dx . (3.3.11)
weWyH (B, 2, RN) JB, ),
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Remark 3.3.2 The assumptions considered in Lemma 3.3.2 are tailored to the situations where
the Lemma will be applied. In the typical applications, v is a minimizer of a constrained problem
as considered in Theorem 1. This means that the condition v € (WHH N L) is automatically
satisfied. For the same reason, assumption (3.3.6) is satisfied by Lemma 3.2.4. Finally, the
smallness condition (3.3.5) typically occurs when proving partial regularity theorems (see next
section). We also wish to point out that the proof we are going to give here allows for further
generalizations to cases where instead of the function H(-) one considers more general instances,
as for example those in Section 3.0.2.

Proof. In the following we shall abbreviate, as in (3.0.16), as follows
datay = datag (71, N7 v, L7p7 q, &, [a’]O,aa HU”L“(BT), c1, ¢, 02) . (3312)

By a standard approximation argument we notice that, if (3.3.7) holds for every ¢ € C°(B, 2, RM),

then it also holds for every ¢ € Wol’OO(BT/g,RN). Now, let h € W&’H(BT/Q,RN) be the unique
solution to the Dirichlet problem (3.3.11). This can be obtained as follows. First, notice that so-
lutions are always unique as a consequence of the strict convexity of z — g¢(-, z). Then, existence
of h € Whr(B, /Q,RN ) results by Direct Methods of the Calculus of Variations. By minimality
and (3.0.12),, there holds

L
][ H(z,Dh) dz < 7][ H(z,Dv) dz (3.3.13)
BT/Q v Br/2

so h satisfies (3.3.8). Moreover, thanks to the assumptions in (3.2.13) and (3.0.14),, we can apply
the maximum principle in [175, Theorem 2.3] and this yields (3.3.9). In particular, we conclude
with h € WULH(B,./Q, R”Y). Thanks to Remark 3.2.2 and (3.3.6), we can also apply Lemma 3.2.5
(with v replaced by h and u replaced by v in the present situation); this, together with (3.3.13),

yield that
1 1
Ttog Tt+og
<][ [H (z, Dh)]™ s da:) §c<][ [H (2, Dv)] 7o da:)
B7‘/2 BT/?
Bz (3.3.6)
<c ][ [H(x, Dv)]'*° dz < c][ H(z,Dv) dx (3.3.14)
Br/z B,

for positive constants ¢ = ¢(data,c¢1) and o4 = oy (data, ||'U||L<>O(Br)>, with ¢ > 1 and o, €

(0,0). This peculiar dependence of the constants is also a consequence of (3.3.9) (see again
Remark 3.2.2). In the application of Lemma 3.2.5 we are indeed getting rid of the dependence
on ||h| /L= by means of (3.3.9). Now, notice that there is no loss of generality in assuming that
fBr H(xz,Dv) dz > 0, otherwise v = const on B, and the thesis trivially holds for h = const.

From Remark 3.3.1, we have that t — Hp (t) is a bijection, so there is a unique A > 0 such that

T

H; (\) = 93”(]{3 H(z,Dv) dx (3.3.15)

holds for some 9t > 1 whose size will be fixed later. Set w = v — h € W&’H(BT/Q,RN) and
consider wy € W&’M(BT./Q,RN) given by Lemma 3.3.1, which satisfies (3.3.3) and (3.3.4). We
deduce that
Bopn{w#w)| @30 |Byy {M(Dul) > A}
| B,/ - 1B, a|
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Chebyshev ¢ ][
< -
B [Hp, (N7 Jp

- /2
maximal c
< _— Hz (Dw)]**7 da
< oy 1, e ow)
c — o — o
< W][B [HBT(Dh)]H_ 9+ [HBT (Dv)]1+ 9 dw
. r/2
. 140y
(3.3.14) c H(z,Dv) d
< _— x,Dv) dzx
B [Hg, (M]'*7s \ B,
(3.3.15) c
< W s (3316)

where ¢ = ¢(datag). Now we test the weak formulation of (3.3.11) against w) to get
VAl ::][ (azg(xa DU) - azg(xv Dh)) ) DwAX{w:'wx} dz
B2

:][ 0.9(x, Dv) - Dwy dx — ][ (azg(x, Dv) — 9.9(x, Dh)) - DwxX{wrw,} d
B.,./Q B1'/2
=T+ 5 . (3.3.17)
Upon setting (recall the definition in (2.4.1))
V2 = [Vy(Dv) = Vy(DR)? + a(2)[Vy(Dv) — Vy(DR)P, (3:3.18)

the strict monotonicity (3.1.3) implies there exists a constant ¢ = ¢(n, N, v, p, ¢) such that

1
T > 7][ VQX{w:wA} dz.
€ JB, s

Let us consider term J5; for this we start observing

5 -1
y (3:3.15) (ng) (im]{g H(z,Dv) dx)

(3.3.2),(3.3.5) -1 2c1eM
(i) (3 () < 22

From this last inequality and (3.0.15); we can estimate

Hg,.()‘) = HI;.()‘) + [GS(BT) - ai(Br)] A1
< Hp (\) +or* P ()T PIP < ¢ [1 + (azm)q—p} Hg V), (3319

with ¢ = ¢(p, ¢, @, [a]o,a, ¢1). Now we have

(3.3.3)
][ H (m, ||Dw/\||Loo(BT/2)) dz < c][ H(z,\) dx
B, B

N (3.3.19) B B
<cHE () < C[H(gzm)q P} Hy (V) (3.3.20)

where ¢ = ¢(n, N, p, ¢, @, [a]o,a, ¢1), so that

(3.3.7)
|572‘ < 02575][ [H(x,Dv) + H (CE, ||Dw)\||LOC(BT/2)>] dx
B’V‘
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(3.3.20)
<t HG Do) dokest [ )| Hy )

(3.3.15)

< et [1 + (593?)’1*”] ][ H(x,Dv) dx ,
B,

for ¢ = ¢(n, N,p,q,a,[alo,a, c1,c2). Finally, for 73, we fix £ € (0,1) to be chosen later on and
estimate as follows:
(3.3.17)
TS (0.9 D) + 0900, DO) IDusl g da
r/2
(3-212) ][ (H(I,Dh) H(z,Dv)
< c
B, \ |Dh| | Do|

) |Dw>\|X{w7éw)\} dz

Young

< /1]{3 [H(;z;, Dh) + H(x, Dv)] )X fwtwyy AT

r/2 By/2

(3.3.13)

< cm][ H(z, Dv) prey H(z, Dwr)X{wrwyy 4z

r/2 r/2

(3.3.3) ¢ |Brppn{w#wa}

< CH][ | H(z,Dv) dz+ ) B, ) HE (N)
(3.3.16) c n

S Clﬁl][ H(ZL',D’U) diL’+ WHBT(A)
(3.3.19) a—p] -

< CK . H({E7 D’U) dz + m |:]. + (Em) HBT(A)
(3.3.15)

<

¢ {KJ + W [1 + (szm)q—ﬂ } ]{B H(z, Dv) dz

with ¢ = ¢(datag). Collecting the estimates found for 77, 2 and T3 to (3.3.17), we get

][ VQX{w:wA} dz
B, /2

1 m’t q—p
< c{n+€tm+5t+q_pmq_p+l + (e }][ H(xz,Dv)

n‘!—li)ﬁ"s RI~19s

=: cS(n,g,im)][ H(z,Dv) dx, (3.3.21)

again with ¢ = ¢(datag). Now let € (0,1) be a number to be fixed in some lines. From Holder’s
inequality, (3.3.16) and (3.3.13) we obtain

1/6 =6
B, /N
][ VQQX{UI?éwA} dx < | r/2 {w ?é w)\}| ][ V2 dx
B, /2 |B7’/2| B, /2

7931(1‘“’9)7][ H(z,Dv) dx

for ¢ = ¢(datag) and, again by Holder’s inequality and (3.3.21),
1/6
(][ V%X fw=wn} dw) < OS(K,E,im)][ H(x,Dv) dx ,
B,./2 B,

46




with ¢ = ¢(datag). Merging the content of the last two displays now gives

1/6
][ V% dx < C{S’(n,e,ﬂﬁ) }][ H(z,Dv) dx. (3.3.22)
B, £m<1+%

In (3.3.22), ¢ is fixed in the statement of the theorem, while x € (0,1) and M > 1 are still free
parameters to be chosen arbitrarily. We take
1 ogt

M= —>1 and K = T @0 € (0,1)
£32

t 1
m::&min 1, —— &,
4 q—1

so that, recalling the expression of S(k,e,9M) in (3.3.21), we find

and set

1 _ t(tog)(1-0)

m - m(0)
S(k,e, M) + pe v, e <5e™4¢ g < 6e
where
t(1 1-6
(0) := min {m, H";’g()} = (o, t,q,0) = m(date, [v]| L~ (5,),1,6,6),  (3.3.23)

and therefore (3.3.22) reads as

(ﬁrmvze dx) <c <][ H(z, Dv) > (3.3.24)

with ¢ = ¢(datap). The final dependence on the various constants of m in (3.3.23) has been

m""
Wl

obtained recalling that o, = o, (da,ta,7 ||UHLOC(BT)); notice also that the dependence upon the

initial higher integrability exponent ¢ appearing in (3.3.6) comes from the restriction o, < 4.
Next, notice that from the very definition of ¢ in (3.3.18), and using (3.3.14), we readily infer

m 2
<][ p2(itos) dac) <c <][ H(z, Dv) dx) , (3.3.25)
By/2 B,

again for ¢ = ¢(datag). Next, we choose

1+o
0 =—9_=9¢ (da,ta, V|| ,5) 3.3.26
(1 i 20,9) || ||L (By) ( )
and apply Holder’s inequality with conjugate exponents 2&2;9) and 2(1 + oy), to get

14204

1
, 2(1t0g) 2(1+0g) . 2(1t+og)
V% do < ) +209  dg 2(+99) g
Br/2 B7‘/2 BT/Z

(3.3.24),(3.3.25) (o)
][ H(z,Dv) dz
B

<

with where ¢ = ¢(datag). This concludes the proof of (3.3.10), and of Lemma 3.3.2, by fixing
m := m(#)/2 and the dependence m = m (data, |vllLe(B,), ts (5) claimed in the statement follows
by looking at (3.3.23) and (3.3.26). O
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We next report another harmonic type approximation lemma of the type already considered
in [12]. On the contrary to Lemma 3.3.2, this one involves a classical Young function Hy(-), i.e.,
no dependence on z is considered

H()(t) =P + aotq s ap 2 0. (3327)

This time we shall consider a C*(RY*") N C2(RY*"\ {0})-regular integrand go: RV *" — [0, 00)
such that

go(2) = Go(|z|) holds for every z € RVN*" with ¢ — §o(t) non-decreasing (3.3.28)

where go: [0,00) — [0,00) of class C*[0,00) N C?(0,00). We shall consider the following set of
assumptions:

vHo(z) < go(z) < LHy(2)
10.90(2)||2] +10:290(2)]|2|*> < LHo(z) (3.3.29)
v([2P72 + aolz|972)[€]? < (0:.90(2)E,€) ,

considered with the same notation as in (3.0.12), for suitable numbers 0 < v < 1 < L < 400
(not necessarily the same as appearing in (3.0.12)). We then have the following approximation
lemma, which is a different version of [12, Lemma 1]:

Lemma 3.3.3 (Quantitative go-harmonic approximation) Let B, C R"™ be a ball with ra-
diusr <1, ¢ € (0,1] and v € WHHo(B. . RN) N > 1, be a function satisfying

1/(1496)
<][ [Ho(Dv))**? dx) <& ][ Hy(Dv) dz (3.3.30)
B,./2 B,

for some § € (0,1) and

< ngt][ |:H0(D’U) + Hyp (||D(p||Loo(BT/2)>:| dz , (3331)

r

‘ ][ 0,90(Dv) - Dy dx
BT/Q

where t € (0,1] and all ¢ € C°(B,/2,RY), where ¢ and ¢y are absolute constants and under
assumptions (3.3.28)-(3.3.29). Then there exists ho € WyHo(B, /2, RYN) such that

/ d.90(Dho) - Do dz =0 for all ¢ € Wy (B2, RY) (3.3.32)
B, /2

1holl (B, ,2) < VN|[vllL=(s (3.3.33)

r/2)

and

£ (VDo) = VilDho)? + aol V(Do) = Vi(Dho) ) do < e Ho(Dv)
B7‘/2 B

with ¢ = e(n, N,v,L,p,q,¢1,¢3) and m = m(n,N,v,L,p,q,t,0). Finally, the function hg €
W,Ul’HO(BT/27RN) is the unique solution of the Dirichlet problem

h— min / go(Dhg) dz . (3.3.34)
Brja

weW, (B, /5 RN)
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Proof. The proof is rather close to that of Lemma 3.3.3. For this reason we only give a sketch
of it. Again, in (3.3.31) we can consider ¢ € W(}’OO(BT/Q,RN). This time we define hy €
WhHo(B, 5, RY) as the unique solution of the Dirichlet problem (3.3.34), so that (3.3.32)-(3.3.33)
hold. Moreover, (3.3.29); and minimality yield

L
][ Ho(Dho) da < 7][ Ho(Dv) da . (3.3.35)
BT/Q v Br/2

By Lemma 3.2.5 (with constant coefficients, see Remark 3.2.3), we get, as for (3.3.14) and using
(3.3.35), that

ﬁ ﬁ (3.3.30)
][ [Ho(Dhg)* o9 dx <c ][ [Ho(Dv)]* s da < ¢ ][ Hy(Dv) dz ,
B2 B2 B,
(3.3.36)

holds for o, = o4(n,N,v,L,p,q) € (0,6) and with ¢ = ¢(n, N,v, L,p,q,¢). Proceeding as for
the proof of Lemma 3.3.2, we find A > 0 such that

Iﬂ(k)::ﬁnji Ho(Dv) da, (3.3.37)

for some 9 > 1 to be specified later on. Set w = v — hy € V[/Ol’H0 (BT/Q,RN) and consider wy
given by Lemma 3.3.1 matching (3.3.3)-(3.3.4). As for the proof of (3.3.16), but using (3.3.36)
and (3.3.37), we deduce that

1+oy
| By j2 N {w # wy}] c ][ (3.337) ¢

< Ho(Dv) da < 3.3.38
Boal = Hoe |, HoPv) < g (3:3.38)

with ¢ = ¢(n, N,v, L,p,q,¢1). Now we test (3.3.32) against w) and set

T ::]l (8:90(Dv) — 0.g0(Dhg)) - DwaX {w=w,} dz
B2
=][ 9.90(Dv) - Dwy dz — ][ (9290(Dv) = 8.go(Dho)) - DwrX{wpw,y do =T+ T .
Br)a B2

This time, as in (3.3.18), we set V7 = |V,(Dv) — V,(Dho)|*> + ao|Vy(Dv) — V4(Dho)|?. By
monotonicity of 9,g0(-) (which is similar to (3.1.2) for a(z) = ag), there is ¢ = ¢(n, N,v,p,q)
such that

1
T > - ][ U5 X {w=wy} dz. (3.3.39)
(& B7-/2
As for 73, from (3.3.31), (3.3.3) and (3.3.37), we obtain
|ﬂg@mf}M&ow, (3.3.40)
B’V‘

where ¢ = ¢(n, N, L,p,q,c1). Finally, for 73, we fix k € (0,1) to be chosen. Then, by using
(3.3.29),, Young’s inequality, (3.3.35), (3.3.38) and (3.3.3), and proceeding as in the proof of the
analogous term J3 from Lemma 3.3.2, we have

H()(Dh()) H()(DU)
T < D d
A= Ji( Dyl pef )P 42
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C
< cm]{g Hy(Dv) dz + pregy Ho(Dwy)X fwrw,} dx
r/2 /2
1
S C (Ii —+ K;q_lmto'g> ][BT Ho(DU) dx s (3341)

with ¢ = ¢(n, N, L,p, q, ¢ ). From estimates (3.3.39)-(3.3.41) we get

1
7[ % ) dz < o ][ Ho(Dv) d
B,/ DN wmny A < € {K e e, B, o(Bv) dz,

with ¢ = ¢(n, N,v, L,p,q,¢1,c2). Starting from the last inequality, the rest of the proof goes
exactly as the one for Lemma 3.3.2, after (3.3.21). O

Finally, an elementary Young type inequality.

Lemma 3.3.4 Let Hy(-) be the function defined in (3.3.27) . Then, whenever x € (0,1) it holds
that

st < kHo(t) + =Y PV H (1), forall s,t>0. (3.3.42)
where
H{(t) :==sup (st — Hy(s)) , forall t>0
s>0

denotes the convex conjugate function to Hy(:).

Proof. Notice that, for A > 1, as it is ¢ > p, we have

Hi(At) = sup (sAt — Ho(s)) = A7T sup (sAiﬁt - A7%H0(5)>

s>0 s>0

< A7Tsup (sA_ﬁt - HO(SA_TL)> = AT THZ(t).

s>0

Therefore, we find, for x € (0,1)
st < Hy (nl/Pt) + H; (t/nl/p) < kHo(t) + k=Y P~V HE (1)

that is, (3.3.42). O

3.4 Proof of Theorem 1

In the following, u € Wﬁ)‘CH (€2,SN¥=1) is as in the statement of Theorem 1. We start recalling

Lemma 3.2.4, according to which there exists §; = §4(data) > 0 such that H(-, Du) € Lllotég (Q)
holds, i.e., (3.0.17) is proved. For the proof of Theorem 1, we first treat the case when p(1+4,) <
n, and then we describe how to get the result in the remaining one p(1 + d4) > n. The proof
now goes in six steps. The first three are devoted to the proof of the partial Holder continuity of
a constrained local minimizer of (3.0.1); in particular, in the third step we describe the regular
and the singular sets. In the fourth step we exploit this continuity to move to a single chart.
Step five is devoted to show partial Holder continuity for the gradient in the regular set. In the

final step we briefly mention how to treat the case p(1 + d,) > n.

Step 1: Freezing.
Let B, = B,(xg) be any ball such that Bs, € Q and r < 1/2; more in general, every ball B
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considered in the rest of the proof will have radius r(B) < 1/2. We assume that the smallness
condition

£
H D d H — 3.4.1
£ 0w s b (32) (B41)

holds for some ¢ € (0,1) which is going to be chosen in due course of the proof. Let v €
WEH (B, SN=1) be a solution to the frozen Dirichlet problem

v min / F (z,(u)p,,Dw) dz.
weWa (B, SN-1) JB

T

This functional satisfies the same growth assumptions (in particular (3.0.12);) of the original one
minimized by u and therefore Lemma 3.2.4 applies, giving

1/(1+,)
(f [H (z, Dv)]'*% da:) <& ][ H(x,Dv) dz , (3.4.2)
B,./s B

r

where the exponent d, = d,(data) > 0 is the same one appearing in (3.2.10) and & = é(data).
Taking into account the content of Section 3.2.2, and in particular (3.2.14), v solves the Euler-
Lagrange equation

0.F (z,(u)p,,Dv) - Dy da = ][ F' (2, (u)p,, Dv) |Dv|(v-¢) dz , (3.4.3)
B, I3
which is valid for any ¢ € (WolH N L>)(B,,RY). Moreover, (3.1.3) becomes
Vi(22) = Vp(20)]” + a(2)[Vy(22) = Vg (21)|* + 0. F (@, (u),. 21) - (22 — 21)
<c {F (z,(u)p,,22) — F (2, (w)Bp,, 21)} (3.4.4)
which holds for any choice of 21, zo € R¥*" and x € Q, for a constant ¢ = ¢(n, N,v,p, q), see for

instance [12, (90)]. The map w =u—v € (WolH N L>®)(B,,RY) is an admissible test function
in (3.4.3), therefore we have

£ (1%(00) = DO + a@IVy(D) = V(Do) s

(3-454) C]{BT {F (a:, (u)BT,Du) - F (:1:, (u)BT,Dv)] dz

- 9.F (z,(u)p,,Dv) - (Du— Dv) dz
B,

c][ {F (z,(u)B,,Du) — F (=, (u)BT,Dv)] dz
B
— ][ F' (2, (u)p,, Dv) |Dv|v - (u—v) dz
B
= c][ {F (z, (w)B,, Du) — F(z,u, Du)] dz
B

+ c]{g [F(x,u, Du) — F(z,v,Dv)| dz

"

+ c]{g [F(m, v, Dv) — F (z,(v)p,, Dv)] dz

"

+C]{B [F (z,(v)p,,Dv) —F(a(u)Br,Dv)] dz

.
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- ]{5’ F' (2, (u)p,, Dv) |Dv|v - (u—v) dz
=: () + (I1) + (IID) + (V) + (V) , (3.4.5)

where ¢ = ¢(n, N,v,p,q). Before starting working on terms (I)-(V) in (3.4.5), let us estimate
some quantities which will be recurrent in the forthcoming computations. First, notice that the
minimality of v and (3.0.12), yield

V][ H(x,Dv) dx g][ F (z,(u)p,,Dv) dz
B, B

< ][ F(z,(u)p,,Du) dz <L H(z,Du) dz . (3.4.6)
. B,

Lemma 3.2.5 gives

1/(1+0y)
(][ [H(l',Du)]lJrUg d(E> <ec <][ [H(m,Du)}H% dl’)

(3.3.6)
< ¢ H(z,Du) dz, (3.4.7)
B27‘

1/(1+0oy)

where 0 < 0, = 04(data) < J,. We are next going to use the function Hy () := t* + a;(Ba,)t?.
By Jensen’s inequality (recall that w(-) in (3.0.13) is a concave function, while Hp_ (-) is convex),
Remark 3.3.1 and the smallness condition (3.4.1), we get

]{Bw(|u—(u)BT.) dx < W<7’][BT

.

u— (u)p,

IN

€

=
—
&
=

-1
< w|r (ng)

(3.2.9) ~1
< cw |r (ngm) c H(xz,Du) dx
By

(3.3.2),(3.4.1) —1
< cw lr (Hg,h) oHp, <;>1 <ce? (3.4.8)

with ¢ = ¢(data, 5). Similarly, we have

]{Brw (lv=()p,|) dz <  avl|r (HgQT)_l <]{9r H(z, Dv) d:):)

(3.4.6) —1
< o |r (Hg,h) <][ H(z,Du) dx)
BZT‘
(3.4.8)
< e, (3.4.9)



with ¢ = ¢(data, ). In a totally similar way, in particular again using Lemma 3.2.3 and repeat-
edly the content of Remark 3.3.1, we get

w(l(wp, — 5] < w <]{3 lu — vl da:)

A\
€
=
T
N
3
~—
|
o
o
¥
N—
7N
——

IN

cw r(HéQT)_l ][ H(z, Du — Dv) dx)

(
< wlr(mz)” (
(

~1
< w T(H§2T> . H(z, Du) dx)
2

]{B [H(x, Du) + H(z, Dv)] dm)

(3.4.8)
< ee?  (3.4.10)

again with ¢ = ¢(data, 3). We can now start estimating the terms (I)-(V) in (3.4.5); we have

[(D)] < c]i) w(|u—(u)BT|) H(xz,Du) dx

c w(Ju— (u =5 x s x, Du)]' % dz o
(fB (ju— (s.) B d ) <][BT[H< Du)+ )
(3.2.10) i

< c<]€3rw(u(u)gr) dac) < BvaH(x,Du) dz)

IN

(3.4.8) By
< c(data, B)e T H(z,Du) dz . (3.4.11)
B27‘
By minimality we see that
][ F(z,u,Du) dz < ][ F(z,v,Dv) do = (1I) <0. (3.4.12)
B, B,

As for (III), we have

|(TIT)| < c]{g‘ w (|v - (v)B,

< c<]{grw(v<v>Br|> - dw) (ﬂjﬂ(zﬂ@ﬁ*% dx>

) H(z, Dv) dx

(3.4.7) oy
< ¢ ][ w(lv—(v)p,]) dz H(xz,Du) dz
B, Bar
(3.4.9) oy
< c(data,fB)ettes H(z,Du) dz . (3.4.13)

B,
The estimation of (IV) is analogous to that of (III), the only difference being that in this case
we must use (3.4.10); we end up with

Bo
|(IV)] < c(data, ﬁ)aﬁ H(z,Du) dz . (3.4.14)
Ban
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Finally we look at term (V). Proceeding as for the previous terms, and in particular using the
smallness condition (3.4.1) as done in the last line of display (3.4.8), we have

(V)] < c]{B H(z,Dv)lu —v| dzx

1tog 13:72'9 ﬁ
c(][ |lu—v| 7 dac) <][ [H(z, Dv)]*t7s dx)
B, B
C<J[ v dx) (][ [H (z, Dv)]' 7 dx)
B B

IN

IN

-1 —
< ¢ r(ng ) ][ Hg (u U) dz H(z,Du) dz
' B, ! r Bo,.
: %9
TFog
_\! U—7v
< ¢ r(HB,2 ) H |z, dx H(z,Du) dx
" 'r r Bar
r . 1129
< ¢ T‘(Hg?“) ]l H(xz,Du— Dv) dx ][ H(xz,Du) dx
! B, Bar
- » e
< ¢ 7"(H]§2 ) H(z,Du) dz H(xz,Du) dx
" Ba, Ba,
< c(data, )= | H(z,Du) de. (3.4.15)

Ba,

Connecting estimates (3.4.11)-(3.4.15) to (3.4.5), and recalling that ¢ < 1, 8 < 1 and o4 < dg,
we conclude with

][ (IVo(Dw) ~ V(D) + a()Vy (D) — Vy(Do)P) de < ce%]{g H(z, Du) dz ,

(3.4.16)

holds for ¢ = ¢(data, §).

Step 2: 0,F (-, (u)g,,)-harmonic approximation.

We aim to show that v matches the assumptions of Lemma 3.3.2, with the choice g(z,z) =
0.F(z, (u)B,, 2); obviously, (3.0.12), , 5 , are satisfied, as well as (3.0.14),, by the very definition
of g(+). As for (3.3.5), we have

(3.4.6) [,
E(v;B,) = H(z,Dv) dz < -— H(z,Du) dz
B, v.JB,
L @41) L € €
= —FuB 2"—Hy | =— Hy | - 4.1
L) 2 iy () <oy (). an

which is in fact (3.3.5) with ¢; := 2"L/v. On the other hand, the validity of (3.3.6) is stated in
(3.4.2). To verify (3.3.7), we look at the Euler-Lagrange equation (3.2.14) solved by v on B, 5.

By (3.0.12),, for any ¢ € WOI’OO(BT/Q,RN) we have

][ 0.F (z,(u)p,,Dv) - Dy du
B2

= ‘ ][ F' (2, (u)p,, Dv) |Dv|(v - ¢) da
B, s
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< c H(z,Dv)|y¢| dz
B,
< CTHD@HL&(BT/Q)][ H(z, Dv) dx
BT/Z
< ol Dollp<(p,,,) E(v; Br) (3.4.18)

with ¢ = ¢(n, L, p, q). The last term in display (3.4.18) can be estimated via (3.3.42)

_ c ~\*
crl| Dell Lo s, ) E(v; Br) < 61 Hp, (|DSD||LOO(B,\/2))+W(HBT> (rE(v; B,)) , (3.4.19)

with ¢ = ¢(n, L,p, q) and 6; € (0,1), where (ng) denotes the convex conjugate of Hy . Since

<(H§T)*>, - ((Hf;r)/)l ; (3.4.20)

then, for

p_ pv
P 3.4.21
STy ( )

(recall that ¢ in (3.4.1) is chosen in due course of the proof via various size restrictions), we find

IN

so we can conclude with

~

(ng) (’/‘E(U;BT)) <rE(v;B,) ((HJ;) ) (rE(v; By)) < eE(v; By) .
In this way (3.4.19) becomes
_ ce
CT”D(PHLOO(BT/Q)E(U?BT) < 51HB,, (HD‘P”LOO(BTN)) + W . H(x,Dv) dx .
1 T

Now select §; = =1/ and define 2¢ := min {p — 1,1}. The last inequality used in (3.4.18)
gives

< 02675]{3 [H(x,Dv) + H (:U, ||D<,0Loo(BT/2))] dx ,

"

][ 0, F (x, (u)g,, Dv) - Dy dzx
B2

for some ¢2 = ¢(n,L,p,q) which is in fact (3.3.7). So Lemma 3.3.2 applies and yields a
0. F(-, (u)p,,)-harmonic map h € Wvl’H(B,,/Q,RN), specifically, a solution to

h— min / F (z,(u)p,,Dw) dz (3.4.22)
weWy (B, /2, RN) JB, 5
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such that (3.3.10) holds; this, together with (3.4.6), allows to get

][ (IV(Dv) — V(D) + a(@)|Vy(Dv) ~ Vy(DB)?) de < =™ ][ H(z, Du) dz, (3.4.23)
B,./2 B,

where ¢ = ¢(data, 8) and m = m(data). Moreover, there holds that
Bl Lo (5, ) < VN . (3.4.24)

By virtue of (3.4.22) and of the previous inequality, we are then able to apply Theorem 4. For
every o € (0,n], estimate (3.2.21) reads as

H(xz,Dh) dz <c¢ (t) ][ H(xz,Dh) dzx , (3.4.25)
B, S B,

that holds whenever B; C By C B, /, are concentric balls, and where ¢ = c(data, 3,0), again
by virtue of (3.4.24); in the following we take o < 1/4. With 7 € (0,1/2), recalling (3.1.1) and
using (3.4.16) and (3.4.23), we can then estimate

H(z, Du) dz < ¢ ][ (|Vp(Du) — Vo (DW)|? + a(z)|V,y(Du) — Vq(Dv)|2) da

Barr Barr

ol (1VD0) = VDD + al@)lV,(De) = Vy(DR)?) da

27r

+ec H(x,Dh) dx
Barr

<er (WD) = V(D) + al)Vy(Du) - V(D)) do

T

er - (1(D0) = DR + a@)Vy(Dv) - Vy(D)F) da
B2
+ec H(x,Dh) dx
Barr
Bog
<c (T”€1+”9 + 7™+ TU> H(xz,Du) dz,
Ba,

where ¢ = c¢(data, 8,0). Recalling the notation adopted in (3.4.17), the conclusion of the last
display reads as

Bog

E (u; Barr) < c¢(data,fS,0) (7'_”51*“9 +77 "™ 4+ T“’) E(u; Ba,)
Bo
= c(data,B,0)7° (T_”_”g”"gg +7rT T+ 7'_2U> E(u; Bay) . (3.4.26)
We can now determine 7 = 7(data, 3,0) € (0,1) such that

c(data,o)7% < —. (3.4.27)

| =

It is now time to choose the number £ coming from (3.4.1). Recalling (3.4.21), we now further
reduce ¢ to have

(n=0)(1+0g)

T Pos T } (3.4.28)

< .
9 min { onT,
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and notice that this fixes the dependence ¢ = e(data,3,0). By using (3.4.27) and (3.4.28) in
(3.4.26), this last inequality reads as

E (u; Bayy) < 772 E(u; By,.) (3.4.29)
that is, recalling the definition in (3.4.17)
H(z,Du) dz <1727 H(z,Du) dz . (3.4.30)
BQ-,—,- B2r

Next, we observe that

(3.4.29) 3.4.1
E (u;Byry) < 7 2°E(u; Bgr)( < )71*20771H§2T (E)

2r
R £ _ €
=7 HB27'T <2’l‘) < H327—7~ (27_,,,) ’

_ 9
E (U, BQTT) < HBQTT <27‘T> .

and we conclude with

We have therefore proved that, for the choice of 7 = 7(data, 3,0) and ¢ = e(data, 8, 0) made in
(3.4.27) and (3.4.28), respectively, if the smallness condition (3.4.1) is satisfied on the ball Ba,
it is also satisfied on the ball By,,.. We can therefore repeat the whole argument developed after
(3.4.1) starting from the ball Bs,, instead of Bs,, thereby arriving at the analog of (3.4.29),
that is E(u; Bar2,) < 7729 F (u; Ba,). This argument can obviously be iterated on the family
of shrinking balls {B,;,}, thereby concluding that, for every j € N, it holds that

_ 3
E (u; Byriy) < Hp_ (W)

and
/ H(x,Du) dz < 7200 H(x,Du) dz .
Byrir B2y

In turn, a standard interpolation argument leads to conclude that

n—2o
t
/ H(z,Du) dz <c¢ (> / H(z,Du) dz, Vit<2r, (3.4.31)
By (x0) r Bz (x0)
where ¢ = ¢(data, 3,0). Notice that the above inequality has been derived for 40 < 1 but it
is then easily seen to hold whenever o € (0,1). Going back to (3.4.1), we observe that the two
functions
€
— H(xz,Du) d d — H, —
0 T banoo) (v Du) o and 0 Hp, o (27")

are continuous. This is a consequence of the absolute continuity of the integral for the former,
and of Remark 3.3.1 for the latter. We conclude that, with o being fixed, if (3.4.1) is satisfied
at a point xg € €2, then there exists ball By, (20) such that

Yy € Buy,, (20) = H(z,Du) dz < Hg, ) <2€> . (3.4.32)
Bar(y) r

We then conclude that (3.4.31) holds (with y replacing zp), and with the same constant ¢ =
c(data, B,0), whenever y € Bu,, (o). By a standard characterization of Hélder continuity it

then follows that u € C%Y (Brzo (xo)) with 7 = 1 — 20 /p (see Remark 3.4.1 below). As we can

choose o € (0,1/4) arbitrarily, we have finally proved the following (we can switch from 2r to r
now):
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Proposition 3.4.1 Letu € I/VI})CI(Q, SN=1) be a constrained local minimizer of the functional F
in (3.0.1), under the assumptions (3.0.12)-(3.0.15). Assume that p(1+ 04) < n. Then, for every
positive exponent v < 1, there exists another positive number e, = e,(data, 3,7) such that if
B (z9) € Q, r <1, and

-1
_ €
[HBT(%) (:)] ]{3 - H(z,Du) dz <1, (3.4.33)

then u is of class C*7 in a neighbourhood of xy.

Remark 3.4.1 Let us make the last argument somehow more quantitative. With v € (0,1)
being fixed, let 7(x¢) be the largest radius, such that the smallness condition (3.4.33) is satisfied
with r = 7(zo) (together with Bys(,,) € Q). Then we have that

n—p+py
/ H(z, Du) dxgc(~ ) / H(z,Du) dzx
By (zo) T(l‘o) Ba#(zg)(T0)
(3.2.7) |ul?

ct"PTPY | [F(g0)PPY allom |u|? i
- [[ o) ]{94F<zo>(wo)<[7:($0)]p+” e o) d] |

By using Poincaré’s inequality, we get

][ |’LL o (U)Bf|p dz < C(da’;ta'v ||a||L°°7577)tp'y )
B (z0) ' N [7(xo)]a—PFPY

This estimate remains stable whenever z is replaced by y € By, (20) as in (3.4.32) and there-
fore, by a standard integral characterization of Holder continuity, for all v € (0,1) it follows
that

C(da’ta’7 ||a||L°°7B7 ry)
[f(gjo)]q/p—1+7

IN

[u]o,4;B,,, (z0) (3.4.34)

Step 3: Dimension of the singular set; the first estimate and proof of (3.0.20).
Following a standard terminology, we denote by

Q, = {xo € Q: thereis By, (x9) C Q so that u € C%7 (B”O (mo)) for some ~y € (0, 1)} .

This set is open by definition and we denote ¥, := Q\ Q,,, the so-called singular set. Indeed, we
shall later on prove that Du is locally Hélder continuous on €2, and this justifies the terminology
used here with respect with the one in the statement of Theorem 1. Let us now prove (3.0.20);
call ¥ the set in the right-hand side of (3.0.20). The inclusion ¥, C ¥ is obvious in view of
Proposition 3.4.1. On the other hand, take, by contradiction zy € ¥ \ X,. Then there exists

v € (0,1) such that u is of class C%7 (Bmo (1:0)) for some ball B;, (z9). We then look at the
Caccioppoli type inequality in (3.2.5); this implies that, for o < r,, /2

_ U — (U)B (zo) — -1
H(xz,Du) dz < c][ Hy | —=—2= | de <cHj (Q’Y )
J{Bg(m Brgwy) ) ( 2 Pl

and

~1
1
Hp (o) <> ][ H(z,Du) doe < ¢, (3.4.35)
e Bo (o)
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for ¢ = c(data, B, [u]oy) (here we have used that Hp, < Hp ). Letting ¢ — 0 in the above
display implies g ¢ X, a contradiction. This proves that ¥ C X, and therefore (3.0.20). Next,
observe that by definition we have Hy . (1/0) > o~P. Combining this with Lemma 3.2.4 (which

is used to assert the integrability of [H (x, Du)]'*%) we conclude with

Y. C {xo € Q: limsup QP(H‘SQ)_”/ [H(x, Du)]**% dz > 0} . (3.4.36)
By (zo)

0—0
Giusti’s Lemma ( [123, Proposition 2.7]) then implies
dimg(X,) <n—p—pdy = H""P(X,)=0. (3.4.37)

Recall we are treating the case when p(1+ d,) < n. In particular, we have |X,| = 0. Notice also
that, once proved that Du is locally Hoélder continuous in €2,, we shall have proved the validity
of (3.0.39). In a totally similar way, assume also that ¢(1 + d,) < n; we observe that if g € 3,
is such that a(xzg) > 0, then H];Q(xo)(l/g) > a;i(By(z0))0o~? > 0 for p sufficiently small, and we
have

Y. N{a(z) >0} C {:co € Q: limsup Q’J(H‘Sg)*”/ [H (z, Du)]**% dx > 0} .
By (zo)

0—0
Therefore, again by Giusti’s Lemma, we also have
dimg(X,) <n—q—¢d, = #H""4E,N{a(z) >0})=0. (3.4.38)

Finally, we observe that in fact we have

Q, = {:1:0 € Q: there is B, (zo) C 2 so that u € co (Brmo (:co)) for every v € (0, l)} .
(3.4.39)

Indeed, call Q, the set in the right-hand side of the previous display; €, C €., again by
Proposition 3.4.1. On the other hand, the us take zq € €2,; it follows that there exists B, (wo) C

Q with v € C%7 (B% (xo)) for some 4 < 1; then, fix v < 1 and determine the corresponding

ey = e4(data, §,7) according to Proposition 3.4.1. We can take p small enough in (3.4.35) (this
time with 7 replaced by %) in such a way that the smallness condition in (3.4.33) is satisfied.
This implies that u is y-Holder continuous in a neighbourhood of zg. As v € (0,1) has been
chosen arbitrarily, we deduce that z¢ € Q, and therefore Q, = Q,,, that is, (3.4.39) is completely
proved. By (3.4.39) and matching the content of Remark 3.4.1 (in particular, see (3.4.34)) with
a standard covering argument, we conclude with

Proposition 3.4.2 Letu € VVI})CI(Q, SN be a constrained local minimizer of the functional F
in (3.0.1), under the assumptions (3.0.12)-(3.0.15). Assume that p(1+ d4) < n. For every open
subset Qy € Q,, and every v € (0,1), there exist constants ¢, ¢ = ¢, é(data, ||al|p<, 5,7,Q0) such

that
][ H(z,Du) dz < co'—V4 and [u]o,y:00 < €, (3.4.40)
BQ

with the first one that holds whenever By, C Qy with 20 < 1.

In (3.4.40) we notice that the second inequality actually implies the first one via (3.2.5). As
for the rest of the proof, as mentioned above, we only need to show that Dwu is locally Holder
continuous in €2,,.
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Step 4: Passage to coordinates.

After the proof of the local partial Holder continuity of u, we can now pass to coordinates using
stereographic projections. The procedure is standard in the case of functionals with p-growth
but, since we are dealing with non-standard growth conditions, we need to check extra regu-
larity conditions and therefore we shall repeat it in some detail. Having (3.4.40) in mind, we
fix a certain initial v, say v = 1/2. We then consider bounded open subsets Qe e,
and cover Q with finitely many balls B C Qq with sufficiently small radius (size and number
here only depend on n, N, [u]g /2,0, and diam(€2)) such that u(B) lies in single coordinate
neighbourhood of S¥~1. More precisely, if B = B, (p)(z¢) is one of such balls, up to rotations
we can assume that u(zg) = (—1,0,---,0) and that u'(x) < —1/2 for every x € B. Given this,
with no loss of generality we can reduce to the case in which we are working on an open subset
Q € Q such that u'(z) < —1/2 for every & € Q. This is the setting we shall use in the rest
of the proof and our next goal is now to prove that Du is locally Sp-Holder continuous in Q,
with By depending only on (data, 3, 51), where 3; is the exponent appearing in (3.0.14),. The
full statement of Theorem 1 then follows again via a standard covering argument. To proceed,
denoting by P(-) the usual stereographic projection P: S¥=1\ {(1,...,0)} — R¥~1 and by
S:=P L RN 5 SN=1\ {(1,...,0)} its inverse, i.e.,

. N
_ ‘y|2 -1 2y -1 - vt
= (yl2 +17y2+1) 7 ST =\ 1w ’ (3.4.41)

1=2

we then define % := S~1(u). We note that

IVS|zoe < e(N), [[V2S|lz= < e(N) and [V(S™)(u(x))] < c(N), (3.4.42)

the last inequality being valid for all z € € (as u'(z) < —1/2 whenever z € Q). Recalling
(3.4.41), again that u'(x) < —1/2 whenever z € Q, and that @ = S~!(u), we get

<Z<u. (3.4.43)

[SCI )

ll o0 (63
Again (3.4.42) implies that if @ € WHH(Q,RN-1), then S(w) € WLH(Q,SN~1). Therefore,

by the minimality of u it follows that the map @ € Wh# (Q, RN~1) is a local minimizer of the
functional

WHH QRN Y 5w [ G(z,w, Dw) dx , (3.4.44)
Q

where the integrand G(-) is defined by
G(z,y,z):=F (x,S(y),VS(y)z) forzeQ, ye RVN-!, 2z e RIN-Dxn
As it is
2

IVS(y)z| = WM (3.4.45)

(as it follows from an elementary but lengthy computation), recalling (3.0.14), we conclude with

Gla.y,2) = Gla.y,|2]) = Guy (|20 = F (2, 5(), 201+ [y) 7 J2l) - (3.4.46)
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By using the starting assumptions (3.0.12), it is now not difficult to show that for every M > 3N
there exist new constants 0 < 7 = p(data, M) < 1 < L = L(data), such that

VH(z,2) < G(z,y,2) < LH(z, 2)

10:G(x,y,2)||2 +10:2G(,y, 2)||2* < LH(=, z)

o(|2[P72 + a(x)|2|77?)[§]? < 0:.G(x,y,2)§ - €

10:G(x1,y, 2) = 8:G(22,y, 2)||2] < L [w(|z1 — w2)[H (21, 2) + H(x2, 2)] + |a(z1) — alz2)]]2%]
|G(z,y1,2) — G(z,y2,2)| < I’W(‘yl —y2|)H(z, 2) ,

(3.4.47)

hold whenever z, 1,25 € Q, z € RV-Uxn\ o} ¢ € RIN=DX" and 4, 41,90 € RV~ are such
that |y| + |y1] + |y2| < M. In the lines above, U is a non-increasing function of M. All the
inequalities in (3.4.47) are consequences of the definition in (3.4.46) and of (3.4.45) and we leave
the details of the verification to the reader. We just spend a few words on the verification of
(3.4.47)5. By using (3.2.26), from the explicit representation in (3.4.46) we get

8zzG(xv Y, Z) =4

F"(z,8(y),|3) 2® 2 +4F’(:c,S(y),|2l) [Han 5®17 (3.4.48)

(T+1y2)? [2? P+l Ll 2P

where we have denoted Z := 2(1 + |y[?)~'z. Taking ¢ € RW—D*" and adding one more null

component to both Z and ¢ (thereby making then RY*" matrices), and using (3.2.25) and
(3.0.12)3, yields

|2[P~2

a(z) €%,

(14 [yl*)e (2 +4M2)

v |2]972 v(|2[P7% + a(@)|2]72)
0..G(2,y,2)§ - &> 27 <(1+|y2)P + ) ¢* >

that is, (3.4.47)3. Finally, fix z € Q and y € RN~1. By (3.0.14); and (3.4.46) it follows that
t+> Gy y(-,t) is non-decreasing (3.4.49)

and this means that the structure assumption (3.0.14); is verified also by G(-). As for the analog
of (3.0.14)2, observe that (3.4.46) implies that G  (t) = [2(1 + [y[*) " F} g,y (2(1 + [y[*)~'0).
Then, with |s| < ¢/2 and t > 0, we define 5 := 2(1 + |y|?)~'s and # := 2(1 + |y|?) ~'¢; taking into

account (3.2.27) we find

L| ! (
Ty o

e o (Y —ear,m (B) saso
G esw D7) = O(F) . 6450

where it is again ¢ = ¢(n, N,v, L, p,q). We moreover remark that, by the growth conditions in
(3.4.47), exactly as done for (3.2.24) in Remark 3.2.4 we infer that

Gy (t+s) =Gy, ()] = t43) = F s 0

Gy, (Ot =G, (1) holds for every t > 0 (3.4.51)

and here the implied constants depend on n, N, v, L, p,q, M and they are independent of (z,y).

Step 5: Partial Holder continuity of the gradient.

First of all, let us observe that for reasons that will be clear in a few lines, and in view of (3.4.43),
in the following, when considering (3.4.47), we shall permanently use the choice M = 10N. Re-
call from Step 2 that u € C27 (2, SV=1) for every v € (0,1), and so, by (3.4.42) and (3.4.40),

loc

we have that @ € C%7(Q, RN=1) for every v € (0,1), with

(@0 < e(N)[ulg 00 < c(data, [la]lL=, B,7,2) . (3.4.52)

1392 =
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For any ball By, € Q with r < 1/8, as & minimizes the functional in (3.4.44) and (3.4.43) holds,
also taking Remark 3.2.2 into account, Lemma 3.2.2 provides

ey (3.4.52)
H(z,Di) dzv<c4 Hp, (“51”)3) dz < cHp (w—l) (3.4.53)
By,

B, r

holds with ¢ = ¢(data, §,7,9), for every v € (0,1). In particular, it follows that

H(z,Da) dz < erO=D9 (3.4.54)
B2r

for all 4 € (0,1), where ¢ = ¢(data, ||a|z~,B,7,). We start fixing v > 1/2; we shall further
increase the value of 4 in due course of the proof (and the constants involved will increase
accordingly). Fix B, = B,(xo) such that By, € Q, 7 < 1/64, and let © € WHH(B,,R¥N~1) be a
solution to the frozen Dirichlet problem

e min / G (z,(@)p,,Dw) dz. (3.4.55)
weWwy (B, RN-1) /B

r

By (3.4.43) the integrand G(-, (i) g, , -) satisfies assumptions (3.4.47) with 7 and L only depending

ro

on data as we have fixed M = 10N. In particular, there exist positive numbers o, L such that

v(data)H (z,2) < G (z,(0)p,,2) < L(data)H(z, 2) (3.4.56)
holds whenever 2 € Q and z € RW=1*" By (3.4.49) and the maximum principle [175, Theorem
2.3| we then have

) R (3.4.43) 2,/N

ol L=(5,) < VNl@lr=(s,) < —5 - (3.4.57)
The validity of the Euler-Lagrange equation for (3.4.55) can be checked as done in [60] (see also
Section 3.2.2 and apply the same arguments exposed there without using projections, that is,
when no constraints are involved). Specifically, ¥ solves

/ 9.G (z, (W) p,,Dv) - Do dz =0, (3.4.58)
B,

for all ¢ € W)'H (B,,RN~1),

Remark 3.4.2 From now on, we adopt the following convention. Also taking the content of
Remarks 3.2.2-3.2.3 and (3.4.56)-(3.4.57) into account, the results of Lemma 3.2.4 and 3.2.5 apply
to 4,7 and lead to new higher integrability exponents d, and o4. The values of §, and o4 are
different from those used in the previous steps for u, but essentially equivalent to them. Indeed,
they still depend on the same set of parameters, that is data. Therefore, with some abuse of
notation, we shall keep on denoting by o, < d, the higher integrability exponents provided by
the application of Lemmas 3.2.4-3.2.5 in the present setting (notice that what is denotes by N
in Lemmas 3.2.4-3.2.5 is actually N — 1 here; this can be made rigorous eventually taking the
smallest amongst all the exponents considered when the values of v and L attain their minimum
and maximum, respectively). All in all, the following inequalities hold as in (3.4.6) and (3.4.7):

][ H(z, Do) d;vgc][ H(x,Da) dx
B, B,

. (3.4.59)
<][ [H(z, D))+ da;) <a ][ H(z, Db) do
B7*/2 B,
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and

1/(140y) 1/(140,)
(J[ [H (z, Do) dg”) <c (][ [H(z, D)) daf>
B, B,

<c H(xz,Du) dx , (3.4.60)
Ba,

for ¢,é = ¢, ¢1(data). This last dependence on the constants is a consequence of (3.4.56)-(3.4.57).

As ¢ =4 — ¥ is a legal choice in (3.4.58), using (3.4.4) as in (3.4.5), we end up with

¢ ]{9 (VD) = V(DD +a(a) V(D) ~ V(D)) do
g][ [G (z, (ﬂ)BT,Dﬂ)fG(z,(ﬂ)BT,Df;)] da
B

- 7{3 [G (. (@), Dii) — G(x,a,Da)] dx+]{3 [G(x, i1, Dit) — G(x,5, D¥)] dz

r

+]€; [G (z,0,D0) — G (a:’ (ﬂ)BT,D’LN)):| dz

r

4

+7{9 [G (z,(9)B,,D0) — G (z, (ﬂ)BT,Dﬁ)} de=:> (I);, (3.4.61)

r j=1

with ¢ = ¢(data). Before taking care of terms (I);-(I)4, we derive a few preliminary inequalities.
The first one is an obvious consequence of (3.4.52) and is

sup w (|@(z) — (@)p,|) < e < erPl? (3.4.62)

rEB,

for ¢ = c(data, ||al|z~, 8,7, Q) (here recall that v > 1/2 and r < 1). Proceeding as for (3.4.9),
and recalling (3.4.59), we instead have

]{Brw(w(@)&) e < w r(ng)_l <]{BTH(I,DT;) dx)
cw r(ng)fl (ﬂrﬂ(az,m) dx)

cw | (ng)_l (cHBT (7”—1))] <erPY < erfl¥(3.4.63)

IN

ﬁ
@

o
INE
w

&

with ¢ = ¢(data, ||a||L~, 3,7, Q). In a totally similar fashion, as done in (3.4.10), we have
w (|(@)p, — (0)p,|) < erP? <erf/?, (3.4.64)

where ¢ = ¢(data, ||a||z, 3,7, Q). We are now ready to estimate terms (I);-(I);. We have

(3.4.62)
(I, < ][ w(|a—(@)p,|) H(z, D) dz < crf/? H(z,Du) dz,
r B,

with ¢ = ¢(data, ||a||z~,3,7,Q). The minimality of @ gives (I)s < 0. As for term (I)3, using
(3.4.60) and (3.4.63), we get

s < (f w (5 - (). dx) (f [H(z, D5)| dx> g
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99

(3.4.60)

< c<]lBrw(|f)—(f))Br|) dx) o H(xz,Du) dx

(3.4.63) Bog
< cr20+og) H(z,Du) dx ,
Ba,

for ¢ = c¢(data, ||a||z~, 8,7, Q) and, in a totally similar fashion, arguing as for (3.4.15), but using
this time (3.4.64), we find

(3.4.62) Bog
Da < cr?Tog H(z,Da) dz,
B27‘

where, again it is ¢ = ¢(data, ||a||z~, 3,7, Q). Collecting the estimates found above for the terms
(D)1-(1)4 to (3.4.61) yields

Bog
£ (1400 - DD + a@)Vy(D0) ~ Vy00)P) de < ert¥5 | e, D)
B, B,

where ¢ = ¢(data, ||a||z~, 3,7, Q). In particular, there holds

Bog
][ (IVAD&) — Vy(D9)]? + ai(B,)|Vy(Da) — V&(fo)?) dy < cr?0e0 4 H(x, D) dx.
B, Ba,
(3.4.65)

We now select z,, € B, such that
a(Tm) = a;(By) (3.4.66)
and define (keep in mind the notation in (3.4.46))
Gm(2) = G (Tm, (W)B,,2) = Gq,, (1), (|2]) for every z € RN -1xn (3.4.67)

The newly defined integrand G,,(+) is of the type go(-) considered in Lemma 3.3.3 and satisfies
assumptions (3.3.29) with the choice Ho(-) = Hp (-) and for suitable constants v, L depending
on data (see the discussion in Step 4 and, in particular, (3.4.47) and (3.4.56)). We now proceed
applying Lemma 3.3.3 to ¥; notice that (3.3.30) is automatically satisfied by the second inequality
in (3.4.59) and therefore verify (3.3.31). According to the terminology adopted in [12,60,61] the
p-phase occurs if

(3.0.15)
a(B,) < A4[door®®, s=a+(y—1)(g—p) > 0, (3.4.68)
while the (p, ¢)-phase is defined by the complementary condition
ai(By) > 4[a]o,ar*°. (3.4.69)

It is then easy to see that

{ as(By) i E[G]O,ara_s holds in the p-phase (3.4.70)
=2

ai(B;) holds in the (p, ¢)-phase .

Notice that the two phases described above depend on the number v > 1/2, which is going to be
chosen later as an absolute function of data. We start estimating, for every ¢ € C°(B, /Q,RN )

(3.4.58)

‘ ][ 8,Gom(DB) - Dy da ][ [asz(D@)—aZG(x, (a)BMD@)} Dy dz
BT/Q Br/2
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(3.4.47), H(zy, Do)  H(z, Do)
< Dol 1 m— - L d
< dD¢llL (BT/Q)][T/Zw(kv x|)[ D] + D] x
—|—cHDcp||Loo(BT/2)]{3 [a(z) - a(en)] DO de
r/2
(3.013) o
< cr ||D(pHLoo(BT/2)f |Do|[P~ da
/2
—|—C7‘ﬁ||D<p||Loo(Br/2)][ (a(z) + ai(B,)) | DD dz
r/2
+C[a}ovara”D@HLm(Br/z)][ |D6|q*1 dz
r/2
=: (II)l + (II)Q + (II)g s (3472)

and proceed estimating the terms appearing in the last three lines. In any case we have, Young’s
inequality gives

(IT); < c(data)r” ]{? (\DT)V’ + ||D<p\|ioc(BT/2)) da. (3.4.73)

In order to bound the remaining two terms we distinguish between the p-phase (3.4.68) and the
(p, q)-phase (3.4.69). We start noticing that in the p-phase we have

(3.4.59) (3.4.53) (3.4.68)

][ H(z,Dv) de < ¢ H(z,Du) dz < cng(r"Y_l) < TP (3.4.74)
B, /2 B,

for ¢ = c¢(data, ||al| L=, 5,7, Q) As g — 1 < p, using Hélder’s inequality we have

a—p p—1
(3.4.70), R »
W < Dl £ D3 ) IDEP @
B7‘/2 BT/2
< P Dyl s, ) ][ H(z, D¥) dz ][ \DilP da
BT‘/2 BT/2
p-1
(3.4.74) P
< crﬁ+a—s+('r—1)(q—1ﬂ)||D¢||Loo(Br/2) ][ |DoP dz
B,,,/z
(3.4.68) 5 . )
< cr ]{3 (|Dy\P+\|Dtp||LOO(BT/2)> dz ,
for ¢ = c(data, ||a||z~, 8,7, Q). Finally, we similarly have
a—p p—1

p P
(1) < Crsra*SHD(pHLoo(Br/z) <][ |Dv|? dx) <][ |Do|P d:c)
BT/Q Br/2

(3.4.68),(3.4.74) s ~ p
< cr ][; (|Dv|p + ||D@||L00(BT/2)) d!E ’

"

with ¢ = ¢(data, ||al|z~,3,7,€). We now consider the occurrence of the (p,q)-phase (3.4.69).
We have, again by Hoélder’s inequality

(3.4.70), 5
(M2 < a?|Dellpes, ) [ai(B)]

E

][ [ai(B,)] =N |D5|97t da
Br
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q—1

(f (| dx) q

Crﬁ][ (BB + a(BIDA N, ) o

Q=

IN

cr?|| Dol L (B, ) [ai(Br)]

IN

and

(11)3 C[a]07a7'a78rs||D90||L°°(Bv-/2) ][ |D1~)|q*1 dz
/2
(3.4.69)

< a®|DgllLe(s, ) [ai(Br)]

Q=

q—1
][ [w(B)] T (Do) da
B,
< atf (aBDI + a(BIDA ) o

where ¢ = ¢(data, §). Collecting the estimates founds for the terms (I1I)1, (IT)2, (IT)5 to (3.4.72)
and recalling (3.4.68), in any case we conclude with

][ m (D) - Dy dx
7‘/2

with ¢ = ¢(data, ||a| =, 5,7, Q). Here we have used v > 1/2, so that it is s > a— (¢—p)/2 > 0.
Lemma 3.3.3 (notice that the number N used there is actually N — 1 in this context; recall again

> Hp c e
that here it is N > 1) yields the existence of h € I/Vﬁ1 P (B, /2, RN71) satisfying

< epmin{Ba—(a- p)/z}][ [ (Dv)+ Hp, (”D@”Lw(Br/z)):l dz,

][ 0.Gm(Dh) - Dy dz =0 for every p € WS’HET(BT/Q,RN_l) ,

B2

and, such that

][ (1V(D3) = Vo (D)2 + ai(B,)Vy(DB) = Vy(DR)2) da < 7™ ][ Hp (D7) dz (3.4.75)
B, /2 B,

where ¢ = ¢(data, ||a|| =, 5,7, Q) and m = m(n, N,v, L,p,q,a). Needless to say, h solves
h ][ Gm(Dw) (3.4.76)
weW BF(BT/Q,RN 1) Br/a
so that, recalling again (3.4.66), we find

(3.4.59)

][ HrDh dx<c][ Hy (Do) dx<][ H(z,Dv) de < c][ H(z,Du) dz .
r/2 7/2 B,
(3.4.77)

Hence, from (3.4.65), (3.4.75), and the last inequality in the above display, we obtain

][ (|Vp(Da) — Vo (DR)[? + ai(B,)|V, (D) — vq(DiL)F) de < e {  H(z,Da) du,
B, /2 Ba,

(3.4.78)

for
Kk := min m,& <1
2(1+ay)
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and ¢ = c(data, |ja||p~, 8,7, Q). After some standard manipulations on (3.4.78), see e.g. [12,
Section 10] and [61, pp. 483], we have

][ \Dii — DhJP dz < ][ Hy (Du - Dh) de <er®/? 4 H(z,Da) de,  (3.4.79)
B, /2 B2 B,

for ¢ = c¢(data, ||a||z~, 8,7, Q). Now we make a further restriction on the size of  imposing that

K
>1 3.4.80
7=l ( )

(which is still larger than 1/2), and apply (3.4.53); we use the resulting inequality in (3.4.79) to
obtain

][ |Di — DhP da < er®/* (3.4.81)
Br/?

where ¢ = ¢(data, ||a||z~, 3,7, Q). By using the content of Remark 3.4.3 below we have that

]{B Hy, (DE—(DB)BQ) dx<c< ) ][ H(z,Da) da (3.4.82)

e

holds for concentric balls B, C B, /o; here we take ¢ < r/8. Here it is ¢ = ¢(n, N,v, L, p, q) and
w=pln,N,v,L,p,q,[1). We estimate

][ |Dii — (Dit)p,|P de < |Da7 (Dh)g,|P da
B

450 { ( ) 7
(344S.82) {( ) oz ( ) ][ H(z, Da) }
(459 {( ) - (f)”r(w—nq} 7 (3.4.83)

where ¢ = ¢(data, |||z, 3,7, Q). In (3.4.83) we pick

Hg (DB—( E)BQ) d:c}

e 1— 4
Q:T with a::w and 'y:l—ﬂ,
n+n 8ngq
(v also meets the condition in (3.4.80)) so that (3.4.83) yields
][ |Dtu — (Du)p, [P dx < co” o < ¢ Bo = e (3.4.84)
16p(n + p)

The classical Holder continuity characterization of Campanato and Meyers, a standard covering
argument, and the fact that Qeq,is arbitrary, allow to conclude that Du € CIOO’CBD (Qu, RN-1) X"),
with Sy as in (3.4.84) and therefore depends on (data, 8, 1). Finally, using (3.4.42)172 we get
Du = D(S(a)) € CPP (2, R¥*™) and the proof of the partial local Holder continuity of the

loc

gradient as stated in (3.0.18) is complete in the case it is p(1 + ) < n

Step 6: The case p(1+64) > n
In this case the singular set is empty 3, = Q,, = Q as the right-hand side in (3.4.36) is empty.
Therefore we see from Step 8 that u € Cl(z);y( ,SN=1) for every v < 1 and the rest of the proof,

i.e., the local Hoélder continuity of Du follows as for the case when p(1 4+ d,) < n.
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Remark 3.4.3 We briefly explain how to get estimate (3.4.82) from the results of [39]. Recalling
the notation in (3.4.67), by (3.4.51) we can argue exactly as in Remark 3.2.4 to get that

sup Hp (Dﬁ) <c

B Hg, (Dh) de (3.4.85)

B2

holds for a constant ¢ = ¢(n, N,v, L,p,q). Moreover, by (3.4.50) we are able to satisfy [90,
Assumption 2.2], where we can take ¢(-) = érm’(ﬂ) 5, () and therefore (also taking into account
the definitions in (2.4.1) and in [90, (1.3)]) we can apply [90, Theorem 6.4] that in the present
setting gives

£ (DB = (DR, + BNV, (DE) = V(DI ) do

e

2p
Q ~ ~ ~ ~
<c(2) L (%00 - (4D, .+ s BIVDR) - (VD)) . ) do
r/2
(3.4.86)
whenever B, C B, /5 is concentric to B, /5, where ¢ > 1 and p € (0,1/2) are both depending

on n,N,p,q,v,L and ;. Following the method explained in [11, Theorem 3.1|, see also [68,
Proposition 3.3|, and combining (3.4.85)-(3.4.86) with (2.4.2), finally yields

]{BH,;T (Dizf(Dﬁ)BJ dx<c< > ][WH (Dh) da

from which (3.4.82) obviously follows.

e

3.5 Weighted Hausdorff measures and singular sets

3.5.1 Proof of Proposition 3.0.1
Observe that, for a ball B such that 8;'B € Q and 7(B) < 1 we then have

|85 ' B esssup ®(x,1/r(8; ' B)) = @ ess sup O(x, B4/7(B))
we,@;lB 64 z€B, 'B

(3.0.32) cd
—|B| essinf ®(z,1/r(B)) < _|B|essinf ®(x,1/r(B)) .
ﬂ z€B;'B 64 z€B

By taking balls B such that r(B) < k and « < 1, we find 36’;{ s S < (ca/B})Hg ., from which
(3.0.33) follows by letting x — 0. As for the proof of (3.0.34), we observe that in this case it is
(x,t) = [tP + a(x)td]+ ~ tP(1+9) 4 [q(2)]'Tt9(+9)  with constants implicit in "~" depending

on 0. Then, for BC Q and 1 <t <1/r(B), we have

esssup @ (x,t) essinf @ (x,t) + {[aS(B)]H” - [ai(B)]H"’} ta+e)
r€B zEB

essinf @ (x,t) + c[r(B)]* T+

IN A

IN

ess illglf ® (x,t) + c[r(B))@atPA+o)p(ita)
S

IA

ceiselgf ® (z,1) (3.5.1)

where ¢ = ¢([alo,a, o). Therefore (3.0.32) is satisfied for 84 = 1 and assertion (3.0.34) follows by
(3.0.33).
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3.5.2 Proof of Theorem 2

The proof is a suitable modification of the one which is valid for the standard W':P-capacity.
Thanks to the Choquet property (3.0.36), we can reduce to the case when E is a compact subset.
Therefore, recalling that Capy(K) = Capg(K) whenever K C ) is a compact subset, we can
then compute Capg(E) via (3.0.35). We now claim that there exists a positive constant c,
essentially depending on F, such that if V' is a bounded open set such that £ € V C Q, then
there exists an open set W and a function f € R(FE) with the following features:

ECWC{mEQ:f(x)zl}, supp f CV , f € Co(Q);

/Q<I>(:c, |IDf]) de < c. (8:5.2)

Let V C € be an open set as above and fix £ = 4 min { dist(E,R"\ V), 1}. Since #¢(E) < oo
and E is compact, there exists a positive integer m = m(FE) and a finite collection of open balls

{B;; (7))} j<m € Gg/z such that {x;};<m C E, Bo,(x;) € Qforall j € {1,---,m} and

By (xz;)NE #(forall je{l,---,m} and Z/ P (z,1/r;) do <2 [Hs(E) +1] .
j=1 B, (z;)
(3.5.3)

We introduce W := U;n:l By, (x;) and the maps f;, defined on the whole R", such that f;(z) := 1
if |o — x| <y, fi(x) =2— | —a;|/r; ifr; <|z—a;] <2r; and f;(z) =0 if 2r; < |z — x|
With 4 € (0,1) being the constant appearing in (3.0.32), we have

[ewpphar < [ e@yn) a
Q Bar; ()

(3.0.37)

< c—gq/ <I>(:E7ﬁ4/rj) dz
/84 BQq~j($j)

27’L
< —sg |Br,(z;)| esssup & (x, 64/73)
ﬂ4 x€Bar, ()

(3.0.32)  9n¢ c4 .
@% | By (x;)] weeng]}r(lIfj) @ (z,1/r))

2Mcq4cq

< 7 / ® (2,1/r;) dz .
Bi  JB., ()

In particular, it follows that f; € W1® (). We then set

=  max i
f j€{1, - m} I
which is continuous, as every f; is. Moreover, if z € W, then x € B, (z;) for some j € {1,--- ,m}
and, as a consequence, f;(x) = 1; thus f(xz) =1, so f(W) = {1} and using the content of the
last display, the lattice property of Sobolev functions, see [139, Theorem 1.20] and (3.5.3), we
obtain

/ ®(z,|Df]) dz
R’H,

A
S~

iy
&
o
S

a

&

A
(e}
S
3
A
—~
&
—_
~
-
SN—
o,
8
Ao
w
(e}
X
&
&
+
st
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with ¢ = ¢(n, &g, ¢4, Ba, q), hence f € WH2(Q) N Cy(£2). Finally, observe that if z € R™\ V, then
|z — x| > dist(E,R™\ V) > 4k, so f(z) = 0 and suppf C V. This completes the proof of
(3.5.2). Using the above construction inductively, for any & € N we find a collection of open sets
{Vi }x, with V5 = 0 and a sequence of functions { fx}x such that

ECViyi CW, Vk+1 c{xe: fk(l‘) =1}, suppfk. Cc Vi

/ O(z,|Dfe]) dz < ¢, (3.5.4)
Q

with ¢, being independent of k € N. For j € N, define

J
Si=>_
k=1

From the above discussion, fj belongs to R(E) for every j, so, by construction, g; € R(FE), and,
given that supp |Dfx| C Vi \ Vi1, we find

J

and 9; :Siz

k=1

et

T =
<

Cap (E) < / ®(z,|Dg;|) da

Rn
j B (3.0.37),(354) ¢.& I~ 1

_ O, Sk DA]) dr S SRy 50
;/\/k\vk+1 ! Sf k=1 ke

as j — oo, because p > 1. The proof is complete.

3.5.3 Proof of Theorem 3

The assertions (3.0.39)-(3.0.40) have already been proved in Step & from the proof of Theorem
1; see (3.4.37)-(3.4.38). We therefore proceed with the proof of (3.0.38). We abbreviate ¥, =
¥P U XY where P := X, N{xg € Q: a(xg) = 0} and X2 := X, N {zg € Q: a(xg) > 0}. It is
therefore sufficient to show

ngl-Mg (Eﬁ) =0 and ngl-Mg (EZ) =0. (3.5.5)

The implication concerning the capacity in (3.0.38) will then be a consequence of Theorem 2.
To prove (3.5.5), we use (3.0.34) from Proposition 3.0.1, that gives, in particular, that #i+s, <
#H 145, On the other hand, by the very definition of X, we have that

70~

H1+5_q

(XP) S H P POa(XP) (3.5.6)
Indeed, taking a covering from Cg, for any x € (0,1) as in (3.0.26), we see that every ball B
of the covering (that for obvious reasons can be assumed to touch ¥2) is such that ;(B) = 0.
Therefore # ,, 5, (X)) is equivalent to the (n—p—pd,)-dimensional spherical Hausdorff measure
of ¥P and (3.5.6) is proved. We conclude that the first equality in (3.5.5) follows from the already
proved fact that #"P~P%(XP) = 0. We now prove the second equality in (3.5.5). For this we
show that €115, (X7 ,,,) = 0 for every integer m, where ¥, := ¥ N {a(x) > 1/m} . The
key observation is that there exists a positive number & = &(a, [a]g.a,m) € (0,1) such that, if
r(B) < i and B touches £ , then 2ma;(B) > 1. Therefore, we take a covering {B;} € C5
(again we assume that each of the balls from the covering is touching ¥ ,,) with & < &, and
estimate as follows

S B { B+ (BB

jeN
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< cem! T Z[T(Bj)]n {ai(Bj)[T(Bj)]fp + ai(Bj)[r(Bj)]iq}Hég
jEN

< em! o lal| K Y (B o)
JEN

The above relation implies then that

oo,

(8,m) S H"™TC0(SL ) S HTUP(S]) = A,

H1+5g

(>

u,m)

=0

by (3.0.40) for every positive integer m. By again appealing to (3.0.34) we deduce that # 145, (3% ,,,)
0 for every positive integer m and the proof is complete.
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Chapter 4

A borderline case of
Calderéon-Zygmund estimates for
non-uniformly elliptic problems

Joint work with G. Mingione (University of Parma)
St. Petersburg Math. J. (2019) - http://mi.mathnet.ru/eng/aal653

We aim to complete the Calderon-Zygmund type theory obtained in [62], achieving a delicate
borderline case that has been left open there. Let us briefly summarize the situation. In [10,
12,60,61,75] the authors have provided a basic regularity theory for minimizers of double phase
functionals of the type

P(w, Q) ::/Q[|Dw|p—|—a(:lc)|Dw|q] dz (4.0.1)

where
l<p<gq, 0 <a(:) € C*(Q), a € (0,1]. (4.0.2)

Here, 2 C R™ is a bounded open subset of R™ and n > 2, we refer to Section 4.2 below for more
notation. The functional () is characterized by the fact that it changes the rate of ellipticity
according to the positivity of the coefficient a(x): when a(x) > 0 the integrand has ¢g-polynomial
behaviour with respect to the gradient, otherwise it shows p-polynomial one. Needless to say,
when a(z) = 0 the functional P(-) reduces to the standard p-Laplacian functional (we refer
to the papers [168,170] for a recent update of regularity theory in the standard p-case and
to [241,242] for the beginnings). This kind of functional has been introduced by Zhikov in a
series of remarkable papers [246-249]. He was motivated by speculations on theoretical aspects
of the Calculus of Variations such as the Lavrentiev phenomenon, and by some problems arising
in the homogenization of composite and strongly anisotropic materials. We refer the reader to
the introductory sections of [60, (1], and especially of [11], for a comprehensive discussion on
the subject and its role in the setting of non-uniformly elliptic problems and modern regularity
theory. Recently, in [62], is investigated the validity of Calder6n-Zygmund estimates for solutions
to non-homogenous equations that are naturally connected to the Euler-Lagrange equations of
the functional in (4.0.1). The model equation is in this case given by

—div [p|Du|p_2Du + qa(m)|Du|q_2Du} = —div [mp_z% + a(x)mq_QS} : (4.0.3)
which is in fact the Euler-Lagrange equation of the functional

WP(Q) 5w — P(w, Q) / (181725 + () §1°§] - Dw a, (4.0.4)
Q
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where §F: Q — R" is a given vector field. For this situation one of the main results of [62] claims
the validity of the sharp implication
1817 +a()I8]” € Lie(2) = [Dul? + a(-)|Dul? € Ly

loc

() forall v>1, (4.0.5)

under the main assumption
«@
149 (4.0.6)
D n

As in fact shown in [101], (4.0.5) fails to hold in the case ¢/p > 1 + a/n. Here, we show that
(4.0.5) still holds in the limiting case ¢/p = 1 + «/n, thereby replacing (4.0.6) by
q

<1+ 2 (4.0.7)
n

Borderline cases are always delicate, and, indeed, we shall exploit a few subtle facts that have
been overlooked in [62]. We again refer to the Introduction of [62] for a description of the
problems concerning the type of results in (4.0.5) and their place in what is nowadays called
Nonlinear Calderén-Zygmund theory. We just confine ourselves to remark that, in view of the
example in [101], the condition in (4.0.7) is necessary to obtain our main result, that is Theorem
5 below. We also remark that, in the standard case a(-) = 0 or p = ¢, the results in (4.0.5) gives
back the classical Calderén-Zygmund estimate for p-Laplacian type operators. Our result here
actually holds for a class of equations that are more general of the one in (4.0.3) - and in fact
this has already been dealt with in [62]. We shall consider systems of the type

—divA(z, Du) = —divG(z, §) in QCR". (4.0.8)
The assumptions on the continuous vector field A: Q x R™ — R"™ are now as follows:
AeC(QxR"R") and z+ A(-,2) € CLHR"\ {0},R")
[A(@, 2)| +[0: A, 2)]|2] < L (J2lP~" + al)]2]77")

v ([2P72 + a(@)]2]772) [€° < 0.A(x,2)€ - €
[A(@1,2) — A(22,2)| < Lla(z1) — a(x2)][2]7"

, (4.0.9)

for all z € R™\ {0}, £ € R, z, 1,29 € Q, where 0 < v < L < oo are fixed ellipticity constants.
The coefficient a(-) and the numbers p, g, & have already been specified in (4.0.2). As for the
right-hand side, the Carathéodory regular vector field G: €2 x R® — R"™ is instead assumed to
verity the following natural growth conditions:

G(z,2)| < L (|Z\P—1 + a<x)\z|q—1) . (4.0.10)

Assumptions (4.0.9)-(4.0.10) perfectly cover the case displayed in (4.0.3) and are in fact modelled
on them. Finally, before going on, let us mention that we shall use the compact notation

data= data (n,p,q, a,v, L, ||al| o<, [a]a, | H(, Du)||L1(Q)) , (4.0.11)

including several data of the problem considered. We shall denote
H(z,z) = [|z]” + a(x)|2|] (4.0.12)

whenever x €  and z € R"™; we shall, with some abuse of notation, keep on denoting as in
(4.0.12) also in the case z € R. Our main result is the following:
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Theorem 5 Letu € WH1(Q) be a distributional solution to (4.0.8), such that H(-, Du), H(-, ) €
LY(Q) and under the assumptions (4.0.2), (4.0.7), (4.0.9), (4.0.10). Then (4.0.5) holds. More-
over, fiz open subsets Qo € Qo € Q with dist(Qo,(?QO) o~ dist(ﬁo, 0N) ~ dist(Q, IN); for every
v > 1, there exist a radius r > 0 and a constant ¢ > 1, both depending on data, dist(Qg,90Q),~
and |81+ (e, such that the inequality

(é /Z[H(x,Du)]"Y dx)l/’y < c]ig H(x,Du) da + ¢ <]{3

holds for every ball B, C Qg such that o <.

/v
[H (z,5)]" dx) (4.0.13)

e e

Starting from the procedure developed in [62], we are able to achieve the limiting case in (4.0.7)
by using an improved approach to the fractional estimates originally developed in [61]. These
are estimates aimed at proving that the gradient of solutions to homogeneous equations as

—divA(z, Dw) =0, (4.0.14)

under assumptions as (4.0.7) and (4.0.9) belong to suitable fractional Sobolev spaces. See The-
orem 8 below. Let us remark that fractional differentiability properties of solutions to various
types of potentially degenerate elliptic equations are a powerful tool in regularity theory (see for
instance [193] where these are employed to estimate singular sets of solutions), and have been
recently the object of investigation in different settings for both local and nonlocal operators in-
cluding rough data too [6,168,171]. The improvement in the arguments of [61] then comes from a
further application of a preliminary higher integrability result for solutions to (4.0.14), that uses
certain classical self-improving properties of reverse Holder inequalities. Once this improvement
is reached we can revisit the proof given in [62] to get the statement of Theorem 5. Let us finally
observe that the type of problems considered in this work are related to so called functionals
with (p, ¢)-growth conditions. These have been extensively treated in the literature over the last
years starting by the papers of Marcellini [183, 184]. Eventually, several contributions have been
given in this direction, see for instance [67,69,79,134,138,145,176,177,217,218,223,238| amongst
the most closely related to the setting we are considering, that is the one of non-autonomous
functionals with non-standard growth conditions.

4.1 The vectorial case

We now state the analogous of Theorem 5 in the vectorial framework. We have to restrict to
minima of (4.0.4), since, as stressed in Chapter 1, vector-valued solutions to general equations or
variational problems with no additional structure such as in (4.0.3)-(4.0.4), exhibit singularities
already in the standard case a(-) = 0.

Theorem 6 Letu € WH(Q,RN), N > 1, be a local minimizer of (4.0.4) with H(-, Du), H(-,J) €
LY (Q) and (4.0.2) and (4.0.7) being in force. Then (4.0.5) holds together with estimate (4.0.13)
as described in Theorem b.

4.2 Basic material

As usually done in the framework of p-Laplacian type problems, we shall use the auxiliary vector
fields V,,, V4 : R™ — R™ defined in (2.4.1). As a consequence of (4.0.9)3, it holds that

(4.2.1)

Vo(21) = Vp(22)* + a(@)| Vg (21) = Vy(22)]* < ¢ (A, 21) — A(w, 22)) - (21 — 22)
H(z,z) < cA(z,2) -z
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whenever z, 21,29 € R”?, z € Q, and with ¢ = ¢(n,v,p, q). Let us recall some basic terminology
about generalized Orlicz-Sobolev spaces, i.e., Sobolev spaces defined by the fact that the distri-
butional derivatives lie in a suitable Orlicz-Musielak space. We are mainly interested in spaces
related to the Young type function defined in (4.0.12) and its constant coefficients variants (see
for instance (4.2.4) below). These are defined by

WhH(Q) = {u e Wh(Q) : H(-,Du) € Ll(Q)} : (4.2.2)

with the local variant being defined in the obvious way and WolH(Q) = WHH(Q)NW, P(Q). For
more details we refer to [11] and related references. Next to equations as in (4.0.8) and (4.0.14),
we shall consider boundary value problems involving operators with constant coefficients of the

type

—divAg(Dv) =0 in B
( 17)HD (4.2.3)
vew+ Wy T°(B),
where B C R” is a ball, w € WHHo(B) and
Ho(2) == [|2[" + ao|2|], (4.2.4)

for some ag > 0. We consider the following assumptions on Ag(-), that are parallel to those in
(4.0.9) (and actually coincide with (4.0.9) when a(-) = ag) and indeed follow a notation similar
to the one in (4.0.9):

Ag € C(R*,R™) N CL(R" \ {0}, R")
[Ao(2)] +10: Ao (2)|]2] < L(J2[P~1 + aolz[771) (4.2.5)
v([2[P72 4 ao| 2|97 ?)[€]* < (0:A0(2)€ - €.

Solvability of (4.2.3) follows using monotonicity methods as described in [62]. We then have
the following result obtained in [62, Section 5]. We only mention that in the next statement no
restriction occurs on the ratio ¢/p; the proof is exactly the same as the one presented in [62].

Theorem 7 Under assumptions (4.2.5) with 1 < p < q, let v € WHHo(B) be the unique distri-
butional solution to (4.2.3) with w € WHHo(B). Then

Ho(Dw) € LY(B) = Ho(Dv) € L7(B) holds for every ~>1.

Moreover, for every v > 1, there exists a constant ¢ = c¢(n, p, q,v, L,v), which is a non decreasing
function of |B| and, in particular, it is independent of ag, such that the following inequality holds:

][ [Ho(Dv)]" de < ¢ ][ [Ho(Dw)]” dz (4.2.6)
B B

The following approximation property extends the ones already exploited in [61, 101].

Lemma 4.2.1 Under assumptions (4.0.2) and (4.0.7), if v € WHH(Q) is such that H(-, Dv) €
Lllot‘s(Q) for some § > 0, then there exists a sequence of smooth functions {v}reny C VVI})COO(Q)
such that, for all B € Q with radius r, r < 1, there holds that v, — v strongly in Wé’f(Hé)(Q)

and
/ [H(z, Dug)] ™+ dz — / [H(z, Do)+ dz
B B
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Proof. Let us define Hs(z,2) := [|z|p+a(:r)|z|q]1+5 ~ {|z|p(1+5) + [a(:c)]1+5\z|q“+5)] It is
sufficient to show that

v — v strongly in Wlf)’g’(1+6)(§2) and / Hs(z, Dvg) dz —>/ Hs(x, Dv) dx .
B B

This is now a consequence of the arguments in [61,101] since the function z + [a(z)]**? is still
C%“_regular and the newly defined integrand H(+) satisfies the conditions detailed in [61, Section
4], with p and ¢ replaced by p(1 + §) and ¢g(1 + ¢), respectively. a

We conclude with a lemma has been proved in [62, Proposition 3.1] assuming (4.0.6), but for its
proof the bound in (4.0.7) is actually sufficient.

Lemma 4.2.2 Under assumptions (4.0.2) and (4.0.7), let B € Q be a ball and let S: B — R"™
be a measurable vector field such that H(-,S) € L'(B) and which is a distributional solution to
the equation —div T'(xz,S) = 0 in B. Here we assume that the vector field T: B x R — R”
satisfies the growth conditions

IT(2,2)] S [121°7" + a@)]z"
for every x € B and z € R™. Then every ¢ € Wil (B) such that H -, Dy) € LY(B) satisfies
0

/ T(x,S) Dy dz =0.
B

4.3 Higher integrability estimates

In this section we fix a ball B, with radius r > 0, such that B € Q and r < 1, and we provide a
few existence results and regularity estimates for solutions w € W1 (B) to Dirichlet boundary
value problems of the type

e o)
where wg € WHH (B) is given boundary datum such that
H(-, Dwy) € L'*°(B) for some ¢ > 0 (4.3.2)
and
| H (-, Dwo)ll1(By < L1 (4.3.3)

for some finite constant L; > 0. Needless to say, in (4.3.1) and for the rest of the section, the
vector A(-) satisfies the assumptions of Theorem 5, that is (4.0.2), (4.0.7) and (4.0.9). We start
introducing the perturbed vector fields Ag: 2 x R™ — R" as

Ap(z,2) i= Az, 2) + g 2|* 22 (4.3.4)

where s > ¢ and {e;} is a sequence of positive numbers such that e, — 0. Moreover, with
B € ), let us consider a sequence {1} C W1°(B) such that

/BH(x,Dﬁ)k) dx%/BH(x,Dwo) dz and /B[H(:L',le)k)]H‘S dz%/B[H(:c,Dwo)]lJ(ré dx).
4.3.5
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The existence of such a sequence is ensured by Lemma 4.2.1 and by (4.3.2). Beside the functions
Wy, we consider another sequence {wy} C W1#(B) in such a way that for every k € N, wy, is the
unique solution to the Dirichlet problem

{—deﬂ%wa:OinB (436)

wy, € Wy, + Wy*(B) .

We start with a first higher integrability result extending those originally found in [60,61].
Lemma 4.3.1 Under assumptions (4.0.2), (4.0.7) and (4.0.9), assume also that

sup || H (-, Dwg)||z1(py < € (4.3.7)
keN

holds for a positive constant ¢. Then there exist two positive constants 61 > 0 and ¢, both
depending on én,p,q,v, L, s, [alo,o and «, but otherwise independent of k, such that

4

holds for every ball Bo, C B and every k € N.

1
f==ry
[H (z, Dwy,) + €| Dwy 5]+ dx) < c][ [H(z, Dwy,) + e|Dwy|®] dz. (4.3.8)
B

4 2¢

Proof. The proof combines a suitable Caccioppoli type estimate with the Sobolev-Poincaré
type inequalities obtained in [60,61,218]. Let By, € B be a ball and n € C!(Ba,) be so
that xp, < n < xB,, and |Dn| < 40, We test the weak formulation of (4.3.6) against
¢ = n°(wg — (wk)B,,), which is admissible since w, € W*(B,RY), (s > ¢) for all k € N. By
means of (4.2.1), Young inequality, and recalling that

q(s—1) _p(s—1)

< < ,
i q—1 p—1

we obtain, for € € (0,1)

/ n® [H(z, Dwy) + ex|Dwy|®] da
B

20
wi, — (Wk) By,
0

IN

¢ [ w1l + afe) Dunl + e Dunl ) da
B

2e

IN

s/ n° [H(z, Dwy) + ex|Dwy|*] dx
BQQ

—&-cg/ H x,iwki(wk)&g + &g
B, 0

Choosing ¢ small enough and reabsorbing terms, we can conclude that

wE — (w
][ H\ z, : (7]6)329 + ek
B 20 0

holds for ¢ = ¢(n, p,q, v, L,s). We can then use the intrinsic Sobolev-Poincaré’s inequality devel-
oped in [61,217] to get

1/d
]{3 H (m,W) dz <c <][B [H (x, Dwy)]? das) , (4.3.10)

7

S

wy, — (Wk) By, de

S

[H (x, Dwy,) + €| Dwy|*] da < c][ Wk = (W) s, dz

B

e

(4.3.9)



ns
n+s |?

with ¢ = ¢(n,p, ¢, @, [a]o.a,¢) > 1 and d = d(n,p,q,a,[alo,a) < 1. Moreover, defining s, :=
we obtain

][ €k de <c ][
Bz, B

with ¢ = ¢(n,s). Let d := max{s,/s,d} < 1 and combine (4.3.10) and (4.3.11) with Holder
inequality to obtain

][ " (x, wy — (wk)329> te
Ba, o

1/d
<c (][ [H(z, Dwy,) + ex| Dwy|*]? da:) , (4.3.12)
Ba,

max{l,

wy, — (Wk) By,

S/ 8%
. (| Dwy)®)>/* d:v) : (4.3.11)

20

S

wy, — (Wk) B, d

where ¢ = ¢(n,p, q,v, L, s, [a]o,a, @, ¢) and d= J(n,p, q,s). From (4.3.9) and (4.3.12) we obtain

f,

so we can apply a standard variant of Gehring’s lemma to conclude with the statement. O

e

1/d
[H(z, Dwy,) + | Dwy|®] dz < c <][ [H(z, Dwy) + x| Dwy|*]? dx) , (4.3.13)
B

20

We then obtain a global version of the above result.

Lemma 4.3.2 Under the assumptions (4.0.2), (4.0.7), (4.0.9), (4.3.2), (4.3.3), (4.3.7), suppose
also that

sup || H (-, Dwg)||z1(B) < € (4.3.14)
keN

holds for a positive constant €. Then there exist a positive exponent 6o < 61, and constant c, both
depending only on é,¢,n,p,q,a,v, L, [alo o, such that

: 1
e T+o
<][ [H(:L‘7Dwk)+€k|Dwk|S}1+o d:v) <ec (][ [H(%D@Dk) +€k“Dd}k)|S]1+U dx)
B B

holds whenever o € [0,d2), for every k € N.

Proof. We first test (4.3.6) against ¢ := wy, — Wy, to obtain by (4.2.1) (arguing for instance as in
(see again [62, Theorem 3.1]))

/ [H(z, Dwy) + ex|Dwy] dz < ¢ / [H(x, Dioy) + ex| D |*] da, (4.3.15)
B B

with ¢ = ¢(n,p,q,v, L,s). Now, for z9 € B, let Bo,(x¢) C R"™ be any ball such that |Ba,(zo) \
B| > |Bay(20)]/10 and let ¢ := n®(wy — W), with n € C}(Bsy,) so that xp, < n < xs,, and
|Dn| < 40~ !. Notice that ¢ is admissible for testing and suppy C B N Ba,(zo). From the weak
formulation of (4.3.6) and (4.2.1), we obtain

/ n*[H (2, Duwy) + ex| Dunl*] do < ¢ / 7° ! Aw(z, Duy)| ]“M da
BNBa,(x0) BN Bz, (z0)
+ C/ 0’| Ag(z, Dwy)||Dwy| dz =: (I) + (IT) (4.3.16)
BﬁBzg(xo)
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with ¢ = ¢(n,p,q,v, L, s). Again Young inequality gives, for any ¢ € (0, 1)

(D] < e/ n°[H (z, Dwy) + ei| Dwg|®] dx
BQBQQ(Z’())

+cg/ H(x,wk_wk)—l—ek
BﬂBQQ(:Eo) Q

where ¢. = c.(n,p,q,v, L, s,¢) and, similarly,

S

Wk = Wk
b

[(ID)| < 5/ n°[H (z, Dwy) + ex| Dwg|®] da
BNBa,(xo)
—1—05/ H(z, Dwy) + €| Dwg|® de,
BOBQQ(IQ)

where ¢. = c.(n,p, q,v, L, s,¢). Taking e small enough and inserting the content of the last two
displays in (4.3.16), we obtain

[ e b sadn) awse [ (n o0
BNB,(zo) BBa, (o) 0

+ C/ [H(I,D’lf)k) + €k‘DU~)k|S] dx .
BﬁBQQ(ZL’Q)

Applying Sobolev-Poincaré’s inequality as follows

~ 1/d
][ H (x, wk_wk) de <c ][ [H(x, Dwy, — Diy,)]* da
BN Ba, (o) o BNBay(z0)

1/d
<c ][ [H(z, Dw)]¢ dx + c][ H(z, Dwy) de,
Bﬂng(avo) BmBQQ(Qjo)

with ¢,d as in (1.2.3) (this holds with the proof given in [61,218]) and additionally depending on
constant ¢ appearing , after standard manipulations as in the proof of Lemma 4.3.1, we get

1/d
][ [H(m, Duwy) + Ek|Dwk|5] dz <c ][ [H(z, Dwyg) + sk\Dka]d dz
BOBQ(ID) BﬁBzg(wo)
+C][ [H(:,C,D’IIJIC)-FEMD@HS} dx
BﬂBQQ(aZo)

with ¢ = ¢(é,n,p,q,a,v, L, s,[alo,o). We next consider the situation when it is Bg,(z9) € B. In
this case we can proceed as for the interior case treated in Lemma 4.3.1 getting (4.3.8), thereby
getting (4.3.13). The two cases can be combined via a standard covering argument. More
precisely, upon defining

Vi(z) == { ([]H(vawk) +€k|Dwk|S]d~ gn .

and

H SL’,D?I)k)+Ek Dy |* B
Uk(:v)::{o( D s
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we easily get

1/d
][ [Vi(x)]Y4 dz < ¢ <][ Vi(x) da:) + ][ Up(x) dz 3 ,
By (o) Bao(zo) Bao(wo)

with ¢ = ¢(&,n,p,q,v, L, s,[alo,a, ) and 0 < d < 1. At this point the conclusion follows once
again by the usual variant of Gehring’s lemma. ]

We proceed with a fractional differentiability result, following a strategy that has been initially
implemented in [61].

Theorem 8 Under assumption (4.0.2), (4.0.7), (4.0.9), (4.3.2) and (4.3.3), there exists a unique
solution w € wy + Wy (B) to (4.3.1) and it satisfies

Dw € L] .77 (B,R™) n Wn(2A/p8he g gr) (4.3.17)
for every B < a. In particular, it follows
Dw € L}A"P(B,R") . (4.3.18)
The energy estimate
/ H(z, Dw) dz < cl/ H(z, Dwy) dx (4.3.19)
B B
holds for a constant ¢c; = ¢1(n,v, L, p, q), while the global higher integrability estimate
/ [H(z, Dw)]**° dz < 62/ [H(x, Dwo)]* T dx (4.3.20)
B B

holds for positive constants co,0 = ca,0(n,p,q,, v, L, [a)o,a,L1) and it is 0 < § . Moreover,
in (4.3.20) the exponent o can be replaced by any smaller positive number. Finally, the solution
w can be obtained as the limit of solutions {wy} to problems (4.3.6) in the sense that, up to
relabelled subsequences, it holds that
np
wy —w in WHPA+9)(B) and  wy —w i WP (B) (4.3.21)

loc
for every p < a. In particular, we can choose B such that

np

1 2 — .
p(l+0) <2 P< o5

Proof. Step 1: Approzimation. We preliminary recall that w;, € W1°°(B) for every integer k;
for a number ¢ > 0 which is yet to be defined, the quantity

-1
~ 13(29— ~ 113(140)(29—
er = (k+ ID@ TS0 ) + 1 DE ) (4.3.22)

is well-defined and finite. Moreover, observe that the convergence

lim 5k/ | Do |27 dz = 0

k—o00 B
happens to be uniform with respect to the choice of o > 0. We take this choice of {e;} in (4.3.4),
where we also choose s := 2g — p. We later specify the actual value of 0. The weak form of

(4.3.6) is

/ Ag(z, Dwy) - Do dz =0 for all ¢ € W7 ?(B) (4.3.23)
B
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and (4.3.15) becomes

/ {H(anwk) +€k|Dwk|2q_p] de < C/
B

[H(x, D) + 5k|Dmk|2q—P} de (4.3.24)
B

with ¢ = ¢(n,v, L, p, q), so that, recalling (4.3.22) we also have, for k large enough, we have

(4.3.5)
/H(I,Dibk) de < 2/ H(x,Dwy) dz < 2L, :=¢, (4.3.25)
B B
and
(4.3.5) (4.3.3)
/H(x,Dwk) dz < 2/ H(z,Dwy) dz+c¢ < c(L1+1):=¢, (4.3.26)
B B

again for ¢ = ¢(n,v, L, p, q). This now fixes the choice of the numbers ¢ and ¢ appearing in (4.3.7)
and (4.3.14), respectively, and therefore this ultimately reflects in the value of the two higher
integrability exponents dy < 1, appearing in Lemmas (4.3.1) and (4.3.2), respectively, that are
independent of the number ¢ > 0 introduced in (4.3.22). Needless to say, and with no loss of
generality, we shall consider always the indexes k large enough for which (4.3.25)-(4.3.26) hold.
We fix a positive o such that

) 2
0<52, p(l+0)<2¢—p and U<;a, (4.3.27)

and this finally fixes the choice in (4.3.22); observe that o exhibits the following dependence:
c=o0 (n,p, q,0,v,L,[a]o,a, Ll) . (4.3.28)

Similarly, using this time Lemma 4.3.2, and again (4.3.22) we estimate

/ | Dwy,[POAF9) da < / [H(x, Dw,)]'T7 da < / [H(x, Dwy) + x| Dwy [P dz
B B B

gc/ [H(x, D) + ex| Diog [227P]*T7 da < c/ [H(x, Dwo)]** dz+c, (4.3.29)
B B

for ¢ = ¢(n,p, ¢, o, v, L,[alo,a, L1), for k large enough. We can therefore assume that, up to

passing to not relabelled subsequences, wy, — w in WP(+9)(B) for some w € wo—&—WOl’p(Ho) (B).
By lower semicontinuity in (4.3.24) and (4.3.29), and again recalling (4.3.22), we find:

/H(z,Dw) dz < 01/ H(xz, Dwg) dx (4.3.30)
B B
and
/ [H(z, Dw)|'*" dz < ¢ / (H(z, Duwo)]™** da, (4.3.31)
B B

with c1 = Cl(na V7Lap7 Q) and Co = CQ(napv q, &, I/7L, [a]o,aaLl)'

Step 2: Fractional Sobolev embedding and interpolation. Here we modify the arguments of [61,
Section 5]. Let us take a ball By, € B (not necessarily concentric to B); the computations made
in [61, Section 5, p. 470], which hold when assuming (4.0.7) too, give that, for 0 < p <t < s < 2p
(and after scaling back in the proof given in [61])

||V}7(Dwk)||inggﬁ B [V (Dwi)[ys.2 ()
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c Cc 20—
< mHDwkHiuBs) + (s—1)% (HGHQLOO(BS) + 0*alf ap, + Sk) [ Dwill 5% 5. »

(4.3.32)

for every 8 < a and k € N, with ¢ = ¢(n,p,q,v, L, a, 8). In the above display we are using the
standard notation for the Gagliardo seminorm

wy () — w 2
[VP(Dwk)]%/Vﬁz(Bf) = Lt At |Vp(D k(ll‘)z le‘lff‘gﬂD k(y))‘ d:l?dy

We refer to [85] for basic properties about fractional Sobolev spaces, and to [61, 101] for the
specific ones that are relevant here. We now aim at estimating the second term in the right-hand
side of (4.3.32). In particular there holds:

C |Dwk pp CTkHDwkHQq;fp
| DwilP < 1Dkl 5., L2777 (B.) (4.3.33)
L e S (s 1) G0
for g € (0, ), where
Ty = ||a\|%x(39) + Qza[a]g,a;BQ + &k (4.3.34)

and ¢ = ¢(n, p,q,v, L, «, 8). Notice that this last constant blows-up when 8 — «. Next, we start
taking 8 < «a such that

np

2q—p< P (4.3.35)
which is implied, by virtue of (4.0.7), by
«
T+ 2a/n <B<a
which is in particular satisfied by choosing
1;% <f<a (4.3.36)

in view of the last inequality in (4.3.27). Keeping (4.3.27) and (4.3.35) in mind, we now look for
6 € (0,1) such that

1 1-6  (n—-28)0
-t (4.3.37)

and this gives
n(2q — 2p — po)
28 — (n—2B)o](2¢ —p)

We notice that, keeping also (4.0.7) in mind,

9:

n(2q — 2p — po)
28— (n—28)o

and the last inequality is true by virtue of the choice made in (4.3.36). By the choices made
above, and in particular by (4.3.37), we use the interpolation inequality

02¢q—p)<p& <pe2n(¢q-p) <28p(l+o)<=a<f(l+o), (4.3.38)

(1-0) 0
HDwk”L%*P(BS) < HDwkl|Lp<1+o)(Bs)HDwk”Ln’l’ég (By)
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In (4.3.38), we saw that (2¢ — p)0 < p, so we may apply Young inequality with conjugate
exponents

p p
ti=—t and ty=—+
' 0(2q—p) T p—(Q2q¢-p)
to obtain, for ¢ € (0,1)
Ty, 2q—p < Tk (29— p)”D ” 2!1*10)

WHDwk”qu »(B,) WHDU%HLP(HU) (B.)

96 (B,)

iy T (TﬁHD wil| 257 re (4.3.39)
Merging (4.3.39) with (4.3.33) and choosing
e=e(n,p,q,v,Lya,B,0)=¢ (n,p, q,0, v, L, [a]o,q, B, Ll) (4.3.40)
small enough, we conclude that
1Dl oy S IDW Ly 4w,
L7n=28(B,) ~ 2 B(B,) (s—1)26 Lr(Bs)

Ty (1-6)(20—p)] 770
+c[()2ﬁnD w2 ,

where ¢ exhibits the same dependence on the constants appearing in (4.3.40) as an effect we also
determining the value of ¢, in (4.3.39). From Lemma 2.4.2, we have

T (1-0)2q-p) | 7O
25 (B ) = zg ||Dwk||LP (Bay) L)zﬁHDkap(H,,)(BQQ) , (4.3.41)

again with ¢ depending as in (4.3.40) and for every k € N. By (4.3.35) and (4.3.41), Holder
inequality, (4.3.26) and (4.3.29), and recalling that ¢ < 1, we can conclude that
1Dwkllzso-siy + 1Dwrl on,

1
¢ (1-6)(2 p—(29—p)0
STWHDU}ICHLP(B?Q) +ec |: 23 HD k||Lp(1+c(f)qB§:):|

< [1H . Do) [}, +1]

1
(1-0)(2¢—p)| p=Ca=p1®
k 1
t+c [Qw (¢, Dwo) 120 ) +1) ]

holds with ¢ = ¢(n, p,q, o, v, L, [alo,«, L1) and for sufficiently large k. All in all, we deduce that

[Dw || 202 (,) + | Dwgl| | —zg (B,) <co?, (4.3.42)

holds for ¢, A = ¢, A(n,p,q,v, L, ||a]|so, [@]o,as @, B, L1), which is independent of k. This last
estimate used together with (4.3.32) and a standard covering argument (keep again the proof
of [62, Theorem 3.1| in mind), allows to get the new bound

[ Dwi || wrmincze/0.80.0 0y + (Vo (Dwie) lwszy < ¢ (4.3.43)
v) )

for any open subset U € B and any 8 < «, with ¢ depending as in (4.3.42), and additionally on
dist(U,0B). By (4.3.29) and (4.3.43) we can use the standard compact embedding theorems of
fractional Sobolev spaces and again a standard diagonal argument allows to conclude that, up

83



to (not relabelled) subsequence, it holds that Dwy — Dw strongly in lefcfp (B) and a.e. (thus
completely proving (4.3.21)). This allows to let k — oo in (4.3.23), obtaining that w is a distri-
butional solution to (4.3.1). Using lower semicontinuity in (4.3.43) then yields (4.3.17)-(4.3.18),
while (4.3.19)-(4.3.20) are a consequence of (4.3.30). Finally, let @ be another distributional so-
lution to (4.3.1) such that @ € W1 (B). By Lemma 4.2.2 it follows that we can use ¢ = w — @

as test function in the weak formulation
/ (A(z, Dw) — A(xz, D)) - (Dw — Dw) dz =0.
B

At this point, the strict monotonicity (4.2.1) of the vector field A(-) gives that @ = w. O

4.4 Another higher integrability estimate

This is in the following:

Theorem 9 Let u € WHH(Q) be a solution to the equation (4.0.8), under the assumptions
(4.0.7) and (4.0.9)-(4.0.10). Assume, moreover, that H(-,§) € L (Q), for some v > 1. There

exists a positive higher integrability exponent § < v — 1, depending only on data, such that
H(.,Du) € LH‘;(Q); moreover, the reverse Hélder type inequality

(f

holds for every ball Bo, C €), where the constant c depends again only on data. In particular, in
the case § = 0, for every open subset Qg € Q there exists a constant ¢ = ¢(data, dist(g, 0Q)) >
1 such that

[H(x, Du)]**? dx) - <c H(z,Du) dz +c (f [H(z,)]*° da:) ” (4.4.1)
Ba, B

4 20

||H($, DU)HL1+5(QO) S C.

Moreover, in (4.4.1) the exponent § can be replaced by any smaller number.

Proof. The proof is similar to the one of Lemma 4.3.1 and to the one offered in [61, Theorem
1.1], and we shall report only a brief sketch. Let By, € Q. We test the weak formulation of
(4.0.8) against ¢ := n?(u— (u)p,,), where n € C2(Ba,), X, <1 < XB,, and |[Dn| < 4/0. Notice
that ¢ is admissible by Lemma 4.2.2. Using (4.0.9)-(4.0.10), the fact that ¢ < %, and Young
inequality we get

H(z, Du)n? dz < c/

H <xu_(:>3> de+c [ H(zF) da; (4.4.2)
Ba,

BQQ BZQ
with ¢ = ¢(n,v, L,p,q). Now we apply Sobolev-Poincaré’s inequality to the first term on the
right-hand side of (4.4.2) to have

]{BQH(x,Du) dx<c<]{9

with ¢ = ¢(data) and d = d(n,p,q) € (0,1). Now, since H(-,§) € L () and v > 1, by a variant
of Gehring’s Lemma we can conclude with (4.4.1) for a number § as described in the statement

of the theorem, and the proof is complete. O

1/d
[H(z, Du)]? dx) +ec H(z,§) dz,

20 BZQ
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4.5 Proof of Theorem 5: A conditional reverse Holder in-
equality

In this section we start the proof of Theorem 5. Our aim is to prove the reverse type inequality
in Theorem 10 below. This extends a similar fact obtained in [61, Theorem 5.1] under the
assumption (4.0.6); we now replace this by (4.0.7). The result we are going to develop here is in
fact a technical tool in the forthcoming proof of Theorem 5 contained in the next section. We
start considering the original solution u from Theorem 5. By Theorem 9 and a standard covering
argument, we know that for every choice of open subset )y € Qo € Q (with dist(Qo,aflo) ~
dist(Qg, Q) ~ dist(Qo,dN)) as in the statement of Theorem 5, there exists a constant ¢ > 1
such that

H (-, Du)|| res ) < ¢ (data7 dist(Q0, ), ||H(.,g)\\m(ﬁo)) (4.5.1)

holds for some exponent § depending only on data and which is such that § < v — 1. We then
use the setting of Section 4.3 with wy = u, by considering problems of the type

{ —divA(z, Dw) =0 in By, (45.2)

weu+ Wy (By,),

where By, is a ball such that Bg, C Qo and 8¢ < 1, with the number § coming from (4.5.1) as the
one fixed in (4.3.2); the constant L, appearing in is obviously fixed by L; := ||H (-, Du)|[z1(B,,)-
Moreover, by (4.3.19), we have

||H(~,Dw)||L1(B4Q) < c(n,p,q, V,L)HH(«,DU)||L1(B4Q) . (4.5.3)

In view of this last inequality and by Theorem 9, this time applied with § = 0, we obtain that
Dw € L1T% (4B,R"™) for some oy = dp(data) > 0. Moreover, recalling that in Theorem 8 we can

loc
take o € (0, 9] as small as we like, and in particular o < g, we have the following reverse Holder

type inequality:
(£

for a constant ¢ = ¢(data) and for a final number o depending only on data. The main result of
this section looks like this.

=
[H(z, Dw)]'t dx) <c H(z,Dw) dz, (4.5.4)

20 By,

Theorem 10 Let w € WY (By,) be a solution to (4.5.2) under the assumptions (4.0.7), (4.0.9).
Assume that

suBP a(z) < Klao,a0" (4.5.5)
reB,

holds for some K > 1. Then, for any § < np/(n — 2a) (= oo when o = 1 and n = 2) there
exists a positive constant ¢ = c(data,q, K), such that the following reverse Hoélder type inequality

holds:
{

Moreover, let 1 < 1 < v2 < 4, the inequality

e 1/p
(][ | Dw|?4~P dac) <c <][ H(z, Dw) dw) (4.5.7)
Bayo B

V20

1/q 1/p
| Dw|? dx) < c( H(xz, Dw) d:c> . (4.5.6)
B4g

e

holds for a constant ¢ additionally depending on ~y1,7y2.
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Proof. We shall revisit the arguments in the proof of Theorem 8, and we keep the notation
introduced there; in particular, we shall retain (4.3.27) and (4.3.36) concerning 8 and ¢ (and of
course o obeys the smallness conditions enumerated before the statement). Given the reference
ball B4, mentioned in the statement of the theorem, all the remaining balls will be concentric
unless otherwise stated. We go back to the proof of Theorem 8, Step 2, where we consider this
time concentric balls B, C Bs, = B, and the approximate solutions {wy} defined in (4.3.6)
with the choice wy = u; ultimately, this means we are considering problems (4.5.2). Theorem 8
implies, in particular, that Dwy, — Dw strongly in LP(+7)(By,, R™); letting k — oo in (4.3.41)
and recalling the definition (4.3.34), we conclude with

C
HDWHL%(BQ) > WHDMHLP(BM)

1 V(2 | FTEE
e [925 (Ha||2L°°(B2g) + o™ [“}3@;329) ||Dw||(Lp(12((,)?ij) » (45.8)

with ¢ = c¢(data, 3). Notice now that condition (4.5.5) is stable when the radius increases for
nested balls. In fact, (4.5.5) and the a-Holder continuity of a(-) imply

sup a(x) < (K + 3M)o%[a)o,a for all M € (1,4), (4.5.9)
r€Bn,

so, with (4.5.9), (4.5.8) becomes (recall K > 1)

c o 1-6)(2q—p) \ —@a=p0
HDwHinﬁgB 5 < QTBHDWH]ZP(BQQ) +c (92( A [a]g,a;Bngz||Dw||(Lp(142£)((zBfQ))) :
(4.5.10)
Define
P (1-0)(2¢ —p)
by :=——— and by :=
p—(2¢—p)o (1+0)p— (29 —p)d]

In these terms, after averaging and making a few elementary manipulations, (4.5.10) reads as

—28

nnp l/p
][ |Dw|7 2 dx <c ][ |Dw|? dz
B, Ba,
b1/P  2(a—B)by+268+n(by—1)
o (0 apa, K)o ; (ﬁ

Let us re-write the last term in the above inequality as follows:

b2/p
| Dw[P+e) d;v) .

20

by(1+o)—1

b2/p Zater
][ |Dw|p(1+o) dx - ][ |Dw|p(1+o) dz ][
Ba, B3, B2,

1
1—by(1+0) b (14+0)—1 bo(l4o0)—1 p(1+o)
= wn p(1Fo) an% HDw||4p(1+o‘) ][ |Dw|p(1+o') dz )
L
Bs,

1
p(1+o)
|Dw|p(1+0) dx)

p(1+a)(329)

Now notice that

1 n 1 no

= 12(a—B)by +2 by —1) —nby + ——| > (28— 7

p{(a B)br +28 4+ n(by — 1) n2+(1+a)}p<ﬂ 1+U>
(4.3.36) 20 — po (4.3.27)

— p(l+o)
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so, merging the content of the previous three displays and using Holder inequality, we conclude
n—28

with
][ | Dw 757 dx
BQ

5 5 b1/p ”2(3—:))—1 (140) P(li")
<ot (W am, 1) 101y | F, 1000 do
2¢

1
p(1+o) (4.5.4) P

(4.5.3) '
< c (][ | Dw[P(+) dx) < c( H(z, Dw) dx) , (4.5.11)
ng B49

with ¢ = ¢(data, 8, K). We have therefore proved (4.5.6) for the values of ¢ such that np/(n —
Bp) < q, where (3 is such that a/(14+0) < 8 < a, and with ¢ coming from Theorem 8 as specified
at the beginning of the proof; the same obviously follows using Hoélder inequality. In particular,
(4.5.6) results from a suitable choice of 5. As for the (4.5.7), this is a consequence of a variant
of a standard covering argument starting from the validity of (4.5.6); let us briefly recall it. We
can cover B, by a finite number k = k(n,~) of balls {B;},<; touching B.,,, and with radius
0 = (v2 —71)0/100. Obviously, it is 2B; € B,,, and these balls are not necessarily concentric to
the starting ball B,. Notice that, for every ¢ <k, it is

sup a(z) < sup a(z) < (K +37)[alo,a0” <

100(K + 372) "
— | lalo.ad”.
Tz€EB; T€EBy,

Y2 — 7

We can therefore apply (4.5.6) to each of the balls B;, thereby getting

1/q 1/p
<][ | Dw|? dx) < c< H(z, Dw) dac) )
B; 2B;

for a constant ¢ now depending also on . By summing up the above inequalities with respect
to ¢ and again increasing the involved constant in a way that depends only on n,~y, we finally
arrive at (4.5.7) and the proof is complete. O

4.6 Proof of Theorem 5: Exit time arguments and conclu-
sion

The general scheme of the proof of Theorem 5 is the same one of [62, Theorem 1.1]. We ask the
reader to have [62] at hand since we shall essentially indicate the relevant modifications and we
shall follow exactly the same steps as described there, reporting them with the same titles.

Step 1: Fxit time and covering of the level set. We recall that with open subset )y € Qp € N as
in the statement of the theorem, we have that (4.5.1) holds. Then we consider Bg C €, where
R < r (and r is the small radius appearing in the statement of Theorem 5 and to be determined
at the end of the proof). We proceed with the exit time and covering argument as in the proof
of [62, Theorem 1.1]. In particular, this yields the family of balls {B;} = {B,, (z;)} = {5B;} as
indicated in [62, (4.9)-(4.11)]. All the balls in question are contained in Bg. Before going on,
similarly to (4.0.11), we set

datay = datag (n,Pv%aa v, L, ”CLHL“’» [a]av ”H('aDu)”Ll(Q)7 diSt(QOan)v ”H(WS)HL’Y(QO)v’Y) .
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Step 2: A first comparison function. We recover the setting of Sections (4.3) and (4.5). By
(4.5.1) we use the setting of Section 4.3 with this choice of § in (4.3.2); in this way we are also
ready to use the setting of Section 4.5 and Theorem 10. We are therefore able to apply Theorem
8 that, in turn, allows to define w; € u + W, H(4B;) as the solutions to the Dirichlet problem

{ —divA(z, Dw;) =0 in 4B; (4.6.1)

w; €U+ W&’H(4Bi) .

where the balls B; are from Step 1. Again, by Theorem 8 with wy = w as explained in the
previous section, we have

w; € W,2TP(4B;),  Dw; € L-%" (4B;,R™) for all <« (4.6.2)

loc loc

and the estimates

H(xz,Dw;) dz < ¢q H(z,Du) dx
4Bi 4Bi
(4.6.3)

/ [H(z, Dw;)]**° dx < 02/ [H(z, Du)]** dz
4B; 4B;

hold for positive constants ¢; = ¢1(n,v, L,p,q), c2,0 = ca,0(data). As in [62, (4.17)], we gain
that for every e € (0,1) there exists a constant ¢, depending also by n,v, L, p, g, such that
F[11(00) = Vo Dw P + a@)Vi(Du) ~ Vi(Dwi) ] do
4B,
<e H(z,Du) dz + c. H(z,F) dax. (4.6.4)
Step 3: A second comparison function. As in [62], we consider a point x; ,, € 2B; such that

a(xim) = sup a(x). (4.6.5)
x€2B,;

By (4.6.2) we have in particular that w; € W19(2B;) so that, by setting
Him(2) == H(zi,m, 2), (4.6.6)

we have that w; € WhHim(2B,), and, in particular w; € W1247P(2B;). We can therefore
use Theorem 8 for the special case of H-function in (4.6.6). This yields v; € W1 (2B;) N
WhHim (2B;) as the unique solution to the Dirichlet problem

— diVA(afim/“ DUI) =0 in 2B1
v; € w; + WOLHi’m (QBZ*) ,

for which we get

H(zim,Dv;) dz <c H(z;m, Dw;) dz, (4.6.7)
2B; 2B;

with ¢ = ¢(n,v, L,p,q). Notice that the right-hand side of (4.6.7) is finite, sice Dw; € L(2B;)
(by (4.6.2)). The weak form of the equations solved by w; and v; respectively can be rewritten
as

][ (A(zim, Dv;) — A(zim, Dw;)) - Dy da = ][ (A(z, Dw;) — A(x m, Dw;)) - Do dz,
2B; 2B;
(4.6.8)
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that holds for every choice of smooth test function ¢ € C°(2B;). As in [62], the function
¢ = v; —w; is admissible in (4.6.8) and this gives, via (4.2.1) and (4.0.9), (see also [62, (4.26)]),

£ [lD0) = VoD + ) V3 (D) = Vi D] o
<c <osc a) ][ | Dw;|* Y| Dv; — Dw;| da =: (1), (4.6.9)
2B; 2B;
where ¢ = ¢(n,v, L, p, q).

Step 4: Two different phases. We are now aiming at estimating the term (I) appearing in
the last display. For this, following [61,62], we distinguish the two phases, that is

infB a(z) > Kla)o,q0f , (4.6.10)

r€2B;
which is called, as in [61], the (p, ¢)-phase, and

: < o
xg%fBl a(z) < Klao,a0f- (4.6.11)

The number K > 4 is to be determined towards the proof as a quantity depending only on
n,p,q,v, L.

Step 5: Estimates in the (p,q)-phase. We consider the case (4.6.10) holds. Notice that

4a(x)

osca < 4[alo,q 05 < for every z € 2B;,

2B;
so that, Young inequality yields
(1) < ﬁ][ a(z)| Dw; |9~V Dv; — Duwy| dz < i][ a(@)(|Dw;|? + |Dv;|9) dz,  (4.6.12)
K /2B, K Jap,

with ¢ = ¢(n,p,q,v, L, [a]o,). Observing that

a(Tim) < a(z) + 4alo,o0f < alx) + < 2a(x) , (4.6.13)

we estimate

(4.6.5)
][ a(x)(|Dw;|? + |Dv;|?) dx < c][ a(zim) (|Dwi\q + |Dvi|q) dz
2B;

i

< c H(z;m, Dw;) dz
2B;

+ c H(zim,Dv;) dz
2B;

(4.6.7)

< c H(zim, Dw;) dz
2B;

(4.6.13)
< ¢ H(xz, Dw;) dz
2B;
(4.6.3)
<

c H(xz,Du) dzx ,
4B;

with ¢ = ¢(n,p,q,v, L, [a]o,o). Using this with (4.6.12) in (4.6.9) yields
][ [1Vo(Dvi) = Vo (Dw)  + (s m) | Va(Dvi) = Vy(Dwi)?] dw < = 4 H(z, Du) da ,
2B; K 4B;
(4.6.14)
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for a constant ¢ = ¢(n,p, q,v, L, [a]o,o) which is independent of K. We single out the following
estimate from the second-last display

H(z;m, Dw;) dz <c H(x,Du) dz, (4.6.15)
2B; 4B;

for ¢ = ¢(n,p,q,v, L).

Step 6: Estimates in the p-phase. Here we consider the case in which (4.6.11) is in force. In this
case it is

a(zim) < 4lalo,aof + ér%fB a(z) < (4+ K)lalo,a 0 - (4.6.16)

Therefore, as described in Step 2, we apply Theorem 10, estimate (4.5.7), that gives

1/q 1/p
<][ | Dw;|? dx) <c ( H(x, Dw;) da:) , (4.6.17)
2B7; 4Bi

with ¢ = ¢(datag, K). Back to the estimation of the last term in (4.6.9), Young inequality gives

1) < ca(mi,m)][ (|Dw;| + |Dv)* | Dw; — Dv;| dz

i

< c][ a(x;m)|Dv;|? dz + c][ a(zim)|Dw;|? do (4.6.18)
2B; 2B

for ¢ = ¢(n,v, L, p,q). We start estimating the last term in (4.6.18) as follows

(4.6.16)
][ a(Ti )| Dw;|? dx < cgf‘][ |Dw;|? dx
2B; 2B,

(4.6.17) or
< o H(z, Dw;) dx H(x, Dw;) dz
4B; 4B;
Holder ) P(1Fo)
< co; ][ [H (z, Dw;)]'" da H(z, Dw;) dx
4B; 4B;
_494-p a— nla=pr)
< CH[{C71)UH)H£gi;YZEQ)Qi pite) 4B‘l1($,l)UH) dx
(4()3) (ql;p) oa— "((;1;1’;
~ CHH(',DU)||21+¢(4Bi)Qi P B H(Z‘7Dwz) dl‘
(4.5.1) afn((izfp)
< co; "7 H(z, Dw;) dx
4B;
(4.6.3) a— ﬂ((;z;z;;
< co; * H(z,Du) dz,
4B;
for ¢ = ¢(datag, K). Letting
_ (4.0.7)
Hl::a_"@p)M_n(q_l) S (4.6.19)
p(1+0) P
and we conclude with
Q?][ | Dw;|? dx +][ a(z; m)|Dw;|? do < cof? H(x,Du) dz. (4.6.20)
2B; 2B; 4B;
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In order to estimate the remaining term in the last line of (4.6.18), the one featuring v;, we
need to make use of Theorem 7. Precisely, we aim to apply it with the choice v = ¢/p and then
combine the outcome with Theorem 10 for (2q — p) = ¢?/p. We first show that ¢2/p enters in
the range of exponents covered by (4.3.17). For this, we notice that

na(a + 2n) q? (4.0.7) o\’ n n
——— <f<a= -5 < 14+ — < < .
2(n+ )? fa p? = +n n—28 n-— 2«

The last quantity in thg previous display is meant to be oo when o« = 1 and n = 2. Therefore
we have that w; € W17 /P(2B;) and the reverse inequality holds as a consequence of (4.5.1)

p/q
][ |Dwi\q2/” dz
2B;

where ¢ = ¢(data, K). Estimate (4.2.6) (applied with v = ¢/p and ay = a(zim), so that
Ho(z) = H(zim,2)) reads as

2

1/p
<c ( H(z, Dw;) dx) , (4.6.21)
4B,

][ [H (2i.m, Dvy)]9P da < c][ [H (2 m, Dw)]¥? dz (4.6.22)
2B; 2B;

for ¢ = ¢(n, v, L,p,q) and with a finite right-hand side. We then argue as follows:

(4.6.16)
][ a(z;m)|Dv;|? dx < cg?][ |Dv; |9 da < CQ?][ [H(xi,m,Dvi)]q/p dz
2B; 2B; 2B,

(4.6.22)
< cg?][ [H (i m, Dw;)]? da (4.6.23)
2B;
(4.6.16) .
< cgf“][ | Dw;|? d:z:+cQZ?¢(1+q/p)][ | Dw; |4 P dx
2Bi 2B;
(4.6.20)
< co;” H(z, Dw;) d:c+cga(1+q/p)][ |Dwi|q2/p dz,
4B 2B;

with ¢ = ¢(datag, K). Notice that, upon defining
n 2
Ko =« l—i—g — g —1| > 1_’_2
p 14+0 [\p D

we have
o (Ha/p) ][ |Dw;| /P dz

p

q (4.0.7)
a—n ( - 1) > 0, (4.6.24)

7

N q°/p°-1
e g Ha/p) _ H(,Dw) da H(z, Dw;) dz
4B
q?/p% -1
Holder Tfo
S a(1+q/17 l' Dwi)]1+o' dl‘ H(.]Z’le) dx
4B;
2
a(l+gq/ pa _
< T (G D) \‘;Ai(;B)][ H(z, Dw;) da
(4.6.3) .
< cor||H(, Du)||%1/fg(4]13i)]£3 H(z, Dw;) dz
< cos? H(z, Dw;) dz

4B;
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(4.6.3)
< co;? H(z,Du) dz, (4.6.25)
4B;
where ¢ = ¢(datag, K). Collecting estimates (4.6.23), (4.6.25) yields
][ a(z; m)|Dv;|? dz < cof? H(z,Du) dz
2B; 4B;
Using this last estimate and (4.6.20) in (4.6.18), we again obtain
(I) < co* H(z,Du) dz,
4B;
with ¢ = ¢(datag, K). We have also used that k1 < k2 (compare (4.6.19) and (4.6.24)) and that
0; < 1. Finally, this last estimate and (4.6.9) lead to
£ (VDo) = Vu(Dw) P+ alaimlVel Do) = Vi(Duwi)P| e < cogf* 4 Hiz,Du) da
QBi 4Bi
(4.6.26)

for ¢, = cx(datag, K). We also observe that, by first using (4.6.20) and then (4.6.3) we obtain
the following analog of (4.6.15):

H(zim, Dw;) dz <c H(z,Du) dx , (4.6.27)
237; 4Bi

where this time it is ¢ = ¢(datag, K).

Step 7: Matching the two phases and comparison estimates. Summarizing the content of
(4.6.14) and (4.6.26), we have in both cases (4.6.10) and (4.6.11) that the following inequality
holds:

£ VoD = VDo) + @l Va(Dw) = Vi(Duol?]
<

[ WaDw) = Vo(Dw + alesm) V(D) = V(Do) de

< (+c*gf1> H(xz,Du) dzx ,

with ¢ = é(n,v, L,p, q) and ¢, = c.(datag, K), where K > 4 is still to be chosen and x; has been
defined in (4.6.19). This last estimate and (4.6.4) (recall that the € in (4.6.4) is arbitrary) then
give

£ [(Dw) = V(D) + a@)Vi(Dw) — V(D] s
.
< (26 + 200 + 25 H(z,Du) dz + 2c. H(z,§) dx, (4.6.28)
K 4B; 4B;

for all € € (0, 1), where again it is ¢ = &(n, v, L, p,q) and ¢, = c.(datag, K), where K > 4, while
ce = ce(n,p,q,v,L,e) and k; > 0 has been defined in (4.6.19). Here we also used the fact that
0; <1 (see Step 1). We now adopt the notation

2c 2
S K,M):=2 2,7 + — <
(e,r, ) €+ 2c,r +K+ i
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and, using the information contained in [62, (4.14)] in (4.6.28), we establish that for every K > 4
the estimate

][ [|V,,(Dvi) — Vo (Du)[? + a(x)|V,(Dv;) — V}I(Du)ﬂ de < S(e,r, K, M)A (4.6.29)

holds for all the balls B; from the covering displayed in [62, (4.11)]. Notice that at this stage
this in an estimate which is phase-independent: no matter of which among (4.6.10) and (4.6.11),
we have that occurs (4.6.29) holds in any case. Moreover, we are still free to choose K > 4.

Step 8: The two phases at a different threshold. The goal here is to show that the estimate

H(z; m,Dv;) do = ][ [[Dv;[” + a(2im)|Dv;|] da < e, (4.6.30)

237; 2Bi

holds for ¢ = ¢(datag). For this we simply consider the two alternatives

i & i < &
mgggl a(z) > 10[a)o,o 0 and mg%%ia(x) < 10[a]o,a 05 , (4.6.31)

which are nothing but (4.6.10) and (4.6.11) with K = 10 respectively. We start considering the
case in which the first inequality in (4.6.31) holds; by using (4.6.7) first and then (4.6.15) we get
that

H(x;m,Dv;) dz <c H(z,Du) dz, (4.6.32)

2B; 4B;
for ¢ = ¢(n,v, L, p,q). At this stage (4.6.30) follows recalling the setting of [62, (4.14)s]. In case
the second inequality in (4.6.31) holds, we similarly use (4.6.7) again and (4.6.27) with K = 10,
that renders (4.6.32) with a constant ¢ = ¢(datag). Therefore, (4.6.30) follows in every case.
Step 9: A priori estimates for Dv;. The same as in the proof of [62, Theorem 1.1].
Step 10: Estimates involving level sets. The same as in the proof of [62, Theorem 1.1].
Step 11: Integration and conclusion. The same as in the proof of [62, Theorem 1.1] and this con-

cludes the proof of Theorem 5. We only remark that the peculiar dependence on the constants
on datay comes from the estimates in Steps 2-8, and finally reflects in (4.0.13).
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Chapter 5

Lipschitz bounds and
non-autonomous functionals

Joint work with G. Mingione (University of Parma)
Preprint (2020)

We aim to provide a comprehensive treatment of Lipschitz regularity of solutions for a very large
class of vector-valued non-autonomous variational problems, involving integral functionals of the
type
WEHOQ,RY) 5w e F(w, Q) ;:/ [F(z,Dw) — f-w] da. (5.0.1)
Q
These are defined on Sobolev spaces and here 2 C R™ is an open subset with n > 2. In the rest
of the chapter we shall assume that F'(x, Dw) = F(z,[Dw|), which is a natural assumption in
the vectorial case, where F': Q x [0,00) — [0, 00) is a suitably regular function (see Section 5.1.1
below for the precise assumptions). The vector field f: Q +— R will be at least L"-integrable
ferl. (RN, (5.0.2)

loc
The notion of local minimizers used here is quite standard in the literature.

Definition 4 A function u € W,2' (Q, RY) is a local minimizer of the functional F in (5.0.1)

loc

with f € L™ _(Q,RN) if, for every open subset Q € Q, we have F(u,Q) < oo and if F (u; Q) <

loc

F(w,Q) holds for every competitor w € u + Wol’l(Q, RN).
The analysis of (5.0.1) involves the related Euler-Lagrange system

F'(z,|Dul)

= div(a(w,|Du)Du) = £, e, |Dul) = — 5

(5.0.3)

where F'(-) denotes the partial derivative of F'(-) with respect to the second variable. Our main
focus is on obtaining sharp conditions on the datum f, and on the degree of smoothness of the
partial map xz — F(z,-), ensuring the local Lipschitz continuity of minimizers. This problem
has recently been the object of intensive investigation in the uniformly elliptic, autonomous case
F(x,t) = F(t), so that a(t) = t—1F’(t) satisfies (1.2.20), see for instance the recent papers [56-59]
for global estimates and [168-170] for local ones. A special, yet important uniformly elliptic model
case is given by the p-Laplacian system with coefficients

f
< (5.0.4)

L.

—div(e(z)|DulP~2Du) =
p>1 and 0<v<c()

In this respect, [169, 170] provide us with the following theorem.
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Theorem 11 Let u € Wé’f(Q,RN) be a weak solution to (5.0.4). If f € Lie(n, 1)(,RY) and
¢(+) s Dini continuous, then Du is continuous.

In particular, Du is locally bounded. We recall that f € Lioc(n, 1)(2, RY) means that (1.1.13)
is satisfied on any open subset 2 € 2, while, denoting by w(-) the modulus of continuity of ¢(-),
its Dini continuity amounts to require that

/ w(o) de < oo for some 7€ (0,1]. (5.0.5)
0 0

Theorem 11 extends to general scalar equations [168] and to systems depending on forms [232];
it is also extension of a classical result of Uhlenbeck [241]. The terminology is motivated by the
fact that, for ¢(-) = 1 and p = 2, Theorem 11 is a classical result of Stein [235]. It is optimal both
with respect to (1.1.13), see [55], and with respect to condition (5.0.5), cf. [157]. The relevant
fact in Theorem 11 is that the conditions on f and ¢(-) implying local Lipschitz continuity
are independent of p, and, for more general equations, are in fact independent of the operator
considered under the symbol of divergence. This applies both in the case of standard p-growth
conditions [168], and in the one of general autonomous uniformly elliptic operators characterized
by (5.0.3)-(1.2.20); see [9]. In the case of nonuniformly elliptic operators, the problem of deriving
sharp conditions with respect to data for Lipschitz regularity is considerably more difficult. When
f # 0, it has been attacked only recently in [16], but only for the case of autonomous functionals
in the principal part, i.e. when F(-) is independent of x. The outcome is that when n > 3
condition (1.1.13) is still sufficient to guarantee the local Lipschitz regularity of minima, thereby
revealing itself as a sort of universal property. In the case n = 2, the alternative (actually
stonger) borderline condition L7 (LogL)*(€2,RY) with a > 2, implies Lipschitz continuity. In
this paper we deal with the general, fully non-autonomous case in (5.0.1). This is by no means a
technical extension as in fact, when passing from the uniformly to the nonuniformly elliptic case,
the situation with respect to coefficients drastically changes as they can no longer be treated via
perturbation as in [169]. To give a glimpse of the situation, let us considered the Double Phase
energy, given by

WLP(Q,RY) 3w /Q [|Dw|? + a(z)|Dw|?] dz, (5.0.6)
with 1 < p < g, 0<a(-) € L*°(Q). As shown in [101,106], already when f = 0, local minima fail
to be continuous if the ratio ¢/p is too far from one, depending on the rate of a-Hdélder continuity
of the modulating coefficient a(-). Specifically, condition

% . 0<a() e (Q), aec(01] (5.0.7)

loc

<1+

3e

is necessary and sufficient to get gradient local continuity; see [12]. Condition in (5.0.7) encodes a
typical balancing phenomenon between the decay of the space depending coefficient and the gap
of the exponents. These is indeed a subtle interaction between the growth of F(-) with respect
to the gradient variable z, and its smoothness with respect to the x, determines whether minima
are regular or not. This is in fact the main theme of this chapter. Nonuniform ellipticity is a
very classical topic in partial differential equations, and it is often motivated by geometric and
physical problems. Several classical papers have been devoted to this subject, see for instance [91,
173,233,246,248]. In the setting of the Calculus of Variations there is a wide literature available,
starting from the basic papers of Urdaletova & Ural’tseva [243] and Marcellini [183-187]. More
recently, the study of the non-autonomous case has intensified; many papers have been devoted
to study specific structures [12, 14, 16,23, 24, 28, 33-35,49, 77,84, 126, 127,218|. Connections to
related function spaces have been studied in [88,135,221]. The results obtained in this chapter
are very general. In fact, in order to catch several model cases simultaneously, their formulation
involves a rather generous list of assumptions; see Section 5.1.6 below. Anyway, when applied to
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single models, such assumptions reveal to be minimal and they produce sharp results. Moreover,
in the autonomous case F'(x, z) = F(z), the assumptions considered here essentially coincide with
those introduced in [16]. For this reason, and also to ease the reading, in this introductory part
we shall present a few main corollaries of the general theorems, in connection to a some relevant
instances of nonuniformly elliptic functionals. We shall divide our results in three different
general classes, detailed in Sections 5.0.1-5.0.3 below. We just remark that, thanks to (5.0.2)
and Sobolev embedding, requiring that F (u; Q) < oo in Definition 4 is the same than requiring
that F(-, Du) € LY(Q).

5.0.1 Nonuniform ellipticity at polynomial rates

To provide a general treatment, we start considering functionals featuring (p, q)-growth con-
ditions, [184, 186]. The idea is to provide general conditions on the partial map z — F(z,-)
matching those suggested by counterexamples [101,106]. In this respect, we consider an inte-
grand F(-) satisfying (5.1.1) for some F(-) as in (5.1.2), whose growth can be framed as
V(|22 + u2/2 < F(r,2) < A(2? + p2)12 + A(J2]? + p2)o/?
(I2* + u*)|0*F(z, 2)| < A2 + ) 7% + A(|2]? + p?)P/? (5.0.8)
v(|z? + p?) P22 e < (87 F (2, 2)€,€)

for every choice of z, & € RV*™ such that |z| # 0 and for exponents 1 < p < ¢. Here0 < v <1 < A
are fixed ellipticity constants and u € [0, 1]. We also assume that

t F (2, t)(12 + u2)2_Tp/t is non-decreasing (5.0.9)

for every x € €. As for the crucial dependence on z, we assume that for every ¢t > 0 it holds
that =+ F'(x,t) € WH4(Q,RY*") and that

p—1

1002 F(w,2)| < h(x) [(|22 + 12T + (|22 + 6D T |, h()eLi (@), d>n, (5.0.10)
holds for every z € Q and z € RV*". This is a natural approach that has also been considered

elsewhere in the work of Marcellini and coauthors, [97,98].

Theorem 12 Let u € Wli’cl (,RYN) be a local minimizer of (5.0.1) under assumptions (5.0.8)-
(5.0.10). Assume (5.1.24) and

4(p—1) i

11 if n>3

% <1+ min {mp, - — } with my, == ¢ P72 f - (5.0.11)
P n o d 1-2 if n=2,

where ¥ = 1 if p > 2 and ¥ = 2 otherwise. Then Du € L (2, RN*"). Moreover, whenever

loc

B € Q is a ball with radius ™(B) < 1 the following L™ -estimate holds:

C 0
7 [IFC D)l + 1 llxan +1] (5.0.12)

1Dl ) < T—ppTm@)P

for allt € (0,1), ¢ = c(datan, ||h]|Lam)) (resp. ¢ = c(datawwo, [|h| @) if n = 2) and 3,0 =
ﬂ?o(n’d’p7q)'

For the Double Phase functional in (5.0.6), condition (5.0.10) amounts to assume that
0<a()e Wlf)cd(Q) for some d > n, (5.0.13)

and indeed we have
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Theorem 13 Let u € Wﬁ)’cl (L, RYN) be a local minimizer of the functional in (5.0.6) such that
(5.0.13) is in force and (5.1.24) holds together with

<1+ if n>3

IS

1
n

ESEES

(5.0.14)

<1+ and ¢ <p* if n=2.

hSEES
N |
SHE

Then Du € L2 (Q,RN*"). Furthermore, for all balls B € Q with 7(B) < 1, the following

loc

Lipschitz bound holds:
I1DUll} e (1) + I1H (-, D) || oo )

0
SW [H (-, Du)|| gr+ey @) T 1 fllx @) + 1} ) (5.0.15)

for all t € (0,1), where 8,0 = 3,0(n,d,p,q), 04 = a4(n,N,p,q, |allwraa, | fllLm@) and
¢ = c(datax, |0zal oy, |1H (-, Du)|| L1 @), [| fllLn @) when n > 3, or, in two dimensions, c =
c(dataiwo, |02allLa(a), [[H (-, Du)|| L1 (@), | fll2@)). In (5.0.15), we adopted the shorthand nota-
tion H(x,z) := [|z|P + a(z)|z]1].

Theorem 13 allows to clarify in which sense assumptions (5.0.10) (i.e. (5.0.13) for the Double
Phase energy) and (5.0.14) are sharp. Indeed, notice that by Sobolev-Morrey embedding and
(5.0.13), we have that a € Cl?)f‘(Q) with o := 1 — n/d. This last identity makes conditions
(5.0.7) and (5.0.13) coincide. Therefore, assumption (5.0.10) is the sharp differentiable version
of (5.0.7), which is stronger than (5.0.7), but weaker than assuming that a(-) is Lipschitz, as
usually done in several places [186,194]. Notice that improvement between (5.0.11) and (5.0.14)
is due to the special structure considered in Theorem 13. A standard consequence Theorem 12
is about splitting structures as

WEHQRY) 5w / [c(x)F(Dw) — f - w] d=, O<v<e()<L. (5.0.16)
Q

In this case, with u € W, (Q,RY) being a local minimizer, assuming that F(-) satisfies (5.1.1)
for some F(-) as in (5.1.2), that it grows as prescribed by (5.0.8)-(5.0.9), and taking ¢ € Wlif(ﬂ)
with d > n yield that Du € L (2, RV*") provided that (5.1.24)-(5.0.11) hold.

loc

5.0.2 Nonuniform ellipticity at fast rates

We now come to consider functionals with growth conditions that are not of polynomial type. A
prototype we have in mind is given by

loc

WEHOQ,RY) 3w / [cl(x)exp(CQ(x)|Dw|p(w))—f-w da (5.0.17)
Q

D 1= nelgp(:z:) >1, 0<v<c(),e()<L.

Functionals as the one in (5.0.17) are not easy to deal with, as their integrands do not satisfy
the so called As-condition, i.e. 1:"(:107 2t) < F(x, t). Looking at the case of polynomial growth in
Section 5.0.1, from (5.0.10) and (5.0.11) we see that the required integrability rate of coefficients
d increases with the ratio ¢/p. A naive bet would then be that in the exponential case a more
stringent condition on d is required. As a matter of fact, the situations reverses, and any exponent
d > n implies local Lipschitz continuity:
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Theorem 14 Let u € Wli)’cl (L, RYN) be a local minimizer of the functional in (5.0.17) such that

€1,C2,p € VVli)g(Q) with d > n and f satisfies (5.1.24). Then Du € LS (Q,RN*"). Moreover,
for all balls B € Q with r(B) <1 we have

||DU||1;;:¢(@) + [lea(:) eXP(C2(')|Du|p(.))”Lw(t@)
L (T N D) r
< =gy a0 o@D e + 1flxa +1] . 6018)
fOT allt € (0’ 1)) where ¢ = C(da‘ta'txn ||Cl||Ld((B)a Hc2||Ld(CB)7 ||p||Ld(f/3)) andﬂa 0= ﬁ)e(nvdv a, a-vpm)
In the two-dimensional case, it is ¢ = c(datawo, |1l La(@), [|c2llLe@): [Pl La(@))-

The same applies to more general functionals, involving arbitrary compositions of exponen-
tials. Specifically, we fix sequences of exponent functions {px(-)} and coefficients{cy(-)}, all
defined on the open subset 2 C R"™, such that

1<pm <pe() <pm, 0<v<c()<L, proxeWh4Q). (5.0.19)

We then inductively define, for every k € N, the functions ej:  x [0,00) — R as

eri(@t)  exp () (enla, )] 5020
eolw,t) = exp (co(@)tr @) .
and consider the variational integrals
WAHOQ,RY) 3w / lex(z,|Dw]) — fw] dz. (5.0.21)
Q

For vector-valued minima of (5.0.21) we have the following result.

Theorem 15 Let u € WI})’Cl (L, RY) be a local minimizer of the functional in (5.0.21) for some

k € N, under assumptions (5.1.24) and (5.0.19) with d > n. Then Du € LS (Q,RN*"). Fur-
thermore, for any ball B € Q with r(B) < 1 there holds that

1Dl i + lex, 1D | ey

C

6
<A@y 1ot PWlv@ +1flxe +1] (5.0.22)

for all t € (0,1), with ¢ = c(datac, |cjllLa@); IPjllLe@)), (¢ = c(datawwo, |lcjlLa@), [IPjllLa(@))
ifn=2) forany j € {1,--- ,k} and 8,0 = B,0(n,d,0,6,pm).

To explain the improvement with respect to the polynomial case, we recall that the rate of
nonuniform ellipticity of the functional in (5.0.1) can be measured by the ellipticity ratio defined
in (1.2.26). Recall that, in case R(z, B) — o0 as |z| — 0o, the problem is said to be nonuniformly
elliptic, and conditions as in (5.0.11) are devised to bound the rate of blow-up of R(z, B). Now,
although R(z, B) blows-up faster in the exponential case, what really matters to get regularity
is the rate with which the renormalized ratio

R(z, B) := sup

zeB | minimum eigenvalue of 02F (z, z) x, z)

— maximum eigenvalue of 92F(z, 2) 1
F(
goes to zero as |z| — oo. Now, notice that R(z, B) — 0 polynomially fast in the case of
functionals satisfying (5.0.8). On the other hand, with functionals in (5.0.21), we see that

R(z, B) — 0 exponentially fast. Therefore less regularity of F'(-) is required with respect to the
space variable.
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5.0.3 New results in the uniformly elliptic setting

New results also follow in the uniformly elliptic setting. In particular, when considering the
classical problem (5.0.4), we get a new criterion on coefficients ¢(-) ensuring the local Lipschitz
continuity of minima (and solutions) that goes beyond the one in (5.0.5). This time the model is

WEHQ,RY) 3w i [A(z, |Dw]) - f-w] da (5.0.23)

A(z,t) := c(x) /Ot a(s)s ds for ¢t > 0,

with (1.2.20) being in force and such that 0 < v < ¢(-) < L and ¢ € W,2! (). Under such
conditions, every solution to the system in (5.0.3) is a local minimizer of the functional in
(5.0.23) and the second identity in (5.0.3) is automatically satisfied.

Theorem 16 Let u € VVllo’Cl(Q,]RN) be a local minimizer of the functional in (5.0.23) under
assumptions (1.2.20). If |f],|Dc| € Xioc(Q) as defined in (5.1.24), then Du € LS (Q,RN*").
Moreover, for all balls B € 2 so that r(B) < 1 there holds that

ia+2/(iq+1
IA(Dul) | £ (12 < IF(DuDlls@y +1] +ellf I/, (5.0.24)

=@ |
for allt € (0,1) with ¢ = c(datayyi).

In other words, f and Dc this time enjoy the same degree of regularity. Theorem 16 applies to
(5.0.4) by taking a(z,t) = c(x)tP~2 and it is sufficient to require that Dec € Lioc(n, 1)(Q,R™).
Notice that this is a new criterion, which is alternative to the known and classical one in (5.0.5).
Indeed, D¢ € Lige(n,1)(©2,R™) implies that ¢(-) is continuous by the result in [235], but not
necessarily with a modulus of continuity w(-) satisfying (5.0.5). Moreover, this criterion works
for the general cases as in (5.0.23), to which the methods in [169] do not apply under the only
considered structure assumption (1.2.20).

5.0.4 Additional results and remarks

When n > 3, in Theorems 12-16, we can replace assumption (5.1.24) with the weaker one
[ € L"(), getting, as a corresponding outcome, that Du € L] () for every v < oo. This
result is new in the nonuniformly elliptic case and is in perfect accordance with the nonlinear
theory known for the uniformly elliptic one. Indeed, let us for instance consider the system in
(5.0.4). From Dc € L™ it follows that ¢(-) € VMO, the space of functions with vanishing mean
oscillations [228]. At this point the arbitrary higher integrability of Du, with every exponent, is
a consequence of the standard Nonlinear Calderon-Zygmund theory (see for instance [34]). For
the higher integrability results under the weaker integrability assumption (5.0.2) see Theorem
19 in Section 5.1.6 below.

We remark that some of the methods here also extend to the general scalar functionals, i.e.,
when minima and competitors are real valued functions. In this case there is no need to assume
the radial structure condition F(z, Dw) = F(z, |Dw|). On the other hand, additional conditions
ensuring the absence of the so called Lavrentiev phenomenon are needed to build a suitable
approximation argument, for this we refer to the approach explained in [77,101]. We anyway
remark that in the vectorial case it is necessary to assume additional conditions such as the
radial structure, otherwise singular minimizers occur under the most favourable conditions, see
for instance [194,199,244,245] and related references.

Finally, notice that obstacle problems represent a concrete application of our results. In fact,
by now standard procedures allow rearranging problems of type

loc

Kr(Q) 2 w'—>min/

F(z,Dw) dz  with K ;(Q) = {w e WhH(Q): w(z) > f(z) in Q}
Q
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in form (5.0.1), cf. [109], therefore, with minor variations to our techniques, we can prove results
analogous to those exposed in Theorems 12-16 for the obstacle problem defined by means of
energies of type (5.0.6), (5.0.8), (5.0.17), (5.0.21) or (5.0.23), provided that the obstacle f: 2 — R
satisfies

f € Wioe(2;n,1)(Q) if n>3 and f € Wipe(2;L*(LogL)®)(R), with a > 2 if n=2.

This means that we can not only extend under sharp assumptions on the regularity of the
obstacle [55], the results obtained in [47,51,70,112,158], but also introduce for the first time in
the framework of obstacle problems non-autonomous models with fast exponential growth such
as (5.0.17) or (5.0.21), we refer to [10] for the autonomous case.

5.1 Assumptions and general results

In this section we are going to describe a number of conditions aimed at proving our main results,
that is Theorems 19-20 in Section 5.1.6 below; in turn, these will imply Theorems 12-16 from
the Introduction. The assumptions might appear technical at a first sight and the whole list
might look long; indeed it is. On the other hand, when applied to each single model case, such
conditions reveal to be minimal and produce sharp results.

5.1.1 Basic structural assumptions, and consequences
We assume that the integrand F'(-) has radial structure, i.e.
F(z,2) = F(z,|z|) for all (z,2) € Q x RN*" (5.1.1)

In order to describe the ellipticity and growth assumptions of the integrand F(-), we shall use
three continuous functions g;: Q2 x (0,00) — [0, 00), for i € {1,2, 3}, whose precise properties will
be described later on. Indeed, F': €2 x [0,00) — [0, 00) is assumed to satisfy

tes F(-,t) € CL[0,00) N C2 (0, 00)
z s F'(z,t) € WEM(Q) for every t >0 (5.1.2)

8, F' (x,t)] < h(x)gs(x,t) forallz e Qandt >0,

where 0 < h(-) € LT (). Notice that here, as in the rest of the paper, we are using the notation
Ot F (z,t) = F'(x,t). Moreover, we assume that there exists T' > 0 such that

2 F(+,2) is convex
|0, F(x, 2)| < ga(z,]|2]) forallz € Qon {|z| > T} (5.1.3)
g1(x, [2)|€> € 0. F(z,2)¢- € on {|z| > T} and for all x € Q and £ € RV*" .

Needless to say, that all the maps and functions considered in (5.1.2) and (5.1.3) are Carathéodory
regular. Using the notation (see also (5.0.3))

F'(x,t)

a(z,t) = ,

for all (z,t) € Q@ x (0,00) ,

we shall assume, for fixed numbers v > 1, p € [0,1] v € (0,1], and for every x € Q, that

a(x,t t
L)& and t M are non-decreasing on (0, c0)
2 2) 5= 2 2\ 5=
(t? +p2) = (12 + p2) 7= (5.1.4)

v(t? —l—u2)%2 <gi(z,t) fort>T.
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Remark 5.1.1 In most of the relevant model examples it will be a(-) = g1(-), this justifies
the double assumption in (5.1.4). The hypotheses in (5.1.3) are bound to describe ellipticity of
0,.F(x,z) outside the ball {|z| > T} and this allows to cover functionals loosing their ellipticity
properties on a bounded set. This assumption is natural when dealing with nonuniformly elliptic
problems. Indeed, in such cases certain inequalities valid when |z| is large reverse when |z| is
small. For instance, this is the case for (5.0.6): |z|P < |z|7 for |z| large, while the opposite holds
when |z| is small. Notice that we could have done the same also with respect to the partial
derivative 9,,F in (5.1.2)3, but we preferred not to follow this path as this would have only
added useless technical difficulties.

Let us now draw a few consequences of (5.1.1)-(5.1.4). Notice that (5.1.2)3 implies that = —
0. F(z,2) € WE™M(Q,RN*™) for all 2 € RN*™ such that z # 0, with

|0p2 F(x, 2)|, |0za(z, |2])||2] < h(z)gs(z,|z]) on {|z| >0} and for all z € 2. (5.1.5)

Again from the very definition of a(-), we have

t
F(z,t) :/ a(x,s)sds for all (x,t) € Q x (0, 00) (5.1.6)
0
and
- - ) A
0. F(x,z) = 0,[a(x,|z])z] = a(z, |z|) Inxn + @' (z, |Z‘)|Z|W for |z| #0 (5.1.7)
so that, using (5.1.3) with £ = z and £ L z, we obtain
. ~ S
(}(x, 12) + @z, [2])|2] = g1 (. |2]) for any |z| > T and all x € | (5.1.8)
a(z,|2]) = g1(z, |2])
and
- -, <
?(x’ [2) + @ (. [2)l2] < g2(=,[2]) for any |z| > T and all z € Q (5.1.9)
a(z,|z]) < ga(, |z[)

respectively. In particular, it follows that g;(-,t) < g2(:,t) for t > T, and by (5.1.4)5 and (5.1.8),
a(x,t) > v(t? —i—,uQ)WT_2 holds for all (z,t) € Q x [T, 00) . (5.1.10)

Now we introduce two functions that will play a crucial role in the rest of the paper, i.e.,

max{t, T} _
G(z,t) == / gi(z,s)sds and G(x,t) := G(x,t) + (T? +1)7/2 . (5.1.11)
T

Remark 5.1.2 Before going on, we notice that all the estimates considered in this paper essen-
tially depend on the behavior of the derivatives of F(-) with respect to the gradient variable.
Therefore, upon replacing F(x,t) with [F(z,t) — F(x,0)] - a replacement that does not change
the set of local minimizers - in light of (5.1.2)-(5.1.3), we can always assume that

F(z,0)=0 holds for every x € Q). (5.1.12)
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5.1.2 Quantification of nonuniform ellipticity, n > 2

We describe the basic properties of the functions g;(-). These quantify ellipticity of F(-) via
(5.1.2); here we consider the case n > 2. We assume that g7 (T) := inf,ecq g1(2, T) > 0 and that

g2(a5) _, galt)

T<s<t— <
gl(xvs) agl(xat)

and  g1(z,s)s < g1 (z,t)t (5.1.13)

for all z € Q and some ¢, > 1. This implies, in particular, that 0 < g; (T)T/t < g1(x,t) < g2(x,t)
whenever (z,t) € Q x [T, 00). In particular, g;(-,t) and go(+,t) never vanish for ¢ > T'. Next, we
consider an integrability d and dual exponents o,5 > 0 such that
1 1
h()eLi (), n<d, o<,
n

loc
with the additional condition that 6 = 0 if  +— g1(x,t) = const for all ¢ > T. In the case it is
& > 0, we assume that x — ¢1(z,t) € Wli’cd(ﬂ) for all t > T, and

(5.1.14)

1021 (z,1)| < h(x)[G(x,1)]% g1 (z, 1) for (z,t) € Q x [T, 00) . (5.1.15)

Needless to say, 0.g1(+) is also assumed to be Carathéodory regular on 2 x [T, 00). We come to
the structural assumptions codifying nonuniform ellipticity and its interaction with the presence
of x. For all (z,t) € Q x [T, 00) we assume that

95(x, 0/ P + 17 < cp[Gla, )]

o ) (5.1.16)
[93 (17, )] < [G(l’, t)}1+20
g1 (1’, t)
and introduce another parameter
4(vy—1 1 h >2
D<o < 202D gy A (5.1.17)
yI(n —2) 2 when 1<~y <2,
so that the rebalancing condition, serving to bound the ratio g(-)/g1(*),
92 ($, t) . = = ’
< G t)?,G t)? 5.1.18
g1($,t) —Cbmln{ T(‘r’ ) ) T(x? ) } ( )

holds for any (z,t) € Q x [T,00). Here, ¢, > 1 is a fixed constant. The use of parameters
o, 6 and ¢’ is a novelty here, and allows to treat, with larger flexibility, different type of non-
autonomous problems and identify certain borderline behaviours. For more on this aspect, see
Sections 5.0.1-5.0.2.

5.1.3 Quantification of nonuniform ellipticity, n = 2

When n = 2 we essentially keep the assumptions for the case n > 2 but with a slightly different
bound on o. Moreover, ¢’ will not appear, whereas the values of o, & > 0 will be slightly modified.
Specifically, this time we take
d . 11 1
h(-) € L*(Q), 2<d, c+6<min{-—-,1—— (5.1.19)
2 d vy
and we assume 6 = 0if x +— ¢1(x,t) = const for all ¢ > T'. Next, instead of (5.1.18), we assume
that

92(‘r7t) ~ o
9 (x, t) S CbGT({E, t) (5120)

holds for all (x,t) € Q x [T, 00).
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5.1.4 The uniformly elliptic case

Here we describe the relevant assumptions to treat the uniformly elliptic case, and therefore
models as those appearing in Section 5.0.3. In this case we shall retain the structure assumptions
in Section 5.1.1 and this time consider

gi(x,t) = gi(t), i€{1,2,3}
91(t) < g2(t) < Kgu(t) (5.1.21)

GL0)VE + 12 < gs(t) < Kgi ()1 + p?

for all t € [T, 00), where K > 1.

5.1.5 Summary of assumptions and dependence on the constants

Here we summarize the basic structural assumptions on the integrand F(-) that, beside those
considered on f, shall imply various degrees of gradient regularity for local minimizers. These
are

sety, := {(5.1.1)-(5.1.5), (5.1.12)-(5.1.18), }

seto := {(5.1.1)-(5.1.5), (5.1.12)-(5.1.18) }

setiwo := {(5.1.1)-(5.1.5), (5.1.12)-(1.1.11), (5.1.19), (5.1.20) } (5.1.22)
setyni := {(5.1.1)-(5.1.12), (5.1.21) } .

Specifically, we denote by set,, the assumptions used to get results of the type Du € L, (€, RN xn)
for every p < oo and n > 2. The assumptions set,, and setiy, are used to prove that
Du € L2 (Q,RY¥*") when n > 2 and n = 2, respectively. Notice that in set,, we only re-
tain the first condition in (5.1.18), the one involving o as in (5.1.14); we shall use the whole
assumption (5.1.18) only when showing L*-estimates for Du. Finally, the set set,n; is used to
get gradient bounds when dealing with uniformly elliptic problems. In order to abbreviate the
dependence on the constants, we shall denote

data,, := (n, N,v,vy,a4,T, cq,Cp,d,0,5) ,
datay := (n7N7 v, vy, a4, T, cq,cp,d, 07&,0’) (5.1.23)
datatywo 1= (N7 Va’Yad-i-aTa Ca,Cb,d, 0',6',06) o

datay, := (n, N, T, K),

where a4 := sup,cq a(zr, max{1,7T})max{1,T}. It is important to notice that in the rest of the
paper, all the constants depending on the set of parameters in (5.1.23) blow-up when 7' — oo,
while remaining bounded when 7" — 0.

5.1.6 General results

Here we report our main results for minima of (5.0.1) in full generality. However, the minimal
regularity assumption (5.0.2) on f is not enough for proving Lipschitz regularity, therefore in
certain cases we shall strengthen it by requiring that

Lioe(n, 1)(,RY) ifn>3

e . (5.1.24)
(LogL)*(Q,RY), a>2 ifn=2.

f € Xioe(QLRY) := { 12

loc

The following two theorems are our main results on gradient boundedness for minima of (5.0.1)
in full generality.

103



Theorem 17 Let u € WI})’Cl(Q,RN) be a local minimizer of (5.0.1) under assumptions setu,
and (5.1.24) with n > 3. Then Du € L (Q,RN*"). Moreover there exists a positive radius

loc

R, = R.(datac, f(+)) <1 such that if B € Q is a ball such that r(B) < R., then
DUl ] oo 1y + |G (s [ Dul) || L= (1) (5.1.25)

c 7
< A= 0P[r@)° 1£(, Du)|l i@y + 1 fllzenny@) + 1}

holds for every t € (0,1), where ¢ = c(datac, ||h]|Lag)) > 1, 3,0 = B,0(n,d,0,6) > 0.

Theorem 18 Let u € WIE’S(Q,RN) be a local minimizer of (5.0.1) under assumptions setiyo
and (5.1.24) with n = 2. Then Du € L2 (Q,RN*2). Moreover, if B € Q is a ball such that
r(B) <1, then

DUl (1) + G (s [ Dul) || Lo (1) (5.1.26)

c 0
< T @ G D9 + 1l gemem +1]

holds for every t € (0,1), where ¢ = c(datawo, ||hlLa@)) = 1, 8,0 = 5,0, (n,d,0,5) > 0.

In deriving Theorem 17 we need to prove higher integrability bounds for the gradient, that are
worth being singled out in the following:

Theorem 19 Let u € W, (Q,RN) be a local minimizer of (5.0.1) and assume that sety, and

loc

(5.0.2) hold with n > 3. Then Du € L} (Q,RN*") for every p € [1,00). Moreover, for every

loc

p € [1,00) there exists a positive radius R, = Ri(datan,, f(-),p) <1 such that if B € Q is a ball
such that r(B) < R, then

»
1GC [Dul)llzrm) < gy |1EC Dl +1 (5.1.27)

c
(1 —1)%r[r(B)]
holds for every t € (0,1), where ¢ = c(datan, ||hllLa@),P), Op; Bp = Op, Bp(n,d, 0,5, p).
Finally, we give the main Lipschitz regularity result in the uniformly elliptic case.

Theorem 20 Letu € WI})’Cl (2, RN) be a local minimizer of (5.0.1) and assume that set,y,; holds
forn > 2 and that h,|f| € Xi0c(Q2). Then, u € Wli’COO(Q,RN). Moreover, there exists a positive
radius R, = R.(datauni, h(-)) <1 such that if B € Q is a ball such that 7(B) < R., then

—1
1E (| Dul)l| o ey < — F(Du) @y + 1|+ 1F1X 5 (5.1.28)

(1=t)"[r(B)]

holds with ¢ = ¢(datayn;)-

5.2 Approximation

Here we implement a truncation scheme aimed at approximating the original integrand (z, z) —
F(z,z) with a family {F.(-)} of integrands with standard polynomial growth, and suitably con-
verging to F(-). The new integrands preserve structure properties as (5.1.1)-(5.1.3), with corre-
sponding control functions g; ¢ (-), still satisfying relations as for instance in (5.1.16)-(5.1.18). For
this we shall revisit and extend a few arguments used in [16]. In this section we shall permanently
assume that (5.1.1)-(5.1.4) and (5.1.13) are in force, with their consequences. Therefore, all in
all, we shall permanently work using also (5.1.5)-(5.1.12). Additional assumptions as (1.1.10)-
(5.1.18) and (5.1.20) shall also be considered; in such cases all the results will work indifferently
with the values of 0,5, 0’ considered in (5.1.14), (5.1.17) or (5.1.19); we shall therefore omit to
specify which value of such exponents is precisely occurring. In the following we use a parameter
e such that 0 < ¢ < min{1,7T}/4.
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5.2.1 General setup

We shall use the numbers

Le ==+ €, T.:=T+1/e, (5.2.1)
and set
E(t) := 2+ p?, E.(t) = vt?2+ (u+¢e)?, (5.2.2)

for t > 0, where T and g have been introduced in (5.1.3) and (5.1.4) respectively. We start
considering the functions a.:  x [0,00) — [0, 00) defined as

SR R if € [e,7.) (5:23)
%@uug)%z it € [I.00)

for every z € ). Then, for t > 0 we define

F.(z,2) := F.(x,|z|) for F.(z,t) ::/0 a:(x,s)sds +eL, c(t)

. : - (5.2.4)
oclt) = 2 [+ 2712 =] = [ 6844 s
v 0
so that, in view of (5.1.2) and (5.1.5), it follows
t e Fe(x,t) € OL [0,00) N W22°[0,00) N O, ([0,00) \ {&,T}) forall =€ Q
z e Fl(z,t) € WEH(Q) for all ¢ € [0,00)
t = ac(z,t) € Wg°[0,00) N O ([0,00) \ {&, T0}) (5.2.5)
t+s F.(x,t) is strictly convex for all z € Q
t— F.(z,t) is non-decreasing for all z € Q.

The above definitions lead to the introduction of the following truncated control functions
gie: Q% [0,00) = (0,00), 7 € {1,2,3}:

9 @4 ifte
2+#2
gro@ 1) = 81§ g1(e,1) ift € [e,T.) (5:26)
Ti(xiTL(tszua) T ifte [T, ),
uE
Lazfi:;) } (B +p2)=  ifte(0e)
g2.c(,t) == g2 gal,t) + (> + p2) "7 ift ele,T) (5:2.7)
{(Tii(mz? ] (2 +u2) T ifte(T,00),
ME
g3,e(z,t) = g3 gs(x’t) iftele ) (5:25)
} ~—1 .
%WJH@T if t € [T%, 00)

where the constants g1, go and gz are defined by

g1 = min{l,y — 1} <1< gy :=4 (\/Nn n 7) and g3 := 2n. (5.2.9)
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We next introduce also the truncated counterparts of the maps defined in (5.1.11), i.e.

max{t,T} B
Gty = [ eles)sds, Gulet)i= Gele ) + @417 (5:210)
T

In the following we shall use repeatedly that

s+ p? :
1< |5 y <4 provided that s > T . (5.2.11)
2+

5.2.2 Five technical lemmas
We start with an analysis of the growth and coercivity properties of the integrands {F.(-)}.

Lemma 5.2.1 There exist constants {A:} and {Lc} such that the following properties hold:

1022 Fe(z,2)| < g2.6(w, |2]) if (x,2) € Ax {|z| > T,|z| # T.}
gre(m, |2)[€]? < 0., Fc(x,2)€ - € if (z,2) € Q x {|z\ >T,|z| # TE} (5.2.12)
|0n2Fe(2, 2)| < h(2)gse(x,|2])  if (2,2) € @ x RN*7

and
10 (2, 2)] < Ac(|2? + p2) = if (z,2) € A x {|z] # &, T}
eg1(|22 + 12) T €2 < 0. Fe(,2)6 - € if (1,2) € Q x {|2] £, T2} (5.2.13)
|0a=Fr(2,2)| < Leh(@) (|22 + p2) "% if (z,2) € @ x RN*"

for all £ € RNX™. Moreover we have:

ez, 5) ic(2,)
@)= - @)
0<s<t = c € (5.2.14)
g1,s(w,S) < c gl,a($7t)

y—2 = yY—2
(s>4n2)2 (t2+ug) 2

and for every (xz,z) € Q x {|z| > T}, there holds that:

CNE+ )T <que(et),  F@2)>G@l2),  F(e,2)>Ge(wl2), (5.215)

(v, )F (2, 2) > (|2* + p?)/? = (T% + p?)/?
9 o\m /2 2 o\m /2 (5.2.16)
(v, ) Fe(@,2) 2 (|2 + p*)/? = (T? + p?)/?
t
[E-(t)] — [Ec(])]" < ¢(v, ’y)/ g1e(x,s)sds  for (z,t) € Q x [T,00), (5.2.17)
T
where c¢(v,v) > 1. Finally, for another constant ¢ = c(v,a4.), the following holds:
F.(z,2) <c[F(z,2)+T7 + p?] for all (z,2) € Q x RN*™ (5.2.18)
and
€2 2vy/2  EML P 2 2\v/2
—(t* 4 p)? - == < F(z,t) < c(t* + p2)"* forall (z,t) € Q x[0,00) . (5.2.19)
Y v
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Proof. By (5.2.4)-(5.2.5), we first notice that 9., F.(x, z) exists for all (z,z) € Q x {|z| #¢,1.}
with
(|22 4 p2)=" L@) +5} Co(z) i (z,2) € Qx {|z] < &}

e24u2) 2
0. Fo(x,2) = { 8..F(2,2) +e(|22 + p2) "= C(2) if (z,2) € Qx{e<|z| <T.}

(1= +2)%" | s +s] Ce(e)  if (2,2) € x {Te < e},

where
z2Qz n
05(2) = ]INXn“‘('y_Q)W fOI'ZERNX .
g
Moreover, recalling (5.2.3), we have
Oza(x,e) 2 2\ 21=2 .
mﬂz\ +p2) T 2 if(m,2) € Qx{|z| <€}
e24p2
On:Fe(z,2) = ¢ Oza(x,|2])2 if (x,2) € QA x{e <|z| <T:}

Oza(z, T =2 .
e (o )T i (0,2) € T < el

Then (5.2.12)-(5.2.13) directly follow by (5.1.3),(5.1.5),(5.2.3),(5.2.6)-(5.2.8) and with the choice

JZ,T 8zzF‘ €,z
A i=go 1+SUPL‘€2,2 |—(w)—‘2 ’
ve0 (T2 + p2) 7 zeqlzlele.r] (|22 + p2) =
G

L. :=2n sup —1
c z€Q,t€(e,Tk] (t2 + /’('g)’YTl

Notice that we are also using (5.1.9)2 and (5.1.4); in order to get upper bounds for |0,,F¢|, in
(5.2.12); and (5.2.13);, respectively. We also use (5.1.8)2 to get (5.2.12)5. Conditions (5.2.14)
are a direct consequence of (5.1.4), (5.2.11) and of the definitions in (5.2.3), (5.2.6)-(5.2.8). The
inequality in (5.2.15); comes from (5.1.4), and (5.2.11). For (5.2.15),-(5.2.16), we notice

l=l (5.1.8), rlzl (5.1.11)
F(z,z) = a(z,s)sds > g1(z,s)sds =" G(z,|z])
T T
(5.1.4), |z L ;
> u/ (5 + )75 s 20 LB (al) - (B}
T

To show (5.2.15),-(5.2.16), and (5.2.17), we proceed as before when |z| € [T',T;). Instead, when
T. < |z|, again using (5.2.14)5, we estimate

T. ~ 2|
T y=2
Fo(x,z) > / a(w,s)s ds + a(xi’)g/ (s +pu2)= s ds

T (T2 +p2)"= Jr
T. |z
T \
> [t asr UL [T g,
. (12 + p2)° % .

t
= Ge(z, |2]) = / g1.e(z,5)sds
T

T: 2 2\ 12 |z

o T, o

ZVgl/ (82+M2)T23 dS+V91%/ (82—‘1-/1/?)728 ds
T (T2 +p2)=

1 l21 2 2 ’YT_Q 1 v vy
> o [ T sz S (B - (B
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Finally, the proof of (5.2.18) can be obtained as in [16, Lemma 5.2, (5.20)], taking into account
that F'(-) also depends on « and keeping in mind the definition in (5.2.4),, while (5.2.19) is direct
consequence of the definition in (5.2.4). O

The aim of next lemma is to transfer the various features of functions g;(-)-g2(+) to their
truncated counterparts g1 -(-)-g2.¢(+).

Lemma 5.2.2 For every 0 < e < min{1,T'}/4, it holds that

t
92.£(2, 9) <ec 92.2(2, 1) for c=c(n, N,v,v,cq)
T<s<t = 957 g1elnt) (5.2.20)
91,6(567 S)S < 9175($7t)ﬁ
for all x € Q.

o If (5.1.18) holds, then for all (x,t) € Q x [T, 00),
92 E(‘rvt) . = o A o
kA A
() = cmm{Gs(x,t) ,Ge(z,t) } (5.2.21)

holds for t > T with 0,0’ as in (5.1.14)-(5.1.17) respectively, while, if (5.1.20) is in force
we instead have

92,(, 1) 2

= L < oGz, ), 5.2.22

g1,g($,t) — E( ) ( )
again for all t > T and this time with o as in (5.1.19). In (5.2.21)-(5.2.22) it is ¢ =

c(n, N,v,7,cp).
o If (5.1.15) holds, and if & satisfies the bounds in (5.1.14) (or (5.1.19) when n = 2), then
10291, (2, 1)|t < ch(2)0[Ge(z,t)]* T for all (x,t) € Q x [T,00), (5.2.23)
where ¢ = c(v,7).

e For all (z,t) € QA x [T, 0), and with ¢(v,v) > 1, there holds

(2 + 12" < e(v,7)Ge(2, 1)

(5.2.24)
[91.c (@, )] Gre(@,t) < e(v,7)[Ge (2, )77 .
o For all (z,t) € 2 x [0,00)
€1 < eg <min{l,T}/4 = G, (z,t) < c(7)Ge, (2,t) (5.2.25)

holds true.

Proof. The properties in (5.2.20) follow from (1.1.3) and the definitions in (5.2.6)-(5.2.7); see
also [16, Lemma 5.3]. Arguing as in this last paper it is also not difficult to see that

T<s<T. — %238 o@s) e(n, N, v,7) (5.2.26)
gLE(Qj,S) gl(:L',S)

for every x € Q. Moreover, from the very definitions in (5.2.6)-(5.2.7) it holds that

9275(-’17, 3) — QQ,E(J:, TE)
gl,s(xvs) gl,s(xaTs)

for all (x,s) € Q x [Tz 00) , (5.2.27)
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and (5.2.20), follows by means of (5.1.13), and (5.2.15),. Combining (5.1.13), with the fact that
being v > 1, the map ¢ — (t* + NE)WT_zt is increasing, we obtain (5.2.20),. The following useful

estimate is a consequence of (5.2.20),:
(5.2.28)

t t
mﬁuﬁﬁdsSmﬁuxﬁ/°ds:mﬁuxﬁ@—TySmgawﬂ,
T

Gre(z,t) = /
T
that holds whenever ¢ > T. We are now ready to check the validity of (5.2.21). It is sufficient to
show that
g€ {od} (5.2.29)

t _ B
T<t — g2.c(@,) < cGe(z,t)°
gl,E(xat)

with ¢ = ¢(n, N,v,v,¢) to conclude. The proof of (5.2.22) is exactly the same, with a different

value of o, of course. We have:
(5.2.26) $) (5.1.18)  _ . (5.26) _ 5
T<t§Ts — 92,5( ) ) < 692(1'7 ) < CGT(QC,t)U < CGE(IL',t)U
91,5( )t gl(x’t)
and
go.c(x,t) 6220 gy | go(x, T2) + (T2 +u2)77_2
Tg St — 2,e\4y S 72 2Ly Le B €
gr.e(x,1) 0 g1(z, T¢)
(5.1.4) T (5.1.18)  _ . (5.2.6)  _ )
<’c {92(%5) E] < Gr(z,T.)° < cGe(z,t)°,

g (z,T.) v

and (5.2.29) is proved with ¢ having the dependencies outlined in (5.2.21). The proof of (5.2.23)
is a straightforward consequence of the definition in (5.2.6) and (5.1.15). Let us now take care
of (5.2.24);. For t € [T, T.), using (5.1.4)2 and (5.2.11), we see that (recall that ¢ < T/4)

+9> (8 22

~ L 2\y/2 (2 2 7/2}
Celart) 2 7 [(2 4 w272 = (1 4 12) =
while, when ¢ > T. by analogous means, we have

t T,

- T, y= €

Ge(x,t) = / M(sz +u§)T2sds+/ g1(z,5)sds +g

7. (T2 +p2) = T
(t* + p2)/?

t
2 2y252
sS4 pS)T o sds+g> ———

c(v,7) /T ( ) c(v,7)
As for (5.2.24),, this follows using (5.2.28) with (5.2.24),. Concerning (5.2.25), we see that it is
trivially verified if ¢ € [0, T] because of the definition in (5.2.10). On the other hand, by (5.2.6),

(5.1.4); and (5.2.11), for all (x,t) € Q x [T, 00) we have
g1 < e <min{l,T}/4 = g1.,(z,t) < c(7)g1,6, (7, 1),

so (5.2.25) follows as a consequence of the positions in (5.2.10) and the proof of the lemma is
O

complete.
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Let us connect now g;(-)-g3(-) with g1.(-)-g3.(-).

Lemma 5.2.3 Assume that (1.1.11) is in force; then, for every 0 < ¢ < min{1,T}/4

3.2 (@, VB + i < c[Ge(x,1)]'T7
2 (5.2.30)
M c ~ x 1420
91.0(z, ) < c|Ge(x,1)] ,

hold for all (x,t) € Q x [T, 00), for ¢ = ¢(n, N,v,7,cp).

Proof. When t € [T, T.), the proof of (5.2.30) follows directly by the definitions (5.2.6), (5.2.8)
and from assumption (1.1.11). Therefore we restrict ourselves to the case t > T, set t. :=t/T.,
introduce the quantity: ~

e (17, TE)
G (z,1)

(vaa)
x,t

o < 1 (5.2.31)

9. (t) := = Cé‘

and bound via (1.1.11); and (5.2.11):

v/2
t2 2

gm0V +p2 < cgs(x, To)\/T2 + 12 (wi/:f?)
£ €

< fGela, Tt < e()[Q (O] TG (2, 1))

Observe that, if t. < 1000, then (5.2.30); follows using (5.2.31). In the case t. > 1000 we instead
estimate

.10) Gz, Te)

;
/gl)g(x,s)sds—i—T'Y—i—l
Te
2 2
g1(@.Te) 2 fe2 "/ (1 pe 2 "
’Y(Tf-&-u?)%Q : e rT \r

te>1000 ()G (2, T) (T2 + p2) "7
- gl(x, TE)Tgt’EY

o2 [ TITI2 42T | (004 02+ 2)F
C

= v g1(z, T)TOtY g1z, T.) T2t
(5.1<.4)2 c(v) ) T +1 <C(V7’Y)

= 7 vId | Tt

therefore B B
93,5(1', t)v 2+ :ug < Cts_UW[GE(‘% t)]H_U < C[Gf(m7t)]1+ov
where ¢ = ¢(n, N,v,v,¢). As for (5.2.30), similarly to (5.2.30), using (1.1.11), we have

v/2
[93,5 (z, tﬂQ [93,5(95, TE)P t? + Mg 1420 17 [ A 1420
et) S oge(edy) \TZrp) S AROITTEGD)

and (5.2.30)2 follows arguing as for (5.2.30);. O
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We next present some convergence arguments which will be very helpful for passing to the limit
in certain approximating problems defined by means of the {F.(-)}.

Lemma 5.2.4 Let B € Q be a ball with rad(B) < 1 and 0 < ¢ < min{1,7T}/4 and let w €
W7 (B,RY). Let o be as in (5.1.14)-(5.1.19) and assume that, for some p > 1+ o there erists
a positive, finite constant so that

liminf [ Ge(z, |Dw|)P dz < C. (5.2.32)
e—0 B
Then
/ |F'(z, Dw) — F.(x, Dw)| dz — 0 and / |Ge (-, |Dw|) — 1Gr (-, |Dw|)| dx — 0, (5.2.33)
B B
where g1 is as in (5.2.9).

Proof. Assumption (5.2.32), definitions (5.1.11) and (5.2.6) and Fatou’s Lemma yield

e—=0

g’l’/ Gr(z,|Dw|)? dz < liminf/ (1Gr(x, |Dw)))? dz
B Bn{|Dw|<T:}

Sliminf/ Ge(z,|Dwl|)? dz < C,

e—0 B

which in turn implies that

Gr(-,|Dwl|) € LP(B). (5.2.34)
Notice that, by Markov and Hélder inequalities we have

{Dw| > T} < T Dl ] gy < 2 1Dw] T (5.2.35)

From the definition in (5.2.3) we see that a.(x,t) = a(x,t) for all (z,t) € B x [g, E) s0, using
this fact, together with (5.2.4), (5.2.14)1, (5.1.9), (5.1.13), (5.1.18)-(5.1.20) and (5.2.35) we get

/|F (x, Dw) — F.(z, Dw)| dx < 8/ {(|Dw|2+ug)% —,uz} dx
Y JB

+4// e 227 | s dsda

82 +/L ) 5

Dul T
+/ / a(x,8) + —————— (x ) JF#E s dsdz
BN{|Dw|>T.} A (T2+,u5) 2
€ N .
S*/ [(|Dw\2+/~é)2 —,ug} dz + ¢(n,v,a ){(5 +p2)? - Z
Y JB
[Dw|

+C(’Y)/ / a(z,s)s ds | dz

Bn{|Dw|>T:} 0
6 2 -~ £
S7/ [(|Dw\2 +l‘§)g *ﬂz} dx + c(n,y,a™) {(52 +Ng)3 ,uz]
Y JB
+e(y,a")[BN[Dw| > Te| + ey, Cmcb)/ Gr(z,|Dw|)' dx

Bn{|Dw|>T:}

6 2 -~ £
S%/B ((Dwf? + u2)F — 2] dw+e(ny,a*) |2 +u2)F - 2
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140

+e(y, @) + ey, carcp)e T / Gz, |Dul)” dz| 0,
Bn{|Dw|>T-}

because of (

5.2.32), (5.2.34) and the dominated convergence theorem. Now, using (5.2.34),
(5.1.11), (5.2.6), (5.2

.10), (5.2.14), and the dominated convergence theorem we get

)

/B Ge(|Dwl) — @G (-, |Dul)| de

|Dul 72
:gl/ / g1(x,5)s — (73( Ppd)Ts| | dsde
BN{|Dw|>T.} | JT. (T2 + p2) =

1
Sc(w)ewpp_l) / Gr(z,|Dw|)? dz | —0,
Bn{|Dw|>T:}

and (5.2.33) is completely proven. a

Lemma 5.2.5 Let B € Q be a ball with rad(B) < 1 and 0 < &1 < &2 < min{1,T}/4 and let
w e WE(B,RN). If Gr(-,|Dw|) € LP(B)  for some p > 1+0, with o as in (5.1.14)-(5.1.19),
then

ptito

/ |Fe, (2, Dw) — Fe, (x, Dw)| dz < ofes) </B[G51(x, |Dw|)]pdx+1) T (5.2.36)

where o(e2) denotes a quantity such that o(e2) — 0 as e3 — 0. Moreover, there holds that

ptito

/ |z, Dw) — Fiy(z, Dw)| dz < ofe2) (/B[GT(:C, \Dw)]? de + 1) T (5237

Proof. We denote
t
Fulw,t) = Fo(a,t) — eL, () = / i (z,5)s ds (5.2.38)
0

and in the following we always take 2 € B. Proceeding as for (5.1.8)-(5.1.9), thanks to (5.2.12)
we get
ae(z,[2]) < g26(2,|2]), for every e <min{1,T}/4, (5.2.39)

provided |z| > T. In the case it is |z| < &g, by (5.1.4); we easily have

|Fey (2, |2]) = Fuy (| 2))| < | (0, 20) | 4 | FLy (2, €2) |
_ 2 Y2 - ° =2
SC”(I(',l)”Loo(B)/ (52+,u§1)72 sds+c||a(~,1)\|Loc(B)/ (52+u§2)72 s ds
0 0
S 0(&‘2) B

Recalling that a., (x,t) = a.,(x,t) when g5 < |z| < T.,, by also using the information in the last
display, we find

|Fey (2, |2]) = Foy (@, |2])] < JFL (2, 82)| + | Fry (2, 62) | < ofe2) (5.2.40)
Finally, when |z| > T., we have, using also (5.2.11)
_ (5.1.4), B el
Fey (2, ]2]) = Foy (2D < [Fe (0, Ts,) = Fey (2,12, +C/ e, (2, 5)s ds

Te,
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(5.2.40) ||
< c/ e, (x,8)s ds + o(e2)

T.,

(5.2.39) ||
< c/ 92,6, (z,8)s ds + o(e2)

T.,
(5.2.20) ||
§ 1 Cw / 91,51 (l', S)S ds + 0(52)
gre (2, [2]) Jr.,
(5.222) _ lio
< G (2 [T+ ofe2) -

Using the content of the last four displays, and also Holder’s inequality, we get
[ 1Feste|Dul = Fosfo Du] ds < o(ea)| B+ [ (G (o [Du)] da
B BN{|Dw|>Tc, }

p—l—0o

<o(e2)|B + [BN{[Dw| > T, }[ > </B[Gsl($, | Dwl)]? d

)(1+J)/p

for ¢ = ¢(v,v,p). On the other hand, observe that

5.2.24

( ) _
B {|Dw| > T, }] STE;””’/B|Ddem < 1cegp/]3[G51(x, \Dw|)]P dz

Combining the previous two displays yields

J

where ¢ = ¢(n, N,v,, ca, ¢y). Next, notice that by using again (5.2.24); and Hoélder’s inequality,
we get

ptito

P D) = Pl | Dul)| o < Blofea) + ] ([ (G (e Dupa) T

/ |€1L%51(Dw) —eol, ., (Dw)| dx < 052/ (|Dw|? +1)"/2 da
B B

< ces ( /B [Gel(x,|Dw|)]pdx>1/p .

Combining the content of the last two displays and recalling (5.2.4) and (5.2.38) yields (5.2.36).
As for (5.2.37), this follows from (5.2.36) and (5.2.33) letting e — 0. Indeed, notice that, since
Gr(-,|Dw|) € LP(B) with p > 1+ ¢ and ¢ as in (5.1.14)-(5.1.19), then, by (5.2.25) we deduce
that (5.2.32) is verified. Hence, by (5.2.33);, Fatou’s lemma works for the left-hand side; as for
the right-hand side, we can exploit (5.2.33),, (5.2.25) and the dominated convergence theorem
to conclude. g

5.3 A priori estimates

This section is the core of the paper as we here develop the basic a priori estimates. These
are obtained for local minimizers of more regular functionals approximating the original one
in (5.0.1). We shall permanently assume that assumptions set,, are in force, therefore all
properties (5.1.1)-(5.1.16) and (5.1.20) will be available. Eventually, we shall use additional,
more restrictive conditions depending on the degree of regularity we are going to be interested
in. With 0 < & < min{1,7}/4 and B € Q being a ball such that r(8) < 1, we consider a weak
solution u € W (B;RM) to the system

—divac(z,Du) = f in B, (5.3.1)
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with
f e L=(B,RY), |f] < |f| for some f € L™(B,RY) (5.3.2)

and a.: Q x RVX" 5 RNX” heing defined as

)

0. F.(x,2) = ac(z, 2) = ac(z, |2|)2, ac(z,t) = ac(x,t) +e(t® +p2)"z | (5.3.3)

and where a.: Q x [0,00) — [0,00) has been introduced in (5.2.3). The growth and ellipticity
properties of the vector field a.(-) are expressed in (5.2.12)-(5.2.13) and it follows that w is a
local minimizer of the functional

W(B,RY) 5w /@ [F.(z, Dw) — f - w] dz = /(B {FE(:C, |Dw|) — f-w| dz . (5.3.4)

Summarizing, a.(-) is such that z — a.(x,t) € VVlicd(Q) forallt >0, t+— a.(z,t) € VV&);X’ [0,00)N
Ct.([0,00)\{e,T.}) i.e., it is locally C''-regular outside {e, 7.} and it is such that a’(z,0) = 0 for
all z € Q. This implies that 2 — a.(z,z) € WoH(Q,RVN*") for all z € RV*" and z +— a.(z, 2) €

loc

WL (RN*") for all € Q. Finally, the functions ¢ — a.(-,t) and gy .(-,t) are non-decreasing

loc
when ~ > 2; this is indeed an easy consequence of assumption (5.1.4);. As for (5.1.8)-(5.1.9),

from (5.2.12) and (5.3.3) it follows

91(, |2]) < ez, [2]) < g2.0(w, |2]) (5.3.5)
and
{ ac(o, 2D) + Lo, 12D1z] 2 g1, (o, 21) 550
ac(x,2]) + az(z, |2))|2] < g2.¢(, |2])
for all (z,2) € @ x {|z| > T, |z| #T:}. A direct consequence of (5.3.5)-(5.3.6) is
laL(z,|z])||z| < g2.e(w,|z|) forall (z,z) € Qx{|z| >T, |z| # T}, (5.3.7)
while, similarly to (5.3.5), by (5.2.13) we have that
egr (|22 + 1) <ac(a,|2) < A2 + u2) T (5.3.8)

holds this time for all (z,2) € Q x R¥*" (recall that 2z + a.(x,|z|) is continuous). From
properties (5.2.12)-(5.2.13) we can conclude that Theorem 21 applies to u and this yields
Du e L (B,RVN*™),  we W23(B,RY), a.(-,Du) € W2 (B,RV*™) . (5.3.9)

loc loc loc

As for the expression of Dac (-, Du), we need to apply a non-autonomous chain rule [66, Theorem
1.5].  We remark that the crucial point to apply the results from [66] is that the set of non-
differentiable points of the partial map ¢t — a.(x,t) is {e,7-} and is therefore independent of z
(here this holds for every x, but a.e. x is still allowed). Specifically, with slight abuse of notation,
let us write

o,

_ aB _ — —/ i % Nxn
(020 (7, 2));; = e(w, 12])0i008 + 1o (|2])a(z, |2])|2| EER for z € R . (5.3.10)

and here we are denoting by 14(-) the indicator function of the set @ := R\ {¢,7.}. Then,
recalling that |Dul € Wllof(ﬂ) by (5.3.9), we have

D;lac (-, Du)] =0, a-(x, Du) 4+ 0,a.(x, Du)DDsu
=0y, 0 (x, |Du|)Du + ac (z, | Du|)InxnDDsu
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Du® Du

1 (| Dul)az (z, | Dul)| Dul [Dul?

DD,u . (5.3.11)

Notice that, exactly as in the usual autonomous case, the presence of 14 (|Du|) in (5.3.10)-
(5.3.11) accounts for the fact that terms as a.(z,|Du|)Ds|Du| are interpreted as zero at those
points where |Du| € {e,T.}, i.e., where a.(z,|Du|) alone does not make sense; see [66]. These
same arguments apply to G.; indeed, notice that for every = € Q, the function ¢t — Gc(z,t) is
differentiable at every point but T" and by (1.1.10) satisfies the assumptions of [66, Theorem 1.5].
Therefore it is G- (-, Du) € W,"*(B,RN*") and, on {|Du| > T}, we have

loc

[Dul
D:G.(z, |Dul) :gl,g(:c,|Du|)\Du|Di|Du|+/ Do g1 o (. )t dt
T

N n | D
= g1.¢(x,|Dul) Z Z D;Dsu®Dsu® + / Oz, g1, (z, t)t dt (5.3.12)
a=1s=1 T
for every i € {1,...,n}, where we have also used that
1 N n
Dy|Du| = Dul z:: ; D;Du®Dgu® . (5.3.13)

Notice also that D;G.(x,|Du|) = 0 a.e. on the complement of {|Du| > T}. We conclude this
part with

Lemma 5.3.1 For A= (\;) € R" and z = (2f) € RV*n 1<i<nandl<a<N

A~z
ac(z, [2)A - A+ 1gp(|2])ac(z, [2]) \ZIZ |Z|2
> i {000, 1) (o o)+ Lo (D o [eDI1} P 3 gnclo FDNE (53,14
holds for every x € Q.

Proof Indeed, (5.3.14) is trivial by (5.3.5) if a.(x, |z|) > 0. Otherwise, we can estimate simply
a-(z, |z]) |- z"\Q ( |z])|z*|?|\|? for every v and then use (5.3.6),. O

5.3.1 Caccioppoli inequality for powers

The main result here is

Proposition 5.3.1 Let u € W1 (B,RY) be a solution to (5.3.1), under assumptions sety, for
n > 3. Then, for each p € [1,00), there exists a positive radius R, = Ry(datan,,f(-),p) <1 such
that if 7(B) < R. and B € B, are concentric balls contained in B, then

017
|G, 1 Dbl g5,y < 1F-( Du)lzs s,y +1 (5.3.15)

_ ¢
(0—¢)P»
holds with ¢ = c(datam, [|h|| @), ) > 1, Bp, Op = By, Op(n,d,0,6,p) > 0.

The proof will take this and the subsequent Sections 5.3.2-5.3.3; in the following, all the balls
but the initial one B, will be concentric with those from the statement of Proposition 5.3.1. We
notice that all the foregoing computations, except those involving f, still work in the case n = 2,
the analysis of which will be done in Section 5.3.7 below. To start the proof of Proposition 5.3.1,
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we observe that properties (5.3.9) legitimate the passage to the differentiated form of system
(5.3.1), that is

Z/ [0.ae(x, Du)DDgu - Do + 0y, ac(x, Du) - Do + f - Dyp] dz =0, (5.3.16)
which holds for all ¢ € W,*(B;RY). Notice that we are going too use (5.3.10)-(5.3.11) repeat-
edly. In the following, we shall consider an arbitrary fixed ball Bg, € B such that

0<o<R.,<1 and Bg €8. (5.3.17)

The precise size of R, will be quantified in due course of the proof. Moreover we shall consider
concentric balls B, C B;, € B,, C B, C Bpg,;in particular it is 7 < 72. By (5.3.9), the integral
identity in (5.3. 1()) can be tested agalnbt s = n?[Ge(x, | Dul)]" ™ Dgu for s € {1,...,n}, where
x>0 and n € C}(B,) satisfies 15, <7 <1p_ and |Dn\ S1/(rg—711). It follows

Dy, =n?[Ge(x, |Du))]" ' DDyu + (k + 1)n?[Ge(z, | Du|)]*Dsu @ DG.(x, |Du)
+ 2n[G.(x, |Du)]"* T Dyu ® Dy . (5.3.18)

By (5.3.18) we have

Z/aae x, Du)DDsu - Dps dx

= Z/ z, |Dul)]"d.a.(x, Du)DDsu - DDyu dz
(r+1) Z/ z,[Du|)]*0.a-(z, Du)DD;u - (Dsu ® DG (x, |DU|)) dx
—1—22/ (z,|Du|)]**0,a.(z, Du)DDgu - (Dyu ® Dn) dx
= (I), + (I0), + (III), . (5.3.19)

Notice that in the display above and in the following ones until (5.3.26), as G.(t) =0 for ¢t < T,
all the integrals above actually extend only on B N {|Du| > T}, therefore we can always use
(5.3.12) when computing the derivatives of G.. To proceed, we have

(5.2.12),
M. 2" [ PGuw DU gl [Du) | DAuf? do =i 81
B

We temporarily shorten the notation as follows:

A,(Du) 1= (-4 1)[Ge o [ Du " 2
T @(z,|Du)| D
#.(Du) := (£ + 1)1y (|Dul)[Ge(z, [Dul)] “gi@|Dal)
d

Recalling (5.3.10)-(5.3.13), we then re-write

(1), = /@ 29.(Du)DG.(z, |Du|) - DG.(x, |Dul) do
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N 2
) (DG<(z,|Dul) - Du®)
—|—Z/@n ! (Du) Dul? dz
a=1
\Dul
—/nQWN(Du)/ Dogr o (@, )t dt - DG (z, |Dul) de
B T

N |Du\ . o
—Z/nzﬂé(Du) / Oug1.c(z, )t dt - Du® (DGE(‘T"DUJ) D) 4y
=1/B T [ Du|

= (), + (1), 5 + (1), 4 + (1), (5.3.20)

We now observe that
(M +an? > (k + 1)/ n?[Ge(z, |Dul)*| DG (x, | Du))? dz =: S> . (5.3.21)
B

Indeed, this follows from

(5.3.14) with A = DG, and z = Du. Then we have, by using (5.2.22)-
(5.2.23), (5.3.5) and (5.3.7)

9 ,{926( ,‘DUD
(D), | + (1) ] gc(m—l)/@n h(z)[G<(x, |Dul)] g1 (x, | Dul)

| </ " G ‘“) DG (, | Du])| dz

T
SC(HJrl)/@nzh(ﬂ:)[Gs(% | Dul)]*[Ge(, | Dul)]' 77| DGe (2, | Dul)| dz

G

B . 1/m
st : ( | w6 Du) (G (o D ) d””)

where ¢ = ¢(n, N,v,v,¢), and arbitrary £ € (0,1). Notice that in last two lines we have used
Young and Holder’s inequalities. Similarly to (5.3.20), we also have

(ITI), = 2/ nGe (@, |[DulF(Dw) 1y o \Duf) - Dy da
®B K + 1

+ 22/ NGe(z, | Dul)#.. (Du) (DG, (x,|Dul) - Du®)(Du® - D) dx

(k + 1)|Dul?
. D o D |D’U.‘
o 10, 1Dt (D) ( / axglvaw)tdt.m) "
? T
Ge(z,|Du))#. (Du) [ 17"
22/ U K—‘Fl |Du|2( ) (/ 0z91,c(x,t)tdt - Du® | (Du® - D) dx
T
=: (IIT), ;, + (I1I), 5 + (1I), 5 + (IIT), , . (5.3.22)

Using again (5.2.22), (5.3.5), (5.3.7), Young and Holder inequalities, we have, for every & € (0,1)

ot1 92,6 (T, Du
(D). |+ |, | < e /@H[Gs@,mum w182 DU, o D) Dyl de

9 (@, [Dul)
SC/n[ (@, [ Dul)]" G (@, | Dul))7| DG (w, | Dul)|| D] da
B

<&t = [ IDHPIGL DU et D)) do

1/m
. ,
< ES D 2m . D mk . D 2m(1+o)
<82t s ([P 6L DU Gt D) )
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and, using now also (5.2.23), we get
(), 5] + (L), 4] < C/@Wh(ﬂ?)[Ga(x,|DU|)]K+1[Ge(1‘a8)]1+U+&\D77| dz
< [ P(Gua DU do
3
1/m
+ellhll7 g (/Q;|D77|2m (@, | Du))]"™"[Ge (x, | Dul )P+ +) dx)
with ¢ = ¢(n, N,v,7,c,). Now we look at the second group of terms stemming from (5.3.16)
n n
Z/ 0y, ac(x, Du) - Do, dx = Z/ n*G.(z,|Du|)*** 0, a.(x,|Dul) - DDsu dx
- Ja

+(k+1) Z/ (z,|Du|)]*8,, ac(x, Du) - (Dsu @ DG.(z, |Dul)) dz

+ 22 / 2, | DU 10, a. (@, | Dul) - (Dyu @ D) do =: (1), + (I1), + (I11), .
From (5.2.12),, (5.2.30),, Holder and Young inequalities we obtain, for arbitrary & € (0,1)
(D, | SC/ 1 h(2)[Ge(x, [ D))"+ g5 o (z, | Dul)| D*u| dz
®

<esi+ £ [ h@P(Guto, [Dup) 1 22 DU

— = dx
91,2, [Dul)

1/m

=Q c m MK m o
<o+ Z Al ( | w6 DU (G D) dx) |
where ¢ = ¢(n, N,v,7, ¢;). Using this time (5.2.30); we get
|(ID), | Sc(n+1)[3n2h(x)[05(x, | Dul)]" g3« (x, | Dul)| Dul|[ DG (, |Dul)| dz
o c(k+1 "
<esa + U [ PP IG D] oo [DUDPDUP 4 42) o

c(k+1)

1/m
<&8y + P01 ( /B ?™ (G (x, | Dul)]™[Ge(x, | Dul)] ™+ d:c)

with ¢ = ¢(n, N,v,7,¢,). Again, (5.2.30),, Holder and Young inequalities render that
(D), | < / 0h(2)[Ge (| Dul) g3 - (a, | Dul) | Dul [ Dn| da
<c /@ (G, Dul)? da
+ C/@anF[h(fﬂ)]Q[Gs(% | Dul))* (g3, (x, [Dul)*(|Dul? + p2) dz

<c / (G, | Dul)+? da
®B

B 1/m
el ([ IDAP7G o, DU Gl DA da) L (329

118



where ¢ = ¢(n, N,v,7,g,c). Finally, we examine the contributions to (5.3.16) coming from the
terms featuring f:

Y . r = ul)]F T u dx
;[Estwsd Z/ &, [Du)J*' f - DyDyu
+(k+1) Z/ z, | Du))*DyGe(z, |Dul)(f - Dyu) dz

+22/ z, | Du))]* ' Den(f - Dyu) da
= (), + (II), + (I1T),

Using (5.2.24),, Holder and Young inequalities we get
M), < / 72 (G (z, | Du)+ £ D] da
. c . _
<81+ 2 [ G DUl oo [ D)) Ge [ Dul)] d
c _
<esi+ 2 / P If (G-, |[Du)*[Ge (, | Dul)]/7 da
2/2*
2 ( [ (Gt D) G o D) ) ,

with ¢ = ¢(n, N,v,v) and where, according to the standard notation, it is

c
<&8) + g||f|

2z if 2
9% 1= { n-2 e (5.3.24)
any number larger than 2 if n=2.

Here recall that n > 3. Moreover, by (5.2.24),, Holder and Young inequalities we get
|0 | <e(s + 1)/@772[6’5(% | Dul)]"| f[[DGe(z, | Dul)|| Du| dz

<o+ L [ RIPIG o, DG o DU P
B

<8, + C(/Q-‘rl)ﬂf‘%n(qg) (/ 7]2*[ () ‘Du|)]2 n/2[ (=, |Dum )2/2* |
B

3

for ¢ = ¢(n, N,v, ). Finally, from (5.2.24),, Holder and Young inequalities we deduce that

()| <c [ 3G (o. | DU |1 Dal| Do da

/ IDy(Ge (.| Dul)]<2 d + / I f2(G- (2, | Dul)]F[Ge (o, | Du) 7 da
<c / Dn2(Ge (2, | Dul) ¥ (G (i, | Du)
2/2*
el 2 (/ﬁ 17 (Gl DU G DU ) (5.3.25)

where ¢ = ¢(n, N,v,7). In the previous three displays, we also used that, by (5.2.10), it is

G-(-) > 1 for all (2,t) € Q x [0,00), thus [Gc(-)]"/7 < G.(-). Merging the content of all the
displays, from (5.3.19) to (5.3.25), with (5.3.16), choosing & > 0 small enough (in order to
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reabsorb terms in the usual way), we get, after a few standard manipulations, and again using
that G.(-) > 1

Si+82<c [ (i + D) (Gul DU Gute, DU s
B

a1
m

+e(s + DAl 7 (/@ (n2m+\Dn|2m) [Ge(, |Dul)] ™ [Ge (x, | Dul)] (o +o) da:)

2/2*
ek + DI 2y ( / 7 G, | Dul) (G (2, | Dul)]* dx) . (5.3.26)

with ¢ = ¢(n, N,v,7, ). Now we notice that, by (5.2.10), it follows
Ge(z,t) < Ge(w,t) < g[Ge(z,t) +1] (5.3.27)

for all (x,t) € 2 x [0,00), therefore, recalling (5.3.21), estimate (5.3.26) can be rearranged as

(/’»+1)/@772[6’5(%IDUI)]“IDGE(% |[Dul)|* da

1

m

< (i +1) (I ugm) +1) ( [ (7 ™) [[Geto D223 1) dx)

*

) 2/2
+ean (K + DI 17 ) </@ n? [[Ga(% |Dulf)] = "2 4 1} dw) ;

where ¢, cap, = ¢, can(n, N,v,7,¢) and every number £ > 0. Combining Sobolev-Poincaré in-
equality and (5.3.28) we obtain

(/@ i [[Ge, | Dul) 5 42 4 1] dx) < (/@772* [(Ge(a DupyE+ 1] dm)

<e / D((Ge (e, |Dul)]F+ + 1)) da
B

2
%

1

m

< ek + 1 (Il acq) + 1) ( /@ (7 + | Dl ) |[Ge(ar, | D] 2720200 14 dx)

i 2/2"
+ean (5 + 121 () (/@ n® [[Ge(a, |Dul)] 42 1] dx> : (5.3.28)

with ¢, car, = ¢, cap(n, N,v,7,¢,¢). We now determine the radius R, such that r(B) < R,
mentioned in the statement of Proposition 5.3.1. Specifically, we fix £ > 0 and, using the
absolute continuity of the integral, determine R, = R.(data,,,f(-),%) € (0,1) such that

(5.3.1) 1
can(B+ DN flins,) < e+l s, <5 - (5.3.29)
With (5.3.29) being now in force, for all Kk < & estimate (5.3.28) becomes
2%
( / " [[Gs(x, | Duf)] 7 (++2) 4 1} dx) (5.3.30)
®

3

< e(w+ 1) (Al +1) (/B (2 + 1Dy ) [[Ge e, | Dul 220200 4] dx>

for ¢ = ¢(n, N,v,v,g,c). For the following we set

n<d 2% n d—2
1 = = _ 5.3.31
<X 2m n-—2 d ( )
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5.3.2 Moser’s iteration in finite steps
With 1 < € N, we inductively define the exponents
k1:=0, Kit1:=xki+2)—2(14+04+7), si:=m(k;+2+20+25).

Notice that (5.1.14) yields
c+o<x—1

and this implies that {x;} and {s;} are increasing sequences; moreover, it holds that

i—1 i—1
Kit1 = 2 Xi—(a—i-&)ZXj—l and s;11 =2m xi—(a—i—&)ZXj
3=0 j=1
Notice that this implies
Sit1 = —(k; +2) and therefore kijp1 < si41 < 2mxt,  kipr < 2X°.

2
Again (5.3.33) implies

) 5)(1 — 1—3 ) S
X — 1 1 1—>00

(5.3.32)

(5.3.33)

(5.3.34)

(5.3.35)

(5.3.36)

so that from the first relation in (5.3.35) it also follows that x; — 0o. For 0 < ¢ <11 < 72 < p,
we consider a sequence {B,, } of shrinking balls where g; := 71 4 (72 —71)27""1. Notice that {o;}

is a decreasing sequence with g1 = 7 and g; — 71, therefore it is [, oy
Accordingly, we fix corresponding cut-off functions {n;} C C!(B) with

1 20
]lBgv < i < ]lBQv and |D7’]z| 5 ~ .
o ! Qi — Qit1 T2 —T1

Choosing n = n; in (5.3.30) and making elementary manipulations, we get that
1/x

/B [(Ge(a, [Du)]" + 1] dz

Qi+1

2m X
A (Ihll oy +1) " 22mis; + 1)

(Tg — 7-1)2m

[ G Dal +1) ao
B

Qi

B,, = B,, and B,, = B,,.

(5.3.37)

hods whenever ; < K, with ¢ = ¢(n, N,v,7, g, ¢). Finally, we set ¢, := (c[|h||pa(g) + ¢)?” and

1/s;
[[Ge(z, |Du))]* + 1] dx) ,

so that (5.3.37) (recall that 2+ = 2myx by (5.3.31)) becomes

Q4

_1
Sit1 Xs;

Sid1

ch22*i(ni + 1)2*

(g — )%

Giy1 < [

Iterating the above inequality yields that

X7 )
sit1 x'sy

QfT holds provided k; < & .
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Now, from (5.3.36) we deduce that

i+1 -1
X < xk=1) (5.3.39)
Siy1 ~ 2m(x—1—0—0)
The function ¢ — ¢/x* is decreasing on [1/log x, o0) and using this fact one sees that
J c
- < . 5.3.40
z:: X7 logx (x —1)? ( )

We then write

ﬁ ch22*(i_j)(:‘<&i7j + 1)2* Si+1
Y
-1 g i-1 . i1
~ exp 10g< ) Z Z(if I+ 23 i log(mi s 1)
(2—71 Sit+l 2 =0 i+1 57

and notice that, for every integer ¢ > 1, we have

i—1

1 (5.3.39) 1 =l C (5 340)
X< e, > (i—34) ]<sz 72
Sitl 75 Si+l 75
and
i1 u R
2% 1o 2 _ (5.3.35),(5.3.39) (5.3.40)
%223 X log(kinj + 1) < I (5.3.41)
Si+1 =0 =0 X7

where ¢ = ¢(n,d,0,5) in all cases. Using the content of the last three displays yields

I
Si41 - ¢
— <
~ (7_2 — T])B o,

1:[ 22 (=9 (k i+ 1)

T2 —71)2

where ¢ depends on n, d, 7,7 and ||h| p4g), and it is 8 = B(n, d,0,5). Notice that such constants
blow-up when y — 14 0+ 6; in particular, this happens when d — n. Using (5.3.41) in (5.3.38),
and keeping (5.3.39) in mind, yields

|G=(z, [Du)|| Lo+ (B,,) < Git1
XiSI 5
< G 1+ 1|G (- [Dul) | 2 (5.3.42)
T (e-m)f T (2 —m)f o L1 (Bry) | 7 -

with ¢ = c(datan,, ||h||L«@)) and B = B(n,d, 0,5), for every i € N such that x; < k.

5.3.3 Sobolev regularity

For every index ¢ € N, we consider the interpolation inequality

i 1-X; 1
IG- (1Dl 1o1 (8,,) < INGeC [Dul)[34 p, IGe (s I Dul) Il 5 (5.3.43)
with A\; 1 being defined by
1 A i -1
=1l A+ s = sl =l (5.3.44)
51 Sit1 s1(si+1— 1)
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Let us show there exist J = J(n,d,0,6) < 1 and i; € N such that

Air1X’ =
P>y = SHXT 5 o (5.3.45)
Sit+1
For this, it is sufficient to observe that
syt i — 1 . 1l4o+6— L (5119
i 2EXSL g Xim D) TR0 HO gy G (5.3.46)
1—00 Si+1 1—00 Si+1 — 1 _ gto

x—1
Note that the last inequality is actually equivalent to (5.1.14). Now, fix a number p > 1, and
determine another index k > 47 such that sx41 > p; accordingly, we consider the number ry
related to si via (5.3.35). We now choose the number & = R(p) in (5.3.29) as k := Ky, and
accordingly we determine R, = R.(datay,, f(-),p) via (5.3.29). It follows that (5.3.42) holds in
the case ¢ = k and therefore we can plug (5.3.43) in it, thereby obtaining

1G< (-, [Dul)]

L°k+1 B 1)

Ak-;-leSl (1— >\k+1)x"51

pii(pIGC DUl gy + 1 (5.3.47)

C

< m |Ge (-, [Dul)|

On the other hand, as k > i1, then (5.3.45) holds with i = k; we can therefore apply Young

inequality with conjugate exponents ( Shts Shtl ) (5.3.47); this yields

Met1xFs1? spp1—Arr1xFs1

1
||Gs(‘7\DU|)||LSk+1(BTI) < §||Gs('a|DU|)||LSk+1(B

1-2)

c

o (10 AP 5, +1].
where .
1—A
B = Sk41/8 - and 0y, = ( E1)X k51 . (5.3.48)
Sk+1 — Ak+1X781 Sk+1 — Ak+1X781

Lemma 2.4.2 with the choice Z(s) = ||G(+, |Dul)|

L°k+1(By)s ﬁnally renders that

Gy [ Dul) e 3y < G- 1Dul % 5, +1] (5.3.49)

_°

(0 —¢)P

with ¢ = c¢(data,,, ||hHLd(g;)) Allin all, recalling (5.2.15)9, (5.3.27) and that p < s11, completes

the proof of Proposition 5.3.1 with 3, := £, p),9 = Ou(p). We remark that in (5.3.15) the
o(

exponents 0,, 3, can be replaced by exponents 3,6 = B,0(n,d, o, &) that are independent of p.
For this, observe that
B 5 1 Xl .
, By — - =0, MN—o1——, O4,0,>—F——:=90. 5.3.50
Br ﬂp 1—1 B k 51 ks Yp (81—1)(1—1) ( )

The only dependence on p in (5.3.15) comes through the threshold radius R,; it is R.(p) — 0 as
p — oo unless f = 0.

5.3.4 A Lipschitz bound in the homogeneous case f = 0.

The above reasoning, eventually culminating in Proposition 5.3.1, immediately leads to Lipschitz
estimates when f = 0. The result, when combined with the approximation of Section 5.4 below,
extends those in [97, 186, 189, 190] to the case of non-autonomous functionals with superlinear
growth as in (5.0.1). For this, the key observation is that it is not necessary to consider balls
with small radii R, as in (5.3.29), as the last term in (5.3.28) does not appear. Therefore we
can take everywhere, and in particular in (5.3.15), an R, < 1 independent of the value of p. It
follows we can let p — oo in (5.3.15), and recalling (5.3.50) we conclude with
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Proposition 5.3.2 Let u € WY (B,RY) be a solution to (5.3.1), under assumptions sety, for
n > 2 and with f =0. If B; € B, are concentric balls contained in B, such that o < 1, then

|G<(:, [Dul)ll L (5,) < : [||F€('7Du)||%1(BQ) +1] (5.3.51)

c
(0—¢)7
holds with ¢ = c(datan, [|h||Le@) > 1, 3,0 =B,0(n,d,o,6) > 0.

In order to get Lipschitz estimates when f # 0, we shall use Proposition 5.3.1 as a preliminary
ingredient. This will be done in the next Sections. We notice that Proposition 5.3.2 is stated for
the case n > 2 whilst Proposition 5.3.1 refers to the case n > 3. The remaining two dimensional
case can be obtained via minor modifications to the proof of Proposition 5.3.1, by choosing 2*/2
large enough (see (5.3.24)) in order to get x > 1 in (5.3.31). Anyway, the two dimensional case

n = 2 will be treated in Section 5.3.7 directly for the general case f # 0. In that situation the
proof cannot be readapted from the one of Proposition 5.3.1 as for Proposition 5.3.2.

5.3.5 Caccioppoli inequality on level sets

Before proceeding further, let us notice that, since the definitions in (5.2.10) yield that G.(z,t) >
1 for all (x,t) € Q x [0,00), therefore (5.1.18), and, as a direct consequence, (5.2.21), implies
that:

926@ 0 Gy &= minfo,0'), (5.3.52)
T

and this form better fits our scopes now. In (5.3.52), as in (5.2.21), ¢ = ¢(n, N,v,v,¢). Now we
are ready to prove the main result of this section.

Lemma 5.3.2 (Caccioppoli inequality) Let u € W7 (B, RY) be a solution to (5.3.1), under
assumptions sety, forn > 2. Let B,.(xg) € B be a ball with r < 1. Then the inequality

/ D(Ge(,|Duf) — k)< [? da
r/2(0)

c . -
< SlIGeC D)% (s, @0))/ (Ge(x,|Dul) = )} dx

(o)

" C/ [1(2)]* (G (2, [Dul )M+ da + C||DU||%°°(BT(3:U)>/ [fI? dz (5.3.53)
Bi(x0) B (o)

r

holds whenever k > 0, with ¢ = ¢(datas) and ¢ as in (5.1.18).

Proof. For s € {1,...,n}, we take ¢4 := n?(Ge(x,|Dul) — k)4 Dsu in (5.3.16), where n € C}(B)
satisfies 1p _,(zo) <N < 1B, (s,) and [Dy| 1/7“ Notice that all the integrals stemming from
(5.3.16) extend over B" := B N {G.(-,|Du|) > x}; in particular, we can always restrict to the
case it is |Du| > T. We start expanding the terms resulting from (5.3.16)

n

Z 0,ae(x, Du)DDgu - Dps dx
s=17B"
= Z/ x,|Du|) — k) 4+0,a:(x, Du)DDsu - DDsu dx

Z/N *8.a.(z, Du)DDgu - (Dsu ® D(Ge(z, |Dul) — k)4) da

+ 22/ x, |Du|) — k)4 0,a:(z, |Du|)DDsu - Dsu @ Dy dx
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= (IV), + (V), + (VI), . (5.3.54)

Moreover, it is

Z 0z.a:(x,Du) - Do, dz = Z/ n*(Ge(x,|Dul) — k)40, a.(x, Du) - DDyu dx
s=1"B" s=17B"

3 /@ 0, ac(w. Du) - (Dyu® DG, |Dul) — 5)) d
s=1

+ 22/ N(Ge(x,|Du|) — K)1 0z, a:(x, Du) - (Dsu ® Dn) dz

= (IV), + (V), + (VI), . (5.3.55)

By (5.2.12)5 we have
(Iv), > /@ (G (x,|Dul) — k) +g1.e(z, | Du)|D*ul?* dz =: S5 (5.3.56)
and for later use we also define
8y = /@ n?|D(G(x, |Dul) — k)4 |* da . (5.3.57)
We then consider two different cases.

Case 1: 1 < vy < 2in (5.1.4).

We proceed estimating terms (V), and (VI),. The estimate for the term (V). is similar to the
one for (IT), in (5.3.20); indeed, again using (5.2.21),(5.2.23),(5.3.7) and (5.3.14), we have

(V). > 81— / 2h(z) Gz, $)] 7 D(Gel, | Dul) — k)| de

>Lg ¢ / [h(2)2[G. (x, | Du 20+ dg | (5.3.58)
Br(xﬂ)

DN =

with ¢ = ¢(n, N,v,7,¢). In turn, as in (5.3.22), we then have

e (z, | Dul)

———————DG.(x,|Dul|) - Dn dx
91,5(33,|DUD 6( ‘ |) n

(VD). =2 [ a(Gete.[Dul =)

N —/
az(z,|Dul)| Dul

+2 /]l Dul)(Ge(z, |Du|) — & £
2 ], Ao (DuN(Gela D) = ) T

- (DGe¢(z,|Dul) - Du®)(Du® - Dn) dz
a.(x,|Du |Dul
— 2[»; N(Ge(z, |Dul) — k) M (/ 0z91.,c(z, )t dt - Dn) dx

+
gl,e(xa | Dul) T

N ~/
.z, |Dul)| Dl

-2 14 (|Du|)(Ge (=, |Du|) — & 2
Z/@ 2(1DuD)(Gelm [Dul) =)+ TDul)DuP

| Dul
- (/ O0pg1.e(z, t)t dt - Dua> (Du® - Dn) dx .
T
Using (5.2.21), (5.2.23), (5.3.7)-(5.3.8), (5.3.52) and Young inequality, we have

1 c, = 5
(V0.1 3854 G- DU o [ (Gele D) = w1 i

r(Zo
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+c / [h(2))?[Ge(z, | Dul)]?3*) da | (5.3.59)
By (z0)

where ¢ = ¢(n, N, v,7, cq, ¢p). Gathering (5.3.54)-(5.3.59), and using them in (5.3.16), after some
further elementary estimations we have

Ss+8 < AV, | +¢|(V),| +c|(VI),] (5.3.60)

c . -
G DD .y [ (Gl D) 0%

»(z0)
bo [ PG D) do ke [ |7 Dl da,
By (w0) 2 e
where ¥ = 2 and ¢ = ¢(n, N,v,7, cq, ).

Case 2: v > 2 in (5.1.4).
In this case it is ¥ = 1 in (5.2.21) and moreover the function ¢ — a.(-,t) is non-decreasing, so
that a.(-) is non-negative (when it exists). We notice that

(V). + (vI), L Z / 1201« (, | Dul)| Dul,a. (x, Du) DD - Dyu @ D|Du| dx
_ Br

+2 Z/ N(Ge(x,|Dul|) — k)4+0,a-(x, Du)DDsu - Dgu ® Dn dx
s=1"B"

+z":/ 1728Za5(:v,Du)DDsu~D5u®/TDu| O0p 1, (z, t)t dtdz
s=178"
= (V),, +(VD), + (V). - (5.3.61)
In turn we have
V.. CEY [ e Duase Da) DD D da

+Z/ 191, (@, | Dul) 1 (| Dul)az (z, | Dul) | Dul(D|Dul - Du®)? dx
CBK/

(5.3.5),aL(-)>0 ) ) )
27 | o DU DU DD e (5.3.62)

For (VI),, we again use (5.3.10), (5.3.52) and the fact that a.(-) > 0, as follows:

(VD). | < 2/ 1(Ge(x, | Dul) = k)ya (2, [Dul)| Dul[D| Dul - Dn| dx

+2Z Gt D — ) 1D DU (D1D - DD - D]
1 (G-t |Du]) — )2
szmzﬁc/~ b (e [Du D da
00 81 ) 2D
14(|D Du|)——— d
+e Z [ o o D P
1 A F
<LV S DD ey [ (Gl lDul) = o (5369
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As for (V)z72, by letting

[ Dl (5.2.23) _ A
9= / Dugr (@ )t dt — |9] < h(@)[Ge (x| Dul)]+? (5.3.64)
T
we have
(5.3.10)
(V). < 2 / nae(z,|Dul)|Dul |D|Du] - 9| dz
N
+23° [ o (Dula e, DaDl(DID] - Du) (D - 9)| da
a=1 B
1 ae(z, |Dul) + aL(z,|Dul)|Dul, .
< Ve[ el 9 da
47 =l B, (o) 91,¢(z,[Dul)
(5.3.6), 1 g2.e(x,|Dul) | 2
£ L. +c/ gaelm, |1Dul) 1512 g,
4% et By (z0) 91,¢(T, | Dul)
(5.2.21),(5.3.64) 1 _ R
S Ve [ PG D) deL (5369)
B,«(Io)
On the other hand, we have
(5.3.12)
si < e[ o (loneta DD DUPIDIDU P +197) da
(5.3.64) _ .
< e /@ 7 ([or.c(ar, |Du)| DulP| DI Dl ? + [A(x) PG, | DU+
(5.3.62) _ .
< e TRt (DU 2047 de. (5.3.66)
»\Zo

Assembling the content of displays (5.3.61)-(5.3.66), we again conclude with (5.3.60), but this
time with ¢ = 1. We proceed estimating the z-terms coming from (5.3.60). By (5.2.12),, (5.2.30),
and Young inequality, we get

C —
(V)| + (V)| < &85 + &84 + E/B ( )nQ[h(ﬂc)F[Gs(w, | Dul)]? ) da

[(VI),| < %/ (Ge(x,|Dul) — k)% d5‘5+C/ [1(2)*[G- (2, |Du] )P da
"= JB,(x0) Br(z0)

with ¢ = ¢(datay) and arbitrary £ € (0,1). Finally, the estimate of the terms involving f can
be done by using Young’s inequality and (5.2.28) as follows:

> [1fDupildr < esatzsi+ S [ D06t D) - 2 o
s=1

(Ge (2, | Dul) — )
91.(x, [ Dul)

=+ IDUIQ] |f|? da
< 883+ &8y + g/ |Dn|(G< (2, | Dul) — #)% da
®B

42 DUl oy [ PP (5.3.67)
for ¢ = c¢(data,) and arbitrary £ € (0,1). Collecting the estimates in the last three displays

to (5.3.60), recalling that G.(-) > 1, and selecting & > 0 sufficiently small in order to reabsorb
terms, we complete the proof of Lemma 5.3.2. O
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5.3.6 Nonlinear iterations

In this section we finally derive pointwise gradient bounds. This goes via Lemma 5.3.3 and
Proposition 5.3.3 below.

Lemma 5.3.3 Let u € W17 (B,RY) be a solution to (5.3.1), under assumptions seto, forn >3
and let Bayy(x0) € B be a ball with ro < 1. If xq is a Lebesgue point of both |Du| and h(-), then

1
2

_ nos
Ge(@o, |Du(zo)|) < K+ |G (- [Dul)ll L (5. (20 <][ (G-(z,|Du|) — k)% dx)

B 0 (10)
(n—2)95

G DU ) [PUE0-270) + 1Dl i, o P (20, 200)]  (5:3.68)
holds for all & > 0, with ¢ = ¢(datay,), where ¥ is as in (5.1.18), and
b(x) == h(z)[G<(x, | Dul)] T To+) . (5.3.69)

Proof. Notice that we can assume that |Du(zg)| > T, otherwise (5.3.68) is trivial. Let us first
notice that x¢ is also a Lebesgue point of 2 — G.(z, |Du(x)|) and it is

lim Ge(z,|Du(z)]) dz = G(zo, |Du(xo)|), (5.3.70)
r—0 Br(x(])

i.e., the right-hand side denotes the precise representative of G.(-,|Du(-)|) at the point .
Indeed, notice that

lim |Ge(x, |Du(x)]) — Ge(xo, | Du(zo)|)| dz
< lim |Ge(z, |Du(x)]) — Go(xo, | Du(z)|)| dx

+ liL% ( |G (0, | Du(z)|) — Ge(xg, |Du(xo)|)| de = Ci(r) + Ca(r). (5.3.71)
r BT .’Eo)

As x¢ is a Lebesgue point for Du, t — G(xq,t) is locally Lipschitz-regular, and Du is locally
bounded, we have

lim Co(r) < lim [|Du(z)| — |[Du(xo)|| dx=0. (5.3.72)

As for the term Ci(-), we have

max{|Du(z)|,T}
Ci(r) < ]i ( )/T ‘91,8(7375) —91,5($0,S)|S dsdx
(20
IDullLoe (B, (x0))
S ][ / |g1,E(I75) 791,5(1'0,5”5 dsdz
BT(I(]) T
HDuHLOC(BT(:co))
< / ][ |91, (z,8) — g1.e(z0,s)|s dr ds
T B'r(a:O)

[IDullLoo (B, (20)) 1
S / ]l / |6xgl,e(x0 + A(x - Io),t) . (I — ZO)‘S dA dx ds
T BT(IU) 0

(5.2.23) L
< cr][ / |h(zo + Mz — 0))| dA | da < CT][ bl dz,
Br(z0) \/0 Bar(20)
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where ¢ = c(||Du|| (B, (2,)))- Therefore, being x a Lebesgue point of A(-), we infer C1(r) — 0

as r — 0. This fact, together with (5.3.71)-(5.3.72), yields (5.3.70). Thanks to (5.3.53) we can
verify (2.3.4) with the choices v(-) = G.(-, |Du(-)|), fi = b, fo = f, My = ||G<(-, |Du|)||7z;/(2&(wo)),

My =1 and M3 = || Dul[~(B,, (x))- APPlying Lemma 2.3.1 yields (5.3.68).

Proposition 5.3.3 Let u € WYY (B,RYN) be a solution to (5.3.1), under assumptions seto, for
n > 3. There exists a positive radius R, = R.(datan,f(-),p) < 1 such that if n(B) < R, and
B, @ B, are concentric balls contained in B, then

| Dul
/ g1e(-,8)s ds
T

0
BE {HFe('»DU)HLl(BQ) + 1 fllnays,) + 1] (5.3.73)

E(|[Dull L= (5,))" +

L (B,)
C
(0—

<

holds with ¢ = c(datase, |1 Las)) > 1 and 3,0 = B,0(n,d,~,0,5) > 0.

Proof. Notice that it is sety, C sety, so that the result of Proposition 5.3.1 can be used here.
Therefore we take exponents 7 and p such that

l4+o0+6)(n+71)d

0<7<d—n and p:= 7
—n—T

, (5.3.74)

where d > n is the exponent from (5.1.14), and fix R. = R.(data,,,f(:),p) > 0 as the radius
from Proposition 5.3.1, so that (5.3.15) holds such p. With B; € B, being the balls considered
in the statement, with no loss of generality we can assume that || Dul|z~(p ) > T otherwise the
assertion in (5.3.73) is trivial by choosing ¢ large enough. Let 01 := ¢+ (9 — ¢)/2 and consider
concentric balls B¢ € B;, € B,, € B,, € B,, a point 29 € B;, which is a Lebesgue point both
for |Du| and for h(-), and rq := (12 — 71)/8, so that B, (x0) € B,,. Needless to say, a.e. point
in B;, qualifies. In the following, whenever B C B, is a ball, we let

M (B) := [[Dul|p~(p) and G(B) :=[|Ge(:,|Dul)|| L= (5) (5.3.75)
so that, recalling that B,,(zo) C B,, by (5.2.21) and (5.2.10), we find
IGe( IDul)l[ Lo (B, (20)) < (7, €0, T, 0,0") [G(Br,) + 1] . (5.3.76)
Moreover, by (5.2.10); and (5.2.17) we see that almost everywhere in B, (,,) there holds that
[Dul < [Bo(IDul)" = BoT)")7 + Bo(T) < e(v,7,T) [Gel, | Dul) +1]
thus
M(B,, (zo)) < ¢ [G(Bm (z0))% + 1} <e¢ [G(Bﬁ)% + 1} : (5.3.77)

for ¢ = ¢(v,7,T). We then apply (5.3.68) on B, (o), and also using (5.3.76)-(5.3.77) and Holder
inequality (by (5.3.74) it is p > 2), we obtain

o = nieg
Ge(o, |Du(xo)]) < erg "G, DU 5 oy |G (s 1Dl 205, o)

70

_ (n—2)95
+ ellGe (-, [Dull o (5

0 (xo))

{P? (370, 27"0) + M(Bm (mo))P{(l‘o, 27"0):|

ndo

< oy " [G(Br) ™ + 1) G [ DU 2o,y o)
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(n—2)95

+¢[G(B) " 1] [P0, 2r0) + M(By, (20))P (w0, 2r0)] (5.3.78)
with ¢ = ¢(datas,). With (5.3.15) we further bound

— 0p
G DU 13,y o) < 0™ [IF-C, DU,y +1]

for ¢ = c(datanm, ||h||La(B,)). Using also (5.3.77) in (5.3.78), recalling that zo € B, is arbitrary,
and recovering a full notation, we obtain

C nos
WH@«ADMM\L;(% (1. DWlss, +1]

P, (2 —7)/4)|

|G=(, |Dul) | (B,,) <

( —
+ellGe (-, [Dul)

L>(B.,)
{2 = )/

(n— 2)190+

+c||GE<~,|Du|>||LTB )

L (B;,)
c

9?
+ (72 — /2By [||Fs('vDU)HL1(BQ) + 1}

+c

HP?(.’ (19 — 7'1)/4)H + HP{(’ (2 — Tl)M)HLOO(BTI)] ;

(5.3.79)

L>(B-,)

where ¢ = c(data, ||hl[Le(p,)). Observe now that (5.1.14), (5.1.17) and the definition in (5.3.52)
render ng/4 < 1, and (n — 2)69/4 < 1 — v~ !, therefore we can apply Young inequality in the
first three lines of (5.3.79) with conjugate exponents

4 4 4 4
ond’ 4 —nad )’ (n—2)m9 4— 2)59 )’

(190(71—4’;)7—1-4’4(7— 1)—v(n—2 a)

to end up with
9/
|G (-, [Dul)ll = (5

LG A Dul) e s, + 1F=, D)2, +1]

6/
, (5.3.80)

S5 )7

+c HP 7'2—7'1)/4)H +HP 7'2—7'1)/4)H +1

L>=(B-, L>(B,,)

where ¢ = c(datao, [|h]|Le(B,)) and we set

r_(n 4
p= <p+6p)4—nm9

oo [ 40, 4 4y
‘= max :
4—n95 4—(n—2)95" 4(y—1) —v(n —2)95

Inequality (5.3.80) allows to apply Lemma 2.4.2 with the choice Z(t) := ||G.(-,|Dul|)||r=(B,)
and this leads to

9/
G- 1Dul) e ) < 3 1G= D)5, + (1. D)2 5 +1]
9/

, (5.3.81)

(0—¢)

+e|[Pice—am|  #|PlCe—am|, 1

L>*(Boy) L>*(Boy)
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for ¢ = c(datan, [|h|pe(B,)). By using (2.3.3); we infer

IP{( (0= <) /Dll=(B,) < lflimiys,) -

Moreover, with gs := g1 + (0 — ¢)/4; also using (5.3.74) and Holder inequality yields

(2.3.3),
IPYC (o= )/ Dlleezy) < elbllamaze < eIblnrs,,)
(5.3.69) ~ 1to+é
< cllbllas IGC, DU S
.31 cllhllpacs,)

0p(1+0+6)
o opiarer [1FG DWIAGET +1]

where ¢ = c(data, [|hl/L(p,)). Inserting the above two estimates in (5.3.81) and recalling also
(5.2.10) and (5.2.17) we finally end up with (5.3.73), where 5 := max{#’, 8,(1 + o + )¢’} and
6 := max{0’,0,(1 + o + &)}. Notice that the constant c also depends on a positive power of T,
therefore it is stable as T — 0. 0

5.3.7 The case n = 2

Here we consider the missing two-dimensional case. We start with the following lemma, which
is a hybrid counterpart of Proposition 5.3.1, in the sense that the a priori estimate involved still
contains the L*-norm of Du.

Lemma 5.3.4 Letu € WY (B,RYN) be a solution to (5.3.1) under assumptions sety,, forn = 2
and B; € B, be concentric balls contained in B with o < 1. Then, for every p > 1, there holds

c 0
1G=Co DUl 2ot < =y [1G=C IDuD B s,y + 1] + ellDule s sy (5:3:82)

with ¢ = C(data’twm ||hHLd($)7p) Z 17 6}03010 = 5p79p(da O—v&ap) > 0.

Proof. 1t is clear that we can confine ourselves to prove (5.3.82) for sufficiently large p. Therefore,
for reasons that will be clear in a few lines, we consider

2 2 d
p>max{2m(1+o+&), m } m

_ -4 5.3.83
1-2m(o+6)) 1-2me+d) ' d—2 (5:3.:83)

As usual, in the following lines all the balls will be concentric. We look back at the proof of
Proposition 5.3.1, take k = 0 in the test function ¢, and perform exactly the same calculations
made there up to (5.3.23). For the terms (I),-(III), involving the right-hand side f, we notice
that as kK = 0 the test functions ¢4 used in the proof of Propositions 5.3.1 and Lemma 5.3.2
do coincide. Therefore we can use estimate (5.3.67), where ¢ = c(datagy,) and € € (0,1); here
83 and 84 have been defined in (5.3.56) and (5.3.57), respectively (again k = 0). All together,
choosing € > 0 small enough and re-absorbing terms in a standard way, we obtain

1/m
80 e (Il 1) () (7 + 100" [1Gete DU 02490 41] )
+CM(BQ)2/n2|f\2dx, (5.3.84)
B

where ¢ = c(datagw,) and M(-) has been defined in (5.3.75);. As it is [Dn| < 1/(m2 — ),
elementary manipulations on (5.3.84) give

c(||hllLag) + 1)? 2(14+0+6
1D DU izs,,) S =G DU
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c(||Pllpa@) +1)?

+
(T2 —71)?

+M(B, [ |fPda

B,

so that Sobolev embedding gives

|G 1Dl (5., < epr P IDOGE( [Dul)) | 22(s,,)

¢ (1+0+6) c
S oy lee1Du —— +cM 5.3.85
< (7’2—7’1)H ¢ DUl pemataver a,,) + ot OIf 25y s )

with ¢ = c(datagwo, |7 e(s)). Notice that 1 —2m(o + &) > 0 is equivalent to the last inequality
in (5.1.14) for n = 2. With A, € (0, 1) being defined through

1 A p2m(1+o+4)—1]
S -~ =
2m(l+ o0+ 0) APer = 2m(p — 1)(1 40 + &)

using the interpolation inequality

1-Xp Ap
G (s [Dul)llzmatoror(p,,) < NGe( [Du)llpip ) IGeC [DuDlizhg, ) »

n (5.3.85), we get

1=2p)(A40o+6 Ap 1+o’+o'
IG- (., IDul)llr(5,,) < IG 1 Dul) |55 S NG IDu s T

L?(B.,

(2 — 1)
- (2 —71)

The lower bound on p in (5.3.83) yields A,(1 4+ o + &) < 1, thus Young inequality gives

+ cM(Bo)| fll2(B.,) -

1
1G=( [Du)[ e,y < S1Ge( [Dul) || o (5

)
oz GG DI B, + 1] + MBIz,
with ¢ = c(dataiwo, ||k L(s)) and
Bp == 2m(p—1) _ and 0, := p—2m(l+o+ 61) . (5.3.86)
p—2m[l + p(o +5)] p—2m[l + p(o + )]
Lemma 2.4.2 with the choice Z(t) = ||G:(-,|Dul)||Lr(p,) gives (5.3.82). O

We finally come to the a priori gradient bound in the two dimensional case.

Proposition 5.3.4 Let u € W17 (B, RY) be a solution to (5.3.1) under assumptions sety,, for
n = 2. If B € B, are concentric balls contained in B with o < 1, then

[Dul
/ g1e(-,8)s ds
T

C 9
SW |:||FE('3DU)||L1(BQ) + 1 fll 22 (LogLy=(B,) + 1} , (5.3.87)

E([[Dull o= (5,))” +

Le(Bs)

with ¢ = c(datapyo, |7 La@)) > 1 and 8,0 = B,0(d,0,6,7v) > 0.
Proof. We proceed as for the proof of Proposition 5.3.3, keeping the notation used there. In

particular, we make the same choices done from display (5.3.74) to display (5.3.75), while, as a
consequence of (5.1.19)-(5.1.20), estimate (5.3.76) holds with the limitations on ¢ imposed by
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(5.1.19). Keeping this last fact in mind, thanks to Lemma 5.3.2 we use Lemma 2.3.1, that for
n = 2 gives

1/2
(148)90
.o [Dula0)]) <c [G(B,) 52 11] (yi ( )[Ga<x,|Du|>]2dx>
ro (Lo
d9o

+¢|G(B)"

+1] [PY(,2r0) + M(B,)P] (-, 2r0)] (5.3.88)

for every ¢ € (0,1/2), where ¢ = c(datagwo, ||| L@, ) and M(-) and G(-) have been defined in
(5.3.75). With (5.3.82) we estimate

1/2
-2
(é ( )[Geu,wuo?dx) < ery 7| Gl D)o (8, o)
ro (Zo
—(2/p+Bp 0p -2
< org G DU i,y + 1]+ g MBIl 28, (5:380)

where p is as in (5.3.74) with n = 2, ¢ = c¢(datawoe, ||| L¢(s)) and By, 0, are as in (5.3.86). Using
(5.3.88)-(5.3.89), that hold for a.e. 2o € B,,, we have

c (14+8)d0 /2
1G(, [ Dul)[ L= (B,,) < R [G(B,) +1] M(B)|fll2(B,)

1+68)90/2 0
[G(Bn) + 11 (|Gl DU 5, + 1

&
= )2

+¢[G(Bx) +1]°*M(B,,)

-

+c [G(B‘[_z) + 1]5190’/2 ‘

PO (2 = 7)/4)|

L>(B.,)
+e [P (2 =m0 + [Pl - n>/4>HLm(Bn)]

= T1 + T2 + T3 + T4 + T5 5 (5390)

L (B,,)

for ¢ = c(datap, ||h||La(g),0). To estimate the T-terms we take ¢ such that
(1+8)o+1/y<1 and do+(1+0+5)/y<1 (5.3.91)

hold, which is in turn possible by (5.1.19); this fixes ¢ as a function of o,~y. We have

(5.3.77) c
T, < ——— [G(B,,)+10t)ot1/y
LS STl 1122 (z,)
(5.3.91) 1 C”f”f?(LogL)a(B ) tc
< —G(B, : )
= 10 (Br.) + (12 — 1)+
(5.3.91) 1 cl|Ge (- |Du|)||i*1(3 yte
T, < —G(B —
2 - 10 (Br.) + (7-2,71)6*
(5.3.77)
Ty < cG(Br) + 17" fll 2 (LogLye(s,)
(5.3.91) 1 .
< E G(BTZ) + c”f”L*Z(LogL)“(BQ) +1 ’

with ¢ = c¢(datay,, [|h]|L4s)) (again, ¢ depends on a positive power of T', so it is stable as ' — 0).
Here, as in the following lines, 0., B4, ¢+ denote positive exponents depending on d, o, 7, ~; they
might change from line to line according to the same convention used to denote a generic constant
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c. Now, we set 73 := (11 +72)/2 > 71 + (71 + 72)/4 so that 7o — 73 = (72 — 71)/2; next, recalling
(5.3.74) for n = 2 we have

2
HPb 2—71)/4)H < clbllr2(rogLye(B.y)

*(Br;)

(5.3.69) _ 1+U+U
<eDlrrsyy < elbllags,) |G, DuDl 3
< c G D 9, M(B 1+o0+6
< Gz LG IDuDI G gy 1] + e [V 72>\|f||L2<BTQ>} ,

for ¢ = c(dataiwo, ||h]|L4(s)). Therefore, using the above inequality, (5.3.77), (5.3.91) and Young
inequality, we end up with

T < o GB) 1P (G IDu ]
+eG(By,) + 10Ty p e
c lamas ¢ (IG=C, IDuDI 53 5, +1) Wi
10 (r2 — 11)P- L2(LogL)* (B,)
and, by (5.3.77) we have
s < IOG( )+ﬁ[”0( | Dul)|7 (B, )+1}
(B +CHP 2_71)/4)HL°°(B,1)7

with ¢ = c(datagwo, |k Le(B,))- Plugging the estimates for the 7"s in (5.3.90) and recalling the
definition given in (5.3.75), yields

1
G (s [Dul)l[L(B,,) < SIG(s DU Lo (8.,

e [IG-C IDuDIG 5y + 12 hontire iy +1]

(ra —11)P

for new exponents (3,60 as in the statement, clearly larger than those appearing in the above
estimates. Lemma 2.4.2 allows now to conclude with

0
¢ [IG-C, IDu) s (s, + 171l 2 tostye s, + 1]
(0 —¢)” ’

where ¢ = c(dataiwo, ||k Leg)). Finally, (5.3.87) follows from this last estimate and (5.2.17).
The proof is complete. O

IG= (-, [Dul)|[ = (B,) <

5.4 Proofs of Theorems 17, 18 and 19

We start with the proof of Theorem 19. We fix p as in statement and without loss of generality,
we assume that that p > 1+ o (o being as in (5.1.14)). Then, for every integer j > 1, we define
fi € LS (Q,RY) as f(z) := f(x) if |f(z)| < 4, and f;(x) := j|f(z)| "1 f(x) otherwise. It clearly
follows that

|f;] < 1f| for every j > 1, fi — fin L} _(Q,RY). (5.4.1)
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Next, we determine R, = R.(data,,, f(-),p) < 1 from Proposition 5.3.1. Pay attention here;
with some abuse of notation, the f used here is not the same from Proposition 5.3.1, but rather
corresponds to f from (5.3.1) in the context of Proposition 5.3.1 (and thanks to (5.4.1), f;
corresponds to f in Proposition 5.3.1). In fact, here we are assuming that f € L7 (Q,RY).
Accordingly, we fix a ball B € 2 such that rad(@) < R,. We consider a decreasing sequence of
positive numbers {e;} such that ¢; < min{1,7}/4 for every j € N, and, accordingly, we consider
the family of approximating integrands {F;} = {F.,}, {G;} = {G.,} constructed in (5.2.4).
Notice now that any local minimizer u of the functional F(-) in (5.0.1) belongs to W1 T(Q,RY)
by (5.2.16);. This allows to define u; € u + W, " (8, RN) as the solution to

uj > min Fj(w,B) =: min / [Fj(z, Dw) — f; -w] dz. (5.4.2)
weu+Wy 7 (8,RN) weu+Wy 7 (8,RV)

Directs Methods of the Calculus of Variations apply here and ensure existence (see for instance
[16, Section 4.4]). As for [16, (4.55)], and recalling (5.2.16)3 and (5.2.18), we find

1E5C D)l + 10wy < ¢ [IF G DWlliagay + 1]

PO+ T+ m} (5.4.3)

for every j > 1, where ¢ = ¢(n, N,v,7). This implies that we can assume that, up to a not
relabelled subsequence, Du; — D@ weakly in LY (B, RY*") and u; — @ strongly in L#-7 (B, R"Y),
for some @ € u + Wg’y (B;RY). Notice that Proposition 5.3.1 applies to u;, and gives

913
1G5 1D ) Loy < 1F5 (. D)7 ) + 1] (5.4.4)

(1= 1)P [x(®B)]%

for every t € (0,1). With jo € N, we apply (5.2.25) with j > jo in (5.4.4), this yields, together
with (5.4.3)

1) Op
G 1D ) 20y < 1PC, Dw)llzsay + 1£175 P +1]

- 0P @)

Letting j — oo in the above inequality, and using weak lower semicontinuity (recall that G, is
convex by (5.2.20),), yields

(1 —1)%[r(®)]

This holds for every jo € N, where ¢, 3,, 0, are as in (5.3.15). In particular, (5.2.32) is satisfied,
thus (5.2.33), in yields that Gj,(z,|Da|) — ¢1Gr(z,|Du|) for a.e. = € B, so we can apply
Fatou’s Lemma on the right-hand side of (5.4.5) to get

~ 1 Op
1o (51D | o(e) < o [IFC Dl + 17750 +1] - (5.45)

Cc

= 0P @)

|G (s |Daf) | Lo sy <

6
RN 1} "L (546)

[1FC, D)) + 1]
Next, we trivially write
Fjo (s, B) < Fj(uj, sB) + ||Fj (2, Duy) = Fjo (2, Duj)l|Lrsm) + [1(Fjo = F5) - wjllorsmy  (5:4.7)
whenever s € (0,1). Properties (5.4.1)-(5.4.5), Holder and Sobolev-Poincaré inequalities give
Fj(uj, sB) < Fi(uz, B) + £ - ujllor@\sm) < Fj(u, B) +cl| fllLn@\s2)

where c is independent of s,j. Using (5.2.36), which is legal because of (5.4.6) (recall it is
p>140) and (5.4.4), we have ||F;(x, Du;) — Fj, (x, Du;)| 11 (sm) < ¢(1—5)"Po(jo), where again
¢ is independent of s, j, jo and 3 = Bp(p+140)/p. Sobolev-Poincaré inequality and (5.4.1) give
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| (fio = f5) - wjllrsmy < cllfjo = fillLn @), again with c independent of s, 7, jo. Using these last
three inequalities in (5.4.7), and finally letting j — oo, lower semicontinuity and (5.2.33), yield

Fjo (@, 5B) < F (u, B) + || fll n@vsm) + €l fio = fllin@y + (1 = 5) " o(jo) - (5.4.8)

In turn, notice that (5.4.6) allows to apply (5.2.37); this yields ||F(z, Da) — Fj, (2, D@)|| 11 (s5) <
c(1 — 5)~Po(jo), so that Fj, (i, sB) — F(ii,sB) as jo — oo, where we also use (5.4.1). In view
of this, letting first jo — oo and then s — 1 in (5.4.7), yields F (4, B) < F(u,B). This and the
minimality of u finally give F(u, B) = F(u, B), therefore, by standard convexity arguments, see
for instance [16, Section 4.4], we end up with

either max{|Du(z)|,|Da(x)|} <T or Du(x)= Du(x) . (5.4.9)

Using this information and (5.4.6) we can conclude with (5.1.27). The proof of Theorem 19
is complete. We now come to the proof of Theorem 17. We can use the same approximation
employed for Theorem 19 (that uses weaker assumptions than those of Theorem 17). Using this
time estimate (5.3.73), together with (5.4.5), we find

Ea(llDuj||L°°(th)) + 1G5 (-, |Duj|)HL°°(t@)

c 0

[(ENEEOE 1£(, Du)llLy@)y + 1 f |l Lin1y@) + 1} (5.4.10)
for very s € (0,1), where ¢, 3,0 are as in (5.3.73). By (5.2.17) it follows that {Du;} is bounded
in L*>°(tB) for every t € (0,1) and, in particular, for every ¢ € (0, 1) there exists M; such that
| Dujl| oo 1y < My for every j € N. Using a standard diagonalization argument we infer that,
up to a not relabelled subsequences, we have u; —* @ in V[/lifo(@, RY) for & € u+ W, " (B;RY)
and || Dl e 5y < M;. Moreover, we can repeat verbatim the argument of Theorem 19 leading
to (5.4.9). Now, denoting jas the first integer such that 1/e;,, > M, from the very definition of
G, in (5.2.10), it follows that

IN

max{Du;(x),T}
1G5 (s [Dus) | oo 1y = Sut%/T g1.5(z,8)s ds | = g1l|Gr (-, [Duy|) || Lo (12)
xe

for every j > jar. Moreover,

1
(f Grtaipushr az)" <16 DDl
- F(-,D 11", Gan
<— : . .
—(1 _ t)ﬁ[r(@)]ﬁ {” ( ) ’U’)HLI(@) + ||f||L(n1)(fB) + ] ) ( )
for all p € (1,00). We stress that the constant appearing in (5.4.11) does not depend on p. Now

we first use weak*-lower semicontinuity on the left-hand side of (5.4.11) to get

v c 0
p e . 1
( s GT(xa |D’LL|) dl’) < (1 — t)B[r(CB)}ﬁ [HF( 7Du)||L (B) + ”f”L(n,l)(Q?) + 1}

and then send p — oo in the above display to end up with

C 9
—— ||F(-,D n 1} ,
T=orea@p FC Pl + 1 lmne +

from which (5.1.25) follows using also (5.4.9), (5.1.4), and the position in (5.1.11),. The proof
of Theorem 17 is complete. The proof of Theorem 18 is completely similar, taking into account
the content of Section 5.3.7.

|Gz (s [Daf)|[ oo 1) <
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5.5 Uniform ellipticity and Theorem 20

Here we aim at proving Theorem 20, therefore we shall work under its assumptions. In particular,
assumptions setyy; are in force. We first derive a suitable analog of the results of Section 5.2 in
the case of uniformly elliptic setting. With the current choice of g1(-) and ga(-) as in (5.1.21),
we apply the constructions laid down in Section 5.2, thereby obtaining, in particular, the new
functions a.(-), g1.(-), 92,¢(-), g3,c(+); these are independent of z. In the following we shall keep
the full notation introduced in Sections 5.2 and 5.3. From the definitions (5.2.6)-(5.2.8), and the
assumptions (5.1.21), it follows that, in addition to the properties explained in Section 5.2, the
following inequalities holds

G1e(t) goe(t) < Kgie(t) and gso(t) < Kgie(t)/t2+p2 forall te[T,00), (5.5.1)
where K = K(n, N, v,~, K). Moreover, again for ¢ = ¢(n, N,v,7v,K) > 1 it holds that

1

ﬁgm(t)ﬁ < Go(t) + (1T < Kg1 o (£)7 . (5.5.2)

for all t € [T, 00). As for the right-hand side of (5.5.2), integration by parts yields
¢ t
/ [ac(z, s) + aL(z, s)s] s ds = 7/ ac(z,8)s ds + a.(z,t)t* — a.(x, T)T? (5.5.3)
T T
and therefore
(5.3.6)

G-(t) < /T[asu,s)m;(x,s)s]sds P R - ()T

As for the left-hand side, we similarly have

(5.3.6),(5.5.1)
G.(t) > 7 / a.(z,s)s] s ds
(5.3.5),(5.5.3) 1 , )
7 92 c(x,8)s ds+ = 7 [ae(x,t)t — ae(z, T)T
(5.5.1) 1 ) )
> —Ge(t) + Egl,s(t)t - q(T)T~.

We also notice that under assumptions set,,;, the following double sided inequality holds:
G.(t) < F.(t) < c[G-(t) + g1 (T) (2 +T?)], c = c(datayy,) , (5.5.4)

for all ¢t € [T, 00). The left hand side inequality is (5.2.15). As for the right hand side, this is a
consequence of (5.1.4) and (5.5.1).

Proposition 5.5.1 Let u € W7 (B, RY) be a solution to (5.3.1), under assumptions setun; for
n > 2. There exists a positive radius R, = R.(dataun, h(-)) < 1 such that if 7(B) < R. and
B, @ B, are concentric balls contained in B, then

_c
Ok
holds with ¢ = c(datayy;), where X (B,) has been defined in (5.1.24).

IF-(|Dul) || o (5. < IF((Dul) |z s,y + 1]+ IF1 G (5.5.5)

Proof. We start considering a ball B,.(x¢) € B, with » < 1, and a number M such that

max{||Dul| L (B, (x0)), T} < M (5.5.6)
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holds and prove that the inequality

/ ID(G(|Dul) — k), [? do < 5 / (Go(|Dul) - )2 da
B./2(z0) By (z0)

r

+ G (M) + 112 /

\h|2dx+cM2/ If|? dz (5.5.7)
B, (x0)

B, (z0)

holds whenever x > 0, with ¢ = c¢(datayy;). This is the analogue of (5.3.53) and to get it
we modify the proof of Lemma 5.3.2, keeping the notation used there. As for the bounds for
(IV),-(VI),, we have

Sa 80 < V), |+ V), + (VD + 5 [ (GuDu) — w0 s
B,,,(wo)

+CZAN|f-DS¢S| dz (5.5.8)
s=1

with ¢ = c(datayy;). This estimate can be obtained by adapting (5.3.56)-(5.3.59) (and also
(5.3.20)-(5.3.21)) or directly taking h(-) = 0 as ¢1,.(-) is independent of z, and using (5.5.1);.
In turn, the last term in (5.5.8) involving the right-hand side f can be treated exactly as in
(5.3.67), and it remains to deal with the z-terms. With the help of (5.2.12);, (5.5.1) and (5.5.2)
we estimate

VL] +l(V, ]+ AV S 885 4280+ 5 [ (Gellpul) — . ao

+i/n2|h| Go(|Dul) + 1 dx
€ Jg

for ¢ = c(datay,;). Merging the content of the above three displays, choosing & > 0 small
enough and reabsorbing terms we end up with (5.5.7), where ¢ = ¢(datay,;). As a consequence,
proceeding as for the proof of Lemma 5.3.3, we have, by an application of Lemma 2.3.1, that, if
By, (z0) € B is any another ball such that o <1, and M be such that (5.5.6) holds, then

Ge(|Du(zo)]) < erg ™ [G-(M)]* |G- (IDu)}15 5.,
+ |G (M) + 1Pz, 2r0) + |G (M) + 11V 7P (4, 2r0) (5.5.9)

holds for every xo which is a Lebesgue point for |Dul|, where ¢ = c¢(datayy,;), and we have also
used (5.2.17). Next, (2.3.3) gives ||P’f(~72r0)HLoo(BT1) < ¢l x(m,) and ||P{(~72r0)HLoo(BT1) <
Ilfllx(B,)- Using these informations in (5.5.9) yields

n 1/2
Ge(IDullz~(5,,)) < erg ™ [Ge(M)]* G (DU 5.
+ G (M) + Bl x(z,) + G (M) + 1| f x5, . (55.10)

where ¢, ¢, = ¢, c.(datay,;). We now determine the radius R, = R.(datayy, k() such that

1
0 < R. = ci|hllxB,) < x (5.5.11)
Using this information and Young’s inequality in (5.5.10) leads to
G.(|D <Leqp —° _[iG.(p 1]+ 1fo-w
(Il U||Loo(371)) =5 (Il U||L°°(B,2)) + (=) |G(|Dul)|lLr(B,) + 1| + || ||X(B

The final inequality (5.5.5) now follows using Lemma 2.4.2 with Z(¢) := G.(¢) and (5.5.4). O
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With Proposition 5.5.1 available, we can now complete the proof of Theorem 19. Arguing as
in the proof of Theorem 17 in Section 5.4, and arrive up to (5.4.5). This time we use estimate
(5.5.5) instead of (5.4.10), and this yields

—1
1 (1D )| o< () < |F(DuD s s,) +1] + 1A (5.5.12)

o |
(0—&n
where ¢ depends on data,,;, which, again, depends on a positive power of T, so it is stable as

T — 0. Starting from (5.5.12), the rest of the proof follows with minor modifications of the proof
for Theorem 17.

5.6 Applications and proof of Theorems 12-16

Here we show how to derive the results in Theorems 12-16 from Theorems 17, 18 and 20.

5.6.1 Proof of Theorem 12

Since we are considering the class of functionals with (p, ¢)-growth, we shall take g;(x,t) = g;(¢),
i € {1,2,3}. Recalling (5.0.8), (5.1.1) and the orthogonal decomposition

2Qz F’(x,|z|){ z®z}
5 T Nxn — -3 |
2| || ||

0..F(z,2) = F'(z,|2|)
which implies

~ 2
F'(z,|2)

1022 F (2, 2)* = [F" (2, |2)]* + E ] (Nn—1), (5.6.1)

we can permanently work with the choice

q(t) = v(u? + )=
92(1) = AN (12 +22) " 4 (2 +2)'7]
9a(t) = {(“2 +2)'T + (2 +t2)”%} :

therefore
P
2

GT(t):%[(uut?)%—(T?w’Z)ﬂ and  Gr(t) = Gr(t) + (T2 +1)5.

Here, any T' € (0,00) is fine. In this case, by (5.1.1), (5.1.2) and (5.0.8)-(5.0.10) we see that
F(-) satisfies the growth, regularity and structural requirements of Theorems 17-18 for all T' > 0.
Moreover, the very definition of g; assures that (5.1.4) is verified with v = p. Moreover, since

g2(t) _ AVNn
alt) v

and p > 1, we see that (1.1.3) is satisfied for ¢, = 1. Notice that (1.1.10) holds with 6 = 0 since
g1 does not depend on the space variable. Now set

4 4
oy = 25 <W> <1 + g + V) (5.6.2)

min{1,v} D

[1+ G2+ ] and gt =v(e® + )51,

and

c=0 =1L (5.6.3)
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where ¢ is defined in (5.1.17),. Given that
g3V + p2 = (2 + )+ (a2 + ) E]

95(t)* _ [(”2 +12) 5 4 (2 + t2)“7‘1]2

91(t) v(p? +t2)p%2

)

we see that assumption (1.1.11) is satisfied with the choices made in (5.6.2)-(5.6.3). In fact,

— g —
q:p(l—i—qpp) and 2q—p=p<1—|—(qpp)>,

thus
2 v v 140 B
ONCET-ET T (1 ' f) {p (22 +12)5 - ] + p} < asGr(t),

93(15)2 < 94+2 N 2p Yy ( 2 thg)g 1 p| & v e <ol ( t)1+20
- - = - c T .
at) — v min{r,1} ) |p [V P " =

Finally, we check on (5.1.18)-(5.1.20). Keeping in mind the value of ¢, fixed by (5.6.2), we
estimate

92(t) 2%AVNn pAVNn [v 2 42\% P v]? ~ & ~ /
O min{v, 1}2 { [(” +)2 —p ] + p} <aGr(t)?,  de{od'}

p
(5.6.4)

and (5.1.18)-(5.1.20) hold thanks to the limitations imposed by (5.1.24). Hence, Theorems 17-18
apply and (5.0.12) follows.

5.6.2 Proof of Theorem 13

Before entering into the proof of Theorem 13, let us recall some notation. As usual, we denote
by H(-) the integrand appearing in (5.0.6), i.e.: H(x,z) := [|z|? + a(z)|z]|%] and, for simplicity,
define

datan i= (n.N,p,q. v, L, d, [aloa— ;. lal gy, |H (D)l s 1 f e s) )

where, being our results of local nature, we localized all the quantities appearing in datay on
balls B € Q.
For the sake of clarity, we split the proof of Theorem 13 into five steps.

Step 1: Quantification of ellipticity

Let us frame the Double Phase energy (5.0.6) into the setting described in Section 5.1. Using
(5.6.1) and the structure of the integrand in (5.0.6), we define

g1(z,t) = min{p — 1, 1}[tP72 + a(x)t??]
ga(x,t) = 2¢v/nN[tP~2 + a(z)t??] (5.6.5)
g5(t) = qt* 1,

thus

p

Gr(z,t) == min{p — 1,1} [(;tp + Clla(x)tq> - <1TP + ;a(x)Tq>
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Gr(x,t) = Hp(x,t) + (T? + 1)%7

for arbitrary T € (0,00). By very definition of the integrand appearing in (5.0.6), the growth,
regularity and structural requirements of Theorem 17-18 are satisfied. Moreover, since
g2(z, 1) 2gvVnN

= an Wz, )t =min{p — 1, 1}[t*~ ! + a(z)t?™ 1], .6.
D) " mmpo11y Ml e {p— 1,1} + az)t?] (5.6.6)

hypotheses (1.1.3) is obviously satisfied. Let us take care of the mutual relations among the
91(+), g2(-) and g3(-). Set

2,2

. q—7p qap
= = — = 0 = ———————"—" 5.6.7
0 =03 » s o R Ch min{p—l,l}‘l’ ( )
where we renamed o3 the exponent appearing in (1.1.11) to distinguish it from the one in (1.1.12):
as we will see in a few lines, it is fundamental keeping them separated. A straightforward com-
putation shows that |9,g1(x,t)| = q|0.a(z)[t?~? therefore, (1.1.10) holds with h(x) = |d,a(x)],

6 and ¢ as in (5.6.7). In fact

19e01 (2, )] < h(z)gs (2, 0" () < IMQI

Now we consider (1.1.11) and let 0 = o3 be as in (5.6.7) and h as above. We get:

(z,t)Gr(z, t)&.

2 2
ap : (52 +1) ap ~ 4o
t=qtt < — P — 1,17\ < W Gr(x, )T
93( ) qrT = mln{p — 17 1}2 mln{p } = mln{p — 17 1}2 T(w )
2 2 (a—p) 2,2 ~
g3(t) <1 tp(HZqu) < TP G, 1) 1425,
g1(z,t) — pmin{p — 1,1} min{p — 1,1}4

Finally, let us have a look to (1.1.12). From (5.6.6),, we see that go(z,t)/g1(x,t) = const,
therefore (1.1.12) hold with ¢ and ¢ as in (5.6.7), 5, which are admissible choices in the light of
(5.1.14), (5.1.19) and (5.0.14).

Step 2: General considerations

At this point, it seems that assumptions (5.1.14)-(5.1.19) of Theorems 17-18 are not satisfied,
given the values of & and o3 in (5.6.7). However, a closer inspection of the proof of Theorems
19-18 reveals that the sum 6 + o (in our case it is 6 + o3) appears only if both g2(-)/g1(-) and
g3(+) are non constant. Since in the present situation go(-)/g1(-) = const, the exponent appearing
in Sections 5.3.1-5.3.7 will multiply 1+ & (or 1 + o3, which, by (5.6.7) is the same), rather than
(14 0+ &), so, recalling also (5.0.14), we see that the quantity 1 + & remains almost under
control. We said "almost" since in (5.1.14)-(5.1.19) the strict inequality is prescribed, while
(5.0.11) allows also for the equality, at least for what concerns the part involving (n=! — d~1).
We can treat the borderline case by using some higher integrability result of Gehring type, which
will be proved in the next step.

Step 3: Local higher integrability results

We record some of auxiliary lemmas, whose proof in the homogeneous case f = 0 can be found
in [12,79].

Lemma 5.6.1 Under assumptions (5.0.2), (5.0.13) and (5.0.14), let u € W21 (Q,RN) is a local

loc
minimizer of (5.0.6). Then there exists a positive integrability exponent d, = d4(datan) so that

whenever B € Q) is an open ball with v(B) € (0, 1], the following reverse Holder inequality holds,

<][ [1 4+ H(x, Du)]** dm) o < c][ [1+ H(z,Du)| daz, (5.6.8)
B/2 B

with ¢ = c¢(datay). In particular, H(-, Du) € Li ().

loc
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Proof. Let B, € B € Q be two balls with ¢o,rB < 1, set parameters 9/2 < s < t < p and pick
a cut-off function n € C}(B,) so that 15, <n < 1, and |Dn| < (t — s)~'. We compare by
minimality u to the map w, := u —n(u — (u)p,) for getting, after a few standard manipulations,

H(z,Du) dz < H(z, Dw,) dz Jr/ nf - (u—(u)p,) dz=: (I)+ (II).
B; B By

Term (I) can be estimated as in [12,79]:

M <ec / H(z, Du) der/ H x,% dz |,
B\B. B, t—s

with ¢ = ¢(n, p, q). By Sobolev-Poincaré and Young inequalities we bound

) < ( /B & dx>" ( /B ol — ()5, | 727 dx) "

P
u— (u)B,
t_

H (m, ut_(?g> da + co™,
X

<t iy | [ 1DuP+ da
By

1
<- | H(z,Du) dx—l—c/
4 Jp, B

for ¢ = c(n,p, ¢, || fllL~(B)). Merging the content of the three above displays we have

H <x, u—(u)30> da + co™

H(z,Du) dmgc/
t—s

H(z,Du) dx—l—c/
Bt\Bs

B, B

with ¢ = ¢(n,p,q, | fllz~(B)).- The hole filling technique, Lemma 2.4.2 with the choice Z(t) :=
| H (-, Du)| z1(B,) and the intrinsic Sobolev-Poincaré inequality in [218] eventually render

][ H(x, Du) dx§c<][ H(x,Du)" dx) + e,
By)a B,

where ¢ = ¢(datay) and 7 = 7(n,p, q) € (0,1). Now we can apply a suitable localized version of
Gehring Lemma [123, Chapter 6] for getting (5.6.8) and, after a standard covering argument we
can conclude that H(-, Du) € L (). O

loc

Let B € Q2 be a ball with r(B) < 1. As by now customary in the Double Phase setting we make in
some sense quantitative the behavior of the modulating coefficient a(+) by introducing its phases:
precisely, we say that a(-) degenerates on B, when a;(B) := inf,cp a(z) < 4r(B)1*%[a]0,1_%;B,
while we say that a(-) does not degenerate if the complementary condition holds: a;(B) >
4r(B)'~[a]o1- 2. This distinction is useful to localize the integrand by considering the aux-
iliary Young function Hy (z) := [|2|” + a;(B)|z|%). Finally, let H.(-), H;(B)’E(J be the integrands
defined by applying the construction in Section 5.2.1 (with v = p and any T € (0,00)) to H(+)
and to Hr_( B)(~) respectively. Now we are ready to prove a suitable, intrinsic Sobolev-Poincaré

inequality for H.(-).

Lemma 5.6.2 Under assumptions (5.0.13) and (5.0.14), let B € Q be a ball with r(B) <1
and w; € WyP(B,RN) and wy € WIP(B,RN) be two functions with H.(-, Dw;), He(-, Dw,) €
LY(B). Then, the following Sobolev-Poincaré inequalities holds

(J{B H.(z,w1/n(B)) da:) < C(]{a H.(z, Dwy) dx>i, (5:6.9)

142



forc=c(n,N,p,q,d, [a]o,l,%;g, | Dwi||Lr(p)) and T = 1(n,p,q) € (0,1) and

(J{B H <xw> dz) < c<]{3 H_(x, Dwy)" dx)1 (5.6.10)

with ¢ = ¢(n, N, p, q,d, [a]o’l,%;g, | Dws || pr(p)) and T = 7(n,p,q) € (0,1).

Proof. We prove (5.6.9), the proof of (5.6.10) being totally analogous. Let B €  and w; €
I/VO1 P(B,RY) be as in the statement. For the ease of exposition, as in [215], we study separately
the two phases of the modulating coefficient.

Degenerate phase

In this case, recalling the definition in (5.6.5), and in (5.2.6), we bound

w1 €
H (x, > dz < 3/ </ g1.e(z,8)s ds) dz
/B “\""r(B) BN{x(B)~!|wi|<c} \Jo be

r(B) " |wi]
_|_/ / g1e(x,8)s ds | dz
Bn{e<r(B) w1 |<T:} €

£(B) ™ |wi |
+/ / gre(x,8)s ds | da =: (I) + (IT) + (III).
Bn{r(B)~ w1 |>T:} 15

A direct computation renders that
(I) < C(’I’L,p, [a]UJ*%;B)Epr(B)n'

Now notice that, by (5.0.14) we have that p, < g, < p, where

b. ::max{l,ﬂ}, be{pq},

therefore using Sobolev-Poincaré inequality as in [218, Theorem 2.13] and keeping in mind
(5.0.14), we estimate

(IT) + (III) Scr(B)”][

B

—|—c/ a(x)TIP(wy /r(B))? dx
BO{x(B)~ w1 |>T:}

[ (B + (B~ (une(B)Y]

<cr(B)" ]é [(wn/2(BY)P 4+ £(B) (s r(B))?] dx < ex(B)" ( ]{9 | Dus [P dx) -

q=p P
+ex(B)"tTd (][ | D, |P dx) (][ | Dawy |P+(2+/P) dx> ’
B B

1

=7

<cr(B)" (1+ ||Dw1||%;f3)) <]{3|le|pr dx) :

with ¢ = ¢(n, N,p,q,d,[alo1-=.5) and 7' := ¢./p < 1. Merging the content of the two above
displays and recalling (5.2.17) and the bound imposed on the size of ¢ in Section 5.2, we have

1
w1 ’ !
H, (x, ) de <c |TP + <][ H.(x, Dwy)" da:) , (5.6.11)
]{3 r(B) B
for ¢ = c(n, N, p,q,d, [alo,1— 2.5, || Dwi||Lr(B))-
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Non-degenerate phase
When a;(B) > 4r(B)1_%[a]0,1_%;B, it is easy to see that
H.(z,z) ~ H, (z) forall (z,z) € BxRV*" (5.6.12)

up to constants depending on (n, d). Moreover, recalling the discussion made at the beginning of
Section 5.3, see also [16, Remark 5.5|, we see that (H, )" (t) makes sense and that t(H, )" (t) ~

(H,.)'(t) with constants implicit in "~" depending only from (p,q). This means that [37,

Theorem 7| applies, so we have

1

(f iy wnf) o) < f 1 (Du0)" a) ™ (5:6.13)

with ¢ = ¢(n, N,p,q) and 7" = 7" (n,p,q) € (0,1). By (5.6.12) and (5.6.13) we obtain
w1 _
]{BHE (x, r(B)) dz SC]{BHr(B)’E (wi/x(B)) da
1

1
<c <][B HRB),E(le)T” dx)T SC(]{a Hg(a:,le)T“ da:)T ,

(5.6.14)

for ¢ = ¢(n, N, p,q). Combining (5.6.11)-(5.6.14) and setting 7 := min{7’, 7"}, we end up with
(5.6.9) and the proof is complete. O

Finally, a Gehring type higher integrability result up to the boundary.

Lemma 5.6.3 Under assumptions (5.0.2), (5.0.13) and (5.0.14), let B € Q be a ball with r(B) <
1, 5 € WP(Q,RN) be a map so that H(-, Do) € LL°(Q) for some § > 0 and v € © +
Wy (B,RN) be the solution of Dirichlet problem (5.3.4) with F.(-) = H.(-). Then there exists a
positive constant ¢ = c¢(datan) and a positive higher integrability exponent o, = o4(datan,d) €
(0,0) so that the following inequality

N
Ttog

1
==
<][ [1+ H.(x, Dv.)]' T dx) <c <][ [1+ H.(x, Dv)]*+ da:) ,
B B
holds true.

Proof. Once inequalities (5.6.9)-(5.6.10) are available, we can proceed exactly as in [69, Lemma
10] to conclude with (5.6.15). O

To summarize, if u € W,-?(Q,RY) is a minimum of the functional in (5.0.6), then H(-, Du) €

loc
Lllotgg(Q) for some positive 6, = d4(datan). This means that, by Lemma 5.6.3, the solution v,

of problem (5.3.4) (with H.(-) replacing F.(-) of course) satisfies:
Tog oy
(][ [1+ H.(z, Dv.)]*tos dx) <c <][ [1+ H.(z, Du)]**7s dx)
B B

<c <]{B[1 + H(x, Du)]'*s d:z:) id , (5.6.15)

where ¢ = c¢(datan), 04 = 04(datan) € (0,d4) and we also used that, by definition,
H_(x,t) < c(p,q, ||lallp=))[l + H(z,t)] forall (z,t) € Qx[0,00). (5.6.16)

We finally remark that we should expect that the constants appearing in the previous display
depend also on || Dv.||1»(p). However, such a dependency comes from the application of Sobolev-
Poincaré inequality: in fact a quick inspection of the proof of Lemma 5.6.2 shows that ¢ is an
increasing function of || Dvc| zr(py, and |[Dve||zr(py < c(n, N,p, T, [[H (-, Du)|| 1By, | fllz (),
cf. (5.4.3), therefore the dependency from datay is the right one.
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Step 4: The case n > 3

We jump back to Section 5.3.3 and, instead of the interpolation inequality (5.3.43), as in Theorem
8 of Chapter 4, we use the following

|G (-, [ Dvel)|

LSI(B.,Q) S ||G€(7 |DUE

)

Ait1 1=Xit1
< C”GE('? ‘DUE|)||L;[+1(BTZ)||1 + H('?DU)HL1+H::(B)7

L;iril (372) HGe(a |Dv€|)||L1+UJgrEB)

where ¢ = c(datag), A\iy1 = %ﬁigz;; and we clearly used (5.6.15), (5.2.15), and (5.6.16).

In these terms, verifying (5.3.45)-(5.3.46) amounts to show that
A1 X i(s1 — (1 - om(1+ &) — (1
li XSt X (51— ( +Ug)):l<1® m(1+6) —( +0g)<1

1—00 Si+1 1—00 Si+1 — (1 —+ O'g) 2m (1 _ Ll) )
X—

which is verified also when 6 = (n=! —d~!), being o, > 0. With the content of the two above
displays at hand, Theorem 19 follows at once. We stress that so far we only needed % <1+ % - é
Now we can proceed further and look at Section 5.3.6. Precisely, by (5.6.6); and (5.6.7), we see
that the exponent &, defined in (5.3.52), appearing in (5.3.68) is equal to zero, therefore the rest
of the proof of Proposition 5.3.3 adjusts accordingly without requiring other restrictions on the
size of ¢/p. In particular, the second condition on ¢ appearing in (5.1.14) can be neglected.

Step 5: The case n = 2
Notice that the discussion outlined in Step 3 is still true when n = 2. We fix

2m(1 + ag)}

P > max {1 +04,2m(1+6),
Og

and substitute the interpolation inequality appearing in Section 5.3.7 with the following
s 1-Xp
G (-, |D’Us|)HL2m(1+&>(B72) < Ge(, |Dvs|)||L2(BT2)HGs('a |Dvs|)”L1+59(B)
s 1-Xp
< C”Gs(‘a ‘DUEDHLI;?(B_Q) ”1 + H('a Du)||L1+5g(B)7
where we used (5.6.15), (5.6.16) and (5.2.15), to control the L'*?s-norm of G.(-, Dv.) and
pR2m(1+6)—(1+0y)]
2m(1+6)[p—(1+0,)]

appearing in Section 5.3.7 with p, otherwise some confusion may arise. Finally we see that

p2m(1 +o,) — (1 +0y)]
2mp — (14 0y)]

¢ = ¢(datan). In the previous display, Ay =

and we replaced the exponent p

<1 & 2m(l+o0y) <p[l+ 04— 2mé],

which is possible also when 6 = (27! —d~!) since o, > 0. We then look at the proof of Proposi-
tion 5.3.4 and, being go(+)/g1(-) = const, it goes through with the additional restriction & < p—1,
anyway taken into account by (5.0.11).

Merging the content of the above five steps, we obtain (5.0.15) and the proof is complete.

5.6.3 Proof of Theorem 14

It is a corollary of Theorem 15.

5.6.4 Proof of Theorem 15

We deduce Theorem 15 from Theorems 17-18, by making a suitable choice of the functions ¢; (-),
92(+), g3(-) and of the parameters o,5,0", ¢4, cp,y with T'= e and pu = 0. For the sake of clarity,
we split the proof of Theorem 15 into three steps.
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Step 1: Computation of g;(-) and ga(-)
With minor changes to [16, Section 6.2] we see that

86(1‘72‘:) = CO(x)pO(x)tpo(m)ileO(x7t) (5 6 17)
e} (z,t) = pr(z)cr(x)tPo @)y (z, t)eg (2, t) for k> 1, o
where we set
Hp] z)[ej(z, )P+ @ for k>1 and To(z,t) =1,
therefore
k-2
ej(z,t) =t le) (2, 1) | pr(@)er(@) ez, 8) + > (pjs2(2)pisr (@)eji1 (@) (x, 1))
j=0
L+ po()—Lg! Po(z) — 1 for k> 2
ey (z,t) i@ + p1(z)po(x)co(x) or k>
and

ell(z,t) = 0@ el (2. 1) [ po(@)eo(x) + Pol2)= 1}

tpo(z)

e (w,t) = 171! (2, 1) |p1(2)po(w)eo(w) + o, () @py ()po(@)er (w)eo(x) + PESH

Now, let ¢ € C([0,0),[0,1]) be a non-decreasing function so that ¢(t) = 0 when ¢ € [0, e/2] and
¢(t) = 1for ¢ € [e,00). The previous computations prove that the functions g (-), g2(-) bounding
from below and above second derivatives of the integrands e(-) can be defined as

g1(x,t) = ¢(t)(pm — 1)€)(x, t)t 7!

E>1 5.6.18
g2(,1) i= (1) {‘ﬁ +howl (14 250) | I e B2 0 GO
while for £ = 0 we get
) (prm — 1)l (z, t)t 1
gi(z,t) == ¢(t)(p Jep(,t) (5.6.19)

92(z,1) :

where p,, is defined in (5.0.19). With the definition given in (5.6.19) we immediately get

(%) [\/W —T+pu(L+ 1)} el (x, t)tro (@1,

Ge(z,t) = (pm — 1) [ex(z,t) —ex(z,e)] and Gelw,t) = Gel(a,t) + (2 + 1)

Step 2: Determining gs(+)

Now we prove that

{gs(m:(1—¢(t>>mk+¢(t)mkekﬂk(x7t>ez(x,t>t”°“”) logt it k=1 5600

g3z, t) = (1 — (1)) Mo + d(t)Moeoel (x, t)tPo @) log t if k=0,

where ¢(-) is the same cut-off function appearing in (5.6.18)-(5.6.19) and, for all k € N, 1M, M, =

~1
Mo, My (n, kv, Lypar) > 1, ¢o := (vlog(e/2))7L, e = (min{l7 p}2(kt1) log(e/Q)) are con-
stants. A direct computation shows that

|0n 2k (2, |2])| = |0z€}(x, [2])], (5.6.21)
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therefore if we are able to suitably bound 9,€) (z, |z|), we are done. To derive an explicit expres-
sion of d,€) (x,|z|), we set e_i(x,t) := t and introduce the auxiliary vector fields Dy, L5 : Q x
(0,00) — R™ to quantify the space derivatives of e(-) and II(-). By induction, we have for all
k>1

Oper(z,t) = ep(x,t)[er_1(z,t)|P*® Dy (2, t)
Oulen—1(z, )P = [eg 1 (z, )P0 ey, o (w, t)]Pr-1 (20)
- [er—1(2)0upr () + pr(x)Di—1]
D (2, t) 1= Opcr(x) + cp(@)cr—1 () [er—2(z, )P+ Dy (2)
g (2)pr (@) ler—o (2, )P 1Dy (1)
Do(x,t) := [Ozco(x) + co(x) logt Dupo(x)] .

(5.6.22)

Again, by induction and (5.6.22), for k > 1 we have

0o (z,t) =0 =: Lo(x,1)
81Hk(x t) Hk(l' t)cfk(x t)

Li(a,1) = |9, 10g (x-1(2)pr-1())
+lex_o(x, t)]Pr-1(®) (ck_l(x)awpk(x) +pk(x)@k_1(x,t)) + Ik_l(x,t)} .

(5.6.23)
Combining (5.6.22)-(5.6.23) with (5.6.17), for all k € NU {0} we deduce that
aﬂﬂe;c(xa t) = e;f(l‘, t)
[0 (0(er(@)pe(@)) + og 0:po(a) + Ll ) + [eros(x, DD (2, 0)] . (5.6.24)
Define
. (5.0.19)
hi = max {max{l,|0,pil,|0c:]}} € Lt (). (5.6.25)

i€ {0, k}

Recalling that by (5.0.19) it is p,, > 1 and looking at the explicit expansion in (5.6.24), we
immediately deduce that for all £ € NU {0} there exits a constant M, = My (n, k,v, L,py) > 1
verifying

|8zl (2, 1) < Myhy(x) for all (z,t) € Q x [0, €]. (5.6.26)

Now we shall prove that for all k& € N there exists a function 0 < hy(-) € L () such that

{ |0€ (2, )| < hi(w)el (z, )y (2, t)tPo(®) log ¢ for k>1 (5.6.27)

|0,€f (2, )| < ho(z)eh(z,t)tPo(®) logt for k=0.

for all (z,t) € Q x [e,00). The estimates in (5.6.27) are actually a consequence of the following
lemma.

Lemma 5.6.4 For any k € N, there exist functions 0 < ho(-), hi(-) € L .(Q) so that

{ |Do(,1)] < ho(z)logt and | Lo(z,t)| =0 (5.6.28)

Do (2, 1), |Li (2, )| < ha(@)tP0®) log tTT;,_q (x, t)

hold for all (x,t) € Q X [e,00).
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Proof. When k = 0, we easily have:

(5.6.22)4 (5.6.23),
|Do(z,t)] < holx)(1+L)logt and [|Lo(z,t)] = "0, (5.6.29)
for all (z,t) € Q X [e, o0], which is (5.6.28); with
- . (56.25)
hg := (1 + L)ho S Lloc(Q)' (5630)

We then proceed by induction. For k = 1, by (5.6.22)-(5.6.23) and (5.6.29) we get
D1 (2, 1)] < 70 log t [(1 4 LAy (2) + Lparho(z)|  for all (z,) € Q x [e, 0)
and
La(a, 0] < @ logt |(pr;! + v + L) (a) + parho(a)]

thus (5.6.28), follows when k = 1 by setting

L ().

loc

- s - . o R - (5.6.25),(5.6.30)
hi := max [(1 + L )hy + LthO] , [(pm +v+ L)y —|—th0}

Assume now that there exists a function 0 < hy () € L (Q) such that
D (1), |Li (2, 1) < By ()P log tTT, _y (x, t) (5.6.31)

for all (x,t) € Q x [e,00). By means of (5.6.22)-(5.6.23) and (5.6.31) we bound

Lpy 5 1+ L% .
< Po(®) 150 ¢11 M -
D1 (2, )] <t ogtlly(z,t) | —=hx(z) + min{Ll/}kJrlhk'H(x)

and

1

L < ————
‘ k+1($7 )| = min{l,y}k"“l

{(1/*1 +p2t 4 D) (2) + (par + 1)ﬁk(x)} tPo(®) Jog 1Ty, (z, t)
so we can conclude by choosing
min{1, p}r+4 e

5 1 Lpys .
hk+1 = X{ |:il\/1hk, + (1 + L2)hk+1 5

(v 4ot 4 Dhgsr + (par + 1) 7y

With (5.6.28) at hand, (5.6.27) follows from (5.6.24) by choosing

1 . - (5.6.25),(5.6.28)
h:zi{’l 14 Vi + g+ 1 L ().
FT min{l, v}t (P 77+ Dhye + hy + oc(€2)

This means that g3(-) is exactly the function appearing in (5.6.20).
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Step 3: Conclusions

Before verifying that gi(-), g2(-) and gs(-) satisfy the mutual relations prescribed in Sections
5.1.1-5.1.3, let us prove another auxiliary result.

Lemma 5.6.5 For any k € N, § € (0,1), there exists a positive constant ¢ = ¢(v, L, par, 0, k)
such that

I, (2, )P @ og t < cep(x, 1)’ for all (x,t) € Q x [e,00). (5.6.32)
Proof. It is well known that
t>1 = t% >¢§'logt forall & >0, (5.6.33)

therefore, using the definition in (5.0.20) we have

1
ep(z,t) = | ———log(ex+1(z,t)) e
Ck41(z)
7m max {17 log(eg11(z, t))} < m%ﬂ(gg, t)5', (5.6.34)
for all (z,t) € Q x [e,00). Fix any § € (0,1). We use the fact that
e/(r,t) <min{l,v} ‘e, (z,t) forall [ € NU{0}, (5.6.35)
for all 1 > 0, (5.6.34) and (5.6.33) with &' := 775 to get
k—1 4k
My (z,t) < (%) ll})max{l,log(el+1)} < (m> er(z,1)5. (5.6.36)
Moreover, by (5.6.33) for §' = g we get, after a straightforward manipulation
t”O(m)“logt Stp()(zj;lw < Cleo(x,t)‘;l, Ce = ce(vypar,0') << 1
so applying (5.6.35) and (5.6.36) we end up with
@+ 60t < cey(x, )7, (5.6.37)
with ¢ = ¢(v, L, par, 6, k). Merging (5.6.36)-(5.6.37) we obtain (5.6.32). O

We notice that (5.1.1)-(5.1.3) are satisfied and t — go(x,t)/g1(x,t), t — g1(x,t)t are both
increasing for all (z,t) € Q X [e,00), so (1.1.3) holds with ¢, = 1. Concerning (5.1.4), it
is satisfied by choosing v = p,,. Conditions (5.1.15)-(5.1.18) (and (5.1.19) when n = 2)
follow from the definitions of g¢1(-), g2(-), ¢3(-) and (5.6.32) for h = hy, all 0,6 > 0 and
¢ = ep(n, N,v, L, pym,pr,0,0,k). This means that the assumptions of Theorems 17-18 are
satisfied, so (5.0.22) is true.

5.6.5 Proof of Theorem 16

From (1.2.20) we readily see that (5.1.1) and (5.1.2) are verified. A straightforward computation
shows that

02A(a, 2)| < L |1+ VN — 1| max{1,1+ s, }a(J2]),
O2A(x, |2)€ - € = min{1,1 +ig}ya(|2]) €[,
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|0z,2A(, |2])] < [De(x)|a(|z])|2],
so we can define:
g1(t) =vmin{1,1+4,}a(t) and ga(t) =L [1+ VN0 — 1| max{1,1+ s, }a(t),
gs(t) :==a(t)t,  h:=|Dc| € Xioc(€2),

with Xjoc(Q2) as in (5.1.24). A consequence of (1.2.20) is that t~%a(t) is non-decreasing and
t~®=q(t) is non-increasing, see |9, Section 3], therefore it is easy to see that (5.1.4) is verified with
v =1iq+2, p = 0and g;1(t)t is non-decreasing. The definitions given above assure that conditions
n (5.1.21) are satisfied with

Lmax{1,1+ s,} (1+\/T)

K =
min{l,1+i,}

This means that Theorem 20 applies and the Lipschitz estimate (5.0.24) holds true.

5.7 Appendix: Functionals with standard growth

In this final section we justify the claim in (5.3.9), which is necessary to carry out the rest of
the estimates in Sections 5.3 and 5.5. We therefore consider a functional like (5.0.1), with the
integrand F'(-) satisfying the structure condition (5.1.2);, where F': £ x [0,00) — R is such that

loc loc

t = F(z,t) € CL_[0,00) N W20, 00) for all x € Q (5.7.1)
x> F'(2,1) € Wioo(1; X)(Q) for every £ >0 . o

The last condition means that |8$F’(-,t)| € Xioc(R2) for every t > 0, where Xjoc(§2) has been
defined in (5.1.24). We assume that

V(|2 + p?)17? = A < Fw,2) < A(J? + p2)7/?
10::F (2, 2)] < A(|2* + )0 —2)/2

(|22 + p2) D22 < 9., F(x, 2)¢ - € o
002 F(, )| < Ah(z)(|2]2 + p2)0—D/2
[fl,h € X(2)

hold for z € Q and z,& € RV*" (provided 0,.F(z, z) exists). In (5.7.2),itisy > 1,0 < v <
1 <A, 0< pu < 1. This functional is of the type considered in (5.3.4) by (5.2.13) and (5.2.19),
so that the claim in (5.3.9) is justified by the following:

Theorem 21 Let u € W27 (Q,RN) be a minimizer of F in (5.0.1), under assumptions (5.7.1)-

loc

(5.7.2). Then Du € LX(Q,RN*"), w e W22(Q,RN) and a(-, Du) € W22 (Q, RNV ™),

loc loc loc

The proof of Theorem 21 goes now in four different steps, where we essentially revisit and readapt
a few hidden facts in the literature.

Step 1: Introduction of approximating problems

We revisit the procedure we used in |77, Theorem 4, Step 1] and start fixing a ball B € Q such that
r(B) < 1. For this, we first extend F' by reflection, i.e., F(x,t) := F(x,—t), and then we consider
standard, radially symmetric mollifiers ¢; € C° (Bl), (;52 € CX(=1,1), ||¢1llLr )y = @2l (m) =
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1, ¢1,6(2) := 6 "1(x/0), po5(x) := 6 ¢(x/d), B3a(0) C supp ¢1, (—3/4,3/4) C supp ¢p2. With
§ € (0, dist(8B,09Q)/2), define

Fs(z,t) := ]{ T F(z 4 0y, t 4 05)b1(y)d2(s) dy ds (5.7.3)

for all (z,t) € B x R, and hs(z) := (h * ¢1,5)(x). By setting Fs(z,z) := Fs(z,|2]), we obtain a
family of smooth integrands satisfying

%(IZ\2 +p3) " = py < Fy(w,2) < &(|2 + pg)"’?
Fs(x,2)| < &(|2|* + ug) 02/

50~

)

E

|5sz5 z,2)| < éhs()(|2|2 + p2) /2

for every x € ', z,& € RV*" where ¢ = &(n, N,v, A,7) is a positive constant, and, as usual,
it is ps := p + 9. The verification of (5.7.4) follows straightaway from the definition in (5.7.3),
but the one of (5.7.4)3, that maybe deserves some more explanation. For this, denote as usual
as(x,t) := Fi(x,t)/t, and notice that (5.7.4)3 is equivalent to

(2420272 Sagla,t) and (24 3)0 S sl t) + d(a, )t = B (at) . (5.7.5)

See also the arguments for (5.3.5)-(5.3.6) and Lemma 5.3.1; here all the implied constants in the
symbol < depend only on n, N,v,A and v. To prove the first inequality in (5.7.5) notice that
Fs(x,t) is still such that Fs(x,t) = Fs(x, —t) for every t € R so that Ff(x,0) = 0. Moreover,
from (5.7.2)3 and again the equivalence in (5.7.5) applied this time to the original integrand
F(.), it follows that (£ + p2)(=2/2 < F(z,t). From this and the definition in (5.7.3), following
the same argument in [77, Section 4. 5] we gain (2 + p3)0=2/2 < FY(x,t), which is the second
relation in (5.7.5). In turn, integrating this last inequality and using F 5(x,0) = 0, (implied by
F(z,t) = F(z,—t)), yields (t* + p2)0=2/2t < Fi(x,t), which is in fact the first inequality in
(5.7.5) and (5.7.4)3 is verified. By the very definitions of Fs(-) and hs, we also have

{ Fs(x,2) — F(x,2z) uniformly on compact subsets of B x R™ as § — 0 (5.7.6)

1hsllxB) < cllbllxB+sB,(0)
whenever B C B is a ball such that B+ §B;(0) C €2, where ¢ is independent of ¢ and h(-). Next,

we set f5 € L°(Q,RN) as fs(x) := f(z) if |f(x)| < 1/6, and f5(z) := 6| f(x)| "' f(x) otherwise.
Finally, we define us € W17 (®,RV*") as the unique solution of the Dirichlet problem

u+ Wy (B,RY) 3w — min/ [Fs(z, Dw) — f5-w] dz . (5.7.7)
?

Up to now, we have just required that ¢ is small enough to satisfy § < dist(®B,99Q)/2. In the
next step we shall choose additional smallness conditions on §.

Step 2: Du € L™ (2, RV*")

loc

Thanks to (5.7.4), standard regularity theory yields
Dus € LS (B, RN ™), us € W22(B,RY),  9,Fs(z, Dus) € Wb (B,RN*") . (5.7.8)

We can therefore proceed exactly as in the proof of Proposition 5.5.1. This yields the existence of
do = do(n, N,v,v,A,h(:)) € (0,1) and R, = R.(n, N,v,v,A, h(-),a) < 1 such that the estimate

C

[ Dus || Lo (1) < @ [HF(;( Dug) |5 + 1| + el sl (5.7.9)
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holds whenever ¢ € (0,1), provided 6 < min{dy, dist(B,09)/2} and r(B) < R., where ¢ =
e(n, N,v,A,v,a) > 1 is independent of §. Indeed, the setting of Proposition 5.5.1 applies with
the obvious choices g1 o(t) = (12 4+ p2)"2/2/E, go (1) = &(t? + pu2)0=2/2) g5 (1) = &t +
p2)0=1/2 and h(-) = hs(-); moreover, the only qualitative properties needed to argue as in
Proposition 5.5.1 are those in (5.3.9), that are exactly those in (5.7.8). Therefore the whole bunch
of estimates developed there applies here verbatim. Notice that, proceeding as in Proposition
5.5.1, and recalling (5.5.11), the radius R, here should exhibit a dependence on hs(-), and
therefore ultimately on §. However, R, can be made independent of §, thanks to (5.7.6)s by
further taking & small enough, and without creating vicious circles. Specifically, we arrive at
(5.5.10) with the above choice of g1 -(-), 92,2(-), 93, (-) and (5.5.11) turns out to be c.||hs||x@) <
1/6, where ¢, is independent of 6 but only depends of data,,;. Given the actual choice of
parameters, ¢, depends only on n, N,v, A,v,a. We use (5.7.6)2 to reduce the last condition to
ccx||hl|x(@+oB, (0)) < 1/6, where c is the constant appearing in (5.7.6), and it is independent of
d. Therefore, by absolute continuity we find dg, R« = g, R«(n, N,v,v, A, a, h(-)) as described
above, such that the last inequality is satisfied. This allows to set inequality (5.7.9) free from
any dependence on J. Next, observe that, using (5.7.2)1, (5.7.4); and finally the minimality of
us in (5.7.9), we gain

C
| Dus|| o< (1) < T oe@ IF(, D) fhlgy + 1| + el A1) (5.7.10)

with ¢ being independent of 6. From this, a standard convergence argument based on (5.7.6);

(see again the proof of Theorem 19) extracting a subsequence {us} such that us —* u weakly in
Whee (t8; RY), leads to

¢ L 1 1
1Dl < ey (1FC DOl + 1] + eI

and a standard covering argument gives that Du is locally bounded.

Step 3: u € W22(Q,RN)

loc

For this we shall reuse some arguments from [164, Theorems 4.5-4.6]. We test the weak formu-
lation of the Euler-Lagrange system — div 9, Fs(x, Dus) = fs by Dsp, for s € {1,...,n} and
© € C§°(B); integration by parts yields

/ D;[0F5(x, Dus)] - Dpdx = —/ fs - Dspda . (5.7.11)
? ®

We then take n € C(8/2;[0,1]) with n = 1 in B/4, || Dnl|p=@) < 1/[r(B)], and we define

¢ = n?D,us so that ¢ € W01’2(@,RN). Using ¢ as test function, summing over s € {1,---n}
and using (5.7.4), yields

[ 4Dusl 4 135 (Dol o < [ n(1DusP +1i3)°F |D2usl|Dus | Dyl da
[ hsDusl 41T 0] .0 Dl o+ 3 [ 151D

Estimating the third integral in a standard way (see for instance in [164, pag. 395]) we get

/ (1Dusl? + p2) 2 | D?uglPn? da < clr(B)]2 / 0L+ B2)(|Dus? + 27/ da
B

+c[x(B)] 7 N fll2@) |1 Dusll 2@z + cll fll L2 @) 1n* D*usl| L2 @)- (5.7.12)
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The involved constant ¢ only depends on n, N,v, A and ~ and is otherwise independent of § €
(0,1). We now set M := supy || Dus|| o (s/2) + 1, which is a finite quantity by (5.7.10). We start
considering the case v > 2, where we have

120D us |72y < eIl + hsll7 gy (M? + 13)""% + cl| fll 2@ M + cl fll L2 (@) 1n* D*us|| L2 ()
where ¢ = ¢(n, N,v,A,v,r(B)) and therefore, via Young’s inequality, we get
1D?us 225 4y < er® NI+ hsl| 2oy [M? + 1772 + e 7| fll 22y M + c1® | fl[F 2 )
which is a uniform (with respect to §) local bound for {D?us}:
1D?us| L2@/ay < e(n, Nyv,y, A [0l 2@y, |1 £ ]| 2@y, £ (B), M, o) - (5.7.13)

In the case 1 < v < 2, we can argue exactly as after (5.7.12), but replacing u by M, thereby
getting again (5.7.13). Starting from (5.7.13), using the same approximation argument for the
proof of Theorem 19 and in Step 2 here, we can let 6 — 0 (via a subsequence) in (5.7.13) finally
getting a local upper bound for D?u in L?. The assertion then follows via the usual covering
argument.

Step 4: a(-, Du) € W22 (Q, RN %)

loc

The claim follows by using the content of the previous two steps and the non-autonomous chain
rule (cf. the discussion made at the beginning of Section 5.3).
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Chapter 6

Higher differentiability for
minimizers of variational integrals

Joint work with L. Koch (University of Oxford) and J. Kristensen (University of
Oxford)
Preprint (2020)

We prove higher integrability and weak differentiability results for vector-valued local minima of
autonomous integrals of the calculus of variations

WP (L RY) 5 w s F (0, Q) = / F(Dw) da, (6.0.1)
Q

where Q C R” is an open, bounded set, n > 2, N > 1 and F: R¥*® — R is a continuous
integrand satistfying (p, ¢)-growth, in the sense that

2P SF(z) S1+ [z for 1<p<g, (6.0.2)

for all z € RV*" where "<" means that the inequality displayed above holds up to absolute
constants. A systematic study of the regularity of minimizers of these variational integrals
started with the fundamental papers [181,183,184] and, subsequently, has undergone an intensive
development over the last years, see [9,16-18,25,28,29,44-46,74,89,99,100,105,144] and references
therein for a list of the most recent advances in the field. As pointed out by the counterexamples
contained in [114,182,184], a necessary and sufficient condition for the regularity of minima of
the functional in (6.0.1) is that the exponents (p,q) cannot be too far apart from each other.
Precisely, it turns out that (1.2.6) guarantees regularity. However, the optimal expression of
the quantity implicit in o(n) is still missing. In fact, the classical bound in force for proving
Wl local regularity of W1P-minima of (6.0.1) is (1.2.9), see [16,99, 100, 183]. Recently, in [15]
condition (1.2.6) was improved in the scalar case N = 1 to (1.2.10) by using a refinement
of Moser’s iteration technique via optimization on radial cut-off functions, allowing the use of
Sobolev inequality on spheres rather than on balls. In this respect, we propose a new approach
to the regularity theory for minima of functionals with (p, q)-growth based on convex duality.
Our methods find their roots in [45], where convex duality methods are employed to prove that
global minima of (6.0.1) belong to W,-4(Q2, RY) provided that

ocC
1<d "
p n-—1

assuming only the natural growth condition (6.0.2). The procedure developed in [45] plays on
the duality between the gradient of the minimum Du and the stress tensor 9, F(Du). In fact, it
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turns out that if u € g + Wol’p(Q, RY) is a global minimizer of (6.0.1) for an assigned boundary
datum g € W14(Q,RY), then 9, F(Du) is the unique maximizer of the functional

¢ [ f¢-Da=F(Q)] do

defined over all the row-wise solenoidal vector fields { € Lq/(Q,RN *™). In the above display,
F*(-) is the Fenchel conjugate of F(-). We further elaborate on such arguments and introduce
the dual controlled growth condition (6.1.4) below. It is slightly stricter than the usual controlled
(p,q) growth conditions appearing e.g. in [16,99,100,183], nonetheless it is satisfied by the main
autonomous models with (p, g)-growth, such as

Fi(w, Q) ;:/ Dl + 3Dl | da,
Q2 i=1
where p < p; for all i € {1,--- ,n} and q := max;eqy,... ny p; and
k
Fy(w, Q) ::/Z|Dw|p" dz,
Q=1
with p := minjeq ... nypi and ¢ := max;eqy... ny pi- As remarked by the example in [74],

employing the full structure of the integrand leads to better results then those obtained retaining
only the growth from above and below of its second derivatives, which could lead to a severe loss
of information. This is precisely what we do, as (6.1.4) below allows us to fully exploit the strong
convexity of the integrand F'(-). In this perspective, our main result is the following theorem.

Theorem 22 Under assumptions (6.1.1)-(6.1.4), let u € Wﬁ)’cp(Q,RN) be a local minimizer of
functional (6.2.1). Then,

Vyup(Du), V0 (8. F(Du)) € W2 (Q, RV*™).

loc

As a consequence,
we Wil RY)  forall de[Lm(n)),

(&

where

any number in [1,00) if n=2.

L j >3
m(n) == { n-2 ifnz (6.0.3)
Moreover, if B, € B, € Q are concentric balls with 0 < o < r <1 there holds that
c _h Fw B foral defn
m [ + HUHWLP(Br) + (ua T)} or a [ ’m(n)]a

with ¢ = ¢(n, N,v,L,p,q,d), and v,5 =~,%(n, p,q).

[ DullLep,) <

If the bound prescribed by (6.1.2) is violated in the sense of (6.0.4) below, we can still recover
some improvement in integrability.

Theorem 23 Under hypotheses (6.1.1), (6.1.3) and (6.1.4), let u € VVli’Cp(Q,RN) be a local
minimizer of functional (6.2.1). Assume further that the exponents (p,q) verify

2<p<%§q<p* with n > 3. (6.0.4)
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Then

loc _2_@

-2
ue W (Q,RY) for all de [1, n(p))
n
q

and if B, € B, € § are concentric balls with 0 < o < r <1 there holds that

[Dullpacs,) < _9_2n
q

c a n(p —2)
o [1 + llullwirs,) + g(uvBr)} for all d e ll, e Tl
n(p—2)

where ¢ = ¢(n, N,v, L,p, q,d) is a positive constant so that ¢ — oo as d — 2w and Y4, Yd =
q
Yd ’?d(nvpv q, d)

We stress that, coupling the result in Theorem 22 with the Moser’s iteration presented for instance
in [183] (and additionally assuming that F(-) has radial structure F(z) = F(|z|) in the purely
vectorial framework N > 2), then we can prove Lipschitz continuity for minima under the bound
(6.1.2). Finally, Theorem 22 allows us to recover a Morrey-type regularity result in two space
dimensions for local minima of non-degenerate functionals.

Theorem 24 Letn =2 and u € I/Vli’cp(Q,RN) be a local minimizer of functional (6.2.1), under
hypotheses (6.1.1), (6.1.2), (6.1.3) and (6.1.4) with p = 1. Then u € C'llo’cﬁ(Q,]RN) for all g €
(0,1).

The result in Theorem 24 is another instance of the potential of the controlled dual growth
conditions (6.1.4). Indeed, we obtain the same result as in [25], without imposing any restriction
on the size of ¢ — p.

6.1 Growth conditions and duality

Let F': RVX" — R be a continuous function satisfying (p, q)-growth:
vizlP — L < F(z2) < L(1+ |z]9), (6.1.1)

for all z € RV*™. The exponents (p, q) verify

2<p<qg< if n>2 and 2<p<q if n=2. (6.1.2)

n —

In the above display, we took strict inequality between p and ¢, since when p = ¢ there is nothing
new to prove. We shall also assume some regularity on F(-):

F € C*(RNV*™) (6.1.3)
together with the dual controlled growth conditions:

(F(2) = F(20) — 0.-F(20) - (z — 20))
|z — 202

- a2
v(p? + |z0)*) 7 < L(p® 4 10.F (20)[?)2=D,  (6.1.4)

for all 2,29 € RN*". Condition (6.1.4) clearly implies that F(-) is strictly convex. In the light
of (6.1.4) it is natural to additionally require thet
|0.F(2)| < L(1 + F(2)) forall z e RN*", (6.1.5)

which is, by the way satisfied by the main models with (p, ¢) growth appearing in the literature,
[89,183]. In the previous displays, 0 < v < L are finite, absolute constants and p € [0,1]. The
Fenchel conjugate integrand of F(-) is defined by

F*(€) = sup ({£-z—F(z)) forall &RV (6.1.6)

zZERNXn
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Being the supremum of affine functions, F*(-) is convex and it can be easily checked that, being
(6.1.1) in force, F*(-) features (p’, ¢')-growth conditions, i.e.:

VHEY — L < F*(€) < L*|¢fP for all € € RVX™, (6.1.7)

where v* := (L)~ 77 (1 — ¢~') and L* := (pv) 7 7(1 — p~1), see [15, Section 2| for more
details on this matter. Since F'(-) is convex and real-valued, it is lower-semicontinuous, thus
F**(-) = F(-) by Fenchel-Moreau theorem. The definition of polar integrand yields that Young
inequality holds:

-2 < F*(&)+ F**(2) forall & 2z¢eRNX" (6.1.8)

We stress that equality holds in (6.1.8) whenever £ belongs to the subgradient of F**(-) in z,
in other terms, keeping in mind the convexity and the additional regularity assumed on F'(-),
whenever & := 0,F(z) for some zy € RV*" we have

& - 20 = F* (&) + F(#0). (6.1.9)

Furthermore, we record that F\(-) is strictly convex if and only if F* € C*(RN¥*"), and in this
case we have

0.F*(0,F(z)) =z forall zeRN*" (6.1.10)
However, being (6.1.3)-(6.1.4) in force, we can say more: in fact F* € C?(RV*") and it is
strongly convex, cf. [143, Chapter X]. Let us be more precise in this respect.

Lemma 6.1.1 If F: RNX" — R is an integrand satisfying (6.1.3)-(6.1.4), then for all z9,& €
RN*" jts Fenchel conjugate F*: RN*™ — R verifies

i(u2+|£ol2)t2 < (F*(&) = F*(&) — 0.F*(&) - (£ — &)

< =t
I€ —&ol? T

where & 1= 0. F(2).

Proof. Let &,& € RVX™ be as in the statement. Rearranging the upper bound in (6.1.4) we find
2 PN 2
((5*50) 2= L(p” + &%) 70 |z — 2o ) + (b0 20 — F(20)) <&-2— F(2).

Using the definition in (6.1.6), the extremality relation (6.1.9) and taking the supremum with
respect to z € RNV*" on the left-hand side we end up with

(€~ €0) - 20+ 77 (42 + ) T | - o

= sup ((6=&) -2 = L +1602) X[z = 20[?) < F*(§) = F*(&).

Ze]RNXn

Rearranging the inequality in the previous display via (6.1.10), we obtain the lower bound in
(6.1.11). The upper bound can be derived in a totally similar way. (]
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A straightforward consequence of (6.1.4) combined with (6.1.11) is presented in the next corollary.

Corollary 6.1.1 Let F: RVX" — R be an integrand satisfying (6.1.3) and (6.1.4). Then there
exists a positive constant ¢ = c(n,N,v, L,p,q) such that for all zy,z2 € RNX" the following
inequality holds true:

(8ZF(2’1) — 8ZF(z2)) . (21 — 22) > c(u2 + ‘21|2 + |22|2)pT72|21 — Z2|2
+ o1 + 0. F(21) % + 0. F(22)[2) = |8.F (1) — 9. F (22)|2. (6.1.12)

Proof. Pick any 21, zo € RVN*™ and set & := 0,F(z;1) and & := 0, F(z2). A direct manipulation
of (6.1.11) renders that

. . 1 £-2
(0-F*(&1) = 0. F"(&)) - (&1 — &) > E(MZ +HaP + &) 6 - &P,
where we also used that ¢’ < 2, see (6.1.2). Notice that, by (6.1.3), (6.1.4) and (6.1.11), both
0.F(-) and 0, F*(-) have domain coinciding with R™*" and they are mutually inverse, cf. (6.1.10).
This comes via a straightforward variant of the arguments presented in [143, Chapter X, Sections
4.1-4.2]. The previous discussion, (6.1.3) and the content of the above display yield in particular
that

q

1 _2
0 F (€0 C > o (1 4 IeP) T P, (6:1.13)
for all ¢,¢ € RY*". Combining (6.1.10), (6.1.13) and Lemma 2.4.1 we obtain
(0:F(21) = 0:F(22)) - (21 — 22) = (&1 — &2) - (0:-F7"(&1) — 0-F"(&2))

1
= (/0 022 F7" (&2 + A& — &2)) d/\> (1 — &) (61— &)

8LL (/Ol(uQ + €2 + A(&1 — 52)|2)11/2_2 d)\> 61— &

> (i + [ + 6 F |6 - &P,
with ¢ = ¢(n, N, L, q). Recalling the definition of £1,&s and (6.1.4) we obtain (6.1.12). d
Finally, we record that, combining (6.1.1) and the convexity implied by (6.1.4) we have
10.F(2)| < e(L,q)(1+ |2|77Y) for all z € RN*", (6.1.14)

see [183, Lemma 2.1].

Remark 6.1.1 If instead of local minima of (6.0.1) we consider solutions to the Dirichlet prob-
lem

g+ WP (Q,RY) 3 w — min F (w, Q)

for some assigned boundary datum g € W1P(Q,RY) so that F(tDg) € Li () for some t > 1,
we can omit assumption (6.1.5), cf. [46].
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6.2 Higher differentiability

Let u € Wli’cp (2, RY) be a local minimizer of the variational integral

W (QRY) 5w F(w,Q) = | F(Dw) da, (6.2.1)
Q

where the integrand F'(-) satisfies (6.1.1)-(6.1.5). As usually done in the framework of prob-
lems with (p, ¢)-growth, see e.g. [101], we regularize u via {¢.}, family of nonnegative, radially
symmetric mollifiers of R™ with unitary mass, thus obtaining a sequence {u.} C C2, (€2, RY) so
that

ue — u  strongly in WL P(Q,RY). (6.2.2)
Moreover, via Jensen inequality we see that
F(Du.) < F(Du) x ¢. — F(Du) strongly in L] _(Q). (6.2.3)

Now, fix any ball B, € ) with radius ¢ < 1 and define the auxiliary functionals
WP(B,,RY) 3w+ F.(w, B,) ::/B F.(Dw) dz,
where
F.(z) = [F(z) +he(p® + |z\2)%} (6.2.4)
and . € (0,1) is defined as
pe = (=7 14 IDucll ) = 0. (6.2.5)

By direct methods and strict convexity, we have that there exists a unique solution v. €
Wh4(B,,RY) to the Dirichlet problem

ue + W' (B,RY) 3 w — min % (w, B)

satisfying the integral identity:

0:/ d.F.(Dv.)- Dy dz for all ¢ € Wy (B,RY). (6.2.6)
BQ

Notice that, by the minimality of v, in class u. + Wol’q(BQ,RN) we have
1// |Dv. P dx + Iis/ (1% + |Dve|?)? da
B B
(6.1.1),(6.2.4)

< / [F.(Dv.) + L] d=x
B

< / [F(Du.) + L] dm+n€/(u2+|Dv€|2)% dz
B B

(6.2.3),(6.2.5)
< F(u,By) + L|B,| + o(e) =: 1. (6.2.7)

Moreover, by (6.2.7) and Poincaré inequality we also get

loellwros, < ¢ [llullwis,) + 1] + o), (6.2.8)
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for ¢ = ¢(n, N,v, L, p). Let us recover a bound on the L'-norm of 9, F(v.):

/ |0, F(Dv.)| dz <5L/ [F(Dv.) +1] dng/ [F.(Dve) +1] dz
B B

(6.2.7)
< ¢|[F(u,By) +1], (6.2.9)

with ¢ = ¢(n, L). Now we are ready for proving the higher integrability result in Theorem 22.
We select parameters 9/2 < 71 < 72 < p, a cut-off function n € C1(B) so that

8
1, <n<lp,,.,, and |Dn| < pr—— (6.2.10)

a vector h € R™ with |h| < 15855 min {1, dist(supp(n),dB)} and test (6.2.6) against ¢ =

T_n(n*mhve). Using in (6.2.6) the integration by parts technique for finite difference operators,
we then obtain

0= / ThOF.(Dv,) - [7]2ThDU5 +2nDn® Th’UE} dz =: (I) + (II). (6.2.11)
B
For the sake of clarity, given any map w € W14(B,, RY) we define
D (h, Dw) := (,ﬂ +|Dw(z + h)? + |Dw(x)\2) .

Let us estimate term (I). We have, via Lemma 2.4.1:

n -/

> c/ 22D (h, Dv.)"=" |7, Dv. |2 dx+c/ 2D (h, 0. F(Dv.)) T |rpd. F(Dv.)? du
B B

e e

UQThazF(Dvs) -mnDv. dx + qlig/ ", ((u2 + |Dv5|2)%2Dv€) -1 Dve dx

e BQ

+ cns/ 02D (h, Dv.) "= |, Dv.? da
B

Qe

> c/ 02|71V p(Dv2)|? dx—i—c/ 0?1710 Vg (0. F (Dv.)) | da

BQ BQ
+ cns/ 772|ThV#1q(D”U5)|2 dz.

B,

with ¢ = ¢(n, N,v, L, p,q). Now we take care of term (II). By (2.4.2), Lemma 2.4.1, the mean
value theorem, Holder and Young inequalities we obtain

) < e / 0| DD (h, 0. F (D)) % 1,0, F (Dv. )| mve| da

B,

2 q=2
+  CKe n“D(h, Dve) 2 |1 Dve||Dn||mhve| da
B

e

IN

L/ 772@(}7/78ZF(D/UE))Q/772|T’182F(D’UE)|2 dz
B

e

[ ID0PD0, 0P Do) e da
BQ

+ mg/ 172CD(h,DUE)q2;2|7'hDv€\2 dz
B

e

CKe

/ \Dy|2D (h, Dv.) " |rpv-? dz

B,
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IN

LC/ n2\ThVH,q/(82F(DvE))|2 dz
B

4
q—2

< / DD (h, 0. F(Dv.)) % dz) ( / Dy e dx)
L B B,

e

2
q

+

h|? -
+ mgc/ n2|ThVM7q(Dv5)\2 dx+%/|Dn|2@(h, DUE)QTQ|A;L116|2 dz,
BQ

for ¢ = ¢(n, N, L, p, q) and arbitrary ¢ € (0,1). Now we can merge the two above displays, choose
¢ > 0 sufficiently small and obtain

/ PlrVyp(Du)? dz + / Ve (0-F(Dvo)) [ da + e / 7|V o(Du) [ da
B B

e o BQ
a-=2 2
q/ q q
< c(/ |Dy|*®D(h, 8. F(Dv.)) = dx) (/ | D |7 ve|? dx)
BQ BQ
+ c|h|2n5/ \Dyl2® (h, Dv.) T | Apve|? da, (6.2.12)
BQ

where ¢ = ¢(n, N, v, L,p,q). Once the previous inequality is available, we split the rest of the
proof into four steps.

6.2.1 Step 1: Higher integrability of 9, F (Dwv.)

Now, let a be as in (2.2.1) and notice that, because of the restrictions imposed by (6.1.2), there
holds that

a € (0,1). (6.2.13)

Dividing both sides of the inequality in (6.2.12) by |h|>** we get

2 2
a(h) ::/ 0 TnVup(Dve) dm—l—/ n? Th Vg (0:F (Dvc)) da
B, |h]® B, |h]*
2
+/{5\/ 7]2 Tthﬂq(D'Us) dl’
B, B
2 < B 2| ThUe 1 E
<c |Dn|*®D(h, 0. F(Dv.)) = dx | D dz
B, B, ||

+c|h|2<1*°‘>n€/ \Dn2D(h, Dv.) T |Apve|? dz = S1(h) + Sa(h).  (6.2.14)
BQ

Let us estimate separately the two terms appearing on the right-hand side of (6.2.14). By Holder
inequality, (6.2.7), (6.2.13) and Lemmas 2.2.4-2.2.5 we have that

q—2

T i
Sy(h) < cre / |Dy|*D(h, Dv.)? dx / |Dn|2|Apv|? do | < % (6.2.15)
B, B, (2 —71)

with ¢ = ¢(n, N,v, L, p,q). Moreover, using the embedding in Lemma 2.2.2, Lemma 2.2.4 and
(6.2.8) we obtain

500 < (]

q—2

q

(W + 0. F (Dv.)?) ¥ dx) AT

(r2+71)/2
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qg—2

(42 + 9. F(Dv.)[2) % dx) " (6.2.16)

(T2 — 7'1)4

2
4uwwwﬂ%+ymﬁg)</
B.,

for ¢ = ¢(n, N, v, L,p). Inserting the content of the previous two displays into (6.2.14) we obtain

o o (]

with ¢ = ¢(n, N,v, L, p,q, F(u, By), |lullw1.»(B,)), therefore for any 8 € (0,a), we can apply
Lemma 2.2.3 to get

Vi (O=F(Dv))lws2(s,,) + Vi (Dve)lws2(s,,)

C % %
(o~ B)i(rs — m)EPa {'V’“J’@F (DvDllziz,,) + 1M ]

C
Z;;i:4;1557§§1§H‘ﬁhq’(églv(l)ve))”Lz(B

q—2

J B m
(ﬁ+@ﬂmwﬁ2M> +(C

— 27
- T2 —T1)

<

n (6.2.17)

5))

where ¢ = ¢(n, N,v, L,p,q,F (u, By), |[ullwir(p,)). In (6.2.17), we apply the embedding in
Lemma 2.2.1 combined with (2.4.2) to obtain

10-F(Dve)ll * oy < ellViug (0:F (D))l 2,
L7=28 (B,,)
c [ a2 1
S @B — e [V OF Dl s, + 1002
c
+ WHVu,q’(32F(Dvs))||L2(BTz)
< ¢ 0. F(Du)| 2, +m?
- (Oé — ﬂ)%(TQ — 7—1)2‘1“5*01 € ( 7'2)
C a
*@ﬁnWMﬂP+WFW%WMBJ
in other terms,
10: (D) o
ﬁ (BTl)
< ¢ 16.F(Dw)|. 7 C o eme
(% q
" (a= BT (ry = m)2pre) o Mo,
¢
T (19 — 11 )(n+28)/d’ {1 + ”azF(D’UE)HLQ’(BTQ)} . (6.2.18)

Being 8 > 0, there holds that 1 < ¢’ < ;™ 25, so we can apply on the right-hand side of (6.2.18)
the interpolation inequality

10-F(D0e) 05,y S NOFDU . [0F (D030, (6229)

1-2)

where 6 € (0,1) can be computed via the following identity:

l:w+170:>0: n(q/_]-)

—_— 2.2
q/ nq’ n<q/ _ 1) + 26’ (6 O)
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to end up with

0= F(Dve)ll ng/
5 (B.,y)
C 1 (2-d"e 2=dH(a-6)
< - 14+Mma + ||0.F(Dv ‘, 0,F(Dv .
(a_ﬁ)l/q ( T2 _7-1)2(2—5+o¢)/q || ( E)||Ln—q2/3 (BTQ)H ( E)HLI(B‘Q)
¢ 0
+ g — ey LT HazF(Dfus)HLngB( o 1= F(Dve)| 11 (5. )] (6.2.21)

with ¢ = ¢(n, N,v, L,p,q, F (u, By,), |lullw1.»(B,)). At this point we apply Young inequality with

conjugate exponents
q q d 1 1
n -
-0 d-2-98) ° 0°1-0

n (6.2.21) to obtain

1
0, F(Duv, < — |0, F(Dv, ng!
0O g, € FIOEDU
) 5 - q(2><1 -9
_ 1+ M7 +||8.F(D ey
i (afﬂ)'n(Tz — )M + H10-F(Dve)ll 5.,
(6.2.9)
<" LI0ED0)| Ly
B (Bry)
¢ 1+ T+ F(u, By) 7270
" (a = B)71 (12 — 1™ " (u: Be) ’
where we set
o maX{Q(Q—l—B—oz),n—i-ZB} - 1
e ¢ —(2-q)0 RN G

and ¢ = ¢(n, N,v, L, p,q,F (u, B,), ||ullw1.»(B,))- Recalling the explicit expression of 171 in (6.2.7)
and from (6.2.16) how ¢ depends on 9(u B o) and on [[ullw1.»(B,), We rearrange the previous
inequality as follows:

9,F(D ~|6.F(D
10 F(Due)ll (,1>—2” (Do)l T

1

L ullwrogs, + 5w By)|

c
+ AT [
(o= B)7 (o — )"
with 41 := 4max{1, % + %} and ¢ = ¢(n,N,v, L,p,q). Finally, by means of Lemma
2.4.2, we obtain

C

5
B — » F(u,B,)| 6.2.22
2/% (Bg/2) (Oé — 5)71 oM [ + Hu”Wl (Bo) + (u Q) ( )

|10-F(Dve)ll

for ¢ = ¢(n, N,v, L, p, ) Combining (6.2.22) with a standard covering argument we can conclude

that 0,F(Dv.) € L” & (Bp, R¥*") and, whenever B; € B; € B, are concentric balls, the

loc
estimate in (6.2.22) can be generalized to

19=F (Do)l 5,y SClOF (DU, ar,
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c

1
<o P /N
S o [ el + By (6.2.23)

forall € (0,1—n(p~t—q7 1)), with ¢ = ¢(n, N,v, L,p,q,a— ) and 71,41 as in (6.2.22). Notice
that ¢ — oo as 8 — a, however, sice we are taking an arbitrary value of 8 € (0, ), we see that

B ultimately depends on «, therefore, keeping in mind (2.2.1), we can conclude that ¢ depends
on (n7N7 VuLapa q)

6.2.2 Step 2: Higher integrability for Dwv,

Once (6.2.23) is available, for determining uniform higher integrability for Dv. we distinguish
two cases: n > 2 and n = 2 according to (6.1.2).

Case 1: n > 2

We jump back to (6.2.12) and divide both sides of the inequality by |h|?, thus getting

/ 772 dx+/ 772
B B

dz
e e

, ot q 3
c</ |Dn|*D (h, 8. F(Dv.))* dx) (/ | Dl dx)
B, B,

cns/ \Dy2D (h, Dv.) "= |Apve|? dz = Ty (h) + Ta(h). (6.2.24)
BQ

2 2

i Vyup(Due)
R

7'hVu,q’ (azF(DUa))

g(h): ]

ThUe

|h|

IN

+

Term J2(h) can be estimated by means of (6.2.7) and Lemmas 2.2.4-2.2.5:

lim supJs(h) < lim sup Lz/ CD(h,DvE)%|AhUE\2 dz
|h|—0 |h]|—0 (T2 - Tl) B(T2+T1)/2

CKe

q chn
Sﬁ/ (MQ + |Dv5|2)2 dr < (77)27
T2 1 B(rytr1)/2 72 T

with ¢ = ¢(n, N,v, L, p, q). Concerning term 7, (h), via Lemma 2.2.4 and (6.2.23) we have

a=2 2
’ a q q
fimsup i () = msupe | [P0 0.F Do) ¥ o) ([ (poP| T s
[h|—0 |h|—0 B, B, |h|
9-2 2
S T (/ (1? +10:-F(Dve)*) ¥ dw) (/ | D |? d:v)
(7-2 - Tl) B(.,.2+7.1)/2 B(7'2+T1)/2

2
S (7'2 — 7'1)(2_(1/)’)/1 HD/UEHL‘Z(BTQ)’
for ¢ = c(n,N,v, L, p,q,F(u, By), lullw1.»(B,)) depending on F(u, B,) and on |jully1.»(p,) as in
(6.2.23) and ~; is the same appearing in (6.2.22)-(6.2.23). Plugging the content of the above
displays into (6.2.24) and using Sobolev embedding theorem we obtain

2
1Dl e 1DV, (Do) 25, + Ve (D) 223,
c cmt/? )2
< (2 — )@/ [ DvellLa(s,,) + o) + ||Dv5||L,,(BTZ), (6.2.25)

164



with ¢ = ¢(n, N,v, L,p, ¢, [[ullw1.r(B,), F (u, B,)). Recalling (6.1.2), in (6.2.25) we can use the
interpolation inequality

1D ga(5,,) < WDVl s, 1Dl (6.2.26)

where 6 € (0,1) is derived via

1:9(n72)+179 :>9:n(q77p) (6.2.27)
q np P 29
to get
c 20 2(1-6)
L= v L KN L
1
G

By (6.1.2) we readily see that 20/p < 1 so we can use Young inequality with conjugate exponents

P P
20" p— 20

and (6.2.7) to conclude with

C
e
BTl) (7'2 — Tl)’YZ

F2
| Do), [1+ 5@, By, lullwios,| (6:228)

el )—2

where vo 1= pfgemax{vl,Z}, Ao = %max{@ — ¢ )1, @, 1} and ¢ = ¢(n,N,v, L,p,q).
By Lemma 2.4.2, we obtain

J2
| Do L+ lullwiogs, + (. By)|

C
_np_ < — [
L7722 (B,) = o

with ¢ = ¢(n, N,v, L,p,q) and 73,42 as in (6.2.28). As before, the previous inequality can be
generalized to arbitrary concentric balls B, € B, € B,:

c A2
1Dl 22, ) S o [1 + ullwrrs,) +ff(u,39)] : (6.2.29)

for ¢(n, N,v, L,p,q).

Case 2: n = 2

We modify (6.2.25) by using the limiting case of Sobolev embedding theorem:

[1DvellZm s,y < |I1DVup(Dve)llL2(s,,) + ||Vu,p(DUs)||L2(Bﬁ)}

1

c clllz p
< . Dl 1q + —— + c||Dv.||7, , 6.2.30
g Iy + o AP (6230)
for all m > p. Specifically, we shall pick
m > max pz—q, g% >0, (6.2.31)
(pq — 2q + 2p)
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which is a finite positive quantity, as, being p > 2, there holds that g(p —2) 4+ 2p > 2p. This time
we use the interpolation inequality
q-p)

—0 . m
1Dl (i) < 1DVl DVl with 6= T4

} .2.32
LP(5ry) a(m—p) (6232

for getting

c 260 2(1-60)
1D L (8,,) <Gz 1DVell L ., 1PV o .,
T2 —T1)  *
1
cll»
+ ———— +cl|Dve|lr(m,,)-
(o —m1)”

The choice we made in (6.2.31) renders that 20/p < 1, so, by Young inequality with conjugate
exponents

P P

20" p — 20

1
1Dvellns,,) <5lDvellms,,) +

and (6.2.7) we get

C V3
W [1 + lullwrr s, + F(u, Ba)] ;

. 2—q¢' N 2 2(1-0 —
with s := nge max {17 %a ( p,q2)(;/1 }7 Y3 = pf20 max {]—7’717 %7 ;,29) } and ¢ = ¢(n, N, v, L, p, q).

Lemma 2.4.2 finally leads to

c

1Dl 0 < =

i3
1+ lullwros,) + T, By)|

The previous inequality can be generalized to arbitrary concentric balls B, € B, € B,:

C 73
[Dvellzm(5,) < s [1 + llullwre(s,) + F (u, Bg)} : (6.2.33)

6.2.3 Step 3: Convergence
By (6.1.4), the minimality of v, in class u. + Wy 9(B,, RN), (2.4.2), (6.2.5) and (6.2.3) we have

/B |Dv. — DulP dz gc/B \Vup(Dve) =V, p(Du)? da

gc/ [F.(Dv.) — F.(Du) — 0,F.(Dv.) - (Du— Dv,)] da
B

e

§C/B [FE(DUE) — Fg(Du)] dz — 0,

e

thus Dv. — Du strongly in LP(B,, RN*™) and, up to non-relabelled subsequences, Dv. — Du
a.e. in B,. Now fix concentric balls B, € B; € B,. We can use weak lower semicontinuity in
(6.2.29)-(6.2.33) for getting that

[ DullLa(s,) < cllDull pme 5,y < L+ [Jullwie(s,) +7(U,Bg)} ,

= |

where m(n) is defined as in (6.0.3), ¢ = ¢(n, N,v, L, p, q), v := max{~vs2,v3} and 4 := max{%s, 93 }.
Now we study the convergence of {0, F(Dv.)}. By (6.1.5), the minimality of v., (6.2.3), (6.2.5)
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and a well-known variant of the dominated convergence theorem we have that 0,F(Dv.) —
0, F(Du) strongly in L*(B,, RN *™). This means that, up to non-relabelled subsequences, 9, F'(Dv.) —
0,F(Du) a.e. in B,, so by Fatou lemma and (6.2.23) we can conclude that

c Y1
J0-F (D, < lOF DDy [+ ooy + (@, B)]

L —
a5 S [T— o)
where By, € B; € B, are concentric balls. Now, since B, € (2 is arbitrary, we can use a standard
covering argument to obtain that

Due Ll (QRY*") and 8,F(Du) € LT _(Q,RV*™). (6.2.34)

loc

6.2.4 Step 4: Weak differentiability of 9.F (Du)

Once (6.2.34) is available, we can consider the Euler-Lagrange equation of functional (6.2.1) and
repeat precisely the same procedure presented in Step I till (6.2.12) (with F(-) and u instead of
F.(+) and v, - in particular all those terms multiplying r. are zero), this time picking n € C}(B,)
with 1, <7 <1p, and [Dy| < ¢~'. We can then divide both sides of the inequality by |h|?
to get

2

Vg (0F(DW) [*

|h|

limsup/ n*
|n|—0 JB,
9=2 2

’ q q q
<limsup |c </ |Dn|*>D(h, 8. F(Du))* da:) (/ | Dn|? ™t dx)
|h|—0 B, B

. |h
with ¢ = ¢(n, N,v, L, p, q). After covering, we deduce that V,, (0, F(Du)) € Wéf(Q, RN ") and
Sobolev embedding finally yields that

(6.2.34)

C 2—q'
<?”@F(DU)HLQI(I(BQ)||DU||2Lq(BQ) < 09,

ng_ if 9
0.F(Du) € LL (O, R¥*")  with d:={ n-2 =
any d € (1,00) if n=2.

Remark 6.2.1 In case we know a priori that a minimizer u € Wﬁ)’cp(Q,RN ) has slightly more

integrable gradient, in the sense that there exists a 6 > 0 so that Du € L{)O(CH(S)(Q, RNX") then
we can assume the large inequality in (6.1.2), i.e.:

np
n—

2<p<qg< if n>3 and 2<p<g<oo if n=2.

In this case, the interpolation procedure is analogous to the one presented in Theorem 8 of
Chapter 4.

Remark 6.2.2 If p > n — 2, by Morrey’s embedding theorem we have that u € Cloo’f/(Q,RN)
with 8/ :=1— "TTQ.

The proof of Theorem 22 is complete.
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6.3 Integrability improvement in violation of the bound

In this section we prove Theorem 23, which provides an improvement in integrability for the
gradient of local minima of (6.2.1) when the restriction displayed in (6.1.2), is violated (clearly,
there is no bound to violate in the case n = 2, so we work with n > 3). Precisely, in this part
we shall assume that (6.0.4) is in force. For reasons that will be clear in a few lines, define the
following sequences of numbers:

~ ~ np
Po ‘=D, pj:n_Qa 17
i—

1 1 1 1
ag:=1—-n{-—-1, aj=1l-n{——-—-1].
p q b q

By induction, when j € N\ {0} there holds that

aop (1= (2/p)*1) G0,
p—2

Qj = Qg 2(2/p>z = (0,1).
i=0

Plugging the value of a;; determined above into the expansion of p;, we readily see that

Sy . ~ np ~ n(p_Q) *
{p;} is increasing and p; = - 2;0040(1—(22/;0)j) —pi= @ >p < ¢<p'. (6.3.1)
=
Notice also that, by (6.0.4), we have that
q>p. (6.3.2)

Consider now two new sequences, {3;} and {p;} so that:

n(p; — p) np
e | ——, o and p; = ————.
& ( 2p; j) bi=5= 2851

Notice that numbers 3; are well-defined. In fact we have

. ng(p — 2) n(p —2)
= p; < = ,
Pi nqg —2q —2n n—2—27”

n(p; — p)

;>
Qa 2p_]

which is the case by (6.3.1). Moreover,

n(pj — p)

5j<0lj :>}3j>pj and ﬁj> —
ij

= p; > Pj_1. (633)

Now take two integers k > j + 1. By (6.3.3) and (6.3.1); we get
0 <pr—1—DPj <px—Pj <Pk —Dj-1,

so recalling that, by (6.3.1), the sequence {p,} is Cauchy, we can conclude that the sequence
{p;} is Cauchy as well and, with the chain of inequalities established in (6.3.3), we can conclude
that

lim p; = jli}rrolopj =p. (6.3.4)

J]—o0

Finally, notice that by (6.3.1); there holds that

n(p; — p) < n(pj+1 — )
2p; 2pj 41
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therefore we can choose the numbers j3; in such a way that the sequence {3;} is increasing, so,
as a consequence,

the sequence {p;} is increasing (6.3.5)

by very definition. Now we borrow the same approximation scheme developed for the proof of
Theorem 22, notice that the procedure exposed to prove the estimate in (6.2.23) only requires
that ¢ < p* therefore it is verified also in the present case because of (6.0.4). We consider again
estimate (6.2.14):

o
B

e

<(/ qu>3

+ c\h|2(1_°‘)ff5/ \Dn2D (h, Dv.) T |Apve|? dz =: Sy (h) + Sa(h), (6.3.6)
BQ

2

T Vi p(Dve) de

|h[*

\Dn2D(h, 8, F(Dv.)) dsc) ( /B | Dn|?

ThVe

I

4]

for ¢ = ¢(n,N,v,L,p,q), a € (0,1) still to be fixed and 0 < n(-) € C}(B,). For j € NU {0},

we consider a sequence {B,,} of shirking balls, where g; := £ + (34—9 — %) 277, Notice that

0;} is a decreasing sequence such that oo = 32 and o; — £; therefore it is N,;B,, = B, /5 and
] 4 g 2 iDe; o/

By, = Bsyys. Accordingly, we fix parameters gj11 < 11 < 72,; < g; corresponding cut-off
functions 1; € C}(B,,) with

Ip,  =n<lp,,, and  [Dn;| S

T1,5 +71,5)/2 Toj — T, :
» )

In (6.3.6) we choose n = 7;, a = «, incorporate (6.2.15), use (6.2.23) and Lemma 2.2.4 to
control the L9 -norm of 8, F(Dv.) and eventually obtain

/ e ]
B T (12— Ty)PnEma) | p

with ¢ = ¢(n, N,v, L, p, q, [|ullwi.r(B,), F(u, B,)). We stress that, in the light of (6.3.2), (6.3.4)
and (6.3.5), all the quantities appearing above are finite. We shall prove that

Qo

Th Vi p(Dve) 2

[hfes

ThVUe
||

q
dz | , (6.3.7)

T1,j (r2,5+71,5)/2

ve € WHPi (B, ,RY) = v. € WhPit (B, ,RY). (6.3.8)

We proceed inductively. For j = 0, by Lemmas 2.2.1, 2.2.2, 2.2.3 and (6.2.8) we have:

2 1
HUEHWLM(BQI) §C||V#7P(DUE)H5V;30,2(391) + C|(U5)Bm HBgl ‘ P1

c 2
< Ve |[ty1.m +1
(ao — Bo)/P(00 — 1) {” el iz, }
< ‘ [+ o, + (. By)] "
u 1,p u, R
~ (o — Bo)MP (00 — 01)7 Whr(Be) e
where
2(2 2—¢q 2 —1 2[(2 - ¢")A 1
’Yo:z?—f—max{ 2+ ( q))’n—i— 507n(p1 )}, %;:w
p p P1 p
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and 4o := 2p~![(2—¢')41+1] and ¢ = ¢(n, N, v, L, p, q). Now we assume that v, € W1Pi (BQJ.,RN).
Via (6.2.23), Lemmas 2.2.2, 2.2.3 and 2.2.1 we estimate
2 o
||Ug||W1,pj+1 (BTL]V) SC”VMP(‘D’UE)H{I/]VBJ'«Q(BTLJ_) + Cl(’Ug)BTLj ||B‘fl,j | Pj+1

2(2—q")%;

¢ [1+ lullwrog, + F (u, By)]
(aj = Bj)M/P(72,5 — 771,1)7;

2
ol +1] - 39

with 7} := 2 + max{ (2+71(2 @) ”‘fﬂo, n(pzjl )} and ¢ = c(n, N,v,L,p,q). At this point we

recall that (6.3.3) legahzes an application to the right-hand side of (6.3.9) of the interpolation
inequality

||”6HW143]‘(BT2 = HUEH WPt (B, ||”€|| 1”J(BT2,].)’
where 6; € (0,1) verifies the identity

L0 1-0 ., _ Pia(Bi—py)
~ _’l_

Dj  Pj+1 Dj Pi(pjs1 —pj)’

so we have

2(2—a")%
D

¢ [1+ lullwins,) + 5 (u, By)]

v, 1,p; < .
e [l +1(Bs, ;) ( _ﬂj)1/p(7.27j_7.1,j)'yj
2(1-0)
3 (X AN Y eS| (63.10)

Then, in (6.3.10) we apply Young inequality with conjugate exponents
P
29]' ’ p— 29J

HUE||W1,P]’+1 (Bry ;) §§ HU5||W1,I)_,-+1 (Bry ;)

to get

2(2—d")%
720

c [1 + HUHWLP(BQ) + G(u,BQ)} J 20-05)
Vel prin) g,y + 1

(o — Bj)H/ P=263) (13,5 — 71,5)75

b

WhPi B(g;)

for v; == P 210 and ¢ = ¢(n, N,v, L,p,q). Lemma 2.4.2 eventually leads to

2(2:3;)“?1
i s o)
. < J
vellwrion (s, , ) < (aj = BV @=205) (05 — 0j41) loellyre 5o, +1)

and (6.3.8) is proven. Now that we know that v. € W#i (B, . ,,RY) for all j € NU {0} with
bounding constants independent on &, we can jump back to (6.3.9), recall (6.3.3) and use the
interpolation inequality

||UEHW1’ﬁj(BT“) < ||Us||f,vl,pj+1(3 ||U5HW1 2(Bry )
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where 6 € (0,1) this time solves

0 1-0 _ pj+1(Pj — D)
Dj  Pj+1 D P;(pjr1 — D)

Keeping in mind (6.0.4), we apply Young inequality with conjugate exponents

P P
20" p—20

to deduce, using also (6.2.8),

1
||UE||W1»P.7‘+1(BH)],) §§|‘UE||W1=P.7+1(BT2’_7)

2(2—a")%
720

2(1—6)
o [eliEe, ) +1
(0 = B) /P20 (73,5 — 11,5) 720

¢ [1+ llullwins,) + F (u, By)]
+

<glvelwioiia,, )

C Vi
1+ ullwrns,) +F (u, By)|

+ —
(o = B)/ P=20) (1 5 — 1y )75

for c = c(n,N,v,L,p,q, ||lullwr»(,), F (u, By)) and

%'_p—29’ I p—20

s de-grr -0

Finally, Lemma 2.4.2 leads to

c Yi
< |1 F(u, B ]
loellwresra, ) =0, — B) @20 (g, — 0, 1) [ T lellwr sy 5 (u, Be)

022'7]'j
=0y — B;) /=20 g

f'i/.
{1 +lullwre(s,) + F (u, Bg)] ’ (6.3.11)

for ¢ =c¢(n,N,v,L,p,q). From (6.3.11), it is evident that we have no chances of sending j — oo
without making the bounding constants blow up. However, by (6.3.5), for any d € [1,p) we can
find jq = ja(n,p,q,d) € NU{0} so that d < pj,+1, so coupling such an information with (6.3.11)
and Holder inequality we deduce that

c2%7iqda

(ajd - ﬁjd ) 1/(p=20) Q%‘d

ﬁ/
1Dv: o, ) < elDellrigis s, ) < Lt fullwrogs,) + 5 (0 By

Once the estimate in the previous display is available, we can follow verbatim the convergence
scheme described in Step & to transfer the improvement in integrability from v. to w and the
proof is complete.

Remark 6.3.1 The case p = 2 is excluded since 2* = %, therefore a violation of type (6.0.4),

does not make sense, being the interval (%, 2*) empty. Moreover, the asymptotics for p are
the following:

pN\yp as q ' p* if 2<p<n

ﬁ\% as ¢ — oo if p>n.
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6.4 A Morrey-type result in two space dimensions

In this section we revisit the arguments presented in [25] in the light of the result obtained in
Theorem 22 for n = 2. In particular, we shall consider a C2-regular integrand F': RV*2 — R
satisfying (6.1.1)-(6.1.5) in the non-degenerate case 4 = 1. From Theorem 22 we know in
particular that

Vi (8. F(Du)) € Wo2(Q,RN*?) = V; (8. F(Du)) € LE (Q,RVN*2) for all d € [1,00)

{ Vi, (Du) € WE2(Q,RN*2) — e W22(Q,RY) N Wh4(Q,RY) for all d € [1,00)
loc
(6.4.1)

loc

and so we can test the Euler-Lagrange equation of functional (6.2.1) against linear combi-
nations of u with suitable cut-off functions. Let us select discs (non necessarily concentric)
B, €@ B,j; € B, € Q withradii 0 < g <7 <1,amapn € Cl(B,) so that 1p,, <n<1p,

-1 : dist (9B, supp(n)) ;
and |Dn| < o', a number h € (O, min {1, 10000}) and define the comparison map
Vs 1= T—h, (772(7'hsu — (Du)B, hs)>7 where h, := he, with e; belonging to the standard orthonor-

mal basis of R2. Set
1
I'(Du) ::/ 0. F(Du+ A1y, Du) dA
0

and notice that, being 0,, F'(-) symmetric and positive definite (recall (6.1.4)), I' is symmetric and
positive definite as well. Using the integration by parts formula for finite difference operators,
the mean value theorem, Cauchy-Schwartz inequality and (6.1.4), we obtain

J

=_ 2/ NTh, 0. F(Du)Dn @ (Dsu — (Du)p,hs) dz
B

e

_— 2/B n (x/F(Du)ThsDu T(DW Dy & (h,u — (Du)ths)) da

e

<2 [ (VI Du- VEDujn, Du)’

e

n*T(Du)ry,, Du - 7, Du dx = / 01,0, F(Du) - 7, Du dx

e BQ

VI(Du)Dn & (th,u — (Du)p,hs)| da

1 —
§2L/ (nzr(pu)ThsDu.Thspu)Q (1 + 8. F(Dw)[2) =5 | D) | miu — (Du) g, hs| dz
BQ
1 —2
<c / (T (Duyr, Du - 7, Du) " (14 Vi (0-F (Du)) 7 [ Dl (D) g, | d,
BQ

for ¢ = ¢(L, q). Now we divide both sides of the previous inequality by h%, sum over s € {1,2}
and then send A — 0 to conclude, by means of (6.4.1), Lemmas 2.2.4-2.2.5, Fatou Lemma on the
left-hand side, the dominated convergence theorem on the right-hand side and taking averages:

2 M g u u — u X
]{BMT(U) dr < =2 ]{B T(u)|Du — (Du)p,| dz, (6.4.2)

e

where we defined

T(u) := /0o F(Du)D%u- D% and o= (1+ |V, (0-F(Du)])) 7.
Inequality (6.4.2), together with (6.4.1) and a standard covering argument imply that
T(“) € leoc(Q)' (643)
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Now, back to (6.4.2), set § := 3/4 and apply Holder and Sobolev-Poincaré inequalities on the
right-hand side of (6.4.2) to get

]{3 oY (u)|Du — (Du)p,| dx < <][BQ(0T(u))‘S d:lc>é <]{39|Du— (Du)g|6/ dx)
<a(f % (f

where ¢ = ¢(N) and we also used that in two dimensions §' = §*. We stress that the content of
the previous display makes sense because of (6.4.1). Notice that, by (6.1.4) and being p > 2 we
have

.
57

e

1
5

(oY (u))° d:z:) |D%u)® do:) , (6.4.4)

e e

[D*uf? < |D?ul(1+ [Duf’)*T < e(N,v.p)T(w)?,
therefore we can complete estimate (6.4.4) as follows:

i

e e

oY (u)|Du — (Du)p,| dz < co <][B

gcg(]g

where we also used that ¢ > 1 and ¢ = ¢(V, v, p). Merging (6.4.2) and (6.4.5) we obtain

(J{ng T(u)% dac)g <c (ﬁ

where ¢ = ¢(N,v, L,p,q), T(u) := T(u)’, 5 := 0 and 2/§ > 1. By (6.4.1), and Trudinger’s
inequality [122, Theorem 7.15] we deduce that there exists a positive constant

Qo = Oéo(”Vl,q/ (azF(Du))”Wl’Q(Br))

(oY (u))° dac)

2
5

(07 (u)) dm) : (6.4.5)

e

57 (u) dx) : (6.4.6)

o

so that
][ exp (ao [1+ |V1’qr(8ZF(Du))\]2) dz < cc.
B,/

Moreover, we see that for all k € (0,4/q) there holds that

K

[1+ Vi (0-F(Du))[]* > [1+ Vi g (0-F(Du))[]*" > &%,

so we deduce that

][ exp (a5%> dr <c<oo foral ae€(0,1), (6.4.7)
BT/Q

with ¢ = c(a, , [|[ V1,4 (0. F(Du))|lw12(B,)). Estimates (6.4.6)-(6.4.7) and (6.4.3) allow applying
[25, Lemma 1.2] to prove that there exists a positive constant c¢o = ¢o(V, v, L, p, q) so that

T(u) € L, (Log L™ (B,) = T(u) € L, (LogL)**(B,) (6.4.8)

for all & > 0. Now, by (6.1.4) and (6.4.1) we have that

|DO.F(Du)| < (L, )Y (u)o. (6.4.9)
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Moreover, we recall that for all @ > 0 there exists a constant ¢ = ¢(«)) > 0 so that if a, b are real,
non-negative numbers there holds that

(ab)?log® (e + ab) < 2%a*log®*?(e + a) + c(a) exp(6b), (6.4.10)

cf. [25, Inequality (2.12)]. Now, given any disc B, € B,, we can finally estimate

/ |DO.F(Du)|*log® (e + |D9.F(Du)|) da

(6.4.9)
< / Y (uw)o[* log® (e + |c X (u)o|) dx
B¢

(6.4.10) ) o
< 20‘/ |T(u)|*log® (e + Y(u)) dx
B,

(6.4.7),(6.4.8)
< 0,

—&—c(a)/B exp(6co) dx

N

for all & > 0, where we also used that ¢ — t2log®(e + t) is increasing and that 5%/° = o2 by
definition. After a standard covering argument, we just got that |Dd,F(Du)| € L2 (LogL)*(Q)
for all @ > 0, which implies that, choosing & > 1, with [159, Example 5.3] we have that 9, F(Du) €
Cloc(Q, RV*2) which implies that u € W,L>°(2, R¥N*2). Once this last information is available,
the non-uniform ellipticity of functional (6.2.1) becomes immaterial, so we can conclude by
standard arguments that Du € o8 (Q,RV*2) for all 8 € (0,1) and the proof of Theorem 24 is

loc
complete.
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