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Gradient regularity for nonlinear parabolic equations
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Abstract. We consider non-homogeneous degenerate and singular parabolic
equations of the p-Laplacian type and prove pointwise bounds for the spatial
gradient of solutions in terms of intrinsic parabolic potentials of the given datum.
In particular, the main estimate found reproduces in a sharp way the behavior of
the Barenblatt (fundamental) solution when applied to the basic model case of
the evolutionary p-Laplacian equation with Dirac datum. Using these results as
a starting point, we then give sufficient conditions to ensure that the gradient is
continuous in terms of potentials; in turn these imply borderline cases of known
parabolic results and the validity of well-known elliptic results whose extension
to the parabolic case remained an open issue. As an intermediate result we prove
the Holder continuity of the gradient of solutions to possibly degenerate, homo-
geneous and quasilinear parabolic equations defined by general operators.
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1. Introduction and results

In this paper we deal with non-homogeneous, measure data and possibly degener-
ate/singular parabolic equations of the type

u; — diva(Du) = u, (1.1)

considered in cylindrical domains Q7 = Q x (—T, 0), where Q C R”" is a bounded
domain and 7 > 0. We are here ultimately aiming at providing boundedness and
continuity estimates of the spatial gradient of solutions Du in terms of suitable
linear and nonlinear potentials of the right-hand side measure . In turn, modulo
standard approximation procedures, a priori estimates found allow w to be, in the
most general case, a Borel measure with finite total mass: |u|(27) < oo. The
C!-vector field a: R" — R” is assumed to satisfy the following assumptions

la(2)] + 19a(2)|(1z* + s7)/* < L(|z|* + 5% P~ D/

(1.2)
v(lz|* +sH P26 < (da(2)§, §)

whenever z, £ € R”. The numbers s, v, L are assumed to satisfy 0 < v < L and
s > 0. In this paper we shall assume

1
2——— < p. (1.3)
n

The assumptions (1.2) are considered in order to generalize the main model example
we have in mind, that is the evolutionary p-Laplacian equation

u; — div (|Du|’~2Du) = u, (14)

which clearly satisfies the assumptions considered in (1.2) with s = 0. In this
respect, lat us observe that the number s serves to distinguish the degenerate case
(s = 0) from the non-degenerate one (s > 0).

The lower bound (1.3) looks natural in view of the available existence theory
that guarantees the existence of solutions in a Sobolev space; for this we refer to
[4-6]. On the other hand, the sharpness of the lower bound in (1.3) with respect to
such a property can be seen for instance by looking at the Barenblatt solution; see
Section 1.3 below. For the same reason, as solutions to (1.1) are usually obtained
via approximation with solutions to equations with more regular data and solutions,
in the following we shall always assume to deal with energy solutions, i.e. we say
that u is a solution to (1.1) if

ueCU=T,0; L>(Q)NLP(~=T,0; W-P()) (1.5)

and u solves (1.1) in the distributional sense

—/ mptdxdt—f—/ (a(Du),Dgo)dxdt:/ pdu (1.6)
Qr Qr Qr
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whenever ¢ € C2°(27). Finally, without loss of generality we shall assume that
we Ll (Rn-ﬁ-l).

In other words in this paper we shall confine ourselves to provide uniform a priori
estimates for a priori regular (i.e. satisfying (1.5)—(1.6)) solutions, that in turn imply
similar estimates for general solutions to (1.1) by following the by now classical
approximation procedures proposed in [5,6]. For more on integrability of solutions
to measure data problems (that satisfy (1.6) but usually fail to match (1.5)) we again
refer to [6,21-23]. In particular, we refer to [30, Section 1.4] for a comprehensive
discussion on the approximation methods in the present context.

The results in this paper fall into two categories. The first one includes (spatial)
gradient pointwise bounds via potentials for solutions to singular with i.e. p < 2
— parabolic equations which represent the counterpart of those obtained in [30]
for the degenerate case p > 2. Several relevant differences — both in the type of
results obtained and in the techniques required — occur when p < 2, as it will be
explained in the next section. The second realm of results, instead, includes both
degenerate and singular parabolic equations and deals with a characterization of
gradient continuity of solutions in terms of linear and nonlinear potentials decay
properties.

A point of independent interest here, that actually serves as a preliminary tool
for proving the potential estimates and continuity results, is completely new proof
of the Holder continuity character of the spatial gradient of solutions in the case of
homogeneous equations

w; — diva(Dw) = 0. (1.7)

We indeed remark that, while in the case of the p-Laplacian equation (and system)
w, — div (|Dw|?"2Dw) = 0, (1.8)

this has been done in the fundamental work of DiBenedetto and Friedman [11,
12], the general case (1.7) has remained essentially untouched as since the work
of Lieberman [34], who was dealing with boundary value problems (note that the
proofs presented in [11] are based on linearization techniques possible only in the
case of special structures as in (1.8)). The estimates obtained in [34] are anyway not
sufficient to work as technical background for the results we are going to develop
here, and a new approach to gradient estimates is needed. For the case p > 2
the necessary estimates were obtained in [30], and here we present a yet novel
approach, covering the subquadratic case p < 2, and based on the use of Harnack
inequalities.

In particular, in order to prove the potential estimates, we need a peculiar, rigid
form of the a priori Holder continuity estimates; see Theorem 3.1 below. This the-
orem is indeed a central tool in our approach as it allows to prove both the gradient
Holder continuity for solutions to homogeneous equations and the regularity results
and potentials estimates in the case of non-homogeneous ones.
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In rest of the paper, when talking about the gradient of a solution u, we shall
always mean the spatial gradient Du = (uy,)1<i<,. Some of the results of this
paper have been announced in [28].

1.1. Pointwise potential estimates

The results in this section refer to the singular case

<2 19
P (1.9)

and include pointwise bounds for Du in terms of suitable parabolic Riesz potentials
of the right-hand side measure p. To clarify the situation let us recall the corre-
sponding elliptic background established in [16] (see also [15,29,32] for the case
p > 2), and valid for solutions to stationary equations as

—diva(Du) =p  inQ (1.10)

with B(xp, 2r) C €2 denoting the usual Euclidean ball centered at xg and with radius
2r > 0, we have that

]1/(11—1)

| Du(xp)| < c][ (|Du| + s)dx + ¢ [Illm(xo, 2r) (1.11)

B(xo,r)

holds when 2 — 1/n < p < 2 (this last condition being the usual one ensuring that
elliptic measure data equations have Sobolev solutions). The last quantity on the
right-hand side of (1.11) denotes the classical truncated Riesz potential, i.e.

1 (xo.r) = /r W de B>0. (1.12)
0 Q o

We refer the reader to [20,25,45,46] for zero-order nonlinear potentials estimates.

It is now readily seen that in the case of parabolic equations an estimate as
(1.11) simply cannot hold for very elementary reasons: multiplying solutions by
a constant does not yield a solution to a similar equation. For this reason all the a
priori estimates available fail to show homogeneity and scaling properties typical of
elliptic equations as (1.10) (see for instance [1,11,30]), exhibiting instead a scaling
deficit which measures such a homogeneity failure. The analysis of this mechanism
eventually leads to the basic, fundamental technique used to treat equations as (1.1):
the one based on intrinsic geometry and scaling, firstly introduced by DiBenedetto.
We will not go too much into the details of this method, but we rather refer to
[11,30] for a wider description. We just remark that the core point of this method
prescribes to study the equations not on all parabolic cylinders, but rather on certain
special ones, whose ratio between space and time lengths depend on the size of the
solutions itself on the same cylinder, according to the regularity considered; from
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this fact comes the use of the word “intrinsic”. Specifically, one considers so-called
intrinsic cylinders defined by

0 = Q}(xo, t0) = B(xo,7) x (to — A*7Pr?, 19). (1.13)

The number A > 0 in turn obeys |Du| = A > 0 in the sense that

1
—A/ |Du|dxdt=][ |Du|dxdt ~ A.
107 Jor o

Note that, when A = 1 or when p = 2, the cylinder in (1.13) reduces to the standard
parabolic cylinder given by

Qr (x0, 10) = O, (x0, f0) = B(xo,7) X (to —r*, 1o).
Exactly in the same way one is alternatively led to consider cylinders of the type
Q) (x0,t0) = B(xo, \P72%r) x (19 —r*,10),  r=2P"P4 (114)

The main effect of considering equations on such cylinders is that they locally look
as isotropic ones, and estimates homogenize. As a matter of fact, all the a pri-
ori regularity estimates available for solutions can be expressed in terms of local
geometries, see for instance [11,13,14].

In this paper we shall see that Riesz potentials interact with intrinsic geometries
to make gradient potential estimates hold for singular parabolic equations. Indeed,
the natural — in a sense that will be clear in a few lines — parabolic generalization
of estimate (1.11) can be achieved using a family of intrinsic Riesz potentials. More
precisely, let us recall that the parabolic Riesz potential of i is defined by

r X0, 1)) d

Ig(xo,to;r) 2=/ W(%)VM_Q’ 0<B<N:=n+2 (115
0 oN=F 0

where in turn N is the usual parabolic dimension. Then the following holds:

Theorem 1.1 (Intrinsic linear potential bound). Let u be a solution to (1.1) with
2—1/(n+1) < p <2. Let B > 0. The following holds for a.e. (xg, tp) € Qr:
There exists a constant ¢ > 1, depending only on n, p, v, L, but not on (xg, ty), the
solution u, or the vector field a(-), such that if » > 0 is a generalized root of

. 5(x0,10)) d
A=cB —l—c/ —llu'(QQ( 0- 1)) g ry = APD/2, (1.16)
0

oN-1 o’
and if
][ (|Dul 4+ s)dxdt < B,
o>
o8

where Q;‘” = Q’;”(xo, 1) = B(xo, 22 P D/2r) x (19 — 4r%, 1) C Qr is an
intrinsic cylinder with vertex at (xo, tg), then

| Du(xo, t9)| < A.
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By saying that A is a generalized root of equation (1.16), where 8 > 0 and ¢ >
1 are given constants, we mean a positive solution to (1.16) (the smallest can be
taken), with the word “generalized” referring to the possibility that no root exists,
in which case we simply set A = oco. The finiteness of the integral on the right-
hand side of (1.16) anyway rules this case out, see Remark 4.1 below. Although the
formulation of Theorem 1.1 might appear at first sight involved, it is actually the
natural parabolic version of the elliptic estimate (1.11). Indeed, when dealing with
degenerate/singular parabolic problems, all estimates find their optimal form only
using intrinsic formulations. As a matter of fact, Theorem 1.1 precisely allows to
recast the behavior of the so-called Barenblatt (fundamental) solution. We refer to
Section 1.3 for the precise computation. Moreover, we remark that when u = 0,
Theorem 1.1 gives back a classical result of DiBenedetto and Friedman asserting
that

c][ (|Du| 4+ s)dxdt < X = |Du(xg, tp)| < A
o}

for a constant ¢ = c(n, p, v, L) > 1; see Theorem 4.2. As a matter of fact Theorem
1.1 can read as follows: there exists a constant ¢ = ¢(n, p, v, L) such that

c][Q

Theorem 1.1 provides estimates on intrinsic cylinders, and therefore its applicability
does not look immediate as it prescribes to go through the intrinsic relation (1.16);
nevertheless Theorem 1.1 always implies a priori estimates in standard parabolic
cylinders:

2 |l (@5 (x0, 10)) do

(|Du| + s)dx dt —i—c/ oV 0 = [Du(xo, f0)| < 2.

A
) 0

Corollary 1.2 (Parabolic Riesz potential bound). Let u be a solution to (1.1) with
2—1/(n+1) < p < 2. The following holds for a.e. (xo, ty) € Qr: There exists a
constant ¢, depending only on n, p, v, L, but not on (xg, ty), the solution u, or the
vector field a(-), such that

2/2=n2—p)]
|Du(xo, to)] < c <][ (|IDu| +s + 1) dx dr)
0,

]2/[(n+1)p—2n]

(1.17)
+c [I’f(xo, to; 2r)

holds whenever Q, = Q2 (xg, to) = B(xg, 2r) x (ty —4r2, to) C Q7 is a standard
parabolic cylinder with vertex at (xo, tp).

Finally, when p is time-independent or admits a favorable decomposition —
see (1.18) below — the elliptic Riesz potentials come back exactly as in (1.11):

Corollary 1.3 (Parabolic/Elliptic Riesz potential bound). Let u be a solution to
A.D)with2 —1/(n+ 1) < p < 2 and assume that the following decomposition
holds:

m=puo® f, (1.18)
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where (g is a finite mass Borel measure on R" and f € L*°(—T,0). The following
holds for a.e. (xo, to) € Qr: There exists a constant ¢, depending onlyonn, p, v, L,
but not on (xg, to), the solution u, or the vector field a(-), such that

2/[2—n(2—p)]
Du(xg, t0)| < c¢ Du|+s+ 1)dxdt
| Du(xo, to)| (J[Qr(l | ) ) (1.19)

1 —1 1 —1
F el APV 14 (xg, 20)] /P

whenever Qo (xo, 1) = B(xo, 2r) x (to — 4r?, t9) C Qr is a standard parabolic
cylinder having (xg, ty) as vertex. The (elliptic) Riesz potential I’f O is defined in
(1.12).

Remark 1.4 (Structure of the exponents). It is worthwhile to analyze the expo-
nents appearing in (1.17), and in particular to make a comparison with the one ap-
pearing in (1.19), as they precisely reflect the structure properties of the equation,
and in particular of the Barenblatt (fundamental) solutions. The number 2/[2 —
n(2 — p)] is the same one appearing in the typical gradient estimates for homoge-
neous equations (1 = 0) and reflects the gradient nature of the estimate in ques-
tion. Indeed, when u = 0 estimate (1.17) reduces to the classical one obtained
in [11, Chapter 8, Theorem 5.2']. The exponent 2/[(n + 1) p — 2n] instead blows
up as p — 2n/(n + 1) and reflects the non-homogeneity of the equation studied,
as well as the structure of the Barenblatt solution; see Section 1.3 below. Such
exponent indeed intervenes in those estimates related to the Barenblatt solution, as
for instance the Harnack inequalities in [13,14,26]. For the very same reason the
exponent 2/[(n + 1) p — 2n] relates to the fact that the right-hand side measure w
in general depends on time, and it disappears when p is time-independent. This
is completely natural as in this case it is possible to consider stationary solutions,
for which (1.19) reduces to the elliptic estimate in (1.11). Yet, it is interesting to
compare estimate (1.17) with the main result in [1], where a completely similar
dependence on the exponents appear.

The techniques used to prove Theorem 1.1, although relying on the general
scheme already introduced in [30] for the case p > 2, differ from those of [30]
in several relevant aspects, which are essentially linked to the fact that we are here
dealing with the singular case. Singular equations are indeed more delicate to treat
when proving gradient bounds: as a matter of fact, as estimates as (1.16) and (1.17)
essentially aim at establishing an upper bound for the gradient, they become more
difficult to prove, because the equations as for instance (1.4) become more degen-
erate as |Du| increases when p < 2. In other words, the structure of the equation
itself poses additional obstructions to the proof of gradient bounds; for the same
reason the word singular appears somehow misleading when used in the present
context. As mentioned earlier in this paper, in order to prove Theorem 1.1 we shall
develop a novel approach to the Holder continuity of the gradient of homogeneous
equations as (1.7) for general vector field a: R” — R” satisfying (1.2). Here,
avoiding any linearization as used in [11,12] we treat general singular equations
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as (1.7). The approach in this paper prescribes to use as a central tool a homoge-
neous excess decay bound found in Theorems 3.1-3.5 below. In turn, these imply
the Holder continuity of the gradient Dw together with suitable a priori estimates
in intrinsic cylinders, as eventually shown in Theorem 3.3. It is worth noticing here
that our proof does not make of logarithmic type inequalities but rather relies on the
classical weak Harnack inequality for linear parabolic equations.

1.2. Continuity of the gradient via potentials

In this section we shall consider parabolic equations under the more general bound
in (1.3), therefore treating both degenerate and singular parabolic equations. For
the sake of exposition we shall first give the continuity criteria in the singular case
(1.9), and eventually will give the statements for the degenerate one p > 2, where,
according to [30], nonlinear Wolff potentials come into the play. The proof of the
results in the case p > 2 can be indeed achieved combining the new arguments
presented here with those developed in [30] in a way which appears then clear to
the careful reader of both the papers.

To understand the role that potentials play in establishing the continuity of the
gradient, let us observe that Corollary 1.2 establishes that Du is locally bounded
provided so (xg, o) +> I’f (xo0, to; -) is. In particular, in this case we have that
I’f (x0, to;r) — 0, equiboundedly with respect to (xg, o). By strengthening this
condition in uniform converge finally leads to the continuity of Du.

Theorem 1.5 (Gradient continuity via linear potentials). Ler u be a solution to
(1.1) in Qr and assume (12) with2 — 1/(n + 1) < p < 2. IfI’lL(x,t;r) — 0
uniformly in (x,t) € Qr asr — 0, that is

/’ ul(Qo(x. 1) do _
0

lim sup o1 0

0 (1.20)
=0 (x,neQr

holds, then Du is continuous in Q.
Weakening the convergence in (1.20) still leads to VMO gradient regularity.

Theorem 1.6 (Gradient VMO-regularity). Let u be a solution to (1.1) in Qr and
assume (12) with2 — 1/(n + 1) < p < 2. If the function

! 1) d
(x,t)+—>l’{“(x,t;r)=/ W(Q,S’#—Q
0 e @
is locally bounded in Qr for some r > 0, and if furthermore

Il x0)
m —— - —

li
r—0 I”Nfl

0 uniformly in (x,t) € Qr, (1.21)

then Du is locally VMO-regular in Qr.
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We recall that the local VMO-regularity of Du means that for every subcylin-
der Q € Qr, we have that

lim sup ][ |Du — (Du)g,|dx dt = 0. (1.22)
r—0 QQCQ,QSV 0o

The case p > 2 instead involves the use of Wolff potentials, and connects to the
results obtained in [30].

Theorem 1.7 (Gradient continuity via nonlinear potentials). Let u be a solution
to (1.1) in Qr and assume (1.2) with p > 2. If

r Jt p/12(p—D)] d
lim  sup f <7|“|(Q15(f ))> Lo (123)
0

r=0 (x.neQr o o

holds, then Du is continuous in Q. Finally, if the function

r p/12(p=1)]
(x’t)'_)/o (Iul(gQﬁg,t))) d?g

is locally bounded in Q21 for some r > 0, and if furthermore (1.21) holds uniformly
with respect to (x, t) in Qr, then Du is locally VMO-regular in Qr.

We remark that the previous statements extend to the parabolic case the gradi-
ent continuity criteria found in [17], the proof being here considerably more diffi-
cult and involved — actually new ideas are needed. For statements relating VMO-
regularity and conditions as in (1.21) see also [39,40].

The previous three theorems admit a number of corollaries, allowing to set a
few questions that, being classical in the elliptic case, remained still open in the
parabolic one, at least in the case p # 2. A first corollary concerns a Lorentz
Spaces criterion ensuring the continuity of the gradient. The one in the next lines
is actually a borderline version of a result of DiBenedetto [11] asserting that for
solutions to the model equation (1.4), we have

e LN+8

7 — Du is Holder continuous

whenever § > 0, where N = n + 2 is the usual parabolic dimension (see [11,
Chapter IX]). A borderline version of DiBenedetto’s result, valid now for general
equations as in (1.1) and given in terms of natural Lorentz spaces, is the following:

Corollary 1.8 (Lorentz spaces criterion). Let u be a solution to (1.1) in Q, un-
der the assumptions (1.2) with p > 2 — 1/(n + 1); assume also that

weL(N,q), where ¢ := min{1, p/[2(p — 1)]}.

Then Du is continuous in Q.
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Needless to say, LN*? < L(N, q) for every ¢ > 0. We refer to Section 2
below for the relevant definitions on Lorentz spaces in this setting. See also [27] for
a related gradient boundedness result.

The last result we propose extends to the parabolic case by now classical ellip-
tic results of Lieberman [35] asserting that, when considering elliptic equations as
(1.10), the density condition

|ul(Bp) < co" '+
for some § > O implies the local Holder continuity of the gradient (see also the
work of Kilpeldinen [19] for similar statements concerning u rather than Du). Here
we find that a similar condition still implies Holder continuity, obviously replacing
n with the parabolic dimension N = n + 2.

Theorem 1.9 (Measure density criterion). Let u be a solution to (1.1) in Qr, un-
der the assumptions (1.2) with p > 2 — 1/(n + 1); assume also that

111(Qp) < cpo™~1H0 (1.24)

holds for some cp > 1 and § > 0, whenever Q, is a standard parabolic cylinder
having width equal to o. Then there exists an exponent B € (0, 1), depending only

onn,p,v, L and§, such that Du € Co’ﬂ(QT, R™).

loc

The borderline case of the previous result also follows:

Corollary 1.10 (Borderline measure density criterion). Let u be a solution to
(1.1) in Qr, under the assumptions (1.2) with p > 2 — 1/(n + 1). Assume that, for
a non-negative function h: [0, co) — [0, 0o) such that

/[h(Q)]q dzg < 00, where g = min{l, p/[2(p — D]},
0

the inequality
111(Q) < co™'h(o) (1.25)

holds for some ¢ > 1, whenever Q, is a standard parabolic cylinder having width
equal to 0. Then Du is continuous in Q2r.

The proof of the gradient continuity criteria of Theorems 1.5-1.9 involves some
delicate new ideas. In particular, we do not use the stopping time arguments on
chains on shrinking cylinders, where we measure the oscillations of Du (as for the
proof of Theorem 1.1 — a method introduced earlier in [30]). On the contrary, we
build a new iteration scheme using an a priori large number of stopping times, by
instead recovering the regularity estimates using excess decay properties that hold
exactly on chains of cylinders bounded by the exit times considered. We shall call
these as maximal iteration chains reflecting the degeneracy/singularity of the equa-
tion and they are defined in due course of the proof of Theorem 1.6. The first result
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we prove is indeed Theorem 1.6; after proving the VMO-regularity of the gradient
we use this result to prove its continuity under the more restrictive assumption of
the convergence of the potentials. A particular feature of the proof is that it is made
in order to keep track of the constant dependence in a very precise way. Indeed,
intrinsic in the proof of Theorem 1.6 is a control of the modulus of continuity of the
gradient in terms of certain radii that, when considering (1.24), leads to the proof of
Theorem 1.9. This last results indeed relies in turn on the method of Theorem 1.6
together with a very careful analysis of the constants dependence in the a priori
estimates for solutions to homogeneous equations, when considered with respect to
a certain exit time argument. Indeed, for Theorem 1.9 it is necessary to develop a
suitable version of Theorem 3.1 below, namely, Theorem 3.5, where a more care-
ful constants dependence is connected to a certain double sided inequality for the
intrinsic geometry.

Remark 1.11. The techniques of this paper are suitable to treat more general equa-
tions of the type
u; —diva(x,t, Du) = u

under suitable regularity assumptions on the partial map x — a(x, -). More pre-
cisely, we assume that for every point (x, ) the vector field z +— a(x, -) satisfies
assumptions (1.2), while the map x — a(-, t, -) is just assumed to be measurable.
Instead, with respect to to the x variable we assume a Dini continuity dependence,
that is, we assume that

la(x,t,2) —a(y,t,2)| = w(x = y[)

holds whenever x, y € 2,¢ € (—T,0) and z € R", where

/a)(g)d—Q < 0. (1.26)
0 o

Note that we do not need to assume any regularity on the partial map t — a(, ¢, -)
other than measurability. For the sake of brevity we shall not report the necessary
modifications; this can be obtained by using the techniques introduced in this paper
with those of forthcoming [31]. Indeed, in this last paper we shall further exploit
the ideas used here to prove a few regularity results for solutions to p-Laplacian
type evolutionary systems with coefficients. Moreover, we shall also show how
to use the techniques of this paper to prove the Lipschitz continuity of solutions
to systems which are asymptotically close to the p-Laplacian one. See also the
paper [16], where condition (1.26) has been used in the elliptic case.

1.3. Comparison with the Barenblatt solution

Here we are going to demonstreate the sharpness of the intrinsic potential estimate
of Theorem 1.1 by showing that Theorem 1.1 provides for solutions to general
equations as

u; —diva(Du) =68 (1.27)
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in R" x R, where § is the unit Dirac mass charging the origin, the same asymptotic
estimates that hold for the fundamental solution of

u; — div (|Du|?~2Du) = 5. (1.28)

More precisely, for the choice of p and 6 as follows:

2 1
nf1<2—m<p<2 and 6 =n(p—2)+p, (1.29)

and for a suitable choice of the positive constant ¢, = ¢p(n, p), the function

p—1
p =
2—p _ 1 =T p=2
Bp(x’ t):: [—n/G |: pp9 p—1 (Cb + (['f‘;le)p )j| ()C,t) c R" x (O, OO)

0 otherwise

is a very weak solution — in the sense of [6] — to (1.28) in R" x R. See for in-
stance [47, page 192]. Specifically, B), still verifies (1.6), but fails to match the
integrability conditions in (1.5), as it usually happens when dealing with solutions
to problems involving measure data. The function B, in (1.30) is indeed called
the Barenblatt solution to (1.28) (see [2] for the original motivations). A direct
calculation gives

|DB,(x0, 10)] < ety "V (1.30)

As for the bounds in (1.29) notice that indeed DB p(x,1) € L. In fact, observe that
By(x,t) = t~%y(|x|t /%) with v being a function in C*(R*) for some a > 0.
Then, co-area formula and change of variables give
T oo T
/ f |DB,(x, )| dx dt = w,— / W ) r dr / Y04t < 00
0 Jrr 0 0

for all 7 > 0 if and only if

Lol np—24p>1 s ntl_, 1
_— > — n —_ > > - - 3
0 P P p n+1 n+1

which is exactly the bound in (1.9). Note that here we have also used the estimate
00 © 1, p (pzl_ -
/ W) dr < (1 - f prrrtptr (5t el dr) <
0 1

for some ¢ = ¢(n, p), and in turn this is implied by

1 p p—1 2 2
+ —1l)<—1n & —<-n &< p>2—-—.
p—1 p—1\p—-2 p—2 n
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It follows that

A (L) = |DB,|dx dt — 0 (131)

01 oy,

as r — oo, uniformly with respect to A > 0 and (xg, fp) € R” x R. In fact, this is
true for solutions u# to more general Cauchy problems whenever the initial trace of
u is compactly supported, i.e. that the source term is concentrated on t = 0 and has
a compact support, see for example [11, Chapter 11] and [33].

The point we are interested in here is that it is possible to show the pointwise
bound appearing in (1.30) as a direct consequence of Theorem 1.1 and convergence
property (1.31), thereby proving its sharpness. For this, let us start observing that,
with (xg, #p) € R" x (0, 00), we have 1 —)»2’1’@2 < 0iff o > \/AP~2ty. Therefore,
whenever A > 0, we obtain

2 (8(Qp(x0. 1))\ do /OO ( 1 )d.g 5 \—(+D/2
——— ) —= — =c (A7 . (132
fo ( oVt )Q S eV e C( 0) (152

Now, let us define, for A > 0, the function

N—1 L
Q

o

By () = & — A2 A (3) — C/ZVA (5(Q2(x0, lo))) do
0

where A, () has been defined in (1.31). Observe that under the assumption (1.3) we
have n(2 — p)/2 < 1 and thus the function A, (-) is negative in a neighborhood of 0
(if A, (A) =0 for some A > 0, there is nothing to prove). On the other hand, for the
same reason, and noticing also that again by (1.3) we have 2 — p)(n + 1)/2 < 1
by (1.32), we conclude with

lim () 2 lim |5 = 2G4, (1) — G2 o
A—>00 T A0 0
The function A, (-) is, on the other hand, easily seen to be continuous and therefore

there exists a solution A, > O of the equation A, (X,) = 0. We can hence apply
Theorem 1.1 to B, in order to obtain

- © (§(0F (x0.10))\ d
DB (. 10)| + A < 2e27 4 P24, () + 2 / (W) do
0 o 0

By using Young’s inequality with conjugate exponents

2 2
(n(2 -p)2—-n2- p)>
we estimate
WP, 0p) < 7k A, G PO
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On the other hand, noting /2 + (n + 1)(2 — p)/2 = 1, again Young’s inequality

implies
”e /°° 8(QF (0. 10) ) do _hr \ —wiiys
0 ot e ~ 4 ° '

Merging the last three estimates and reabsorbing terms yields
DBy (x0, 10)] < c[A, ()PP 4 e D17

from which (1.30) finally follows letting » — oo, thanks to (1.31).

1.4. Plan of the paper

The paper is organized as follows; after collecting the basic notation and terminol-
ogy in Section 2, we present in Section 3 the results about Holder gradient con-
tinuity for solutions to homogeneous equations. The central result is at this stage
Theorem 3.1, which will be a main tool both in the proof of the potential estimates
and in that of the gradient continuity results. In turn, Theorem 3.1 is used here
to give a proof of certain a priori Holder continuity estimates for solutions of ho-
mogeneous equations (see Theorem 3.3), that will be also an important tool in the
subsequent proof. The proof of the potential estimates in Theorems 1.1-1.3 are then
in Section 4. Finally, Section 5 is devoted to the proof of Theorems 1.6-1.9 and
their consequences.

ACKNOWLEDGEMENTS. The authors thank Paolo Baroni for his remarks on a
preliminary version of the paper.

2. Basic notation and definitions

2.1. Notation

In what follows we denote by ¢ a general positive constant, possibly varying from
line to line; special occurrences will be denoted by c1, c2 etc and relevant depen-
dencies on parameters will be emphasized using parentheses. All such constants
will be greater than or equal to 1. We also denote by

B(xg,r) :={x e R" : |x —xo| <r}

the open ball of R” with center x¢ and radius » > 0; when not important, or clear
from the context, we shall omit denoting the center as follows: B, = B(xg, r). Un-
less otherwise stated, different balls in the same context will have the same center.
We shall also denote B = B; = B(0, 1). In a similar fashion we shall denote by

2

Oy (x0, to) := B(xp,r) X (to — 77, tp)
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the standard parabolic cylinder with vertex (xo, #p) and width r > 0. When the
vertex will not be important in the context or it will be clear that all the cylinders
occurring in a proof will share the same vertex, we shall omit to indicate it, simply
denoting Q,. With A > 0 being a free parameter, we shall often consider cylinders
of the type

0} (x0. 10) := B(x0.7) X (1o — A>~Pr?, 19). 2.1)

These will be called “intrinsic cylinders” as they will be usually employed in a
context when the parameter A is linked to the behavior of the solution to some
equation on the same cylinder Q. Again, when specifying the vertex will not
be essential we shall simply denote Qﬁ = Qﬁ (x0, tp). Observe that the intrinsic
cylinders reduce to the standard parabolic ones when either p = 2 or A = 1. In
the rest of the paper A will always denote a constant larger than zero and will be
considered in connection to intrinsic cylinders as (2.1). We shall often denote

80*(x0, 10) = Q}, (x0, 10) = B(x0, 1) x (to — A 7P8%r?, 19)

the intrinsic cylinder with width magnified of a factor 6 > 0. Finally, with Q =
A X (t1, tp) being a cylindrical domain, we denote by

Opar Q 1= A X {1} UDA x (11, 12)

the usual parabolic boundary of Q, and this is nothing else but the standard topo-
logical boundary without the upper cap A x {z;}.
The parabolic metric is defined as

G, 11) = (2, )lpar 5= max {x1 = xal, v/l — 12|
and the corresponding parabolic distance between sets E; and E; in R"+! as
distpar(E1, E2) = inf {|(x1, 1) — (x2, 2)lpar : (x1.71) € E1, (x2,12) € Ea}.

With A ¢ R"*! being a measurable subset with positive measure, and with g: A —
R”" being a measurable map, we shall denote by

][ gx)dxdt := L/ g(x)dxdt
A [Al Ja

its integral average; of course |A| denotes the Lebesgue measure of A. A similar
notation is adopted if the integral is only in space or time. In the following, with
g = (gi)1<i<n € R" being this time a vector, we define

llgll := max|g;l,
l

which is a norm equivalent to the usual one defined by |g|? := > g ? via

gl < lgl < Vnllgl.
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Moreover, everywhere in the following, when considering the sup operator we shall
actually mean esssup, and similarly for inf and osc operators.
Given a real-valued function 4 and a real number k, we shall denote

(h — k)4 := max{h — k, 0} and (h — k)— := max{k — h, 0}.

As in this paper we are considering only a priori estimates — see the discussion
in the Introduction — we shall restrict ourselves to examine the case when & is an
integrable function. In particular, with g: A — R” being a vector-valued map we
denote
osc g:=  sup  |g(x,1) — g(xo, o)l
A (x,1), (x0,10) €A

In the treatment of parabolic equations, a standard difficulty in using test functions
arguments involving the solution is that we start with solutions that, enjoying the
regularity in (1.5), do not have in general time derivatives in any reasonable sense.
There are several, by now standard, ways to overcome this point, for instance us-
ing a regularization procedure via so-called Steklov averages. See for instance [11,
Chapter 2] for their definition and their standard use. In this paper, in order to
concentrate the attention only on significant issues, following a by now standard
custom (see for instance [12]), we shall argue on a formal level, that is assuming
when using test functions argument, that the solution has for instance square inte-
grable time derivatives. Such arguments can easily be made rigorous using in fact
Steklov averages as for instance in [11] or using convolutions with mollifiers.

2.2. Lorentz spaces and nonlinear potentials

We start by recalling a few basic definitions concerning Lorentz spaces; in this
section s : R"™! — R will in general denote a measurable map, while Q ¢ R"*!
will denote an open subset. We assume |{(x,?) € O : |u(x,t)| > t}| < oo for
t > 0. The decreasing rearrangement u*: [0, oo] — [0, oo] of w is defined as the
(unique) non-increasing, right-continuous function which is equi-distributed with
| ()], that is

wh(s) :==sup{h =0 : [{(x,1) e R" o |u(x, 1) > h}| > s).

Now, the usual definition of the Lorentz space L(y,q)(Q) = L(y,q), for y €
(0, o0) and g € (0, o) prescribes that

00 1/q
_ (2 ool )! 42
[ily.q = (V /0 (u (0)o V) . ) < 00. (2.2)

The local version of Lorentz spaces is defined in the usual way by saying that u €
L(y, q) locally in Q iff x4 € L(y, q) for every open subset A € Q.

Lorentz spaces refine the standard Lebesgue spaces and it follows from the
definition that L(y, y) = LY. For more on Lorentz spaces we refer for instance
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to [44]. A classical fact due to Hunt [18] states that when considering the maximal
operator of p* it is possible to obtain a quantity, in fact equivalent to that in (2.2)
when y > 1, that defines a norm in L(y, g). More precisely, defining for & > O the
maximal operator

1 &
W) = / W) dy, 23)
& Jo

for g < oo the quantity

1/q
q o Kok 1/ q dQ
llly.q = (—f o) —
- v Jo ( ) 0

is such that

[M]y,q = ”PL”)/,q <c(y, Q)[M]y,q fory > 1; (24)

see for instance [44, Theorem 3.21]. The following inequality, which is a straight-
forward corollary of the definition of rearrangement of a function, holds whenever
A C Q is a measurable set:

|A]
[ uonaxar < [y, 2.5)
A 0
We next define the following family of Wolff-type nonlinear potentials:
r O\ d
Whx, 1;7) = / (W) ) (2.6)
0 o 0

Obviously

|u|<QQ<x,r>>>P/[2<P”] do

,
Wi and W, = [ (GG 2 en

The following lemma is rather straightforward consequence of the definitions:
Lemma 2.1. Let u € L'(R"*!, R) and q > 0; for every r > 0 it holds that
; rN
" 9 d
swp Wyerin ser [ (@) %, 8)
(x,NeQ 0 o

where the constant c| depends only on n, q and w, denotes the measure of the unit
ball in R". In particular

u € L(N,g) = lim sup Wg(x, t;r) =0. (2.9)
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Proof. We give the proof for completeness. Observe that (2.5) and the definition in
(2.3) give, whenever (xg, f9) € QO

q q wno™ q
(MY < (e f, wtavar) = (5 [T w@a
@ Qo (x0.10) ™ Jo

q
< [wngu**(anN)] :

Therefore, integrating the previous inequality in (0, r), and changing variables,
leads to (2.8). O

3. The C%*-gradient theory

In this section we concentrate on homogeneous equations of the type
w; —diva(Dw) =0 3.1)

in a given cylinder Q = B x (11, t2), where B C R” is a given ball. We remark
that in this section the exponent p will always be, unless otherwise stated, such that
p € (1,2]. In particular, in this section the lower bound (1.3) plays no role. In the
rest of the section w will denote an energy solution to (3.1) in a given cylinder Q.

In the following, with ¢ > 1 and g € L9(Q’) being a function defined on the
measurable set Q' C R+ we define the excess functional

1/q
E (g, Q)= <][Q/ lg — (8)o|? dx dt) (32)

which is the L9-mean deviation of g from its mean value on Q’. An elementary
property of excess functionals we shall often use in the following is

1/q
E,(g, Q’)§2<][ Ig—qudxdt> vy eR" (3.3)
Q/

A central tool in our approach to both the Holder continuity of the spatial gradient
of solutions to homogeneous equations and to gradient potential estimates in the
case of non-homogeneous equations, is provided by the following:

Theorem 3.1. Suppose that w is a weak solution to (3.1) in Qf, and consider num-
bers A,B,q > 1 and y € (0,1). Then there exist constants 8, € (0, 1/2) and
& € (0, 1/4), both depending only on n, p,v, L, A, B, y, but otherwise indepen-
dent of s, q, the solution w, and the vector field a(-), such that if

A
3 < max , sup || Dw]| ¢, s +sup | Dw| < A 3.4)

N
B g, o}
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hold, then
Ey(Dw,8,0}) < yE,(Dw, 0}) (3.5)

holds as well. Moreover, there exist two constants o € (0, 1) and c(A, B) > 1, both
depending only onn, p,v, L, A, B, such that
1/a
5, = L (3.6)
c(A, B)
and c(A, B) is a nondecreasing function of A, B. Finally, (3.5) still holds when
replacing §,, by a smaller number §.

Remark 3.2. The proof of Theorem 3.1 will be given first in the case
s >0, 3.7

with estimates that will be on the other hand uniform with respect to s. A suitable
approximation argument then allows to treat the case s = 0 starting from the one
s > 0, and for this we refer to Section 3.3 below.

Theorem 3.1 is a key ingredient in the proof of the intrinsic potential esti-
mates of Theorems 1.1-1.3 but it also incorporates enough information to allow for
a proof of the Holder continuity of Dw), as shown in the next Theorem 3.3. In other
words, Theorem 3.1 allows for a unified approach to the gradient regularity for both
homogeneous and non-homogeneous p-Laplacian equations. In turn, the a priori
estimate in Theorem 3.3 below is another key tool in the proof of the potential esti-
mates. We notice that a slightly different version of Theorem 3.1 has already been
proved in [30] for the case p > 2; here we show the necessary modifications of
the case p < 2 — which are at several stages non-trivial — and then show how to
apply Theorem 3.1 to prove the following:

Theorem 3.3. Let w be a weak solution to (3.1) in a given cylinder Q under as-
sumptions (1.2). Then

o If
2n
n+2
holds, then Dw has is locally Holder continuous in Q
e Ifl < p<2and Qi‘ C Q is an intrinsic cylinder such that

s+ sup || Dw|| < A (3.8)
0}

holds for a certain constant A > 1, then

<p<2

o
IDw(x, 1) — Dw(xi, 11)] < 4/n Ak (9> (3.9)
r
holds as well whenever (x,t), (x1,t1) € Qg for a Holder exponent a =
a(n, p,v, L, A) € (0, 1), which, in particular, is independent of s, the solution
w considered and the vector field a(-). Here Qg C Qﬁ‘ are intrinsic cylinders
sharing the same vertex.
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Proof.

Step 0: Reduction to the second assertion. Let us observe that it is sufficient to
prove the second assertion; in fact by Theorem 4.2 below, we know that Dw is
locally bounded in Q and the Holder continuity follows from the second assertion
via a standard covering argument (compare for instance with [11]).

Step 1: Framework of Theorem 3.1. Our approach to prove the second part of the
Theorem is to apply Theorem 3.1 with particular choices of B and y, and with
q = 00, i.e. letting ¢ — oo in the corresponding inequalities of Theorem 3.1 as all
the constants are independent of g. Choose

1

B=8dn. Y = 3

and let 8, = §,(n, p,v, L, A) € (0,1/2) be the constant in Theorem 3.1 corre-
sponding A, B, and y. We start defining

Mo=2"0 =6 Q= 0

1

(3.10)

k=0,1...,sothat Qry1 C &, QO holds whenever k > 0. Define the number

. 8s 2Ak
m:=inf{k >0 : max{—, sup |[Dw| > — .
B B

Ok+1
In case m < oo we redefine the intrinsic geometry parameter
A = A, k=m+1,m+2,...,
and accordingly, we redefine Qj := f,:" fork=m+1,m+2,...

Step 2: The equation becomes uniformly parabolic immediately. This means that
m = 0. We then have that at least one of the two following holds true:

r/4 < s <s—+sup||Dw| < Ao, 3.11)
Qo
and
ro/B < 2i0/B < sup||[Dw]|| <s 4 sup||Dw| < Aiop. (3.12)
01 Qo
Let us prove that, in any case, we have
osc Dw < 2+/ny osc Dw Vk>0. (3.13)
OQk+1 Ok

Indeed, Theorem 3.1 implies (applied with ¢ = oo on the fourth line below)

osc Dw < +/n max osc wy;
Qk+1 I<jsn Qry1

=< 2\/ﬁ lrfnjagn “jo - (jo)QkH ||L°°(Qk+1)
< 2V/n|Dw — (Dw) gy, llL2o(11) (3.14)

< 2/ny||Dw — (Dw) g, | L=(0y)
< 2/ny onc Dw
k
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for all k = 0, 1, ... in the case (3.11) holds (recall that Ay = X¢), and for k = 0
in the case (3.12) holds. Let us further analyze the occurrence of (3.12) in order to
prove that (3.13) holds when (3.12) is in force. We have by (3.12) and (3.14) (this
last one used only for £ = 0) that

OQSC Dw < 2/ny onc Dw < 4ny sup | Dw|| < 4ny Akrg.
1 0

Qo

Therefore
sup wy, — infw,, = oscw,; < osc Dw < 4ny Akg (3.15)
0 01 01 01

holds for every i € {1, ..., n}. Next, we have by (3.12) that either

supwy, = sup ||[Dw| > 2xo/B or infwy, = —sup|Dw]| < —2io/B

01 04 Q1 0
holds for some i € {1, ..., n}. If the first inequality from the previous line is true,
ie.

sup wy;, = sup [|[Dw|| > 2X¢/B

01 0

holds for some i € {1, ..., n}, then by (3.15)

2A0/B — iélfwx’. < supwy;, — iélfwxi < 4ny Alo,
1 1

0

and by (310) it follows that
1INT Wy, n . .
QI M= B y B

Similarly, if
iélfwx,» = —sup |[Dw| < —2xo/B
1

0

for somei € {1, ..., n}, then we have

supwy; < —Ao/B. 3.17)
0

Inequalities (3.16) and (3.17) readily imply that
I Dw| = ro/B a.e.in Q.
By this and (3.12) we have that

Ak/B < sup || Dwl||, s+ sup || Dw| < Akg (3.18)

Ok+1 Ok

forall k = 0,1, ... (again recall that in this case it is Ay = Ag) and Theorem 3.1
applied with ¢ = oo then implies (3.13) forallk =0, 1, ...
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Step 3: The equation becomes uniformly parabolic in Q,. This means that m > 1.
We have that at least one of the following two inequalities holds:

S > Ay /4 > Ehy and sup || Dw| > 2A,,/B.

Qm+l
Moreover, since m > 1, we have by the very definition of m that

1 1

sup [[Dw|| < —=Ar—1 = —=X, k=1,...,m, (3.19)
3 4yn 2y/n
and, in particular, it follows that
osc Dw < 2/nsup | Dw| < A, k=1,...,m. (3.20)
Ok Ok
We also have
s+ sup [|[Dw] < Ay < Ay, 3.21)
Om

because s < A,—1/4 = Ap/2. Now, if on the one hand s > A,,/4, then we
get (3.14) by Theorem 3.1 for all k = m,m + 1, ..., in view of (3.21). If, on the
other hand,

2Am/B < sup ||[Dwll,

Qm+1

then we obtain, analogously to Step 2, that
IDwl = An/B  ae.in Qmy1.

This, together with (3.21) allows us to apply Theorem 3.1 with ¢ = oo as in Step 2;
we obtain (3.13) forallk =m,m + 1, ...

Step 4: The equation never becomes nondegenerate parabolic. This means that
m = oo and therefore, as in the previous Step, we have that (3.20) holds for every
k e N.

Step 5: Conclusion. In all cases we have established

osc Dw < Ag, 1<k <m,
Ok

whenm > 1, and

osc Dw < 2/ny onc Dw for k>m, onc Dw < 2/nAx,
k 0

Ok+1

when m > 0. Thus, because 2,/ny < 1/2, above inequalities yield

JiA

osc Dw <

Ok 2k—1 A
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Q(Z(pfz)/zs )kr : QC

we have - by taking ¢ < r as in the statement of the Theorem - by choosing & > 0
such that 2(P=2/25 Y1 < o/r < (2(P=2/25 )k,

o
osc Dw < osc Dw < 4/nA\ (g)
;

0% Ok
with
_ log?2
- log (2(1’*2)/25)/) ’
Clearly @ = a(n, p, v, L, A), concluding the proof. O

Remark 3.4. Theorem 3.3 still holds when p > 2, and for this we refer to [30],
where the needed version of Theorem 3.1 is featured.

In the following we shall also need a different version of Theorem 3.1, that is:

Theorem 3.5. Suppose that w is a weak solution to (3.1) in Qﬁ, and consider num-
bers A,B,q > 1 and y € (0,1). Then there exists a constant 5, € (0,1/2)
depending only on n, p,v, L, A, B, vy, but otherwise independent of s, q, of the
solution w, and of the vector field a(-), such that if

A
— < sup || Dw]|| and s 4+ sup || Dw| < AA (3.22)
B Q)“ QA
Syr r
hold, then
E,(Dw,5,0}) < yE,(Dw, Q)) (3.23)

holds as well. Moreover, there exist two constants o € (0, 1) and c(A) > 1, both
depending only onn, p, v, L, A, but not on B and q, such that

e ()

and c(A) is a nondecreasing function of A. Finally, (3.23) still holds when replacing
8, by a smaller number §.

This version, which differs from Theorem 3.1 for a different, more peculiar,
dependence of the constant (3.24), will be necessary in order to prove Theorem 1.9
with the right dependence upon the parameters.
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Remark 3.6. The assertions of Theorems 3.1-3.5 still hold for solutions to more
general equations with coefficients of the type

wy —diva(t, Dw) =0

where the vector field a(-) is supossed to be only measurable with respect to the time
variable, and such that z — a(t, z) satisfies assumptions (1.2) for every choice of
t. This fact can be easily derived by observing that the proof of the above results
solely relies on the analysis of the differentiated (with respect to the space variable)
equation; see (3.35) below. The possibility of such a differentiation procedure is
clearly not affected by an additional, even measurable, dependence on time.

3.1. Basic Gradient Holder continuity estimates

In this section w denotes a solution to (3.1) in a cylinder of the type O} = 0Q;
throughout we shall assume that (3.7) holds; see the comments in Remark 3.2. We
denote

i}y = sup /|u(x,r)|2dx+/ |Dv(x, 1) dx dt (3.25)
B 0

n<t<ty

whenever we are considering a cylinder of the type O = B x (t1, t2). The space
V2(Q) is that defined by all those L?(zq, ro; W'2(B)) functions v such that the
previous quantity is finite. Moreover we set VOZ(Q) = V2(Q) N L1, tz:
WO1 ’2(B)). The following Poincaré-type inequality is then classical (see [11, Chap-
ter 1, Corollary 3.1])

017200, < cI{lv] > 03NQ1Y D0l ) Q1 = Bix(=1,0), (3.26)

and holds for all functions v € V02(Q1). We start with a sort of a height bound,
already derived for the case p > 2 in [30]; dealing with the singular case p < 2
necessitates a different proof, and poses additional difficulties. In particular, we
are forced to derive a Caccioppoli inequality which is different from the usual one
involving an additional integration-by-parts argument.

Proposition 3.7 (Height bound). Assume that

s+ sup |[Dw]|| < AA (3.27)
or

holds for some constant A > 1. There exists a number 0 = o(n, p,v, L, A) €
(0, 1/2) such that if either

|0} N {wy, < A/2}1 <alQF or 10 N{wy, > —A/2})| <o|Q} (3.28)

holds for some i € {1, ..., n}, then |wy,| > A/4 holds almost everywhere in Qi‘/z.
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Proof. Without loss of generality, we may assume that
107 N {wy, < 4/2} < 01071, (329)

then proving that wy, > A/4 holds almost everywhere in Qi‘ 2 Indeed, assuming
that the second inequality in (3.28) holds, by defining w := —w we have

10} N {wy, > —A/2}| < 0|0} <= 10} N{wy < A/2}| <o|Q}]. (3.30)

Observing that w solves the equation w; — diva(Dw) = 0, where a(z) := —a(—z2)
and the vector field a(-) still satisfies assumptions (1.2), we reduce to the case
(3.29). Again without loss of generality, we shall assume that the vertex of all
the cylinders considered in the following coincides with the origin. The rest of the
proof now goes in three steps.

Step 1: Rescaling. We now perform the standard intrinsic scaling by defining

2—p..2
v(x, 1) = M (x.1) € 0 = B, x (—1,0), (331)

so that the newly defined function v solves
APy, —diva(Dv) =0  in Q). (3.32)

From now on all the estimates will be recast in terms of the function v. Notice that
with the new definition we still have

s+ | Dvl[peg) < Ar (3.33)
and assumption (3.29) translates into

H(x,1) € Q1 : vy (x, 1) < A/2}| <001l
Our next aim is to show that

vy, > A/4 ae.in Q1/3. (3.34)

1

The statement of the Proposition will then follow by scaling back to w.

Step 2: A Caccioppoli-type estimate. In the following we shall proceed formally
(assuming for instance that solutions are differentiable with respect to time), and all
the details can be justified in a standard way using Steklov averages [11]. The main
point here is that since we are dealing with singular equations the treatment must
be different from the one in [30]. We start by differentiating equation (3.32) in the
x;-direction; recall that we are assuming that p < 2, s > 0 and Dv is bounded. It
follows, indeed
Dv € L (—1,0; WL2(By, R") N CO(—1,0; L2 (By, R™).

loc loc loc
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The details can be found for instance in [11, Chapter 8, Section 3]. We obtain the
following equation:

AP 72 (), — div 3y, (a(Dv)) = 0. (3.35)

Multiplying the previous equation by (vy;, — k)_¢?, where ¢ € C (Q1) and k €
(0, AL), and integrating by parts yields (actually using the weak formulation and in
fact Steklov averages)

0= AP_Z/ (Ux)r (v, — k)_¢* dx dt
(0]
+ / <ax,,a(Dv), D¢2>(vxl. —k)_dxdt
0
+/ (8x,a(Dv), D((vy, —k)2))¢*dxdt = I + L + I5.
0

We integrate the first term by parts with respect to ¢ and the second onewith respect
to x;. We obtain

k
I = —M’—Z/ a,/ (y —k)_dy¢*dxdt = xH/ (vy; — k)% rp dx dt
01 Vy; 0
and
h=— f <a(Dv), By, D¢2> (v, — k)_ dx dt
0
—2/ (a(Dv), D@) ¢pvy,x, dxdt =: I 1 + 5.
01N{vy; <k}

We estimate the terms /5 1, I3 2, and /3 using the structure of a(-) described in (1.2)
as follows: the growth condition on a(-) implies

2, 2\ 2 2
al=2Lf (IDvP+52)" 7 @y =0 (I811D%¢] + 1DYI*) dxdr (3.36)
Q1
and
2 2\—D/2
|| <2L <|Dv| +s ) |D(vy; — k)-|IDollp|dx dt, (3.37)
01
and the coercivity of da(-) gives

Y L,
I<—v <|Dv| +s ) 1D (vy, — k)22 dx dt. (3.38)
01
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Furthermore, from Young’s inequality we deduce
9 2\ (P=D/2
2L (1Dv +57) " ID(y — K- 1Dl
v (p—=2)/2 212 p/2
=3 (1DoP +52) " T D@y, —0-P¢? + = (IDvl? +5%) " Dy .
Therefore,

(p—2)/2
b by =3 [ (1o +5) " D0y 0P dra
0

2L2 p/2
Tl <|Dv|2+s2> D% dx di.
v Joinfu, <k

Rearranging terms yields

(=22
%/ <|Dv|2 +s2> 1D (vy, — k)_ 22 dx dr
04

A2 | (v, — k)2 (¢ dx dt
0
(3.39)
212 2
<= <|Dv|2 +s2)p D@ dx di
v Jointuy, <k

(p—1)/2
+2L/ (|DU|2+S2> (vx,- —k)_ (|¢||D2¢|+|D¢|2> du dt.
0

Replace then ¢ with ¢0, where ¢ € C*°(Q) vanishes on the parabolic boundary
of Q1 and 6 € C*°(R), being nonincreasing and vanishing for r > 0, approximates
the characteristic function of (—oo0, ), T € (—1,0). In view of (3.33) and of the
fact that we have chosen k € (0, AL), we have bounds

)(p—2)/2

172
(1DvP + 52 >@anr2, max((IDoP +5%) 7 (o — K)o} <245,

and thus (3.39) yields, with t realizing (actually approaching) the supremum below,
p—2 _ 2
)" ”(vxi k)—¢||v2(Ql)

< 2P / (D@ = 0)-P* + (v, — K2 IDGI) dix dt
0
(3.40)
+ P72 sup (vy; — k)% ¢ dx
te(—1,0) 4 By

< c” sup (I81D°91 + IDSF + 911gul) | €1 0 (1, < k) N9 > 0)
1
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for a constant ¢ = c¢(p, v, L, A). This is the Caccioppoli-type inequality we were
looking for.

Step 3: Iteration. Define first truncation levels

k A 1+ ! that A <kny < A
= - — 1, SO a - = = 5
! om 4 ="M= 2
for all integers m = 0, 1, ... We then consider the following non-negative cut-off
functions: ¢,,, € C*°(Q1), where
Q(m) =0 o l + ! >0
T X 0m Om ‘= P 2m+13 m = U,

defined in such a way to vanish outside Q) and smoothly on the parabolic bound-
ary of Q) and, moreover, satisfy the following conditions:

0<¢m =<1, ¢m=1 on Q"D
[5pt1| DG + 1D | + |(dm):] < c(n)4™.

Now, let us introduce, again for m > 0, the sets

(3.41)

Am = 0" N {vy, < km}.
Taking ¢ = ¢, and k = k,;, by (3.41) estimate (3.40) gives
Wy = k) =bnllagg,) < A" AP Al
Using (3.26) and then the previous inequality, we have, as ¢, = 1 on Q"D that

A2 gy — k)bl 2a
W72y = ki)~ 72 g

AP\ (vy; — km),¢m||%/2(Q<m))|Am|2/<n+2)
A" AP | Ay, | TR (42

A2 (ki — ks 1)* At |

IN TN A

IA

with a constant ¢ = c(n, p, v, L, A). In turn, observing that
ki — kg1 =273,

we arrive at
|Amt1] < e8| Ay |2/,

for a constant c still depending only on n, p, v, L, A, and for every m > 1. At this
stage by using a standard iteration lemma (see for instance [11, Chapter 1, Lemma
4.1]) we have that there exists a number o = o (n, p, v, L, A) € (0, 1) such that if

101 N {vy, < A/2}| = [Aol = o[Q1l,
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then | A;;| — O and this implies (3.34) by the inclusion
Ql/Z N{vy, <A/4} COmAnp.
The proof is complete. O

The previous result allows us to use the same machinery employed in [30,
Section 3] for the case p > 2. The outcome is the following statement, whose
proof is completely similar to the one for the case p > 2.

Proposition 3.8. Assume that (3.27) is in force. Then there are numbers o €
0,1/2), B € (0,1), and ¢4 = 1, all depending only on n, p,v, L, A, such that
(3.28) implies

1/q 1/q
<][ R |Dw—(Dw)Q§ |7 dx dt) fcdaﬁ(][ |Dw—(Dw)Qx|q dx dt) (3.42)
r Qi‘ r

QSr
whenever § € (0, 1) and g > 1.

Similarly, we have to the following result, that, proved in [30] in the case
p > 2, extends to the case 1 < p < 2 with a completely similar proof.

Proposition 3.9. Assume that

sup || Dw]| < AA and EN<s <& AN, where 0 < & < &. (343)
o}

Then

1/q 1/q
(f | Dw—(Dw) g, |7 dx dt) <8P <][ | Dw~Dw) g1 |9 dx dt) (3.44)
r Q;‘

QSr

holds whenever § € (0, 1) for constants 1 = pi1(n, p,v, L, A,§,8§1) € (0, 1) and
Ed = Ed(l’l, p,Vv, L, A, 5, é}_l) = 1.

The next proposition analyzes the case ruled out by the previous Proposition
3.8. Usually such type of result is achieved via arguments based on logarithmic type
inequalities (see for instance [11,30]). Here we propose an alternative approach,
using the weak Harnack inequality for supersolutions to linear parabolic equations,
which turns out to be faster and probably more elegant. To this aim, we recall a
classical result.

Theorem 3.10 (Weak Harnack principle). Ler 7 € L%(—1,0; WL2(By)) be a
non-negative weak supersolution in Q1 = B; x (—1,0) to the linear parabolic
equation -

z; — div(B(x,1)Dz) = 0,
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where the matrix B has measurable coefficients and satisfies the conditions
vil§l* < (B(x, 0§, 8) < L1l
whenever & € R", and where 0 < vy < L. If
Q" = B(0,1 —381) x (—(82 + 83 + 84), —(82 + 83))

and
0™ = B(0,1—61) x (=8,0),

where &; fori € {1, 2,3, 4} are positive parameters such that §1 + ... + 84 < 1,
then there exists a constant c, depending only on n, vy, L1 and {5;}, such that

][ zdxdt < cinf z.
« Q**

The previous theorem roughly tells that, in order to realize a suitable Harnack prin-
ciple, we need a waiting time 83 > 0. We refer to [36] for a proof of the previous
theorem; see also [13,26,42] for more on Harnack inequalities in the nonlinear
parabolic setting.

Proposition 3.11. Assume that (3.27) holds and let 0 € (0, 1) be described in
Proposition 3.7. Suppose that (3.28) is not satisfied for any i € {1, ..., n}. Then it
is possible to find n € (1/2, 1), depending only on n, p, v, L, A, such that

IDw| < nAx  ae.in Q}, . (3.45)
Proof. Assume that for any i € {1, ..., n} the assumption (3.28) does not hold;
therefore for every i € {1, ..., n} it happens that
{(x,0) € QF  wy(x,0) = A/2}| < (1 —0)|Q} (3.46)
and
{(x, 1) € QF + wy(x,0) < —2/2}| < (1 —0)| Q. (3.47)

Here 0 = o (n, p, v, L, A) is the number determined in Proposition 3.7. We con-
sider the occurrence of (3.46) for single i € {1, ..., n}; we later describe how to
argue for (3.47). Defining the scaled function

w(rx, X2 Pr2t)
v(x,t) i = ———, (x,1) € Oy, (3.48)

r

solving (3.32), inequality (3.46) takes the form

{(x,1) € Q1 @ vy (x, 1) <A/2} = 0| Q1. (3.49)
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In particular, by setting
0* = B(0,1 —0/(80n*) x (=1 4+0/4, —0/4) C O, (3.50)

we still have
o
[0 N {vy, < A/2}| > ZIQ*I- (3.51)

Furthermore, it is quite standard to show that v := (vy; — A/2)+ is a weak subsolu-
tion to the linear parabolic equation with measurable coefficients

z; — A*7Pdiv(da(Dv) Dz) = 0. (352)

For the sake of the non-Finnish reader we briefly recall the argument in Remark
3.12 below. Next, we extend the coefficients of the equation of v outside of {v > 0}
by setting

A27Pda(Dv(x, 1)) in Q1 N{D > 0}

Blx.0) = {vld on Q) N {5 =0},

1d being the identity matrix. By the upper bound (3.27) and the fact that |Dv| >
A/2 in the support of v, we obtain

1 / AA p—2 A2 p=2
- (T) )% < <k2_p8a(Dv)€, 5) <c (%) €1?

almost everywhere in Q1 N{v > 0}, for a constant ¢ = c(n, p, v, L) > 1. Therefore
the eigenvalues of measurable coefficients B belong to [A?~2/c, ¢] and ¥ is a weak
subsolution to the linear parabolic equation

z — div(B(x,1)Dz) = 0. (3.53)

Moreover, it follows by (3.27) (look also at (3.33)) that z = AL — A/2 — ¥ is a non-
negative weak supersolution to (3.53) in Q. Therefore we apply Theorem 3.10
with the choice Q** = Bj» x (—0/8,0) and Q* as defined in (3.50); the outcome
is

1
~ 4 (AA—A/2—D)dxdt < Ah—21/2—  sup D, (3.54)
¢ Jor Bij2x(~0/8,0)

for a constant ¢ = c¢(n, p,v, L, A,0) = c(n, p,v, L, A). By (3.51) we have the
lower bound

1
(AL —A/2 —v)dxdt > "
0* [O*| Jo*nis=0}

T Ar—12) = Zan
4 =g

(AL — A/2) dx dt

v
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and combining the previous inequality with (3.54) yields

1 o
sup Uy, Smax{—,(l ——)}Ak =:nA\.
Byjax(—(0/4)2,0) 2 8¢

Finally, interchanging vy, with —v,, in the above reasoning - keep in mind the
change of variable made at the beginning of the proof of Proposition 3.7 - and using
(3.47), we actually obtain the same bound instead for the supremum of —vy, . Since
the above holds for arbitrary i € {1, ..., n}, inequality (3.45) follows. ]

Remark 3.12 (Proof that v is a weak subsolution of (3.52)). We shall argue mod-
ulo a standard time regularization via Steklov averages. We shall test the weak for-
mulation with 7, := ¢! min(e, 9)¢, ¢ > 0, where ¢ € C2°(Q1) is non-negative.
Firstly,

Uy

(ux )6~ min(e, §) = / "o min(e, (v — 4/2)4) dy
22

holds for all ¢ > 0 and therefore integration by parts yields

Uy
(ve)me dxdt = — / / e~V min(e, (y — /2)4) dy ¢y dx di
(0] 01 J1/2

— — v, dx dt
01

as ¢ — 0. Secondly, since
Dn, = ¢~ "' min(e, 9) D¢ + ' P x(0<5<e) Dvy,
we have that

(aa(Dv)Dvxi, Dr]g> -1 min(e, V) (Ba(Dv)Dvxi, D¢)

> ¢
— (da(Dv)D¥, Do)

almost everywhere as ¢ — 0. Collecting calculations, we have showed

0 = lim (kp_Z(vxi)mg + <3a(Dv)Dvxi, Dn,;)) dx dt
el0 0

2/ (—Ap_zf)d);—k(aa(Dv)Df),Dd))) dx dt.
0

Since ¢ is an arbitrary non-negative test function, it follows that v is a weak subso-
lution.
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3.2. Proof of Theorem 3.1

We shall give here the proof in the case s > 0, while the case s = 0 follows
via approximation, as explained in Section 3.3 below. Note that anyway we shall
never use the fact that s > 0 but when appealing to Propositions 3.8-3.11. Indeed,
assuming that the statements of these last two results remain true for s = 0, then
the rest of the proof below remains unchanged. The proof goes now in five steps.

Step 1: Stopping time for the singular iteration and the choice of §. With n =
n(n, p,v, L, A) € (0, 1) being defined in Proposition 3.11, we set

1 1 -
n = %, sothat n <y <1 and n —n= Tn (3.55)

Obviously 1 = ni(n, p,v,L, A) € (0,1). We define m € N as the smallest
integer such that

A
AN < —. 3.56
m <35p (3.56)

Observe that this determines m > 1 as a function of the parameters n, p, v, L, A, B.
Define & accordingly as

£ := min{1/8, (i — nn" A}, (3.57)

which then also depends only on parameters n, p, v, L, A, B. The choices in (3.56)
and (3.57) fix the number £ in the statement of Theorem 3.1.

Step 2: The first nonsingular case. In this case we assume that §A < s. The equation
becomes immediately nonsingular and Proposition 3.9 then implies that

1/q 1/q
(][ [Dw — (Dw) y» |7 dx dt) < 8P (][ |Dw — (Dw) o7 dx dt)
A 8r 2 v

ér Qr

for all § € (0, 1) and constants ¢4 and 81 depending only on n, p, v, L, A, B, since
& above depends only on such parameters. Thus we will eventually obtain (3.5)
with § = §,, whenever

1/B1 1/a
s,=6<(L) =2 (3.58)
& c(A, B)

For this reason, we shall from now on argue under the assumption that
s < (m =" AL =2 (3.59)

holds for m defined as in (3.56).
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Step 3: The Singular Iteration. Given a cylinder Q7 , where the intrinsic inequality
(3.27) holds, by Propositions 3.8 and 3.11 we then have two possibilities:

e The Nonsingular Alternative. This means that we can apply Proposition 3.8
and therefore we have that

l/q 1/q
<][ A|Dw—(Dw)Q§ |9dx dt) <cg8P (][ |Dw—(Dw)Q~A|‘7 dx dt) (3.60)
r Q& r

QtSr

for every 6 € (0, 1), where the constants § = g(n, p,v, L, A) € (0, 1) and
cqg =cq(n, p,v, L, A) > 1 are those defined in Proposition 3.8.
e The Singular Alternative. In this case we can instead apply Proposition 3.11
that in turn yields
sup [|[Dw]|| < nAx,
0%,

where n = n(n, p,v, L, A) € (0,1) and 01 = o1(n, p,v, L, A) € (0, 1).

The previous alternatives can be now combined in order to build a basic iteration
scheme, that we call the Singular Iteration. Let 1y be as in (3.55). We define the
sequences

Aigl = M1A; Rit1:=01R;
Ao = A, Ry :=r.

With such a choice the following inclusions trivially hold:

Ot c Ok, c Oy cob VieN. (3.61)

Rit1

From now on we shall also set

Qi = 0% .
Here, as in the following, all the cylinders share the same vertex. We now proceed
building the iteration scheme by (finite) induction: to this aim, let us assume that
the Singular Alternative holds in the cylinders Q;ii__ll fori € {1,..., j} for some
integer j such that 1 < j < 2m. Therefore we have that

s+ sup [|[Dw|| < AXj— and sup ||Dwl|| < nAij_y
-1 rj—1
Or; Qoikj

hold. It follows that for all such j we have

s+ sup |[Dw| < (g1 — nni" A+ sup | Dw]|
A Ai_
o¢. 0%,

J Jj—1

<(m —mAAj_1 +nAkj_ = AXj.

(3.62)
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In particular, the needed upper bound (3.27) is verified with Qﬁ = Q)I}’} ,and we can
proceed inductively to verify wether the Singular Alternative or the Nonsingular
Alternative occurs in Q)I}jj , provided j < 2m.

Step 4: The second nonsingular case. Now, consider all such numbers 6, such

that »
m
5, <8:= (n?‘f’)/zal) , (3.63)
so that .
05, C Q5 C O (3.64)

holds. Assume, according to the first inequality in (3.4) and to (3.59) (and towards
the final determination of §, in the statement), that

A
s <§A, — < sup|[Dw]] (3.65)
B 0’
or
hold. This in turn implies
A
Alpy = n'AL < — <sup||Dwl|| < sup ||Dw]| (3.66)
2B Q)L M1
& QRm+l

by (3.56) and (3.65). Let us now define
m := min {k € N : The Singular Alternative does not occur on Q;}’; } . (3.67)

Observe that by definition this means that the Singular Iteration can be performed
m times, but that it cannot be applied on the cylinder Ql}e’?;, . We have

m < m. (3.68)

Indeed, by assuming by contradiction that m < m, then the Singular Alternative
would hold at m and therefore

sup [|Dw|| < nAim < Adm,
ka+l
Ript1

contradicting (3.66). Thus (3.68) holds provided (3.65) is assumed, and from now
on, we shall choose, when providing §,,, a number suitably smaller than §, where §
has been introduced in (3.63). Indeed, notice that if the above reasoning still holds
upon decreasing the value of §. Moreover, as in the case of (3.62), we have

s+ sup |[|[Dw|| < AAj, for je{0,1...,m}. (3.69)

)\.'
j
Og.
Rj
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Next we shall apply the result of the Nonsingular Alternative. First, since the Singu-
lar Alternative could not be applied in Q,; and (3.69) in particular holds for j = m,
then the Nonsingular Alternative must occur in Q,; and we have

1/q
(][ [Dw — (Dw)sg, |1 dx dt)
80

e (3.70)
< cd56<][ |Dw — (Dw)g,, |7 dx dt)
O
for all 6 € (0, 1]. Second, by (3.68), we have
1/q
<][ |Dw — (Dw) g, |7 dx dt)
O
1/q 1/q
<2 (@> (][ |[Dw — (Dw)g,|? dx dt)
Ol 0o 371)

Qo 1/q 1/q
<2 (—) (][ |[Dw — (Dw)g,|? dx dt)
|Oml Q0
—m(n+2) —m2—p) Va
<20, n P <][A|Dw—(Dw)Q¢|qudt> .
Or

Third, since §8 Q;\ C 6Qm C 8Qy; - recall the definition of § in (3.63) and again
(3.68) - we have

/g
(][BSQA |Dw — (Dw)ss 1" dx dt>

160l \ " /g
=2 ( x ) (][ |Dw — (Dw)sp,|? dx dt) (3.72)
163071 50,

1/q
< 2§—<"+2><][ |Dw — (Dw)sg,, |9 dx dt)
30

for all § € (0, 1]. Combining (3.70)-(3.72) we arrive at

l/q
(f&s N |Du} — (DU))séQﬁhlq dx dt)
307

(3.73)

2) _—mn+2) —mQ2—p) Va
<dcy [Q_("Jr )crl m P ]8’8(][ |Dw — (Dw)Qxlq dx dt)
o} '
for all 6 € (0, 1]. Taking thus any
_ 1
é(n+2)alm(n+2)nfln(2 P, /B ._
8 < , 8y, =44, (3.74)
dey

we conclude with (3.5) in this case.
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Step 5: Determining the number §,,. By looking at conditions (3.58) and (3.74), we
are led to define

- 1/B
3 m+1 5(n+2)0m(n+2) m(2—p) 1/81
8y = (TIE2 p)/z(ﬂ) min (_ ! il 4 <1) (3.75)

dcy C,

and notice that §,, depends indeed only onn, p, v, L, A, B, y,as o1, 1 and m only
depend on such parameters. The number §,, just defined in (3.75) is the one we are
looking for and it does not depend on the solution w (neither on the vector field a(-))
since it works both in Step 2 and Step 3. Moreover, it has the form required in (3.6).
The proof is now complete when s > O (although all the previous consideration
formally holds for s = O provided one can use the two Alternatives in Step 3).
The case s = 0 now follows from the case s > 0 via the approximation argument
described in the next Section 3.3.

Proof of Theorem 3.5. The proof closely follows of the one found for Theorem 3.1,
therefore, we shall indicate the necessary modifications step by step.

Step 1. Here the crucial remark is that the number 7; does not depend on B. We
notice that m as defined in (3.56) satisfies

log(4AB
m A~ % —: &1(A) log(AB) = log(AB)"' ™. (3.76)
—logm

for suitable constant c¢j(A), which is non-decreasing in A, and also depends on
n,p,v, L.

Step 2. Since we are now assuming (3.22) rather than (3.4), the content of Step 2
becomes irrelevant. A different argumentation will occur later, when considering
the stopping time of the Singular Iteration. In particular we shall not assume (3.59).

Step 3. In fact, as now (3.59) is not any longer in force, there is an additional
reason for the Singular Iteration to stop. In other words, even before checking the
occurrence of the Singular Alternative at step, let’s say, j, we have to verify that the
starting condition
s+ sup [|[Dwl|| < AA;
I

0%
holds. Observe that were (3.59) in force, this would no longer be necessary, as
shown in (3.62). Therefore, considering the number m defined in (3.67), the iter-
ation may stop at m either because the Nonsingular Alternative occurs or simply
because the initial condition

s+ sup ||Dw|| < A\ (3.77)
oy

does not hold. Treating the two different cases will be done in the next step.
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Step 4. Exactly as for Theorem 3.1 we have (3.68) and we proceed as done there.
In the case the Singular Alternative stops at 7 as the Nonsingular Alternative holds
(together with (3.77)) we proceed as in Theorem 3.1. In particular, we take §,, as
indicated in (3.74). In the other case the Singular Iteration stops at step m as (3.77)
fails to hold, that is .

s+ sup |[Dwl|| > Arz; = ] AA. (3.78)

oy

This implies that m > 1 as on the other hand the second inequality in (3.22) is
assumed. Note also that since the Singular Alternative holds at level m — 1, we
have

A
s+ sup |[|Dw|| < Arj—1 = —Ap 3.79)
Mi—1 n
QRﬁl—l
and y
sup |[Dwl| < nArz_1 = nnj " Ax. (3.80)
)\‘_
Og’

Comparing (3.78) and (3.80) yields

s> 0 Ak — sup |[|Dw|| = 077 (o —n) Ak = (i — M Aksy. (381
)\,‘
o

m

In conclusion, by (3.79) and (3.81), we find
A
sup [[Dwll < Akji— and  (m — Az <5< —Ap
Mi—1 n
ki
and we can therefore apply Proposition 3.9 with the choice
M _ _
Qr=0QyF, E=m-mA,  &=1/n.

The outcome is that

l/q 1/q
<][ |Dw — (Dw)sg,, |1 dx dt) < EdSﬂl(][ |Dw — (Dw)g, | dxdt)
5Q,;, M

Oin

holds whenever § € (0, 1), where ¢; > 1 and 81 € (0, 1) are constants depending
onlyonn, N, p,v, L and A, but not on B and ¢g. The last estimate is the analog of
(3.70) and from this point on we may argue exactly as after there, to obtain (3.73)
with ¢4 replaced by ¢4, and B replaced by ;. Therefore, by choosing

( 5D+ mC=p),, ) 178

4¢y

§ <

8, =68, (3.82)

we conclude with (3.5).
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Step 5. In view of (3.74) and (3.82) we finally determine § as follows

Q(”“)olm("“) nT(Z—p) y 1/ min{B,B1}
(3.83)

22V/2 m+1
8y = (ni )/ 01> =
4(cq + ca)

Notice here that the only parameter containing a dependence on B is m. Using the
dependence described in (3.76) and in (3.83) we obtain (3.24), for a suitable choice
of the constant c(A). ]

3.3. The approximation scheme

Here we briefly discuss the approximation method needed to reduce the proof of
Theorems 3.1-3.5 to the nonsingular case s > 0; when switching to the case s = 0
the constants will increase, in a universal way. We shall of course confine ourselves
to the case of Theorem 3.1. We start mollifying the vector field a(-) as follows. Let
¢ > 0 (actually denoting a sequence converging to zero) and let 6, € CZ°(B(0))
be a standard mollifier with B;(0) C R", such that fR" 0:(2) dz = 1. Define the
regularized vector fields a. : R" — R”" as

as(2) = fR Ouc—ba®) dt.

We then define w, as the unique solution to the following Cauchy-Dirichlet prob-
lem:

{(ws)t —diva,(Dws) =0 in Q%

X
Wy, = W on Opar Q5 -

Exactly as for instance in [1] or [27], it follows that a.(-) satisfies (1.2) with new
constants v, L, and with s (here assumed to be equal to zero) replaced now by
se = ¢; without loss of generality we shall consider ¢ small enough to have s, < A.
Again as in [1,27] it follows that up to not relabeled subsequences (i.e. we still keep
the notation )

Dw; — Dw strongly in L? and a.e.

(3.84)
][ (IDwsl + 5)? dx dt < cé’][ (1Dw| + 5) dx dr,
o o

where ¢, depends only on n, p, v, L. Before going on let us recall a basic result
(see [11, Chapter 8, Theorem 5.1°]) asserting

][ (IDwg| + se)P dx dt < cPAP = sup | Dwg| < Cuch (3.85)
o} o*
r/2
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for a new constant ¢, = ¢,(n, p, v, L). Now we assume that the Theorem 3.1 holds
for the case s > 0, and fix A, B, y in the “s = 0”-version of Theorem 3.1 we want
to prove. Take the choice

y — 270Dy, = 5 A = 28,c,A =: A, B — 2B (3.86)

and determine the number 5);(15) in Theorem 3.1 for the case s > 0 (remark that

2 (A) also depends on n, p, v, L via the new constants in (1.2) for a, (-); it of course
also depends on B). We claim that now Theorem 3.1 for the case s = 0 holds with
the choice

8y (A) == 8;(A)/2, (3.87)

and indeed the assumptions in question are now

< sup [[Dw| < sup|[Dw| < Ax. (3.88)
QSX};r/Z Qi‘

| >

Let us observe that for yet another not relabeled subsequence we may assume that

A
— < s D .
2 = Sup | Dwe ||

2
str/z

Indeed, were this not the case, by using the convergence in (3.84) we would im-
mediately contradict the first inequality in (3.88). On the other hand, thanks to
(3.84)-(3.85), it follows that

se + sup || Dwg|| < Ax. (3.89)
Q;\/z

We can therefore apply Theorem 3.1 in the case s = s, > 0, thereby obtaining
Eq(Dwg, (87/2)00) < 27"y Ey(Dw,, OF),).
Letting ¢ — 0, (3.84) and (3.89) yield
E4(Dw, (85/2)0}) <2 "y Ey(Dw, Q) < yEq(Dw, 0})

and this proves Theorem 3.1 in the case s = 0, with the choice in (3.87). Notice
that the choices in (3.86) and (3.87) do keep the structure of the number 6, with
respect to y and B described in (3.6) and (3.24).
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4. Proof of the intrinsic potential estimate and consequences

In this section we give the proof of Theorem 1.2, which in turn implies Corol-
laries 1.2 and 1.3. First, in Section 4.1 we propose a few comparison estimates
necessary to implement the iteration procedure that will lead, in Section 4.2 below,
to the proof of the intrinsic potential estimate (1.16).

Let us first clarify that, with § > 0 being fixed, generalized solutions as in
(1.16) always exist provided the Riesz potential is finite:

2r
I} (xo, to; 2r) ::/O |:—|M|(QQ£1)\/(1C(1)’ tO))i| dFQ < 00. 4.1)

Remark 4.1 (Finiteness of potentials implies generalized roots exist). Let us
assume that (4.1) holds with Q,(xo, fp) denoting a standard parabolic cylinder.

Changing variable (i.e. ¢ — 1277/2p) in (1.16), we obtain

|M|(Qi(p_2)/zg (x0, 10)) :| do

oN-! 0

2
A=cB+ c)&”“)(z—l’)ﬂ/ ' [
0

and accordingly define the function

|M|(Qi(1;72)/2g (x07 tO)) } dQ
@

2r
h(A) ;=L —cB — C)L("“)(ZP)/ZA |: e

defined for A > 0. Observe that /() is continuous function in (0, c0) and, more-
over, h(A) < 0 for 0 < A < ¢B. On the other hand, using that

[ (Qi(p—Z)/ZQ) < |ul(Qp), forA > 1,

we have
lim A(A) > lim [x — cB — ATV (x 1o 2r)] = 00,
A—00 A—>00

since (n + 1)(2 — p)/2 < 1 for p > 2 — 1/(n 4+ 1). Therefore there must exist
A € [cB, o0) solving h(A) = 0, that is, a solution to (1.16).
4.1. Comparison results
In the rest of the section, until the proof of Theorem 1.1, we consider in the fixed
parabolic cylinder Qg (x0, t0) € Qr, 0, 2 > 0, the unique solution

w € CO([tg — A*7P0%, 10); L*(B(x0, 0)))

“4.2)
N LP(tg — A>7P o2, t0; WP (B(x0, 0)))
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to the following Cauchy-Dirichlet problem:

{w, —diva(Dw) =0 in Q} “3)

w=u on apang.

The following result is taken from [11, Chapter 8, Theorem 5.2], and in the form
suitable for general equations can be also retrieved from [27].

Theorem 4.2. With w being defined in (4.3), there exists a constant c3 > 1, de-

pending only on n, p, v, L, but otherwise independent of s, of the solution w con-
sidered and of the vector field a(-), such that

n(p—2)+2
SupIIDwII =< —(A+ )+ n<z—> 2+2 (][ (|Dw|+s)dxdt) )
QA

2

Then we establish a comparison estimate between u and w in the next result:

Lemma 4.3. Let u be as in Theorem 1.2 and w as in (4.3); then there exists a
constant ¢ depending only on n, p, v, L such that the following inequality holds:

n+2
(p—Dn+p
l11(0)
][ |Du — Dw|dxdt <c ”fl
A A 2
0 Teqiz: ) )
Q-p) i
l1l(Q%) e
- ][ (IDu| + s) dx dt :
317 [ \Joj

Proof.

Step 1: Preliminary estimates. We go back to the proof of Lemma 4.1, Step 1,
in [30] and obtain the following preliminary estimates, which in fact hold also for
the whole p > 1:

Sup/ lu—wldx < |ul(Q) 4.5)
and e
(a(Du) — a(Dw), Du — Dw) o'~

/Q PR drdi <c—Iul(Q)  (46)

fora > 0and & > 1, where c = c(n, p,v) > 1.

Step 2: Comparison estimates. Fix now

n—+1

§ = (p—1D, 4.7
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so that

1
> 1 p== >2— —,.
§ P n+1

n+l1 ﬁ
o= <][ lu—w| dxdt)
0

and assume that o > 0, for if it is not, then # = w and (4.4) follows. The parabolic
Sobolev inequality (see for example [11, Chapter 1, Proposition 3.1]) gives

1 n+1
o <c(n) ][ |Du — Dw|dx dt (sup/ Iu—wldx) ,
0 T JO:r

and thus by (4.5) that

Define

AT
o < clul(Q)F (][ |Du—Dw|dxdt) . 48)
Q
Next (see for instance [39]) we recall some of the basic properties of the map
-2
V(@) = Vs(@ = (" + 1z 7 2, 1R,
that are the inequalities

IV(z1) — V(z2)* < &la(z1) — a(z2), 21 — 22) 4.9)
and

1 L2 \V(z) = V()]® . e
E<s2+|zl|2+|Z2|2) 2 §| ( 1) (2)| §C<S2+|Z1|2+|Z2|2> (410)

lz1 — z2/?

holding for some universal constant ¢ = ¢(n, v, L) > 1, whenever z;, zp € R".
Applying (4.6) together with (4.9) yields

V(Du) — V(Dw)|? 1-¢
|V (Du) (Dw)] dxdtfca
o (a+|u—w|)F £—-1

|11(Q).
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This implies, together with Holder’s inequality and (4.8), recalling also (4.7),

][ \V(Du) — V(Dw)|7 dx dt
0

_ 2\ 7
:][ <|V(Du) V(Dw)| ) (ot—|—|u—w|)%dxdt
0

(o + |u — w|)¥
i 2 % +1 =t
5 |V (Du) — V(Dw)| d dt <][ (@+u—w)T dxdt> 4.11)
1
<o (|M|(Q)a1_g;>” a%
O]

n+2 n\ p
<c M(][ |Du—Du)|dxdt>n+ .
10| 0

We then use (4.10) as follows:

Nf—

-2
\Du — Dw| = [(|Du|2 + 1Dw|? + 52" |Du — Dw|2]
2—-p
~(IDul* + [Dwl* + %) 4.12)
2_
< ¢|V(Du) — V(Dw)|(|Dul? + |Dw|* + s%) 7
2—
< ¢|V(Du) — V(Dw)|(|Du — Dw|* + |Du|? + s3) 7.

Young’s inequality, used when p < 2 with conjugate exponents (2/p,2/(2 — p)),

_ 2
ab 2 <yb+c(p,y)ar, y € (0,1),

yields

2 1
|Du — Dw| < c|V(Du) — V(Dw)|? + =|Du — Dw|
2 4.13)

+c|V(Du) — V(Dw)|(|Dul +5) "
with a constant ¢ depending only on n and p. In turn, we deduce by Holder’s
inequality that
2
][ |Du — Dw|dx dt < c][ |V(Du) — V(Dw)|? dx dt
0 o
2p  (4.14)

+c(][ |V(Du)—V(Dw)|§dxdt>7 (][ (|Du|+s)dxdt> i
0 0
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Now, if on one hand

2-p

(][ |V (Du) — V(Du))l%dxdt>7 (][ (| Du| —|—s)dxdt>T
0 0

2
< ][ |V (Du) — V(Dw)|? dx dt,

0

implying by (4.14) that
2
][ |Du — Dw|dx dt < c][ |V (Du) — V(Dw)|? dx dt,

0 0

then using (4.11) in the above inequality leads to

n+2
(p—Dn+p
][ \Du — Dw|dx dt < ¢ [Iul(i)}
0] |Q|n+2

and the result follows in this case. If on the other hand

][ \V(Du) — V(Dw)|7 dx dt
0

2—p

< <][ IV(Du)—V(Dw)lf’dxdt)7 <][ (|Du|—|—s)dxdt> i ,
0 0

][ |Du — Dw|dx dt

0

< c<][ |V(Du) — V(Du))|%dxdt>7 <][ (| Du| +s)dxdt>
0 0

holds by (4.14). Inserting (4.11) into this we obtain

then

2-p
2

][ |Du — Dw| dx dt
0

2—p

2 n > rp
< M(f |Du—Dw|dxdt>n+ (][ (|Du|+s)dxdt) )
10| 0 0

and thus also

n+l

-p)
][ |Du — Dw| dx dt §c|:|M|(n%):| <][ (|Du|+s)dxdt> By
0 o | \o

This concludes the proof. O
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Corollary 4.4. Let u and w be as in Lemma 4.3. Suppose that the intrinsic relations

A
IMQ',E%) <A, (4.15)

][ (|Du| +s)dxdt < A,
05

are satisfied. Then there exists a constant c4 = c4(n, p, v, L) > 1 such that

141(Q%)
][ |Du — Dw|dx dt < c4 N_]Q .
(of Q

(4.16)

Proof. Simply note that by the first intrinsic inequality in (4.15) we have

n+l

2-p)
( )L) n+2
ot %f] ][ (|Du| + s) dx dt
0

| Q)|+
n+l

A @C-pis A
- [M} S (P22t (][ (IDul +s)dxdt> - IMI(QQ)’
0

Qn—H Qn—i-l

and, moreover, using the second inequality in (4.15) we also get

A (p—nltr%+p A % A
1n(Q%) |:IM|(QQ):|” ey |u|(QF)
= A (p—Dntp < .

|Qé|% ontl = ontl

The proof of (4.16) now follows using the last two inequalities together with Lemma
4.3, and finally recalling that N — 1 =n + 1. O

In the following, in accordance to (3.2), we define
E(g, Q) = ][Q lg — (8)oldxdt

whenever ¢ € L'(Q,R") and Q C Q7 is a cylinder. We proceed with another
couple of technical lemmas whose general form will make them useful also in the
next section, where we will prove the gradient continuity results.

Lemma 4.5. Let 5,6 € (0, 1). Suppose that

ILl(QY)  §n+2
][ (|Du| +s)dxdt < A and N 1Q < oA, “4.17)
0% o C4
where c4 = c4(n, p, v, L) is as in Corollary 4.4. Then
s + sup ||[Dw]| < 6¢3A, (4.18)

1Lox
296
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where c3 = c3(n, p, v, L) is as in Theorem 4.2, and, moreover, the lower bound

][ |Du|dxdt—9k§][ |Dw|dx dt < /nsup || Dw|| (4.19)
80 80, 505

holds.

Proof. Corollary 4.4, in view of (4.17), gives the comparison estimate

][ |Du — Dw|dx dt < §"T?0x. (4.20)
0%

This, together with (4.17), further implies the bound
][ (|Dw|+s)dxdt§][ (|Du|+s)dxdt+][ |Du — Dw|dx dt < 2A.
05 05 05

Therefore, an application of Theorem 4.2 yields

2
sup || Dw]|| < c3A + €322} < 5¢3A,
20
because n(p — 2) + 2 > 1 as we are assuming (1.3). Now (4.18) follows using
again (4.17). Applying then (4.20) together with the triangle inequality yields

][ |Du|dxdt§][ IDM—DwIdxdt—i—][ |Dw|dx dt
50} 80} 80}

< 5—(n+2)][ |Du — Du)|dxdt—|—][ |Dw|dx dt
0} 805

< «9A—|—][ |Dw|dx dt,
505

thereby finishing the proof. O
Lemma 4.6. Let § € (0, 1/2). Suppose that Dw satisfies the decay estimate
& _
E(Dw,8Q}) < <W) E(Dw,27'Q}) 421)
for some ¢ € (0, 1], and that the bounds
1l (Q})
][ (IDu|+s)dxdt <)  and 0 <A (4.22)
0% o

hold. Then we have
EWu,50}) = (5) EDu, 0} + dess= ) [

where c4 = c4(n, p, v, L) is as in Corollary 4.4.
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Proof. Applying the triangle inequality and assumption (4.21), we arrive at the fol-
lowing chain of inequalities:

E(Du,50%) < 2][ 1Du = (Dw);s gy | dx dt
50

4

A

2E(Dw, 5Qg) + 2][an |Du — Dw| dx dt
e

IA

£2” O E(Dw, 271 Q) + 267 ][ |Du — Dw| dx dt
0

IA

2" E(Du, 271 Q) + 4570+ ][ |Du — Dw|dx dt
%

A
82_(”+5)E(Du, 21 Qé)) + 4648—(n+2) [M} )

IA

QNfl

The last inequality is a consequence of (4.22) by Corollary 4.4. Observe also that
we repeatedly used (3.3). The result follows by observing that

E(Du,27'0}) < 2][l |Du— (Du) gy dx dt < 2P EDu, Q). O
29

4.2. Proof of Theorem 1.2

The starting point here is a new iteration method, already introduced in [30] in order
to treat the case p > 2, that will be here modified to treat the subquadratic case via
Lemmas 4.5 and 4.6. We shall use large (de)magnifying constants such as 600, 800,
1200, to clarify the role of certain passages in the proof. Now, define the set £, (of
Lebesgue points) as

L =1 (x0,00) € Qr : lim Dudx dt = Du(xg, ty) (4.23)
0=0J 0% (xo,10)

for A > 0. Basic properties of maximal operators - see for instance [43, Chapter 1,
Page 8] - imply that this set is actually independent of A and, in particular, £, =
L1 =: Lforall 0 < A < 00. Moreover, Q \ £ has zero Lebesgue measure.
Therefore, in the following, when referring to the statement of Theorem 1.1, we
shall prove (1.16) whenever (xo, 1) € L.

Step 1: Setting of the constants and basic inequalities. With (xo, t9) € L being
fixed, in the following all the cylinders will have (xg, f9) as vertex, therefore we
shall as usual omit denoting the vertex simply writing Q} (x0, f0) = Q. We start
taking A of the form

23 | ul(Qp) d
A= HiB+ H2/ QTj ?Q, ry = AP/, (4.24)
0
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and fix the constants H, H> > 1in a few lines, in a way that makes them depending
only on n, p, v, L. In the end, when proving (1.16), we shall simply take ¢ :=
max{Hy, Hy}. Then A defined in (1.16) certainly satisfies (4.24). Taking constant
c3 from Theorem 4.2, we define

A = 6¢3, B :=400/n, y =270, (4.25)

We then fix the constant §,, = 6, (n, p,v, L, A, B,y) € (0, 1/2) in Theorem 3.5
corresponding to the choices in (4.25). Since A depends itself on n, p, v, L, this
ultimately fixes a constant §,, € (0, 1/2) depending only on n, p, v, L. Next, we
take k as the smallest integer (larger or equal to 2) satisfying

- (5)/ /2)n+2

8/ A(S, /2)kDe 426
VnA(@,/2) = g0 (4.26)
and in this way k depends only upon n, p, v, L. Now, define

Qi := 0}, ri =8, 81 :=8,/2 427

whenever i > 0 is an integer; again §; = 61(n, p, v, L) € (0, 1/4). We also set
Hy :=4005; " and  Hy := 1600c48; €TV (4.28)

where ¢4 = c4(n, p, v, L) has been fixed in Corollary 4.4. Notice that the choice of
Hjp implies that

_ _ A
(IDu| + s)dx dt + 8, ""P E(Du, Qo) < (1 +287 "")g < = (4.29)

00 ~ 100
and
< A (4.30)
* =400 '
hold. Now, recalling again that N — 1 = n + 1, observe that
/2” 11(Q}) do /’i 11(Q)) do +/2’* 11(Q)) do
N—1 - N—-1 N—-1
0 Q e i=0 Yri+l Q Q T Q Q
o @) [T de | 1nl(Qo) [P de
= N—1 T N—1 T
i=0 rl. Tigl Q (zrk) T o (431)
1Y 2 1l(Qir1) | log2 [Iul@0) |
— 8n+11 . L
! °g<81),§ FEERE e
o0
120 1m1(Qi)
= oy RS

i=0 Ti
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Therefore, by (4.24) and the choice in (4.28) it follows that

o0
_ (Qi) A
g5~ kFD@+D) 1] < 432
“ ! zg(; riN_l 200 ( )

In particular, we have

8ik+2) (n+2)

Q) _

Vi>o. 433
PN T 1600c L= (4.33)

Step 2: Exit time argument. Next, whenever i > 0, define

C; = ][ (|Du| + s) dx dt + 81_("+2)E(Du, 0i), (4.34)
Oi

so that (4.29) reads also as Cyp < A/100. Let us show that without loss of gener-
ality we may assume there exists an exit index i, > 0 with respect to the previous
inequality, that is an integer i, > 0 such that

A

Cie < m, Cj > ﬁ V_] > . (435)

Indeed, on the contrary, we could find an increasing subsequence {j;} such that
Cj; < A/100, for every i € N, and then, as (xo, 7o) € L, obviously

A
Du(x. fo)| < li Du|dxdt < ——,
| Du(xo o)l_i_l)rgo][jSl uldx < 100

and the proof would be finished. Therefore, for the rest of the proof, we shall argue
under the additional assumption (4.35).

Step 3: Estimates after the exit index. The following lemma is the core of the proof:

Lemma 4.7. Ifi > i., then inequality
][ (|Du| + s)dxdt < A (4.36)
(0F

implies

4.37)
rN—l

E(Du. 0i41) < {E(Du, ) + dess; ™+ [uu(Q,-)] |
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Proof. We begin with a comparison estimate. By (4.33) and (4.36) we may apply

Corollary 4.4 so that

][ Du — Dwildxdi <~ L 1Dy Dyl dx dr <5770 %
Qitj i+jlJQ;

holds forall j =0, 1, ...,k (recall that k = k(n, p, v, L) € N has been defined in

Step 1). Using again (4.33) we obtain

i

(k+1—j)(n+2)
Du — Dw;|dxdt < 1) 438
][Qw| w = Duyldxdi < (438)
forall j =0,1,..., k. Next, conditions (4.36) and (4.33) allow to verify assump-
tion (4.17) in Lemma 4.5 both with § = §; and with § = 8’1‘ (take 8 = 1/1600).
Thus we obtain

s+ sup ||Dw;|| < s+ sup ||Dw;| < 6c3A = AA (4.39)
Qi+l %Qi
and
A
][ |Duldxdt — —— < ][ |Dw;|dx dt < «/n sup ||Dw;]||. (4.40)
Qivk 1600 Qivk Qiti

At this point, as a consequence of Theorem 3.3 (applied with Qg = Q;+k) and by
(4.39) and (4.26), we have

B 5}’!-‘1-2
2 osc Dw; < 8/nAs* D < L.
Qi 800

This and (4.38) imply

E(Du, Qit+x) < 2][ |Du — (Dw;) g, |dxdt

Qitk
< 2E(Dw;, Qi+k) +2][ |Du — Dw;|dx dt
Qi+k
5142, 441
<2o0sc Dw; + !
T Qiwk 800
51’14—2
< A,
400

Combining (4.30) and (4.41) we obtain

Citk = ][ (|Du| + s)dx dt + 81_(n+2)E(Du, Qi+k)
Qivk

A
< |Du|dx dt + —,
][Qi+k 200
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and therefore the fact C;1x > A/100 and (4.40) imply

A
B 400[

= SUP Il Dw; .

The lower bound above combined with (4.39) allows to verify assumptions of The-
orem 3.5 in Qﬁ = 2~1Q;, with the choice of the constants made in (4.25). Hence
we get

E(Dw;, Qi+1) = E(Dw;, (8,/2)Q;) <27 "D E(Dw;, 271 Q).

Inequality (4.37) now follows by Lemma 4.6, which is in turn applicable with ¢ = 1
thanks to the previous inequality, (4.33), and (4.36).

Step 4: Iteration and conclusion. Denote in short
Aj == E(Du, Qi), ki = |(Du)g,|.
By the definition in (4.34) and (4.35) we have

A
—(n+2)

ki, + 8, A, <C; < — 4.42
s + i. >~ Li, = 100 ( )

We now prove, by induction, that
s+kj+A;<i (4.43)

holds whenever j > i,. Indeed, by (4.42), the case j = i, of the previous inequality
holds. Then, assume by induction that (4.43) holds whenever j € {i., ..., i}. This,
in particular, implies that

][ (|IDul +s)dxdt <s+k;+A; <A
o

whenever j € {i,,...,i}. Lemma 4.7 is hence at our disposal for such j and
estimate (4.37) gives

= (4.44)
P

1 —(n+2
Aj+1 = 7 Aj +4cad, 2 |:
J

|u|(Qj)}
1

for all j € {i,,...,i}. It immediately follows by (4.43) (assumed for all j €
{i¢,...,1}) and (4.33) that

A —m+2) | 111(Q0) Aooh A
Aip1 < 1 + 4c4d, Q=1 | = 1 + — =< 3 (445)

i
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Furthermore, summing up (4.44) for j € {i., ..., i} leads to
i+1
IR SY IR ("”)Z WD a0
J=ie J ie J=ie J
yielding
\ S 5 ()
> Aj <24, +8csd; Z ——. (4.47)
J=ie J=ie j

Using the previous inequality we have

kiv1 — ki, = Z(k,+1 kj) < Z][ |Du — (Du)g,|dx dt

J=ie J=lie Q/+1

1
10l
< |Du — (Du)g;|dx dt
J_Ziele+1| 0; !
i
—(n+2)
=0 " DA
j_ie
<257 (n+2)A 48 8—2(n+2) Z |M|(Q])
r.
J=ie J

and thus it follows from (4.32) that

A

kiv1 < ki, +287 " A;, + 8¢ 5‘2<"+2)Z W'(Qf) <2C;, + 5.

Jj=0 rj
In turn, by (4.42) the previous estimate yields k;4+1 < A/3. The last inequality
together with (4.30) and (4.45) allows to verify the induction step, i.e.

+kiv1 +A A + = * + A A.
— - <

s i+1 i+1 = 200 3 3
Therefore (4.43) holds for every i > i,. Estimate (1.16) finally follows with the
choice (announced at the beginning) ¢ := max{H;, H,}, since, as (xo, fy) € L, it
holds that

|Du(xo, t0)| = lim k; < A,

1—> 00

finishing the proof of Theorem 1.1. O

Proof of Corollary 1.2. Let us assume that I’f (x0, to; 2r) < 00, otherwise the proof
trivializes. Next, let us consider the function

(n+1 )(2 j2)

h(A)) =L —c —cCcA

B(A),
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where

AQL) = (|Du| + s + 1) dx dt

01 oy,

and

A
. 2r |M|(Q)L(p—2)/2g(x07t0)) do
B()") = N—1 )
0 e 0
and c is again the constant appearing in Theorem 1.2. Clearly both A and B are
nonincreasing functions of A in (0, 00), because

0" ,, cO" ,, forall x> >0 and o€ (0,2l
Ay 0 A 0

We consider the function /(-) defined for all those A such that Qﬁ C Qr; observe
that the domain of definition of A(-) includes [1, c0) as Qi@—l’)/?r C O, C Qr
when A > 1. Again, observe that /(-) is a continuous function and moreover 2 (1) <
Oasc > 1and A(1) > 1. On the other hand, observe that

n(2—p) n+DH(2—p)

lim (%) > lim [A—ck TP A(L) —er B(l)]:oo,
A— 00 A— 00

because (n + 1)(2 — p)/2 < 1 for p > 2 — 1/(n + 1). It follows that there exists a
number A > 1 such that 2(A) = 0 and this means that A solves (1.16) with

n2=p)

ﬁ:ﬁ(k):][ (IDul + s+ Ddxdt =17~ AQ).
0%,

Therefore we can apply (1.16) to have

n(2;p) (n+1)(2—p)

A+ |Du(xo, to)| < 2cA A) +2ch 2 B). (4.48)

On the other hand, observe that by Young’s inequality with conjugate exponents

(= =)
n2—p)’ 2-n2-p)

and
(o )
n+1DQ2—-p) (n+1)p—2n
we have
n(2—p) 2
2cA” 2 A(A) < A4+ [2cA(1)]2nC-p)
< AJd+c <][ (|Du| + s + l)dxdt)
Or
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and
(1+1)(2—p) 2
2¢cA 2 B(A) < A/4+[2¢B(1)]@+Dp=2n
2
2r +T)p=2n

J d
o[ [ 40) T

0 0 Q
Substituting the last inequalities into (4.48) readily gives (1.17). O

Proof of Corollary 1.3. We adopt the notation from the proof of Theorem 1.3 and
replace (4.49) by a different estimate. Indeed, the integrand of B()\) can be esti-
mated as follows:

|l (Qi(p—z)/%))

1ol (Bx<p—2)/zg>
o S Mfllpe——5——=

Qn—l

e D(p—2) |10 <B -2/ )
SPTRS S sl W
(AP=/2g)n~1
Changing variables eventually leads to

(n+D)@2-p)

A2 B

IA

AP Il (xo, 227D )

AEP|| Il oo (xo, 2r),

A

where we used that A > 1 to derive the last inequality. In turn applying Young’s
inequality with conjugate exponents (1/(2 — p), 1/(p — 1)) gives

2P f T (xo, 27) < AJ4 4 cll £ 140 (e, 27)] /P71

The rest of the proof is analogous to the one of Theorem 1.3. O

5. Continuity of the gradient via potentials

5.1. Preliminary choice of the geometry

Let us fix an open subcylinder Q € Qr such that Q =Q x (t1, 1) where QeQ
is a smooth subdomain, and let us take an intermediate cylinder Q' such that

0 e 0 eQr. (5.1)
Let us finally set

RO = diStpar(Q’ 3parQ/) ~ diStpar(Q/y 8parQT) > 0. (5.2)
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Under the assumptions of Theorems 1.5-1.9, since (x,t) +—> I’f (x,t;7) is locally
bounded in 27, we can apply Theorem 1.3 so that the gradient is locally bounded
Qr; in particular Du is bounded in Q’. Consequently, we denote

M =145+ sup|Du| < oo. 5.3)

Q/
Notice that by estimate (1.17) and (5.2) the number M depends only on the quanti-
tiesn, N, p, v, L, ||Du||r» and Ry. We now distinguish two cases, the first is when
p < 2 (and of course the lower bound in (1.9) holds). In this case we consider

cylinders of the type Q (x0, tp) defined in (1.14); notice that whenever XA increases
the cylinder does not mcrease as p < 2. Letus fix

=M and  Ry:=20"PRy/4. (5.4)

It follows that Q" (xo,f9) C O’ whenever (xo, %) € O and r < Ry, and in
particular
s 4+ sup ||Dul| < Ay whenever r < Ry. (5.5)
‘M
In the proof of the continuity results given in the next section we shall now solely
consider stretched cylinders of the type appearing in the previous display.

In the case p > 2 (where the proofs can be obtained combining the methods
used here with those already explained in [30]) the intrinsic cylinders taken are a bit
different. Indeed, with the definition in (5.3) we consider intrinsic cylinders of the
type OM (x0, 10) with r < Ro Since this time p > 2 we have O (x0,10) C O
when (xp, 70) € Q and r < Ry, that is when Q,(xo, 7)) C Q’. As stated above,
we shall not deal with the case p > 2 for brevity, if not to provide the description
of the necessary modifications. Anyway we again remark that in the following we
shall give full details only for the case p < 2, which is indeed more delicate.

5.2. Proof of the gradient continuity results

The plan of the section is the following. We start proving the VMO-regularity of
Du by showing Theorem 1.6; this in turn opens the way to the Holder continuity of
Du under additional assumptions on w(-), and this is the content of Theorem 1.9.
Then we upgrade the arguments for proving Theorem 1.6 to prove the continuity of
results stated in Theorem 1.5. Finally, we report the necessary remarks for Theorem
1.7 and Corollaries 1.8-1.10.

Proof of Theorem 1.6. According to the definition of VMO-regularity of Du given
in (1.22), let us fix an open subcylinder Q € Q7 as in Section 5.1. We shall show
that for every ¢ € (0, 1) and (xg, fo) € Q there exists a radius 7, < Rg, which is
independent of (xg, fp) € Q, such that

E(Du, Q,(xo0, 1)) = ][ |Du — (D”)QQ(X(),IO)| dxdt < ¢ (5.6)
Qo (x0,10)
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holds whenever o € (0,7.]. Preliminary to this fact, we are going to prove the
following lemma:

Lemma 5.1. Under the assumptions of Theorem 1.6, and with the notation of Sec-
tion 5.1, for every € > 0, there exists a radius of the type

81/0‘1

R(e), with a1 €(0,1), cs > 1, R(e) € (0, Ro] (5.7)

re =
¢s

such that
|Du — (Du)QzM(XOJO)I dxdt < ey (5.8)

s
0™ (x0.10)

holds whenever ¢ € (0,r.]. Here cs5,a1 = c5,a1(n, p,v, L), and R(g) denotes
another radius such that R(¢) = R(n, p,v, L, M, u(-),e). The radius R(¢g) is
determined in (5.12) below.

The previous lemma will eventually be used in the proof of Theorem 1.9.

Step 1: Preliminaries. With the choices made in (5.1)-(5.5) it follows that

][A (|Du|+s)dxdt <M = Ay 5.9
0™ (x0.10)

holds whenever (xo, 7o) € O and 0 < Rg. With ¢ > 0, we choose the number
8, =68,(n, p,v,L,e) € (0,1/2) in Theorem 3.5 corresponding to the choice of
parameters

100/n e
A=Ay, A = 6c3, B = pat Y= S

g=1, (5.10)

where ¢3 = ¢3(n, p, v, L) is the constant fixed in Theorem 4.2. Set §; := §, /2,
while in the following ¢4 = c4(n, p, v, L) is the constant introduced in Corollary
4 4. In particular, by taking (3.24) into account we have

82/0{
51 ) o€ (0’ 1)7 Cs > 19 (511)
cs

where « and c¢5 depend only on n, p, v, L. We then choose R € (0, Ro] such that

|1l(Qo(x0, 10) _ 81 t2e i
o TS N-DE-p/2 (5-12)
0<Q§A$_p)/2R (x0,%0) o 400C4)\M

which is again possible by assumption (1.21). Notice that at this stage R depends
only onn, p, v, L, M and ¢ (and of course on the measure i (-)). As a consequence



812 TuoMo KuUUSI AND GIUSEPPE MINGIONE

we obtain

104 (o, 10)) _ A ),

- sup  sup -
QN 1 QN 1

sup  sup <
0<Q@=<R (x0,t0)

0<0<R (x0,t0) (5.13)

8n+28 5n+28
<L " <L 5y
= 200c; — 400cs

We remark that standard parabolic cylinders appear in the second term of the above
lines. Finally, with (xg, fp) € Q, we define the chain of shrinking intrinsic cylinders

Qi = 0}M(xo,t0),  ri=38r  re@R R (5.14)

Step 2: Proof of Lemma 5.1. With ¢ > 0 being fixed as in the statement of Lemma
5.1, we shall prove that

E(Du, Qp) < €Ay Yh e NN[1, 00). (5.15)
Let 2 > 1 and let us distinguish two cases; the first is when

A
][ \Duldx di < M.
Qh 50

so that we have
eA M
E(Du, Qp) <2 |Duldxdt < —— < eApy, (5.16)
o 25

and (5.15) follows. The other case is when

A
][ \Dul|dx dt > 85—0M' (5.17)
Qh

Let wy,—1 be the comparison solution introduced at the beginning of the Section 4.1
corresponding to the cylinder Q,_1, i.e. wy_1 solves the Cauchy-Dirichlet problem

(wp—1)r —diva(Dwp—1) =0 in Qp—1
Wh—1 =U on dpar Op—1-
Since (5.9) and (5.13) hold, Lemma 4.5 is at our disposal with choices of parameters

A=Ay >1,8=61,0 =¢/400, Qé = Qj_1,and 8Q§ = Q. Using also (5.17)
we then have

A gl
M= 2V —up|[Dwpill. s+ sup [[Dwp_1]l < 6c3hy = Ady.

B IOOﬁ - On %Qh—l
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Theorem 3.5 then gives

E(Dwi1. Q1) = E(Dwy-1. (8,/2)Qh-1) = (5777 ) EDwh-1.27' Q4-1)

and hence Lemma 4.6, together with (5.9) and (5.13), implies

e _ 1wl (Qn-1)
E(Du, Op) < ZE(Du, Qn-1) + 4esd, (r+2) {Tf}
Th_1 (5.18)
- s}\ + EAM <
="M T o =M

This completes the proof of (5.15). Now, since the reasoning is independent of the
choice of (xg, t9) € Q and of the initial radius r € (§1 R, R] chosen to build the
chain in (5.14), we obtain (5.8) with

re =8/R =38,R/2. (5.19)

Indeed, let o < §;1 R; this means there exists and integer m > 1 such that S’I"H R <
o < &!'R. Therefore we have o = §{'r for some r € (81 R, R] and (5.8) follows
from (5.15). In order to obtain the required form in (5.7), it is sufficient to recall
(5.19) together with (5.11) and the choice of B and y made in (5.10). The proof of
Lemma 5.1 is complete.

Step 3: Proof of VMO-regularity. Here we are going to finally prove (5.6). By
the previous step we can find a new radius 7, as in (5.7), depending, for the choice
made here, only on n, p, v, L, Ry, ¢ and M, such that (5.8) holds with e replaced

by )»5‘)/;38/2. Therefore, as Q,(xo, t) C QéM (x0, tp), and using (3.3), we have that

][ |Du — (Du) g, (x,10)| dx dt
B (5.20)
2pf .
<2A |Du — (Du) _x |dxdt <¢
M QgM (x0,0) 0™ (x0.10)

holds provided o < 7.. This finishes the proof. O

Proof of Theorem 1.9. The proof essentially revisits the one of Theorem 1.6, and
makes essential use of Lemma 5.1; for this reason we shall adopt the notation in-
troduced in the proof of Theorem 1.6. Our aim is to show that, for every cylin-
der Q € Qr as in Section 5.1, there exists a radius Ry > 0, depending on
n,p,v,L,8, M,cp,an exponent 8 € (0, 1), depending only on n, p,v, L, §, but
independent of M, and finally a constant ¢, depending on n, p, v, L, M, §, cp, such
that the decay estimate

E(Du, Q,(xo, t)) = ][ |Du — (Du)Qp(XO,,O)l dx dt < cpﬁ (5.21)

Q) (xo.%0)



814 TuoMo KuUUSI AND GIUSEPPE MINGIONE

holds whenever p < Rg and (xg, fy) € Q In turn, the local Holder continuity
of Du in Q7 follows from a classical Campanato-type integral characterization of
Holder continuity due to Da Prato [7]. As mentioned, the main tool here is Lemma
5.1, and the dependence in (5.7), where we are now going to disclose the exact
identity of R(¢) for a certain choice of €. More precisely, we start taking ¢ = p
with p < Ry, where Ry has been initially determined in (5.4). By recalling (5.11),
verifying (5.12) amounts to take R such that

244

|1l(Qo (X0, 10)) a
sup sup N_1 =< 2 (D=2

O<Q§K5&17p)/2R (x0,%0) 0 400C4C5 Ay
In turn, using (1.24) it is sufficient to verify
an 1/az
o« P
R < — R<
400C4C§+20D)u%(27p)/2 c6

with ¢ > 1 which depends only on n, p, v, L, M, §, cp while ap € (0, 1) is de-
pending only on n, p, v, L, §, but neither on M or cp. By further reducing the
size of Ry, in a way that makes it depending only on n, p, v, L, M, §, cp, we may
assume that R < ,01/ % for a3 = 2a. Using this relation in (5.8) we have that

pl/a3

| Du — (Du) g | dxdt < Ayp
][ Qz’ﬁ% (x0.10) O ey (¥0:70)

whenever p < Ry = Ro(n,v, L, M,$, cp) and a3 depends only on n, p, v, L, §.
Proceeding as in (5.20) we obtain

][ |Du — (Du) g ,,, (xo.t0)| dx dt < cp
Q,1/a3 (x0.10) £

for a new constant ¢, from which (5.21) follows, taking 8 = @3 and yet a new
constant c. 0

Proof of Theorem 1.5. The proof upgrades the one given for Theorem 1.6. The idea
is to prove the continuity of the gradient by showing that this is the uniform limit of
a sequence of continuous maps.

Step 1: The basic function sequence. We shall keep here the notation introduced in
Section 5.1. With (xo, 79) € Q, consider the maps

<
(x()s ZO) — (DM)QQM(XOJ())’ Q — ROv

which are obviously continuous; the radius Ry has been determined in (5.4). The
proof breaks now in several steps: first, we show that there exists a continuous map
g: O — R" such that

(DM)QQM(xo,to) — g(xo, t9) as o — 0. (5.22)
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Then, as on the other hand the convergence

(Du) _» M(x o) — Du(xg, t9) as o—0

holds at every point (xo, fp) € Q N L, ' this will imply that (the precise represen-

tative of) Du is continuous in Q. Since O € Q7 is arbitrary, this will finally prove
the theorem. In turn, in order to prove, simultaneously that (5.22) holds pointwise
and then uniformly, it is sufficient to prove that, for every ¢ > 0, there exists a
radius r, < Ry, independent of the point (xg, #9) considered, such that

(DU giar 0 = P g | S Vope Ol (523)

and (xg, fg) € Q In fact, for every fixed (xo, #p) € Q, the net
¢ (Du)QzM(Xo,to)

is a Cauchy one, and this allows to define the function g(-) appearing in (5.22).
Then, keeping o fixed and letting p — 0 in (5.23) gives

(D) gt 0y ~ 80010 ek Yo € (O.7]
and this means that the convergence in (5.22) is uniform. The rest of the proof is

now dedicated to show the validity of (5.23).

Step 2: Smallness conditions. With ¢ > 0 fixed in (5.23), we choose the number
8, =6,(n, p,v,L,e) € (0,1/2) in Theorem 3.5 corresponding to the choice of
parameters

100/ 1

s V= 4=l

A=Ay, A = 6c¢3, B =

where ¢3 = c3(n, p, v, L) is the constant fixed in Theorem 4.2. Set §; := 6, /2,
while in the following c4 = c4(n, p, v, L) is the constant introduced in Corollary
4.4. Next, we take a positive radius R < Ry such that

2-p)/2 A(n42
2 R Qo (x0, 1)) do 5] e
oup — N1, = =HE=D (5.24)
(x0.70) 0 ©  800csry, ”
X ,t 5n+28
sup sup |M|(Qg]gv( (1) 0)) < (}Vil)(% . 525
0<Q§}L5§7[1)/2R (x0, fo) % 800c4 ), P
and
4(n+2)

sup  sup  E(Du, Q5 (xo. 1)) <
0<0=R (x9,10)€0

5.26
800 (5:26)
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Let us observe that (5.24)-(5.25) are possible since now (1.20) is in force. Finally,
(5.26) is allowed by Theorem 1.6 as its assumptions are in turn again verified by
(1.20); in particular observe that (5.26) follows from Step 3 of the proof of Theorem
1.6. Notice that exactly as in (5.13) from (5.25) it follows that

AM n+2
L 8 ‘e
sup  sup |l (Qg™ (x0, 10)) N

< (5.27)
0<o<R (xp0,t) QN_I 800C4

We shall eventually show that the radius R determined by the smallness conditions
(5.24)-(5.26) will work as r in (5.23).

Step 3: Preliminary iteration step. With (xo, fp) € 0, we again define the chain of
shrinking intrinsic cylinders

Qi = O} (x0. 1),  ri=8R, i>0. (5.28)

We then have the following:

Lemma 5.2. Assume that

A 8l’l+2
][ \Duldx di > Z—OM and "”N(Ql) . (5.29)
Qi+ r; C4

Then it holds that

1 _
E(Du, Qiy1) < S E(Du, Q) +4essy " [ (5.30)

|u|<Q,~>]
N—1 :

i

Proof. Let w; be the comparison solution introduced at the beginning of the Section
4.1 corresponding to the cylinder Q;, i.e. w; solves the Cauchy-Dirichlet problem

(w;)y —diva(Dw;) =0 in Q;
w; =Uu on aparQ,-.

Since (5.9) and (5.13) hold, Lemma 4.5 is at our disposal with choices of parameters
A=Aty >1,6 =61,0 =¢/400, Q)‘ Q;,and 5Q = Q;+1. Using also the first
inequality in (5.29) we then have

AM &AM

< sup ||[Dw s+ sup || Dw;|| < 6czipy = Aly.
B = 1004m o pll il 1QP” ill <6c3iy M
¥

Theorem 3.5 then gives
E(Dwj, Qiy1) = E(Dw;, (8,/2)0;) < 2"V E(Dw;, 271 0))

and hence Lemma 4.6 - used this time with ¢ = 1 - together with (5.9) and (5.25),
implies (5.30). This completes the proof of the lemma. O
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Step 4: Exit times set and iteration chains. The main fact here is the following:

Lemma 5.3. It holds that

A
|(Du)g, — (Du)g,| < ‘EI—OM (5.31)

whenever 0 < k < h.

Proof. For the proof we need some terminology. Given a chain {Q;} of geometri-
cally shrinking intrinsic cylinders as in (5.14), we consider the set L defined by

A
L= {ieN : |Du|dxdt<8—M}. (5.32)
[oF 50

Accordingly, we define the “left and right boundaries” of L as follows:
OettL:={ieL :i—1¢L}, el :={icL :i+1¢L}U{oc} (533)

We then define a set of the type

C'={jeN:ii<j<i4+m, i€digl, i+m+1¢€dexl, jgLIifj>i}

as the maximal iteration chain of length m, starting at i. In other words we have
C" ={i,...,i +m} and each element of C!" but i lies outside of L; moreover C}"
is maximal in the sense that there cannot be another set of the same type properly
containing it. Obviously, such sets do not exist when L = N. In the same way we
define the the infinite maximal chain starting at i as

C¥={jeN:i<j<oo, i €dignl, j¢&LIifj>i}.

Notice that, in every case, the smallest element of such a chain always belongs to L,
being then the only one of the chain to have such a property. Moreover, we define

ie ;= min L. (5.34)
Note that we set i, = oo if L = . We are now ready for the proof of (5.31); for
this we need to distinguish three cases. We shall of course assume 0 < k < h.
Case 1: k < h < i,. Keeping (5.27) in mind, notice that if 4 — 1 > k, then we can
apply Lemma 5.2 repeatedly, and this yields
Inl(@)
N—1

i

E(Du, Q1) < %E(Du, Q) + 4cysy "2 [ } (5.35)
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foreveryi € {k,...,h —2}. Summing up the previous inequalities, and making
obvious manipulations — see (4.46)-(4.47) — we have
h—1
ZE(Du Qi) < 2E(Du, Qi) + 8c48; "7 Z '“KQ )
=k i
(5.36)
AT o 5 @)
— 400 —~ rl '

where we have used (5.26) in the last line. By recalling that

o [ul (0, (x0.10))

i | |(Qi(x0, ) _

N—1 = N—1
i=0 T i=0 T
@-p)2
< 5 2=P(N=D/25—@+2) 2y TR |11(Qg (%0, 10)) do
M ! 0 oN-! 0
3(n+2)
- 3 e

9

800c4

see for instance (4.31) above, and using directly (5.26) for the case h — 1 = k, we
conclude that in any case (i.e. h — 1 > k) it holds

h—1 32(n+2)8

;‘E(Du, 0) < IT

In turn, (5.31) follows since

h—1
((Du)g, — (Du)g,| < Y [(Du)g,,, — (Du)g,|

Si][ |[Du — (Du),| dx dt

(5.37)
=10 E(Du. 01
<2,;|Q1+1| (. i
—(n+2) £ _ &
= ZE(DM 0) < <= 50

Notice that the case analyzed here includes the one when the index i, defined in
(5.34) is infinite, i.e. the set L is empty.

Case 2:i, < k < h. Let us prove that in this case we have

e eA
[((Du)g,| < —— and [((Du)g,| < ——. (5.38)
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We prove the former inequality in (5.38), the proof of the latter being the same.
If h € L, the first inequality in (5.38) follows immediately from the definition of
L. On the other hand, if # ¢ L, then, as h > i, it is possible to consider the
maximal iteration chain Cl.";" such that & € CZZ”; notice that i > i, ash & L > ij,.
Then iterating Lemma 5.2 as done after (5.35) - i.e. replacing k by i; - we gain
the analogue of (5.37), that is |(Du)g, — (D“)Qih| < &/50. In turn using that
|(D"‘)Qi,, | < elpy/50 as iy € L, we again obtain the first inequality in (5.38) and
in any case (5.38) follows. Estimating as
}bM SXM 8)»M

')
[(Du)g, — (Du)g,| < [(Du)g,| + [(Du)g,| < > + 52 < 10

we have that (5.31) holds in the second case too.

Case 3: k < i, < h. Here we prove that (5.38) still holds and then we conclude
as in Step 2. Indeed, the first inequality in (5.38) follows as in Case 2. As for the
second estimate in (5.38), let us remark that, as i, € L, we have that

eA M
50 °
On the other hand, we can argue exactly as in Case 1, i.e. this time replacing # by
io, thereby obtaining |(Du)g, — (Du)g,| < £/50 that together with (5.39) gives
the second inequality in (5.38). In turn, (5.31) follows also in this case. The proof
of the lemma is complete. O

|(Du)g,;, | < (5.39)

Step 5: Proof of (5.23). The proof of (5.23) follows using Lemma 5.3 together with
the already proved VMO-regularity of the gradient, that is (5.26). We actually take
re = Rand fix 0 < p < ¢ < R. This means there exists two integers,0 < k < h
such that

SR <o <8fR  and 'R <p <s'R. (5.40)

Observe that

— < —
1D ) (Du>Qk+1|_][ |Du = (D) oy [ dxdt

Ok+1
AM
X0, [
- Q0" (x0, o)

[Qk+1l O5M (x0.10)

< 8, " E(Du, Q4 (x0, 10)) < 18—0
where in the last line we have used (5.26) and in second-last one we have used
(5.40). In the same way we also obtain

|Du — (DM)QQM(xo,to)l dx dt

&
KDM)Q;M(XOJO) — (D”)Qh+1| < E

Using the last two inequalities together with Lemma 5.3 we conclude with (5.23),
and the proof is complete. O
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Proof of Theorem 1.7. The proof of this theorem can be now obtained by adapting
the methods of proof of Theorems 1.5-1.6 to the case p > 2 according to the scheme
introduced in [30]. In particular, notice that in the case p > 2, Theorems 3.5 and
3.3 —in slightly different versions — have been proved in [30]. O

Proof of Corollary 1.8. By Lemma 2.1, and in particular by (2.9) it follows that

lim sup W{(x,t;7) =0, where ¢ = min{1, p/[2(p — 1)]}.
r—0 (x,H)€Q

Recall that the quantity Wﬁ; has been defined in (2.6). The proof now follows
appealing to Theorems 1.5 and 1.7 and recalling (2.7). O

Proof of Corollary 1.10. By (1.25) it follows that

.
d
lim sup WECx,£7) fclim/ [h(e)1? 2 = o,
r=0 (x.neQ r—0Jo 0

with ¢ = min{1, p/[2(p — 1)]}. Once again the proof follows appealing to Theo-
rems 1.5 and 1.7. O
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