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Introduction

In this thesis we address initial-boundary value problems (IBVPs) for the
forward-backward quasi-linear parabolic equation

Ut = A@(u) ) (1)

where the nonlinear function ¢ is assumed to be nonmonotonic. It is well
known that such problems are well-posed if the function ¢ is monotonically
increasing (e.g., see [LSU]). However, if ¢ is a nonmonotonic function, equa-
tion (1) is well-posed forward in time in regions where ¢'(u) > 0, whereas
it is ill-posed where ¢'(u) < 0 (such regions are commonly referred to as
stable, respectively unstable phases). We also study initial-boundary value
problems for the related forward-backward equation

w =V - [p(Vu)]. (2)

Mainly two classes of nonlinearities ¢ have been considered in the liter-
ature:
(i) cubic-like ¢, namely

© — 00 as § — 00,

¢'(s) >0if s <band s > c,
(ASh) O(s)<0ifb< s <ec,

©"(b) # 0,¢"(c) # 0,

p(c) < @(b);

(7i) ¢ of Perona-Malik type, namely

90(8) >0if s > 0, 90(8) = _90(_5)’
(AS7) w(s) = 0 as s = oo,
P(s)>0if0<s<1, ¢(s)<0ifs>1.

Forward-backward problems with nonlinearities ¢ of either type arise in
many applications of physical and biological interest, as discussed in the
following section.



Motivations

It is well known that equation (1) under assumption (AS;) arises in the
theory of phase transitions, the unknown u representing the phase field [BS].
In this case the half-lines (—o0,b) and (¢, 00) correspond to stable phases
and the interval (b, c) to an unstable phase, and equation (1) describes the
dynamics of transition between different phases.

Equation (1) with assumption (ASs) arises, in particular,
(i) when constructing the master equation of continuous-time and discrete-
space random walk to describe a continuum model for movements of biolog-
ical organisms [HPOJ;
(7i) in the diffusion approximation to a discrete model for aggregating pop-
ulations [Pal.

In case (i) a typical choice of ¢ is

U

= Fra2 or  (u) =uexp (—u) (k>0),

p(u)
whereas in case (ii) a typical choice is
p(u) = uexp (—u).

A major motivation for equation (2) comes from the context of image
processing, where the celebrated Perona-Malik edge enhancement model was
introduced in 1990 (see [PM]). The anisotropic diffusion or Perona-Malik
diffusion is a technique aiming at reducing image noise without removing
some important contents of image, typically edges or lines. This leads to
the Perona-Malik equation

we =V - [o(|Vw|)Vw],

where typically

1

78 =11

or o(s)=exp(—s).
Observe that in the one-dimensional case the above equation reads

wi = [p(we)]z - (3)

Formally, differentiating (3) with respect to = and setting u := w, we obtain
equation (1) in one space dimension, namely

ur = [p(u)]za , (4)

where ¢(s) = so(s) satisfies assumption (ASs).

Equation (3) independently arises as a mathematical model for heat and
mass transfer in a stably stratified turbulent shear flow [BBDPU], or as a



mathematical model for the formation of layers of constant temperature or
salinity in the ocean [BBDU]. In fact, the temperature w > 0 satisfies the
equation

wy = [kwg]s

where the effective temperature (or mass diffusivity) & only depends on
the temperature gradient and decreases very quickly. Hence a reasonable
analytical form is again

A

xz

(A,B >0).

Finally, observe that equation (3) can be regarded as the formal L2-
gradient system associated with a nonconvex energy density v in one space
dimension (in this case ¢ = v/); for instance, 1(s) = log(1 4 s2) holds for
the Perona-Malik equation, or the double well potential ¢(s) = (1 — s?)? for
a cubic nonlinearity. Thus the dynamics described by equation (3) in one
space dimension is relevant to various settings, where nonconvex functionals
arise (e.g., see [BFG, Mii] for motivations in nonlinear elasticity).

How to regularize?

It has been already observed that the lack of forward parabolicity in equation
(1) (under either assumption (AS7)-(AS2)) gives rise to ill-posed problems.
Therefore, both development of singularities and lack of regularity can be
expected whenever the initial data ug take values in the unstable phase.

In fact, the existence of solutions to the Neumann IBVP for equation
(3) has been proven if the derivative of the initial data function wy takes
values in the stable phase [KK], whereas for large values of |w})| no global C''-
solution exists ([G, K]). This shows that even local existence of solutions
(in some suitable functional space) to the initial-boundary value problem
for equations (1) or (2) is a nontrivial problem (in this connection, see the
numerical experiments in [BFG, FGP, SSW, BNPT]; let us also mention
that the existence of solutions to the Neumann IBVP for equation (1) has
been proven, if ug takes values in the stable phase [HPO]).

Concerning uniqueness of the forward-backward problems, the situation
is even more complicated. In [H5] the Neumann IBVP for (2) is shown to
have infinitely many weak L2-solutions, if ¢ is a nonmonotonic piecewise
linear function satisfying the condition sy(s) > C's? for some constant C' >
0. In [Zh], the existence of infinitely many weak W *-solutions for equation
(3) under assumption (ASs) was proven.

Since IBVPs for equations (1), (2) are in general ill-posed, it is natural
to investigate suitable regularizations (often suggested by modelling consid-
erations) which make them well-posed. Therefore, a general strategy is first



to study the regularized problem, then to study its vanishing viscosity limit
as some ”small” regularizing parameter ¢ > 0 tends to zero. The underly-
ing, widely accepted idea is that limiting points of the family of solutions of
the regularized problem give rise to suitably defined solutions of the original
ill-posed problem. Formally, this amounts to add some higher order terms
to equation (1) or (2), thus obtaining

up = Ap(u) + eF(u),

respectively
u =V - [p(Vu)] + eF(u),

where F is a physically meaningful higher order differential operator.

Mainly two classes of additional terms eF(u) have been used in the
literature (e > 0 being a small parameter):

(i) €At (u)]s, with " > 0, leading to third-order pseudo-parabolic equations
[BBDU, BST1, BST2, EP, MTT, NP, P11, P12, P13, S, STe, ST1, ST2, ST3].
If ¢)(u) = u, this regularization is called Sobolev regularization:

ur = Alp(u) + e ; ()

(ii) —eA%u, leading to fourth-order Cahn-Hilliard type equations (see [BFG,
S1, P14] and references therein):

ur = Afp(u) — eAu] . (6)

Equation (6) was introduced by Cahn and Hilliard [C, CH] with ¢ satisfy-
ing assumption (AS;) for continuum models of spinoidal decomposition; it
also arises when describing isothermal phase separation of binary mixture
(see [NP]). As shown in [EZ], the Neumann IBVP for equation (6) under
assumption (AS7) has a unique global solution (see the following section sub
(7) and Chapter 3 for analogous results under assumption (AS3)). On the
other hand, both Dirichlet and Neumann IBVPs for

ug = V- [p(Vu)] — eA?u, (7)

with ¢ satisfying suitable growth assumptions, were studied by Slemrod [S]]
(see [BFG] in the case of assumption (ASs)). By the theory of Young mea-
sures (e.g., see [V1, V2]) it was proven that some subsequence of the family
of approximating solutions to the above regularized problems converges in a
suitable topology to a Young measure-valued solution of the corresponding
ill-posed IBVP for equation (2). Under different growth assumptions on ¢,
the properties of the limiting Young measure have been investigated in [P14].

The above Sobolev equation (5) was widely investigated in the literature;
the term eAwu; can be interpreted by taking viscous relaxation effects into



account (see [NP, BFJ]). The Neumann IBVP for equation (5) was studied
in [NP] under assumption (AS7) and in [Pa] under assumption (ASz). In
both cases the global existence and uniqueness of a solution u€ are proven to
hold in L>®(Qr) (Qr := 2 x (0,T)) for any € > 0. Moreover, these solutions
satisfy a class of wviscous entropy inequalities, this term being suggested by
a formal analogy with the entropy inequalities for viscous conservation laws
(see [E2, MTT1I, Se]). It is well-known that such entropy inequalities carry
over to weak solutions of the Cauchy problem for the first order hyperbolic
conservation laws in the vanishing viscosity limit ¢ — 0 (e.g., see [Se]).
Therefore, it is natural to wonder whether in the limit € — 0 it is possible
to prove existence and uniqueness of suitably defined weak entropy solutions
for the original equation (1) or (2).

An exhaustive answer to the above question was given by Plotnikov (see
[P11]) for the case of a cubic-like . It turns out that the family {u¢} of
solutions to the Neumann IBVP for equation (5) is uniformly bounded in
the L*°-norm, and the limiting points (u,v) of the families {u‘}, {p(u)}
satisfy in the weak sense the limiting equation

w = Av in D' (Qr) (8)

with initial datum uy € L*°(2) and Neumann boundary conditions. If we
had v = ¢(u), equation (8) would give a weak solution of the Neumann
IBVP for equation (1). However, no such conclusion can be drawn, due to
the nonmonotonic character of .

In this connection, Plotnikov showed that the couple (u,v) is a measure-
valued solution in the sense of Young measures to equation (1) (see [P11]).
With respect to the results in [Sl] for the Cahn-Hilliard regularization, a
major issue here is the study of the family {7¢} of Young measures associated
to the approximate solution u€, and the characterization of the disintegration
T(x,r) Of Young measure 7 obtained as the narrow limit of such measures
were given (see [E1, GMS, V1, V2]). More precisely, it is proven that the
disintegration 7(, ;) is an atomic measure given by the superposition of three
Dirac masses concentrated on the branches sg, s1,s2 of the equation v =
©(u). Hence the solution u has the following representation:

2
u=y Nisi(v), (9)
1=0

2
for some positive coefficients \; € L*°(Qr) such that > A\, = 1 (see [E2,
i=0

GMS, V1, V2|). Equality (9) can be explained by saying that the function u
takes the fraction \; of its value at (z,t) on the branch s;(v) of the graph of
. Then the coefficients A; can be regarded as phase fractions, and u itself
as a superposition of different phases.



In addition, the couple (u,v) satisfies a class of suitable limiting entropy
inequalities. Therefore, the above limiting is said to be a weak entropy
Young measure-valued solution of the IBVP associated to equation (1). Let
us mention that the long-time behaviour of weak entropy measure-valued
solutions (u,v) was addressed in [ST1].

Using similar ideas, the IBVP for equation (1) under assumption (ASs)
was investigated in [S]. Let u¢ be the solution of the Neumann IBVP for
the regularized equation (5) in any cylinder Qp with uy € L*°(Q), ug > 0.
The main difference with respect to [P11] is that only a uniform bound of
the family {u¢} in the L'-norm, instead of the L°°-norm as in [PI1], can
be proven in this case (by taking advantage of positivity and conservation
of mass). Accordingly, the limiting point @ of some subsequence {u} of
the family {u¢} belongs the space of positive Radon measures M (Qr).
By the idea of biting convergence and the general properties of the narrow
convergence for Young measures (e.g., see [GMS, V1, V2]),

(7) the representation
u=u-+pu

is proven, where u € M*(Qr) and u € LY(Qr), u > 0;

(7i) it is shown that u is a superposition of the stable branch s; and the
unstable branch s; associated to the graph of ¢ - namely, the following
analogue of equality (9) holds:

As1(v) + (1= N)sa(v) if v>0
u =
0 ifv=0
for some A € L*(Qr) such that 0 < A < 1; here v > 0 is the limit of the
family {¢(u*)} in the weak* topology of L>°(Q7). Accordingly, in this case
the analogue of the limiting equation (8) as ¢; — 0 is proven to be

(u+p)e=Av inD(Qr).

Finally, let us mention the pseudo-parabolic regularization
eF(u) = eA[p(u)]¢. In [BBDU] the regularized equation

2t = [p(22)]o + €[t (22)]at » (10)

with ¢ satisfying assumption (AS2) and 9(s) — v as s — o0, has been
proposed by taking time delay effects into account. The well-posedness of
the Neumann IBVP in any cylinder QQ for the above degenerate pseudo-
parabolic approzimation of equation (3) has been studied in [BBDU]. The
main feature of the solution z¢ € BV (Qr) is the possibility of formation of
discontinuities in finite time, even for smooth initial data. Moreover, at any
fixed point xg the discontinuity jump 2¢(x]) — 2¢(z) is nondecreasing in
time.



If N =1, by the usual transformation u := z, (see equations (3)-(4)),
formally differentiating equation (10) with respect to = we obtain the de-
generate pseudo-parabolic regularization of equation (4):

ut = [p(u)]zz + €[t ()] zat - (11)

Existence and uniqueness of a suitably defined positive solution of the Dirich-
let IBVP for equation (11) has been proven in a space of Radon measures
under assumption (AS2) (see [ST2]), whereas the vanishing viscosity limit
as € — 0 of such a solution has been addressed in [ST3].

Outline of results

Within the above general framework, the present thesis addresses three main
points, as outlined below. Each point corresponds to a submitted paper
[BuST1, BuST2, BuTo|.

(o) In Chapter 1 we address the initial-boundary value problem

up=V-[p(Vu)] in Qr:=0Q2x(0,7T)
(P) u=20 in 00 x (0,7)
u = U in Q x {0}.

Here Q C RY is a bounded domain with smooth boundary 02 if N > 2,
T € (0,00] and the dot ” -7 denotes the scalar product in RY.

If N =1, about the function ¢ : R — R which appears in problem (P)
we shall assume the following:

(A) for any R > 0 there exists Lgr > 0 such that
1
lp(&1) — 0(&2)| < Lp &1 — & for any &1,&2 € Br,

where B denotes the ball centered at 0 of radius R in RY;

(As) there exist & >0, p € (1,00) and Cy > 0 such that
2

CilEP~ < [p(€)| for any (€] > &o;
(As) P(€)€ >0 for any € € R.

If N > 2, concerning the map ¢ : RV — R¥ v = (¢1,...,¢n), the following
assumptions will be made:

(H1) there exists L > 0 such that
1
lp(&1) — @(&)| < L& — & for any &,& € RY;



() there exist & >0, p € (1,2] and Cp > 0 such that
2 _
[p(&)] < Co (1+[¢P~1) for any [¢] > &o;

(Hs) there exists ® € C1(RY) such that ¢ = V®;

(HY) there exist § > 0, ¢ € (1,2] and Cy, Cy > 0 such that
4
C1lé]e < @(€) for any [¢] > &

(Hs) ©(€) - €>0 for any £ € RY.

Observe that for N > 2 we assume global Lipschitz continuity of ¢,
instead of local Lipschitz continuity as in the case N = 1; this implies the
stronger restriction p € (1,2] (instead of p € (1,00) as for N = 1) on the
allowed values of p. Observe also that by (Hs)-(H4) there holds

Chlg]? < (&) < C5¢fP for any [¢] > &,

for some constant C3 > 0. This implies the compatibility condition ¢ < p
(the choice ¢ = p is always made). Concerning the initial data function g,

o if N = 1, we assume ug € WOI’OO(Q) (by abuse of notation, we set
hereafter W, > (€2) := Co(Q) N WH2(Q));

e if N > 2 we assume ug € Wol’p(Q) (p € (1,2)).

We study problem (P) by using the Sobolev regularization. Namely, we
consider for any € > 0 the initial-boundary value problem

ur =V - [p(Vu)] + eAus  in Qr
(Py) u=0 in 00 x (0,7
u = ug in Qx {0}.

The well-posedness of problem (P) is established by Theorem 1.3.1. Then
we study the ”vanishing viscosity limit” as € — 0 of the family {u.} of
solutions of the approximating problems (F;). In doing so, we make use of
the following estimates (see Propositions 1.3.2—1.3.3):

2]l oo gy ity + Metllz2(@u) + Velltentlz2(@ue) < C lluollyr (g
if N =1, and
HueuLoo(R+;W()1vP(Q)) + HuetHLQ(Qoo) + Ve HvuetHLQ(Qw) <C HUOHWOLP(Q)

it N>2(pe(
original problem

2]). The existence of a Young measure solution of the

L,
(P) (see Definition 1.3.1) is stated in Theorem 1.3.6. Since



the flux ¢ need not satisfy any monotonicity condition, this notion of solution
is appropriate for problem (P). In fact, solutions of this kind of problem (P)
were constructed in [D] by a discretization technique, and in [Sl] by taking
the limit as € — 0 (in a suitable sense) of solutions to the corresponding
problem for the Cahn-Hilliard equation (7). The asymptotic behaviour for
large time of such solutions was also investigated in [D, Sl]. However, the
assumptions on the growth rate of ¢ made in [D, Sl are more restrictive
than (Ag) and (Hs),(Hy) (in fact, they correspond to ¢ = p = 2 in [D], and
top € [2,3) or ¢ =p=21in [S]].)

With respect to the above papers, one advantage of using the Sobolev
regularization is that it allows us to characterize in the case N = 1 the
limiting Young measure 7 mentioned in Definition 1.3.1, proving that its
disintegration is a linear combination of Dirac measures with support on
the branches of the graph of ¢ (see Theorem 1.3.7):

Ter =Y alz,t)o(- — si(w(@, 1) + Y di(z,t)o(- — tp(w(z, 1)) . (12)
=0 k=0

In the above equality o denotes the Dirac measure and w is the limiting func-
tion of a sequence {we, } = {ue}, {uc} denoting the solution of the regular-
ized problem (P.) with N = 1, which is shown to converge in L?(R; H!(Q)).
The main ingredients of the proof of (12) are equality (1.5.57) in Proposi-
tion 1.5.3 and assumption (C'), concerning the linear independence of the
branches of the graph of . Recall that a similar characterization was first
proven in [Pl1] for the particular case of a cubic ¢, and in [S] for ¢ of
Perona-Malik type.

We also study the asymptotic behaviour as ¢ — oo of Young measure
solutions of (P), using compactness and w-limit set techniques as in [D, SlJ.
To this purpose, a major issue is proving the tightness of the sequence {7, }
of time translates of the limiting Young measure 7 (see Lemma 1.6.2).

(8) In Chapter 2 we study the wviscous Cahn-Hilliard equation, written in
the form

(1= B)ur = Alp(u) — aAu + Puy] (o, 6 >0), (13)

with both Neumann and Dirichlet boundary conditions. Equation (13) has
been derived by several authors using different physical considerations (in
particular, see [G, JF, N]). It is worth mentioning the wide literature con-
cerning both the relationship between the viscous Cahn-Hilliard equation
and phase field models, and generalized versions of the equation suggested
in [G] (e.g., see [R] and references therein).

Formally, when 8 = 0 equation (13) gives the Cahn-Hilliard equation,

up = Alp(u) — aAu], (14)



whereas for § = 1 it reduces to the Allen-Cahn equation,
up = alAu — @(u). (15)

It is natural to wonder whether the above formal arguments can be given
a sound analytical meaning, proving that the singular limit of solutions
of equation (13) (complemented with suitable initial and boundary condi-
tions), as either 8 — 0 or 8 — 17, obtains a solution (of the corresponding
problem) for equation (14), respectively (15). If so, equation (14) can be
regarded as a limiting case of a more complete physical model, thus motivat-
ing the use of regularization (i7) of the previous section. Observe that also
the Sobolev regularization (see (i) of the previous section) can be regarded
as the formal limit of (13) as o — 0.

In the light of the above considerations, we first investigate the singular
limits as 3 — 07 or 8 — 17 (for fixed @ > 0) of solutions to the initial-
boundary value problem

(1= PB)ur = Aflp(u) — aAu+ Puy] in Q x (0,7) = Q
(PD) u=Au=0 on 09 x (0,7)
U = Ug in Q) x {0},

where a € (0,00), 8 € (0,1), @ € RY is a bounded domain with smooth
boundary 0Q if N > 2, T > 0 and the initial data up € H}(2). Concerning
the function ¢ : R — R, the following assumptions are used:

(Hyp) © e WEP(R), ¢(u)u>0 for any u € R;

loc

(Hyp) there exists K > 0 such that
[ (u)] < K1+ ful?™")

for some ¢ € (1,00) if N =1,2, or q € (1,%} if N > 3.

Observe that by assumption (Hp) the function ¢ is locally Lipschitz con-
tinuous and there holds ¢(0) = 0. As expected, we prove convergence in a
suitable sense to solutions of the problem for the Cahn-Hilliard equation:

u = Alp(u) — aAu]  in Q
(CH) u=Au=0 on 90 x (0,7T)
u = ug in Q@ x {0},

as 3 — 0T, or respectively of the problem for the Allen-Cahn equation:

up = aAu — @(u) in Q
(AC) u=20 on 90 x (0,7)
u = ug in Q@ x {0},

10



as # — 17 (see Theorems 2.2.4-2.2.5).

Further, we study the limit of solutions of problem (PD) as o — 0% (for
fixed 8 € (0,1)), proving convergence to solutions of the problem for the
Sobolev equation:

(1= Bur = Alp(u) + fus]  in Q
(S) u=0 on 90 x (0,7)
u = ug in Q x {0}

under the following additional assumptions on the function ¢ (see Theorem
2.2.6):

(Ha) ¢ € Lip(R), ¢(u)u>0,

(Hs) there exists so > 0 such that ¢'(u) > 0 if |u| > sq.

Finally, we study the limit of solutions of problem (CH) as a — 07,
proving the existence of a triple (u,v, ) - where u, v are functions and p is
a finite Radon measure on ) - which satisfies the weak limiting equality

//Q ugy d:rdt+/0T< (1), Gy t) >q dt = //QW-VCda:dt—/Quo(m)g(x,o) I

for every ¢ € C*([0,T]);CL(Q)) such that ¢(-,7) = 0 in Q (see Theorem
2.2.7). We cannot maintain that this triple is in some sense a solution of
the limiting problem

up = Ap(u) inQ
u=Au=0 on 002 x (0,T)
u = ug in Q x {0},

since the relation between v and the function ¢(u), even in the sense of
Young measures, is unclear.

This point was addressed in [Pl4], taking advantage of the cubic-like
growth of ¢ at infinity, which gives rise to better estimates of the family
{uq} of solutions of (CH); at the same time, this growth prevented the
appearance of a Radon measure in the solution. Instead in the present
case, if the antiderivative of ¢ grows linearly at infinity (see Chapter 2,
assumption (Hy)) we only have L!-estimates of the family {u,}, which are
compatible with the need of a Radon measure to describe solutions of the
problem (in this connection, see [BBDU, PST, S, ST3|). Similar and more
enhanced phenomena can be expected, if ¢ either has a sublinear growth, or
vanishes at infinity, pointing out this behaviour as a major feature for the
understanding of the problem.

11



Our approach is based on a detailed analysis of solutions of problem
(PD), which relies on an approzimation method already used in similar cases
[BBDU, BST1, BST2, PST, S, ST2, ST3|. More precisely,

(i) we approximate the initial data ug € HE(Q) by a sequence {ug,} C
C§°() such that ug, — ug in H3(2), and HUOnHHg(Q) < Hu0||H3(Q);

(ii) we also approximate the nonlinearity ¢ by the following sequence of
functions {¢y,},

o(u) if |ul<n
on(u) =< on)+ K(u—n) if u>n (ueR),
o(—n)+ K(u+n) if u<-—n

where n € N and K > 0 is the constant in assumption (Hj). It is easily
seen that for every n € N the function ¢, satisfies assumption (Hsz), and
on(u) = p(u) for any u € R as n — oo. By standard semigroup theory,
there exists a unique solution u, of the approximating problem obtained
from problem (PD) replacing ¢ by ¢, and ug by ugy, (see Theorem 2.2.1).
A priori estimates of the sequence {u,} allow us to obtain an existence
result for problem (PD), which improves on the available results for the
viscous Cahn-Hilliard equation ([CD, ES]) (see Theorem 2.2.2). Moreover,
the estimates needed to study the singular limits are obtained in a natural
way in Theorems 2.2.2 and 2.2.3.

Finally, analogous results are proven for the companion Neumann IBVP
with ug € HY(Q) (see Theorems 2.6.3, 2.6.4, 2.6.5 and 2.6.6). The novel
features with respect to the Dirichlet IBVP are:

(a) when 8 — 1~ we prove convergence to solutions of the nonlocal Allen-
Cahn equation (already investigated in [RS]):

1
up = aAu — @(u) + i Joeuw)dz in Qr

ZZ—O on 092 x (0,7)
u = ug in Q x {0};

(b) by taking advantage of the conservation of mass

/ u(z,t)de = / uo(x)dx for any t > 0,
Q Q

the assumptions on the behaviour at infinity of the function ¢ can be weak-
ened (see Chapter 2, assumption (Hs)).

(7) In the last chapter we study the problem
ur = Alp(u) — eAu]  in Qp:=Qx (0,7)

Oou O0Au

P _— = =

(Pr) 9 5 0 on 90 x (0,T)
u = ug in Q x {0},
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where T > 0, Q C RY is a bounded domain with smooth boundary 9%,
and % denotes the outer normal derivative at 9€2. We are interested in
nonlinearities ¢ of the following types:

u

BEERTE p(u) = uexp (—u).

o(u)

Concerning the function ¢ € C3(R) and the initial data function wug, the
following assumptions are used:

(A1) ¢ € L™(R);
(A2) ¢" € L®(R);
(A3) ¢" € L*(R);
(Ay) sp(s) >0 for any s € R,

and the initial data

ug € He(Q) := {u € H*(Q) % = 0} :

Our motivation for the present study is investigating the Cahn-Hilliard
regularization (see the previous subsection sub (i7)) for forward-backward
equations, whose nonlinearity ¢ grows at most linearly at infinity (see as-
sumption (A7)). This is meant as a preliminary step before addressing the
singular limit of the problem as ¢ — 0. Specifically, we prove the existence
and uniqueness of global solutions in a suitable function space under the
assumption N < 5 (see Theorem 3.2.2). We also study, using the same
approach as in [Z], the asymptotic behaviour as ¢ — oo of solutions of the
problem

ur = Alp(u) — eAu]  in Qx := Q x (0, 00)

Oou  O0Au

POO _—= =

(Pso) ey £y 0 on 02 x (0,00)
u = U in Qx{0}.

(in particular, see Theorem 3.2.6). In doing so, we take advantage of con-
servation of mass (see Proposition 3.2.3).

Motivated by the asymptotical stability results, for N = 1 we study ex-
istence and multiplicity of monotonic equilibrium solutions of (Ps) when
o(u) = 17.7- By standard energy methods, this problem leads to investi-
gating monotonicity properties of the functions

\ﬁ uz(o,b) ds

L(o,b) = Y B
(@:0) 2v/2 w1 (o,b) W(s,o) —b

)
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\/E uz(o,b) sds

2V2 Jusiory VW(s,0) —b

where u1 < ug are solutions of the equation

M(o,b) =

log(1 + u?
log(l+uw) p_o,
2
and | )
1
W(u,o) := 70g( 2+u ) —ou;

here the parameters (b, o) take values in a suitable subset of R? (the so-called
admissible region). At variance from the cases of a polynomial ¢ (see [CGS,
NPe, Z]), a complete analytical investigation reveals to be cumbersome,
thus recourse to numerical methods has been expedient (see Chapter 3 for
a discussion of the numerical results).
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Chapter 1

Sobolev regularization of a
class of forward-backward
parabolic equations

1.1 Introduction

In this paper we consider the initial-boundary value problem

{ uw=V-[e(Vu)] in Qr:=Qx(0,T)
(P) u=20 in 002 x (0,7)

u = U in Q x {0}.

Here Q € RY is a bounded domain with smooth boundary 92 if N > 2,
T € (0,00] and the dot ” -7 denotes the scalar product in RY.

If N =1, on the function ¢ : R — R which appears in problem (P) we
shall assume the following:

lp(&1) — w(§2)] < Lr (&1 — &2| for any &,& € Bg,

where B denotes the ball of radius R in RY;

(A) { for any R > 0 there exists Lr > 0 such that
1

(As) there exist & >0, p € (1,00) and Cy > 0 such that
2

C1l¢lP~! < Jo()] for any [¢] > &o;
(43) P(€) > 0 for any £ € R.

If N > 2, concerning the map ¢ : RV — R¥ v = (¢1,...,¢n), the following
assumptions will be made:

(H1) there exists L > 0 such that
1
lp(&1) — @(&)| < L& — &) for any &,& € RY;
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() there exist & >0, p € (1,2] and Cp > 0 such that
2 _
[p(&)] < Co (1+[¢P~1) for any [¢] > &o;

(Hs) there exists ® € C1(RY) such that ¢ = V®.

(H)) there exist & > 0, ¢ € (1,2] and C; > 0 such that
4
C1[€|7 < P(&) for any €] > &o;

(Hs) @(€)-€>0 for any £ € RY.

Observe that for N > 2 we assume global Lipschitz continuity of ¢,
instead of local Lipschitz continuity as in the case N = 1; this implies the
stronger restriction p € (1,2] (instead of p € (1,00) as for N = 1) on the
allowed values of p. Observe also that by (Hz)-(Hy4) there holds

Crlél? < B(€) < Clél? for any [¢] > &, (1.1.1)

for some constant C'5 > 0. This implies the compatibility condition ¢ < p.
In the following we always choose ¢ = p (in this connection, see Remark
1.3.1 below). Concerning the initial data function wug,

o if N = 1, we assume ug € Wol’oo(Q) (by abuse of notation, we set
hereafter WOI’OO(Q) = Co () N W (Q));

o if N > 2 we assume ug € Wol’p(Q) (p € (1,2)).

Problem (P) was studied in [D, Sl] under assumptions on the growth
rate of ¢ which are more restrictive than (Ay) and (Hs),(Hy); in fact, they
correspond to p € [2,3), ¢ = 2 in [S]], and to the quadratic case p = ¢ = 2
in [D].

When the potential ® is not convex the partial differential equation in
problem (P) is a forward-backward parabolic equation, thus problem (P) is
ill-posed. A well-known case is the Perona-Malik equation

Vu
=V |— 1.1.2

which is parabolic if |Vu| < 1 and backward parabolic if |Vu| > 1. Observe
that, if N = 1, setting w = w, equation (1.1.2) is formally related to the

equation
w
=(—-7 . 1.1.3
o <1+w2>m —

Equations like (1.1.2) and (1.1.3) arise in a variety of applications, such as
edge detection in image processing [PM], aggregation models in population
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dynamics [Pal], and stratified turbulent shear flow [BBDU]. In fact, our
motivation for the present study comes from the need to relax the growth
conditions on the potential ® to address important cases like (1.1.2) (how-
ever, observe that the present results do not cover this case, whose potential
has logarithmic growth).

A natural approach to treat ill-posed problems is to introduce some
regularization, often suggested by physical considerations, which gives rise
to well-posed problems. Mainly two classes of regularizing terms have been
used in the literature (¢ > 0 being a small parameter):

(i) —eA%u, leading to fourth-order Cahn-Hilliard type equations;

(i1) eAl(u)]s, with ¢' > 0, leading to third-order pseudo-parabolic equa-
tions. If ¥ (u) = u, this regularization is called Sobolev regularization.

Both regularizations have been investigated for the forward-backward parabolic
equation

we = Alf(w)] (1.1.4)

with f nonmonotonic, leading respectively to the Cahn-Hilliard equation
ug = Alf(u)] — eA%u (1.1.5)

(e.g., see [BFG, BBMN] and references therein), or to the pseudo-parabolic
equation

wp = Alf ()] + eAlp (), (1.L.6)

(see [BBDU, BST, EP, NP, P11, P12, P13, STe, ST1, ST2] and references
therein). If ¢)(u) = u, equation (1.1.6) has been proposed by several authors
as a variant of (1.1.5) which includes viscous effects; in fact, both (1.1.5) and
(1.1.6) formally are particular cases of the so-called wviscous Cahn-Hilliard
equation (see [BFJ, BS, G, N, NP]).

As € — 07, solutions of either equation (1.1.5), (1.1.6) are expected to
converge to some suitably defined solution of (1.1.4). However, in agreement
with the nonuniqueness results for forward-backward parabolic equations
proven in [HO, Z], different regularization procedures need not lead to the
same solution of (1.1.4), nor to solutions having the same properties (e.g.,
the asymptotic behaviour for large time). In fact, as pointed out in [NP], for
a cubic nonlinearity f even when ¢ > 0 the above regularizations give rise to
different dynamics of solutions. Let us also mention that, apart from specific
cases, uniqueness is unknown even for solutions of the limiting equation
obtained by the same procedure (e.g., by the Sobolev regularization; see
[MTT, P11]).

The ”vanishing viscosity limit” as € — 0% of solutions of the Dirichlet
initial-boundary value problem for equation (1.1.6) with ¢ (u) = u,

up = A[f(u)] + €eAuy  in Qp
fu)+eus =0 in 002 x (0,7) (1.1.7)
u = ug in Q x {0}
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with a cubic f was studied in the seminal paper [P11], proving the existence
of a Young measure solution of the same problem for equation (1.1.4). In
fact, let {uc}, {ve} denote the families of solutions u. of the regularized
problem, respectively of the associated chemical potential

Ve := f(ue) + €Ut -

It was shown in [P11] that, for some vanishing sequence {¢}, the sequence
{r} of Young measures associated to the sequence {ue, } converges in the
narrow topology over () X R to a Young measure 7 (see Section 3.2), whose
disintegration v(, ;) is a superposition of three Dirac masses concentrated
on the branches sg, si, so of the graph of f. More precisely, there exist
N EL®Q) (1=0,1,2), 0< N\ <1, 327 A = 1, such that

2
V(wt) = Z)\i(x,tﬁ( - —si(v(z,t))) (1.1.8)
=0

for almost every (z,t) € @, where v € L*(Q) is the weak* limit of the
sequence {v,, } in L>(Q).

With respect to the Cahn-Hilliard regularization, a major advantage of
the Sobolev regularization is to give rise to a class of inequalities, called
entropy inequalities by analogy with the case of viscous conservation laws,
that are satisfied by a solution of (1.1.7) for any € > 0 [NP]. Also the Young
measure solution obtained by the above limiting process as ¢ — 07 satisfies
a suitable limiting entropy inequality. Relying on this property, a number
of qualitative results has been proven for Young measure solutions obtained
by Sobolev regularization, which has no counterpart in the approach based
on the Cahn-Hilliard regularization procedure. In particular, when studying
solutions that describe the transition between stable phases, as proposed in
[EP], admissibility conditions follow from the entropy inequality, which can
be viewed as prescriptions to select admissible jumps between the stable
branches of f (see [Pl1]). Relying on these admissibility conditions, also
solutions which exhibit hysteresis, or including unstable phases, have been
constructed [GT, MTT, Te].

In view of the above results, in this paper we study problem (P) using
the Sobolev regularization. Namely, first we address for any ¢ > 0 the
initial-boundary value problem

u =V -|lp(Vu)]+€eAu; in Qr
(Pe) u=0 in 002 x (0,7
u = up in Q x {0}.

Then we study the limit as € — 0T of the family {uc} of solutions of the
approximating problems (P, ), proving the existence of a Young measure so-
lution of the original problem (P) (see Definition 1.3.1). We also study the
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asymptotic behaviour as ¢ — oo of such solution, using compactness and
w-limit set techniques; in doing so, a major point is the proof of tightness of
sequences {7, } of time translates of the limiting Young measure 7 (see Sec-
tion 3.2 and Lemma 1.6.2). Finally, if N = 1 we extend the characterization
(1.1.8) to the limiting Young measure 7 mentioned in Definition 1.3.1, for
any  satisfying assumptions (Ap)-(As). By the change of unknown w = u,
the same result holds for the problem

wy = [p(w)]ee  in Qr
wy =0 in 002 x (0,7)
w=wp:=uy in Qx{0}.

Similar results concerning existence of a Young measure solution and its
asymptotic behaviour were proven in [Sl] (yet nothing was proven about its
disintegration), both for problem (P) and for the companion problem with
Neumann boundary conditions, by studying the limit as ¢ — 0™ in a suitable
topology of solutions to the corresponding problems for the Cahn-Hilliard
type equation

ug =V - [p(Vu)] — e A%u (e>0). (1.1.9)
As already mentioned, in [Sl] the growth assumptions on ¢ are stronger than
ours. Existence of classical solutions to the approximating problems is only
discussed by semigroup methods if N = 1, supposing that both ¢ and ug
are sufficiently smooth, and assumed to hold if N > 2.

The approach in [S]] is the same as in the present paper, in that problem
(P) is approximated by a family of regularized problems, whose solutions
are used to extract a Young measure solution of the original problem. How-
ever, in agreement with the above remarks concerning the dependence of the
limiting solution on the adopted regularization procedure, the very concept
of Young measure solution for a specific problem clearly depends on the pro-
cedure of regularization, which necessarily affects the generating sequence
of the limiting Young measure. We stress this point in the existence state-
ment of Theorem 1.3.6, where the approximating family used to construct
the solution is explicitly mentioned. As stated thereafter, e.g. in Theorems
1.3.7 and 1.3.9, all the subsequent qualitative properties we prove refer to
this specific solution. There is no reason to expect that the present results
concerning existence and asymptotic behaviour of solutions coincide with,
or can be derived from those proven in [Sl].

Similar remarks hold true for the study of problem (P) carried out in
[D] (see also [KP]). Also the treatment in [D] involves Young measures, but
the spirit of the approach, which does not rely on a regularization proce-
dure suggested by physical considerations, is different form the present one.
In fact, the approximation procedure used in [D] combines the explicit time
discretization method for evolution equations with variational methods used
to address the problem obtained at each time step, as outlined in [KP, Theo-
rem 6.1]. At variance from the present paper, in [D] the gradient function ¢
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is continuous and linear, uyp € Hg () and the first equation in (P) is satisfied
in H=1(Q7). Moreover, it is worth observing that: (i) the Young measure
solution exhibited in [D] is a solution of the same problem with the potential
® replaced by its convexification ®**; (i7) the support of the disintegration
of the relative Young measure is contained in the set where ® = ®**; (iii)
the asymptotic behaviour for large time of this solution could be addressed
by applying to the equation with the convexified potential standard methods
for quasilinear parabolic equations. As a whole, the approach used in [D]
seems too limited, with respect to the Sobolev regularization procedure, to
describe several important qualitative properties of solutions (see the above
discussion concerning equation (1.1.4)).

The paper is organized as follows. In Section 3.2 we describe the mathe-
matical framework, and in Section 1.3 we state our main results, concerning
existence and asymptotic behaviour as ¢ — oo of Young measure solutions
of problem (P) (see Subsections 1.3.1 and 1.3.3), as well as the characteri-
zation of the limiting Young measure 7 when N = 1 (see Subsection 1.3.2).
Proofs of the main results are to be found in Sections 1.4, 1.5 and 1.6.

1.2 Mathematical framework

We shall denote by C.(RY) the space of continuous real functions with
compact support in RY, and by BC (]RN ) that of bounded continuous real
functions on RY endowed with the supremum norm || - o). We also set

Co(RN) := {f € BCRY)| f(z) = 0 as |z| = co}.

We shall denote by M(RY) the Banach space of finite Radon measures
on R¥, endowed with the norm

Il = [BI(RY) for any je M(RY).

By M*(RY™) we denote the cone of positive finite Radon measures, and
by P(RY) the convex set of probability measures on R™:

HTHM(RN) = T(RN) =1 forany 7 € P(RN) )

Clearly, P(RY) ¢ MT(RN) ¢ M(RY).
The duality map (-, -)gn between the space M(RY) and C.(R"), namely

(1, p)p = / pdp
RN
can be extended to functions p € Co(RY). By abuse of notation, the above

equality will be used to define the quantity (u,p)gn for any pu € M(RY)
and every p-integrable function p.
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Similar notations will be used for the function space BC(Qr x RY)
and for the space M(Qr x R™) of finite Radon measures on Qr x RV
(T € (0,00]). We shall also denote by Lyy+1 = Ly+1(Q7) the o-algebra of
Lebesgue measurable subsets F C 7, by Ay+1 the Lebesgue measure on
Qr and by By the o-algebra of Borel subsets of RY; for simplicity we set
| Q7 | = Av41(Q7), | Q2] = An(Q). Integration with respect to the Lebesgue
measure on ()7 will be denoted by the usual symbol dzdt = dA\y41. By
V(Qr;RY) we denote the set of Young measures on Q7 x R, which are
defined as follows (e.g., see [V1]).

Definition 1.2.1. By a Young measure on Q7 x RY (T € (0, 00]) we mean
any positive Radon measure T on the measurable space (Qr xRN, L1 xBy)
such that

7(E x RN) = Ay41(E) for any E € Ly . (1.2.1)

If f: Qr — RY is Lebesgue measurable, the Young measure associated to f
is the measure T € Y(Qr; RY) such that

7(Ex F) = Ay (ENfYF)) forany E€ Ly, F€By. (1.2.2)

Remark 1.2.1. In view of (2.5.2), if 7 is the Young measure associated to
a Lebesgue measurable function f : Qr — RY | for any 7-integrable function
¥ : Qr x RV — R there holds

/ wdT_/ Wt fa, 1)) dadt (1.2.3)
Qr xRN Qr

Let us recall the following result (e.g., see [GMS]).

Proposition 1.2.1. Let 7 € Y(Q7;RY). Then for almost every (z,t) € Qr
there exists a measure T(, ) € P(RN), such that for any 1 € BO(Qr x RN):
(i) the map

(.T,t) — <T(x,t)7¢(m)t7‘)>]RN = /RN ¢(»’Uat7§) dT(:c,t)(g)

1s Lebesgue measurable;
(ii) there holds

<T,¢>QT><RN = /Q L Ydr = // <T(x7t)7¢(g;’t7 ')>]RN dzdt (1.2.4)
= // dxdt RN TZJ(IE, t 5) dT(a:,t) (6) :

We shall identify any 7 € Y(Qr x RY) with the associated family
{T(@) | (x,t) € Qr}, which is called the disintegration of 7.
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Remark 1.2.2. If 7 is the Young measure associated to a Lebesgue mea-
surable function f: Q7 — R, equalities (1.2.3)-(2.5.3) imply

V(. i, fz,t) = <T(:E,t)71/}($7t7 ')>RN = /RN Y(x,t,€) dT(x,t) &) (1.2.5)

for almost every (z,t) € Qr; here ¢ € BC(Qp x RY) and {7, } is the
disintegration of 7. In fact, in this case

T(at) = Of(ay) for almost every (z,t) € Qr,
where §p denotes the Dirac mass concentrated in P € RV,

The set V(Qr;RY) will be endowed with the following topology. Let
Y Qr x RV — R be a Carathéodory integrand, namely

(1) v measurable, 1 (z,t,-) € BO(RY) for a.e. (z,t) € Qr;
(i) //Q G, e e < oo

Then we have the following definition.

Definition 1.2.2. Let 7", 7 € Y(Qr;RY) (n € N, T € (0,00]). We say
that ™ — 7 narrowly in Qp x RN, if

/ Ydr" — Ydr (1.2.6)
Qr xRN Qr xRN

for any Carathéodory integrand .

Definition 1.2.3. For any T € (0,00] we denote by L= (Qr; M(RN)) the
space of finite Radon measures p € M(Qr xRN) which satisfy the following:
for almost every (x,t) € Qr there exists a measure fi(,y) € M(RN), such
that

(1) for any Carathéodory integrand ) the map

(@) > (e 9ot = [ 9086 dien(©

1s Lebesgue measurable, and

(1, V) QxRN ;:/ Ydp = // () (@, b, ) ) g dacdt (1.2.7)

Qr xRN
- //QT dxdt/RN Y(x,t,8) dpg ) (€);

€ss SuP(z,t)eQTH:u(z,t)HM(RN) < 00.

(ii) there holds
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As already said for Young measures, we shall identify any p € M(Qp %
RY) with the associated family {(, ) | (z,t) € Qr}. Observe that
L®(Q7; M(RY)) is a Banach space with norm

1tlloo = ess sup peqgq i laen) -

Similar definitions and remarks hold for the space L>(Q; M(RY)).

In view of Proposition 2.5.1 and Definition 1.2.3, we have the following
result (see [V1, Theorem 2].

Theorem 1.2.2. The set Y(Qr;RY) is homeomorphic to a closed sub-
set of L=®(Qr;P(RN)). Therefore, every sequence {t"} of Young mea-
sures contains a subsequence {1} which converges in the weak™ topology

of L= (Qr; M(RN)), namely

/ Ydr"™ — Ydr (1.2.8)
QT xRN Qr xRN

for any Carathéodory integrand 1 such that 1 (x,t,-) € Co(RN) for almost
every (z,t) € Qr.

In Definition 1.2.3 we used the fact that L'(Q7; Co(RY)) can be identified
with the set of Carathéodory integrands 1 such that 1 (x,t,-) € Co(RY) for
almost every (z,t) € Qr (see [V1, Lemma A3]).

Definition 1.2.4. A subset T C Y(Qr;RY) is said to be tight, if for any
o > 0 there exists a compact subset K, C RN such that

7(Qr x (RV\ K,)) <o forany T€T. (1.2.9)

A sequence {fn} of Lebesgue measurable functions from Qr to RY is
said to be tight, if the the sequence of the associated Young measures is tight
- namely, if for any € > 0 there exists a compact subset K, C RN such that

A (F PRV \ KY)) < € for any neN. (1.2.10)

For every &€ = (&1,...,&1) € RY (d > 1) set |¢] := \/2?:1 2.

Definition 1.2.5. A subset U C L'(Qr;R?) (d > 1) is said to be uniformly
integrable if:
(i) there exists M > 0 such that

gz = [ 1FGoOldade <0 for any f <
T
(7i) for any € > 0 there exists 6 > 0 such that for any f € U

EcLnii, Ant1(E) <6 Rightarrow // |f(z,t)| dedt < €.
E
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Let us mention the following result (see [V1, Proposition 10 and Theorem
11)).

Theorem 1.2.3. (i) A subset T C V(Qr;RN) is tight if and only if it is
relatively compact in the narrow topology of Y(Qr;RN).

(ii) The narrow topology on a tight subset T C Y(Qr;RY) coincides with
the weak* topology mentioned in Theorem 1.2.2.

By Theorem 1.2.3, every sequence {7*} of Young measures contained
in a tight subset 7 C Y(Q7;RY) contains a subsequence {7%"} which con-
verges in the narrow topology of Y(Q7;R"). On the other hand, it is easily
seen that the subset of Young measures associated to a bounded subset of
LY(Q7;RYN) is tight (see [V1, Proposition 8]). Then we have the following
result.

Proposition 1.2.4. Let {f,} be a bounded sequence in L'(Qr;RY), and
{1™} the sequence of associated Young measures. Then there exist subse-

quences {fr} = {fu,} C {fu}, {%} = {r™} C {r"} and a Young measure
7 on Qr x RN such that T — 7 narrowly.

Observe that the limiting measure 7 € Y(Q7;RY) mentioned in the
above proposition need not be associated to any measurable function from
Qr to RY (see [V1, Theorem 20]). However, under the stronger assumption
of uniform integrability we have the following result, which is a consequence
of the more general Prokhorov’s Theorem (see [V1, Section 4].

Theorem 1.2.5. Let {f,,} be a bounded sequence in L'(Qr;RY), and {77}
the sequence of associated Young measures. Then:

(i) there exist subsequences {fr} = {fn,} C {fu}, {7} = {7™} C {7} and
a Young measure 7 on Qp x RN such that ™ — 7 narrowly in Qp x RV ;

(ii) for any p € C(RYN) such that the sequence {po f,} C LY (Qr) =
LY(Qr;R) is uniformly integrable, there holds

pofr=po fu, —p" inL'(Qr), (1.2.11)
where
p*(.l',t) = <7_(z,t)7p>RN = / P(é) dT(x,t)(é.) fO’f’ a.e. (.I',t) € QT

RN
(1.2.12)
and {T(z 4} is the disintegration of T.

Remark 1.2.3. If the sequence {f,,} € L'(Q7;R") is uniformly integrable,
and p;(€) := & denotes the i-th projection in RY (i = 1,...,N), from
Theorem 2.5.2-(ii) with p = p; we have

fo— f* in LNQmRY), (1.2.13)
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where f* = (ff,..., fX)
fi(x,t) == /RN §idr(z)(§) for ae. (z,t) € Qr (i=1,...,N) (1.2.14)

is the barycenter of the disintegration 7, ).

1.3 Main results

1.3.1 Existence

In what follows we will prove the existence of Young measure solutions of
problem (P) in the sense of the following definition.

Definition 1.3.1. Let either N = 1, ug € WOI’OO(Q), or N > 2, uy €
W,P(Q) (p € (1,2]). By a Young measure solution of problem (P) in Qr
we mean a couple (u,T) such that:

(i) u € L®(Ry; Wy (Q)) N C([0,00); LA(Q)) if N =1, or
we L¥(R5 WEP()) N C([0, 50); LX(9)) (p € (1,2]) if N > 2;
(i) u € L*(Qr), T € Y(Q7; RY) ;

(791) for almost every (x,t) € Qr there holds

vu(xat) = <T($,t)7/id >RN = \/RN idT(:c,t) (5)7 (1315)

where id(€) :=¢ (£ € RY) and 7,4 € P(RY) denotes the disintegration of
T;

(iv) for any ¢ € C1([0,T); CL(Q)) and t € (0,T)
/O/Q [uls — ¢* - V(] (z, s)dzds = (1.3.16)
= /Qu(xﬂf)g(x,t) dl‘—/QUQ(x) ¢(x,0)dx,
where ©* = (p3, ..., 0N),

Spj(l'vt) = <T(ac,t)¢ 80i>]RN = /]RN Qpl(g) dT(a:,t)(f) (Z =1... N) (1317)

for almost every (x,t) € Qp.
A Young measure solution of problem (P) in Qs is said to be global.

Remark 1.3.1. In the following, when N > 2. we often assume that the
initial data function ug belongs to VVO1 P(Q) (p € (1,2]) and assumptions
(H2)-(H,) are satisfied (in particular, see Proposition 1.3.3, Theorem 1.3.6
and Theorem 1.3.9). Clearly, this means that (Hz)-(H4) are assumed to
hold with some fixed p = ¢ € (1,2]), and that ug € Wol’p(Q) with the same

p-
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As a particular case of Definition 1.3.1, we have the following

Definition 1.3.2. By a Young measure equilibrium solution of problem (P)
we mean a couple (u,T) € Wol’p(Q) x V(4 RYN), such that

Vi(z) = x £d7,(€) (1.3.18)

for almost every © € Q, and
/Q (6 Vp](z)dz =0 (1.3.19)
for any p € CH(Q). Here = (p1,...,8N),
pile) = (Tpdan = [ p(Odn©)  (=1..N) (1320

for almost every x € Q, and 7, € P(RY) denotes the disintegration of 7.

Consider the problem (P;) introduced above (see Section 2.1). If N =1,
setting
vi=ug, w:= )+ ey, (1.3.21)

problem (P;) reads

Ut = Wy in QT
u=0  in 80 x (0,7) (1.3.22)
u=wug in Qx{0}.

Definition 1.3.3. Let N = 1, and let ug € Wol’oo(Q). By a solution of
problem (P,) in Qp we mean any function u. € Cl([O,T);WOl’OO(Q)), with
we € C([0,T); W2>(Q) N C(NQ)), wer € C([0,T); WDLOO(Q)), which satisfies
(P;) in classical sense.

Definition 1.3.4. Let N > 2, and let ug € HE(Q). By a solution of problem
(P.) in Qr we mean any function u. € C*([0,T); HY(Q)) such that u.(-,0) =
Uge, and

/ uet(x, t)p(x) do +/ ©(Vue)(z,t)-Vp(x) dx Jre/ Vue(z,t)-Vp(z)dr =0
Q Q Q

(1.3.23)
for any t € (0,T) and any p € H}(Q).
Definition 1.3.5. Let N > 1. A solution of problem (P.) in Q is said to
be global, if it is a solution in Qp for any T € (0, 00).

Theorem 1.3.1. Let either N =1, ug € W&’OO(Q) and assumptions (Ay)-
(A3) be satisfied, or let N > 2, ug € HE(Q) and (Hy) hold. Then for any
€ > 0 there exists a unique global solution u. of problem (P).
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The following a priori estimates will play an important role to study the
vanishing viscosity limit of the solution u, as € — 0. Let us first address the
case N = 1.

Proposition 1.3.2. Let N =1, ug € Wol’OO(Q) and assumptions (A1)-(As)
be satisfied. Let ue be the solution of problem (P:) given by Theorem 1.5.1.
Then there exists C' > 0 such that for any e > 0

ot et ey + et 2@y + VE stz < C ol -
(1.3.24)

To prove analogous estimates when N > 2, for any fixed ug € VVO1 P(Q),
with p € (1,2], consider a family {uo.} C H}(2) (¢ > 0) such that

: 1
HuoeHWg,p(Q) < ||u0HWO1,p(Q), uge = up in WyP(Q). (1.3.25)

Proposition 1.3.3. Let N > 2, ug € Wol’p(Q) (p € (1,2]) and assumptions
(H1)-(Ha) be satisfied. Let ue be the solution of problem (P.) with Cauchy
data upe € HY(Q) as in (1.3.25), which is given by Theorem 1.3.1. Then
there exists C' > 0 such that for any € > 0

”u6||Loo(R+;W01’p(Q)) + HuetHL?(QOO) + \ﬁ HvuetHL?(QOO) <C HUOHWOLP(Q) .
(1‘3.26)

Remark 1.3.2. Observe that by estimates (1.3.24) and (1.3.26) the family
of solutions {u.} is contained in a bounded subset of L®(R.; W, () if
N =1, respectively of L>(Ry; Wol’p(Q)) it N > 2. In addition, if N > 2 and
p € (1,2], by estimate (1.3.26) for every T' € (0, 00) there exists a constant
Cr > 0 such that

luclwre@r) < Cr lluollyreq) (1.3.27)
for any € > 0. Similarly, if N =1 by estimate (1.3.24) we have

luellmrr(p) < Cr Huo||W01,oo(Q) (1.3.28)
for any € > 0.

If N > 2, as a consequence of estimate (1.3.26) we have the following

Proposition 1.3.4. Let N > 2, uy € Wol’p(Q) (p € (1,2]) and assumptions
(H1)-(Ha) be satisfied. Let ue be the solution of problem (P.) with Cauchy
data upe € HY(Q) as in (1.3.25), which is given by Theorem 1.3.1. Then
there exist a sequence {ue, } C {uc} and u € L®(Ry; Wy P(Q)NWP(Qr)N
C([0,00); LP(R)), with us € L*(Qs), such that:

ue, = u in C([0,7); LP(Q)) (1.3.29)
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for any T € (0,00);
U, = u in L7((0,T); Wy (Q)) (1.3.30)

for any T € (0,00) and every r € [1,00);

U, —u in WH(Qr) (1.3.31)

for any T € (0,00);
Ut —up i L*(Quoo); (1.3.32)
e Vet = 0 in L?(Quo) - (1.3.33)

Similarly, if N =1 by estimate (1.3.24) we have the following

Proposition 1.3.5. Let N =1, ug € W&’OO(Q) and assumptions (A1)-(As)
be satisfied. Let ue be the solution of problem (P:) given by Theorem 1.5.1.
Then there exist a sequence {ue, } C {uc} and u € L°°(R+;W()1’°°(Q)) N
HY(Q7) N C([0,00); L?(Q)), with u; € L*(Qw), such that:

e, —u in C([0,T); L*(2)) (1.3.34)
for any T € (0,00);
Ue, = u in L'((0,T); Wy (Q)) (1.3.35)

for any T € (0,00) and every r € [1,00), p € (1,00);

Ue, —u in H(Qr) (1.3.36)

for any T € (0,00);
Ut — U N L*(Qwo); (1.3.38)
€Uzt — 0 in L*(Qu) . (1.3.39)

Remark 1.3.3. Let the assumptions of Proposition 1.3.5 hold if N =1, or
let ug € H(9), and let assumptions (Hs)-(Hy) with p = ¢ = 2 and assump-
tion (Hs) be satisfied if N > 2 (thus in particular Proposition 1.3.4 holds
with p = 2). Let u be the limiting function mentioned in Propositions 1.3.4
and 1.3.5. Let us show for further reference that under these assumptions
the map ¢ — ||u(-, t)HQLQ(Q) is nonincreasing on R .

In fact, since the global solution u, of problem (P.) satisfies uc(-,t) €
H(Q) for every t € R, from (P.) we get easily

d
ﬁ(\\ue(wt)\lia(g)+6HVue(-,t)H%2(Q)) — (1.3.40)

9 /Q o(Vat) - V] (2,8) da < 0
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by assumption (Hs). This implies that
e, t+7) 22y e Vaes t+7) 720y < lluel 172 () +e [ Vue, D)I72(q)

for every t € Ry, 7 > 0 and ¢ > 0. Setting € = ¢ in the above inequality,
where {u, } C {uc} is the subsequence mentioned in Propositions 1.3.4 and
1.3.5, and letting ¢, — 0 we obtain

Ju(,t+ T)H%?(Q) < lu(, 75)||%2(Q)

for every t € Ry and 7 > 0; here we use the convergence in (1.3.29) and
estimate (1.3.26) with p = 2 if N > 2, respectively the convergence in
(1.3.34) and estimate (1.3.24) if N = 1. Hence the claim follows.

Consider the sequence {u,, } of solutions of problems (P, ) mentioned in
Propositions 1.3.4-1.3.5. By inequalities (1.3.24) and (1.3.26) the sequence
{Vue,} is bounded in LP(Qr;RY) for any T € (0,00), with p € (1,2] if
N > 2, or for any p € (1,00) if N = 1. Plainly, this implies that both
{Vue,} and {p(Vu,)} are uniformly integrable. Let {7} C Y(Qr;RY)
be the sequence of Young measures associated to {Vue, }. Then by Theorem
2.5.2-(1) there exist subsequences of {Vu,, } and {7}, denoted for simplicity
by the same notations, and a Young measure 7 on Q7 xR such that 7% — 7
narrowly. Moreover,

e(Vue,) = ¢*  in LYQr;RY), (1.3.41)

where ¢* is defined by (1.3.17) (with 7, denoting the disintegration of
7). Relying on these facts we shall prove that the couple (u,7), where u
is the limiting function given by Propositions 1.3.4-1.3.5, is a global Young
measure solution of problem (P). This gives the following existence result.

Theorem 1.3.6. Let either N =1, ug € Wol’oo(Q) and assumptions (Ai)-
(As) be satisfied, or let N > 2, ug € Wol’p(Q) (p € (1,2]) and (Hy)-(Ha)
hold. Then there exists a global Young measure solution (u,T) of problem
(P), which is the limit of a subsequence {ue, } of the family {uc} of solutions
to the approximating problems (P.). Moreover,

(i) if N =1, u e L=®(Ry; Wy™(Q)) 0 HY(Qr) N C([0,0); L*(9));

(i) if N > 2, u € L®(Ry; WyP(Q)) n W2 (Qr) N C([0,00); LP(Q)) (p €
(1,2]);

(iii) T € Y(Qoo; RY).

1.3.2 Characterization of the limiting Young measure

Concerning the results stated in this subsection, we assume that the function
¢ changes monotonicity character a finite number of times, say 2n (n € N;
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observe that this number is even by assumptions (A3)-(As)). Hence there

holds . .
=(Ur)ulur)

Iy := (—o0,by], I = (a;,bi11] (I=1,...,n—1), I, ;== (ap,00),

Iy = (by,am] (m=1,...,n)

where

and b; is a local maximum point, a; a local minimum point of the graph

A A

of o. Set J; == (L), Jm = p(L) (I =0,....,n;m = 1,...,n); since ¢
is increasing on each interval I; and decreasing on each interval I,,, there
holds

Jo = (—o0, ‘p(bl)] ) {l = (p(ar), 90(b1+1)] (l=1,...,n—-1),
Ip = ((,O(Gn), OO) ) I = (@(am)a (p(bm)] (m =1..., n) .

Now define n + 1 increasing functions s; : J; — I; setting

(stop)(§) =¢ forany ey,
(pos))(A\) =M\ forany \ € J; (l=0,...,n), (1.3.42)

and n decreasing functions ¢, : jm — fm such that

(tm © v)(§) =& forany € € fm,
(potm)N)=A forany A€, (m=1,...,n), (1.3.43)

Following [P11], we shall make use of the following assumption:

©) The functions s, ...,s,, t},...,t, are
linearly independent on any open subset of R.

Let N =1, ug € Wol’OO(Q) and assumptions (A;)-(As) be satisfied. Let
ue be the solution of problem (P.) given by Theorem 1.3.1; set

Ve i = Ueg 1, We := p(Ve) + €vgy (1.3.44)
as in (1.3.21). Since ue¢ = wey, estimate (1.3.24) also reads
[vell oo (@ue) + 1Weall 2oy + Ve lVetllz2(@u) < C lluollyproe gy - (1.3.45)

Plainly, this implies that there exists C' > 0 (only depending on ||u0HW1,oo(Q))
0
such that for any € > 0 small enough

[ (ve)ll Lo (@ue) < C's (1.3.46)
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|well L2 ;1(0)) < C- (1.3.47)

In fact, by assumption (A;) and inequality (1.3.45) there exists C; > 0 (only
depending on Hu0||W1,oo(Q)) such that for any € > 0
0

(el Lo (o) < Ch -

Then by the above inequality, the definition of w, (see (1.3.44)) and inequal-
ity (1.3.45) there holds

el 2y < O+ VEC uollyyam oy -

From the above inequality and inequality (1.3.45) we obtain (1.3.46)-(1.3.47)
for some constant C' > (.

In view of inequality (1.3.47), there exist a sequence {w, } C {w¢} and
w € L?(Ry; H(Q)) such that

. —w in L*(Ry; HY(Q)). (1.3.48)

We

Without loss of generality, we can assume that the convergence results of
Proposition 1.3.5 hold with the same sequence of indices {€x}. In particular,
there holds (see (1.3.37))

L v in L%(Qso) (1.3.49)

Ve

with v 1= ug, u € L®(Ry; Wol’OO(Q)) being the limiting function mentioned
in Proposition 1.3.5.

Now we can state the following result.

Theorem 1.3.7. Let N = 1, ug € WOI’OO(Q) and assumptions (Ay)-(As)
be satisfied, and let (u,7) be any global Young measure solution of prob-
lem (P) given by Theorem 1.3.6. Then for almost every (x,t) € Q the
disintegration 7(, ) of the limiting Young measure T satisfies the equality

n

T(at) = ch(x,t) 6( - — sl(w(x,t))) + Z dp(z, 1) 5( . —tm(w(a:,t))) ,

=0 m=1

(1.3.50)
where w € L*(Ry; HY(Q)) N L®(Qr) (T € (0,00)) is the limiting function
in (1.3.48).
The coefficients ¢y, dy, in (1.3.50) are functions in L°(Qw), such that for
almost every (x,t) € Quo:
(1) 0 < ¢z, t) <1,0<dp(z,t) <1 (I=0,...,n;m=1,...,n);
(i) Yo i@, t) + gy dm(@,t) = 1;
(1ii) co(x,t) = 1 if w(z,t) < A = min{p(a1),...,p(an)}, cn(z,t) =1 if
w(z,t) > B = max{p(br). -, ¢(ba)}
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Remark 1.3.4. Under the assumptions of Theorem 1.3.7, from equalities
(1.3.15) and (1.3.50) we obtain

n

ug(z,t) = ch(:):,t) si(w(z, 1)) + Z Ay (@, 1) ty (w(2, 1))

=0 m=1
for almost every (z,t) € Qoo.

To prove Theorem 1.3.7 we need a similar result, concerning the limiting
points of the family {¢p(ve)}. Since this family is uniformly bounded in
L>(Qx) (see (1.3.46)), we can consider the associated family {6} of Young
measures. By Proposition 1.2.4 there exist a sequence {6} and a Young
measure 0 over Qo X R, such that for any 7" € (0, c0)

0% — 6 narrowly in Qr x R. (1.3.51)

As before, there is no loss of generality if we assume that the convergence
results of Proposition 1.3.5 hold with the same sequence of indices {e}.

Let 0(,; denote the disintegration of the Young measure 6. Then we
have the following result.

Theorem 1.3.8. Let the assumptions of Theorem 1.5.7 hold. Let 0,y
be the disintegration of the limiting Young measure 0 over Qo X R which
appears in (1.3.51), and let w € L*(Ry; H(Q)) N L>®(Qr) be the limiting
function in (1.3.48). Then for almost every (x,t) € Qo

Oy = (- — w(z, 1)) (1.3.52)

1.3.3 Asymptotic behaviour

Since the Young measure solution (u,7) of problem (P) given by Theorem
1.3.6 is global, it is natural to investigate its asymptotic behaviour as t — oc.
Set for almost every (z,t) € Qr and every diverging sequence {t,} C R;:

un(@,t) =u(z, t+1tn), Tl = T(atttn) (1.3.53)

where 7,4 denotes the disintegration of 7. Denote also X = VVO1 P(Q),
where p € (1,00) if N =1, or p € (1,2] if N > 2. Then we can state the
following definition.

Definition 1.3.6. Let (u,7) be a global Young measure solution of problem
(P). A couple (0, 7), with u € L>®(Ry; X) N C([0,00); LP(2)) (where p = 2
if N=1andp e (1,2] if N > 2), and 7 € Y(Qoo; RY) is called an w-limit
point of the solution (u,T), if

(1) there exists a diverging sequence {t,} C Ry such that
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(@) up — win L"((0,T); X) for any T € (0,00) and every r € [1,00),
(b) ™ — 7 narrowly in Qr x RN for any T € (0, 00);

(13) (@,7T) is a global Young measure solution of problem (P) with initial
data function u(-,0).

The set of the w-limit points of (u,T) is called the w-limit set of (u,T).
The following result will be proven.

Theorem 1.3.9. Let either N =1, ug € W&’OO(Q) and assumptions (A)-
(A3) be satisfied, or let N > 2, ug € Wol’p(Q) (p € (1,2]) and (H1)-(Hs)
hold. Let (u,7) € L®(Ry; X) x Y(Qoo; RY) be any global Young measure
solution of problem (P), whose existence is ensured by Theorem 1.3.6. Then:

(i) the w-limit set of (u,T) is nonempty;
(i3) if ug € HL(Y), for every w-limit point (G, 7) there holds

supp Tz € S = {5 e RY | w(§)-€ = 0} for almost every (x,t) € Qoo ,
(1.3.54)
where T, ) € P(RN) denotes the disintegrations of 7.

Set
So:={¢eRY |[pi(§)=0,i=1,...,N}. (1.3.55)

Clearly, there holds Sp C S (see (1.3.54)). If the reverse inclusion holds, we
have the following result.

Theorem 1.3.10. Let the assumptions of Theorem 1.8.9 be satisfied. Sup-
pose that S = Sy, the sets S, So being defined in (1.3.54) and (1.3.55).
Then every w-limit point (a,7) of (u,T) is a Young measure equilibrium
solution of problem (P).

Remark 1.3.5. Let ug € H}(Q2) and the assumptions of Theorem 1.3.10 be
satisfied. As in [S]], let us mention the following facts.
(1) If So C K :=[a1,c1] X -+ X [an, cn], then by (1.3.18) and (1.3.54)

Vii(z) = /K £ diy(6),

whence 95
aigazgq a.e. in (i=1,...,N).
1 0 C , then by (z) above
If So C RY, then b b
g;‘izo ae.in @ (i=1,...,N).
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Similarly, Sy C RY := ((—oo, 0])N, there holds
ou
8131'
By a standard argument, since @ € H}(€2), it follows in both cases that

Vi =0, thus @ = 0 a.e. in Q. Therefore in this cases the w-limit set of (u, 7)
is {(0,60)}, 6o denoting the Dirac measure concentrated at the origin.

<0 a.e. in Q (t=1,...,N).

1.4 Existence

Let us first prove Theorem 1.3.1 when N = 1. This requires some prelimi-
nary steps, the first one being the following local existence and uniqueness
result.

Lemma 1.4.1. Let N =1, ug € Wol’oo(Q) and assumption (A1) be satisfied.
Then for any € > 0 there exists T, > 0 such that problem (1.3.22) has a
unique solution ue in Q..

Proof. Consider the problem

Ut = Wgy in Qr

wy =0 in 9Q x (0,7) (1.4.1)

v=uvp:=uj in Qx{0},
where w := ¢(v) + ev; (see (1.3.21)). Then for any € > 0 there exist T, > 0
and a unique function v. € C*([0,7); L**(9)), with w. € C([0,T); W ()N
C(Q)), wezz € C([0,T); L%°(£2)), which satisfies (1.4.1) in Qr, in classical
sense (see [NP, Theorem 2.1]). Suppose = (a,b) for simplicity; defining

e (1) = / vt dy  ((z,1) € Q% [0,T2))

the conclusion easily follows. O
To proceed we need a priori estimates of the local solution u. of (1.3.22)
given by Lemma 1.4.1. Following [NP], set for any g € C(R), ¢’ > 0:

G(v) :== /ng(go(s)) ds+k (keR). (1.4.2)
In Q7. we have:

[G(uex)]t = g((p(usa:)) Uext = g(we) Wezzr + [g<90(ueac)) - g(we)]weam -

)] We — P(Uez) '

:[g(we)wex]r_g/(we)|wer|2+[g(‘»@(ueﬂc)) — g(we p

<0
(1.4.3)
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Then integrating in {2 we obtain:
d/ G(tez(z,t))dx <0 in (0,T¢). (1.4.4)
dt Jo

The above inequality is crucial to prove the existence of positively in-
variant regions for problem (1.3.22). This is the content of the following
proposition (see [NP, Proposition 2.7]).

Proposition 1.4.2. Let

o(v1) < p(v) < p(v2) for any v € [v1,va], (1.4.5)

and let uf(z) € [v1,v2] for any x € Q. Then ue(z,t) € [v1,v2] for any
(l’,t) € Qr..

Let us now prove Theorem 1.3.1 in the case N = 1.

Proposition 1.4.3. Let N =1, ug € WOI’OO(Q) and assumptions (A1)-(As)
be satisfied. Then for any € > 0 there exists a unique global solution u. of
problem (P;).

Proof. By assumptions (A3)-(As) there holds ¢(v) — 400 as v — oo,
hence there exists C' > [|u()||oo such that inequality (1.4.5) holds with [v, va] =
[-C, C]. Then by Proposition 1.4.2 there holds

|]u€(-,t)HWO1,oo(Q) <(C foranyte (0,T). (1.4.6)

Hence by Lemma 1.4.1 and standard prolongation arguments the conclusion
follows. O
Proof of Proposition 1.3.2. Choosing ¢g(z) = z in (1.4.3) gives:

‘we - (P(uea:)|2

p = WeWega — E‘uezt’2 5

[G(u6$)]t = WeWegx —

(see (1.3.21)), whence plainly:

// {|wez|?® + €|tert|* ydadt < /G(uo)dx. (1.4.7)
Qoo Q

On the other hand, since the solution is global, from (1.4.6) we obtain the
a priori estimate
||uE||Loo(R+;W01,oo(Q)) <C. (1.4.8)
Then from (1.4.7)-(1.4.8) the result follows. O
Let us now address the proof of Theorem 1.3.1 for N > 2. Denote by
(I —eA)™! (e > 0) the operator

(I—eA) ™ H Q) = HHQ), (I—-eA)tz:=v forany z € H 1(Q),
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where v € H} () is the unique solution of the elliptic problem

{ —eAv+v=2 in

v=20 in 00 (1.4.9)

for any z € H=1(Q).

Proposition 1.4.4. Let assumption (Hy) hold. Then the operator

L:Hy(Q) = Hy(Q), L(u):=I—-eAd)T'V-[p(Vu)]  (ue Hy())
(1.4.10)
18 Lipschitz continuous.

Proof. Since by assumption ¢ : RV — R is Lipschitz continuous, there
holds
lp(Vu)| < L|Vul +|e(0)] inQ

for any u € H}(S), where L > 0 is the Lipschitz constant in (Hj), thus
©(Vu) € [L2(Q)]N. Hence V - [p(Vw)] € H~1(), thus the elliptic problem

—eAv+v=V-[p(Vu)] in Q
v=20 in 00

admits a unique solution v € H} (), and there holds v = L(u).

Now set vy := L(u1), vo := L(uz) for any uj,us € H}(). Then the
difference v; — v satisfies

{ —eA(vr = vo) + (01— 02) = V- [p(Vun) —p(Vug)] i@

vp—v2=0 in 9Q
in H=1(Q). Using v1 —ve € H}(Q) as test function, from (1.4.11) we obtain
e/ IV (01 — vs)2dar + / (0 — v)?dz =
Q Q
= [[p(Tu) — (V)] V1 —00) <
Q

< L / |V (u1 — u2)| |V (v1 —v2)|dx <
Q

1/2 1/2
<L </ IV (uy —u2)|2dx> </ V(0 — UQ)de) ,
Q Q
whence
o1 — U2||H3(Q) <e 'L Jur — U2||H3(Q)- (1.4.12)
This completes the proof. O

Now we can complete the proof of Theorem 1.3.1.
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Proof of Theorem 1.3.1. If N = 1, the result follows by Proposition 1.4.3.
If N > 2, by Proposition 1.4.4, for any ug € H}(Q) and € > 0 there exists a
unique solution u. € C1([0,00); H3(2)) of the abstract Cauchy problem

up = L(u) inRy,
{ 2(0) = . (1.4.13)

Therefore, u. satisfies problem (FP;) in Q7 (for any 7" € (0,00)) in the sense
of C1([0,T); H1(£2)), whence equality (1.3.23) follows for any ¢t € (0,7)
and any p € H}(Q). Since T € (0,00) is arbitrary, u. is a global solution.
Hence the conclusion follows. U
Proof of Proposition 1.3.3. 1If HuOHW&,p(Q) = 0, there holds uyp = 0 in €,

thus the unique solution of problem (P) is the trivial one. Therefore, in
this case inequality (1.3.26) is trivially satisfied. Let us address the case

||u0||W01’7’(Q) > 0.
Since ue(-,t) € H}(Q) for any t € Ry, we can choose p = ug(-,t) in
(1.3.23). Then, integrating over (0,t), by assumption (Hs) we obtain

/Ot/Q ul(x, s) deds =
= —/Ot <js/9[<1>(vue)] (z,5) d:n) ds — e/ot/Q\VudF(aj,s) dxds
whence for any ¢ > 0,
/Q[cp(we)] (z,t)dz + /Ot/Q{uzt—i-e]Vuet\z}(x,s)d:nds =(1.4.14)
_ /Q (Vo) (x) da .

On the other hand, by the first inequality in (1.1.1) and the following
remark there holds

e / VP (z, ) do = (1.4.15)
Q

= Cl/ [Vuel? (z,1) dﬂH—Cl/ |VuelP(z,t) de <
{IVue[>&0} {IVue|<éo}

< / [®(Vue)] (z,t) de + C1& | =
{‘V"L"€|>§O}

= / [®(Vue)] (x,t) de — / [®(Vue)] (x,t) de + C’lfg 1|
& {IVue|<éo}
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Then by equality (1.4.14) we have

t
C’l/ |VuelP(x,t) d:r—l—// {uZ + €| Vue|*} (2, 8) dzds < (1.4.16)
Q 0J9

gté@w%mmwxLﬂwﬁwwwmnmwm+0ﬁﬁus

< [ @Tul @ + K

with some constant K7 > 0, only depending on &, and |{2| (here use of the
continuity of ® has been made).

Arguing as for (1.4.15), by the second inequality in (1.1.1) and the in-
equality in (1.3.25) we get

/Q[‘P(Vum)] (z) dw = (1.4.17)
= / [®(Vuge)] () dx + / [®(Vuge)] (x) dz <
{IVuoe|>&o} {IVuoe|<éo}
C Vuge|? (x) dx P (Vuge)| () dx <
= 3/{Vu06>fo} [Veoct* () de + /{|VUO6|SEO} [#(Vuoo)] () =
< 03/Q|Vu0|p(a:)dx b K

with some constant Ko > 0, only depending on &. Since u — [|[Vul||zr(q)

is an equivalent norm on Wol’p(Q), from (1.4.16)-(1.4.17) we obtain for some
constant K3 > 0

2 2
Huﬁ”ioo(RJr;W(}'P(Q)) + HuetHL2(QOO) te ||Vu6tHL2(QOO) < (1.4.18)

1
_ p K Ky | = p
mML&&}Gw%MW®+ y+2) Calluollfyyygy + Cs.

whence
||u€||LOO(R+;W01’p(Q)) =+ ||Uet||L2(Qoo) +e€ HvuetHLQ(Qoo) < C4Hu0||€[/014)(9) + Cs + 3.

Then defining

- Cs+3
C 1= CallwollTly g + o
0" () HUOHWOLP(Q)
we obtain inequality (1.3.26). This completes the proof. O

Proof of Proposition 1.5.4. Concerning (1.3.29), observe that by inequality
(1.3.27) the family {u.} is bounded in WP(Qr), hence there exists a se-
quence {ue, } C {ue} (possibly depending on T € (0,00)) which strongly
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converges in LP(Qr). Let us show that {u, } is a Cauchy sequence in
C([0,T]; LP(2)) for any T € (0, c0).
In fact, for any ¢ € [0, 7] there holds

/ |te), — Ue,, |P(z,t) do — / |U0e, — Uoer, |P () dz < (1.4.19)
Q Q

t
= p// Uuﬁk - “€m|p_1 eyt — Ueth (z,s)drds <
0JQ

t 1_% ‘ %
<p <// |Uek - uEm‘pd.’L'd8> <// ‘u%t — uemt‘pd$d8> <
0JQ oJa

2-p p—1
<p |QT| » Huek - uem”Lp(QT)HuEkt - u€thL2(QT) )
since p € (1,2]. Then by inequality (1.3.26) there holds

1—1
||u€k - uemHC([O,T];LP(Q)) < KH“ek - uemHLp(pQT) +

+ ”UOek - qumHLP(Q) , (1.4.20)

where oz
K = 20]9 |C2T|W ||U(]HW0LP(Q) )

Then by (1.3.25) and (1.4.20) the claim follows. Hence by a diagonal ar-
gument there exist a sequence {uc, } C {uc} and u € C(]0,00); LP(£2)) such
that (1.3.29) holds for any T € (0, c0).
Concerning the convergence in (1.3.30), observe that by (1.3.26) there
holds )
||u€k||LT((07T);W01’p(Q)) < CT?HUOHWOLP(Q) (1.4.21)

for any T' € (0,00) and every r € [1,00). Hence by a diagonal argument
there exist a subsequence of {u,, }, denoted again by {u, } for simplicity, and
a function v : Ry — Wol’p(Q) such that (1.3.30) holds for any 7" € (0, c0)
and every r € [1,00). To prove that u € L (Ry; Wol’p(Q)), observe that by
(1.3.26)

||u€k(-,t)|\W01,p(Q) <C ||u0HW01,p(Q) for any t € Ry . (1.4.22)

Then there exist a subsequence of {uc, (-,t)} (possibly depending on t), de-
noted again by {u.,(-,t)} for simplicity, and a function f; € WO1 P(Q) such
that

Ue, (- 1) = fr in WyP(Q), (1.4.23)

thus by inequality (1.4.22) and the lower semicontinuity of the norm
Hft]W&,p(Q) <C Hu0||WO1,p(Q) for any t € Ry . (1.4.24)

On the other hand, by (1.3.29) and (1.4.23) there holds f; = u(-,t). There-
fore by (1.4.24) we obtain that u € L>®(Ry; Wol’p(Q)), as asserted.
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The convergences in (1.3.32)-(1.3.33) follow immediately from (1.3.26),
since both sequences {uc,¢} and {/€; Vue,;} belong to a bounded subset of
L?(Qs). This completes the proof. O
Proof of Proposition 1.3.5. The proof of (1.3.34) is the same of (1.3.29),

using inequality (1.3.28) instead of (1.3.27). Concerning (1.3.35), by (1.3.24)
there holds

1 1
< T Qo |fuollypr. g (1.4.25)

el v o,y 7)) )

for any T' € (0,00) and every r € [1,00), p € (1,00). Hence by a diagonal
argument there exist a subsequence of {u,, }, denoted again by {u,, }, and
a function u : R, — Wy (Q) such that (1.3.35) holds. To prove that u €
L>*(Ry4; W(}’OO(Q))HC([O, o0); L2(Q)) we argue as in the proof of Proposition
1.3.4. As for (1.3.37), suffice it to observe that inequality (1.3.24) implies

The proof of (1.3.38)-(1.3.39) is the same of (1.3.32)-(1.3.33), thus the result
follows. O

Proof of Theorem 1.5.6. Let us first assume N > 2. Consider the sequence
{ue, } and the function w mentioned in Proposition 1.3.4, and the weak
formulation of problem (P, ), namely

/O/Q [te, Cs — (Vue,) - VC — €,Vue, s - V(] (z,5) deds =(1.4.27)
= /QuﬁlC (z,t)((z,t) dx — / Uoe,, () ((,0) dx

Q
for any t > 0 and ¢ € C([0,00); CL(£2)). By (1.3.29), as ¢, — 0 we get

/Ot/Q Uei (2, 8)Gs (@, 5) drds — /0 t/Q u(z, s)¢s(x, s) duds (1.4.28)

/ Ue, (2, ) (2, t) de — / u(z,t)((z,t) dx, (1.4.29)
Q Q
whereas by (1.3.33) and (1.3.25) we have
t
€k // Ve s - V{drds — 0, (1.4.30)
0/
respectively
/uogk(az)g(m‘,O) dr — / uo(x)¢(z,0) dx . (1.4.31)
Q Q

Let us show that the sequence {Vu,, } is uniformly integrable; then the
same holds for the sequence {p(Vue, )}, since by assumption (H;)

[p(Vug, )| < L|Vue| + [¢(0)]-
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In fact, by inequality (1.3.26) the sequence {|Vu,, |} is uniformly bounded
in the Lebesgue space LP(Qr) with p € (1,2], thus in L'(Qr) for any T €
(0,00). Moreover, by (1.3.26) for any Borel set £ C Q7 we have

1
//E|Vuek|(w,t) dwdt (//E|Vuek|p(w,t)dxdt>p B[

1 1
C [luollyy )T 1B 7, (1.4.32)
whence the claim immediately follows.

Then by Theorem 2.5.2-(¢) and a standard diagonal argument there ex-
ist a subsequence of {Vu,, }, denoted again by {Vu,, } for simplicity, with
associated Young measures {7}, and a measure 7 € M(Qo x RY), with
7€ Y(Qr;RYN) for any T € (0, 00), such that 7 — 7 narrowly in Q7 x RY.
Moreover, we can make use of Theorem 2.5.2-(i7) in Qr x RV for any
T € (0,00), choosing both p = ¢ and p = p;, where p;(§) ==& (i=1,...,N;
see Remark 1.2.3). The first choice gives (1.3.41) with ¢* defined by (1.3.17),
T(z,t) denoting the disintegration of 7. Then letting e — 0 in (1.4.27), by
(1.4.28)-(1.4.31) and (1.3.41) we obtain equality (1.3.16). By the second
choice p = p; we have that

IN

IN

(vuek)l - <T(x,t)7 Pi >]RN = \/]RN fl dT(x,t) (5) in Ll (QT) (7’ = 17 o 7N) )

which together with the convergence in (1.3.35) implies equality (1.3.15).

Therefore, the couple (u,7) is a Young measure solution of problem
(P) in Q7. It follows from Proposition 1.3.4 that v € L (Ry; Wol’p(Q)) N
C(]0,00); LP(R2)). To prove that 7 € V(Quo; RY) observe that, since 7 €
V(Q7r;RY) for any T € (0,00), by elementary properties of measures we
have

Av+1(B) = lim Ani1(ENQk) =
= lim 7((ENQx) x RY) = 7(E x RY)
—00

for any Lebesgue measurable set £ C o, whence the claim follows.

Since (u,7) is a Young measure solution of problem (P) in Qr for any
T € (0,00), it is a global solution; hence the result follows in the case N > 2.
The proof when N = 1 is the same, using inequality (1.3.24) and Proposition
1.3.5 instead of (1.3.26) and Proposition 1.3.4, respectively. This completes
the proof. O

Remark 1.4.1. The argument used in the proof of Theorem 1.3.6 allows
us to show that, if N > 2 and assumption (Hs) is satisfied, every function
¢r defined by (1.3.17) (i =1,..., N) belongs to L"(Qr) for any T' € (0, c0)
and r = p%l, with p € (1,2] (clearly if N =1 we have ¢* € L*(Q«) by the
uniform estimate (1.3.24)).
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In fact, let T' € (0,00) be fixed. By (Hz2) there exists M > 0 such that

il t) < M /RN(Hmp—l) (@ (=1...,N)  (1.4.33)

for almost every (z,t) € Q. Then by (1.4.33) and Jensen inequality there
holds

i <[ Q) drag© =1 M), (1430)

with some constant M > 0.

On the other hand, let {u,, } be the sequence mentioned in Proposition
1.3.4. For every j € N, let n; € C2°(R) be any function such that 0 <n; <1
in R, nj(s) =0if [s| > j.

Arguing as in the proof of Theorem 1.3.6 (see (1.4.32)), it is easily seen
that for every j € N the the sequence {n;(|Vue,|)|Vue,|[P} is uniformly
bounded in @7, hence uniformly integrable. Then by Theorem 2.5.2-(ii)
there exists a subsequence {n;(|Vue,|) |Vue,|P} such that

1i(|Vue, ) Vue [P — f; in L'(Qr), (1.4.35)

where
F@t= [ )P dren©) forae (@0 €Qr. (1430

In particular, we have
// ddt / A+ (€D [EP) drpn(©) = (1437)
Qr RN

= dim [0V Vg ) dade <
Qr

k—00

< lim // (14 |V, |?) dzdt < C,
T

~ k—oo

where the constant C' > 0 is independent of j (see (1.3.26)). Since in the
limit as j — oo there holds

n; (1) 1€1” = 1P

for every ¢ € RV, from (1.4.34), (1.4.37) and the Fatou Lemma the claim
follows.
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1.5 Characterization of the limiting Young mea-
sure

Let xz, and x; = be the characteristic functions of the intervals Ij, respec-

tively I (1=0,...,n;m=1,...,n)introduced in Subsection 1.3.2; observe
that
n n
D xn+> x5, =1 onR. (1.5.38)
=0 m=1

For any f € C(R) and almost every (z,t) € Qr (T € (0,00)) set

o )y = [ 1N o0 =

:/R(fosO)(f)le(é) A7 () (1=0,...,n); (1.5.39)
:/f(A)d&((;’jg)(A) -
R
= /R(fW)(f)Xfm(f) At (&) (m=1,....n); (1.5.40)
T = Z" * Zn:f}((ﬂ)- (1.5.41)
m=1

Since 7(, ) € P(R), from (1.5.38) and (1.5.39)-(1.5.41) with f = 1 we obtain
that o, € P(R), too. Clearly, for almost every (z,t) € Qr all a((i)t) and

&g;nt)), thus o, ;) are positive Radon measures on R, with compact support

since supp 7, ¢) is compact. It is also easily seen that the definitions (1.5.39)-
(1.5.40) imply

supp O'E) 5 CJ;, supp 6((;”2) C Jm (l=0,...,n;m=1,...,n)
(1.5.42)
for almost every (z,t) € Qpr. In fact, for every f,g € C(R) such that

supp fNJ; = 0 and supp g N J,, = 0, from (1.5.39) we obtain <a§xt ,f>

and < g%, > = 0, whence the claim follows.

Recalling (1.3.42)-(1.3.43), from (1.5.38) and (1.5.39)-(1.5.40) we also
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have

(e £)a = [ £ driea©) = (1.5.43)

— ;/R(foslogo)(f))(h(f) dT(z,)(§) +
+ ;[R(fotmow)(ﬁ)Xfm(é) 7z (§) =
-3 [ (om0 do, 00+ > Lot =

- Zn: <08t), fo 5l>R + Zi:l <a((;”2) fo tm>R

Remark 1.5.1. It is easily seen that the probability measure o, ;) defined in
(1.5.41) coincides with the disintegration 6, ;) of the limiting Young measure
6 in (1.3.51). In fact, for any h € C(R) the family {(h o ¢)(uez)} is uniformly
bounded in L>®(Q), hence uniformly integrable in L'(Qr) for every T &
(0,00). Then by Theorem 2.5.2-(i4)

(h o) (ttepe) — /R BN dbp (N in L'(Qr) (1.5.44)

along some subsequence {ue,5}. On the other hand, by the same token we
also have

(ho@)ugs) = [(ho @)@ drun(©) mI'Qr):  (1545)
R
moreover, by (1.3.42), (1.3.43), (1.5.41) and (1.5.43) there holds
Lo )@ drn(© = (1.5.46)

_ l; /R (hoposio@)(E)xn(€) drps(€) +

N m; /R (hopotmo@)(E)x;, (€)druy(©) =

m

g l . ~(m
S / o, )+ S / B 46 () =
1=0 ’R m=1"R
= [ B o).
R
By (1.5.44), (1.5.46) and the arbitrariness of h the claim follows.
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As a particular case of (1.3.17), set

¢wWV=Aw@m@w (2.1) € Quo). (15.47)

Then we have the following

Proposition 1.5.1. Let the assumptions of Theorem 1.8.7 be satisfied.
Then for almost every (z,t) € Qoo the measure o, ;) defined in (1.5.41)
is the Dirac measure concentrated at some point A\o(x,t) € R.

Using the above proposition we can prove Theorem 1.3.8.
Proof of Theorem 1.3.8. By Proposition 1.5.1 there holds

No(@t) = [ Adoy) = [ @€ drn(©) = oot
Then by Remark 1.5.1 we have

e(a:,t) = 5( - QO*(.%,t))

for almost every (x,t) € Quo, with ¢, defined in (1.5.47). Therefore equality
(1.3.52) will follow, if we prove that ¢, = w almost everywhere in Q.

To this purpose, observe that by inequality (1.3.45) for any T € (0, c0)
there holds

lo(tea) = we |l r2(Qr) = €k lueatll 2oy = 0 as k — oo. (1.5.48)

By (1.3.48) and (1.5.48) we obtain ¢, = w almost everywhere in Qr for any
T € (0,00). This proves the result. O

Let us now prove Theorem 1.3.7.

Proof of Theorem 1.3.7. Let {ex} be a sequence of indices such that the
convergence results in Proposition 1.3.5 and (1.3.48) hold true. Set for any
keN

QP = {(#,8) € Qoo | Ugu(z,t) €L} (1=0,...,n), (1.5.49)
QW .= {(m,t) € Qoo | e a(,t) € fm} (m=1,...,n),

and denote by x o®s X the characteristic functions of these sets. Then
1 m
for any f € C'(R) the equality

fuaa) =3 xgu ! (51 (P(uea)) + D xgo f (bn (p(uga)))  (1.5.50)
=0

m=1

holds almost everywhere in ().
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For any fixed [ and m the sequences {XQl(k)}, {x Qﬁff)} are uniformly
bounded in L*°(Q~). Hence there exist two subsequences (denoted again
{XQIUC)}, {XQ£,’§>} for simplicity) and two functions ¢ € L®(Qs), dm €
L>(Q) such that

Xg = Xgw —dm  in L¥(Qr) (1.5.51)

forany T € (0, 00). It is easily seen that the functions ¢;, d,, (I =0,...,n; m =
1,...,n) have the properties asserted in the statement.

We shall prove that:

Jim o f (st (pluea))) = f () (1=0,...,m), (15.52)
kh—?;o Xng)f (tm (p(ueya))) = dim [ (tm(w)) (m=1,...,n)

weakly* in L*°(Q ). On the other hand, since the family {u,} is uniformly
integrable, by Theorem 2.5.2-(ii) we have

lim f (ue) = f* in Ll(QT)
k—o0
for any T € (0, 00), where

[z, t) = /Rf(ﬁ) d7(z.)(§) for a.e. (x,t) € Qr

for almost every (x,t) € Qr. Therefore, letting k — oo in (1.5.50) and using
(1.5.52) we obtain the equality

| 1@ dren© = Y f (uw) + 3 i f b))
=0 m=1
almost everywhere in @7, whence the characterization (1.3.50) follows by
the arbitrariness of f.

Now let us prove the first equality in (1.5.52). Observe that for any
T € (0,00) and any ¢ € LY(Qr)
//T [xgu f (51 (plueya))) — e f (si(w)) ¢ dwdt = (1.5.53)
_ //T X0 — ] f (st () C dadt +
v /Q g [ st (@) = f st ) ¢

Since w € L*®(Qr) for any T € (0,00) and f o s; is continuous, the first
integral in the right-hand side of the above equality goes to zero as k — oo
by (1.5.51).
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Concerning the second observe that, since by Theorem 1.3.8 the disinte-
gration 0,4 is the Dirac mass concentrated at the point {w(x,t)}, possibly
extracting a subsequence (denoted again {u,,} for simplicity) there holds

¢ (tez) = w almost everywhere in Q.

(see [V1, Theorem 9]). By the Dominated Convergence Theorem, this im-
plies that also the second integral vanishes as k — oo, thus the first equality
in (1.5.52) follows. The proof of the other is similar, thus it is omitted. This
completes the proof. O

It remains to prove Proposition 1.5.1. To this purpose, we generalize
to the present situation the proof given in [Pl1] for a cubic ¢. Consider
the orthonormal basis of L?({2) given by the eigenfunctions 1, € H(Q) of
the operator —A with homogeneous Neumann conditions. Let { ui} be the
corresponding sequence of eigenvalues. For any € > 0 let P., Q. : L*(Q) —
H'(Q), P. + Q. = I, be the projection operators defined as follows:

Pof =Y fmi, Qf= Y fmi, fi:= / fode  (f € L3(9Q)).
ep; <1 epi>1 Q
(1.5.54)
The proof of the following result is the same of [P1l, Lemma 2.1], thus we
omit it.

Lemma 1.5.2. There exists C' > 0 such that for any e > 0

1P o (vo) | oy + € 2 1Qep(ve)ll2(or) < C- (1.5.55)

Let ag € Iy be the unique point such that ¢(ag) = A, where A :=
min{¢(ai),...,p(an)} (see Subsection 1.3.2). Set

G(2) = /Z(g oQ)(r)dr (2 €R). (1.5.56)

Then we have the following result, whose proof is the same of [ST2, Propo-
sition 3.3]); we give it for convenience of the reader.

Proposition 1.5.3. Let 7(,4) be the disintegration of the limiting Young
measure 7, and let G be the function (1.5.56) with g € CL(R). Let f € C1(R)
such that || f|| o) + | f'l| o) < C for some constant C > 0. Then

(T (fop)G >R = (T, f oy >R (T(at), G >R . (1.5.57)

Proof. Set F' := fop. Let T € (0,00) be fixed, and let {v, } be the
converging sequence in (1.3.49). Under the present assumptions the se-
quences {F'(ve, )} and {G(v, )}, thus {F(ve, )G (v, )} are uniformly bounded
in L>®(Qr) (see (1.3.45)). Therefore, by Theorem 2.5.2-(i7)

F(Uek)G(Uek) = <T(I,t)7 FG>R in LOO(QT)
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(see (2.5.5)-(2.5.6)). Then the conclusion follows, if we prove that
F(ve,)G(ve,) = FuG,  in L®(Qr), (1.5.58)

where
F*(x7t) = <T(x,t)7F>R y G*(x7t> = <7—(x7t)7G>R

are the weak® limits in L (Qr) of the sequences {F'(ve,)} and {G(v,)},
respectively.

To this purpose, set F'% := f(P., ¢(ve,)), where P, is the projection
operator defined in (1.5.54) with ¢ = ¢;. Recalling that by assumption

!/
?
[l oo (r) < 00, We have

1F% — Foe)lzzian = 1F(Po 0(ve) = F(0(0e) |20 (1-5.59)
”f/HLOO(R) HQEk@(UEk)HLQ(QT) :

IN

By (1.5.55) the right-hand side of the above inequality goes to zero as k —
00. Then we obtain

| [ — F(ve,)] G(Uek)HL2(QT) —0 ask—o0.

Hence to prove (1.5.58) it suffices to show that for any ¢ € C}(Qr)

/ / FGo,,) ¢ dadt — / / FLGC dadt. (1.5.60)
Qr T
Set Q = (a,b), and

I (x,t) == / G(ve,)(2,t)dz  for almost every (z,t) € Qr.  (1.5.61)
Then we have

/ / FG(v,,) € dudt = — / / (FoC), T dadt . (1.5.62)

Since || f'|| oo (r) < 00, by inequality (1.5.55) there exists C' > 0 such that

I 2@y < I lpee@lllPe (v ) lall L2 (@qr) < C'-

By estimate (1.3.45) the sequence {F'*} is uniformly bounded in L*°(Qr),
thus in L2(Qr); hence by the above inequality it is also uniformly bounded
in L2((0,T); H*(Q)). Then there exists F' € L*((0,T); H*(Q)) such that

F* ~F in L*((0,T); H(Q)).
By (1.5.59) this implies that

F(vy,) = F in L*(Qr),
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whence F, = F'in Qp. Therefore F, € L?((0,T); H'(2)) and
(F%¢)p — (F Q) in L*(Qr). (1.5.63)

On the other hand, since G(v,) — G4 in L>®(Qr), for almost every
(x,t) € Qr we have

I (x,t) = Ti(x,t) = /x Gi(z,t)dz. (1.5.64)

Since the family {I"**} is uniformly bounded in L*(Qr), the above conver-
gence implies that

r* - T, in L*(Qr). (1.5.65)
By (1.5.63) and (1.5.65), the right-hand side of equality (1.5.62) converges
to
// (FuC)oTsdadt = // F.G.C dedt
T T
(see (1.5.64)). This proves (1.5.60), thus the conclusion follows. O
Denote by e; < ...ea, the set of the local extrema ¢(a;), ¢(b;) (I =
1,...,n) of the graph of ©; hence ey = A, es, = B and
2n—1
R = (00, 4] | J ( U [ek,ek+1]> B, ).
k=1

Let & = & denote any interval [eg, exy1] (K =1,...,2n — 1). Observe that
for every | = 0,...,n there holds either £ J; = 0, or ENJ; = &, and
similarly for &N J,, (m =1,...,n). Therefore, there exist p 4+ 1 intervals
Ji, and p intervals jmj (p=1,...,n;l; € {0,...,p}; mj € {1,...,p}) such

that
p+1 P
£C (ﬂ Jli) O Im |- (1.5.66)
- j=1
We shall suppose without loss of generality that [,y < [; for any i =
1,...,p+1,and mj_; <mj forany j =1,...,p.

Relying on Proposition 1.5.3 we can prove the following lemma, where

we set 0 = 0, , o) = J&)t) , olm) = &E;}?) for simplicity.

Lemma 1.5.4. (i) Let £ = & denote any interval [eg, ex+1] (K =1,...,2n—
1), and let K C & be any compact subset such that o(K) > 0. Then for
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almost every \ € £

=1
P &(m;j)
—i—j;D]H()\) < U(K('—)K) —&(mz)(é')) =
p+1 ()
e ; P ()
—?ﬁAM(M”Q%—QK)>+
P ~(my)
/ A(m; P’ (N)
where
i—1
Di(A):=0, Di(A\):=Y (s, —tr, ) (N (i=2,...,p+1), (1.5.68)
k=1

PO = oW b)), A () = 6 (A (b)), (15.69)

pic ) = oM el )] N K)o () 1= 67 (X (b, ) N K)
(1.5.70)
(7i) Let K C (—o0, A] (where A := min{p(a1),...,p(an)}) be any compact
subset such that o(K) > 0. Then for almost every \ € (—oo, Al

0O ((—o0, \] N K)
o(K)
Similarly, let K C [B,00) (where B := max{¢(b1),...,¢(by)}) be any com-
pact subset such that o(K) > 0. Then for almost every A € [B, c0)

o™ ([, 00) N K)

o(K)
Proof. (i) Since K C £ is compact, there exists a sequence {f,} C C.(&),
fn >0, f =1 on K, such that as h — oo

o0 (=0, N]) = (1.5.71)

o (A, 00)) =

(1.5.72)

fn(A) = xx(A)  forany A € &,

where xx denotes the characteristic function of K. Set Fj := fj o ¢, and
consider the function G defined in (1.5.56) with g € C}(€). By equalities
(1.5.43) and (1.5.57) we obtain easily

S (o0, fuGos)) + 30 (6™, fuGotn)) -

=0 m=1

VN S ECRRS IS

=0 m=1
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whence, letting h — oo:

n os 0—(1) - o &(m) _ 5
;/R@ D) d (A)+;1/R(G tm)(N) d6™(\) = (1.5.73)

Y oS a(l) 3 o &(m) .
{lzg/K«; DN d W*,,;/K(G ) (V) d (A)}

Choosing g € CL(€), by (1.5.41), (1.5.42) and the definition of G it is ap-
parent that only the intervals J;; and jmj (i=1,....p+1L;j=1,....p;p=
1,...,n) in the right-hand side of (1.5.66) contribute to the sums in equality
(1.5.73), which thus reads

1
o(K)

p+1

© 8 o) 3 oty &(m4) = (1.5.
;/g(G L) (A) d (A)+;/E(G tm;)(N)d (\) = (1.5.74)

— 1 Iil/((}os Y(A) do(N) +Zp:/(Got YA) dem) ()
- o(K) i=1 7K " 0 j=17K " 7

(here (1.5.66) has been used). Now observe that for every A € £

51, (A) A
(Gos)() = / o(p(r)) dr = / Qs (Q)de,  (L5.75)

ayy @(all)

whereas for every 1 =2,...,p+1land A € &

(Gos,)(A) = (1.5.76)
— 51, (V)
= ; {/Izk g(p(r)) dr+ /fmk g(p(r)) dr} + /ali glp(r))dr =
i—1 A
= ; {/Jzk 9(¢)s1, (€) d¢ — /fmk 9(Otn, () dc} +/w(ali)g(§)sli(g) ¢ =
A
= [oon@ac+ [ s@scac,
€ w(ar,)

with D; defined by (1.5.68). Since D;i(¢) := 0 by definition, equalities
(1.5.75), (1.5.76) take the form

A

9(¢Q)D;(¢) d(—l—/ g(()sgi(g‘) d¢ foreveryi=1,...,p+1.

(Gosy,)(A) = / e(ar;)
(1.5.77)

£
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Similarly, for every j =1,...,pand A € £

(Gotm;) ) = (1.5.78)
J o
— ; {/fzk g(p(r)) dr + /jmk g(@(r))dr} - /tmj(A)g(ap(r))dr =

. A
_ ; {/Jlk 9(¢)sy,(¢) d¢ — /jmk 9(O)tr,, (€) dC} + /p(amj)g(g)tmj(g) ¢ =
A

= [ 9ODm@dc+ [ 9Ot .
&

<P(amj)

By (1.5.78), (1.5.77) the sum in the left-hand side of equation (1.5.74)
plainly becomes

p+1

Z/Gosl A) do') (X +Z/Got A) de (™) (X)
= %/do” {/ ©) Z-<<>d<+/ﬁ;lv)g@)s@(odg}+

A
5(m3) ' _
* ;/gd W{ L 0D dc+ [O (amj)g@)tmj(cmc}

p+1
= /g d<g<c>{2 D01 )(E) + 51,0 p(0)] +
=1
T [ i+1(C 5)+t;m(4)ﬁ(m”(o} } (1.5.79)
7=1

with p(i), 5(mi) defined by (1.5.69). Similarly, the sum in the right-hand
side of equation (1.5.74) reads

p+1 p
os (i) oty &(mj) —
Z/ (Gos)(N)d <A>+j§:jl/K<G by V) d ) (3)

p+1

= [acato {Z[D )+ 51,0 A0 +

+ Z[ j+1(C K)th%lj(é)ﬁﬁ?j)(o] } (1.5.80)

Jj=1

with py(i), ﬁ%nj) defined by (1.5.70). Since g is arbitrary, from (1.5.74),
(1.5.79) and (1.5.80) we obtain (1.5.67). This proves claim (7).
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Concerning (i), observe that when K C (—o0, A] and g € C((—o0, A])
equality (1.5.73) reads simply

A

A A
/ do® (\) /A 9O 6 = s /K do® () / 9(0)s6(¢) d¢.

—00 A

Similarly, when K C [B,o0) and g € C}([B, )) equality (1.5.73) becomes

0 A g
[ ar0) [Ca0sh0ac = i [ a0 [ asiodc

B B
Interchanging the order of integration as in the proof of (1.5.79) and (1.5.80)
we obtain equalities (1.5.71)-(1.5.72). This completes the proof. O
Now we can prove Proposition 1.5.1.

Proof of Proposition 1.5.1. Let € = & be any interval [eg, ex11] C [A, B]
(k=1,...,2n — 1), and suppose that suppo|s # 0. Set

Ao :=min{\ € suppols}
(as before, for simplicity we write 0 = o(;4), Ao = Ao(w,%) and so on). Let
us prove that that suppole = {\o}.

If A\g = eg+1, the conclusion follows. Otherwise, consider the compact
K = [Ao, Ao + ¢] with 6 > 0 so small that K C €. Then o(K) > 0 and

P (N) =P (\) =0 for any X € (Ao + 0, eg41]

(i=1,....p+1,7=1,...,p; see (1.5.70)). Hence

p+1 P
S AR + Y, A = 0 (1.5.:81)
i=1 j=1

for any A € (Ao + 9, ex11], and equality (1.5.67) reads

L o(h) P &(ms)
> i) ( =i —a“i)(e)) +Y DN (U(K()K) —&W(s)) -
=2 j=1
p+1 D

= ST M0 + St (N M) (15.82)
i=1 j=1

with K = [Ag, Ao+0], for almost every A € (Ag+9, ex+1]. By the arbitrariness
of 4, there exists a sequence {0} such that 6 — 0 as k — oo and

. O'(li)([)\o, Ao + 5kD
lim
k—o0 U([)\o,)\o +5k])

=: I

i
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>

. &(mj)([)\o,)\oﬁ-(skb
lim — =: L,
k—o0 O'([)\o,)\o +(5k]) J

for some Ly;, Lm; < 1. Then from (1.5.82) we get

p+1 p
Y DiMNi + Y DM N, = (1.5.83)
=2

p+1 p

= > s, PN+ Dt (NI,
i=1

for almost every A € (Ao, ex+1], where
N; =L, —o"(&), Nj:=Lp, — ™). (1.5.84)

Now consider any compact K C [Ag, ex+1). Then there exists an interval
(A*, ex+1) such that K N (A*, exr1) = 0. For any A € (A", exy1) equality
(1.5.81) holds with this choice of K. Therefore, using (1.5.67) again, we
obtain that equality (1.5.82) holds for almost every A € (A", ex41). Since
(N, ext1) € (Ao, €ga1], from equalities (1.5.82) and (1.5.83) we obtain

p+1 p
D 0 Di(N) + Y B Dia(A) =0 (1.5.85)
i=2 j=1

for almost every A € (A*, ex11), where

(k) 5 (K) .
o o
= = Ly, = ——" — Ly, . 1.5.86
673 O'(K) li v BJ O'(K) m; ( )
Recalling definition (1.5.68), equality (1.5.85) plainly reads

p+1 i—1 j

ST Y (s =) + DB > (si, —th,) = (1.5.87)

=2 k=l j=1 k=1

p p+1 D

= 2| 2t D B (s —th,) =0
k=1 |i=k+1 =k

almost everywhere in A € (A", ex41). Then by the continuity of sj , ¢}, and
condition (C) we obtain

p+1 D
Z a; + Zﬁj =0 forevery k=1,...,p,
i=k+1 j=k

namely
at+Pr=-=opp1+ B8 =0, (1.5.88)
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for any compact K C [M\g,ex+1). Replacing the above equalities in the left-
hand side of (1.5.83), by equalities (1.5.84) and (1.5.86) we get

p+1 p p+1
i=2 j=1 i=2
B p+1 | O-(li)(K) ) & (mi- 1)(}() smi1) (g
B ;D@(A) ( oK) 7 “HT (€) —ai — Bi- 1)
B p+1 | O—(Ii)(K) @) &(mi- 1)(K) (mi_)
— ;Dl()\) ( ) (5)+T & (5)),

namely the left-hand side of (1.5.82). Therefore, equality (1.5.82) holds for
almost every A\ € (Ag, ex+1] and any compact K C [A\g,ext+1). In turn, by
equality (1.5.67) this implies that equality (1.5.81) holds for the same A and
K.

Now consider any closed interval K = [v,d] C (Ao, exr1). If XA € (Ao, ),
there holds [\, ¢(by,+1)] N K = [N epy1] N K = K and [\, o(bpm;)] N K =
[\, ex+1] N K = K. Therefore,

P = oK), pMI(N) = 6(K) (=2, pHlij=1,e,p

whence by equality (1.5.81)

p+1 P
> s (N W(K) +) (NI (K) =0 (1.5.89)
i=1 j=1

for any A € (A\g,7). By condition (C), the above equality implies o) (K) =
6mi)(K) = 0 for every i = 2,...,p+1,j = 1,...,p. Since \g < 7 <
0 < epy1 and 7,9 are arbitrary, the measures o) and 6™ thus ole are
concentrated on the set {ex41} U { Ao}

To conclude the argument, let us prove that suppole = {\o}. Suppose
by contradiction that {ex11} € suppo|e. Choosing K = {eg41} in equality
(1.5.67) gives for almost every A € (Ag, €x11)

AP = oW\, exa] N {enta}) = 00 ({epg}) = o (K),

PO = 0N epa]) = oW (N enr)U{erin}) = o (e }) = 0 (K),

since

—00

i 1
o (A, 1)) = lim o) <[A enr n]) o

Similarly,

pma) () = fsg’(”j)()\) = 6(mi)(K) (A€ (Mo, err1)) -



Then from equality (1.5.67) we obtain for almost every A € (Ao, ex+1)
pt! ) (K) P 5(m3) (K)
. g _ : o TR s(my) —
;Dz()\) ( (K o ) +;DJ+1(>\) ( U(K) o\ (5))
-2 ) + it’ ) 6(mj)(K)> .
j=1

p+1
= LA (a“”(K) Iy (A (&“"WK)— )

Recalling definition (1.5.68), from the above equality we get for almost every
reé

) (&)
) (K)
o(K)

p p+1 o) P [ 5mj)
S| &, (5 -o0) + & (G- o)

k=1 i=k+1 &
& P ) P [ 5mj)
- S| & (S -ove) + 5 (T ) +
k=1 i=k+1 =k
&(me)
: &(mk)<K>‘<fu«(>m>]'

Languy Py P ([ 5(my)
> (T o) 3 (Tl st

i=h+1 =k
+ J(IK) - 1) oK) = 0, (1.5.90)
::1< Zz();(fj) _ (h)(g)) N j; (&?;;S() _ A(m;)(5)> +
+ (1- U(1K)> 6 (K) = 0 (1.5.91)
for any k=1,...,p, and
<U(1K) — 1) oK) = 0. (1.5.92)

From equalities (1.5.90)-(1.5.91) we obtain

(U(lK) _ 1) [a(lk)(K) + (}(mk)(K)} =0 foranyk=1,...,p. (1.5.93)
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Adding equalities (1.5.93) over k = 1,...,p and (1.5.92), and recalling
that

p+1 p
o(K) =Y oW(K) + > sm)(K),
k=1 k=1

we obtain that

1
(a(K) —1> oK) =1-0(K)=0 = oK) =oc{ert1}) = 1.
However, this contradicts the fact that o € P(R), since it implies

o(fext1} U{do}) = o({ers1}) + o({ro}) =1+ 0({ro}) > 1

(recall that {\o} € suppo|s by definition of Ag). The contradiction proves
that o|g is concentrated on {\o}.

The above arguments can be readily adapted to the much simpler situa-
tion concerning the restrictions U](,OO’ 4] and a][ B,oo)- In fact, suppose that
SUPP 0|(—oo,4] 7 05 set

A1 := max {)\ € supp 0|(_m7A]} .
Consider for any § > 0 the compact K = [A; — d, A\1]. Then o(K) > 0 and
o (=00, JNK) =0 for any A € (—o0, \; — J].

By equality (1.5.71) and the arbitrariness of § we obtain that o(©)((—oco, A1),
thus supp o|(_sc 4] = {A1}. It is similarly seen that supp o|(p ) consists at
most of one point.

The above considerations show that the support of the measure o consists
of at most 2n + 1 points {qx} (kK = 0,...,2n), such that gy € (—o0, 4],
qr € ek, epr1] (k=1,...,2n—1) and g, € [B, ). Arguing for each interval
[qk, qk+1] (K =0,...,2n — 1) as we did before for the intervals [eg, ex1+1], we
can prove that o({gx}) = 1 for each k = 0,. .., 2n. However, since o € P(R),
this implies that supp o consists of one point. This completes the proof. [J

1.6 Asymptotic behaviour
To prove Theorem 1.3.9 we need some preliminary results. Recall that by

X we denote the space Wol’p(Q) with p € (1,00) if N =1, or p € (1,2] if
N > 2.
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Lemma 1.6.1. Let the assumptions of Theorem 1.53.9 be satisfied, and let
(u,7) € L¥(Ry; X) x V(Qoo; RYN) be any global Young measure solution
of problem (P) given by Theorem 1.53.6. Let up(-,t) := u(-,t + t,) be the
sequence defined in (1.3.53) for almost every t € Ry and every diverging
sequence {t,} C R4.

Then there exist a subsequence of {u, }, denoted again by {u,} for simplicity,
and @ € L®(Ry; X) N WEP(Qr) N C([0,00); LP()) (p € (1,2]) with @ €
L*(Qw), such that:

up, — @ in C([0,T);LP(Q))  (pe (1,2]) (1.6.1)
for any T € (0,00);
U, =4 in H'(Qr) if N=1, u, —a in W'"P(Qr) if N >2 (1.6.2)
for any T € (0,00);

up — 4 in L"((0,T); X) (1.6.3)
for any T € (0,00) and every r € [1,00);
up, = in L®((0,7); X) (1.6.4)
for any T € (0,00);
Vu, = Vi in L®((0,T);LP(Q)  (pe (1,2]) (1.6.5)
for any T € (0,00);
Upg = U 1 L*(Qoo) - (1.6.6)

Proof. Recall that u € L¥(R;;X) and u; € L?(Qs); moreover, for any
T € (0,00) u € WP(Q7) N C([0,00); LP()) (p € (1,2]; see Propositions
1.3.4, 1.3.5 and Theorem 1.3.6).

Clearly, for any n € N there holds

unllpoe e x) + luntlln2(0) < llull ooy ix) + utll22(Qu) » (1.6.7)
lunllwir@r < llullwirgy if N>2  (pe(1,2]) (1.6.9)

for any T' € (0,00). Arguing as in the proof of Proposition 1.3.4, the con-
vergence in (1.6.1) follows from inequalities (1.6.9) and (1.6.8), which also
imply (1.6.2), whereas the convergences in (1.6.3)-(1.6.6) follow from in-
equality (1.6.7). This proves the result. O

Lemma 1.6.2. Let the assumptions of Theorem 1.53.9 be satisfied, and let
(u,7) € L¥(Ry; X) x V(Qoo; RYN) be any global Young measure solution
of problem (P) given by Theorem 1.3.6. Let {1,} C V(Quo;RY) be the
sequence of Young measures, whose disintegration is defined in (1.3.53) for
almost every t € Ry and every diverging sequence {t,} C Ry. Then {1,} is
tight in Y(Q;RN) for any T € (0,00).
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Proof. Let T € (0,00) be fixed, and let {u,, } be the sequence mentioned
in Propositions 1.3.4 and 1.3.5. Then, by estimates (1.3.24), (1.3.26) and
Theorem 2.5.2-(i7), for every ¢ € (1,p) (where p € (1,00) if N = 1, or
p € (1,2] if N > 2) there exists C' > 0 such that

//dedt/RN €17 dT(144,)(6) —//n,T dxdt/RN 1€]9 drg () =

= lim // |Vue, |Tdzdt < C (1.6.10)
n,T

k—o0

for every n € N, where Q17 := Q x (t,,t, +71).
Now set for every j € N

Kj:={¢eRY||¢| <)} .
Let us consider any function f; € C(Ry), 0 < f; <1, such that

[0 if0<s<j—1,
fﬂ(s)_{1 if s> 5.

Then we have
717(Qr x RN\ K;)) < //QM d:zdt/RN FUED 119 drepy () < O,

whence
7 (Qr x RN\ K;)) < Cj~9 for every j,n € N;

here the constant C' is independent of n. For every ¢ > 0 we can choose

1
7> (%) 7. thus the conclusion follows. O

Lemma 1.6.3. Let the assumptions of Theorem 1.53.9 be satisfied, and let
(u,7) € L®Ry; X) x V(Qoo; RY) be any global Young measure solution
of problem (P) given by Theorem 1.3.6. Let {1,} C V(Qoo;RY) be the
sequence of Young measures whose disintegration is defined in (1.3.53) for
almost every t € Ry and every diverging sequence {t,} C Ry.

Then there exist a subsequence of {1,}, denoted again by {1,} for sim-
plicity, and 7 € Y(Qoo; RY) such that 7, — 7 narrowly in Q7 x RN for any
T € (0,00).

Proof. Follows from Lemma 1.6.2 and Theorem 1.2.3 by a diagonal argu-

ment. O

To prove Theorem 1.3.9 we need another technical lemma, which corre-
sponds to [S], Lemma 5.5]. A more direct proof is given here for convenience
of the reader.
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Lemma 1.6.4. Let the assumptions of Theorem 1.53.9 be satisfied, and let
(u,7) € L¥(Ry; X) x V(Qoo; RYN) be any global Young measure solution
of problem (P) given by Theorem 1.3.6. Let {m,} C V(Qoo;RY) be the
sequence of Young measures whose disintegration is defined in (1.3.53) for
almost every t € Ry and every diverging sequence {t,} C Ry.

Let {f;} C C(R4) any sequence of functions such that

0< f;<1 in [jj+1), (1.6.11)

and let {uc, } denote the converging sequence mentioned in Propositions 1.5.4
and 1.3.5. Let p € C(RYN) satisfy

P < M (L+[£]7) for any [¢] > Lo, (1.6.12)

for some M >0 and any v >0 if N =1, or any v € (0,p) if N > 2.
Then for every T € (0,00) the map (x,t) = [pn p(&) d7(z,)(§) belongs to
LY(Qr), and for any ¢ € L>=(Q7) there holds

lim // dxdt ((x,t) / fi(l€D)p dT(xt( )= (1.6.13)

= [ wacen [ p@dga©  men

uniformly with respect to n.

Proof. Fix any T € (0,00). The fact that the map (z,t) = [pn p(&) d7z ) (§)
belongs to L'(Q7r) follows from assumption (1.6.12) arguing as in Remark
1.4.1. Set gj :==1— f;, thus 0 < g; <1in R} and g; =0 in [0, ) for every
j € N. For any ¢ € L*(Qr) and j,n € N there holds

‘ [ asircten) [ stehs@ i@ < oy
- RN
< e [ dodt [ as(D (0] dric©)-

By inequality (1.6.12), arguing as in the proof of Lemma 1.6.2 we see that
for every j € N the sequence {g;(|Vue,|)|p(Vue, )|} is uniformly integrable in
LY(Qn.r). Then by Theorem 2.5.2-(ii) there exists a subsequence (possibly
depending on n), denoted again {g;(|Vue,|)|p(Vue,)|} for simplicity, such
that

//Qn,T dodt /]RN 9;(1€]) [p(E)] dT(2,0)(§) = (1.6.15)
= lim //Q [9;(|Vue, | p(Vue, )] (z,t) dedt (j €N).

k—o0
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From (1.6.14)-(1.6.15) we get for any ( € L>*(Qr) and j,n € N
[ dsarceen [ st ang© < o0
< Il (an s //Q (Tl o)

Using inequality (1.6.12), for any fixed j,k,n € N and since v < p we
get

//Q 9, (IVue, ) p(Vue, )] (z,t) dodt = (1.6.17)
- //E [g](|vu€k|)|p(vuek>” (l‘,t) dzdt <

< Mo// Ve, [/, ) dadt <
E

J,k,n

< (]

for some My > 0, where

ol

p
|Vue, [P(z,t) dxdt) \Ekn|1_%

j,k,n

Ej,k,n = {(:L‘at) € Qn,T ’ |Vuek|(l‘,t) > ]} .

On the other hand, by Tchebychev inequality we have

|Ejknl < // |Vue, [P(z,t)dedt | j7P,
Ej,k,n

which together with inequality (1.6.17) gives

J] s DlocTu ) o) e < (1.6.18)

(]

J,k,n

IN

Ve, P (@,1) dwdt> jT0 <

IN

MoT sup (/ Ve, |P(z,t) da:) i~ < KMT 5P
tER+ 0

for some K > 0 depending on the initial data uy (see inequalities (1.4.6)
if N =1, and (1.4.18) if N > 2). Then from inequalities (1.6.14) and
(1.6.16)-(1.6.18) the conclusion follows. O

Now we can prove Theorem 1.3.9.

Proof of Theorem 1.8.9. Let (a,7) be the couple whose components are
mentioned in Lemmata 1.6.1 and 1.6.3. It follows by these lemmata that
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requirement (7) of Definition 1.3.6 is satisfied by (@, 7). Then the first state-
ment of the theorem will follow, if we prove that (@, 7) also satisfies equalities
(1.3.15) and (1.3.16) (with Cauchy data (-,0)) of Definition 1.3.1.

Let us first show that (@, 7) satisfies equality (1.3.15), namely that
Vi(z,t) = / §dTpp(€) for almost every (z,t) € Qr, (1.6.19)
RN

where 7, ;) € P(RYM) denotes the disintegration of 7. Recalling definitions
(1.3.53), from equality (1.3.15) we get

Vi (2, ) = /R drf () (1.6.20)

for almost every (z,t) € Qr and any n € N. By the convergence in (1.6.3),
for any ¢ € L*(Qr) there holds

n—0o0

lim / Vuy(z,t)((x,t) dedt =
Qr

_ / Vi, t)C (x, ) dadt . (1.6.21)
Qr

On the other hand, let {f;} € C(Ry) (j € N) satisfy (1.6.11). By Lemma
1.6.4 the limit

lim //Q dedt{(a:,t) /R hilehgdny© = (16.22)

Jj—00

_ / / dad (1) /R g, @ (meN)

exists uniformly with respect to n € N (observe that choosing p(§) = &
satisfies the growth rate condition (1.6.12)). Hence, using equality (2.2.55),
Lemma 1.6.2 and Theorem 1.2.3, we obtain for any ¢ € L*°(Qr)

nILH;o/Q dxdt ((x,t) /RNng&t)(ﬁ) = (1.6.23)

—  lim lim //dedtg“(:v,t)/RN Fil€D) €dry 1y(€) =

n—00 j—00

= Jim tim ] i [ pehear e -

J—»00 N—+00

= lim //dedtC(ar,t)/RN Fi(€]) € dT(a ) () =

j—o0

— //dedt((x,t)ANﬁd%(x,t)(f)

along some subsequence of {7, }, still denoted by {7,} for simplicity; the last-
mentioned equality follows by the Dominated Convergence Theorem since
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Twt) € P(RY). By the arbitrariness of ¢, from equalities (1.6.21)-(1.6.23)
we obtain (1.6.19).

It is similarly seen that (a,7) satisfies equality (1.3.16) with initial data
@(+,0), namely that for any ¢ € C*([0,7);CX(Q)) and t € (0,T), where
T € (0,00) is arbitrary, there holds

[ ] o)) - é/ P1(6) A0, (€) G, (. )] dvds =
- /Qﬂ(x’t)g(x’t)dm_/Qﬂ(ﬂ%o)c(f&o)dw- (1.6.24)

In fact, let ¢ € C([0,7);CL(£2)). By abuse of notation, denote by ¢ also
any extension ¢ € C'((—o0,T); C(Q)), thus for any sequence {t,} C R,
and (x,t) € Qr the translate (,(z,t) := ((z,t —t,) is well defined and there
holds ¢, € C1([0,T); C1()). Then from (1.3.16) we get

/t:Hn/ﬂ [u(z, s) (@, s — ty) —

S ([ e ©) s ] s =

i=1

_ /Q Wt 4+ 6)C () dr — / u(e, ta) C(,0) da

Q

for every sequence {t,} C Ry, ¢t € (0,7) and T € (0,00) such that 0 <
t, <t+t, <T. By the change of variables s — s + t,,, recalling definition
(1.3.53) the above equality reads

[ st =3 ([ e@ ity ©) o) deds =
L), > (/.
- /Q wn(z, )¢ (2, 1) dz — / wn(z,0) C(z,0) da . (1.6.25)

Q

By the convergence in (1.6.1) and (1.6.3) we have

¢ ¢
nlgf{:o/o/(zun($,3)45(x,8)d$d8:/OAU(%S)CS(JU,S)GZ%CZ& (1.6.26)

lim [ (2, ) (2, t) do = / e )¢ (. 1) d, (1.6.27)
lim [ wup(z,0)((x,0) dx:/zl(:c,O)C(:c,O) dx . (1.6.28)
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Therefore, letting n — oo in equality (1.6.25) gives (1.6.24), if we prove that
foreveryi=1,...,N

dm [ [ dsdscoe) ([ e@a©) = o9

¢
= [ [ dndscatos) [ i€ ).
0Jo RN
As before, let {f;} C C(R4) satisfy (1.6.11). By Lemma 1.6.4 the limit

tim [ drdscaa [ fEhed@ art @ = (1630)

J]—00

— /Ot/ﬂ dzds (., (x, 5) (/RN ©i(§) dT(’;’S)(f)> (n €N)

exists uniformly with respect to n € N (observe that the choice p = ¢; is
admissible by Remark 1.4.1). Therefore, using the Dominated Convergence
Theorem we get

t
Tim /0 /Q dads (s, (z, 5) ( /R ) w(&)clf&s)(&)) — (1631)
t
= Jim Jim [ [ dedsGues) [ 06D @€ drt (O -

n—>00 j—00

t
= i Jim [ [ dsdsGaas) [ £ @€ drt O =

J—»00 N—+00

= i [ [ dodscutes) [ 5060 (0 dn (€)=

j—00

_ /0 t /Q dzds Gy, (2, 5) /]R RAGLG

(along some subsequence of {7,}, still denoted by {7,}) for every i =
1,...,N,t€(0,T) and any T € (0,00). This proves equality (1.6.29), which
together with (1.6.26)-(1.6.28) gives equality (1.6.24). This completes the
proof of statement (7).

To prove (i7), fix any function f € Co(Ry) such that f(s) =1if |s| <1,
0 < f(s) <1 forevery s € Ry, and f(s) — 0 fast enough to ensure that the
function h : RY — Ry, h(€) := f(|€]) p(€) - € belongs to Co(RY). Clearly,
S={¢eRY|n(¢) =0};

hence the conclusion will follow, if we prove that

// et /RN 7€) d7 e (€) = 0 (1.6.32)
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(here use of assumption (Hj) has been made).
To this purpose, observe that by Theorem 1.2.2

// d:cdt/ h(€) d7zp(§) = lim // dxdt/ &) driy (&) -
T RN n—oo T RN

(1.6.33)
for some subsequence of {7,}, still denoted by {7,}, since h € Co(R").
Moreover, since h is bounded in RN the sequence {h(Vu,)} is uniformly
integrable in Qp for every T' € (0, 00), thus by Theorem 2.5.2- (i)

// dwdt/ h(§) dr(y 4 (§) = lim // h(Vue,)(z,t) dedt  (1.6.34)
T RN k—o0 nT

for every n € N. Then by (1.6.33)-(1.6.34)

// dxdt h(€) d7(zp(€) = lim  lim // h(Vue,)(z,t) dzdt .
- RN ’ n—00 k—00 T
(1.6.35)

From inequality (1.3.40) written with € = €5 we have

0< // h(Vue, )(z,t) dedt < // ©(Vue,) - Vue, | (z,t) dedt =
n,T n,T

= 5 [T+ )l Eag) — e 1) o) +
+ ek(Hvuek('?T_'_tn)”L?(Q) - Hvuek('7tn)HL2(Q))] :

Letting k& — oo in the above inequality and using the convergence in (1.3.29)

and estimate (1.3.26) with p = 2 if N > 2, respectively the convergence in
(1.3.34) and estimate (1.3.24) if N = 1 (see Remark 1.3.3), by equality
(1.6.34) we obtain

0 [ dwde [ n€arto€) < ~5 (6T + ) Bagay ~ Julcota) e
T RN

for every n € N. As n — oo in the above inequality, by Remark 1.3.3 and

(1.6.33) we obtain (1.6.32). This completes the proof. O

Finally let us prove Theorem 1.3.10.

Proof of Theorem 1.3.10. By Theorem 1.3.9-(ii) and the assumption S C Sy
there holds supp 7, ;) € Sp, thus

[ o@dren©=0 (=13

for almost every (z,t) € Qr. Hence for any p € C1(Q) equality (1.3.19)
holds, and from equality (1.6.24) we get

/Qﬁ(:):,t)p(x)dx—/Qﬁ(x,())p(x)dac

for every t € Ry. Therefore 4 does not depend on ¢, and by equality (1.3.15)
the same holds for 7. Then the conclusion follows. O
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Chapter 2

Passage to the limit over
small parameters in the
viscous Cahn-Hilliard
equation

2.1 Introduction

Forward-backward parabolic equations arise in a variety of applications, such
as edge detection in image processing [PM], aggregation models in popula-
tion dynamics [Pa], and stratified turbulent shear flow [BBDPU]. A well-
known equation of this type is the Perona-Malik equation,

Vw
=div| —=—7 2.1.1

which is parabolic if |[Vw| < 1 and backward parabolic if |Vw| > 1. Simi-

larly, the equation
U
=A|l—— 2.1.2
b ( 1+ u2) ( )

is parabolic if |u| < 1 and backward parabolic if |u| > 1. Observe that in one
space dimension the above equations are formally related setting u = w,.
Clearly, forward-backward parabolic equations lead to ill-posed prob-
lems. Often a higher order term is added to the right-hand side to regularize
the equation. Two main classes of additional terms are encountered in the
mathematical literature, which, e.g. in case of equation (2.1.2), reduce to:

(1) eAf(u)]s, with ¢' > 0, leading to third order pseudo-parabolic equations
(e > 0 being a small parameter; for example, see [BBDU, EP, MTT, NP,
Pl1, P12, S, ST2, ST3]);
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(ii) —eA%u, leading to fourth-order Cahn-Hilliard type equations (for exam-
ple, see [BBMN, BFG, P13, Sl] and references therein).

Remarkably, when 1 (u) = u either of the above regularizations can be
regarded as a particular case of the viscous Cahn-Hilliard equation,

vur = Alp(u) — aAu + Buy) (o, B,v > 0), (2.1.3)

choosing either o = € or 8 = € here p(u) = 7%7 for equation (2.1.2),

whereas in general it denotes a non-monotonic function.

Equation (2.1.3) has been derived by several authors using different phys-
ical considerations (in particular, see [G, JF, NJ). It is worth mentioning the
wide literature concerning both the relationship between the viscous Cahn-
Hilliard equation and phase field models, and generalized versions of the
equation suggested in [G] (e.g., see [R] and references therein).

Formally, when v = 1, § = 0 it gives the Cahn-Hilliard equation,

ug = Aflp(u) — aAu], (2.1.4)
whereas for v =0, § = 1 it reduces to the Allen-Cahn equation,
up = alAu — @(u) . (2.1.5)

This suggests the choice v =1— 3 (8 € (0,1)), as we do hereafter.

It is natural to ask whether the above formal arguments can be given a
sound analytical meaning, proving that the singular limit of solutions of the
equation

(1= B)ur = Alp(u) — alu + Bu]

(complemented with suitable initial and boundary conditions), as either
B — 0T or B — 17, obtains a solution (of the corresponding problem)
for equation (2.1.4), respectively (2.1.5). If so, this motivates the use of the
above regularizations (7)-(7i), which can be regarded as limiting cases of a
more complete physical model.

A related, widely investigated problem is to let the regularizing param-
eter e in (7)-(ii) to zero, seeking a proper definition of the original ill-posed
problem by a ”vanishing viscosity” method. Although quite a few results
have been obtained in this direction for the pseudoparabolic regularization
(7) (in particular, see [P11, P12, S, ST3]), less is known for the Cahn-Hilliard
regularization (ii) [P14].

In the light of the above considerations, in this paper we investigate the
singular limits as 8 — 07 or 8 — 17 (for fixed @ > 0) of solutions to the
initial-boundary value problem

(1 —=B)ur = Alp(u) — aAu+ pfug] in Qx (0,7) =:Q
(P) u=Au=0 on 90 x (0,7T)
u = ug in Q@ x {0},
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where a € (0,00), 8 € (0,1), @ C RY is a bounded domain with smooth
boundary 092 if N > 2, and T > 0. As expected, we prove convergence in a
suitable sense to solutions of the problem for the Cahn-Hilliard equation:

ur = Alp(u) — aAu]  in Q
(CH) u=Au=0 on 00 x (0,7T)
u = U in Q x {0},

as 3 — 0%, or respectively of the problem for the Allen-Cahn equation:

up = aAu — p(u) in Q
(AC) u=0 on 90 x (0,7)
u = ug in Q x {0},

as # — 17 (see Theorems 2.2.4-2.2.5). Concerning the function ¢ : R — R,
the following assumptions are used:

(Hp) © e WEP(R), ¢(u)u>0 for any u € R;

loc

(H1) there exists K > 0 such that
o/ (u)] < K(1+ Jul'™") (2.1.6)

for some g € (1,00) if N = 1,2, or g € (1,522] if N > 3.
Observe that by assumption (Hy) the function ¢ is locally Lipschitz contin-
uous and there holds ¢(0) = 0.

Further, we study the limit of solutions of problem (P) as a — 07 (for
fixed g € (0,1)), proving convergence to solutions of the problem for the
Sobolev equation:

(1 = B)ur = Alp(u) + fug] in Q
(S) u=0 on 90 x (0,7)

U = g in Q x {0}
under additional assumptions on the function ¢ (see assumptions (Hz)-(H3)
and Theorem 2.2.6).

Finally, we study the limit of solutions of problem (CH) as a — 07,
proving the existence of a triple (u, v, ) - where u, v are functions and p is
a finite Radon measure on @) - which satisfies a weak limiting equality (see
Theorem 2.2.7, in particular equality (2.2.60)). We cannot maintain that
this triple is in some sense a solution of the limiting problem

ur = Ap(u) inQ
u=Au=0 on 902 x(0,T)
u = ug in Q x {0},
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since the relation between v and the function ¢(u), even in the sense of Young
measures, is unclear. This point was addressed in [P14], taking advantage
of the cubic-like growth of ¢ at infinity, which gives rise to better estimates
of the family {uy} of solutions of (CH); at the same time, this growth
prevented the appearance of a Radon measure in the solution. Instead in
the present case, if ¢ grows linearly at infinity (see assumption (Hy)), we only
have L!-estimates of the family {u,}, which are compatible with the need
of a Radon measure to describe solutions of the problem (in this connection,
see [BBDU, PST, S, ST3]). Similar and more enhanced phenomena can be
expected, if ¢ either has a sublinear growth, or vanishes at infinity, pointing
out this behaviour as a major feature for the understanding of the problem.

Our approach is based on a detailed analysis of solutions of problem
(P), which relies on an approzimation method already used in similar cases
[BBDU, BST1, BST2, PST, S, ST2, ST3]. Beside lending in a natural way
the estimates needed to study the singular limits, it allows to improve in
several ways on the available existence results for the viscous Cahn-Hilliard
equation ([CD, ESJ; see Theorem 2.2.2).

Our main results are presented in Section 2.2, and their proofs are given
in Sections 2.3-2.5. Similar results for the case of homogeneous Neumann
boundary conditions are discussed in Section 2.6. Let us point out two of
their novel features with respect to the situation outlined for the Dirichlet
case:

(i) as it can be expected, when 5 — 1~ we prove convergence to solutions
of a nonlocal Allen-Cahn equation investigated in [RS];

(ii) taking advantage of the conservation of mass, weaker assumptions on
the behaviour at infinity of the function ¢ can be made (see assumption

(Hs)).

2.2 Mathematical framework and results

2.2.1 Well-posedness and a priori estimates.

Let us state the following definition.

Definition 2.2.1. Let a € (0,00), B € (0,1), and let ug € H?(2) N
H}(Q). By a strict solution of problem (P) we mean any function u €
C([0, T); HA(Q)NHY(Q)NC ([0, T 12(9)) such that ¢(u) € C{[0, T); 17(9)),

and A
ur = Av  in Q
{ u=wug inQx{0} (2.2.1)

in strong sense. Here v € C([0,T]; H*(2) N HE(Q)) and for every t € [0,T]
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the function v(-,t) is the unique solution of the elliptic problem

—BAv(-,t) + (1 = B)v(-,t) = p(u)(-, t) — aAu(-,t) inQ
{ v(,t) =0 ’ on 0. (2.2.2)

The function v is called chemical potential.

A first well-posedness result for problem (P), if assumptions (Hp)-(H1)
are replaced by the stronger condition

(H2) v € Lip(R), ¢(u)u>0 for any u € R,
is the content of the following theorem.

Theorem 2.2.1. Let o € (0,00), B € (0,1), and let ¢ satisfy assumption
(H3). Then for every ug € H?*(Q) N HY(Q) there exists a unique strict
solution of problem (P).

Let us now address well-posedness when ¢ satisfies assumptions (Ho)-
(Hp), and the Cauchy data function ug belongs to Hg (). In this case
solutions of problem (P) are meant in the following sense.

Definition 2.2.2. Let a € (0,00), B € (0,1), and let uy € H} (). By a
solution of problem (P) we mean any function u € C([0,T); H(Q)) such
that:

(i) w € L*(Q), p(u) € L*(Q), Au € L*(Q);
(ii) problems (2.2.1) and (2.2.2) are satisfied in strong sense, with v €
L>((0,T); Hy (2)) N L*((0, T); H2(4)).

For every up € HE(2), let {ug,} € C°(£2) be any sequence such that

lwonll 2 @) < lluoll gy (2.2.3)
ugn — up in HY (). (2.2.4)
For any n € N set
o(u) if Jul <n,
pn(u) =3¢ )+ K(u=n) if u>n, (2.2.5)

o(—n)+ K(u+n) if u<-—n,

where K > 0 is the constant in assumption (Hp). It is immediately seen
that ¢, (u)u > 0 for any u € R, and

on(u) = p(u) for any u € R (2.2.6)

as n — oo. Moreover, for every n € N there holds ¢, € Lip (R), since
lh (u)] < K {1+ ]9 Xgup<ny (W) + Xgjusny (@) } (2.2.7)
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thus in particular

lph (W) <K (1+n9 ') foreveey ne N (u€R). (2.2.8)
Observe that inequality (2.2.7) also implies the estimate:

lon(u)] < K (1+ [u|") for every u € R (neN). (2.2.9)

Remark 2.2.1. By inequality (2.2.9) there exists K1 > 0 such that

lon(u)| < Ky (14 |ul?)  for every u € R (neN), (2.2.10)
0< Pp(u) <Ky (1+ |u|q+1) for every u € R, (2.2.11)
where "
D, (u) := / on(2)dz (ue R, neN) (2.2.12)
0

(observe that ®,,(u) > 0 for any u € R, since pp(u)u > 0). Clearly, analo-
gous inequalities hold for ¢ and for its antiderivative

D(u) := / o(z)dz (ueR). (2.2.13)

0

Moreover, as n — oo there holds
O, (u) = ®(u) for anyu e R. (2.2.14)

Similar considerations hold true for the following functions:

Y(u) = /Ou |29 dz, (2.2.15)

U(u) = / ¥(z)dz (ueR). (2.2.16)
0
Observe that by inequality (2.2.9) there exists K > 0 such that

lon(u)] < K |(u)| for every u € R (neN). (2.2.17)

Consider the family of approximating problems

(1 = Bunt = Alpn(un) — aAuy + Buy] in Q
(Pn) Uy = Au, =0 on 90 x (0,7T)
Up, = Uop in Q x {0},

with ug, and ¢, defined as above. Observe that problem (P,) can be recast

in the form
Upt = Av, In Q
{ Up = ug, in Qx {0} (2:2.18)
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where for every ¢ € [0,7T] the function vy,(+,t) solves the elliptic problem

{ —BAv, (-, t) + (1 = B)on (-, 1) = on(un) (-, t) — aAuy(-,t) in
V(1) =0 on 0.
(2.2.19)
By the above remarks (in particular, see inequality (2.2.8)), every function
©n, satisfies assumption (Hz), whereas ug, belongs to H2(Q2) N H}(2). Then
by Theorem 2.2.1 for every n € N there exists a unique strict solution u,
of problem (P,). By studying the limiting points of the sequence {u,} we
shall prove the following result.

Theorem 2.2.2. Let a € (0,00), B € (0,1), and let ¢ satisfy assumptions
(Ho)-(Hy). Then for every ug € HY(Q) there exists a solution of problem
(P). If p satisfies assumption (Hs), the solution is unique.

Moreover, for every & > 0 there exists M > 0 (only depending on the norm
||u0||H5(Q)) such that for any a € (0,&) and g € (0,1)

12 (W)l oo (0.1):L1 () < M (2.2.20)

where the function ® is defined in (2.2.13);

Ve |ull pes (ory;m () < M (2.2.21)
\/BHUtHL?(Q) < M; (2.2.22)
Valle)llrz gy < M; (2.2.23)

o | Aul|2ig) < M (2.2.24)
MHUHLQ((O,T);H(}(Q)) < M; (2.2.25)
Va B|v] peo oy ) < M (2.2.26)
VB(1-B) loll 20,7820 < M (2.2.27)

Further estimates of the solution given by Theorem 2.2.2 are the content
of the following theorem.

Theorem 2.2.3. Let a € (0,00), 8 € (0,1) and ug € HY(Y). Let o satisfy
either assumption (Ha), or assumptions (Hy), (H1) and the following one:

(Hs) there exists ug > 0 such that @' (u) > 0 if |u| > ug.

Let u be the solution of problem (P) given by Theorem 2.2.2. Then for every
a € (0,00) and 5 € (0,1)

2LT
l1+e 7
[ull L (0,7):22(02)) < Nlwoll 1) N (2.2.28)
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(2.2.29)

l[ull Lo 0,7y 2 (2)) < w0l 3 )

2LT
1+e 8
[Aul[L2(g) < lluollmy() — (2.2.30)

Moreover, for every & > 0 and 3 € (0,1) there exists M > 0 (only depending
on the norm ||UOHH3(Q) and on 3, and diverging as 8 — 0%, 8 — 17 ) such
that for any o € (0,&) and n € N

o)l 2y < M . (2.2.31)

Remark 2.2.2. In connection with the above theorem, observe that:

(1) if (H2) 1is satisfied, there exists L > 0 such that |¢),(u)| < L for any
n €N and u € R;

(i7) if (Hs) is satisfied, there holds ¢, (u) > 0 for any n € N,n > uy and
u € R, |u| > ug.

2.2.2 Asymptotical limits
The limit 3 — 0" (for fixed o > 0).

As 8 — 07, inequalities (2.2.22) and (2.2.26)-(2.2.31) get lost. Accordingly,
solutions of problem (C'H) for the Cahn-Hilliard equation are meant in the
following sense.

Definition 2.2.3. Let a € (0,00) and up € HE(Q). By a solution of problem
(CH) we mean any function u € L>=((0,T); H}(Q)) such that:

(2) o(u) € L3(Q), Au € L*(Q), and v := ¢(u) — aAu € L*((0,T); H} (Q));
) there holds

// u G dedt + // — aAu] Al dzdt = / uo(x)¢(x,0)dx (2.2.32)
Q
for every ¢ € C([0,T); C2(2)) such that ((-,T) = 0 in .

Theorem 2.2.4. Let ug € H}(Q), and let ¢ satisfy assumptions (Ho)-(Hy).
Let uq g be the solution of problem (P) given by Theorem 2.2.2 (o € (0, 00),
B € (0,1)). Then for every a € (0,00) there exist uo, € L>((0,T); HL(2)),
vo € L2((0,T); HE(Q)) and two subsequences {uqp,} C {tast, {Vas.} C
{va g} such that
(1) p(ua) € L*(Q), Auy € L*(Q);
(i7) as Br — O there holds

Ug g, — Uo 0 L((0,T); HY(Q)), (2.2.33)
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Ua,B, — Ua almost everywhere in Q , (2.2.34)
p(uap,) = ¢(ua) in L*(Q), (2.2.35)
Aug g, = Aug in L*(Q); (2.2.36)

Vag, = Va i L*((0,T); Hy () (2.2.37)

(#i7) the function ue is a solution of problem (CH);

(iv) the function u, satisfies inequalities (2.2.20)-(2.2.21) and (2.2.23)-(2.2.24),
whereas v, satisfies the a priori estimate

lvallL2(0r)m ) <M (2.2.38)

with some constant M > 0 only depending on the norm HUOHH(}(Q)-

The limit § — 1~ (for fixed a > 0).

As f — 17, inequalities (2.2.25), (2.2.27)-(2.2.28) and (2.2.31) are lost.
Solutions of the initial-boundary value problem (AC') are defined as follows.

Definition 2.2.4. Let a € (0,00), and let uy € HE(Q). By a solution of
problem (AC) we mean any functionu € L>((0,T); H (2))NC([0, T]; L*(2))
such that:

(i) u € L*(Q), ¢(u) € L*(Q), Au € L*(Q);

(ii) problem (AC) is satisfied in strong sense.

Theorem 2.2.5. Let ug € HY(Q), and let ¢ satisfy assumptions (Hp)-
(Hy). Let uqpg be the solution of problem (P) given by Theorem 2.2.2 (a €
(0,00), B € (0,1)). Then for every a € (0,00) there exist a function u, €
L>®((0,T); HY(2)) N C([0,T]; L*(Q)) and a subsequence {usp,} C {uas}
such that

(i) uat € L*(Q), ¢(ua) € L*(Q), Auq € L*(Q);

(7i) as B, — 1~ there holds

Uapy = U i L((0,7); Hy (), (2:2.39)
Uq, B, — U almost everywhere in Q) , ( )
(o)t = tar  in L*(Q), (2.2.41)

( )

(2.2.43)

Qp(ua,ﬁk) - So(ua) in LZ(Q) )
Aug g, — Aug  in L2(Q) :

(#i7) the function uy is a solution of problem (AC);

(iv) the function u, satisfies inequalities (2.2.20)-(2.2.21), (2.2.23)-(2.2.24),
and the a priori estimate

HuatHLz(Q) < M (2244)
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with some constant M > 0 only depending on the norm HUOHH(}(Q)-
Moreover, if ¢ satisfies either assumption (Hz), or assumptions (Hy), (H1)
and (Hs), then u, satisfies the a priori estimates

1
uall p (0,2 ) < V2 luoll oy (14 €*7)% 5 (2.2.45)

1
Vol Auallra) < luollay) (1+€*7)? (e €(0,00)).  (2.2.46)

The limit o« — 07 (for fixed 8 € (0,1)).

In this case inequalities (2.2.21), (2.2.23)-(2.2.24), (2.2.26) and (2.2.30) are
lost. Solutions of problem (S) are meant in the following sense.

Definition 2.2.5. Let 3 € (0,1), and let ug € H}(Q). By a solution of
problem (S) we mean any function u € L= ((0,T); H}(Q))NC([0,T]; L*(2))
such that:

(i) w € L*(Q), ¢(u) € L*(Q);
(#1) problem (2.2.1) is satisfied in strong sense with v := ﬁ [o(u) + Pu) €
L2((0,T); Hy () N H*()).

Theorem 2.2.6. Let ug € H} (), and let ¢ satisfy either assumption (Hs),
or assumptions (Ho), (H1) and (H3). Let uqpg be the solution of problem
(P) given by Theorem 2.2.2 (o € (0,00), B € (0,1)). Then for every B €
(0,1) there exist functions ug € L>((0,7T); H}(22)) N C([0,T); L*(2)), vg €
L2((0,T); H}(Q) N H%(Q)) and a subsequence {uq, g} C {uaps} such that

() uge € L*(Q), p(ug) € L*(Q);
(i7) as ap — 0T there holds

Uay, = ug in L=((0,T); Hy(Q)), (2.2.47)

Uq, 3 — Ug almost everywhere in @, (2.2.48)
(Uag8)t — ug  in L*(Q), (2.2.49)
P(ua,p) = plug) in LX(Q), (2.2.50)
Vap g —vg in L2((0,T); Hy(Q)), (2.2.51)
(2.2.52)

Avg, 5 — Avg in L*(Q); 2.2.52

(t4) the function ug is a solution of problem (S) with vg = ﬁ [p(ug) + Bugy;

(tv) the function ug satisfies inequalities (2.2.20), (2.2.22), (2.2.27)-(2.2.29)
and (2.2.31), whereas vg satisfies inequality (2.2.25).
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2.2.3 Letting o — 0" in problem (CH).

In this case the solution u, of problem (C'H) given by Theorem 2.2.4 satisfies
inequalities (2.2.20)-(2.2.21) and (2.2.23)-(2.2.24), whereas v, = ¢(uq) —
aAu, satisfies inequality (2.2.38) (see Theorem 2.2.4-(iv)). As a — 0T,
inequalities (2.2.21), (2.2.23) and (2.2.24) get lost, thus the only a priori
estimate of the family {uq} (uniform with respect to «) is given by inequality
(2.2.20). As a consequence, different situations will expectedly arise in the
limit as o — 07, depending on the behaviour at infinity of the function ®.
This makes the following assumption expedient to study the above limit:

(Hy) there exists k > 0 such that
klu|" < ®(u) (2.2.53)

for some r € [1,00) if N =1,2,0or 1 € [1,%] if N > 3.

Observe that the above conditions on the exponent r follow from as-
sumption (H;) and the compatibilty condition r» < g+ 1 (see (Hi), (Ha)).

Let us recall for further purposes some results concerning Radon mea-
sures on the set Q. By M(2) we denote the space of finite Radon measures
on , and by M™(Q) the cone of positive (finite) Radon measures on Q. We
denote by (-, -)q the duality map between M(2) and the space C.(2) of con-

tinuous functions with compact support. For u € M(Q) and p € L'(Q, )
we set, by abuse of notation,

{1s P ZZ/QP(fU) dp(z) and |l ae) = [1I(2) (2.2.54)

Similar notations will be used for the space of finite Radon measures on Q.

We denote by L>=((0,7); M(Q2)) the set of finite Radon measures u €
M(Q) which satisfy the following: for almost every ¢ € (0,7") there exists a
measure u(-,t) € M(Q), such that

(¢) for every ¢ € C(Q) themap t — (u(-,t),¢(-, 1)) is Lebesgue measurable,
and

T
.0q = [ (.. (2.2.55)
(49) there holds
€ss Supte(O,T)Hu('at)HM(Q) < 00.

The definition of the positive cone L>((0,7); M™(Q)) should now be obvi-
ous.
Let us also recall the following definition.

Definition 2.2.6. A subset U C L'(Q) is said to be uniformly integrable if:
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(i) there exists M > 0 such that
Iflriay = [ 1960 dect < 0 for any £ €14

(7i) for any € > 0 there exists 6 > 0 such that for any f € U and any
Lebesgue measurable set £ C Q)

|E|<d = //E|f(:c,t)]dxdt<5.

Then we can state the following result.

Theorem 2.2.7. Let ug € HY(Y), and let ¢ satisfy assumptions (Hp),
(Hy) and (Hy). Let uy be the solution of problem (CH) given by The-
orem 2.2.4 (o € (0,00)). Then there exist u € L>®((0,T);L"()), u €
L>((0,T); M(2)) and

v e L*((0,T); HE(Q)) with the following properties:

(1) there exist two subsequences {uq, } C {ua}, {va,} C {va} and a decreas-
ing sequence of measurable sets Ey, C Q of Lebesgue measure |Ex| — 0, such

that the sequence {uakXQ\Ek} is uniformly integrable, and as oy, — 0 there
holds

Uay XQ\B, — u in L"(Q), (2.2.56)
Uy XEy, — 0 in M(Q), (2.2.57)
o(ta,) = v inD(Q), (2.2.58)
Vo, — v in L2((0,T); HY(Q)) ; (2.2.59)

) there holds

// uy d:vdt—i—/ < (1), G- t) >q dt :/ VU-VCd:rdt—/ uo(x)¢(z,0) dx
Q Q
(2.2.60)
for every ¢ € C([0,T]; CL(2)) such that ((-,T) =0 in .
Moreover, the measure p is equal to 0 if assumption (Hy) is satisfied with

r > 1. In this case Ex, = 0 for every k € N, the convergence in (2.2.56)

reads
. —uwin L'(Q), (2.2.61)

and (2.2.57) is trivially satisfied.

Uq,
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2.3 Well-posedness : Proofs

Theorem 2.2.1 is easily proven by standard methods of the theory of abstract
evolution equations, if problem (P) is rephrased as a Cauchy problem in the
Banach space X = L?(f)) - an approach already used in [CD, ES]. To this
purpose, denote by [I — eA]™! (e > 0) the operator

[I— €A™' L2(Q) = HX Q) NH}(Q), [I—-eAl2z:=w (z¢€L*Q)),
where w € H?(Q2) N H} () is the unique solution of the elliptic problem

{ —eAw+w=2z 1inf

w=0 0 90 (2.3.1)

for any 2z € L?(€). Observe that the operatorial identity

Al(1— )T — BA]™ = ;{u B —-HI AT —T},  (232)

where

NS T U BN
(1-8) - 5A) .—1_6[1 1_64 ,

holds in the strong sense in L?(€2). Then consider the operator A = A,g :
D(A) C L*(Q) — L?(2) defined as follows:

(2.3.3)

D(A) := H?(Q) N H(Q)
Au = —aA[(1 — B)I — BA] 1 Au (ue D(A)).

Also observe that, if ¢ satisfies assumption (Hsz), there holds

o)l z2) < N1l ooy llull L2

for every u € L?(2). Hence the nonlinear operator F = Fz : L*(Q) —
L2(Q),

F(u) :== A[(1 = B)I — BA] Lo(u) (u € L3(Q)) (2.3.4)

is well defined.

From the first equation of problem (P) we plainly obtain

(1= Bur—p i, = ;{ﬂA(so(u)—aAu)—(l—ﬁ)w(u)—am)}+(1‘55) [o(u)—au]

whence by (2.3.2)

u = —;[cp(u) — ozAu] + (1 ; f) [(1 -1 — ,BA]_I(QD(U) — alu) =
= A[1 - B)I - BA Hp(u) — alu). (2.3.5)
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Then problem (P) reads

{ w = Au+Fu)  (t>0) (2.3.6)

u(0) =up € X .

To prove existence and uniqueness of solutions to (2.3.6), we need some
properties of the operators A and F.

Proposition 2.3.1. For every a € (0,00), 8 € (0,1) the linear operator
A= Ayp defined in (2.3.3) is self-adjoint.

Proof. (i) Firstly, let us show that A is symmetric. For every u € H2(2) N
H}(Q) we have
Au = —alAg,, (2.3.7)

where g, € H?(2) N H} () is the unique solution of the elliptic problem

(ogrommm=sent, e
For every u, v € D(A) there holds
(Au, v) 12 () — (u, Av) 12(q) = —a(lﬂ_ﬂ) /Q(guv — gou)dz.
Hence the claim will follow, if we show that
/Q(guv — gou)dz = 0. (2.3.9)

To this purpose, let hy, h, € H4(Q) N HE(Q) be the unique solutions of the
problems

—BAhy +(1—=0B)hy,=u in N
{ . f: =) ne (2.3.10)
and ( )
—BAhy, + (1 = B)hy =v in Q,
{ P on 602 (2.3.11)

respectively; here u € H2(Q)NHZ (Q). In particular, there holds Ah,, Ah, €
H (), hence from (2.3.8)-(2.3.11) by uniqueness we have Ah, = g, and
Ah, = g,. Then we obtain

guv = —BAhy gy + (1 - B)hvgu = —BGvgu + (1 - B)thhu )
Gou = _BAhu G + (1 - B)hugv = —Bgugv + (1 - B)huAhv )

whence

/(guv —gyu)dz = (1 =) / [hyAhy — hyAhy]dz = 0.
Q Q
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Then the claim follows.

(79) It is easily seen that the operator A is m-dissipative. In fact, for every
u € D(A), we have

(Au, u) 2 () = —a/ ulAg, dx , (2.3.12)
Q

with g, € H2(Q) N HL(Q) as in (2.3.8). Since there holds
(Au, 1) 2 () = —a/ ulAg, dx = —a/ guAudr =
Q Q
—a [ gubguds—a(1-p) [ gid =
Q Q
= —aﬁ/ Vgu|? dz — a(1 —B)/ g2dr <0,
Q Q

the claim follows.

(iii) Next, let us prove that for every f € L?(Q) there exists a unique
u € D(A) such that
u—Au=f. (2.3.13)

In this connection, observe that
u—Au=u+al[-BA+ (1 - B)I]_l(AQU)],
thus equation (2.3.13) can be written as
al*u = —BA(f —u) + (1= B)[f — u].

Therefore, it suffices to prove that for every f € L?(Q) there exists a unique
solution u € D(A) of the problem

alA*u — BAu+ (1 — Blu= —BAf+(1—B)f, (2.3.14)

where by solution of (2.3.14) we mean any u € D(A) such that for every
§€D(A)

a/gAuAfdx—i—,B/ﬂVuVﬁdm—i—(l—B)/Qu§dx:—B/ﬂfAﬁdaH—(l—ﬁ)/ﬂffda:.

To this purpose, consider the bilinear form a : D(A) x D(A) — R defined
by setting

a(u,v) ::a/AuAvdx+B/Vu-Vvd:n—{—(l—B)/uvdx
Q Q Q

for every u, v € D(A). Then there exist C' > 0 such that

la(u,v)] < allAull2)|Av]L2) + BIVUllL2@)lIVollLz@) +
+ (1= Blullzz@llvlize) < Cllullgz@ vl a2@)
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a(uu) = a/ |Au|2dw+ﬁ/ Vul2ds +
Q Q
H1=5) [ W do 2 Cllulyage
Q

for every u, v € D(A). By the above inequalities and the Lax-Milgram
Theorem well-posedness of (2.3.14) easily follows. This completes the proof.
O

Proposition 2.3.2. Let ¢ satisfy assumption (Hg). Then for every €
(0,1) the nonlinear operator F = Fg defined in (2.3.4) is Lipschitz contin-
uous.

Proof. By equality (2.3.4) and the very definition of the operator F

[ F(u) = F(w)ll 22 < Clle(u) = o()llr2) < Ol |l oo myllu — vl 220
(2.3.15)
for every u, v € L?(£2). Hence the claim follows. O

Proof of Theorem 2.2.1. The result follows from Propositions 2.3.1-2.3.2 by
standard results of semigroup theory (e.g., see [LLMP, Proposition 6.1.2]).
U

To prove Theorem 2.2.2 we need some a priori estimates of solutions of
the approximating problems (F,). To this purpose the following lemma is
expedient.

Lemma 2.3.3. Let a € (0,00), B € (0,1), ugp € H(Q), and let ¢ satisfy
assumptions (Ho)-(Hy). Let {un} be the sequence of solutions to problems
(Py) given by Theorem 2.2.1, with {uo,} satisfying (2.2.3)-(2.2.4). Then for
every t € (0,T] there holds

/q> () (2, 8) ds + & /|Vun| (2, 4) dz + (2.3.16)

+B// u?, drds 4+ (1 — 8 // Vo, | deds =

_ /Qcp (uon)(2) dz + 2/|VU0n| dz,

where ®,, is the function defined in (2.2.12).
Proof. Multiplying the first equation of (2.2.18) by

Un = 1:3 [(,D(Un) — aluy + Bunt]
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and integrating over Q x (0,t) we obtain

/ By (1) (. 1) dz — 0 / / At g dads + (2.3.17)

+6// uZ,dxds + (1 — B // Vo, |2dzds =

- /ch (ugn) da .

Since u, € C([0,T); H2(Q)NH(Q)) and uy: € C([0,T]; L?(£2)), by standard
approximation arguments there holds

t 1 1
// Ay, upy dzds = / |Vu0n|2d:£—/ |Vun|*(x,t)dz.  (2.3.18)
0Ja 2 Ja 2 Ja

From (2.3.17)-(2.3.18) equality (2.3.16) follows. O

Further a priori estimates of the sequence {u,} are given by the following
lemma.

Lemma 2.3.4. Let o € (0,00), 8 € (0,1) and up € HY(Q). Let o satisfy

either assumption (Hg), or assumptions (Hy), (H1) and (Hs). Let {u,}

be the sequence of solutions to problems (P,) given by Theorem 2.2.1, with

{uopn} satisfying (2.2.3)-(2.2.4). Then there exists L > 0 such that for every
€ (0,T]

(1-— ﬁ)/ 2(x,t)dx + B/ |V, | (2, ) de + (2.3.19)

—i—oz// (Auy)?dzds < HUOH (1—|—e 3 ) .

Proof. Multiplying the first equation of (P,,) by u,, integrating over 2 x (0, ¢)
and using (2.3.18) we obtain

(1—ﬁ)/ 2(x,t) dx—i—ﬁ/\Vun\ x,t) dx—l—a// (Auy,)? dzds

// o (un, \Vun\Qd:cds+(1—5)/u0ndx+2/ |Vuon|* dx .
Q

(2.3.20)

If assumption (Hs) is satisfied, there exists L > 0 such that

t t
‘// O (n) |V [? dads SL// Vun|? dads
0/ 0/
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for any n € N (see Remark 2.2.2-(7)). On the other hand, if assumption
(Hj) is satisfied, for any n € N, n > ug there holds

t t
—// O (un)|Vup|? dods < —// @ (un)| V| deds <
0/ 0J{|un|<uo}

t
L// |V, |? dzds
0/

with some constant L > 0, since ¢ € T/Vlifo(]R) by assumption (Hp) (see
Remark 2.2.2-(i7)). In either case from equality (2.3.20) we get

IN

t
(l—ﬁ)/u%(as,t)dx—i—ﬂ/ \Vun\g(x,t)dx+a//(Aun)2dxds <
Q 2 Ja 0/
t
< \uOH?@(Q)%—L// |V, |* dads ; (2.3.21)
0 0/Q

here use of inequality (2.2.3) has been made. Then by the Gronwall Lemma
from (2.3.21) we obtain

2Lt

B
5/ [V (2,8) d < [luo o€ 7

for every ¢t € (0,T]. Integrating the above inequality on (0,7] we plainly
obtain

! 2 2 2LT
L/O/Q|Vun| drds < [[uollZy oy ™

which upon substitution in (2.3.21) gives inequality (2.3.19). Then the result
follows. O

Proposition 2.3.5. Let the assumptions of Lemma 2.5.3 be satisfied. Then
for every & > 0 there exists M > 0 (only depending on the norm |[uo|| g1 (q))
such that for any o € (0,@), € (0,1) andn € N

1@ (un) Lo (0,7):L1(2)) < M 5 (2.3.22)
v lunll Loyt ) < M (2.3.23)
VB |[tnt r2iq) < M; (2.3.24)
V1-8 lonll L2 0,3 )) < M (2.3.25)
VB(1-B) lonllz2((0,):m20)) < M- (2.3.26)
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Proof. By inequality (2.2.11) and assumption (H;) we have

/ D, (upy) dr < Ky (2\Q| —|—/ u0n|q+1dm> <
Q Q
2N
K <2|Q| + [, \u0n|N72dm> if N >3,

o
IN

1 .
K@) (14 uonl§ o)) if N =12,

By the above estimate, inequality (2.2.3) and Sobolev embedding results
there exists C' > 0 (only depending on the norm |[uol| 1)) such that for
every n € N

o a
/ D, (ugn)(x) dr + 2/ |Vugn|? dz < C + 5 Hu0||12ql(9) )
Q Q 0

Then, recalling that ®,,(u,) > 0, from equality (2.3.16) we obtain estimates
(2.3.22)-(2.3.25). Inequality (2.3.26) follows from (2.3.24)-(2.3.25), since
Unt = Avy, (see (2.2.18)). O

Proposition 2.3.6. Let the assumptions of Lemma 2.83.3 be satisfied. Then
for every & > 0 there exists M > 0 (only depending on the norm ||uo|| g1 (q))
such that for any o € (0,@), € (0,1) andn € N

vallgn(un)llzeg) < M; (2.3.27)
o [Aun|lr2g) < M (2.3.28)
Vap ”UnHLoo((o,T);Hg(Q)) <M. (2.3.29)

Proof. Observe that by (2.2.18)-(2.2.19) there holds
alAu, = op(uy) + Pups — (1 — v, in Q) (2.3.30)

whence by inequalities (2.3.24)-(2.3.25)

allAunll 2y < llon(un)llL2(@) + Blluntll2@) + (1 = B)llvnllL2(g) <
< M + [[en(un)llz2(q) - (2.3.31)

Therefore inequality (2.3.27), together with (2.3.24)-(2.3.25), implies (2.3.28).
To prove (2.3.27), let us distinguish two cases:

(i) either N =1,2 and g € (1,00), or N >3 and ¢q € (1,%] ;

(ii) N >3 and q € (%,%}
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(1) By inequality (2.2.10), for every ¢ € (0,7] we have

lntun) D20y = ( | Tontun) xt)dx) <
< 2K, <2|Q|—|—/Q|un2q(w,t)d:1:> <

2I(1<2KN—%jé|un]ﬁ%écmt)dx) i N >3 and qeg< Ngf],
2K1(9 (1 + Hun(.7t)Hi%0(Q)) if N=1,2and g€ (1,00).

By the above estimate, inequality (2.3.23) and Sobolev embedding results
we obtain (2.3.27) in the present case.

(73) In this case by Sobolev embedding there holds uy(-,t) € %(Q) and
|Vu,(-,t)| € L%(Q) for every t € (0,T), since u,, € C([0,T]; H(Q)
H?(Q)). Then by Remark 2.2.1 (in particular, see (2.2.10) and (2.2.15))

there holds
o) Dl ( [ it e dx>

<263 (2090 + / runr2q<x,t>dx) <
Q
2(N+2)
< 2K, (2\Q|+/ \un] N (x,t)d:c) < 00,
Q

2(N+2)

since L%(Q) — L7~N-2 (Q). Similarly,

</ Y (un) ]% )da;)N </Q|Vun|1\?—N2(a;,t)dx>N =
:(/ﬁw4ﬁwﬂa¢ym>N(/ﬁvwgfﬁmjym>A’<
Q

. <
2N ~ 2N N
<C </ |un| N2 (x,t) da:) </ |V, | V=2 (x,t) dm) < 00
Q Q

for some C' > 0.
By the above remarks, multiplying equality (2.3.30) by % (u,) and inte-
grating over () plainly gives

/ 2 _
/ [ It dec + o / /Q [/ () Vtn|?] 2, ) diz =

< @éﬂwwm+u—mfé%w%mmn (2.3.32)
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where W is the function defined in (2.2.16) and the inequality

a2

on(u)i(u) =

has been used.
Concerning the right-hand side of (2.3.32), by Holder inequality we have

S ot dect < ol g, I, - (2839)

2
Let us show that for some constant M > 0 there holds

<M. 3.
Vallumll o my o #% g <M (2.3.34)

In fact, by Remark 2.2.1 there exists K5 > 0 such that for every ¢ € (0, 7]

N+2

<K, (2|0 2 <
. N+2
()0l g ) < K (2004 [ funl ¥, 0100) 7 <
N+2
2N 2N
< Ko <2]Q|+/]un|N—2(x,t)dx) ,
Q

since by assumption ¢ < % Then by the above estimate, inequality

(2.3.23) and Sobolev embedding we obtain (2.3.34). Further, from inequal-
ities (2.3.25) and (2.3.33)- (2.3.34) by Sobolev embedding we obtain

Ja(l=B) / /Q (ot ()| dvdt < M (2.3.35)

with some constant M > 0. .

On the other hand, since |¥(u, )| < Ki(1+|uy|¥-2), by inequality (2.2.3)
and Sobolev embedding results there exists M > 0 (only depending on the
norm Hu0||H5(Q)) such that for every n € N

/ U (ugy)(x) de < M. (2.3.36)
Q
Then from (2.3.32), (2.3.35) and (2.3.36) we easily obtain

o f /Q (on )b )| dadt < M

for some constant M > 0, whence by inequality (2.2.17) the estimate (2.3.27)
follows also in this case. This completes the proof of (2.3.27).
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To prove inequality (2.3.29), for any ¢ € (0,7 let us multiply the elliptic
equation (2.2.19) by v,(-,t) and integrate over Q. Using Holder inequality
as in (2.3.33), by Sobolev embedding we have

2 2 _
B/Q|an(:v,t)| dac—l—(l—ﬁ)/ﬂvn(x,t)dx— (2.3.37)
:/[vn¢n(un)]($ t) da:+oz/ [Voy - Vug|(z,t) do <

N-2

2N 2
S(/ |<,0n Un a:t]N+2dgc> </ ‘funxt‘N 2dx> +
+oz</|Vuna:t|dx) </|anxt|da:>

Using inequality (2.2.10) and arguing as in the proof of (2.3.34), it is proven
that for some constant M > 0

<M. 3.
verlen(unll,_ on o #5 o) <M (2.3.38)

Then by Sobolev embedding results from inequalities (2.3.23) and (2.3.37)-
(2.3.38) we obtain for every t € (0,T]

ﬁ/ |V (2, t)|* de + (1—ﬂ)/Qv,2L(a; t)d T (/ |Vop(z,t)] da:)

for some constant M > 0, whence inequality (2.3.29) immediately follows.
This completes the proof. ]

Since the assumptions of Lemma 2.3.4 imply those of Lemma 2.3.3, we
have the following result.

Proposition 2.3.7. Let the assumptions of Lemma 2.3.4 be satisfied. Then
for every 8 € (0,1) and n € N

l[unl Lo 0.my:220)) < ol mp)\| ——=; (2.3.39)

[tnl Loo 0,7y 12 (2)) < w0l 20 (2.3.40)
1+e#
e
lAul 2@ < luoll s\ ——— (@€ (0,00)).  (23.41)

«

Moreover, for every & > 0 and 3 € (0,1) there exists M > 0 (only depending
on the norm ||U0HH3(Q) and on 3, and diverging as 3 — 0%, 8 — 17 ) such
that for any o € (0,&) and n € N

lon(un)llL2g) < M. (2.3.42)
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Proof. Estimates (2.3.39), (2.3.40) and (2.3.41) follow directly from inequal-
ity (2.3.19). Concerning (2.3.42), from the first equality in (2.2.19) and
inequalities (2.3.26), (2.3.41) we plainly obtain

lon(un)llzzg) < allAunlizzg) + B 1Avallzaig) + (1= B) lonllz2(@) <
_ 2LT ﬂ
oy (1+ ¢ )+M( 1_5+ﬂ> |

Then the claim follows. O

IN

Proposition 2.3.8. Let the assumptions of Lemma 2.83.3 be satisfied. Then
there existu € L>((0,T); H}(2))NC([0, T]; L2(Q)), v € L=((0,T); H}(2))N
L%((0,T); H*(Q)) and subsequences {un, }, {vn, } such that

(i) we € L*(Q), ¢(u) € L*(Q), Au € L*(Q);

(ii) there holds

Up, —u in L((0,T); HY(Q)), (2.3.43)

Up, — U almost everywhere in Q) , (2.3.44)

Unt — uin LAH(Q), (2.3.45)

On,, (Un,, ) = ©(u) almost everywhere in @, (2.3.46)

o () = plw) in LAQ), (2.3.47)

D, (up,) = ®(u) almost everywhere in @, (2.3.48)

Auy,, — Au  in L*(Q), (2.3.49)

Un, = v in L((0,T); HY(Q)), (2.3.50)

Up, — v in L2((0,T); H*()). (2.3.51)

Proof. The convergence claims in (2.3.43)-(2.3.44) and in (2.3.50)-(2.3.51)

follow from the a priori estimates (2.3.23), respectively (2.3.29) and (2.3.26).
Concerning (2.3.45), by estimate (2.3.24) there exists w € L?(Q) such that
(possibly extracting a subsequence, denoted again {u,,} for simplicity)

Upt — w in LQ(Q) ,

thus in particular

//Qunktgdxdt:—//Qunkg}dxdt%//(gwgdxdt

for every ¢ € C1(Q). Since

//Q Un,, G dxdt — //ng dxdt
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by (2.3.43), there holds w = u; € L?(Q), thus the first claim in (i) and
(2.3.45) follow. The third claim in (7) and (2.3.49) are similarly proven
using estimate (2.3.28).

It is easily seen that the convergence in (2.3.46) (respectively in (2.3.48))
follows from that in (2.3.44) by using (2.2.6) and (2.2.9) (respectively (2.2.14)
and (2.2.10)). Let us now address (2.3.47). By inequality (2.3.27) there ex-
ists z € L?(Q) such that (possibly extracting a subsequence, denoted again

{¢n, (un,)} for simplicity)
o (un,) = 2z in L*(Q). (2.3.52)

Inequality (2.3.27) also implies that the sequence {¢y(uy)} is uniformly
integrable in L'(Q). In fact,

ln(un)llr@) < VIQI len(un)llr2(@) < MVIQ| for any n e N,

and for any measurable subset E C @) with Lebesgue measure |E| < §

// lon(un)| dedt < M+/|6| for any n e N.
E

Then by the Prokhorov’s Theorem and the convergence in (2.3.46) (e.g.,
see [V2, Proposition 1]) we obtain that (possibly extracting a subsequence,
denoted again {yp, (un, )} for simplicity)

fualitng) = pu) in Q). (2:3.53)

Comparing (2.3.52) with (2.3.53) shows that z = ¢(u) € L?(Q), thus the
second claim in (¢) and (2.3.47) follow.
Finally, let us show that v € C([0,T]; L?(2)). By estimate (2.3.24), for
each t1, t2 € [0,7] and n € N there holds
2
/ Unt(x, t) dt

/ |un (x, t2) —un(x,tl)]2dx :/
Q Q1Jty

to M
< |t — to / ul,(z,t) dedt < — |t1 — ta].
t1JQ /8

2
dr <

By inequality (2.3.23) and the above estimate the sequence {u,} is equi-
bounded and equicontinuous in C([0, T]; L?(£2)). Then by the Ascoli-Arzela
Theorem there exists a subsequence {uy, } such that

U, —u in C([0,T]; L*(Q)), (2.3.54)
whence the claim follows. This completes the proof. O

The following result follows from Proposition 2.3.8 (in particular, see
(2.3.43), (2.3.46)) by a standard localization argument; we leave the proof
to the reader.

89



Proposition 2.3.9. Let the assumptions of Proposition 2.3.8 be satisfied.
Let u, v be the functions and {un, }, {vn,} the subsequences given by Propo-
sition 2.3.8. Then for almost every t € (0,7T)

Uy, (1) = u(-,t) in HY(Q), (2.3.55)
Pra (U ) (- 1) = () (-, ) i L2 () (2.3.56)
Ony, (5 1) = v(-, ) in H(Q). (2.3.57)

Now we can prove Theorem 2.2.2.

Proof of Theorem 2.2.2. As already proven, the functions u, v considered in
Proposition 2.3.8 have the regularity properties stated in Definition 2.2.2.
Letting n; — oo in the weak formulation of problems (2.2.18), (2.2.19)
(written with n = njg) and using the convergence results of Propositions
2.3.8-2.3.9 shows that problems (2.2.1) and (2.2.2) are satisfied (in L?(Q),
respectively in L2(Q) for almost every ¢t € (0,T)).

Let us prove that u € C([0,T]; H}()). Since u € C([0,T]; L*(Q)) N
L>®((0,T); HY () and ug, o(u), Au € L*(Q), multiplying the first equation
in (2.2.1) by

1

= m[(p(u) — aAu + [uy)

and arguing as in the proof of Lemma 2.3.3 we get

(1_5)/<1>( )(z, tg)d;v+a(12_ﬁ)/ Vu|?(z, t2) dz +

B(1—p /ttg/ u dxds+/ |Vo|? dzds (2.3.58)
:(1_5)/Q<1>( Y, ty) do + 2P /|Vu\ 2.t d

for every 0 < t; < to <T (since u € C(][0, T] L2(Q)) N L>((0,T); HY(Q)) it
is not restrictive to assume that u(-,t) € H}(Q2) for every t € [0,T7).

Next, choosing in the above equality (2.3.58) to = t,, where t,, — t]
(the case t; = t,, with ¢, — t;, being analogous), there holds

1
L hm/|Vun| (x,ty) dx =

n—oo

tn
= — lim {5(1 —5)/t /Q(u§+ |Vv|2)da:dt} +

+(1—pB) ngrgo{/ﬁqs(u)(x,tl)dx —/Q@(u)(a;,tn)da;} 4

+ W /Q \Vul?(z,t1) dz
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Here we have
u(-,t1) in H (), (2.3.59)

tn
ILm { B(1— / / u? + | Vol? dxdt} =0. (2.3.60)
n—oo tl

im | [ @, tl)d:n—/@( Voo t)dz| = (2.3.61)
tn
= lim // w)uy dedt| =

since ¢(u)u; € LY(Q). By (2.3.60)—(2.3.61) there holds

h_)m/]Vu| (x,ty dac—/Vu| (x,t1)d

whence u(-,t,) — u(-, 1) in H}(Q) (see also (2.3.59)).

Therefore, the function u is a solution of problem (P), and the a priori
estimates (2.2.21)-(2.2.27) follow from the analogous inequalities (2.3.23)-
(2.3.29) by the lower semicontinuity of the norm. Concerning (2.2.20), by
estimate (2.3.22), the convergence in (2.3.48) and the Fatou Lemma there
holds

0< / O (u)(z,t)dr < liminf/ Dy, (un, ) (z,t)de < M
Q Q

N —00
for almost every ¢ € (0,7"). Then inequality (2.2.20) follows.
It remains to prove uniqueness. To this purpose, let (u1,v1) and (ug,v2)

be two solutions of problem (P). Then the differences u; —ug, v1 —vo satisfy
the problems

{ Sf—_u?):t , Sl e (01, (2.3.62)
—BlA(v1 —v2)](+, 1) + (1 = B)(v1 —v2) (1 1) =
= (p(u1) — p(u2)) (-, t) — a[A(ur — u2)](+, t) in Q (2.3.63)
(U1—7)2>(-, ):0 on 0N).

Multiplying the first equation of (2.3.62) by the function

Y(x,t) == — /tT(vl —v9)(x,s)ds,

for any fixed 7 € (0,7"), and integrating over @, := Q x (0,7) we obtain

//T uy — ug)(vy — ve) dadt =
_ //T[V(vg — 0)](z, 1) </t V(v — v2)](2, ) ds) dadt —

_ _;/Q /T[V(vg—vg)](:E,s)dsQ

dxr <0,
0
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whence

// (w1 — ug)(v1 — v2) dzdt < 0. (2.3.64)

On the other hand, multiplying the first equation of (2.3.63) by the
difference (u; — ug)(-,t) and integrating over @, gives

(1-7) //T(ul —ug)(v1 — vg) dadt = //QT [o(u1) — p(uz)] [ur — us] dedt +
ta // IV (ur — ug)? daedt + g/g(ul — up)X(w, 7) da,

whence by inequality (2.3.64) and assumption (H2)

S/Q(ul —ug)*(x, 7) dx < C’//T(ul — ug)?® dadt

with some constant C' > 0. By the above estimate and the Gronwall Lemma
uniqueness follows. This completes the proof. O

Proof of Theorem 2.2.3. Estimates (2.2.28)-(2.2.31) follow from the analo-
gous inequalities (2.3.39)-(2.3.42) by the lower semicontinuity of the norm,
in view of the convergence in (2.3.43) and (2.3.47)-(2.3.49). O

2.4 Asymptotic limits : Proofs

Let us first prove Theorem 2.2.4.

Proof of Theorem 2.2.4. The a priori estimates (2.2.21) and (2.2.25) ensure

the existence of limiting functions u, € L®((0,T); H}(2)), va € L2((0,T); HE(Q))
such that both the convergences in (2.2.33) and (2.2.37) holds. Moreover,

by (2.2.21), (2.2.25) and the first equation in (2.2.1), it can be easily seen

that for every p € Hg(Q) the sequence

FP(t) = /Quaﬂgk(x,t)p(x) dz
is uniformly bounded — hence weakly relatively compact — in the Sobolev

space H'((0,T)). By such consideration and (2.2.33), it follows that for
almost every ¢t € (0,7) there holds

FO) - / o (2, )p(x) da (2.4.1)
Q
Thus, by (2.2.33) and (2.4.1) we obtain

Ue g, (1) = ua () in HY(Q) (2.4.2)
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for almost every ¢t € (0,7). Finally, by (2.4.2), (2.2.33) and the Dominated
Convergence Theorem, (2.2.34) follows.

The convergences in (2.2.35)-(2.2.37) and claim (¢) follow from (2.2.23)-
(2.2.25) arguing as in the proof of Proposition 2.3.6.

To prove claim (7ii) let us consider the weak formulation of problems
(2.2.1)-(2.2.2) written with u = u,,g and v = v, g, namely

//Q Uq, 3G dxdt + //Q Vo, AL dzdt = —/Quo(x)C(x,O) dz | (2.4.3)

ﬁ//@ Va3V dzdt+(1—B) //Qvaﬁ(dxdt://Q[cp(uaﬁ)—aAuaﬁ]Cdxdt
(2.4.4)

for every ¢ € C([0,T]; C2(Q2)) such that ¢(.,T) = 0 in Q. Then letting
Bk — 07 in equalities (2.4.3)-(2.4.4) written with 3 = S and using (2.2.35)-
(2.2.37) we obtain

//Qu(thdxdt—F//QvaACdxdt:—/QUO(ZUK(%O) .
//Q Vo drdt = //Q[go(ua) — alAuy| ¢ dzdt

for every ¢ as above, whence equality (2.2.32) and claim (i4¢) follow. Fi-
nally, the statements in claim (iv) concerning inequalities (2.2.21), (2.2.23)-
(2.2.24) and (2.2.38) follow from the analogous estimates (2.2.21), (2.2.23)-
(2.2.25) and (2.2.38) for u = uq3 and v = v, g, by the convergence in
(2.2.33), (2.2.35)-(2.2.37) and the lower semicontinuity of the norm. On the
other hand, the statement concerning inequality (2.2.20) follows from the
same inequality for u = u, g by the convergence in (2.2.34) and the Fatou
Lemma, as in the proof of Theorem 2.2.2. Then the conclusion follows. [

Proof of Theorem 2.2.5. We only prove claim (#i7), the proof of the others
following by the same arguments used in the proof of Theorem 2.2.4. Con-
sider the weak formulation of problems (2.2.1)-(2.2.2) written with u = uq g
and v = v, g, namely

/ /Q(u‘”’ﬁ)tcd‘”dt =" / /Q Vva,s - V(drdt (2.4.5)
B / /Q Va3 V¢ dzdt+(1-0) / /Q Vo, 5 dodt = / /Q [p(tap)—Aug 5] ¢ dodt
(2.4.6)

for every ¢ € C([0,T]; C?(€2)) such that ((.,t) = 0 on 99 for every t € [0, T].
By inequality (2.2.26) there exist a function v, € L>((0,T); H}(2)) and a
subsequence {vyg, } € {vq,8} such that

Vag, — Vo in L®((0,T); Hy ()
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as B; — 17. Then letting S — 17 in equalities (2.4.5)-(2.4.6) written with
B = By we obtain

/ /Q Vot Cdadt = / Von - V¢ dadt, —
_ / / (te) — aAug] € dedt

for every ¢ as above. Using inequality (2.2.44) and arguing as in the proof
of Proposition 2.3.8 , it is easily seen that u, € C([0,T]; L?(2)). Then the
result follows. O

Proof of Theorem 2.2.6. The convergence claims in (2.2.47)-(2.2.48) follow
from the a priori estimates (2.2.22) and (2.2.29), those in (2.2.49)-(2.2.50)
follow from (2.2.22) and (2.2.31), respectively, and those in (2.2.51)-(2.2.52)
follow from (2.2.25) and (2.2.27).

To prove claim (4i7), consider the following weak formulation of problems
(2.2.1)-(2.2.2):

/ /Q (ta,3): ¢ dodt = / QAvaﬁCda:dt, (2.4.7)

—5//@ Avg g ¢ dadt + (1 — B) //(02va75g“dxdt = (24.8)
//Qcp(uaﬁ)gdxdta//cguaﬂ AC dzdt

for every ¢ € C([0,T];C*(Q)). Letting oy, — 0" in (2.4.8) written with
a = oy, and using (2.4.7), by the arbitrariness of ( we obtain the equalities

//Q(uﬁ)tcda:dt:/QAngd:zdt, (2.4.9)
_B// AvgCdadt + (1 - // vg ¢ dzdt = // o(ug) Cdadt. (2.4.10)

By the arbitrariness of ¢, from (2.4.10) we obtain

1
which upon substitution in (2.4.9) shows that problem (S) is satisfied in

strong sense. The proof of claim (iv) is analogous to those given for Theo-
rems 2.2.4-2.2.5, hence the result follows. U
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2.5 Letting o — 07 in problem (CH): Proofs

To prove Theorem 2.2.7 we need some definitions and results concerning
Young measures on @ X R (e.g., see [GMS, V2] and references therein).

Definition 2.5.1. By a Young measure on Q x R we mean any positive
Radon measure T such that

7(E x R) = |E| (2.5.1)

for any Lebesque measurable set E C Q. The set of Young measures on
Q x R will be denoted by Y(Q;R).
If f:Q — R is Lebesgue measurable, the Young measure associated to f is
the measure 7 € Y(Q;R) such that

7(E x F) = |En fY(F)| (2.5.2)
for any Lebesgue measurable set E C Q) and any Borel set F' C R.

Proposition 2.5.1. Let 7 € Y(Q;R). Then for almost every (x,t) € Q
there exists a measure (5, € Poo(R), such that for any function ¢ : Q x
R — R bounded and continuous:

(7) the map

(:B,t) - <T(a:,t)a¢(x7tv )>1R = /Rlb(ﬂﬂ,taf) dT(z,t)(g)

1s Lebesgue measurable;
(i) there holds

(T, B oxr ::/ bdr = //Q<T(m7t),w(x,t,-)>Rdxdt (2.5.3)

QxR
— //Q dxdt/Rw(x,t,f) d(z1)(£) -

Therefore, every 7 € Y(Q x R) can be identified with the associated
family {71, | (z,t) € Q}, which is called the disintegration of 7.

Definition 2.5.2. Let {7"} C Y(Q;R), 7 € Y(Q;R) (n € N). We say that
™ = 7 narrowly in Q X R, if
Ydr" — Ydr (2.5.4)
QxR QxR

for any function ¢ : @ x R — R bounded and measurable, such that ¥ (x,t,-)
is continuous for almost every (z,t) € Q.

The following result, concerning bounded sequences of functions in L' (Q),
will be used.
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Theorem 2.5.2. Let {f,} be a bounded sequence in L'(Q), and {t"} the
sequence of associated Young measures. Then:

(i) there exist subsequences {fr} = {fn,} € {fn}, {Tk} = {r"™} C {r"}
and a Young measure T on Q x R such that T — 7 narrowly in Q x R;
(ii) for any p € C(R) such that the sequence {po f,} C LY(Q) is uniformly
integrable, there holds

pofi=pofo, —p° inLNQ), (2.5.5)

where
P*(ZL‘, t) = <T(:c,t)7 p>R = /Rp(g) dT(ac,t) (5) fOT a.e. (:E,t) € Q (256)

and {T(z4)} is the disintegration of T.

If a sequence {f,} is bounded in L'(Q) but not uniformly integrable, we
can extract from it a uniformly integrable subsequence ”by removing sets
of small measure”. This is the content of the following theorem (e.g., see

[GMS]).

Theorem 2.5.3. (Biting Lemma) Let {f,} be a bounded sequence in L'(Q).
Then there exist a subsequence {fir} = {fn,} C {fn} and a decreasing se-
quence of measurable sets By, C Q of Lebesgue measure |Ey| — 0, such that
the sequence {kaQ\Ek} is uniformly integrable.

Some consequences of the Biting Lemma are discussed in the following.

Remark 2.5.1. Let {fi} be the subsequence considered in Theorem 2.5.3,
and let {Tk} be the associated sequence of Young measures. Let T denote
the narrow limit of the sequence {7"“}, which exists by Theorem 2.5.2-(i)
(possibly extracting a subsequence, still denoted {Tk} for simplicity), and let
{Ex} be the sequence of measurable sets considered in Theorem 2.5.3. Since
the sequence {kaQ\Ek} is uniformly integrable, by Theorem 2.5.2-(ii) there
holds

kaQ\Ek — = / &dr(&) in LI(Q). (2.5.7)

[0,00)

The function u € LY(Q) in (2.2.56) is called the barycenter of the disintegra-
tion {1z 1)} of 7. Besides, since the sequence {frxg,} is bounded in L'(Q),
there exists a measure 1 € M(Q) such that

fixe, = (1= 8) in M(Q). (2.5.8)

We can now proceed to prove Theorem 2.2.7. Let us first mention the
following result.
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Proposition 2.5.4. Let ug € H}(RY), and let ¢ satisfy assumptions (Hp),
(Hy) and (Hy4). Let uy be the solution of problem (CH) given by Theorem
2.2.4 (o € (0,00)). Then there exists M > 0 (only depending on the norm
[uoll g2 () such that for any o € (0,&) and r as in (Hy)

[uall Lo ((0,7):Lr () < M - (2.5.9)

Proof. Follows immediately from inequality (2.2.20) and assumption (Hy).
O

We can now prove Theorem 2.2.7.

Proof of Theorem 2.2.7. The claims concerning the function v € L2((0, T); HE(2)),
the subsequence {vqy, } C {vo} and the convergence in (2.2.59) follow from
inequality (2.2.44).

On the other hand, by inequality (2.5.9) the family {u,} is bounded in
L'(Q), thus the Biting Lemma and its consequences described in Remark
2.5.1 can be used. In particular, there exist a subsequence {uq,} C {uq},
and a decreasing sequence of measurable sets E C @) of Lebesgue measure
|Ex| — 0, such that the convergence in (2.5.7)-(2.5.8) holds with fi = uq,.
Moreover, arguing as in [ST2], it is easily seen that u € L>((0,T); L' (£2))
and p € L*((0,7); M(Q)).

To prove claim (ii) and the convergence in (2.2.58), recalling that v, :=
¢(ua) — alu, belongs to L2((0,T); HE(Q2)), by standard approximation
arguments from equality (2.2.32) we get

// uaCr dzdt = / Vg - V(dadt — /ng(:c)g“(a;,O) dx (2.5.10)

for every ¢ € C*([0,T]; CL(£2)) such that ¢(-,7) = 0in Q, and

// Vo dxdt = // (uq)C dxdt — a// Uq AC dxdt (2.5.11)

for every ¢ € C*([0,T]; C?(£2) such that ((.,T) = 0 in Q. Observe that

// uakgd:pdt:// uakXEkCtdxdt—i—// uakXQ\Edexdt.
Q Q Q

Then letting o, — 07 in equality (2.5.10) written with @ = «aj and using
the convergence in (2.5.7)-(2.5.8) we obtain equality (2.2.60). On the other
hand, letting o, — 0% in equality (2.5.11) written with o = ay, by the
convergence in (2.2.59) we obtain that in (2.2.58).

Finally, if assumption (Hj4) holds with r» > 1, by inequality (2.5.9) the
family {u,} is uniformly integrable in L!'(Q). Then by Theorem 2.5.2-(ii)
the convergence in (2.2.61) and the remaining claims follow. This completes
the proof. O
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2.6 Neumann boundary conditions

Consider the companion problem of (P) with homogeneous Neumann bound-
ary conditions:

(1= B)ur = Alp(u) — aAu+ fuy]  in Q

ou  O0Au
P _— = — =
(NP) o = o = on 99 x (0,7)
u = U in Q x {0}.

Set
HE(Q) = {u emo)| 2 = }

By abuse of notation, hereafter we denote by [I —eA]~! (e > 0) the operator
[I— €A™ L2(Q) = HE(Q), [I—-eA]'z:=w (z€ L*(Q)),
where w € H%(f2) is the unique solution of the elliptic problem

—eAw+w=z2 inQ
2.6.1
dw_y in 90 (26.1)
on
for any 2z € L%(Q2). Accordingly, by A = A.s : D(A) C L3(Q) — L*(Q2) we
denote the following operator:

{ D(A) := H3(Q)

Au = —aA[(1 — B)I — BA] " Au (u e D(A)). (2.6.2)

By the methods used in Section 2.3 we have a first existence result con-
cerning solutions of problem (/N P), which is the analogue of Theorem 2.2.1.

Theorem 2.6.1. Let a € (0,00), B € (0,1), and let ¢ satisfy assumption
(H3). Then for every ug € H%(Q) there exists a unique function u such
that:

(1) u € C([0,T); Hz () N C'([0,T]; L*(Q)), and p(u) € C([0,T]; L*());
(ii) u satisfies in strong sense problem (2.2.1), where v € C([0,T]; H%(Q))
and for every t € [0,T] the function v(-,t) is the unique solution of the
elliptic problem

—BAv(-,t) + (1 = B)v(-,t) = p(u) (-, t) — aAu(-,t) inQ

. 2.6.3
av(’t):() on 0N). ( )
on
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A more general well-posedness result for problem (N P), analogous to
Theorem 2.2.2, is obtained as before considering the family of approximating

problems
(1 = B)unt = Alpn(un) — aAuy, + Buy] in Q
(NPy) Qun _ 08un _ on 9 x (0,7)
" on  On H ’
Up, = Uop, in Q x {0}.

Here ¢, is defined as above (see (2.2.5)), and for every ug € H*(Q) {uon} C
HZ(Q) is any sequence such that

ol (@) < lluollai() (2.6.4)

uon — ug in HY(Q). (2.6.5)

Observe that by mass conservation, for every ¢t € (0,7] and n € N

A%@QM:LWWMW (2.6.6)

Concerning solutions of the approximating problems (N P,,) we have the
following estimates, which are the counterpart of those of Proposition 2.3.6.

Proposition 2.6.2. Let a € (0,00), B € (0,1), up € H'(2), and let ¢ sat-
isfy assumptions (Hp)-(Hy). Let {uy,} be the sequence of solutions to prob-
lems (NP,) given by Theorem 2.6.1, with {uon} satisfying (2.6.4)-(2.6.5).
Then for every a > 0 there exists M > 0 (only depending on the norm
|uoll () such that for any a € (0,a), B € (0,1) and n € N

1@ (un) Lo (0,7):L1(2)) < M 5 (2.6.7)
vallun| L o,ryz2(0)) < M (2.6.8)
Vall[Vu|ll Lo o.1y;20)) < M ; (2.6.9)
VB [untll L2iq) < M ; (2.6.10)
vallen(un)llzeg) < M (2.6.11)
VB || Ay p2ig) < M; (2.6.12)
VaB (1= B) llvnll2q) < M; (2.6.13)
VT=B Vol < M (2.6.14)
\/BHAUTLHLQ(Q) <M. (2.6.15)
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Proof. Tt is easily checked that equality (2.3.16) holds under the present
assumption, hence inequalities (2.6.7), (2.6.9)-(2.6.10) and (2.6.14) follow.
The proof of inequality (2.6.11) is the same of (2.3.27), using (2.6.9) and
(2.6.14) instead of (2.3.23) and (2.3.25), respectively. Inequality (2.6.15)
follows from (2.6.10) by the equality u,; = Av,,.

Concerning (2.6.8), observe that by the Poincaré inequality and mass
conservation (see (2.6.6)) there exists C' > 0 such that

V0l + ([ unte0 dx)] _
19 ) gy + ([ wonte) dm)]

for every t € (0,7). Then by inequalities (2.6.4) and (2.6.9) we have

Jun( D)2y < C

C

M
Ol < © (‘o + 19 ol

for every t € (0,7), whence (2.6.8) follows.

From the first equality in (2.3.37) (which follows from equality (2.2.2) as
for Dirichlet boundary conditions) by Sobolev embedding and inequalities
(2.6.9), (2.6.11) we have

BVl (Ol + (1 = B) lon (-, 6) 22y <
a2 0w 2oy + @ 1190l Ol 2@y 117ual 0220
1-8 1

2 2
< 5 ol t)lizag) + 21— 5) llon(un)llz20) +

IN

£ 2ol OB + &QIIIVU G017
9 ni\" LQ(Q) Qﬁ ni\" LQ(Q)a

namely

BUIVRl( 0172 () + (1= B) lon( )72y <

1 9 a? 9
< - . )
< g lenlwlita + G IIVunl ()30

Integrating the above inequality on (0,7") and using inequalities (2.6.9),
(2.6.11) we obtain

1 o
/8 \van|||2L2(Q) + (1 - ﬁ) ||Un||%2(Q) S M2 (a(l—ﬂ) —+ 5) ,

whence inequality (2.6.13) follows. Finally, from equality (2.3.30), using
(2.6.10), (2.6.11) and (2.6.13), we obtain (2.6.12). This completes the proof.
O

100

<



Arguing as in Section 2.3, from the above estimates we obtain the fol-
lowing analogue of Theorem 2.2.2.

Theorem 2.6.3. Let a € (0,00), B € (0,1), and let ¢ satisfy assumptions
(Ho)-(Hy). Then for every ug € H'Y(Q) there erists a solution of problem
(NP), which is meant in the following sense:

(i) u € L*((0,T); Hz(Q)) N C([0,T]; H'(Q)), w € L*(Q), p(u) € L*(Q);
(i) problems (2.2.1) and (2.6.3) are satisfied in strong sense, with v €
L2((0,T); HA(9).

For every t € (0,T] there holds

/Q w(z,t) de = /Q uo(z) dz, (2.6.16)

and, if ¢ satisfies assumption (Hs), the solution is unique.
Moreover, for every a > 0 there exists M > 0 (only depending on the norm
|wollei (o)) such that for any a € (0,&) and B € (0,1)

[P (u)l| Lo (0.7):01 () < M, (2.6.17)
the function ® being defined in (2.2.13);

va [[ull g orym ) < M (2.6.18)

VB w2y < M; (
Vallp(u)lrzq) < M; (
VBB | Aull 2y < M (2.6.21

VaB (1= B8)vllrzq) < M; (
V1I=B|IVolllr2q) < M; (
\/BHAUHLQ(Q) <M. (

Remark 2.6.1. If ¢ satisfies either assumption (Hsa), or assumptions (Hy),
(H1) and (Hs), the counterparts of Lemma 2.3.4, Proposition 2.3.7 and The-
orem 2.2.8 are easily proven; we leave their formulation to the reader. Sim-
tlarly, we shall not discuss in the present case results analogous to Theorem
2.2.6, concerning the limit o — 0.

The following theorem shows that as o — 0% the solution of problem
(N P) obtained above gives a solution of the Neumann initial-boundary value
problem for the Cahn-Hilliard equation:

up = Alp(u) — aAu]  in Q

Oou O0Au

NCH — ==

( ) = on 0 on 90 x (0,7)
u = ug in Q x {0}.
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The proof (which makes use of estimates (2.6.18), (2.6.20), (2.6.22) and
(2.6.23)) is similar to that of Theorem 2.2.4, thus is omitted.

Theorem 2.6.4. Let ug € H'(Q), and let ¢ satisfy assumptions (Hp)-
(H1). Let uqp be the solution of problem (NP) given by Theorem 2.6.3
(a € (0,00), B € (0,1)). Then for every a € (0,00) there exist u, €
L®((0,7); HL(2)) with p(us) € L*(Q), va € L*((0,T); HY(Q)) and two
subsequences {uq g, } C {ta,g}, {Vas,} C {Va,p} such that

(i) as Bx — 0T there holds

U, — Uo i L((0,T); HY(Q)), (2.6.25)
Ua,B, — Ua almost everywhere in Q , (2.6.26)
P(uap,) = ¢ua) in L3(Q), (2.6.27)
Voo, = Vo in L*((0,T); H'(Q)); (2.6.28)

(79) the function uy is a solution of problem (NCH), in the sense that

/ /Q o Gt = //Q Voo VG dedt = - /Q uo()((x,0) dz,
//Q Vo drdt = //Q o(uq) ¢ dedt + a//Q Vg - V¢ dzdt

for every ¢ € CH(Q) such that ¢(.,T) =0 in §;

(7i1) the function u, satisfies equality (2.6.16) for almost every t € (0,T)
and inequalities (2.6.17), (2.6.18), (2.6.20), whereas vy satisfies the a priori
estimate

Vvalll2(q) < M (2.6.29)

with some constant M > 0 only depending on the norm |[uol| g1 (q)-

When 8 — 17, in the present case we obtain solutions of the problem

up = aAu — o(u) + 1 p(u)dr in Qr
9] Jo

(NRD) gu _y on 99 x (0,T)
on
u = ug in Q x {0}

(the presence of the nonlocal term in the right-hand side of the first equa-
tion stemming from Neumann boundary condition; see (AC')). This is the
content of the following theorem.
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Theorem 2.6.5. Let ug € H'(S2), and let ¢ satisfy assumptions (Ho)-(Hi).
Let uqp be the solution of problem (NP) given by Theorem 2.6.3 (a €
(0,00), B € (0,1)). Then for every a € (0,00) there exist a function u, €
L>®((0,T); HY(2)) N C([0,T]; L*(R)) and a subsequence {usp,} C {uap}
such that

(1) uat € L*(Q), p(uq) € L*(Q), Au, € L*(Q);

(7i) as B, — 1~ there holds

Ua,g, — Ua 10 L®((0,T); H'()), (2.6.30)
Uq, B, — Ua almost everywhere in Q , (2.6.31)
(a8, )t = tar in L*(Q), (2.6.32)
p(uas,) = plua) in L*(Q), (2.6.33)
Aug g, — Au, in L*(Q), (2.6.34)

(7i1) the function us is a solution of problem (NRD), in the sense that

/Q (/ #lta)(@ ) dx/) C(x,t) dudt + /Quo(a:)C(:c,O) dz =

://Qs:o(ua)g“dxdt—i—a//QVua-VCd:cdt—i—//Quag}da:dt

for every ¢ € CH(Q) such that ((.,T) =0 in §;
(iv) the function u, satisfies equality (2.6.16), inequalities (2.6.17), (2.6.18),
(2.6.20) and the a priori estimates

HuatHL2(Q) < M, Vv a3 HAU’”L2(Q) < M (2635)

with some constant M > 0 only depending on the norm |[uol| g1 (q)-

Proof. We only prove claim (#ii). Setting z, g := (1 —/)vq,g, by inequalities
(2.6.22)-(2.6.23) we have

vabBlzaslrzg) <M, Vzasllizzg < Myv1-8.

Then for every « € (0,00) there exist a function z, € L?((0,T); H*(£2)) and
a subsequence {244, } C {243} such that

Zap, — %o 0 L*(Q), Vza, — 0 almost everywhere in Q. (2.6.36)

Therefore z, is a function of ¢ alone, and z, € L?(0,T).
Now observe that the first equation in (2.6.3) reads

2(t) = p(u)(-,t) — aAu(-,t) + Bug(-, t) in Q (t€(0,7)),
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whence plainly

//Q Za,s G drdt = //Q ©(uq,p) ¢ drdt +

+ a//@ vuaﬁ.vgdxdwrﬁ//@(ua,g)tgdxdt

for every ¢ € C'(Q). Writing the above equality with 3 = S and letting
Br — 17, by (2.6.30), (2.6.32), (2.6.33) and (2.6.36) we obtain

/O Tza(t) /Q Cdedt = / /Q o(ua) ¢ dodt + (2.6.37)

+ a// Vua-VCdxdt+// e ¢ dzdt
Q Q

for every ¢ € CY(Q). Choosing ¢ = h € C.((0,T)) in (2.6.37), by con-
servation of mass (see (2.6.16)) and standard approximation arguments we
get

92 za(t) = [ (o).t do (2.6.38)

Q
for every t € (0,T). From equalities (2.6.37)-(2.6.38) the conclusion follows.
O

Finally, let us discuss the limit o — 0T of problem (NCH). Up to
obvious changes, the analogue of Theorem 2.2.7 holds true; we leave its
formulation to the reader. Remarkably, thanks to the conservation of mass
(see equality (2.6.16) and Theorem 2.6.4-(7i7)), the same holds under the
weaker assumption

(Hs) there exists k£ > 0 such that

ku® < ®(u) for any u € R, (2.6.39)

+

where r* := max{£r,0} (r € R), and either sign holds in the above inequal-

ity.. In fact, the following holds.

Theorem 2.6.6. Let ug € H'(Q), and let ¢ satisfy assumptions (Hp),
(Hy) and (Hs). Let uq be the solution of problem (NCH) given by The-
orem 2.6.4 (o € (0,00)). Then there exist u € L>¥((0,T);L'(Q)), p €
L>((0,T); MT(Q)) and

v € L2((0,T); H () with the following properties:

(1) there exist two subsequences {uq, } C {ta}, {va,} € {va} and a decreas-
ing sequence of measurable sets By, C Q of Lebesgue measure |Ey| — 0, such
that the sequence {UakXQ\Ek} is uniformly integrable, and as oy, — 0T the
convergence in (2.2.56)-(2.2.58) holds true;
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(i7) as ax — 0T there holds
Vo, — v in L*((0,T); HY(Q)); (2.6.40)

(791) equality (2.2.60) is satisfied.

Proof. By the considerations in Section 2.5, it suffices to prove that the
family {us} is bounded in L'(Q). To this purpose, observe that for almost
every t € (0,7)

/!ch(%t)\dfc = i/ua<m,t)dx+2/u2:<x7t)dx -
Q Q Q
= i/uo(fﬂ>dw+2/u§(x,t>d:c <
Q Q
< \/@HUO||H1(Q)+2/ ®(ug)(z,t)de < M;
Q

here use of equality (2.6.16) and inequality (2.6.17) has been made. Then
the conclusion follows. O]
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Chapter 3

On the Cahn-Hilliard
regularization of
forward-backward parabolic
equations

3.1 Introduction

In this paper we study the problem

up = Alp(u) —eAu] in Qp:=Qx (0,7)

ou  OAu
P _—= =
(Pr) 5 =5, =" on 9 x (0,7)
u = up in Qx {0},

where T > 0, © € R" is a bounded domain with smooth boundary 052,
and % denotes the outer normal derivative at 9. We are interested in
nonlinearities ¢ of the following type:

u

=TT o(u) = wexp (—u). (3.1.1)

p(u)
Precise assumptions concerning the function ¢ (and the initial data function
up) are made below (see Section 3.2).
Our motivation comes from the Perona-Malik equation [PM] in one space
dimension

2 = [p(22)]z » (3.1.2)

where ¢ is as in (3.1.1), which also appears in a mathematical model for
the formation of layers of constant temperature or salinity in the ocean (see
[BBDU]). The relationship with problem (Pr), with ¢ as in (3.1.1), is easily
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seen: differentiating equation (3.1.2) formally with respect to x and setting
u = z, gives the equation

u = [p(u)] gz - (3.1.3)

The first equation in problem (Pr) is a specific regularisation, called of
Cahn-Hilliard type, of equation (3.1.3). In fact, the Perona-Malik equation
is a well-known example of forward-backward parabolic equation, which is
ill-posed forward in time.

Beside in image processing [PM] and in modelling of stratified turbulent
shear flow [BBDU]J, forward-backward equations arise in many applications,
e.g., in aggregation models of population dynamics [Pa]. To regularize these
equations, first a higher order term depending on a small parameter € > 0 is
added to the right-hand side (on the strength of different physical and bio-
logical considerations, e.g., see [BFJ, BS, G]), then the ”vanishing viscosity
limit” as € — 0 is investigated. In carrying out this program, mainly two
classes of additional terms have been used in the literature:

(i) eAf(u)]s, with ¢' > 0, leading to third order pseudo-parabolic equations
[BBDU, BST1, BST2, EP, MTT, NP, Pl1, P12, P13, S, STe, ST1, ST2, ST3].
If ¢ (u) = u, this regularization is called Sobolev regularization,;

(ii) —eA%u, leading to fourth-order Cahn-Hilliard type equations (see [BFG,
P14, Sl] and references therein). This kind of regularization has been less
addressed, possibly since studying its singular limit as ¢ — 0 appears to be
more difficult than for the regularization mentioned in (7).

Cahn-Hilliard type equations have been widely investigated in the con-
text of the theory of phase transitions (in particular, see [EZ, Z]). In this
case the non-linearity ¢ suggested by modelling is cubic, i.e., p(u) = u3 —w.
Existence of suitably defined global solutions was proven in [EZ], and their
asymptotic behaviour for large time was studied in [Z], under the assump-
tion N < 3 on the space dimension. The singular limit as ¢ — 0 was studied
in [P14], taking advantage of the fourth order growth at infinity of the asso-
ciated free energy ®. Unfortunately, the approach in [Pl4] does not apply
when ¢ is as in (3.1.1), due to the very slow (only logarithmic) growth at

infinity of the associated potential.

In the light of the above remarks, our motivation for the present study
is investigating the regularization mentioned in (ii) for forward-backward
equations, whose nonlinearity ¢ grows at most linearly at infinity (see as-
sumption (A;). This is meant as a preliminary step before addressing the
singular limit of the problem as ¢ — 0. Specifically, we prove existence and
uniqueness of global solutions in a suitable function space under the assump-
tion N <5 (see Theorem 3.2.2). We also study, using the same approach as
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in [Z], the asymptotic behaviour as t — oo of solutions of the problem

up = Afp(u) — €Au]  in Qu := Q x (0, 00)

ou  0Au

POO _— =
(Pso) ey 5 0 on 99 x (0,00)

u = ug in Qx {0}.

(in particular, see Theorem 3.2.6). In doing so, we take advantage of con-
servation of mass: for any solution u of problem (Px)

),

— | u(z,t)de =M,
o] Jo 1"

where

1
M = / updx 3.1.4
0 Jo (314

(see Proposition 3.2.3). Finally, in the case N = 1 we address existence and
multiplicity of equilibrium solutions of (Px) when ¢(u) = 17%5. At variance
from the cases of a polynomial ¢ (see [CGS, NPe, Z]), a complete analytical
investigation reveals to be cumbersome, thus recourse to numerical methods
has been expedient.

The paper is organized as follows. In Section 3.2 we describe the math-
ematical framework and state our main results. Proofs are to be found in
Sections 3.3, 3.4. Equilibrium solutions of (Ps) in one space dimension are
studied in Section 3.5.

3.2 Mathematical framework
3.2.1 Preliminaries

The following function spaces will be used in the sequel:

H%(Q) = {u c H*(Q) gz = 0} :

H2.(Q) = {u e H2(Q) ‘ /Qud:c - 0} :

HL(Q) = {u e Hio) | 2 = 28u _ 0} ,

v v
HE.(Q) = {u e Hi(Q) ‘ / udz = 0} :
Q

H*" (Qr) :== {u e L*(0,T; HY(Q)) |ut € L*(Qr)}
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We always suppose that ¢ € C3(R), ¢(0) = 0; moreover, the following
assumptions concerning ¢ will be used:

(A1) ¢ € L*(R);
(A2) ¢" € L*(R);
(A3) ¢" € L*(R);
(Ay) sp(s) >0 for any s € R.

The following proposition (e.g., see [Ze, Proposition 23.23]) will be used
to prove existence results.

Proposition 3.2.1. Let V' be a separable reflexive Banach space with dual
space V', and let H be a separable Hilbert space such that:

(i) VCHCV;

(74) V is continuously embedded into H and dense in H.

Then for any p € (1,00) the space

Z = {u|ue LP((0,T); V), up € LI((0,T); V') }

where }D + % =1, is continuously embedded into C([0,T]; H).

3.2.2 Existence

Let us state the following definition.

Definition 3.2.1. Let ug € H%()). By a solution of problem (Pr) we
mean any function u = u(z,t), u € C ([O,T];H%(Q)) N H*Y(Qr) such that
o(u) € C([0,T); HE(Q)), u(-,0) = uo, and

//QT uen ddt = — / o, V [p(u) — eAu] - Vi dzdt (3.2.5)

for anyn € L*((0,T), H () (the central dot”-” denoting the scalar product
in RY).

Theorem 3.2.2. Let assumptions (A1)-(As) be satisfied. Let ug € H(Q),
and let N < 5. Then for every T > 0 there exists a unique solution of
problem (Pr).

Choosing 7 = 1 in equality (3.2.5) immediately gives the following result.
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Proposition 3.2.3. Let the assumptions of Theorem 3.2.2 be satisfied, and
let u be the solution of problem (Pr) given by the same theorem. Then for

every t € (0,T)
/ u(z, t)dr = / uod . (3.2.6)
Q Q

By Theorem 3.2.2 and Proposition 3.2.3 we have the following result.

Corollary 3.2.4. Let assumptions (A;1)-(As) be satisfied. Let ug € Hz.(9),
and let N < 5. Then for every T > 0 there exists a unique solution of
problem (Pr), which belongs to C ([0,T]; Hz.(9)).

3.2.3 Asymptotic behaviour

Let us first state the following definitions.

Definition 3.2.2. Let ug € H%(2). By a global solution of problem (Pax)
we mean any function u € C ([0,00); H&(Q)) N HY (Qwo), with o(u) €
C ([0, 00); HE(Q)), which is a solution of problem (Pr) for every T > 0.

Definition 3.2.3. Let ug € H%(2). Let u be the global solution of problem
(Pso) given by Theorem 3.2.2. By the w—Ilimit set of the solution u we mean
the set

w(ug) :={a | It} C (0,00) such that u(zx,t,) — u in He(Q)}. (3.2.7)

Definition 3.2.4. By an equilibrium solution of problem (Ps) we mean
any function w € HE(SY), with o(w) € H&(Q), which satisfies in the strong
sense the equality

Alp(w) — eAw] =0 in Q. (3.2.8)

Remark 3.2.1. It is immediately seen that there is one-to-one correspon-
dence between equilibrium solutions of problem (Ps) and functions w €
HZ(Q), with p(w) € HE(), which satisfy in the strong sense the equality

eAw =p(w)+o in Q (3.2.9)
with some constant o € R.

By Theorem 3.2.2 and a standard prolongation argument, for every ug €
HZ(Q) there exists a unique global solution of problem (Ps). Let us study
the asymptotic behaviour of this solution as t — co.

To this purpose, Proposition 3.2.6 suggests the change of unknown z :=
u — M, where M denotes the mass defined in (3.1.4). Then v = z + M
and z2(-,t) € Hz.(Q2) for every t € (0,00). Therefore, it is not restrictive
to study problem (P,,) with initial data ug € H2.(Q) (clearly, this implies
u(-,t) € H2.(Q) for every t € (0,00)). In doing so, the advantage is that we
can obtain uniform estimates of the solution on the whole half-line (0, c0).
In fact, the following proposition will be proven.
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Proposition 3.2.5. Let ug € Hp. (), let assumptions (A1)-(A4) be satis-
fied, and let N < 5. Let u be the unique global solution of problem (Px,)
given by Theorem 3.2.2. Then for every t € (0,00)

u( )llms @) < C5 - (3.2.10)
Then we have the following result.

Theorem 3.2.6. Let ug € Hp. (), let assumptions (A1)-(A4) be satisfied,
and let N < 5. Then:

(i) the w-limit set w(ug) is nonempty;

(ii) the function t — F(u)(t), where

F(u)(t) ::/ {q)(u)(:c,t) —i—%\Vu(x,t)F}dx, D (u) ::/ o(s)ds
Q 0
(3.2.11)
for any u e C ([0, 00); Hl(Q)), is nonicreasing;
(ii1) every point of w(ug) is an equilibrium solution of problem (Px).

Claim (i) of the above theorem, whose proof is omitted, is an obvious
consequence of Proposition 3.2.5, whereas claims (i)-(i¢) follow by standard
arguments (e.g., see [H]). We leave the details to the reader.

Finally, observe that problem (Py,) and its solution depends parametri-
cally on e. The following proposition shows that for e sufficiently large the
solution decays to zero as t — oo.

Proposition 3.2.7. Let ug € Hy.(Q), let assumptions (A1)-(Ay) be satis-
fied, and let N < 5. Let u be the unique global solution of problem (Px,)
given by Theorem 3.2.2. Then there exists g > 0 such that for any € > ¢

lu( )iy — 0 ast— 0.

In agreement with Proposition 3.2.7, it can be proven that every non-
trivial equilibrium solution of problem (Py) is trivial if € is large enough.
On the other hand, by similar methods it can be proven that problem (Px)
admits nontrivial equilibrium solutions, if € is sufficiently small and the mass
M sufficiently large. The proof of these statements is analogous to those of
[Z, Lemma 3.2 and Theorem 3.3]. The latter statement is in agreement with
the considerations of Section 3.4 (based on numerical evidence), if N = 1

and ¢(s) = 1fs2'
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3.3 Proof of existence results
This section is devoted to the proof of Theorem 3.2.2. Set
v = p(u) — eAu. (3.3.12)

Then problem (Pr) can be rewritten in the equivalent form

u = Av in Qr

ou Ov

e G T 3.3.13
5 = By 0 on 092 x (0,7T) ( )
u = ug in Qx{0}.

According to Definition 3.2.2, we seek a couple of functions u € C ([0, T]; H(22))N
H*Y(Qr), v € C([0,T); HE()) satisfying problem (3.3.13), in the sense
that u(-,0) = up and

// wn dedt = —/ Vv - Vndzdt (3.3.14)
T Qr

for any n € L%((0,T),H'(Q2)). This will be achieved using the Faedo-
Galerkin method.

Let vy (k € N) denote the eigenfunctions of the Laplace operator with
Neumann boundary conditions

A = Mt in Q

3.3.15
% =0 on 0N, ( )
ov

which combined with the constant function ®g = 1 form an orthogonal basis
of H%(9). Since by assumption the boundary 9 is smooth, the functions
1y, are smooth and there holds

OAYy
ov

Thus they are a suitable choice for the Faedo-Galerkin method.

=0 ondf (ke NU{0}). (3.3.16)

In view of the above remarks, we consider approximate solutions of
(3.3.13) of the form

Um = ijmwj o Um o= p(um) — €Aupy, (meNuU{0}), (3.3.17)
=0

with coefficients wj,, = w;m(t) (t € (0,T) to be determined. Since

8um _ in: 81/1]

Sm W D
ov / IOy
Jj=0
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and
m

T =3 g [ ) = e P58

v - = Wim ov ov

by (3.3.15)-(3.3.16) there holds

Oum (-, t)  Oupm(-,1)
o v

=0 ondf2 (3.3.18)

for every m € N U {0}. Clearly,

Umt = Z w;m(t)wj s Aum = — Z )\jwjm’lﬁj s A2um = Z )\?’u}jm’lﬂj .
j=0 =0 j=0
(3.3.19)

Denoting by (-, ") 2(q) the scalar product in L2(9),

(F9)iay = [ fode for any [ € (9.

by (3.3.19) we have
(Umta wk)LQ(Q) = w;cm (t) )

(Avmwk)p(ﬂ) = (Uva¢k)L2(Q) = =M (Umawk)m(n)

==\ {(ﬁp(um), Vi) r2(0) — € (A, wk)m(g)}
= _eAiwkm(t) — g (@(um)a ¢k)L2(Q) (k =0,1,.., m) .

According to the Faedo-Galerkin method, we require that the equalities
(Umt, ¢k)L2(Q) = (AUm; ¢k)L2(Q)

be satisfied for each m € NU {0} and k = 0,1, ...,m. This gives the system
of ordinary differential equations

W, = —€eN2Wkm — Mk, ((Um), V)2 i (0,T) (3.3.20)

wkm(o) = Qgm
for the coefficients wom,, Wim, .- Wimm. Here

O, *= (UOmﬂbk)p(Q) )
with
5 ajut — ug in HE(9)
UOm = (% iy U Up 1N y
=T o (3.3.21)

lwomllz2(0) < lluoll g2 -
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For every m € N U {0} and k = 0, since A\g = 0 the unique solution
of system (3.3.21) is wom(t) = wom(0) = agm (observe that the nonlinear
term (@ (um), ¥k) 12(q) s locally Lipschitz continuous with respect to wgn, by
assumption (Aj)). On the other hand, for for every m € N and k= 1,...,m
there exists 15, > 0 such that system (3.3.20) has a unique solution in
the maximal interval (0,7,,). In view of the a priori estimates below, this
solution is global - namely, it exists in (0,7") for every m € N.

Lemma 3.3.1. Let ug € Hz(Q), and let assumption (A1) be satisfied. Let
U be defined by (3.3.17) with coefficients wgy, satisfying system (3.3.20)-
(3.3.21) in the maximal interval (0,T,,). Then there exists C1 > 0 (only
depending on €, T' and the norm |luo|| g2(q)) such that for every t € (0,T;,)

t
[t (1) By + /0 1At (-, )220 ds < 1 (3.3.22)

t
I190n Ol + [ VAo Brapds < Cr. (3329

Proof. By (3.3.17) and (3.3.19) we have
et (- )12 20 Z|wjmr2 1At (-, )13 ZA%W (3.3.24)

Multiplying the first equation of (3.3.20) by wgy,, and summing over k =
0, ..., m plainly we obtain

1d
5@”“771(%)”%2(9) = —¢€ HAUm('J)HQH(Q) + (e(um), Aum) 2y (3.3.25)
= =18t Oy = [ ) T, )
< el ) ey + € [ [Tz, ) do
Q

= —¢ ||Aum(',t)H%2(Q) — C/Qum(x,t)Aum(x,t)d:c

2

) C
— 1A ()72 ) + 52

IN

[t (-5 )72

with some constant C' > 0; here use of assumption (A4;) and equality (3.3.18)
has been made. By Gronwall’s inequality and (3.3.21), from (3.3.25) we get

2 €
[[um (-, 2y < lluollFzye®™e (t € (0,Tm). (3.3.26)

Integrating inequality (3.3.25) on (0,7,,) and using (3.3.26) gives inequality
(3.3.22).
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To prove (3.3.23) observe preliminarily that

1t (s )ll72(0) = = (At ) 20 ZMwaml

H’VAum(HS)‘H%?( Q) = (Aum,A Um Z/\?”wym‘g

(see (3.3.16), (3.3.18) and (3.3.19)). Then multiplying the first equation of
(3.3.20) by A\pwg;, and summing over k = 0, ..., m, we get

IV Dl = —€ NIV At D1 gy — (2latm), D) g
— eV AunC ey + [ ) Tin(2.0)- Tt )
Q
< eIV AU )+ C [ Vi)V Ao, 8)do
Q
< —Yva 2 < [y 24
< IV ey + 5o [ [V t) P

with some constant C' > 0; here use of assumption (A1) and equality (3.3.16)
has been made. Using Gronwall’s inequality and and arguing as for (3.3.25),
from the above inequality we obtain (3.3.23). This completes the proof. [

Under the stronger assumptions of Theorem 3.2.2 we can improve on
the estimates of the above lemma. To this purpose, following [EZ] we shall
make use of the Nirenberg inequality:

1D70]| o) < Kl D™l |10l Falery + K2l [0l Lage) (3.3.27)

WhereD:£ (k=1,...,N), K1,Ky > 0 and

J 1 m 1—a
= = - — = 3.2
» N+a<r N>+ 7 (3.3.28)

with j e NU{0}, m e N, j <m, a € [%,1] and p,q,r € (1,00) (e.g., see

[A])-

Lemma 3.3.2. Let ug € Hz(Q), let assumptions (A1)-(As) be satisfied, and
let N < 5. Let uy, be defined by (3.3.17) with coefficients wyy, satisfying
system (3.3.20)-(3.3.21) in the mazimal interval (0,T,,). Then there exists

C2 > 0 (only depending on €, T' and the norm |luo|| g2(q)) such that for every
€ (0,Tn)

t
80Ol ey € [ 1A% ayds < o (3320
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Proof. Multiplying the first equation of (3.3.20) by A2wy,, and summing
over k =0,...,m, we get

RATNE B)l1720) = —€ 1A% um (-, )] 72(0)+ (A (um) (1), Aum (1)) 12

(3.3.30)
(see (3.3.19)). Set Alp(um)] = Ap(um)(-,t), A%uy = Auy,(-,t) for sim-
plicity. Since

2dt

Alp(um)] = @' (um) Aum + go”(um)]Vum\z )
using assumptions (A4;)-(Az) plainly we have
‘(A@(um)a AQUm L2 Q)’ < HAgo(um HLQ(Q) HAQUmHL2 () 3 3. 31)

< O A%l 2oy {IVumllBace + 1Al 2y | -
To estimate the term |||V, ][%4(9) in the right-hand side of (3.3.31), we
use the Nirenberg inequality (3.3.27) with v = [Vup|, j = 0,m = 3,a =
N/12,p = 4,q = r = 2. Then we obtain

IV umllla9) < KillAum[F20) 1 Vum| 172{) + Kol [Vm| 220
] (3.3.32)
for some K; > 0. Since by assumption 2a = N/6 < 5/6, by inequalities
(3.3.23) and (3.3.32) there exist M; > 0, M3 > 0 such that for every ¢t €
(0, Tom)
5
V| (5 8) |74y < Ml A um (- 10 + M2 (3.3.33)
Similarly, the term || Aum | 12(q) in the right-hand side of (3.3.31) can be
estimated using the Nirenberg inequality with v = [Vu,|, j =1,m =3,a =
1/3,p = q =r = 2. This gives
[Atm | L2 (q) < KlI\AQUmHLz WV | HLz ) T Kol [Vum| [[12(q) (3.3.34)

for some K7 > 0. Hence by inequalities (3.3.23) and (3.3.33) there exist
N1 > 0, Ny > 0 such that for every t € (0,T},,)

1
1A (- )l 20y < N1l A (-, 1)l F2 () + N2 (3.3.35)

By equality (3.3.30) and inequalities (3.3.31), (3.3.33) and (3.3.35), it is
easily seen that there exists M > 0 (depending on €) such that

€
2dtHAum( D)l[72(q) + 3 1A% (-, )| T2y < M
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for every t € (0,7,,), whence inequality (3.3.29) immediately follows. This
completes the proof. O

Now we can prove Theorem 3.2.2.

Proof of Theorem 3.2.2. Let {un,}, {vm} be the sequences defined in (3.3.17),
with coefficients wj,, satisfying system (3.3.20). Observe preliminarily that
by estimate (3.3.22) there holds T,,, = T for every m € N, thus esti-
mates (3.3.22), (3.3.23) and (3.3.29) hold for every t € (0,7) and m €
N. As a consequence, the sequence {u,,} belongs to a bounded subset of
L%((0,T); H*(Q)). Then there exist a subsequence {ur} = {tm,} C {um}
and a function u € L?((0,T); H*(£2)) such that

up — u in L2((0,7); HY(Q)). (3.3.36)
Moreover, by estimates (3.3.22)-(3.3.23), it is not restrictive to assume that
ur — u almost everywhere in Qr . (3.3.37)

By the assumed properties of ¢, there holds ¢(u) € L* ((0,T); H*(2)). Let
us prove that u is a solution of problem (Pr).
For every k € N and any n € L?(0,T; H*(£2)) there holds

// upen daedt = / V [e(ug)] - Vndzdt — e// A2ugn dxdt
T Qr Qr

= — // ¢’ (ug)Vuy, - Vo dzdt — e/ A2uyn dadt . (3.3.38)
T Qr

As k — oo, using the convergence in (3.3.36)-(3.3.37) and assumption (A1),
by the Dominated Convergence Theorem we easily get

// ¢ (ug)Vuy - Vndadt  — // ¢ (u)Vu - Vndxdt,
T T
whereas by (3.3.36)
/ A’upndedt  — / A2y ndxdt
Qr Qr

for any n as above. By the above convergence results, letting & — oo in
equality (3.3.38) for any n € C§°(Qr) we have

// ugn dxdt = —// ugne dedt  — —// un dxdt
Qr Qr Qr
= —/ {A[cp(u)] - 6A2u}nd$dt.
Qr

By the regularity of u, it follows that the distributional derivative u; belongs
to L?(Qr), thus v € H*'(Qr). Moreover, equality (3.3.14) holds for any
n € L*0,T; H()).
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Further observe that, in view of estimate (3.3.23), it is not restrictive to
assume that
up — u in L*((0,T); H*(Q)). (3.3.39)

Since {ug} C L*((0,7); H%(£2)), from (3.3.39) we obtain that u € L*((0,T); Hz()).
Observe that H*(Q) N H%(Q) endowed with the norm | - | 7ra(q) is a closed
subspace of H*(Q) hence is a reflexive Banach space. Therefore, applying
Proposition 3.2.1 with p = 2, V. = H4(Q) N H%(Q) and H = H%(Q) we
obtain that u € C ([0, T]; Hz(R)), thus ¢(u) € C ([0, T]; HE(1)).

Finally, observe that by (3.3.38) and subsequent remarks there holds

uge — ug in L*(Qr), (3.3.40)

thus by Sobolev embedding

u, — uin C ([0, T); L*(2)) .

In particular,
ug(-,0) = ugr, — u(-,0) in L*(Q),

whence u(-,0) = up by (3.3.21).

It remains to prove uniqueness. By a standard argument, let u,v be
solutions of problem (Pr). Then we have

(u =) + e A% (u—v) = Afp(u) — p(v)].
Multiplying by v — v and integrating over €2 yields

1d
5@”(“ - U)('J)H%?(Q) +ellAlu— U)(‘J)H%%Q)

- /Q (o) — o(v) Alu — v)] (z, t)dx
< c /Q [ — o] |Au — )] (2, t)de

€ C?
< §HA(U - U)('J)H%%Q) + ZH(U - ”)('J)H%%Q)

(here use of assumption (A4;) has been made).Then we have

d C?
=) Ol20) + el Alu = v)( DlF20) < Nl = v)( D2

whence by Gronwall’s inequality the equality v = v immediately follows.
This completes the proof. O

Remark 3.3.1. Let (-,-) denote the duality map between the spaces (H'())’
and HY(Q). It is worth observing that, under the weaker assumptions of
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Lemma 3.3.1, for any ug € H5(Q) a solution of problem (Pr) ezists in the
following weaker sense:

(i) u € C ([0, T]; HE(2))NL*((0, T); H* (), ul+, 0) = uo, p(u) € C ([0, T); HE())
and uy € L2((0,T); (HY(Q)));
(ii) there holds

/ ug, m)dt = / V [e(u) — eAu] - Vndzdt (3.3.41)
0 Qr

for every n € L2((0,T); HY(Q))

In fact, by estimates (3 3.22)-(3.3.23) there exist a subsequence {u} =
{tm, } € {um} and a function u € L*((0,T); H3(2)) such that the conver-
gence in (3.3.37) and (3.3.39) holds, and moreover

u, = uin L? ((0,7); H*(Q)) . (3.3.42)

Then applying Proposition 3.2.1 with p =2, V.= H3(Q) N H%(Q) and H =
H%,(Q) we obtain that u € C ([0, T]; HE(Y)), thus ¢(u) € C ([0, T]; H3(S)).
Further observe that for any & € HY(Q) and t € [0,T) there holds
(i, ) = (tut(+6),€) ey
= (Avmaf)LQ(Q) = - (vam vS)L2
= — ([¢'(wm) Vm — eVAUR)(, 1), Vﬁ)Lz @

whence

”umt('at)H(Hl(Q))' = H[ (tm)Vm — €V Aun](-, HL2

for any t € [0,T]. By estimate (3.3.23) and assumption (A1) this plainly
glves

T
/0 ||umt(’t)H?Hl(Q))’ S 201 (02 + 62)

for every m € N, proving that the sequence {um,:} belongs to a bounded
subset of L2((0,T); (H*(2))"). Then it is not restrictive to assume that

U — uy in L2((0,T); (HY(Q))). (3.3.43)

By the above remarks, letting k — oo in the equality

// Upen dadt = —/ V [o(ug) — eAug] - Vi dzdt
T Qr

(which holds for any k € N and n € L*((0,T); HY(2))) we obtain (3.3.41).
Arguing as in the proof of Theorem 3.2.2, the equality u(x,0) = wug(x) is
easily proven. Hence the claim follows.
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We conclude this section by proving for further reference the following
analogue of Lemma 3.3.2.

Lemma 3.3.3. Let ug € Hg(Q), let assumptions (A1)-(As) be satisfied, and
let N < 5. Let uy, be defined by (3.3.17) with coefficients wy, satisfying
system (3.3.20) in the maximal interval (0,T,,), with initial data oy, such
that

Ugm = Y. Qjmibj,  Uom — g i HE (),
= " F (3.3.44)

lwomll g0y < lluollm(q) -

Then there exists C3 > 0 (only depending on €, T' and the norm ||uo|| g4(q))
such that for every t € (0,T,,)

t
1V A (-5 )] [[72(0) + 6/0 1V At (-, 8)| [ F2(yds < O3 (3.3.45)
Proof. Multiplying the first equation of (3.3.20) by A%wkm and summing

over k=0,...,m, we get

1d
5 g7 1V Aum ()] 720 (3.3.46)

= —¢ H |VA2um('7t)| ”%Q(Q) - (V[Aso(um)](vt)a V[A2um]('vt))L2(Q)

€ 1
< 5l VA2 (- )] |12y + 2 V1A (um)I(, 8)] [P%

here use of the equalities

> A lwkml® = 1V A (- 1) 2y
j=0

SN [l = [V A2t (-, 0)] [y -
k=0

S N (9l 60 1200y = (VIAP(n)] 8, VIA U] 1) 1o
k=0
has been made (see (3.3.19)). Set V[A¢(um)] = V][Ap(un)](-,t) for sim-
plicity. Since

V[A(/)(um)] = v[(p/(um)Aum + 90//(um)|vum’2]
= ‘Pl(um)VAum + 90///(um)vum’VU«m’2

N
Oy, OV Uy,
+ Spll(um) Vum + . )
j; 81’j 8xj
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using assumptions (A1)-(As) and estimates (3.3.22), (3.3.23) and (3.3.29)
plainly we have

HV[Ae(um)]| |20 < C {H|VAum|||L2 +|||va|||?i6(m}+@2
(3.3.47)

with some C;, C2 > 0. To estimate the term H]Vum]Hie,(Q) in the right-
hand side of (3.3.47), we use the Nirenberg inequality (3.3.27) with v = u,,
j=1m = 5p = 6,= 2. As for g, by estimate (3.3.29) and Sobolev

embedding we can choose any ¢ € (1,00) if N < 3, respectively ¢ € (1, ]\2,—]174)
if N =4,5. If N <3 equality (3.3.28) is satisfied with
1 (6-N)g+6N 1
= ,N = = < )
A4 N) = 30 Mg r2N < 3
respectively with a = ¥=3 < % if N =4,5. Then we obtain
Ve[l s gy < Kl !VA2um| 120011Vt || zafy + Kl [Vum| [ Lo
(3.3.48)

for some K; > 0. Then by estimate (3.3.29) there exist P; > 0, P, > 0 such
that for every ¢ € (0,75,)

IVl (-, D)1 260y < Pill VA um] 33 + P2 (3.3.49)

with 3a < 1.

Similarly, the term || |VAuy|||r2(q) in the right-hand side of (3.3.47)
can be estimated using the Nirenberg inequality with v = Auy,, j =1,m =
3,a=1/3,p=q=r=2. This gives

19 At 1) < Brll19A20m] |2 g |1ty + Koll St |26y

_ (3.3.50)
for some K7 > 0. Hence by estimate (3.3.29) there exist @1 > 0,Q2 > 0
such that for every t € (0,T,)

1
119 8t () 1200 < QillITA (D) [l gy + @2 (3:351)

By the last inequality in (3.3.46) and inequalities (3.3.47), (3.3.49) and
(3.3.51), it is easily seen that there exists M > 0 (depending on €) such
that

1d € -

5 178001 By + 5 117820 (1) 30y < N
for every t € (0,T,,), whence inequality (3.3.45) follows. This completes the
proof. O
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3.4 Asymptotic behaviour: Proofs

Let ug € H2.(2). In this case the approximating sequence in (3.3.21) be-
comes

m
Uom = Z ajmwj; Uom — UQ in H%(Q) s
j=1

(3.4.52)
lvomllm2() < lluollp2) — (meN),
thus
/ ugm dx =0 for any m € N.
Q
Accordingly, in the proof of Theorem 3.2.2 now we have
Um =Y Wk Pk (3.4.53)
k=1

with coefficients wyy, (k = 1,...,m) determined by system (3.3.20). Hence
there holds

/Qum(;r,t) dx = ;wkm(t) /Q Ypdr =0 (3.4.54)

for any m € N and ¢ € (0,T},).

Since wuy,(-,t) € H%.(9), it is easily seen that estimates analogous to
those of Lemmata 3.3.1, 3.3.2 and 3.3.3 hold with constants independent of
T. In fact, the following holds.

Lemma 3.4.1. Let ug € H%.(Q2), and let assumptions (A1) and (Ay) be
satisfied. Let uy, be defined by (3.4.53) with coefficients wy,, satisfying sys-
tem (3.3.20), (3.4.52) in the mazimal interval (0,T,,). Then there exists
CY > 0 (only depending on € and the norm ||uol|2(q)) such that for every
te(0,T,)

i ()l sy < C (3.4.55)

Lemma 3.4.2. Let ug € H#.(), let assumptions (A1)-(Ag) be satisfied,
and let N < 5. Let u,, be defined by (3.4.53) with coefficients wgy, satisfying
system (3.3.20), (3.4.52) in the mazimal interval (0,T,,). Then there exists
C3 > 0 (only depending on € and the norm ||uol|4(q)) such that for every
te (0,T)

(-, Ol (e < G5 (3.4.56)

The proof of Lemma 3.4.2 is similar to that of Lemmata 3.3.2 and 3.3.3,
using estimate (3.4.55) instead of (3.3.22)-(3.3.23). We leave the details to
the reader.
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Proof of Lemma 3.4.1. Let F be the functional defined in (3.2.11). Using
(3.3.20) plainly gives

d

g ' (um)] (2) =/Q[SO(um)(:v,t)—eAum(wvt)]umt(fv,t) dx

= /va(x,t)umt(x,t) dr = =) Ml (vm (1), k) 120y < 0.
k=1

This yields F'(up,)(t) < F(up)(0), namely

/Q {@ () (1) + 5V, 07 dr < /Q {@(ugm) + [ Vuiom?} da
< (M + €)|uoll 20

with some constant M > 0, for any ¢ € (0, T},,); here use of assumption (A;)
has been made. Since by assumption (A5) there holds ®(u) > 0 for any
u € R, from the above equality we get

2(M +¢)

[ Vum (- )] | p2) < [uoll 2 »

whence (3.4.55) follows by Poincaré’s inequality. This proves the result. O
Now we can prove Proposition 3.2.5.

Proof of Proposition 3.2.5. Let {u;} be the subsequence considered in the
proof of Theorem 3.2.2. By estimate (3.3.45) and a diagonal argument, there
exists a subsequence {u;} = {ug,} C {u} such that

u — win L2((0,T); H3(Q)) .

Plainly, this gives
T
/0 (D)l sy — Nl ) agen | dt
T
< / ur( 1) — o)L dt

<VT </OT (-, ) = u(, )5 e dt)é — 0

as | — oo. Hence there exists a subsequence, denoted again by {u;} for
simplicity, such that

()| 3y — [lul )]sy for almost every t € (0,7).

By inequality (3.4.56), this yields inequality (3.2.10) for any ¢ € (0,7"). Then
by the arbitrariness of T' € (0, 00) the conclusion follows. O
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Proof of Theorem 3.2.7. Multiplying the first equation of (Ps) by u and
integrating over {2 we get

5371V [y + €IV AU D) = = [ ¢V u(e, )V AU, o

1
< SIVAUC Dl + o [ (@) Vule 0, (3.457)
2 2¢ 0
whence by assumption (A;)

d
VUl D2 0) + € [VAUC, )2 < H V(- )] 1720

for some C' > 0. Smce = 0 on 012, by Poincaré’s inequality there holds
V(s 8)] By < ol D10

= —Co/ Vu(z,t) - VAu(z,t)dx
Q

1 2 a3 2
< SIHVul Oz @) + 5 1VAUG D 720
namely
HVu(, D120 < Coll VAU, O] 1220 (3.4.58)
for some Cy > 0. By inequalities (3.4.57)-(3.4.58) we have

d 2 € 02 2
GVl B + (G = 5 ) 11901y <0,

whence

Jim [Vl )] [ L2@) = 0

if € > € := CoC. Since u(-,t) € H%.(Q) for any t € (0,00), by Poincaré’s
inequality the above equality implies

Jim (- )2 (@) = 0.

Then the conclusion follows. O

3.5 Stationary problem in one space dimension

In this section we address existence and multiplicity of solutions of the prob-

lem
[p(u) —eu")" =0in (~L,L)

/( L) U/(L) — U/”(*L) — ul/l(L) — 0
1
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where the primes denote differentiation and M is the mass defined by (3.1.4).
Integrating twice the first equation of (3.5.59) we obtain (in agreement with
Remark 3.2.1) the equivalent second order problem

e =p(u) —oin (—L,L)
W (—=L)=4d'(L)=0

1
W/Qu(x)da: =1L,

where o € R is a constant to be chosen. The above problem with ¢(u) =

u? —u (and € = 1) was investigated in [Z, NPe]. As motivated in the

Introduction, we are interested in obtaining similar results choosing

(E)

u

=—. 3.5.60

p(u)
Specifically, we address the existence of simple solutions, i.e., solutions which
are strictly monotone and bounded.
Let u = u(x) be a solution of problem (E). Multiplying the first equation
of problem (E) by u' and integrating we obtain

5 [ (@) = W(u(z),0) = b, (3.5.61)
where )
W(u,o) := log(l;—u) —ou

and b is another constant of integration.
Due to the boundary conditions, we must have

W(u(£L),0) —b=0. (3.5.62)

If w is a simple solution, there holds u(—L) # u(L). Therefore, the equation
W(u,0)—b = 0 must have at least two roots u; < ug such that W(u,o)—b >
0 for u; < u < ug (see (3.5.61)). If ¢ is of the form (3.5.60) and o > 0, it is
easily seen that this implies

W(a,o) <b<W(B,o0),
where « and 3 are local extremum points of W - namely, solve the equation
Walu,0) =u—o(1+u?)=0.

Clearly, the above situation gives the condition o < %; if this is the case,
there holds

/1 — 452 N
aza(g):%’ 555(0):$‘
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Similar considerations hold for ¢ < 0, yielding the condition ¢ > —5. We
conclude that the above strategy to determine simple solutions of problem
(E) requires that the parameters (o,b) belong to the following admissible
region (see Figure 3.1)

- {(a, b |oc <_;’O> U <0, ;) W(ao) <b< W(B,a)} . (3.5.63)

0.5

0.2 4

01 . 4

sigma
o
T

Figure 3.1: Admissible region.

Now let (o,b) € 3, and let u be a simple solution of problem (E); suppose
u’ > 0 without loss of generality. Then equality (3.5.61) gives

whence by integration

uz(o,b)
oL = dx - \[/ —: 2L(0,b). (3.5.64)
ul Ub S O’) b

(see (3.5.62)). By the same token, the third equation of problem (E) gives

u2(o,b)
9LM = / z)dr = \/>/ ds —:2M(0,b).  (3.5.65)
u1(o,b) (s a) b

Therefore, proving the existence of a simple solution of problem () amounts
to finding a pair (o,b) € ¥ such that

[,(O', b) =L
{ M(0,b) = LM . (3.5.66)
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Investigating existence and multiplicity of solutions of system (3.5.66)
requires information about the monotonicity properties of the functions £
and M. Unfortunately, at variance from the cases of ¢ of polynomial type
dealt with in [CGS, NPe, Z], for the present choice of ¢ a complete analytical
investigation of this point could not be carried out (similar difficulties are
encountered if ¢(u) = wexp (—u); see (3.1.1)). Therefore, the investigation
has been pursued by a numerical method, whose main steps are described
as follows in the case o € (0, %) (similarly it is possible to obtain the case
with o € (—1,0)):

Step 1 We fix the step size Ao = 0.001 and Ab = 0.005 and we construct
the vector o € (0, %) with grid step Ao. In this way we have 499 nodes
for o.

Step 2 For each o we calculate W(«, o) and W(f3, o) in order to construct
the matrix of the values for b.

Step 3 For each value of ¢ and each value of b inside the admissible region
visible in Fig. 3.1, we calculate the two roots uj(c,b) and ug(o,b) by
using the bisection method.

Step 4 By a recursive adaptive Simpson quadrature method, we numeri-
cally evaluate the integral defined between the two roots calculated
in the previous step in order to calculate the functions £(o,b) and
M(o,b) defined in (3.5.64) and (3.5.65), respectively.

Step 5 We calculate the partial derivative of the functions L£(o,b) and
M(o,b) with respect to o and b by replacing the derivatives with
their incremental ratios, that is by using the centered finite differences
method.

We can arrive to our conclusion by using Figures 3.2, 3.3 and 3.4. In or-
der to obtain a more clear vision, just some level curves are represented.
The computations were done on a computer Mac OS X version 10.6.8 with
processor 2.66 GHz Intel Core 2 Duo, RAM 4 GB.

On the strength of numerical evidence, the following conclusions can be
drawn.

Statement 1 (Monotonicity properties of £ and M). For any (o,b) € ¥
there holds
oL oL oM OM <

b’ s’ Ob o —
Consider the level curves
Cr :={(0,b) € £|L(0,b) =L}, Dpg:={(0,b) € ¥|M(0,b) =LM}.

Statement 2 (Monotonicity properties of the curves Cr, Dag). For any
L > 0, both curves Cr and Daq are decreasing in the admissible region 3.
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Statement 3 (Intersections of the curves Cr, D) For any L > 0 large
enough, there exist some M > 0 such that problem (E) has a simple solution.
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Figure 3.2: Level curves of L(o,b).
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Figure 3.3: Level curves of M(o,b).

Figure 3.4: Level curves of £(o,b) and M(o,b).
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