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ABSTRACT. We introduce a new theory of generalised solutions which applies
to fully nonlinear PDE systems of any order and allows the interpretation of
merely measurable maps as solutions without any further a priori regularity
requirements. This approach bypasses the standard problems arising by the
application of Distributions to PDEs and is not based on either duality or on
integration by parts. Instead, our starting point builds on the probabilistic
representation of limits of difference quotients via Young measures over com-
pactifications of the spaces of derivatives. After developing some basic theory,
as a first application we consider the Dirichlet problem and prove existence &
uniqueness for fully nonlinear degenerate elliptic 2nd order systems, as well as
existence for the co-Laplace system of vectorial Calculus of Varations in L°°.
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1. INTRODUCTION

It is well known that PDEs, either linear or nonlinear, in general do not possess
classical solutions, in the sense that not all derivatives that appear in the equation
may actually exist. The standard approach to this problem consists of looking
for appropriately defined generalised solutions for which the hope is that at least
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2nd order systems, Calculus of Variations, Young measures, Campanato’s near operators, Cordes’
condition, Baire Category method, Convex Integration.

1



2 NIKOS KATZOURAKIS

existence can be proved given certain boundary conditions. Subsequent considera-
tions typically include uniqueness, qualitative properties, regularity and numerics.
This approach has been enormously successful but unfortunately only equations
and systems with fairly special structure have been considered so far. A standing
idea in this regard consists of using duality and integration-by-parts in order to
interpret rigorously derivatives by “passing them to test functions”. This method

which dates back to the 1930s ([S1, 52, So]) is basically restricted to divergence
structure equations and systems. A more recent approach discovered in the 1980s
is that of viscosity solutions ([C']) which builds on the maximum principle as a

device to “pass derivatives to test functions”. Although it applies mostly to single
equations supporting the maximum principle, it has been hugely successful because
it includes the fully nonlinear case.

In this paper we introduce a new theory of generalised solutions which applies to
nonlinear PDE systems of any order. Our approach allows for merely measurable
maps to be rigorously interpreted and studied as solutions of PDE systems, even
fully nonlinear and with discontinuous coefficients. More precisely, let p,n, N, M €
N, let also €2 C R™ be an open set and

(1.1) F Qx(RNXRN”fo”Z><--~><R§V"p)—>RM

a Carathéodory map. Here RV™ denotes the space of N x n matrices and RY n’
the space of symmetric tensors

{X S Ran | Xail.“ip = Xaa(‘

iroip) s =1, N,
ir=1,....,n, k=1,...,p, 0 permutation }

wherein the gradient matrix
Du(z) = (Diua(z));

and the pth order derivative
Drufe) = (DI, ua(@))

of (smooth) maps u : 2 C R® — RY are respectively valued. Obviously, D; =
0/0z;, v = (x1, ..., )", u = (uy,...,uny)’ and Révnl = RN™. The present theory
applies to measurable solutions of the system

a=1,...,N

i1yeenip€{1,...,n}

(1.2) F(-,u,Du,...,Dpu) =0, on €,
without any further restrictions on F'. Since we will not assume that the solutions
are locally integrable on 2, the derivatives Du, ..., DPu may not have any classical

meaning, not even in the sense of distributions.

The starting point of our approach in not based either on duality or on the
maximum principle. Instead, it builds on the probabilistic representation of the
limits of difference quotients by using Young measures, also known as parameterised
measures. The Young measures have been introduced in the 1930s in order to show
existence of “relaxed” solutions to nonconvex variational problems for which the
minimum may not be attained ([Y]) at a function. Today they are indispensable
tools in Calculus of Variations and PDE theory ([F, M, P, FL]) and there is also
a abstract topological theory for them ([ , , V]). The typical utility of
Young measures to date has been to quantify the failure of strong convergence
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in approximating sequences due to the combination of phenomena of oscillations
and/or concentrations ([ , KR)).

In the present framework, a version of Young measures is utilised in order to
define generalised solutions of (1.2) by applying it to the difference quotients of
the candidate solution. The exact definitions are thoroughly motivated later, but
roughly the idea restricted to the first order case p = 1 of (1.1) is as follows: suppose
that u : Q C R® — RY is a Lipschitz continuous strong a.e. solution of the PDE
system

(1.3) F(-,u,Du) = 0, on Q.
Then, u satisfies

F(z,u(x), lim DY u(z)) =0, ae ze€Q,
h—0

where DV is the first difference quotients operator. Since F' is continuous with
respect to the gradient variable, this is equivalent to

lim F(x7u(x),D1’hu(x)) =0, ae xzeq

h—0
The crucial observation is that the above statement makes sense if w is merely
measurable. In order to represent this limit, we “embed” the difference quotients
D"y into the space of Young measures over the Alexandroff compactification

RY™ .= RY™ U {00}

(that is the set & (Q, RV ") of measurable probability-valued maps Q@ — & (RN "),
see Section 2 for the precise definitions) and consider instead the Dirac mass dp1,a,,
at the difference quotients. By the weak* compactness of Young measures, there
always exist probability-valued maps Du : Q@ — ,@(@N ”) such that

(1.4) Opihy, — Du  in @(Q,RN"), as h — 0,

along subsequences (even if u is merely measurable). Then, by a convergence ar-
gument it follows that strong solutions of (1.3) satisfy

(1.5) /7 (X)) F(z,u(z), X) d[Du(z)](X) =0, ae z€Q,
RNTL

for any compactly supported “test” function ® € C? (RN ”) and any “diffuse deriv-

ative” Du. We stress again that this last statement is independent of the regularity

of u; the only extra piece of information the differentiability provides is that Du

coincides a.e. on ) with the Dirac mass dp,, at the pointwise gradient Du. In the

latter case, we recover strong solutions since we obtain

/7N @(X)F(x,u(:c),X) d0pu@)](X) = 0, ae ze€Q,
R n

for any ® € CY (RN ”) Up to a minor technical adaptation of the concept (which is
that we may need to consider special difference quotients with respect to appropriate
frames depending on F) (1.4) and (1.5) essentially constitute the definition of D-
solutions ' in the special case of the 1st order system (1.3) and will be the central
notion of solution in this paper.

IWe use the letter “D-” as a shorthand of either of the modifiers “diffuse” or “dim” or “dis-
integration” because all of these terms are relatively descriptive of the notion. We leave it to the
reader to decide for the interpretation of their preference.
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Our motivation to introduce and study generalised solutions for nonlinear PDE
systems primarily comes from the need to study the recently discovered oco-Laplace
system rigorously, which is the fundamental equation of Vectorial Calculus of Vari-
ations in the space L>°. Calculus of Variations in L* has a long history which

started in the 1960s by Aronsson ([A1]-[A5]) who was the first to consider varia-
tional problems for supremal functionals of the form
(1.6) Eo(u,f) := HH(-,u7Du)HLw(Q).

Aronsson introduced the appropriate notion of minimisers for such functionals and
studied classical solutions of the respective equation which is the L°°-analogue of
the Euler-Lagrange equation. In the simplest case of H(p) = |p| (the Euclidean
norm on R™), the L*>-equation is called the co-Laplacian and reads

(1.7) Asou := Du® Du: D*u = 0.

Since then, the field has undergone huge development due to both the intrinsic
mathematical interest and the important for applications: minimisation of the max-
imum provides more realistic models when compared to the classical case of integral
functionals where the average is minimised instead. A basic difficulty in the study
of (1.6) is that (1.7) possesses singular solutions. Aronsson himself exhibited this

in [AG, A7] and the field had to wait until the development of viscosity solutions
for 2nd order equations in the early 1990s in order to study general solutions (see
[C, , £, E2] and for a pedagogical introduction see [I<g]).

Until recently, the study of supremal functionals was restricted exclusively to the
scalar case of N =1 and to first order problems. The principal reason for this was
the absence of an efficient theory of generalised solutions which would allow the
rigorous study of non-divergence PDE systems or higher order equations, including
those arising in L*°. The foundations of the vector case of (1.6), including the
discovery of the appropriate system version of (1.7), the correct vectorial minimality
notion and the study of classical solutions have been laid in a series of recent papers
of the author ([I[<1]-[K6]). In the simplest case of

(1.8) Ex(u, Q) = ||Dulp=(0)

applied to Lipschitz maps u : Q@ C R® — RY (where the L> norm is interpreted
as the essential supremum of the Euclidean norm |Du| on RN™), the analogue of
the Euler-Lagrange equation is the co-Laplace system:

(1.9) Asou = (Du®Du+ |Du?[Du)t ® I) . D*u = 0.

In the above, [Du(x)]t denotes the orthogonal projection on the orthogonal com-
plement of the range of the N xn gradient matrix. In index form (1.9) reads

N n
>3 (Diua Djug + |Dul*[Dulty 5ij) Dus =0, a=1,..,N,
B=1i,j=1

[D’Lt]l = PTOJ.(R(Du))i .

An additional difficulty of (1.9) which is not present in the scalar case of (1.7) is that
the nonlinear operator may have discontinuous coefficients even when applied to
smooth maps because the new term involving [Du(z)]* depends on the dimension
of the tangent space of u(Q2) at the point = ([[<1, K6]). Almost simultaneously to
[K(1], Sheffield and Smart [SS] studied the relevant problem of vectorial Lipschitz
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extensions and derived a different singular version of “oco-Laplacian”, which in the
present setting amounts to changing in (1.8) from the Euclidean to the operator
norm on RN

A further motivation to introduce generalised solutions stems from the insuffi-
ciency of the current PDE approaches to handle even elliptic linear systems with
rough coefficients. For example, if A is a continuous symmetric 4th order tensor
on RV satisfying the strict Legendre-Hadamard condition, then for the divergence
form system

N n
S 3" DiAaips(@) Djus(@)) =0, a=1,..,N,

B=14,j=1
“everything” is known: existence-uniqueness of weak solutions, regularity, etc (see
e.g. [GM]). On the other hand, for its non-divergence counterpart
N n
(1.10) > > Aaipj(x) Diug(z) =0, a=1,..,N,
B=1i,j=1

“nothing” is known, not even what is a meaningful notion of generalised solution,
unless A is C%® and strictly elliptic in which case a priori estimates guarantee that
solutions of (1.10), if they exist, have to be smooth ([GM]). In particular, to the
best of our knowledge there are no general uniqueness theorems not even for strong
solutions of (1.10), unless A is monotone (i.e. diagonal: Aq;g; = dagA;j), in which
case the system decouples to N independent equations.

In the present paper, after motivating, introducing and developing some basic
theory of D-solutions for general systems (Section 2), we apply it to two important
problems. Accordingly, we first consider the Dirichlet problem for the co-Laplacian

{Aoou =0, on Q,

(1.11) u = g, on 0,

when 2 C R™ is an open domain with finite measure, n = N and g € WH°(Q,R").
In Section 3 we prove existence of D-solutions u € W,>°(€,R") to (1.11) with
extra properties (Theorem 29, Corollary 32). The question of uniqueness for (1.11)
has already been answered negatively in [I{2] even when we restrict ourselves to the
class of smooth solutions; in fact, (1.11) has infinitely-many C'*° solutions even for
n = N = 2 on the unit disc and with g the identity (at least not without imposing
extra constraints, see Theorem 30).

The idea of the proof has two main steps. We first apply the analytic coun-
terpart of Gromov’s Convex Integration in the form of the Dacorogna-Marcellini
Baire Category method ([DM]) in order to prove existence of a W1 solution to
a lst order differential inclusion associated to (1.11) (Subsection 3.1). Next, we
characterise this map as a D-solution to (1.9) by utilising the machinery of Section
2. In doing so we actually establish a general tool of independent interest which
goes far beyond the oo-Laplacian and provides a method to construct D-solutions
of “tangential equations” by solving differential inclusions (Theorem 33).

The second main question we consider in this paper concerns the existence and
uniqueness of D-solutions to the Dirichlet problem for the fully nonlinear system

{F(~,D2u) = f, on Q,

1.12
( ) u = 0, on 0L,



6 NIKOS KATZOURAKIS

when Q € R” is a C2 convex domain, F : @ x RN"" — R¥ is a Carathéodory map
and f € L?(Q,RY). The essential hypothesis guaranteeing well posedness is an
appropriate degenerate ellipticity condition. Roughly, we require that F' is “near”
a degenerate linear system of the form (1.10) with A constant which satisfies the
(weak) Legendre-Hadamard condition. The problem (1.12) has first been considered
by Campanato [C'1, C2, C3] under a strong uniform ellipticity assumption of Cordes
type which roughly requires F' to be “near” the Laplacian. Under this condition,
(1.12) is well posed in (H? N HE)(Q,RY). Very recently, the author ([K9, ]
and also [[X7]) has generalised the results of Campanato by proving well posedness
under a new weaker ellipticity notion. The latter results for strong solutions of
elliptic systems were stepping stones to the general approach we develop herein for
D-solutions of degenerate elliptic systems.

In Section 4 we prove existence of a unique D-solution to (1.12) (Theorem 37).
The proof is rather long and is based on the study of the Dirichlet problem for the
linear system (1.10) in the D-sense and on the hypothesis of degenerate ellipticity
which acts as “perturbation device”. The method for the linear problem involves
approximation and a priori “degenerate elliptic” partial estimates (Theorem 40).
The ellipticity hypothesis allows the passage to the nonlinear problem via a fixed
point argument.

Well posedness of (1.12) is established in an appropriate functional “fibre space”
tailored to the degenerate case ((4.4),(4.5)). The fibre space is an extension of the
classical Sobolev space and consists of partially regular maps which possess weakly
differentiable projections only along certain rank-one directions corresponding to
the “directions of ellipticity” of F. Then we characterise the fixed point in the
fibre space as the unique D-solution of (1.12) which generally is not even I/Vlicl .
A particular difficulty is the satisfaction of the boundary condition under this low
regularity since there is no standard trace operator. We also note that our ellipticity
assumption on F is relatively strong (Definition 35), but even in the scalar linear
strictly elliptic case, the Dirichlet problem for the single equation Y27, | A;; DFu =
f is not well posed (see e.g. [LU]).

We conclude this introduction by noting that the table of contents gives an idea
of the organisation of the material in this paper, as well as where the reader may
find further motivation of the main ideas and proofs. We hope that the system-
atic theory proposed herein will be the starting point for future developments. In
particular, in the companion paper | | we consider the relevant problem of exis-
tence of D-solutions to the Dirichlet problem of the vectorial equations of Calculus
of Variations in L> for (1.6) but n = 1. Therein we follow the “natural” approach
of approximation by the Euler-Lagrange equations of the associated LP functionals
as p — 0o. A central difficulty when following this route is that in the vector case
existence 1s a highly nontrivial matter and a priori estimates are required because
p-Harmonic limits are “good” solutions of (1.9) (see the remarks at end of Section
3 regarding a selection criterion of co-Harmonic maps). The analogue of [[<12] for
n > 2 will be considered in future work.

2. THEORY OF D-SOLUTIONS FOR FULLY NONLINEAR SYSTEMS

2.1. Preliminaries. We begin with some introductory material needed for the rest
of the paper which will be used throughout freely, perhaps without explicit reference
to this subsection.
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Basics. Let n, N € N be fixed, which in this paper will always be the dimensions of
domain and range respectively of our candidate solutions v : @ C R® — RY. By
Q we will always mean an open subset of R™, even if it is not explicitly mentioned.
Unless indicated otherwise, Greek indices «, 3,7, ... will run in {1, ..., N} and latin
indices 1,7, k, ... (perhaps indexed 4i1,i2,...) will run in {1,...,n}, even when the
range is not given explicitly. The norms | - | appearing throughout will always be
the Euclidean, while the Euclidean inner products will be denoted by either “-” on
R",RY or by “” on tensor spaces, e.g. on RN™ and R¥™" we have

X[P = XaiXai = X: X, [XPP =) Xoi;Xaiy = X:X,

o, o,

etc. The standard bases on R™, RN RN" will be denoted by {e‘}, {e*} and
{e* ® e'}. By introducing the symmetrised tensor product

1
(2.1) avh = §<a®b+b®a), a,b € R",

we will write {e® @ (e V...V ')} for the standard basis of the RY™". We will
follow the convention of denoting vector subspaces of Euclidean spaces as well as
the orthogonal projections on them by the same symbol. For example, if ¥ C RV
is a subspace, we denote the projection map Projy, : RY — R by just ¥ and we
have X2 = 2T =Y ¢ RY *. We will also systematically use the Alexandroff 1-point
compactification of the space RY 7" Tts metric will be the standard one which
makes it homeomorphic to the sphere of the same dimension (via the stereographic
projection which identifies {oco} with the north pole). We will denote it by

RV .= RV™ U {o0}.

We note that all balls and distances taken in RN™ (which we will view as a metric
vector space isometrically contained into R ”p) will be the Euclidean.

Our measure theoretic and function space notation is either standard as e.g. in
[E2, ] or self-explanatory. For example, the modifier “measurable” will always
mean “Lebesgue measurable”, the Lebesgue measure on R™ will be denoted by |- |,
the s-Hausdorff measure by #H?®, the characteristic function of a set A by x4, the
standard LP spaces of maps u :  C R" — ¥ C RY by LP(Q,X) etc. Let us also
record the following simple fact about measurable functions which is taken from
[AM] and will be used later:

Lemma 1 (cf. [AM]). Let f: R® — R be a measurable mapping. Then, we have
fG+2) — f(-+x) locally in measure as z — x € R™. Namely, for any ¢ > 0 and
E CR"™ with |E| < oo, we have

lim
Z—T

{yGE S fly+2) = fly+ ) >s}‘ = 0.

The proof is an easy consequence of Luzin’s theorem and of the fact that the
translation of the characteristic function of a compact set is continuous in L'.

General frames, derivative expansions, difference quotients. In what fol-
lows we will need to consider non-standard orthonormal frames of RY™" and ex-
press derivatives DPu with respect to them. Let {E!,..., EV} be an orthonormal
frame of RV and suppose that for each a = 1, ..., N we have an orthonormal frame
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{E(@1  En) of R*. Given such bases, we will always equip the spaces RN™
and RY"™ with the following induced orthonormal bases:

RNTL — Span[{Em}], Eai — F© ® E(oz)i7

2.2 ) o o ‘ ,
( ) Ré\ln _ span[{Eo‘““‘“’}], Bt .= O g (E(a)zl N vE(a)1p> .

Given such frames, let D) and D%(aﬁme(am = Dyayip -+ - Dy denote the
usual directional derivatives of 1st and pth order along the respective directions.
Then, the gradient Du of a map u : Q C R” — R can be written as

(2.3) Du=Y" (E‘” : Du) B =Y (DE(a>i(Ea : u)) Eoi

a,t a,i

and the pth order derivative DPu as

DPu = Z (Eail.uip SDPU) Eail‘..ip

(2.4) »
— Z (D};E(a)ilmE(a)ip (Ea . u)) Eit-ip
Q814 enyip

We will also use the following notation for the pth order Jet of u:
DPly = (Du,D2u7...,Dpu).
Given a € R™ with |a| =1 and h € R\ {0}, when z,z + ah € Q the 1st difference
quotient of u along the direction a at x will be denoted by
u(x + ha) — u(z)
h .
By iteration, if hq, ..., hp # 0 the pth order difference quotient along as, ..., a, is

(2.5) DYhy(z) =

(2.6) Dbty = D}l;)hp(~~~ (D}l;hlu))

Young Measures. Let E C R™ be a measurable set and K C R? a compact subset
of some Euclidean space, which we will later take to be RY™. Consider the L'
space of strongly measurable maps valued in the (separable Banach) space C°(K)
of real continuous functions over K, in the standard Bochner sense:

L'(E,C°(K)).

For details about these spaces we refer e.g. to [F1, I, V] (and references therein).
The elements of L' (E,C°(K)) can be identified with the Carathéodory functions
: ExK-—R, (r,X) &, X)

for which

19|21 (m,cok)) = EI)lgéLﬂ){(H)(x,X)\dm < 00

and the identification is given by considering ® as a map E > z +— ®(x,-) € C°(K).
The notion of Carathéodory functions is meant in the usual sense, that is for every
X € K the function = — ®(z, X) is measurable and for a.e. z € E the function
X + ®(x, X) is continuous. The space L' (E, C°(K)) is separable and the simple
functions of this space (which are norm-dense) have the form

q
Eszw— ZXE'i(x) ®; € C°(K),

i=1
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where FEj, ..., E, are measurable disjoint subsets of F and ®; € C°(K). By using
that the dual space of C°(K) is the space M(K) of real (signed) Radon measures
on K endowed with the total variation norm, it can be shown (see e.g. [F'1]) that

(L'(E,C°(K)))" = L3 (B, M(K)).
The dual Banach space L3 (E , M(K)) consists of measure-valued maps
E 3 z+—9¥(x) € M(K)

which are weakly* measurable, that is for any fixed Borel set B C K, the function
E >z [J(2)](B) € R is measurable. The norm of L% (E, M(K)) is

(K)

190l 222, (B, m(x)) = ess sup [|[¥(z)
zEE

where “|| - ||(K)” denotes the total variation. The duality pairing
()« Ly (BE,M(K)) x L'(E,C°(K)) — R
is given by
(9, ) = /E /K B(z, X) d[i(2)](X) da.

Since L'(E,C°(K)) is separable, the unit ball of L3 (E, M(K)) is sequentially
weakly* compact. Hence, for any bounded sequence (¥™)3° C L% (E, M(K)),
there is a limit map 9 and a subsequence of m’s along which 9™ -~ as m — oco.
Further, by the density of simple functions and linearity, for bounded sequences the
weak* convergence 9™ -4 is equivalent for any fixed ® € C°(K) to

o0 =010 =0, in 12(B),

Definition 2 (Young Measures). The space of Young (or Parameterised) Measures
is the subset of the unit sphere of LS5 (E, M(K)) which consists of probability-
valued weakly™ measurable maps:

Y (E,K) = {19 € L2 (B, M(K)) : d(x) € Z(K), for ae. z € E}

Remark 3 (Properties of #'(E,K)). The following well known facts about Young
measures will be extensively used hereafter (for proofs see e.g. [FG]):

i) [weak™ compactness] The set of Young measures is convex and by the com-
pactness of K, it follows that it is sequentially weakly*® compact in LS (E , M(K))

ii) [weak* density] The vector space of Lebesgue measurable mappings v : E C
R™ — K can be embedded into #(E,K) via the map v > 4, which is given by
0y() := d,(z) and the embedding actually has weakly* dense image.

iii) [weak* LSC] We have the following one-sided characterisation of weak*
convergence of Young measures:

99 asm — oo, in ¥ (E,K) < (@, < liminf (¥, V),
m— 00
for any function
U ExK — (—o0,+00]
which is bounded from below, measurable in = € F for all X € K and LSC (lower
semicontinuous) in X € K for a.e. z € E.

The next result is a minor variant of a classical result which we give together
with its short proof because it plays a fundamental role in our setting.
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Lemma 4. Suppose E C R"™ is measurable and v™,v>° : E — K are measurable
maps, m € N. Then, there exist subsequences (my)$°, (my)5°:

(1) o™ — 0™ ae onE = §ymp — by in ¥ (E,K),

(2) Gym — Gy in X (E,K) = 0™ — 0> a.c. on E.

Proof of Lemma 4. (1) If v™ — v™ a.e. on E, by Remark 3 there is (v"*){°
such that §,m, =9 in #(E,K). If @ € L'(E,C°(K)), we have

/E O (z, 0™ (2)) dw —> /E /K Oz, X) [0 (2)](X) dz

and also, the L' bound |®(-,v™*)| < maxx ek |®(-, X)| gives ® (-, v™*) — ®(-,v>°)
in L'(E). Hence, by uniqueness of limits 9> = §,~ a.e. on E.

(2) If Gym — Gy in #(E,K), we choose ®(x,X) := |X — v*°(z)| where |- |
denotes the norm of R? restricted to the compact set K. Then, for any £ > 0

0 z/ O(-,v>°) = lim O(-,0™) > e limsup‘{h)m — 0% >6}‘.
E m—oo

m—00 E
Hence, v — v*>° in measure on E. ([

Lemma 4 shows that weak* convergence is actually relatively strong since, if the
Young measures are given by functions then it is equivalent to a.e. convergence.

2.2. Motivation of the notions. We seek to find a meaningful notion of gener-
alised solution for fully nonlinear PDE systems which relaxes the notion of strong
solution and does not require any more a priori regularity for the solution apart
from measurability. We derive the notion in the instructive case of 2nd order sys-
tems. Suppose F is as in (1.1) with p = 2 and suppose u : Q@ C R* — R¥ is a
Wli’cl(Q, RY) strong a.e. solution of the system

(2.7) F(-,u, Du, D*u) = 0, on Q.

By the standard equivalence between weak and strong L' derivatives, the difference
quotients converge along subsequence a.e. on {) to the weak derivatives. Hence, we
have

F(',u, lim D%"my,  lim D2’hm’hm”u) =0,
m—0o0o m’,m'" —oo

a.e. on 2. Here DV D2* stand for the usual difference quotient operators whose

components with respect to standard basis Di;h, Dg’;h are given by (2.5), (2.6).

Since F' is a Carathéodory map, the limits commute with the nonlinearity:

(2.8) lim F(-,u,Dl’hmu, Dz’hm'hM”u) =0,
m,m’,m’’ —oco

a.e. on ). The crucial observation is that (2.8) is independent of the weak differ-

entiability of u and makes sense if u is merely measurable. How can we represent

these limits and turn them into a handy definition? Going back to (2.7), we observe

that u is a strong solution of (2.7) if and only if it satisfies

/ (X, X) F(-yu, X,X) d[é(Du’Dzu)} (X,X) =0, ae onf,
RN x RNn?
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for any compactly supported “test” function ® € C?(RV" x RY ”2). This gives the
idea that we can embed the difference quotient maps

(Dl,hmu’ D2,hm/hmuu) L s RN RQ’"2
into the spaces of Young measures and consider instead
(5D1,h,mu Q0 — W(R]\m), 5D2,hm,hm,, cQ— ,@(@é\rnz)

over the Alexandroff compactifications. The reason we need to attach the point at
oo and compactify the space is to get “tightness” and have weak* compactness. This
compensates the possible loss of mass since the difference quotients of measurable
maps may not converge in any classical sense. However, there do exist sequential
weak™® limits in the Young measures. It will be also more fruitful to take these
limits separately (regardless of the order), because the resulting object will be a
(fibre) product Young measure:

)—*—\ Du x D*u  in @(Q,RN"XR?]#),

u

(29) 4

D1, hm u}D2’h7n’ Pt u

subsequentially as m,m’,m"” — oco. Then, for any ®, (2.8) is equivalent to
/ﬁNnX@NT12 P(X,X) F(-,% X, X) d[(5(D1,hmsz,hm,hm,,u)] (X, X) — 0,

subsequentially as m, m’,m"” — oo, a.e. on 2. By using Lemma 18 that follows, we
obtain

/ ®(X,X) F(,u, X, X) d[Du x D*u](X,X) = 0, a.e. on,
RNn x RiVn?

for any ® € CY(RN" x Ré\]"2). We note that this statement is independent of the
regularity of the solution of (2.7). If u is weakly once differentiable on 2, by using
Lemma 4 we have Du = dp,, a.e. on €2 and the above simplifies to

/ ®(X) F(-,u, Du,X) d[D*u|(X) = 0, a.e.onQ,
RNn?

for any ® € C2(RY "2). In this case any “diffuse hessian” D?u arises as
Spinpy — D*u  in @(Q,Ré\”ﬂ), as h — 0,

along subsequences. If further D?u exists weakly on €2, by applying Lemma 4 again
we have D?u = 6p2,, a.e. on €2 thus recovering strong solutions.

2.3. Main definitions and analytic properties. We begin by introducing dif-
ference quotients taken with respect to frames as in (2.2), (2.3), (2.4). The only
difficulty is the complexity in the notation so for pedagogical reasons we give the
1st order case separately from the general pth order case.

Definition 5 (Difference quotients). Suppose {E?, ..., EV} is an orthonormal frame
of RY and for each a = 1,..., N we have an orthonormal frame {E(O‘)l, . E(O‘)”}
of R while the spaces RY™ are equipped with the frames of (2.2), p € N.

Let v : © C R® — RY be any measurable map which we understand to be
extended by zero on R™ \ Q. Given any infinitesimal sequences

(hm)men C R\ {0}, hm — 0 as m — oo,
(hm)menry € (R\ {O})p7 B, = (Amiy oo, Bmp )y Bma — 0 as m? — oo,
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we define the 1st and pth order difference quotients of u (with respect to the
fixed reference frames) arising from (h,,)men and (R, )mene as

DVhmy o QCR® — RY", meN,
Dpvhmu . QQRW’_)R?[”})7 m:(m17...,mp) ENP7
given respectively by

DU = 3 (Dl (B - w)| B,

a,t

p,h o Pohmp by o iy ..
Dy = [DEMMPWE(MH(E )| Eedrin,

QL0150 0s0p

In the above, the notation in the brackets is as in (2.5), (2.6). Further, given an
infinitesimal sequence with a trigonal matrix of indices

ml 0 0.0

P2 my m% 0.0
(hm) perw? € (R\{0})", m= : .|y hmg = 0asmi — oo,
m. m

2 D
P P myp

we will denote its nonzero row elements by
m, = (m;, omd) €N g =1,..,p,

and we define the pth order Jet DIPl"my of difference quotients of u (with

respect to the fixed reference frames) arising from (hy,),, cyp2 a8

DWPLhmy, = (Dl’hﬂl u, ...,Dp’hmpu> . QCR" — RV x . x Révnp.
Definition 6 (Multi-indexed convergence). Let m be either a vector of indices in
NP or a lower trigonal matrix of indices in NP” as above. The expression

m — o0

is defined to mean successive convergence with respect to each index separately
taken in the following obvious order:

lim := lim .. lim lim , m € NP,
m—0o mP—00 m2—00 ml—o0

. . . . . 2

lim := lim .. lim lim lim , meNF.
m—r00 mh—o0 mg—)oo mé%oo m%%oo

Definition 7 (Diffuse derivatives and Jets). Suppose we have fixed some reference
frames as in Definition 5.

For any measurable map u :  C R* — RY, we define diffuse gradients Du,
diffuse pth order derivatives D?u and diffuse pth order Jets DPly of u as the
subsequential limits of the difference quotients in the spaces of Young measures over
the respective 1-point compactifications which arise along infinitesimal sequences:

Optimy—Du, in W(Q,@N"), as m — 0o,
* . m P
S ppiimy——DPu, in & (Q,RY™), as m — 0o, m € R?,

J— J— 2
(SD[p],hmu—*_\D[p]U, in @(Q,RN” X oot X Ré\’”p), as m — 00, m € RP".
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Remark 8. As a consequence of the separate convergence, the pth order Jet is
always a (fibre) product Young measure:

DlPly = Du x -+ x DPu.

The weak* compactness of the spaces of Young measures readily implies the
existence of plenty of diffuse derivatives for measurable mappings.

Lemma 9 (Existence of diffuse derivatives). Every measurable mapping u : Q C
R™ — R possesses diffuse derivatives of all orders, actually at least one for every
choice of infinitesimal sequence.

Remark 10 (Nonexistence of distributional derivatives). Since we do not require

our maps to be in LllOC (Q, RV ), they may not possess distributional derivatives.

In general diffuse derivatives may not be unique for nonsmooth maps. However,
they are compatible with weak derivatives and a fortiori with classical derivatives:

Lemma 11 (Compatibility of weak and diffuse derivatives). If u € Wﬁml (Q,RN),
then the diffuse gradient Du is unique and

6py = Du, a.e. on €.

More generally, if g € {1,....p—1} and u € Wq’l(Q,RN), then Dy is unique and

loc

plely, = O(Du,...,.D1u) X DIt % . x DPu, a.e. on Q.

Proof of Lemma 11. It suffice to establish only the 1st order case. For any fixed
e € R™ we have D"y — Douin L (Q,RY) as h — 0. We choose e := E(*)? and
h := hy,, to get

Dyl (B - u) — Dy (E* - u), in L (Q) as m — oco.

Thus, by (2.3), (2.4) and Definition 5 we have D"my — Du a.e. on Q as m — o
along a subsequence. Application of Lemma 4 completes the proof. O

Next we show that the diffuse gradient Du is a Dirac mass if and only if the map
u is “differentiable in measure”, a notion introduced and studied by Ambrosio and
Maly in [AM]:
Definition 12 (Differentiability in measure, cf. [AM]). Let u : @ C R® — RY
be measurable. We say that u is differentiable in measure on 2 with derivative the
measurable map £LDu :  C R — RN™ if for any ¢ > 0 and F C Q with |E| < oo,

lim {er: “<x+y)u(zl)£D“(“’)y >5H =0

Yy—

The differentiability in measure arose in the study of the regularity of the flow
map of ODEs driven by Sobolev vector fields (Le Bris and Lions, [BL]). In [AM] this
notion is compared to the classical notion of approximate differentiability ([EG]).
It follows that “Wﬁ)’cl = BV, = Approximately diff. = Diff. in measure” with all
reverse implications failing in general.

Lemma 13 (Gradient in measure vs diffuse gradient). Let u: Q) C R® — RY be
measurable and suppose we have fized some reference frames as in Definition 5.

(a) If u is differentiable is measure with derivative LDu, then the diffuse gradient
Du € % (Q,RN") is unique and

Du = dzpu, a.e. on .
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(b) If there exists a measurable map U : Q C R" — RN™ such that for any
diffuse gradient Du € % (Q, RN") we have

Du = by, a.e. on§,

then it follows that w is differentiable in measure and U = LDu a.e. on ().

Proof of Lemma 13. (a) By choosing y := hE(®? in Definition 12 applied to the

projection E¢ - u we get that D};ﬁ)i (E*-u) — E“ : (LDu) as h — 0 locally in

measure on 2. Thus, for any h,, — 0, there is h,,, — 0 such that the convergence
is a.e. on 2, whence Du = . p, by Lemma 4.

(b) We begin by observing a triviality: for any map f : R® — RY we have
fly) = 1l as y — 0 if and only if for any y,, — 0, there is y,,, — 0 such that
f(Ym,,) = las k — oo. We continue by noting that by Lemma 4 and our assumption
we have that for any h,, — 0 there is h,,, — 0 such that DVhmey — U ace. on
Q, as k — oo. Hence, we obtain that D'y — U as h — 0 (full limit), a.e. on

Q. Since a.e. convergence implies convergence locally in measure, we deduce that
U = LDu a.e. on (), as desired. O

The next notion of solution will be central in this work. For pedagogical reasons,
we give it first for Wﬁjcl solutions of 2nd order systems and then in the general case.

Definition 14 (Weakly differentiable D-solutions of 2nd order systems). Let Q C
R™ be open,

F:Qx (RN x RN7 5 ng) 4 RM

a Carathéodory map and v : Q C R® — R™ a map in V[/lic1 (2, RN). Suppose we
have fixed some reference frames as in Definition 5 and consider the PDE system

(2.10) F(~7u,Du7D2u) =0, onf.

We say that u is a D-solution of (2.10) when for any diffuse hessian of u arising
from any infinitesimal sequence (Definition 7)

Spiimpu——= D> in & (Q,RV™),

as m — 0o, we have

ﬁ ®(X) F(-,u, Du,X) d[D*u](X) = 0, a.e. onQ,
RNn?

for any ® € C? (R£V7L2).
Now we consider the general pth order case. For brevity, we will write
X = (Xy,..,X,) € RV x ... x RV,
Definition 15 (D-solutions for pth order systems). Let Q@ C R™ be open,
F:Qx (RNxRN"x---fon’”) — RM

a Carathéodory map and u : Q@ C R®” — R a measurable map. Suppose also we
have fixed some reference frames as in Definition 5 and consider the PDE system

(2.11) F (x,u(x),D[p]u(x)) =0, ze€Q.
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Then, we say that u is a D-solution of (2.11) when for any diffuse pth order Jet
of u arising from any infinitesimal sequence (Definition 7)

* . ™ e p
5D[p1,hmu4D[p]u in % <Q7 RY™ x ... x RV ) ,
as m — 0o, we have

‘/ﬁNn ...xRNnP (D<X) F($7U(x)7X) d[D[p]u(x)] (X) = 0, a.e. xr € Q7

for any ® € CO(RV™ x - x RY™").

Note that Definition 14 can be deduced from Definition 15 by using Lemmas
11 and 4 and that the convergence is separate. These imply when p = 2 that
D¥hn' myy, — DV Dy ace. on Q as m! — .

The following result asserts the fairly obvious fact that D-solutions and strong
solutions are compatible.

Proposition 16 (Compatibility of strong and D-solutions). Let F' a Carathéodory
map as in (1.1) and u : @ C R* — RY be a map in Wl’;’cl(Q,RN) (or merely

p-times differentiable in measure, Definition 12). Consider the PDE system
F (m,u(m),D[p]u(x)> =0, ze€Q.

Then, u is a D-solution on 2 if and only if u is a strong a.e. solution on §2.

Proof of Proposition 16. It is an immediate consequence of Lemma 11 (or Lemma
13) and the motivation of the notions (Subsection 2.2). O

Remark 17 (Absence of concentration measures). The next estimate shows that
“.. =0 ae. on " in Definition 15 is equivalent to “... = 0 in L*°(Q)”. Namely,
for any fixed ® the left hand side is always a measurable function and no measures
can arise mutually singular to the Lebesgue measure. Indeed, for a.e. x € Q

/, (X) P u(e), X) d[DPu(2)] (X)
RN7x...xRNnP

< ( sup |(I)|) max ’F(m,u(m),)‘
RN7x .. XxRN?P supp(®)

Our next result is a simple yet powerful convergence result which we state and
prove in the generality of Young measures. It will play an important role later in
the construction of D-solutions.

Lemma 18 (Convergence lemma). Suppose that u®, (u*)7° are measurable maps
Q CR® — RN satisfying u* — u> a.e. on Q, as p — co. Moreover, let W be a
finite dimensional metric vector space, isometrically and densely contained into a
compactification K of W. Suppose also that we have Carathéodory maps

F> Fr o Qx (RN xW) — R, peN,
such that for a.e. x € (Q,
Fi(z,-,) — F>®(z,-,-) in CORNx W), as pu— oo
and we also have Young measures 9°°, (0")° € & (2, K) such that
9% in #(Q,K), asp— .
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Then, if for a given ® € CO(W) we have
/<I>(X) FH(z,u"(z), X) d[v"()](X) = 0, ae z€Q,
K
for all p € N, it follows that

/KCD(X) F>(z,u™(z), X) d[0>°(2))(X) = 0, ae xz€Q.

Proof of Lemma 18. It suffices to show that for any given fixed ® € C2(W), we
have that
¢ = sup [O(X)[FF(,u", X) — F*(u=,X)]| — 0,
XeWw

a.e. on ). Indeed, if this is the case, select as ® the function of the assumption
of the lemma and set Qr := QN Bg(0) for some fixed R > 0. Since |Qg| < oo,
by Egoroff’s theorem, we can find for each j € N a measurable set E; C {r with
Ej+1 g Ej and |E]‘ S 1/] such that

H¢H||L0°(QR\E]-) — 0, as u — oo.
Then, by using the weak*-strong continuity of the pairing

L (QR \ Ej,M(K)> x L (QR \ E;, CO(K)) R

and that L>=(Qg\ E;) C L'(Qg \ E;), the convergence 9*—= 9> in Z (Qp \ E;,K)
as u — oo and our assumptions imply

/K@(X)F‘x’(x,uoo(x),X) d[v>=(x)](X) = 0,

for a.e. x € Qg \ Ej. Then, we conclude by letting j — oo and then taking R — oc.
In order to establish that ¢* — 0 a.e. on €2, we recall that u* — u* a.e. on ()
and we fix an = € Q such that u*(z) — u*°(z). Then, we can find compact sets
C" € RY and C” € W such that u#(z),u>(z) € C’ and supp(®) C C”. By the
convergence assumption on the maps F*, we have

| F*(x,-) = F>

(-T7 ')HCO(C/XC”) — 0, as [ — OQ.

If w3 € 0°)0, 00) denotes the modulus of continuity of €’ > 1 +— F>(x,n,X) € RM
which can be chosen uniform with respect to X € C”, we have

A

" (@) < sup |<I>{ sup [F>(z, u (), X) — F>(z,u™ (), X)|
XeC” XeC”

+ sup
XeC”

Fh(z, ut(2), X) — Foo(x,u“(z),X)’}

IA

sup (8] { (' (2) = @) + [F4) = F2 @)l gnoren |
= o(1),

as p — 00, because wS°(01) = 0. Since this holds for a set of points z € Q of full
measure, the conclusion follows and the lemma ensues. ([

The following result is a consequence of the convergence Lemma 18 and estab-
lishes that D-solutions are well behaved under weak* convergence.
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Proposition 19 (Convergence of D-solutions). Let (u*)$° be a sequence of maps
where each ut : Q@ C R® — RY is measurable and u* — u™ a.e. on Q. Let also
(FH)$° be a sequence of Carathéodory map (with the same dimensions as in (1.1))
and assume that each ut is a D-solution of the system

F* (m,u“(m),D[”]u“(m)) =0, ze€q,

and that for a.e. x € Q, F'(x,-,-) — F>(x,-,-) uniformly on compact subsets as
p — oo. If further every jet DPlu™ can be weakly* approzimated by a subsequence
of the respective Jets DPlutv | then u™ is a D-solution of

F (m,u‘x’(w),D[p]u"o(x)) =0, z€q.

Remark 20 (On stability). The reader should note that Proposition 19 is not a
stability result, in the sense that we do not have compactness of diffuse jets as
part of the conclusion. In fact, such a result is not possible without extra assump-
tions which would entail some sort of a priori estimates: for instance, consider
the sequence u(x) := p~'sin(pz), € R. Then, u*—>u> in WH>°(R) where
u® = 0. However, Du* = jpyu— 10 in Z(R,R) as u — oo, where for a.e. z € R
supp(?(z)) = [~1,1] while ¥(x) # Du™(x) = d{.

The next result gives equivalent formulations of the definition of D-solutions. To
this end we first need to introduce some further terminology.

Definition 21 (Reductions & cut offs). Let u : Q C R®™ — R¥ be a measurable
map and F' a Carathéodory map as in (1.1). Given ¥ € & (Q,RV™ x ... x RY™"),
we define the reduced Young measure ¥, as the next (fibre) restriction of :

Pi(z) == d(x)L (RN” X ... X Ré\]”p> , ae zell

Further, given a measurable map U : Q@ C R® — RN x ... x Ré\[”p and R > 0, we
define the cut off of U associated to F as:

U, on {|U| < R},

0p, on {|U|>R}.

Here for each R > 0, Op is a measurable selection of the set-valued mapping

Q5 z —> {F(a:,u(x), D= 0} NBr(0) C (RNn X X Rg“) \ {0},

U)" =

that is, for each R > 0, Of is a measurable map Q — RN™ x ... x RN satisfying
F(x,u(x),OF(x)) =0, ae. z€Q, |0p(x)<R.

The existence of measurable selections as above is a consequence of Aumann’s
theorem (for non-empty valued measurable maps as we have assumed above, see
e.g. [FL]). If F(a:, u(x), ) is linear, we may choose 0 = 0 with no R-dependence.

Proposition 22 (Equivalent definitions for D-solutions). Let F' be a Carathéodory
map as in (1.1) and u : Q@ € R® — RY a measurable map. Then, the following
are equivalent:

(1) The map u is a D-solution of the PDE system
F (:v,u(x),D[p]u(x)) =0, ze€
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(2) All reduced pth order Jets of u satisfy the differential inclusion:
For a.e. x €, supp (D[p}u*(x)) C {F(x,u(x), )= 0}.
(3) For any pth order Jet of u, we have
/ |F (2, u(z), X)| d[D[p]u(:c)](L() =0, ae zell
RN7x.. . xRNnP
(4) For any pth order Jet of difference quotients of u and any R > 0, we have
F (x,u(m), [D[P],hmu(x)]R) — 0, asm — oo,

for a.e. x € Q along subsequences.
(5) For any pth order Jet of difference quotients of u and any R > 0, we have

dist ([D[p}’hﬂu(x)]R, Br(0)N {F(x,u(x), ) = 0}) — 0,

for a.e. x € Q, as m — oo along subsequences.

If further F does not depend on x,u(x), then (1)-(5) above are equivalent to:
(6) For any pth order Jet of u, we have

/ ¥(X) F(X)d[DPu](X) = 0, ae on,
RN7x . xRN?P
for any W € A, where

A= {\Il € CO(RN” X oo X Ré\”‘p)

limsup |¥(X)|(1+ |F(X)|) =0 }

| X|—o00

The presence of the reduced measures and of the truncations can be informally
interpreted as follows: the mass which remains away from infinity (and does not
escape) actually has to lie in the zero level set of the coefficients.

The proof of Proposition 22 does not rely on the particular structure of diffuse
Jets and is an immediate consequence of the next general result.

Lemma 23. All the equivalences of Proposition 22 remains true if more generally
one replaces DPmy by any measurable sequence

U™ : QCR" — R¥" x .. xRM" meN,

and the respective Jet DPlu by any Young measure 9 € ¥ (Q, RN™ x .. x Kévnp)
such that dym — 19 as m — oo.

Proof of Lemma 23 & Proposition 22. We begin by showing (1)< (2), then we
will establish that (5)=(4)=-(3)=(2)=(5) and finally that (1)< (6).
(1)=(2): Suppose that dym——1 as m — oo and we have

/@m _ (X) F(z,u(x),X) dd(z)](X) =0, ae. z€Q,

for any ® € C2(RN™ x ... x Ré\[”p), while the conclusion fails. To this end, we fix a
point x € € as above and suppose supp (19*(1“)) g {F(x, u(x), ) = 0}. Then, there
is some point

X, € (RN" X o X Ri\/"p) \ {F(a:,u(ac),) = 0}
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such that, for all R > 0 we have [0, (2)](Br(X,)) > 0. Since F(z,u(z),") is con-
tinuous and F (2, u(z),X,) # 0, there exist co, Rg > 0 and an index p € {1,..., M}
such that
‘Fu(x,u(w), )’ >c¢p >0, on Bp,(X,)-
We now choose ® such that
XBry/2(Xy) S P < XBry(X,):

As a result, for this choice of ® we have

0= / ®(X) Fy (2, u(w), X) dd. (2)] (X)
RNnx.. . xRNnP

/ X) | By (o, (). X) o (@) (X)
BRO(X)

> o [04(2)](Bry/2(Xo))-
The above contradiction establishes that the desired inclusion holds a.e. on €.
(2)=>(1): Suppose that supp (9. (z)) C {F(z,u(z),-) =0} for a.e. z € Q. Then,
for any ® € CO(RN™ x ... x RN™" ) and any such = we have that ®(-)F (z,u(z),-)
vanishes [9(x)]-a.e. on RN™ x ... x RN™ . Thus, for any such = we have

Lo ) Pl X) dp@)X) = o
RNn RNnP

(5)=(4): Fix R > 0. If suffices to show that for a.e. z € Q, there is a strictly
increasing modulus of continuity wg , € C°[0,00) with wg ,(0) = 0 such that

‘F(x,u(x),z)‘ < Wry (dist (X,BR(O) N {F(m,u(w), ) = 0})) ,

when X € Br(0). Indeed, in that case we conclude by choosing X := [U™(x)]®. By
continuity, indeed for a.e. € Q) there is a strictly increasing modulus of continuity
WR,, such that

‘F(;mu(x),X) - F(x,u(m),X)‘ < wre(|X -

when X, Y € Bg(0). By choosing Y such that F(z,u(z),Y) = 0, we have

| (2 u(), X)| (X -Y])

inf WR.z
F(z,u(z),X)=0,Y|<R

. ( inf X y)
F(z,u(z), Y) 0,lY|<R

as desired.
(4)=(3): We fix R > 0 and any ® € C2(RN™ x ... x RM’™") such that

XBr,2(0) < ® < XBr(0)-
For any k € N, we set
Q= {xGQOBk(O) : sup ()| F(z,u(z),)| <k}.
RN7 . xRN7P
Then, Qf C Qr41 and |\ Qk| — 0 as k — oco. We also define
UF (2, X) = |F(m u(z )|Xﬂk , keN.
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Since §ym —— 19 as m — oo and W* is an admissible Carathéodory function, we have
/ U* (2, U™(2)) dv — / / Uk (2, X)d[¥(2)](X) da,
Q Q JRNnx . xRNnP

as m — o0o. By assumption, we have that F(~, u, [Um]R) — O a.e.on 2 asm — oo.
By the properties of ® and of the truncations, we have the identity

® ([U™F) F(u, [U™)T) = @ (U™) F(,u,U™)

valid a.e. on €. Together these last facts give that U*(-,U™) — 0 a.e. on 2. More-
over, by using the bound |®*| < k and that |Q| < oo, the Dominated convergence
theorem allows to infer that W*(.,U™) — 0 in L'(2) as m — co. Hence, by the
above convergence and the definition of ®, for a.e. x € )}, we have that

— k x xr
0= /ﬁ . X@W‘P (2, X) 9 ()] (X)

:[ B(X)|F (e (o), X) | di9())(X)
]RN"X...XRN"p
2/ |F (2, u(z), X) | d[¥(z)](X).

Br/2(0)

The conclusion follows by letting £ — co and then R — oo.
(3)=(2): We argue as in the case “(1)=-(2)”. Suppose that

/]RN RN |F(m ulr )|d 7) =0, a.e. xz€,
nx.. . xRNnP

while the conclusion fails Fix x € Q for which the above holds and assume that
supp (9. (z)) Z {|F(z,u(z),-)| = 0}. Then, there exists

X, € (RV" x ... x Ri\[”p) \ {‘F(az,u(x), )= O}

such that, for all R > 0 we have that [J(z)](Br(Xy)) > 0. Since |F (2, u(z),-)| is
continuous and |F(:177 u(x),XO)| > 0, there exist ¢y, Ry > 0 such that

|F(z,u(z),")| > co >0, on Bg,(X,).

Then, we have

0= /RNnx RN nP ‘F(m u(z >| d[9(@)](X) > co [0(2)] (Br, (X,))-

The above contradiction establishes the desired inclusion.
(2)=(5): We fix R > 0 and define the function

T Qx (RN" X - x@i\”’p) — [0, 00)
given by
W(z,X) = xgogy(X) dist (X, Br(0)N {|F(x,u(x), )| = o}) .

Then, ¥ is measurable in z for all X (this is a consequence of Aumann’s theorem,
see e.g. [['L]), upper semicontinuous in X for a.e. z and also bounded. Hence, since
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dym—19 as m — oo, by Remark 3iii) and the definition of the reduced measure,
we have that

lmsup / (e, U (2)) do < / /R ez Y X) AV de
// dist x Br( )ﬂ{|F(x,u(x),-)|:O}> d[9, (2)](X) dz.
Br(0

By assumption we have that for a.e. z € Q, the support of the measure ¥, (z)LBz(0)
is contained in the closed set

Br(0)N {|F(x,u(:v),)| = 0}

and the latter is a subset of the zero level set of the function ¥(z, -). Hence, the last
integral above vanishes and we obtain that W(-,U™) — 0 in L'(Q2) as m — oo.
Further, in view of Definition 21, we have the identity

U(z, U™ (z)) = dist ([Um(x)]R, Br(0)N {|F(x,u(x),~)| - o}) :

which is valid for a.e. x € Q and by using it we obtain that

dist ([Um(a:)]R, B(0) N {|F(a:,u(x), )= o}) dz —s 0,

Q
as m — oco. The conclusion follows by passing to a subsequence.
(1)<(6): Obviously, (6) readily implies (1). Conversely, fix ¥ € A and € > 0.
Then, for any ® € C(RM" x ... x RY™), we have

(2.12) < sup {{@—@\(H\F\)},

RN’!LX.”XRéV’ILP

/ W(X) F(X) do(@))(X)
RN7x .. xRNnP

because ¥(x) is a probability for a.e. x € Q. By assumption we have that U(1 +
|F|) € CY(RN™ x ... x Ré\[”p) and hence we can find a compactly supported ¢

uniformly e-close to ¥(1 + |F|). By choosing & := %iF\’ the right hand side of
(2.12) becomes less than €. Hence, (6) ensues and so does the proposition. O

Remark 24 (Nonlinear nature of diffuse derivatives). In the context of classical
PDE approaches (classical, strong, weak, distributional solutions), it is standard
that the generalised derivative is a linear operation. However, without extra hy-
potheses this is generally false for diffuse derivatives. Our approach is genuinely
nonlinear and not a variant of classical developments. As a consequence, we obtain
that the sum of two D-solutions to a certain linear equation is a D-solution itself if
at least one of the solutions is regular enough. Hence, the notions themselves are
nonlinear even when we apply them to linear PDE.

In order to proceed further we need some notation.

Definition 25. Let W be a finite dimensional metric vector space isometrically and
densely contained into a compactification K of W. Let also T, : W — W denote
the translation operation given by T,b := b — a. Given a probability ¥ € Z(K), we
define Yo T, € Z(K) b

YoT, := (VoT,) LW + 9L (K\W),

that is, for any Borel set B C K, we set (J0T,)(B) = ¢((BNW) —a) +39(B\W).
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Definition 25 requires translation of the part contained in the vector space while
the points “at infinity” are left intact. In the case of the 1-point compactification
K = WU {0}, it says 9(B) = 9((B \ {oc}) — a) + 9({oc}). Note that we may
equivalently define ¥ o T,, € &(K) via duality:

(0 0 T, ®) :/

®(a+ X)dd(X) +/ O(X)d¥(X), & e C'K).
w

K\W

Proposition 26 (Diffuse derivatives & D-solutions vs linearity). Let u,v :  C
R™ — RY be measurable maps.
a) If v is differentiable in measure on  with derivative LDv, (Def. 12), then

Du+v) = DuoTrpy, a.e. on ),

where the diffuse Jets on both sides arise from the same infinitesimal sequence.
b) Consider the measurable maps

A7 QCR" —RN"@RM,  fg: QCR" — RM,
where ¢ =1, ..., p and the linear pth order systems of PDE
A(z):DPly(z) = f(z), z€Q
A(z) = DPly(z) = g(z), z€Q,
where A = (A', ..., AP). If u,v are D-solutions, then u + v is a D-solution of
A(2) =DVl (u+v) () = (f+9)(x) z€Q,
when v is p-times differentiable in measure on €.

The notation above is a convenient abbreviation of the multiple contraction

1 . p P
Z A/l;alvilD“ual + ot Z Au;ap,ii,...,igDizf...i,puo‘p'
1,11 oup il ip

The proof is based on the next general lemma about Young measures.

Lemma 27. Let E C R™ be a measurable set and W a finite dimensional metric
vector space isometrically and densely contained into a compactification K of W. If
um.vm: ECR" — W are sequences of measurable maps such that

oym— ¢ in ¥ (E,K), V™ — 1V ae onkE,

as m — 0o, then we have that dym yym—— 90Ty in #(E,K), as m — oc.

Proof of Lemma 27. Fix ¢ € L'(E), ® € C°(K) and € > 0. Since & is uniformly
continuous on the compact space K, there is a bounded increasing modulus of
continuity w € C°[0, 00) with w(0) = 0 such that |®(X) — &(Y)| < w(|X - Y]) for
all X,Y € K and [|w]|co(,00) < 00. Also, since V™ — V a.e. on E, we have that
V™ — V p-a.e. on E where p is the finite measure u(A) := ||| 1(ang), A € R™.
It follows that V™ — V in p-measure as well. Hence, we have

[ofewm+vm—awm ]| < [ jelwvm-v)

< lwlloo,o0) £({IV™ = VI > €}) + w(e) u(E).
By letting m — oo and then € — 0, the density of the linear span of products
of the form ¢(z)®(X) in L'(E,C°(K)) and the definition of ¥ o Ty, allow us to
conclude. [
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Proof of Proposition 26. If suffices to establish b) and only for p = 1. By as-
sumption, we have that A'(z):£LDv(z) = g(x) and also that for any ® € CO(RN™),

[ 2(0[A@)s X - f@)] diDu(@)x) = o
RN
both being valid for a.e. on z € Q. Here Du is any diffuse gradient. We fix any
point z as above and replace ® by ®( - +LDv(z)). Then, we obtain

[ ®(X + LDv(x)) [Al(a:) (X + LDv(z)) — f(z) - g(x)} d[Du(z)](X) = 0.

RNn

By the definition of Du o T, p,, we obtain
[ e0)[AN@):Y = (4 9)@)] dDu(w) 0 Tepui](¥) = 0
RNn

By utilising part a), the conclusion ensues. ([l

Example 28 (Nonlinearity of diffuse derivatives). Let K C R be a compact nowhere
dense set of positive measure (e.g. K = [0,1]\ (U (r; =379, 7;+377)) where (r;)°
is an enumeration of QN [0,1]). Then, for u := xx we have that |D""u(x)| — oo
ash — 0 forx € K andv =0 on R\ K. Hence, by Lemma 4 along any h,, — 0 we
have Du(x) = d¢sc} for a.e. v € K. However, for v := —u, we have D(u+v) = 70}
a.e. on R, while Du = Dv = §{cy a.e. on K.

Comparison with distributional solutions. Let us conclude this section with
an informal discussion of the relation between distributional and D-solutions. Let
us first compare distributional to diffuse derivatives. For any u € L (R™), the
distributional gradient Du can be weakly* approximated by difference quotients:

(¢, Du) = lim ¢ DYy = lim 1) (/ Xdl:(SDl,hmu} (X)) ,
R'n, n

m—00 Jpn M0
¢ € C°(R™). If “bar,” denotes the barycentre of the restriction on R", we have
(2.13) bar, (0pt.imy) — Du,  as m — oo,

in the distributions 2’ (R", R"). Along perhaps a further subsequence, we have
(2.14) Opthimy — Du, in Q/(R",E"), as m — 0o.

By juxtaposing (2.13) with (2.14), our interpretation is that the barycentre of the
(reduced) diffuse derivative is unique and equal to the distributional derivative:

bar.(Du) = Du.

Regarding the notions to solution, obviously D-solutions are a more general the-
ory than distributional solutions (and a fortiori than weak solutions) in the sense
that they apply to more general PDEs and under weaker regularity requirements.
However, the two theories are not immediately comparable on their common do-
main of L{ _ solutions of linear systems with smooth coefficients. On the one hand,
Proposition 26 and Example 28 point out a property which is not generally true for
diffuse derivatives but is always true for distributional derivatives. On the other
hand, there exist D-solutions which are not distributional: for instance, u = x(0,o0)

is a D-solution of v’ = 0 on R, while in the distributional sense it solves u' = d10}
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(see also Remark 17). However, D-solutions completely avoid the impossibility to
multiply distributions. For example, if A € L>(R" R"),

~— A-Du, in Z2'(R",R"), [not well defined!]
A . DVrmy — . o
—— A -Du, in Q/(R”,R”), [well defined!]

1

Hence, for the equation A - Du = 0, solutions u € L,

our context by interpreting the equation as

(R™) make perfect sense in

A(z) - /@N ®(X) X d[Du(z)](X) = 0, ae zcR",

for all ® € C2(R™), while in the sense of distributions it is not well defined:

“ A(x) - Du(xz) = A -bar (Du.(x)) = A(z) - X d[Du(x)](X) ” =7
Rn
We conclude this discussion by underlining the simplicity and handiness of our
theory, as opposed to the more cumbersome algebraic theories of multiplication of
distributions and the inconsistencies they present (e.g. [Co]).

3. D-SOLUTIONS OF THE 0c0-LAPLACIAN AND TANGENT SYSTEMS

In this section we establish our first main result concerning the existence of D-
solutions. We treat the Dirichlet problem for the co-Laplace system (1.9) which
is the fundamental equation of vectorial Calculus of Variations in the space L
and arises from the functional (1.8). A central ingredient in the proof of Theo-
rem 29 below is a result of independent interest, Theorem 33 that follows, which
provides a method of constructing nonsmooth D-solutions to nonlinear systems by
“differentiating an equation”.

Theorem 29 (Existence of co-Harmonic maps). Let Q@ C R™ be an open set with
| < o0 and n > 1. Then, for any g € WH°(Q,R"), the Dirichlet problem

) (Du® Du+|DuP[Dul*@ 1) : D*u = 0, on @,
. u =g, on 9,
has a D-solution u : @ C R® — R” in W;’M(Q,R”). In particular, u satisfies

Definition 1/ (with respect to the standard frames): for any diffuse hessian, we
have

ﬁ _B(X) (Du®Du+ |Dul?[Du]*® I) . Xd[D%)(X) = 0,
Rnn

a.e. on Q, for any ® € C? (R?"Q), where
Spihm pu — D*u in @(QRQI"Z), as m — 0o.

Unfortunately, as we proved in [[{2], in general it is impossible to obtain unique-
ness, not even within the class of smooth solutions.

Theorem 30 (Nonuniqueness of smooth co-Harmonic maps, [[X2]). Letn =N > 2
and consider the Dirichlet problem (3.1) where as ) we take the punctured unit ball
centred at the origin and as boundary condition we take g(x) = x. Then, (3.1) ad-
mits infinitely-many solutions in C™(Q, R")NC°(Q, R™) which are diffeomorphisms
from Q to itself of the form u(x) = ehlz1*) g for certain h € C*(0, o).
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Remark 31. Theorem 30 makes clear that uniqueness in the vectorial case is not
an issue of defining a “proper” notion of generalised solution, since even classical
solutions in general may not be unique. Instead, extra conditions need to be de-
termined that will select a “good” solution. On the other hand, uniqueness is a
well known property of the scalar problem (a celebrated theorem of Jensen, see
e.g. [C] and also [K8]). Such phenomena are not exclusive to the oo-Laplacian:
for instance, the Dirichlet problem for the minimal surface system may have either
non-existence or non-uniqueness in codimension greater than one (see [OL]), while
for the minimal surface equation it is well posed.

In addition to Theorem 29, the next corollary will also be established in the
course of its proof.

Corollary 32 (Multiplicity & geometric properties of D-solutions). In the setting
of Theorem 29, if n > 2 then (3.1) actually has an infinite set of solutions. More-

over, for any M > H(DgTDg)l/zHLOO(Q) there is a D-solution u = u(M) satisfying

(3.2) |Dul> = nM?, |det(Du)| = M", a.e. on Q.

Hence, the D-solutions we construct have the geometric property of solving the
vectorial Eikonal equation and having full rank.

3.1. The idea of the proof. Suppose that u € C?(2,R") solves (1.9) and recall
that [Du]*+ = Proj(p(puy)+- By contracting derivatives, we rewrite the system as

|
(3.3) DuD(§|Du\2> + |Dul[Du]* Au = 0.

By observing that the first summand of (3.3) is valued in the range R(Du) C RY
and the second summand is valued in (R(Du))*, the oco-Laplacian (3.3) decouples
to the pair of independent systems

1
(3.4) DuD<§|Du|2) =0, |DuP[Du*Au = o0.
Then, we obtain that smooth solutions of the 1st order differential inclusion

Du(x) € K., for x € Q,

where ¢ > 0 is a parameter and
K, = {X ER™ : |X| = ¢, |det(X)| > o},

actually are oo-Harmonic mappings: indeed, if Du(2) C K., then |Du|? = ¢? and
det(Du) # 0 on Q. Hence, in view of (3.4) we have that the 1st system is satisfied
because |Dul is constant (u is Eikonal) and the 2nd system is satisfied because u
is a submersion (the codimension is zero), which forces [Du]* = 0 on 2. Hence, if
we somehow could prove existence of a solution to the inclusion with the desired
boundary data, it would yield a solution (3.1).

However, the preceding arguments make sense only for classical or strong so-
lutions. The starting point of the proof of Theorem 29 is to use the Dacorogna-
Marcellini Baire Category method [DM] in order to construct Lipschitz solutions
of the inclusion with the given boundary data. Then, by using the machinery of
D-solutions we make the previous ideas rigorous for merely Lipschitz maps, which
is the natural regularity class. Note also that our methodology is not variational
and does not use the functional (1.8).
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The next result is a tool which goes far beyond the scope of the co-Laplacian
and allows to construct D-solution of systems by solving differential inclusions.

Theorem 33 (Differentiating equations in the D-sense). Let F be a Carathéodory
map as in (1.1) which in addition is C* with respect to all its arguments and consider
the p-th order system

F (m,u(m),D[p]u(J:)) =0, xz€q.

Ifu:QCR" — RN is a strong a.e. solution to the system in WE°(Q,RY), then
u is a D-solution (Definition 15) to the “tangent” system

F,(-,u, DPlu) + F, (- u, DPlu) Du + Fx(-,u, DPlu): DPFUy = 0,
on Q (with respect to the usual frames).

[

For the notation “::” see Proposition 26. Theorem 33 is actually true for solutions

which are merely VVf;Cl(Q, RY) or just p-times differentiable in measure (Definition

12), but then we have to assume certain growth bounds on the derivatives of F.
We invite the reader to note the simplicity with which we pass to limits in the
proof below within the framework of D-solutions.

Proof of Theorem 33. It suffices to prove only the case of p = 1 and with no
explicit u© dependence, the general case following analogously. Hence we suppose
that u € W, (€, RN) solves

loc
F(a:,Du(x)) =0, ae x€q,
and we aim to show that
F,(z,Du(z)) + Fx(z,Du(z)) : D*u(z) = 0, z€Q,

in the D-sense (Definition 14). For a.e. point = € Q such that F (z, Du(z)) = 0 and
h # 0 small enough, Taylor’s theorem implies for each i the identity

F,,(z, Du(z)) + Fx(z, Du(x)) : Di;hDu(x)
= — Di;hDu(gc) : /01 {FX (m + Ahe', Du(z) + A[Du(z + he') — Du(m)])
(3.5) — Fx(x, Du(x)) } X
- /0 {le (m + Ahe', Du(z) + A[Du(z + he') — Du(m)})

— F,, (2, Du(z)) } dA.

We fix any infinitesimal sequence (h,,)5°_; € R\ {0} such that h,, — 0 as m — oo
and observe that by the weak* compactness of Young measures, along perhaps a

subsequence h,,, — 0 we have
0 —~~D?*u in @(97@5#), as k — oo.

We now invoke Lemma 1 to infer that since Du(- + he') — Du locally in measure
as h — 0, there is a perhaps further subsequence denoted again by (hm, )52 such
that for a.e. € Q we have Du(z + hy,, ') — Du(z) as k — oo. Next, we set

G (2,X) = F,,(z, Du(z)) + ZFXW (z, Du(z)) Xgji
B,j

D""mi Dy
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and for each m € N

G (2,X) = Fy,(z, Du(z)) + ZFXM (z, Du(w)) Xg;i
B,j

+ 3 X / 1 {Fxa, (24 Aome’, Du(@) + A[Du(@ + hne’) = Du(x)])
B.J 0
~ Fx,, (x, Du(x)) } X
+ /01 {in (x + Ahme’, Du(z) + A[Du(z + hpe') — Du(x)])

- Fy, (=, Du(m))} dA.

In view of C! regularity of F and that Du(- + hy,e') — Du a.e. on Q as k — oo
(together with the Dominated convergence theorem and that Du € L{S (€2, RN™)),
for a.e. x € {2 we obtain

G™(z,-) — G®(x,-) in C° (Rg"z,RM), as k — oo.
Moreover, in view of the definition of G™, the identity (3.5) gives
G™ (:E,Dl’h’"Du(x)) =0 aeon(, meN
Hence, for any ® € C? (R§"2) we have
/]RJ,V"Q (X)) G"* (2, X) d[8 pr.hm, Du($)](X) =0 ae z€
for kK € N. T};e convergence Lemma 18 now implies

/@ LX) G™(z,X)d[D*u(z)](X) = 0, ae. z€Q,

for any ® € CO(RY "2) and any diffuse hessian D?u arising from any infinitesimal
sequence. Hence, u is a D-solution of G*° (x, DQu(x)) = 0 on 2 and by the definition
of G*° the proposition ensues. ([

3.2. Proof of the main result. Now we prove our first main existence result

which is an easy consequence of Theorem 33 and of the existence results of [DM] for
differential inclusions via the Baire Category method. The case n = 1 is completely
trivial (see [I[<1]), so we will henceforth assume n > 2.

Proof of Theorem 29 (and Corollary 32). Assume we are given ) C R™ with
finite measure and g € W1°°(Q, R"). We begin with the next:

Claim 34. If M > ||(DgTDg)1/2HLw(Q), there exists u € W, (Q,R") such that

|Dul?> = nM?, a.e. on Q,

|det(Du)] = M™,  a.e. on .
Proof of Claim 34. Given a map u: Q € R" — R"™ in W >°(€,R"), let \;(Du)
denote the ith singular value, that is the ith eigenvalue of (Du" Du)/2:

o((Du"Du)'/?) = {\(Du), ..., \(Du)}, A < Niy1.
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Fix an M > 0 as in statement and consider the Dirichlet problem:
{/\Z—(Dv) =1, a.e.in, i=1,...n,

3.6
(8.6) v = g/M, on 0.

Then, we have the estimate

An(D — || max(pg"Dg) 2 s e |
e (D)l e ) = || max(Dg ' Dg)" e el
(3.7)
T1/2
< |[(Dg" Dg) / HLoo(Q)'
In view of the results of [DM], the estimate (3.7) implies that the required compat-

ibility condition is satisfied in regard to the problem (3.6). Hence there is a strong
solution v to (3.6) such that v — (g/M) € Wy (9, R") for the given M and the
boundary data g. Finally, since A\;(Dv) = 1 a.e. on 2, by setting u := Mv we have

|Dul> = M?|Dvf* = M2ZA¢(DU)2 = nM?, ae.on,
i
| det(Du)| = M"|det(Dv)| = M"H)\Z-(Dv) = M", ae.onf,

and in addition, u — g € Wol’OO(Q, R™). The proof of the claim is complete. O

Now we may complete the proof the theorem. For the given boundary condition
g, we fix an M > 0 as in the claim and consider one of its solutions u € ngm(Q, RY)
which satisfies |[Du|? — nM? = 0, a.e. on 2. We set

F(X) := |[X]? —nM? X cRN",
and apply Theorem 33 to infer that u € V[/gl"x’(ﬂ7 R¥) is a D-solution to the tangent
system Fy (Du) : D*>u = 0, that is for all i we have

ZDﬂLg(:ﬂ) D%u;;(ac) =0, €, in the D-sense.
B.J

This means that for any diffuse hessian D?u arising from any infinitesimal sequence
* . ™" 2
Spiim pu— D*u in @(Q,R?" ),
along any subsequence as m — 0o, we have

[ D) 50 X, a[ D)) (X) = 0. ez

2]

for any ® € C? (RZ”Z). We multiply the above D;u,(z) and sum to obtain

[ . Z ®(X) Djug(z) Djug(z) Xgij d[D?u(z)](X) = 0, ae. z€Q.
S Bl
Finally, by Claim 34 we have det(Du) # 0 a.c. on  and as a result Du(x) has rank
equal to n in R™™, which implies that the orthogonal projection [Du(x)]* on the
complement of the range of Du(x) vanishes for a.e. € Q. Thus

/@ 20X [Du(@)| [Du(@)] , Xpii d[D*u(@)](X) = 0, ae.xeQ
s ﬂ,’b

for any ® € C? (R?"Q) and any diffuse hessian D?u. The last two equalities imply
that u is a D-solution of the co-Laplacian and the theorem follows. ([l
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We close this section we a discussion regarding the nonuniqueness problems
related to the oo-Laplace system.

A possible selection principle for A,. In view of Theorem 30 proved in
[{2], among the many smooth solutions that (3.1) has, the boundary condition
g(z) = x is itself a solution. Moreover, it is the only solution which is a limit of
p-Harmonic maps as p — oo: for each p > 2, the unique solution of the p-Laplacian
Apu = Div (|Du[P72Du) = 0 with data g on 9 is g itself. On the other hand,
in the scalar case all co-Harmonic functions arise as uniform limits of p-Harmonic
functions (this is a consequence of Jensen’s uniqueness theorem for the co-Laplacian
and of the uniqueness for the p-Laplacian, see e.g. [C, [{8] and references therein).
Moreover, plenty of other examples seem to exhibit the same behaviour. Hence,
we are led to the following conjecture regarding a selection (“entropy”) principle of
“good” solutions to the oo-Laplace system:

Conjecture (Uniqueness for the Dirichlet problem for A.,). For any do-
main € R™ with Lipschitz boundary and any g € W1>°(Q,RY), the Dirichlet
problem (3.1) has a unique D-solution u™ € W;’DO(Q,]RN) in the class of uniform
subsequential limits of p-Harmonic mappings uP as p — 0.

Investigation of the validity of this conjecture is left for future work.

4. D-SOLUTIONS OF FULLY NONLINEAR DEGENERATE ELLIPTIC SYSTEMS
Fix n, N > 1, let Q C R™ be an open set and
2
F : QxRV RN

a Carathéodory map. In this section we establish our second main result, namely
the existence of a unique D-solution u : @ C R®™ — R¥ to the Dirichlet problem

F(-,D*u) = f, in,
(4.1) ( u) = f, in
u = 0, on 09,

when f € L?(Q,RY) and F satisfies a degenerate ellipticity assumption which
in general does not guarantee that solutions are even once weakly differentiable.
This extends previous results of the author in the class of strong solution for (4.1)
([K9, ]) under a stronger ellipticity notion than that we consider herein.

4.1. The idea of the proof. The solvability of (4.1) in the class of D-solutions is
based on the study of the linearised system with constant coefficients
{A:D2u = f, in Q,
(4.2)
u = 0, on 09,

when A is a (perhaps degenerate) convex symmetric quadratic form and on a
perturbation device provided by our ellipticity assumption for F. The latter allows
to prove existence for (4.1) by proving existence for (4.2) and then using a fixed
point argument in the guises of a classical theorem of Campanato ([C3]). In order to
solve (4.2) in the D-sense (and not just weakly) we impose a structural condition on
A which allows to construct D-solutions as maps having twice weakly differentiable
projections along certain rank-one lines of RNV™. These are the “directions of strict
ellipticity” of the system A : D?u = f. We formalise this idea by introducing a
“fibre” extension of the classical Sobolev spaces which consist of maps possessing
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only certain partial regularity along rank-one lines. Our fibre space counterparts
which are adapted to the degenerate nature of the problem support feeble yet
sufficient versions of weak compactness, trace operators and Poincaré inequalities
for D-solutions. The proof is completed by characterising the “fibre” object we
have obtained via fixed point as the unique D-solution of the Dirichlet problem
(4.1) inside the fibre space.

4.2. Fibre spaces, degenerate ellipticity and the main result. Before stating
our existence result we need some preparation. We will use the notation

A€ RéVnXNn
to denote symmetric linear maps A : RN® — RN i.e. 4th order tensors satisfying
Aigi = Agjai for all indices o, 5 =1,..., N and 4,j = 1,...,n. The notation
N(A:RY SRV, N(AGRY S RY)

will be used to denote the nullspaces of A as linear map with domain and range
those indicated in the brackets, i.e. when A acts respectively as

AQ = ) (AaipiQp)e® @€', A:X = 3 (Aaig;Xpig) €.
i R

We will also use similar notation for the respective ranges with “R” instead of “N”.
If A is rank-one positive, i.e. if the respective quadratic form is rank-one convex

A:n®a®dn®a = Z AnigjNaainga; > 0, neRY, acR,

a,B,i,j
we define
o= R(A:RN” —>RN”) c RV,
) :span[{n‘n(@aeﬂ}] C RY,
(4.3) .
== span[{n@(a\/b) ‘ n® a, 77®b61_[}] c RN
v = min {A:n@a@n@a} > 0.
Inl=la|=1, n®@a€ll

We will call v the ellipticity constant of A, bearing in mind that strictly speaking
A may not be elliptic and the respective infimum over RN may vanish. We also
recall that we will use the same letters II, =, 3 to denote the subspaces as well as
the orthogonal projections on them. Further, note that we may say “positive A”
meaning “non-negative A”, but “strictly positive” will always be used to clarify
strictness.

The fibre Sobolev spaces. Given A € RY"*N" rank-one positive, let 3, IT, = be
given by (4.3) and suppose that II is spanned by rank-one directions. A sufficient
condition regarding when this happens is when A is in a sense “decomposable”,
something we will require later in Definition 36 that follows. For simplicity, we
treat only the L? 2nd order case needed in this paper. Let us begin by identifying
the space W22(Q,RN) with its isometric image W22(Q,RY) into a product of L?
spaces:

W22QRY) ¢ L2(QRY x RN x RI™)



GENERALISED SOLUTIONS FOR FULLY NONLINEAR SYSTEMS AND EXISTENCE 31

via the map u + (u, Du, D?*u). We define the fibre Sobolev space #22(Q,Y) as
the Hilbert space

(44) WQ’Q(Q, E) = PrOjL2 (Q EXHX:) W2’2(97RN) \l‘HL2(Q>
with the natural induced norm (written for W22 maps)
[ull2205) = HEUHLQ(Q) + ||HDU’HL2(Q) + HEDQUHL2(Q)'

By utilising the Mazur theorem, #22(Q, %) can be characterised in the following
useful fashion

(u, G(u), G2(u)) € L2(,% x I x E) ’ 3 ()3 C
P Q,%) = W22(Q,RN) :  we have weakly in L? as m — oo
that (E um,HDum,EDzum) — (u,G(u),GZ(u))

We will call G(u) € L?(Q,1I) the fibre gradient of u and G%(u) € L?((2,ZE) the
fibre hessian of u.

It can be easily seen (by using integration by parts and that 3, II, = are spanned
by directions of the form 7, n® a and 7 ® (a V b) respectively) that the measurable
maps G(u), G%(u) depend only on u € L?*(Q,¥) and not on the approzimating
sequence.

Further, by using the standard properties of equivalence between strong and
weak L? directional derivatives, we have that G(u), G?(u) can be characterised as
“fibre” derivatives of u: for any directions n € £, n®a € Il and n® (aVb) € E, we
have

G(u) : (n®a) = Da(n-u),
GQ(u) : (77® (a\/b)) ng(n ‘u) = Db(G(u) : (77®a)),

a.e. on ©, where D,, D2 are the usual directional derivatives.
In general, the fibre spaces are strictly larger than their “non-degenerate” coun-
. . . . 1,1
terparts, since it is very easy to find singular examples which are not even W) :
take for instance A = n® a ® n ® a, |a| = 1. Then, for any f € W22(R), any
g € C°(R") and ¢ € C°(R"), the map

u(@) = (@) [f(a-2) + g(I[ - a® dJa)]n

is an element of #22({), %) arising from this A, but Dy(n - u) may not exist in L?
for any b L a.
Similarly to the 2nd order case, we may also define

|
1,2 N 71,2 I"”LQ(Q)

(4.5) Wy (,2) = PrOJL2(Q,E><H) Wy (2,RN) )

equipped with the obvious respective norm [|-||41,2(q). Further functional properties

of the fibre spaces (traces, Poincaré inequality) needed for the proof of the main

result Theorem 37 will be discussed after its statement. The fibre space

(72 072 (9,5

is the appropriate setup within which we will obtain compactness and uniqueness
of D-solutions for the Dirichlet problems (4.1), (4.2), by utilising the necessary
hypotheses introduced in the next paragraph.



32 NIKOS KATZOURAKIS

Degenerate ellipticity and decomposability. Now we introduce our ellipticity
hypothesis for (4.1) and a condition for tensors A € RY"*Nn that will guarantee
that their ranges II are spanned by rank-one directions.

Definition 35 (Degenerate ellipticity). We say that the Carathéodory map F :
Q x ]Révn2 — RY (or the system F(-, D?u) = f) is degenerate elliptic when there
exists A € RY™ N rank-one positive, constants B,C > 0 with B+ C < 1 and a
positive measurable function A satisfying A,1/A4 € L*(Q) such that

A:Z - A(m)(F(m,X—l—Z)—F(m,X))‘ < Bv|EZ| + C|A 2|,

for a.e. x € Q and all X, Z € RﬁV”Q. We moreover require F' to be valued in the
subspace ¥ C RV, ie. F(z,X) € X, fora.e. 2 € Q and all X € R?SV”Q.

Definition 35 is an extension to the degenerate elliptic realm of the strict elliptic-

ity assumption introduced in [IX11]. In the elliptic case we have ¥ = RV, IT = RV?
and 2 = RY™* . We refer to [I<0] for further material on the elliptic case. The spe-
cial monotonic case of Ay;g; = d430;; and A(z) = const. reduces to the classical
notion introduced by Campanato ([C1, C2 (3]). Tt is easy to exhibit non-trivial

examples of Carathéodory maps satisfying Definition 35, see Remark 38IV) that
follows. It is quite restrictive, but even the scalar linear strictly elliptic case of (3.1)
is not well posed (see e.g. [LL.U]) without extra assumptions.

Below is the structural hypothesis we will impose on tensor A:

Definition 36 (Decomposability). We will say that A € RY"*N" is decomposable
when it can be written as

Auigj = BigAl; + -+ + BlAY
and:
i) The matrices { B, ..., BN} C Rivz are non-negative and their ranges X!, ..., %
are mutually orthogonal in RY.
ii) The matrices {A',..., AN} C R™ are non-negative and if A} denotes the
smallest positive eigenvalue of A7, the eigenspaces NV (A” — )\;70 1 ) have a non-trivial
intersection in R".

N

We will discuss certain implications of these hypotheses and some examples after
the main result which we give right next.

D-solutions for fully nonlinear degenerate elliptic systems. Now we state
the principal result of this section followed by some relevant comments.

Theorem 37 (Existence and Uniqueness). Let @ C R™ be a strictly conver bounded
domain with C? boundary and F : Q x Rivnz — RY be a Carathéodory map
which satisfies Definition 35 with respect to a decomposable tensor A (Definition
36). Let also the vector spaces E,11, X associated to A be as in (4.3) and assume
[F(-,0)] € L*(Q).

Then, for any f € L*(Q,X), the Dirichlet problem

F('7D2u) :f7 Z’I’LQ,
u =0, ondf,

has a unique D-solution u : & C R" — RN (Definition 15) in the fibre space
(#,2 0 #22)(Q, %) (given by (4.4), (4.5)) with respect to certain orthonormal



GENERALISED SOLUTIONS FOR FULLY NONLINEAR SYSTEMS AND EXISTENCE 33

frames as in (2.2) depending only on F. In particular, u is well defined and vanishes
H 1-a.e. on 0N and for any ® € C? (Rff"z), we have

[ 200 (F@.X) = (@) dD*u(@)( 0 = 0. ac.ze

where D?u is any diffuse hessian of u arising from any infinitesimal subsequences:
* X — 72
dp2ihm, — D*u in @(Q,Ré\/" ), as m — oo.

Remark 38. I) [Compatibility] f has to be valued in the subspace ¥ because
this is a compatibility condition arising from the degeneracy of the problem. For
example, the 2 x 2 system Au; = f1, 0 = fo has no solution whatsoever in any
weak sense unless fo = 0.

IT) [Partial regularity] The solution we obtain in Theorem 37 possess differen-
tiable projections along certain rank-one lines, but in general this can not be im-
proved further. For, choose any f € C°(D) not weakly differentiable with respect
to x; for any 5 over the unit disc of R2. Then, the problem

D3yu = f onD, wu=0 ondD,
has the unique explicit D-solution (which is not in W,"!(Q))

loc

u(zy,x2) = —v(x1,22) / / f(x1,82) dss dta,

where for (x1,z2) € D,

v(zy,12) = 2?72332 [w(ml,\/l —x%) —w(ml,—\/l —x%)]
-
+ % {w(xl,\/l—xa —|—w<m1,—\/1—x%>} ,
w(xy, T2) / / fx1,89) dsa dits.

IIT) [Decomposability]| Definition 36 trivialises when either N =1 or n = 1 since
any non-negative matrix A € ]RZ2 or B €RY * satisfies it. When max{N,n} > 2,
it is non-trivial, but in view of its constructive nature it is trivial to exhibit A’s
satisfying it. Also, any decomposable A must be non-negative: if Q € RN"™,

A:QeQ =Y Y Bl Al QuiQp

RICHE ]

D 3 (B2 Qui (A1) (B3 Qas (A7) = 0

¥,,8,k 1,7,k

IV) [Examples of nonlinearities| Fix A € RY"*N? and an f € C%! (]RéV”Q,RN)
with constant Lip(f). Then, for any positive A with A, 1/A € L*°(2), the map

F(z,X) = (A(x))*l[(uy)A X+ zf(EX)}

satisfies Definition 35 when v|vy|+ Lip(f) < v. Linear examples satisfying Definition
35 are given by any A : Q C R" —s RN"*Nn measurable such that

(A — A(@)A(z)) : Z| < Bv|EZ|, ZeR)",
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for some 0 < B < 1 and A positive such that A,1/4 € L*>(Q).
V) [Partial monotonicity] If F' satisfies Definition 35 and = (see (4.3)) satisfies

=B N(A:RgV"Z —>RN)l,

then the following “monotonicity” property holds true:

(46) { For a.e. x € €, F(z,-) is constant along the subspace =
.6

F(z,X) = F(z,2X), XeRM’
The above property of = will turn out to be true when A satisfies Definition 36.

To see (4.6), note that since 2+ C N (A : Révn2 — RY), for any Z € =+ we have
A :Z =0 and also ZZ = 0. Hence, Definition 35 gives

’f A(x)(F(a:,XJrZ)fF(x,X))‘ <0, Zesl XeRV

Obviously, we also have A : X = A : (EX). Observe that (4.6) is much weaker than
the decoupling condition F,(X) = F,(X,) required for vector-valued viscosity
solutions.

Next we gather some properties of the fibre spaces essentially proved in | ]
but without the formalism of the fibre spaces.

Remark 39 (Basic properties of the fibre Sobolev space counterparts, cf. [I{10]).
(I) [Poincaré inequality] For any Q € R”, unit vectors a, n and u € W, (2, RN),
we have

||77 ’ u||L2(Q) < dla‘m(Q) ||Da(77 ! u)HLz(Q)
(II) [Norm equivalence] The seminorm [|G?(- )| 12(q) on the fibre space (#,"*n
#22)(Q,X) (see (4.4), (4.5)) is equivalent to its natural norm

- N2z = |- 2@ +IGC) 2@ + 1G22 ()

(IIT) [Trace operator] If Q € R™ is strictly convex and a € R™ \ {0}, then there
is a closed set E C 9Q with H"~1(E) = 0 such that for any I' € 90 \ E, we have

lellzacgen-y < C(Ivlzz@) + [Dav] agey )
for some universal C = C(T') > 0 and all v € C1(Q). Hence, there is a well-defined
trace operator T : # 12(Q,RN) — L2 (0Q\ E,H"" 4 RY).
Before giving the proof of the main result, we need an important estimate. This

is done in the next subsection.

4.3. A priori degenerate hessian estimates. Herein we establish an a priori
estimate for strong solutions in (W22 N W, ?)(Q,RY) of a regularisation of
A:D*u = f, onQ,
when A is decomposable. This is a generalisation of the elliptic estimate of | ]
(which extended the classical Miranda-Talenti identity) to the degenerate case.
Theorem 40 (Degenerate hessian estimate). Let n, N > 1 with Q C R"™ a convex
bounded C? domain. Suppose further that A € RN"Nn satisfies Definition 36. If
=, v are as in (4.3), then for any u € (W>2NWy*)(Q,RY) and any e > 0 we have
the estimate

- 1 .
||‘:D2UHL2(Q) < > ||A( ) DQUHH(Q)
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and also the property
1
(4.7) =D N(A:RQ’"Z —>RN) .

The tensor A is the following (strictly) rank-one positive reqularisation of A:

N
() _ &7 g0
Aaiﬂj T ZBQB Aij )

~=0
v =1,..,.N
B(5)7 — ) v ’ ) )
el —e(B'+---+BY), ~=0,
A& A7 +el, vy=1,...,N,
el v =0,

and BY, A7 are the matrices appearing in Definition 306.

Note that in the vectorial case N > 2 of Theorem 40, the “correct” approximation
in not the vanishing viscosity one, although it reduces to such when N = 1.

Proof of Theorem 40. The first step is to prove a weak version of the scalar case
of the theorem.

Claim 41. Let Q € R™ be C? and convex and let also A > 0 in R;‘z. Then, there
exists a subspace H C R?2 such that

) 1
HDN (A RY R)
and for any u € (W2 N W, ?)(Q) and any € > 0 we have the estimate

HHD2“HL2(Q) =

1
m HA . D2u + EAUHLZ(Q)

where

v(A) ;== min {A:a®a}, T := R(A:R"—=>R").

|la|=1,a€T

Proof of Claim 41. By the Spectral theorem, we can find a diagonal matrix A
with entries 0 < A\; < ... <\, and O € O(n) such that A = OAL/2 (OAl/Q)T and

0| 0

Evidently, {)\1, ...,)\n} = {0, 0, g, ...,)\n} are the eigenvalues of A and J;, is
the smallest positive eigenvalue. We also fix € > 0 and set

(4.8) 0 := (A+e)? T =00,

Then, since A equals OAOT and © is symmetric, we have

(4.9) A4 el = ONO" + O()OT = 00 (00)" =T1TT
and also

v(A) = A

10
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(v(A) is defined in the statement). We now define the subspaces of Rgz

0| 0
HO:{XGRQ2:X[ — ]}
(4.10) ‘ 0 (Xip)iZim

H = {X eR” . 0TXO e HO}.

We begin by establishing the following algebraic inequality:
(4.11) l0x6| > v(A)|H°X|, X eRI.
Indeed, since ©;; = 0 when i # j and ©;; = /A; + ¢, in view of (4.10) we have

n

Z (eikal@lj) (GiPqu@qj) =

1,3,k,0,p,q=1

lexel’

= Z (@iiXij@jj)2 > Z (>\i+€) (Xij)2()\j -‘rE) >
i,j=1 i,j=io
> (\o)? Y (Xy)? = w(A)?|HOX].
i,5=io

Hence, (4.11) has been established. In order to conclude, the goal is to reduce to the

classical Miranda-Talenti inequality (see [M, T, ]) which says that for U € R™
convex C2 domain and any v € (W22 N Wy?)(U), we have

2
(4.12) |D UHL2(U) < HA”HLz(U)'

It suffices to assume that € > 0 since the case ¢ = 0 follows by letting € — 0. Given
a fixed u € C?(Q) N CE(Q), we set

U:=T7', wv):=ulz), el
Then, we have D}v(z) = > pg=1 D2 u(Tz)Tp; Tg; and hence, by (4.8) and (4.9)
we obtain
D*(z) = T D*u(lz)T = G(OTDQu(Fx) o)@,

(4.13)
Av(z) = D*u(Tz):TTT = D*u(Tz): (A + ).

We now claim that since €2 is a C? bounded convex domain, U is a C? bounded
convex domain as well. Indeed, by (4.8) we have ! = ©~!OT and since O is an
isometry, it suffices to show that @1V is convex, where V := OTQ. To see this,
note that we can find a convex F' € C?(R") such that {F <0} = V. We set

G(z) := F(0z), G e C*R").

Then, we have
n
D}G(z) = Y D}, F(Ox) 0, 0,
P,q=1
and hence the convexity of F implies D?G(x) > 0. It follows that the sublevel set

{G < 0} is convex and as a consequence U is convex too:

U=0"'V={0"2eR" : Fz) <0} = {yeR" : G(y) <0}.



GENERALISED SOLUTIONS FOR FULLY NONLINEAR SYSTEMS AND EXISTENCE 37

We may now apply the estimate (4.12) to v over U C R™ and by (4.12), (4.13) to
obtain

/U|D2u(1"x) (A +eD)Pdz > /U‘@(OTDQu(Fx) o)@‘ da

(4.11)

2
> v(A)? / ‘HO (OTDZU(Fx) O)‘ dx.
U
By the change of variables y := 'z and by using that O is orthogonal, we obtain

2. 0 T N2 T
(414)  |[D%u: (A + el g > V(A)HO(H (0™D uo))o o

Now we claim that the orthogonal projection on the subspace H C R?Q is given by
(4.15) HX =0 (HO (07X 0) ) or.

Once (4.15) has been established, the desired estimate follows from (4.14), (4.15)
and a standard density argument in the Sobolev norm. Indeed, if K denotes the
linear operator defined by the right hand side of (4.15), for any X € R?z we have

o(m° (070 (" (0TX0))0T0))0T =

— 0(H°H*(0TX0)) 0T = 0 (H"(07X0)) 0" = K X.

K(K X)

Hence, K? = K. Moreover, K is symmetric as a map RQQ — R;ﬂ: by using that
HOY is symmetric, we have

(KX):Y = (0(H(07X0))0T):¥ = H'(0TX0): (0TY0) =
= (07X0):H°(0TY0) = X:(0(H(0TY0))0T) =
— X (KY),

for any X,Y € R?Q. Hence, (4.15) follows. It remains to exhibit the claimed
property of H. To this end, fix X 1 H. Then, we have that the projection of X on
H vanishes and as a result of (4.15) we obtain H°(OT X O) = 0. By recalling that
A=0OAOT,wehave A: X = A: (OT X O) and since A belongs to H°, we conclude

that A : X = 0. Hence, we have just proved that H- C N(A: Rf — R), which is
the desired property of the subspace H. The claim has been established. ([l

The next step is to characterise the subspace H C Rff of Claim 41 in terms of
the range of A.

Claim 42. In the setting of Claim /1, we have the identity

H = span{aVb | a,be R(A:R" 5 R") )] = TVT.
Proof of Claim 42. We begin by observing that in view of (4.10), we have
H =0OH0T where O € O(n). Since

HY = span[{ei Vel

i, =gy n}]
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we obtain that H has a basis consisting of matrices of the form Oe? V Oe?, i,j =
ig, ...,n. We recall now that A = OAOT where A is a diagonal matrix with entries
the eigenvalues {0, ...,0, Ay, ..., A} of A. We define the vectors
; ; T .

a':= Oe' = (OM,...,Om-) , 1 =1,..,n.
Then, {a',...,a"} is an orthonormal frame of R" corresponding to the columns of
the matrix A and is a set of eigenvectors of A. Since {a™,...,a"} correspond to
the nonzero eigenvalues {\;,, ..., A\, }, the nullspace N (A :R™ — R”) is spanned by
{a',...;a’~'} and hence

R(A:R" > R") = span[{aio, e a ]
Since H has a basis of the form {a’V a’ : i,j = i, ...,n}, the claim follows. O

Now we begin working towards the vector case N > 2. Let us first verify that
A g strictly rank-one positive. Indeed, if 0 < e < 1, n € RV, a € R™, we have

N
(e) . - () . ().
A¥ :n®a®n®a ;(B v n®n) (A v a®a>

N
: €)0 . €)Yy .
26:%}}{1,]\’ (A() .a®a) ZB( " inen
v=0
N N
> ¢|al? ZB"’ + e (I—ZB5> n®n
y=1 6=1
> 2 [nl?lal?,

as claimed. The next step is to characterise the range II of decomposable tensors
A € RY"@Nn in terms of the matrices BY, AY composing A.

Claim 43. Let IT C RMN™ be the range of A : RN™ — RN™ (see (4.3)). Then,
N
I= o (1),
y=1
¥ = R(B":RY - RY) C RV,

-
(4.16) =
T" = R(A7:R" - R") C R

Proof of Claim 43. We first observe that by Definition 36, 7 1. %% if v # § and
this implies that X7 @ T7 L X% @ T? if v # §. Let now Q € RV™. Then, A : Q is
given in index form by

> Anip Qs = Y BlyQai A

B.J 78,3
which by (4.16) shows that IT1 C &, (X7 ® T7). Conversely, let R € @, (37 ®T7).
Then, R can be written as

R = Z (B'n™) @ (A7a")
v,k

for some 7™ € 37, a7 € T7. We note that

(B‘5®A5)(Z 77’”®a*”> =0, ify#5



GENERALISED SOLUTIONS FOR FULLY NONLINEAR SYSTEMS AND EXISTENCE 39

because 77 L 39 if 4 # . We now define Q := 2y s M7 ®a™ and we claim that
A : Q = R. Indeed, we have

X i@ = X (88 5) (77| = X (et (S -
K,y K

B.3 6,8,7 8,8,3
_ é KO § KO\ __
= > (Baﬁ "3 ) (Az‘j aj ) = Rai.
£,8,8,7
This establishes that I1 O @, (X7 ® T7), therefore completing the proof. O

The next step is to find an upper bound of the ellipticity constant v of A in
terms of the matrices BY, A7.

Claim 44. Let v be given (4.3) and X7, T7 by (4.16). Then, we have the estimate

. . v . . 5.
v < <m‘y1n 7]62151,1\?]\:1 {B e n}) (méln aeTrg{l‘I;‘:1 {A ra® a}) .
Proof of Claim 44. We begin by noting that on top of the decomposability
we may further assume that all the matrices AY have the same smallest posi-
tive eigenvalue )\ZO equal to 1 for all v = 1,..., N which is realised at a common
eigenvector a € R™. Indeed, existence of a follows from Definition 36 since the
eigenspaces N (A’Y —)\ZO 1 ) intersect for all v at least along a common line in R™. Fur-
ther, by replacing {B!,..., BN}, {A!, ..., AN} by the rescaled families {317 ey BN},
{A', ..., AN} where BY := A B, Av = (1/A]))A7, we have that the new families
have the same properties as the original and in addition all the new AY matrices
have the same minimum positive eigenvalue normalised to 1. Hence, we may assume
that A is decomposable and moreover

(4.17) Haea]B%?]r\w[ W ¢ A= min {A:a®a=A4":a®a=1,

y=1 0 GeT, |al=1

forally =1,...,N. By using (4.17), Claim 43 and that U, (Z”’@T"Y) C @y (E"’@T”),
we calculate

v min B’ :n® )<A5:a®a)
\W\:\a\zl,n@menz&: ( e

< min <35: ® )(A‘s:a®a)
— Inl=lal=1,1®a€U, (Z7RT) z(s: e

min min B :n® )(A‘S:a@)a)
h <ﬂ=a=1,n®aezv®']w ; ( n n

min min B’:n® ) <A6 1a® Fz)
v (n—l,nezv ; ( nmen

min  min Bl ® )
Y 77—1,7762‘/26:( e

Since B :n®@n =0if n € 7 for v # §, by using (4.17) again we conclude that

IN

v < min min BY:n®
o neEW,lnlzl{ 7 77}

= <min min {ny : 77®n}> (H%in min {A‘S a® a}) ,

7 mEXY,|n|=1 a€T?, |a|=1
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as desired. 0

Now we complete the proof of the theorem by using the previous claims. We
define

(4.18) == (E”’@T”’\/T”) c RV,
8!
and for brevity we set
== T'VT? C RV,
where X7, T7 are as in (4.16). Fix a map u € C?*(Q,RY) N CY(Q,RY). Then,

for any indices v, = 1, ..., N, by the Claims 41, 42 applied to the scalar function
(X7u)q € C%(Q) N CE(£2), we have the estimate

)

2 2
EVD2(EVU)Q‘ < / ’A(E)V:D2(27u)a
Q

Q

where we have used that A()Y = A7 4+ eI (by the definition of A®)) and we have
employed the normalisation of (4.17) which forces A} = v(AY) = 1. By summing
in a, 7, the above estimate and (4.18) give

(4.19) /Q\ED2U| /Z‘ZW@H Dz /Z‘zv 2y Aeh)‘.

We also set
C = ¥(D*u: A®Y), y=1,..,N.
Then, (4.19) says

N
(4.20) /yED2u|2 < /Z|C<E)’* ?
Q 2 St

By the definition of A, we have that B 1 B for 4 £ § in {0,1,..,N}. By
using this fact, we calculate

N
|A©) : D2uf* = (Z BEY (D?u: A7) > (ZB €)% (D : A ))

~=0

= XN:( @7 (D2 - A(a)v)) : (B(a)fy(Dzu : A(E)W))

:‘B@)o 2, - As)O’ +Z‘Bs>v u:A(E)'V)‘z

y=1
and hence
N ) N
A D2uf* = 3 B (D2 A = 3 BT e’
y=1 ~y=1
N 2
(4.21) >y max ( BY: (CE ®n)) >

i
L

(B“* : (Sgn(c(€)7) ® sgn(C(E)”)) >2|C(s)v’2.

M=

2
Il
-
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Hence, (4.21) gives

2 N
’A(s) . D2u’2 > <5=rf1mN {35 : (sgn(C(E)‘s) ®sgn(C’(€)5)> }) z_: ‘C(s)’v’2

y=1

and as a result we obtain

2 N
(4.22) |A(€) :D2u|2 > (5_1{1111 min { 77®77}) Z |C 5)7|2_

oo [n]=1,nex?

=1
By using the Claim 44 (and also the normalisation condition (4.17)), (4.22) gives

N
(4.23) / |A©) : D?u* > u2/ S jeE),
Q2 Q 5=1

Hence, by (4.23) and (4.20) we obtain the desired estimate for smooth u, the general
case following by a standard density argument in the Sobolev norm. We complete
the proof by showing that the subspace & C RY "’ satisfies (4.7). Indeed, let
X 1 E. Then, by (4.18) we have that X is normal to ¥ ® H” for any v =1, ..., N,
where we have used the obvious notation HY := T V T7. Hence the projection
of X on X7 ® HY vanishes: (X7 ® H?)X = 0. By Claim 41 we have that A7 :
X =A":(H"X) for any X € R™*. Hence, we get that B7"(X : A7) = 0 for all
v =1,...,N and by summing in v we obtain A : X = 0. Thus, we have shown that
=+ C N(A : Ri\’”2 — RN), as desired. The theorem has been established. O

4.4. Proof of the main result. Now we may finally establish our second main
result by utilising the a priori estimate of subsection 4.3.

Proof of Theorem 37. The fist step is to prove existence of a map in the fibre
space (#2201 #,"%)(92, ) solving in a certain sense the linear problem.

Claim 45. In the setting of Theorem 37 and under the same assumptions, for any
f e L3(Q,Y), there exists a unique u € (W>2 N #,?) (0, %) such that

A:G*(u) = f, ae onQ,
where G*(u) is the fibre hessian of u.

Proof of Claim 45. The proof is based on the approximation by strictly elliptic
systems and relies on the stable estimate of Theorem 40. Let A® Dbe the approxi-
mation of A of Theorem 40 and consider for a fixed f € L?(£2, %) the system

A®) : D%f = f, ae. on .

By standard lower semicontinuity and regularity results (see e.g. [D, D), the
problem has for any ¢ > 0 a unique strong a.e. solution u® € (W20 W,?)(Q,RN).
By Theorem 40 and Remark 39, we have the uniform estimate

||EUEHL2(Q) + ||HDUE||L2(Q) + HED2u€HL2(Q) = Hf||L2(Q

for some universal C' > 0. By the definition of (#22 N ”//01’2)(9, ) ((4.4),(4.5)),
there exists u such that (E uE,HDus,ED2u€) —_— (u,G(u),Gz(u)), along a se-
quence £ — 0 in L2. Now we pass to the weak limit in the equations. By the form
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of the approximation A®) and Definition 36, we have
N
Z B(s)’y (D2us . A(s)'y) — f _ B(E)O(D2u€ . A(E)O)7
y=1

a.e. on Q. By using that B(¥)Y = B" for v = 1, ..., N and that B)° | B 4...4 BN,
we may project the system above on the range of B! 4 --- + BY which we denote
by ¥. Then, since X f = f and A7 = A7 + I, we obtain

N
Z Bv(eAue + D% A”) = f,
~y=1
a.e. on . Moreover, by (4.7) (and in view of Remark 38), we deduce
N
A:(ED) — f = —£) BYA(Zw),
y=1

a.e. on Q. Then, for any ¢ € C2°(Q, RY), integration by parts gives

/Q(A: (E D) — f) p = —E/in:lBV(zuf)-M.

By letting e — 0, we obtain A : G?(u) = f, a.e. on 2. We finally show uniqueness.
Let v,w € (#2220 #;%)(,X) be two solutions of the system. Then, there are
sequences (v™)5°, (w™)5° C (W2 N Wy?)(Q,RN) such that v™ — w™ — v —w
with respect to || - [|y22(q) as m — co. By assumption we have A : G*(v —w) =0
a.e. on {2, and hence

A:D*(v™ —w™) =: f™, a.e. on{,

and f™ — 0 in L?(2,RY) as m — oo. Hence, by Theorem 40 and Remark 39, we
have

1" 2@y = v||E: D*(0™ — wm)||L2(Q) > C|[5(™ - wm)||L2(Q)
and by letting m — oo we see that v = w, hence uniqueness ensues. (I

An essential ingredient in order to pass from the linear to the non-linear problem
is the next result of Campanato taken from [C3] (see also [IX7]) which we recall for
the convenience of the reader.

Lemma 46 (Campanato’s bijectivity of near operators). Let X # 0 be a set and
(X,|I-1l) a Banach space. Let also F,o/ : ¥ — X be two mappings and suppose
there is a K € (0,1) such that

| 7@ - 20) - (7@ - a)|| < Ko@) - @)
for all u,v € X. Then, if o is bijective, F is bijective as well.

Now we employ Lemma 46 in order to show existence of a map in the fibre space
(722N #?)(Q, 2) solving in a certain sense the nonlinear problem.

Claim 47. In the setting of Theorem 37 and under the same assumptions, for any
f e L3(Q,%) there exists a unique u € (W22 N Wy ?)(Q,%) such that

F(,G*(u)) = f, ae. onQ,
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where G?(u) is the fibre hessian of u.

Proof of Claim 47. For any fixed u € (#22N#,"?)(, %), we have that A : G2(u)
is in L?(Q, ) because G*(u) € L*(Q,=) and also A : X lies is in ¥ C R for any
X € 2 C RY¥"*. Moreover, by Definition 35 we have

i) <

(C+1)|A| + Bv
ess inf,eq[A(2)]

) @) + |F(20).

a.e. on Q. Hence, F(-,G?(u)) is in L*(Q, X) as well. The previous considerations
imply that the maps

o - (WA, D) — LA, Y), A(u) = A:G?(u),
F o (P20 A) (L E) — LA(Q,Y), F(u) = F(,G*(u)),

are well defined. By Claim 45, o/ is bijective. We complete the claim by showing
that .# is near &/ in the sense of Lemma 46 and then the bijectivity of % will
conclude the proof. For any w,v € (#22 N 7/01’2)(9,2), by Definition 35 and
Theorem 40 we have

140) (F(,62w) = F(,G2w)) = A (G3(u) - G*(v))] o
< Bv||G*(u) - H(U)HLZ(Q) + C|A: (G*(u) — G*(v))
< (B+0C) HA : (GQ(u) — G?(v

120
) HL2(Q)'

Hence, .% (u) := A(") F(-,G?*(u)) is bijective and since A,1/A € L>(Q), the same
is true for .#. The claim ensues. d

The next claim completes the proof of Theorem 37.

Claim 48. In the setting of Claim /7 and under the same assumptions, there
exists an orthonormal frame {E*, ..., EN} C RY and for each a = 1,...,N there
is an orthonormal frame {E(®' .. E(@"} C R™ (both depending only on F) such
that, the map u € (W>2N#,"*)(2, 2) corresponding to f € L*(Q, %) is the unique
D-solution of the system

F(x,DQu(x)) = f(z), €9,
in the fibre space (W2 N #,"%)(, %).

Remark 49 (Functional representation of diffuse hessians). In a certain sense,
Claim 48 says that because of our (strong) assumption on F, all the diffuse hessians
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). That is,
by decomposing Ré\]"Q = Z@E", the restriction of any D?u € @(Q,Ré\]”2) on = is
given by the fibre hessian:

D2u(z)LE = dcru(z), ae x €

Although such a simple representation might not possible in general (compare e.g.
with Theorems 29, 33), it is expected that weaker versions of such results should
be true (see also Proposition 13).
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Proof of Claim 48. Step 1 (The frames). By (4.3) and (4.16) we have that there
is an orthonormal frame { E%|a} of RN and for each « there is a frame {E(®)?|i} of
R™ such that each of the mutually orthogonal subspaces 37 C RY is spanned by a
subset of vectors E“ and for the same index v, T is spanned by {E(®) . E(0)n}
which is a set of eigenvectors of A7. By (4.3) and (4.18) there are also induced
orthonormal frames of RV and RY n’® consisting of matrices as in (2.2). These
frames are such that a subset of the E*¥’s spans the subspace = C RY n* and the
rest are orthogonal to =.

Step 2 (Sufficiency). Let now u € (#>2 N #,"*)(Q,%) be the map of Claim 47
which satisfies F((-, G(u)) = f a.e. on 2. Let also us fix any infinitesimal sequence
(hym)men2 With respect to the frames of Step 1 (see Definition 5) and let D?u be
any diffuse hessian of u arising from this sequence

* . ey 2
O p2itim = Dy in @(Q,Ré\[" ), as m — 0o

perhaps along subsequences. By the characterisation of the fibre hessian G?(u) €
L?(,Z) in terms of directional derivatives of projections (Subsection 4.2), we have

(4.24) G*(u) = Z (Gz(u) : E“ij)Eaij, a.e. on €2,
a,i,j: B ER

because the projection of G?(u) along E*¥ is non-zero only for those E*¥ spanning
E. Since F is a Carathéodory map and F(z,G?*(u)(z)) = f(z) for a.e. z € Q, by
(4.24) and in view of (2.4) we get

27h'm2 h'm2 o aid
Fla, > [DEWIE(Q?J’(E “)} () B | — f(a),

a,i,j: BEYieE

for a.e. x € Q as m — oo. By Remark 38V), the above is equivalent to

F(m,DQ’hmu(x)> = F |z, Z [D;ZT;;Z% (E* u)] (x)EY | — f(),

a5,

for a.e. x € ), as m — co. We set

() = F(x,D2’hﬂu(x)) — f(=)

and note that we have f® — 0, a.e. on 2 as m — oco. By the above, for any
P eC? (Révnz) we have

/ﬁ o) [F(x,X) ~ (f(a) + fﬂ(x))} [ poem )] (X) = 0, ae. z €.
Since f™ — 0 a.e. on {2 as m — oo, we apply the Convergence Lemma 18 to obtain
/7 . ®(X) [F(z,X) — f(2)] d[P?*u(z)](X) = 0, ae z€Q,

RN~
for any ® € C? (Rf"z). Hence, the map u of Claim 47 is a D-solution of (4.1).
Step 3 (Necessity). We now finish the proof by showing that any D-solution w

of (4.1) with respect to the frames of Step 1 which lies in the fibre space (#%2 N
7/01’2)(9, ¥) actually coincides with the map u of Claim 47. By Theorem 22, we
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have that the D-solution w can be characterised by the property that for any R > 0,
the cut off associated to F' (see Definition 21) satisfies

F(x, [D2"hﬂw(a:)]R> — f(x), ae x€Q,
as m — 0o. By using Remark 38V), we have for any R > 0 that
F(:I:7 = Dz’hﬂw(x)]R) — f(z), ae. zeq,

as m — co. Since w is in (#>2 N #,"?)(Q, %), by using the properties of the fibre
space we get that = D*"mqy — G?(w) in L? and hence a.e. on Q along perhaps
further subsequences. By passing to the limit as m — oo and then as R — oo, we
obtain that F(-, G*(w)) = f, a.e. on . Hence, w = u and the claim ensues. O

By recalling Remark 39 regarding the boundary trace values of maps in the fibre
space, we conclude that the proof of Theorem 37 is now complete. (|
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