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Local estimates and global existence for strongly nonlinear
parabolic equations with locally integrable data

FABIANA LEONI and BENEDETTA PELLACCI

Abstract. 'We obtain existence results for some strongly nonlinear Cauchy problems posed in RV and having
merely locally integrable data. The equations we deal with have as principal part a bounded, coercive and pseudo-
monotone operator of Leray-Lions type acting on L? (0, T'; Wllo’cp (RN)), they contain absorbing zero order terms
and possibly include first order terms with natural growth. For any p > 1 and under optimal growth conditions

on the zero order terms, we derive suitable local a-priori estimates and consequent global existence results.

1. Introduction

In this paper we prove the existence of distributional solutions for two classes of strongly
nonlinear Cauchy problems, which include, as model examples,

uy — div(|Du|?2Du) + g(u) = f(x,1) inRY x (0, 7), (w1
u(x,0) = ugp(x) in RV,
and
u; — div(|Du|P~2Du) + j(u) = |Dul? + f(x,r) inRN x (0, 7T),
u(x, 0) = ugp(x) in RV, (1.2

In both problems (1.1) and (1.2), p is a given exponent greater than 1 and the data
up(x) and f(x,t) are allowed to be merely locally integrable functions. Precisely, for
Problem (1.1) we address the case

o € L ®Y),  f e L10, T; L, RY)),
whereas for problem (1.2), for which we obtain locally bounded solutions, we assume that
N 1
up € L2 (RN, feLl™0,T; L RY)) with —+— < 1.
pqg m
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Equations such as (1.1) and (1.2) arise in many physical applications, as they describe
diffusion processes accompanied by absorption terms which are proportional to the
concentration represented by the solution u. The mathematical pathology we are focusing
on is the low and local summability of the data.

Generally speaking, when dealing with locally integrable data, suitably growing zero
order terms are needed in the equation in order to obtain local a-priori estimates and,
consequently, existence (and sometimes uniqueness) results (see [8, 9, 12, 16, 17]).

Actually, in [17] the elliptic versions both of problems (1.1) and (1.2) have been shown
to have a globally defined distributional solution by assuming on the function g : R — R,
that

g is continuous and g(s)s > 0, (1.3)
g isodd and s € (0, +00) > gp(i)l is increasing, (1.4)
S
f T ds + (1.5)
g9 = '

and, on the function j : R — R, that

j is continuous, odd, increasing, (1.6)
+o0 ds
/ ——— < 4o00. (L.7)
(jsnip

Roughly speaking, these conditions require on the odd functions g(s) and j(s) a growth
as s — oo faster than the powers s”~! and s” respectively. Moreover, they have been
proved to be sharp in order to apply any natural method of approximation for solving the
given problems.

Problem (1.1) has been studied in [9] by assuming that g(s) = |s|° s witho > p — 1
and p > 2 — 1/(N 4+ 1). We extend the basic result of [9] in different directions. We
actually consider any p > 1 and any nonlinearity g satisfying either (1.3) or (1.3)-(1.5) in
dependence of p. Indeed, in parabolic equations the time derivative u, is an absorbing term
analogous to a zero order term of the form go(u) = u. Hence, when studying Problem (1.1)
for p < 2, we do not need assumptions (1.4) and (1.5), so that even the case g = 0 is allowed
for this range of p. Conversely, for p > 2 the time derivative term is not so absorbing as to
yield a-priori estimates, and we need to assume the whole set of conditions (1.3)—(1.5) as
in the elliptic framework.

‘We obtain a solution u sharing the same regularity of the solutions of nonlinear parabolic
equations posed in bounded domains and having L! or measures data (see [1, 5, 6]). Thus,
u is obtained in a suitable Marcinkiewicz space, as well as its spatial gradient Du, which
will be not in general a locally integrable vector valued function if p < 2 — 1/(N + 1)
(see Theorem 2.2). In this case, we adapt the theory developed in [4] for nonlinear elliptic
equations with L' data. This enables us to define the gradient Du as a measurable function
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and, even if it has no more the usual distributional interpretation, we find out that | Du |? —lis
locally integrable and that u satisfies the equation in (1.1) in the usual sense of distributions.

When p > 2—1/(N+1), we obtain a solution # whose gradient Du is locally integrable,
and, more than that, we prove that u belongs to the space L*(0, T; Wli)’c‘" (RN )) for suitable
exponents s and g as in [9] (see Theorem 2.4).

For problems such as (1.2), the presence of a first order term having natural growth
requires stronger absorbing properties on the nonlinearity j(s). Namely, conditions (1.6)
and (1.7) are assumed in order to obtain a locally bounded solution (see Theorem 2.5).
Note that, unlikely the previous case, we need (1.6) and (1.7) for any p > 1. To motivate
our assumptions, let us heuristically argue as follows. Suppose that v is a bounded positive
solution of

v; — div(|Dv|P"2Dv) + j(v) — |Dv|” = f.

If we want to find a-priori estimates for v, then we can equvalently look for uniform
bounds on the function # := (p — 1)(exp(v/(p — 1)) — 1). A direct computation shows
that u is a solution of

(p = D+ p— 1P 2u; — (p— HP~'div( Dul?~> Du)

+w+p—1P1 <(p— 1)10g<%+1)) = fu+p—1nPL

Now, the term involving u, grows like u”~!, so that it is of no help for any p. Thus, we
have to impose conditions (1.3)—(1.5) on the function

ge)=(@+p—1rj ((p — 1) log (ﬁ + 1)) ,

and this means to impose (1.6)—(1.7) on j.

Bounded solutions of strongly nonlinear equations including first order terms with natural
growth and having globally integrable data have been obtained in [10, 11] in the elliptic
case, and in [13, 19] for time dependent equations. As in the case of globally integrable data,
in order to prove the existence of a distributional solution of problem (1.2), it is enough
to have an a-priori estimate in L*(0, T; LIOO%(RN )). This is precisely our achievement
(see Lemma 3.12).

Let us finally mention that the techniques developed in the present paper, which rely
on growth conditions on the equation’s coefficients, are expected to extend to the case of
doubly nonlinear principal part of the form —div(ju|™'u |Du|P~2Du), even if we have
not expanded in this direction.

The paper is organized as follows. In the following section we pose the general problems
and state our main results. In Section 3 we prove some technical lemmas and we derive
local a-priori estimates, which will be applied to prove the main results in Section 4.
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2. Setting of the problems and statement of the main results

Our first existence results concern the following class of Cauchy problems

u; —div(a(x, t, Du)) + h(x,t,u) = f(x,t) inRY x(0,7T),

2.1
u(x,0) = ug(x) in RV,
with data f(x, ) and ug(x) satisfying
fel'O,T; L. (RY), upe Ll RY). (22)

We denote by Du the (suitably defined) gradient with respect to the space variable x of the
function u : RN x (0, T) — R, and by u, the derivative with respect to time .

We assume that the function a : RY x (0, 7) x RY — R¥ defines a bounded, coercive
and pseudo-monotone operator of Leray-Lions type acting on L” (0, T; W7 (R")). More
precisely, we require that a(x, ¢, £) is measurable with respect to (x, f) € RY x (0, T) for
every & € RY and continuous with respect to & for almost every (x, 1) € RN x (0, T), and
that there exist constants 1 < p < N and A > A > 0 such that, for every £ € RY and for
a.e. (x,1) e RN x (0, 7),

la(x, 1, &) < AP, (2.3)
a(x,t,&)& > AEP, (2.4)
(a(-x’t7 s)_a(-x’tr 77))(%' _77) > O (25)

As far as the function 4 : RY x (0, T) x R — R is concerned, we assume that it is
measurable with respect to (x, 1) € RN x (0, T) for every s € R and continuous with
respect to s € R for almost every (x, t) € RN x (0, T). In addition, we assume that, for
every so > 0,

Hy,(x,1) = sup |h(x,t,5)| € L' 0, T; L (RY)), (2.6)

Is|<so

and that, for a.e. (x,t) € RN x (0,T) and for all s € R,

h(x, 1, s) sign(s) > {0 it p<2s, 2.7)

lg(s)| if p =2,

where g : R — R is a function satisfying (1.3), (1.4) and (1.5).
In order to state our first main result, let us introduce for every £ > 0 the truncated
functions 7} : R — R defined as

Ty (s) := max{—k, min{s, k}}, 2.8)

and let us set

y
Se(y) == /0 Ty (s) ds. 2.9)



Vol. 6, 2006 Local estimates and global existence for parabolic equations 117

The functions T (s) play an essential role in the L!-theory both of elliptic and parabolic
equations (see [4], [21]). We recall here a simple but fundamental property proved in [4].

LEMMA 2.1. Ifu : RN x (0, T) — R is a measurable function such that for everyk > 0
Te(u) € L'(0, T; ngcl (RNY), then there exists a measurable function v : RN x (0, T) —
RN, which is unique in the a. e. sense, and such that, for every k > 0 and a.e. in RY,

DTy (u) = vx{ju|<k}

where x{ju|<k} is the characteristic function of the set {(x, 1) € RV x O, 7T) : lu(x,t)| <k}
Moreover, if u € L'o,r; Wllfcl (RN )), then v coincides with the distributional spatial
gradient of u.

The above result is a direct consequence of Lemma 2.1 in [4] applied to the functions
x — u(x,t) for a.e. fixed ¢t € (0, T). From now on, for every function u as in Lemma 2.1
we set Du = v, and this vector valued function will be referred to as the weak gradient
of u.

In the following we will also make use of the notion of Marcinkiewicz space M7 (S2)
(see e.g., [3]), that is the space of all measurable functions v defined on the open set 2 ¢ RY
such that

sup [omeas({x € Q: [v(x)| > o)) < 400, (2.10)
o€(0,+00)
where meas(-) denotes the Lebesgue measure in RN . Let us recall that, for qg>1, M1(Q)
is a Banach space endowed with the norm defined by the sup appearing in (2.10), and,
if 0 < ¢ < g — 1 and 2 has finite measure, then the following continuous inclusions hold

L1(Q) — M1(Q) — LI7°(Q). (2.11)

For ¢ > 0, we use the notation MlqOC (RN x [0, T']) to denote the set of functions which
belong to M7(2 x (0, T')) for every bounded set Q2 C RN

We can now state our first existence result.

THEOREM 2.2. Let 1 < p < N and assume that conditions from (2.2) to (2.7) hold
true. Then, problem (2.1) has a distributional solution u € C([0, T]; L} (RN)), such that

loc
Te(u) € LP((0, T); WP RN)) for every k > 0 and

ue M| (RN x [0, T]) withs) = max{1, p — 1 + £},
(2.12)

|Dul € ML, RN x [0, T]) with q1 = max{}, p — 747}).
REMARK 2.3. Theorem 2.2 asserts the existence of a functionu € C([0, T']; Llloc(RN ),

endowed with the weak gradient Du in the sense of Lemma 2.1, such that |a(x, ¢, Du)| and
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h(x,t,u) belong to L' (0, T LlloC (RM)), and which satisfies problem (2.1) in the sense of
distributions. Let us point out that the regularity (2.12) is the best possible for solutions of
nonlinear parabolic equations with L' or measures data (see [1, 5, 6]). In particular, in [1]
inclusions (2.12) have been derived for entropy solutions of initial-boundary value problems
with source term f = 0 and initial datum globally integrable. Thus, the weak gradient of
the constructed solution is not in general expected to be locally integrable. Actually, from

(2.12) we obtain |Du| € L' (0, T; L} (RN))iff g, > 1, thatisiff p > 2 — 1/(N + 1).

loc

In the case p > 2 — 1/(N + 1), we can further specify the regularity of the solution u
obtained in Theorem 2.2 accordingly to the following result.

THEOREM 2.4. Let

2 — < p <N,

N+1 7P
and assume that conditions (2.2)—(2.7) hold true. Then, Problem (2.1) has a distributional
solution u € C([0, T1; Llloc @Ry N L, T; Wll’cq (RM)Y), for all exponents s and q such
that

N .
N VP =2
L<q<q =y vy (2.13)
N ifp>2,
p if <5,
15“”@V={pwm4N. ; (2.14)
9w~ Fa>73

We exploit the zero order terms in order to balance the local character of the summability
of the data also for equations having first order terms with natural growth.
In fact, we give an existence result for the following class of Cauchy problems

u; —div(a(x, t, Du)) + h(x,t,u) + F(x,t, Du) = f(x,t) inRY x (0, 7T), 2.15)
u(x,0) = ugp(x) in RV, .
with data ug and f such that
00 N m q N : N 1
ug € Lis,(R™), fel™0O,T; L, (RY)) with —+ — < 1. (2.16)
pg m

The function £ is now assumed to satisfy, besides (2.6), in place of (2.7) the stronger
condition

h(x,t,s)sign(s) > |j(s)], 2.17)

with j : R — R satisfying (1.6) and (1.7).
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On the function F(x, t, §) we assume, besides continuity with respect to £ € RN for
ae. (x,1) € RN x (0, T) and measurability with respect to (x, 1) € RN x (0, T) for every
fixed & € RV, the following growth condition

|F(x,t,6)| <y I&IF (2.18)

fora.e. (x,1) € RN x (0, T) and forall £ € RY, for some given y > 0.

THEOREM 2.5. Let 1 < p < N. Under assumptions (2.16), (2.3)—(2.5), (2.6), (2.17)
and (2.18), Problem (2.15) has a distributional solution in

L7, T; WP @®RY)) N L®0, T; L (RV)).

loc
3. Local a—priori estimates

In this section, after some technical lemmas, we derive the a—priori estimates we need
for our existence results.
Let us start with the following property of the function G : R — R defined as

Gi(s) = s — Ti(s), 3.1

where, for every k > 0, T (s) is the truncated function defined in (2.8).

LEMMA 3.1. Let p > 1, Q C RN a bounded open set, and u € LP(0, T, WO]’P(Q) N
L2(Q)), withu; € L/’/(O, T; W_I'P/(Q) + L2(Q)). Let further ¥ : R — R be a Lipschitz
continuous function such that ¥ (0) = 0. Then, for every n € C'(Q) and for all k > 0, the
Sfunctionv := (G (u)n) belongsto LP (0, T Wé’p(Q)ﬂLz(Q)) and, foreveryt € [0, T],
we have

/'th(t), v(0)) df = f W (Gi(u(x, 7))n(x)) — W (G (u(x, 0))n(x)) dx

0 Q n(x)

with W(s) :== [ ¥ (y)dy.

REMARK 3.2. Notice that the integral in the right-hand side of (3.2) is well defined.
Indeed, since u € L?(0, T; Wg”’(sz) NL2(Q)) and u; € LP (0, T; WP (Q) + LA(Q)),
we have thatu € C([0, T']; LZ(Q)), so that the functions x — u(x, t) are well defined for
every t € [0, T]. Moreover, since y is Lipschitz continuous and ¥ (0) = 0, the function ¥
satisfies the growth condition

; (3.2)

|W(s)] < cos?,

whence
W (G (u(x, 1))n(x))
n(x)

< ¢o Gi(u(x, 1)) n(x)|

<coulx,n)’n(x) € L'(Q) Vtel0,T]. (3.3)
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Proof. The regularity of v immediately follows from the summability of # and the
properties of .

In order to prove (3.2), letus use a density argument. We consider a sequence of functions
u, € D(0, T, Wol""(Q) N L2()), such that u, — u in LP(0, T’; Wol""(Q) N L23(R)) and
ul =un, —> usin LY o, T; w—Lp (Q)+ L2(2)). We notice that for every n the function

gn(t):/ Y (G (up(x, 1))n(x)) dx
1n(x)

is Frechét differentiable on [0, T'], and we have

8y (1) = /Qx// (Gr(un (x, D)N(x)) uy, (x, 1) dx = (uy (1), ¥ (Gi(un)n)).

We integrate and we get

W (Gr(up(x, )Inx)) — ¥ (Gr(uy(x, 0))n(x)) dx
1(x) '

/ <”Z(f),1ﬂ(Gk(un)n))dt=/
0 Q

Since V(G (uy)n) — Y (Gr(u)n) in LP(0, T; Wé’p(Q) N LZ(Q)) and u), strongly
converges to u; in LY o, T; W’l’l’/(Q) + L%(2)), we can pass to the limit in the left hand
side of the above identity. Furthermore, since u, converges to u in C([0, T']; L2(Q)), by
inequality (3.3) with u replaced by u,, and the dominated convergence theorem we can pass
to the limit in the right hand side too, and we get the conclusion. O

In order to localize the test functions we need to use in our equations, the following
result will be of crucial importance. For the proof we refer to [17].

LEMMA 3.3. Let g : [0, 4+00) — [0, +00) be a continuous and increasing function,
satisfying g(0) = 0 and (1.4)—(1.5) for some p > 1. Then, for every C > 0 and o > 0,
there exist a positive constant I' and an increasing function ¢ : [0, 1] — [0, 1] of class
CL, with ©(0) = ¢'(0) =0, ¢(1) = 1, such that, for every o € [0, 1]and t > 0,

a+p—1 (p/(a-)p < l

t <
po)yr—! = C

t*g(t)p(o) + T. 3.4)

REMARK 3.4. Lemma 3.3 may be regarded as a generalization of Young inequality.
Indeed, if g(s) = s? for some g > p — 1, then we can choose ¢(c) = oP@+®)/(@=p+1
and inequality (3.4) is nothing but Young inequality.

We will also use the following compactness result (see [22]).
LEMMA 3.5. Let 1 < p < oo and X, B, Y be Banach spaces, with X CC B C Y.

Let { fn} be a sequence bounded in L?(0, T; X), such that { f,}} is bounded in L! O, T;Y).
Then { f,} is bounded in L?(0, T; B).
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We can now derive some a-priori estimates for every bounded solution of the following
initial-boundary value problem

u; —div(a(x, t, Du)) + h(x,t,u) = f(x,t) in x (0,7),
ulx, 1) =0 ond2 x (0, 7T), 3.5
u(x,0) = ugp(x) in Q.

Here Q is a bounded open set in RY and a and & are assumed to satisfy respectively
(2.3)-(2.5) and (2.6)—(2.7).

Assume that, for f € L>®(2 x (0, T)) and ug € L*°(L2), there exists a bounded weak
solution of Problem (3.5), that is a function u € L?(0, T, Wol’p(Q)) N L®(Q x (0,7)),
such that u; € LP (0, T; W=7 (Q)), u(x, 0) = uo(x) and

T T T
/ (u,,v)dt—i—/ /a(x,t, Du)Dvdxdt—}—/ /h(x,t,u)vdxdl
0 0JQ 0JQ

T
= //fvdxdt, (3.6)
0JQ

for all test functions v € L?(0, T'; Wol’p(Q)).

LEMMA 3.6. Under the above assumptions, let u(x, t) satisfy (3.6). ForO <r < R let
further B, C Bpg be concentric balls contained in 2. Then, there exists a positive constant
M depending on N, p, A, A, r, R, T, on the function g appearing in (2.7), and on the
norms || f L1 (gex(0.1y)> 140l 1 (By) such that

sup lu(x, )| dx < M, 3.7)
te[0,T] /B,

T
// |Dul? dx dt < M, (3.8)
0 SR, o

T
f DT (w)|P dxdt < M (k + 1), (3.9)
0 JB,

where, for every k > 0 and a.e. t € (0, T), we have set
Fie,t):={xeB,:k <|ulx,t)| <k+1}. (3.10)

Proof. Let ¢ € D(Bpg) be a cut-off function, withO < ¢ < lin Bgand{ = 1in B,. Let
further g(s) be the function appearing in assumption (2.7), and let us introduce the function

~ s if p<2,
g(s) = ,
gls) if p>2.
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By (1.3), (1.4) and (1.5), g satisfies the assumptions of Lemma 3.3., so that we can
construct a function ¢ satisfying (3.4) with @ = 1 and with a constant C > 0 to be fixed in
the sequel. We set

n:= @),

and we notice that also 7 is a cut-off function of class C' (Bg), with = 1in B,. Lemma 3.1
implies that, for every t € [0, T'], v = T1(Gr(u)n) x(0,r) is an admissible test function in
(3.6). Therefore, by (3.2), we obtain

/ w + /f/ a(x,t, Du) DT1(G(u)n)
Bg n 0 JBg

+ // hx,t,u) T1(Gr(u)n)
0 JBg

T S G
2/ f(x’t)Tl(Gk(u)ﬂ)-i-/ Si(Gruot)m)

where S (s) is the primitive of 77 (s) defined in (2.9).

We further observe that, for a.e. t € (0, 7), one has

DT\ (Gr(u)n) = [Dun + Gk () DnlXE r(t)
Er r(t) :=1{x € Br: nk < |uln < nk+1}.

Hence, by assumptions (2.3) and (2.4), it easily follows that

/ Sl(Gk(u(x,r))n)+A/' / |Du|pn+/ / hx. 1. )T (GrGu)n)
Br n 0 JErr®) 0 JBg

T
< W F i rx,1y) + luollpipey +¢ /0 / |DulP~NGrw)le' (©),
E

kR(@)

for some positive constant ¢ depending on A, R and r. From Young inequality we then
obtain

/M+// IDMI”n+// h(x. t,u) T (Gr()n)
Br n 0JErr() 0 JBg

’ @)
1+ = |Grw)|? ], 3.11
sc< /0 /Ekm ST k(u>|) (3.11)

for some ¢ > 0 which now depends on A, A, p, R, r and on the norms ”f”Ll(BRx(O,T))’

luoll L1 (Bg)-
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Let us apply now Lemma 3.3 inequality (3.4) with « = 1, t = |Gg(u)| and
C =4c max{l, T} yields

‘ ¢'(¢)P
G P
‘ /o fEk,R(n p(¢)r~! Gl

1 ’ ~
< m/o /E 8(Gi(u)) Gr(u)n +y, (3.12)

&R()

with y = ¢I" T meas(Bg).
If p <2, then g(s) = s, and from (3.12) it follows that

i @'(L)P 1 /‘1’/ ,
G P< G n
‘ /0 ‘/;?k,R(t) pg)r! Gt = 4T Jo Ek.R(I)( k@) +vy

L [ Si1(Gi(w)n)
— —_— 4
=27 /O/BR n v

1 / S1(Gru(x, 1)n(x))
Bpg

~ sup
2 1e0.7] n(x)

IA

dx +y

In this case, we insert the above inequality into (3.11), use (2.7) and take the supremum
with respect to T € [0, T]. Thus, we deduce

f S1(Gr(u(x, 1))n(x))
sup dx
Bg

1€[0,T] n(x)
T

+ // |Du(x, t)|’n(x)dxdt <4 (y +c). (3.13)
0 JE r(1)

If p > 2, then g(s) = g(s) and from (3.12), (1.4), and (2.7) we obtain

i @' ()P 1/f/
G P<- T, (G +
C/O fEk,R(w w(;‘)l"ll e@)] 52 0 BRg(”) 1(Gr(wn) +y

1 T
55/ f hx. tu) TG Gom) + .
0 Bg

The above inequality, together with (3.11), by the arbitrariness of = € [0, T'], still yields
(3.13). Hence, estimate (3.13) is established for every p > 1.
We now observe that, for every ¢ € [0, T],

/ |u(x,t)|dx§/ S1(G1(u(x,t)))dx + ¢
B-N{ju|=1}

B,

- / Si(Gr(u(x, 1)n(x))
- BRr 77()5)
This, toghether with (3.13) for k = 1, immediately gives (3.7).

dx +c.
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Furthermore, since
F () € Er,r(1),

inequality (3.8) is a direct consequence of (3.13) and the positivity of the function Sj.
Finally, we set

Qr(t) == {x € B, : Ju(x, )| <k}, (3.14)

we denote by [k] the largest integer smaller than or equal to k, and we use (3.8). Then, from
definition (3.10), we obtain

T T T
/ f |IDT(w)|P dx dt = / / |Dul? dx dt < / / |Dul|? dx dt
0 JB, 0 JQy (1) 0 JQk1+1).r ()

[k] T
=Z// |DulP dxdt < M (k + 1),
i=0 0 Fi,r([)

namely (3.9). O

As a consequence of the previous lemma, we now derive some a—priori estimates for
u and for its gradient Du in appropriate Marcinkiewicz space. These estimates extend to
the parabolic case the analogous bounds obtained in the L'—theory for elliptic equations
(see [1, 4]).

LEMMA 3.7. Letu € L?(0, T; Wh-P(B,)) N L0, T; L'(B,)), with1 < p < N, be
a function satisfying estimates (3.7) and (3.9) for every k > Q. Then, there exists a positive
constants C1, depending only onr, N, p and M, such that

llwllps1 B, x0,1y) < C1,  I1Dulllpar (8, x0,1y) < Ct, (3.15)

with s1 and g as in (2.12).

Proof. Letk > Oand o € (1, p*), where p* = N p/(N — p) is the Sobolev embedding
exponent. Interpolation inequality applied to Ty (1) for a.e. fixed ¢ € (0, T') gives

(1-9)o . o v/p*
I Te(w)]” < ( ITk(M)|> ( | Tee ()P ) ,
B, B,

with ¢ € (0, 1) such that

B,

1 D
—=1-90+ —.
o p*
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This and Sobolev embedding inequality with average yield

o

(1-9)o 1/p
Tk (u)|” <c ( ITk(M)|> |: | Ty (w)| + < |DTk(u)|”) ] ,
B, B, B, B,

with ¢ > 0 depending on N, p, and r. From (3.7) it then follows

ov/p
/|Tk<u)|f'5c 1+ / \Dul” ,
B, Qk,r(t)

where Q - (¢) is defined in (3.14) and with ¢ depending now also on M and o. Let us
chooseo = p (N +1)/N,sothat o ¢#/p = 1. By integrating on (0, 7') and by using (3.9),
we get

T
// |Te(w)|° dxdt <c(k+1), (3.16)
0 JB,
where ¢ > 0 depends on N, p,r, M and T. If we define the set
Ak = {(-xs t) € Br X (Ov T) : |M()C, t)' > k}a

then from (3.16) we easily deduce, for all k > 1,

1 1T k+1 _ 2c
Ay < — Te(w)|° < —/f T ()|’ < < .
meas(Ai) < 75 //Ak| KWl” = 75 A B,| K7 = e == = o

Since o — 1 = i1, the above inequality gives the estimate for u in (3.15).
In order to estimate | Du|, let us consider for 2 > 0 the set

Bn :={(x,t) € B, x (0,T) : |Du(x,t)| > h}.
We have, for every k > 0,

By ={(x,t) : |Du(x,t)| > h, |lu(x,t)| <k}U{(x,t): |Du(x,t)| > h, u(x,t)] > k}
CH(x, 1) : |Du(x, )| > h, |lulx,t)| < k}U Ay.

Hence,

meas(By,) < meas{(x,t) : |Du(x,t)| > hlu(x, t)| < k} + meas(Ag)

1 7 k+1 1
5—// |Du|pdxdt+i§c + +—1,
h? Jo Jay, ks h? ke

where we have used (3.9) and the estimate of u in M*! (B, x (0, T')). If we take the minimum
with respect to k > 0 of the last term, then we obtain

C
meas(Bi) = - ri



126 F. LEONI and B. PELLACCI J.evol.equ.

for a not relabeled constant ¢ > 0 and for all # > 1. Since ps;/(s1 + 1) = g1, (3.15) is
completely proved. O

In Lemma 3.7, the summability established for the functions u(x, ¢) and |Du(x, t)| is
the same with respect to x and with respect to ¢. In the following result, which is the local
version of the estimates obtained in [5], we assume that the exponent p is suitably large
and we obtain different regularity properties with respect to space and time.

LEMMA 38. Let2—1/N < p < N, r > O and letu € LP(0,T; W-P(B,)) N
L>®, T; LY(B,)) be a function satisfying (3.7) and (3.8). Then, there exists a positive
constant Cy depending only on M, r, T, q and s such that

T
fo w1 g, 4t < C2, (3.17)

for all exponents q, s satisfying

N(p—-1)
N—-1"~
p(N+1)—2N}
g(N+1)—N

l=<q<q(p) = (3.18)

0 <s < s(g) ;= min {p,q (3.19)

Proof. For k > 0 integer, let Fy ,(t) be the set defined in (3.10). For every u > 0 and
ae.t € (0,T), we have

D+ 1\
meas(Fk’r(t)) S/ (M) dx.
Foo\ K+l

Hence, for every g < p, Holder inequality with exponent p/q yields

00 00 q/p
/ |Dul? = Z/ |Dul? <> / |DulP')  meas(Fy (1)) ~9/P
Br k=0 Fk,r(t) k=0 Fk,r(t)

o 1 q/p l—q/p
— |Dul? / (Jul + D*
,;0 (k + Dyr=a/p) (fm(z) 0

00 1 a/p 1—q/p
<y Dul? 1 :
= (Z (k + Drw/a=D /FMOJ ul ) </Br(|“|+ ) )

k=0

IA
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Then, integration on (0, T') and again Holder inequality yield, for all s < p,

(e 9]

T s/q T 1 s/p
|Du|q> s/ —f |Dul?
fo </, 0 g(k-i-l)“(”/q_l) Fer(0)
s(1/g—1/p)
</ (lul + 1)“)
B,
stp—g) 1 175/P

ad s/p q(p—s)
Du|? HH
|:X=: k+1)"(”/q ”/fﬂ,(z)l ! j| /01[ B,(|M|+ ) }

We now choose
_a(pNtDH-N)—s@N+1D—-N)
N(p—q)
so that, by assumption (3.19) on s,

M<£—1)>1.
q

Therefore, from the above and (3.8) we obtain

: (3.20)

T s/q T =g} el
q(p=s
0 B 0 -

for every g < p, with s satisfying (3.19), u defined by (3.20) and ¢ > 0 depending on
M,r, N, T, p, q and s, as every constant appearing henceforth.

Next, we notice that, thanks to assumptions (3.18) and (3.19), we can assume without
loss of generality that

> N-p
N ’
q N—g
which implies, by definition (3.20),
Ng
1 = —
<pu<gq N_gq

Hence, by (3.7) and interpolation inequality for u between LY(B,) and L (By), we end up
with

/OTO;;,'D””)W <c </()T</Br|u|q*)s/q*)ls/p y
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From this, by Sobolev embedding inequality with average and estimate (3.7), we obtain
the following chain of inequalities

/OT(/BJuVI*)S/q* <c U)TUBJDW)”" N 1}

T . s/q* 1—s/p
<c f (/ lu|? ) +1
0 )y

Hence, we first deduce that

T N\ S/9"
/(/ Iul") <c,
0 \JB,

and then we conclude that

T s/q
f ( |Du|q) <c.
0 B,

REMARK 3.9. If p > 2 —1/(N + 1), we can have s > 1 in estimate (3.17) provided
that we restrict the range for ¢ as in (2.13). In this case, (3.17) gives an a—priori estimate
for u in L*(0, T; W4 (B,)), for all exponent s satisfying (2.14). If we require s = ¢, then
we obtain the bound

O

T
N
// |[Du(x, )|?dxdt < Cz forall 1 <g<p———, (3.21)
0 JB, N+1
which, together with (3.7), gives also
g p
// lu(x, t)|* dxdt < Cy4 forall 1<s<p+——1. (3.22)
0 JB, N

Thus, in virtue of (2.11), we obtain from Lemma 3.8 essentially the same information given
by Lemma 3.7. Nevertheless, Lemma 3.7, besides providing slightly better estimates than
(3.21) and (3.22), works for any p > 1.

Let us now turn to settle the tools we need to derive a—priori estimates for problem (2.15).

We will make use of the following version of the well known Gagliardo-Nirenberg
embedding theorem. For the proof we refer to [2] for the case p = 2, and to [14] for
l<p<N.
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LEMMA 3.10. Let Q@ C RN open and bounded, T > 0, 1 < p < N and let further
we L*®,T; LP(Q)NLPO,T; Wé’p(Q)). There exists a positive constant K depending
only on N and p such that

e ] < (g for + [ foer ).

for every pair of exponent o and | such that

x N 1 N
po 1 p

We will also need the following result (see [23]).

p<o<p*, (3.23)

LEMMA 3.11. Let w(h, r) be a nondecreasing in r, and nonincreasing in h, function
defined in [0, +00) x [0, 1]; suppose that there exist constants ko > 0, D, «, y > 0 and
B > 1 such that

ol 1) < D w(k, R)?
T (=R =1’

forallh > k > kyoand O <r < R < 1. Then, for every p in (0, 1), there exists d > 0,
given by

Blaty)

go_ D27 ok, 1)A-!
(1 —=p)
such that
w(d, p) =0.

Our final a—priori estimate concerns bounded solutions of the problem
ur —div(a(x, t, Du)) + h(x, t,u) + F(x,t, Du) = f(x,t) inQx(0,T),
u(x,t) =0 ond2 x (0,7), (3.24)
u(x,0) = ug(x) in 2,
where Q C RY isabounded opensetanda(x, t,&),h(x,t,s)and F(x, t, §) are Caratheodory
functions satisfying respectively assumptions (2.3)—(2.5), (2.6) and (2.17), and (2.18).
Assume that for f € L*®(Q x (0,7T)) and ug € L°°(2) there exists a weak solution

uelL®Qx(0,T)NLPQO,T; Wol’p(Q)) of problem (3.24), that is a function such that
u; € LP(0, T; WL (), u(x, 0) = ug(x) and

T T T
/ (ut,v)—i—/ /a(x,t, Du)Dv—i—/ /h(x,t,u)v
0 0 Q 0 Q
T T
+/ /F(x,t, Du)v://fv (3.25)
0 Q 0JQ

for every test function v € L*°(22 x (0, T)) N LP(0, T; Wé’p(Q)).
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The following result is a parabolic version of the estimate obtained in Theorem 9 of [17].
An analogous result for globally integrable data is proved in [13].

LEMMA 3.12. Under the above assumptions with1 < p < N, letu(x, t) satisfy (3.25).
Then, for every couple of concentric balls B, C Br C 2, the following estimate holds

llull o8, x0,1)) < Co ,

where Cy is a positive constant depending on N, T, p, A, A, y, r and on the norms
lluollLoo(ry and || f Lm0, T; L4 (Bg)), Provided that the exponents m, q > 1 satisfy

N 1
—+— <1 (3.26)

pqg m
Proof. We prove the estimate for 0 < r < R < 1, and then get the full statement by a
standard covering argument. For any fixed 8 > 0, let us consider the function

-1
s pt 1)) er

where j (s) is the function appearing in (2.17). Note that our assumptions on j imply that
the above defined g(s) satisfies (1.3), (1.4) and (1.5). Thus, we can apply Lemma 3.3 and
construct a function ¢ satisfying (3.4) with such a g, « = 0 and a constant C to be chosen
later on.
Let us further define the function
eBlsl — 1

VYp(s) == (T

and let us fix a smooth function ¢ € D(Bg), suchthat 0 < ¢ < 1, ¢ = 1 in B, and
|ID¢| <2/(R — r). We divide the rest of the proof into three steps.

g(s) = Is|P~2s) (

) sign(s) , s eR,

STEP 1. We are going to take as test function in (3.25) v defined as

v = Yp(Gr(u))n(x),

where n(x) = ¢(¢(x)), G is defined by (3.1) and k > |[ug|lL<(Bg). Note that for a.e.
t € (0, T), if we argue as in Lemma 3.1, then we obtain

d
fur (@), v(0) = — </Q Vg (Gr(u))(x, t)n(X)dX> )

with Wg(s) = [ ¥p(0) do. Hence

T
/O (Mz(t),v(t))dIZ/Q\IJﬁ(Gk(u))(x,T)ﬂ(X)dx—_/Q‘I’ﬁ(Gk(uo))(X)n(X)dx

= /Q Wg(Gi(u))(x, T)n(x)dx > 0,



Vol. 6, 2006 Local estimates and global existence for parabolic equations 131

since, by our choice of k, we have G (ug) = 0, and, moreover, n > 0 and Wg(s) > O for
all s € R. We further observe that for a.e. t € (0, T') the test function v(¢) is supported on
the set

Ar(t) ={x € Bg : |u(x,1)| = k} .

From (3.25) it then follows
T
/ f a(x,t, Du)DGk(u)eﬂ\Gk(u)\n
A, r (1)

T
+ / / a(x. 1. Du)YDE ¢'(0) V5 (G (w))
Ak, r()

T
+// h(xtu)wck(u))w// F(x 1, Du) Y (Grlu))
0 JArr®) Ag,r(1)

T
sff £ Yp(Gr) 1.
0 A, r(1)

Since in Ag g (t) we have Du = DGy (u), by assumptions (2.3), (2.4), (2.17) and (2.18)
we obtain

T
A// IDGL(w)|7e f"Gk(“)'n+f/ J @) ¥(Gr) n
0 Ak, r(t) Ar (1)

<

DG p—1_7 G
(R—r)/ /AkR(t)| k@) (0) Yp (|G ()]

T T
tv / / IDGk(M)Ipl/fﬁ(IGk(M)I)ﬂ-F/ / |f (e, DI ¥p(1Gr(u) ).
0 JAgr® 0 JALR®)

From the above inequality, by using Young inequality and Lemma 3.3. with « = 0
and P! = [vg(Gi(u))l, exactly as in the elliptic case (see [17]), we obtain, for any
B>y +1D/x,

[
0 JAgr(®)

<c [/ / Lf Cx, t)lxﬁﬂ(le(M)I)nvL /meaS(Ak R(t))]
AR, r(1)

for a positive constant ¢ depending on p, A, A and y.

p T
D (ve(Grw/pyn'?)|" + j(k)f f V(G n
0 JArr®)
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Now, for every fixed constant H > 0, the first integral on the right hand side can be
estimated as follows

T
/f G Dl Y5 (1GR @)D 0
0 JAr®)

T T
<H / / Wﬁ(le(u)l)nJr/ / Lf(x, D ¥p(IGr(w))) n,
0 JArr(® 0 JALrON|fI>H}

so that, for k > j’1 (c H), it follows

T
/f D5 (Ge(w)/p) '/ P)1P
0 Ak Rr(1)

T 1 .
) G + — A ‘
SC[ i) oo TR @DT+ [ meast k,m»]

Furthermore, an easy computation shows that, for all s € R,

B _1
va(sl/pyr + &1

RN CES)
p—1
Yp(ls)) < B ( 5

ef/r — 1)p

Since (R — r) < 1, the above inequalities imply (for a not relabeled constant ¢ > 0)

I
0 JArRr®

T
+c// |f (e, D] (Wp(IGe )l / p) n'/P)P. (3.27)
0 JA r(ON{| fI>H}

DG/ p) 7| < —S— /T/ (f@. DI+ 1)
T (R=1? Jo Jagro

STEP 2. In this step we use (3.25) with test function

v = ePPIGKO Yo (G (u) |/ p)P~" sign(u) 0 x(0.0),

with © € (0, T'] arbitrarily fixed and k > |lugllz>(pg) as in the previous step. Note
that such a function cannot be used directly in (3.25) because of the possible lackness
of smoothness near 0 of the function s € [0, +00) > Yg(s/ p)P~ L. Nevertheless, by a
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standard regularizing argument and thanks to the increasing monotonicity of the function
s € [0, +00) = Yg(s/p)? ~1 it is not hard to check that the following inequality holds

/Qwﬁ(Gk(u)(r)/p)n””V’

+ g /0 r/Qa(x, t, Du) DGy (u)e/? 19Oy (1Gr ()| / p)P~"
+ /O t /Q B, 1,0 PP 15O g (1Gy )1/ )P sign(u)
+ /O ‘ /Q Fx, 1, Du) /71040 s (Gl )P~ sign(u)
< - /0 ‘ /Q a(x, 1, Du) D PP 19Oy (1Gr ()| p)P ™ sign(u)

+ f ' / fx, 1) eP/PIGOl g (1GL )1/ p)P " sign(u) n.
0 Q

We now argue exactly as in Step 1, and we obtain, in particular,

fg [vg(Gi(w)(T)/p)n'/P|P

T
<c U/ | fCx, )] PPy p (1G )|/ p)P~
0JALr@ON{IfI>H}

1

+m /Omeas(Ak,R(l)):|v

for any fixed H > 0, with k > j~!(c H) and ¢ > 0 depending only on p, A, A and y.
We further observe that, for all s > 0,

B ool ePlp » eflr — 1\?
er” Yp(s/p) Sm Yp(s/p) +,3(T> ,

so that from the above we obtain

fQ [Ys(G(u)(T)/p)n'/P|P

<c [/ / Lf (e, )] (Yp(IGr )|/ p) n'/P)P
0 JA rON{IfI>H}

1 T
_ , .
+ s /O/Amm('f(x NI+ )]



134 F. LEONI and B. PELLACCI J.evol.equ.

Hence, by taking the supremum with respect to t € (0, T'), we finally get

T
G 1/pp ¢ // ’ 1
s [ Gt s gt | IRCERER

T
+ c/ / |f (e, O (We(IGr@)|/p) n'/P)P. (3.28)
0 JAr gON{| fI>H}

STEP 3. In this step we derive the final estimate on ||u]| Lo (g, x(0,7)) from (3.27), (3.28)

and Lemma 3.10. For, if we set

w = Yp(Gr(w)/p) n''?,

then Lemma 3.10 applied to w and both inequalities (3.27) and (3.28) imply that

L)

T 1 T
<c /[ [f(x, D) lw]? + —// (fC, 0+ 1) ].(3.29)
0 J A g (ON(If1>H) (R=r)P Jo Jag gty

for all i and o satisfying (3.23). The assumption (3.26) on the exponents m and g allows
us to choose o and p as folllows

VA
m

(Nm' +pq') (Nm' +pq')
p—, =p—".

N Ny (3.30)

With such a choice for o and u, since both of them are larger than p, we can apply
Holder inequality to estimate the first integral on the right hand side of (3.29). This yields
P

T
/ / |f e, O] fw]?
0 JARONIf1>H)

T £ =5
5/ (/ |w|“) / F e |7
0 Q Ak rR(ON{| fI>H}
T 95 [ o1 =
(LTI i
0 Q 0 A RON|fI>H}

Observe now that by definitions (3.30) and by condition (3.26), we also have

|
Ere

o ®
<dq,
o—p pw—p

<m.
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Therefore, since
meas(Ag g(t) N{| f| > H}) < meas(Bg) < meas(B1),

by Holder inequality we get

T
f / |f G ol lw]?
0 JArONIf1>H)

r e[ o e
sc[/ (/ |w|") ] / (f If(x,t)lq> ,
0 Q 0 A, rRON{| fI>H}

for some positive constant ¢ depending on N and 7. If we use the above inequality into
(3.29), and choose H = H so large as to make the quantity || f x| f|> o}l L7 (0,7: L9 (BR))
small enough, then we obtain

I

- . i C )
’ (R—nrpP : 1).
_/0 <fQ|w| ) } = (R—r)p /O/Ak‘w)(lf(x nl+1)

From the above estimate and again from Holder inequality we immediately derive

)4

_ ol B
T LT 1
_/0 (/Q|w|<7> :| < —(R — (/ meas(Ag g (1)) 4 ) , 3.31)

where ¢ now depends also on || f|| Lm0, 7: L4 (Bg))-
On the other hand, by definition of w, for a.e. t € (0, T') and for every 4 > k we have

/ lw|” > / [Yg(Gr(w)/p)I° 2/ [Wg((h —k)/p)I°
A (1) Ap (1)

h—k\°
> (—) meas (A (1),
p

and thus, also by (3.30),

L) T = (5 ([

p

= (U) (f meas(Ahr(t))m/>“ .

From the above inequality and (3.31) we finally deduce

o

c =\
/meaS(Ahr(t)) = W= RR =y </ meas(Ag, g (1)) ¢ ) ;

for every h > k > ko = max{|luo|lL=(s,), j~'(c Hp)} and0 <r < R < 1.
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Since condition (3.26) implies that
1 1 N
no_ L p yyp (L Ny
m'p g mN N N\m pg

we can apply Lemma 3.11 to the function

m’

T
w(h,r) 2=/ meas(Ay (1) dt,
0

and the conclusion follows. O

4. Proofs of the theorems

This section is devoted to the proof of Theorems 2.2, 2.4 and 2.5.
The first proof relies on several arguments taken from [4, 7, 8, 17, 20]. We give the
details for the sake of completeness.

Proof of Theorem 2.2. We proceed by approximation: we construct a sequence of
penalized problems whose solutions are proved to converge to a solution of (2.1).
For n > 1, let B,, denote the ball of RY centered at 0 with radius 7, and let us set

Ja(x, 1) =T, (f(x, 1)), up(x) 1= T (uo(x)),

and
T,(h(x,t,s)) ifp<2,
hy(x,t,s) = )
Tn(h(g(’;f))g(s) if p>2.
Note that
|ful S If1. fu — fin L0, T; L, (RY)), 4.1
|up| < luol, up — up in L} (RY), 4.2)
|h,| < |h|, hy — hae. in RY x (0, T) x R. “4.3)

Moreover, h, still satisfies (2.7) and, in place of (2.6), the stronger condition

sup hy(x,1,5) € L°@®RN x (0, T)).
s€(0,s0)

Standard existence theory for parabolic equations (see [18]) implies that the initial—
boundary value problem

u," —div(a(x,t, Duy)) + h,(x,t,u,) = f,(x,t) in B, x (0, T),
up(x, 1) =0 ondB, x (0,T), (Pn)

uy (x,0) = ug(x) in By,
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has at least one weak solution u, € L?(0, T} Wol""(B,,)) NL*®(B, x (0, T)) NC(0,TT;
L%(B,)), with u,” == u,, € L?' (0, T; W=1-7'(B,)).

Let p > 0 be fixed. For all n > 5p, Lemma 3.6 applied to u,, with R = 5p and r = 4p
gives that, for every fixed k > 0,

{Tk(un)},>s, is bounded in LP,T; Wl’p(B4p)), 4.4)
as well as, by Lemma 3.7,

{un}y>s, is bounded in M*!(By, x (0, T)), 4.5)
{IDuy},>s, is bounded in M (By, x (0, T)). (4.6)
Note that, by definition of g in (2.12) and by (2.11), property (4.6) implies that

{|Dun|p_1}nz5p is bounded in L7(Bsp x (0,T)) forevery 1 < g < q1/(p — 1), so
that, thanks to assumption (2.3),

{laCx, 1, Dup)l}=s, is boundedin L4(By, x (0,T)), V1<gq < q—‘l. 4.7)
> Py

Further consequences of (4.4), (4.5) and (4.6) are derived in the following claims.

CLAIM 1. {h,(x,t, us)}n>s5p is bounded in LI(B3p x (0, T)).

Indeed, let ¢ € D(B4,) be a cut—off function, with £ = 1in B3, andlet 7 : R — R be an
increasing Lipschitz continuous function, such that 7 (0) = O and |7| < 1. From the weak
formulation of problem (P,) applied with test function 7 (u,) ¢, we obtain, after crossing
out some nonnegative terms and using (4.1)—(4.2),

T
/(; / B (x, 8 up) T (un) & < IF L1 By, x 0.7y + ol L1(sy,)
By,

T
+/ / latx, 1, Duy)| D).
0 By,

Hence, by (4.7) and (2.2), {h,(x,t,un) 7 (un)},>5, is bounded in Ll(B3p x (0, T)).
From this and assumption (2.6) Claim 1 then follows.

CLAIM 2. There exists u € M*1 (B3, x (0, T)), with Ty () € LP(0, T; Wl'p(B3p))

for all k£ > 0, such that, up to a subsequence,

Uy — u ae. inBs, x (0,T), Ti(up) — Ti(u) weaklyin LP(0, T; W'P(Bs,)).

For, we borrow an argument from [20]. Fix k > 0 and take a regularized of Ty (s),
namely an odd, nondecreasing function 7; : R — R of class C? such that T;(s) = s for
|s| < k/2, and Ti(s) = k for |s| > k. Note that, by (4.4), {Ti (1) }n>5, is a bounded
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sequence in L” (0, T'; wl.r (B4p)). Moreover, since u,, solves (P,), we have the following
identity in L'(0, T; W—"7'(B,) + L'(B,))

(Tr(un)) = T} (un) u,,
=div(a(x,t, Duy) T/ (un)) — a(x, t, Dup) Du, T} (uy)
—h,(x,t, un)Tk/(un) + f,,’];c/(un).

From (2.2), (2.3), (4.1), (4.4), and Claim 1, it then follows that {’]Z(u,,)}nz5p is bounded
inL? o, T; W_l”’,(B3p)) + Ll(B3p x (0, T)). Hence, by a classical compactness result
(see [22]), {Zx (un)}n>5p is relatively compact in L” (B3, x (0, T)). In particular, up to a
(not relabeled) subsequence, {7 () },>5, converges in measure and a.e. in B3, x (0, T),
asn — oo and for every fixed k > 0. We can now show that {u, },>5, converges in measure
by arguing as in [4]. We observe that, for alln,m > 5p and 0, k > 0,

meas({(x, 1) € B3, x (0, T) : [(uy —up)(x,1)| > o})
< meas({|Zx (un) — Tk (um)| > o}) + meas ({{un| > k/2}) + meas ({lum| > k/2}) .

Property (4.5) implies that the sets {|u, | > k/2}, {|u;n| > k/2} have small measure for
large k uniformly with respect to n, m. Therefore, for every small € > 0 we can find k. > 0
not depending on n nor on m, such that

meas({(x, 1) € B3, X (0, T) : [(up — um)(x,1)| > 0})
< meaS({|77<€ (un) — 7765 (um)| > o}) +e.

Since {7, (n)}n>5, converges in measure in Bz, x (0, T'), by the arbitrariness of € > 0
we get the same for {u, },>5,. Hence, by going to a further subsequence if necessary, there
exists # measurable such that

up, — u ae.in B3, x (0,7), 4.8)

and, by (4.5), we also have u € M* (B3, x (0,7T)). Furthermore, (4.4) implies that
{Ti(un)}n>5, weakly converges in L7 (0, T; Wl"’(B3p)). On the other hand, by the domi-
nated convergence theorem and (4.8), we get that {7} (u,,)},>5, strongly converges to Ty (u)
in L9(B3, x (0, T)) for every q. Hence, the weak limit of {7} (u,)},>5, must be Ty (u),
and Claim 2 is completely proved. Note also that, since T («) € LP(0, T} Wl’p(B3p)) for
every k > 0, then u is provided with its weak gradient Du in the sense of Lemma 2.1.

CLAIM 3. h,(x, t, u,) — h(x,t,u) strongly in Ll(B3p x (0, T')), up to a subsequence.

By Claim 2 and the definition of 4,, we have that, up to a subsequence, h, (x, t, u,) —
h(x,t,u) ae.in B3, x (0, T). Hence, in order to prove Claim 3, it is enough to show
the equintegrability of {h, (x, t, uy)}n>50 in B3, x (0, T). In order to do this, we argue as
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in [8] and we apply the weak formulation of (P,) with test function 77 (G (u,)) ¢, where
¢ € D(B4p) is a cut—off function constantly equal to 1 in B3,. As in the proof of Claim 1,
we obtain

// |hn<x,r,un)|s/f \a(x. 1, Dun)| | DE|
% ‘AZAp

k+1.3p

+ // If(x,t)|+/ g ()1,
AL 4p Ba,pN{lug| >k}

with .AZ’p = {(x,t) € By x (0,T) : |up(x,1)| > k}. By (4.5), meas(AZAp) — 0 as
k — oo uniformly in n, so that, by (4.7) and (2.2), for every small ¢ > 0 we can find
a large enough k. > 0 such that, for alln > 5p,

f/ |hn(x,tyun)|§€-
An

ke+1.3p

Therefore, for any measurable set E C B3, x (0, T'), by using also (4.3) and (2.6), we
get

// |hn(x3 ts”l’l)' S € +// |hn(x1t7 Mn)| S € +// Hkg-‘rl(x!t)v
E EN(AY ,13,)° E

so that the left hand side integral is arbitrarily small for meas(E) small enough, uniformly
with respect to n. This is precisely equintegrability for {h,(x, f, u;)},>5,, whence Claim 3
follows.

CLAIM 4. Du € M9'(B,, x (0, T)) and, up to a subsequence,
Du, — Du ae.in By, x (0,T),
a(x,t, Du,) — a(x,t, Du) strongly in Ll(B2p x (0, T)).

Indeed, we can apply the technique developed in [7] in order to show that {Du,},>5,
converges in measure in By, x (0, T). We fix o > 0 and, for all n, m > 5p, we consider
the set

Bum :=1{(x,t) € Bopy x (0, T) : |[D(up —um)(x,t)| > o}

Henceforth, unless otherwise stated, all the set we consider are contained in By, x (0, T)
and we omit the dependence on o, which is fixed. We have

Bn,m {IDuy| > viU {|Duy| > viU {luy — um| > k}
U{lDu,| < v, |Dup| <v,|u, —uml| <k, |Duy, — Duy| > o}.

Let us call C,‘fj],ﬁ the last set above. Then, by (4.6), for every small € > o we can select
Ve large enough to have, for all n, m > 5p,

meas(B,, ;) < € + meas({|u, — upm| > k}) + meas(C,ff;,f). 4.9)
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In order to estimate the measure of C,‘:E,,f , we apply the weak formulations of (P,) and (P,,)
both with test function Ty (u, — u,) ¢, where ¢ € D(B3,) is a cut-off function satisfying
¢ = lin B;,. We subtract the two resulting identities, cross out the positive term given by

the integration of (1, — u,,)’, and we use (4.1), (4.2), (4.7) and Claim 1. We in particular
obtain

// k(a(x, t, Du,) —a(x,t, Duy)) (Du, — Du,,)
Caén

< 2kl (B, x 0.7y + ol L1(sy,)

+ sup (1nll L1 (B3, x 0.7y + lla(x, 1, Dun) DE || 11 gy, % 0,7)))]s (4.10)
n>5p

with h, = h,(x, t, u,). Next, we introduce the compact set
Ke = {(61,6) e RV ¢ |&1] < ve,|82] < ve, [E1 — &2 = 0},

and we notice that, by assumption (2.5), the function

Ye(x,1) := (Elgi)lé& [(a(x.1,81) —a(x,1,82)) (61 —5)]

is strictly positive fora.e. (x, ) € By, x (0, T'). Therefore, there exists 6. > 0 correspond-
ing to € such that, for any measurable set E C By, x (0, T),

//ye(x, t)dxdt <5 — meas(E) < €.
E

Now, by (4.10), we can choose k = k. so small as to have

//C kéye(x, 1< //c ké(a(x, t, Duy) —a(x,t, Duy)) (Du, — Duy,) < b,

which implies
meas(C,‘l’f;,f‘) <e.
Hence, from (4.9) it follows that
meas(By, m) < 2€ + meas({|up — um| > ke}).

Since by Claim 2 {u,},>5, converges, up to a subsequence, in measure in By, x (0, T),
from the above inequality we then deduce the same for {Du, },>5,.

Hence, up to a further subsequence, {Du,},>5, converges a.e. to some vector v(x, ),
which belongs to M9 (B3, x (0, )N by (4.6). Therefore, { DTy (u,)}n>5, converges to
U X{lu|<k) .. in B2, x (0, T) and, by (4.4), strongly in L9 (B>, x (0, )N for all q < p.
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On the other hand, Claim 2 implies that {D Ty (u)},>5, converges to DTy (u) weakly in
Li(By, x (0, TH)N for all ¢ < p. Thus, DTy (u) = V X{lu|<k) for every k > 0, that is
v = Du is the weak gradient of u in the sense of Lemma 2.1 and {Du, },,>5, converges a.e.
to Du, always up to a subsequence. The strong convergence of {a(x, t, Du,)},>5, is then
a consequence of (4.7), and Claim 4 is completely proved.

CLAIM 5. u, — u strongly in C ([0, T']; L! (Bp)), up to a subsequence.

For, we can argue in a similar way we have done for the previous claim, and we apply
the weak formulations of (P,) and (P,,) with test function T (u, — umm) ¢ X(0,r), for a fixed
t € [0,T] and with { € D(By,) identically 1 in B,. If we subtract the two resulting
identities and we now cross out the positive term involving the gradients, in place of (4.10)
we obtain

/ S1(up —um)(x,1) < |l(a(x,t, Duy) —a(x,t, Dum))D§||L1(32p><(o,T))

By
+ M = bl L1y, x 0.7y + 14 — ug I 1(B,,)
+ 1fn = fullL1(By, % 0.7)-

Claim 5 then follows from the above inequality as a consequence of definition (2.9), (4.1),
(4.2) and Claims 3 and 4.

By applying repeteadly Claims 2, 3, 4 and 5 and by following a diagonal procedure as
in [17], we can extract from {u,},>1 a (not relabeled) subsequence for which there exists
a globally defined function u such that

up — ue M @R x[0,T]) ae. in RY x (0,7),

loc

Du, — Du e M" RN x [0, TDV ae. in RY x (0,7),

loc
Te(uw) = Ti(u) weaklyin LP(0,T; W,oP RN)),
a(x,t, Du,) — a(x,t, Du) strongly in LI(O, T; LIIOC(RN)) ,
Bu(x,t,uy) — h(x,t,u) stronglyin L'(0, T; L] .(R)),
up — u strongly in C([0, TT; L}, .(RM)).

The last convergence implies that u(x, 0) = ug(x) in LllOC (RM), whereas the other limit

equalities allow n — oo in the weak formulation of (P,). This yields that u satisfies
problem (2.1) in the sense of distributions.

Proof of Theorem 2.4. The conclusion follows by arguing exactly as in the proof of
Theorem 2.2 and by applying Lemma 3.8 together with Remark 3.9.
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REMARK 4.13. It is not hard (see [21]) to show that the solution u constructed both in
Theorem 2.2 and in Theorem 2.4 enjoys the following property

T
/0 (@1, Te(u — @) 0) dt + /N[Sk((u —@©)(x, T)) — Se(uo(x) — @(x, 0)]F dx
R
T
+ /fa(x,t, Du) D (Txy(u — @)v) dx dt
0 JRN
T
+ f/h(x,t,u)Tk(u—(p)z?dxdt
0 JRN

T
S//f(x,t)Tk(u—@z?dxdt 4.11)
0 JRN

forallk > 0, ¢ € L?(0, T; WIL’CP(RN)) N L0, T; L(RY)), with ¢, € LP'((0, T);
W, 7 (RV)), and 9 € D(RY), with # > 0.

This inequality is a local version of the entropy inequality introduced in [4] for ellip-
tic equations, and in [21] for the time dependent case. It makes sense for functions
u € C([0, TT; L] .(RY)) such that Ty(u) € LP(0,T; WI};C”(RN)) for every k > 0, and
it may be used as a stronger definition of solution for problem (2.1). Indeed, if u is such
that la(x, t, Du)|, h(x,t,u) € L'(0, T; L} (R")) and (4.11) holds true, then u is a dis-
tributional solution of (2.1). For globally integrable data, the entropy inequality is an extra
condition giving uniqueness of solution (see [4, 21]). In case of locally integrable data, the

uniqueness of solution is still an interesting open problem.

We conclude this section with the following
Proof of Theorem 2.5. We proceed by approximation as in the proof of Theorem 2.2,
and we construct, by using e.g. a standard fixed point argument, a sequence of functions

u, € L*°(B, x (0, T))NLPQO,T; Wol’p(Bn)) solving the problems

u," —div(a(x,t, Dup)) + h,(x,t, u,)

+F'n(-x7t7 Dun)zfn(xat) in Bn X(Oa T)a (P/)
Un(x,1) =0 ondB, x (0,T), "
l/l(.x, O) = M()(.x) in an

with u), := uns, frn = Tu(f), hy := T,(h/j)j and F, := T,(F). Note that &, and
F, still satisfy respectively (2.17) and (2.18). Thus, we can apply Lemma 3.12 and we
obtain that

{tn}n>1 isboundedin L0, T; L2 (RY)).
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By following now exactly the argument of [19] and by applying a diagonal procedure as in
the proof of Theorem 2.2, we obtain the existence of a function u € L*°(0, T; L® @R¥)HN

loc
LP,T; Wli)’cp (RN )) such that, up to a subsequence,
: P .whpmN
u, — u strongly in LP(0, T; W7 (R™)).

Then, we can let n — oo in the weak formulation of (P,) and we obtain that u is
a distributional solution of (2.15).
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