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On singular parabolic p-Laplacian systems
under nonsmooth external forces.
Regularity up to the boundary

H. Beirao da Veiga

To the memory of Olga A. Ladyzhenskaya, with warm recollections of friendship

ABSTRACT. We study the regularity of the solutions to an initial-boundary
value problem for a system of the p-Laplacian type in n > 3 space variables.
External forces are square-integrable in the space-time cylinder. Under this
natural assumption, the gradient of the solutions may be unbounded. As
a consequence, roughly speaking, the ellipticity coefficient of the linearized
parabolic equation may be not bounded from below by a positive constant.
We show suitable integrability in the space-time cylinder, up to the boundary,
for the second order space derivatives. The singular case is also covered.

1. Introduction and main result

The aim of this paper is to introduce a simple idea in the simplest form. Some-
times, to avoid technicalities, we will assume that solutions (which exist and are
unique) are sufficiently smooth. So we left to the reader additional details concern-
ing approximation theory.

In the sequel we consider the evolution problem

Su— V- ((p+|Vu2)= Vu)= f(t,z), in(0,T)xQ,
(1.1) u=0 on (0, T) x 09,

u(0) = up in £,
where p € (1, 2] (see (LG) below), T € (0, o], and p > 0 are constants. Here
u is an N-dimensional vector field, N > 1, defined in Q7 = (0, T) x 2, where
Q CR”, n >3, is a regular, bounded open set, which we assume is of class C?2.

We recall that scalar multiplication of both sides of (IIl) by w, followed by
classical manipulations, will lead to the well-known a priori estimate

2
| w HLOC(O,T; L2()) T [ w ||I£p(07 T, W1 p(Q))

(1.2) , »
S c ( || Ug ||2 + || f ||Lp'(O7T;W—1,p/(Q)) )
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2 H. BEIRAO DA VEIGA

So we assume in the sequel that
(1.3) up € L*(Q) and fe LP (0, T; W17 (Q)),
where p’ is the exponent conjugate to p. Further, by appealing to the first equation
([T together with ([L3]), we get
(1.4) dyue LV (0, T; WP ().
We call u a weak solution of problem (L)) if
we L0, T; L*(Q)) N LP(0, T; Wy P(Q)),

if 0, u satisfies (T4), if u(0) = wg, and if (for almost all ¢ € (0, T'))

Oyu, w) + (p+ | Vu2)™ Vu,w) = (f,w), Ywe WIP(Q).

Here (-, -) denotes the natural duality pairings.

For the existence and uniqueness (p > %) of weak solutions under our
hypotheses, we refer the reader to [2I, Theorem 6.2.1] (see also [30, Chap. II,
Theorem 1.1], where p > 2). In reference [21] it is assumed that f = 0. However,
as remarked in [19], the proof continuous to hold without this condition. For

instance, the above assumptions on f are sufficient.

In the following a main point is that the external force f is assumed to be
square-integrable in Q7 . This low integrability prevents boundedness of V u(t, x)
(which holds, for instance, if f € LY(Qr), ¢ > n+ 2). So, the ellipticity coefficient
(4| Vul?)*2" does not remain bounded away from zero. Actually, we also assume
that f satisfies (I3]). However, this does not invalidate the substance of the above
remark (in particular for values of p near 2).

Our aim is to prove that, if u(x, t) denotes the solution of problem (L], then

(1.5) fe L0, T; L*(Q) = we LXP=Y(0, T; W>9Q)),
where ¢ is given by (7)) below.
As a rule, we are generous in assumptions in order to avoid complicating re-
marks. So, we assume that
{ 2n<p<2, ifn>3,

1.6
(1.6) S<p<2, ifn=3.

In particular, the inclusion L2(Q) ¢ W17 (Q) holds. We define

(1.7 0= aln) =

The central role of this exponent will be clear in the following. Our assumptions
on p imply that ¢ € (1, 2], and also that the immersion W2 4(Q) ¢ WhP(Q) is
compact.

Next, we recall the well-known inequality

(1.8) 1D wlly < Colq) [Av],

for v € W24(Q) N W,9(Q). Moreover, there is a constant K, independent of g,
such that

(1.9) Colg) < Kgq,

at least for ¢ > % (see [32]).
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SINGULAR PARABOLIC p-LAPLACIAN SYSTEMS 3
Our main result is the following; note that p = 0 is allowed. As in [10], Q is
assumed to be of class C?.

THEOREM 1.1. Let be p > 0. Assume that p satisfies (I6l), define ¢ by (L),
and assume that

(1.10) (2-p)Col(g) < 1,
where Cy(q) is defined by (LR). Let ug € Wy P(Q), and let
(1.11) fe L0, T; L*(Q))

for some T €]0, +o0]. Define C = C(ug, f, n, T) by
D 2
(1.12) C?= p2 Q|+ Vuo s + » 112200, 7 £2(0) -

Let u be the weak solution of problem ([LI). Then u € L*®P=1(0, T; W29(Q)).
Moreover, the estimate

(1.13) e 3% o e oy < C(T27PC2P71 4 ¢2)

holds. Furthermore, the estimates B13)), BI)), and BI0) are satisfied.

Note that if n = 3 and p > % , then

we L2P=Y0, T; C%*Q)),

where o = 1;%
In Section Bl the extension of the above result (in particular the regularity
result L2~ 1D (0, T; W2 9(Q))) to systems of the “same family” will be proposed.

REMARK 1.1. Due to ([[3)), condition (ILI0) holds if

= [olee

1
1.14 2 — —.
(1.14) 2-pa< &
Furthermore, by appealing to the definition of ¢, we show that (LI4) holds if
n
1.15 22— — < 2
(1.15) K12 V=%

where the constant K = K() is independent of p and ¢. Hence, (LIT) is a
sufficient condition on p to guarantee the results claimed in Theorem [I.1]

It is worth noting that, for p = 2, the above estimates turn into the classical
“heat equation” estimates. For instance, the main estimate (B.I7) leads to

(1.16) lullZz0, 7 w22y < C(IVuoll3+ 1720, 7: 2200y) -

We may also consider the nonhomogeneous evolution boundary value problem, by
appealing to the extension of the results of reference [10] to the above problem,
which is shown in [6]. Other possible extensions are to consider slip boundary
conditions, and also to replace, in the first equation (IT]), the gradient Vu by the
symmetric gradient Vu + V7T . In the elliptic case these extensions are considered
in the forthcoming paper [8].

In references [15], [16] (see [13l chapters IX, X]) local Holder continuity in
(0, T) x Q of the space gradient of local weak solutions is proved. Regularity
results, up to the boundary, are stated in [13] chapter X] (see the Theorems 1.1 and
1.2 therein). In particular, in Theorem 1.2, Holder continuity up to the parabolic
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4 H. BEIRAO DA VEIGA

boundary (where u = 0) of the spatial gradient of weak solutions u is proved.
However, regularity results, up to the boundary, for second order space derivatives
in L(Q) spaces and for solutions to the parabolic singular case, seem not known in
the literature. Actually, the two types of estimates are not comparable. It is worth
noting that in the elliptic case (see [10]) the W2 9(Q) estimates imply C' ()
regularity, since ¢ > n is admissible.

A very interesting related subject concerns linear elliptic and parabolic equa-
tions with discontinuous coefficients (in particular by appealing to BMO and VMO
functional spaces). See, for instance, [20], [23], [24], [25], and references therein.
Results in this direction may be useful to try to extend the regularity results for
second order space derivatives without assumptions like (I0).

Another classical related subject (here N = 1) are Harnack’s inequalities. See
references and results in the recent monograph [14]. The first parabolic versions
go back to Hadamard [22] (see also [31]).

For related results we also refer, in addition to the above references, to the
monographs [26], [30], and to references [1I, [2], [3], [, [5], [11], [12], [13], [17],
18], [27], [28], [29].

The results stated here were announced in [7].

2. An auxiliary result concerning the stationary problem

By LP(§2) and W™ P?(Q2), m a nonnegative integer, and p € (1, +00), we denote
the usual Lebesgue and Sobolev spaces with the standard norms || - ||, and || - ||;m.p -
We set || || = || - [|2. We denote by Wy P(Q) the closure of C§°(£2) in W'(£2), and
by W= (Q), p’ = p/(p—1), the strong dual of Wy (Q) with norm || - || _1 . We
set Oy u = % .

The symbols ¢, ¢y, c1, etc., denote positive constants that may depend on
w; by capital letters, C, we denote positive constants independent of p > 0 (for
convenience, assume the range of p bounded from above). The same symbol ¢ or
C may denote different constants, even in the same equation.

The proof of Theorem [I.1] shown below strongly appeals to the following regu-
larity result.

PROPOSITION 2.1. Let the hypothesis assumed in Theorem [L1l concerning
p, q, and u hold, and assume that f € L*(Q). Further, let u be the unique weak
solution to the stationary problem

p—

{ V- ((p+|Vu)= Vu) = f inQ,

2.1
21) u=0 ondN.

Then u belongs to W%4(Q). Moreover, the following estimate holds:

(2.2) lullag < C (Ilfllq FIAIET ) |

This result is essentially a particular case of a more general result, namely,
Theorem 2.1 in reference [10] (see also [9]). So, for the proof, we refer the reader
to this last paper. However a small (actually obvious) adaptation is needed. For
completeness, we discuss this point in the Appendix.
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SINGULAR PARABOLIC p-LAPLACIAN SYSTEMS 5

3. Proof of Theorem [1.7]

Besides proving Theorem [[LT] we also want to show that the main devices in
our argument easily apply to other systems of equations of the form

Ou—V-S(Vu)d = f(t,z) in(0,T) x Q,
(3.1) u=10 on (0, T) x 09,

u(0) = up in £,
where S(-) is given by
(3.2) S(Vu):= A(|Vul*)Vu,

and A(y), y > 0, satisfies suitable p-growth conditions. This will be discussed
briefly in the next section. In this section we treat system (LI} by assuming that

(3.3) Aly) = (u+ )7
We define

(3.4) Gy) = [ At)dy.
for y > 0. Hence, in this section,

(3.5) GO) = = (n+ )f.

Proor oF THEOREM [[L1l By integration by parts we show that
- /Q (Oruw)- V- (A(|Vu*) Vu)dr = % /Q A(| YV ul?) 0 |V ul?de
(3.6)
- /Em A(Vul?) (0pu) - (Opu)dS.

So, by scalar multiplication of both sides of the first equation @BII) by
—V - (A(|Vu[*)Vu), and by taking into account that the boundary integral

vanishes, one gets
1
§/A(\Vu|2)8t|Vu\2dx+/ V- S(Vu)|?dx

Q Q

(3.7)
:—/ (V- S(Vu))dae.
Q
By appealing to [B3]), we show from (B) that

li/ G(\Vu|2)dx+/ V- S(Vu)|?de
2.dt J, 0

:_/ f (V- 8(Vu))de.
Q
d

(3.9) E/QG(WuF)deF/QW. (A(|Vu|2)Vu)|2dx§/Q|f|2dx.
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6 H. BEIRAO DA VEIGA

By integration with respect to ¢, one gets

u 2 i U
[ cvutpa +/ V- S(Vu(s)) |2 ds

t
< /QG<|Vuo|2>dx+/0 | £(s) I3 ds.

Further, by appealing to the inequality

(3.10)

b

(3.11) (+ [Vul)s < uf + [V,
we obtain (for 0 < t < T)
2 t
(3.12) | Vou(t) |l + p / V- S(Vu(s))H;dsS c?,
0

where C? is defined by (LIZ). We have used the inequality (a+ b)® < a®+b“, for
nonnegative a and b, and 0 < o < 1. From (BI0), standard manipulations, prove
that

(3.13) IV w07 1o () < C2

and that

(3.14) IV ((p+|Vul? )T vU)HL?(OTL?(Q)) <c?.
Furthermore, the estimate

(3.15) 10 ull720,7; 120y ) < 2€C°

holds since
Ou=V-S(Vu)+ f(t, z).

Finally, we prove the main estimate (I.I3]) by applying to the stationary equation
V-S(Vu)= o u— f(t, z),

for a.a. t € (0, T'), the regularity result stated in Proposition 2l So, by appealing
to (Z2)), it follows that

(3.16) lu@®ll% Y < C(Iru— fFIZP=D + 0= £13).
for a.a. t € (0, T') . Further, by integration in (0, T'), we show that
a7
L= 1) (0, T; W2 q(Q))
2(p—1)
(3'17) < c < ” f ||L2(p D(0,T; L2(Q)) + ” atu ||L(§p D(0,T; L2(Q))

+ 1 F 1320, 7 £20)) + Hatu”L?(O,T;L?(Q))’

where, for brevity, we have appealed to ¢ < 2. Finally, by appealing to (12,
(BI3), and the Holder inequality, straightforward calculations show that the right-
hand side of ([BI7) is bounded by C (T?~?C? =14 C?). Hence, the main estimate
(CI3) holds. This completes the proof of Theorem 1]

Note that from ([B.8) it follows that the quantity

/ G(|Vu(t)?) dx
Q

is decreasing with respect to time, if f = 0. Hence the norm ||V u(t) ||, decreases
with time.
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SINGULAR PARABOLIC p-LAPLACIAN SYSTEMS 7

Professor S. Antontsev kindly informed the author that the device leading to
equation ([B1) was previously used by him. We refer, for instance, to the argument
around equation (6.4) in reference [2]. We are grateful to Professor Antontsev for
leading our attention to his wide and deep work on the subject.

4. A more general setting

The extension of the results stated in Theorem [IT] to systems of equations of
the form (BI), where S(-) is given by ([B.2)), looks not difficult, provided that a
corresponding extension of Proposition [Z1] to the related stationary system

-V- 2 = in
(1) { V- (A([Vul?)Vu)=f inQ,
u= 0 on 09,

holds. This last possibility, claimed in reference [10], seems not difficult to prove.
Roughly speaking, if the “stationary” extension holds, then the argument followed
in the previous section applies to the evolution problem (B.)). Clearly, suitable p-
growth conditions on A(y?) are necessary. Concerning the calculations developed
in the previous section, the existence of positive constants cg and ¢; such that

(4.2) coy’ — c1 < G(y?) < GoyP + a1y

for y > 0, would be sufficient. For instance, if (u + |V ul? )prz is replaced by
(p+|Vul)P~2, the estimates ([E2Z) hold by setting

IR T 2°

chp= —, CQl = —F———, 60261:—.
p plp—1)

For more detail we refer to [7].

5. Appendix

In this section we give some specifications concerning the proof of Proposition
21 as a corollary of Theorem 2.1 in reference [10] (to which the interested reader
is necessarily referred). It is worth noting that the points raised in the sequel are
minor points in the context of the complete proof. But they are just those for
which a small adaptation is necessary (actually, the reader may easily do this task
by himself). To avoid repetition of large parts of the original proof presented in
[10], we assume that the reader, while reading the original proof, decided to take
advantage of the remarks made below.

In [10] the authors proved the following result (see [10], Theorem 2.1).

THEOREM 5.1. Let p € (1,2], and let ¢ > 2, q # n, be given. Assume that
(2 —p)Co(q) < 1, where Cy(q) satisfies (). Further, assume that p > 0. Let
f € L"D(Q), where

n(p—1)+4q(2-p)

q if ¢=n,
and let u be the unique weak solution of problem [Z1)). Then u belongs to W4(Q).
Moreover, the following estimate holds:

62 foll <€ (141 + 15173 -

ng .
(5.1) r(q) = { if q€[2,n],

This is a free offprint provided to the author by the publisher. Copyright restrictions may apply.



8 H. BEIRAO DA VEIGA

Our first remark is that, in reference [10], the authors consider the case in
which the term (p+ |V ul? )52 is replaced by (p+ | Vu|)P~2. As expected, the
proof applies exactly by following the same way.

The second remark is the following. Assumption (LII]), namely, f(t) € L?(2),
a.e. in t, leads us to consider the above theorem for the particular value ¢ for which
r(q¢) = 2. This value of ¢, given by (7)), is less then 2. This is in contrast to
Theorem [B.T], where it is assumed that ¢ > 2. However, as already claimed in [10],
the proof given in this last reference immediately applies to a range of values which
includes ¢ < 2, by making a couple of small changes in the original proof (shown
below just for completeness). We necessarily assume that the reader has in hand
the proof presented in reference [10]. Notation is that used in this last reference.

Actually, the following is the unique real modification needed to adapt the
proof to our value of ¢q. In [I0] Sec. 3, third to last row], the authors claim the
convergence result

(5.3) Fu+ Vo> = f (u+|Vo])*?

in the L%-norm, where v™ denotes auxiliary “technical” and not significant, suit-
able subsequences (see [10]). The above convergence result is not suitable here,
since 4 < 1. However, as already remarked in [10], convergence in the distribu-
tional sense is sufficient here. As shown in [10], one has
2-p

m|\2—p _ 2—p
| (1 + V™) (L+[Vo])P| < =

Vo™ — Vol.

In particular, it follows that (53] holds a.e. in 2, since, as in [10], V v™ converges
a.e. in Q to V.

On the other hand, (i + |V v™])*"® is bounded in L', where ¢ := ijp >
where ¢* = an"q. So, it follows from [30, Chap. 1, Lemma 1.3] that

N[

)

(b+ Vo™ )* P = (u+[Vo])* 7P

weakly in L'. Moreover, (L) implies that (%)’ < 2. Consequently, f € L) 1t
readily follows that (E3]) holds in the distributional sense.

We end with two remarks:

i) The set

K={ve W*1Q) : |Av|, < R,v=0 on 00},

introduced in [10, Section 3], is still contained in Wy ?(Q), since p > % .

ii) As at the very beginning of [0, Section 4], here one also has p < ¢*. So,
as in [10], we show that the solutions u* of problem (LIJ) for ¢ > 0 converge in
WP(Q) to the solution u of () for p= 0.
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