GRADIENT ESTIMATES FOR A CLASS OF
PARABOLIC SYSTEMS

EMILIO ACERBI and GIUSEPPE MINGIONE

Abstract

We establish local Calderon-Zygmund-type estimates for a class of parabolic problems
whose model is the nonhomogeneous, degenerate/singular parabolic p-Laplacian
system

u, — div(|Du|P~2Du) = div(|F|P~2F),
proving that

FelL!

loc

= Duc L] Ygqg=>p.

loc?

We also treat systems with discontinuous coefficients of vanishing mean oscillation
(VMO) type.

1. Introduction

The aim of this article is to present Calder6n-Zygmund-type estimates for weak solu-
tions to a class of degenerate/singular parabolic systems and equations, a prominent
model example of which is the nonhomogeneous, parabolic p-Laplacian system

2n

u; — div(|Du|P~2Du) = div(|F|P%F), p> —,
n—+2

(1
considered in the cylindrical domain C := Q x [0, T). Here, 2 C R” is a bounded
opensetand u € CO((0, T); L2(2, RN)NLP(0, T; W'P(Q2,RV)), N > 1, while F €
LP?(C,R™). Such a system is degenerate when p > 2 and singular when p < 2; the
lower bound on the exponent p assumed in (1) is standard in the theory of the parabolic
p-Laplacian operator and unavoidable for the type of regularity which we consider
here.
For system (1), we prove that
(C,R"™) = Du e L] (C,R"™) 2)

loc

FelLl

loc
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286 ACERBI and MINGIONE
for any ¢ > p. In the elliptic, stationary case
div(|Du|”?~2Du) = div(|F|P7%F), 3)

the result in (2) was essentially obtained by T. Iwaniec [14] in the scalar case
(N = 1) and by DiBenedetto and Manfredi [10] for systems (N > 1). The extension to
anisotropic elliptic equations with possibly discontinuous, vanishing mean oscillation
(VMO) coefficients has been achieved by Kinnunen and Zhou [19], [20], while a
class of general nonlinear elliptic equations and systems in divergence form, under
nonstandard growth conditions, has been treated by Acerbi and Mingione [1].

There has recently been a great deal of work concerning the integrability prop-
erties of weak and very weak solutions to systems similar to (1) (see [16], [17],
[18]). In particular, in the interesting article [16], Kinnunen and Lewis proved higher
integrability of the spatial gradient for solutions of general nonlinear parabolic systems
with p-growth including (1), introducing a localization method to overcome the lack
of homogeneity of parabolic systems with p-growth when p # 2. They came up
with a sort of reverse-type Holder inequality. The new ingredient offered by these
authors is a suitable application of DiBenedetto’s intrinsic geometry method for de-
generate/singular parabolic systems (see [8]) in the setting of Gehring-type estimates.
Subsequently, Misawa [22] considered higher integrability of the gradient of solutions
to (1), assuming that F' € L°°, and therefore in LY for every g > 1.

In this article, by means of a new technique, we use the result of Kinnunen and
Lewis and partially some methods adapted from [5] and [1] to be able finally to prove
the natural integrability result in (2).

A main difficulty of the problem is that no use of classical harmonic analysis tools
can be made here: system (1) is nonlinear in the gradient, and therefore the use of singu-
lar integrals is ruled out, while, since it is degenerate/singular and scales differently in
space and time, no maximal function operator is naturally associated with the problem.
We therefore again adopt an intrinsic geometry viewpoint, arguing directly on certain
Calderon-Zygmund-type covering arguments and completely avoiding the use of the
maximal function operator or of other harmonic analysis principles such as the good-
A-inequality one. A peculiar aspect of our work, which allows us to treat the general
situation considered here, is that instead of using the C!:%-estimates for the homogen-
eous (F = 0) p-Laplacian systems, as done in [10], [14], and [22] for both the elliptic
and the parabolic cases, we use only the C%!-estimates (see [8]), which immediately
exhibit the right scaling properties when considered on intrinsic cylinders and perfectly
fit in this context. This is a natural attempt since we want to prove L9-estimates for
Du, whose limit case is indeed given by the C%!-estimates; anyway, the proof is quite
delicate. An approach to gradient estimates for equations in divergence form, making
use of C%!-estimates and working via maximal functions, has been introduced in the
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elliptic, homogeneous case by Caffarelli and Peral in [5]; such an approach works for
(homogeneous) parabolic equations only when p = 2 (see [24]), again for the reasons
explained above. As already mentioned, it is worth pointing out that we cannot use
here the so called good-A-inequality principle; we instead replace it with a new, direct
argument that we like to call the large-M-inequality principle (see (81)). We like to
mention that, apart from the different scaling procedures adopted for the singular and
degenerate cases, the proof offered here does not distinguish between the cases p < 2
and p > 2.

Our results cover a more general class of degenerate/singular parabolic systems
of the type

u, — div(a(z)|Du|”’~>Du) = div(|F|P7*F), (4)

whose coefficients a(z) = a(x, t) may be discontinuous in a VMO/bounded mean
oscillation (BMO) fashion (see Section 2), for which we still prove (2); furthermore,
extensions involving operators different from the p-Laplacian are outlined in Sec-
tion 5. We also derive natural and neat local estimates for solutions in the form of
certain nonhomogeneous reverse-type Holder inequalities (see (9)). Here, the non-
homogeneity of the estimates precisely reflects that of the system (space/time) via the
scaling deficit exponent d introduced in (10).

The problem of deriving Calder6n-Zygmund-type estimates for elliptic and para-
bolic equations, eventually with discontinuous coefficients, is a classical one, and it
already has a long tradition. In the elliptic and scalar cases, it has usually been faced
via harmonic analysis tools such as nonlinear commutators (see [6]), Riezs transform
(see [15]), or the maximal function operator (see [19]; see also [12], [23]). Parabolic
equations with coefficients of VMO/BMO type have been treated only in the linear
case and, in particular, again when p = 2, making use of harmonic analysis tools
such as nonlinear commutators (see [3]) and, more recently, of the maximal function
operator (see [4]); needless to say, such ingredients are not available in the case of the
evolutionary p-Laplacian operator.

2. Results

General notation. We establish some notation in addition to what was given in the
introduction. By cylinder Q.(0, 0) C R™! centered at the point z = (x,t) € R"*!
with 8, o > 0, we always mean a set of the type 0.(0,0) = B,(0) x (t — 0,1t +6),
where, as usual, B,(0) := {y € R : |x — y| < o}; with abuse of terminology, such
cylinders are also called cubes. As a partial exception, we write B! to denote the unit
ball centered at the origin of RY. When not essential, the center of a cylinder is not
specified; that is, Q(6, 0) = 0.(0, o). In the case of the standard parabolic cylinders,
that is, when 6 = o> = R?, we simply write Qg = Q(R?, R). The parabolic boundary
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9,0 of a cylinder Q:(0, o) is the union of the lower base Bz(0) x {f — 6} and the
side surface {|x — ¥| = o} x [T — 0,7 + 0]. Adopting a usual convention, ¢ denotes
a constant whose value may change in any two occurrences, and only the relevant
dependences are specified, as, for example, c(y, p); particular constants are denoted
by ¢y, ¢, and the like. For the Lebesgue measure of a measurable set A, we employ
either of the notations |A| = meas(A); then we define the mean value on a cylinder
Q C R™! of an integrable function v € L'(Q) by

(v)o E][Qva’x = éévdx.

When Q = Ok, we also employ the notation (v)g = (v)g,.

Strong VMO/BMO functions

Here, we define the class of coefficients a(z) = a(x, ) which we use when treating
systems of type (4). In order to preserve the basic parabolicity properties of the systems,
and allowing a degeneration caused only by the presence of the factor | Du|?~2 in (4),
we always assume that the function a : C — R satisfies

O<v<ak) <L<oo, VzeC. (5)

Definition 1
We say that a function a(z) satisfies the strong VMO condition if

lim w(R) =0, (6)
R—0
where
o(R) := sup ][ la(z) — (a)gldz (N
QeCJQ

and the supremum is taken among all cylinders of the type Q.(0, o) with o < R and
6 < R?. We say that the function a(z) satisfies the strong BMO condition if

[alsmo := sup w(R) < oo.
R>0

We have a few comments about this definition. To adapt to the nonlinear parabolic
structure we are allowed to pick more cylinders with respect to a usual elliptic-style
VMO/BMO definition (see [25]), allowing for the size of the space radius o of the
cylinder Q to be unrelated to the time height 6. This class includes, for instance,
all continuous coefficients a(z), and it is large enough to include many possibly
discontinuous functions. For instance, in (4) we may take a(x, t) = b(x)c(t), where
both b(x) and c(¢) are usual VMO/BMO functions, in €2 and [0, T'), respectively, and
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satisfying (5). The strong VMO/BMO condition is, in our opinion, the natural one in
order to treat situations such as in (4). Indeed, when dealing with partial differential
equations (PDEs), especially elliptic and parabolic ones, the notion of VMO/BMO is
usually given using a family of cubes or cylinders that are relevant both for the scaling
properties and for the geometry of the equation. Since the works of DiBenedetto (see
[8] and references therein), it is known that the natural class of cylinders Q(6, o)
occurring in connection with (1) is the one having the ratio ¢/6 not related to the
coefficient a(z) but depending on the solution u itself, via quantities like, for instance,
|(Du)o|P~2, which are a priori arbitrary. Therefore, when treating such problems,
we have to allow for a larger freedom in the choice of the suitable VMO/BMO-like
definition. Anyway, the class considered here is already used implicitly in [22].

Main results
When F € L?(C, R"V) is a vector field, following [8, pages 17, 215], a weak solution
to system (4) is a map

u € C°((0, T); L*(Q,RY)) N L?(0, T; Wh7(Q, RY))

such that forevery 0 <, <, < T,

/ up(x,t) dx

// (|IF|P7*F, Do) dz
151

for every test function ¢ € W,-2(0, T; L*(, RV)) N L? (0, T; W, " (2, RV)). When
dealing with weak solutions, we always adopt the formulation via Steklov averages
(see again DiBenedetto’s book [8, pages 11, 21]).

/ / ug; + a(z){| DulP~2Du, D¢} dz

THEOREM 1
Let u € C°((0, T); L*(2, RM)) N LP(0, T; WhP(Q, RN)) be a weak solution to (4),
where
2n
n—+2

P ®)

and the function a : C — R satisfies (5) and is strongly VMO. Assume that |F|? €
L (C) for some g > 1. Then |Du|P € L{ (C). Moreover, there exists a constant
c=cn,N, p,v,L,q,w(-)) > 1suchthat if Qg € C, then

<][R|Du|"qdz>l/qEc[ﬁmwulpdz-i-(][g Fraz+1) @

2R
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where

[S13S]

fp=2,
1<d:= (10)
2p ifp <2.

pn+2)—2n
We also have a result concerning coefficients a(z) that are not necessarily VMO but
rather have suitably small BMO seminorm.

THEOREM 2

Let u € C°((0, T); L*(2,RM)) N LP(0, T; WhP(Q, RN)) be a weak solution to (4),
where the function a : C — R satisfies (5) and p is as in (8). Fix q > 1, and assume
that |F|P € L{IOC(C). For every g > 1, there exists a number e = e(n, N, p,v, L, q) >

0 such that if lalgyo < &, then |Dul|? € L;IOC(C). Moreover, there exists a constant

c=c(n,N, p,v,L,q) > 1suchthat (9) holds for every Q,g € C,withd asin (10).

Remark 1

The exponent d outside the square bracket in (9) prevents the estimate from being
homogeneous and of reverse-type Holder. The occurrence of d is absolutely natural
and reflects the nonhomogeneity of system (4) due to the fact that the evolutionary
part of the system scales differently from the diffusion one: multiplying a solution
by a constant does not yield another solution, even when F = 0. Of course, d = 1
if and only if p = 2, and the system is not degenerate/singular; moreover, d /' 0o
when p \{ 2n/(n + 2) (for more comments on the dependence of the constant ¢ on
the number ¢, see Remark 3). Finally, we notice that it is possible to apply the method
presented here also in the elliptic case (3); this would yield a true, homogeneous
reverse-type Holder inequality, that is, (9) with d = 1.

3. Preliminary material

In this section we collect some known results that are crucial in the rest of the article,
and we operate a few manipulations on known estimates in order to get them in the
exact form that we later need. We start with the higher integrability result of Kinnunen
and Lewis [16] which is essential here in treating the case where the coefficient
function a(z) is not continuous. The version reported here is adapted to our setting
from the more general right-hand-side structure in [16] (for the equivalence, see (88)
with f = h, in the notation of [16, (2.3)]). Also, Kinnunen and Lewis assert that (11)
holds for some §, > 0, but the fact that it then holds for all § < §y may be deduced
from their proof following [16, (4.13)]; indeed, the only condition on & is that it must
be small.
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THEOREM 3

Letu € C%(0, T); L%(2,RN)) N LP(0, T; W"P(Q, RN)) be a weak solution to (4),
where (8) is in force and the function a : C — R satisfies (5). Assume that |F|? €
L?OC(C) for some q > 1. Then there exists 5y = §o(n, N, p, v, L) with 0 < §y <
p(q — 1) such that |Du| € LPH(C) for every O < § < 8y. Moreover, there exists a

loc

constant ¢ = c(n, p, L,v) > 1 such that if Q,,(R?, R) € C, then

1/(p+9) o
( ][ |DulP+ dz) < cR"P—l(][ \Dul” dz)
Q0 (R?/2P,R/2) Q0 (RP,R)

1/(p+98)
+ Sy c( ][ |F|P+ dz) . an
R 0. (R, R)

where
2+96
o= L (12)
2(p+96)
In the remainder of the article, we eventually take § < &y in order to have
s::p+5§min{@,p+l}<pq, (13)
and we notice that this implies
2
P o (14)
pg—s  q—1

The first two lemmas are a consequence of the fundamental L*°-gradient estimates of
DiBenedetto [8] and DiBenedetto and Friedman [9].

LEMMA 1
Let v € CO(t1, tr); L*(A, RM)) N LP(t1, t; WP (A, RN)) be a weak solution to

v, — div(@|Dv|”2Dv) =0 in A x [11, 1), (15)
where A C R" is an open set, ty < t, p > 2,and v < a < L. Assume that

][ |Dv|P dz < c|AP (16)
0(*7r0%0)

for some ). > 0 and some cylinder Q()\Z_”QQ, 0) € A X [t1, ), where c| is a given
positive constant. Then there exists a constant ¢ > 0, depending onlyonn, N, p, v, L,
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and cy, such that

sup |Dv| < cA. (17)
0((1/2)22770%,(1/2)0)

Proof

From [8, Chapter 8, Theorem 5.1] and, in particular, [8, (5.1), page 238], by taking
o = 3/4, we have the fact that if Q(0, y) € A x [t1, 1) is a nondegenerate cylinder,
then

6 12 2\ U(p=2)
sup  |Dv| < c(n, N, p, v, L) —2(][ |Dvl? dz) n (—) . (8)
00/2.y/2) Y< N Jow.y 0

Then we take # = A> Py? and y = g, so that \/8/y2 = A4~P/2 Using this fact in
the previous inequality, and finally using (16), we immediately obtain (17). O

In the case where p < 2, the estimate that one is allowed to use is different, so we
need another statement (and another proof, albeit very similar).

LEMMA 2

Let v e CO(t1, 1); L>(A, RM) N L2(1;, tr; WEP(A, RY)) be a weak solution to (15),
where A C R" is an open set, t; < t,, v < a < L, and p < 2 satisfies (8). Assume
that

][ |Dv|P dz < c|AP (19)
(0% 1P=2/2)

for some & > 0 and some cylinder Q(0*, \P=2/20) € A x [t1, t2), where ¢ is a given
positive constant. Then there exists a constant ¢ > 0, depending only onn, N, p, v, L,
and cy, such that

sup |Dv| < ch. (20)
0((1/2)02,(1/2)AP=2/2 )

Proof

This time we use [8, Chapter 8, Theorem 5.2] and, in particular, [8, (5.3), page 239],
where we can take r = p since p is assumed to satisfy (8). Again taking o = 3/4, we
have the fact that if Q(0, y) € A X [t1, 1) is a nondegenerate cylinder, then

Y2\ n/lp(n+2)=2n] 2/[p(n+2)=2n]
sup |Dv| <c(n, N, p,v, L)(—) ( ][ |Dv|”dz)
00/2.y/2) 6 060.)

0 \1/2-p)
+ (—2) . @21)
1%
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Then we take y = A?=2/2g and 0 = 02, so that \/y2/0 = A(?~2/2_ Using this fact in
the previous inequality, and finally using (19), we immediately obtain (20). O

The following twinned lemmas, Lemmas 3 and 4, show how solutions to (4) satisfy
real reverse-type Holder inequalities when considered on cylinders built according to
the intrinsic geometry.

LEMMA 3

Let u € C°((0, T); L*(2, RM)) N LP(0, T; WhP(Q, RN)) be a weak solution to (4),
where p > 2, and the function a : C — R satisfies (5). Assume that

1/p
(][ |Dul|? dz) < ¢ih (22)
0(\>70%,0)

and

1/p , 1/s
xsq(][ |Du|sz) +c2(][ M“IFlsdz) (23)
Q(A*70%,0) Q(r*70%,0)

hold for some A > 0 and some cylinder Q(A\*>~Po?, 0) € C, where s > p is defined
in (13) via Theorem 3, c| and c; are two given positive constants, and M > 1. Then
there exists a constant c3 = c3(n, N, p, v, L, ¢y, ¢3) such that

1/s
( ][ |Du|’ dz) < C3( ][ |Du|? dz)
(1727221 @2,(1/2)0) 0(A*70%,0)

1/s
+C3(][ (1 +M‘V|F|‘V)dz) Q4
0> ro?,0)

1/p

Proof
Without loss of generality, we may assume that the cylinder Q(A>~?0?, o) is centered
at the origin. Let us consider the rescaled maps

L AP - F(ox, M2 Po%t
u(ox 0 )’ Flun) = (ox 0°t)

u(x,t) = :
i(x,t) o o

)

with (x, 1) € Q1, and the rescaled coefficients @(x, t) := a(ox, A>~P0°t). It is easy to
check that it € C°((0, 1); L*(B;, RN)) N L?(0, 1; W'?(B;, RV)) is a weak solution to
the system

it, — div(a(z)| Di|""*Dit) = div(|F|P*F) in Q.
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Therefore we may apply Theorem 3 and, in particular, estimate (11) in order to get
the fact that there exists a constant ¢, depending only on n, N, p, v, L, such that

/s o - 1/s
<][ |Dﬁ|sdz> §C<][ |Dﬁ|”dz> +c(][ |F|Sdz) Yo, (25)
Qay2r.1/2) 0

1

where, according to (12), 0 = (2 — p + s)/2s. Scaling back in (25) yields

1/s | o
(][ |Du|sdz> <ch —”P(][ |Du|”dz)
((1/2P)22=rg%,(1/2)0) Q(3*7702%,0)

1/s
+c<][ |F|Sdz) +ch. (26)
Q(A*~70%,0)

Here, c = c(n, N, p, v, L). But using (22) and (23), we have
1—0o 7 p
A ”( |Du|”dz> §ck§c< |Du|”dz)
O0(a*=rg%,0) 0(2*=rg?,0)

! 1/s
+c<][ M| FP dz) ,
0(:>7rg%,0)

where ¢ = c(cy, ¢;). Finally, (24) follows, connecting the last inequalities to (26). O

LEMMA 4
Let u € C°((0, T); L*(2, RM) N LP(0, T; WhP(Q, RN)) be a weak solution to (4),
where 2n/(n + 2) < p < 2, and the function a : C — R satisfies (5). Assume that

1/p
( |Du|sz) = cih
0(¢2 0 ~12)

and

1/p o\
)»502<][ |Du|1’dz> +C2<][ MS|F|*dz)
Q(st)\(piz)/zQ) Q(QZ’)\([J*Z)/ZQ)

hold for some A > 0 and some cylinder Q(0*, \'?=2/%9) € C,where s > p is defined
in (13) via Theorem 3, c| and c, are two given positive constants, and M > 1. Then
there exists a constant ¢z = c3(n, N, p, v, L, ¢y, ¢;) such that

1/s
<][ |Du|sdz) 503(][ |Du|"dz)
0((1/2P)0%.(1/2)0 =212 ) 0(0%1P=2/2)

) 1/s
+c3(][ ( +MS|F|3)dz) .
Q(02,1P=2/20)

1/p
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Proof
Again, we assume that Q(0?, A?=2/2) is centered at the origin. This time, we consider
the rescaled maps

u(Ar=2gx, %)
Q}J’/z

F(P=220x, 0%1)

, F(x,1):= -

a(x,t):=

)

with (x,7) € Q), and the rescaled coefficients d(x,?) := a(A\?=?/2px, 0*t). The
remainder of the proof now follows exactly as in Lemma 3. O

We conclude the section with a couple of elementary results: the first can be promptly
adapted from [7, Lemma 2.2]; the second can be found in [8, page 13] with slight
modifications.

LEMMA 5
Let p > 1, and let u € [0, 1]; there exists a constant ¢ = c(n, N, p) such that if
v, w € RN then

(12 + [AP? < c(u® + 1B + c(u? + |BI* + |AP)P~2/2|B — A

LEMMA 6
Let 1 < p < oo, and let © € [0, 1]. There exists a constant ¢ = c(n, N, p),
independent of |, such that for any A, B € R™,

(1* + B> + |APHPD2|B — A
< (W +1BPPP2B — (1 + |AP)PP2A, B - A).

When u© = |A] = |B| = 0 and p < 2, the quantities involved in the previous
inequality are meant to be zero.

4. Proofs of Theorems 1 and 2

By an approximation argument, in Step 1 we reduce the proof of Theorem 1 to proving
(9) when the solution has locally bounded gradient. Then we devote the remaining
steps to this last task; Theorem 2 then follows easily.

Proof of Theorem 1

Step 1: Approximation. We first show how to approximate the solution u of (4), in a
neighborhood of a given cylinder, with a sequence u, of solutions to similar problems
whose gradients are bounded. Let Oz = (fo — (2R)?, to + 2R)?) x B,,(2R) € C
be as in the statement of Theorem 1, and let O, € C be a cylinder, concentric with
QOsg, with R > R. Let ¢; : R” — R and ¢, : R — R be two standard mollifiers with
compact support in B! and (—1, 1), respectively, and for all ¢ < (1/2)dist(Q,x, dC)
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and (x, 1) € Qaz, define

Fu(x, 1) = f F(x + £y, 1+ £5)1 (1)a(s) dy ds
and

a.(x,t) := / a(x + ey, t +es)p1(¥)pa(s)dy ds.

Clearly, F, € C®(Qyx, R™) and a, € C®(Q,y). Moreover,

F, — F strongly in L(Q,, R"Y), 7
a, — a strongly in L'(Q,z, R™), ¥Vt < oo. (28)
Finally, the new functions a, satisfy (5). Now we define the map
ue € C°((to — R, 1o + 2R)*); L* (B, (R), RY))

NL?(to — QR)*, to + 2R)*; W' (B, (R), RY))

as the unique solution to the following Cauchy-Dirichlet problem:

() — div(a.(2)| Du.|P~>Du,) = div(|F,|"2F,) in Qyp,

Us =U ond, Ook.

(29)

The existence of such u, follows from the theory of monotone operators or via
Galerkin approximation (see [21]); for such problems and their exact meaning, see
[8, pages 20—21, 296]. Our aim is now to show

Du, — Du strongly in L”(Q,z, R™). (30)
Using the fact that both « and u, are weak solutions, we have

(ue — u); — div(ac(2)(| Due|" "> Du — | Du|”~> Du))
= div((a,(z) — a(2))| Dul?* Du) + div(|Fe|" > F, — |F|"7*F).

Now we test the previous identity with the map u, — u, which is possible modulo
Steklov averages (for the definition, see [8, pages 11,21]); note that this is an admissible
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test map since u = u, on d, Q. After a simple computation, we arrive at

sup / lug(x, 1) — u(x, t)|2 dx
1o—(2R?<t Y B,;2R)
<[0+(2R)2

+/ as(2){|Du,|"~*Du, — |Du|"">Du, Du, — Du) dz
Oz
=< C‘ / (aa(Z) = a(Z))(|Du|p_2Du, Du, — Du) dz‘

Ok

te| [ QFAP2F ~ FIP2F, Du, — Duyds
Qo

; €1V

and therefore, using (5),

/ |Du,|? dz
Oz

< C/ [las ()| + la(@)I](|Du|”~"|Duc| + |Due|”~" | Dul 4+ | Du|?) dz
Ook

+c (IFe| + |F1)?~'(|1Du,| + | Dul)dz.
Osr

Finally, using Young’s inequality in a standard way and the definitions of F, and a,
we get

/ |Du5|”dz§c/ |Dul? + |F|? dz < c;. (32)
Ok C

Now we go back to (31). In the following, we use the expression

(A, B) > (|AP + |BP)*P~27%|B — A]>, A,BeR"™

which is already defined in Lemma 6 and involves a singularity when |A| = |B| =0
and p < 2. In this case, the meaning of the previous quantity was defined as zero.
Using Lemma 6 with = 0, together with (5), we find

(|Du|* + |Du|>)?=2"2\Du, — Du|*dz
Ok

<cm, N,p,v) | a:(2){|Du.|"">Du, — |Dul’~>Du, Du, — Du) dz,
Osr
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and from (31) we have

(IDuc|* + |Du>)?~2"2|Du, — Du|*dz
ok

< C/ |as(z) — a(z)||Du|”~"|Du, — Du| dz
Osr
+c/ ||F.|P~*F, — |F|""*F||Du, — Du|dz (33)
Osr
with ¢ = ¢(n, N, p, v, L). Using Young’s inequality with § € (0, 1), we find

(IDue* + |Du*)?~2"|Du, — Du|*dz
Oor

< c(8) |a£(z)—a(z)|P/<P*“|Du|sz+5/ |Due|” + |Dul? dz
Osr Ooi

+c® | |IFIP2F — [FIP2F|)P "V dg (34)
Osr

with the constants ¢ depending alsoonn, N, p, v, L. Now, recalling that s is the higher
integrability exponent defined in (13), we have

/ las(z) — a(z)|”/?~V|Du|? dz
Ok

) (s—=p)/s ) p/s
< ([ ta@-a@pro e a) ([ pupaz)” Do 6s)
2k Osr

Osr

as ¢ — 0. By a dominated convergence argument and (27), we directly have

/ ||F8|p72Fg _ |F|p72F|P/(P*1) dz — 0 (36)
Ok
as ¢ — 0. Taking into account (32), connecting (34) —(36), and finally letting § — O,
we obtain
lim (|Due|* + |Du»)?=2"2|Du, — Du|?* dz = 0. (37)
E70J 0sr

Now, if p < 2, using the Holder inequality and again (32),

/ |Du, — Dul|” dz
Dk

12
s(/ 1Du? + |Dul? dz) " - (
o

2k [

12
(IDu.* +1Du) "2\ Du, — Du dz)
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therefore

lim | |Du, — Du|’ dz =0, (38)
e—>0 0si
2R

which proves (30) in the case p < 2. If, instead, p > 2, going back to (33) and using
Young’s inequality, we get

/ |Du; — Dul|? dz < (IDu.|* + |Du>)?~2"|Du, — Du|* dz,
Ok Osr

and (38) follows from (37). Now we finally show how the validity of (9) in the
general case follows from the case when Du is bounded. Therefore, let us assume that
(9) holds whenever Du is bounded. We consider the maps {u.} defined in (29); the
regularity theory for the parabolic p-Laplacian systems applies (see [8, Chapter 8]),
and therefore Du, € L>®(Qsg, R™). Then, by (9),

1 1
(][ |Dul" dz) /q liminf(][ |Duc] d) .
R £—0 Or
1/qqd
¢ lim [][ |Du,|” dz + (][ |F.|P9 dz + 1) ]
e=>0 O2r O2r

:c[][ |Du|”dz+(][ Fraz+1) "

2R 2R

IA

IA

where we used (30) and Fatou’s lemma to manage for the left-hand side. The remainder
of the proof is therefore dedicated to proving (9) under the additional assumption that
Du is bounded. Once (9) is proved in the general case, the full statement |Dul|” €
L{ZOC(C ) follows via a standard covering argument.

Step 2: A stopping-time argument. We start with the case p > 2. We define Ay > 1
according to

1/p
A (][ |Du|”dz) +(

2R O2r

Y
M°|FJf a’z) gy (39)

where the number d was defined in (10). The number M > 1 is chosen later, in a
universal way that depends only on the fixed parameters n, p, v, L. Now pick any two
numbers y, A such that

R R
28_p S ]/ S E, B)\.() = 210(n+2)t)\.0 S )\. (40)
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We check that for all zg € QOg,

1/p 1/s
(][ |Du|”dz) n <][ M°|F|° dz) <i @D
04, (27Py2,y) 05, (27Py2,y)

Indeed, we first remark that if zp € Qg and o < R, since A > Ay > 1 and p > 2, then
Q.(A*"P0?%, 0) C Qsr, so that, in particular, when y satisfies (40),

|Q(2R)*, 2R)|

Q@R 2Bl 4
10,02 Py2, ) &

Then

1/p 1/s
<][ |Du|1’dz,) +(][ MSIFISdZ)
0 (A2 Py2,y) QA2 Py2y)

|Q(@RY, 2R)| \ /7 r
< (iguamrray) (][g 1Dl dz)

2 s
Gouirmm)

(13),(39),(40),(42) _ 10 _ (40)
= (210(!1-‘1-2)[))\’[1 2)l/p)\'(1)/d (:) (210(n+2)p)“p 2)1/[))\(2)/[) < AL

1/s
M*|FJf dz)
Oor

Now, with A as in (40), take a point zg € Qg such that |Du(zo)| > A. By Lebesgue’s
differentiation theorem, for almost every such point we have

1/p 1/s
i <][ |Du|"dz) + (][ M*|F|° dz) } A (43)
=0 0.,(127rg2,0) 0.,(x>70,0)

Assume that for some o > 0 satisfying 0 < R/2,

1/p ) 1/s
(][ |Du|pdz) +(][ MA|F|Sdz) > A
0:,(3770%0) 0:,(A*770%,0)

We note that some such o exist by (43); since, for o > R/287, the opposite inequality
holds by (40) and (41), necessarily we conclude that o < R/287. Therefore we can
select a radius o, < R/2 to be the largest for which

1/p /s
(][ |Du|”dz> +(][ M“|F|Sdz) —A (44
QQ)(AZ?I’QZZO»QZU) QZU()‘Zﬂ)Q?OquU)

in the sense that if R/2 > o > o, then

1/p ) 1/s
(][ |Du|pdz) +(][ M5|F|Sa’z) o
0:,(x*70%,0) 0:,(A?7Pg%,0)



GRADIENT ESTIMATES FOR PARABOLIC SYSTEMS 301

By this argumentation, it must be

R

0z < g5 (45)

Since A > 1 and p > 2, we immediately have

0, (»7727%0,). 20,)) C Q(2R)*. 2R)), j €{0,....5}).
Moreover, we observe that for j € {0, ..., 5}, we have

A 1/p
A ( |Du|1’dz)
8/p 02y (2721700, 277 0s,)

1/s
+(][ M*|F|f dz) <. (46)
0., (P Qirg.) 2, (277 0zy))

Indeed, the right-hand-side inequality just follows from the choice of o, while as for
the left-hand side, the sum of the integrals appearing in (46) can be estimated from
below as follows:

1/p
(][ |Du|sz) +(][ MS|F|5dz>
01y (A27P (207 01)? (20 04))) Q1o (A27P (2P 0y (277 04))
()"2_17 2 5 ) 1/p 1/p
> ( |g_10 A Qz()z QZoAl ) . [(f |Du|p dZ)
|QZ()()" p(2]pQZO) 9 (ZJPQZU))l QZU(AZ‘FQEO,QZO)

1/s / A
+<][ ME|FP dz) ] @ -
0y (2702 0:y) 8

Now let us consider the level set

1/s

EM) :={z € Qr : |Du(z)| > 1}.

For a.e. 7o € E(X), we can find a cube Q_, (A>~7 szu’ 0z,) C Oar as constructed above
and, in particular, such that (46) holds for j € {0, ..., 5}. Therefore, applying Vitali’s
covering theorem, we find a family of disjoint cubes {Ql-o} of the type considered up
to now:

Q) = 0.(0°7%0,0,) C Qar, 2 € EDV), (47)
such that

E() c | J @} U negligible set.
ieN
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Here, we have denoted

Qi = 0, (377 2%0,), (2%0y).
For future convenience, we also introduce

0; = 0., (»7"2%e, ), 2*0,))
and

0} = 0, (377270, (27 0y)).

We now deal with the case p < 2. The basic change with respect to the case p > 2,
and following the subquadratic scaling introduced by DiBenedetto in [8, page 80],
is to use cubes of the type Q.(0?, A?=2/29). In this case, A is still defined as in (39),
and y, A are again picked according to (40). With zy € Qg, once again, we have

1/p 1/s
(][ |Du|”dz) +(][ M“lFl%z’z) <r (48)
020 (2 AP 2/2y) 02, (2 AP D12y)

The equivalent of (42) in this case is

|Q(2R)*, 2R)
|Q:(y2, AP=22y)]|

(49)

Then we have

1/p 1/s
(f puraz) "+ (f MUIFY dz)
0y (y2,1P=212y) 0y (y2,AP=2/2y)

|O((2R)?,2R)| \!/p N
: (IQZO(VZ,MP—2>/2)/)|) '(][ZR [Dul! dz)

|Q(QRR 2R)| \I/s
N <|Q20<y2, A<p—2>/2y)|) 3

(13),(39),(40),(49) B 10 _ _
< [2100+2)p 3 m(@=p)/2)]1/p k(l)/d a9 [2100+2)py (@=p)/2)]1/p AE)”("+2) 2n)/(2p)

1/s
M| F|° dz)
O2r

(8),(40)
<

= 3

and (48) is proved. An important remark to be made is that, beside needing it for
Lemmas 2 and 4 and Kinnunen and Lewis’s theorem (see Theorem 3), this is the only
point where we need (8). For the remainder, we can proceed exactly as for the case
p > 2 but using the cubes of type Q,(02,, A?"?/%0,)) C Q»r instead of those of
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type QO (A*"P02 , 0,). At the end, we come up with a family of disjoint cubes {7}

of the type

QIO = QZ,’(Q?IJ )\’(P*Z)/ZQZi) C QZR? Zi e E(}\,),

(50)

such that (45) holds and having the fundamental property that for j € {0, ..., 5} and

all i,

A 1/p
8/p 0., (2P0, P AP-DP(20rg,,))

1/s
+(][ wFrdz) <o,
0., (2/Pg, )2 M P=D/2(2irg,.))

and such that

E) C U Ql-1 U negligible set.
ieN

Accordingly, in the case p < 2, we are denoting

0! = 0.,(@%Pg. > AP=212(2%g.)),
07 = 0, (2%, AP72(2%g,))),

and

Q? = QZ,' ((2SPQZ,' )2’ )"(p_Z)/z(zspQZ,' ))

D

From now on, for the remainder of the proof, when dealing with cubes of type

Q?, ey ?, we implicitly understand which kind we are using, depending on p.

Step 3: Comparison maps. When p > 2, on the cube Qi2 centered at z; 1= (x;, t;), we

define the map

v € CO(t; — 2847772, 1; + 2872277 0}); L*(B,,(2* 0/), RY))

NLP(t; — 28722707, t; + 28722 Po7; WP (B,,(2*70:), RM))

as the unique solution to the Cauchy-Dirichlet problem

(vi) — div(a;|Dv;|P>Dv;) =0 in Q7

vi=u on 9, 0?

(52)
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(see again [8, pages 20—21, 296]), where

‘We note that, due to (5),
v<a <L. (53)

We now find some estimates on v;. Using the fact that both u and v; are solutions, we
have

( — v;); — div(a;(|Du|”~*Du — | Dv;|"~*Dv;))
= div((a(z) — a;)|Du|""*Du) + div(|F|"~*F),
in the weak sense. Now we proceed formally, as in Step 1, by testing the previous
equality with the map ¢ = u — v;, which may be justified via Steklov averages. Again,

it is crucial that # and v; agree on the parabolic boundary 9, Q%. As in Step 1, we
obtain the equivalent of (31),

/ ai(|Du|”_2Du — |Dvi|”_2Dvi, Du — Dv;)dz
QZ

i

= C‘/ (ai() — a(z))(lDu|1"2Du, Du — Dv;)dz
07

+c‘f (|[FIP=F, Du — Dv;) dz|, (54)
0}
and, using (53), the equivalent of (32),
/ |Dv;|Pdz < c(n, N, p, v, L)/ |Dul? + |F|” dz. (55)
o7 o

Therefore, recalling that M > 1 and using the Holder inequality, we find
! P/s (46)
][ 1Dv;|” dz < c][ |Du|pdz+c(][ MUIFPdz)" < ea?, (56)
07 o; o;
where ¢ = ¢(n, N, p, v, L). Now note that

b}

AP(24g;)? <24P9i>)

Q’!CQZ'( 2 2
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therefore, by (56), we can apply Lemma 1, with Q = Ql.2, to get that there exists an
absolute constant A, depending only on n, N, p, v, L, such that

A > 1, sup|Dv;| < Ajh. 57
0!

When p < 2, we can proceed in a completely analogous way, invoking Lemma 2
instead of Lemma | and using the right kind of cubes, and (57) follows again. We note
in particular that (54)—(57) hold for both p > 2 and p < 2.

Now we want to get an estimate for the integral

/ (IDul? + | Dv;|>)*~?/?| Du — Dv;|* dz.
o7
Using Lemma 6, we have

Vv
C(n—]\fp) /2(|DM|2 + |DU5|2)(p72)/2|DM — DU,’|2dZ
) ) Qi

(53)

< a,-/ (|Du|P~>Du — |Dv;|P"2Dv;, Du — Dv;) dz
0?

i

(54)
< c/ la(z) — a;||Du|”~'|Du — Dv;| dz +c/ |F|P~'\Du — Dv;| dz.
07 07
(58)

Using Young’s inequality, with § € (0, 1) we have

/2 @) — a;l| Dul”~"|Du — Dui| dz
0

i

G
= SUG-D /2 Ia(z)—ai|P/(p71)|Du|sz+5/ |Du|? + | Dv;|P dz
Q; 0?

i

(55) c

= —51/(p_1)/ |Cl(Z)—Cli|p/(p71)|Du|”dz+c<3/ |Dul? + |F|Pdz (59)
0? 0?

i

and

i

@
/2 |F|”~'\Du — Dv;|dz < m/ |F|sz+8f2 |Du|? + |Dv;|” dz
0; 0; 0;

(55) G

- P P
< 31D /@|F| dZ+C5/;22|Du| dz
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with ¢ = c¢(n, N, p, v, L). Connecting the last two inequalities with (58), we finally
have

/ (IDu|* + |Dv;|H)P~2/2|Du — Dv;|* dz
07

c _
< m/z la(z) — a;|”/"~V|Du|” dz
Ql

Cc
+mf2|F|de+C5/2|Dulde (60)
Q; Q;

with ¢ = c¢(n, N, p,v, L), and § € (0, 1) not yet chosen.
We estimate the first integral appearing in the right-hand side of (60). Using the
Holder inequality, we have

(s=p)/s ' p/s
[ ta@-aroviourdz < (f @ -araz)”"(f 10uraz)"10h
0?2 0? 0?

i i i

where we have set

We note that
b g \ETPYS B=1)s—p)/s —p)/s
(1 la@-alPdz) " <@L R
Q;

as a consequence of (5), (7), (45), and (53), while

p/s p/s
(][ IDuf dz) s(:][ IDMI"dz+c(][ (1 -+ M| Iy dz)
0? 0} 0}

as a consequence of Lemma 3 or Lemma 4. Merging the last three estimates with (60),
we finally obtain the estimate that we were looking for:

/ (IDul* + |Dv;|*)*~2/*|Du — Dv;|* dz
0?

R)16=P)/s
Sc{%—i—t?}/ |Du|? dz
03

C[a)(R)]“fp)/Y S
+ e ][(1+M|F|)dz) 1091+ 5755 1)/ |FI?dz, (61)

where the constant ¢ depends on the data n, N, p,v, L, we estimated |Q}| <
410109 "and § € (0, 1) is not yet chosen.
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Step 4: Estimates on cubes. Lemma 5 with u = 0 implies
|Dul? < il Dvi|? + e(|1Dul? + | Dvi[H)*~?"2| Du — Dy, %,

where ¢; = ¢;(n, p) is the constant appearing in the lemma. Accordingly, we fix the
constant

A= (142c)A,, (62)

where A, is the constant appearing in (57). In this way, A depends only on the data
n, N, p,v, L. We have

l{z € O} : |Dul” > ArP}|

<|{z € Qi : (DuP + Dvi)?™"|Du — Dvi|* > A1A7}]

+|{Z € Q! : |Dvy|” > AI)LPH ((57262) 0)

=|{z € Q! : (IDu* + |Dv;|»)*"??*|Du — Dv;|* > A1A}|,
so that

l{z € O : |Du|” > AXP} / (IDu|* + | Dv;[*)?~?*| Du — Dv;|* dx,

B

and using (61) and (62),

c [w(R)](-vfﬂ)/‘Y

[{z € Q! : [Dul? > AAP}| < AM{ S +8}/3|Du|pdz
clo(R)]~P/s sty 2.\ A0
e (L4 M IF] ydz)" 1001

Cc
R — p
t s 1)/ FIPdz. (63)

We now carefully estimate these three integrals; we note that the constant ¢ just seen
depends only on n, p, v, L. Since we later backtrack to find the exact dependence on
q, we are careful to let every constant ¢ be independent of ¢; given (13), when not
essential, we majorize constants as, for example, 2° by ¢ = c(p). We first provide an
estimate for |Q?|; by (44), (47), or the analogous expressions for p < 2, either of the
following inequalities must be true:

ANP 1 AN 1 ,
(5) s—of Dufdz o (%) 5—0f M*|FI* dz.
2/ =100 Jor 2/ =100 Joy
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In any case,

|Q(.’|<g |Du|f’dz+g M*|F|° dz. (64)
ST g A o

We now split the last integral as follows: for some y > 0,

1 1 1
— | MY|Fdz=— M*|F| dz + — M*|F|° dz
A5 Jgo A5 J oon(iFI>ya) AT Jgon(iFiyn)
1
<= MP|F|’ dz + M*y*| Q). (65)
A JooniFi>ya
Choosing
= 1 66
V= SHI s (66)

connecting (65) to (64), and reabsorbing |Q?| /2, we find the estimate for |Q?| in
which we are interested:

P+l s+1

/|Du|l’dz+ / M*|F| dz. (67)
AP Jgo ON(IF|>y A}

Now we gain a further estimate, again splitting with some 7 > 0:

0
10;1 <

1 1 1
— |Dul?dz = — |Dul?dz + — |Du|? dz
AP J o AP ] 00n(iDul> 72} AP J 01 Dul<t2)
1

= — |Dul? dz + t7| QY|
AP J 0901 Dul> 72}

61 1 2rtiep
< — |Du|? dz + / |Du|? dz
AP J 00 (| Duj> 1) AP 0
2s+11.p
: / M*|FF dz. (68)
A 0°N(|F|>yA)
Choosing
» 1
75 = W (69)

and reabsorbing the next-to-last integral into the left-hand side of (68), we conclude
with
S—p

1 2 ,
— |Dul? dz < — |Du|? dz + M| F|* dz.
AP J o AP J 00| Dul> 71} A% J oon(FIsya)




GRADIENT ESTIMATES FOR PARABOLIC SYSTEMS

In particular, from (67) we deduce

0 2p+2 s+2
07| < f |Dul? dz + — / M*|F|* dz.
AP Joon(ipul>tay A* ) o0 FIsya)

Then we have
1 3
—/ |Du|pdz=@ ][ |Du|? dz

(46)/(51)
< |

3
0; |
5p(n+2)1 A0
< 2P 07
(70)(;

|Dul|? dz
~ar 00N{|Du|>1)

+—S M| F|°dz.
A* Joon(Fiya)

(As we said, we omitted a 2° here.) Similarly, using the Holder inequality,

3 0
Y T I G [
|F|Pdz MP|F|P dz
AP Jos Mrar J s = Mrap

0
“6)/(51) c| Q| (70) c
5 M S / |Du|P dZ
MPr MPAP JoonDuj>11)

@
o / M*|F|* dz.
MPAS ) gor(1F 1>y

Finally, since A > 1, we have

O p/s (46)/(51)
'Q ][ (1+M5|F|)d) < 10}
70) ¢ ;
< = |Dul? dz + — M*|F|* dz.
AP J 00n(|Dul> 1) AT g0n(FI>y)

p/
MS|F|‘ dz)

309

(70)

(71

(72)

(73)

Connecting (71)—(73) to (63), we have the estimate on the cubes which we were

looking for:

|{z€ Qi1 . |Du|? >A)J’}|

¢ (lo(R)]EP/s 1 /
8} Du|’ d
B A)»"{ s T ageeo D T Q?m{\Du\NA}' i

[w(R)](x_P)/S 1

¢ S
" AP{ s1/(p=1 + MPp§l/ (=D +8}/9m{|n>m Hles
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Define

G =G, M, Ry = LRI : 5 74
= G0, Ly S = sU/(p—1) t MPp§ /(=D to, {02

and the estimate may be rewritten as

I{z € O} : |DulP > AXP}|
c cM?
<G5, M, R){— |Dul? dz + |F|sdz}. (75)
AP J oo Duj>7a} AN J 00 F|>ya)

Here, the constant ¢ depends only on n, N, p, v, L, while y and t have been chosen
in (66) and (69), respectively. The constant § € (0, 1) is not yet chosen.

Step 5: Final estimate. Here, we prove the validity of (9), provided
R < Ry, (76)

where Ry = Ro(n, N, p,v, L, w(-)) > 0 is a radius that we determine in (82). The
general case follows via a standard covering argument.

Using the fact that the cubes {Ql-o} are disjoint, summing up on i € N in (75) we
have, by (47) or (50), since A > 1 by (57), (62),

[{z € Q& : |Dul > A'/72}|
SZHze Qil . |Dul? >A)J’}|

c CMS s
= G6.M R |Dul? dz + S IFIP de)).
AAP ] 0sn(1Dul> T2} AL JourniFIsya)

The previous inequality holds for every A > B (recall (40)). Therefore, integrating
with respect to A yields

oo
/ a7tz e Qp ¢ |Dul > AVPAY|dA
B}Lo

GO, M, R e
< GO, 1 1) )\pq—p—l/ |Dul|? dz di
A Bo QorN{|Du|>T2}
MG, M,R) [* .
% ,\Pq-é—lf |F|® dz dX. (77)
B O2rN{|F|>y 2}

We recall that for any measurable function g > O and any 8 > o > 1,

+00
/gﬂ dx = (B — a)/ thmo-t / g¥dxdt; (78)
0 {x:g(x)>1}
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then we have, using Fubini’s theorem in a standard way,

/ |Dul|" dz
R

o0
= qu (AP {z € Qr ¢ |Dul > AP} d(AYP2)
0

B}\.O o0
= pq/ (same)dX + pq (same) d )
0 Bo
o0
< AYBPIAY | Qgl +qu‘f/ Az € Qg ¢ |Dul > AP} da
B)»o
(62),(77)
< AIBPIALY|Qgl
AIG(S, M, R) [*
+ cpq ( )/ (t)\‘)pq—p—l‘/ |Dbt|p dZd(T)\.)
TPI7P 0 QaxN{| Dut|>7A)
cpqAIM* G, M, R) [ e
+ « )/ (y )P 1/ \FI* dzd(y2)
yPe 0 Q2rN{IF|>y2}

(66),(69),(78)
< AIBPIY Qx|

+e—L 2094966, M, R) | |DulP? dz
g—1 O2r

+c-PL_paopayrags, M R) | |F|P?dz
prqg — S Ok

aw
< chququ|QR|

9

+ 22 g4 G, M, R){ /
q—1 0

| Du | dz+Mqu |FI dz,

Oar

2R

(79

where ¢ = ¢(n, N, p, v, L) and the dependence on ¢ is explicitly stated. We note that
nothing depends on A except the first term at the right-hand side.

Now we look again at (74), we fix & so that it only depends on n, and we first
choose § > 0 small enough in order to have

. q—1

cé < m&‘o. (80)
Since ¢ depends only onn, N, p, v, L, g, this also fixes § as a number depending only
onn, N, p,v, L, q. We can therefore select M = M(¢,§) = M(n, N, p,v,L,q) > 1
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large enough in order to have (large-M -inequality principle)

7 _ 1/(p—1)
& <(q 1)8

Mr = 6qAn2pie S

We may finally select Ry = Ro(n, N, p, v, L, g, w(-)) > 0 small enough to ensure

_ 1/(p—1)
Ry e < 4= DD

= 6qgA42(rta €o. (&)

Therefore, for every R satisfying (76), taking into account (74) and inequalities (80) —
(82), we obtain

1
52(p+2)ququlG(8, M.R) < -eo. (83)

Plugging this last inequality into (79) and finally passing to averages, we get, by (40),

1/q » 1/q 1/q
(][ |Dul dz) " < eaf + c<][ FI"dz) " + (e ][ Dul™dz) ", (84)
Or O2r

2R

where now ¢ depends also on g; that is, ¢ = ¢(n, N, p, v, L, g). Now we recall the
choice of Ag in (39), that M has been chosen in (81) depending on n, N, p,v, L, q,
and we finally apply the Holder inequality to have

p/s d
xggc[][ |Du|”dz+<][ |F|Sdz) +1]

2R 2R

< C[][sz |Dul? dz + (][Q |F|P4 dz)l/q +1]d, 85)

where again ¢ = c(n, N, p, v, L, q) and d is defined in (10). Joining the last estimate
and (84), and reabsorbing at the left-hand side the last integral in (84) by a covering
and iteration argument (see [13, Corollary 6.1, Lemma 6.1]), we obtain (9) for all
R < Ry. At this stage, the constant ¢ in (9) depends only on n, N, p, v, L, g and not
on w(+); it is only R that depends on w(-) through (82). The case R > R follows from
a standard covering argument; at this point, ¢ also depends on w(-) via the covering
coefficients that depend on Rj. The proof of Theorem 1 is now complete. O

Proof of Theorem 2
By carefully looking at the proof of Theorem 1, we can immediately infer the statement
of Theorem 2. Indeed, we first chose § in (80) and M in (81); then, when dealing with
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(82), we may choose the number ¢ = ¢(n, N, p,v, L,q) > 0 in the statement of
Theorem 2 small enough to have

(g — s/ =D
< —_—_—

o (s—p)/s
e 6g AT2P 200

€0,

and then we just estimate as follows:

(g — /=D

= 6=P)fs < g[S =PV
C[w(Ro)] <clalgyo " < 6g A42(P+2a

£0- (86)

The last inequality allows us to recover (83), and the remainder of the proof works
without any further change. This also implies that the constant ¢ in the final estimate
(9) depends only onn, N, p,v, L, q. O

Remark 2

The proof of Theorem 1 deserves some comments. The stopping-time argument in
Step 2 clearly depends on the choice of the positive quantity M, via the stopping-time
radius o,, determined by the first occurrence of the equality (44). On the other hand,
the constant M is chosen at the very end, in (81). Actually, the proof should be read
backward: the choice of M is influenced only by the constant ¢ appearing in (79). In
turn, ¢ is universal, in the sense that it only depends on n, N, p, v, L, g and not on
the cubes Q? determined in Step 2. Therefore, once the choice of ¢, and therefore of
M, is done in the universal way dictated by (79)—(81), we can restart from Step 2,
finding the family of cubes {Q?} with a fixed value of M, and then proceed toward the
end through Steps 3 -5.

Remark 3

The technique developed here allows us to get a rather precise dependence of the
constant ¢ in estimate (9) on the integrability parameter g. We observe interesting
similarities with the estimates obtained in the elliptic case (3) via maximal function
techniques in [1], [10], and [14]; this is not surprising since the local use of estimates
(18) and (21), in combination with Vitali’s covering lemma, in some sense emulates
the use of the maximal function. For the sake of simplicity, we confine ourselves to the
model problem (1). We go back to (79); since a(z) = 1, then we have w(R) = 0. Then,
taking § and M in such a way as to obtain equalities in (80) and (81), respectively,
and combining this with (79), recalling that B depends only on n, p by (40), we
obtain

1/q p/(p—1) 1/q
(][ | Du|" dz) < AN + C(L]quu’“)‘l) (][ |F |7 a’z) ,
-

R R
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and therefore, by (85) and the covering argument,

(J[ Dt dz)w

R

p/(p—1) 1/q d
< CA[][ \Dul” dz + (LlAqWWI) (][ |F|P4 dz) T 1] .
-

2R 2R

87

The previous a priori estimate reveals the same asymptotic behavior for g \ 1 both
of the constant appearing in the Hardy-Littlewood maximal function estimate (see
[2]) and of the a priori elliptic estimates of [1], [10], and [14]. On the other hand,
this is harmless: when ¢ is approaching 1, a priori estimates bounding the L”?-norm
of Du by the L?4-norm of F are simply given by Theorem 3, which works for any
small choice of §, with all constants remaining bounded as § N\ O (see [16]). Note that
the scaling of estimates (9) and (87) is in perfect accordance with that of the known
a priori estimates for the evolutionary p-Laplacian operator: when F = 0, letting
q /" oo in (87), we obtain, up to an absolute constant, the sup estimates (18) and (21)
for = y? = R?.

5. A few possible extensions

For the sake of simplicity, and in order to emphasize the main ideas, we have up to now

restricted ourselves to the analysis of the model cases (1) and (4); nevertheless, the

methods presented in this article immediately apply to several more general situations.
As for the right-hand side, as we already mentioned, we could have considered

instead of (4) the system

u, — div(a(z)| Du|’"*Du) = div f,

which is equivalent to (4) through

F= 1R T s P e L (88)
|F| | f1
and (beside complicating the exponents in the proof) leads to the more awkward
statement “if £ € LP/""Y then |Du|? € L% . together with an equally awkward
estimate of the type (9).

In what follows, we describe other parabolic problems to which our techniques
apply, sketching the main modifications to the proof as far as the estimates in Steps
2-5 from Section 4 are concerned. The approximation part of Step 1 can be easily
reconstructed as in Section 4.
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The vectorial case N > 1, and different operators. The reader recognizes that the main
property of the evolutionary p-Laplacian operator used in the proof of Theorem 1,
apart from the obvious monotonicity and growth properties used in the compar-
ison estimates of Steps 1 and 3 from Section 4, is the possibility to get the explicit
L*>-bounds (18) and (21). In turn, these are used to get the fundamental Lemmas
I and 2 and, eventually, the crucial estimate (56) on the comparison map v;. This
observation allows us to extend our results to a family of degenerate parabolic systems
whose special structure allows for the L°°-bounds (18) and (21) and to which the
results of Theorems 1 and 2 extend.
We may consider systems of the type

u; — div[a(z)g(|Dul)Du] = div(|F|?2F). (89)

The function a is in VMO, and the assumptions on the function g : R™ — R¥, which
is in C'(R \ {0}), are different depending on p:

if p>2, g6)>0, Vs>D0, (90)
vsP7? < g(s) < LsP™2, Vs >0, 91)
4 L if p>2,
g ls _ BP=S ves, (92)
8(s) (< 1) ifp<2,

(g(wahws — g(lwiDwy, wy — wi) = v(® + |wi > + [wa )P~ fwy — wi?, (93)

for all wy, w, € R™. Under the previous assumptions, the conditions stated on
[8, page 217] are satisfied, and the solutions to the comparison system

v, — div[ag(|Dv|)Dv] =0

satisfy the gradient bounds (18) and (21) for p > 2 and p < 2, respectively. Accord-
ingly, the main modification in the proof of Theorem 1 is the use of the comparison
system

(vi); — div[a;g(IDvi)Dv;] =0 in Q7F,

94)
Vi=u ond,Q?
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instead of (52). Then one gets the upper bound (56), and the remainder of the proof
follows thanks to the growth, ellipticity, and monotonicity assumptions (91)—(93),
thereby replacing the use of Lemma 6. Finally, the integrability results of Theorems |
and 2 follow.

Another left-hand-side structure that we can treat with the methods proposed here
is the one already considered in [19] for the elliptic case. Let us consider an (n> x N?)-
tensor A(z) = {A?f’j (z)}, defined on C and whose entries are strongly VMO in the
sense of Definition 1: assume that the tensor A(z) satisfies the following ellipticity
and boundedness conditions:

n N
vAP < Y Y A <LAP, vaeR™, VxeC.
i,j=1a,p=1
Then the result of Theorem 1 also holds for solutions to the system

u; — div((A(z)Du, Du)?~?7?Du) = div(|F|P*F). (95)

Accordingly, assuming the tensor {Az’jﬂ ()} to have BMO entries, the analog of
Theorem 2 for solutions of (95) also follows. The proofs for (95) are very much
similar to those already considered for Theorems 1 and 2.

We can also consider systems of the type

u, — div[g(z, |Dul)Du] = div(|F|">F) (96)
with g : C x Rt — R*. This time, we assume that the function
w e R™Y > 3(z0, lw|) € R

satisfies the assumptions required on the function g appearing in (89), that is, (90)—
(93), uniformly with respect to zo € C. Moreover, the following type of con-
tinuity (or, rather, limited discontinuity) assumption is required with respect to the
variable z:

|8(z2, lw]) — &z, ()] < Lo(lza — 1))(1 + [w])P 2 €0

forevery w € R"Y and z;, z, € C, where w : Rt — R* is a bounded, nondecreasing
function such that

}JLno o(R)=4£>0. (98)

If £ = 0, then g is continuous. In this case, the only differences are the following.
First, the comparison function v; is now defined as the unique solution to the new
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comparison system

(i) — div[&(z;, [IDv;|)Dv;] =0 in Q7,
vi=u on 3,07,

where we recall that z; is the center of the cylinder Q;. Once again, the L°°-bound
in (56) follows for v;, thanks to the assumptions satisfied by w +— g(zo, w). Second,
estimate (59) must be worked out directly using (97), and it is not necessary to use
the Holder inequality there; in particular, the use of the higher integrability result of
Theorem 3 can be avoided, and instead of the quantity at the left-hand side of (45),
one can use the simpler

1/p 1/p
(][ |Du|sz) +(][ MP|F|sz) .
0(Z*~rg2,0) 0(A*770%,0)

Then, following the proof of Section 4, we finally come to the following theorem.

THEOREM 4

Letu € C°((0, T); L2, RM)) N LP(0, T; WP (2, RN)) be a weak solution to (96),
where p satisfies (8), the function g is as described above, and w(-) satisfies (98) with
€ = 0. Assume that |F|? € L (C) for some q > 1. Then |Du|? € L (C). Moreover,

loc loc

estimate (9) holds, where d is as in (10).
The appropriate analog of Theorem 2 is instead the following.

THEOREM 5

Let u € C°(0, T); L*(22,RN)) N LP, T; WhP (2, RY)) be a weak solution to
(96), where p satisfies (8), the function g is as described above, and w(-) satisfies
(98). Fix g > 1, and assume that |F|P € LfOC(C). Then there exists a number
e =¢en,N,p,v,L,q) > 0 such that if £ < e, then |Du|’ € quoc(C). Moreover,
there exists a constant c = c¢(n, N, p,v, L, q) > 1 such that if Q>g € C, then (9)
holds with d as in (10).

The scalar case N = 1. In the scalar case, the L*°-bounds (18) and (21) are true
for general parabolic equations with no additional structure properties as dependence

upon Du specified via the quantity | Du/|; this is a peculiarity of the case where N = 1
(again, see [8]). Therefore, we consider a general parabolic equation of the type

u; — divia(z)A(Du)] = div(|F|P~%F), (99)
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where the vector field A : RN — RV is C!(R \ {0}) and satisfies the following growth
and ellipticity assumptions:

|A()] + [DAW)I(1* + [wH)'? < L(u? + [w})"= D72, (100)

DAWA ® A > v(u? + [w|H P22, (101)

for every w, A € R”, where, as usual, 0 < v < L and pu € [0, 1]. It is then standard
to verify that assuming (101) implies the existence of a constant ¢ = c(n, p,v) > 0
such that the monotonicity condition

(Awz) — A(wy), wy — wy) = c(® + |[wi* + [wa| )P~ lwy — w2

holds for all w;, w, € R". Under assumptions (100) and (101), the results of Theorems
1 and 2 hold for general weak solutions to equation (99) with the same proofs given in
Section 4; the only change comes again when considering (52), which is now replaced
by the equation

(vi); — div[a; A(Dv)] =0 in Q7,
Vi =u on 9, 0%

For weak solutions to the parabolic equation (99), Theorems 1 and 2 hold with exactly
the same proofs as in Section 4. As in the vectorial case, we can also consider more
general equations such as

u, — div A(z, Du) = div(|F|P~%F). (102)

Here, we assume that for every z € C, the vector field w +— A(z, w) satisfies
assumptions (100) and (101) uniformly with respect to z € C. Moreover, the map
A : C x R" — R" is required to satisfy the continuity property

|A(z2, w) — Alz1, w)| < @22 — 21N + [w])?~,

where w : RT™ — R™ is the usual bounded, nondecreasing function. At this point, the
results of Theorems 4 and 5 follow for weak solutions to (102). Note that any type of
modulus of continuity is allowed (see [11]).
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