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Abstract

For bounded domains €2, we prove that the LP-norm of a regular function with compact
support is controlled by weighted LP-norms of its gradient, where the weight belongs to a
class of symmetric non-negative definite matrix valued functions. The class of weights is
defined by regularity assumptions and structural conditions on the degeneracy set where the
determinant vanishes. In particular, the weight A is assumed to have rank at least one when
restricted to the normal bundle of the degeneracy set S. This generalization of the classical
Poincaré inequality is then applied to develop a robust theory of first order LP-based Sobolev
spaces with matrix valued weight A. The Poincaré inequality and these Sobolev spaces are
then applied to produce various results on existence, uniqueness and qualitative properties of
weak solutions to boundary value problems for degenerate elliptic, degenerate parabolic and
degenerate hyperbolic PDEs of second order written in divergence form, where A is calibrated
to the matrix of coefficients of the second order spatial derivatives. The notion of weak solution
is wariational in which the spatial states belong to the matrix weighted Sobolev spaces with
p = 2. For the degenerate elliptic PDEs, the Dirichlet problem is treated by the use of
the Poincare inequality and Lax-Milgram theorem, while the treatment of Cauchy-Dirichet
problem for the degenerate evolution equations relies only on the Poincare inequality and the
parabolic and hyperbolic counterparts of the Lax-Milgram theorem.

Keywords: Degenerate elliptic, parabolic and hyperbolic equations, Poincare
inequalities, Sobolev spaces, matrix valued weights, Lax-Milgram theorem .

AMS subject classification: 26D10, 35A23, 35B50, 35D30, 35J25, 35J70, 35K20,
35L20, 35L80, 46E35 .

*The authors are partially supported the Gruppo Nazionale per ’Analisi Matematica, la Probabilita e le loro
Applicazioni (GNAMPA) of the Istituto Nazionale di Alta Matematica (INdAM)

"Dipartimento di Matematica, Politecnico di Milano, Via Bonardi 9, 20133 Milano, Italy
(dario.monticelli@polimi.it).

iDipartimento di Matematica “F. Enriques”, Universita degli Studi di Milano, via C. Saldini 50, 20133 Milano,
Italy (kevin.payne@unimi.it).

$Dipartimento di Matematica e Informatica, Universita della Calabria, via Pietro Bucci, 87036 Arcavacata di
Rende (CS), Italy (fabio.punzo@unical.it).



1 Introduction

The classical Poincaré inequality! on a bounded domain @ C R™ can be stated as: given
p € [1,00) there exists a constant Cp = Cp (2, p) > 0 such that

/Q|u|p de < C% /Q |VulP de, u e CH(Q), (1.1)

where C}(Q) is the space of C'! functions with compact support in 2. This simple inequality
is well known to yield an impressive amount of consequences in the theory of Sobolev spaces
and their applications for well-posedness results of the Dirichlet problem for elliptic equations
as well as the Cauchy-Dirichlet problem for parabolic and hyperbolic equations. Particularly
striking is its success in the Hilbert space setting (with p = 2) and for linear equations of
second order. Making use of only (1.1) plus the Lax-Milgram theorem in the elliptic case, and
of its parabolic/hyperbolic variants due to J.L. Lions (by way of a Galerkin approximation),
one is able to say quite a bit about well posedness for weak solutions (the so-called variational
methods).

Motivated by potential applications to second order partial differential equations with
degeneracies, we will generalize the inequality (1.1) by allowing for a large class of symmetric
non-negative matrix valued weights A = A(x); that is, for suitable A we will prove that

/Q\u|pdx < 071;/Q<A(x)Vu7Vu>p/2 dz, u€ CyR), (1.2)

where (-, -) is the Euclidean scalar product on R™. The assumptions on A will be grouped into
two sets of hypotheses (see (2.1) and (2.3)). The first set of hypotheses concerns the regularity
of the function A which takes values in the symmetric nonnegative matrices Sym, (R) and the
second set of hypotheses gives prescriptions on where and how A degenerates. In particular,
the degeneracy set S (where the determinant of A vanishes) will be taken to be a finite
union of compact connected C? submanifolds without boundary and codimension at least
two, and A restricted to the normal bundle NS of S must have rank at least one. Our proof
of (1.2) relies on the existence of a suitable pair w,w of strict subsolutions to the equation
div {A(x)Vw} =0 (one near S and one away from ). In general, the hypothesis on the rank
of A restricted to NS cannot be dropped, while the condition on the codimension of S is not
necessary (see the examples in section 6 and Remark 3.5).

We will then put (1.2) to work, along the classical lines indicated above, to treat the
Dirichlet problem and the Cauchy-Dirichlet problem for degenerate elliptic, parabolic and
hyperbolic linear equations of second order. Not surprisingly, in the degenerate elliptic case,
the differential operators L will be in divergence form with A(x) playing the role of the
(degenerate) diffusion matrix; that is, we will consider equations of the form

Lu = div {A(z)Vu} + (b(z), Vu) + c(z)u = f(z). (1.3)

Results on existence and uniqueness of weak (variational) solutions to the Dirichlet problem on
bounded domains 2 C R™ will be given as well as weak comparison and maximum principles.
For the evolution equations, we will allow for time dependence in the coefficients and in the
source for the degenerate parabolic equation

Ou = div {M (z,t)Vu} + (b(z,t), Vu) + c(z, t)u + f(,1) (1.4)
and for the degenerate hyperbolic equation

Ofu = div{M(z,t)Vu} + (b(z,t), Vu) + c(z,t)u+ f(,t). (1.5)

! Also known as the Poincaré - Sobolev inequality or the Friedrich’s inequality in the case p = 2



Here the matrix valued function M will be controlled by an admissible degenerate diffusion
matrix on a prescribed time interval (0,7); that is, we will assume that there exists an A
(belonging to our class) and positive constants g1, o such that

wA(z) < M(z,t) < poA(z), x€Q,te(0,T) (1.6)

in the sense of quadratic forms. We will establish results on existence and uniqueness of
weak solutions to the natural Cauchy-Dirichlet problems for the equations (1.4) and (1.5) in
cylindrical domains Qr := Q x (0,T] with 7' > 0. Moreover, we will prove weak comparison
and maximum principles in the parabolic case. In all cases, suitable hypotheses will need to
be placed on the lower order coefficients b and ¢ and on the source term f. In particular, we
will need uniform pointwise bounds on |[v/A]~'b|, |[v/M]~'b| and hence the drift coefficients
(if present) must tame the singularity of [v/A]~!, [V/M]~! on S.

The notion of weak solutions will be the natural one in which the standard Sobolev space
H}(Q) = Wy () of spatial states used in the non-degenerate situations will be replaced by
a suitably weighted version Hg(;A) = VVO1 ’2(Q;A), which is calibrated to the degenerate
diffusion matrix A. More precisely, for p € [1,00) we will define T/VO1 P(Q; A) as the completion
of C¢(£2) with respect to the obvious norm

1/p

lulhwooan = | [ oo+ [ (Ve T2 (17)
Q Q

and the space W1P(Q; A) as the completion with respect to (1.7) of the subspace of C1(£2)
with finite norm. Of course, the Poincaré inequality (1.2) passes to the completion and
yields the obvious equivalent norm on W01 P(Q; A). In preparation for the PDE applications,
various elementary properties of these spaces and an effective calculus will be developed in
section 4. Of particular importance will be the question of whether these spaces defined by
strong derivatives can be captured in terms of a suitable notion of weak derivatives and a
key role will be played by the weak quasi-gradient. This notion was introduced in [20] to
address this question for a different class of matrix valued weights which yield the Poincaré
inequality. In [20] the degeneracy set S has codimension at least 1 and is calibrated to a class
of degenerate elliptic operators having a direction of uniform ellipticity, while in the present
work, the degeneracy set has codimension at least 2 but a direction of uniform ellipticity
need not be present (see Example 6.1). Moreover, for current and future use, we will give
a unified treatment of such Sobolev spaces with matrix valued weights by assuming only
that A € C°(Q, Sym,! (R)) having degeneracy set S of measure zero for which the Poincaré
inequality holds.

In order to place the present work in context, some additional remarks and comparisons
with the vast existing literature on Poincaré inequalities, Sobolev spaces with weights and
degenerate PDEs are in order. We begin with our principal motivation which is the treatment
of degenerate PDEs by focusing attention directly on the singular set S and the properties that
a degenerate diffusion matrix A must satisfy in order to employ various techniques. Here, we
restrict our attention to the validity of the Poincaré inequality and its implications for linear
PDE problems with Dirichlet and Cauchy-Dirichlet conditions. The key structural property
that emerges is the role of a degenerate diffusion matrix A with thin degeneracy set S for
which the rank of A restricted to the normal bundle of S is at least one. This is the so-called
orthogonal rank of A on S and plays an important role in questions of nonattainability of S
in the associated diffusion process (see Chapter 11 of [14]). This notion of orthogonal rank
also plays a key role in characterizing well-posedness of distributional solutions for degenerate
elliptic and parabolic equations when the singular set S is a thin subset of the boundary,
as done in [26]. More precisely, the main question is whether one can obtain uniqueness
without prescribing Dirichlet data everywhere on S, and this occurs when such portions are not
attainable for the associated diffusion process. That boundary conditions need not be placed
everywhere in degenerate contexts (operators with non negative characteristic form) is well



known from the work of Fichera [9] (see also Fichera [10] and Oleinik and Radkevic [25] and the
references therein). One can view the present paper as well as [20] and [26] as continuations of
the point of view of focusing attention on S and A for equations of nonnegative characteristic
form. There are various similarities, but there are key differences in these related papers.
While [26] treats boundary degeneracy and [20] treats cases where S is partially contained
in Q but can reach the boundary, the results of the present paper will be stated for singular
sets & which are suitably regular and contained in the interior of 2. However, boundary
degeneration for € can be also treated here if the required hypotheses hold on a larger domain
Q) which contains the closure of Q (see Corollary 3.2). While the Poincaré inequality plays a
role also in [20], it does not in [26]. On the other hand, a common feature of all of these works
are the construction of suitable subsolutions. In [26] such subsolutions tend to —oo as the
distance from the degeneracy set goes to 0, while here and in [20] the relevant subsolutions
will remain bounded. Moreover, in [26] the distance function to S plays a prominent role,
while here local defining functions for S are the key auxiliary objects.

Having discussed our point of view, we should make some comparison with the vast lit-
erature on Poincaré inequalities, Sobolev spaces and degenerate PDEs. First, for approaches
involving matrix valued weights, one must note the very general and abstract program begun
by Sawyer and Wheeden in their work on Holder continuity for subelliptic linear equations
[30] (and refined in [31]), which has led to the development of elegant techniques to treat local
properties of weak solutions to degenerate elliptic PDEs with rough coefficients. Through
their work and that of their disciples and collaborators, the Sawyer-Wheeden program has
been subsequently freed from the Hilbert space setting of L2-based spaces (and hence linear
equations) to yield results on local boundedness in [22], Harnack inequalities in [23] and com-
pact embeddings in Lebesgue spaces [4], amongst others. In addition, global results on weak
existence for linear degenerate elliptic equations have been obtained for the Dirichlet problem
in [27] and for the Neumann problem as well in [21], which also contains some elements of
spectral theory. In all of these works, the approach is axiomatic in nature, where in order to
deduce their results the authors assume a priori the validity of suitable local Poincaré and
Sobolev inequalities (with a strict gain in summability) adapted to the nonnegative matrix of
weights A, as well as the existence of suitable families of Lipschitz cutoff functions. Hence the
inequality (1.2), which is the focus of the present work, can be seen as a precursor of the con-
ditions required in the Sawyer-Wheeden axiomatic program. While there may be some cases
in which results of the present work overlap with results that have been obtained within the
axiomatic program, neither approach subsumes the other. On the one hand, we make stronger
explicit hypotheses on the matrix A, which is assumed to have continuous coefficients and a
singular set S of measure zero. On the other hand, we do not assume the a priori validity of
local Sobolev inequalities with a strict gain in summability, which may fail in cases where the
Poincaré inequality (1.2) holds and our results (and those of [20]) apply. A simple example of
this failure is presented in Example 6.6 and hence we cannot always transport the axiomatic
program to our setting. As a final comparison, we mention that the Sobolev spaces with
matrix valued weight A used in the axiomatic program are defined as completions of locally
Lipschitz functions, while we have used C' functions here. Under our assumptions, the two
definitions yield the same function spaces as described in Remark 4.9.

The Poincaré inequalities presented here (and in [20]) involve anisotropic matrix valued
weights A and do not presume any particular underlying geometric structure, such as a Carnot-
Carathéodory metric associated to a suitable family {X;}7", of locally Lipschitz vector fields
on (2. This underlying sub-Riemannian structure is natural for studying PDEs whose principal
part is a sum of squares of the vector fields and has a rich history beginning with the work of
Hoérmander [17] for smooth vector fields. Héormander’s work, coupled with the seminal papers
of Fefferman-Phong [8] in a general nonnegative definite but smooth setting and the first
extension to a non-smooth setting in Franchi-Lanconelli [13], also provided the motivation for
the Sawyer-Wheeden program descibed above. An underlying sub-Riemmannian structure
plays a fundamental role in the analysis on the Heisenberg group and other homogeneous



Carnot groups (see the monograph of Bonfiglioli, Lanconelli and Uguzzoni [2] for a detailed
account). In such a geometric context, there are a wealth of available Poincaré inequalities
(see the paper of Hajlasz and Koskela [16] for an extensive survey). While we do not assume
such an underlying structure, our class of problems may allow for one provided that the matrix
A represents the principal part of the sum of the squares of vector fields {X; };”:1 satisfying
the needed sub-Riemannian structural conditions. For example, if A € C2(£2; Sym (R)) then
the entries of v/A will be locally Lipschitz functions (see Theorem 6.1.2 in volume T of [14])
and one could attempt to choose {X; }?:1, where X is the j-th column of VA, provided that
the resulting degeneracy set S satisfies the requirements in condition (2.3). We do not require
A to be regular enough to support such locally Lipschitz vector fields. On the other hand, for
the analysis on homogeneous Carnot groups, the degeneracy set S does not have to be thin,
as we require.

Similar geometric considerations hold for the applications to degenerate PDEs of course.
In particular, in the situation described above one sees that A satisfies

D (X0 = (A@)€,€), VoeQ R, (1.8)
j=1

which means that the principal part div {A(m)Vu} is uniformly X -elliptic in the language
of Lanconelli and Kogoj [18] which rendered explicit the property introduced in Franchi and
Lanconelli [12]. In that spirit, we could say that our point of view is merely that div { A(z)Vu}
is uniformly v/ A-elliptic for any measurable non negative matrix-valued function A. Similarly,
one could interpret the condition (1.6) in this light by writing

il A(@)E[* < (M (,4)8,6) < pa|\/A(2)€[%, (1.9)

to say that the equation (1.4) is v/A-parabolic.
With respect to other possible approaches to the degenerate PDEs, we wish to make a few

additional remarks. First, we do not assume conditions on the smallest, largest eigenvalues
Ax), A(x) of A(x) of the form

A7t e LP(Q) with p > n/2
as in Murthy and Stampacchia [24] or
A(z) < CA(x) for some constant C' > 0

as in Fabes, Kenig and Serapioni [7], although we will effectively require A(z) < A < 400 (see
assumption (2.1)-(¢)). Similar considerations hold for the degenerate parabolic applications
in contrast with the related work of Chiarenza and Serapioni [5]. For the evolution equations,
we have taken the variational approach in part in order to easily treat equations with time-
dependent coefficients, which complicates matters for approaches based on semigroups in this
non-autonomous setting. Moreover, we do not fully exploit the unity present on the Fichera-
Oleinik theory of equations with non-negative characteristic form. More precisely, we prefer
to treat the degenerate elliptic and degenerate parabolic problems in a distinct but related
variational way, making use of the their special features. In principle, one could treat them
together (as summarized in Chapter 1 of [25]). However one is able to obtain better parabolic
results directly with no additional effort. For example, there are no sign conditions on the
coefficient ¢(z,t) in our parabolic results.

We conclude this introduction with a brief outline of the contents. In section 2, we present
the precise assumptions made on the degenerate diffusion matrix A and reduce the proof of
the Poincaré inequality (1.2) to the existence of the aforementioned subsolution pair w,w
(see Proposition 2.1). This proposition uses essentially only the regularity hypotheses (2.1).
In section 3, we complete the proof of (1.2) by constructing the pair w,w by exploiting the



structural hypotheses (2.3) on A and S (especially the normal rank condition). Various mild
generalizations and remarks will also be given. Section 4 studies the associated Sobolev spaces
with matrix valued weights A under mild assumptions on A and S, but assuming the validity
of the Poincaré inequality (1.2) (see hypothesis (4.1)). In section 5 we will apply the present
results to degenerate PDEs, where the key point is the validity of (1.2) for the degenerate
diffusion matrix A. Finally, in section 6 we present the examples mentioned above which
illustrate the structural hypotheses made on the weight A and its singular set S in order to
ensure the validity of the Poincaré inequality. In particular, the Poincaré inequality may fail
if the orthogonal rank condition of A on S does not hold, while the Poincaré inequality can
be valid without requiring a direction of uniform ellipticity for the diffusion matrix A (as
required in [20]) and without assuming that S has codimension at least two (in accordance
with Remark 3.5).

2 Degenerate diffusion matrices and subsolution pairs

As described in the introduction, we would like to find sufficient conditions on a degenerate
diffusion matrix valued function A on a bounded domain 2 C R" for which the Poincaré
inequality (1.2) holds. In this section, we will give such sufficient conditions and explain how
the validity of (1.2) reduces to the existence of a suitable pair of subsolutions to the associated
degenerate elliptic operator Lu := div{AVu}. We will first require that A : Q — Sym} (R) is
sufficiently regular; more precisely, denoting by A(x) = [ai;(x)]; j=1,...,» We will assume that:

.....

(i) a;=a; €CHQNCYUQ) fori,j=1,...,n;

(i4) a(;;lj € L°°(Q)nfor Gi=1,...,m o
(ii7) (&, A(x)E) = Z aij(2)&€; > 0 for every z € Q and & = (&4,..,&,) € R".
ij=1

Condition (i#¢) in (2.1) says that L is of nonnegative characteristic form and we denote by
S={ze Q’ det A(z) =0} (2.2)

the degeneracy set of any second order operator having principal part £. Of course, for every
x € 2\ S one has

Z aij ()€€ > 0 for any € = (&1,..,&,) € R™\ {0}.
ij=1

Our assumptions on the domain € and the degeneracy set S are the following:

(i) 09 is of class C1;

(ii) S=UL_, Sa CQ is the disjoint union of a finite number m of compact
connected submanifolds of IR™, without boundary, of class C? and having
dimension ki, ..., kn € {0,1,...,n —2};

(79i) for every point xog € S there exists ¢ = ((zo) € IR" \ {0} such that ( L S
at xg and (¢, A(z)¢) > 0.

(2.3)

Since A > 0 as a quadratic form, condition (4i7) in (2.3) just says that A restricted to the
normal bundle of § has rank at least one at each point g € S. This orthogonal rank may vary
from point to point. We will say that dimS, = 0 if S, is a single point z(, and in that case
condition (#47) just means that A(zg) # 0. Note that, under condition (2.3), the degeneracy
set S has exactly m connected components.



Fore > 0 and a = 1,...,m we define the following open neighborhoods of the singular set
and its components

&% :={z € Q|d(x,S) <¢e} and S :={zr € Q]d(z,S,) < e}.
We always assume that € > 0 is small enough to ensure that
SEcQ and SenS; =10 for a# B (2.4)

By the structural condition (i7) of (2.3), all of the connected components Sy, ..., Sy, of S have
codimension at least two. This hypothesis combined with (2.4) implies that

0\ 8¢ is connected (2.5)

since ) is connected. Indeed, by (2.4), one can remove one connected component of S¢ at a
time. Exploiting a bundle of planes orthogonal to S,, one easily shows that €\ S¢ is path
connected. Moreover, by choosing € > 0 even smaller if necessary, we can assume that each
of the open sets SZ is of class C?, see for instance [11, Theorem 1].

Making use of the elementary inequality

[(Muvy,ve)| < |VMui||[VMuvy|, M € Sym} (R),vy,vs € R" (2.6)

and performing simple LP estimates for degenerate elliptic equations along the lines of Fichera
(see section 3 of [10] as well as Lemma 1.2.1 of [25]), one has the following sufficient conditions
for the validity of the Poincaré inequality (1.2) in terms of the existence of a suitable pair of
local strict subsolutions w, w.

Proposition 2.1 Let A satisfy the conditions (2.1) and let p € [1,00). Assume that S C (,
that © is a C*' bounded open set such that S C© C © C ) and that there exist w € C?*(O),
we CHQ\O)NWP(Q\ O) for somep>1,0>0, K >0 such that

div (A(x)Vw) > 0 in©, (
IMVM < K in®, (
div (A(z)Vw) > 6 a.e. inQ\ 6, (
|VA@)Va] < K inQ\®. (2.10
Furthermore, suppose that
(A(x)(Vw — Vw),0) <0  on 00, (2.11)

where U denotes the outward unit normal to 3. Then, for every u € CL(Q), we have

lull r) < C (/ (A(x)Vu, Vu)* dx) ) (2.12)
Q
for some constant C > 0 depending only on p, 0, K.
Proof. Let § > 0 and u € C}(Q). By the Divergence Theorem, since suppu C €, A(z)Vw €

WhP(Q2\ ©) and by the regularity of u and of 90, we obtain

/ div (A(z)Vw) (u® + 6)% dx + / div (A(z) V@) (u® + )% do = (2.13)
e o\e

—p/@(A(z)Vw,Vu)u(u +9)2~ d:z:—l—/(?@(A(:L’)Vw,ysﬂu +9)2 do

— 2)Vw, Vu)u(u? 51y — )V, v:) (u? 5 do
p/ﬂ\@m( WV Vuju(el + 85 do = [ (A@VT) 0+ 0 d

+/aQ(A(x)V1E, v)(u® +9)2 dz,

7



where v denotes the outward unitary normal vector to 99Q. Letting § — 0T in (2.13), by the
Dominated Convergence Theorem and recalling that suppu C €2, and thus v = 0 on 012,

/div (A(a:)Vw)\uV’dcc—i—/ div (A(z) V) |ul? dz = (2.14)
) o\e

— )V, Vu)uluP~2 de — )V, Vu)uluP~2 dz

p [ (A@Tw, Vayulula p/mem()v,vw d

+ /(9®<A(x)(Vw — Vw,ve)|ul? do.

Here, in case p = 1, we have u|u|~! = sgnu with the convention that the function is 0 at
each point of the domain where v = 0. From (2.14), using conditions (2.7), (2.9), (2.11) and
inequality (2.6), we get

9/ lulPde < p/ IVA(z)Vw||/A(z)Vu|[ulP~ de (2.15)
Q (C]
40 [ VAV Valjul ! da.
Q\©

By (2.15), (2.8) and (2.10) we obtain
9/ luf? da ng/ VA () V| [ulP~ da. (2.16)
Q Q
If p = 1, the conclusion now easily follows by dividing through by 6 > 0. In case p > 1, in

view of Holder inequality, (2.16) yields

P

K P % P
|u|P dx < p? (/ (A(x)Vu,Vu)2 da:) ( |u|P dx)
Q Q

This easily implies the conclusion with C' = %. ]

Q

We conclude this section by noting that that the parameters 6 and K will depend, in
practice, on the domain € and the coefficients of A and hence C = C(p, 2, A). This will be
illustrated in the following section when we construct the pair w,w and the neighborhood ©
of S.

3 The Poincaré inequality with matrix valued weights

In this section, we will construct the subsolution pair w,w required by Proposition 2.1 and
hence complete the proof of the following Poincaré inequality with matrix valued weight A.

Theorem 3.1 Assume that A and Q satisfy the assumptions (2.1) and (2.3) and let p €
[1,00). Then there exists a constant Cp = Cp(p, 2, A) > 0 such that for every u € CL(Q) one
has

lulloey < Cr ( [ (a@vu v dz)’l’ . (3.1)

Before giving the proof, we wish to make a few remarks about extending the applicability
of the theorem. A first obvious consequence of Theorem 3.1 allows for degeneracy on the
boundary on the boundary of a domain €)', provided that it has compact closure within a
domain on which the theorem applies. In particular, no regularity hypotheses on 92’ need to
be made as one merely extends u to be zero on the complement Q0 \ Q' and uses the regularity
on 0f.



Remark 3.2 If the conditions (2.1) and (2.3) are satisfied by A on 2 and p € [1,00), then
for each subdomain ' € Q there exists a constant C = C(p, A, Q) > 0 such that

p

lull ey <C (/ (A(z)Vu, Vu) d:v)
Q/

holds for each u € C}(£Y).

Next we note that one can relax the regularity assumptions on the coefficients of the matrix
valued weight if it dominates a weight for which the theorem applies.

Remark 3.3 Assume that conditions (2.1) and (2.3) are satisfied by A on 2 and that p €
[1,00). If B: Q — Sym; (R) is measurable and admits Co > 0 such that

(€, A(@)¢) < Co(&, B(x)E)

for a.e. x € Q and every £ € IR", then there exists a constant C > 0 such that for every
u € C3(Q) one has

1

lullzr) < C (/ (B(x)Vu,Vu)g dm)
Q

Finally, we note two possible ways in which one can relax the assumptions on the degeneracy
set §. The first concerns the regularity of S, while the second concerns the codimension of S.

Remark 3.4 As the proof of Theorem 3.1 shows, the Poincaré inequality (3.1) will hold on
Q provided that one has

i) the regularity condition (2.1),
ii) O is of class Ot
iii) S C Q and Q\ S has only one connected component for € > 0 small enough,

iv) for every o € S there exists a closed ball Br(zo) C Q and a function ® € C?(Bg(zo))
such that - -
SN Bgr(zg) C {x € Br(zg)|®(x) =0}

and (V®(xg), A(xo)VP(xg)) > 0.

See also Proposition 3.6. These conditions may hold in some cases, even when the degeneracy
set S fails to be of class C?, as required in condition (2.3).

Remark 3.5 The case when the degeneracy set S has at least one connected component of
dimension n — 1 is more delicate, but we can recover the result under an additional technical
hypothesis. Indeed, as the proof of Theorem 3.1 will show, if one assumes (2.1) and relazes
(2.3) to allow ky, ...,k to vary in {0,1,...,n — 1}, then (3.1) still holds, provided that one
assumes

OUNIVAD foralli=1,...,n9 (3.2)

where Q; are the connected components of Q\ S; that is,
ng
o\s=Jo,
i=1
for some ng € IN. More precisely, this condition can be used in Step III of the proof in order

to obtain existence of a solution to problem (3.26), in every connected component ;.

We are now ready to discuss the proof. As explained in section 2, Theorem 3.1 follows
from Proposition 2.1, provided that we can exhibit a suitable subsolution pair w,w. Their
construction will be achieved in three steps:



I. For any zg € S, construct a function ¢ € C? (ER(I'())), with Br(wg) C €, such that
div (A(z)Ve) > 6 in Bg(zo) (3.3)
and
[VA(@)Ve| < K in Bg(zg), (3.4)
for some R, K, 6 > 0, depending on z.

II. Define © = §°¢ and, by using the compactness of S and Step I above, construct a function
w satisfying (2.7) and (2.8) on © = §° for € > 0 small enough;

IIT. Exploit the uniform ellipticity away from the degeneracy set S to construct the function
w such that (2.9), (2.10) and (2.11) are satisfied, with ©® = S as in Step II above.
3.1 Step I of the proof of Theorem 3.1

We begin with a local construction near the singular set S.

Proposition 3.6 Let the assumptions of Theorem 3.1 be satisfied and let xo € S. Then there
exist R, K, 6 >0 and ® € C?(Br(z0)) with Br(zo) C Q such that

i) ¢ = ®? satisfies (3.3) and (3.4); that is,

div (A(z)Ve) >0 and |\/A(z)Vy| < K in Bg(zo) (3.5)
it) one has
1 .
R < 3 &n;rﬁl d(Sa,Ss); (3.6)
i11) one has B o
SN Bg(zg) C {x € Br(zg) | ®(x) =0}. (3.7

Remark 3.7 Since S1,...,Sy are compact, mingzg d(Sa,Sg) is finite and positive. In par-
ticular, if xg,x1 € S belong to different connected components of S, the corresponding balls
provided by Proposition 3.6 have closures which do not intersect.

Proof. Since zy € S, there exists a unique o € {1, ..., m} such that zy € S,. Let ¢ € IR"\{0}
be such that ¢ L S at g and (¢, A(xg)¢) > 0, as given by the normal rank condition (iii) of
(2.3). We construct ® in terms of this direction ¢ along which A is nondegenerate.

Claim: There exist r > 0 and ® € C?(B,(xg)) such that B,(zg) C €,
SN B, (z0) C {x € By(z0) | ®(z) =0}, (3.8)

B,(20) NSg =0 if 8 # a and V®(xg) = (.

Indeed, in the case when S, = {0}, first choose r > 0 small enough so that B,.(xq) C
and B,(zg) NSz = () for every 3 # a. This is possible by the compactness of Sy, ..., S, and
since g ¢ Sp for B # a. Then we can choose ®(z) := (x — xo,() on B,(z0) and the claim
follows in this case.

In the remaining cases, since S, is a C? manifold of dimension k, > 0 in IR", we can find
an open neighborhood W C IR™ of z and a function F' € C?(W, IR" ") such that

wnsS, = {:c eW|F(z) = O}, rk[DF(x)] =n—k, for every v € W. (3.9)

Since S1,...S, C Q are compact and disjoint, by choosing a smaller neighborhood W' if need
be, we can assume that W C  and that W N Sg = 0 for § # a.

Let F, ..., F,_k, denote the scalar components of F. By applying condition (3.9), we have
that F; = 0 and VF; # 0 on WNS,, for every j =1,...,n—k,. Thus VF;(z) is perpendicular
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to S, at z, for every x € W NS, and every j =1,...,n — ko. By condition (3.9) the vectors
VFi(z),...,VF,_i, (x) are independent for every z € WNS,. Since S, C IR™ has dimension
ko, for every z € S, N W the system {VF};(x) ;l;f“ form a basis of the space of vectors in
IR™ that are perpendicular to S, at x. Since ( L S at zyp € S, we have

n—~keq
C = Z CjVFj(SC())
j=1
for some constants ci,...,cn—k, € IR. Now let r > 0 be small enough so that Er(mo) c W;
then the function
<I>(3:) = Z Cij(QL‘)
j=1

satisfies all the requirements in the claim.
Having selected ®, we need only verify that R, K, 6 can be found so that (3.5) - (3.7) hold.
By condition (i4i) of (2.3), we have

(V@(x0), Alz0) Ve (20)) = (¢, A(0)¢) := 20 > 0;

which selects 0. Using the continuity of A and V® and choosing r > 0 smaller if need be, we
can assume that

(VO(x), A(z)V(x)) > 6>0,  in B(z). (3.10)

For x € B,(xg), we compute the expression needed for the first property in (3.5):

8a,;j 0P 9%2P
T ) G o) + o) (@) ) ()

+2(VO(x), A(z)VP(x)).

div (A(z)V(®%(2))) = 2®(x) Z(

ij=1

Since A € CY(B,.(z0)) and ® € C'(B,(z0)), there exists a constant M > 0 such that

n 6(11'1' 8(1) 82(1) . =
g el < ) )
2 E oz, (m)&vz (x) + a;j(x) 9207, (x)| <M in B,.(z0) (3.12)

ij=1

Since ®(xz¢) = 0 and is continuous, we can choose R € (0,r) small enough so that (3.6) holds
and

|D(x)] < % in Br(zo). (3.13)

Setting ¢ = ®2, we have ¢ € C? (FR(JJO)) and hence one has the existence of a constant
K > 0 for which the second property in (3.5) holds. Moreover, by (3.10)—(3.13), we easily
obtain

div (A(z)Ve(z)) > 6 >0

on Bg(7o), which gives the first property in (3.5). Finally, condition (3.7) is an immediate
consequence of (3.8) since 0 < R < 7. O
3.2 Step II of the proof of Theorem 3.1

Using Proposition 3.6, we now construct a function w € C?(S%) satisfying (2.7) and (2.8)
on © = §¢, for € > 0 small enough. The function w will be constructed separately on a
neighborhood S, of each S, for every fixed a = 1,...,m, with € > 0 small enough so that
(2.4) holds.
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Fix a =1,...,m. If S, = {79} has dimension 0, then the function w = ®?2 constructed
using Proposition 3.6 satisfies (2.7) and (2.8) in 8 = B.(x¢), for € > 0 small enough. Hence
we can restrict our attention to those a for which dim(S,) > 0.

Using the compactness of S, and Proposition 3.6, we can cover S, by a finite number
N = N(«) of balls

N
So € | Br(ax) ==,
k=1

with centers zj € S, and radii satisfying
1
Ry < gd(SmSg) for each 8 # «

for which there are functions ®; € C?(Bpg, (z))) satisfying (3.5) and (3.7) with Ry, 4,z in
place of R, ®, zq.

In order to complete the construction of the subsolution w in a neighborhood of S, we note
that distinct connected components S, have associated coverings 2, with disjoint closures.
Hence it will suffice to introduce a suitable partition of unity subordinate to the open covering
{Bg, (xx)}1_, of each connected component S, of S in order to patch together the family of
functions {®2 1} . To this end, we note that for each fixed o the neighborhood 7, is open
and satisfies ﬁz C Q. In particular, d(Sy, 082%) > 0; thus there exists e, > 0 such that

S = {z e Q|d(z,8.) <e.} CQ;

that is, {Bg, (z1)}i_, is also an open covering of the fattening S§* of the component S,. We
may then select a smooth partition of unity {1 }2_, on S5* which is subordinate to the open
covering { Bg, (1) }2_,; that is,

kaCﬁo(BRk(xk)), Y >0 fork=1,...,N,

N _ (3.14)
Z Yp(z) =1 for every z € S&*.
k=1
Since supp ¢y, is compact and is contained in Bg, (xf), one has
Vi, = d(supp ¥y, OBg, (z)) >0  fork=1,...,N. (3.15)

Moreover, using the regularity of ¢, ®; and the coefficients a;;, there exists a constant M =
M (o)) > 0 such that

0 0?
@ <M. | )| <o, Vo) <,
lai;(z)| < M 94 | < M 9% )| < M |
* -0 6.13j - 8.73]' -
for every = € ﬁ:, every k =1,...,N and every i,j = 1,...,n. In particular, from the last
inequality in (3.16) it follows that
|@x(2) — Px(y)| < VM |z —y| (3.17)

for every k =1,..., N and every z,y € Br, (z). By Proposition 3.6, for every k =1,..., N
there exists 0, > 0 such that

div (A(z)V (@3 (2))) > 6% on Bg, (). (3.18)
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Finally, we pick € and 6 to satisfy
1
0 <e<min{ew,y1,---, YN}, Gzimin{ﬂl,...ﬁN}
and on S¢ we define the function
N
w(@) = di(x) ().
k=1

This completes the construction of w.
It remains only to verify that w satisfies the required properties. By construction, we have
w € C%(8z) and

div (A( Zwk ) div (A(2) V(3 (x)))
(3.19)

+ Z 4Py, () (VOk(2), Alz) Vipi(2)) + @7 (z) div (A(z) Vipe(z))
for every x € S5. Using conditions (3.14) and (3.18), since 8§ C S5 C Q7,, we easily see that

N
Zwk )div (A(z) V(P4 (2))) > Zz/)k(a:)ﬁk >20>0 on S;. (3.20)

Moreover, for every x € S5 the conditions in (3.16) yield

2@2 div (A(2) Vi (2))

N n
da;j Oy, %Py
_ 2 J g
= Z i () Z oz, (x) o2, (x) + a4j (m)&riazj (z) (3.21)
k=1 i,j=1
N
< 2n?M? Z P () Xsuppi (%),
k=1

where x4 is the characteristic function of the set A. If Xsuppy, () # 0, then x € suppyy C
Bg, (1), and hence

d(x,0Bg, (xr)) > d(supp i, 0Bg, (xr)) = 1 > €. (3.22)

On the other hand, d(z,S,) < ¢, since x € S¢; in particular, there exists z, € S, N B:(x).
Condition (3.22) shows that B.(z) C Bg, (z1) and hence z, € S, N Bg, (zx). Using condition
(3.7) of Proposition 3.6, we conclude that ®x(x,) = 0, and hence by (3.17)

|Pr(x)] = |Pr (1) — Pp(xs)| < VnM|x — x,] < \/nMe. (3.23)
Combining (3.21) and (3.23) we obtain

Z O} (z) div (A(z)Vipe(z)) | < 2n° NM*e? for every z € S¢. (3.24)

With a similar argument, using again inequality (3.23), it is easy to see that

42 O, (2)(VO,(2), A(z) Vi (2))| < 4n3NM*e  for every x € SE. (3.25)
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Combining (3.20), (3.24) and (3.25) with (3.19) we see that
div (A(z)Vw(z)) > 260 — An3 NM?e — 20 NM*e2 > 6 > 0

for every x € S, if € > 0 is small enough. Hence w satisfies (2.7) on S¢; by the compactness
of 8¢ and by regularity of the entries of the matrix A(z) and of the function w, condition
(2.8) is also trivially satisfied for some positive K > 0 on St.

Repeating the above argument on each connected component S§, ..., Sz, of S¢ we obtain
the function w with the desired properties. (I

3.3 Step III of the proof of Theorem 3.1

Exploiting the uniform ellipticity of div (A(x)Vv) away from the degeneracy set S, we now
proceed to construct a function w € C'(Q\ 8%) N W2P(Q \ &) which satisfies conditions
(2.9), (2.10) and (2.11) for some 0, K > 0 and for € > 0 small enough.

We start by considering the function w constructed in Step II of the proof. Up to choosing
a smaller € > 0, we can assume that w € C?(52¢) and that S?* C Q. Now consider a function

@ € CZ(R) having compact support in §%¢ and such that @ = w on S¢. For example, a
function w with the desired properties can be constructed as follows. By the compactness of
S¢, we can find a finite number of open balls {B%E(azk)}szl such that x1,...,xy € S and

N
S=c | Ba. ().
k=1
Now let {1x}_, be a smooth partition of unity on S¢ subordinate to the open covering
{B%E(xk.)},iv:l. Then we can define

N
. Zwk(x)w(x) for x € 8%,
w(@) = 4=

0 otherwise.

We are now going to construct the function w on €\ 8¢ with £ > 0 small enough so that
(2.4) holds. As noted in (2.5), one has that S¢ C (2 is connected. For such € one also has that
6(9 \ ?) = 9N U IS¢ with 92 N ISe = (.

Let 6 > 0 be as in Step II of the proof and let v, = v (z) denote the outward unit normal
to OS. at the point 2. In the bounded open domain ¢/ := 2\ S¢ with C*! boundary QU IS,
consider the weak solution v € H! (L{ ) of the uniformly elliptic boundary value problem

div (A(z)Vv) = —div (A(z)VD) + 0 := inU,
(Ve, AVV) =0 on JS;, (3.26)
v=_0 on 0f.

We note that all of the connected components of OU are compact and separated by a positive
distance, which aids the regularity analysis of v. Since @ € C3(2) and the coefficients of A
are C1(€2), one has f € C(Q). Denoting by H},(U) the subspace of H'(U) whose elements
have zero trace on the component 92 and using f € L?(U), one knows that there exists a
unique v € Hj, (U) which solves (3.26) in the sense that

B(’Ua’l/)) = (fa w)[ﬁ(u)a v 1/’ € H(%Q(“)?

where B is the usual bilinear form associated to the PDE (see Proposition 8.8 of Salsa [28], for
example). Since f € LP(U) for each p > 1 and since the coefficients of A are uniformly con-
tinuous on U, harmonic analysis techniques such as Calderon-Zygmund theory, interpolation
and comparison with constant coefficient operators for the uniformly elliptic PDE yields

v e W2P(U)  for each p € [1,00). (3.27)
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as shown for elliptic systems in Remark 15.16 and Theorem 15.18 of Ambrosio [1]. In particu-
lar; v is a strong solution of the PDE and satisfies the equation pointwise almost everywhere.
Moreover, since 90U is at least C!, by applying Theorem 4.1 of Stampacchia [29] with p > n,
one has that v admits a representative

vt e CU), (3.28)

where v* will vanish on the Dirichlet component J2. Combining (3.27) and (3.28), one has
that v € C(U) N W2P(U) with p > n is a strong solution of the Dirichlet problem

loc

(3.29)
v =" on OU,

{div (A(z)Vv) = f inl,
with 0U € C11. Such a solution is unique by Corollary 9.18 of Gilbarg-Trudinger [15]. Take a
sequence ¢y, € W2P(U) which converges uniformly to v* on OU. By Theorem 9.15 of [15J there
exists a unique strong solution uy € WP (U) of the Dirichlet problem with uy —¢r € Wy'P (U).
The W?? estimate of Lemma 9.17 of [15] then shows that uy, is a bounded sequence in W2 (1)
and hence has a weakly converging subsequence whose weak limit is a W?2P(U) strong solution,
which must agree with v by the uniqueness. Since p > n, we also have v € C* (H)
Now we define w := v+@ on U = Q\&?, so that we immediately have w € C* (U) "W29(U)
for some g > n. By the regularity of the matrix of the coefficients A(z) and of the function w,
we easily see that w satisfies condition (2.10) for some K > 0. Moreover, since v € W24 (U)
is a strong solution of (3.26), for a.e. x € U we have

div (A(z) V) = div (A(z) Vo) + div (A(z) VD) = 0 > 0, (3.30)
which is condition (2.9). Finally, since w = @ on S¢, we have
Vw—Vuw=Vw—-Vw=-Vv on OS°.
Thus by (3.26) we see that
(A(z)(Vw — V),v.) = — (A(z) Vv, 1) =0 on 0S°.

This concludes the proof of Step III, and hence also the proof of Theorem 3.1. O

4 Sobolev spaces with matrix valued weights

In this section, we present the functional setting in which we will study questions of existence
and uniqueness of weak solutions to the Dirichlet and Cauchy-Dirichlet problem for degenerate
elliptic (1.3) and degenerate parabolic and hyperbolic equations (1.4) and (1.5). This involves
studying first order Sobolev spaces with matrix valued weights A which are calibrated for use
in the applications and encode the degeneracy in terms of the set S. We will make minimal
assumptions on A and S in order to recover most of the useful properties that are present
in the situation without weights, which will correspond to choosing A as the identity matrix
everywhere on ) (or more generally as a uniformly positive definite matrix valued function).
More precisely, we will assume that

(¢)  the Poincaré inequality (3.1) holds;
o A = [a;;], with a;; = a;; € CO(Q), is nonnegative definite, (4.1)
J J j

(#4i) the degeneracy set S (which is closed) has zero Lebesgue measure .

We note that we have made milder regularity assumptions on A (condition (i7) of (4.1))
and milder structural assumptions on S (condition (7i¢) of (4.1)) with respect to (2.1) and
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(2.3). On the other hand, we assume here the validity of the Poincaré inequality, which follows
by Theorem 3.1 in the presence of the stronger regularity and structural assumptions. Hence
the class of weights A defined by (2.1) and (2.3) enters into this theory, as will other classes
such as those for which A has a uniformly elliptic direction (introduced in [20]), which also
ensures the validity of the Poincaré inequality (see Theorem 2.1 of [20]). We will not prove
most of the results of this section, since they follow from the same arguments employed in
[20], which treated only the Hilbert case of L2-based spaces. In particular, the arguments
really depend on mild regularity and structural conditions on A and S provided that one has
the Poincaré inequality.

We begin with the definition of the spaces, which will at first employ the notion of strong
derivatives; that is, we will define the spaces as completions of regular functions with respect
to the natural norm involving A. The question of the equivalence with respect to using some
notion of weak derivative to define the Sobolev spaces as natural subspaces of Lebesgue spaces
will be discussed later, as will the question of suitable representation formulas which allow
one to perform standard calculus on suitable representatives with weak a priori regularity (see
the discussion beginning with Theorem 4.3 below).

Definition 4.1 Assume that condition (4.1) holds and let 1 < p < oo.
(a) Let VP(Q; A) be the set of functions u € C1(Q) such that

/ |u|pdx+/(A(m)Vu,Vu>p/2dx < 00, (4.2)
Q Q
and define WHP(Q; A) as the completion of VP(§; A) with respect to the norm

1/p
fulhwisan) = ([ 1o+ [ (46090 90220 ) (43)
Q Q

1/p

= (el + NIVAVUIL, )

(b) Define Wy (% A) as the completion of CL(Q) with respect to the norm

el o,y = VAVl oo (4.4)

The spaces W1P(Q; A), Wol’p(Q;A) are Banach spaces for each p. For p = 2, the spaces
are Hilbert spaces, which will be denoted by H(; A) and H{(Q; A) and whose norms (4.3)
and (4.4) are induced by the inner products

(U, v) g (0;4) = / uvdz + / (A(z)Vu,Voydz  (u,v € VZ(Q; A)),
Q Q

and
(U, V) g3 (04 1= /(A(x)Vu,VU> dr  (u,v € Cy(Q)),
Q
respectively.
A first application of the Poincaré inequality are the following expected facts about equiv-

alent norms and continuous immersions (see Proposition 3.3 of [20] for the proof in the case
p = 2 which carries over without change here). We will denote by

W, = {w € Cl(Q) : /Q wlPdz < oo} .

Proposition 4.2 Assume that condition (4.1) holds and let Cp be the Poincaré constant in
(3.1). Then
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(a) WyP(Q; A) is a subspace of W'2(Q; A) and one has the following equivalence of norms
(€5 + 1) ullwrann) < el < lullwos o (45)

for any u € W P(; A).

(b) The spaces WhP(Q; A), WyP (% A) are continuously immersed into LP(Q); that is, any
Cauchy sequence in (VP(%; A), || lwrr0sa)), (C3(Q), ||'||W01"’(Q;A)) is a Cauchy sequence
in Wp(Q), || - |r()) and these inclusions pass to the relevant quotient spaces to give
well defined linear maps 1,1y such that

li(u)ll o) < lullwreiay  for any ue WHP(Q; A), (4.6)

and
lio(w)l|o() < Cpllullwrrigay for any u e WyP (9 A). (4.7)

We now address the question of selecting suitable representatives u from the space of
equivalence classes in W1P(Q; A) and I/VO1 P(Q; A). The starting point is the following gener-
alization of Theorem 3.5 of [20], which treats the case p = 2, and again the proof trivially
adapts to general p in the presence of the Poincaré inequality.

Theorem 4.3 Let assumption (4.1) be satisfied. Then for every [{u,}] € WP(Q; A) there
exist unique elements u € LP(Q),U € [LP(Q)]N such that

(a) llun —ullzr@) =0, ||\/Zvun —Ullzr() — 0 as n — oo;

(b) [VA]7'U is the weak gradient of u in the open set Q\ S; that is, the gradient in the
sense of distributions of u € Li () is represented by [VA]7'U € [LL (2 S)]N when
the test functions have support in the open set Q\ S ;

(¢) if VA" € LV (Q), then [V A~ U is the weak gradient of u in all of Q ;

(d) ”[{UH}HI;;VLP(Q;A) = Hu“][),P(Q) + H|U|||I£p(§z) :

Using Theorem 4.3, we have the following embedding result which generalizes Corollary
3.6 of [20].

Corollary 4.4 Under the hypotheses of Theorem 4.3, if [{u,}] € WHP(Q; A) has its LP(L)
class i(u) = 0, then U = 0 € [LP(Q)]N as well. In particular, the immersions i,ig of
Proposition 4.2 are embeddings.

The injectivity of the maps 4,4y allows us to identify W'?(Q; A) and W, (€ A) with
subsets of LP(§2) for each p € [1, 00). In particular, this shows that W1?(Q; A) and W, ?(Q; A)
are separable for each p € [1,00]. We note that from now on we will use the slight abuse of
notation by using the same symbol  for an element [{u,}] € WhP(Q; A), WP (; A) as well
as for the LP(Q) class that it determines in accordance with the Representation Theorem 4.3.

As pointed out in [20], while [V/A]7'U gives an L. weak gradient away from the sin-
gular set S, such a weak gradient may well not exist everywhere on 2 if the integrability
condition |[v/A]~!| € LP' (Q) in part (iii) of Theorem 4.3 fails (see Example 3.9 of [20] for a
counterexample with p = 2). However, as done in [20], given the properties of the function

Ue[LP (Q)]N in the theorem, the following notion helps to clarify the situation.

Definition 4.5 For each u € W1P(Q; A), we define its quasi-gradient V*u by
Viu = [VAU,

which is a measurable vector valued function defined almost everywhere in Q; that is, away
from the singular set S of A.
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Remark 4.6 This quasi-gradient satisfies the following properties:
(a) if u € WHP(Q; A) admits first order derivatives in Li (), then V*u = Vu a.e. in §2;

loc
(b) we have

Iy = [+ VAT 0l = [ [ulPde + [ (A0, 907 2
(4.8)

(¢) we have

[l 0, = IVAT tll iy = [ (AT V") 2l (4.9)

(d) since V*u=Vu in Q\S, and S has zero Lebesgue measure, V*u =0 a.e. on each level
set of the function wu .

In order to simplify notation, we will often write Vu in place of V*u as they agree almost
everywhere; however, one should keep in mind that Vu may not have components which are
LL . near the singular set S if the integrability condition |[v/A] ™| € L (Q) fails. In particular,
in section 5 we will make constant use of the simple identities

(AVu, Vo) = (VAVu,V/AVv) and (b, Vu) = ([V A~ b,/ AVu) (4.10)

for u,v € WHP(Q; A) and [VA]7'b € L>=(Q).

We now turn our attention to the problem of establishing conditions under which the norm
in WHP(Q; A) or VVO1 P(Q; A) can be calculated directly by the integral expression given by
(4.3) or (4.4) as opposed to calculating a limit of such expressions along a Cauchy sequence
representative. In this direction, we have the following two propositions (which are trivial
generalizations of Propositions 3.10 and 3.11 of [20]).

Proposition 4.7 Assume the conditions (4.1) and let p € [1,00). Then the following state-
ments hold:

(a) if u € WHP(Q), then u € WHP(Q; A) and

1/p
lullwir.a) = (/ u|”dm+/<A(x)Vu7Vu>p/2d$> ;
Q Q

(b) if ue Wy P(), then u € WyP(Q; A) and

1/p
lulhagoonny = [ 4GIT0T0)22a0)
Proposition 4.8 Assume the conditions (4.1) and let p € [1,00). Ifu € Wllof(Q) and
/ |u\pdx+/<A(x)Vu,Vu>p/2dx < 00,
Q Q

then uw € WHP(Q; A) and

1/p
llullw1rsa) = (/ u|pda:+/<A(J;)Vu,Vu>p/2dx> .
Q Q

Remark 4.9 By Proposition 4.7, the space Wol"p(Q; A) coincides with the completion with re-
spect to the norm (4.4) of the space of Lipschitz functions with compact support in Q since such
Lipschitz functions are included in Wol’p(Q). Similarly, Proposition 4.8 shows that WP (£); A)
could be alternatively defined as the completion with respect to the norm (4.3) of the space of
locally Lipschitz functions in Q satisfying (4.2).
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We next address the question of taking positive and negative parts, which will be useful in
the formulation of maximum and comparison principles for weak solutions to the associated
degenerate elliptic and parabolic PDEs in section 5. Given u € WP(Q; A), Wol’p(Q;A)7 if
one starts from the positive part of a Cauchy sequence defining wu, one sees that this sequence
determines an element, called u™, in WP (; A), W, P(; A). This claim is the content of the
next lemma (which is a trivial generalization of Theorem 3.13 of [20]).

Lemma 4.10 Assume the conditions (4.1) and let p € [1,00). Then the following statements
hold:

(a) Ifu e WhP(Q; A), then ut,u™ € WHP(Q; A) and one has
||u||€VLIJ(Q;A) = H“+||€V1,p(Q;A) + ||U_H€V1‘p(g;,4) )

(b) if ue WyP( A), then ut,u~ € WP (Q; A);

il ) = Ml + [l

p p p
Wy P (A Wy P (34) Wy P(34)

Next, we note that elements of W17 (Q; A), VVO1 P(Q; A) can be approximated by smooth
functions by using standard procedures. The following result generalizes Theorem 3.16 of [20].

Proposition 4.11 Assume the conditions (4.1) and let p € [1,00). Then the following state-
ments hold:

(a) C3°(Q) C WyP(4; A) is dense;

(b) C>(Q) NWhr(Q; A) C WHP(Q; A) is dense.

We remark that combining Corollary 4.4 with part (a) of Proposition 4.11 shows that
WyP (€ A) is densely embedded in LP(Q) for every p € [1,00).

Finally, we give the following characterization of elements in the dual space H1(); A) =
[Hg (Q;A)]/. This dual space will play a prominent role in the applications to degenerate
PDEs in the next section.

Proposition 4.12 Assume the conditions (4.1) hold with p = 2. Given f € H=Y(Q; A) there
exists a collection { fy}}_, C L*(Q?) such that

= |

Proof. The argument is classical, but we give it in order to illustrate the role of the represen-
tation formulas of Theorem 4.3. Exploiting the Poicaré inequality, equipping H{ (£2; A) with
the modified inner product

fou + z": [ VAV, | dz, uwe HE(Q; A). (4.11)
k=1

(u, 'U)HI(Q;A) = (u, v)Hé(Q;A) + (U, ’U)L2(Q) (412)

also yields a Hilbert space. For each f € H~1(£; A), one applies the Riesz representation
theorem with respect to the inner product (4.12) to find a unique ¢ € Hg (2; A) such that

(fou) = (0,0 g1 (a:a) + (0 u)L2(0).-

Using Theorem 4.3, one selects representatives u, p € L*() with associated quasi-gradients
Vu = [VA|~'U, Vo = [VVA]~'® in order to find

(f,u) z/Q<\/ZV<,07 VAV u) d:c—l—/ﬁapudx,
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which yields (4.11) by selecting fo = ¢ and f, = (VAV@)s. O

We conclude by noting the obvious fact that there is a natural continuous injection of
L2(€2) into H~1(; A) provided by f + £; with

<€f,’u> = (f7 u)Lz(Q), (RS H&(Q,A) (413)

The injectivity follows from the density of C§°(Q) in L?(Q2) and H}(Q; A) while the continuity
follows from the standard combination of the Cauchy-Schwarz and Poincaré inequalities

|(Frw) 2| < Nflle2@llullzz @) < Collull gz o)1 f1l22@)- (4.14)

5 Applications to degenerate PDEs

In this section, we put the Poincaré inequality of Theorem 3.1 to work in the context of the
Sobolev spaces with matrix valued weights A and domains (2 satisfying (2.1) and (2.3) to treat
questions of existence, uniqueness and qualitative properties of solutions of degenerate PDEs.
Assuming that (2.1) and (2.3) hold, we also have the rest of the conditions in (4.1) needed to
develop all of the results on the Sobolev spaces with matrix valued weights presented in section
4. Since the applications make use of standard techniques, we will be brief. However, we will
be precise with respect to the sense of solutions, the needed assumptions of the coefficients
and quantitative role of the Poincaré constant.

As is well known, the validity of a Poincaré inequality calibrated to the principal part of
the differential operator L acting in the spatial derivatives yields a common framework in
which to operate. This framework involves a Hilbert triple

Ve—H<V (5.15)

where V and H are separable Hilbert spaces, V' is the dual space to V, the injections are
continuous and the image of V' is dense in H, whose dual is identified with H. Setting

V=H}(%A), H=L*Q), and V' = H (Q; A), (5.16)

the results of section 4 show that (5.16) does indeed give a Hilbert triple.

For the degenerate elliptic equations, solutions to the Dirichlet problem will be found in
the Sobolev space V', while for the evolution equations the solutions will be found as suitable
elements u = u(t) belonging to Sobolev spaces of V-valued maps depending on the real time
parameter ¢t. To this end, we recall that for a separable Hilbert space X and T € (0,+00),
one defines the Hilbert space L?(0,7T; X) as the equivalence classes of maps u where

te(0,T)—u(t)e X is defined almost everywhere and is measurable (5.17)

and
- 1/2
ullL2(0,7:x) = </ ()% dt) < Ho0. (5.18)
0

For the parabolic problems, the solution will be a map u € L?(0,T;V) < L?(0,T; V") whose
derivative in t as V’-valued distribution admits a representative in L?(0,T; V"), which will be

d
denoted by d—ltt For the hyperbolic problems, the solutions will be maps u € L?(0,T;V) —
L?(0,T; H) < L?(0,T;V’) such that

du d%u
— e L*0,T:H d == e L?0,T;V").
i € L°(0,T;H) an 2 € L°(0,T;V")

In this setting, under suitable assumptions on the coefficients of L the evolution PDEs can
be interpreted as equations in L?(0,T;V’) which then reduce to ODEs for real-valued distri-
butions D’'((0,7")) when tested on arbitrary elements v € V. Various well known properties

of such time dependent Sobolev spaces will be used, such as those contained in sections 18.1
and 18.3 of Dautray-Lions [6].
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5.1 Degenerate elliptic problems
We begin with the Dirichlet problem associated to the equation (1.3); that is,
Lu=f inQ

(5.19)
u=0 ondQ,

where L has the form Lu := div{AVu} + (b, Vu) + cu and f € H-'(Q; A) is given. If A
satisfies the conditions (4.1) and if (b, ¢) satisfy mild assumptions, the following notion of weak
solution makes sense.

Definition 5.1 Let f € H (2 A). We say u € Hi(Q; A) is a weak solution of (5.19)
provided that
B(u,v) = —(f,v)  for every v € H}(; A), (5.20)

where

B(u,v) := /Q {(A(sc)Vu,Vv) — (b(z), Vuyv — c(x)uv}dac (5.21)

is the natural bilinear form associated to L and Vu,Vv are the quasi-gradients of u,v re-
spectively. If B is continuous, then it is equivalent to require the validity of (5.20) for each
v e CHQ).

The Lax-Milgram theorem yields the existence of a unique weak solution provided that
the bilinear form B is bounded and coercive on H}(Q; A) x Hi(Q; A); that is, if there exist
a, > 0 such that

1B, )| < allull s gann 10l s osnys s € HE(Q: A) (5.22)

and
Blu,u) > Bl[ull3s oy € HE:A). (5.23)

Making use of the simple identities (4.10) and estimating from above in the standard way,
one finds that (5.22) holds with

a =1+ Cpl||[[VA] ||| 1= () + Chlle| L @) < +oo

provided that
VA e L®(€Q) and ce L¥(Q). (5.24)

We note that when A is positive definite and the equation is elliptic, the first condition in
(5.24) is the familiar condition b € L*(£2).

On the other hand, estimating the quadratic form from below by way of the Cauchy-
Schwarz inequality, one obtains (5.23) provided that (2.1), (2.3) and (5.24) hold with

8= 1— Cpl[[VAI" bl (@) — C3llc =y > O, (5.25)
where Cp is the Poincaré constant. Summing up, one has the following existence theorem.

Theorem 5.2 Let assumptions (2.1), (2.3) and (5.24) be satisfied and suppose that the rela-
tion (5.25) holds. Then for each f € H=1(Q; A) there exists a unique solution u € H}(Q; A)
to the Dirichlet problem (5.19). Moreover, the unique solution u satisfies the estimate

1
1wl 50y < BHf”H*l(Q:A)- (5.26)

21



A variant of the above proof of the coercivity estimate, which uses Young’s inequality
instead of the Poincaré inequality in order to estimate the first order terms of the quadratic
form B(u,u), shows that if

1 -
supe < —[[VA] bl (527)

then (5.23) holds with
ITVA]"bllI1%,

=1
b + 4supq c

€ (0,1). (5.28)

This yields the following existence theorem, in the case when c is negative and large enough
on the domain €.

Theorem 5.3 Let assumptions (2.1), (2.3) and (5.24) be satisfied and suppose that the rela-
tion (5.27) holds. Then for each f € H=(%; A) there exists a unique solution u € H}(Q; A)

to the Dirichlet problem (5.19). Moreover, the unique solution u satisfies the estimate (5.26),
with B defined as in (5.28).

Remark 5.4 From Theorems 5.2 and 5.3 and from (5.26) it follows that the solution map,
that associates to each f € H=1(Q; A) the unique solution u € H}(Q; A) to problem (5.19) is
continuous and linear. Moreover, this solution operator is the inverse of the bounded linear

operator L : u € HY(Q; A) — f:= Lu € H 1 (Q; A) defined by
(Lu,v) := B(u,v), u,v € Hg(Q;A),

and hence L establishes an isomorphism between Hg(2; A) and H=1(; A) if the coefficients
of L satisfy (2.1), (2.3), (5.24) and either (5.25) or (5.27).

We turn our attention to the validity of a weak comparison and a weak maximum principles
for the degenerate elliptic equation Lu = f which are compatible with the weak well posedness
of the Dirichlet problem (5.19). To this end, we note that the associated bilinear form B (with
the expression (5.21)) is well defined and continuous on the larger spaces H'(2; A) x H}(©; A)
and H(Q; A) x HY(Q; A) if the conditions (2.1), (2.3) and (5.24) hold.

Definition 5.5 Let A and Q) satisfy the assumptions of Theorem 5.2 and let f € H~1(; A).
We say that

(a) u € HY (2 A) is a weak subsolution of the equation Lu = f if
B(u,v) + (f,v) <0 for any v € Hy(Q; A),v > 0;
(b) ue HY(Q;A) is a weak supersolution to the equation Lu = f if
B(u,v) + (f,v) >0 for any v € HJ (2 A),v>0.
By the continuity of B, one may replace the test function space H}(Q; A) with CL(Q).

The standard argument of using the coercivity of B and the choice of v = ™ in Definition
5.5 (a) yields the following weak comparison principle, where we recall that for u € H'(Q; A)
the condition u < 0 on 9N just means ut € H}(; A).

Theorem 5.6 Let the assumptions of Theorem 5.2 be satisfied. Let u € H(Q;A) be a
subsolution to the equation Lu = 0 such that u <0 on ). Then

u<0 ae in Q.

By linearity, one has the full comparison principle that v < v on 92 implies u < v a.e. in
Q, provided that Lu < Lv in the weak sense. The following weak maximum principle follows
from the standard argument.
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Corollary 5.7 Let the assumptions of Theorem 5.2 be satisfied. Suppose that ¢ < 0 a.e. in
Q. Let u € HY(Q; A) be a subsolution to the equation Lu = 0. Then

u<suput a.e in Q.
o0

5.2 Degenerate parabolic problems

Next we consider the Cauchy-Dirichlet problem associated to equation (1.4); that is
Owu = Lu+ f(z,t) inQp:=Qx(0,T)
u =0 in 9Q x (0,7T], (5.29)

u = ug in Qx {0},

where L has the form Lu := div { M (z,t)Vu}+(b(z, t), Vu)+c(z, t)u, f € L*(0,T; H (2 A))
and ug € L%(Q). As noted at the beginning of this section, we will regard u = u(t) as an
H}(; A)-valued distribution of ¢ € (0,7). Under suitable assumptions on the coefficients
(M, b, c) the following notion of weak solution makes sense as detailed in section 18.3 of [6]
and as sketched in Remark 5.9 below.

Definition 5.8 Given f € L*(0,T; H *(Q; A)) and ug € L*(Q), we say that u is a weak
solution of (5.29) provided:

u € L*(0,T; Hy (2 A)) and ‘;it‘ € L*(0,T; H (s A)); (5.30)
%W(-),w +B(sul),v) = (f(-),v) in D'((0,T)), Yo € Hy($; A); (5.31)
and
u(0) = wo, (5.32)
where

B(t, u,v) = /Q {(M(:r,,t)Vu,Vv) — (b(x,t), Vv — c(x,t)uv}dx u,v € HE (O A). (5.33)

is the natural family of t-dependent bilinear forms and Vu, Vv are the quasi-gradients of u,v.

We record some well known considerations regarding the choice of the solution space
encoded by (5.30) with respect to Definition 5.8. This solution space is often denoted by
W (0,T;V,V'") with (V, H, V') the Hilbert triple (5.16)

Remark 5.9 Let u satisfy condition (5.30) in Definition 5.8.

(a) W(0,T;V, V") is embedded in C([0,T]; H); that is, the function u admits a representative
in C([0,T); L3(Q)) (see Theorem 1 in section 18.1 of [6]). Hence the initial condition
(5.32) means uy = lirgl+ u(t) in L*(Q).

t—

(b) If the map t € [0,T] — B(t,-,-) taking values in bounded linear forms on V x V is
essentially bounded, then the condition (5.31) is equivalent to

d
<C;;(t),v>+l3(t,u(t),v) = (f(t),v) for a.e. t€(0,T), for every ve C;(Q). (5.34)
Indeed, by Proposition 7 of [6] the first term in (5.31) agrees with (%%(-),v) in D'((0,T))
for eachv € V = H}(Q; A), but the continuity on' V of (%4(t),-) and (f(t),") for almost
1

every t means that one need only check that (5.31) holds for each v € Cy(Q2), which is
dense in V.

23



(c¢) If we denote by Lu(t) as the V'-valued distribution on (0,T) defined by
(Lu(t),v) := B(t,u(t),v), veV = H}Q; A),

then (5.34) yields
‘C%L + Lu=f in L*(0,T; H ' (Q; A)) (5.35)

since all of the vector valued distributions in (5.35) are representable as L
in t and one can apply Proposition 5 of section 18.1 of [6].

1

ive functions

Having transformed the problem (5.29) into the initial value problem (5.31)—(5.32) for u(-)
satisfying (5.30), one can exploit an abstract existence and uniqueness theorem in the Hilbert
triple (5.16) by using the so-called parabolic counterpart of the Lax-Milgram theorem, due to
J-L. Lions (see the Comments on Chapter 10 of [3]). One needs only to verify that the family
of bilinear forms B(t, -, ) with ¢ € [0,T] is measurable in ¢, uniformly bounded and uniformly
weakly coercive; that is, one needs only

YV u,v € H (2 A), t~ B(t,u,v) defines a measurable function on [0, T’ (5.36)
and the existence of positive constants «, 3,7 such that
1B(t,u, )| < allullgs @ 0]l s @iay ¥ € 0TV v e HI(A),  (5.37)

and
|B(t, u, u)| = Bl|ullf 0,4y = NullZ2 (), V€ [0,T],V u € Hy(2A). (5.38)

Under the assumptions (5.36)—(5.38) there exists a unique solution of problem (5.29) in the
sense of Definition 5.8 (see Theorems 1 and 2 of section 18.3 in [6]). The uniqueness fol-
lows easily from the weak coercivity assumption (5.38) and the existence in obtained using a
Galerkin approximation in the separable Hilbert space V = H}(Q; A).

The needed regularity, boundedness and coercivity will follow by making suitable hypothe-
ses on the coefficients (M, b, ¢) of the degenerate elliptic operator L. The following theorem
does precisely that, where we recall that Q7 = Q x (0,7] and Sym, (R) is the space of
symmetric nonnegative definite matrices with real entries.

Theorem 5.10 Let A and Q satisfy the regqularity and structural conditions (2.1) and (2.3).
Assume that the coefficients (M, b, c) of L satisfy

M € C(Qr,Sym;! (R)), (5.39)
[VM]~'b € L=(Qr,R™) and c € L®(Qr,R) (5.40)

and there exist positive constants 1, ua such that
p1Alz) < M(x,t) < pgA(x), Vte(0,T), VoeQ, (5.41)

with the inequalities in the sense of quadratic forms. Then there exists a unique weak solution
to the Cauchy-Dirichlet problem (5.29) in the sense of Definition 5.8

Proof. Applying the abstract existence theorem, it suffices to check that one has the needed
properties (5.36)—(5.38). For the uniform upper bound (5.37) one uses the Cauchy-Schwarz
inequality and the conditions (5.40) to find

1B(t, u,v)| <|[VM@)Vulll 2 [VM @) Vll|L2(0) + C1llIlVM () Vulll L2 [[v] L2 ()
+ Collull L2 ) |Vl 22
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with C1 = |||[V'M] 10| || . (@y) and Co = ||c|| (@), Where the lower bound in (5.41) justifies
the existence of VM € C(Qr,Sym;! (R)). Using the upper bound in (5.41) and the Poincaré
inequality one obtains (5.37) with a = a(Cy, Cy, p2, Cp) independent of (t, u, v).

In particular, for each t fixed B(t,-, ) is a bounded bilinear form on H}(Q; A). Moreover,
fixing representatives u, v and their quasi-gradients in accordance with Theorem 4.3, one sees
that the integrand in (5.33) is a measurable function of ¢ taking values in L!'(Q) and the
property (5.36) follows.

For the weak coercivity (5.38), one again estimates from below as in the classical Garding
inequality, where the lower bound in (5.41) is used. In fact, for each u € H{(£2; A) one finds

a2 o,y < Bt u,w) + / {(VM) 716, VM V) + cu? } da

Q
< B(t,u,u) + pa[|[[VM] 710l oo (@) 1l 12 (0,4 [l L2 ) + llell oo (@ 1l 2 0 -

Using Cauchy’s inequality with & = p1 /[2]||[V'M] ]| (@] on the second term above yields

(5.38) with

VM1 g,

M1 )
8= Y and o + el Loe (@)
This completes the proof. O

As in the degenerate elliptic case, one has weak comparison and maximum principles
compatible with the existence theory established above for degenerate parabolic equations
with the regularity and structural conditions that we have imposed. Moreover, their proofs
involve simple adaptations of the arguments used in the non degenerate setting and hence we
will merely state the results, which rely on the notion of weak subsolutions/supersolutions.

Definition 5.11 Let A and Q satisfy (2.1) and (2.3) and let f € L?>(0,T; H=1(Q; A)).

d
(a) We say thatu € L*(0,T; H'(); A)) with ditL € L*(0,T; H'(Q; A)) is a weak subsolution
to the equation Oyu — Lu = f in Qr if, for a.e. t € (0,T),

<(f;:(t),v> + B(t;u,v) < (f(t)v) for any v € CH(Q),v > 0;

d
(b) We say that u € L? (O,T;Hl(Q;A)) with d—qz eL? (O7T;H_1(Q;A)) 18 a weak superso-
lution to the equation Oyu — Lu = f in Qr if, for a.e. t € (0,T),

<Cj;;(t),v> + B(t;u,v) > (f(t)v) for any v € CH(Q),v > 0;

Making use of considerations like those recorded in Remark 5.9, one can replace the test
function space C}(Q) with Hg(2; A) in the above definition. The weak comparison principle
is the following result.
Theorem 5.12 Let the assumptions of Theorem 5.10 be satisfied. Let u € L? (0, T; HLA(Q))
with % € L? (0, T; H-1(Q; A)) be a subsolution to the equation Oyu — Lu = 0 in Q1 such that
u <0 ondQx(0,T) and u(z,0) <0 for a.e. x € Q. Then

u<0 ae in Qr.

A direct consequence of Theorem 5.12 is the following maximum principle.

Corollary 5.13 Let assumptions of Theorem 5.10 be satisfied. Let u be a weak solution to
problem (5.29) with f = 0 in the sense of distributions. Suppose that ug € L>°(Q). Then
u € L*(Qr) and

lull oo (@r) < lluollLee () -
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5.3 Degenerate hyperbolic problems

Next we consider the Cauchy-Dirichlet problem associated to equation (1.5); that is

O?u = Lu+ f(x,t) in Qr:=Qx (0,7
u =0 in 9Q x (0,7],
(5.42)
Ou = vy in Qx {0}
u = U in Qx {0}

where L has the form Lu := div {M(z,t)Vu} + (b(z,t), Vu) + c(z,t)u, f € L*(0,T; L* (1)),
up € H}(Q; A) and vy € L?*(2). Under suitable assumptions on the coefficients (M, b, c) the
following notion of weak solution makes sense.

Definition 5.14 Given f € L?(0,T;L?(Q)), ug € H}(; A) and vy € L*(2). We say that u
is a weak solution of (5.42) provided:

ue L*(0,T; Hy (93 A)), % € L*(0,T; L*(2)), and ‘% € L*(0,T; H '(Q: A)); (5.43)
2
L))+ BGu() ) = (FO)0) i D(OT)), Yoe HY:A) (5.44)
and p
w(0) = uo, diZ(O) = (5.45)
where

B(t,u,v) := /Q {(M(m,t)Vu,Vv) — (b(x,t), Vuyv — c(x,t)uv}dx u,v € Hy (9 A). (5.46)

is the natural family of t-dependent bilinear forms and Vu, Vv are the quasi-gradients of u,v.
As in the parabolic case, some remarks concerning the definition are in order.
Remark 5.15 Given u satisfying condition (5.43) in Definition 5.14.

d
(a) w admits a representative in C ([0, T]; H} (; A)) with ditl € C([0,T]; L*(Q)) (see Remark
1 in section 18.5 of [6]). Hence the initial condition (5.45) makes sense.

(b) Ensuring that B(t,-,-)) is a bounded bilinear form for each fixed t, one need only check
that (5.44) holds for each v € C}(QQ). which is dense in H}(2; A).

(¢) Ensuring that the map t € [0,T] — B(t,-,)) is continuous, then the condition (5.44) is
equivalent to

2u
<(flt2(t)’v> + B(t,u(t),v) = (f(t),v) for a.e. t € (0,T), for everyv € C3(Q). (5.47)

In order to treat the initial value problem (5.45) for u(-) satisfying the second order evolu-
tion equation (5.44), we will make use of a special case of Theorem 1 of [6] which states that
a unique solution in the sense of Definition 5.14 exists, provided that the family of bilinear
forms (5.46) can be split as

B(tv'v') :BO(ta'a')+Bl(ta'a')ﬂ te [O?T] (548)

where
By(t,-,-) is bounded on H}(Q; A) x H}(Q; A), Vtel0,T]),k=0,1. (5.49)
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The principal part By is assumed to satisfy the following three properties:
YV u,v € HY (5 A), t+— Bo(t,u,v) defines a C! function on [0,7]: (5.50)
Y ou,v€ Hy (4 A), Bo(t,u,v) = Bo(t,v,u) Vtel0,T]; (5.51)
and there exist positive constants 3,7 such that
Bo(t,w,w)| = BllullZs guny — VllullZaeys ¥t € 0.TLY e HY(QA).  (5.52)
The lower order part B; is assumed to satisfy the following two properties
YV u,v € H}(Q; A), t— Bi(t,u,v) defines a continuous function on [0, T): (5.53)
and there exists a positive constant aq
By (t,u,0)| < arllul| g ) [10]| L2y, ¥ £ € [0,T),¥ u,0 € Hg(2; A). (5.54)

Before stating the application of this abstract result, we wish to make a few remarks about
the hypotheses. Using the L?-norm on v in (5.54) is what makes B; a term of lower order.
Combining the pointwise boundedness (5.49) of By with the continuity of the map in (5.50)
yields the uniform bound

1Bo(t,u,v)| < aollull g2 0;.4) 101|112 (0405 VE € [0, T],V u,0 € Hy (8 A), (5.55)

for some constant cg > 0. This uniform boundedness property follows from the Baire category
theorem in the same way as one proves the uniform boundedness principle for a pointwise
bounded family of linear functionals. Moreover, the derivative with respect to ¢ of the map in
(5.50) will take values in the space of bounded symmetric bilinear forms and the continuity
of the map t — %Bg(t,u,v) yields an estimate like (5.55) for %Bo(t,u,v). Control on this
family of maps is needed in the a priori estimates required for passing to the limit in the
Galerkin approximation scheme.

The needed regularity, boundedness and coercivity will follow by making suitable hy-
potheses on the coefficients (M, b, ¢) of the degenerate elliptic operator L. For the statement,
we denote by ngtl (Qr,Sym;" (R)) the space of continuous functions on Qr taking values in
symmetric nonnegative definite matrices whose first order spatial derivatives are continuous.

Theorem 5.16 Let A and Q satisfy the regularity and structural conditions (2.1) and (2.3).
Assume that the coefficients (M, b, c) of L satisfy

M € C;(Qr, Sym} (R)), (5.56)
[VM]~'b e C(Qr,R") and ce€ C(Qr,R) (5.57)

and there exist positive constants p1, u such that
p1A(z) < M(x,t) < pgAx), Vte(0,T), Ve, (5.58)

with the inequalities in the sense of quadratic forms. Then there exists a unique weak solution
to the Cauchy-Dirichlet problem (5.42) in the sense of Definition 5.14.

Proof. We split B in the obvious way by setting

BMt,u,v)z/ﬂ(M(x,t)Vva} dxr and Bl(t,u,v):A{(b(x,t),Vu)v—i—c(%t)uv} dx.

(5.59)
The boundedness properties (5.49), (5.54) and the weak coercivity (5.52) follow from the
proof of Theorem 5.10 where the same properties were shown under weaker assumptions. The
regularity properties (5.50) and (5.53) are easily verified with the aid of Theorem 4.3. O
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6 Examples of matrix valued weights

In this section, we will give a few simple examples to illustrate the structural hypotheses made
on the matrix A and its singular set S in order to ensure the validity of the Poincaré inequality
of Theorem 3.1 for each p € [1,00). The first example shows that there exist matrix valued
weights A which satisfy (2.1) and (2.3), but which do not admit a uniformly elliptic direction,
as required in [20].

Example 6.1 Let Q := {(z,y,2) € R : 2> +y?® < 4,|z| <1} and let « > 1 be arbitrary.
Define the matriz A for (x,y,z) in a C*' neighborhood Q of Q by

22 xy 0 1 0 0
A,y z) = 2y v 0 | +(@+y*—1*+H)"[ 0 1 0
0O 0 O 0 0 1

The matrix valued function A satisfies the condition (2.1) on Q. Indeed, o > 1 ensures
the required regularity of parts (i) and (i4) and the nonnegativity follows from the fact that
A is the sum of nonnegative definite matrices. Denoting by 1 := ((x2 +y?2—-1)2+ z2)a >0,
one finds that detA = ¢?(x) + 22 + y?) and hence the degeneracy set is the zero locus of ;
that is,

S={(z,y,2) € R* : 2> +y*=1,2=0},

which is a compact connected C* submanifold without boundary of codimension 2 contained
in . In order to have condition (2.3), it remains to check the orthogonal rank condition
(2.3)-(i47). For any (zg,yo,0) € S we have

Ker(A(xo,yo,O)) = Span((0,0, 1), (yo, —20,0)) and  T(z,,y0,0)S = Span((yo, —T0,0)) .

Thus
N(Iovyovo)S = (7—‘(90(141070)8)L = Span<(07 0, 1)’ (an Yo, 0>>
and
(70,%0,0) € N(zg,y0,008 \ Ker(A(xo,yg, 0)) .

In particular, the hypotheses (2.1) and (2.3) are satisfied on Q and Theorem 3.1 applies. Then
Corollary 3.2 yields the validity of the Poincaré inequality on (2.

On the other hand, A does not admit any uniformly elliptic direction, which means that
there is no vector £ of norm one such that there exists g > 0 such that

<A(‘T7y7 Z>€7 £> 2 /B > O) v ('r’ y’z) e Q?

as it is required in [20]. In fact, for every & = (&,&2,&3) € IR® \ {0} there exists a point
(z0,%0,0) € S such that & € Ker(A(wo,0,0)). Indeed, if £ + £3 # 0, then one can choose

&2 &
,Y0,0) := ,— ,01 €8,
(0,0.0) (mms NeEY= )

while if & = £ = 0, then one can choose any (zg,yo,0) € S.

We next give examples which show that the Poincaré inequality can fail if the orthogonal
rank condition (2.3)-(iii) does not hold. In all of the examples we present, Ker(A(z)) = N, S
for each € S although it would suffice to show the existence of z¢p € S for which N,,S C
Ker(A(xo)). The first counterexample has S of codimension 2 and A not totally degenerate
on S.
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Example 6.2 Let Q= {(z,y,2) € R® : 22 + 4> <4,|2| < 1} and let a > 1 be a parameter

to be chosen sufficiently large. Define the matriz A for (z,y,z) in a Ct1 neighborhood Q of
Q by

y> —xy O 1 0 0
Alz,y,2) == —ay 2> 0 | +((@®+y* -1+ 22)a 010
0 0 0 0 0 1

As in Example 6.1, The matrix valued function A satisfies the condition (2.1) on Q and
has the same determinant as before and hence the associated degeneracy set is again

S={(z,y,2) e R® : 2> +¢y* =1,z =0}.

Hence the validity of condition (2.3) reduces to the orthogonal rank condition (2.3)-(¢i¢). For
any (xo,¥o,0) € S we have

Ker (A(zo,y0,0)) = Span((0,0,1), (20, 0,0))
and
T(z0,y0,0)S = Span((yo, —0,0)) .
Thus,

1
N($07y070)8 = (T(l’o,ymo)s) = Span((O, 0, 1)’ (.730, Yo, O)> = Ker(A('rOa Yo, 0))

and the condition (2.3)-(iii) fails to hold and we cannot affirm the validity of the Poincaré
inequality.

In fact, the Poincaré inequality does not hold. To show this, it suffices to produce a
sequence of functions {vp, fnemw C C§°(€2) such that

lonllp = 00 as n— oo, /(Aan,an>% dxdydz < M for every n€ IN,  (6.60)
Q

for some M > 0. An example of such a sequence can be constructed in the following way. Let
@ € C3°() be a function satisfying 0 < ¢ <1 and o =1 on U := {z® +y* < 9/4,]z] < 1/2}
which contains S and satisfies & C Q. Define the sequence of C§°(£2) functions

2 2 2 2 1 A
va(@.2) = o9, ) (@ + 9 — 1)+ 22+ ) forall (z,y,2) €9,

where [ is a positive constant such that 5 > % . Using the monotone convergence theorem,
it is easy to see that

lim [ vPdrdydz = co. (6.61)

n— oo Q

On the other hand, if one sets 1, := (22 + 3% — 1)% + 22 + % then

Vo (,y,2) = 1, PV(,y, 2) — By P71V, (2, 2) = Vi + W (6.62)

For each (z,y,z) € Q one has

an(xaya Z) = (41‘(1’2 =+ y2 - 1),4y(x2 + y2 - 1)7 22) € Ker(g(ajvya Z)) (663)
where
R y2 —xy O
Alz,y,2) = | —zy 22 0
0 0 0



Making use of the decomposition (6.62), since A > 0 and is self-adjoint, elementary inequalities
yield the following pointwise bound on €:

(AVu,, Vo) < 2v—3 (WZV”

”+ymm

p) : (6.64)

Notice that A = A + I if one defines 9(x,y,2) = (22 + y? — 1)2 + 22. Using (6.63),
supp(V,,) € Q\ U, the lower bound v,, > 9 and the upper bound ¢ < 1, one integrates (6.64)
to find C' > 0 such that

b p yd b
/ (AVvn, Vo) dedydz < C / ‘\/A v@‘ P8 dedydz + / b PP dudyds |
Q o\u Q
for each n € IN. This expression is bounded by some positive constant M, provided that

a > 23+ 1. Combining this with (6.61) yields (6.60).

The following counterexample again has S of codimension 2, but A is totally degenerate
on S, which is a single point.

Example 6.3 Let Q := {(z,y) € R*> : 2?2 +y> < 1} and let a > 1 be a parameter to be
chosen sufficiently large. Define the weight A for (z,y) € Q by

Alew) = ( M 20 4 ) )

Since a > 1 and A is nonnegative definite, one has (2.1). Clearly S = {(0,0)} and since A
vanishes there, the condition (2.3)-(i4¢) is not satisfied.

The Poincareé inequality fails as again one can construct {v,}nenw C C§°(Q) satisfying
(6.60). Indeed, let ¢ € C§°(0) satisfy 0 < ¢ < 1 and ¢(z,y) = 1 for every (z,y) € U :=
{(z,y) € R* : 22 +y? < 1} and define

1\-8
vn(z,y) = (z,y) (wQ + 9 + E) .

Arguing as in Example 6.2, one finds that (6.60) holds for g > % and a > 28 + 1.

We conclude with two examples which relax the condition (2.3)-(i7) to allow codim(S) =1
but for which the topological condition (3.2) holds. As explained in Remark 3.5, one will have
the Poincare inequality of Theorem 3.1 provided that the remainder of the conditions (2.1)
and (2.3) hold. The following illustrates the failure of the Poincare inequality in the absence
of the orthogonal rank condition (2.3)-(ii3).

Example 6.4 Let Q := {(z,y) € R* : 3 <2?+y? <2} and let a > 1/2 be a parameter to
be chosen sufficiently large. Define the matriz A for (x,y) € Q by

Az, y) = < _yQ _€y>+(x2+y2—1)2°‘<é (1) )

Ty

Since @ > 1/2 and A is the sum of two nonnegative matrix valued functions, one has (2.1).
Denoting by ¢ := (22 + y? — 1)2* > 0, one has detA = 9(¢) + 22 + y?) and hence

S ={(z,y) e R? . 22 +y? =1},

which is a compact connected smooth manifold contained in 2 of codimension 1. Since

1
Q\S:{(x,y)EBQ : §<x2+y2<1}U{(z,y)€RQ : 1<x2+y2<2} =0 UQg,
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the open connected components 21, Q5 satisfy the condition (3.2); that is, 9Q; N 9N # O for
i = 1,2, However, for every (z,y) € S one has

T(z,y)S = Span((y, —)) and NS = Span((z,y)) = Ker(A(x,y))

and hence the condition (2.3)-(4¢7) is not satisfied.
The Poincare inequality fails as a sequence {v, tnenw C C§°(Q) satisfying (6.60) is easily
constructed. Indeed, pick ¢ € C§°(2) with ¢ =1 for 3/4 < 2% + y? < 9/4 and set

1\-8
vn(@,y) = ((032 +y? 1%+ E) (@, y)-
The same reasoning as the previous examples yields (6.60) for 5 > % and o > 4 + 4.

Next we give an example of S having codimension 1 which corrects the defect in the
orthogonal rank condition of the previous example.

Example 6.5 Let Q) := {(w,y) e R? : % <22 4+9% < 2} and let o > % be arbitrary. For
every (x,y) € Q define

2 of 10
A= (5, )@ (g 7).

With respect to Example 6.4, changing signs on the off-diagonal entries leaves all of the
relevant properties of A and S unchanged with the exception of KerA, which is now

Ker(A(x,y)) = T(2,)S = Span((y, —))

so that for each (z,y) € S = {(x,y) € IR* : 2> + 3> = 1} one has that the rank of A(z,y) re-
stricted to N(,.,)S is one and the condition (2.3)-(774) is satisfied. Thus the Poincaré inequality
(3.1) holds in accordance with Remark 3.5.

Finally, we give an example which shows that Sobolev inequalities with a strict gain in
summability may fail for matrices A which support the inequality (1.2).

Example 6.6 Let Q := [-1e72, %6*2] X [f%, %], p>1andleta>2+ % be arbitrary. For

Al y) = ( [ (1) )

Then the coefficients of the matrix A are C', the degeneracy set is S = {(0,y) |y € [~3, 3]}
and (0, 1) is a direction of uniform ellipticity for the matrix A. By the results in [20] one has
the validity of a Poincaré inequality of the form (3.1) for every u € C}(2). In particular, the
results of Sections 4 and 5 of the present work apply to the matrix A.

Let ¢ € C§°(Q) be a smooth cutoff function such that 0 < ¢ < 1in Q and ¢ = 1 in
0:=[-1e72 1e72] x [-1 1] Define on 0

(a:2 - i) <log <x2 - i)ﬂ : € 0™ ()

and u,(x,y) = ¥(x,y)on(x,y). Then one has
o B , 1 , 1\’
seone == | (#+1)" (o (2 + 7))
_% 2 _
ood) o)) o )
n n n n
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every (z,y) € Q define

[N

(Pn(x7 y) =

1+p

P

N

1
X

W=
I



so that

|\/ZV<pn|2

AV V)] = Jafe (222)
- QOTH SO’!L - 3x

1+p

(o) (e D)] 7 [lelo D) (el 3)]
(ro3) 7 (o)) P ) o))

Now note that the function ¢ — t%|log t|b for a, b < 0, is decreasing in [0,e4]. Choosing

< Cfz|®

= Clz[*

a=—-1-— b——éweobtalne ¢ e >e” whﬂechoosmga——l—f b——;—Qwe
obtain e 3 =e PJTH > e~ 3. Then, for n € N sufficiently large, we have z? < 22 + E <e”
for every (z,y) € . Thus we deduce

VAVul? < Clal [727% (log ol) ™ +2727% (log |al)#~7] < C.

for a > 2+ %, independently of n € N. Therefore, also recalling the properties of 3, for
sufficiently large n € N we have

(AVu,, Vu,)t = VAV, P < ([0VAVe,| + [0 VAVY])”
< C([WVAVE, [P + |pnVAVY|P)

<C (1 + <x2 - ;)_é <1og <x2 + D)_Q)
< C (1+ |o|* (10ga])?)

in Q, independently of n € N. Thus we conclude that u,, € VVO1 P(Q; A) and that there exists
a constant M > 0 such that ||un||W01,p(Q;A) < M for every n € N. By the Poincaré inequality,
the sequence u, is bounded also in LP((2).

Now we show that a Sobolev inequality with strict gain, of the form: for some ¢ > 0 there
ezists a constant C > 0 such that

1
oty < € ( [ v vt dxdy) Ve clo), (6.65)
Q
does not hold in this setting. Indeed, we claim that for the sequence u,, defined above one has
nll}f_il_l ||un||L})(1+e)(Q) =400, Ve>0. (666)

To show the claim, we estimate

1
1€
/ | (, ) [PUF) dady >/ / \son (z,y) [P dwdy
1 1,-2
4 4

1,2 —12i —2(14¢€)
G B G G
0 n n

—2

1 [t e

— I / 2~ 079 (log 2) 2079 4z = 400,
0

by the monotone convergence theorem. Thus (6.66) holds while at the same time the sequence
u, is bounded in W, (; A), and hence there is no C' > 0 such that (6.65) holds.
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