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EQUIVALENCE BETWEEN WEAK AND D-SOLUTIONS FOR
SYMMETRIC HYPERBOLIC FIRST ORDER PDE SYSTEMS

NIKOS KATZOURAKIS

ABSTRACT. In a recent paper the author introduced a new theory of gen-
eralised solutions for fully nonlinear PDE systems which allows for merely
measurable solutions to systems of any order and with perhaps discontinuous
coefficients. This approach is a duality-free alternative to distributions and is
based on the probabilistic representation of limits of difference quotients via
Young measures over compactifications of the “state space”. Herein we show
that for symmetric hyperbolic systems with constant coefficients whereat both
weak solutions as well as D-solutions apply, the notions actually coincide.

1. INTRODUCTION

Let n, N € N and 7" > 0 and consider the system of first order PDE
(1.1) D + A:Du=f, u:(0,T)xR" — R,

where A : RV" — R¥ is a constant map given by

N n
(1.2) A:Q = ) ) (AapiQpi)e” RN, QeRN,
a,B=1i=1
and f: (0,7) x R® — RY. We obviously use the notation Du = (Dju, ..., D,u)
for the spatial gradient with respect to x € R™, D; denotes the partial temporal
derivative with respect to ¢t > 0 and {e!,...,e"N} is the standard basis of RV and

we will assume that the unknown map w and the right hand side f are both in
L?((0,T)x R™,RY). In index form the system (1.1) reads

N n
Diug + ZZAQB’L'DZ'UB = fa, a=1,..,N.
B=1i=1

We will throughout this paper assume the hyperbolicity hypothesis
(1.3) Aogi = Agai
for all indices o, 5 =1,..., N and all 4 = 1,...,n. This implies that for each index i
the following matrix is symmetric

N
(1.4) A, = Z Anpi e ®eP € RN

a,f=1

and hence for each i = 1,...,n, the space RY has an orthonormal basis of eigen-
vectors {n®1, ..., nIN} with respective eigenvalues o(A;) = {cW?,....,cON}. The

Key words and phrases. Symmetric hyperbolic first order PDE systems, generalised solutions,
fully nonlinear systems, distributional solutions, Young measures.
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2 NIKOS KATZOURAKIS

symmetric hyperbolic system (1.1) plays an important role in many contexts for
both theory and applications.

In this paper we consider the question of equivalence between two completely
different notions of generalised solutions to (1.1) and by assuming a commutativity
hypothesis on the matrices A; we prove their equivalence. The first one in the usual
notion of weak solutions defined by duality

N n
/ {uaw £S5 Ausius Do + faaﬁ} “o,
(0,T) xR"

B=1i=1

for all ¢ € CS((O,T ) X ]R"). This is the standard natural notion of generalised
solution defined in terms of integration-by-parts. The second notion of solution has
very recently been proposed by the author in [K8, K9] and is a duality-free notion
of solution which applies to general fully nonlinear PDE systems of any order. The
a priori regularity required for this sort of solutions is just measurability and the
nonlinearities are also allows to be discontinuous. More precisely, let Q@ C R™ be
an open set and

(1.5) F:Qx (]RM x RMm o RMm® o Rg”mp) R

a Carathéodory map (that is F' is measurable with respect to the first argument
and continuous with respect to the second). Here RM™" is the space of symmetric
tensors

MmP _
{X eR ’ Xail...ik“.il..‘ip = Xail‘..il..‘ik...ipa

a=1,. M is=1,...ms=1,..p, 1<l<;<l<p}

wherein the pth order derivative
» » a=1,....M
DPy = (D- U )
ety TG e L,.m)
of (smooth) mappings u : @ € R™ — RM is valued. Our new theory applies to
measurable solutions of the pth order PDE system

(1.6) F(~,u,Du,...,Dpu) =0, on.

Since in this approach we do not need to assume that the solutions are locally
integrable on €2, the derivatives Du, ..., DPu may not exist not even in the sense of
distributions.

The starting point of our notion in not based either on duality or on integration-
by-parts. Instead, it relies on the probabilistic representation of the limits of differ-
ence quotients by using Young (or parameterised) measures. The Young measures
have been introduced in the first half the previous century ([Y]) in order to show
existence of some sort of “relaxed” solutions to nonconvex minimisation problems
for which the infimum is not attained at a function. Today they are indispensable
tools in Calculus of Variations, PDE theory and they have also be studied in a very
abstract topological setting (see e.g. [, M, P, F'L, , FG, V]). The standard use
of Young measures so far has been to quantify the failure of weak convergence to
be strong in approximating sequences. Typically this is a result of the combination
of phenomena of oscillations and/or concentrations (e.g. | , KR)).

In our setting, Young measures are utilised in order to define generalised solutions
of (1.6) by applying it to the difference quotients of the candidate solution. Let



EQUIVALENCE BETWEEN WEAK AND D-SOLUTIONS FOR HYPERBOLIC SYSTEMS 3

us motivate the notion in the first order case p = 1 of (1.6) which is the only case
needed in this paper. Suppose that u : @ C R™ — RM is a VVJ)C1 (2, RM) strong
a.e. solution of the PDE system

(1.7) F(z,u(z),Du(z)) = 0, ae z€Q.

Then, observe that u is a solution if and only if for any compactly supported
function ® € CY(RM™), we have

/]R 00X F (e u(@), X) didpu)(X) = 0, ae weQ

Hence, if we view the weak derivative Du : Q@ C R™ — RM™ a5 a probability-
valued map 0p, : Q@ € R™ — Z2(RM™) given by the Dirac mass at the weak
gradient, this gives the idea that we may relax the requirement to be a concentration
measure and allow instead more general probability-valued maps arising as limits
of difference quotients for non-differentiable mappings. In order to derive such a
notion which extends strong solutions, we suppose that u is in VV&)C1 (Q,RM) and

solves (1.7). By the equivalence between weak and strong L! derivatives, we have

that along infinitesimal sequences (h,)S2 ;, u satisfies

F(m,u(m), le Dl’h”u(x)> =0, ae z€Q,

where D" denotes the usual first difference quotients operator. Since F is assumed
continuous with respect to the gradient variable, this is equivalent to

lim F(x,u(x),DLh“u(x)) =0, ae xzel

V—00
Note now that the above statement makes sense if u is merely measurable whereas
the limit may exist even if the initial limit does not. In order to represent it, we view
the difference quotients D"« as probability-valued maps 6pi.n, : Q — & (RM m)
over the Alexandroff compactification

RMm .= RM™ {0},

that is as an element of the set of Young measures % (Q,KM 7”) which consists of
measurable probability-valued maps @ — @(KM m) (see Section 2 for the precise
definitions and for the properties of Young measures). By the weak* compactness
of % (Q, RM m), even if u is merely measurable there always exist probability-valued
maps Du : Q) — @(@Mm) such that along subsequences we have

(1.8) Optihny — Du in @(Q,KMT”), as v — 00.

Then, by a simple convergence argument it follows that strong solutions satisfy

(1.9) /7 ®(X) F(z,u(z),X) dDu(z)](X) =0, ae zc,
RMm

for any compactly supported “test” function ® € C?(RM™) and any “diffuse de-
rivative” Du. We stress that (1.8) and (1.9) are independent of the regularity of
u. In the event that w is weakly differentiable, then Du is unique and coincides
with the Dirac mass dp,, a.e. on Q. Up to a small adaptation of the idea (we need
to take difference quotients with respect to special orthonormal bases depending
on the coefficients) (1.8) and (1.9) essentially constitute the definition of diffuse
derivatives of the map u : @ C R™ — RM and of D-solutions to the PDE
system (1.7) respectively.
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In this paper we restrict our attention to the case of the 1st order linear hyper-
bolic system (1.1) with constant coefficients and compare the notion of D-solutions
to the usual notion of weak solutions for (1.1). The main result of this paper is
Theorem 9 (and Corollary 10) which says that D-solutions and weak solutions for
(1.1) coincide if the matrices A; of (1.4) commute. The latter hypothesis is triv-
ially satisfied if either we are in one spatial dimension (n = 1) or in the scalar
case (N = 1). We also obtain extra information regarding the partial reqularity of
the solution to the system (in either senses) along certain rank-one lines of RN+~
which we explain below in the idea of the proof.

Theorem 9 is particularly significant for the following reasons. Firstly, (1.1) is
an archetypal linear hyperbolic model of two classes of nonlinear PDE of major im-
portance, that is of systems of conservation laws and of systems of Hamilton-Jacobi
equations. Herein we show that when both weak solutions and D-solutions apply,
these two independent approaches actually coincide on their common domain of
applicability. This is further strong evidence (on top of the existence-uniqueness
results obtained in [K8, 9] which we summarise below) that D-solutions are a
“proper” duality-free counterpart of distributions, since they appear to be an effi-
cient framework in which well-posedness of the Cauchy problem for fully nonlinear
systems such as

Dy = F(-,u,Du), u: (0,T) x R" — RY,

can be considered and studied.

Secondly, we provide new insights on the analytic structure of the newly pro-
posed generalised objects complementing those of [(8]. As we demonstrate later
in Remark 8, unlike distributional derivatives, diffuse derivatives in general do not
behave linearly. Without extra hypotheses, the sum of two D-solutions to a linear
equation may not be a D-solution unless one of them is regular. As a byproduct of
Theorem 9, it follows that D-solutions become a “linear” notion for linear hyper-
bolic systems and hence a linear combination of D-solutions to (1.1) is a D-solution
itself. Further, although it is fairly obvious from the motivations that D-solutions
are compatible with strong and classical solutions, there is no direct connection
between D-solutions and nonsmooth distributional solutions. Formally, however, it
can be easily seen that the distributional derivatives coincide with the barycentres
of the diffuse derivative measures (Remark 8). The results herein in a sense confirm
this claim rigorously.

The essential idea of the proof of Theorem 9 is the following. First, by using
approximation and some partial regularity estimates, we show that a map u €
L2((0,T) x R*",RY) is a weak solution to (1.1) if and only if the distributional
space-time gradient (D;u, Du) has a projection along a certain subspace of RVTN"
which is given by an L? matrix-valued map (Lemmas 11, 12). We follow the ideas of
[{8] and formalise this by using an extension of the classical Sobolev spaces which
we call “fibre spaces”. The fibre space consists of partially differentiable maps only
along certain rank-one directions of R¥NTN" which correspond to the directions of
non-degeneracy of (1.1). The commutativity hypothesis on the matrices A; gives
the necessary condition that the subspace of non-degeneracies of the system (on
which we have estimates) is spanned by rank-one directions. Then, we use the
machinery of D-solutions in order to characterise this partially regular object in
the fibre space as a D-solution to (1.1) (Lemma 13, Remark 14).
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Our motivation to introduce and study generalised solutions primarily comes
from the necessity to study rigorously the equations arising in vectorial Calculus of
Variations in the space L*° and in particular the model of the co-Laplace system.
Calculus of Variations in L™ concerns the study of variational problems of the
so-called supremal functionals as well as of its associated analogues of the Euler-
Lagrange equations. The field has a relatively short history which was started in the
1960s by Aronsson ([A1]-[A5]) who was the first to consider variational problems
for functionals of the form
(1.10) Eo(u,Q) := ||H(-,u,Du)||LOC(Q)
and to study its associated equations. The study of (1.10) is inherently interesting
both from the viewpoint of applications as well as from the purely mathematical
side. On the one hand, minimisation of the maximum “energy” provides more
realistic models as opposed to the classical case of minimisation of the average “en-
ergy” (integral). For instance, it is more realistic to know the maximum tolerance
of a material to destructive forces rather than the average. On the other hand,
the equations in L* are nondivergence and highly degenerate. Until recently, the
study of (1.10) was restricted exclusively to the scalar case. In the scalar case, the
theory of viscosity solutions of Crandall-Ishii-Lions proved to be the proper setting
for the L™ equations (see [KX] for a pedagogical introduction). In the vectorial
case, though, the absence of an efficient theory of generalised solutions hindered
the rigorous study of the systems arising in L>°. The vectorial case of (1.10) has
been pioneered by the author in a series of recent papers ([KX1]-[I6], [K8, [{9]). In
the simplest model case of the functional

(1.11) Eoo(u, ) = H|Du‘2HLw(sz)

applied to Lipschitz maps u : @ C R™ — RM (where |Dul is the Euclidean norm
on RM™) the analogue of the Euler-Lagrange equation is the co-Laplace system:

(1.12) Au = (Du@Du+ \Du\Q[Du]lQ@ I) :D?%u = 0.

In (1.12), the symbol [Du]t denotes the orthogonal projection on the orthogonal
complement of the range of the gradient

[Du()]* = Proj(g(pu(s)))-

and in index form the co-Laplacian reads

M m
Diuy Diug + |Dul?[Dults6:;) D2ug = 0, a=1,..., M.
Z Z ( jus | | [ ]aﬁ J ij B

B=11i,j=1
In the recent paper [K8], among other things we proved existence of D-solutions to
the Dirichlet problem for the co-Laplace system and in [K9] we proved existence

for the equations arising from the functional (1.10) but in one spatial dimension.
The methods used therein varied and were based on the analytic “counterpart”
of Gromov’s convex integration (the Dacorogna-Marcellini Baire category method
[DM]) for differential inclusions and on a priori estimates and LP approximations
as p — oo. In the paper [[X8] we also considered the Dirichlet problem for fully
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nonlinear degenerate elliptic systems
F(~,D2u) = fa in Qv
uw = 0, on 01,
and we proved existence and uniqueness of a D-solution to the problem (which in
general may not be even once weakly differentiable).
2. THEORY OF D-SOLUTIONS FOR FULLY NONLINEAR SYSTEMS

2.1. Preliminaries. We begin with some notation and some basic facts which will
be used throughout the paper, perhaps without explicitly quoting this subsection.

Basics. Our measure theoretic and function space notation is either standard,

e.g. as in [F2, | or self-explanatory. The norms | - | appearing will always be
the Euclidean, while the Euclidean inner products will be denoted by either “.” on
R™,RM or by “” on matrix spaces, e.g. on RM™ we have
M m
X7 =) XaiXai = X: X,
a=1i=1
etc. The symbol “” will also be used to denote higher order contractions as e.g.

in (1.1), (1.2) but the exact meaning will be clear form the context. The standard
bases on R™, RM RM™ will be denoted by {e?|i}, {e*|a} and {e® ® €'|a,i}
respectively. For the main part of the paper, we will take M = N and m =n +1
and RMm = RN+Nn

We will follow the convention of denoting vector subspaces of as well as
the orthogonal projections on them by the same symbol. For example, if II C RM™
is a subspace, we denote the projection Proj : RM™ — RM™ by just II.

We will also use the 1-point compactification of RM™ which will be denoted by

E]V[m = RJV[m U {OO}

Its metric distance will be the usual one which makes it isometric to the sphere of the
same dimension (via the stereographic projection which identifies the point infinity
{oo} with the north pole of the sphere). RM™ will be viewed as a metric vector
space isometrically contained into its compactification RM™. We note that balls
and distances taken in RM™ will be the Euclidean and we will employ orthonormal
expansions with respect to the usual inner product of RM™ (see the next paragraph)
but this will cause no confusion since the underlying topology is the same.

RMm

Derivatives & difference quotients with respect to general bases. In the
sequel we will express derivatives and difference quotients with respect to non-
standard orthonormal bases. Let {E?, ..., EM } be an orthonormal basis of RM and
suppose that for each a = 1, ..., M we have an orthonormal basis {E(a)l, . E(O‘)m}
of R™. Given such bases, we will equip RM™ with the induced orthonormal basis

(2.1) RY™ = span[{E* |a,i}], E*:= E*® Ele)i

Then, if Dy denotes the directional derivative along E(®?, the gradient Du of
a regular map u : Q C R™ — RM defined on an open set 2 can be written as

m

(2.2) Du = f: 3 (E‘” : Du) B = f: Z (DEW(E“ -u)) fod

a=1i=1 a=1i=1
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Further, let u :  C R™ — RM be any measurable map which we understand to
be extended by zero on R™ \ Q. For any a € R” with |a| =1 and h € R\ {0}, the
difference quotients of u along the direction a at x will be denoted by

(2.3) DYhay(z) = %[u(m + ha) — u(z)].

Given any infinitesimal sequence (h,)22; C R\ {0} with h, — 0 as v — oo, we
define the difference quotients of u (with respect to the fixed reference frames)
arising from (h,)52; as

M
(2.4) DYy . QCR™ —5 RM™, =33 [ Lh ( )} B,

=1i=1

u is as in (2.3) and E* as in (2.1).

Q

In the above, DE(Q)I

Young Measures. Let E C R™ be a (Lebesgue) measurable and consider the

L' space of strongly measurable maps valued in C° (EM m)7 that is in the space of
continuous functions over RM™:

L'(E,C°(RM™)).

For background material on this space we refer e.g. to [F'L, , Ed, V] (and refer-
ences therein) as well as to [K8, KK9]. The elements of this space can be identified
with the Carathéodory functions

® : ExRM™ SR, (2,X)— &z, X)
in the sense that £ 3 z + ®(z,-) € CY (@Mm). The norm of the space is given by

@l L1 (E.co@mmy) = L(IE%" ‘I’(UC,')D dx.
The dual space is given by
(LH(B,CORM™)))" = L (B, M(RM™)).

Here M(RM m) is the space of Radon measures equipped with the total variation
norm. The dual space Ly;. (E, M(RM m)) consists of weakly* measurable measure-
valued mappings

E 5 z+— () € M(@Mm),
that is, for any ¢ in the space and any fixed ® € C° (RM m), the function
E> z+— (X)) d[P(x)](X) € R
RMm

is Lebesgue measurable. The duality pairing between the spaces is given by

() L (B,M([RM™)) x LY (B,C°(RM™)) — R,

B /E/@Mm ®(z, X) d[9(2))(X) da

and the norm of the space L3 (E, M (R™)) is the L°°-norm of the total variation:

||79||qu°* (E,M(RMm)) = €S8 Sbglp [[9(2)] (RMM)-

EAS
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Definition 1 (Young measures). The space of Young measures is the set of all
probability-valued mappings £ C R™ — QZ(@M m) which are weakly* measur-
able. Hence, the set of Young measures can be identified with a subset of the unit
sphere of L% (E, M (RM™)):

v (BRM™) = {9 € L3 (B MEM™)) : d(z) € 2(®M™), ae. zc B |.

We will equip the Young measures with the induced weak* topology (which is
metrisable and sequentially precompact on bounded sets because L (E, CO(RM™))
is separable).

Remark 2 (Properties of & (E,RM’”)). The next standard facts about Young
measures will be used systematically (see e.g. [FG]):

i) [Weakly* compact space| (E ,RM m) is a convex and sequentially weakly™*
compact set.

ii) [Functions as Young measures| The set of measurable mappings v : £ C
R™ — RM™ can be embedded into @(E,RM’”) via the Dirac mass v — §, given
by d,(2) := 6,y(») (and the embedding is weakly™ dense).

The next fact is a essentially a classical result but it plays a fundamental role
in our framework because it will guarantee compatibility of D-solutions and strong
solutions (its simple proof can be found e.g. in [I<8]).

Lemma 3. Let U, U® : E C R™ — RM™ be measurable maps, v € N. Then,
there are subsequences (v;)3°, (1)5° such that:

(1) U —U> ae onE = Syn — Oy in ¥ (B,RM™),
(2) yv — dye in @(E,@Mm) = U" — U a.e onkE.

Main definitions. We restrict our attention only to the first order case which is
relevant to the system (1.1) we consider herein. For the general case we refer to

[1K8].

Definition 4 (Diffuse derivatives). Suppose we are given some fixed reference
frames as in (2.1). For any measurable map u : Q@ C R™ — RM_ we define
the diffuse gradients Du of u as the limits of the difference quotients D"
(see (2.3)-(2.4)) in the spaces of Young measures % (E,R™™) which arise along

infinitesimal subsequences (hy,, )3 C (hy,)$°:

1) —~Du in @(Q,EM’”), as k — oo.

Dl’h”k w

By the weak* compactness of % (E,@Mm), every measurable map possesses
diffuse derivatives, in fact at least one for every infinitesimal sequence. In general
diffuse gradients may not be unique for nonsmooth maps but they are compatible
with weak derivatives:

Lemma 5 (Compatibility of weak and diffuse gradients). Suppose u € V[/lloc1 (Q,RM).
Then, the diffuse gradient Du is unique and we have dp, = Du a.e. on §Q.

The proof of Lemma 5 is an immediate consequence of Lemma 3 and of the
standard equivalence between weak and strong L' derivatives. Now we give our
notion of solution to fully nonlinear first order PDE systems.
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Definition 6 (D-solutions of 1st order systems). Let Q& C R™ be open,
F:Qx (RMxRM™) — R?

a Carathéodory map and v : Q@ C R™ — RM a map in Wl’l(Q, RM). Suppose we

loc
have fixed some reference frames as in (2.1) and consider the PDE system

(2.5) F(z,u(z), Du(z)) = 0, on .

We say that u is a D-solution of (2.5) when for any diffuse gradient of u arising
from any infinitesimal sequence along subsequences (Definition 4)

dptiu,, — Du in @(Q,RM’”), as k — oo

and for any ® € C? (RMm), we have
/7 ®(X) F(z,u(z), X) d[Du(z)](X) =0, ae z€Q.
R]Wm

The following result asserts the fairly obvious fact that D-solutions are compat-
ible with strong solutions.

Proposition 7 (Compatibility of D-solutions with strong solutions). Let F be a
Carathéodory map as above, u : @ C R™ — RM 4 mapping in Wlloc1 (Q,RM) and

consider the PDE system (2.5). Then, u is a D-solution on Q if and only if u is a
strong a.e. solution on Q.

The proof of Proposition 7 is an immediate consequence of Lemma 5 and of the
motivation of the notions.

Remark 8 (Nonlinearity of diffuse derivatives and relation to distributions). We
summarise here some of the discussions of [K8]. In the context of the usual notions
of solution (smooth, strong, weak, distributional), it is standard that the generalised
derivative is a linear operation. However, without extra assumptions this may be
false for diffuse derivatives; D-solutions are a genuwinely nonlinear approach even
when we apply them to linear PDE. More precisely, let T, : RM™ — RM™ denote
the translation by a. Given a Young measure ¢ € @/(Q,RM’”), we define ¥ o T}, €
2 (Q,RM™) by

(9 0 Tu) ()| (B) = [9(@)]((B\{oc}) —a) + [I(z)]({o0}),
for any Borel set B C RM™ and a.e. x € Q. Hence, we translate the Euclidean
part of B while “infinity” is left intact (it can be seen as a push-forward measure as
well). It can be easily proved that (see [[X8], also [F1]), given any two maps u,v :
Q CR™ — RM for which one of them, say v, is in addition weakly differentiable,

we have
D(u+v) = DuoTp,, a.e.on .

Regarding the relation between distributional and diffuse derivatives, we can in-
formally say that the barycentres of the diffuse derivatives are the distributional
derivatives. This can be seen as follows: if u € L'(R™), then we have D"y~ Dy
in the distributions as h — 0. Since DV"u is the barycentre of the measure 6p1.n,,
and dpi1.n, ,— Du in the Young measures, we roughly have bar(Du) = Du. How-
ever, this formal relation lacks precision primarily because it does not take into
account the loss of mass at co which is the central “nonlinear” feature.
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3. EQUIVALENCE BETWEEN WEAK AND D-SOLUTIONS FOR HYPERBOLIC SYSTEMS

3.1. Fibre spaces and the main result. Before stating our main result we need
some preparation. Given the map A of (1.2) which we assume satisfies the hyper-
bolicity hypothesis (1.3), we define the linear map

(3.1) A RVHNn L RNOAIX = X, 4+ A X,
that is A is given by
N N n
a=1 B=1i=1
The nullspace of A will be denoted as
(3.2) N(A) = {g RN | Xy 4 A:X = o}
and we consider its orthogonal complement
(3.3) IM:= N(A)T C RNtV
By using (3.1)-(3.3) and the notation

z = (zg,x) = (t,x) €(0,T)x R",
Du(

(34) @) — (Dtu(g),Du(g)) c RNJan’

when u : (0,7) x R® — R¥ is a measurable map, we may rewrite the PDE system
(1.1) as

(3.5) A:Du(z) = f(z), =ze€ (0,T)xR",

when f € L?((0,T) x R",R"). We will also use the obvious notation

u(z + ha) — u(z)
h

for the space-time difference quotients of u, the obvious analogues of the expansions
(2.1)-(2.4) with respect to bases of R1*" RN RN*+N" and the notation Du for the
diffuse space-time gradient

Di'u(z) =

op

Uiy, — Du  in @((O,T)XR",@NJFN"), as k — oo

of a measurable mapping v : (0,7) x R® — R" along infinitesimal subsequences

(P )7° € (ho)7°

The fibre Sobolev space. For A as in (3.1), let II be given by (3.3) and suppose
that I 4s spanned by rank-one directions n ® a of RN*N" a = [agla] € R,
A sufficient condition regarding when this happens is when the matrices A; of
(1.4) commute, something we will require later. For simplicity, we treat only the
L? first order case needed in this paper (for extensions see [[K8]). Let us begin
by identifying the Sobolev space W1*2((O,T) XR”,RN) with its isometric image
Wl’z((O,T) XR",RN) into a product of L? spaces:

WI’Q((O,T)XR",RN) c L2<(O,T)><R", RN x RN“V”)
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via the mapping u + (u, Du). We define the fibre space #1%((0,T)xR",R")
(associated to A and (1.1)) as the Hilbert space
(3.6)

Wl*z((O,T)xR”,RN) = Proj,

— ||_HL2
2((0,7) xR RN x1) w2 ((0, T)x R", RN)

with the natural induced norm (written for W12 maps)
lullyracorysrny = lullzaqoryxrey + T2l 12 (o 7y )

We remind that we use the same letter to denote both the vector space Il as well
as the orthogonal projection on it. By employing the Mazur theorem, (3.6) can be
characterised in the following way:

(u,G(w)) € L2((0,T)xR", RN x 1) ‘ 3 (w)° C
7/1’2<(0,T)><R",]RN) - leQ((O7T)>< R",RN) : (', T Du) — (u, G(u))
weakly in L2<(O,T) % R", RN x H), as v — 00

We will call G(u) € L?((0,T) xR",II) the fibre (space-time) gradient of w.
By using integration by parts and the hypothesis that II is spanned by rank-one
directions, it can be easily seen that the measurable map G(u) depends only on
U € LQ((O,T) XR",RN) and not on the approximating sequence. Further, by the
equivalence between weak and strong L? directional derivatives, G(u) can be char-
acterised as a “fibre” derivative of u:

n®a cMCRYY"  —  Gu): (n®a) = Du(n-u), ae. on (0,T)xR™

In general, the fibre spaces are strictly larger than their “non-degenerate” counter-
parts since it is very easy to find singular examples which are not even once weakly
differentiable.

We may now state our main result.

Theorem 9 (Equivalence of weak and D-solutions to linear hyperbolic systems
with constant coefficients & partial regularity). Let A be as in (1.2), (1.3) and
consider the system

(3.7) D + A:Du = f, in(0,T)xR"™,
where f € Lz(((), T) xR™, RN) and T > 0. We suppose that the commutator of the
matrices Aq, ..., An of (1.4) vanishes:
[A;,Aj] == A;A; —A;A, =0, 4,57=1,.n
Then, a map u : (0,T) x R® — RY s a weak solution to (3.7) in the space

(3.8) X := {u € L2((0,T), L2 (R", RY)) : Dyu € LQ((O,T),W—M(R",RN))}

if and only if u : (0,T) x R® — RY s a D-solution in the fibre Sobolev space
#12((0,T) xR, RY) associated to A (see (3.6)). By Definition 6, the latter means
there exist orthonormal bases of R, of RN and of RNTN" (depending only on
A) such that, for any diffuse (space-time) gradient of u arising along infinitesimal
subsequences

Spg

~~Du in @((O,T) XR’L7@N+N”), as k — oo
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and for any ® € CO(RN+N™) we have

[ 000 (X + AX = f(t0)) dDutt )0 = o,
RN+Nn

for a.e. (t,z) € (0,T) x R".

Moreover, any D-solution u to (3.7) (and hence any weak solution) has the fol-
lowing regularity: the projection of the space-time gradient (Dyu, Du) on the sub-
space II C RVTN™ gssociated to A exists in L2, 11 is spanned by rank-one matrices
and for any such direction n ® a € I1, we have D,(n-u) € L*((0,T) xR™).

The commutativity hypothesis is always satisfied if either n = 1 (one spatial
dimension) or N =1 (scalar case). By standard results on hyperbolic systems, we
readily have the following consequence of Theorem 9:

Corollary 10 (Well-posedness of the Cauchy problem for D-solutions). In the
setting of Theorem 9 and under the same assumptions, the Cauchy problem

Diu + A:Du = f, in(0,T)xR",
u(0,-) = ug, on {0} xR",

has a unique D-solution in the fibre space Wl’Q((O,T) XR",]RN), for any given
f € LQ((())T)XanRN); Uug € L2(RH7RN) and T > 0.

Proof of Theorem 9. The proof consists of three lemmas. In the first one below
we show that the commutativity hypothesis on the matrices Ay, ..., A,, implies that
the vector space II of (3.3) has an orthonormal basis of rank-one directions which
can be completed to an orthonormal basis of rank-one directions spanning RNtV

Lemma 11. Given the map A : RN" — RY of (1.2), let A : RNtNn 5 RN
be given by (3.1), its nullspace N(A) by (3.2) and its orthogonal complement 11 by
(3.3).

Then, if the matrices A1, .., A, of (1.4) commute, RN*N" has an orthonormal
basis of rank-one directions such that N-many of them span the subspace 11 C
RN+N™ and the rest Nn-many of them span the nullspace N(A) C RN+TNn:

RN+Nn — span[{Eai ca=1,..,.N,i= O,l,...,n}},

(3.9) I span[{an o= 1,...,N}],

N(A) = span[{Eai ca=1,..,N,i= 1,...,n}].

In addition, the basis {E*'} arises in the following way: there is an orthonor-
mal basis {E17...7EN} C RY and for each o = 1,...,N an orthonormal basis
{E(@0 g1 plan) € RY™ such that

(3.10) EY = B*@E®'  a=1,.,N,i=0,1,..n.
Moreover, A satisfies the lower bound estimate

(3.11) Je>0: |A:X| > c|IX], X e RN+,
and the invariance property under the projection on I1

(3.12) A:X = A:(ITX), XecRVNTNn,

Finally, the fibre Sobolev space associated to A (given by (3.6)) satisfies the desired
rank-one spanning property.
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Proof of Lemma 11. We begin by observing that directly from the definitions of
IT and of T+ = N(A), we have
(3.13)

HJ_

{X=[-a:X[x] | X erM},

o= {X: [Yo]Y] € RNFAn

Yo (CA:X) +Y:X =0, X ERN”}.

Next, by standard linear algebra results ([[.]) we obtain that the commutativity
hypothesis of the (symmetric) matrices {Aq,..., A, } C RY*Y is equivalent to the
requirement that there exists an orthonormal basis {n',...,n} C R" which diago-
nalises all the matrices {Ay,..., A, } simultaneously, namely there is a common set
of eigenvectors for perhaps different eigenvalues {c™!, ..., ¢V} of A;. Thus, for
any ¢ = 1...n, we have

A = Do a=1,..

or, in index form (see (1.4))

N

) )

N
ZAﬁ’ﬂn? = C(i)a 7757 avﬂ = 17"'aNa
y=1
whereas o(A;) = {1, ..., c@DN}. We rewrite the above as
N n
ZZABW (nﬁ‘; e;-) + (—c(z)ang) =0, a,8=1,.,.N,i=1,...n,
y=1j=1
and in view of (1.4) we may write it as
(3.14) A(n*®@e) + (=cDn*) =0 a=1,..N,i=1,.,n
We now define

, Do A
(3.15) N .= n* @ {L] =n"® ([—c“)“,o,...,o,1,0,...0]T),

(& —
(14i)-position

fora=1,...N,i=1,...,n, and also

| = e ()

ca

(3.16) N = n*® [
where
¢ = [c(l)a,...,c(”)o‘]T

is the a-th eigenvalue vector of the matrices {A1,...,A,,}. The definition of N
and (3.14) with (3.1) immediately give that

A:N“ =0, a=1,.,N,i=1,..,n,

and hence N € N(A) = II*. Moreover, by (3.13) and the fact that the (Nn)-
many matrices {n® ® e’ |a,i} are an orthonormal basis of R¥" we have that

Yell & Yy - A:X)+Y:X =0, X e RV,
— YO-(—A:(UO‘(X)ei)) +Y:n*®e) =0, a=1,...N, i=1,...,n,

(3(:”9 Yo - (— c(i)ano‘) +Y:(n*®e') =0, a=1,.,.N,i=1,...n,
C) yglv]: N = o, a=1,.,N, i=1,..n
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Hence, Y 1. N(A) if and only if Y | N® for all « = 1,..., N and i = 1,...,n. Since
N(A) = II*, this proves that

(3.17) N(A) = span[{N"‘i ’a =1,.,N, i=1, ,n}]

Moreover, the matrices N spanning N(A) are linearly independent and hence
exactly Nn-many. Indeed, for o, =1,..., N and i, = 1,...,n, by (3.15) we have

(o [2]): (o[22

= Gug (c(i)ac(jm + 5ij)-

Net: NFi

It follows that for any o # 3, N is orthogonal to N”7. Moreover, for any for
a=1,..,Nand i # jin {1,...,n}, by (3.15) we have

Nai Naj c(i)ac(j)a
[Nei| T INI[ /T (D)2 /1 4 (D)2

and hence for each «a the set of matrices { N®¢|i} is linearly independent. Further,
by (3.15), (3.16) we have that

N0 . NFi = (n“®[cla ]):(776@){#])

_ (na.nﬁ){[l,c(l)a,...,cma] - c(“ﬁ,o,...,o,l,o,...o]}
(1+i)-position

€ (-1,+1)

= bag (,Cu‘)ﬁ +C<i>a)
= 0’
forall o, =1,..,N and i = 1,...,n. Moreover, by (3.16) we have

v = (s [2]): (e [2])

= (5a5(1 + c"‘-cﬁ)

and as a consequence the matrices {N?°|a} form an orthogonal set of N-many
elements which is orthogonal to N(A). Since the dimension of the space is N+ Nn,
all the above together with (3.13), (3.15), (3.16) prove that

(3.18) I = span[{N“0|a= 1,...,N}].

We now show that the frame {N®¢|a,i} can be modified in order to be made an
orthonormal basis and still consisting of rank-one matrices. First note that the
matrices spanning II are orthogonal and we only need to fix their length. Further,
note that II*+ can be decomposed as the following direct sum of mutually orthogonal

subspaces
N N

I+ = @ Span[{N‘” ‘z =1, ,n}] =: @ We.

a=1 a=1

—ce )
Wo = n® @ span| —Q | i=1,...,n¢],

Since
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by the Gram-Schmidt method, we can find an orthonormal basis of W, consisting
of matrices of the form

Finally, we define

N0 1 1
al _ fel N+Nn
B e T ®< 1+|ca|2[caD T

B = N = 1 @ o e RN+,
and also
E¢ = n¢ e RV,
B0 = TSIWIQ { Cla } , B@ = gt e R

where a = 1,...,N and i = 1,...,n. By the previous it follows that {E%|a =
1,..,N,i = 0,1,...n} is an orthonormal basis of R¥*¥" consisting or rank-one
directions such that {E*°|a = 1,..., N} span the subspace Il and {E%|a =
1,..,N,i = 1,...n} span its complement II*. Moreover, E* = E* @ E(®)
We conclude the proof of the lemma by noting that (3.11), (3.12) follow by the
definition of II and standard linear algebra results. O

Next, we employ the orthonormal frames constructed in Lemma 11 and the
properties (3.11), (3.12) of A in order to characterise weak solutions to (3.7) as
mappings in the fibre space (3.6) which solve the equation in a pointwise “strong
fibre-wise” sense: the equation is satisfied a.e. on (0,7') x R™ if we substitute the
distributional gradient (Dyu, Du) (which can be interpreted only via duality) with
the pointwise fibre gradient G(u).

Lemma 12. In the setting of Theorem 9 and under the same assumptions, we have
that a map u : (0, T)xR™ — RY in the fibre space (3.6) (associated to A) satisfies

A:Gu) = f, a.e on(0,T)xR"
(where A is given by (3.1) and G(u) is the fibre gradient of u) if and only if
u: (0, T)xR"® — RY is a weak solution to (3.7) in the space X given by (3.8).

Proof of Lemma 12. Suppose first that u is a weak solution of (3.7). By mollifying
in the standard way, for any € > 0 there are u®, f¢ € C’OO((e, T—¢) XR",RN) such
that u* — v and f© — fase — 0in L*((6,7 — &) x R",RY) for any 6 > ¢ and
also

Dw® + A:Du® = f°, on (6,7 —9) x R™
By (3.1), (3.4),(3.5) and (3.12), we rewrite this as
(3.20) A:(IlDv*) = f°, on (6,T —6) x R,
for any > € > 0. Hence, by (3.11) this gives the estimate

T o5 05y xmmy < CUFlL2qar—s)xmn),

which is uniform in €, > 0. By the definition of the fibre space (3.6) and the
above estimate together with the fact that u* — u as ¢ — 0 in L?, we obtain
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that w € #2((0,T) x R",R") and in addition Il Du® — G(u) in L?. Thus, by
passing to the limit in (3.20) as ¢ — 0 and as 6 — 0, we obtain that
(3.21) A:Gu) = f, ae. on(0,7)xR",

as desired. Conversely, suppose that (3.21) holds. Then, by the definition (3.6) of
the fibre space there are approximating sequences ¥ — u and IT Du” — G(u),
both in L? as v — co. Hence, we have

A:(HQu”) - f= A'(HDu”—Q(u))
o(1),
3.

as v — o0, in L2. By the above, (3.12) and (3.1)-(3.5), we have
D’ + A:Du” — f = A:Du” — f
= A:(IIDuw”) — f
= o(1),
as v — oo, in L?. Hence, for any ¢ € C§°(( T)x ), we have

Jooy o (200 a5 00) 5} = ot

as v — 0o. By passing to the limit, we deduce that u is a weak solution of (3.7),
as claimed. The lemma ensues. O

Finally, we characterise D-solutions to (3.7) in the fibre space (3.6) as mappings
which solve the equation in the pointwise “strong fibre-wise” sense of Lemma 12.
This result completes the proof of Theorem 9.

Lemma 13. In the setting of Theorem 9 and under the same assumptions, we have
that a map u : (0,T)xR" — RN is a D-solution to (3.7) in the fibre space (3.6)
(associated to A) if and only if it satisfies

A:Gu) = f, ae on(0,T)xR",
where A is given by (3.1) and G(u) is the fibre gradient of u.

Proof of Lemma 13. We begin by supposing that A:G(u) = f a.e. on (0,T) x R™.
Then, by the properties of the fibre space (3.6) and the equivalence between weak
and strong L? directional derivatives, we have that
D"(n-u) — (n®a):G(u), in L*((0,T) x R") as h— 0,

for any rank-one direction n ® @ € II € RVN*¥" By Lemma 11, II has an or-
thonormal basis consisting of rank-one matrices which can be complemented to an
orthonormal basis of rank-one matrices of RV*~" Thus, in view of (2.1)-(2.4) we
have

(3.22) D"y — G(u), in L*((0,T) x R™,II) as h — 0,

where D" denotes the difference quotient operator taken with respect to these
bases. By (3.22) and (3.12) we obtain that

(3.23) A:D"'y — A:G(u), in L*((0,T) x R",RY) as h — 0.
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Further, for any fixed measurable set F C (0,7) x R™ with finite measure and any
® € CO(RN+N™) by using our hypothesis A : G(u) = f, we have the estimate

|0 (a:0 - 1))

LY(E)
< VIE[1®[lcomn+nn)

Hence, (3.23) and (3.24) imply

(3.24)

A:D M — AiG(u)|

L2((0,T)xR")

(3.25) ®(D""u) (A:Ql’hu - f) —50, in LME,RN) as h— 0.
Moreover, the Carathéodory function
(3.26) (e, X) = [0(X)(A:X - f@)|xs)
is an element of the space
L ((O,T) x R™, C° (RN“V"))

because

¥ (07 e co vy < 1 <XE§$%§(¢> !‘I)(X)AZX!>

var
+ VI |<Xersr111%§(4’

Let now (h,)$° € R\ {0} be any infinitesimal sequence. Then, there is a subsequence
hy, — 0 such that

) [

(3.27) dpthu,, — Du in @((O,T) x R"™ ﬁN+N"), as k — oo.

By the weak*-strong continuity of the duality pairing between

L1 ((0,7)x R, CO RN ) L35, ((0,7) % R, MRV ) — R
and by (3.25)-(3.27), we have that
(3.28)

/E‘q)(QLhyku) (A:QM""'“ - f) = /E\IJ(.’Ql,huku>
- E /RNJan \II(’K) d[Du](X)

Jofowen

as k — oco. By (3.28) and (3.25) we conclude that

/@N+NT,,

Since E C (0, T)xR™ is an arbitrary set of finite measure, ® is an arbitrary function
in CO(RV*TN") and Du an arbitrary diffuse gradient as in (3.27), it follows that u
is a D-solutions of (3.7) on (0,7T) x R™, as desired.

@(X)(A:X — f)|dDu)(x),

®(X) (A;g - f@))‘d[gu(g)](g) —0, aezck.
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Conversely, suppose that  is a D-solution of (3.7) in the fibre space (3.6). Then,
for any diffuse gradient as in (3.27) and any ® € CO(RNTN7) it follows that

(3.29) /K e(X)d@]X) = 0, ae.zeOT)xR",

where for a.e. z € (0,7) x R, ¥(z) is a locally finite Radon measure which is
absolutely continuous with respect to the restriction of the diffuse gradient measure
[Qu@)] LRNFTN™ and it is given by

19(@) € Mloc (RN+Nn)7
P@](B) = [ (A:X - 1) d[Rule)] (X),

for any Borel set B C RY+*N" From (3.28) and (3.30) it follows that J(z) = 0
for a.e. € (0,7) x R™. This implies that for any such point, the support of the
measure [Du(z)]LRYNTN™ lies inside the closed set

(3.30)

Ly = {XGRN“V" A:X = f(z)}-
Since
2 = {X RV | |A:X ~ ()] = 0}
and ® has compact support in RV+N7 it follows that
(3.31) L L e@]|anx - f@)|dDu@)] &) = o,

for a.e. z € (0,7)x R™. By considering again the function ¥ of (3.26) and invoking
(3.27)-(3.28) and (3.31), we deduce that

(3.32) lim / ‘cp (DM u(z )(A DY hu(z) — f(z ))‘dg = 0.

We now fix R > 0 and choose ® > x5, ), where Br(0) is the closed R-ball of
RN+N™ centred at the origin. Then, (3.32) gives

3.33 I ‘A Dl — ‘d — 0,
( ) kl>n01<> Eﬂ{‘lethuISR} kU( ) f( ) +

for any R > 0. We now set
ER = {g € (0,T) x R"

2. NBR(0) # 0}

and
(3.34) T(2,X) = {

where z — O(z) is a measurable selection of the set-valued mapping with closed
non-empty values

X, for |X|<R, zeE"
O(), for |X|>R, z€B",

ER 5 z +— Z,NBr(0) C RN,
This means that

A:O(z) = f(z) and |Q(g)’ <R, ae zecE~L
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Such selections exist for large enough R > 0 by Aumann’s measurable selection
theorem (see e.g. [F'L]), but in this specific case they can also be constructed ex-
plicitly because of the simple structure of the multi-valued mapping. By using
(3.34), (3.33) implies that

lim
k—oco ER

AT (z, D"ru(e) — f(2)]dz = 0
and by recalling (3.12), we rewrite this as

(3.35) lim

k—oco ER

A TR(x D"z )) — fz )] ~ 0.

Hence, (3.35) implies that

/ERAG ) - f| < /

<> ]

1 DY u) — A Q(u)‘

/
+ |A\/ )TR MDY ou) —

as k — oo, and as a consequence we have

J.

as k — oo, for any R > 0. Moreover, by assumption u is in the fibre space
(3.6). Hence by invoking (3.23), the Dominated convergence theorem, the fact that
|E| < oo and (3.34), we may pass to the limit in (3.36) as k — oo to obtain

[ e s < alf [r7.cw) - 6w

for any R > 0. Finally, we let R — oo and recall the arbitrariness of the set
E C (0,7) x R™ and (3.34) to infer that A : G(u) = f, a.e. on (0,T) x R™. The
lemma has been established. (]

A:Gl) - f| < 1Al [ [P( 1D ) - TR, Gl)|
(3.36)
1Al [ |re.6w) - gl + o,

)

The proof of Theorem 9 is now complete. O

Remark 14 (Functional representation of the diffuse gradients). In a sense, Lemma
13 says that all the diffuse gradients of the D-solution u when restricted on the
subspace of non-degeneracies have a certain “functional” representation inside the
coefficients, given by G(u). Namely, if we decompose RN*N" = II @ II+, the
restriction of any diffuse space-time gradient Du € % (Q, RV ") on II is given by
the fibre space-time gradient:

Du(t,z) LIl = 6Q(u)(t,w)7 a.e. (t,z) € (0,T) x R™.
This is a statement of “partial regularity type” for D-solutions: although not all

of the diffuse gradient is a Dirac mass, certain restrictions of it on subspaces are
concentration measures.

Acknowledgement. I would like to thank Tristan Pryer for our inspiring scientific
discussions.
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