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Introduction

This thesis is devoted to the study of a class of nonlinear parabolic initial boundary
value problems with measure data, in bounded domains. If @ C RY, N > 2, is a
bounded open set, let A(u) = —div(a(t,z, Vu)) be an operator acting from the space
LP(0,T; W, P(Q)) into its dual L¥ (0, 7; W~ (Q)), p > 1, and satisfying the Leray-
Lions assumptions (see (1.3.5)—(1.3.7) below) which imply appropriate coercivity and
monotonicity properties. We study, under suitable hypotheses, the existence and the
asymptotic behavior of solutions of initial boundary problems of the type

u + A(u) =p  in (0,7) x Q,
(1) u(0,z) = up(x) in
u(t,z) =0 on (0,7) x 09,

where p is a general bounded Radon measure on @ = (0,7) x Q, and uy € L'(Q),
T > 0. To fix the ideas, one can consider, as a special example of (1), the p-Laplace
initial boundary value problem:

uy — div(|[VuP™2Vu) = p in (0,7T) x Q,
(2) u(0,z) = up(x) in Q,
u(t,z) =0 on (0,7") x 092.

If both A and p do not depend on time, then A reduces to an elliptic monotone operator
satisfying the classical Leray-Lions assumptions acting from VVO1 P(€) into its dual space
W= (Q); in this case we will investigate the asymptotic behavior of the solutions
of problem (1) as ¢ goes to infinity, proving that it converges, in a suitable way, to the
stationary solution of the same problem, that is to the solution v of the elliptic boundary
value problem

3) {—div(a(x, Vo)) =p inQ,

v=0>0 on 0.

The difficulties in the study of such problems concern the possibly very singular right
hand side that forces the choice of a suitable formulation that ensures both existence
and uniqueness of the solution.
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If w € W=H'(Q), a unique solution of problem (3) exists in a variational sense
(see [LL]); on the other hand, if 4 is a bounded Radon measure on € the question of
existence and uniqueness of solution for problem (3) was extensively studied, from the
work of G. Stampacchia in [S], for linear operators, and from [BG] in the nonlinear
case; the literature in this topic is wide and a full list of references can be found in [B6],
[BGO], and [DMOP]; indeed, the introduction of the notions of duality, entropy, and
renormalized solution allowed the authors to prove existence of solution and, in most
case, uniqueness.

On the other hand, in the parabolic case a similar approach was followed; if u €
LP(Q) and ug € L?*(Q), (1) has a unique solution in a suitable energy space and in
C(0,T; L*)) (see [L]). Moreover, if y is a bounded Radon measure on @ that does
not charge the sets of zero parabolic p-capacity (see Definition 1.36 below), the so-called
soft measures or absolutely continuous measures with respect to the parabolic p-capacity,
the notion of both entropy and renormalized solution for problem (1) can be given to
ensure existence and uniqueness of solution (see [Pr2|, [BM], [Pol] and [DPP] for the
general case); in [DP] the authors proved that these two notions of solution actually
turn out to coincide. Note that these solutions, as well as in the elliptic case, do not
belong to the energy space while, as a key property in this framework, their truncations
Ti(u) (where Ty(s) = max(—k, min(k, s))) do; that is Ty (u) € LP(0,T; W, 7(Q)).

If p is a general, possibly singular, Radon measure on (), then a distributional
solution of (1) was proved to exist in [BDGOJ; unfortunately, as in the elliptic case,
this notion is too weak to ensure uniqueness as simple examples show; we will deal with
this question in Chapter 4.

In Chapter 1 we first recall some basic tools and preliminary results concerning
PDE theory and, in particular, we will state a generalized integration by parts formula,
a Simon type compactness result and a useful trace result contained in [Pol]; moreover,
we introduce the notation we will use throughout the thesis. Then, we give a brief
review of what has been done (up to now) in the theory of both elliptic and parabolic
differential problems with measure data.

Chapter 2 is devoted to the study of the asymptotic behavior, as T" tends to infinity,
of the entropy solution of problem

ur+ Alu)=p in (0,7) x
(4) u(0,z) = ug(x) in Q,
u(0,2) =0 on (0,7) x 09,
where A is a monotone operator of Leray-Lions type, ug € L'(f) is a nonnegative

function, and p is a nonnegative bounded Radon measure on () not charging the sets of
parabolic zero p-capacity (we will denote by My(Q) the space of such measures); here
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both a and p are supposed to be independent on time. Note that the uniqueness of such
a solution allow us to deal with a unique function well defined for any 7" > 0. We first
characterize the measures we consider; indeed, it is easy to see that, if u € My(Q) does
not depend on time, the p = f — div(G) with f € L'(Q) and G € (L¥ ()" that is,
thank to a result of [BGO], u € My(2), the space of all bounded Radon measures on
Q) that do not charge the sets of zero elliptic p-capacity. The main result of this chapter
is the proof that, under suitable hypotheses, the entropy solution u(t, x) of problem (4)
converges to the stationary solution v of problem (3), at least in L'(€). The proof of
this fact is achieved in several steps: we first prove it in the easier case when ug = 0
with the use of a comparison lemma which shows, in particular, that u(¢, z) is monotone
nondecreasing in time. To deal with the general case, we prove an improved comparison
result, generalizing a result of [Pa] which dealt with elliptic problems, between entropy
sub and super solutions; this fact, together with standard compactness arguments, allows
us to conclude. Note that, to treat the general case, we also prove a technical lemma
that involves a homogenization argument and, in particular, a nonlinear G-compactness
theorem contained in [CDD]. In the last section we show how, in the linear case,
the same result can be obtained for a general, possibly singular, datum g using the
framework of duality solutions that apply to the parabolic setting as well as to the
elliptic one. All these results are contained in [Pel].

In Chapter 3, whose main issues are contained in a joint work with Tommaso Leonori'
(see [LP]), we give the same type of result for a rather different class of operators; in
fact, we study a quasilinear problem whose model is

u — Au+ g(u)|Vul> = f in (0,T) x Q,

(5) u(0,z) = ug(x) in Q,
u(t,z) =0 on (0,7) x 09,
where ug € L'(Q) is nonnegative, g : R — R is a real function in C*(R) such that
(6) g(s)s >0, Vs € R,
(7) g'(s) >0,Vs € R,

and f(r) € L'(Q) is a nonnegative function independent on time; in the literature, the
absorption term |Vu|? is said to have a natural growth since it forces, in some sense, the
solution to belong to the energy space L?(0,T; Hj(f2)). These kind of equations, that
naturally arise from a class of variational problems, have been largely studied recently;
the assumptions on the nonlinearity g, namely (6) and (7), are rather standard since
they ensure, for instance, the uniqueness of the solution.

IDepartment of Mathematics, University of Tor Vergata, Rome.
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Actually, the asymptotic result is obtained via a suitable use of a comparison result
contained in [BaM], and then applying arguments similar to those of Chapter 2. We
first prove the result in the homogeneous case (proving that the solution is monotone
nondecreasing in t), then for special initial data (that is, for instance, taking wug as
the solution of the stationary problem), and finally, in the general case, by a suitable
approximation argument.

As we said before, to apply arguments of Chapter 2 and 3 we need to impose a
restriction on the regularity of the datum p which, essentially, has not to charge the sets
of zero parabolic p-capacity; if 11 is a general, possibly singular, bounded Radon measure
(we say that € M(Q)) we need to prove that a solution exists in a sense which should
ensure uniqueness; this machinery was developed, in the elliptic case, with the use of
the notion of renormalized solution extending the one of entropy solution.

Chapter 4 of this thesis is devoted to the proof of the existence of a renormalized
solution for problem (1) and to the study of its main properties.

We first introduce our main assumptions on the operator a and on the data, recalling
a fundamental decomposition theorem for general measures in M (Q) proved in [DPP];
that is, if u € M(Q) then we have

(8) w=f—div(G) + g; + ps,

in the sense of distributions, for some f € L(Q), G € (L¥ (Q))N, g € LP(0,T; W, (Q)),
and pus L p-capacity ; note that the decomposition of the absolutely continuous part
of p is not uniquely determined. We denote by py the absolutely continuous part of
the measure p with respect of the p-capacity, that is, py = f — div(G) + g; using the
notation of (8).

In Section 4.2 we give the definition of a renormalized solution for problem (1) and
we prove a basic estimate enjoyed by any of these solutions (see Proposition 4.3). If g
is as in (8), for the sake of simplicity, we will often refer to the renormalized solution u
as well as its regular translation v = u — g¢.

In our setting, let © € M(Q) and uy € L'(Q). A measurable function u is a
renormalized solution of problem (1) if, there exists a decomposition (f,G,g) of pg
such that v € L9(0,T; W, Q) N L>®(0,T; LY(Q)) for every ¢ < p — NLH, Ti(v) €
LP(0,T; W, ?(Q)) for every k > 0, and for every S € W**®(R) (S(0) = 0) such that S’

has compact support on R, we have

—/QS(uo)go(O) dx —/0 {1, S(v)) dt—l—/QS/(v)a(t,LVu) -V dxdt

+/ S"(v)a(t,z, Vu) - Vv ¢ dedt = / S’ (v) dfig,
Q Q
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for every o € LP(0,T; Wy P(Q)) N L2(Q), ¢, € LP (0, T; W17 (Q)), with ¢(T, z) = 0.
Moreover, for every ¢ € C(Q) we have

1
(10) lim —/ a(t,z,Vu) - Vo ¢ dedt = / Y dut,
n—+oo N {n<v<2n} Q
and
1
(11) lim —/ a(t,x,Vu) - Vo ¢ dedt = / Y dug
n—too 1 {—2n<v<—n} Q

where uf and p are respectively the positive and the negative part of the singular part
s of p.

The feature of the definition of renormalized solution relies on the reconstruction
properties (10) and (11); they show that, in some sense, the energy of a renormalized
solution u, where it is large, goes to reconstruct the singular part of the measure pu.

The basic estimate enjoyed by any renormalized solution is

(12) /Q VT()P dedt < C(k+ 1),

for any k > 0, where C' is a positive constant.

Section 4.3 is devoted to the proof that any renormalized solution, actually its regular
translation v, admits a cap,-quasi continuous representative (i.e. continuous everywhere
but on a set of arbitrary small p-capacity) defined cap,-almost everywhere (Theorem
4.11); to this aim, we use an estimate which allows us to conclude that any function in
the space

{u € LP(0,T; Wy () N L®(Q);uy € LP (0, T; W(Q)) + LHQ)},

admits a cap,-quasi continuous representative defined cap,-almost everywhere; this fact,
by proving that v is finite cap,-almost everywhere, will prove Theorem 4.11. Notice that
this interesting property justifies, in some sense, the fact that we use S(v) against g
(the absolutely continuous part of p) in the renormalized formulation (see Corollary
4.9), where S is a real bounded Lipschitz continuous function on R. In Section 4.4
we introduce the setting of the approximation argument which we shall use to prove
existence of a renormalized solution; in particular, we first discuss how the definition of
renormalized solution does not depend on the decomposition of ;y we approximate, and
then we state a standard compactness result (Proposition 4.15) that will be central in
the rest of the chapter.

A key role to prove existence is the proof of Theorem 4.20 to which Section 4.5 is
devoted; that is, the strong convergence of the truncations T (v) of the approximating
sequence. Here, following an idea of [DMOP] we construct suitable cut-off functions
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15 that allow us to work , separately, far from and near to the set E where the singular
part of the measure p is concentrated.

In Section 4.6 we prove that a renormalized solution actually exists using the result
of Theorem 4.20; to do that we make use again of the cut-off functions s to split the
proof into its easier part (far from E) and its harder part (near to E).

Finally, in Section 4.7 we try to emphasize the fact that, as in the elliptic case, the
notion of renormalized solution should be the right one to ensure uniqueness since we
prove that, in the linear case, this fact turns out to be true; indeed, if A is linear, we
show that the renormalized solution u turns out to be a solution in a duality sense
as so it is unique. In the last part of this section we also mention, as an interesting
application of properties (10) and (11), that an Inverse Mazimum Principle (we use
the terminology introduced in [DuP] in the case of the Laplace operator) apply to
general parabolic monotone operators with singular measure data; that is, for instance:
nonnegative renormalized solutions arise from nonnegative singular measure data. All
the results of Chapter 4 are contained in [Pe2].

Acknowledgements. Fist of all I would like to thank Luigi Orsina who suggested
all the topics I worked on during these years, providing his constant effort and his
experience to work in a confortable and stimulating environment. I also wish to express
my gratitude to Lucio Boccardo, Alessio Porretta e Tommaso Leonori for their friendship
and their deep contribution to my work. A Special thank goes to my friends Marcello,
Mariapia, Giampiero, Caterina, Adriano, Daniele, Marco, Ivano, Luca, Silvio, i babalot
and everyone who shared these years with me. This thesis and all my work are devoted
in particular to my family, who allowed to carry on my studies peacefully, and to Ilaria.



CHAPTER 1
A review on some preliminary tools and basic results

1.1. Notations, functional spaces and basic tools

We set by RY the N-Euclidian space (simply R if N = 1) on which the standard
Lebesgue measure is considered, as defined on the o-algebra of Lebesgue measurable
sets. The scalar product between two vectors a,b in RY will be denoted by a - b or
simply @b in most cases. Given a bounded open set Q of RY, whose boundary will be
denoted by 02, and given a positive T, we shall consider the cylinder Q7 = (0,7") x €2
(or simply @ where there is no possibility of confusion), setting by Cy(Q) and C§°(Q),
the space of continuous, respectively C'*°, functions with compact support in €2, while
C(Q) will denote functions that are continuous in the whole closed set ; moreover we
will indicate by C§°([0,T] x Q) (resp. C5°(]0,7) x 2)) the set of all C* functions with
compact support on the set [0, 7] x ) (resp. on [0,7) x Q).

For the sake of simplicity here we will denote by D any bounded open subset of RV
(that in the rest of this thesis would indicate €2, (0,7) x Q, @, etc...). We will deal with
the space M (D) of Radon measures p on D that, by means of Riesz’s representation
theorem, turns out to coincide with the dual space of Cy(D) with the topology of locally
uniform convergence; we shall identify the element p in M (D) with the real valued
additive set function associated, which is defined on the o-algebra of Borel subsets of
D and is finite on compact subsets. Thus with g™ and g~ we mean, respectively, the
positive and the negative variation of the Hahn decomposition of u, that is p = pu*—u~,
while the total variation of y will be denoted by |u| = ut+ . Since we will always deal
with the subset of M (D) of the measures with bounded total variation on D, to simplify
the notation we will denote also by M (D) this subset. The restiction of a measure p on
a subset F is denoted by p_ E and is defined as follows:

plE(B)=pu(ENB), forevery Borel subset B C D.

If p=pl E we wll say that p is concentrated on F.
For 1 < p < oo, we denote by LP(D) the space of Lebesgue measurable functions
(in fact, equivalence classes, since almost everywhere equal functions are identified)

9
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u : D — R such that, if p < 0o

1
P
u|l e (D) = (/ |u|? dx) < 00,
Q

or which are essentially bounded (w.r.t Lebesgue measure) if p = co. For the definition,
the main properties and results on Lebesgue spaces we refer to [B]. For a function u in

ou
a Lebesgue space we set by — (or simply u,,) its partial derivative in the direction z;
g Y B Y Uz,
l’A

defined in the sense of distribu%ions, that is

<uxi’90> - _/ UPy, dz,
D

and we denote by Vu = (g, ..., Uz, ) the gradient of u defined this way.

The Sobolev space W'P(D) with 1 < p < o0, is the space of functions u in L?(D) such
that Vu € (LP(D))", endowed with its natural norm ||ul|w1s(py = ||ul|Le(py+ || Vel o (D),
while Wy ”(D) will indicate the closure of C$°(D) with respect to this norm. We still
follow [B] for basic results on Sobolev spaces. Let us just recall that, for 1 < p < oo,
the dual space of LP(D) can be identified with L* (D), where p' = £ is the Holder
conjugate exponent of p, and that the dual space of Wol’p(D) is denoted by W=7 (D).
By a well known result, any element of 7 € W~ (D) can be written in the form
T = —div(G) where G € (L*'(D))".

For every 0 < p < oo, we introduce the Marcinkiewicz space M?(D) of measurable
functions f such that there exists ¢ > 0, with

c
meas{x : [f(x)] > k} < w’
for every positive k; it turns out to be a Banach space endowed with the norm

7l = inf {e > 0 measte: [7(2)] = k3 < (£)'}

Let us recall that, since D is bounded, then for p > 1 we have the following continuous
embeddings

L(D) = M"(D) — L' (D),

for every € € (0,p — 1].

Finally, let us spend a few words on how positive constant will be denoted hereafter.
If no otherwise specified, we will write C' to denote any positive constant (possibly
different) which only depends on the data, that is on quantities that are fixed in the
assumptions (N, €, @, p, and so on...); in any case such constants never depend on the
different indexes having a limit we often introduce, for instance ¢, §, n that vanish or n, k
that go to infinity; here and in the rest of the thesis w(v,n,e,n, h, k) will indicate any
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quantity that vanishes as the parameters go to their (obvious, if not explicitly stressed)
limit point with the same order in which they appear, that is, for example

lim lim sup lim sup lim sup |w(e, n, 6, v)| = 0.

v=0 5,0 n—+oo e—0
Moreover, for the sake of simplicity, in what follows, the convergences, even if not
explicitly stressed, may be understood to be taken possibly up to a suitable subsequence
extraction.

We already said that we refer to [B] for most basic tools in Lebesgue theory and
Sobolev spaces; however, among them, let us recall explicitly some that will play a
crucial role in the methods we use.

(1) Generalized Young’s inequality: for 1 < p < oo, p' = }% and any positive € we
have: ,
ab < epa—p + i,g, Ya,b > 0.
p ey
(2) Hélder’s inequality: for 1 < p < oo, p' = ﬁ, we have, for every f € LP(D)
and every g € L¥'(D):

[ysstaes (e (for)”

(3) Let 1 < p < oo, p' = L5, {fu} C LP(D), {9.} C LP (D) be such that f,
strongly converges to f in LP(D) and g, weakly converges to g in L' (D). Then

lim [ f.on dx:/fgdx.
D D

n—oo

The same conclusion holds true if p = 1, p’ = oo and the weak convergence of
gn 1s replaced by the x-weak convergence in L*°(D). Moreover if f, strongly
converges to zero in LP(D), and g, is bounded in L¥ (D), we also have

lim frngn de=0.
D

(4) Let f, converge to f in measure and suppose that:
3C > 0, q > 1: ||fn||Lq(D) < C, Y n.
Then
fn — f strongly in L*(D), for every 1 < s < gq.

(5) Fatou’s lemma: Let 1 < p < oo, and let {f,,} C LP(D) be a sequence such that
fn— fae. in D and f, > h(x) with h(xz) € L' (D), then

fdx <lim inf/ fn dx.
D

—
D n—oo
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(6) Generalized Lebesque theorem: Let 1 < p < oo, and let {f,} C LP(D) be a
sequence such that f, — f a.e. in D and |f,| < g, with g, strongly convergent
in LP(D), then f € LP(D) and f, strongly converges to f in LP(D).

(7) Let {f,} € L'(D) and f € L*(D) be such that, f, >0, f, — f a.e. in D, and

lim fn dx—/fdx

n—oo

then f, strongly converges to f in L'(D)
(8) Vitali’s theorem: Let 1 < p < oo, and let {fa} C LP(D) be a sequence such
that f, — f a.e. in D and

meas(E)—0 p

(1.1.1) hm sup/ | ful? dx = 0.

Then f € LP(D) and f, strongly converges to f in LP(D).
(9) Let {f,} € L'(D) and {g,} C L*>(D) be two sequences such that

fn — f weakly in L'(D),

gn — ¢ a.e. in D and x-weakly in L*>(D).
Then
lim fngn dx—/fgdx.
D

n—oo

REMARK 1.1. Property (1.1.1) is the so called equi-integrability property of the
sequence {|f.|P}. We recall that Dunford-Pettis theorem ensures that a sequence in
LY(D) is weakly convergent in L'(D) if and only if it is equi-integrable. Moreover,
results (4), (6) and (7) can be proven as an easy consequences of Vitali’s theorem and
so we will refer to them as Vitali’s theorem as well. For the same reason we will refer
to result (9) as Egorov theorem.

For functions in the Sobolev space W,”(D) we will often use Sobolev’s theorem
stating that, if p < N, Wy*(D) continuously injects into LP"(D) with p* Npp; if
p = N, Wy(D) continuously injects into LI(D) for every ¢ < oo, while, if p > N,
Wy (D) continuously injects into C'(D). Let us also recall Rellich’s theorem stating
that, if p < N, the injection of Wol’p(D) into L(D) is compact for every 1 < ¢ < p*,
and Poincaré’s inequality, that is, there exists C' > 0 such that

[ullzopy < ClIVull oy~

for every u € W, (D), so that V|| (ze(py)~ can be used as equivalent norm on W, (D).
We will often use the following result due to G. Stampacchia.
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THEOREM 1.2. Let G : R — R be a Lipschitz function such that G(0) = 0. Then for
every u € WyP(D) we have G(u) € WyP(D) and VG(u) = G'(u)Vu almost everywhere
mn D.

PROOF. See [S]. O
Theorem 1.2 has an important consequence, that is
Vu=0 ae. in F,={z:u(z) =c},

for every ¢ > 0. Hence, we are able to consider the composition of function in VVO1 (D)
with some useful auxiliary function. One of the most used will be the truncation function

at level k& > 0, that is Tj(s) = max(—k, min(k, s));

‘Tk(s)
kE — —

k

|
I
— |
I
| k s
|

_— %7k
thus, if u € WyP(D), we have that Ty(u) € Wy?(D) and VT;(u) = Vux ucr) a-e.
on D, for every k > 0.
If u is such that its truncation belongs to I/VO1 P(D), then we can define an approxi-

mated gradient of u defined as the a.e. unique measurable function v : D — R¥ such
that

(1.1.2) v = VTi(u)

almost everywhere on the set {|u| < k}, for every k£ > 0 (see for instance [B6))

1.1.1. Spaces of functions with values in a Banach space. Now we want to
recall some feature about spaces of functions with values in a Banach space, that is one
of the most important tool to deal with evolution problems.

Given a real Banach space V', we will denote by C*°(R; V') the space of functions
u : R — V which are infinitely many times differentiable (according to the definition
of Frechet differentiability in Banach space) and by C§°(R; V') the space of functions in
C*°(R; V') having compact support. As we mentioned above, for a,b € R, C§°([a,b]; V)
will be the space of restrictions to [a, b] of functions of C§°(R; V'), and C([a,b]; V') the
space of all continuous functions from [a, b] into V.

We recall that a function w : [a,b] — V is said to be Lebesgue measurable if there
kn

exists a sequence {u,} of step functions (i.e. wu, = Za?x an for a finite number £,
=1
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of Borel subsets A} C [a,b] and with @} € V) converging to u almost everywhere with
respect to the Lebesgue measure in [a, b].
Then for 1 < p < oo, LP(a,b; V) is the space of measurable functions u : [a,b] — V

such that
b :
fillonar = ([l ar) " < o
a

while L*>(a, b; V') is the space of measurable functions such that:

[l oe 0.y = sup [ully < oc.
Of course both spaces are meant to be quotiented, as usual, with respect to the almost
everywhere equivalence. The reader can find a presentation of these topics in [DL].

Let us recall that, for 1 < p < oo, LP(a,b;V) is a Banach space, moreover if for
1 < p<ooand V', the dual space of V| is separable, then the dual space of L?(a,b; V)
can be identified with L* (a, b; V).

For our purpose V' will mainly be either the Lebesgue space LP(2) or the Sobolev
space W, P(Q), with 1 < p < oo and Q is a bounded open set of RV, Since in this case V
is separable we have that L”(a,b; LP(2)) = LP((a,b) x §2), the ordinary Lebesgue space
defined in (a, b) x Q and L?(a, b; W, "(€2)) consists of all functions u : [a, b] x  — R which
belong to LP((a,b) x Q) and such that Vu = (ug,, ..., g, ) belongs to (LP((a,b) x Q)Y
(often, for simplicity, we will indicate this space only by LP((a,b) x €2)); moreover,

b v
(/ / |Vul? d:pdt)
a JQ

defines an equivalent norm by Poincaré’s inequality.

Given a function in L”(a,b; V') it is possible to define a time derivative of u in the
space of vector valued distributions D’(a, b; V') which is the space of linear continuous
functions from C§°(a, b) into V' (see [Sc]). In fact, the definition is the following:

b
(ug, 1) :—/ upy dt, ¥V e Cia,b),

where the equality is meant in V. If u € C'(a,b;V) this definition clearly coincides
with the Frechet derivative of u. In the following, when w; is said to belong to a
space L9(a,b;V) (V being a Banach space) this means that there exists a function
z € La,b; V) ND'(a,b; V) such that:

b
<ut,w>=—/ Wiy dt = (z,9), ¥ € C(a,b).
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ou
In the following, we will also use sometimes the notation o instead of u;. We racall

the following classical embedding result

THEOREM 1.3. Let H be an Hilbert space such that:
V - H=V'.

dense

Let u € LP(a,b; V') be such that u,, defined as above in the distributional sense, belongs
to L¥ (a,b; V'). Then u belongs to C([a,b]; H).

Proor. [DL], Chapter XVIII, Section 2, Theorem 1. O

This result also allows us to deduce, for functions v and v enjoying these properties,
the integration by parts formula:

(1.1.3) / (v, uy) dt +/ (u,v) dt = (u(b),v(b)) — (u(a),v(a)),

where (-, -) is the duality between V' and V"’ and (-, -) the scalar product in H. Notice that
(1.1.3) makes sense thanks to Theorem 1.3. Its proof relies on the fact that C3°(a, b; V)
is dense in the space of functions u € LP(a,b; V) such that u, € L¥ (a,b; V') endowed
with the norm [lul| = [[ullzeabv) + lwell 1o (g p1n)» together with the fact that (1.1.3) is
true for u, v € C§°(a, b; V') by the theory of integration and derivation in Banach spaces.
Note however that in this context (1.1.3) is subject to the verification of the hypotheses
of Theorem 1.3; if, for instance, V' = Wol’p(Q), then
WoP(Q) — LAQ) — W (Q)

dense

only if p > ]\2,—12; for the sake of simplicity we will often work under this bound, that

actually turns out to be only technical.

1.1.2. Further useful results. Here we give some further results that will be very
useful in what follows; the first one contains a generalization of the integration by parts
formula (1.1.3) where the time derivative of a function is less regular than there, an its
proof can be found in [DP] (see also [CW]).

LEMMA 1.4. Let f : R — R be a continuous piecewise C function such that f(0) = 0
and f' is zero away from a compact set of R; let us denote F(s) = fos f(rydr. If

w e LP(0,T; Wy P(Q)) is such that u, € L (0, T; W1 (Q)) + LYQ) and if ¥ € C(Q),
then we have

(1.1.4) /O (g, ()Y dt = /Q Fu(T))(T) da— /Q F(u(0))(0) da— /Q v F(u) dodt.
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Now we state three embedding theorems that will play a central role in our work;
the first one is an Aubin-Simon type result that we state in a form general enough
to our purpose, while the second one is a generalization of Theorem 1.3; the third
one is the well-known Gagliardo- Nirenberg embedding theorem followed by an important
consequence of it for the evolution case.

THEOREM 1.5. Let u”™ be a sequence bounded in LU(0,T; Wy 9(Q)) such that u} is
bounded in LY(Q) + L¥(0,T; W= (Q)) with q,s > 1, then u™ is relatively strongly
compact in LY(Q), that is, up to subsequences, u™ strongly converges in L'(Q) to some
function u € L*(Q).

PROOF. See [Si], Corollary 4. O
Let us define, for every p > 1, the space S? as
(1.1.5) SP = {u € LP(0, T; Wy ();u, € LH(Q) + LF' (0, T; W=7 (Q))},
endowed with its natural norm ||ul/s» = ||u||Lp(07T;W01,p(Q)) + [l ot o w10 ()4 £1(Q) -

We have the following trace result:
THEOREM 1.6. Let p > 1, then we have the following continuous injection
SP s C(0,T; L' ().
PROOF. See [Pol], Theorem 1.1. O

THEOREM 1.7 (Gagliardo-Nirenberg). Let v be a function in Wy () N LP(Q) with
q>1, p>1. Then there exists a positive constant C, depending on N, q and p, such
that

lollo@) < CIVOll @y Ilvl (e -
for every 6 and vy satisfying

1 1 1 1-6
0<0<1, 1<y<+, —:0(-__>+_,
gl q N p

PROOF. See [NJ, Lecture II. O
An immediate consequence of the previous result is the following embedding result:

COROLLARY 1.8. Let v € L(0,T; Wy (Q)) N L>(0,T; L7(Q)), with ¢ > 1, p > 1.
Then v € L7(Q) with o = q% and

Prq
/Q|U|ff dzdt < Cllvl| fo o 710 () /Q |Vol? dxdt .

PROOF. See [DiB|, Proposition 3.1. O
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Finally we want to recall some useful density results. Let us call V = W, ?(Q)NL*(Q)

endowed with its natural norm || - [[y0(q) + 1| - lz2(0) and
(1.1.6) W ={ue L(0,T;V), w € 1/(0.T;V)},
endowed with its natural norm |[ullw = [lullze@rv) + llwellp o707y We have the
following
THEOREM 1.9. Let 1 < p < oo, then C3°([0,T] x ) is dense in W.
PRrOOF. See [DPP], Theorem 2.11. O

Let us emphasize that, if u € W N L>*(Q), then the approximating sequence of
functions in C§°([0, 7] x ) that exists thanks to Theorem 1.9, can be chosen to be
bounded.

To conclude let us state a straightforward consequence of Corollary 2.3.2 in [Dr],
2N
N+2

PROPOSITION 1.10. If u € SP N L*(Q) then there exists a sequence of uniformly
bounded functions u™ € C*([0,T], Wy (Q)) that converges to u in SP; that is, if u; =
v 0@ e LYQ) + L¥' (0, T; W= (Q)), then u™ converges to u in LP(0,T; W, (Q2)),
ult = o™ 4@ with v that converges to vV in LY(Q) and v™?) converges to v

in LY (0, T; W=17(Q)).

(where we suppose p > just for simplicity).

1.2. Elliptic case

Here we want to give a brief review on basic results concerning elliptic differential
problems with measure data. We shall begin by recalling the variational case and the
linear case with the definition of duality solution, then we will discuss the case of general
Leray-Lions type monotone operators with measures, and finally we will mention the
case of lower order terms with natural growth. Next section will be devoted to discuss
the parabolic case associated with these problems.

Let 1 < p < +oo and © C RY a bounded open set and a : Q x RY — RV
a Carathéodory function (i.e., a(-, &) is measurable for every ¢ € RY, and a(z,-) is
continuous for a.e. x € ) such that

(1.2.1) a(z,§) - § > al],
for a.e. z € Q and for all £ € RV, with a a positive constant;
(1.2.2) la(z, )| < B(b(x) + [,

for a.e. z € Q and for every ¢ € RY, with 3 a positive constant and b a nonnegative
function in L (2);

(1.2.3) (a(z, &) —alz,n)) - (€ —n) >0,
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for a.e. x € Q and for every &, n € RN, & #£ 1.
Under these assumptions

A u— —div(a(z, Vu)),
turns out to be a continuous, coercive, monotone operator from I/VO1 P(Q) into its dual
space W1 ().
REMARK 1.11. First of all observe that a(z,0) = 0, for a.e. € Q. In fact, from
(1.2.1), for t > 0 fixed, one has
a(w,t€) - € > at? ¢,
for a.e. x €  and for all £ € RY; so, using the fact that
alz,t€) =% a(x,0),
for any £ € RY and for a.e. x € Q (thanks to the continuity of a with respect to its
second argument), we obtain
a(x,0)- £ >0 VE e RY;
therefore, taking —¢ in the place of £, in the above inequality, we conclude a(z,0) - § =

0 for a.e.z € Q and V& € RY and so a(z,0) =0 for a.e. z € Q.

We are interested in the study of the following problem:

(1.2.4) {—dW(a(:v, Vu)) =p inQ,
u=0 on 012,

where ;1 € M(Q); let us first focus on the case where u € W1 (Q).

1.2.1. Variational case. Observe that, if p > N, then, by Sobolev embedding
theorem, we have that M () C W~ (Q) and so we come back to this case.

DEFINITION 1.12. Let 1 < p < 400, then if f € W~ (Q), u is a variational solution
of problem (1.2.4) if:

u € Wy (Q),

1.2.5
( ) /QCL(.T, Vu) - Vo dz = (f, 90>W*1,P'(Q),W01’1’J(Q)7 Vo € Wol.p(Q)'

REMARK 1.13. In the linear case, i.e. when a(z,-) = A(z) with A(z) is an N x N
matrix with coefficients L>°(Q2) and p = 2, the existence of a variational solution u €
H}(Q) can be easily done via the use of Lax-Milgram theorem.

Let us state the existence theorem for variational solutions of problem (1.2.4), its
proof relies on an application of Schauder fized point theorem.
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THEOREM 1.14. The operator A : Wy*(Q) — W12 (Q) defined as A(u) = —div(a(-, Vu))

is surjective, and so, if f € W= (Q) then there exists u € W, *(Q) such that A(u) = f
in W=7 (Q), that is,

/Qa(x, Vu) -V dz = (f, @)W*l,P'(QLW&*p(Q)ﬂ Vo € W()LP(Q)'

PROOF. See [LLJ. O

The variational solution of problem (1.2.4) is also unique, in fact we have the fol-
lowing

THEOREM 1.15. The variational solution of problem (1.2.4) is unique, that is, if
f e W= (Q) then there exists a unique u € Wy (Q) such that A(u) = f in W1 (Q).

PROOF. Let u,v € W, (Q) such that A(u) = f and A(v) = f in W (Q). Using

(1.2.5) for both solutions and subtracting the one from he other we obtain
/(a(x, Vu) —a(x,Vv)) - Ve dx =0,
Q

for all ¢ € W,?(Q). So taking ¢ = u — v as test function, and using assumption (1.2.1),
we have easily conclude that u = v. U

REMARK 1.16. The variational problem turns out to admit a solution even if a is
more general; for instance a could depend explicitly (and continuously) from w with
suitable change of assumption (1.2.2); however uniqueness is not guaranteed in general
unless in the case 1 < p < 2 with a stronger assumption on a (see [BG2]).

1.2.2. Linear case. Let A(z) be a N x N matrix with entries a;;(z) € L*(Q)
satisfying assumption (1.2.1) (p = 2), and consider the linear problem

{L(u) =pu in €,

1.2.6
( ) u=0~0 on 0f).

where L(§) = —div(A(z)¢) and p € M(S2). Let us consider L* as the adjoint operator
of L defined by L*(u) = —div(A*(z)Vu) for all u € H}(Q), where A*(x) is the transpose
matrix of A(z). If f € W=1'(Q), with p’ > N we can consider

L*(v) = in
(1.2.7) (v)=f ing,
v=20 on Of).
Let v be the variational solution of problem (1.2.7); thanks to standard elliptic regularity

results we have that v € C'(Q2) and
(1.2.8) [vlle@y < M llw-10(q)-
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So, for every p’ > N, we can define

as
G(f) = v.

G, turns out to be linear and continuous; thus we can define the Green operator as

G | w(Q) — G,
p'>N
with
G* |W—1,p/(Q): G*/ .

p

This argument justifies the definition of duality solution given by G. Stampacchia in [S],
for the problem

(1.2.9) {Mm:” in £,

u=0 on 0f).

DEFINITION 1.17. Let p € M(Q) we will say that u € L*(2) is a duality solution of
problem (1.2.9) if

(1.2.10) /ug dr = / G*(g) dpu,
Q Q
for all g € L>(Q).

A duality solution, easily, turns out to be a distributional solution of problem (1.2.9)
and, if it exists, is obviously unique as an easy consequence of its definition.

THEOREM 1.18. Let pn € M(2), then there exists a unique duality solution of problem
(1.2.9). Moreover, u € Wy () with ¢ < 2.

PROOF. See [S]. O

REMARK 1.19. Notice that the regularity of the duality solution, that is u € W;(Q)
with ¢ < %, is sharp and cannot be, in general, improved; in fact one can think about
the fundamental solution of the Laplace operator in a ball. So, in general, we deal with
solutions that do not belong to the usual energy space; however notice that, as we will
see below, these infinity energy solutions turn out to have finite energy truncations at

any level.
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1.2.3. Weak solutions for monotone operators with measure data. A whole
theory was recently developed about the Dirichlet problem

—div(a(z, Vu)) = p  inf,
u=0 on 0,

where p € M(S2) and a satisfies assumption (1.2.1)—(1.2.3). As we said before, the
interest in study problem (1.2.11) arises if p < N, since, if p > N then M(Q) C
W17 (Q) and one can apply classical variational results (see Theorem 1.14 and Theorem
1.15). On the other hand, if p < N the solution of problem (1.2.11) cannot be expected
to belong to W,7(Q), nor is clear in which sense the solution should be considered.
As we said before, in the linear case, the notion of duality solution provided the right
tool to get existence and uniqueness for such a problem with general measure data;

(1.2.11)

unfortunately this method does not apply in the case of general nonlinear operators.
In this case, the key point is to look for solutions of problem (1.2.11) as limit of an
approximating sequence of regular solutions. Henceforward, we will say that a sequence
{pn} C M(Q) converges tightly (or, equivalently, in the narrow topology of measures)
to a measure p if

lim god,un:/godu, Ve C(Q).
Let us remark that u, converges tightly to u if and only if p, converges to u weak-x
in M(Q) and p,(€2) converges to u(£2). Via a standard convolution argument one can

easily prove the following

THEOREM 1.20. Let yu € M(S2). Then there exists a sequence {f,} C C*(2) such
that

[ fallzr) < il
and
fn — p tightly in M(Q).

Thanks to Theorem 1.20 a method for solving problem (1.2.11) is to find a priori
estimates which only depend on the norm of the datum p in M(2) and then look for
compactness results which allow to pass to the limit in the approximating problems.
This method has been proved to work in [BG]| and yields a function w that is a distri-
bution(al s)olution of (1.2.11). However, u only belongs to the space W, 9(Q) for every

N(p—1

q < —y—~ and its regularity is optimal as shown by simple examples like, for instance,

the fundamental solution of the p-laplacian on a ball of RY. Since % > 1 if and
only if p > 2 — %, for smaller values of p we cannot even use the framework of Sobolev
spaces to deal with (1.2.11), so that, this lower bound on p is required in [BG]. Even if

this bound can be overcome by a suitable use of the estimate of the truncations of the
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approximating solution (see [B6]), we will often use, in the following, similar bounds to
avoid technicalities.

Anyway, for 1 < p < 0o, we can provide the definition of weak solution of problem
(1.2.11), where the gradient of u is understood to be the approximated gradient of u
defined in (1.1.2). For simplicity let us define

7,7(Q) = {u measurable : Ty(u) € Wy (Q),V k > 0};

notice that ’261”’ () is not a linear space as simple examples show; however, if u is in
T,'7(Q) and ¢ is in WyP(Q) N L=(Q) then u + ¢ belongs to 7, 7(Q) (see [DMOP]).

DEFINITION 1.21. A measurable function u € 7;,""(Q), for every k > 0, is a weak
solution of problem (1.2.11) if a(z, Vu) belongs to (L'(€2))" and the equation is satisfied
in the sense of distributions, that is

/a(x,Vu)-Vgpdmz/cpd,u, VpeCy(Q).
Q Q

In [BG], for p > 2 — +, and in [B6] (see also [BGO]) in the general case, the
problem of existence of weak solutions of (1.2.11) is solved by using the following tools,

which we here recall being key results for the whole theory.

LEMMA 1.22. Let C > 0 and let {u"} C T,;""(Q) be such that:

/ VT (u")|P de < C(k+1) YV k>0.
Q

. . . N(p=1) . . N(p—1)
Then, if p < N, u" is bounded in M ~=r (Q) and |Vu"™| is bounded in M N-1 (Q);
if p = N, u" is bounded in MI(Y) for every q < oo and |Vu"| is bounded in M"(§2)
for every r < N. Moreover, there exists a measurable function u € 761’77(9) and a
subsequence, not relabeled, such that:

u' —u  a.e. in €,

T (u™) — Ti(u)  weakly in Wy P(Q) and a.e. in Q for every k > 0.

PROOF. As far as the estimates are concerned, see [B6], Lemma 4.1 and Lemma 4.2
if p < N, while for the case p = N see [BPV], Lemma 2.5. The convergence results are
contained in Theorem 6.1 of [B6]. O

LEMMA 1.23. Let u" € Wol’p(Q) a sequence of solutions of

—div(a(z, Vu")) = f* — div(F") in€Q,
u” =0 on OS2,



1.2. ELLIPTIC CASE 23

where fm € L>() is such that || f"| 11 < C, and F™ strongly converges in (L¥' (€2))V.
Then there exists u € 751”’((2) and a subsequence, not relabeled, such that:

u" —u a.e in €,

Vu" — Vu a.e in §Q,

and

a(x, Vu™) — a(z,Vu) strongly in (L*(Q))".
PROOF. See [B6],[DV], [BGO] and [BPV]. O

Thanks to Lemma 1.22 and Lemma 1.23 one can easily prove the existence result
for problem (1.2.11).

THEOREM 1.24. Assume (1.2.1)-(1.2.3), and let n € M(Q2). Then there exists a
weak solution w of problem (1.2.11) in ’ZBLP(Q). Moreover, if p < N, u belongs to

N(p—1)

M ~=r"(Q) and |Vul| belongs to M (Q), while, if p = N, u belongs to M(Q) for
every q < oo and |Vul| belongs to M" () for every r < N

PROOF. See [B6], Theorem 6.1, for p < N, and [BPV], Theorem 2.6 for p = N. O

1.2.4. Serrin counterexample: lack of uniqueness. Nothing has been said
about uniqueness of weak solutions of (1.2.11), which is still open, even for linear
operator with smooth data. In fact, in [Se], J. Serrin shown that, if N = 2, and
Q= {r eR?: |z|] < 1} and for every fixed 0 < & < 1, then there exists a matrix A°,
such that

- ag ; are measurabe functions defined on €2, V ¢, j = 1,2,
-a;; € LX(Q), Vi, j=1,2,
- Af(z) - € > al€)?, for ae. z € Q, and for any & € R?, with o > 0,

and
ue WH(Q), V1<g<iZ,
1.2.12
( ) / A*(x)Vu-Ve dr =0, Ve CFQ),
Q

admits at least two solutions.
The Serrin’s coefficients are

1 T;T;
(1.2.13) Q5 = (— - 1) 7] + dij,
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for 7,7 = 1,2., where r = y/2} + 23 and 0, ; stands for the Kronecker symbol; if v(z) is
the unique variational solution (see for instance [E]) of problem

—div(A*(z)Vv) =0, inQ,
V=T on 02,

then u = x;r~V™17¢ — y(z) is a nontrivial (the trivial solution is obviously u = 0)
solution of problem (1.2.12). Let us notice that, this pathological solution found by
Serrin belongs to W, () for every ¢ € [1, 722, this is coherent with the uniqueness
result of Theorem 1.15.

In [Prl], the author extended such a counterexample to the case N > 3. For
instance, if N = 3 the matrix is:

a;n aiz 0
Af = o1 A929 0
0 0 1

where a; ; are the same coefficients defined in (1.2.13).
However, since it is not been proved that such a solution belongs to ’]Bl’p (Q), the
uniqueness of weak solution is still an open problem.

1.2.5. Elliptic p-capacity. The attempt to find a different formulation for (1.2.11)
which could allow to have both existence and uniqueness has been developed in [B6] and
in [DMOP] where the notions of entropy solution and renormalized solution have been
respectively introduced. Both these definitions, which have been proved to be equivalent
(see [DMOP)), ask for solutions in 7,"”(Q) and use a weak formulation of the equation
where nonlinear test functions depending on u are used to restrict the equation on the
subsets where u is bounded. Both these approaches are able to get uniqueness provided
v belongs to L'(Q) + W1 (Q). In terms of measures, this restriction has a straight
relationship with the notion of elliptic p-capacity, as it was proved in [BGO]. In order to
recall this result, we need first to introduce the notion of p-capacity (see also Section 2 in
[DMOP] and the references quoted therein, in particular [HKM] where fine properties
and estimates are presented).

For p > 1, the elliptic p-capacity of a compact set K of {2 can be defined as follows:
(1.2.14) cap, (K, Q) = Weé?[gm {/Q |Vl dx} ,
where C(K,Q) = {¢ € C*(Q) : ¢ > xk}, and, as usual, we use the convention that
inf () = +o00; then one can extend this definition by regularity to any Borel subset of €.

Let us also recall that a function u is said to be capj quasi continuous if for every
€ > 0 there exists a set E' C Q such that cap;(F) < ¢ and u is continuous in Q\E. It
is well known that every function u € VVO1 ?(Q) admits a unique cap quasi continuous
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representative o € VVO1 P(€)), that is a function @ which is equal to u almost everywhere
in 2 and is cap; quasi continuous. Moreover the values of @ are defined cap; quasi
everywhere. Thanks to this fact it is also possible to prove the following: for any Borel
set B C (), we have

(1.2.15)  cap,(B,2) = inf {/ Vol dr:0<veW;?(Q), v=1 capy-a.e. on B} :
0

Moreover, if u belongs to W, 7(Q), and p is a bounded Radon measure such that p(E) =
0 for every E' C €2 such that cap;(E) = 0, we have that u is measurable with respect to u
and, if u is also bounded, then u belongs to L>(£2, 1) (see Proposition 2.7 of [DMOP]).

Let us now recall some fundamental results on the link between p-capacity and Radon
measures.

THEOREM 1.25. Let p belong to M(Q2). Then pu(E) =0 for every subset E C Q such
that cap(E) = 0 if and only if u belongs to L*(2) + W=7 (Q).

PROOF. See [BGO], Theorem 2.1. O

A further decomposition result for measures is the following.

THEOREM 1.26. Let pu belong to M (S2). Then there exists a unique couple of measures
(f10, A) such that po, N € M(Q), puo(B) = 0 for every subset B such that cap(B) = 0
while X is concentrated on a subset E of zero p—capacity, and p = po+ A. By Theorem
1.25 we then have that there exist f € L'(Q), F € (L?(Q))V, such that:

p=f—div(F)+ A

Moreover, if u > 0, we have g > 0, A > 0 and also f can be chosen nonnegative.

PROOF. For the decomposition result, see [FST], Lemma 2.1, and again [BGO)] for
the last part. O

Let us remark that, since L*(Q) N W17 (Q) # {0}, there is not a unique way (not
even a better way), in Theorem 1.25, to write pg = f — div(F), with f € L'(Q) and
F e (L7 (Q)N.

1.2.6. Entropy solutions. Thanks to Theorem 1.25 one can provide the definition
of entropy solution for problem (1.2.11) whose introduction is motivated by Theorem
1.29 below.

DEFINITION 1.27. Let g be a measure in L'(Q) + W=7 (Q). Then u € 7T,"7(Q) is
an entropy solution of problem (1.2.11), if, for any k > 0, it satisfies

(1.2.16) /Qa(x,Vu) VT (u— ) do < /QTk(u — ) du,
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for every ¢ € Wy™(Q) N L®(NQ).

REMARK 1.28. Let us observe that both terms in (1.2.16) are well defined ; in fact,
the left hand side of (1.2.16) can be rewritten as:

/ a(z, VIyu(u)) - VIg(u — ) dz,
{lul<M}

where M = k + ||| (), since VT (u —¢) = 0 a.e. on {|u| > M}; now, thanks to
(1.2.2), we have that a(x, VIy(u)) € (LP ()Y, while VTi(u — ) € (LP(Q))", since
(u — ) € T,;P(Q); Theorem 1.25 gives sense to the right hand side of (1.2.16) and it
turns out to be independent on the different decompositions of p.

Notice that this definition can not be extended directly to the general case of u €
M(£2) because of the possible lack of p—measurability of the integrand on the right
hand side of (1.2.16).

Finally notice that such a solution turns out to be a distributional solution of problem
(1.2.11) (see [B6], [BGO]).

Now we can state the main result about entropy solution:

THEOREM 1.29. Let u be a measure in L'(Q) + WY (Q). Then there erists a
unique entropy solution of problem (1.2.11).

PrOOF. See [BGO], Theorem 3.2 and Theorem 3.3. O

Let us emphasize that in the proof of uniqueness of Theorem 1.29 in [BGO] the
authors used the following result on the behavior of the energy of the solution u on the
set where it is large, this kind of results will have a central role in our work.

LEMMA 1.30. Let u € T,"(Q) be an entropy solution of problem (1.2.11), with p a
measure in L'(Q) + W= (Q) and let us define By, = {x € Q: h < |u| < h+k}, for
every h,k > 0; then

lim |VulP dx = 0.
h—+oo B,k

1.2.7. Renormalized solutions. As we said before, the notion of entropy solution
can not be generalized directly to the case of a general, possibly singular, measure
in M(€2). In [DMOP], the authors, by mean of the notion of renormalized solution
(introduced first in [DPL]| for first order hyperbolic equations, and then developed in
many papers; see [BDGM], [M], [BM]), extended this concept to general measure
data. In this paper they give four definitions of renormalized solution that turn out to
be equivalent. If i is a measure in M (€2) we will denote with g its absolutely continuous
part with respect to the p-capacity, and with pf and pu, respectively, the positive and
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the negative variation of the singular part of y: moreover, we will say that a function
w € WP (Q)NL>®(Q) satisfies condition P, if there exists & > 0 and two functions w*>,
w™> € CH(Q), such that

_ oo -
(12.17) {w w a.e. in {u > k},

w=w"> ae. in{u<—k}.

DEFINITION 1.31. Let 1 € M(Q). A function u € 7T,7(Q) is a renormalized solution

of problem (1.2.11), if the following conditions hold:
(a) |Vulpt € LYQ)  Vg< 5
(b) for any w € Wy*(Q) N L>(Q) that satisfies condition P,, then

(1.2.18) /a(x,Vu) -Vw dzr = / w dpg + / wt® duf — / w ™ dpyg .
Q Q Q

Q
REMARK 1.32. Notice that all terms in (1.2.18) are well defined; in fact, as far as
the first term is concerned, it can be rewritten as

(1.2.19) / a(x,Vu) - Vw dx +/ a(x,Vu) - Vw dz;
{lul<k} {lul>k}
for k> 0 and w € W, ?(Q) N L>®(Q) satisfying condition P,; so,
(1.2.20) / a(z,Vu) - Vw dx = / a(xz,VIi(u)) - Vw dz,
{lul<k} {lul<k}

is well defined since, thanks to assumption (1.2.2), a(z, VTi(u)) € (L (Q))N and Vw €
(LP(2))N. On the other hand, the second term of (1.2.20) makes sense since, w satisfy
assumption P,, and so Vw € L*®({|u| > k}), while a(z,Vu) € (L9(Q))N for any
q < 575. The right hand side of (1.2.18) makes sense as well, since, using Theorem 1.25

/w do,
Q

is well defined because of the fact that w € W, ?(Q)NL>(Q), while there are no problem
to give sense at the last two terms of (1.2.18) | since w™> e w™>° are two bounded and
continuous functions on 2. Let us also observe that we can choose in (1.2.18) w € C§°(Q2)

(with w™° = w™>° = w), and so a renormalized solution turns out to be a distributional
solution of problem (1.2.11).

As we mentioned above, a renormalized solution turns out to coincide with an entropy
solution if u € My(€2); actually we can easily prove the following

PROPOSITION 1.33. Let u € My(2). Then, problem 1.2.11 has at most one renor-
malized solution.
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PrRoOOF. Thanks to Theorem 1.29, it will be enough to prove that, if u is a renor-
malized solution of problem (1.2.11), then u is an entropy solution of the same problem.
For any h > 0, we can choose in (1.2.18), w = Ty (u — @), with ¢ € W, ?(Q) N L=(Q);
in fact, we have

w = Th(TthM(u) - 90)7
where M = ||¢||=(q), and so w € Wy(Q) N L®(Q); moreover, w satisfy condition P,

since we can choose w™>® = h, w™>° = —h and k = h+ M . Hence, using w = Tj,(u— ¢)
in (1.2.18) one can readily check that u is an entropy solution (with equality sing) being
py = pg =0. O

The main result in [DMOP] is the following:

THEOREM 1.34. Let o € M(S2). Then there exists a renormalized solution of problem
(1.2.11).

The proof of the above result basically relies on the proof of the strong convergence
in I/VO1 () of the truncates of approximating sequence of solutions.

Let us give another definition of renormalized solution (equivalent to the one given in
Definition 1.31, Theorem 2.33 in [DMOP]); this definition emphasizes a reconstruction
property of renormalized solutions that we will try to adapt to the parabolic case in
Chapter 4.

DEFINITION 1.35. Let p1 € M(Q). A function u € 7,'7(Q) is a renormalized solution
of problem (1.2.11), if condition (a) of Definition 1.31 is satisfied and if the following
conditions hold:

(b) for any ¢ € C(Q) we have

1
(1.2.21) lim — a(z,Vu) - Vup dx = / o dul,
N0 N Jin<u<2n} Q
and
1
(1.2.22) lim — a(z,Vu) - Vuyp de = / o dug;
N0 N Ji_op<u<<—n} Q

(c) for every S in W1°°(R) with compact support in R we have
(1.2.23) / a(z,Vu) - Vu S’ (u) dr + / a(x,Vu) - Ve S(u) de = / S(u) @ dug,
Q Q Q
for every ¢ € WHP(Q) N L=(Q) such that S(u)e € W, 7(Q).

In [DMOP] the authors also proved some interesting partial uniqueness results;
for instance, under slightly stronger assumptions on a, if the difference between two
renormalized solutions is bounded then these turn out to coincide. This type of results,
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as well as Definition 1.35 itself, suggest that a key role in the notion of renormalized
solution is played by the behavior of the energy of the solution on the set where it turns
out to be large. Finally notice that, in the linear case, the renormalized solution is
unique for any measure in M (€2), since it turns out to coincide with a duality solution
of the same problem (see [DMOP], Theorem 10.1).

1.2.8. Lower order terms with natural growth. A large number of papers was
devoted to the study of both elliptic and parabolic problems with nonlinear absorption

terms with natural growth in the gradient whose model is

—Au+ g(u)|Vul? = in (0,7) x £,

o o()|Vu? = f in (0.7)
u(z) =0 on 0f).

These type of problems has, even in the more general case of superlinear growth with
respect to the gradient, an interesting variational meaning; actually, if we consider a

functional on W,* () as
1
1) = [ ateoywop - [ go.
b Ja Q

with f € LP'(Q) e 0 < a < a(z,s) < B o, 3 > 0. Then J(v) is convex with respect
to Vo and weakly lower semicontinuous, and so there exists u € W, (Q) such that
J(u) < J(v), for any v € Wy ?(Q). Let us formally write down the Euler equation for
u; we readily obtain

1
(1.2.25) / a(x,u)|VulP~>Vu - Vi + - / as(z,u)|Vu|Py = / fedx,
Q D Ja Q
for any o € W, 7 (Q) N L>(Q); the weak form of problem (1.2.25), that is
1

—div(a(x,w)|VulP>Vu) + —a,(z,u)|Vul’ = f in Q,
(1.2.26) b

we WyP(Q), felLl” Q).

For an exhaustive review on this topic we refer to [Po2], and references therein;
actually, we will focus our attention on the quasilinear case (1.2.24) with natural growth
(that is p = 2 in (1.2.25)); here g : R — R is a real function in C'(R) such that

g(s)s >0, Vs € R,

g(s)>0,Vs eR

and f(z) € L'(Q). In a more general context, in [BGOZ2], it was proved that (1.2.24)
admits a weak solution, that is a function v € H}(Q) such that g(u)|Vul?* € L'(Q)
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/QW-VW/Qg(U)IWWZ/Qf@,

for every p € Hy(Q) N L>®(Q).

satisfies

1.3. Parabolic case

Following the line of the previous section for elliptic problems, here we want to give
some basic knowledge on what has been done, up to now, about partial differential
equations of parabolic type with measures as data. We will first introduce the notion of
parabolic p-capacity and then we shall deal with initial boundary value problems related
to parabolic operators of Leray-Lions type.

1.3.1. Parabolic p-capacity. We recall the notion of parabolic p-capacity associ-
ated to our problem (for further details see [P}, [DPP]).

DEFINITION 1.36. Let @ = Q7 = (0,7) x Q for any fixed T" > 0, and let us recall
that V = W,(Q) N L*(Q), endowed with its natural norm || - lwae I - [l22(@) and

(1.3.1) W= {u e LP(0,T;V), u; € L¥ (0, T; v’)} ,

endowed with its natural norm ||ullw = ||lul| o7 + [[well 1 0 711 S0, i U C Q is an
open set, we define the parabolic p-capacity of U as

cap,(U) = inf{[lullw : v € W,u > xp a.e. in Q},
where as usual we set inf ) = +o0, then for any Borel set B C () we define
cap,(B) = inf{cap,(U), U open set of Q, B C U}.

As we mentioned above, we will denote with M (Q) the set of all Radon measures with
bounded variation on @, while My(Q) will denote the set of all measures with bounded
variation over ) that do not charge the sets of zero p-capacity, that is if u € My(Q),
then p(E) =0, for all £ C @ such that cap,(£) = 0.

In [DPP] the authors give another notion of parabolic capacity, equivalent to the
one given here as far as sets of zero capacity are concerned; this definition of capacity
can be alternatively given starting from the compact sets in @), as follows. As we said,
we denote C5°([0,T] x Q) the space of restrictions to @ of smooth functions in R x RY
with compact support in R x €.

DEFINITION 1.37. Let K be a compact subset of (). The capacity of K is defined
as:

CAP(K) = inf {|lul]lw : v € C°([0,T] x Q), u> Xk} .
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The capacity of any open subset U of () is then defined by:
CAP(U) = sup {CAP(K), K compact, K C U},
and the capacity of any Borel set B C () by
CAP(B) = inf {CAP(U), U open subset of Q, BC U}.

This second definition of capacity, that enjoys the subadditivity property as well as
the first we gave, given for compact subsets is used in [DPP] to prove Theorem 1.9
above, and it will turn out to be very useful to our aim since it allows to extend the
notion of parabolic capacity to sets with respect to any open set contained in Q).

PROPOSITION 1.38. Let B be a Borel subset of Q). Then one has CAP(B) = 0 if
and only if cap,(B) = 0.

PROOF. See [DPP], Proposition 2.14. O
In [DPP] the authors also proved the following decomposition theorem:

THEOREM 1.39. Let p be a bounded measure on Q. If i € My(Q) then there exist
he LV(0,T; W= (Q)), g € LP(0,T; Wy " () N L*(Q)) and f € LY(Q), such that

(1.3.2) /ng dp = /0T<h,gp> dt — /OT<g0t,g> dt+/Qfg0 dxdt,

for any o € C=([0,T] x ), where (-,-) denotes the duality between (W, 7 (Q) N L*(Q))’
and Wy P(Q) N LA(Q).

PRrOOF. See [DPP], Theorem 1.1. O

So, if p is in M(Q), thanks to a well known decomposition result (see for instance
[FST]), we can split it into a sum (uniquely determined) of its absolutely continuous
part 1o with respect to p-capacity and its singular part s (that is ps is concentrated
on a set of zero p-capacity). Hence, if u € M(Q), by Theorem 1.39, we have

(1.3.3) p=f—div(G) + g + s,

in the sense of distributions, for some f € LYQ), G € (L¥ (Q))N, g € LP(0,T; W, *(R2)),
and ug L p-capacity; note that the decomposition of the absolutely continuous part of
4 in Theorem 1.39 is not uniquely determined.

Let us state some further results about parabolic p-capacity; the first two are char-
acterizations of the relationship between sets of zero parabolic capacity and sections of
the parabolic cylinder with both zero £V measure sets and zero elliptic p-capacity sets,
while the third one shows that any function in W admits a cap,-quasi continuous repre-
sentative. Let us recall that a function u is called cap—quasi continuous if for every € > 0
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there exists an open set F;, with cap,(F:) < ¢, and such that ug\r. (the restriction of
uto @\ F.) is continuous in @ \ F.. As usual, a property will be said to hold cap—quasi
everywhere if it holds everywhere except on a set of zero capacity.

THEOREM 1.40. Let B be a Borel set in 2. Let ty € (0,T). One has
cap,({to} x B) =0 if and only if measq(B) = 0.
PRrOOF. See [DPP], Theorem 2.15. O

Notice that, by virtue of Theorem 1.40, if a measure is concentrated on a section

{to} x Q, it does not charge sets of zero parabolic capacity if and only if it belongs to
LY(9).

THEOREM 1.41. Let B C Q be a Borel set, and 0 <ty <ty <T. Then we have
cap,((to,t1) X B) =0 if and only if cap,(B) = 0.
PROOF. See [DPP], Theorem 2.16. O

THEOREM 1.42. Any element v of W has a cap—quasi continuous representative
v which 1s cap—quasi everywhere unique, in the sense that two cap—quasi continuous
representatives of v are equal except on a set of zero capacity.

PROOF. See [DPP], Lemma 2.20. O

1.3.2. Parabolic problems with measure data. As before, let €2 be a bounded,
open subset of R, T a positive number and Q = (0,7) x Q. Here, as well as for
the elliptic case, we want to give a brief review on results concerning parabolic initial
boundary value problem

u+ A(u) =p  in (0,7) x €,
(1.3.4) u(0,z) = ug(x) in Q,
u(t,z) =0 on (0,7) x 09,
where A is a nonlinear monotone and coercive operator in divergence form which acts
from the space L?(0,T; W, ?(Q)) into its dual L¥ (0, T; W=7 (Q)).
Let a: (0,T)x QxRN — RY be a Carathéodory function (i.e., a(-, -, £) is measurable

on Q for every € in RY, and a(t,z,-) is continuous on R for almost every (¢,z) in Q),
such that the following holds:

(1.3.5) a(t,z,§)- £z algl”, p>1,
(1.3.6) la(t, =, &) < Bb(t x) + €77,

(1.3.7) [a(t, z, &) = al(t,z,n)](§ —n) >0,
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for almost every (t,z) in Q, for every &, n in RY, with ¢ # 1, where a and 3 are two
positive constants, and b is a nonnegative function in L (Q).
We define the differential operator

A(u) = —div(a(t,z,Vu)),  ue LP(0,T;WyP(Q)).
Under assumptions (1.3.5), (1.3.6) and (1.3.7), A is a coercive and pseudomonotone

operator acting from the space LP(0,T; Wy (Q)) into its dual L¥' (0, T; W=7 (Q)).
As a model example, problem (1.3.4) includes the p-Laplace evolution problem:

uy — div(|VulP™2Vu) = p in (0,T) x Q,
(1.3.8) u(0,z) = up(x) in Q,
u(t,z) =0 on (0,7) x 09,

We are interested in the study of problem (1.3.4) in presence of measure data p and
ug. If p € LY (Q) and ug € L*(), (1.3.4) has a unique solution in W N C(0,T; L*(Q))
(where W was defined in (1.1.6)) in the weak sense, that is

T T
- / ug ©(0) dx—/ (e, u) dt—l—/ a(t,z, Vu) -V dedt = / (u,gp)w,l,p/(mw&,p(m dt,
Q 0 Q 0

for all ¢ € W such that ¢(T") = 0 (see [L]).

Under the general assumption that p and uy are bounded measures, the existence of a
distributional solution was proved in [BDGOJ], by approximating (1.3.4) with problems
having regular data and using compactness arguments.

Unfortunately, as in the elliptic case, due to the lack of regularity of the solutions,
the distributional formulation is not strong enough to provide uniqueness, as it can be
proved by adapting to the parabolic case the counterexample of J. Serrin cited above
for the stationary problem (see (1.2.13)).

In case of linear operators the difficulty can be overcome again by defining the
solution in a duality sense, by adapting the techniques of the stationary case; in fact,
for simplicty, let us consider the linear parabolic problem

ur+ L(u) = f in (0,7) x €,
(1.3.9) u(0) =0, in Q,
u=0 on (0,7) x 09,
with f € LY(Q), where L(u) = —div(M(¢t,z)Vu), and M is a matrix with bounded,

measurable entries, and satisfying the ellipticity assumption (1.3.5) (p = 2).
One can say that v € L'(Q) is a duality solution of problem (1.3.9) if

/ugdxdt:/fw dzdt ,
Q Q
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for every g € L>*(Q), and w is the solution of the retrograde problem
—wy — div(M*(t,z)Vw) = ¢ in (0,7T) x ,
(1.3.10) w(T,z) =0 in ,
w(t,x) =0 on (0,7) x 09,
where M*(t, x) is the transposed matrix of M (¢, x). In fact, let us fix r, ¢ € R such that
N 2
r,q>1, — 4+ -<2,
q

and let us consider g € L"(0,T; L%(2)) N L>(Q). Let w be the solution of problem
(1.3.10); standard parabolic regularity results say that

|wllLe@) < CllgllLro,r:La))

and so the linear and continuous functional
A:L7(0,T;L9(Q)) — R,
defined by
A(g) = /Q fw dedt,

is well defined, since

AP < Ifllr@llwlle@) < Clfller@llgllerorLa@))-

So, by Riesz’s representation theorem there exists a unique u € L" (0,T; LY (Q)) such
that

A(g) = / ug dxdt,
Q

for any g € L"(0,T; LY(2)).
This easily implies

THEOREM 1.43. If f € LY(Q), then there exists a unique duality solution of problem
(1.3.9).

With slightly modification on the proof one can prove that a unique solution in a
duality sense also exists for linear problems with a smooth initial data.

A standard approximation argument shows that a unique solution even exists for
problem

u+ L(u) =p in (0,7) x Q,
(1.3.11) u(0) = uyg in €,
u=0 on (0,7) x 09,
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for any u € M(Q) and vy € L'(€2). In this case one can prove that there exists a unique
u € L'(Q) such that

(1.3.12) —/uow(O) d:z:+/ug dxdt:/wd,u,
Q Q Q@

for every g € C§°(Q); notice that all terms in the above formulation are well defined
thanks to standard parabolic regularity results (see [LSU], [E]).

However, for nonlinear operators a new concept of solution needs to be defined to
get a well-posed problem. In case of problem (1.3.4) with L! data, this was done inde-
pendently in [BM] and in [Pr2] (see also [AMST]), where the notions of renormalized
solution, and of entropy solution, respectively, were introduced. Both these approaches
allow to obtain existence and uniqueness of solutions if p € L'(Q) and ug € L'(2).

Let us give the notion of entropy solution for parabolic problem (1.3.4) with a general
€ My(Q), recalling that

S = {u € L'(0, T Wy (Q)sue € L (0, TsW17(Q)) + L1(Q)},
and denoting, for k£ > 0, by
o) = [ Tu(s) ds,
the primitive function of the truncation fur?ction.

DEFINITION 1.44. Let u € My(Q), (f, g, —div(G)) a decomposition of p and ug €
L'(©2). A measurable function u is an entropy solution of (1.3.4) if

(1.3.13) Ti(u — g) € LP(0,T; W, ?(Q)) for every k > 0,

(1.3.14) tel0,T] — /Q@k(u —g—¢)(t,x) dz

is a continuous function for all £ > 0 and all ¢ € S? N L*>(Q), and moreover

/Q@kw-g—so)(w dm—/@kw—g—w)(o,x) dx

Q

T
(1.3.15) +/ (pr,u— g — @) dt + / a(t,z,Vu) - VI (u— g — ¢) dxdt
0 Q

S/ka(u—g—gp) d:pdt—F/G-VTk(u—g—go) dxdt,
Q Q

for all £ > 0 and all ¢ € SP N L>(Q).
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In [DPP] the authors extend the result of existence and uniqueness to a larger
class of measures which includes the L' case. Precisely, they prove (in the framework
of renormalized solutions) that problem (1.3.4) has a unique solution for every u, in
L'(Q) and for every measure p which does not charge the sets of zero capacity, that is
p € Mo(Q).

As we have seen before, the importance of the measures not charging sets of zero
capacity was first observed in the stationary case in [BGO].

In order to use a similar approach in the evolution case, in [DPP] is developed the
theory of capacity related to the parabolic operator u; + A(u) and then investigated the
relationships between time—space dependent measures and capacity (see Theorems 1.39,
1.40 and 1.41 above).

As far as the initial datum is concerned, considering measure data which do not
charge sets of zero parabolic capacity leads to take uy in L'(2), so that no improvement
can be obtained with respect to previous results. In fact, in virtue of Theorem 1.40, if a
measure is concentrated on a section {fo} x €2, it does not charge sets of zero parabolic
capacity if and only if it belongs to L'(€). Here we introduced the capacity on subsets
of the open set (), but a different choice could also be done to compute the capacity of
subsets of [0, 7] x €. In this latter context one could take ¢ty = 0 in Theorem 1.40 and
regard ug as a measure concentrated at ¢t = 0, which explains why we take ug € L'(Q).
However, this argument also suggest that there is no real need to define the capacity up
tot=0.

Thanks to the decomposition result of Theorem 1.39, if p is absolutely continuous
with respect to capacity (these are called soft measures) we can still set our problem
(1.3.4) in the framework of renormalized solutions. The idea is that, since p can be
splitted as in (1.3.3), problem (1.3.4) can be formally rewritten as (v — g); + A(u) =
f — div(G), and the renormalization argument can be applied to the difference u — g.
Let us introduce the definition of renormalized solution of (1.3.4) given in [DPP].

DEFINITION 1.45. Let u € My(Q), (f, g, —div(G)) a decomposition of p and ug €
LY(2). A measurable function u is a renormalized solution of (1.3.4) if

(1.3.16) u—ge L®0,T; L)), Tilu—g) € LP(0,T; W, 7(Q)) for every k > 0,

(1.3.17) lim / \Vu|P dedt =0

n—oo
{n<lu—g|<n+1}
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moreover, for every S € W2>(R) such that S’ has compact support,

(S(u—g))e — div(a(t, z, Vu)S'(u — g)) + 5" (u — g)a(t, z, Vu)V(u — g)
(1.3.18)

=S(u—g)f +5"(u—g)G-V(u—g)—div(G S (u—g))
in the sense of distributions, and

(1.3.19) S(u— g)(0) = S(up) in L*(Q).

THEOREM 1.46. Let p be a bounded measure on Q which does not charge the subsets
of Q of zero capacity, and let ug € L'(QY). Then there exists a unique renormalized
solution u of (1.3.4). Moreover u satisfies the additional reqularity: u € L>(0,T; L*(2))
and Ty(u) € LP(0,T; Wy P(Q)), for every k > 0.

PRrROOF. See [DPP], Theorem 1.3. O

Notice that the notion of renormalized solution and entropy solution for parabolic
problem (1.3.4) turn out to be equivalent as proved in [DP]; in Chapter 4 we extend
the notion of renormalized solution for general measure data pu € M(Q) and so, thanks
to this result, this notion will turn out to be coherent with all definitions of solution
given before for problem (1.3.4).

To conclude this section, let us just mention the case of quasilinear parabolic equation
with absorption term in relation with the stationary case (1.2.24); as in this case, to our
purpose is enough to deal with the model case

u — Au+ g(u)|Vul> = f in (0,T) x Q,
(1.3.20) u(0,x) = ug(x) in €,
u(t,z) =0 on (0,7) x 09,

where Q C RY is a bounded open set, N > 2, ug € L'(Q2), and g : R — R is a real
function in C'(R) such that

(1.3.21) g(s)s >0, Vs € R,

(1.3.22) g'(s) >0,Vs € R,

and f(z) € LY(Q).
For a solution of problem (1.3.20) we mean a function v € L*(0,T; H}(Q2)) which
satisfies

(1.3.23) /OT(ut,@+/QVU-Vg0+/Qg(u)|Vu|2g0:/Qfgo,

for any ¢ € L*(0,T; Hy(Q)) N L>(Q) and such that g(u)|Vu|? belongs to L'(Q). Here
the symbol (-, ) denote the duality between functions of L*(0,T; H *(Q2)) + L'(Q) and



38 1. PRELIMINARY TOOLS AND BASIC RESULTS

functions in L?(0,T; H}(2)) N L=(Q); in fact, such a solutions turns out to have time
derivative in L*(0,T; H~'(Q)) + L'(Q), and in particular, thanks to Theorem 1.6, they
belong to C'(0,T; L'(Q)), and so we mean that the initial datum is achieved in the sense
of LY(Q).

Problem (1.3.20) has a solution in the sense of (1.3.23) as proved in [DOZ2] (see also
[Pol], and [BP], and references therein for improvements to more general cases).



CHAPTER 2

Asymptotic behavior of solutions for parabolic operators of
Leray-Lions type and measure data

A large number of papers was devoted to the study of asymptotic behavior for
solution of parabolic problems under various assumptions and in different contexts: for
a review on classical results see [F|, [A], [Sp], and references therein. More recently
in [G] the same problem was studied for bounded data and a class of operators rather
different to the one we will discuss.

Let © C RY be a bounded open set, N > 2. and let p > 1; we are interested in
the asymptotic behavior with respect to the time variable ¢ of the entropy solution of
parabolic problems whose model is

w(t,x) — Apu(t,z) =p in (0,7) x €,
(2.0.1) u(0,x) = ug(x) in €,
u(t,z) =0 on (0,7) x 09,

where T > 0 is any positive constant, uy € L'({) is a nonnegative function, and
i € My(Q) is a nonnegative measure with bounded variation over Q = (0,7") x 2 which
does not charge the sets of zero p-capacity in accordance with Definition 1.36; moreover
we suppose that p does not depend on the time variable ¢ (i.e. there exists a bounded
Radon measure v on €2 such that, for any Borel set B C , and 0 < tg, t; < T, we
have p(B X (to,t1)) = (t1 — to)v(B)). Actually we shall investigate the limit as T tends
to infinity of the solution w(7,x) of the problem (2.0.1). Observe that by virtue of
uniqueness results concerning entropy solutions of (2.0.1) we have ur(t,z) = up (¢, )
a.e. in €, for all 7> 7" and ¢t € (0,7"), where the index 7" and 7" indicate that we
deal with the solution of problem (2.0.1) respectively on Q)7 and Q7+; so the function
u(t,x) = up(t,z), T >t is well defined for all ¢ > 0; we are interested in the asymptotic
behavior of u(t,x) as t tends to infinity. Actually, for a larger class of problem than
(2.0.1), we shall prove that, as t tends to infinity, u(t, z) converges in L'(Q) to v(z), the
entropy solution of the corresponding elliptic problem

(202) —Ap(z) =p in

v(x) =0 on 0f).

39
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2.1. General assumptions and main result

For the sake of exposition we recall our assumption on the operator; let a : Q x RY —
RY be a Carathéodory function (i.e. a(-,€) is measurable on 2, V¢ € RY, and a(z,-) is
continuous on R for a.e. z € Q) such that the following holds:

(2.1.1) a(z,§) - & = al¢f,
(2.1.2) la(z, &) < Blb(z) + €[],
(2.1.3) (a(z,§) —al(z,n)) - (€ —n) >0,

for almost every x € Q, for all £, n € RY with ¢ # n, where p > 1 and «, 3 are positive
constants and b is a nonnegative function in L” (€2). We shall deal with the solutions of
the initial boundary value problem

u+Au)=p in (0,7T) x £,

(2.1.4) u(0,2) = upg(x) in Q,
u(t,z) =0 on (0,7) x 09,
where A(u) = —div(a(x, Vu)), p is a nonnegative measure with bounded variation over

@ that does not depend on time, and ug € L'().

Recall that My(£2) is the set of all measures with bounded variation over €2 that do
not charge the sets of zero elliptic p-capacity, that is if u € My(Q2), then u(E) = 0, for
all £ € 2 such that capy,(E) = 0; analogously we denote My(Q) the set of all measures
with bounded variation over () that does not charge the sets of zero parabolic p-capacity,
that is if u € Mo(Q) then p(E) = 0, for all E' € Q such that cap,(F) = 0.

As we said before, in [B6] (for more details see also [BGO]) the concept of entropy
solution of the elliptic boundary value problem associated to (2.1.4) was introduced: let
€ My(€2) be a measure with bounded variation over 2 which does not charge the sets
of zero elliptic p-capacity; we know that v is an entropy solution for the boundary value
problem

(2.1.5) Alw) =p i 2,
v=20 on 02,

if v is finite a.e., its truncated function Tj(v) € W, P(Q), for all k > 0, and it holds
(2.1.6) / a(z,Vv) - VTi(v— ) do < / Ti(v — ) du,
Q Q

for all ¢ € WyP(Q) N L=(Q), for all k > 0; observe that the gradient of such a solution
v is not in general well defined in the sense of distributions, anyway it is possible to give
a sense to (2.1.6), using the notion of approzimated gradient of v, defined as the a.e.
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unique measurable function that coincides a.e. with V7T (v), over the set where |v| < k,
for every k > 0 (see Section 1.1). Such a solution exists and is unique for all measures
in My(2) (see Theorem 1.29), and turns out to be a distributional solution of problem
(2.1.5); moreover such a solution satisfies (2.1.6) with the equality sign (see [DMOP]).
We finally remind the analogous definition given in the parabolic case in [Pr2] (see also

[DP]). Let k& > 0 and define

On(2) = / "Ti(s) ds,

as the primitive function of the truncation function; let u € My(Q) and uy € L'(Q),
then we say that u(t,z) € C(0,T; L*(2)) is an entropy solution of the problem

u+ Au)=p in (0,7) x £,
(2.1.7) u(0,2) = up(x) in Q,
u(t,x) =0, on (0,7) x 09,

if, for all k > 0, we have that Tj(u) € LP(0,T; Wy (), and it holds

/ Ou(u— @)(T) dz — | Opluy — (0)) d
Q Q

T
(2.1.8) +/ (o, Te(u = ©))y-1 (@) i ()
0

+/ a(z, Vu) - VI (u — @) dxdt < / Ti(u— ) du,
Q Q
for any ¢ € LP(0,T; WyP(Q)) N L®(Q)NC([0, T); L*()) with ¢, € LF' (0, T; W1 (Q)).

REMARK 2.1. The entropy solution u of the problem (2.1.7) exists and is unique
(see Theorem 1.46) and is such that |a(z, Vu)| € LI(Q) for all ¢ < 1+

o , ‘ (N+Dp-1)
even if its approximated gradient may not belong to any Lebesgue space.
Finally observe that, if p > 2]<[v_++11, the solution is regular enough to be continuous

with values L'(2); in fact such a solution, as we will explain below, turns out to belong
to L°(0,T; Wy *(Q)), with u, € L'(Q) + L¥ (0, T; W—%(Q)), for suitable s > 1, and so
u e C(0,T; L(Q)) thanks to the trace result of Theorem 1.6.

Using Theorem 1.41 we derive that measures of My(Q) which do not depend on time
can actually be identified with a measure in My(2); recall that, in [BGO] is proved
that, if u € My(Q), then it may be decomposed as u = f —div(g), where f € L'(Q) and
g € (LY (Q))N. So, if p is a measure of My(Q) which does not depend on time and B is
a Borel set in €2 of zero elliptic p-capacity, then thanks to Theorem 1.41 we deduce that
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cap,(B x (0,T)) = 0 and so u(B x (0,T)) = 0; since u is supposed to be independent
on time, we have

0= u(Bx(0,T) =Tv(B),

with v € M(Q), and so v(B) = 0, thus v € My(2). Hence, from now on, we shall always
identify p and v.

Moreover, notice that, if 4 > 0 is a measure in My(2), then f can be chosen to be
nonnegative its decomposition as proved in Theorem 1.26.

Before passing to the statement and the proof of our main result let us state some
interesting results about the entropy solution v of the elliptic problem (2.1.5); first of
all, let us suppose p > N +1, and observe that, in this case, such a solution actually turns
out to be an entropy solution of the initial boundary value problem (2.1.7) with initial
datum ug(z) = v(x), for all T' > 0, since we have

/Q@k(v—go)(T) dw—/g@k(v—@)(O) dz

/i@k(v— ») dedt / /Tkv—gp)(v— ), dadt

T
= —/0 (1, Tio(v — 90)>W—1,p'(9),wolvp(ﬂ) dt

that can be cancelled out with the analogous term in (2.1.8) getting the right formulation
(2.1.6) for v.

As we said before, for technical reasons we shall use the stronger assumption that
p > % throughout this chapter; notice that, in this case, the gradient of the entropy
solution v (that coincides with the distributional one) actually belong to some Lebesgue
space.

Moreover, observe that, if u € My(2), and g > 0 then the entropy solution v of the
elliptic problem is nonnegative; indeed, choosing in (2.1.6) as test function ¢ = T}, (v"),

we get

(2.1.9) /Qa(x, Vo) - VT (v — Typ(v")) dz < /QTk(v — Tn(vh)) du;

now, as we can write y = f —div(g) € L'(Q)+W~(Q), and Tj,(v —Tj,(v*")) converges,
as h tends to infinity, to Tj(—v~) almost everywhere, x-weakly in L*>°(Q2), and weakly
in Wy"(Q) (see for instance [BGO]), we have

lim | Tp(v—Th(v")) du= / Ti(—v7) dp <0
Q



2.2. HOMOGENEOUS CASE 43

On the other hand, observing that, for 0 < v < h we have Ty (v—Ty(v")) = Tp(—v~) =0,
we can split the left hand side of (2.1.9) into three terms:

/Qa(x, Vo) - VTi(v — Ty(vh)) do = / a(z,Vv) - VT (v) dz

{v<0}

—i—/ a(x,Vv)-V(v—nh) de +/ a(x,Vv) - Vh dz,
{h<v<h+k} {v>h+k}

and the last term is obviously zero, while, using hypothesis (2.1.3), the second term is
positive and we can drop it; therefore, passing to the limit on A in the right hand side
of (2.1.9), and using hypothesis (2.1.1), we obtain

Oz/ VT (v7)|P dx = a/ VT (v7)|P dz
Q {v<0}

< / a(z,Vv) - V(v — Tp(v")) do <0,

and so v > 0 a.e. in . Arguing analogously, with the use of a standard Landes
regularization argument, one can prove that the entropy solution u(¢,z) of problem
(2.1.4) turns out to be nonnegative if © > 0.

Now, we can state our main result for the homogeneous case, that is for problem
(2.1.4); Section 2.2 will be devoted to the proof of this result, while in Section 2.3 we
shall prove the same result for the nonhomogeneus problem with nonnegative initial
data in L'(Q). Finally in Section 2.4, we will prove that the same result hold true also
for general, possibly singular, measure data in the linear case.

THEOREM 2.2. Let 1 € My(Q) be independent on the variable t, p > 2]@7:11, and let

w > 0; let u(t,x) be the entropy solution of problem (2.1.4) with ug = 0, and v(x) the
entropy solution of the corresponding elliptic problem (2.1.5). Then

lim wu(t,z) = v(x),

t——+00

in LY(Q).

2.2. Homogeneous case

First of all, let us state and prove a comparison result that plays a key role in the proof
of our main result. In the proof of this result and in what follows we will use several facts
proved in [Pr2] for L' data and whose generalization to data in L'(Q)+LP(0, T; W, (Q))
is quite simple; in particular, we will use the fact that the approximating sequences of
variational solutions are strongly compacts in C'(0,7’; L' (2)).
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LEMMA 2.3. Let ug, vy € L (Q), such that 0 < ug < vy, and let p € Mo(2); if u and
v are, respectively, the entropy solutions of the problems

(w+ Aw) =p in (0,T) x €,
(2.2.1) u(0,z) = ug in €,

L u(t,x) =0 on (0,T) x 09,
and
(v, 4+ A(W) =p in (0,T) x Q,
(2.2.2) v(0,2) = g in €,

(v(t,z) =0 on (0,T) x 08,
then u < v a.e. in ), for allt € (0,T).

PROOF. First of all, let us suppose ug, vg € L*(£2); we will use an approximation ar-
gument. Consider the entropy solutions of the same problems with datum £ € W ~1'(Q)
instead of yu; let us call also these solutions u and v. These solutions coincide with the
variational ones with this kind of data. Therefore we can use the variational formula-
tion of problems (2.2.1) and (2.2.2), integrating between 0 and ¢, for any ¢ < T. Using
¢ = (u—v)" as test function, and then subtracting, we get

O:/ (u—v)i(u— )t dadt

+ /Qt(a(:c, Vu) —a(x, Vo)) - V(u—v)" dedt

_ %/Q/Ot%[(u—v)ﬂ? dadt

+/ (a(z,Vu) —a(z,Vv)) - V(u —v)T dedt

— 3 [lw= oy a— 3 [ (w- o) o
+/ (a(z,Vu) —a(z,Vv)) - V(u—v)" dzdt.

Since the last term is positive we can drop it, while the second one is zero as ug < vy.
Therefore we have, for all t € (0,7)

(u—v)" =0 a.e. inQ,
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sou <wa.e. in €, forallte (0,7).

Now, let us consider v and v as the entropy solutions of problems (2.2.1) and (2.2.2)
with nonnegative data in My(92), and ug, v in L*(£2) as initial data; as we can write y =
f—div(g) € LY(Q) + W5 (Q), we can approximate the L' term f with a sequence f,
of nonnegative regular functions that converges to f in L'(Q2) and such that || f, || 11(q) <
| fllL1(2); moreover, let us consider two sequences of smooth functions ug, and v, such
that ug,, converges to ug, and vy, converges to v in L*(), with 0 < ug,, < v .

So, we can apply the result proved above finding two sequence of solutions u,, and
vy, of problems (2.2.1) and (2.2.2) with data f,, —div(g) and ug ,, vo, as initial data, for
which the comparison result holds true; so u,, < v, for all t € (0,7), a.e. in Q. Now, as
we said before, the solutions of (2.2.1) and (2.2.2) obtained as limits of w,, and v,, are
unique and coincide with the unique entropy solution of the limit problem with datum
i, and initial datum, respectively, ug and vy; then we have that the sequences u, and
v, converge, respectively, to v and v a.e. in Q, for all fixed ¢t € (0,7). So u < v a.e. in
Q, for all fixed ¢t € (0,7). O

Now, we are able to prove Theorem 2.2.

PROOF OF THEOREM 2.2. For the sake of simplicity here we will denote by @) the
parabolic cylinder (0,1) x €; let n € NU{0}, and define u™(t, z) as the entropy solution
of the initial boundary value problem

up + A(u™) =p  in (0,1) x £,
(2.2.3) u(0,2) = u(n,z) in €,
u(t,x) =0 on (0,1) x 09,

Recall that, since u € C(0,T; L*(2)), then u(n,z) € L'(Q) is well defined; more-
over, observe that, by virtue of uniqueness of entropy solution and the definition of u",
recalling that u(0,z) = 0, we have that u(n,z) = v"*(1,2) a.e. in Q, for n > 1. Now,
applying Lemma 2.3, and recalling that v, the entropy solution of problem (2.1.5), is
also an entropy solution of problem (2.1.7) with v > 0 itself as initial datum, we get
immediately that

(2.2.4) u(t,z) <wv(x), forall te€ (0,7)a.e. in Q,

being u(t, x) solution of the same problem with «(0,x) = 0 as initial datum. Moreover,
applying again Lemma 2.3, we get that, for every n > 0

(2.2.5) u"(t,x) <w(x), forall te€(0,1),a.e. in £,

Finally, if we consider a parameter s > 0 we have that both wu(t,z) and wu(t,z) =

u(t+ s, z) are solutions of problem (2.1.7) with, respectively, 0 and u(s,z) > 0 as initial
datum; so, again from Lemma 2.3 we deduce that u(t + s,x) > u(t,z) for t,s > 0, and
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so u is a monotone nondecreasing function in ¢. In particular u(n,z) < u(m,z) for all
n,m € N with n < m, and so we have

u(t,x) < uH(t, ),

foralln >0 and t > 0.

Therefore, from the monotonicity of u", it follows that exists a function % such that,
u™(t, x) converges to u(t,x) a.e. on @ as n tends to infinity.

Now, let us look for some a priori estimates concerning the sequence u".

Let us fix n and take ¢ = 0 in the entropy formulation for u"; we get

/Gk(u”)(l)—l—a/ VT (u™) P dadt
Q Q

22.6
(2.26) < k(lnlani@ + luln, @)l o)

< k(|1 + vl ) = Ck.

Therefore, for every fixed k > 0, from the first term on the left hand side of (2.2.6),
recalling that u™(t,z) is monotone nondecreasing in t, we get, arguing as in [BDGO],
that u" is uniformly bounded in L>(0, 1; L*(€2)), while from the second one we have
that Tj(u") is uniformly bounded in L?(0, 1; W, ().

We can improve this kind of estimate by using the Gagliardo-Nirenberg Corollary
1.8. Indeed, this way, we get

(2.2.7) / |Tk(u")|1?+% dxdt < Ck
Q
and so, we can write

kPR meas{|u"| > k} < /

{lun|=k}

T (u™)|PTN dadt < / T (™) |PTN dadt < Ck;
Q

then,
C

(2.2.8) meas{|u"| > k} < rara

Therefore, the sequence u” is uniformly bounded in the Marcinkiewicz space MP~1Tx (Q);
that implies, since in particular p > J\Qf—fl, that «™ is uniformly bounded in L™(Q) for all
I<m<p—-1+%.

We are interested about a similar estimate on the gradients of functions u™; let us
emphasize that these estimate hold true for all functions satisfying (2.2.6), so we will
not write the index n. First of all, observe that

(2.2.9) meas{|Vu| > A} < meas{|Vu| > \;|u| <k} + meas{|Vu| > A; |u| > k}.
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With regard to the first term to the right hand side of (2.2.9) we have

1
meas{|Vu| > X; |u] <k} < —/ |VulP dx
{IVul>X;|ul<k}

AP
(2.2.10)
1 1 Ck
= — |Vul|P de = —/ VT ()P de < —;
N Sjul<k) N Jq AP
while for the last term in (2.2.9), thanks to (2.2.8), we can write
C
meas{|Vu| > X; [u] > k} < meas{|u| >k} < o

with 0 =p — 1+ £. So, finally, we get

C Ck

meas{|Vu| > \} < — + —,

(Va2 A< o+

and we can have a better estimate by taking the minimum over & of the right hand side;

the minimum is achieved for the value
C\eH _ p
k'() — (U:) )\T“'l,
C

and so we get the desired estimate

(2.2.11) meas{|Vu| > A} < CA7”
with v = p(;57) = N’}K’IN =p-— NLH; this estimate is the same obtained in [BG].

Then, coming back to our case, we have found that, for every n > 0, |Vu"| is equi-
bounded in M7(Q), with v = p — NLH, and so, since p > 2]<,le1, |Vu"| is uniformly
bounded in L*(Q) with 1 < s <p— NLH

Now, we shall use the above estimates to prove some compactness results that will

be useful to pass to the limit in the entropy formulation for u”. Indeed, thanks to
these estimates, we can say that there exists a function @ € L9(0,1; W, (), for all
qg<p-— NLH, such that u” converges to @ weakly in L9(0,1; W, ?(Q)). Observe that,
obviously, we have w = @ a.e. in (). On the other hand from the equation we deduce
that u? € L'(Q) + L*(0,1; W~1'(Q)) uniformly with respect to n, where s’ = ]ﬁ, for
all g < p— NLH, and so, thanks to the Aubin-Simon type result of Theorem 1.5, we have
that u" actually converges to @ in L'(Q). Moreover, using the estimate (2.2.6) on the
truncations of u", we deduce, from the boundedness and continuity of Tx(s), that, for

every k > 0
Ti(u") = Ti(7W), weakly in LP(0, 1; WyP(Q)),

Ti(u") — Ty(w), strongly in LP(Q).
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Finally, the sequence u" satisfies the hypotheses of Theorem 3.3 in [BDGO)J, and so
we get

Vu"™ — Vu a.e. in Q.

All these results allow us to pass to the limit in the entropy formulation of u™; indeed,
for all £ > 0, u™ satisfies

(2.2.12) /Q@k(u" — o)1) da

(2.2.13) - /Q 0r(u™(0,2) — p(0)) dx
(2.2.14) + /0 o T — Dy iy
(2.2.15) + /Q a(e, Vu") - VTi(u" — o) dedt
(2.2.16) < /Q Th(u" — o) dp,

for all ¢ € LP(0,T; W, P(Q)) N L2(Q) N C([0,T]; L'(Q)) with o, € LF (0, T; W1 (Q)).
Let us analyze this inequality term by term: since Ty (u"™ — ¢) converges to Ty (T — ) *-
weakly in L=(Q), and Ty (u" — ) converges to Ty (T —¢) also weakly in LP(0, 1; W, *(Q2)),
we have

[Tt =) dn = [ T o) du
Q Q
moreover, we can write

(2.2.15) = / (a(z, Vu") —a(z, Vo)) - VI (u" — ) dzxdt
Q
(2.2.17)
+/ a(z, V) - VI (u" — @) dxdt,
Q

and the second term to the right hand side of (2.2.17) converges, as n tends to infinity,
to

/ a(z, V) - VTi(u— ¢) dzdt,
Q
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while to deal with the nonnegative first term of the right hand side of (2.2.17), we must
use the a.e. convergence of the gradients; then, applying Fatou’s lemma, we get

/Q(a(:v, Vu) —a(x,V)) - VTp(u — ¢) dedt

< lim inf/(a(m, Vu") —a(z, Vo)) - VT (u" — ¢) dxdt.
Q

n

Our goal is to prove that uw = v almost everywhere in §2; to do that, it is enough to
prove that @ does not depend on time, and that (2.2.12)+(2.2.13)4(2.2.14) converges
to zero as n tends to infinity; indeed, if that holds true, we obtain that u satisfies the
entropy formulation for the elliptic problem (2.1.5), and so, since the entropy solution
is unique, we get that w = v a.e. in Q.

Let us prove first that @ does not depend on time; let us denote by w(x) the almost
everywhere limit of the monotone nondecreasing sequence u"(0,z) = u(n,z), hence,
using the comparison Lemma 2.3, we have that, for fixed ¢ € (0,1)

u"(0,2) <u"(t,z) =u(n+t,2) <uln+1,2) =u""(0,z),

and, since both u" and u™™! converge to w(x) that does not depend on time, such

happens also for the a.e. limit of u"(¢,z) that is © = w.
Now, using the monotone convergence theorem, we get

n

lim[(2.2.12) + (2.2.13)] = /Q@k(ﬂ —¢)(1) do — /Q Ok (w(x) — ¢(0)) dz

1
0

Ya _ _
= [ [ G dds = [ (@ o T@ = oy

while, since Tj,(u" — @) converges to Tj,(T — @) weakly in LP(0,1; Wy ?(Q)), we have

1
(2.2.14) L/ {1 Tu(@ = 0)) 100 @) wir (@ AL
0

Finally we can sum all these terms and, since u does not depend on time, we find

1
Hm[(2.2.12) + (2.2.13) + (2.2.14)] = / (T, TelT = )y 10y (e A = 0;
0

n

and, as we mentioned above, this is enough to prove that u(t,z) = v(x). O



50 2. ASYMPTOTIC BEHAVIOR IN PARABOLIC PROBLEMS WITH MEASURES

2.3. Nonhomogeneous case

Now we deal with the general case of problem (2.1.4) with a nonhomogeneous initial
datum ug, that is

u+Au)=p in (0,7) x £,
(2.3.1) u(0,2) = up(x) in Q,
u(t,z) =0 on (0,T) x 09,

with p € My(Q) satisfying the usual hypotheses used throughout this chapter, and ug
a nonnegative function in L'(Q). We shall prove the following result:

THEOREM 2.4. Let u € My(Q) be independent of the variable t, p > 2]]\?:11, ug €

LY(2), and let 1, ug > 0; moreover, let u(t,z) be the entropy solution of problem (2.5.1),
and v the entropy solution of the corresponding elliptic problem (2.1.5). Then

Jim_u(t,7) = o(a)

in LY(Q).

Most part of our work will be concerned with comparison between suitable entropy
subsolutions and supersolutions of problem (2.1.4). The notion of entropy subsolution
and supersolution for the parabolic problem will be given as a natural extension of the

one for the elliptic case (see [Pa]).

DEFINITION 2.5. A function u(t,z) € C([0,T]; L*(Q)) is an entropy subsolution of
problem (2.3.1) if, for all k > 0, we have that Ty(u) € L(0,T; W,”(Q)) , and holds

[ euw= (1) o~ [ Otuo— (0" ds
0 Q
T
(2.3.2) +/0 (6, Te(w = @) -1 (0 wpn()
+/ a(z,Vu) - VT (u — ¢)" dedt < / Ti(u— o)t du,
Q Q

for all p € LP(0,T; Wy () N L®(Q) N C([0,T); L*(Q)) with ¢, € LP' (0, T; W1 (Q))
and u(0,z) = uy(x) < uy almost everywhere on  with u, € L'(Q).
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On the other hand, u(t,x) € C([0,T]; L'(Q)) is an entropy supersolution of problem
(2.3.1) if, for all k > 0, we have that T} (@) € LP(0,T; W,"(R2)) , and holds

[ o= (1) do— [ et - p(0) da
(2:3.3) [ e T = ) e

+/MLWUVQW—@Mﬁ2/ﬂ@—@w,
Q Q

for all p € LP(0,T; Wy () N L®(Q) N C([0,T); L*(Q)) with ¢, € LP' (0, T; W17 (Q))
and (0, ) = Ug(x) < up almost everywhere on  with uy € LY(Q).

Observe that, an entropy solution of problem (2.3.1) turns out to be both an entropy
subsolution and an entropy supersolution of the same problem as an easy approximation
argument shows. Thanks to Definition 2.5 it is possible to improve straightforwardly
the comparison Lemma 2.3, by comparing both subsolution and supersolution with
the unique entropy solution of problem (2.3.1) using a similar approximation argument;
actually, we shall state this result in a simpler case that will be enough to prove Theorem
2.4.

LEMMA 2.6. Let € My(2), and let w and u be, respectively, an entropy subsolution
and an entropy supersolution of problem (2.53.1), and let u be the unique entropy solution
of the same problem. Then u < u < .

PROOF. Let us prove only that u < u being the other case analogous. We know that
the entropy solution u is found as limit of regular functions w,, solutions of approximating
problems with smooth data. So, if u = f —div(g) with f € L*(Q2) and g € (L (Q))" we
can choose a sequence of smooth functions f, that converges to f in L*(2); let us call
fn = fn — div(g). Moreover, let ug,, be a sequence of regular functions that converges
to ug in L'(Q); so, we call u,, the variational solution of problem

(un)e + A(u") = pp i (0,7) x &,
(2.3.4) un (0, ) = g in €,
Un(t, ) =0 on (0,T) x A,

where 1, = min(ug,, u(0)); notice that also g, converges to u(0) in L'().
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Now, we can choose Ty(u — u,)" as test function obtaining

/0 ((un)s, Te(u — un)+> dt + /Qa(x, Vuy,) - VI (u — un)+ dzdt

_ / 1T — )™ dudt:
Q

On the other hand being u a subsolution we have

/Q@k(g Y H(T) da — /Q Ot — ) (0) da
+/0T<(un)t7Tk(Q_ up) ") dt

+/ a(z,Vu) - VT (u— u,)t dodt < / Tr(u — u,)™ dudt.
Q Q

So, we can subtract this relation from the previous one, recalling that (u—wu,)"(0) =
0, to obtain

/ Or(u — u,) " (T) dx + / (a(z, Vu) — a(z,Vuy,)) - VTi(u — u,)" dadt
Q Q

< / T(u — u,) " dudt — / pn T (u — uy,) ™ dadt + / Ok (w(0) — Ty 0)*(0) da.
Q Q Q

Finally, the monotonicity assumption on a, and Fatou’s lemma, yield that u < w,
since, using again the stability result cited above we deduce that the left hand side of
the above inequality tends to zero as n goes to infinity. Observe that, we actually proved
that, for every fixed T' > 0, a.e. on €2, we have u(T,z) < u(T, z). O

PROOF OF THEOREM 2.4. If v is the entropy solution of problem (2.1.5), we proved
that v is also an entropy solution of the initial boundary value problem (2.1.4) with v
itself as initial datum. Therefore, by comparison Lemma 2.6, if 0 < ug < v, we have
that the solution u(t,x) of (2.1.4) converges to v in L'(£2) as t tends to infinity; in fact,
we proved it for the entropy solution with homogeneous inital datum in Theorem 2.2
while v is a stationary entropy solution.

Now, let us take @(t, x) the solution of problem (2.3.1) with ug = v” as initial datum
for some 7 > 1, where v” is the entropy solution of the elliptic problem (2.1.5) with u,
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as datum instead of u = f — div(g) (f > 0in L'(Q), g € (L”(Q))V), where

T if f=0,
Hr =\ 7 —div(g) if f#0.

Observe that, since 7 > 1, by virtue of comparison results we have immediately v < v7.

Hence, since v™ does not depend on time, we have that it is a supersolution of the
parabolic problem (2.3.1), and, recalling that v is a subsolution of the same problem
(being v < v7 as initial data), we can apply the comparison lemma again finding that
v(z) <u(t,z) <o (z) a.e. in €, for all positive ¢.

Now, thanks to the fact that the datum p does not depend on time, we can apply
the comparison result also between 4(z,t + s) solution with ug = 4(z,s), with s a
positive parameter, and (¢, x), the solution with uy = v as initial datum; so we obtain
u(x,t+s) < a(t,z) for all t,s > 0, a.e. in 2. So, by virtue of this monotonicity result
we have that there exists a function v > v such that 4(¢, x) converges to T a.e. in Q as ¢
tends to infinity. Clearly v does not depend on ¢ and we can develop the same argument
used for the homogeneous case, starting from the analogous estimate

235) [ @u@)®) +a [ VTP dudt < k(ulaaio) + luolrey) = Ch
Q Q

to prove that we can pass to the limit in the entropy formulation, and so, by uniqueness
result, we can obtain that ¥ = v. So, we have proved that the result holds for the
solution starting from uy = v™ as initial datum, with 7 > 1. Since we proved before that
the result holds true also for the solution starting from ug = 0, then, again applying a
comparison argument, we can conclude in the same way that this result holds true for
solution starting from wug such that 0 < ug < v” as initial datum, for fixed 7 > 1.

Finally let us consider the general case of a solution u(¢,z) with initial datum ug €
L'(2) and let suppose first that p # 0; let us define the monotone nondecreasing (in 7)
family of functions

upr = min(ug, v7).

As we have shown above, for every fixed 7 > 1, u,(t,z), the entropy solution of
problem (2.3.1) with wg, as initial datum, converges to v a.e. in €, as ¢ tends to
infinity. Moreover, we also have that T} (u,(t,z)) converges to Tj(v) weakly in W, (1)
as t diverges, for every fixed k > 0.

Now, let us state the following lemma, that will be useful in the sequel: we shall
prove it below, when the proof of Theorem 2.4 will be completed.
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LEMMA 2.7. Let u # 0 be a nonnegative measure in My(Q)), and 7 > 0. Moreover,
let v, be the entropy solution of problem

{A(UT) =p, in

2.3.6
( ) v, =0 on 0f1,

then, we have

lim v, (z) = 400
T—00

almost everywhere on §2.

So, thanks to Lebesgue theorem, and Lemma 2.7, we can easily check that v, , con-
verges to ug in L'(€2) as 7 tends to infinity. Therefore, using a stability result of entropy
solution (see for instance [Pol]) we obtain that Ty(u,(t,z)) converges to Ty (u(t,z))
strongly in LP(0, T; W, *(Q)) as 7 tends to infinity.

Now, making the same calculations used in [Pr2] to prove the uniqueness of entropy
solutions applied to v and u,, where u, is considered as the solution obtained as limit
of approximating solutions with smooth data, we can easly find, for any fixed 7 > 1,
the following estimate

/Q@k(u —u,)(t) de < /Q@k(uo —ug ;) dz,

for every k, t > 0. Then, let us divide the above inequality by £, and let us pass to the
limit as k tends to 0; we obtain

(2.3.7) lu(t, 2) = ur(t,2) 220y < luole) — o (@) 210y,

for every ¢t > 0. Hence, we have

[u(t, z) = v(@)[[ve) < llult, ) — ur(t, @)l o) + lur(t, 2) = o(@) ][ o);
then, thanks to the fact that the estimate in (2.3.7) is uniform in ¢, for every fixed ¢,
we can choose T large enough such that

€
lult, @) = uz(t, 2) |2 e) < 3,

for every t > 0; on the other hand, thanks to the result proved above, there exists ¢ such
that
[uz(t, ) —v(z)|| L2 (0) < %,
for every ¢t > t, and this proves our result if p # 0.
If 4 = 0 we can consider, for every € > 0, the solution u° of problem
ui + A(u®) =¢ in (0,7) x Q,
(2.3.8) uw(0,2) =up  in
u(t,x) =0 on (0,7) x 0%
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thanks to Lemma 2.6 we get that

(2.3.9) u(t, z) < u(t, ),
for every fixed t € (0,7T), and almost every x € ), by the previous result we obtain
7lim u (T, x) = v°(x),
where v° is the entropy solution of the elliptic problem associated to (2.3.8), and, more-
over, by virtue of the stability result for this problem, we know that v*(z) converges to
0 as ¢ tends to 0; so, almost everywhere on 2, using (2.3.9), we have
0 <limsupu(T,z) < v*(z),
T—o0

and, since ¢ is arbitrary, we can conclude using Vitali’s Theorem and (2.3.9). U

PROOF OF LEMMA 2.7. Let us first suppose that u € W1 (Q), so that we have
p = —div(g) with g € (L” (2))"; v, then solves

(2.3.10) / a(x,Vu,) - Ve dr = 7'/ g- Vo dz,
Q 0

for every ¢ € WyP(Q); let us take ¢ = v, as test function in (2.3.10); so, using assump-
tion (2.1.1), we get

a/Q Vo, [P dx < T||9||(Lp’(9))N||Ur||wg’p(9);

now, since v, # 0, we can divide the above expression by 7||v-[|yy10 ). getting
0

%(/lemp dx)p;l = (/Q V(TZII)

v
Therefore, we have that —— is bounded in I/VO1 P(€), and so there exists a function

TPp-L
v € WyP(Q) and a subsequence, such that U: weakly converges in W, ?(Q) (and then

Tp—1
a.e.) to v as 7 tends to infinity. So, it is enough to prove that v > 0 almost everywhere
on ) to conclude our proof.

To this aim, for every 7 > 0, let us define

, p=1
dx) < lgll¢rs @y~

1 1
a‘r(ma f) = ;CL(Z’, Tpig);

we can easily check that such an operator satisfies assumptions (2.1.1), (2.1.2) and
(2.1.3), with the same constants a and (. Notice that in the model case of the p-

Ur .
laplacian, thanks to its homogeneity property, we have a, = a. Now, —— satisfies the

TPl
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elliptic problem
. Ur .
—div(a,;(z,V——)) = p in Q,
(2.3.11)

— =0 on 02,

in a variational sense; indeed, for every ¢ € W,*(£2), we have

(2.3.12) / a.(x,V ( v: )) -V dr = l/ a(x,Vu,) Vo dr = / g-Vodr.
Q Tp—1 T Ja Q
Moreover, thanks to Theorem 4.1 in [CDD], we have that the family of operators
{a,;} has a G-limit in the class of Leray-Lions type operators; that is, there exists
a Carathéodory function @ satisfying assumptions (2.1.1), (2.1.2) and (2.1.3), and a
sequence of indices 7(k) (called T again), such that

G .
a; — a;

vy .
50, because of that, being v the weak limit of —— in W, (£2), we get that

Tr—1

a(az,V( U ))H—"?a(x, Vo),

TPt

weakly in (L” (). Therefore, using this result in (2.3.12) we have
/a(x,Vv)-cpdx:/g-Vgo dz,
Q 0

for every o € W,"(2); and so, v is a variational solution of problem

—div(a(z,Vv)) = p in Q,
v=20 on 0f).

Then, recalling that u # 0 and using a suitable Harnack type inequality (see for instance
[T]), we deduce that v > 0 almost everywhere on ).

Now, if u € My(Q2), we have pu, = 7f — div(g), with f # 0 a nonnegative function
in L'(Q); we can suppose, without loss of generality, that pu, = 7xg — div(g) for a
suitable set £ C Q of positive measure; indeed, f, being nonidentically zero, it turns
out to be strictly bounded away from zero on a suitable £ C (2, and so there exists a
constant ¢ such that f > cxg, and then, once we proved our result for such a p., we can
easily prove the statement by applying again a comparison argument. Now, reasoning
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analogously as above we deduce that U: solves the elliptic problem
Tp-1
Uy 1 . )
ar(z, (—)) = x5 — —div(g) inQ,
TP 1 T
(2.3.13)
Qi =0 on 0f).

TPl

Moreover,

1 .
XB — ;le(g) — XB,

strongly in W~ (Q) as 7 tends to infinity. Therefore, since G-convergence is stable
.. Ur .
under such type a of convergence of data, we have, that the weak limit v of —— in
Trp—1

W,y (Q), solves

—div(a(z,Vv)) = xp in Q,
v=20 on 0,

and so we may conclude, as above, that v > 0 almost everywhere on (), that implies
that v, goes to infinity as 7 tends to infinity. O

REMARK 2.8. Let us observe that the results of Theorem 2.2 and Theorem 2.4 can
be improved depending on the regularity of the data, and so of the solution of the elliptic
problem (see for instance (2.2.4)), for such regularity results we refer to standard elliptic
regularity results and to [BGO)].

2.4. General measure data: linear case

If p is a general measure in M(Q) that does not depend on time we can use the
concept of duality solution as defined in Section 1.3 to prove the asymptotic result for
linear problems. Let us consider the linear problem

u — div(M (z)Vu) = in (0,7) x €,
(2.4.1) u(0) = ug in Q,
u=0 on (0,7) x 09,
with M a bounded matrix satisfying assumption (2.1.1) (p = 2), 1 a nonnegative mea-

sure not depending on time, and ug € L'(€) nonnegative.
Let us prove the following preliminary result:
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PROPOSITION 2.9. Let p € M(Q) that does not depend on time and let v be the
duality solution of elliptic problem

(2.4.2) {—diV(M(x)Vv) =u inQ,

v =0, on 0f).

Then v is the unique solution of the parabolic problem

(2.4.3) {”t —div(M(z)Vo) = in (0,T) x Q,

v(0) = v(z), in €,
in the duality sense introduced in (1.3.12), for any fivzed T > 0.

PROOF. We have to check that v is a solution of problem (2.4.3), to do that let us
multiply (1.3.10) by Tk (v) and integrate on @); we obtain

= / Ti(v) g dzdt.
Q

Now, integrating by parts we have

—/0 (wy, Ti,(v)) dt:/ﬂw(())v(x)+w(k3),
while

/Tk(v) g dxdt = / vg dxdt + w(k).
Q Q

Finally, thanks to a result of [ DMOP] we have

/Q]\/[*(x)Vw -VTi(v) dedt = /QM(%)VT]C(U) -Vw dzdt = /OT/Qw d(x) dt,

where )\, are measures in My(Q2) that converge to p tightly; thus, recalling that w is
bounded, and using dominated convergence theorem, we have

/M*(x)Vw~VTk(v) dmdt_/wdu—l—w(k);
Q Q

gathering together all these facts we have that v is a duality solution of (2.4.1) with
itself as initial datum. U
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Proposition 2.9 allows us to deduce that the duality solution of problem (2.4.1) u
belongs to C'(0,T; L*(2)) for any fixed T' > 0; indeed z = v — u uniquely solves problem

2z —div(M(z)Vz) =0 1in (0,T) x €,
(2.4.4) 2(0) = v — g in Q,
z2=0 on (0,7) x 09,
in the duality sense, and so z € C'(0,T; L'(Q2)) thanks to Theorem 1.6, since z turns out

to be an entropy solution in the sense of Definition 1.44.
So, we have that that u satisfies

(2.4.5) /ug dxdt:/wd,u—i—/uow(()) dx,
Q Q Q

for any g € L*>(Q) and w is the unique solution of the retrograde problem

—wy — div(M*(z)Vw) = ¢ in (0,T) x Q,
(2.4.6) w(T,x) =0 in Q,
w(t,z) =0 on (0,7) x 09.
This way, for fixed g and g € L*(Q)) one can uniquely determine u and w, solution
of the above problems, defined for any time T° > 0. Moreover, recalling that through the
change of variable s =T — ¢, w turns out to solve a linear parabolic problem, if g > 0,

by classical comparison result, one has that w(¢, x) is decreasing in time, for any 7' > 0.
Moreover, let us give the following definition:

DEFINITION 2.10. A function v € LY(Q) is a duality supersolution of problem (2.4.1)

/ug dxdtZ/wd,u—l—/uow(O) dx,
Q Q Q

for any bounded g > 0, and w solution of (2.4.6), while u is a duality subsolution if —u

if

is a duality supersolution.

LEMMA 2.11. Let uw and w be respectively a duality supersolution and a duality sub-
solution for problem (2.4.1). Then u <.

PRrROOF. Actually, simply subtract the two formulations one from the other to obtain

/(g—ﬂ)g dxdt <0,
Q

for any g > 0, and so u < . O

Now we can state our asymptotic result where as usual, thanks to the uniqueness
result, we can think to the solution of problem (2.4.1) as defined for any ¢ > 0.
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THEOREM 2.12. Let u be a duality solution of problem (2.4.1), and v be the duality
solution of elliptic problem

(2.4.7) {—diV(M (2)Vv) =p  inQ,

v =0, on 0).
Then u(t,x) converges to v(x) in L*(Q) as t diverges.

PROOF. Let us first suppose ug = 0. Thanks to the result of Lemma 2.11, arguing as
in the proof of Theorem 2.2, we have that u(¢,x) is increasing in time and it converges
to 0(x) almost everywhere and in L'(Q) since u(t, z) < v(x).

Now, recalling that u is obtained as limit of regular solutions with smooth data pu.,,
we can define ul(t, z) as the solution of
((uﬁ)t —div(M(x)Vu") = p, in (0,1) x Q,

(2.4.8) u?(0) = u,(n, ) in Q

(u! =0 on (0,1) x 9.
On the other hand, if g > 0, we define w" (¢, x) as

(—wp — div(M*(z)Vuw™) =g in (0,1) x Q,
(2.4.9) w"(l,z) =w(n+1,z) in Q,

(w" =0 on (0,1) x 09.

Therefore, by comparison principle, we have that w" is increasing with respect to n and,

arguing as in the proof of Theorem 2.2, its limit w does not depend on time and is the
solution of

(2.4.10) {—diV(M*(fﬂ)W) =g inQ,

w(r)=0 on 0%);

so that, using u (2.4.9) and w™ in (2.4.8), integrating by parts and subtracting we
obtain

/01 /Q“ng B /01 /Qw” d“*/Q“”(O)WO) dz — /Qu"<1>w”<1> d + w(r) = 0.

Hence, we can pass to the limit on n using monotone convergence theorem obtaining

(2.4.11) /ﬁg—/u?du dr =0,
Q Q

and so v = 0.

If g has no sign we can reason separately with g™ and g~ obtaining (2.4.11) and then
using the linearity of (2.4.5) to conclude.

Finally, if ug € L'(2) we can reason, with many simplifications, as in the proof of
Theorem 2.4, considering v™ = 7v and recalling that, if p ## 0, then v > 0. U



2.4. GENERAL MEASURE DATA: LINEAR CASE 61

REMARK 2.13. Actually, the result of Theorem 2.12 can be extended quite easily to
the case of general p and uy without any sing assumption looking at the problem solved
by v — v and using Lemma 2.11 in a suitable way (see [Pe3]).






CHAPTER 3

Asymptotic behavior of solutions for parabolic equations with
natural growth terms and irregular data

We are interested at the asymptotic behavior as ¢ tends to +o0o of solutions u €

L*(0,T; H)()) of the problem

u — Au+ g(u)|[Vul> = f in (0,T) x Q,
(3.0.1) u(0,z) = ug(x) in Q,

u(t,z) =0 on (0,7) x 09,

where Q C RY is a bounded open set, N > 3, ug € L'(Q) nonnegative, while g : R — R
is a real function in C''(R) such that

(3.0.2) g(s)s >0, Vs € R,

(3.0.3) g(s)>0,Vs e R

and f(x) € L'((0,T) %) is a nonnegative function independent on time; in what follows
we will often use the notation Q = Qr = Q x (0, 7).

As we mentioned above, this kind of problem has been largely studied in different
context: in particular, for ¢ = 1 and with any power-like nonlinearity with respect to
|Vu| (the so called Viscous Hamilton-Jacobi equation) a certain number of papers has
been devoted to the study of large time behavior of solution under suitable assumptions
(see for instance [BKL] and references therein). Let us emphasize that for a purely
PDE approach to this problem the main tool in order to obtain such kind of results
is strictly related to the proof of some comparison principle. In our problem the main
difficulty relies on the dependence on both u and its gradient of the nonlinear term.

Let us remind that, for a solution we mean a function v € L*(0,7T; H}(Q)) which
satisfies

(30.4) [ e+ [vu-vor [ st = | 1.

for any ¢ € L?(0,T;Hy(2)) N L=(Q) and such that g(u)|Vu|? belongs to L'(Q).
As we said before, here the symbol fOT<-, -) denote the duality between elements of

63
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L*(0,T; H1(Q)) + L*(Q) and functions in L*(0,T; H3(2)) N L>=(Q); in fact, such a so-
lutions turns out to have time derivative in L*(0,7; H*(Q)) + L'(Q), and in particular,
thanks to Theorem 1.6, they belong to C'(0,T; L'(2)), and so we recall that the initial
datum is achieved in the sense of L'(Q). For such a duality there exists a generalized
integration by parts formula (see Lemma 1.4 ) that we will use.

As we will see (Lemma 3.4 and Lemma 3.5 below) the solution of problem (3.0.1) is
unique and so if we consider 7" > T', we have ur(x,t) = up (t,z), Vt < T and for almost
every x € §); thus we can look at u(t, ) as the unique solution of (3.0.1) defined V¢ > 0.

We want to prove that u(t,z) converges, for ¢ that tends to +oo, to v(z) which is
the unique solution of the elliptic problem

{—Av +g()|Vu)>?=f inQ,

(3.05) v(x) =0 on 082,

such that g(v)|Vv|* € L}(Q); in other words v(x) satisfies

(3.06) /Q Vo Vot /Q 9(v)|Vol2p = /Q re,

for every ¢ € Hy(Q) N L>*(Q).
Our main result concerning the asymptotic behavior of solutions is the following:

THEOREM 3.1. Let f, ug € L'(Q) be nonnegative functions and let u(t,z) be the

weak solution of the problem (3.0.1). Then
tli+m u(t,r) =v(xr) in L(Q).

In order to prove Theorem 3.1 we will use several comparison results, and Section
3.1 is devoted to the statement and the proof of them, while in Section 3.2 we will
prove Theorem 3.1. Actually we will see that the convergence of solution u(t, x) to v(z)
could be stronger that the one obtained under the general assumptions of Theorem 3.1
provided that the data are more regular.

REMARK 3.2. Observe that v(z) is solution of the problem (3.0.1) with itself as
initial datum, being v(x) independent from ¢.

Finally, thanks to the sign condition on f and g we have that both u(t, z) and v(z) are
nonnegative. Indeed, for any & > 0, consider Tj(u~) (where T (s) = max(—k, min(k, s))
is the usual truncation function) as test function in (3.0.1); we have

/0T<Ut,Tk;(U_)>HI,Hé+/QVu-VTk(U_)+/Qg(u)|vu|2Tk(u_):/Qka(u_).
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Then, from the sign condition on g(s) we deduce that g(u)|Vu|?*Ti(u™) < 0, so

/ O, (u); dx —/ |VTi(u)|? dodt >0,
Q Q

where O, (s) = [; Tx(r™)dr; thus, recalling that ug > 0, we obtain u™(¢,2) = 0 a.e. in
@; the same holds for v using (3.0.6).
3.1. Comparison results

As we said before, the most important tool in order to prove the above result relies
in some comparison result between subsolutions and supersolutions of problem (3.0.1);
let us introduce the following definition:

DEFINITION 3.3. We say that z € L?(0,T; H'(2)) is a subsolution of problem (3.0.1)
if g(2)|Vz|? € LY(Q) and

z(t,x) — Az(t,x) + g(2)|Vz* < f in (0,T) x Q,
(3.1.1) 2(0,z) < up(z) in €,
z(t,z) <0 on (0,7) x 092.

On the other hand w € L?(0,T; H*(2)) is a supersolution of problem (3.0.1) if g(2)|Vz|? €
LY(Q) and

wy — Aw(t, ) + g(w)|Vw|?> > f in (0,T) x Q,
(3.1.2) w(0, z) > ug(x) in Q,
w(t,z) >0 on (0,7) x 09,

where first equation both in (3.1.1) and (3.1.2) are understood in their weak sense; i.e.
z(t, x) satisfies

T
.1 ty v . 2 = )
(3.1.3) /0<z 90>+/Q ’ V90+/QQ(Z)IVZ|90</QM
Vo € L*(0,T; Hy(Q)) N L2(Q), ¢ >0 ae. inQ,

and w(t, r) satisfies

T
(3.1.4) | )+ /Q Vo Vi + /Q 9(w) | Vul?p > /Q fe.
Vo € L*(0,T; Hy(Q) N L¥(Q), ¢ >0 ae. in Q.

Now we are able to state and prove two comparison lemmas that will play the key role
in the proof of our main result. The first one concerns the elliptic case for unbounded
sub and supersolutions with no restrictions on the sign of the datum, while in Lemma
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3.5 we prove the same result in the parabolic case with general nonnegative data; these
calculations are inspired by [BaM].

Moreover, observe that the following comparison results between sub and supersolu-
tions easily imply the uniqueness of solution for the corresponding problem; this result
simply follows by observing that any solution turns out to be both a subsolution and a
supersolution for the problem.

LEMMA 3.4. Let v1(z) and vy(x) be respectively a subsolution and a supersolution of
the elliptic problem (3.0.5) with f € L'(Q) and g satisfying (3.0.2) and (3.0.3). Then
vi(z) < wvy(x) a.e. in Q.

PROOF. Let us define the following change of variable:

(3.1.5) U(t) = /t e 26 ds,  where G(s) = /Sg(a)da.

Consider now the function
p(s) =07 (s)
which is a function ¢ : R — R, ¢ € C*(R), such that ©/(s) > 0, Vs € R, and let us
consider
v = p(u), vy = p(uy) and vy = @(us).
Since v; and vy are respectively a subsolution and a supersolution of problem (3.0.5),
then u; and wuy satisfy the following inequalities:

—div (¢'(u1) V) + g(o(w))¢' (w)* [V |* < f
and

—div (¢ (u2) V) + g(p(u2)) ' (u2)*| Vo = f -
Hence, by subtracting the first from the second in their weak sense (i.e. with nonnegative
test functions 7 that belong to Hy(2) N L>®(2)), we obtain

/Q [ (u1)Vuy — ¢’ (ug)Vug] - Vi dx

Jr/ [9(o(ur)) ' (ur)?|Vua |* — g(o(u2)) (u2)?[Vua|?] n dz < 0.
Q

Now, applying the fundamental theorem of calculus both to first and second term and
defining

w=1u; — Uz,
we have, recalling that thanks to the assumptions (3.0.2), (3.0.3) and the definition of
U, w belongs to L>(),

/Q /01 " (wwVu + &' (u)Vw] - Vi drde
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# [ [ 1) @l 9 + 29005 ) @)l Vo

+ 2g9(p(uw))¢' (u)*Vu - Vw] ndrdz <0,

where u = Tu; + (1 — T)ug. Let us choose n = w™ as test function in the previous
inequality, so we have:

1
/ / ¢ (w)wVu - V' + ¢ (u)|Vw|? drdz
QJO

+ / / 17/ (p(w)) @ () (w2 [ Vaf? + 290 (10)) 2 ()" (1) (™ )2 T

+29(p(u))¢' (u)*wVu - Vw]drdz < 0.
Thanks to Young’s inequality, we have:

1 1 S0//(u)2
" . + <« Z 2 -\
‘go (w)wVu - Vw ‘ < 2go(u)|Vw| + 2 o)

[29( ()¢ (u)*wVu - Vw'| < %@’(U)!V’w\z +29(p(u) "¢ (w)* (w)*|Vul®,

and so

(wh)?[Vul?,

/Q / ¢ (o) () (w2 Val? + 29 ()@ (w)o" () (w2 Va2

~20(6 ()¢ W IVl = 3 PVl dodr <0,
that implies
+12 ! w2 ()3 | (u U " (u)
Lot [ 19upe? |5/ + 2000 85,
(3.1.6) o
—29((,0(u))2 — —200,((5))4] drdr <0.

Now observe that

and
P (W())W'(1)* + /(U () ¥"(t) = 0.
Recalling the definition of ¥ in (3.1.5) we have:
() =e 260 W(t) = —29(t)V'(2).
Then
P (W)W (8)* = 2g(t)' (T (1)) (1),
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and so

By replacing the last expression in (3.1.6), we obtain
1
L [ 19t 0 + atglet)?

—2g(p(u))?* — 34g(¢(u))?] dedr <0,

2
that implies w*(z) = 0; thus ui(z) < us(z) a.e. in €; this concludes the proof since
¢'(s) > 0. O

LEMMA 3.5. Let f >0 in LYQ), g satisfying (3.0.2) and (5.0.3) and let uy, uy be,
respectively, a subsolution and a supersolution of problem (3.0.1). Then uy < uy a.e. in

Q.

ProoF. Consider, as in the previous proof,

w:\I/(u):/ e~ 9®ds where G(s):/ g(t)dt.
0 0

Thanks to the structure of the change of variable we can easily check that w satisfies
the following differential equation:

— Aw = fe G0 where ¢=0"",

We remind that, since g is increasing, then g ¢ L*(R), and so
~G(s) ¢ LY(R); hence

W L2(0, T3 Hy () — L*(0,T;5 Hy (2)) N L(Q).
Moreover ¥(s) is an increasing function. Therefore let us consider
w; = Y(u;) and wy = V(uy).

Now let us take ¢ = (w; — wq)™t as test function in the weak formulation of sub and
supersolution for u; and us; then taking the difference we obtain

/OT((U)1 — wa)y, (w1 —wy) ") + /Q V(w — ws) - V(wy — w)"

< / F(e=C@m) _ =GO (4 — )+
Q

Let us observe that the function 7(7) = e%(¢(") is monotone nonincreasing, so we deduce
that

a1 [l e B /Ww1w2P§AWPWNWW
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and so, since (w; — wy)T(0) = 0, it follows that
wi(t,x) <ws(t,x) ae in Q,

that easily implies that u;(¢,z) < us(t,z) a.e. in Q. Notice that, by (3.1.7), the result
hold true also for every fixed 0 <t < T, a.e. on (. O

REMARK 3.6. We would like to emphasize a general fact that we will often use
in what follows: the solution of problem (3.0.1) actually belongs to L>(2 x (¢*,7)),
Vt* € (0,T), if the initial datum vy € L*(2) and f is regular. Indeed, consider the heat
potential u(t, z) in RY x (0,7 associated to our problem, that is the solution of
(3.1.8) U(t,x) — Au(t,z) = f(r) in RY x (0,7),
o u(0,x) = To(x) in RY,
provided that @(t, x) vanishes for |x| that diverges, and % is the trivial extension of ug
at 0 outside €2; due to the sign assumption on g, u(t, x), restricted to €2, turns out to be
a supersolution of problem (3.0.1), and so

0 <u(t,z) <u(t,z), a.e. on (0,7)x Q.

Now, thanks to classical results in potential theory we have, under suitable hypotheses
on the data (see for instance [DiB2]) that @ € L>®(RY x (0,T)) and so also u turns out
to be bounded. For our aim it is enough to observe that the previous result holds true
if ug € L'(Q) and f € L*>°(Q) (for further details and sharp hypotheses on the data see
again [DiB2]).

3.2. Asymptotic behavior

In this section we will first state and prove our asymptotic preliminary results and
then we will deal with the proof of Theorem 3.1; let us recall that 2* denotes the Sobolev
conjugate exponent of 2, that is 2* = -2X

+5. From now on we will denote by v(z) the
unique solution of problem (3.0.5).

THEOREM 3.7. Let f € LY(Q) be a nonnegative function, g satisfying (3.0.2) and
(8.0.3) and let u(t,z) be the solution of the problem

w— Au+g(u)|Vul=f  inQx(0,T),
(3.2.1) u(0,2) =0 in Q,
u(t,z) =0 on 9 x (0,T),

Then
lim w(t,x) =v(z) in L* (Q).

t—-+o00
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PROOF. Let us introduce for any 7 > 1 the sequence of functions in @; = 2 x (0,1)
defined by
u(t,x) =u(t +t,).
Since u(t, x) is the solution of problem (3.2.1), and recalling that f does not depend on
time, we deduce that u™ solves

uj — Au” + g(u)|VuT > = f in (0,1) x Q,
(3.2.2) u™(0,2) = u(r, x) in Q,
u(t,x) =0 on (0,1) x 09

Moreover from Lemma 3.5, since v(z) is a supersolution of both (3.2.1) and (3.2.2), we
obtain the following estimates:

u(t,z) < wv(z), Vt € R, ae. in Q
and
(3.2.3) u’ (t,x) < wv(x), Vte (0,1), Vr € Na.e. in Q.

Now we can compare u(t,x) with us(t,z) = u(s +t,x), s > 0. Since f(z) does not
depend on t, then both u(t,z) and us(t,x) solve (3.2.1) with respectively ug; = 0 and
o2 = u(s,x) > 0 as initial datum. Using again Lemma 3.5 we deduce that u(t,z) <
u(t + s,x), Vs € R. Thus u(t,z) is a monotone nondecreasing function with respect
to the variable ¢: this fact implies that also u” (¢, x), by its definition, is a monotone
nondecreasing sequence with respect to the parameter 7, that is:

u(t,x) <u(t,r)  Vte (0,1), ae. in Q.

Therefore there exists a function u(¢, z) such that u” (¢, z) converges a.e. in @1 to u(t, z)
as 7 tends to +00. Moreover, thanks to (3.2.3) we have, using the dominated convergence
theorem, that
u(t, x) — u(t, z) in L*(Q,).
On the other hand, using the monotonicity of u(t, x) with respect to t and (3.2.3), there
exists a function u(z) € L?(Q) such that u(t,z) converges to u(x) in L*(2). So, in
particular, u7 (0, z) converges to the same function as 7 diverges. Thus, stability results
for such type of equation (see for instance [DO], [Pol]) imply that u™ converges to u
strongly in L?(0, 1; H}(Q)), and g(u7)|Vu™|* converges to g(u)|Vul|? strongly in L'(Q1).
Observe that the function @(¢, z) does not depend on time, in fact
u™(0,2) <t =u(z,t+7) <ult+1,2) =u"(0,2) ;
so, being the limit of u™(0,z) and v "!(0,z) as 7 diverges the same, we deduce that

u(t,z) = u(zr). Moreover, the above calculation easily implies that u(x) = u(z) a.e. in

Q.
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To conclude let us prove that @(x) solves the elliptic problem (3.0.5). Consider the
weak formulation of (3.2.2) and choose ¥(z) € H}(Q) N L>®() as test function; we
obtain

/01<u;, U(2)) + /MO,I) Vu© - V()

f oy ST ) = / L

Thanks to the stability result cited above, integrating by parts, the last expression tends
to

| Vi) V@) + [ gae)va@Pie - [ o
and then
u(z) = u(r) = v(z),
where v(z) is the unique solution of problem (3.0.5). Finally, let us observe that, thanks

to (3.2.3) and Sobolev embedding theorem, u(t, z) actually converges to v(z) in L? (€2).
U

THEOREM 3.8. Let f € L®(Q), up(z) € L*(Q) two nonnegative functions and let
u(t, x) be the solution of the problem
u— Au+g(uw)|Vul> = f inQx(0,T)
(3.2.4) u(0,z) = ug(x) in Q
u(t,z) =0 on 9Q x (0,T).
Then
lim w(t,x) =v(z) in LP(Q),

t——+o0

for every p > 1.
ProOF. We divide the proof in few steps.
Step 1. Suppose that u is the solution of the following problem:
u — Au+ g(u)|Vul? = f in Qx(0,7T)
(3.2.5) uw(0,2) = Tv(x) + h in Q2
u(t,z) =0 on 02 x (0,7,
where 7 > 1 and h > 0.
Observe that Tv(x) 4 h is a supersolution for (3.2.4): in fact, using the monotonicity
of g(s),

%(TU(.T) + h) — A(tv(x) + h) + g(tv(z) + h)|V7To(x) + h|?
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> —Av+g()|Vol* = f,

Tv(x) + h > v(z) ae. in Q,
and
To(z) +h >0o0n 00 x (0,T).
So, by the comparison lemma we proved above,
(3.2.6) v(z) <wu(t,z) <tv(r)+h ae in Q

Moreover we can compare u(t, ) with u(t + s,x), s € RT: in fact we have that u(t, x)
is the solution of the problem (3.0.1) that for ¢ = 0 achieves the value Tv(x) + h while
u(t +s,2)|,_q = u(s, ). Since Tv(x)+ h is a supersolution and again by the comparison
lemma we deduce, being Tv(z) + h > u(s, z), that u(t,z) > u(t + s,z) a.e. on Q. Let
us consider now the sequence of problems

uf — Au" + g(u™)|Vu 2= f inQx(0,1),
(3.2.7) u™(0,2) = u(r, x) in

u(t,x) =0 on 082 x (0,1),
for any 7 € N. Thanks to stability result (see again [DO], [Pol]), we have that u" (¢, x)
converges in L?(0,1; H}(€)) to a function wu(t, ) and thanks to monotonicity with re-
spect to t variable we have that u does not depend on ¢. So we can pass to the limit in
the weak formulation of problem (3.0.1) and conclude that u(x) is a stationary solution
of (3.0.1), and by virtue of uniqueness result for the elliptic problem (3.2.7), u(z) = v(z).

Observe that from (3.2.6), the a.e. convergence of u(t,x) to v(z) and the boundedness
of v(x) actually u(t,z) converges to v(z) in LP(2), Vp > 1.

Step 2. Now let us consider an initial datum ug(x) such that 0 < ug(x) < Tv(x) + h
for some 7 > 1 and h > 0. Let u; (¢, z) be the solution of

(w1, — Ay + g(ug)|[ Va2 = f in Q x (0,T)
u1(0,2) =0 in Q2

(wi(t,z) =0 on 09 x (0,7,
and us(t, z) the solution of

(U9, — Aus + g(us)|[Vue|> = f in Q x (0,7)

S uz(0,2) = To(z) + h in Q

us(t,r) =0 on 092 x (0,7);
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finally let us consider the solution u(t,x) of
u — Au+ g(u)|Vul? = f in Qx(0,7T)
u(0,z) = up(x) in
u(t,z) =0 on 092 x (0,7).
Thanks to the comparison lemma we have that
u(t, ) <wu(t,x) <wug(t,z) ae in Q.
So, passing to the limit with respect to the t variable, we have that

v(x) = tiiinoo uy(t,x) < litrgglfu(t, z) < limsupu(t,z) < tEm ug(t, x) = v(x).

t—oo +oo

Then the limit with respect to the ¢ variable of u(t, z) exists, coincides with v(z) and
the convergence is in LP((2).

Observe that in the last case if we choose as initial datum any wug(z) € L*(Q2), we
can always find 7 and h such that we go back to the previous case (in particular the
choice can be h = |Jugl| =) and any 7 > 1).

Step 3. Finally, let us consider a general nonnegative initial datum ug € L*(2): thanks
to Remark 3.6 we have that any solution u(t,z) of (3.0.1) with f € L>(Q2) is such that
u(t*,x) € L>®(Q), for some 0 < t* < T. So, thanks to uniqueness of solution we can
consider the problem

w — Au+g(uw)|[Vul> = f in Qx (t5,7T)

u(t*, x) = u(t*, x) in Q
u(t,z) =0 on 002 x (t*,T).
Now u(t*, z) € L>*(2) and so again we come back to the previous case. O

The difficulty to generalize our result to the case where both f and ug are in L'(Q)
(Theorem 3.1) relies on the lack of some continuous dependence of the solutions from
their initial data uniformly with respect to the variable t. To avoid this fact in the
proof of our main result we will use a change of variable, shifting the problem to a more
regular one (as in the proof of Lemma 3.5). However, if ug is more regular we can prove
the following partial result:

THEOREM 3.9. Let f € L'(Q), ug(x) € L>=() be two nonnegative functions and let
u(t, x) be the solution of the problem

u — Au+g(u)|Vul* = f inQx(0,7)
u(0,z) = ug(x) in Q
u(t,z) =0 on 9Q x (0,T).
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Then
lim w(t,z) =v(z) in L* (Q).

t——+oo
PROOF. Let us consider u,, the solution of the problem
(un)e(t, ®) — Auy(t, ) + g(u,)|Vu,|* = f in (0,7T) x Q,
un (0, ) = up(x) in €,
up(t,x) =0 on (0,7) x 09,
where f,, is a monotone nondecreasing sequence of regular approximating functions such
that
fn — f strongly in L*(Q).
Moreover, let us define u the solution of problem
a; — Au+g(w)|Val* = f in Qx(0,7T)
(3.2.8) w(0,z) =v(z)+ h in Q
a(t,z) =0 on 092 x (0,7,
where as before we can choose h = ||ug|| L= (q), and let us call %, the solution of problem
(3.2.8) with f,, instead of f as datum. So, thanks to the monotonicity assumptions on
fn and the comparison result proved we easily obtain
un(t, ) < u(t,x),
and
U (t, x) < Un(t, v);
so, passing to the limit over n in the last inequality and using again the stability result
cited above, we actually have
un(t, ) < ult,z) < aft,z)
a.e. on (7, for all "> 0. So we can pass to the limit over ¢ obtaining

Up(z) < liminf w(t, z) < limsupu(t,z) < v(z) a.e. in Q.
t—00 t—00
once we proved that the convergence result holds true for . Notice that the above
estimate allows us to conclude using again stability results for elliptic problems and
the dominated convergence theorem. So, let us prove that @(t,z) converges to v(x);
applying the comparison lemma to , and reasoning as in the proof of Theorem 3.8 we
easily see that
Un(t, ) < Uy (t + s, )

a.e. in ), t,s > 0. So, by stability, this monotonicity property with respect to ¢ still
holds true for the limit (¢, z) that decreases, as t diverges, to some function u(x), that
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turns out to be v(x) reasoning exactly as in the proof of Theorem 3.8 with the use of
functions u”. O

REMARK 3.10. Notice that, in view of Lemma 3.5 we can make the same calculation
as in the proof of Theorem 3.8 to see that the result of Theorem 3.9 holds true even if
the initial datum ug < nv(x), with n € N. We will use this fact in the sequel.

Now we are able to prove our main result.

ProoOF OF THEOREM 3.1. Consider our parabolic problem (3.0.1) and its associ-
ated problem
— Aw = fe=¢C@W) in O x (0,T),

w(O,:c) = U(up) in Q,
w(t,z) =0 on 09 x (0,7,
through the change of variable

w=VY(u)= /u e~ “®ds where G(s) = /Sg(t)dt and p(s) = U 1(s).
0 0
Let us define the following sequences {u,} and {w,} of solutions of problems
(un)e(t, ) — Aup(t,2) + g(un)|[Vu)> = f in (0,T) x Q,
(3.2.9) Un(0,2) = Uy o(x) = min(nv(x), up) in Q,
up(t,z) =0 on (0,7) x 09,
and
(wy); — Aw, = feG@wn) in Qx(0,7),
(3.2.10) W, (0, 2) = V(upp) in Q,
w(t,z) =0 on 092 x (0,7).

From previous results we know that u, (¢, x) converges for ¢ that tends to +o00 to v(z)
in L () and, thanks to the fact that ¥ is Lipschitz continuous, we also deduce that

(3.2.11) tlim U(u,(t,x)) = ¥(v(x))
in L2 (). So, up to subsequences the almost everywhere limit of w,, (¢, z) with respect
to the time variable is W (v(z)).

Now, since u,(t,z) < u(t,x) and so wy,(t,z) < w(t,x), arguing as in the proof of Lemma
3.5 with ¢ = (w — w,) as test function we can obtain an estimate as (3.1.7), that is

Vi >0
/\w W) /]wo wy0)[*(0).
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Let us choose a positive : thanks to the above estimate we can choose n large enough,
such that .

We can deduce from the above inequality and (3.2.11):
€
lw =¥ (v(@))lz2@) < 5+ [W(un) = T(v(@)l2@ <€,

provided t is large enough. Hence, once again up to subsequences, ¥(u,) converges
almost everywhere to W(v(z)) and thanks to continuity of ¢, u,, converges a.e. to v(z)
too. So the a.e. limit of u(t, z) with respect to the time variable actually coincides with
v(x). Thus to conclude it is enough to prove that this convergence is in L'(2). In order
to do it let us recall (see Remark 3.6) that our solution is always dominated by the
solution @ of the heat equation with the same data. We know (see Theorem 2.4) that
this solution converges in L'(Q) to the entropy solution of

—Av=f inQ,
=0 on Jf).
Since
LYQ) .

we can conclude, thanks to Vitali’s lemma, that

u(t,z) — v(x) in L'(Q).



CHAPTER 4

Renormalized solutions of nonlinear parabolic equations with
general measure data

Let Q C RY a bounded open set, N > 2, and let p > 1; in this chapter we prove
existence of a renormalized solution for parabolic problems whose model is

u —Ayu=yp in (0,7) x Q,
(4.0.12) uw(0,z) =up in Q,
u(t,z) =0 on (0,7) x 09,

where T" > 0 is any positive constant, p € M(Q) is a any measure with bounded
variation over @ = (0,7) x Q, and uy € L*(Q2), and —A,u = —div(|Vu|P~2Vu) is the
usual p—Laplace operator.

We will deal with parabolic p-capacity associated to our problem as introduced in
Definition 1.36. As before, we denote with M (@) the set of all Radon measures with
bounded variation on @, while My(Q) will denote the set of all measures with bounded
variation over () which do not charge the sets of zero p-capacity, that is if yu € My(Q),
then u(E) =0, for all £ € @ such that cap,(E) = 0.

As we said before, in [DPP] the authors give another notion of parabolic capacity
(see Definition 1.37), equivalent to the one of Definition 1.36 as far as sets of zero
capacity are concerned; this new notion is defined on compact set by minimizing the
same energy over all functions ¢ € C§°(Q) greater than the characteristic function of
the set. Therefore, thanks to this approach, we can also define this notion of parabolic
capacity of a set with respect to any open U C () and this will turn out to be very useful
in what follows (see for instance Lemma 4.17 below).

We remind that, if © € M(Q) is a general measure with bounded total variation on
@, we can split it into a sum (uniquely determined) of its absolutely continuous part pg
with respect to p-capacity and its singular part ps (that is p, is concentrated on a set
of zero p-capacity). Hence, if u € M(Q), by Theorem 1.39, we have

(4.0.13) p=f—div(G) + g + pis,

in the sense of distributions, for some f € LY(Q), G € (L¥ (Q))N, g € LP(0,T; W, (Q)),
and ps L p-capacity ; recall that the decomposition of the absolutely continuous part of
w1 in Theorem 1.39 is not uniquely determined.

7
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Moreover, let
Wy = {u e LP(0,T; Wy P(R)), uy € LP (0, T; WL (Q)},

then, in our setting, any function of W; will admits a cap,-quasi continuous represen-
tative (that is, it coincides cap,-quasi everywhere with a function that is continuous
everywhere but on a set of arbitrary small capacity, see Section 1.3).

4.1. General assumptions

Let a: (0,7)x QxRN — RY be a Carathéodory function (i.e. a(-, -, ) is measurable
on Q, V€ € RN, and a(t,x,-) is continuous on RY for a.e. (t,z) € Q) such that the
following holds:

(4.1.1) a(t,z,§) - & > alg’,
(4.1.2) la(t, =, )| < B[b(t, x) + €77,
(4'1'3) (a(t’x7€) - a(ﬂﬂﬁ)) ' (6 - 77) >0,

for almost every (t,z) € Q, for all &, n € RN with £ # n, where p > 1 and «, 3
are positive constants and b is a nonnegative function in L (Q). As usual, for every
w e LP(0,T; Wy ?(Q)), let us define the differential operator

A(u) = —=div(a(t, z, Vu)),

that, thanks to its properties, turns out to be a coercive monotone operator acting from
the space LP(0,T; W, (Q)) into its dual L' (0, T; W=7 (Q)). We shall deal with the
solutions of the initial boundary value problem

u+ A(u) =p  in (0,7) x Q
(4.1.4) u(0,2) = up(x) in Q,

u(0,z) =0 on (0,7) x 09,
where p is a measure with bounded variation over @, and ug € L(9).

As we know, if u € W/(whereWisde finedin(1.3.1)), and uy € L*(2), problem (4.1.4)
has a unique solution u € W N C([0, T]; L*(Q2)) in the variational sense, that is

T T
- /ng ©(0) d:z:—/ (o1, u) dt—i—/@a(t,x, Vu)- Vo dxdt = / (f, @)W_LPI(QLWOLP(Q) dt,
0 0

for all ¢ € W such that ¢(T") =0 (see [L], and [DPP]).

Also recall that, in [B6] (for more details see also [BGO]) the concept of entropy
solution of the elliptic boundary value problem associated to (4.1.4) was introduced for
a measure p € My(£2) while the entropy solution u of the problem (4.1.4) exists and is
unique as shown in [DPP] if u € My(Q) (see also [DP]). Moreover, the solution is such
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that |a(t,z, Vu)| € LI(Q) for all ¢ < 1+

belong to any Lebesgue space.
Our purpose is to extend all these definitions to general measure data.

1
, even if its gradient may not
(N+D(p—-1)

For the sake of simplicity we will make a further assumption on the range of p; as in
Chapter 2, we assume p > 2]<,le1 that is a standard assumption giving good compactness
results and we will assume it throughout the rest of this thesis. Let us observe that, in

this setting, the spaces W and W; turn out to coincide.

4.2. Definition of renormalized solution and main result

Here we give the definition of renormalized solution following the idea of [BP] (se also
[DMOP]| and [DPP]). To simplify the notation, let us define v = v — g in what follows,
where u is the solution and g is the time-derivative part of ug, and jig = p — g — ps =
f — div(G); moreover we understood that

/w dﬂo—/fw dmdt—i—/ G - Vw dxdt,
Q Q Q
for every w € LP(0,T; Wy P(Q)) N L®(Q).

DEFINITION 4.1. Assume (4.1.1)-(4.1.3), let p € M(Q), and vy € L'(Q). A mea-
surable function w is a renormalized solution of problem (4.1.4) if, there exists a de-
composition (f, G, g) of ug such that v € LI(0,T; W, 9(Q)) N L=(0,T; L*(2)) for every
q <p— 545 Tn(v) € LP(0,T; WyP(Q)) for every k > 0, and for every S € W?>(R)
(S(0) = 0) such that S” has compact support on R, we have

—/S(uo)go(()) d:t—/ {pr, S(v)) dt—l—/ S'(v)a(t, z, Vu) - Vo dzdt
Q 0 Q
(4.2.1)
S"(v)a(t,z,Vu) - Vv ¢ dedt = [ S'(v)e djio,
+ [ 't e, V) Vo g dadt = | 500

for every ¢ € LP(0,T; W, "()) N L¥(Q), @, € LP(0,T; W1 (Q)), with o(T, z) = 0.

Moreover, for every ¢ € C(Q)) we have

1
(4.2.2) lim —/ a(t,z,Vu) - Vo ¢ dedt = / Y dul,
n—+oon {n<v<2n} Q
and
1
(4.2.3) lim —/ a(t,x,Vu) - Vo ¢ dedt = / Y dug
n—too {—2n<v<-n} Q

where uf and p are respectively the positive and the negative part of the singular part
s of p.
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REMARK 4.2. First of all, notice that, thanks to our regularity assumptions and the
choice of S, all terms in (4.2.1), (4.2.2), and (4.2.3) are well defined; in what follows
we will often make a little abuse of notation referring to v as a renormalized solution
of problem (4.1.4). Observe that condition ¢(7',z) = 0 is well defined in the sense of
L?(2) thanks to Theorem 1.3.

Also, observe that (4.2.1) implies that equation

(S(u— g)). — divialt, z, Vi)S'(u — g)) + §"(u — g)a(t,z, V) - V(u — g)
(4.2.4)
=5(u—g)f +G-5"(u—g)V(u—yg) = div(GS'(u—g))

is satisfied in the sense of distributions, and, since (S(u — g)); € L' (0,T; W5 (Q)) +
LY(Q), we can use in (4.2.4) not only functions in C5°(Q) but also in LP(0, T; W, ”(Q)) N
L>(Q). Let us also observe that, since for such S we have S(v) = S(Twy(v)) €
LP(0,T; Wy P(Q)) (if supp(S') € [-M, M]) and S(v), € L¥ (0,T;W=7(Q)) + L'(Q)
then S(v) € C([0,T]; L'(€)) (see Theorem 1.6) and one can say that the initial datum
is achieved in a weak sense, that is S(v)(0) = S(ug) in L'(Q2) for every S (see [DPP]
for more details).

Finally, we want to stress that Definition 4.1 actually extends all the notions of
solutions studied up to now and, in particular, if u € My(Q) it turns out to coincide
with the notion of entropy solution as shown in [DP]; notice that, in this case, entropy
and renormalized solutions turn out to be unique.

Let us first show the following interesting property of renormalized solutions:

PROPOSITION 4.3. Let v = u — g be a renormalized solution of problem (4.1.4).
Then, for every, k > 0, we have

(4.2.5) /Q|VT,€(U)V” dedt < Clk+1),

where C' is a positive constant not depending on k.

PrOOF. Obviously we can prove it without loss of generality for k large enough.
First of all observe that, thanks to (4.1.1), (4.2.2) and (4.2.3), using Young’s inequality
one can easily show that there exists a positive constant M such that

1
(4.2.6) —/ |\VulPdzdt < M.
{n<|v|<2n}

On the other hand, using the definition of v, we have

(4.2.7) / |VTi(v)|P dedt < C/ \Vu|Pdzdt + C.
Q {lvl<k}
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Hence, we have to control the first term on the right hand side of (4.2.7); using (4.2.6),
we have

(logs k]+1
/ |VulPddt < Z / |VulPdadt + / |VulPdxdt
{ll<k} {2n<Ju]<2n+1} {0<lul<1}
[logy k]+1
<M D> 2 4 C=MEPRN_1) 4+ C<O(k+1),
n=0

that, together with (4.2.7) yields (4.2.5).

The main result of this chapter is the following one:

THEOREM 4.4. Assume (4.1.1)-(4.1.3), let p € M(Q) and ug € L*(Q). Then there
exists a renormalized solution of problem (4.1.4).

4.3. cap,-quasi continuous representative of a renormalized solution

Now we prove some essential property of renormalized solutions that will be useful
throughout the rest of the chapter; in particular we shall prove that a renormalized
solution (actually the regular translation of it) v is finite cap,-quasi everywhere and it
admits a cap,-quasi continuous representative (and we will always refer to it). To this
aim we introduce the following function:

(1 if |s| <n,
I —
nTs if n<s<2n,
n
(4.3.1) H,(s) =
2
nts if —2n<s< —n,
n
0 if |s| > 2n.

4 H,(s)

2n s

|
o
3
|
3
s F--
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Let us also introduce another auxiliary function that we will often use in the follow-
ing; this function can be introduced in terms of H,,(s) defined in (4.3.1):

(4.3.2) Bu(s) = 1 — Hy(s).

Let us introduce some new notation: if F is a function of one real variable, then F'
S
will denote its primitive function, that is F(s) = F(r) dr; where there will be no

0
possibility of misunderstanding, we will indicate simply with S the space SP introduced
in Chapter 1, that is

(4.3.3) S ={u € LP(0,T; Wy ());u, € LP (0, T; W7(Q)) + L1(Q)},

endowed with its natural norm [[ulls = ||ul 1o 7w e () T 1l Lo 0 w10 (@) 421> a0
its subspace W5 as

(4.34)  Wa = {u e LP(0,T; WEP(Q)) N L™(Q):u, € L (0, T; WH(Q)) + LY (Q)},

endowed with its natural norm [|ullw, = [Jull 1 7w 20y + lullL=@)
+ el 1o 0. w10 ()1 11 ()3 fOr any p > 1, following the outlines of [DPP] let us also
define W = Wy N L>(0,T; L*(Q)) and for all z € W, let us denote

[ ] = H ||Lp 0TW1 P( + ||zt||Lp/(0’T;W71,p/(Q)) + ||z||%°°(0,T;L2(Q)) :
In the proof of Lemma 2.17 of [DPP] the authors show that

LEMMA 4.5. Let u € Wy, then there exists z € W such that |u| < z and

2w < C (Il oy + 181 w1 e
(4.3.5)

Hlullzs@ el + Iz -
whereu} € LP (0, T; W= (Q)), u? € L'(Q) is a decomposition of u;, that is u, = u} +u?.
REMARK 4.6. Observe that u; and u? can be chosen such that

||Ut1||Lp’(0,T;W71p y T ||Ut ||L1 < 2“utHLP'(O,T;W*LP'(Q))+L1(Q)7
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and so (4.3.5) easily implies
< C (I, oy + 10 @y 1)
(4.3.6)
+||u||L°°(Q)||ut“LP'(O,T;W*LP'(Q))+L1(Q) + ||U||%oo(0,T;L2(Q))> ’
that was a result of Lemma 2.17 in [DPP]. For the sake of simplicity let us define

[ ] - H HLp(OTwlp Q) + HU%HIL)/Z;,(O7T;W7LP,(Q))

Hlull @ uillzr@) + 1wl 7o 0 2.2 ()
and

+ 7,

[ulox = [lu ||LP0TW1” (0,73 =1 (Q))+L1(Q)

Fllullzoe@ lwell Lo 0.1 (@421 T HUHQLOO(O,T;LQ(Q))'

Now our aim is to prove the following result:

THEOREM 4.7. Let u € Wy, then u admits a unique cap,-quasi continuous represen-
tative defined cap,-quasi everywhere.

To prove Theorem 4.7 we need first a capacitary estimate, this is the goal of next
result:

LEMMA 4.8. Let u € W; be a capy,-quasi continuous function, then, for every k > 0,
C i
(4.3.7) cap,({|ul > k}) < — max ([u]i’, [u]? )

Proor. We divide the proof in two steps.
Step 1. Let u € C3°([0,T] x ), so the set {|u| > k} is open and we can estimate in
terms of the norm of W, by Lemma 4.5 there exists z € W such that |u| < z and (4.3.5)

~ z
holds true, so, recalling that W C W continuously, z is a good function to test capacity

of the set {|u| > k} and we can write

cap, ({|ul > k}) <

+
=
8

(=]

~

5
_l’_
X
z
’E\
S

~

S

5
S
A
= Q)
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Step 2. Let u € Wy and cap,-quasi continuous, then, for every fixed ¢ > 0, there
exists an open set A, such that cap,(A4:) < ¢ and v owa. 18 continuous. Hence, the set
{lujg .. | > K} N(Q\A:) is open in Q\ A, that is there exists an open set U € RN such
that

{luga | > kN (Q\A) =UN(Q\A;).
Therefore, the set

{lul > kYU Ac = {Jujg . | > K} N (Q\A) U A = (UUA)NQ

turns out to be open; let z the function given in Lemma 4.5 and let w € W such that
w > xa. and
lw|lw < capp(Ag) + e < 2¢;

z
we have that w + % > 1 almost everywhere on {|u| > k} U A., so

z
capy ({Jul > K} U A2) < [l + 11
PET
<Ll e

Finally, recalling the monotonicity of the capacity and thanks the arbitrary choice of ¢
we can conclude as in Step 1. U

An interesting consequence of these results, whose proof can be checked arguing as
in [DMOP] and [HKM] for the elliptic case, is the following

COROLLARY 4.9. Let u € Wy a and po € Mo(Q). Then, (the cap, quasi contin-
uous representative of) u is measurable with respect to py. Moreover (the cap,-quast
continuous representative of ) u belongs to L>(Q, o), hence to LY(Q, uo).

REMARK 4.10. Obviously we also have that

(4.3.8) cap, ({[u] > k}) < %max ([uﬁ;, [u]fl;);

therefore, thanks to Young’s inequality and to the fact that W5 is continuously embedded
in C([0,T); L(Q2)) (see [Pol]) we deduce that

C ,
(4.3.9) cam,({Jul > k) < 7 max (ully,, el ).

PROOF OF THEOREM 4.7. Let us first observe that there are no difficulties in ap-
proximating, for instance via convolution, a function u € W5 with smooth functions

u™ € C§°([0,T] x 2) in the norm

”um”LP(O,T;WOl’p(Q)) + ||u:nHLP'(O,T;W*LP'(Q))JrLl(Q)
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with ||u™| pe(g) < C (see [Dr] and [DPP]); so let u™ be a sequence like this, actually
we can construct v such that

oo 1 1
D 2
E 2™ max ([umJrl —u™ L, [u™ T — um]i’*)
m=1
is finite. Now, for every m and r, let us define

1
— +1 _ T
wm = {Ju™ u™| > 2m} and Q" = | |w™

m>r

Now we can apply Lemma 4.8 and recalling (4.3.8) we obtain

1
» [um+1 o um]ﬂ) 7

*3 =

cap,(w™) < C2™ max ([um+1 —u"]
and so, by subadditivity
1 1
cap,(2") < C Z 2™ max ([um+1 —u™ L, [um T — um]i’;) :
m>r

that implies
(4.3.10) lim cap,(©2") = 0.
Moreover, for every y ¢ 2" we have that

1
[u™ —u™|(y) < om

for any m > r, and so u™ converges uniformly on the complement of 2" and pointwise

on the complement of m Q". But, for any [ € N, we have

r=1

cap, (ﬂ QT) < capp(Ql),

r=1

and so, by (4.3.10), we conclude that cap, (ﬂ QT) = 0; therefore the limit of u™ is

r=1
cap,-quasi continuous and is defined cap,-quasi everywhere.

Let us call @ this cap,-quasi continuous representative of u, and let 2 be another
cap,-quasi continuous representative of u; thanks to Lemma 4.8 (and in particular using
its consequence (4.3.9)), for any € > 0, we have

_ C _ _ /
cap,({lii = 2| > e) < = max ([i = 2l 7 — 2l ) =0

since & = z in W5 and this concludes the proof. O
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Now we want to prove that, if v = u — ¢ is a renormalized solution then, it is finite
cap,-quasi everywhere and it admits a cap,-quasi continuous representative.

THEOREM 4.11. Let v = u — g a renormalized solution of problem (4.1.4). Then v
admits a cap,,-quasi continuous representative finite cap,,-quasi everywhere.

PROOF. Let us indicate with H,(s) the primitive function of H,(s). Observe that
from (4.2.5) we readily have a similar estimate for H,(v), that is

(4.3.11) / IVH,(v)|P dovdt < C(n+1)
Q

and so, choosing H,,(v) and ¢ in the renormalized formulation of v (4.2.1) we have

— | o H,(v) dwdt
Q
—I—/ H,(v)a(t,z,Vu) - Vy dxdt
Q

(4.3.12) :/QHn(v)go djio
1

n

—i——/ a(t,z,Vu) - Vo ¢ dxdt
{n<v<2n}

1
——/ a(t,z,Vu) - Vv ¢ dzdt,
{—2n<v<—n}

n

and so we deduce that, in the sense of distribution

d
dt
therefore, since H,(v) € L?(0,T;W,7(Q)) N L*®(Q), thanks to Theorem 4.7, H,(v)
turns out to admit a cap,-quasi continuous representative finite cap,-quasi everywhere

(H.(v)) € L7 (0, T; W (Q)) + LY(Q);

and so to conclude the prove is enough to prove that v is finite cap,-quasi everywhere.
Actually, from (4.3.12) we have

d

— 1
i (Hn(v)) = div(H,(v)a(t, z, Vu)) + Ea(t, x, V) - VUX n<v<on)

1 N
_Ea(t> T, VU) ’ VUX{f2n<v§fn} + Hn(”)“Oa
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and so, from the estimate (4.3.11), we easily deduce that there exists a decomposition
of (H,(v)); such that

V(DS sy < C

and

I(H ()il < C.

<
Now, thanks to Theorem 4.7, we have that ﬁ

(v) admits a cap,-quasi continuous
representative and moreover {|v| > n} = {|H,(v)| > n}. We can apply Lemma 4.8 to

obtain

(4318)  cap,({lo] > n}) = cap, ({Fu(w)] > n}) < *m

hence, using the obvious estimate

HH () o0 022200y < NHn ()]s (@ 1 Hn (0) 20,7321 )
the fact that v € L>°(0,T; L'(Q)), and (4.3.11), we can conclude from (4.3.13) that

C 1o
Capp(ﬂ”' > n}) < — maX(nzl?,npl’ )’
n
that allow us to conclude that v is finite cap,-quasi everywhere and so the proof of
Theorem 4.11. -

4.4. Approximating measures; basic estimates and compactness

First of all, we want to discuss how the renormalized solution does not depend on
the decomposition of the regular part of the measure pg; to to that we made use of the
following result proved in [DPP]:

LEMMA 4.12. Let g € My(Q), and let (f,—div(Gy), g2) and (f, —div(G1),G2) be
two d@ﬁer@nt decompositions of p according to Theorem 1.39. Then we have (g —

(
Go)i = [ — f—div(Gy) + div(G)) in distributional sense, gy — g € C([0,T]; L*(2)) and
(92 — 32)(0) = 0.
PROOF. Lemma 2.29 in [DPP], pag. 22. O

If 1 € Mp(Q), the definition of renormalized solution does not depend on the decom-
position of the absolutely continuous part of u as shown in Proposition 3.10 in [DPP)].
Next result try to stress the fact that even for general measure data this fact should be
true; actually for technical reason we prove that the the definition of renormalized solu-
tion is stable under bounded perturbations of the decomposition of 1 (see also Remark
4.14).
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PROPOSITION 4.13. Let u be a reqormalized solution of (4.1.4). Then u satisfies Def-
inition 4.1 for every decomposition (f, —div(G), ) such that g—§ € LP(0,T; WyP(Q))N
L™(Q).

SKETCH OF THE PROOF. Assume that u satisfies Definition 4.1 for (f, —div(G), g)
and let (f, —div(G), §) be a different decomposition of 1 such that g — § is bounded.
Thanks to Lemma 4.12 we readily have that © = v — g € L>(0,T; L*(Q)); to prove
that Ty (u — §) € LP(0,T; Wy (Q)) for every k > 0 we can reason as in the proof of
Proposition 3.10 in [DPP] with S(v) = H,(v) and using the fact that thanks to (4.2.2)
and (4.2.3) we have

lim 1 |Vul|P de < C.
"o Jn<Ju—g|<2n}
To prove that the reconstruction properties (4.2.2) and (4.2.3) are satisfied for v we
have to be more careful.
To prove (4.2.2) we choose By, (h,(v)+g—g)v (where 3, (s) = By,(s7) and v € C*(Q))
and S'(s) = hn(s) = H,(s) in (4.2.4), calling v, = h,(v) + g — § and using Lemma
4.12, to obtain

[ e a (A)
+/ hy(v)a(t, z, Vu) - VB, () ¢ dxdt (B)
Q
— %/{ o }a(t,a:,Vu) Vv Br(vn) ¥ dzdt (C)
+/ hyn(v)a(t,x, Vu) - Vi Br(7y,) dxdt (D)
Q
= /Q [(hal0) = 1)f + FIu ()0 dudt (E)
+ [ () =16+ G- T (3h(3)0) dod (F)
Q
+/ G - Vhy(v) Bu(yn) ¥ dxdt. (G)
Q

Now, integrating by parts in (A) we have

(A) = - /Q o) dedt + [ ) (TVAT) do = [ 5, (w0)0(0) do = (o, )
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while, thanks to the properties of (), and to the fact h,(v) strongly converges to 1 in
LP((0,T); WhP(Q)) (this fact essentially relies on the estimate (4.2.5)) we have that

(E)7 (F) = w(n7 h) :

On the other hand, using the Holder inequality and the fact that 0 < G,(7y,) < 1, we

have
(G <C </Q GP dmdt) ’ (/Q |V (0)|P dxdt); = w(n),

again using the fact that h,(v) strongly converges to 1 in LP((0,T); WhP((Q)).

Moreover, since g — g is bounded, we can truncate v on the set {|y,| < 2h}, that
is u = Ty(v) + g on {|v] < M} C {|y,] < 2h}, for suitable M > 0 not dependent
on n. Hence, since Tyy(7,) is weakly compact in LP(0,T; WyP(Q)) (actually arguing
as in [DPP], that is taking To, () as test function in (4.2.4), one can show that it is
bounded, uniformly with respect to n, in L*(0, T’ Wol’p(Q))), we have

(B) = 1/ hn(v)a(t, z, Vu)Vy, ¢ dedt
h {h<vn<2h}

/ a(t,z, Vu)Vo ¢ dedt + w(n),
{h<i<2h}

and, on the other hand, since h,(v) strongly converges to 1 in LP((0,7); W'?(f2)), we

have
1

-1
N J{n<v<2n}n{|yn|>2h}

a(t,z,Vu) - Vo ¢ dxdt

1
+—/ a(t,z,Vu) - Vo By(v,) ¥ dedt
" J{n<v<an}n{lym|<2h}

1

n /{vn§U<2n}m{ |’Yn | ZQh}

a(t,z,Vu) - Vo ¢ dzdt + w(n)

1
= —/ a(t,z,Vu) - Vo ¢ dzxdt
{n<v<2n}

n

1

/ a(t,z,Vu) - Vo ¢ dzdt + w(n)
T J {n<v<2n}n{|yn|<2h}

=/¢du§+w(n);
Q
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Collecting together all these facts we derive that

1
lim —/ a(t,z, Vu)Vo ¢ dedt = / Y dut.
h—oo h {h<i<2h} Q
Then we conclude by density for every 1 € C(Q); the proof of (4.2.3) can be treated
analogously.
Finally the fact that © satisfies equation (4.2.4) can be proved as in the proof of

Proposition 3.10 in [DPP]. O

REMARK 4.14. Let us stress the fact that in Proposition 4.13 we deal with small
perturbations of the time derivative part of py because of technical reasons; actually
the proof of Proposition 3.10 of [DPP] is given by suitable estimates and with the use
of Fatou’s lemma. Unfortunately, as far as the reconstruction properties (4.2.2) and
(4.2.3) are concerned, we have to make use of a more subtle analysis on each term. The
requirement on g — g arise from this fact.

However, in the linear case, we can drop this stronger assumption proving the result
in its general form. Indeed as we will see later (see the proof of Theorem 4.24), in this
case a renormalized solution turns out to be a duality solution and so, using the duality
formulation for v and Lemma 4.12, we can easily conclude.

Now, let us come back to the existence of a renormalized solution for problem (4.1);
as we said before, if u € M(Q) we can split it this way:

(4.4.1) p=f—div(G) + g + ps,

for some f € LY(Q), G € (L*(Q))N, g € LY (0,T; W= (Q)), and p, L p-capacity,
that is, ju, is concentrated on a set E' C @ with cap,(£) = 0. There are many ways to
approximate this measure looking for existence of solution of problem (4.1.4); we make
the following choice, let

(4.4.2) e = fF = div(GF) + gf + A5 — AL,

where f¢ € C5°(Q) is a sequence of functions that converges to f in L'(Q), G° € C5°(Q)
is a sequence of functions that converges to G in (L¥' (Q))V, ¢° € Cs°(Q) is a sequence of
functions that converges to ¢ in L?(0, T; W, 7(Q)), and g € C°(Q) (respectively A) is
a sequence of nonnegative functions that converges to uf (respectively ) in the narrow
topology of measures. Moreover let u§ € C5°(Q) that approaches ug in L'(Q). Notice
that this approximation can be easily obtained via a standard convolution argument,
and we can also assume

Il o) < Clpl,  ugllzie) < Clluollzie) -
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Let us call u® the solution of problem
u§ + A(u®) = p© in (0,7) x Q
(4.4.3) us (0, 2) = uf in Q,
us(0,2) =0 on (0,7T) x 09,
that exists and is unique, and let v = u® — ¢g°. Approximation (4.4.2) yields standard
compactness results (see [BDGO],[DO], and [DPP]) that we collect in the following

PROPOSITION 4.15. Let u® and v* as defined before. Then

(4.4.4) [w 20,3010y < €
(4.4.5) /Q VTP dedt < CF,
(4.4.6) [v%]| oo 0,120 (02)) < C,
(4.4.7) /Q |VTi(v9)|P dedt < C(k+1).

Moreover, there exists a measurable function u such that Ty(u) and Ty(v) belong to
LP(0,T; Wol’p(Q)), u and v belong to L*>(0,T; LY(Q)), and, up to a subsequence, for any

k>0, and for every ¢ < p — <X

N1 we have

s —u a.e. on Q weakly in L0, T;W,9(Q)) and strongly in L'(Q),
v — v ae on Q weakly in L0, T; Wy Q) and strongly in L'(Q),
Ti(ue) = Tp(u)  weakly in LP(0,T; Wy P(Q)) and a.e. on Q,

Ti(v°) = Tr(v)  weakly in LP(0,T; Wy P(Q)) and a.e. on Q,

Vu® — Vu a.e. on @,

Ve — Vv a.e. on Q.

SKETCH OF THE PROOF. Here we give just an idea on how (4.4.4)—(4.4.7) can be
obtained following the outlines of [DPP]. First of all, we choose Tj(u®) as test function
in (4.4.3) and we integrate in |0, t[ to get:

t
/@k )dx+//a(s,x,Vu€)~VTk(u5) dxds:///ka(ue)dxds—i-/ O (ug) dx
0Jo 0Ja 0
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which yields, from (4.1.1) and the fact that |ug| ;1) and ||p°||11(g) are bounded:
¢
/ Ok (u)(t) do + // VT (u®)|P deds < Ck .
Q 0Jo
Since Ok(s) > 0 and [©(s)| > |s| — 1, we get
t
(4.4.8) / |us(t)] dx + // |V (T, (u®))|P dedt < C(k+1) Vk >0, Vt €[0,T].
Q 0J0
Taking the supremum on (0,7') we obtain the estimate of u® in L>(0,T; L'(9)). Sim-
ilarly we can get the estimates on v® = u® — ¢°: let us choose Ty(v®) as test function

in (4.4.3). Integrating by parts (recall that ¢° has compact support in @, so that
v®(0) = u(0) = uf) and using (4.1.1) this gives:

t
/@k(va)(t) dx—i-OZ//|vu€|p)({|vs|<k}dl‘d3
Q 0Jo
t
S/@k(uf)) dl“{—/fETk(Ue)dedt+//G€'VUSX{|UE|<k}dZL'dS
Q Q 0J0

t t
- // G*- Vg X{lvflﬁk}dxds + // CL(S, z, Vue) -Vg° X{|v5\§k}dxd3
0JQ 0JQ

+/Tk(v5)d/\§9—/Tk(vs)d)\g.
Q Q

Using assumption (4.1.2) and by means of Young’s inequality we obtain:

t
/@k(va)(t) dm—l—g// |VUE|pX{|v5|<k}d$dt§k/ |f6|d$dt
Q 2 JoJa Q

+C/ ledid dxdt+C’/ \ng\dedHC/ yb(t,w)|P’dxdt+k/ | da .
Q Q Q Q

+I<:/ dAieJrk/ XS, .
Q Q

Since G* is bounded in L (Q), ¢ is bounded in LP(0,T; W, *(Q)), f5, A, and X, are
bounded in L'(Q) and u§ is bounded in L'(), we obtain

/@1@5)@) de<C Ve (0T),
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which implies the estimate of v® in L>(0,T; L'(Q)), and also
/ ‘Vusyp X{|v8|§k}dxdt < C (k -+ 1) s
Q

which yields that T} (v°) is bounded in LP(0,T; Wy (Q)) for any k > 0 (recall that ¢°
itself is bounded in LP(0, T; Wy *(2))). O

REMARK 4.16. Let us observe that from Proposition 4.15, thanks to assumption
(4.1.2) on a and Vitali’s theorem, we easily deduce that a(t, x, Vu®) is strongly compact

in L'(Q).

4.5. Strong convergence of truncates

In this section we shall prove the strong convergence of truncates of renormalized
solutions of problem (4.1.4); to do that we will crossover the approach used in [DMOP]
for the elliptic case with the one in [BP].

With the symbol T (v), we indicate the Landes time-regularization of the truncate
function T} (v); this notion, introduced in [La], was fruitfully used in several papers
afterwards (see in particular [DO], [BDGO], and [BP]). Let z, be a sequence of
functions such that

2, €WeP()NL¥(Q),  |ale@ <k,
2, — Tr(ug) a.e. in Q as v tends to infinity,

1

;HZVH?;/&@(Q) — 0 as v tends to infinity.

Then, for fixed & > 0, and v > 0, we denote by Ty (v), the unique solution of the problem

di(U>V

T v(Ti(v) — Ti(v),) in the sense of distributions,

Ty (v),(0) =z, in Q.

dT,;
Therefore, Ty(v), € LP(0,T; Wy P(Q)) N L=(Q) and ;EU) € LP(0,T; W, 7(Q)), and it
can be proved (see also [Lal) that, up to subsequences, as v diverges

Ti(v), — Ti(v)  strongly in LP(0,T; W,"(Q)) and a.e. in Q,

1T (V)] o) < kB Vv > 0.

First of all, let us state a preliminary result about the capacity of compact sets, and
then our basic result about approximate capacitary potential.
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LEMMA 4.17. Let K be a compact subset of Q = (0,T) x§2 such that cap,(K, Q) = 0,
then for every open set U such that K C U C @, we have

cap,(K,U) = 0.

PROOF. Let vs € C3°(Q) be a sequence approximating the capacity of K in @ (as
in Definition 1.37), and ¢ a cut-off function for K in U, that is a function in C§°(U)
such that ¢ =1 on K and extended to zero on Q\U; therefore we have

CAP(K,U) < |[vsellw = sell oo rawi ey T 10s0)tll 1o o, w107 (3
easily we have that
HwJ(PHLP(O,T;WOl’p(Q)) < Clles]lw
On the other hand, if (¢5), = —div(Fj) in the sense of L¥ (0, T; W~ (Q)), we have,
reasoning by a density argument, that, for every v € L?(0, T’ VVO1 P(2))

((Vs)e, ’U>Lp'(o,T;W—1m’ (€2)),LP (0,T;Wy P ()

= / Fs - V(vp) dxdt +/ Ysppv dxdt,
Q Q

2N+1

and so, using Theorem 1.3 (recall that p > =7 =

embeddings, one can check that

), Holder’s inequality and Sobolev

H<w690)tHLP'(O,T;W*LP’(Q)) < Cll¥slw
that implies the result thanks to the choice of 15 and Proposition 1.38. U
LEMMA 4.18. Let pus = puf — pu; € M(Q) where uf and p; are concentrated, respec-

tiely, on two disjoint sets ET and E~ of zero p-capacity. Then, for every § > 0, there
exist two compact sets Kgr C E* and Ky C E~ such that

(151) WEENKD) <6, i (B\KG) <36
and there exist ¥5, 5 € C3(Q), such that

(4.5.2) Uy, 5 =1 respectively on Kj, K,
(4.5.3) 0 <95, ¥y <1,

(4.5.4) supp () Nsupp(v; ) = 0.
Moreover

(4.5.5) 5 lls <6, le5lls <9,
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and, in particular, there exists a decomposition of (¥3); and a decomposition of (V5 )
such that

(4.5.6) 13w 0 w1y <

OJIO'n
OJIO'n

15 il @) <

OJIO':
OJIOﬂ

(4'5-7) ||(77Z)5_)i||LP'(0,T;W*17P () < ||(¢5_)f||L1( <

and both 1y and 5 converge to zero x-weakly in L=(Q), in L*(Q), and, up to subse-
quences, almost everywhere as  vanishes.
Moreover, if A5, and A&, are as in (4.4.2) we have

(45.8) /¢5 X%, = (e, ), /% dut <,

(4.5.9) /gu; AN, = /gu; dus <4,

(4.5.10) / (1= g o) AN = wle,6.1), / (1= g dut <6+,
Q Q

(4.5.11) /(1—¢5¢ ) AN, = (e, 6,1, /(1_¢5¢ ) dps <5+,

PROOF. Let us fix § > 0, so thanks to the regularity of the measure p,, there exist
two disjoint compact sets Kj7 C E* and K; C E~, such that (4.5.1) are satisfied and
there exist two open sets U and U; , disjoint, containing respectively K and Kj .
Now, thanks to Lemma 4.17, since capp(Kj, Q) = 0 (resp. cap,(Ky,Q) = 0), we have
that cap, (K, Uy") = 0 (resp. cap,(K;,U;) = 0). Hence, by definition of parabolic
p-capacity there exists two functions pf € C5°(Uy") (resp. ¢; € C5°(Us )) such that,
for any ¢’ > 0, we have

(4.5.12) logllw <&, (resp. |lgy lw < 0)
and
SO;SF > XK (resp. Y5 = XK(;)a

where we have extended these functions to zero, respectively, in Q\U; and Q\U; ; we
will choose the value of ¢’ in a suitable way later.
Now, let us define

(4.5.13) vf =H(g)), ¢y =H(gpy),
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where H(s) is the primitive of the continuous function

(4 .

3 if |s| < %,
(4.5.14) H(s) = | affine if 1< |s| <1,

L0 if [s| > 1.

Readily we can observe that (4.5.2), (4.5.3) and (4.5.4) are satisfied. Moreover we have

15 s = 195 oo w2y + 1@ L 0 mw—1 @y 1)

< S oo mawe ey T 1@ o o 2w 0y + 1) @),

for every decomposition of (¢§);. From now on we deal only with ¢; since the same
argument holds for 5. Let us observe that, in the sense of distribution, we have
(W) = H(pf)(p)s, and so, if (oF); = —div(F;") in LP (0, T; W1 (Q)), we have
that, for any v € LP(0,T; W, (Q))

((3)e ) 1 o w10 (), Lo 0. 1W P (@)
8
:/H(gog) Fi - Vo dxdt——/ F" - Voiv dudt,
Q 3 Ji<er<y

Therefore from (4.5.12) we have

”w;HLP(O,T;WOLP(Q)) < C(S/,

1) o 0.1 () < CF

and, using the Young’s inequality,
1)l @ < C(8% +8%).

So, we can actually choose ¢’ small enough such that (4.5.5), (4.5.6) and (4.5.7) are
satisfied; moreover, thanks to Theorem 1.5 we also have that these functions tends to
zero in LY(Q) as § goes to zero and so, up to subsequences, almost everywhere; due to
this fact the convergence to zero x-weakly in L>°(Q)) as § vanishes is obvious.

Now, if A, is as in the statement we have, for every § > 0,

0< [ uy N = [ vy duf + (o),
Q Q
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while recalling (4.5.1) we have

ogfw; dpg = | U5 dpd < pd(Us) < pd (Q\US)
Q Us

< (Q\KS) = pi (ET\K) < 6.
Therefore (4.5.8) is proved, and (4.5.9) can be obtained analogously. Now, let § and 7
two nonnegative fixed values: we have

0< /Q (1= 3oy dag, = /Q (1= 00 dt +w(e);

on the other hand, since 1 -1 ;" is in C (Q), and is identically zero on K N K 7, using
again (4.5.1) we can obtain

o< [a-vgundet = [ (-vge) de
Q QK NK)

< pf (Q\(KF N K))) < pH (Q\KS) + pf (Q\KF) <6+
This proves (4.5.10) while the proof of (4.5.11) is analogous. O

REMARK 4.19. This result is actually enough to our aim; however, one would like
to have a stronger and reasonable result that, up to now, is still an open problem. Can
one choose ¢f and ;5 as uniformly bounded functions in C§°(Q) vanishing in the W
norm? This fact, for instance, should allow us to prove the reverse implication of the
decomposition Theorem 1.39; that is, if 4 € M(Q) admits a decomposition as in (1.3.2),
then p € My(Q).

In what follows we will ever refer to subsequences of ¢y and ¢; that satisfy all the
convergence results stated in Lemma 4.18.
The essential key in the proof of Theorem 4.4 is the following

THEOREM 4.20. Let v® and v as before. Then, for every k > 0
T (v¥) — Ti(v)  strongly in LP(0,T; WyP(Q)).
PRrROOF. Our aim is to prove the following asymptotic estimate:
(4.5.15) lim Sélp/Qa(t,w,qu) - VT (v°) dadt < /Qa(t,a:, Vu) - VTi(v) dxdt.

The result will readily follow from (4.5.15) by a quite standard argument. We shall
prove it in several steps.
Step 0. Near E and far from FE.
For every 6,1 > 0, let ¢, 7 Vs, and ¥ as in Lemma 4.18 and let £ and E™ be the
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sets where, respectively, the positive variation and the negative variation of the singular
part of ;1 are concentrated; setting ®;,, = %Dgr?/};{ + 5 ¢, , we can write

/Qa(t,x, Vu®) - V(T (v°) — Ti(v), ) Hp(v°) dadt
(4.5.16) = /Qa(t,a:, Vu©) - V(Ti(v°) = Ti(v),) Hp (v°) s,y ddt

+/ a(t,z, Vu®) - V(T},(v°) — Ti,(v),) Hp (v°) (1 — Ds,,) dadt .
Q

Now, if n > k, since a(t, z, VTy,(u)) - VT(v), is weakly compact in L'(Q) as & goes
to zero, H,(v®) converges to H,(v) *-weakly in L*(Q), and almost everywhere on @,
thanks to Egorov theorem, we have

lim sup/ a(t,z, Vu®) - V(Ti(v°) — T (v)y) Hp (v°) Py, ddt
Q

e—0

= lim sup [/ a(t, z, Vu®) VT (v°)Ds, dmdt] — / a(t,z,Vu) - VI (v), H,(v)Ps, drdt.
Q Q

e—0

So we have

lim sup/ a(t,z,Vu©) - V(T (v°) — Ty (v),) Hp (v°) Py, dxdt
Q

eV

= lim sup {/ a(t,z, Vu®)VT(v°) s, dwdt} - / a(t,z,Vu) - VI, (v)H,(v) s, dzdt.
e—0 Q Q
Since 0 < H,(v) <1 and P, tends to zero *-weakly in L>(Q)) as 6 goes to zero,
/ a(t,z,Vu) - VI, (v)H,(v)Ps,, drdt = w(9).
Q

Therefore, if we prove that

(4.5.17) lim sup/ a(t,z, Vu*) VT (v7)Ps, drdt <0,
€,0,m Q
then we can conclude
(4.5.18) lim sup/ a(t,z,Vu©) - V(T (v°) = Ti(v),) Hp (v°) Py, dadt < 0.
ev,onn JQ

Step 1. Near to E.
Let us check (4.5.17). If p® = g + X5, — A%, then, choosing (k — Tj(v°)) Hy, (v )05 oy as
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test function in the weak formulation of u®, defining I', x(s) = / (k — Ty(r))H,(r) dr,
0

and integrating by parts, we obtain

- /Q Ly i (vF) %(W U dadt
+/Q(k' — T () Ho (v%)alt, @, Vus) - V(i ) dadt
+/Qa(t,x,vu€> - VH, (%) (k _Tk(vf.;))w;w?7+ dedt
_/Qa(t,:r, Vus) - VTi(v°) Hn(va)zpw; drdt
= /Q (k — Tho(v%)) Ha (v¥) 0 o dfi
# [ = e 0

_/Q(k—Tk(va))Hn(UEW;W Ao

so, for n > k, we have

/Qa(t?xav(Tk(UE) +9)) - V(T(v") + g5 oy devdt (A)
+ [ o= T H ) w7 X (B)
Q
. / Los(v) (007 dad (©)
Q
+ 2k a(t,z, Vu©) - Vo© i dudt (D)

N J{—an<ve<—n}
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+ /Q (k = Te(v*)) Ho(v¥)alt, 2, Vur) - V(5 47) dandt (E)
- [ = T ey i ()
n /Q (k — Tu(0") o (o) 5 dAS (©)
+ /Q a(t, 2, V(Ty(0%) + %)) - Ve Ui dudt; (H)

here, we have used the fact that

/ a(t,z, Vu©) - VI,(0%) Yo dedt
Q

= / a(t, 2, V(Ti(v°) + %)) - VI (0" )51, dadt
(4.5.19) ¢
= /Qa(t, z, V(T (v°) + 9°)) - V(T (v°) + ¢ )05 by dadt

—/ a(t, z, V(Ti(v°) + ¢%)) - Vg© i bt dadt.
Q

Let us analyze term by term using in particular Proposition 4.15 and Lemma 4.18;
due to the fact that I, 1 (v°) converges to I', x(v) weakly in LP(0, T; Wy P (), we obtain,
observing that T, x(v) € LP(0,T; W, ?(Q)) N L=(Q)

|
(€)= /Q Coi(v) S8 g et

d +
+/ [y r(v) d_tn Vi dedt + w(e) = w(e, d);
Q

now, since (k — Ty (v°))H,(v°) converges to (k — Ty(v))H,(v) *-weakly in L>(Q), we
have

(E) = /Q(k — Tx(v))Hp(v)a(t, x, VT, (v) + g) - V(¢F ,;r) dxdt + w(e) = w(e, d);

moreover, since H,,(v¥)if ¢y weakly converges to H,(v)¢f ¢ in LP(0, T; Wy?(Q)) and

using again Lemma 4.18, we easily have

~(F) = /Q (k= To() Ha (o) 057 dfio + w(E) = wle, 6):
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while, using (4.5.9) we have
0<(G) < 2k/ Yy dAE = Qk/ Yy dug 4 w(e) = w(e, 0),
Q Q

and we readily have that (H) = w(e,9).

It remains to control term (D); we want to stress the fact that the use of the dou-
ble cut-off function w;w; was introduced essentially to control this term. Suppose
we proved that (D) = w(e,d,n,n) and let us conclude the proof of (4.5.17); actually,
collecting all we shown above, we have

(A) + (B) = w(e, d,n,m),

and, observing that both (A) and (B) are nonnegative, we can conclude that

(4.5.20) / a(t, z, V(Ti(v°) + g°))V(Ti(v%) + g%y oy dadt = w(e, 1),
Q

and

(4.5.21) /Q(k; — Tk(1}6))]{”(va)w;rw;r dX\g, = w(e, d,n,n).

On the other hand, reasoning as before with (k+T}.(v°)) H,(v°)5 ¢, as test function
we can obtain

(4.5.22) /Qa(t, x, V(Ti(v°) + %)) V(T (v°) + ¢° )5 ¢, dadt = w(e, 6, m),
and
(4.5.23) /(k + T3 (v°)) Hn (0% )05 4, dAS = w(e, 6,m, 7).

Q

But, (4.5.20) and (4.5.22) together with (4.5.19) (that obviously holds true even
with 54, in place of @ZJ;@ZJ;’) yield (4.5.17), while both (4.5.21) and (4.5.23) show an
interesting property of approximating renormalized solutions; they suggest that, in some
sense, v° (and so the solution u) tends to be, respectively, large (larger than any k& > 0)
on the set where the singular measure pf is concentrated, and small (smaller than any
k < 0) on the set where the singular measure p; is concentrated.
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So, to conclude let us check that (D) = w(e,d,n,n) (and the analogous property in
the case with ¢5¢,"). First of all, since 0 < ¥y <1, we have that

2k
= —/ a(t, z, V(Ton(v°) + ¢°)) - V(Ton(v°) + ¢°) Y5, dadt
{—2n<ve<—n}

n

(D)

2%
2k a(t,z, V(Ton(0°) + ¢)) - V" 5y} dadt

n J{—2n<ve<—n}

2k
< 2

a(t, v, V(Tzn(v%) + 9%)) - V(Ton(v%) + ¢°) by dadt + w(e,0)

. J{—2n<ve<—n}

2%

a(t,z, Vu®) - Vo© w; dxdt + w(e,d, n),
n {—2n<ve<—n}
where to get last equality we used (4.1.2), Holder’s inequality and the estimate on the
truncates of Proposition 4.15; therefore, we have just to prove that
1
—/ a(t,z, Vu©) - Voo i = w(e,n,n).
{—2n<ve<—n}

n

To emphasize this interesting property that, at first glance, could appear in contrast
with the reconstruction property (4.2.3), we will prove it in the following

LEMMA 4.21. Let u be a solution of problem (4.4.3) and ;" 1y

, asin Lemma 4.18.
Then

1
(4.5.24) —/ a(t, z, Vu©) - Vo© b dedt = w(e, n,n),
N J{—2n<ve<—n}
and
1
(4.5.25) —/ a(t,x, Vu) - Vo© ¢, drdt = w(e,n,n).
N J{n<ve<2n}

PROOF. Let us prove (4.5.25); if 3,(s) = Bn(s™), we can choose 3,(v°)y, as test

function for problem (4.4.3), and rearranging conveniently all terms, we have

%/ at,z, V(T2 (v°) + g%)) - V(Ton(v°) + ¢°)¢, dzdt (A)
{n<ve<2n}
+ /Q Bulo%) XS (B)
ya) 5 dw;
- /Q Ba(v%)— - dudt (C)

— / a(t,z, Vu®) - Vb, B, (v°) dxdt (D)
Q
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! /Qﬁ"@s)?/’n i ()
" /QB ()% X ()
+ %/{ o }a(t,x,V(Tzn(yE) + ) - Vo oy dadt. @

Observing that both terms on the left hand side of the above equality are nonnegative,
let us analyze the right hand side term by term; thanks to Proposition 4.15 and to the
fact that (,(v) converges to 0 a.e. on @ and *-weakly in L>(Q), we have

(D) = w(e;n),

while, since 3, (v°) converges to 3, (v) as € goes to zero, and 3, (v) tends to 0 in L'(Q)
as n diverges, again thanks to Proposition 4.15 we easily obtain

(C) = w(en);

moreover, again thanks to Proposition 4.15 and to the definition of f3,, in particular
using the fact that 3, (v) strongly converges to 0 in LP(0, T; W, *(Q)) (again this fact is
an easy consequence of the estimate on truncates of Proposition 4.15) and *-weakly in
L>(Q), we have that (E) = w(e,n) and, using (4.1.2) and Holder’s inequality as before,
we have

(G) = w(e,n);
finally, thanks to (4.5.8),
®) < [ vy a5 =w(en)
Q

Putting together all these facts we obtain (4.5.25), while (4.5.24) can be proved in an
analogous way choosing B,,(s~) and 1, as test functions in (4.4.3). O

REMARK 4.22. Notice that the result of Lemma 4.21 turns out to hold true even for
more general functions ¢, and 1, in Whoo(Q) which satisfy

0<r <1 0<9y, <1,
and

og/ﬂq@%Sn Os/wnW§§m
Q Q

since the reminder term of the integration by parts easily vanishes as first € goes to zero
and then n diverges. We will use this fact later.
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Step 2. Far from E.
We first prove a result that will be essential to deal with the second term in the right
hand side of (4.5.16):

LEMMA 4.23. Let h,k > 0, and u® and @5, as before, then
(4.5.26) / V(1 — B5,) = (e, b, 6,m)
(h<|ve|<h+k}

PRrOOF. Let ¥(s) = Ty(s — Th(s)) and let us multiply the formulation of u® by the
test function ¢ (v°)(1 — ®s,,); integrating, if Oy (s) = / (o) do, we have
0

/ @k’h(?}g)t(l — (I)(;:??) dxdt
Q
+ /Q a(t,z, Vu©) - VI (v° — T (v%)) (1 — Ps,) dadt
—/ a(t,z,Vu®) - Vs, Ti(v: — Ty (v%)) dzdt
Q
_ /Q 7 To(o" — Th(v%))(1 — @5, drdt
—i—/ G* - V(T (v° — T (v9))(1 — Ds,,)) dadt
Q
‘|‘/ T'k(v8 — Th(U‘E»(l — (I)5777)d/\29
Q

—/ T (v" = Th(v°))(1 = Ps,)dAS.
Q
Now using the fact that

/ ot 2, V) - VTH(oF = Ta(v%)) (1 = By, dadt

Q

(4.5.27) = / a(t,z, Vu) - Vu© (1 — 4,)) dxdt
{h<lof| <h ik}

—/ a(t,z,Vu®) - Vg© (1 — ®5,,) dadt,
{h<|ve|<h+k}
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and, using Young’s inequality we obtain

‘/ G - VTi(v° — Ty(v%)) (1 — ®s.,) dxdt‘ < Cl/ |GEP' (1 — ®s,)) dadt
Q {h< v |<h+k}

+02/ VUl (1 — ds,) dadt + ‘/ G° - Vg (1 — 0y, dudt]|;
{h<|ve|<h+k} h<|v¢|<h+k}

where, when we use Young’s inequality, we can choose C small as we want (for instance
Oy < g); in the same way we can deal with the second term on the right hand side of
(4.5.27) after we used assumption (4.1.2) on a; therefore, using assumption (4.1.1) on a
in the first term of the right hand side of (4.5.27), noticing that Oy ,(s) is nonnegative
for any s € R and integrating by parts, we obtain

/@kh dq"*" dadt (A)
/ IVus|P (1 — ®s,,) dadt (B)
{h<|ve|<h+k}
<C / IGEPP (1 — ®s5,,) dadt (C)
{h<|ve|<h+k}
+ 0/ VP (1 — ®s,) dadt (D)
{h<|ve|<h+k}
s ) deat ®)
{los]>h}
+C / b(t, )P (1 — ®5,,) dadt (F)
{h<|ve|<h+k}
+/ Tk(va — Th(’l)a))(l — (I)5777)d/\29 (G)
Q
- / T (v° — T (v))(1 — ®5,,)dN (H)
Q
Q

First of all, thanks to the definition of Oy (s), the strong compactness in L'(Q) of both
v° and ug, using Vitali’s theorem we readily have

(A), (I) = w(e, h),
while thanks to the equi-integrability property
(C) + (D) + (E) + (F) = w(e, h);
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finally, thanks to (4.5.8) and (4.5.10) we have

= w(e,4,7m);

(@) <k \ /Q (1= vtur) dxs, — /Q vy A

analogously using (4.5.9) and (4.5.11) one has |(H)| = w(e, d,n); collecting together all
these facts we obtain (4.5.26). O

Now, let us analyze the second term in the right hand side of (4.5.16), that is, in
some sense, far from the set where the singular measure is concentrated.
We can write, for n > k

/Qa(t,a:, Vu©) - V(T (v°) = Ti(v)y) Hn (v°) (1 — s,) dadt
(4.5.28) = /{| e a(t,z, Vu) - V(v° = Tj,(v),)(1 — Ps,)) dadt

—/ a(t,z, Vu©) - VIi(v), H, (v°)(1 — D5,,) drdt;
{lvf|>k}

First of all, thanks to Egorov theorem and to Proposition 4.15, and since |T;(v),| < k
a.e. on @ recalling definition of Ty (v),, we have

/ a(t,z,Vu©) - VTi(v), H,(v°)(1 — ®5,,) dadt
{lve|>k}

= / a(t,z, V(T (v°) + ¢%)) - VIi(v), Hy(v°)(1 — O5,,) ddt
(4.5.29) {Jvs[>F}

_ /{| o) a(t,z,V(Ton(v) + ) - VTi(v), Hy(v) (1 — ®s,)) dwdt + w(e)

= w(e,v).

To deal with the first term on the right hand side of (4.5.28) we adapt a method
introduced, for the parabolic case, in [Pol]; for h > 2k let us define

w® = Top(v® = T, (v°) + T(v°) — Ti(v)y);

notice that Vw® = 0 if |[v°| > h + 4k, thus the estimate on T (v®) of Proposition 4.15
implies that w® is bounded in LP(0,T; W, ()); therefore we easily have that

w® — Top(v — T, (v) + Ti(v) — Ti(v),) weakly in LP(0,T; W,"(€2)) and a.e. on Q.
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Hence, let us multiply by w®(1— ®;,) the equation solved by u® and integrate to obtain

/0T<v§, wi(1 — ®5,)) dt (A)
n /Q a(t,z, V) - Vus (1 — ds,) dadt (B)

_ /Q alt, x, Vu©) - Vs, w® drdt (C)
- /Q FE (1 — ®,) dudt (D)
n /Q G- V(w (1 — ®5,)) dedt (E)

+ /Q wh (1 — B5,) AN, (F)

_ /ng(l — D) AN (G)

Let us analyze term by term the above identity; first of all, thanks to the properties of
w® and to Lebesgue’s theorem we have that (D) = w(e, v, h); while, on the other hand,
we have

(E) = / G-Vu (1 - ®s,) dedt + w(e, v, h),
{h<v<h+2k}

and using Young’s inequality and Lemma 4.23, we have that

/ G-Vou (1 —-®s,) dedt = w(h,d,n).
{h<v<ht2k}

Now, reasoning as in the proof of Lemma 4.23, thanks to (4.5.8)—(4.5.11), using the fact
that |w®| < 2k, we have that both (F) = w(e, d,n) and (G) = w(e,d,n), while thanks to
Proposition 4.15 and to the definition of w® we have

(C) = w(e, v, h).

Let us now analyze term (B); if we define M = h + 4k we have

/ a(t,z, Vu©) - V(1 — &5,,) dxdt
Q

= / a(t,z, Vusxqueej<ay) - V(1 — ®s,,) dadt.
Q
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Now, if E. = {|v° — Tj(v®) + T (v°) — Ti(v),| < 2k} and h > 2k we can split it as

/ a(t,z, Vu®) - Vw(1 — ®s,,) drdt
Q

- / alt, 2, Vi xerny) - V(6 — To(v),)(1 — Bs,) dodt
Q
(4.5.30)
+/ a(t,z, VusXqpe<any) - V(0° = T (v%)) (1 = @5,)xE. dadt
{lve|> k)

—/ a(t,z, VusXqpej<any) - VIR(v)y (1 — ®55)xE. dodt.
{lve[>k}

Let us analyze the second term in the right hand side of (4.5.30); since v — Tj(v°) =0
if |v¥| < h, we have

’/ a(t,z, Vusxuej<any) - V(0© = Ti(v%)) (1 — ®5,) xE. dvdt
{los|>k}

< / la(t, 2, Vo) |[Vee| dadt,
{h<[vs|<h+4k}
and using assumption (4.1.2) on a and Young’s inequality we get:

/ la(t, @, V)| Vee| (1 = ®y,) dadt
(h<|vé|<h+4k}
< C/ (\Vus P (1 — @s,,) dadt
(h<|vé|<h+4k}
e / VP (1 — ®y,) dudt
(h<|vé|<h+4k}

+C / b(t, )P (1 — ®s,,) dudt.
{h<|vs|<h+4k}
Thus, using equi-integrability and Lemma 4.23 we obtain

(4.5.31) / a(t,z, Vusxquej<ay) - V(0T =T5(v%)) (1= Ps,)xE. dedt = w(e, h,6,n).
{lvs|>k}
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Let us now analyze the third term in the right hand side of (4.5.30); since, thanks to
Proposition 4.15, we have

[ alta Vurgeican) - V() (1 - Bs,)xs, dodt = ofe),
{lve|>k}

then
(4.5.32)

/ a(t, z, Vuxgeej<my) - VI(v)y (1 = @5p)xp.dodt
{lv=>k}

= / a(t, z, Vuixquej<my) - V(Ti(v)y — Te(v)) (1 = Psy) xp.dxdt + w(e),
{lvs|>k}

so, thank to the fact that T,(v), strongly converges to Tj(v) in LP(0,T; W, (€)) and
using again Proposition 4.15 we have

/{Us>k} a(t,z, Vuexquej<my) - V(Tr(v)y — Ti(v)) (1 = ®sp)xE. drdt = w(e,v),
that together with (4.5.32) yields
(4.5.33) /{| - a(t, x, Vuxquej<my) - VIp(v)y (1 = @sp)xp. drdt = w(e, v).
So, putting together (4.5.30), (4.5.31) and (4.5.33) we get

(B) = /Q alt, 7, Vi erny) - V(0F = Th(0),)(1 = Bs,,) dadt +w(e, v, h,6,7),

and then, gathering together all the above results

T
JRCRE R
0

4.5.34 c e
(4.5.34) +/ a(t, z, Vuxque<iy) - V(v° = Ti(v),)(1 — @5, dadt
Q
- w(€7 V? h7 57 77)'
If we prove that
T
(4.5.35) / (i, w (1 — @5,)) dt > w(e, v, h),
0

then we obtain our estimate far from E:

(4.5.36) lim sup/@a(t,:}:, Vu©) - V(T (v°) = Ti(v)y) Hp (v°) (1 — @s) dazdt < 0.

E7V’67n’77
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So, let us prove (4.5.35). Observing that, thanks to the fact that |Ty(v),| < k, we
can write (recalling that h > k > 0)

W = Ty (v° = Ti(v)y) = Th—i(v® = Tj(v%));

we have,
T
/ (v, w (1 — Bs,)) dt
0
T
= [T TraloF = T )(1 ~ Bs,)
0
+/ Sh+k(vs - Tk(v),,)t (1 - (1)5777) dxdt
Q
—/ Gri(v%): (1 — s) dudt,
Q
where
Shtk(s) :/ Thir(o) do,
0
and

Gh,k(s) = /08 Th,k((f — Tk(U)) do.

First of all, thanks to the definition of Tj(v), we have

[ (BT = 001 = 2 a
— /Q (T4(0) = T(0)) Th(v = T(0),)(1 = @s,) dadt + ()
_y /{ o T sl = T2~ sy

+ v /{ M}(k — T (0)) Than(v — T(0),) (1 — ®s,) dadt

+ v / (—k‘ — Tk(U),/)Th+k<U — Tk(U)V)<1 — (1)5,77> dxdt + W(€);
{v<—k}
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and the three terms in the right hand side are all nonnegative, so we can drop it to
obtain

(4.5.37) /0 (Tk(v)v)e, Thir(v" = Ti(0),)(1 = @5)) dt = w(e),

while integrating by parts we have
/ Sthk(UE — Tk(U),,)t (1 — Cpgm) dxdt
Q

- Gh_k(vs)t (1 — (1)5,,7) dxdt

Q
AP
= | Sppe(v® = Ti(v),) dj" dxdt
Q
AP,
— [ G (v® 1 dadt
/Q nk(0%) =5

—/ Shik(ug — z,) dx
Q

Reasoning as in the proof of Lemma 2.1 in [Pol] we can easily show that both

/QSh—i-k(UE — Tk(’l)),/)(T) dr — / Gh_k(UE)(T) dz 2 O,

Q

and

/ Gh—i(ug) dz — / Shik(ug — 2,) de = w(e, v, h).
Q Q
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Therefore we have proved that

/0T<Ut, “(1 = @5,)) dt

dd
Z / Sh+k(va —Tk(v)y) d;m dxdt
Q

4P
- / Ghp(v?) =22 dadt + w(e, v, h),
o dt

so, to conclude we have to check that

i
/ Sher (v — Te(v)y) 2281 gt
g it
(4.5.38)

dd
—/ Gh—r(v°) %0 dudt > w(e, v, h);
0 dt

actually, thanks to Proposition 4.15 and to the properties of Ty (v), we have

dd
/ Sh+k(1}€ — Tk(’U)l,> dzm dxdt
Q

dd,
— | Gy (v T dxdt
/Q’”“(U) a7

0
> / Shealv — Tilw) T2 dedt
Q

o
—/ Ghi(v) A5 dzdt + w(e,v)
o dt

d
= [ B G o)
where F,(s) = Spir(s — Tk(s)) — Gr_i(s); that is, if h > 2k,
s—k
/ (Thar(0) = Thr(0)) do if s> h—k
0

Fu(s) =40 it |s| <h—k

\/OS (Th+k(0) —Th,k(O')) do if s< —(h — k'),
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2k L - - - - - -

—2k

So, F},(v) converges almost everywhere to 0 on @ and, since v € L*(Q), we can apply
dominated convergence theorem to conclude that (4.5.38) holds true.

Step 3. Strong convergence of truncates.
Collecting together (4.5.16),(4.5.18), and (4.5.36) we have, taking again n > k,

lim sup (/ a(t,z, Vu®) - VI, (v°) dxdt
Q

g,v,n

(4.5.39)
—/ a(t,z,Vu) - VTi(v), H,(v°) dxdt) <0,
Q

therefore, since using Egorov theorem and Proposition 4.15 we have

/ a(t,z,Vu) - VI (v), H,(v°) dxdt
Q

= / a(t,z,Vu) - VI (v) dzdt + w(e,v,n),
Q

then (4.5.39) implies (4.5.15).
Now, recalling that

/Qa(t, z, V(Ti(v°) + ¢%)) - VT(v°) dadt
(4.5.40) = /Qa(t,x, V(T (v%) + ¢%)) - V(Ti(v%) + ¢°) dxdt

- [ alta, 9T + 7)) - Vi dad,
Q
using Fatou’s lemma, and Proposition 4.15 we can easily conclude that

/Qa(t,x, V(T (v%) + g%)) - V(Ti(v°) + ¢°) dxdt
(4.5.41)
= /Qa(t, z,V(Tp(v) + g)) - V(T (v) + g) dzdt + w(e);
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Thus, being nonnegative, a(t,z, V(T (v°) + ¢°))V(T%(v°) + ¢°) actually converges to
a(t,z,V(Ti(v) + ¢))V(Tk(v) + g) in L*(Q); hence, using assumption (4.1.1)

alV(Ti(v7) + 99" < alt, 2, V(Ti(v) + ¢7)) - V(Ti(v") + 9°),

and so, by Vitali’s theorem, recalling that ¢° strongly converges to g in L?(0, T’; VVO1 P(Q)),
we get

T (v¥) — Ti(v) strongly in LP(0,T; W, P(Q)).

4.6. Existence of a renormalized solution

Now we are able to prove that problem (4.1.4) has a renormalized solution.

PROOF OF THEOREM 4.4. Let S € W2*°(R) such that S’ has a compact support
as in Definition 4.1, and let ¢ € C([0,T) x Q); then the approximating solutions u°
(and v°) satisfy

—/QS(ug)ap(O) dIE—/OT<90taS(U€)>

+/ S (v%)a(t, z, Vu®) - Vi dxdt
Q
(4.6.1)
+/ S"(v%)a(t, z, Vu©) - Vo ¢ dadt
Q
= / S'(v%) di® +/ S'(v%)p dXS, — / S'(v%)p dAL.
Q Q Q

Thanks to Theorem 4.20 all but the last term easily pass to the limit on ¢; actually the
only terms that give some problems are the last two. We can write

(4.6.2) /Q (0% XS, = /Q S'(v%)p YN + /Q (0% (1— U )dxe,

where ¢ is defined as in Lemma 4.18; thus

/ (o) (1— )| < © / (1= ) dX, = w(e, ),
Q Q
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while choosing S’(v¥)pty in the formulation of u® one gets,

/ S/ (0% )t AN, = — / '(oF )il dif + / /(o )it dA
Q Q Q

- /Q (o5 )e S(v°) dadt
(4.6.3)
—l—/ S'(v%)a(t, z, Vu©) - V(epy) dadt
Q

+/ S"(v)a(t, z, Vu©) - Vo© o drdt;
Q
now, thanks to Proposition 4.15 and the properties of ¢}, we readily have
/ S' ()i di = w(e, d),
Q
and, thanks to (4.5.9),
[ swenr axe
Q
while, since S(v) € LP(0,T; W,?(Q)) N L®(Q) and using (4.5.6),

/Q (o) S(oF) dadt = w(e, 5):

< C’/ Y dNS = w(e,0)
Q

moreover, since a(t, z, Vu) is strongly compact in L'(Q), S’(v®) is bounded, and v
converges to zero in LP(0,T; W,”(Q)) as 6 goes to zero, we have

/ S'(v%)a(t, z, Vu©) - V(pyy) dadt = w(e,d),
Q

and, finally, using Theorem 4.20 and the fact that Vu® = Ty (v°) + ¢° on the set
{v* < M},

/ S"(v%)a(t, x, Vu) - Vo© i dadt = w(e,d).
Therefore, from (4.6.2@) we deduce
(4.6.4) /QS/(’US)QO dXg = w(e).
Analogously we can prove that

(4.6.5) /QS'(vg)go dAS, = w(e).
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Then u satisfies equation (4.2.1) with p € C3([0,T) x Q); now, an easy density argument
shows that u satisfies the same formulation with ¢ € LP(0,T; W, (Q)) N L®(Q) such
that ¢, € L¥ (0, T; W=7 (Q)), and (T, z) = 0.

To prove existence it remains, then, to prove properties (4.2.2) and (4.2.3); so let us
take and H,(v)(1 — 95 )¢ as test function in the formulation of u, where ¢ € C§°(Q).
We obtain

- /Q (1= 65 )¢): Halv) dudt

+/ H,(v)a(t,z,Vu) - V((1 — 9y )p) dxdt
Q

(16.6) — [ B ;) dig
Q
1 _
+—/ a(t,z,Vu) - Vo (1 — 4y ) dadt
N J{n<v<2n}
1

——/ a(t,z,Vu) - Vo (1 — ¢y )p dadt.
n J{—2n<v<—n}

Now, recalling that u° is also a distributional solution with datum p® we have

= [ (@ ohat dade+ [ altn, V) V(1= 0 dads
Q Q
(4.6.7)

Z/(l—%_)so dﬂ8+/(1—wa‘)w dAé—/(l—wm axe,
Q Q Q

for every ¢ € C§°(Q).
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Therefore, let us take the difference between (4.6.6) and (4.6.7); we obtain

— [ (=)o Balw) dodt+ [ (1=t dade ()
Q Q
+ /Q How)a(t, 2, V) - V(1 — 5 V) dadt (B)
- /Q a(t, 2. V) - V(1 — 5 )p) (©)
- [ o= vp)e dia+ [ (0 - v dig (D)
Q Q
+ l/ a(t,z,Vu) - Vo (1 — ¢y ) dadt (E)
N J{—2n<v<—n}
+ /Q(l — U5 )y dXG (F)
- /Q (1= ¥7)p A (@)
- l/ a(t,z, Vu) - Vo (1 — 5 ) dudt. (H)
" J{n<v<2n}

First of all, we easily have
(A) = w(e,n),
and, thanks to Proposition 4.15,
(B) + (C) = w(e, n).

Now, since H,(v) strongly converges to 1 in L?(0,T; W1?(Q)) (thanks to the estimate
on the truncates of Proposition 4.3, as we said before) and then H,(v)(1 — 15 )¢ to
(1 — b3 ) in LP(0, T; W,y ?(Q)), we have

(D) = w(e,n).

Moreover, thanks to (4.5.11),
(G) = w(e,9)

and thanks to Lemma 4.21 (see also Remark 4.22), and to Theorem 4.20, we have
(E) = w(n,9).

Finally, using again Theorem 4.20, and Lemma 4.21, we have

1

(H) = —/ a(t,z,Vu) - Vo ¢ dedt + w(n,d),
N J{n<v<2n}
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while, by construction of Af,, we have

(F) = /Qgp dut +w(e, d).

Putting together all the above results we obtain (4.2.2) for every ¢ € C§°(Q). Now, if

v € C*(Q) we can split

1
—/ a(t,z,Vu) - Vo ¢ dxdt
N J{n<v<2n}
1 \
(4.6.8) = — a(t,z,Vu) - Vo o) dxdt
N J{n<v<2n}
1 +
+-— a(t,z,Vu) - Vo o(1 — 4y dzdt,
T J{n<v<on}
and, thanks to what we proved before
1
(4.6.9) lim — a(t,z, Vu) - Vo oy dedt = / o dul + w(9).
n=oo N Jin<v<2n} Q

On the other hand, reasoning as before, we are under the assumption of Lemma 4.21
(see Remark 4.22), so we have

1
—/ a(t,z, Vu©) - Vo© (1 —¢F) dedt = w(e,n,d),
{n<ve<2n}

n

that, gathered together with the strong convergence of truncates proved in Theorem
4.20, yields
1

(4.6.10) —/ a(t,z,Vu) - Vo o(1 —¢f) dedt = w(n,d).
N Jin<v<2n}

Finally, putting together (4.6.8), (4.6.9) and (4.6.10) we get (4.2.2) for every ¢ € C*(Q),
and, reasoning by density, for every ¢ € C(Q), which concludes the proof of (4.2.2). To
obtain (4.2.3) we can reason as before using ¢ in the place of ¥; and viceversa, and

this concludes the proof of Theorem 4.4. O

4.7. Uniqueness in the linear case and inverse maximum principle

4.7.1. Uniqueness in the linear case. In this section we try to stress the fact
that the notion of renormalized solution, as in the elliptic case, should be the right one
to get uniqueness. As we said before if the datum p belongs to My(Q) the renormalized
solution turns out to be unique (see [DPP]); the same happens for a general measure
datum and ug € L'(Q) as initial condition, if the operator is linear, that is if

(4.7.1) a(t,x,&) = M(t,x) - &,
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where M is a matrix with bounded, measurable entries, and satisfying the ellipticity
assumption (4.1.1) (obviously with p = 2). In fact we have

THEOREM 4.24. Let M as in (4.7.1). Then the renormalized solution of problem

—div(M(t,z)Vu) =pu in (0,T) x Q,
(4.7.2) u(0,x) = ug in 2,
u(t,z) =0 on (0,T) x 082,

1S UNLquUe.

Proor. We will proof this result by showing that a renormalized solution of problem
(4.7.2) is a solution in a duality sense; uniqueness will follow immediately as in the
elliptic case where the notion of duality solution was introduced and studied in [S] (See
Section 1.2). So, let w € L2(0,T; H}(R2)) N C(Q) such that w, € L*(0,T; H~*(R)) with
w(T) = 0 and choose H,(v) and w as test functions in (4.2.1), we have

/ . (10)w (A)

—/ (wy, Hy(v)) dt (B)
/ H,(v)M(t,z)Vu - Vw dxdt (C)
— —/ M(t,x)Vu- Vv w dxdt (D)
{n<v<2n}
1
— ,)Vu - Vv w dxd E
oo M) t (E)
/ Ho(v) w dfio, (F)

and by properties (4.2.2) and (4.2.3) we readily obtain
(4.7.3) (A) + (B) + (C) — (F) = / w dpty + w(n),
Q

where g = pf — py .
On the other hand if ¢ € C§°(Q) we can choose w as the solution of the parabolic
retrograde problem

—div(M*(t,z)Vw) =1 in (0,T) x €,
(4.7.4) w(T,z) =0 in Q,
w(t,x) =0 on (0,7) x 09,
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where M*(t,x) is the transposed matrix of M(¢,x); now, since both H,(v) and g are
good test functions for this problem, and recalling that both H,(v) converges to v in
LY(Q) and H,(ug) converges to ug, we have

(A) + (B) +(C) — (F) = — /Q ., (0)u(0) da
— /T (wy, Ho(v)) dt —i—/ VH,(v)  M*(t,2)Vw dxdt
0 Q
—/ H,(v) w dfiy +/ H,(v)Vg- M*(t,x)Vw dzdt
Q Q
= _/Fn(uo)w(O) dx + / H,(v)Y dvdt
Q Q

—/ H,(v) w dfiy +/ H,(v)Vg - M*(t,z)Vw dzdt
Q Q
(4.7.5)
= —/uow(O) dac—i—/ v dxdt
Q

Q

—/wdﬂo+/Vg-M*(t,x)Vw dxdt + w(n)
Q Q

:—/uow(O) da;—ir/vw da;dt—/wd/lg—l—/gwdxdt
Q Q Q Q

—l—/o (wy, g) dt + w(n)

= —/uow(()) dx +/ wp dxdt — / w dpy + w(n);
Q Q @
therefore, comparing (4.7.3) and (4.7.5), we obtain

—/uow(O) da:—l—/uw dxdt:/wd,u,
Q Q Q@

for every ¢ € C§°(Q), and so u is the unique solution of problem (4.7.2), since two
different solutions u; and us of the same problem must satisfy

/(u1 — Uuy)®) dadt =0
Q
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for every ¢ € C5°(Q). O

4.7.2. Inverse maximum principle for general parabolic operators. In the
elliptic case, an easy consequence of the definition and existence of a renormalized
solution (see [DMOP)) is the so called Inverse mazimum principle for general monotone
operators proved independently in [DuP]| in the model case of the Laplace operator.
This result has a large number of interesting applications; for instance it allows to prove
a generalized Kato’s inequality when Au is a measure (see [BrPo]). In the same way for
parabolic equations, a straightforward consequence of Definition 4.1 and Theorem 4.4,
using again the notation v = u — g, is the following result where, for technical reasons
we must assume a stronger hypothesis on g (see also Remark 4.26 below).

THEOREM 4.25 (Parabolic ”inverse” maximum principle). Let u € M(Q), and sup-
pose that there exists g € LP(0,T; W, P(Q)) N L®(Q) such that p can be decomposed as
in (4.4.1); let u be the renormalized solution of problem (4.1.4). Then, if u > 0, we
have ps > 0.

REMARK 4.26. Notice that obviously the result has an easy nonpositive counterpart
and that Theorem 4.25 apply, in particular, for purely singular data. Also observe that
the stronger assumption on ¢ is rather technical and relies on the fact that we are not
able to prove that, in the decomposition Theorem 1.39, g could be chosen to be bounded,
this question being still an open problem. Finally notice that the sign assumption on u
in Theorem 4.25 can be relaxed; actually, because of the reconstruction property (4.2.3),
the same result holds true even if u is only supposed to be bounded from below.






APPENDIX A
Further remarks and open problems

1. Asymptotic behavior

Both in Chapter 2 and Chapter 3 the sign assumptions on the data are rather
technical since they allow us to work with the trivial subsolution v = 0. Obviously
the same results of both Theorem 2.4 and Theorem 3.1 can be obtained for nonpositive
data and one would like to prove them for general sign data; however notice that, for
instance, comparison Lemma 3.5 can not be improved directly to this case because of
technical reasons even if Theorem 3.7 and Theorem 3.8 can be proved in this general
setting with slight modifications of their proofs (splitting both f and ug in their positive
and negative part with a suitable choice of sub and supersolutions).

As we said before, in many cases, the convergences in norm to the stationary solution
can be improved depending on the regularity of the limit solution (or equivalently to
the regularity of the datum); indeed, consider (2.2.4) in the proof of Theorem 2.2, that
is

u(t,z) <w(x), forall te€ (0,7)a.e. in

so, if, for instance, p € L9(2) with ¢ > %, then Stampacchia’s type estimates ensure
that the solution v of the stationary problem

A(w) =p in Q,
v=20 on 02,

is in L>°(€2) and so the convergence of u(t, x) to v of Theorem 2.2 is at least *-weak in
L*>(Q) and almost everywhere. Reasoning similarly one can refine, depending on the

data, the asymptotic results of both Chapter 2 and Chapter 3.
2N+1
N+1 -

apply Theorem 1.6 that ensures that the solution of the evolution problem actually

belongs to C(0,00; L'(€)). However, if 1 < p < 2]<,le1 something can be said; let us

look, for simplicity, at the proof of Theorem 2.2. A priori we only know that u(t,z) is

In Chapter 2 we use the assumption p > This bound is essentially used to

bounded in L>(0,T; L'(R)), for every T > 0; using this fact one can prove a similar
123



124 A. FURTHER REMARKS AND OPEN PROBLEMS

result for the solution (¢, x) of problem

ur+Au) =p in (0,7) x Q,
(A.1.1) u(0,z) =up  in €,
u(t,z) =0 on (0,7) x 09.

Indeed, the main difficulty relies on finding a suitable sequence t,, € R* of values such
that ¢, — oo and t,,1 —t, = 1, and u(t,, z) is a well defined function of L'(Q); once
we proved it, one can reason analogously as in the proof of Theorem 2.2 to prove, for
instance, the following

THEOREM A.1. Let p € My(Q) be independent on the variable t, and let p > 0;
let u(t,x) be the entropy solution of problem (A.1.1) with ug = 0, and v(x) the entropy
solution of the corresponding elliptic problem. Then there exists a sequence of values
t, € RT such that

ngrfoo u(ty, x) = v(x),

in LY(Q).

Such a sequence obviously exists depending on the representative of u(t, z) we choose;
indeed, if we call E,, = [n,n + 1], and we denote by B, the set of values ¢ of E,, where
u(t,z) is well defined, we can easily observe that the set m(Bn — n) has Lebesgue

n>0
measure 1 and so there exist (many) values 0 < § < 1 such that t,, = § + n satisfies our

requirement.
If we consider the problem

ur+ Au) =0 in (0,7) x Q,
(A.1.2) uw(0,2) =up  in Q,
u(t,z) =0 on (0,7) x 0f.

with ug € L'(Q), an interesting question is on what can be said on the rate of decay of
the norm of the solution as ¢ diverges. A huge number of papers was devoted to such a
question in the past concerning different problems and in different contexts. The first
result one would obtain is an estimate of the type

C
(A.1.3) lult, ) za) < 7 lluoll 22,
for any ¢ < oo for a suitable power v depending on ¢; from (A.1.3) one should also
prove, with the use of a Moser type iteration method, an estimate on the L*> norm of
u, that is

C
(A.1.4) |u(t, z)| L) < t_UHUOHLl(Q%
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for a power o > 1; in a slightly different context, these type of computations are con-
tained, for instance, in [Po3].
Moreover, in [BKL], the authors classify, the behavior of solution of problem like

{ut —Au+|Vulf =0 in (0,T) x RV,

A.15
( ) u(0,7) = ug in RY,

depending on ¢ > 1, with a nonnegative initial datum in L'(RY) N W1H(RY). This
problem is quite different from the one we analyzed in Chapter 3 due to the lack of
the nonlinear term ¢ in the absorbing term, to the presence of the power ¢, and to
the fact that they consider problems defined in the whole space. However, it should
be interesting to deal with the study of asymptotic behavior for mized problems of the

type

ur — Au+ g(uw)|Vul?=0 in (0,7) x Q,
(A.1.6) u(0,z) = ug in €,

u(t,z) =0 on (0,7) x 0.

with the same assumptions of Chapter 3 on g and for any ¢q. One should expect, possibly
depending on the growth of g, that, as in [BKL], there exists a critical value ¢. such
that, if ¢ < ¢. the behavior of the solution u is as in Chapter 3, while, if ¢ > ¢,
the absorbing term g(u)|Vu|? becomes dominant yielding a concentration phenomenon.
Notice that, comparison results for problem of such a type are an hard task to achieve,
so, to overcome many technical difficulties, one may consider a regularizing zero order
term in problem (A.1.6).

Let us finally spend a few words on the fact that the operator a does not depend on ¢
in Chapter 2; even if this is a standard assumption in the study of this type of problems,
something has been done, in the linear case and with smooth data, considering suitable
dependence on ¢ in the principal part of the operator. In particular, in [A], the author,
introduce the notion of G-convergence for linear parabolic operators (the so called PG-
convergence) and prove several results related to the asymptotic behavior of solution of
parabolic problem with dependence on t of the matrix M(¢,z) defining the differential
operator. One of the results was the following

THEOREM A.2 (Arosio). Let u be the solution of the linear problem
up — div(M(t,z)Vu) = —div(G) in (0,T) x £,
(A.1.7) u(0,x) = ug in £,
u(t,x) =0 on (0,7) x 052,

with G € (LY (Q))N and ug € HY(Y); moreover, suppose that the linear operators defined
by the matrices My(t,x) = M(t + k,z) PG-converge to the linear operator associated to
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a matriz My (z), then u(t,x) converges, as t tends to infinity, to us in L*(Q), where
Uso 1S the solution of the linear Dirichlet problem associated to My ().

An interesting question would be whether or not a similar result can be achieved in
the nonlinear framework and with measure data, that is in the setting of Chapter 2.

2. Renormalized solutions and soft measures

As we mentioned above, the most hard task in the framework of renormalized solu-
tions with general measure data, as well as in the elliptic case, is to prove the uniqueness
of the solution of problem

u+ A(u) =p  in (0,7) x Q
(A.2.1) u(0,2) = up(x) in Q,
u(0,z) =0 on (0,7) x 09,

with possibly singular data, being A(u) = —div(a(t, z, Vu)) a nonlinear monotone op-
erator.

In [DMOP], in the elliptic case, the authors proved some partial uniqueness results
using stronger assumptions on A, namely the strong monotonicity and the Lipschitz
continuity, or the Holder continuity with respect to the gradient (these hypotheses are
satisfied, for instance, by the function a(t,x,£) = |£|P72€); essentially they prove that,
if u and @ are two renormalized solutions for the elliptic problem and if they satisfy a
further compatibility property (e.g. if its difference is bounded), then they turn out to
coincide. Note that, in the proof of such results, they prove that Ty(u —a) is in W, ()
in order to use it as test function.

One would like to attain the same type of results; actually, a difficulty relies on the
proof that Ty (u—1u) can be chosen as test function in the renormalized formulation since
in [DMOP], to prove this fact, they use other equivalent definitions of such a solution.
In fact, as we said before, in [DMOP] are introduced four definitions of renormalized
solution that turn out to coincide ([DMOP], Theorem 2.33); thanks to this result one
can prove more interesting properties of renormalized solution and even the proof of
the existence can be obtained in an easier way (see [DMOP]| and [Ma] for the elliptic
case). However, in the parabolic case, one can easily extend these definitions, but there
are several technical difficulties in the proof of equivalences.

Another possible extension of our result could be the proof of existence of a renor-
malized solution for problem

u+ A(u) =p in (0,7) x Q
(A.2.2) u(0,2) =v in Q,
u(0,z) =0 on (0,7) x 09,
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where both p and v are, possibly singular, general measure data; this should be done
using the method of Chapter 4 with the one of [BP] where the authors prove the
existence of a renormalized solution for problem (A.2.2) when v is a general measure in
M(Q) and p € LY(Q).

Let us stress a fact concerning the decomposition Theorem 1.39. In Remark 4.19 we
suggested the following natural question

OPEN PROBLEM A.3. Consider Lemma 4.18. Can one choose ¥; and ¢; as uni-
formly bounded functions in C§°(Q) vanishing in the W} norm?

If this were true, for instance, it should allow us to prove the reverse implication of
the decomposition Theorem 1.39; if © € M(Q) admits a decomposition as in (1.3.2),
then u € My(Q); that is we could prove the following Representation Theorem

CONJECTURE A 4. Let p be a bounded measure on (). Then p € My(Q) if and only
if there exist h € L¥(0,T; W~1(Q)), g € LP(0,T; WyP(Q) N L*(Q)) and f € L'(Q),
such that

(A.2.3) /ng dp = /OT<h,<p> dt — /OT<%9> dt+/Qf<p dxdt,

for any ¢ € C°([0,T] x ), where (-,-) denotes the duality between (W, (Q) N L*(Q))’
and Wy P(Q) N L*(Q).

Let us finally spend a few words on Remark 4.26 that suggests another way to prove
Conjecture A.4. As we said, the stronger assumption on g made in Theorem 4.25 is
rather technical and relies on the fact that we are not able to prove the following

OPEN PROBLEM A.5. Is it true that, in the Theorem 1.39, g can be chosen to be
bounded?

Note that, in Theorem 1.39, the presence of the term g should be due to take into
account those measures that, in some sense, are concentrated on time-dependent jumps.
If g could be chosen to be bounded, then the proof of Conjecture A.4 should easily follow
be taking inspiration from the proof of a result in [GR].
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