RIESZ POTENTIAL ESTIMATES FOR A GENERAL CLASS OF
QUASILINEAR EQUATIONS

PAOLO BARONI

ABSTRACT. We consider solutions to nonlinear elliptic equations with measure data and
general growth and ellipticity conditions as considered in Lieberman [Comm. PDE, 1991]
and we prove pointwise gradient bounds for solutions in terms of linear Riesz potentials.
As a direct consequence, we get optimal conditions for the continuity of the gradient.

1. INTRODUCTION AND STATEMENT OF RESULTS

Starting from the fundamental works of Kilpeldinen and Maly [21, 22], it is known
that the local behavior of solutions to nonlinear elliptic equations with right-hand side
measures can be controlled in terms of nonlinear Wolff potentials. In particular, for the
classic p-Laplace equation

—div(|DulP?Du) =pu  inR", p>1, (1.1)

pointwise estimates for solutions can be obtained via Wolff potentials, in the case the mea-
sure is positive, as follows:

Bg<xo)>} s (12

[u(wo)| < eln,p) WY, (z0,00) = ¢ /Ooo PMW 0

The above estimate is sharp, in the sense that the Wolff potential appearing in the right-
hand side cannot be replaced by any other potential whatsoever, and this is the consequence
of the fact that the same potential bounds the pointwise values of u also from below.

In the recent paper [26], see also [29, 36], Kuusi and Mingione proved a pointwise
estimate for gradient of solutions to (1.1) in terms of the linear, Riesz potential of the
right-hand side, for p > 2:

|Du(20)[”~" < e(n,p) 1¥!(29,00)  forany 2o € R™; (1.3)

we recall that the linear Riesz potential of the measure || is defined by

oo
1! (2, o0) ::/ \ul(iél(fo))@.
0 0 1%
Estimate (1.3) surprisingly extends to the case of the p-Laplacian the classical gradient
estimates that hold for the Poisson equations. These are, in turn, a straightforward conse-
quence of the representation formula for the solution, a tool that is obviously unavailable
in the nonlinear case. On the other hand, (1.3) tells us that, when considering pointwise
gradient estimates for the p-Laplacian equation, different potentials come into the play.
The reader might examine in this regard also the interpolation estimates in [23, 29] which
clarify in which sense and at which extent linear and non-linear potentials are related to
the different levels of regularity of solution to (1.1) in a bounded domain §2.
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This phenomenon is formally related to the operation of inversion of the divergence
operator. Indeed, if for just a moment we imagine that a Riesz type potential can be
used to invert the divergence operator, then (1.3) formally follows by applying the Riesz
potential to both sides of (1.1); indeed, we would get

lv(z0)| = |[Du(zo)|P ' ST (20,00)  where  v:=|Duff *Du. (1.4)

Clearly this rough heuristic has to be made rigorous, and this has been accomplished in
[26]. On the other hand, using the same argument, in order to get pointwise estimates for
u we should again formally invert the differentiation operator:
" 1
Dt $ [ 10,00 T > futan)] S T ([ 000] 7 ) (0,00
and by a classic result the latter potential, so called Havin-Maz’ya one [18], differs from
WY (20, 00) just by constants.

In this paper we are interested in understanding for which classes of quasilinear equa-
tions this principle still works. We show that it does for equations like

div(MDu) =L in €, (1.5)
| Dul

where Q) C R™, n > 2is abounded open set and p is a Borel measure with finite total mass,
|| (2) < oo; for this equation, once considering appropriate but classic assumptions on
the function g, pointwise gradient estimates in terms of linear Riesz potentials hold true.
In order to give some more details, we introduce the positive function g € C*(0, o),
satisfying only the following bound:

!/
5< )
g(t)
Equations as in (1.5) have been introduced and studied by Lieberman [31] and they are,
in his own words “the natural, and, in a sense, the best generalization of the p-Laplace

equation” (where the function g takes the power-like form g(¢) = t?~1, with p > 1), seen
as Euler equation for local minimizers of the functional

<go, fort>0, withl <4< go. (1.6)

G(Dw) := /QG(\Dw\) dz, (1.7)

with G(t) = t? (or, more in general, G(t) = (s +t?)?/2,p > 1, s > 0). The p-Dirichlet
energy provides a model case for the growth and ellipticity conditions considered by La-
dyzhenskaya and Ural’tseva; hence, it becomes natural to investigate about more general
forms of convex densities G(-) than power-like ones, and related Euler equations. Notice
that if G is smooth enough, then the Euler equation of minimizers of (1.7) is (1.5) with
g = G' and p = 0. In Lieberman’s work [31] a full basic regularity theory (local bound-
edness and Holder regularity both of solutions and their gradients, Harnack’s inequalities
and characterizations of De Giorgi classes) is proved for this class of equations, essentially
only supposing (1.6), for different bounds on §; we will exploit extensively his work. Nat-
ural examples of functions g satisfying (1.6) are the logarithmic perturbations of powers,
ie.

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

Another interesting examples, given in [31] and related to (p, ¢)-growth conditions, are
given by appropriate gluing of the monomials {%1,£%17¢ t%2F€ for ¢ < ay < &3; it turns
out that is this case § = a; —¢ and gy = a3 + €. In this paper we thus prove the following
result:
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Theorem 1.1. Let u € W1%(Q) be a weak solution to
—diva(Du) = p, (1.8)

where 11 is a Radon measure with finite total mass or a function in L*(2), where the vector
field a(-) is modeled upon on (1.5), in the sense specified by (2.1), and where the function
g satisfies (1.6) and the non-degeneracy condition (3.2). Then there exists a constant c,
depending on n,v, L, §, go, such that the pointwise estimate

g(|Du(zo)|) < cIll’”(zO,QR) + cg(]{g | D dx) (1.9)

r(zo)

holds for every xo € § Lebesgue’s point of Du and for every ball Bagr(zo) C .

We recall that the truncated, linear Riesz potential I|1” ! (z, R) is naturally defined by

R \u|(B d
I‘lul(xO,R) ::/ |/”L‘( n,gffO))ﬁ’
0 0 0

in the case u € L'(2) we denote

(Bofao)) = [ Julda.
Be(z0)
Once having the a priori potential bound (1.9) at hand (see Section 7 for more about
our choice of giving this form to the statements), the following Corollary follows in a
straightforward way:

Corollary 1.2. Let u € WH9(Q) be a weak solution to (1.8), where the vector field a(-)
satisfies the assumptions (2.1) and where g satisfies (1.6). Then
I (. R) € L2(Q)  for some R >0 = |Du| € L2 (9).

loc

Moreover the following local estimate holds true:

IDull o= (B ) < cg1(||11“(~,R)HLOO(BR)> +c][B |Du| dz,
R
for every ball Br C 2 and with constant depending upon n,v, L, d, go.

It is worth to remark that this shows that the classic, sharp Riesz potential criterium
implying the Lipschitz continuity of solutions to the Poisson equations still remains valid
when considering operators of the type (1.8), at least for § > 1. We stress however that
global Lipschitz regularity for solution to (1.5) in the vectorial case has been proved by
Cianchi and Maz’ya [9, 10], under weaker assumptions on the function g: they indeed
prove, using our notation,

!/
O<6§tg(g)§go, and p€L(n,1)(Q) = DuelL®(Q)
g

under a very mild condition on 92. L(n,1) is the Lorentz space defined just few lines

below, and the inclusion p € L(n, 1)(£2) actually implies that I‘lM (-, R) € L™(Q), see the
proof of Corollary 1.4. Our local L* bound, however, actually opens the way to gradient
continuity statements. We indeed have the following general criterion:

Theorem 1.3. Let u € WS (Q) be as in Theorem 1.1 and suppose that

I%imo I‘l’” (wR)=0 locally uniformly in S with respect to x; (1.10)
—

then Du is continuous in ).
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The previous theorem allows to extend to our setting a few classical results. The first is
a classic theorem of Stein [40] that tells that

Au € L(n,1)(Q) = Du € C°(Q). (1.11)

We recall now that the Lorentz space L(n,1)(2) consists in all measurable functions g
such that

| e casiu@i>

its local variant is defined in the usual way. Note that if p belongs locally to L(n, 1)(€2),

then not just I‘l“ ‘(-, R) € L>(Q), but also (1.10) holds true, see again the proof of the
forthcoming Corollary 1.4 in Section 7. The sharpness of (1.11) has been shown in [5].

1/m dA < o0;

The second one result we are going to cover has been proved by Lieberman in [32] and
asserts that, when considering elliptic equations as (1.1) in €2, the density condition

w(B,(z)) < cpn 1o, for any B,(z) C 2 and for some § > 0,

implies the local Holder continuity of the gradient (see Kilpeldinen, [20], for an analogous
statement concerning u rather than Du). We have the following

Corollary 1.4. Let u € WY (Q) be as in Theorem 1.1. If one of the following two
conditions holds:

(1) p € L(n,1) locally in <,

(2) |u|(Br(x)) < ¢ R"*h(R), for some constant ¢ > 1 and for any ball Bg(z) C

d
Q, being h Dini continuous in the sense that / h(p)—p < 00,
0 P
then Du is continuous in ).

This Corollary (and the previous Theorem 1.3) shows in particular that the gradient
continuity result in (1.11) still holds true if we replace the linear, Laplace operator with
a much more general one, and, quite surprisingly, the structure of the operator does not
influence the sharp condition on the right-hand side, which is actually independent on the
form of the operator itself. This fact is essentially encoded in the following observation,
again formal and similar to the one in (1.4): the correct quantity to consider, once treating
equations as (1.5), is

5. 9(Dul)
- |Du

Therefore, if in order to prove continuity of Du we instead prove the continuity of v, it then
becomes clear that the condition to be imposed on p has to be independent of the vector
field. A similar argument has been developed in detail in particular in the recent papers
[28] by Kuusi and Mingione, where it is proved that the condition u € L(n,1)(Q2) is a
sufficient one for the continuity of the gradient of solutions to p-Laplacian type systems of
quasi-diagonal type.

Du.

To conclude, we first refer the reader to the classic book [19] for more on the relation
between Wolff potentials and local behavior of solution to (1.1) and we mention the paper
[33] where a zero-order estimate, analogue to (1.2), has been proved for minimizers of
functionals satisfying growth conditions related to g; the papers [24, 27] contain parabolic
potential estimates in terms of Riesz potentials and sharp continuity results similar to those
just described, but in the evolutionary setting; we also mention [23] where, as well as the
aforementioned interpolation potential estimates in terms of linear and nonlinear potentials
together with sharp criteria for Holder regularity for solutions, the reader can find also
gradients Holder estimates for solutions to measure data problems. We finally highlight
the paper [35], where a low-order regularity theory in term of Riesz potential for nonlinear
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equations is developed, in the sense that integrability properties analogue to those implied
by (1.3) are studied when the regularity of the vector field is so weak (for instance, when
the p-Laplacian equation is endowed with merely bounded and measurable coefficients) to
just allow for gradient estimates in terms of Riesz potentials at the level of measures of
super-level sets.

Finally note that Theorem 1.1, which is given in the form of a priori estimate, actually
extends to the case when u is a particular very weak solution, which does not necessarily
belong to the energy space W% (€); lack of integrability is indeed typical when dealing
with measure data problems, see [2, 3]. This extension goes via a standard approximation
argument briefly described in the last Section.

2. ASSUMPTIONS AND NOTATION

We shall consider a differentiable vector field satisfying the ellipticity and growth con-
ditions

Da()n, N > v LD 2

2 E

la(2)] + [9a(2)[|2| < Lg(]z])

2.1)

forall z, A € R" and with 0 < ¥ < 1 < L < c0. da denotes the gradient of a with respect
the variable z and g is the function considered in the preceding Section and satisfying (1.6)
and the forthcoming non-degeneracy conditions (3.2). By defining

Vy(z) == {M] 1/22 (2.2)

|2

we have the analog of a well-known quantity in the study of the p-Laplacian operator, and
also in our case the following relation holds:

2 9(z1] + [z2])

’VQ(zl)_%(Z2)‘ |21|+\Z2|

|21 — 22|® & ¢’ (|21] + |22]) |21 — 22| (2.3)
We introduce here a notation which we find pretty convenient; we shall use it many times
through the whole paper. By writing A < B we will mean that there exists a positive
constant ¢, depending only upon ¢ and/or gy, such that A < ¢ B. With the expression
A ~ B we will mean that both A < B and B < A hold. Moreover in the case the constant
¢ will depend also on other quantities, we will write them below these signs. For example,
if A < é&(n,d,g0) B, we shall write A <,, B. This notation will show to be very useful,
besides lightening notation, since it will also highlight how (1.6) plays a fundamental role
in our proofs; therefore it will be used mainly for equivalences of functions. For example,
using (1.6), we have

g(t) = f(t) ::/O @ds, (2.4)

S

being f(-) convex (see (3.1)) while g(-) is not; note that also f(-) satisfies (1.6). Using
(2.1); it is easy to prove, or see [12, Lemma 20], the following monotonicity inequality

(a(21) = a(2), 21 = 22) Z c(V)g (|21] + |22]) |21 — 22/

R c|Vo(z1) = Vy(22)|” (2.5)
and the Lipschitz continuity

|a(z1) — a(z2)| S c(L)g(|z1] + |z2]) |21 — 22l
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More on notation. In the following we shall adopt the customary convention of denoting
by c a constant, always larger than one, that may vary from line to line; peculiar dependen-
cies on parameters will be properly emphasized in parentheses when needed, sometimes
just at the end of the chains of equations, for the sake of readability. Special occurrences
will be denoted by special symbols, such as ¢y, cz, ¢, c.. We again stress that we will try to
use the “<” notation mainly to highlight equivalence of functions.

Br(z) will be the open ball with center xy and radius R. We shall often avoid to
write the center of the balls when no ambiguity will arise: often the reader will read Br =
Br(x0) or the like. Being C € R™ a measurable set with positive measure and £ : C' — R¥
an integrable map, k € N, we denote with (¢) . the averaged integral

1
) ::][ l(x)dx = —/ 0(x) dx.
c ICl Je
Again for £ and C as above, the (L!-)excess functional E(¢, C) is defined as

E(,0) ;:][ |0 = (0)c|da. (2.6)
C
Note that
E(,0) < 2][ | —&|de forall ¢ € RF (2.7)
C

is a useful property which will be often used, despite not always being made explicit. We
use the notation

/l(s) ds < oo for{: (0,00) — (0, 00) continuous function
0
to mean [ I(s) ds < oo for some (and then for all) r > 0. Similarly for [ I(s) ds = oo;

the same for improper integrals at infinity f . By RT we will mean the open half-line
(0,00), by N the set {1,2,...} and Ny := NU {0}.

3. BASIC PROPERTIES OF THE g FUNCTION AND ORLICZ-SOBOLEV SPACES.

First of all we note that we can suppose without loss of generality g; > 1 and that the
lower bound O (t) > 1 implies not only that g is monotone, but also that
t— @ is increasing; (3.1
the proof is a simple computation of its derivative and this implies that g(0) = 0. Moreover
we shall assume the degeneracy conditions
lim @ =0, lim @ = 00; (3.2)
t—0+ T t—oo ¢
this is to say that as the gradient vanishes, the modulus of ellipticity of the equation be-
comes zero and that the equation is not asymptotically non-degenerate. We make this
choice in order to simplify the (already technically heavy) presentation, still considering
a case that in many respects can be considered as the most interesting one. Indeed, if
the second assumption fails, for instance, results and techniques for asymptotically elliptic
operators may be applied, see for instance [4, 25, 39].
We can also assume the normalization condition

1
/ g(s)ds =1. (3.3)
0

At this point elementary calculus shows that g(1) ~ 1. Note now that under the only
assumption (1.6) a simple computation of derivatives gives that ¢+ ¢t~°g(t) is increasing
and t — t~9°¢(t) is decreasing, so we have

min{a’, a%} g(t) < g(at) < max{a’,a%} g(t) forallt > 0,a > 0. (3.4)



RIESZ ESTIMATES FOR A GENERAL CLASS OF EQUATIONS 7

Define now the function G € C?(0, +0c0) as the primitive of g:

Gt~ | g(s)ds.

0
It is straightforward to see that G(1) = 1 from (3.3), G is convex and there holds

tg(t) tg(t) ,
<G(t) < —= if ¢ > 0. 3.5
14+g0 — ()_1—1-(5 - (3-5)
Inequality (3.5) can be rewritten in a more expressive way as
tG'(t)
146 < <1 :
FOSGuy =T

as above, this implies that the function ¢~ (%) G(t) is increasing and that t~(1+90)G(t) is
decreasing, so we have

min{a! 0, o791 G(t) < G(at) < max{a'? a'T91 G(t) (3.6)

forallt > 0,a > 0. In the customary terminology, the right-hand side inequalities of
(3.4) and (3.6) mean that g and G satisfy a global A,-condition. We recall that a function
A : RT — RT is said to satisfy a global As- (or doubling) condition if there exists a
constant k¥ > 1 such that

A(2t) < kA(t) forallt > 0.

Note the peculiar form of (3.6) when ¢ = 1 (and then G(1) = 1). Being G strictly
increasing and with infinite limit, then G —1 exists, is defined for all ¢t € R and it is strictly
increasing. Replacing ¢ with G~'(¢) and o with o'+ (respectively, o' t9°), (3.6) implies

min{a ™, aTn } G7L(t) < G~ (at) < max{a™F, aTw ) GTL(t)  (3.7)

for a,t > 0; something similar holds for g. We shall use this estimate, as also (3.6) and
(3.4), mainly with the purpose of confining constants outside the Young functions we are
going to consider.

Remark 3.1. Note that for an increasing function f : RT™ — R satisfying a doubling A,
condition f(2t) < f(¢) fort > 0, it is easy to prove that f(t + s) < f(¢) + f(s) holds
for every t,s > 0. Indeed f(t + s) < f(2t) + f(2s). Analogue estimates hold, e.g., if
f(2t) <, f(¢) or similar conditions.

The Remark above shows that both g and G satisfy the following subadditivity property:

G(t+s) SGEH)+G(s),  g(t+s) S glt)+g(s) (3.8)
Finally note that, since we have at hand monotonicity (3.1), then
g(|Duva|) 5 g(|Du|+|Dv\) 5
G(|Du—Dv|) S ———*|Du—Dv|* < ———%|Du—D
(IDw D3 |Du — D] | Du oS |Du| 4+ | Dv| | Du vl
< ¢|Vy(Du) — V(D). (3.9)

3.1. Young functions, N-functions and Young’s inequality. We call Young function a
left-continuous convex function A : R — R* U {400} such that A(0) = 0. An N-
function is a finite valued (therefore continuous) Young function C' such that

c) )

lim —= =0, lim —* = o0
t—o0+ t t—oo t

A good reference for such functions, as for all the results stated in the following lines, is
the book [37]. The Young’s conjugate of an N-function is defined by

C(t) := sup {st—C(s)}
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and throughout the whole paper when using the tilde notation over a function we shall
always mean its Young’s conjugate. If C' is an N-function, then also C is an N-function
and for these functions Young’s inequality holds; moreover, in the case a condition of the
type C'(at) < a?C(t) for a € (0,1) and with some positive exponent ¢, the choice of an
appropriate power of € € (0, 1), £1/4, leads to the following improved form:

ts <eC(t)+ c(e,q)C(s) (3.10)

for all ¢, s > 0. Another important feature of Young’s conjugate function is the following
inequality, which can be found in [1, Chapter 8, (6)]:

6<C(t)> <C) (3.11)

t

for t > 0. The previous inequality can be inferred from the similar one:

t<Cc'WC' ) <2t forallt > 0. (3.12)

3.2. Orlicz and Orlicz-Sobolev spaces. Given a Young function A satisfying a global
As-condition, the Orlicz space L“(f2) is the Banach space of all measurable functions
f 9 — Rsuch that [, A(|f|) dz < oo, endowed with the Luxemburg norm

1l = inf{A >0 /A<|§|) iz < 1}.

Note that for the above norm there holds the inequality

1fllzace < /Q A(f) d+1, (3.13)

see for example [37, Chapter III]. The Orlicz-Sobolev space W14 () is just made up of
the functions f € LA(Q) N WH1(Q) such that Df € LA(Q2). By WOI’A(Q) we mean
the subspace of TW14(£2) made up of the functions whose continuation by zero outside
€ belongs to W14(R™). Note that for 92 smooth enough, say Lipschitz regular, this
space coincides with the closure of C2°(92) in W14(Q), at least when A satisfies a A
condition, that is our case; we shall need this observation in particular for €2 a ball. Finally
we remark that in the following we shall mention the space W1:9(2) that, in view of the
previous lines, cannot even be defined, since g(-) is not necessarily a convex function.
However we can define the Orlicz-Sobolev space W1/ (€2), f(-) defined in (2.4), and set
Wh9(Q) := WH/(Q). This definition makes sense since f =~ g and therefore there is
no qualitative difference in between these spaces, i.e., [, g(|v]) dz < oo if and only if

Jo f(lv]) dz < oo.

3.3. Sobolev’s embedding. For the Sobolev-Orlicz spaces usual embedding theorems
hold true. In particular, we can still find what can be roughly distinguished as the two
different behaviors of function belonging to W14 (Q) depending on the growth of the
Young function A at infinity. If the function A grows “slowly” at infinity, then we get that
functions in VVO1 ’A(Q) are more integrable in the Orlicz setting, as in the standard case
when we have p < n. Note that the borderline case p = n can be “embedded” in this case,
due to the general structure of Orlicz spaces (Trudinger’s Theorem [42] is nothing else

than the embedding of W™ (€2) into the Orlicz space LZ({2), where B(t) = et~ 1). In
order to be more precise, let us suppose that the Young function A satisfies the following

bounds:
/(S )nllds<oo and /OO(S )nllds—oo (3.14)
o \A(s) A(s) ' '
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In this case we have the space W1 (Q) embeds into L“» (2), where we define the Young
function A,, in the following line:

Ho(t) = (/Ot {A‘é)} o ds) ; An() = (Ao H-H(1).  (3.15)

Note that the function H,,(-) depends on the starting function A, but we don’t explicit this
dependence for ease of notation. We will however recall this fact often in order to avoid
misunderstandings. Moreover observe that the first condition in (3.14), call it (3.14);,
is not really restrictive: given a Young function satisfying (3.14)2, we can appropriately
modify it near zero in order to satisfy (3.14);. This does not invalidate the function as
belonging to the Orlicz-Sobolev space, and also in our context will lead to minor changes,
see Section 5. The following (sharp) integral form of Sobolev’s embedding can be found
in this form in [7, Theorem 3] by Cianchi.

Proposition 3.2 (Sobolev’s embedding). Let Q2 C R", n > 2 be a bounded open set and
let A be a Young function satisfying (3.14). Then there exists a constant cg depending only
on n such that for every weakly differentiable function u € VVolA(Q) there holds

/QAn<CS(n)(fQAETDU|)dx)l/n>dx§/QA(|Du|)da:, (3.16)

where A, (t) := A(H, '(t)) is the function defined in (3.15).

If indeed A grows “quickly” at infinity, i.e. if

Sy o
/ <A(s)> ds < 00, 3.17)

we have the embedding into L°° by Talenti [41]. The more transparent version we propose
here can be found in the paper [6] by Cianchi.

Proposition 3.3 (Sobolev’s embedding - II). Let € as in the previous proposition and
let A be a Young function satisfying (3.17). Then there exists a constant depending on
n, 0, go, || such that for every function u € Wol’A(Q)

sgp|u| < cl|[Dullpaq)- (3.18)
Finally an easy Sobolev-type embedding for the function g. We state it explicitly here
since in the following we shall often need to refer to it.

Proposition 3.4. Let g : RY — R be a positive increasing C1(0, 0o) function satisfying
(1.6) and let Bg, be a ball. Then there exists a constant ¢ = ¢(n, 0, go) such that

L] ez (f, stonan) ™

for every weakly differentiable function u € WO1 9 (BR).

Proof. Define f as in (2.4) and note that it is convex and satisfies (1.6). By Sobolev’s
embedding in W1, using (1.6) for f we know

(L] 7o) om0
S C][BR f('é') %|Du| dz.

Now we use Young’s inequality (3.10) with conjugate functions f and f — note that f is
convex and recall (3.2); (3.11) and Holder’s inequality then yield

IN
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][BRf(Z>§||Du|da:dx§c][BRf(|Du)dx+;][ <<|R|>|R>
o soas A D)

To conclude we reabsorb the latter term in the left-hand side and we recall that f

4. HOMOGENEOUS EQUATIONS

In this section we collect some results for homogeneous equations of the form
—diva(Dv) =0 on A C R" bounded open set. 4.1)

We will assume that the vector field a : R™ — R” satisfies the ellipticity and growth
conditions (2.1) and in the following we will propose some variations on classical themes
of Lieberman [30, 31]. The following Lemma is indeed essentially a little variation of [31,
Lemma 5.1]:

Lemma 4.1. Let v € W19 (A) be a solution to (4.1) under the assumptions (2.1)~(1.6).
Then for every ball Br = Br(xo) C A the following De Giorgi type estimate holds:

sup |Dv| < c][ |Dv| dx. 4.2)
Brya Br

Moreover v € C1@(A) for some o € (0,1) and the following estimate for the excess
decay holds:

r\«
][ |Dv = (Dv), | d < ¢, (E) ][ |Dv — (Dv) p, | d, 4.3)
B, Br
for 0 < r < R and B, having the same center of Br. Finally we have
|Dv(x1) — Du(x2)] < o (1) ][ |Dv| dx (4.4)

for every x1,x9 € B, /o. The three constants and the exponent « share the same depen-
dence onn,v, L, 9, go.

Proof. For (4.2) we merge the De Giorgi estimate present in [31, Lemmata 5.1 & 5.2] with
the following Lemma 4.2, which allows to reduce the integrability of Dv on the right-hand
side. We have

sup G(|Dvl) Sc][ G(|Dvl) decG(][ |Dv|dm>.
Br/2 Br

Brya
For (4.3) and (4.4) we take inspiration from [15, Theorem 3.1], which is in turn a re-
visitation of [31, Lemma 5.1] for the case of Holder estimates below the natural growth
exponent in the standard super-quadratic case. At some points we therefore shall only
sketch the proof, leaving to the reader the task of completing the missing details with the
help of [15, Theorem 3.1]. First note that by an appropriate argument, described in [31,
Lemma 5.2], we could consider approximating vector fields a. satisfying (2.1) with g, in
place of g and satisfying

lim gs—(t)

t—0 t
accordingly, we could consider approximate solutions v, solving (4.1) with a. in place of
a; condition (4.5) will allow to differentiate the equation for v.. Once proved (4.3) and
(4.4) for v., then we shall pass to the limit, exactly as shown in [31, Lemma 5.2], to infer
the result for our original solution v. For ease of notation we shall omit the subscript € in
the proof. Take a ball By(z¢) C Bpg, recall the definition of the excess in (2.6) and set

=e>0; 4.5)

M(7) = ?1ax }Sup|Dkv|
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It is a well known regularity fact, see [11, 30], that there exists constant pg,n € (0,1)
depending only on n, v, L, §, gg such that if one of the following two alternatives holds

{Drv < M(7)/2} N By| < po|Bs| forsome k € {1,...,n}, (4.6)

{Dyrv > —M(7)/2} N By| < po| Byl forsome k € {1,...,n}, 4.7)
then

Dol > [M(F)  inB

v| > 1 7 in By,

while if neither (4.6) nor (4.7) holds for any k, then

M(7/2) < nM(T). (4.8)

Now we define first the constant H; € N, then K; € N, both depending on n, v, L, 6, go,

such that they satisfy

8cov/nn™ <1, (22—l < 4.9)

where 1 € (0, 1) is the quantity appearing in (4.8) and ¢, the constant appearing in (4.2).
Define moreover

Jo:=Hy + K;.

We distinguish now two situations, which may seem unrelated; at the end of the proof we
shall show how to merge all these together.

The first alternative. Consider first the case where, for some 7 € N, we have that (4.6) or
(4.7) holds for some k in for # = R/27~!. Hence we have

1 _
|Dv| > ZM(R/zﬁ—l) in B /as.

Note now that for k = 1,...,n, v := Dyv is a weak solution to a uniformly elliptic linear
equation:
div (a(z)D?) =0,  where d(z) = dea(Dv(z)),  inB,s;

notice that the differentiation of the equation is possible, see [30, Lemma 1] since we are
in the nondegenerate regime (4.5). We can now use (2.1), the monotonicity (3.1) and to get

- _ 9(Dv)) y 2 o 27 290 g(M(7)) |\ 12
(@AY = @ea(Do) ) = v TR = v 2 ST e
B g(|Dv|) S 9(M(7))
la(z)| < L Dol < 4LvVn M(r)

both the inequalities being valid for 2 € Bp/2;; we shortened here 7 = R/ 271, Hence
here v = Dyv satisfies a uniformly elliptic linear equation in B/, and hence classic
theory, see e.g. [15, Lemma 3.2], gives in particular for ¢ < R/ 27

~ [e5]
][ |Dv — (Dv), |d:17<c<R/2]> ]{9 Do = (DV)g,, | de,  @10)
R/27

with a; and ¢ depending on n, v, L, d, gg. The important point here (and also later) is that
the dependence of the Holder exponent and the constant is upon the ellipticity ratio, and
therefore they do not depend on M (p/2).
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The second alternative. Suppose here that there exists p < R such that neither (4.6) nor
(4.7) holds for every r € {p, p/2,... p/27°} and for any k. This implies

M2 77p) <nqM(@2 9 Vp)  Gje{l,... jo+1};

(4.6) and (4.7) fail in for # = 2=7p for j = 1,...,jo and for every k. Then, iterating the
previous inequality we get in particular

M2~ 2 p) <M (p/4),
M (270t p) < pfr =ty (2 H2)p). @)

Note moreover that there holds E(Dv, Br) < 2y/nM(g) for any ¢ < R. Now we
consider two different cases. In the case |(Dv) g, | < 2y/nM (2~ H1+2)p) we have, using
estimate (4.2), that in particular

M(p/4) < c*][ |Dv|dz < ¢ E(Dv, B,) + 2c.y/n M(2~H152) ),
BP

Combining the last two estimates and taking into account the definition of H; in (4.9) we

can reabsorb the second term on the right-hand side obtaining

M(p/4) < 2¢.E(Dv,B,) = M2 W+ p) < 2c ' B(Dv, B,)
and consequently, using (4.11)5
E(Dv, By-o11,) < 2¢/nM (27004 p) < 2/nM (2712 p)
< deo/nn™E(Dv, B,) < %E(DU,BP)
by (4.9) again. In the case |(Dv)g,| > 2v/n M (2= H1+2)p) we have
|Dv — (Dv)p,| > V/an M2 ) in By 4,
Taking averages of the previous relation and using (4.11), yields

2y/nM (27 HHOAD 5) < oyt p (272 )

< 27]K1_1][ |Dv — (Dv)p,|dx
Bz*(H1+2)p
< 2"(H1+2)+1nK1_1][ |Dv — (Dv)p,|dx
BP
1
< SE(Dv, B,)

by the choice of K in (4.9). Hence also in this case E(Dv, By-(o+1),) < %E(Dv, B,).

Hence we proved that in the case neither (4.6) nor (4.7) holds in By-;, for some p < R
and all j = 1,...,jo + 1, then there exists 7 = 2-Uo+1) ¢ (0,1/2] depending only
onn,v,L,d, go such that E(Dv, B, ,) < %E(Dv, B,). The way this previous inequality
together with (4.10) leads to (4.3) is quite standard and we refer to [15] for its proof; we
just sketch the main argument.

For r as in (4.3) we choose k € N such that 7**1R < r < 7% R and we define
S:={ieN:(4.8) holdsin B,ig}.

Now if § = N the conclusion is easy, since we can apply the result of the second alternative
choosing as p every dyadic radius 7* R and hence we have

1 .
E(Dv,B,:y) < —E(Dv, Bg) = 7'“E(Dv, Bg)

2i



RIESZ ESTIMATES FOR A GENERAL CLASS OF EQUATIONS 13

for an appropriate « € (0,1); this gives E(Dv, B,.) < ¢(r/R)*E(Dv, Br) which is
(4.3). Otherwise we set m := min(N \ S) and we can apply the first alternative with
7=mand § = T7R, for v,/ € Ny to be chosen, such that 4 £ > m, which yields

E(Dv, Bpvieg) < ¢ (2™ E(Dv, Byjom) (4.12)
for all 3 < R/2™; recall that 7 = 2~(o+1), Then we choose v € Ny such that v(jo +
1) < m < (y+ 1)(Jo + 1) and this gives in the estimate above E(Dv, Br+cp) <
¢t E(Dv, Brjam ). Now we apply the second alternative exactly - times, with y which
could even be zero. Together with the estimate E(Dv, Bgjom) < 2700tV E(Dy, 77 R),
this yields

E(DU, BR/Z"") < CT’YQQE(DUa BR)7 a2(n7 67 go, V, L) € (07 1)

= E(Dv, Byyieg) < crOTOmintenco} Dy By o),

and this estimate gives (4.3) exactly as after (4.12). We have been quite sloppy in this

proof, but we refer to [15, Theorem 3.1], where it is performed in full detail.

(4.4) follows now by a Campanato type argument, see [17, Theorem 2.9]. ]
Now we give the proof of the Reverse Holder’s inequality we used to deduce (4.2):

Lemma 4.2 (Reverse Holder’s inequality). Let v € W19 (A) be a solution to (4.1) under
the conditions (2.1)—(1.6). Then for every ball Br(x¢) = Br C A there holds

][ G(|Dv]) dz < CG(][ | Dv| dm). (4.13)
Bry2 Br

for a constant depending on n, v, L, 6, go.

Proof. In order to lower the integrability level on the right-hand side we first consider a
preliminary reverse Holder inequality and then we exploit the self-improving character of
such kind of inequalities, see [38], with an approach which wants to mimic [17, Remark
6.12]. In particular we have the following inequality, which can be found in [8, Equation
(1.1

][ G(|Dv|)dz < c(GoS™) (]l S(1Dvl) dx) (4.14)
B, /2(v) Bp(y)

for a constant depending upon n,v, L, §, go, valid for balls B,(y) C Bg, and where the
Young’s function S, which grows essentially slower than G at infinity, is given by

S(t) == G(t) [Gﬂ o

Note that (4.14) is proved for minimizers of functionals like (1.7) combining a Cacciop-
poli’s inequality with an appropriate Sobolev’s type inequality involving the function .S} its
proof for our case of equations requires however only slight modifications. See also [38]
for a Caccioppoli’s inequality for minimizers satisfying hypotheses similar than ours.

Suppose now R = 1; we will prove the general case with the help of a scaling argument.
Moreover take < 1, « € (0,1) and a point y € By, (zg). Apply inequality (4.14) for
p = (1—a)r,ie. over B(y_q)-(y). Note that we have B(;_),(y) C B,. We have

][ G(|Dv|)dz < c(GoS™H) <][ S(|Dvl) dx).
Ba—ayr/2(y) Br(1—a)(¥)

Now we come to a bit of algebra. By its definition, with B, = B(l,a)r(y), we have

£ speas= £ 6q0u) = 100

P By

* da (4.15)
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< (][ G(|Dvl) d;zc) (][ |Dv|d:c> ,
B, B,
using Holder’s inequality. Now we want to use Young’s inequality with conjugate functions
C(t) :== S(t™) and C(¢). Using an argument we will use also elsewhere in the paper,
changing variable (s = o) in the definition of the Young’s conjugate function, for o > 0,

é(anvitl) = supa%s —S(s") (4.16)
>0
<n n—1_ S n Tl‘:: Tv n—1 w
< {igpoa o= [S)"]" = [T(a" )]

where the function T is defined by T'(¢) := [S(t)]™. Notice that we can clearly restrict our
attention to the set where a7 s > S (s™). At this point the reader might recall that

ey =7(E2) = 7(12) < 1) =[5t

T T
from the definition of S; the choice 7 = G~ 1(«) leads now to
T(a"™) < [S(GH(@)]",

and plugging the latter estimate into (4.16) and choosing a = [, G(|Dv|) dx gives the
bound

5((]{BPG(|D1;|) d:c) ’ >§n (soGl)(][B

Note now that ¢ — (G o S~1)(t) is increasing and therefore the subadditivity property
(3.8) holds. Using this fact and Young’s inequality with appropriate e € (0, 1), together
with (4.17) into (4.15), and recalling that p = (1 — ) gives

][ G(|Dv]) dz < 1][ G(|Dv)) dx—l—cG(][ |Dv|dx>
Ba—ayr/2 2 B —ayr Ba—ayr

with ¢ = ¢(n, 9, go); in turn

/ G(|Dvl) da < 1/ G(|Dv|) dx
Ba—ayr/2 2

Bi—a)r

+e[(1—a)yr] " G(/Bu_w | D] dx).

Note now that the ball B, can be covered by balls of this kind in such a way that only a
finite and independent of oz number of balls of double radius intersect, all included in B,..
We then have calling ar =: s <1

/BG(|DU|)d:U§%/B G(|Dv|)dx+M6)_W]G</jBT|Dv|dx>;

s r

G(|Dv)) dx). (4.17)

P

at this point a standard iteration Lemma (see [17, Lemma 6.1]) gives (4.13) for the case
R = 1. For the general case rescale in the following way: define ¥(z) := v(z¢ + Rz)/R.
¥ solves —div a(D?0) = 0 on B1(0) and therefore we can apply (4.13) to . Rescaling
back gives the reverse Holder’s inequality in the general case. O

Finally, a so-called “density improvement Lemma’:

Lemma 4.3. Suppose that the two conditions

A
— < ][ |Dv| dx and sup |Dv| < CA, (4.18)
c omB B/4
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hold for some m € N, some numbers C' > 1 and X\ > 0 and with

1 1
0<o*<

—_—— < — 4.19
— 23a+200 02 < 8(17 ( )

where o € (0, 1) and ¢, appear in Lemma 4.1. Then

A
el < |Dv| in oB.
Proof. From (4.18); we deduce that there exists a point g € ¢™ B such that | Dv(z)| >
A/2C. On the other hand, (4.4) and (4.18)2 give | Dv(z) — Dv(xo)| < ¢o(20)*“C'A when-
ever v € B, /; = 0B C B/8. The choice above for o together with the last two inequali-
ties gives
A A A

EER
20 4C 4C
forall x € oB. t

|Do(x)| = |Du(zo)| = [Dv(z) — Dv(xo)

5. COMPARISON ESTIMATES

In this Section we want to derive comparison estimates between the solution to equation
(1.8) and to a suitable homogeneous Cauchy problem. In particular, given a ball B =
Br(x) C Q, we consider the solution v € u + W, *“(Bp) to the Cauchy problem

{— diva(Dv) = 0 in Bg, 5

v=u on OBg.
Existence and uniqueness of such functions are given with approximation and monotonic-

ity arguments, see [31, Lemma 5.2].

The technique permitting to obtain L9 estimates, being g “close” to one, for the dif-
ference Du — Dwv via scaling arguments has appeared several time before this paper, see
[14, 15, 34]. However the proof for the general setting we are considering in this paper
appears to be more technical and involved. We point out that the principal point we want
to avoid here is to get estimates degenerating when either the difference gy — d or the ratio
go/d becomes too large.

In his first part of the Section we introduce and study separately some auxiliary func-
tions we shall use in the proofs. First we introduce two functions directly depending on g:

f;<t>:=:j€t[g(8>]l+“ids, gult) = [g(t)}l+xt, 52)

S t

for x > —1. Note that functions similar to g, have been already used for example in [16].
We immediately stress that, by a simple computation of derivatives, the use of (1.6) and
integration over (0, t) we have

[6(1+2) = x] fx(®) < g5 (t) < [90(1 +x) = x] fx(t) (5.3)
and therefore f, () =, gy (t). Note also that
(o) < max {Oé(gf1)(1+><)+17 a(‘s’l)(lﬂ)“}fx(t)

for o > 0. Moreover we need to introduce the function H, (¢) defined through the follow-
ing formula

H(t) i=t7X [G‘l (1)] 7(2X+1);
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here (and in the sequel) we eventually use the conventions that 1/0 = oo, 1/00 = 0 and
G~ 1(c0) = o0, so that H X ! (and other functions) are defined in zero in a direct way. Note
that a computation shows that

d 1 X+1_—(2x+2 G(r
GHO = [T | ) ST - |
> [ e 0

with 7 := G71(3), if x < ﬁ. t — H'(t) is hence increasing and it makes sense to
define its inverse, namely H, (¢). Note moreover that by (5.3) we have

H (1) =~y t gy <G1(1)> oy tfy (G1(1)> (5.4)

and by (3.12) we deduce

[ﬁ]_1< 1 )N 1 1 1ot

YONGH)) GO Hy(gmy) GO [am] KO

Matching this estimate together with the one inferred from the left-hand side inequality of
(3.12) and (5.4) we deduce

! (ﬁ ( ! )) ~ H-1 ( ! ) I C<T0) N 1) G S
X X fX (t) X G(t) $2x+1 tx+1 g(t)t
Finally, being the function H ' (-) increasing and having the doubling property H ' (2t) <y
HZ(t) at hand, by Remark 3.1 we have that the following inequality

X
H 't +s) Sy H M) + H ' (s) (5.6)

for t,s > 0. Finally we come to the proof of the comparison estimate:

Lemma 5.1. Let u € WYC(Q) be the solutions to the equation (1.5) and v € u +
WO1 ’G(B Rr) the solution to the problem (5.1) on Bg. Then the following estimate holds
true:

][ gX(\Du - Dv|) dz <ci1g,(A) where A:= gt (%Bi]f)), 5.7
Br

where g, is the functions defined in (5.2), for
. 1 90
X € {—1,m1n{ : }) (5.8)
90—1" (9o —1)(n — 1)
and with a constant ¢y depending on n, v, 6, go, X.

Proof. Step I: rescaling.

Define A as in (5.7); we can suppose without loss of generality that A > 0, since in the
case ||(Bgr) = 0 the monotonicity of the vector field ensures u = v on Bg, and then (5.7)
is trivially true. Consequently we define

R R

a(x) == 7u(xOA—; CC)’ o(z) = 7’1}(1’014—; CC),

_ a(Az) _ wu(zo + Rx)

a(z) := , i(x) .= R————=, 5.9

&= ) ey

then, subtracting the weak formulations of (1.8) and (5.1) and rescaling we have

—div[a(Du) —a(Dv)] = in By; (5.10)
note that the growth function g of the vector field a is given by

_ g(At

) =420

g(A)
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indeed
. A LA g(AD oD, e

for all z, A\ € R™. Since we are treating measure data problems, this is enough since we
will use only the ellipticity of the vector field. However a similar estimate holds true for
the growth of the vector field. Moreover note that
tg'(t) _ Atg'(At)
g(t) 9(At)
for all £ > 0. The aim of this substitution is twofold: we can restrict ourselves to prove the
Lemma in the case Br(x¢) = Bi; moreover we can exploit the following estimate

€ [57 gO]

. 1 |p(Br)
By) = —= = 5.11
B = o (5.11)
In this case what we want to prove is simply
/éx(\Dﬂ—Dﬁl)darSc(n,v,é,go), (5.12)
B,

where g, is obtained starting from g instead of g in the expression appearing in (5.2). At
the very end of the proof we will show how to recover the full result from (5.12).

Step 2: measure data estimates.

From now on we will drop the tilde notation, recovering it only in Step 3, equation
(5.31). We recall we are working under the assumptions Bg = By and |p|(B1) = 1. Since
we want estimates involving only the mass of the measure p, we shall at least initially
follow the standard truncation method for which the unavoidable references are the works
of Boccardo and Gallouét [2, 3]. Some changes are however needed in order to handle
the growth condition we are considering. Moreover, two different approach are needed to
treat the two different kind of growth G could have at infinity. In the standard case, this
correspond to consider the two cases p < n and p > n. In both cases we will need to
consider the weak formulation of (5.10)

/ (a(Du) — a(Dv), Dp) dx = / wdu (5.13)
Bl Bl
holding true for bounded functions ¢ € VVO1 “n L (By).

Step 2.1: The slow growth case. With this expression we want to suggest the case where

SV =
/ (G(s)) ds = o0. (5.14)

In order to use Sobolev’s embedding, we need to introduce a slightly modified function
in order to have the integrability property (3.14);. We therefore define the continuous
function

0 t=0,
f(t) == < fr (1)t fort € (0,1), (5.15)
fx (@) fort € [1, 00).

Let’s begin putting into (5.13) the test function

P <cS<n><fBl YT dm>i> “1(cz)
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for any k € Ny, being cg(n) the constant appearing in (3.16) and f, (-) the function defined
in (5.15). The classical truncation operators are defined as

Ty (o) := max{—k, min{k,o}}, Py (0) :=Ti (0 — Ti(0)) (5.16)

for k € Ny and o € R. Note that we can clearly suppose F > 1 and that ¢ € Wol’G(Bl) N
L*>°(By), since 0 — Ty (o) is Lipschitz; then ¢ is allowed as test function. We moreover

have Dy = ? ;?71_)1}]‘-) Xc,» being x ¢, the characteristic function of the set Cj,, where
Ck-, = {ZL’ S Bl . |U(I) _ U(I)\ T S k}
es(n)([, f(1Du — Dol) da) ™
Using (3.9) we have
1
/ (a(Du) — a(Dv), Dp) de = ————— (a(Du) — a(Dv), Du — Dv) dx
B, Cs (n) F Ck
c
> G(|Du — Dvl) dz,
2 7 Jo, )
Estimating the right-hand side in the trivial way

/Bl T (c:(;)v}') dp

by (5.11), we deduce the estimate

< [ kdlul = Hpl(By) = &

1

/ G(|Du — Dv|) dz < ck(/ fy (|Du — Do) dx)“ =ckF, (5.17)
Cy B,

for all £ € Ny, where ¢ = ¢(n, v, d,gp). Reasoning in an analogous way, using as test
function @, ((u —v)/(cs(n)F)) € Wol’G(Bl) N L*°(By), we infer

1

/ G(\Du — DU|) dx < ¢(n,v) (/ fx(\Du — Dv|) dx) T F
Dy, B1
since ®;, < 1, where we have denoted
[u(z) — v(z)|
¢s(n) ([, 1x(1Du — Du|) d)

Now we come back to f, defined in (5.2) and we note that ¢ — f, (G’1 (t)) is increasing
and concave: indeed a computation of derivatives, denoting 7 := G~ 1(t), gives

d - () [g(n)]x
afx(G () =

Dk::{xeB1:k< Sk—i—l}.

1
n

g(r) — Tt
& (6 ) = ST ) o+ -
= [9(21;(2 [x7g'(T) = (1 +x)g(7)]
< [g(;)g_l[xgo ~(1+x)] <0

by (1.6) and the fact that x < ﬁ Therefore using Jensen’s inequality and (5.17) we get

][Ok fx(|Du— Dv|) dx < (fyo G™1) <][C G(|Du — Dwvl) das)

kF
gc(onGl)<|Ck|). (5.19)
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So using (5.4) and doing an easy algebraic manipulation we infer

1 |Ck]
Du— D d<kH1|—. 5.20
/ckf"“ um Dul)de S ehFH (kf) 2
with ¢ = ¢(n, v, 6§, go, X). By a similar argument we have for the integrals over Dy,
D
/ fX(|Du—Du|)dx5cfH;1(|’“|). (5.21)
Dy F

We hence have, using (5.20) and (5.21)

/fx(|Duva|)dxf/ £y (IDu — Do) da:JrZ/ fy(|Du — Dv|) da
SE}"[ <B1>+ZH ('D"ﬂ (5.22)

with ¢ = ¢&(n,v, 0, go, x). Here to estimate the summation appearing on the right-hand
side, we have to work on the modified function f, defined in (5.15). Note that f, () is a
Young function and

s \ 71 s g N\ AT
/0<fx(8)> ds < oo and / (fx(s)) ds = +00; (5.23)

the first by construction and the second by (5.14), since for s > 1

S

1+x X
Fe(s) = fuls) = {g()] 5 S G(s >% S G(s) 80707 < G(s)

being x < ng71' We can therefore define the Sobolev’s conjugate function (f, ),

f, o H, ', where in this case H,, is given by (3.15); with the choice A = f,. Moreover,

since
1 1+x 1
f(1) = / {g(s)] ds < / s g — ! <1,

then we have, fort > 1

e [[ () () e

At this point we have

1 lu =l ..
|Dg| < ol /Dk(fx)n (Cs(n)F) d (5.25)

for every k € N by the definition of the set D;. Having now both assumptions (3.14) at
hand, we can deduce, using Sobolev’s embedding (3.16), the following estimate for the

summation: taking into account Young’s inequality with conjugate functions H,, If{vx with
e € (0,1) to be chosen, (3.16) and subadditivity (5.6)

o

N (le|> ZH ( I o (fx)"(lZ@;})dx)
/ (o f)d““”‘“" ,;H< (fx)l())>

1
< 7 | i(IDu=Dol)de+c. ZH (HX((fX)(k)))

— u — Dvl) dx + c(n c OOM
S]_. (|Du — Dvl) dz + ¢(n, 8, go, x) + s; [H;l(k)}HX

IN
Sl o

™

m

(5.26)
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by (5.5), having

(F)n(k) = T (Hy (k) = fy (Hy (k) since H M (k) > 1 by (5.24);
here c. = c.(9, go, X, €). Moreover in the last line we also replaced f, with f, in the first
term, since f, (¢) < f, (1) + fi (1) Sy 1+ fy(t) and ¢/F < 1. Now we inquire the con-
vergence of the series on the right-hand side. A quite long but elementary calculation of its

derivative, similar to (5.18), shows that o ~ [g(H,, *(0))]X/[H, ()] TX is decreasing,
since x < 90—171, and hence it is easily seen that the series is dominated by the quantity

U U )
1

[H, (1)) Hy ' (o) ni(o)
Therefore now we want to show that
o g(Hnl(U))r do
— — =c¢(n, 9, go, x) < 0. (5.27)
/1 |: Hnl(U) Hnl(a') ( 0 )

We use the change of variable s = H,, *(o); this is allowed by (5.23) and the fact that

n
o — H, (o) is increasing. We note that

do = H',(s)ds = c(n)[Ha(s)] ™" [ f)js):| s (5.28)

and by monotonicity

wo= ([ [l 7o) == ]

Hence for s > H,1(1) > 1 we have

1 1 1
S n 1 S n 1 S n 1
do<ecn)|——| s n»<cn)|-——| s s [] s,
5] |55 0
since we have f,(s) < f,(s). We therefore have by (5.3) and H,, *(1) > 1

/loo {9(55—118)} H;f(a) Snux /loo [gx(S)]l’llS;fS) < o0

The latter integral is finite since in the case y > 1/(n — 1) (i.e. in the case we can use the
estimate from above (3.4) in the second inequality of the next line)

[gx(S)]l_% (1+0(1-1)-1 1 -1
x\l [g(s)] )T ml=x(1-3) <

< 5“(90)7
59(s) .

1 1

where e(a) ;= a(l1+x)(1— =) —a—1—x(1 — =) < —lande(go) < —1 by the fact
n n

that x < %= Inthe case x € [~1,1/(n — 1)) we instead have

1—1
lx(s)] ™ (1+00-1)-1 1 -1y
— t n X n <’ﬂ ¢
Sg(S) ~X [g( )} S ~T,X 8
and ¢(0) < —1since x < gonil) < (571)‘2“71). Therefore in both cases (5.27) holds.

(o= 1)
Coming then back to (5.26) and (5.22)

(%)

/ Sx(|Du— Dvl) do < ¢ FH <il|>
By

+ 65/ fx(|Du — Dvl|) dz + ¢ F.
By

First we choose ¢, depending on n, v, §, gg, X, so small that we can reabsorb the second
term of the right-hand side into the left-hand side, i.e. ¢ = 1/(4¢). This fixes the value
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of ¢, as a constant depending on n, v, d, go, x. Then we recall the definition of F and we
estimate

F = (/ fx (|Du — D)) dx)n < é/ fx(|Du — Dv|) dz + ¢(n, 8, go, €)
B B1

with € small in order to reabsorb also this term, i.e. £ := 1/(4¢.). To conclude note that
(5.4) gives

L [|B] ./ F _ —(2x+1)
fol(; SclBilo( 67 (57) ) Saac P[] T

|
from the definition of g, and the fact that g(t) ~ G(t)/t. Recall again we are supposing
F > 1, and therefore using (3.7) we infer

—(2x+1)
Sx

142y
T+90 |

Fle ] Y s e

Since the exponent of F reveals to be strictly smaller than one by x < ﬁ, we use for

the third time Young’s inequality together with f, = g, to finally get (5.12).

Step 2.2: The fast growth case. We here approach the simpler case where

/OO<G‘(SS)>nllds<oo.

In this case, since both u and v belong to WLG(Bl), their difference is bounded and we
can directly choose p = u —v € Wol’G(Bl) M L as a test function in (5.13). Therefore
using (2.5) we infer

/BlG(|Du—Dv|)da?§/ (u—wv)dp

By
< sgp lu —v||u|(B1) < c||Du— Dvl|lpep,y (5.29)
1

by (3.18) and the fact that |u|(B;1) = 1, with ¢ = ¢(n, , go). Let’s apply inequality (3.13)
to the function € f with ¢ € (0,1). We have

el f o = leflnem) < /B Gl do 1<% [ G(lfl)dr+1

by (3.6) and therefore we can use the following version of Young’s inequality:

1o, <& /B G(Ifl)de + e (5.30)

Let’s make use of it with f = Du — Dwv into (5.29): choosing ¢ small enough and reab-
sorbing the right-hand side term gives

][ G(|Du — Dv|) dz < ¢(n, 6, go)-

By

Arguing as in (5.19) we infer

/B gX(\Du—Ddea:SJc(n)][ fX(|Du—DU|) dx

<c (fx ) G*l) (][ G(|Du - Dv|) dx) <c
B
with ¢ = ¢(n, 6, go, x), from the fact that ¢ — (f, o G~')(¢) is concave.

Step 3: Recovering the situation.
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Now we recover the tilde notation: recalling the definitions given in (5.9), denoting in
short y = g + Rx, (5.12) can be rephrased as

{ A ]HXI {g(IDU(y)—Dv(y)

1+x
')] Du(y) — Do(y)| e

g(A)]  AJp | |Duly) - Do(y)|
g(|pa— Do) ">
B; |Du — DU|
that is (5.7), once performing a simple change of variable on the left-hand side and recalling
the definition of g, in (5.2). U

Once having the previous Lemma at hand, a minor modification of the proof allows
to get the following similar result which, despite being surely not optimal, it is therefore
sufficient for our purposes. We introduce the further following function for the sake of
shortness:

ho(t) = {g(t)] BANOY

4 t

Corollary 5.2. Letu € WH4(Q) and v € u + WOI’G(BR) as in Lemma 5.1. Then the
following comparison estimate holds true:

][ I (|Du = Do) da < chy(A) - with A::f(%)
R

for x as in (5.8) and with a constant ¢ depending on n, v, 6, go, X-

Proof. We rescale both the function as in Step I of the proof of Lemma 5.1. Having after
Step 2 estimate (5.12) at hand, we can estimate

][ h(IDu — D) d = ¢(n) /B [“W} i

:c/ ...dac—i—c/ ... dx
Bin{|Du—Dv|<1} Bin{|Du—Dv|>1}

g(|Du—DvD X
< 1) —_ Du — Dv|dx < c.
—C(n7 7907X)+C/Bl|: |DU—D’U| | u ’U‘ T S C
At this point performing a rescaling similar to that in (5.31) gives (5.32). (]

Now another, albeit similar, proof of this kind:

Lemma 5.3. Let u € WHC(Q) be the solutions to the equation (1.8) and v € u +
WOI’G(BR) the solution to the problem (5.1) on Br. Then the following estimate holds
true:

3
][ [g(|Du — Dv|)]£dac <c [I'I;LEE?)} (5.32)
Br
for
. (9+1 n
¢ e [1,mm{gT, - }) (5.33)

and with a constant ¢ depending on n, v, 6, go,&.

Proof. Since the proof is very similar to that of Lemma 5.1, we will only highlight the
main points. First of all we perform a scaling as in (5.9) and subsequent lines; therefore
from now on we can suppose B = B; and moreover |u|(B1) = 1. Introducing the
auxiliary function

t [a(s)IE
fe(t) 125/0 L(s)] ds;
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for € as in (5.33) and noting that we have f¢(t) = [g(¢)]° (and f¢(1) < 1, for later use), all
that we want to prove now is

/ f5(|Du — Dv|) dx < ¢(n,v,d,go0). (5.34)

B,

Exactly as in Step 3 of the proof of Lemma 5.1, (5.32) will follow simply by coming back
to [g(Du — Dv)]* and using the scaling of the equation.

The slow growth case. We first consider the case where

o0 s =T

‘We moreover define

Fi= (/B e (1Du — Dv)) dx)".

We choose in (5.13) the test function

for k € Ny, being cs(n) being the constant appearing in (3.16) and recalling the definition
of the truncation operator T} in (5.16). Also here we can suppose F > 1 and we have

Dy = ?S(Z”‘n_)zf)x(;k; this time Cj, = B1 N {|u — v|/(cs(n)F) < k}. Therefore we deduce
/ G(|Du — Dv|) dz < c(n)i (a(Du) — a(Dwv), Dp) dz (5.36)
C’k '7: Bl

<cF <ckF (5.37)

/ pdx
Bi1

for k € Ny, with ¢ = ¢(n, 1, 9, go). Similarly

/ G(|Du— Dv|)dx < cF,
Dy,

where Dy, := B1N{k < |[u—v|/(cs(n)F) < k+1}. Now we compute the first derivatives
of the function G( fe '()): note that

3
fé(t) = 5[9(?] and then %fg (G_l(t)) =g

with 7 := G~1(¢); moreover

j—;fg (G 1(1)) = 57(5 — Dlg(N)]* g (r) — lg(r))*~*

g(r)7?
e T, ()
S e () 5 1] <o

by (1.6) and since ¢ < %. Hence here ¢t — f¢ (Gil(t)) is increasing and concave.
Jensen’s inequality and (5.36) yield

/ f§(|DuDv|)dx§|0k(fgoG1)<][ G(|DuDv|)daz) (5.38)
Ch Cr

_ kF ale,
seleullieoo7) (i) = erre ()
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where

HY(t) = 176 [G—l(m - ~e te (G—l (1)) (5.39)

Also here computation of derivatives yields ¢ — H ! (t) increasing: indeed using (3.5)

th (t) > (1—§+1fo)t—5[G—1<1)r>0

since & < %‘ Hence there holds the subadditivity property similar as that in (5.6). By

arguments we have for the integrals over Dy,

/ fe(IDu— Do|) do < FH. ('%)

Dy

We have as in (5.22):
/ f§(|Du_D”|)dac<c}"{ (lBl>+ZH (Dk )]
By

As in (5.15) we modify the function f¢ linearly near zero in order to use Sobolev’s embed-
ding. Define

0 t=0,
e(t) = fe()t fort e (0,1),
fe(t) fort € [1,00).

We denote also here the Sobolev’s conjugate function (f¢),, := f¢ o H,, !, with H,, given
by (3.15); with the choice A = f¢. We infer as in (5.25)

D < G [, s (L)

Note that

(i) o [ (i)

the first since f¢ is linear near zero and the second by (5.35), since

() £ T < g nen= < g

when s > 1, since x < 1';&

oAt this point, using Young’s inequality with conjugate

functions He, E and with € € (0, 1) to be chosen, estimating exactly as in (5.26)

ZH 1(le><6 f§(|Du—Dv|)dx+M\Bl|
=1 B

:
S ()

k=1

At this point in order to estimate the summation on the right-hand side we deduce the
following chain of up-to-constants equivalences: for o > 0
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for the first one we used (3.12) and for the second one just (5.39). At this point with o =
H_'(k), using again the definition of Hgl and the fact that f¢(H,, ' (k)) = fe(H, ' (k)),

keN
-1

e LR
Hy <Hg((f£)i(k))) Se [g(HHnl(k))] : (5.40)

The convergence of the series is hence equivalent to fact
o0 — 571

/ l9(H, (0))]

1 Hy't (o)
— again a calculation shows that the function in (5.40) is decreasing. Again the change of

variable s = H, !(o) is allowed; estimating in a completely similar way as in (5.28) and
subsequent line we have

< [g(H; (0))]"" < eao1y ds
J iy e [ )P

and the integral is finite since the exponent of g(s) is negative, i.e.

do < o0

1
1-—-)—-1<0
€a-11<
since §{ < 5. Coming then back to (5.26) and then to (5.22)

/ fe(|Du — Dvl) de < ¢ FH; <|&>
B4 ‘F
+55/ fe(|Du — Dvl) dz + ce + ¢(n, 6, go, &, X) F.
B

After reabsorbing the second and the fourth term first by an appropriate choice of £ and
then by the use of Young’s inequality, we estimate

FH;! (?') Sne F* [G*l(f)} )

by the definition of He~'. Again using (3.7) and recalling that F > 1 gives

1+g0
g0

and since the exponent is strictly smaller than one by ¢ <
inequality to finally get (5.34).

, we use again Young’s

The fast growth case. The case where

/OO<G‘(:)>”11ds<oo.

is again much simpler. Directly testing (5.13) with p =u —v € W(]I’G(Bl) N L yields

/ G(|Du — Dvl) dz < ¢(n, 6, go) | Du — Dol e (p,)

1
1
< 3 G(|Du — Dvl) dz + ¢(n, 6, go),
B

by the fact that |u|(B;) = 1 and using Young’s inequality (5.30). Finally, using Jensen’s
inequality as in (5.38) and the monotonicity of ¢ — (fy o G1)(¢)

][Bl fe(IDu = Dvl) dz < c(fe 0 GT) (ﬂ G(|/Du — Dvl) dx) <ec
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and the proof is concluded. O

Lemma 5.4. Let u and v as above. Then there exists a constant ¢ = c¢(n, 0, go, V) such
that

[ DD ¢, 0! B sa)
Br

(a+|u—v|)£ §-1 R»
holds whenever o > 0 and £ > 1.

Proof. The proof is exactly the same given in [26] for the standard case, once we replace
the monotonicity condition therein considered with (2.5). Note that our monotonicity con-
dition (2.5) reads exactly as the one in [26], once we replace the standard V function with
the one defined in (2.2). O

Now a list of technical Lemmata. Their proof is only sketched, since they are very
similar to those in [26], which are already almost trivial once having at hand the previous
results. From now on, v and v will be the functions of Lemma 5.1 and By the ball therein
appearing.

Lemma 5.5. Suppose that

B
g ! <|u§l_?)> <A and ][ |Du|dx < A
R Br

hold; then for a constant co depending on n,v, L, §, go there holds

sup |Dv| < egA. (5.42)
Bry/a
Proof. Use Lemma 4.1 and then Lemma 5.1 with y = —1 to estimate the left-hand side
of (5.42):

sup |Dv| S][ |Du — Dv|dz+][ |Du| dx
Br Br

Brya
B
<cig! ('/%&_?) + ]{9 |Dulda < (e1 + 1)A.
R

Lemma 5.6. Let 77,9 € (0, 1], and suppose that

- <IM(BR)> < T,

Rn—l c1

where c; is the constant appearing in Lemma 5.1 for x = —1. Then the lower bound

][ |Du| dx — 9\ < ][ |Dv| dx
NBRr nBr

holds.

Proof. Use triangle’s inequality and Lemma 5.1 for y = —1. O

6. PROOF OF THEOREM 1.1

Define the scaling parameter 7 € (0, %) in the following way:

1 é 1 é 1 é
- - < mi . (6.1
n (10 23a+1ococ§ch) = mm{ (24%) ) (23a+2co (4802)2) } .1

Here « is the exponent and ¢,, ¢, are the constants appearing in Lemma 4.1 and ¢y appears
in Lemma 5.5. All these quantities are a priori defined, depending only on n, v, L, §, go
and therefore also 7 is a universal constant depending only on n, v, L, 6, go.
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For a fixed ball B = Bg(z) such that Bop C 2 as in the statement of Theorem 1.1,

build the sequence of shrinking balls { B; };=o 1,... defined by
B; := Bg,(x) where R, =1n'R, (6.2)

and subsequently the sequence of functions v; solutions to the homogeneous problem (5.1)
in the ball Br = B;:

diva(Dv;) =0 in B;,
6.3)
Vi = U on aBl

Lemma 6.1. Suppose that for a certain index i € N and for a number \ > O there holds

—1( l(Bi1) —1( 11l(Bs)
Ti—1 T
and
A ) A .
— S |D’U1| S H) in Bi+1’ - S |D’U1j_1| S HX in B1 (65)
H H
for a constant H > 1. Then there exists a constant cgy = cg(n, v, L, 8, go, H) such that
A
f |Du - D'UZ| dzx < CH——— |:m|(711):| . (6.6)
By g()\) i1
Proof. Define the parameter x > 0 in the following way:
1 . 1 9o 1
2y = fmln{ , , } 6.7)
YT T o - 1) -1

and let £ := 1+ 2y. Note that £ < 1* =n/(n — 1) and x, & = x, &(n, go). By (2.3) and
by monotonicity (3.1) it follows that

142x
g(|Dui) ] < [a(Dui)] 7 |
|:|l)vl| |D'LL — D'U1| ~ W ’VQ(DU) — Vg(DUZ)’.

Recalling the definition of h,, taking averages over B; and using Schwarz-Holder’s in-
equality yields, for a > 0:

]{Bihx(DUi) |Du — Dv;| dz (6.8)
[ e
<[f, B [, bt ]

Now we use (5.41) to bound the first term of the right-hand side and we choose « such that
][ hax (|Dvil) [u — v;|* dz = afj[ hay (| Dv;|) da
B; i
Note that this definition of o makes sense, see (6.11); moreover the integral on the left-hand
side is finite, see the calculations after (6.12). With these actions (6.8) takes the form

1
. 2 2
][ hy (|Dv;])|Du — Dv;|dx < ¢ [algml(nBl)] [ag][ hay (| Dvil) dx]
% B;

r!

e = N d}

T 7"7;

i

i
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with ¢ = ¢(n, v, 6, go). Note that since t — ¢(t)/t is increasing and satisfies a doubling
property, then Remark 3.1 applies; therefore for h, a subadditivity property similar to
(3.8), holds true, with a constant depending on n, gg. Hence

][ th(|Dvi|)dx§n][ hay (|Du — Dv; 1) dz

B?r Bl

+][ hQX(|D’LL — D’UZ|) dx -|—][ hgx(‘D’Ui,ﬂ) dr =: Il + I2 + I3

i i

Before estimating term by term, we introduce for ease of notation the following quantities:

B;_ _ B;
Aig = gl(m'f?,,_ll)), A=y 1(‘;5_1)); (6.9)

i—1

note that A; + A;_; < X by (6.4) and therefore by monotonicity h, (A;) < h, () and
analogously for A;_;. Now by the pointwise estimate (6.5), and the definition of ho, we

have I5 < ¢(n, go, H) [g()\)/)\]é. We estimate I; using Corollary 5.2, due to (6.7):
Il S 77_" ][ th(|Du — D’Uifll) dzx S ChQX(Aifl) S Cth(A),
Bi_1

with ¢ = ¢(n, v, L, §, go, H). The estimate for I is analogous and even more direct. Hence
we have, using Young’s inequality with e € (0, 1) to be chosen and the definition of hg, (\)

][ hy (|Dv;|)|Du — Dv;| dz < ¢ [0‘ |M|75Ei) [g(A)} 1+2x];

B T T, A
<[] B [T )
oo A ?71 A ' '
To conclude the proof, we need to estimate «.. As a first step we bound from below
g
][ th(|Dvi|) dx > 77”][ th(\Dvi\) dx > c[} 6.11)
B; Biy1 A
and therefore
¢ [ B r ¢
o <cl|l——= ][ hoy (| Dvi]) |u — v;]* de, (6.12)
g0 Ty, ")

with ¢ = ¢(n, v, L, 69, H). We split the latter averaged integral in the following way

][ th(|Dvi|)|u — vi|E dx < c][ th(|Dvi — Dvi,1|)|u — vi|£ dx
B. )

i i

+ C][ hzx(lei,ﬂ)l’U, — ’Ui|§ dr =: C(Ifl) + C(IIQ)
B;

We begin with the easier (I15): since we have the pointwise estimate ho, (|Dvi—1]) ~p 1

hay(A) = [g(N)/A] 2 on B;, using standard Sobolev’s embedding by (6.7), subadditiv-
ity for h, and recalling that £ = 1 + 2x, we infer

c—% Du— Dv;jlde =c|——=]| hy(\ 7[ Du — Dv;| dx
T A B; | | Q(A) X( ) B; | |

LJ(AA)} X ]{g T (|Dvia|)| Du = Dui| da

IN

IA
o

IN

c [g()\)\)} : ]{B hy(|Dvi|)|Du — Dv;| dx + ¢ [Q(AAJ X(IH) (6.13)
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see next estimate for the definition of (II11), with ¢ = ¢(n,d, go, H). Moreover, again
subadditivity for h, gives

(II1):= ][ hy(|Dv; — Dv;_1])|Du — Dv;| da

<n ]{;,gX(lDu_DUiD dsc—l—][B hy(|IDu — Dv;_1])|Du — Dv;|dz  (6.14)

While the first integral is less or equal than ¢; g, (A;_1), with ¢; depending on data, by
(5.7), for the second one we need the pointwise estimate

g (h(1) = 5 (g"t(t)) < g,(0)

see (3.11). Therefore Young’s inequality with conjugate functions g, and g, gives

][ hX(|DU_DUi—1|)|DU_DUi|d$SC][ gx(|Du—Dvi|)da:

i B;

+ c][ gX(|Du — Dvi_1|) dz < cgy(Ai—1),

i

as for the first term in the second line of (6.14). Note that here we used g, (A;) +
9x(Ai—1) < e(n,v, L, 6, go) g5 (Ai—1), following from (6.2) and the monotonicities of
both the measure || and g,,. We here have the following algebraic manipulation:

=] [ ac ML

since ¢t + ¢(t)/t is monotone and A;_; < A by (6.4). The reader here may need to recall
also the definition of A;_; in (6.9). Therefore, taking into account (6.15), we have proved

A" [ A r [ (Bi-1)

— | () <c|——=| gr(Ai1) <c———.

) 0D =g e i
Hence, putting the last estimate into (6.13), all in all we have

B. ) € A x& 13
Il <cr€{|“|(”} +cr§[} ][ hy (| Dv;|) | Du — Dv;| dx:
( 2) i 7"?:11 i g()\) B, X(| |)‘ ‘
(6.16)

Now we come to the estimate of (I17): we use Young’s inequality with k(t) := [2g(t% )¢
and k(t) and then we estimate the first term with Holder’s inequality and Proposition 3.4:

g(|Dv; — Dv;_41[)7*
In) = ]Z — ¢ 1
( 1) Bi |: |D'U74 _ D(U»L'71| |u Ul' d.fL' (6 7)

< (2r) ][B [g<urim>rdz +ré ]{3 E({gﬁgvii:é)vii—lﬂ)r) da

13 - Dv; — Dv;— ¢
< crf []{3 9(IDu — Duv;)) dx] +r§]€3. k([g(”Dv _ Dv,l_11||)] >dx.

While for the first term we then have

o[£, 9000 D] <ertlota)f < onf P2

i

from Lemma 5.1 or 5.3, for the second one we need, for a > 0, the following estimate:

E(af) = ilig{ozgs — [29(5%)]5} = (sflip()){agag —2¢ [g(a)]é}
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< [apfor a0} = o) )

o>0

since ¢ > 1. Therefore with a = g(|Dvi — Dvi,1|)/\Dvi — Dwv;_4|, using (3.11) and

Lemma 5.3
g |sz DU¢71|) ¢ - g(|DUz‘—DUz‘71|) ¢
<
(|: |DU1 D'Ui_1| du - ][37 g ‘D’UZ — DUi_1| du

][ |DU2 Dvi,1‘>]£d$
B,

i

S f
B;

. [|u|<fz—11>]é

Plugging these two estimates into (6.17) and also taking into account (6.16) yields

lg(|Du — Dvi|)]5 doe +n~" ]{3‘ [g(|Du — Dvi,1|)]g dx

(I1)+(ID) < eré {"”(Bl )} ter LJ(AA)}X& VB h (IDvi])| Du—Duy| de ‘.

Ti—1
therefore finally we estimate « as follows: from (6.12)

« c A €
—<— hay (| Dvi|) |u — vg]6 d
ri = ri g(\) {]{9 ax(|Dvil)fu = il 4

A |pl(Bi-1) ~[ A }HX][
<c — +é hy (|Dv;|) | Du — Dv;| dx.
g()\) r?_ll g()\) B, X(| |)‘ ‘

Inserting this estimate into (6.10) and choosing ¢ = e(n,v, L, d, go, H) € (0,1) small
enough - i.e. ¢ = 1/(2¢) leads to

1][ hy (|Dvs])|Du — Dv;| dz < ¢

! ul(&){g(/\)r

n—1
v A

i

Now (6.6) plainly follows taking into account that

n [90]
hy (IDvs])|Du — Dvg| dx 2y 0" | == |Du — Dv;| dx.
Biy1

i Y
O
Let 2 € 2 be a Lebesgue’s point of Du and let Bag(z) C Q. Define the quantity
Ai=g! <H1 g<][ | Du dz) + Hy 1M (a, 2R)), (6.18)
Br

where the constants H;, Hs will be fixed in a few lines, in a way making them depending
only on n, v, L, d, go. We want to prove that

[Du(z)| < A, (6.19)

and (1.9) will follow simply taking ¢ := max { Hy, Ha}. Without loss of generality we can
clearly assume A > 0, whether this were not the case (6.19) would trivially follow by the
monotonicity of the vector field.
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Step 1: the choice of the constants. With ¢ € N + 1 define the quantity

Ci= > ]lB |Du| dz + 7" E(Du, B;) < 577*3”]1 |Du| dz. (6.20)

j=i—2 Bi_2

Note that the inclusions By = nB; C 1B; C B; hold. Take k € N, k > 3 as the
smallest integer such that

1 .
128¢yca’

here ¢, is the constant of Lemma 4.1 and c; is the one appearing in Lemma 5.5. Once fixed
k = k(n,v, L, 0, go) in such way, fix the constant H; and H as follows

(8nF)* <n" 6.21)

H1 _ (1077—471)907 HQ = 2790C!1]0n—ngo(k+1+%)6200c2.

here c; is the constant appearing in Lemma 5.1 for x = —1 and c200, is the constant cg
appearing in Lemma 6.1 for the choice H = 200c,. Note that the dependences of &k and 7
yield that both H; and H> are a priori constants depending only on n, v, L, §, go; moreover
with this choice there holds — recall that k£ > 3

1 s 1 nnk B 1 1 n
- SH. 90 < n(k:Jra)H 90 <
5 n 2 = 966, c1n 2 >

_1
n %Hz 0 <

—on —3n
n 1 n
4ca00e, o, < T 8C200¢,

1
Hy 4’
which we shall use in this order. Moreover the choice of H; implies

L by
Cy +C5 < 1077‘4"][ |Du|dx < 10n™*"H, )\ < 3 <\ (6.23)
Bo

We recall the dyadic decomposition

> B BB
S Iu\i_{) s/ Iul(nf(lx))@ — 1M(z,2R),
§j=0 Rj 0 P P

see [26]. Hence for every ¢« € N using (6.22) we have
_ M B’L — > 1% B; — —nylp
9 1<|R7§1)) <g 1(2 |R|7(;{)> <y 1(n 1‘1”(%721%))
(3 7=0 J

< H, A<

(6.24)

o >~

Step 2: the exit time and after the exit time. Now we state that we can suppose that there
exists an “exit time” index 7, > 3, see (6.23), such that
A A L
C;, < 3 but c; > 3 for every j > i.. (6.25)
Indeed, on the contrary, we would have C;, < A/8 for an increasing subsequence {ip, }
and then, being = a Lebesgue point for Du,

ool >

|Du(z)| < lim][ | Du| dx <
h— o0 B,

and the proof would be finished. Now an important Lemma which asserts that after the exit
time the gradient Dwv; is far away from zero; this finally gives meaning to the assumption
(6.5) we imposed on the Dv;s.
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Lemma 6.2. Suppose that

][ |Duldx < A (6.26)
holds for a certain index i+ € N, i > i, — 2, for A > 0 defined in (6.18). Then
A ,
20002 S |D1)1| S Cg)\ mn Bi+1, (627)

where co is the constant appearing in Lemma 5.5.

Proof. The right-hand side estimate in (6.27) is a consequence of Lemma 5.5 applied with
Bpr = B;, which gives
sup |Dv;| < e\ (6.28)
B; /4
Note that the assumptions of the Lemma are satisfied since (6.26) and (6.24) hold, and
moreover B; 11 C B;/4. In order to prove the left-hand side inequality we want to use
Lemma 4.3 with 0 = n, B = B, so that o B = B, 1; since we already have (6.28) we just
need to prove

A
ol < | Dv;| dx
Bitm
for some m € N and some C' > 1. We start by proving that
i+k
16 < > ][ | Do, dz, (6.29)
Jj=i—2+k

where k > 3 is the number defined in (6.21). By (6.24) we can apply Lemma 5.6 three
times, with B = B;, respectively 77 = 7%, 7*~1 n*=2 and 9 = 1/96. Note indeed that
from (6.24) and condition (6.22) follows
. nk
-1 |/‘L|(?i) S nng 90)\ < 77 1 — < 77 19\
R:L C1 96 C1
for j = k — 2,k — 1, k. Summing up the resulting inequalities gives
i+k
Ciyr —n "E(Du,Bijx) —3X\0 = ) ][ | Du| dz — 3\
j=i—2+4k
1+k

Z ]{3 | Dv;| de.

jl2+k

Since ¢ > i, — 2 and k > 3, we have ¢ + k > ¢, and subsequently by the definition of
the exit time index C;1; > A\/8. Using this fact and the value of ¥ in the inequality above
gives

)\ 1+k

S =0 "E(Du,Bix) — s <Y ][ |Dv;| da. (6.30)

8 32—
j=1—2+k

In order to estimate the excess term first we note that enlarging the domain of integration
from B, to B; and using (6.24) gives

][ |Du — Dv;|dz < |Bil — _cig 1(|M|7(LB;)>
Bijk |B’+k| Ri

< cln’k"*KHQ N < n”@ (6.31)
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where we used (5.7) with y = —1. Lemma 4.1 applied with Br = B;/4, B, /2 = Bi
using the just proved right-hand side inequality of (6.27) and the definition of k gives
A
2 Du; < 2¢,(87F)%co X < 0" —
g6, D < 2ealB ) N S

using (6.21), so that, with the help of (2.7) and then of (6.31) we infer

E(Du,BHk) < 2][ ‘Du — (Dvi)Bi+k ’ dx

Bitk

§2][ ‘Dvi—(Dvi)BHk’dx—l—Q][ |Du — Dv;| dz
Btk Bitk

A A
<2 osc Du; + 2" < >
S gse Puit 2 og = 53

Inserting this last estimate into (6.30) gives (6.29). (6.29) in turn implies that there exists
anindex m € {k — 2,k — 1, k} such that

1A A
][ |Dv;|de > =— > ——.
B, 316 ~ 48co

Hence now we can apply Lemma 4.3 with the choices listed just above and with C' = 48c¢a.
Note that the condition on o (4.19) holds true by (6.1); then the choice o = 7 is allowed.
Therefore we can conclude with

(6.32)

A
< |Dv; in B;
2006, = 1Pl i Bin
which coupled with (6.28) gives (6.27). O

Step 3: Iteration.

Lemma 6.3. Suppose that for some v € N, i > i, — 1 there holds

][ |Du|dx < A and ][ |Du|dz < A. (6.33)
Bi_1 i

i

Then there exists a constant cz depending on n, v, L, 6, gy such that

E(Du. B 1 E(Du. B A |M|(Bi*1)
7 < - s e 8 —
(Du, Biyz) < 4 (D Bia) + e g(N) [ R

holds true. c3 has the expression 41" ca00c,, Where caooc, is the constant of Lemma 6.1
for H = 200cs.

Proof. We clearly want to apply Lemma 6.1. Assumption (6.4) is satisfied as a conse-
quence of (6.24), while for (6.5) we appeal to Lemma 6.2: since ¢ > ¢, — 1, obviously
i —1 > 1. — 2 and then we can use estimate (6.27) both for Dv; in B;; and Dv;_; in B;,
ie.

A A
< |Dv;_1| < e\ in B;, — < |Dv;| < e in B; 1.
2000, = Pvimtlsezr in 3000, = Pvil s eedinBi
Hence assumptions (6.5) are satisfied with H = 200c3, so we have
A B;_
][ |D7.L — D”UZ| dx § C200cs 7T~ |:’U|(n11):| s (634)
Bii1 g L R

where co00., 1s a constant depending on n, v, L, §, go. Estimate (4.3) applied with B,., Br =
Biyo, B;41 gives using (6.1)

E(Dvi, BZ‘J’_Q) S 2_4E(DUZ‘, Bi+1)

so we get the thesis performing a computation similar to (6.32):

E(Du, Bi12) < 2E(Dv;, Bi12) + 2][ |Du — Dv;| dz

Biy2
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< 2_3E(Dvi, Bi+l) + 2,'7—n ][ |DU — DUil dx

Biti
<272E(Du,Bi;1) +2(n~ " + 1)][ |Du — Dv;| dx
By
|| (B )]

Sl LG VR 6.35
o 639

where we used (6.34). The proof is concluded. U

<27?E(Du,Bi11) + c3

Now we proceed with the proof of Theorem 1.1 and we define
A; := E(Du, B;) and m; := |(Du)p
Recalling the definition in (6.20) and (6.25), we have

Te A
D om0 A, <G <3 (6.36)
j=ie—2
Our goal is to prove by induction that
m;+A; <A for all j > 7. (6.37)

The case j = i, holds true from the definition of C;, and the exit time (6.25):

A
m;, + A;, < 3][ |Du| dx < 3§
Assume now that (6.37) holds true for j = 4.,...,i. By (6.36) for j = i.,...,7 and
directly from the definition of C;;, and from (6.25) for j = i, — 2,4, — 1 — indeed for these
two exponents A; < 2 f o |Du|dx — we have in particular that

][ |Du|dx < X forj=i.—2,...,i.
J

Since assumption (6.33) is satisfied, we can apply the excess decay Lemma 6.3 that gives

1 A |N|(B'1)} . .
Aiiog <A1 +eo3— |2 forj=1i.—1,...,1. 6.38
itz S 74 39(/\)[ R J (6.38)
When j = ¢ — 1 the previous inequality in particular gives
1 A [ll(Bia)] _ A, 1 A A
A < =A; — || < A) < —. 6.39
< et engi | PR < G e gt < (6

since by inductive hypothesis A; < X and since the following inequality holds true for all
i (recall ¢ > i, > 3):

|l (Bi—2) —nylul n" 1
037]%?__21 < ec3n I” (z,2R) < c3— T, g(\) < Zg()\)7

see (6.22) and recall that c5 = 41~ ™ ¢a00c, - Moreover, summing (6.38) for i € {i, — 1,7 —
2} and performing some algebraic manipulations leads to

ZA<A+ ZA+3 Z'Rnl

j=ie

which gives, after reabsorptlon,

1 )\ o0
Z A; <24;, + 2(;3W Z e (6.40)
j:ie g :0 ]
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On the other hand,

Mip1 — My, = Z (mj_H mj Z]l |Du — (Du) B |d;v
J+1

J=te J=te

B
E(Du, B;
< Z B, ] )

and therefore, using (6.40), (6.36) and (6.22),

i
mip1 <m;, +n " Z Aj

J=te

<m; +2n "A;, + 2777”03

+2< (6.41)

00\>/
>
1\3\>/

= |ul(By)
52
:OJ

Merging together (6.39) and (6.41) gives m;11 + A;+1 < A. Being x € (2 a Lebesgue
point of Du then we have

|Du(x)| = lim m; < .
1—> 00

7. VERY WEAK SOLUTIONS & SKETCHES OF OTHER PROOFS

We recall here that Theorem 1.1 is stated as a priori estimate for solutions belonging
to the energy space, while we consider poorly regular data; this choice can be made more
clear by the following lines. Once considering measure data as we do, one of the customary
approaches to get existence (and usually, at the same time, regularity) results is to smoothen
the data by convolution, then to find regular solutions (together with properties stable when
passing to the limit) and finally prove convergence, see for instance the classics [2, 3, 34].

After this introduction, we hence quickly show how to extend the potential estimate
Theorem 1.1 to a certain class of the so-called very weak solutions. Being a the vector
field considered in (1.8), for Dirichlet problems of the type

—diva(Du) = in £,
(7.1)
u=20 on 05,

we give the following definition, recalling the meaning of the Orlicz-Sobolev space WO1 9(Q)
described in Paragraph 3.2:

Definition 7.1. A very weak solution to (7.1) is a function u € W% () such that

/@@WD@M=/wW (7.2)
Q Q

for every o € C(Q).

Note that the requirement u € W19(Q) is the minimal assumption which gives mean-
ing to the distributional formulation (7.2), when the vector field a satisfies assumptions
(2.1). Existence of very weak solutions cannot clearly be obtained by using usual mono-
tonicity methods (which would require the right-hand side to belong to the dual of the
energy space), but can be deduced by an adaption of the method developed in [2, 3]; this
would lead to a particular class of very weak solutions, usually called SOLAs (Solutions
Obtained as Limit of Approximations). We briefly recall it; notice however that uniqueness
in general remains an open issue in this class of solutions.
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Consider a sequence of approximating regular functions f;, € L% () weakly-* con-
verging to p and such that

el (Brarji) = / filde < |ul(Br).

Bryi/k
Solve the weak formulation (7.2) with datum f3, i.e with right-hand side fQ fr dz, and

by monotonicity methods get regular solutions u; € VVO1 G(Q) By the compactness and
truncation arguments in [2, 3] we can get pointwise convergence of both u; and Duy to
a limit function belonging at least to W*9(Q) (an approach following Lemma 5.3 should
give a priori estimates, and therefore existence, in Wit (©) with £ as in (5.33)). There-
fore, also using fi — pu, we get that the limit function solves the distributional formulation
(7.2). Note that due to (1.6) LI(2) turns out to be reflexive.

After this introduction we can state a variant of Theorem 1.1:

Theorem 7.2. Let u € W19(Q) be a SOLA to the Dirichlet problem (7.1), with ji and a
as in Theorem 1.1. Then there exists a constant ¢, depending onn,v, L, 9, go, such that the
pointwise estimate
g(|Du(zo)]) < CIll“(a:O,QR)—i-cg(][ |Dudaz)
B

r(zo0)

holds for almost every xo € Q and for every ball Bag(xg) C Q.

The proof of the previous Theorem is quite simple: it consists in passing to the limit
not in the final estimate, but in the proofs. One, indeed, has in particular to consider the
approximating solutions uy, instead of the energy solution u and pass to the limit in the
comparison Lemmata (Lemma 5.1 and subsequent ones), using quite standard arguments
(as extraction of diagonal subsequences), in order to get that they hold also in the case u
just belongs to W19(Q). Note that one can also see that, if 4 € L°°, then actually (1.9)
holds at every point in €2, since solutions with regular data have continuous gradient and
therefore every xo € €1 is a Lebesgue’s point of Du; for more details, see [27, Section 5]
and [29, Section 14].

Now we come to the proof of Theorem 1.3. More precisely, we will just sketch the proof
of the following Proposition, since once having the potential estimate (1.9), the Lemmata
proved in the previous sections and the Proposition 7.3 at hand, using simple tricks ex-
tensively used in the preceding pages, as, for example, subadditivity of Remark 3.1, this
proof is just an adaption of the one in [26]. Note that then Corollary 1.4 would follow in a
straightforward way, since the locally uniform convergence in (1.10) is obviously implied
by (2) and also by (1), see [13, Lemmata 1 & 3].

Proposition 7.3. Let u € W% (Q) be as in Corollary 1.2. If x +— |u|(x, R) is locally
bounded in Q) for some R > 0 and if

il (Ba()
R—0  Rn-l

then Du is locally VMO-regular in ).

=0 locally uniformly in Q w.rt. x, (7.3)

Again we recall that the stated regularity of Du means that for every 2’ € Q

lim w(R) =0 where w(R)=wq (R):= sup ][ |Du — (Du)p, | dz.
R—0 Bre -
r<R

Proof. Consider an intermediate open set Q" such that ' € Q7 € Q. Since by Corol-
lary (1.2) and by our assumptions Du is locally bounded, it makes sense to prove that
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for every ¢ € (0,1), there exists a positive radius r. < dist(Q’,9Q"), depending on
0,0, Pg, Vs Ly (), || Dl oo (0ry , dist(Q', 082), €, such that

][ fDu — (DU)B,,(y)| dr <el, A= || Dul| poo () (7.4)
By (y)

holds whenever p € (0,7.) and y € €'. This would give the local VMO regularity of Du.
For € given as in the statement and fixed, consider the quantity

. g2 " 1
n:= 23a+10¢, 2, = (23¢y)1/
where the involved quantities are the ones appearing also in (6.1). This gives that
is a constant depending only on n,v, L,d, go,€. Then take the constant cy¢,, /. as the
constant ¢y appearing in Lemma 6.1 with the choice H = 16¢3/e. Then it also de-

pends upon n,v, L,d, go,e. Finally chose a radius Ry < dist(2”,9€) depending on
n,v, La 55 9o, ,LL(), ||Du||L°°(Q")7 diSt(Q/v aQ)a € such that

B 2n n 1/8
sup sup M < g(e77 (777) /\); (7.5)
0<p<Ro z€Q’ P" 4Cl 160101652/5

this is allowed by (7.3). Finally for x € ' fixed define for ¢ € Ny the chain of ball
B; = B, as in (6.2), with radius r; := n‘r and where r € (nRg, Ro] is fixed. Define
subsequently the comparison functions v; over B; as in (6.3). Note that by the definition
of \ and the fact that B; C " then

][ |Du|dz < A (7.6)
B

i

for all = € Ny. What we want to prove is
E(Du,B;12) < e 1€ N. (7.7)

Fix hence an index ¢ € N and suppose without loss of generality
A
][ |Du|dx > e—. (7.8)
B2 2

On the contrary (7.7) would plainly follow by triangle’s inequality. Now using an approach
similar to Lemmata 6.2 and 6.3 we will prove that

- —n A [el(Biz1)
E(Du, By 2) < ZE(DU’Bi“) +dC16c,/eM g(\) {R?—f

ZE(Du, Bii1) + Z)\ (7.9)
by (7.5). This would be enough to get (7.7) by induction. First apply Lemma 5.6 with
Br = B;, 7 = n?, 9 = /4 which, together with (7.8) gives

A A
- < ][ |Du|dz —e— < ][ | Dv; | dz.
4 Bito 4 Bii2

Note now that Lemma 5.5 with Br = B, yields in particular supg, ;4 |Dvi| < c2A by
(7.6); therefore Lemma 4.3 with B = B;, 0 =7, m = 2 and C = 4c¢y /e gives

IN

61602 < |D’U1| in Bi+1.

A similar reasoning yields e\/16¢c2 < |Dv;—1| < ¢\ in B;. Then we apply Lemma 6.1
for H = 16¢2 /€ and we have

A [ul(Biz1)
|Du — Dv;| dx < cqg [n_
]{z-ﬂ ’ 10 2/890\) ri'_ll
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At this point since the choice of 7 gives E(Dv;, Bi12) < 273E(Dwv;, Bi11) by (4.3),
performing a calculation completely similar to (6.35) brings us to (7.9).

A brief argument similar to the one in [26] concludes the proof. Since all these estimates
are uniform with respect the choice of z € ' and the radius » € (nRy, Ro], then we
obtain (7.4) with 7. := n>Ry. Indeed let p < 73 Ry: then exists an integer m > 3 such
that ™ 1Ry < p < 0™ Ry. Therefore p = n™r for some r € (nRy, Ro] and (7.4) follows
from (7.7). U
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