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Abstract

The aim of this thesis is to contribute to the regularity of minima in the linear growth
context. More precisely, we study (semi—)convex variational integrals of the form

lu] = / FDu)dz and Fofu] == | fle(w))dz,
Q Q

where 2 is an open and bounded Lipschitz subset of R™ and f: R™*™ — R satisfies
alz| < fz) < e2(1+2])

for all 2 € R™*™ or z € RELT, respectively, within the framework of Dirichlet or Neumann
problems. Such problems are typically relaxed to and studied on spaces of weakly differ-
entiable functions for which Du or the symmetric gradient €(u) := 4 (Du+DTu) are finite
matrix—valued Radon measures. This leads to the space of functions of bounded variation
BV in the gradient case, and to the space of functions of bounded deformation BD in the
symmetric gradient case. Most notably, by ORNSTEIN’s Non—Inequality, BV C BD, and
in general, elements of BD need not have distributional gradients which are measures. In
a natural way, this raises the question of which conditions need to be imposed on f to
obtain minima whose gradients or symmetric gradients belong to L' instead of merely
qualifying as Radon measures. Moreover, in the symmetric gradient case, we also wish
to find conditions on the integrands to produce minima in BV. Apart from carefully
examining inequalities of Korn—type and non—inequalities of Ornstein—type, we establish
the following regularity results:

In the convex linear growth situation, we prove that for a certain range of strong
ellipticity (and under additional assumptions), solutions of the Dirichlet problem for Fo
indeed belong to some Wll(;f for some 1 < p < oo. This makes use of the scale of -
elliptic integrands, and a similar result was previously only known for functionals of the
type §1. In employing a difference quotient—type approach, we need to deal with the
non-availability of full derivatives in L. In doing so, a crucial tool is provided by convex
analysis and the regularity of the dual solution. This comprises a joint work with J.
Kristensen (Oxford).

For a convex Neumann problem in the full gradient case related to §1, we subsequently
establish a Wh'-regularity result. This is the first W !'—regularity result for vectorial
problems of linear growth without requiring a strong convexity (such as p—ellipticity)
condition. This result has been obtained in collaboration with L. Beck (Augsburg) and
M. Bulicek (Prague).

The third main regularity result concerns the partial regularity of generalised minima
in the convex setting. Partial regularity, i.e., Holder continuity apart from a relatively
closed set of Lebesgue measure zero, is the standard notion for Holder regularity in the
vectorial setting. Here, adapting a strategy which was employed by ANZELLOTTI &
GIAQUINTA [22] first, we show how partial regularity can be established in the symmetric—
convex case, too. We provide a novel Poincaré—type inequality to overcome the problems
arising from the aforementioned approach. In particular, the result is 'local-in—phase—
space’ and does not require any strong ellipticity condition on the integrands.



viii

In the final part of this thesis, we examine the regularity theory for symmetric—
quasiconvex and rank—one convex functionals of linear growth. Here, on the one hand,
we give a partial regularity result based on the recent work [134] of Kristensen and the
author in the BV—case. This, in turn, contributes to the partial regularity program for
quasiconvex variational integrals as initiated by EvANs [99] and ACERBI & Fusco [3].
We supply this result with an e-regularity result which yields full Hélder continuity under
suitable smallness and smoothness assumptions on the Dirichlet data.
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CHAPTER 1

Introduction

1.1. The Direct Method of the Calculus of Variations

The results presented in this thesis are linked to the variational principle
to minimise Flu] := / f(e(u))dz over a class X, (1.1)
Q

where (2 is an open, bounded Lipschitz subset of R™ and f: R{" — R is a continuous

integrand satisfying for some fixed 1 < p < oo the p—growth and coercivity condition
calglf — e < f(§) S eslél’ +ea forall§ € RET, (1.2)

c1,...,¢c4 > 0 being constants. Regarding the class X of admissible maps, we mostly
consider a suitable Dirichlet class. Thus we fix a given map uy € W7 (Q;R") and put
X := Dy, = up + WP (;R"). Based on (1.2), it is natural to consider (1.1) on the
spaces

LDP(Q) := {v € LP(Q;R™): e(v) € LP(; RN}, (1.3)

sym

where (v) € LP(Q;RE) needs to be understood in the sense that the distributional

symmetric gradient €(v) can be represented by an L”(Q; R\ )-map. The space LD (€2)
is endowed with norm

S

[vlLoe@) = (10170 mn) + lE@)Toigrnxny) *s v € LDP(9),

and it is customary to define the space LDE(2) as the closure of C3°(€Q; R™) with respect
to this norm.

In studying the variational principle (1.1), it turns out to be convenient to distinguish
the cases 1 < p < oo and p = 1. So assume 1 < p < oo first. Since f is bounded below and
Q is bounded, too, we have m := infp, § > —oc. Hence we find (ux) C Dy, such that
Flur] — m as k — oo. Let us note that § is coercive on D,,, with respect to the whpo
norm by (1.2): Indeed, for k¥ € N, we write ur = ug + v with some vy, € Wé’p(Q;R").
We find (by Poincaré’s inequality for symmetric gradients)

url? + [e(ur) [P dz < c | [ fuol” + le(uo)[P dz + [ |url” + |e(vk)[” dz

J (/, J )
<ec </Q [uo|? + |e(uo)|? dz + /Q le(vp)|? dx> (1.4)
<c+e </Q |uol? + |e(up)|P da + /Q f(e(ug)) da:) .
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The crucial difference between 1 < p < co and p = 1 now lies in the fact that in the
former case, a Korn inequality is available: Given 1 < p < oo, there exists a constant
C > 0 such that for all ¢ € C°(£2; R™) there holds

I DollLr@mnxny < Clle(@) L @mrnxr)- (1.5)

This is a remarkable inequality indeed: Note that the LP-norm of the full gradient can
be bounded by that of its symmetric part. As a consequence, we obtain Wé’p(Q;R”) =
LDE(Q) for 1 < p < oo and, even more generally, we have W7 (Q;R") = LD?(Q)
provided 0f2 is Lipschitz. We will discuss such inequalities at length as the thesis evolves,
but accepting them for the time being, we record that in conjunction with (1.4), (1.5)
implies coerciveness of § on D,,, with respect to the WP norm. In fact, by the Poincaré
inequality involving symmetric gradients,

1.5)+Poincaré

(
/\uk|p+|Duk|”dx < c(/ \uo\p+|Du0\de+/ ()P ).
Q Q Q

the coerciveness follows by (1.4). Since 1 < p < oo, the Sobolev spaces W' (Q; R")
are reflexive and hence the Banach—Alaoglu Theorem allows to extract a subsequence
(ur(jy) of (ux) such that for some u € WHP(€Q;R™) there holds uy;) — u as j — oo.
Now assume that § is sequentially weakly lower semicontinuous in W7 (Q; R™), that is, if
(vp) € WHP(Q; R") and v € WHP(Q; R™) are such that vy — v in WHP(Q; R") as k — oo,
then §[v] < liminfy o §vg]. In this situation, we obtain by uy;y — u as j — oo that

j—oo

and hence §[u] = m, showing that u € W?(Q; R") is a minimiser indeed. Finally, since
the trace operator on W'? (€;R™) is continuous with respect to weak convergence, we
conclude u € D,,, and hence u € D, is a solution of the variational problem (1.1).

We now turn to the linear growth case and hereafter assume (1.2) with p = 1. In this
situation, there is no Korn—type inequality, a fundamental result which is referred to as
ORNSTEIN’s Non—Inequality:

Theorem 1.1 (Ornstein, [194]). Let Q C R™ be a bounded and open Lipschitz domain.
Then there exists a sequence (uy) C CZ(;R™) such that supyey [l€(uk) ||y qrnzny < o0

but im supy, _, o, || Dug |11 (rnxny = 0o
Imitating the approach pursued above, we immediately record three main difficulties:

(i) Considering the variational principle (1.1) on Dirichlet classes ug + W' (Q; R™),
the estimate (1.4) remains valid but does not imply coerciveness on W*!(£; R™).
This fundamental obstruction is a direct consequence of Ornstein’s Non—-Inequality.
In view of a fruitful existence theory, we therefore must firstly change the function
space framework, and at this level, the correct substitute is given by the space

LD(Q) := LD'(Q) = {v € L'(%;R"): e(v) € L' R} (LD)
endowed with norm [[v||r,pq) := ||v||L1(Q;Rn)—|—H€(v)||L1(Q;R2men). This is a symmetric—

gradient variant of the usual Sobolev spaces W' satisfying W' (Q;R™) C LD(1Q).
To define the adequate Dirichlet classes, we put

[I-llLo (o)

LDo(€2) := CL(2%R")

and hereafter define D, := ug + LD(€2), where now uo € LD(f) is a fixed map.
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(ii) Since p = 1, neither W' (€; R") nor LD(f) are reflexive spaces and so we lack an
appropriate version of the Banach—Alaoglu Theorem. Most importantly, by possible
concentration effects, boundedness of minimising sequences with respect to the LD—
norm does not imply weak convergence in LD(2). The second objective therefore
is to overcome the lack of sequential weak compactness and leads us to the space
BD(Q) of functions of bounded deformation given by

BD(Q) := {v e L' R™): e(v) € Moo (BRI, (BD)
where the defining property needs to be read as that the distributional symmetric
gradients of BD—functions can be represented by bounded Rf [ 1'—valued Radon mea-

sures (see Chapter 4.2 for more detail). The overarching philosophy here is that by
passing from functions to measures, we may use the fact that the Radon measures
arise as the dual of continuous functions vanishing at the boundary. Thus they
allow the application of the Banach—Alaoglu Theorem (with respect to convergence
in a suitable weak*-sense). From an application perspective, the space BD arises
naturally in the study of perfect plasticity, cp. [23, , ], for instance.

(iii) The drawback of (ii) is that the symmetric gradients of weak*—limits of minimising
sequences are measures rather than functions, however, § is a priori not defined
when e(v) is a Radon measure. Therefore the functional § must be relaxed to the
space BD(Q). In passing to a suitable relaxation, we also need to extend the concept
of minima. Moreover, we note in advance that such generalised minimisers might
not attain the prescribed boundary values. This is discussed in detail in Chapter 4.

As we have seen above, the decisive feature for functionals § to ensure the existence
of minima are suitable lower semicontinuity properties. These, in turn, depend on the
(semi-)convexity properties of the integrands. A first and very strong assumption on f
to ensure a variety of useful lower semicontinuity results is symmetric convezity:

Definition 1.2 (Symmetric Convexity). A conver function f: R — R is called
symmetric—convex. More generally, a function f: R™*™ — R is called symmetric—convex

iy -y nxn .
if its restriction to RE is a convex function.

It is clear that if f: R™*™ — R is convex, then flpnxn: RIZE — R is symmetric—
Sy m

3 . nxn 3 ra Py— . nxXn nxn ;3
convex, and if f: R{T™ — R is convex, then f := fo TRnxn (where m: R — R 1s

the orthogonal projection onto ngxn?) is a convex function with ﬂngxm » = f. In particular,
every symmetric—convex function arises as the restriction to R{" of a convex function
on R™*™. Coming back to the lower semicontinuity properties of (symmetric—)convex
functionals in slightly more detail in Section 1.1.2, we pause to discuss the full gradient

case (i.e., where € in (1.1) is replaced by the full gradient D).

1.1.1. Full Gradient Functionals Throughout both the introduction and the main
part of the text, it is instructive to keep in mind the related class of variational principles

to minimise Flu] := / f(Du)dz over the Dirichlet class ug + Wyt (B RY),  (1.6)
Q

where ]?: RNX" — R is a continuous function satisfying (1.2) with p = 1 and the obvious
modifications. Here, condition (1.2) with p = 1 directly yields boundedness of minimising
sequences in W (Q; RY) (clearly, there is no need for Korn’s inequality here) so that
we only need to keep track of the respective versions of (ii) and (iii). This gives rise
to the space BV(Q;RY) of functions of bounded variation which precisely consists of
all those v € Ll(Q;RN ) for which the distributional gradient can be represented by a
bounded RV *"—valued Radon measure (see Chapter 4.2 for more detail). The study of
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the variational principle (1.6) arises for instance in the scalar case N = 1 in the study of
non—parametric minimal surface—type functionals (the latter corresponding to the area—
integrand (z) := 4/1+ |z|?) which, among others, has been extensively dealt with in

, 46, , , , , , ]. If f = ||, variational problems such as (1.6)
often arise in imaging problems (see, e.g., [205, 62]). Let us remark in advance that these
examples are particular borderline cases of the scale of p—elliptic integrands to be recalled
and discussed in Chapter 5.2.

1.1.2. Semiconvexity Notions Beyond the usual convexity, there are various gener-
alisations which are strictly weaker and hereafter shall be referred to as semiconvexity
notions. We recall from MORREY’s fundamental work [184, ] that a continuous func-
tion f: RVX" — R is called quasiconvez if and only if it satisfies

f(4) < ]é (A +Dy)dz (QC)

for all open and bounded Lipschitz sets @ C R”, all A € RV*" and ¢ € W™ (Q;RY).
The importance of this condition stems from the fact that in a plenty of settings, it
is a necessary and sufficient condition for variational integrals of the form (1.6) to be
sequentially weakly lower semicontinuous in spaces of weakly differentiable functions. For
completeness, we also recall that due to [27], f: RVX" — R is called polyconver provided
it can be written as a convex function of the minors of its argument, and rank—one conver
if it is convex with respect to directions in the rank-one cone RN ® R™, i.e., for all
AcRVN*" g c RN and b € R", t — f(A+ta®b) is a convex map [0,1] — R. We shall
come back to this fact in more detail in Chapters 3 and 4.

Quasiconvexity, however, is still far from being well-understood. So, for instance, in
the case n = N = 2, the ALIBERT-DACOROGNA-MARCELLINI example (cp. [11, 68]) is
given by the family of functions f,: R?*2 — R (y € R), where f,(A) = |A]?(JA]> —
2vdet(A)) for A € R?*2. As shown in Table 1.1, it is well-known what is the precise
range of y for f, to be convex, polyconvex or rank—1-convex, respectively. However, such
a characterisation is still not available in the quasiconvex case. The semiconvexity notions
gathered so far are linked by the diagram

convexity = polyconvexity = quasiconvexity = rank—one convexity,

and in general, none of the corresponding reverse implications holds true. Note, however,
that it is still not clear whether rank—1-convexity implies quasiconvexity for n > N = 2
whereas for the remaining constellations of IV and n this has been settled in the negative
by SVERAK [226].

All of these notions are easily seen to be not adequate if f is an integrand being defined
on the symmetric matrices, say. Having briefly encountered the notion of symmetric
convezity, we shall now proceed with the corresponding generalisations of quasiconvexity
and rank—one convexity (also see Chapter 3 for a unifying treatment).

Definition 1.3. A continuous function f: R2X"™ — R is called

sym

(a) symmetric—quasiconvex if and only if for all open and bounded Lipschitz sets Q C
R”, all p € Wy™(Q;R™) and all A € R there holds

£(4) < ]é (A +e(y)) da. (5QC)

(b) symmetric-rank-one-convex if and only if for all A € R and all a,b € R"

the function t — f(A + ta ® b) is convex on [0,1]. Here, for given a,b € R",
a®b:= %(abT +ba') denotes the symmetric tensor product of a and b.



1.2 Sketches of Regularity Theory 5

f~ is | convex polyconvex quasiconvex | rank—1-convex
e | <re=2v28 | W< wpe=1] <% | W< =2/V3

Table 1.1: Characterisation of semiconvexity properties of the Alibert—Dacorogna—
Marcellini family f,. It is known that v, € (1,2/ V3], but the precise value is unknown.

It was expected for a long while that symmetric quasiconvexity for linear growth
functionals f: R — R is a necessary and sufficient condition for functionals of the
type (1.1) to be sequentially weak*—lower semicontinuous on BD(2) (see Chapter 4.2 for
this notion), a problem which has been partially resolved in the space SBD(2) of functions
of special' bounded deformation by BARROSO, FONSECA & TOADER in [30] and in full
generality by RINDLER [202]. The chief obstruction in establishing such a result was
the non—availability of a symmetric version of the ALBERTI-rank—one theorem [3]. The
main novelty of RINDLER’s work consequently was to come up with a proof that does not
use the symmetric-rank—one structure of the singular part of the symmetric gradients of
BD-maps. By now, this issue has been completely resolved by the seminal work of DE
PHILIPPIS & RINDLER [76] (also see (4.12)ff. below).

1.2. Sketches of Regularity Theory

With the existence of minima being established among weakly differentiable functions,
the objective of reqularity theory is to study the extent to which minima of (elliptic) varia-
tional integrals share better smoothness properties than generic competitor maps. In this
sense, it crucially depends on the underlying space scale being used to measure smooth-
ness, prominent examples of which are given by the Holder space scales (C™)eng,0<a<1
or the (fractional) Sobolev space scales (W??)g<0 1<p<ao, for instance.

One of the most crucial features of the variational principle (1.1) is that it represents a

so—called vectorial problem, meaning that the target space of the competitor maps is RV
for some N > 1 (here, N =n > 1). As to the regularity of minima, it was independently

discovered by DE GIORGI [73] and MAZ’YA [169] first that the classical statements for
scalar problems do not extend to the vectorial case. More precisely, following the previ-
ous work of DE GIORGI, NASH and MOSER (see [72, 191, 187]) in the 50s and 60s of the

last century on the full C*® regularity for quadratic functionals under suitable measur-
ability, boundedness and ellipticity assumptions imposed on the coefficients defining the
integrands, this was a surprising novelty: It showed that HILBERT’s 19th problem which
had been posed at the ICM in Paris in 1900,

Hilbert’s 19th Problem: ”Sind die Losungen regulérer Variationsprobleme
stets notwendig analytisch?” (Are the solutions of regular variational problems
necessarily analytic throughout?)

was only resolved in the scalar situation (for quadratic functionals). Two of the initial
counterexamples to full regularity (subsequently extended and sharpened by many others,
see [110, , , , , , | for a non—exhaustive list) read as follows:

Example 1.4 (DE GIORGI, GIUSTI & MIRANDA, [72, |, [33, Chpt. 4.1]). Letn > 3.

I This space is defined to consist of all BD-maps for which the Cantor part of the symmetric gradient
vanishes; compare Chapter 4.2 for the requisite terminology.
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We define bilinear forms on R™ ™ by

AT (n = 2,n,3) 1= Gy + ((n —2)6i +n%) <(n 2)5,1 +nx|J:|cA) v 40,
x

An 2nzy7 . Z A —2,71,.%'):[/?2;-\, y:(yf)7zz(zj>\)7
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(a) (De Giorgi, [72]). The function u: B(0,1) — R"™ given by u(x) = uq(z) := x/|z|*
for a := (n/2)(1 — ((2n — 2)® + 1)~'/2) belongs to W?(B(0,1); R") and is an
unbounded weak solution of the elliptic system div(A,_2, (Du)) =0 in B(0,1).

(b) (Giusti & Miranda, [129]). The function u: B(0,1) — R™ given by u(x) = x/|x| be-
longs to (W2 NL>)(B(0,1); R"™) and is a discontinuous weak solution of the elliptic
system div(A(u) Du) = 0 in B(0,1).

These results show that in general, the full (Holder—)regularity of solutions is not to be
expected in the vectorial case. Instead, it motivates to study as to whether the set of points
in whose neighbourhood weak solutions or minima are not suitably Holder continuous, is
Z"negligible or even has Hausdorff dimension strictly smaller than the ambient space
dimension. Following the terminology of MORREY [1806], such regularity properties of
minima are usually referred to as partial reqularity, and have been a constant source
of research interest; see, among others, the monographs [128, , 33] and MINGIONE’s
survey papers [1706, ] for an extensive list of relevant contributions and techniques to
arrive at partial regularity results in both the convex and quasiconvex setup.

For the purpose of the present thesis the distinction between scalar and vectorial
problems is of special importance as the variational principle (1.1) is genuinely vectorial.
In particular, even though the integrands are assumed to be of nice structure, so for
instance of radial structure [237, I, f =9(-|), the dependence on the symmetric
gradients seems to make this special structure inapplicable to retrieve the strong results
which apply to such problems in the full gradient setting:

Remark 1.5 (Radial Structure and Symmetric Gradients). Based on the fundamental
work [237] of UHLENBECK and [258] of URAL'CEVA, it is a general paradigm that min-
imisers of vectorial problems of the form (1. 6) (also for the superlinear growth regzme) can
be proven to be fully CH®—regular provided f exhibits radial structure, i.e. f( =g(|z])
for z € RNX" and g: Rsg — Rsg. In this situation, scalar methods remzmscent of the
classical De Giorgi-Nash—Moser theory can be employed. In the BV —case, this has been
investigated in [7/, 35]. However, if we pass from (1.6) to functionals of the type (1.1),
then the appearance of the symmetric gradient ’destroys’ the scalar structure of the result-
ing problem. This relies on the fact that there is no scalar equivalent of the symmetric
gradient, whereas the gradient in the scalar situation trivially makes sense. In particular,
in Chapters 5 and 6 we therefore will not be able to recover the reqularity results available
for the BV —case in the symmetric gradient case in full generality.

We note that this phenomenon is at variance with the gradient case, where the radial
structure indeed can be used to establish full (hence local) L*°-regularity of minima of
variational integrals (1.6), see [34, Sec. 4].

Even though partial regularity is a very weak notion of regularity and, starting with
EvANS’ seminal paper [99] in the superquadratic, quasiconvex case, there are still various
open questions. So, for instance, unlike for convex integrands, to the best of our knowledge
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there is no unconditional? Hausdorff dimension bound for the singular set of minima
of quasiconvex functionals. Moreover, a large variety of results has been obtained for
quasiconvex variational integrals in the superlinear growth regime (cp. [122, 22, 4, ,

, 90, 82, , 33, 32, 31, ] for a non—exhaustive list), but the linear growth case
has been settled only recently by KRISTENSEN and the author [134]. We shall discuss its
generalisation to the symmetric gradient case in detail below.

Depending on the underlying space scale invoked to measure regularity, however, still
various results survive when passing from the scalar to the vectorial situation. For exam-
ple, the so—called Nikolskii reqularity to be discussed below can be read as an LP—version
of Holder continuity and still can be established for solutions of vectorial problems, see
[175, 177]. By suitable embedding theorems (see Section 2.5.1), such Nikolskii-type esti-
mates can be transferred to fractional Sobolev estimates and hence yield higher integra-
bility of the (symmetric) gradients. This is in line with the results of BILDHAUER [40, 42]
who, based on previous work by SEREGIN [212, , ] initiated the first systematic
Sobolev regularity program for vectorial linear growth problems of the form (1.6).

A common gateway to both the aforementioned partial (Holder—)regularity and higher
Sobolev regularity of minima is given by use of smoothness spaces defined in terms of
maximal functions. Referring the reader to Chapter 2.6 for the requisite definition of the
fractional sharp maximal operator M7, the key estimate is given by

lu(z) — w(y)|P < clz — y|*? (MEu(z) + MEu(y))” for all w € LY (R™;R™), (1.7)

loc

where 0 < a < 1, ¢ = ¢(n, ) is a positive constant and 1 < p < co. From (1.7), it is
immediate that if M#u € L (R™), then u € C);%(R"; R™). This is a convenient maximal
function version of the usual CAMPANATO-type characterisation of Holder continuity, and
partial regularity proofs are indeed centered around establishing the validity of M7 (Du) €

o (R™) by use of certain excess decay estimates. These control the mean deviation of
the minimisers’ gradients from their mean values on small balls. The latter crucially
relies on ellipticity assumptions imposed on the variational integrands f. On the other
hand, letting 1 < p < oo and considering the condition M#u € L¥ (R™) yields the local

Nikolskii-type condition (where, without loss of generality, h € R™ with |h| < R for some
suitable R > 0)

/ |u(z + h) — u(x)|P dz < CR‘”’/ IM#u(z)|P da.
B(ID,R) B($0,2R)

The previous estimate entails u € V2P (R™;R™) < Wi =P (R™;R™) (see Chapters 2.5.1
and 2.5.5 for the requisite definitions) for 0 < & < «, which gives a direct regularity
improvement. Here it depends in an essential way on which ellipticity condition is being
used, and the conditions we shall encounter in this thesis are the so—called strong versions
of convexity, quasiconvexity and rank—one convexity.

A different perspective on the regularity of minima is given by interpreting the higher
Nikolskii regularity for the gradients as an LP—modulus of continuity. By the Riesz—
Kolmogorov criterion, this in turn amounts to gaining compactness in L? for the gradients
(of minimising sequences) and, following the analysis of FARACO & KRISTENSEN [103],
regularity and compactness in fact are the same qualitatively. Coming back to the case
p = 1, it is therefore clear that the main difficulties in proving regularity stem from
the comparatively weak compactness properties of L'-based spaces. For the purposes of
the present thesis, the non—availability of L'-estimates for the gradients of members of
minimising sequences to variational principles such as (1.1) even deteriorates coerciveness
and hence a careful approach to the regularity is required. This, in turn, shall be described
in the following section.

2KRISTENSEN & MINGIONE [159] established that for strongly quasiconvex integrals of p—growth with
p > 2, minima of class W1 possess a singular set of Hausdorff dimension strictly smaller than the
ambient space dimension.
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Chpt. 3
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convex quasiconvex

Figure 1.1: Dependencies of the single chapters of this thesis.

1.3. Outline of the Thesis and Description of Main Results

The main objective of this thesis is to extend the regularity theory for variational
problems of the form (1.6) to the symmetric gradient setting (1.1). In doing so, the
foremost difficulty lies in the non—availability of suitable a—priori estimates for the full
gradients of the single members of minimising sequences. Depending on the specific
scale of regularity, this will be achieved in different manners. In this respect, a common
principle which we will employ is to switch to scales of fractional differentiability by use
of Sobolev-type embeddings, and thereby to give some differentiability away but to gain
higher integrability for fractional derivatives.

In what follows, we give a brief description of the structure of the thesis and, for each
chapter, single out the rough contents of the main results. For the precise statements,
the reader is referred to the single chapters. Moreover, each chapter contains a variety of
further results, but for the sake of exposition, their description is deferred to the beginning
of each chapter.

Publications and preprints which are part of this thesis
(P0) F. Gmeineder: Symmetric-Convex Functionals of Linear Growth. J. Elliptic Parabol. Equ.
2 (2016), no. 1-2, 59-71.

(P1) F. Gmeineder: Partial regularity for symmetric—convex functionals with linear growth.
Preprint.

(P2) F. Gmeineder: Update on Korn’s Inequality and Ornstein’s Non-Inequality. Preprint.

(P3) F. Gmeineder, J. Kristensen: Sobolev Regularity for symmetric-convex functionals of
linear growth. Preprint.

(P4) L. Beck, M. Bulicek, F. Gmeineder: On the Neumann Problem on the space of functions
of bounded variation. Preprint.

(P5) F. Gmeineder: Partial Regularity for symmetric-quasiconvex functionals of linear growth.
Preprint.
Chapter 3 further contains some minor auxiliary results which appeared firstly in

e D. Breit, L. Diening, F. Gmeineder: Traces of functions of bounded A-variation and
variational problems of linear growth. Preprint.
Moreover, Chapter 8 is the adaption to the BD—case of the joint work
e F. Gmeineder, J. Kristensen: Partial Regularity for BV-minimisers. Preprint.
We now give a systematic outline of the structure of the thesis.
Chapter 2: Preliminaries. The purpose of this chapter is to fix notation and to

introduce auxiliary function spaces, maximal operators and measure theory to the extent
as is needed in the main text.
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Chapter 3: Korn’s Inequality and Ornstein’s Non—Inequality. As the main
obstruction to establish both existence and regularity results for minima of symmetric—
convex or —quasiconvex problems, Ornstein’s Non—Inequality plays a substantial role in all
of what follows. In this chapter we present a very general form of such a non—inequality,
a proof of which is based on the semiconvexity approach of KIRCHHEIM & KRISTENSEN
[151]. We set up a very general framework of elliptic first order operators and study the
geometry which they induce in matrix space. This chapter contains material from (P2).
Chapter 4: The Dirichlet Problem on BV and BD. With Ornstein’s Non—Inequality
at our disposal, the objective of this chapter is to introduce and study the space BD of
functions of bounded deformation together with the Dirichlet problem on this function
space. As the main concepts already appear in the classical BV—context, we briefly
review the BV—theory and point out similarities and differences to the BD—setup. Within
the convex setting, we introduce functionals of measures and give the corresponding
RESHETNYAK (lower semi—)continuity theorems for such functionals.
Chapter 5: Sobolev Regularity for Symmetric—Convex Problems. Using the
scale of p—ellipticity, this chapter is dedicated to the proof of higher integrability of the
symmetric gradients of generalised minima for p—elliptic variational integrals. Here we
employ a novel embedding for BDNBMO and combine it with an extensive study of
the dual problem (in the sense of convex duality) along the lines of SEREGIN [212]—[215]
to prove higher integrability of minima. This is accomplished subject to a condition
which generalises BILDHAUER’s local boundedness assumption, cp. [10]. To the best of
our knowledge, this is the first higher integrability result for variational problems on BD.

We further discuss the (direct) regularity impact of Caccioppoli-type inequalities in
the linear growth regime, uniqueness assertions for generalised minima and how the tech-
niques employed here can be used in different contexts. This chapter contains material
from (P3).
Chapter 6: Interlude: W"'-Regularity for the Neumann Problem on BV. Be-
fore we return to functionals depending on the symmetric gradient in the subsequent
chapters, we study here the Neumann problem on the space of functions of bounded vari-
ation. Assuming radial symmetry of the integrands at our disposal, we establish W1
regularity of minima provided the integrand is of class C? and strictly convex. This seems
to constitute the first unconditional (i.e., without imposing the condition of u—ellipticity)
W regularity result for convex linear growth problems.

To clarify terminology, strict convexity here is understood in the sense that

f" is positive definite everywhere,

and we hereafter also refer to this notion sometimes as C*-strict convexity. When speaking
of strong convexity, however, we think of integrands whose Hessians satisfy a prescribed
growth bound from below (which, e.g., is the case for p—elliptic integrands).

We further compare the result with the known results on W'~ regularity for Dirichlet
problems and discuss the difficulties which come up for the Neumann problem on BD
(cp. Remark 1.5). This chapter comprises the material of (P4).

Chapter 7: Partial Regularity for Symmetric—Convex Problems.

In this chapter we turn to the partial regularity for strictly symmetric—convex variational
integrals of linear growth and provide the first partial regularity result for such problems
on BD. In a similar vein as above, by strict symmetric converity we understand that in
(1.1) we consider C*-integrands f: RIS — R whose Hessian f”(§) is positive definite
at every § € Ry, Similarly as in Chapter 6 and hereafter by the lack of a strong
ellipticity assumption, we cannot expect higher integrability of the symmetric gradients
of minima to hold true. Instead, we show that partial regularity survives, and in doing
so, we use a direct approach that was employed by ANZELLOTTI & GIAQUINTA [22] in
the BV-setting first and later on refined by SCHMIDT [210]. As the main idea here is

to compare the minimisers with suitable mollifications, we need to establish appropriate
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Poincaré-type inequalities which help to estimate the L'~distance between BD-maps and
their mollifications. Finally, we discuss implications for the dual solution and further give
Hausdorff dimension estimates on the singular set. This chapter comprises the material
of (P1).

Chapter 8: Partial Regularity for Symmetric-Quasiconvex Problems.

In the final chapter of this thesis we deal with symmetric-quasiconvex and —rank one
convex functionals in the sense of Definition 1.3. For strongly symmetric-rank one convex
functionals of linear growth, we give a full C1** regularity result subject to a smoothness
and smallness assumption on the given Dirichlet data. In the second part of this chapter,
we extend the results of the previous chapter to the symmetric quasiconvex setting®. In
doing so, we derive a Fubini-type theorem for fractional Sobolev spaces and the space
BD that might be of independent interest, leading to the first partial regularity result
for symmetric quasiconvex integrals of linear growth. The chapter comprises the content
from (P5).

The appendix contains various auxiliary results which are used in the main text, and in
particular gives an overview of Euler—Lagrange equations for measures, an approach to the
approximate differentiability of LD-maps via Calderén—Zygmund-type decompositions
for measures and auxiliary estimates.

We conclude with some general remarks.

e Sometimes it is necessary to distinguish with which sort of linear growth assumption
we work throughout a chapter (e.g., in the sense of signed integrands). Therefore,
the linear growth assumption in action will be fixed at the beginning of each of
Chapters 5-8.

e Unless otherwise stated, all vector spaces are assumed to be over the real numbers.

e Apart from the preliminary second chapter, each of the chapters contains a very
rough outline of the contents at the very beginning. In Chapters 3, 5-8, the main
results and a contextualised description of the structure of each chapter is conse-
quently given in the section Main Results or Description of Results, respectively.

e Most of the notation used throughout will be explained carefully in Chapter 2 and
especially Section 2.1 therein. A comprehensive list of symbols is given at the end
of this thesis on page 284.

3Note that the notion of eztension here merely applies to a weakening of the convexity condition but
not its strength in the sense of strong convexity or quasiconvexity hypotheses. In particular, there are
convex integrands to which the results from Chapter 7 apply, whereas those of Chapter 8 do not.



CHAPTER 2

Preliminaries

The purpose of this chapter is to fix notation and to record basic facts regarding measure
theory, Fourier analysis and function spaces as will be required in the main part of the
thesis. As such, Section 2.2 is along the lines of [16, Chpts. 1.1, 1.3] and [97, Chpts. 1, 2],
where also a more detailled treatment of the measure theoretic concepts described here
can be found. The remaining sections of this chapter settle the function space framework
which we shall use in the subsequent chapters. In this respect, a concise overall treatment
is given in [0, , ] where most of the material as presented here is taken from.

2.1. General Notation

Unless otherwise stated, {2 denotes an open and bounded Lipschitz subset of R” and
A () its Borel o—algebra. All norms on R™ or R™*™ are the usual euclidean or Frobenius
norms, respectively. In this respect, given € R™ and r > 0, we denote B(z,r) =
{y € R": |z —y| < r} the open ball centered at x with radius r and further put
S"=t:= {z € R": |z| = 1}. Sometimes it is useful to distinguish between the unit ball
in R™ and the unit ball in the symmetric matrices RE", and so we further define for
AeRI"and R >0

Sym

B(A,R) := {C e R |[A—C| < R}.

Lastly, we denote the euclidean inner product by (-,-), and the underlying space will
be clear from the context. Note that pairings of distributions with test functions or of
measures with continuous functions are always denoted with subscript, e.g., (-, Y@ x o or
-,y mxc. Moreover, H"~1 denotes the (n — 1)-dimensional Hausdorff measure and £"
the n—dimensional Lebesgue measure (sometimes we use the shorthand |U| := £"(U) for
a measurable set U C R™, cp. Section 2.2). Given a measure p on #(Q2) and A € £(Q),
we use the standard shorthand (uLA)(B) := u(A N B) for the measure p restricted to A.
Given an open set U C R™ and u € L, .(R™; R™), we use the equivalent notations

(W = (uy = ]éudx - ﬁ/[]udx.

The shorthand a < b for a,b € R asserts that there exists a constant C > 0 such that
a < Cb, where C' > 0 does not depend on a, b or any essential quantities implicit in a or
b. If a < band b < a, then we write a &~ b. When we write a < b, then a is understood to
be essentially smaller variable than the fixed value b in the sense that the difference b —a
cannot be made arbitrarily small. This is not to be confused with the sign <’ in the
context of absolute continuity of measures, but no ambiguities will arise from this. As is
customary, we use ¢, C' > 0 for two generic constants whose value might change from line
to line unless they are specified explicitely.
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It is important to note that some of the function spaces to be dealt with throughout
are purely vectorial in the sense that they have no scalar analogue. On the other hand,
if (X(2),]-[[x(q)) is a function space consisting of scalar functions defined on (2, then
we denote (for given m € N) X (£;R™) the space of mappings v = (vl,...,o™) such
that for each j = 1,...,m there holds v/ € X(Q) and equip it with its canonical norm
[vllx@mm) == 2275 07| x (). For two function spaces (X, || - ||x) and (Y| - [ly), we
use X ~ Y to indicate X =Y and that the norms || - |x and || - ||y are equivalent. In
this context, the symbol 'a’ is strictly reserved for isometrically isomorphic spaces. We
denote Z(X,Y) the space of bounded linear operators between the two normed spaces
X and Y and consider it endowed with the usual operator norm throughout.

Lastly, as it is at variance with standard usage, we write (ur) C X to indicate that
the sequence (uy,) is contained in the set X and (ug(;)) C (ux) to express that (ug(;)) is
a subsequence of (ug).

2.2. Measure Theory

In the following, let (2, X) be a measurable space and let m € N. A mapping p: ¥ —
R™ is called a (vector) measure provided u()) = 0 and whenever (FEj) is a sequence of
pairwise disjoint elements of ¥, then p(lU, Ex) = >, 1(Ek), the latter property being
referred to as o—additivity. In this situation, the total variation measure (associated
with p) is given by

|u|(E) := sup Z |1(E;)|: E; € X pairwise disjoint with E = U E;
j=1 j=1

for E € . Let us also say that p is a positive measure if p: 3 — [0, 00](C R) is a measure
in the above sense. Throuhout, we shall be particularly interested in the situation where
Y arises as the Borel o—algebra induced by the natural topology on a metric space (X, d)
which is here assumed to be locally compact and separable. Supressing d for notational
simplicity, we write (X)) for the Borel oc—algebra on (X, d).

A positive measure on (X, #(X)) is called a Borel measure, and if it is finite on
compact subsets of X, then it is called a positive Radon measure. Similarly, if p is an
R™—valued set function defined on the relatively compact Borel subsets of X which is
a measure on (K, Z(K)) for any compact subset K of X, then we say that p is Radon
measure (on X), and if it additionally is a measure in the sense described above, then we
say that it is a finite Radon measure. We denote the set of all (finite) R™-Radon measures
on (X, d) by! Moo (X;R™) or M(X;R™), respectively. Let us note that M (X;R™)
is a normed space when being equipped with the total variation ||u| := |u|(X) as norm.

To set up the duality framework for Radon measures within which convenient com-
pactness results can be obtained by the topological vector space variant of the Banach—
Alaoglu-Bourbaki Theorem, we denote C.(X;R™) the compactly supported, R™—valued
continuous functions on X, and Co(X;R™) the closure of C.(X;R™) with respect to the
sup-norm. Now, if 1 € M (X;R™), then for every open A C X there holds

IM(A)=Sup{/X<<p7du>: ¢ € Cc(X;R™), |<p|<1},

where (p,du) := 701, @7 dp for o = (¢h, .., 9™) and p = (ph, .., p™).
In the specific case where € is a locally compact, separable metric space, we have the
isometric isomorphy

M<OO(X;Rm) = (CO(X;Rm))*7 (21)

IThis notation is at variance with that used in [16], where the authors use the notation M, (X;R™)
for the R"—valued Radon measures on X.
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the duality pairing given by (u, 0)mxc = [ @dp. This is a very general form of the
Riesz representation theorem, a more specific form of which we record explicitely:

Theorem 2.1 (Riesz, [16, Thm. 1.54]). Let (X,d) be a locally compact and separable
metric space and let L: Co(X;R™) — R be an additive and bounded functional, that is,
L satisfies the following two conditions:

(a) For all u,v € Co(X;R™) there holds L(u+v) = L(u) + L(v).
(b) |I£]] :==sup{L(u): ue Co(X;R™), |u| < 1} < 0.

Then there exists a unique R™-valued finite Radon measure p = (u', ..., ™) on X such

that for all u = (u!,...,u™) € Co(X;R™) there holds

u):Z/ ul dpd
j=17%

Locally, we can identify M(X;R™) with C.(X;R™)* in the sense of duality of locally
convex topological vector spaces (briefly LCTVS), but we will not need this in the sequel.
The duality (2.1), however, is of special interest to us: As a consequence of the Banach—
Alaoglu-Bourbaki Theorem on weak*—compactness in duals of LCTVS [102, Thm. 4.31],
we immediately obtain the following compactness principle [16, Thm. 1.59]: If (ux) C
Moo(X;R™) satisfies supy, ||ur|| < oo, then it has a weakly convergent subsequence.
That is, there exists a subsequence (ug(;)) C (ux) and p € Mooo(X;R™) such that
Lk(j) — fas j — 00, Le., for all ¢ € Co(X;R™) we have (uiy(j), ) mxc — (1, @) mxc for
all ¢ € Cop(X;R™) as j — oo.

In an intermediate step, let us recall the definition of both the Hausdorff measures
and dimensions. Let 0 < s < 0o and 0 < § < oo. For a set A C R™, we define

i (dlamij) AcC UC diam(C;) < 4},

where a(s) = 7%/2/I'(§ + 1) with the Eulerian gamma function I', and H*(A4) :=
Supsso H3(A). As shown in [97, Chpt. 2.1], H?® is a well-defined Borel regular measure
on R", and we refer to H?® as the s—dimensional Hausdorff measure . Let 0 < s <t < o0.
Given a set A C R", we have the implication (H*(A) < co = H!(A) = 0), and thus we
may define the Hausdorff dimension dimy(A) of A by

dimy (A) :=inf {s > 0: H*(4) =0}. (2.2)

For our purposes, it is useful to record the so—called measure density lemma which can
often be used to derive Hausdorff dimension bounds.

Lemma 2.2 (Measure Density Lemma, [128, Prop. 2.7]). Let A C R™ be open and let p
be a positive Radon measure on A with u(A) < co. Define, for 0 < a < n,
n(B(z,7))

E“ = {ac € A: limsup

> 0}.
N0

T(X

Then we have dimy (E%) < a.

We conclude our exposition of measure theory with elementary density results and
a vectorial version of the Radon—Nikodym theorem. Let (€2,X) be a measurable space,
1 a positive measure and v a vector measure on (£2,X). The measure v is absolutely
continuous with respect to p (in formulas v < p) if for any B € ¥ with p(B) = 0
there holds |v|(B) = 0. In turn, if p and v are positive measures, we call p and v
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mutually singular (in formulas pLv) provided there exists E € ¥ such that p(E) = 0 and
v(X \ E) = 0. Finally, if 4 and v are vector—valued, then we call them mutually singular
provided |p| and |v| are mutually singular in the above sense.

Letting v be a o—finite vector measure and p a positive measure on (92, X)), the Radon—
Nikodym Theorem asserts that there exists a unique pair of R™—valued measures v%¢, v*
with the properties

Vac << /.L7 VaCJ_/,[,’ v = VG.C + Z/S.

Moreover, there exists a unique function f € LI(Q7 w; R™) such that v?¢ = fu, and in
this situation f is called the density of v with respect to u. We also use the notation
S—Z := f for the density. The explicit computation of the density of v with respect
to p is accomplished by the Lebesgue differentiation theorem (also often referred to as
Besicovitch derivation theorem) for Radon measures which we state for the euclidean
setup only (cp. [97, Secs. 1.6, 1,7]):

Theorem 2.3 (Lebesgue). Let v be a R™—valued Radon measure on R™ and p a positive
Radon measure on an open set @ C R™. Then the density g—; exists and is finite pu—a.e.,

u-measurable and is for p-a.e. x € R™ given by

fa) = @) =

w(B(z,r))

lim,~ o YB(z,r)) if w(B(z, 7)) > 0 for allr > 0, (2.3)
+00 otherwise. ’

The Radon—Nikodym decomposition of v then is given by v = fu + v®, where v® = vLE
with the p—negligible set

E:=(Q\p)U{zespt(p): }%m =00}
We then have the following result on Lebesgue points of Radon measures.
Theorem 2.4. Let p be a positive Radon measure on an open set @ C R™ and let
feLX Q). Then for p-a.e. x € Q there exists f(x) € R
W Bl o, ) T ) =0
and any point x with this property shall be referred to as Lebesgue point of w.

Let us further recall the notion of approzimate differentiability. Let f: R™ — R™ be
a map. We say that a € R™ is the approzimate limit of f(y) as y — x (in symbols
a = aplim,_, f(y)) if for each ¢ > 0,

LB, r) 0 {[f —al > €})

li =0
a0 27 (B(z,1)) ’
compare with [97, Chpt. 1.7.2]. If existent, approximate limits are unique. Now, we say

that f is approzimately differentiable at x € R™ if and only if there exists a linear mapping
L: R™ — R™ such that

aplimy e W) = F(@) = Ly — 2)|

=0.
y#w ly — x|

By RADEMACHER’s Theorem [97, Chpt. 3.1.2, Thm. 2], every locally Lipschitz continuous
map g: R™ — R™ is differentiable (and hence in particular approximately differentiable)
ZL"-a.e.. As a consequence, if for a given measurable map f: R” — R™ there exists a
sequence (gg) of locally Lipschitz maps with Z*({f # gx}) — 0 as k — oo, then f is
approximately differentiable Z"—a.e.. This in turn is the easy direction of the following
result.



2.3 Fourier Analysis 15

Theorem 2.5 (Whitney, [244]). The following conditions are equivalent for a measurable
map f: R™ — R™:

(a) f is approzimately differentiable £"~a.e. in R™.

(b) For each € > 0, there exists a locally Lipschitz continuous function g: R™ — R™
such that L™({f # g}) <e.

2.3. Fourier Analysis

Many properties of locally integrable mappings v: R” — R¥ for which we only have
control over certain combinations of their weak derivatives can be extracted by means
of Fourier analysis and accordingly so—called singular integral operators. In this section
we aim to give a concise overview of the related concepts, with particular emphasis on
MIHLIN’s theorem on the boundedness of Fourier multiplier operators with symbol homo-
geneous of degree zero, see Theorem 2.6 below. Let v € .(R") with the Schwartz class
.7 (R™) of rapidly decreasing functions. We define the Fourier transform of v by

(F0)(€) :=70(¢€) := L / v(z) e "6 dg (2.4)
(27'(') 2 JRrn

Sometimes, when we want to stress that the Fourier transform takes a function in x
and yields a function in &, we also write #,¢v and similarly for the inverse Fourier
transform fgf_lm. As one of its main applications, the Fourier transform allows to set
up a functional calculus for (pseudo)differential operators. More precisely, it helps to
assign a (pseudo)differential operator to a given function. This is known as quantisation,
and the following result due to MIHLIN shows that for a large class of multipliers m the
corresponding operators are bounded on L” for 1 < p < oo.

Theorem 2.6 (Mihlin, [I, Thm. 4.23]). Let m: R™ \ {0} — C be an (n + 2)—times
continuously differentiable function such that |0g¢m(§)| < Al¢|71el holds for all € # 0 and
all « € Ny with |a] < n+2. Then for every 1 < p < oo the operator m(D,) defined by

m(D.)f = Fe o, m©F©) o f e SR
extends to a bounded linear operator m(D,): LP(R™) — LP(R™).

We refer to the function m as multiplier. In Chapter 3, we shall give an equivalent of
this theorem on the torus T".

2.3.1. Symbol Classes and Pseudodifferential Operators At several stages of the
main text it is useful to have the rudiments of the general theory of pseudodifferential
operators at our disposal. Our exposition here is based on ABELS’ monograph [1], also
see [221, 234].

Let m € R, n, N € N. We define the (Hérmander) symbol class S7% (RN x R") as the
space of functions p € C*(RY x R"; C) such that for every (o, 3) € N x N}’ there exists
a constant c, g > 0 such that

0 00, )] < cap(1+ fe) "7

For p € S7')(RY x R™), we define an operator p(z, Dg): . (R") — .%(R") by

1 -~ .
P D) = e [ P OfiQ et )ds, R
A particular class we shall deal with frequently are the (translation invariant) singular
integral operators, cp. [1, Chpt. 4]. Given f € ./(R™), we call the operator T: f —
FYKF) a translation invariant singular integral operator provided K : R™ — R is such
that
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(S1) K € L*®(R™),
(S2) there exists k € Li, (R \ {0}) such that for all f € C3°(R") there holds

(Tf(x) = . k(x —y)f(y)dy for almost all x ¢ spt(f),

(S3) and the kernel function k from (S2) satisfies the Hormander condition

sup / |k(z —y) — k(x)|dz < oo.
yeR™ J{|z[>2y}

The singular integrals as considered here can in turn be written as the Cauchy principal
value integrals of convolutions against the kernel k, and qualify as pseudodifferential
operators of order zero. It is possible to give a more general approach to such operators,
and we refer the reader to [232, , ] for more background information.

2.4. Convex Analysis

2.4.1. The Convex Conjugate We now introduce the relevant notions and sketch as-
pects of the general theory of convex duality as shall be encountered in Chapters 5 to 7.
Here, a general reference are the monographs [96, 47, ], where a much more detailled
presentation of the concepts to be discussed now can be found.

Given a extended real-valued convex function h: R™ — R U {oc}, we define the
conjugate function (or Fenchel conjugate) h*: R™ — R U {oo} by

h*(2*) := sup {(z*,2) — h(2)}, for all z* € R™.
z€R™

The effective domain of h* is given by
dom(h*) := {2* € R™: h*(2*) # +o0},

and in general, we define the domain of any function g: R™ — (—o0;00] as the set of
x € R™ such that g(x) < oc.

Furthermore, we define the biconjugate function h**: R™ — RU{oo} as h** := (h*)*.
By definition, A* is convex and lower semicontinuous, and if h* # oo then h** coincides
with the lower semicontinuous, convex envelope of h (thus, it is h itself if h is already
convex and lower semicontinuous). We denote

Oh(z) :=={z" e R™: h(z) + (z*,y — 2) < h(y) for all y € R™}
the subdifferential of h at z. Then we have the duality relation
z* € Oh(z) if and only if h(z) +h*(z") = (2%, 2) (2.5)

for z € R™, and it is clear that Oh(z) is single-valued if h is differentiable at z. Moreover,
the general form of Young’s inequality asserts that if h: R™ — R U {oo} is convex, then
for all y € R™ and all € dom(h) there holds

(y,x) < h(z) + " (y), (Young)

and equality in (Young) occurs if and only if y € Oh(z). In what follows, we record some
examples of conjugate functions we shall refer to frequently.

Example 2.7 ([17, Chpt. 3.3]). In what follows, we put m = 1.

(a) If h(t) := |t|P/p fort € R with 1 < p < oo, then h*(t) = ¥ /p' for t € R with the
Hélder conjugate exponent p' :=p/(p — 1) of p. In particular, dom(h*) = R.
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(b) If h(t) == V1+1t2 fort € R, then h*(t) = —\/1 — |t|? fort € [-1,1]. In particular,
dom(h*) = [—1,1].

(c) If h(t) :==exp(t) fort € R, then h* is given by

tlog(t) —t ift >0,
h*(t) = exp™(t) =< 0 ift=0,
+oo ift < 0.

We conclude our general presentation with a remark on radial symmetry.

Remark 2.8 (Radially Symmetric Integrands). If h is radially symmetric, i.e. it can be
written in the form h(-) = f(|-|) for some function f: R — R, then we have h*(-) = f*(|-]).
To see this, note that, for each z* € R™, we have

h*(2") = sup {(2",2) — f(]z])} = 2213{5|Z*‘ —f(s)} = f(1="]).

zeR™

2.4.2. Jensen’s Inequality For expository completeness, we further record the follow-
ing version of Jensen’s Inequality which will be used frequently.

Lemma 2.9. Let (2, %, u) be a probability space, g: Q@ — R a p—integrable function and
@: R =R a convex function. Then we have

w(/gdu) </<pogdu~
Q Q

In this section we give an overview of different ways to measure the smoothness of func-
tions. Sometimes, this can be achieved in terms of suitable maximal operators (cp. Chap-
ter 2.6). Here, we focus on the systematic spaces scale given by that of Besov spaces which
is depicted in Figure 2.1. To provide an overall approach which covers many applica-
tions, we introduce them through Littlewood—Paley theory and subsequently give more
acccesible characterisations. Finally, we conclude with some remarks on Orlicz spaces.

2.5. Function Spaces

2.5.1. Besov Spaces In this section we briefly revisit Besov spaces. For more back-
ground information, the reader is referred to [7, Chpt. 4] and [233, Chpts. 1 and 2]. Let
¢ € Z(R™) be such that spt(¢) C B(0,1) =: By and $(£) = 1 on B(0,3) =: B;. We
put, for k € Z, op(z) := 2""¢(2Fx) and let ®p(z) := oi(z) — r_1(z). In consequence,
spt(@) C B(0,2%)\ B(0,2%72) = B_;,\B_j42. Given a € R and 0 < p,q < oo, the
Besov spaces ByP(R™) then are defined by

ByP(R") = {u e S (R"): o xulir+ ) (25 Pp #ufr)? <o},  0<q< oo,
k=1
BLP(R") == {u e ' (R"): |¢*ulLr < ooand sup2"¥||®y * ullrr < oo}, q
>1

=

I
8

Here, .7/ (R™) are the tempered distributions on R™. To define the homogeneous variants
of these spaces, note that since ), , ®x(§) = 1 for any £ € R™ \ {0} and ®;(0) = 0 for
any k € Z, there holds ®; D’y = for any k € Z and 8 € NJ, where &y as usual denotes

the Dirac delta distribution centered at zero. Hence, ®j x P = 0 for any polynomial
P:R" — R. Let B(R") denote the space of R-valued polynomials on R™. For «,p and
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q as above, we then define

B, (RY) = {ue (F/P)R"): 3 (2" @5 ufip)” <00}, 0<g<oo,
kEZ

B (R") = {u € (' /P)(R"): sup2 @ xulr < oo} g =co.

In the literature, one finds the equivalent notation B?’p = Bg’q, and no confusion arises
from this as long as the order of the indices is obeyed. It is also possible to define Besov
spaces on domains, however, this is not needed here. We conclude by collecting the
following result on embeddings of Besov spaces.

Lemma 2.10 (Embeddings, cp. [233, Thm. 2.7.1]). Let 0 < po < p1 < 00, 0 < ¢ < o0
and 0 < s1 < sg < 0o. Then we have
. n n
B;oP(R™) € ByVPH(R™) provided sg — — = 51 — —. (2.6)
Po p1
Note that the third parameter ¢ is fixed in the preceding theorem. Finally, the local
variants of these spaces are defined in the obvious manner.

2.5.2. The Ho6lder—Zygmund Spaces In the main part, we shall need boundedness
of singular integrals on spaces of Holder continuous functions. The singular integrals as
required here are special instances of pseudodifferential operators which, in turn, have
convenient boundedness properties on Besov spaces, cp. Chapter 2.5.4 below. The fol-
lowing result admits to reduce to the Besov space situation.

Lemma 2.11 ([I, Thm. 6.1]). Let 0 < a < 1. Then the Hélder space C**(R™) given by

Pr) — ey
CON(R) = { 91 R 5 R [gllone = ol emy + sup LD =W o
oty |2yl
coincides with the inhomogeneous Besov space B (R™), and || - ||gey is an equivalent
norm on CO%(R™).

Let us note that despite the equivalence B> ~ C%* for 0 < a < 1, the spaces B>
are not directly linked to the spaces C*® for a > 1. More generally, we refer to B> for
a > 0 as Hélder—Zygmund spaces.

2.5.3. Difference Quotient Characterisation of Besov Spaces We also shall need
a characterisation of the Besov space in terms of difference quotients. Let 1 < p < o0,
1<g< oand 0 < a < 1. Foru € LP(R"), x € R", h € R and a unit vector eg,
s €{l,...,n}, we put

To nt(z) = u(x + heg) — u(x). (2.7)
In this situation, we define for u as above

"L (el \ T dE) T
[ulBs (&) ::Z</O (ta) t) if1<pg<oo,

s=1

||T5’hu||Lp(Rn)

[u]ggw(w) = sup sup if1 <p< oo, q=o0.

h#£0 z€R™ he
Then (cp. [233, Chpt. 2.5.12]) we have u € B, ,(R") if and only if [u]. < oo, and in
’ p,q
this situation the norms || - [|gg ~and the norm given by [lul[ga = [lullLr@n) + [u]5a
’ p,q p,q

are equivalent. In this context, the spaces NP (R"™) := B;‘VOO(R"Y) are often referred to as
Nikolskii spaces . Local versions of such spaces are obtained in the obvious manner. We
now have the following embedding.
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s -n/p— s = const.
s =00 //
\\TS’]),BS p-s
cht W21 BV,
CO,I /// Wl’l,BV .
// - 1
00 P W P
C”", L, BMO L7 L' Llog L, H'

Figure 2.1: Adaptivity Diagram; schematic presentation of function spaces. The parameter p
displays the integrability parameter and s displays the smoothness parameter. The spaces BV
and BV, will be introduced in Chapter 4. Note that by Lemma 2.10, if two Besov spaces with
the same g—parameter lie on a fixed red line as indicated above, then the higher space embeds
into the lower one.

Lemma 2.12. Let 0 < s < 1. Then we have (B3 )joc(R™) < L

loc
n

n—s’

(R™) for any 1 < ¢ <

Proof. Fix 1 < ¢ < -"~. Localising, we firstly obtain by Lemma 2.10 (B5)10e C
(Bf)f(t))loc for 0 < t < s, t being sufficiently close to s, where p(t) is determined via
n . n

s—n=t———, 1le., t) = ——.
p(t) p(t) n—s+t

Now, since (B% ﬁ)loc (Bgfs’ﬂ)loC forany 0 < a < 1, 8 > 1 and € > 0 sufficiently small,
we conclude that

_ t)
B! oo C Bt oo C B! €,p(t) e Ltz(t)’ 1) = np( .
( %) )1 ( o )1 ( p(t) )1 (]( ) n— (t — E)p(t)
Now it suffices to note that we may choose t < s arbitrary close to s and € > 0 arbitrarily
small to conclude. ]

2.5.4. Pseudodifferential Operators on Besov Spaces In an intermediate step, we
collect a useful boundedness result of the pseudodifferential operators as introduced in
Section 2.3.1.

Theorem 2.13 ([I, Thm. 6.19]). Let m € R, s € R and 1 < ¢q,r < oco. Let p €
To(R™ x R™). Then
p(a,Dg): BIF™I(R™) — Br?(R") (2.8)
s a bounded linear operator.
2.5.5. Sobolev—Slobodeckjii Spaces Let (2 C R™ be a measurable set. Given 1 <

p < oo and 0 < s < 1, we say that a measurable mapping v: 2 — R™ belongs to the
Sobolev-Slobodeckjii or fractional Sobolev space Ws’p(Q; R™) if and only if

Ju(@) — u(y)l?
A 1 S // ) |x— @) <o @9)
Qx
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It is easy to see that (W*P(;R™);| - [[ws»(q;rm)) is a Banach space. Moreover, for
sufficiently regular sets €, the fractional Sobolev spaces W*P(Q; , R™) can be retrieved
from the Besov spaces. To keep our presentation simple, let = R"” for the time being.
Then there holds

WHP(R™; R™) =~ B, (R"; R™) forall0 <s <1, 1<p<oo. (2.10)

Remark 2.14 (Brezis, [54]). Formally setting s = 1 in (2.9) does not yield the usual
Sobolev space W P (Q; R™). Indeed, as BREZIS could show in [7/], a measurable mapping
v: Q — R with  open and connected satisfies

lv(z) —v(@)”
d(z,y) < o0
I st e

if and only if v is constant.

The observation of the preceding remark is connected to the fact that if v € WP (Q) is
not constant, then limsup, ~ [[v|lws.»@q) = +00. As pointed out by BOURGAIN, BREZIS
& MIRONEsSCU in [50] (also cp. [170, Chpt. 10]), this lack of ’scale continuity’ can be
circumvented by a suitable renormalisation. Lastly, we remind the reader of another
remarkable feature of the fractional Sobolev scale:

Remark 2.15 (Mironescu & Sickel, [182]). Let Q C R™ be open and bounded. Different
from the usual Sobolev scale (W*P(Q;R™))1<peoo for k € N fived, where one has the
embedding Wk’p(Q;Rm) — Wk’q(Q;R”) whenever p > q, it was proved in the recent
paper [182] that whenever 0 < s <1 and p > ¢, then W¥P(Q; R™) ¢ WH9(Q; R™).

Finally, for later applications we record a special version of the measure density lemma,
Lemma 2.2, taylored for finite difference estimates due to MINGIONE.

Lemma 2.16 ([175, Sec. 4]). Let Q@ C R™ be open and bounded and let o € WOP(Q; RN)
for some 0 <0 <1 and1 < p<oo with 0p <n. We define

Y= {:vg SVE limsup][ If = (f)Bo,m P dz > O}. (2.11)
N0 QNB(zo,r)

Then we have dimy (X) < n — Op.

2.5.6. Orlicz Spaces We next roughly sketch the fundamentals of Orlicz space theory
and refer the reader to [198, 157] for more detail. Throughout, a function ¢: Rso — Rxg
is called an N—function (or Orlicz function) provided ¢(0) = 0, ¢ is differentiable with
right—continuous, non—decreasing derivative ¢’ satisfying ¢’(0) = 0, ¢'(¢) > 0 for t > 0
and lim; ~ ¢'(t) = co. Let us note that, since ¢’ is non—decreasing, any N—function is
necessarily convex.

In a bit more general flavor, we say that a convex, left-continuous function ¢: Rx¢ —
[0, 00] with

= 1 = 1. =
©(0) =0, t{%@() 0, and t}rgow(t) +00

is a ®—function (cp. [51]) .
Let now ¢: R>g — R>¢ be an N-function. We say that ¢ is

e of class As provided there exists K > 0 such that ¢(2t) < Ko(t) for all ¢ > 0

e of class V5 provided the convex conjugate function ¢* (in the sense of Chapter 2.4.1)
is of class As.
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The As—condition rules out too fast a growth, whereas the Vo—condition rules out too
slow a growth. When ¢ is both Ay and V5, then we say that ¢ is of class As NV, We
turn to some examples:

e The N—function ¢(t) := [t|log(1 + |¢|) for ¢ € R belongs to the As-class but not
to V. In fact, we have ¢*(t) ~ t(exp(t) — 1) for ¢t > 0. Hence ¢* has exponential
growth and thus cannot satisfy the doubling criterion of the As—condition.

e The power functions ¢(t) := |t|P for t € R are N-functions if and only if 1 < p < oo.
This is an easy consequence of Example 2.7(a).

Let ¢ be an N-function. The space Lf(Q;Rm) consists of all measurable functions
u: Q — R™ for which there holds [, ¢(Ju|) dz < oo, but in general this is no vector space.
Instead, one defines the Orlicz—Birnbaum space L¥(Q; R™) as the span of Lf(Q;R”) in
the measurable functions from 2 to R™ and endows it with the Luxembourg—norm

|ul

1£lly = inf {0 < k < co: /Q<p(?) de < 1),

The Orlicz-Sobolev spaces W'#(€; R™) are then defined in the obvious manner, namely,
as the collection of all v € L¥(Q2; R™) for which there holds Du € L?(£2; R™*™).
In the following we adopt the notion of Chapter 2.5.4 and record the following result:

Theorem 2.17 ([198, 241, 65]). Let T be a translation invariant singular integral operator
of the form and let ¢ be an N —function. Then T extends to a bounded operator L? (R™) —
L?(R™) if and only if ¢ € (Aa NV3).

2.6. Maximal Operators

In this section we give an overview of various maximal operators which we shall en-
counter in different settings as the thesis evolves. Usually, maximal operators M have the
form Mf(z) := sup,~o Mp(a,)(f), where Mg, ,(f) is a quantity that crucially depends
on the ball B(z,r). If f is a mapping that is not defined on the entire R™ but on a open
proper subset 0 C R™, we arrange that for any x € Q) the expressions (Mv f)(z) have to
be interpreted as

(Mf)(@)=  sup My () (2.12)

0<r<dist(z,00)

Moreover, it is sometimes convenient to work with cubes rather than balls, in which case
the corresponding centered and nmon—centered maximal operators read

M f(z) = sup Mq(f), M™f(x):= sup Mq(f),
Q>z cube Q>x cube
Q is centered at x

where MQ are the obvious analogues of MB(%T) with a similar general generalisation for
proper subsets of R™ in the spirit of (2.12). For most of these maximal operators it is not
crucial whether balls or cubes are involved in their definition, and we shall simultaneously
use them unless otherwise stated.

To begin with, we define the (Hardy—Littlewood) mazimal operator for a given R"™—
valued Radon measure i on R” by?

(Mp)(x) :=sup 7{3(%“ d|p| := sup W, x e R". (2.13)

>0 >0

2Here the dash is with respect to the n-Lebesgue measure indeed.
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Specifically, if p is absolutely continuous with respect to Z™ and hence there exists
v € L, (R™;R™) such that p = p, := v.£", we put Mv := My,. As a consequence of
LEBESGUE’s differentiation theorem for Radon measures, it is easily seen that there holds
[v] < Mv ZL"—a.e., a fact which turns out particularly useful in the study of the mapping
properties of singular integral operators and on which we shall elaborate in more detail
below.

Given 1 < p < oo, the Hardy-Littlewood maximal operator maps M: L?(R™";R™) —
L?(R™) boundedly, meaning that there exists a constant ¢ = ¢, > 0 such that for all
v € LP(R™;R™) there holds [|[Mv|rrrny < c||v||Lr@nrm). However, if p = 1, then M
merely maps L' (R™; R™) to the weak-L' space L. (R") to be defined next:

Definition 2.18 (Weak-L? Space). Let 1 < ¢ < co. The weak-L? space LE (R™;R™)
consists of all measurable mappings v: R™ — R™ such that
q N .
||v||L3](Rn;Rm) = iggtqiﬂn({x eR™: |v(z)| > t}) < 0.
The weak-L? spaces are special instances of Lorentz spaces (in fact, one has LI ~
L%°?), and hence the quantities || - || are quasinorms rather than norms. In this sense,
the aforementioned boundedness of the Hardy-Littlewood maximal operators asserts

that there exists a constant ¢ = ¢, > 0 such that for all v € L'(R™;R™) there holds
[Mo|lL1 gy < ellv]|Lt @ mm), a fact which remains valid for measures, too:

Lemma 2.19 ([110, Lem. 4]). There exists a constant C = C(n) > 0 with the following
property: Let p be a signed Borel measure on R™ with finite total variation. Then for all
t > 0 there holds
RTL
L"({z e R": Mup)(z) > t}) < CW(T).

A natural question is how much more integrability we have to require for a mapping
such that its maximal operator is integrable indeed and not only belongs to Liv. It is
an observation due to STEIN that this is achieved by passing to the space Llog L. More
precisely, letting Q2 be an open subset of R™, we put

Llog L(;R™) := {v: Q@ — R™ meas.:  |f]110g L(:Rm) = / | f|log(e + | f]) dz < oo}
Q

If £"(Q) < oo, then there holds

U LP(@R™) ¢ Llog L(R™) ¢ LY (Q;R™).

1<p<oo

STEIN’s Theorem now asserts that for a mapping f € L*(R™;R™) we have (Mf)|p €
L'(B) if and only if f|g € Llog L(B;R™). The space Llog L is strictly connected to the
Hardy space H!, the latter being defined by use of grand maximal operators, and we refer
the reader to [138] for more detail.

Similarly, given a locally integrable mapping v: R® — R™, we define the sharp maxi-
mal operator M¥ through its action on v by

dy, x e R,

r>0

(Mﬁv)(x) = sup f];)( : v — (V)gr

where (v)g,, = fB(m »y vdy is the mean value of v over B(z,7). It is easy to see that M*
can be pointwisely controlled by M and thus, defining

BMO(R™;R™) := {v € LL.(R";R™): M%v € L®(R")},
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we immediately obtain L c BMO. This inclusion, however, is strict as can be seen by
variants of the log—function on suitable subintervals of R. Let us further note that due to
the seminal work of FEFFERMAN & STEIN [104], BMO can be characterised as the dual
of the Hardy space H' and thus, on an informal level, differs as much from L* as H!
from L'. This is also reflected in the John-Nirenberg Inequality which reads as follows.

Lemma 2.20 (John—Nirenberg Lemma, [128, Thm. 2.11]). Let Qo C R™ be a cube and
f: Qo — RY be a measurable map. Then we have f € BMO(Qo; RY) if and only if there
exist c1,co > 0 such that for all cubes QQ C Qg there holds

F (evlerlf = (Dl = 1) ds < o
Q

Now, aiming at an interpolation result, recall that LY(R™) C (L” NL*)(R") provided
1 < p < q<oo. We wish to replace L™ on the right side of the previous embedding, and
for this purpose firstly record the following lemma due to IWANIEC:

Lemma 2.21 ([147, Lem. 4]). Suppose that ./\/lﬁQO(f) € L"(Qo), 1 < r < oco. Then
Mo, f € L"(Qo) with

<]€2 |MQof|de)T<105”T (f@ |/\/1§Q20frdx>7'+10”+1]£2 I/ da. (2.14)

We now have the following result:
Lemma 2.22. Let 1 < p < co. Then, for every p < g < oo, (LY NBMO)(R™) C LY(R"™).

Though this result should be fairly standard, we could find a precise reference and
provide its proof in the appendix, cp. Chapter 10.6.

Both the Hardy—Littlewood and sharp maximal operators in turn are special instances
of the so—called (restricted) fractional and fractional sharp mazimal operators. Hence let
s >0, R > 0 and define for z € R"”

(Mo pf)(z) = sup r* ]{3( 17y

0<r<R

(ME o f)(z) == sup inf ))7"8]{3( )If(y)—pldy-

0<r<R pe‘@\_sj (B(ZL’,T

The fractional flat mazimal operator is similarly given by

(Mopf)@)i= s int v |f) - pldy,
0<r<RPEZk(B(z,r)) B(z,r)

where now k € Ny is the largest integer smaller than s. Note that this only gives a

difference between MZ}R and Mg}R if and only if s € N.

To abbreviate notation, we also put My = M o, M¥ = Mg,oo and M’ := MZOC
The importance of these operators is that they allow for convenient integral criteria for
functions to be smooth, for instance, Holder continuous (compare Table 2.1). This, in
turn, is an substantial ingredient in the partial regularity proofs in the main part of
this thesis. In describing these connections, we consequently introduced function spaces
associated with these maximal operators and study their embedding properties. For
simplicity, we start with functions defined on the entire R"™.

Definition 2.23 (Calderén Spaces on R™, [77, Chpt. 6]). Let 1 < p < 0o and s > 0. The
Calderén space €°P(R™) and the flat Calderdén space C*P(R™) are defined by

EP(R™;R™) == {v € LP(R";R™): Miv € LP(R")},
CSP(R™;R™) := {v € LP(R";R™): M’v € LP(R")}

If p = 00, we call L, := €*>° s—th order Campanato space.
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Figure 2.2: Dependencies of the Besov, Calderén and Bessel potential spaces (cp. Re-
mark 2.31 for the latter) for « > 0 and 1 < p < oo, as depicted in [77, Fig. I]. If two
spaces are at the endpoints of a straight line segment, then the lower space is embedded
in the higher space.

We finally link the Besov spaces to the Calderén spaces:
Lemma 2.24 ([77], Theorems 7.1 and 7.5). Let o > 0. Then the following holds:
(a) If 1 < p < oo, then
By P(R") — ¢*P(R™) — BP(R™).
(b) If 1 < p < oo, then

LUP(R™) <3 COP(R™) > €OP(R™).

As an important consequence of the preceding lemma, we record the embeddings
W»P(R™) — C*P(R™) — BZP(R™), l1<p<oo, a>0, (2.15)

which immediately follows from Lemma 2.24 in conjunction with the characterisation
WP ~ L%P of the fractional Sobolev spaces W*? and the Bessel potential spaces LY.

With a plenty of maximal operators at our disposal, we resume the theme of Sec-
tion 2.5.5 and conclude this section with an alternative characterisation of the fractional
Sobolev spaces and, more generally, Besov spaces involving the decay of mean deviations
due to DORRONSORO and TRIEBEL (cp. [0, 235]).

Theorem 2.25 (Dorronsoro, [36, Thm. 1]). Let 0 < @ < 1 and 1 < p,qg < c0. A
measurable function f: R™ — R belongs to BE’Q(R") if and only if

1
. 2 Qo) L eny \ T At @
= ([ (FRE) F) <

11

Here, we have set
0y (a.t) = sup { £ 1f = (Naldy: @30, 27(@ =17},
Q

In this situation, || - and || - ||z are equivalent norms on BSQ(R").
P:q ’

15.7.q

2.6.1. Morrey and Campanato Spaces We also need versions of these spaces on
domains. These are usually referred to as Campanato spaces. Let Q C R™ be open and
let 1 < p<oo, A>0. We say that f: 2 — R™ belongs to the
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A=0]A€eOn) | A=n|Aemn+p | A>n+p
L =2 [ =12 [ =1 | ={0} = {0}
PIETEE cL™ | ' = {const.}

Table 2.1: Relations between Morrey and Campanato Spaces assuming that 2 C R™ is an
Ahlfors regular domain, cp. [33, Rem. 1.25]. Here ’const.” describes the constant functions

and we have set o := )‘_T”.

e Morrey space Lﬁ/’[’\(Q;Rm) provided f € LP(2; R™) and

17, . := sup min{r 1}4‘/ |fIP dz < oo.
L%A(Q;R ) g;oeoﬁ ’ QNB(zo,r)
r>

e Campanato space L%”\(Q;Rm) provided f € LP(£2;R™) and

[f}ip"\(Q-Rm) := sup min{r, 1}*)‘/ If = (f)B(wo,m|F dz < oo.
c ; on(gl QNB(zo,r)
>

We also write £PA(Q; R™) := L’C’iA(Q; R™) for the Campanato spaces.
Note that ||- ||L§/,[A(Q;Rm) defines a norm on L]]”\’Z‘(Q; R™), whereas [']L%A(Q;Rm) merely defines
a seminorm. The corresponding full norm on L’él)‘ (©Q; R™) consequently is given by
||f||Lg>‘(Q;RM) = ||fHL1’(Q;Rm) + [cﬂL’é’A(Q;Rm)'
To establish embeddings for the spaces just introduced, it is convenient with a geometric
condition on £ which is usually referred to as Ahlfors regularity, cp. [33, Chpt. 1.1]:

Remark 2.26 (Ahlfors regular domains). We say that  C R™ is Ahlfors regular if there
exists a constant A > 0 such that for each xo € Q and all 0 < r < diam(Q) there holds
|QNB(zo,7)| = Ar™. This geometrical condition for instance rules out exterior cusps and
is satisfied for, e.g., Lipschitz domains. Assuming the Ahlfors regularity condition for €,
the relations for Morrey— and Campanato spaces as exposed in Table 2.1 hold true.

We then have the following embedding result.
Theorem 2.27 (Campanato, cp. [33, Thm. 1.27], & Meyers [173]). Let Q@ C R™ be an
open set which is Ahlfors reqular and let 1 < p < oo and 0 < a < 1. Then there holds
Lrmrer(Q;R™) = LE" TP (R™) ~ CO(Q;R™), (2.16)
and also the seminorms [']L}é,n+0<p and [|co.« are equivalent.
In Chapter 8.5 we will moreover need a higher order Campanato-type characterisation

of Holder spaces C"*(2), m > 1. For this we denote for k € Ng, A > 0, amap v: Q — R
and z € )

A b
1
M? . u(x) :=su max{l,} inf / —lPd . 2.17
Nkav(®) T>IO>< i QR LA QﬂB(:L’,r)|f P dy (2.17)

Similarly to the Campanato spaces from above, we define Eﬁ’A(Q) = Lg’;(ﬂ) as the
collection of all f € LP(Q) such that Mﬁkﬂv € L>(92). We then have the following
generalisation of Theorem 2.27:

Theorem 2.28 ([197, Thm. 4.4]). Let Q be a bounded and Ahlfors regular subset of R™
and let 1 < p < oo, A >0 and k € Ng. For any m € {0,....,k} withn+mp < XA <
n+ (m+ 1)p we then have L2N(Q) ~ C™*(Q) with o = (A —n)/p — m.
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2.6.2. Fractional Integrals Given 0 < s < n, the fractional integration operator of
order s is given by its action on f € #(R™) defined as

zhw = [ L

e Jr g W TERD

and motivates the following definition of the Riesz potential spaces:

Definition 2.29. Let 0 < s < n and 1 < p < co. The Riesz potential space L, ,(R™)
precisely consists of all those measurable functions f: R™ — R for which there exists g €
LP(R™) such that f = Zsg. The corresponding norm is given by || f|lL, , = infy ||g[lLr rn),
the infimum running over all g € LP(R™) with f = Zsg.

We pass on to a Sobolev—type theorem for the Riesz potential spaces.

Theorem 2.30 (Fractional Integration Theorem, [7, Thm. 3.1.4]). Let 1 < p < n and
0 < s <1 besuch that 0 < sp <n. Then T, extends to a bounded linear operator

T,: LP(R™) — L7 (R™).

If p=1, then I, extends to a bounded linear operator T,: L'(R™) — Lf (R™).

The Riesz potentials arise as particular Fourier multiplication operators. In fact, if
0 < s < n, then the locally integrable function R™ \ {0} 5 £ — |£|7® € R is the Fourier
multiplier of the fractional Laplacian (—A)? : . (R") — .#/(R"). That is, for f € .(R")
we have (—A)2 f = ﬁg_{x(m*sf(f)), and the (distributional) Fourier transform of £ —
|€]7° is given by = — v, ¢/|x|"° (here, v,,s > 0 is a constant only depending on n and
s). As a general principle, we have that if m € R™\ {0} — R is homogeneous of degree
(—s), then the Fourier multiplication operator T5.% (R™) 5 f +— .Z~1(mJ) is a fractional

integration operator of order (n — s) (in the sense that m(&) < |£|~* for all £ # 0).

Remark 2.31 (Bessel potential spaces). Systematically replacing the Fourier multiplier

E €175 by € — (14 |€]2)72 and modifying Definition 2.29 in the obvious way yields
the so—called Bessel potential spaces £, ,,; see [7, Chpt. 1] for more information.

2.7. The Ekeland Variational Principle

The final part of this preliminary chapter is devoted to the EKELAND variational
principle. The latter will frequently prove useful in obtaining good sequences which ap-
proximate given generalised minima and as such, we not only state but also provide its
proof (compare with [128, Thm. 5.6]):

Theorem 2.32 (Ekeland Variational Principle). Let (X,d) be a complete metric space
and let F: X — R be a lower semicontinuous functional (with respect to the metric
topology induced by d) which moreover is bounded from below and attains a finite value at
some xg € X. Assume that for some u € X and some € > 0 there holds

Flu] <inf F +e.
X

Then there exists v € X such that
(a) d(u,v) <1,
[u],

(b) Flv] < Flu
[u] + ed(v,w) for allw € X.

v| < F
(¢) Flv] < F
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Proof. We construct the element v € X as the limit of a particular Cauchy sequence (ug)
which is defined inductively as follows. We put w; := u. Assuming that for £ € N the
members uq, ..., ux have been constructed, we note that the set Sy := {w € X: Flw] <
Flug] — ed(ug,w)} contains uy and thus is non—empty. In conclusion, we find uyq1 € Sk
such that

Flugs] < %(]—'[uk] + igkff). (2.18)

We claim that (uy) is d—-Cauchy. Indeed, fix k£ € N and note that, since ug41 € Sk, there
holds

ed(ups1,ur) < Flug] — Flugs]- (2.19)

Consequently, a telescope sum argument yields for all m € N

m

ed(uhim,ur) <& d(wpis uppi1) < Flug] = Flugm). (2:20)

i=1

However, since (Flug]) is decreasing because of (2.19) and is bounded below by assump-
tion, it converges to some a € R. Hence, (2.20) yields that (uy) is d-Cauchy and there-
fore, by completeness of (X,d), converges to some v € X. Lower semicontinuity of F
consequently gives Flv] < liminfy_, o Flur] = a and hence, sending m — oo in (2.20),
ed(v,ur) < Flug] — F[v]. Setting k = 1 then yields

0 < ed(u,v) < Flu] — Flv] < Flu] —ig{f}'gg

so that (a) and (b) follow. In view of (c), we argue by contradiction and hereafter
suppose that there exists w € X such that Flw] < Flv] — ed(w, v). Then, since Flv] <
Flug] — ed(ug,v), we obtain by the triangle inequality

Flw] < Flv] — ed(w,v) < Flug] — e(d(ug,v) + d(v,w)) < Flug] — ed(ug, w),

and so we conclude that for each k¥ € N we have w € Si. Therefore, we have infg, F <
Flw] for all k € N and thus, by (2.18),

2F [ug41] — Flug] < i&ff < Flw] < Fv] — d(v, w).

Passing to the limit k¥ — oo in the preceding inequality yields Flv] < Flw| < Fv] —
ed(v,w) which is impossible. The proof is complete. O

As a simple consequence of the preceding theorem, we obtain the following corollary.

Corollary 2.33 ([128, Rem. 5.5]). Let (X,d) be a complete metric space and let F: X —
R be a lower semicontinuous functional (with respect to the metric topology induced by d)
which moreover is bounded from below and attains a finite value at some oy € X. Assume
that for some u € X and some € > 0 there holds

Flu] <inf F +e.
X

Then there exists v € X such that

(a) d(u,v) < Ve,
(b) Flo]

v] < Flul,
(¢) Flv] € Flu] + Ved(v,w) for allw € X.
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Proof. Define a new metric by d:= d/+/z. Then the claim follows immediately from the
Ekeland variational principle. O

We now record a version of this lemma suitable for our purposes in Chapter 5.4.4.

Corollary 2.34 ([30, Prop. 5.2]). Let 2 be an open and bounded subset of R™. Suppose
that f: R™ — R is a convex function which satisfies

|f(2)] < L(1+|2]) for all z € R™

with a constant L > 0. Moreover, consider ,x € (0,00) and a closed subspace S of
L?(Q;R™) such that [t srm)y < M||®[|L2(q;rm) holds for all ® € S and a constant
M > 0. Then for every w € L'(Q; R™) with

/Qf(w)da:< inf /Sf(G)dm+5

Ocw+S

there exist approximate solutions v € w+ S and T € L°°(Q; R™) such that we have

de < inf da + 2, 2.21
[ e < int [ r@)do2e (221)
o — @) < X (2.22)
T(z) € 0, f(v(z)) forZL" —a.e.x € Q, (2.23)
2
/<T, ®)dz < — |||l qpmy  for all® € S, (2.24)
Q X



CHAPTER 3

Korn’s Inequality and Ornstein’s Non—Inequality

The purpose of this chapter is to give a self-contained proof of Ornstein’s Non—-Inequality
by generalising the approach of KIRCHHEIM & KRISTENSEN [151]. We thereby set the
mood for the subsequent chapters, where the non—availability of Korn—type inequalities
plays an important role.

Structure of the chapter. After introducing the setup and discussing Ornstein’s Non—
Inequality in Section 3.1, we firstly give positive results on Korn-type Inequalities and
their derivation by singular integrals in Sections 3.2-3.5 in the spirit of SMITH’s repre-
sentation theory [218]. In a second step we approach Ornstein’s Non-Inequality through
a semiconvexity approach in Sections 3.6-3.8.

3.1. Ornstein’s Non—Inequality: Setup and Terminology

In [194], ORNSTEIN proved the following result which rules out the possibility of non—
trivial L' -estimates:

Theorem 3.1 (Ornstein’s Non-Inequality, [194, Thm. 1]). Let B, D;,...,Dy be a set
of linearly independent linear homogeneous differential operators in n variables of degree

m. For any K > 0, there exists an f € C° wanishing outside the unit cube such that
[|Bfldz > K and [ |D;f|dz <1 for alli€ {1,...,L}.

This negative result is linked to singular integral estimates in the borderline case p = 1,
a fact which we shall describe in Section 3.2. As explained in Chapter 1, the implications
of the previous theorem encompass the need of a new function space framework when
studying, e.g., perfect plasticity (and hereafter functionals that depend on the (trace—free)
symmetric gradient, see [23, ]) but also rule out the option of a L!'-potential theory:
Indeed, if f € L'(Q; R"*") and u solves the distributional elliptic equation —Awu = div(f)
on the open unit cube @ C R”, then we cannot necessarily conclude Du € L*(Q; R™>xm),

Ornstein—type non—inequalities have been studied by a plenty of authors, among others

, , , ]. The present chapter, in turn, is devoted to an alternative proof of
the following variant of an Ornstein Non-Inequality, in this form originally given by
KIRCHHEIM & KRISTENSEN [151].

Theorem 3.2 ([151, Thm. 1.3]). Let V,W, X be three finite—dimensional vector spaces,
k € N and consider two k—th order linear and homogeneous differential operators Ai[D]
and As[D] of the form

A[Dl = > AL()0* and Ao[D] = Y Al(2)0%,
|| =k || =k
a€Ng a€eNg
with coefficient maps AL, € L, (R™; L (V;W)) and A2 € Li, (R™; Z(V; X)) for all |a| =
k, respectively. Then the following are equivalent:
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(a) There exists a constant ¢ > 0 such that

[A2[ D]l mnix) < cllA1[D]ollLr @mnyw)
holds for all p € C°(R™; V).

(b) There exists T € L=(R"™; L (W; X)) with ||T||re ®n,2w;x)) < ¢ such that AZ(z) =
T(z)AL(x) for £"~a.e. x € R and each o € Nj with |a| = k.

Thus, the only L'-estimates that are available indeed are then trivial in the sense that
they directly follow from an application of Holder’s inequality. One aim of the present
chapter is to give a self-contained proof of the preceding theorem by a positivity result for
differential operators which do not admit a potential (Theorem 3.3). This is achieved by
modifying and combining the arguments given in [151] with a generalisation of relaxation
results from [109] to the higher order case.

For this, we introduce some terminology. Given a k—th order linear, homogeneous,
constant—coefficient differential operator between the two finite-dimensional vector spaces
W and X of the form

AD] = Y A.0" (3.1)
lal=k

with fixed linear mappings A,: W — X for a € N with |a| = k, we say that A[D] has
constant rank provided its symbol map

A § A[ﬂ = Z §aAa = Z flal SnAoc for £ = ( ?17"'7 gn)v (32)

lal=k lee|=k

for a € N} with a = (ay,...,a,) and |a| = |a1]| + ... + |a,| = k, has constant rank for
each £ # 0. We associate with A its characteristic cone (or wave cone)

Aa = ker(A[¢]), (3.3)
€40

which is a subset of W. Particular examples of constant rank operators are given by the
elliptic operators, for which the characteristic cone is trivial, i.e., A4 = {0}. Given a
cone C C W, we say that C is spanning provided its linear hull is the entire W. Using
this terminology, the main result of this chapter is the following theorem, an immediate
consequence of which is Theorem 3.2 (see Section 3.8 for the proof):

Theorem 3.3. Let f: R™ x W — R be a Carathéodory integrand satisfying
[, t8) = [t|f(z,§)  and|[f(x, &) < a(@)[¢] (34)

for L"a.e. x € R, allt € R and & € W, where a € Li,(R") is a given function.
Moreover, let A[D] be a constant rank differential operator of the above form, i.e., A[D]
has symbol (3.2). Then the characteristic cone A 4 is spanning if and only if the following
are equivalent:

(a) For allw € C=(T"™; W) with Aw =0 and (w)g = 0 there holds

f(z,w(x))dz > 0. (3.5)
T'n,

(b) There holds f(x,£) 2 0 for £L"—a.e. x € R"™ and for all £ € W.

Here, T™ := R"™/Z" denotes the n—dimensional torus.
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Remark 3.4. To fix ideas, let us argue that the property of A4 to be spanning is necessary
indeed. If A is the gradient operator, for instance, then it is elliptic and Ay = {0}. In
particular, ker(A)N{(w)g = 0} only contains the zero function, and (3.5) becomes vacuous
due to (3.4).

The decisive feature for the theory outlined in this chapter to depart from the setting
considered in [151] is that we do not require A to have a potential: Let us say that A[D]
of the form (3.1) has a potential if and only if there exists a real, finite dimensional vector
space V and a homogeneous, linear, constant coefficient differential operator A = A[D]
on R" from V to W such that the symbol complex

Al¢] Al is exact for all £ # 0, (3.6)

|4 w

ie., for any & # 0, ker(A[¢]) = A[¢](V). In this situation, we also call A an annihilator
for A. Examples of differential operators which admit potentials are given by curl and
curl o curl, having as potentials the usual gradient or symmetric gradient, respectively:

Example 3.5 (The Curl-Gradient Complex, [109, Rem. 3.3(iii)]). If in (3.6), A = curl,
then a potential of A is given by A =V, so we let k = 1. More precisely, following [109,
Rem. 3.3(iii)], for a given map V:R" — RNX™ = R4 with d := Nm, m = n+ p for
p = 0, write V. = (F|G) with F € RN*" G € RN*P. The equation curlV = 0 then
translates to

Op, Fjp, — 0y, Fjs =0 forall 1<j< N, 1<i,h<n.

Within the framework of (3.1), this can be reformulated as AV = 0 with X = R! with
I =n2N and

AE;,)h,i),(q,p) = 0,i0q;0ph — Orndq;0pi for1<j5,¢q< N, 1< h,p,r<n,
and AE;),H‘) (ap) = 0ifp=mn+1,...,m, where we used the obvious indexing. In particular,

we notice that curl is a constant rank operator. Moreover, we have in this case

ker(A[¢]) = {B € RN*™: A[¢]B = 0}
={B=(F|¢) e RN*™: &Bjj —&Bji =0 foralll <j< N, 1<ih<n}
={B=(F|¢) eR"*™: B=a®w for some a € RV},

and as a consequence, the characteristic cone of curl equals the usual rank—one cone. On
the other hand, if A[D] = D, then D[Jw =w ® & (cp. Lemma 3.14).

Example 3.6 (The Curl-Curl-Symmetric Gradient Complex). For a given map e =
(€ij)ij=1,..n € C%R”;R;‘fﬁ), define the differential operator curl o curl by

(curlocurle); jni := (Or,z,€ih + Ozpzi€ji — Oz, €50 — Orya; €il )i j bl

The Saint—Venant compatibility conditions (cp., e.g., [17]) then assert that a map e €
CQ(R";RQ%?) is the symmetric gradient of u € C3(R";R§yxn?), i.e., e = €(u), if and
only if curlocurle = 0. Similarly as in Example 3.5, one can verify that Acurlocurl =

R"©R":={a®b: a,b € R"} is the symmetric rank-one cone.

Before we pass to the proof of Theorem 3.2 in Section 3.8 after collecting various
auxiliary results on cones, relaxation and A-quasiconvexity in Sections 3.6 and 3.7, we
firstly contextualise the conclusion of Ornstein’s Non-Inequality and give a derivation of
Korn—type inequalities for first order differential operators both on R™ and on bounded
domains (cp. Sections 3.2 and 3.3). This heavily relies on singular integral estimates
and indicates the failure of the corresponding estimates for p = 1. Working on domains,
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SIs of Convolution Type bounded on

LY no
L¥: if and only if p € Ay NV
L°: no

Figure 3.1: Boundedness of Singular Integrals on LP— and L¥-spaces (cp. Chapter 2.5.6
for more information on Orlicz spaces).

we shall identify the finite dimensionality of the nullspace of a differential operator as
the crucial feature to yield suitable Korn—type inequalities. Although approached in a
slightly different manner, we wish to stress that large parts of this theory had already
been developed in a fairly too unnoted paper by SMITH [218]. Our approach through
extension operators, however, immediately can be used to treat Korn—type inequalities
on very rough domains, too. Based on the finite dimensional nullspace property, we will
further establish suitable Poincaré—type inequalities in Section 3.5 that shall prove useful
later on.

3.2. The Singular Integral Viewpoint

Both Korn—-type Inequalities and Ornstein—type Non—Inequalities are deeply linked to
the (un—)boundedness of singular integral operators on Lebesgue spaces, a viewpoint we
elaborate on now. Let A[D] be a first order, constant coefficient, linear and homogeneous
differential operator of the form

AD] = > AL0% (3.7)
b

where for each o € Ny with |a| = 1, A,, is a fixed linear map between the finite dimensional
vector spaces V and W. We say that A[D] is (R-)elliptic if and only if for each & =
(&1, ..,&n) € R™\ {0} the symbol mapping

Al =) GA;: VW

=1

is injective. In particular, if A is elliptic, then A*[£] o A[¢] (with an obvious definition
of the adjoint symbol A*[¢]) is an invertible mapping from V to V. In turn, a routine
calculation shows that there exists a constant ¢, > 0 such that for each u € C°(R™; V)
there holds (with a suitable complex constant ¢, € C\ {0})

u(z) = en TG, (A[E] 0 AlE) A" [A[DJu) = ®(A[DJu)(z)  forallz €R". (3.8)

The operator ® is also called the Green’s operator for A[D] and ®(A[D]u) the Green’s
function for u. To emphasize its dependence on A, we shall also write G, := ®. We note
that (A*[¢] o A[¢])~LA*[¢] is homogeneous of degree (—1) in . As a consequence of the
discussion in Chapter 2.6.2, the operator ® therefore is a fractional integration operator
of order (n —1).

Remark 3.7. Differentiating (3.8) with respect to x and keeping in mind the fact that ®
is a fractional integration operator of order (n — 1), it is straightforward to deduce that
the mapping U: C°(R™; V) — C(R™;V x R™) given by ¥: A[D](u) — Du is given by
a singular integral operator of convolution type (cp. Chapter 2.3.1). This operator arises

11t is clearly possible to develop these ideas also in the context of k—th order differential operators,
k € N5 1, too, but we refrain from doing so for simplicity.
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as the Cauchy principal value integral of A[D)u with a kernel that grows like |x|™". In
conclusion, the standard mapping properties of such operators imply that U continuously
extends to a mapping LY — LP if and only if 1 < p < o0.

Since taking the Fourier transform of a convolution product amounts to multiply-
ing the respective Fourier transforms, implementing the Fourier inversion in (3.8) yiels

the SMITH representation formulas [218], here presented for the particular case of the
symmetric gradient (cp. [140]): Given u = (ul,...,u™) € C2°(R™;R"), we may write
2 - 0P i
uk = . K;j, where K;;(z) = < xi for z € R™\ {0}. (3.9

nwn £~ Oz ;0x; ||

Setting e(u) := (e(u) k) jk, we observe that

Pub e(u)jr  de(u)yy n Oe(u)ri

00z, ox; oxy, Ox;

and hence, inserting this relation into (3.9), we obtain after integrating by parts

o2y Ly O 9Ky 0Ky
u® = o Mzzzl (E(u)gk* oz, e(u)ij * e +e(u)g; * oz, ) (3.10)

forallk=1,...,n.

3.3. Characterisation of Korn—type Operators

Throughout this section, let A[D] be a first order, linear, homogeneous and constant—
coefficient differential operator from V' to W, so that A[D] can be written in the form

A[D] = zn:Akak., (3.11)
k=1

with fixed linear mappings Ag: V — W, where V and W are two finite-dimensional R—
vector spaces. Given 1 < p < oo, we say that A[D] supports a p-Korn inequality of the
first kind provided there exists C' > 0 such that for all v € C2°(B; V) there holds

IV0ls @y xrny < CIADI] o - (K1)

Let us further say that A[D] supports a Korn inequality of the second kind provided for
each 1 < p < oo there exists a constant C = C(p) > 0 such that for all v € C™(B; V)
such that v € LP(B; V) and A[D]u € L?(B; W) there holds

lollwrr@ivy < Cllvllwer@) = Clllvllue@v) + [AD]Lr@w))- (K2)

Given an open set  C R"™, let us define the (A, p)-Sobolev space WA”’(B) to consist
of all those maps v € LP(; V) such that A[Djv € LP(Q;W) (in the sense that the
distributional differential expression A[D]v can be represented by a LP—function). On
this space, || - [[w#rq) given by (K2) (with the obvious modification) is a norm which

makes W*P(Q) a Banach space. Let us moreover define W(;A’p (Q) to be the closure of
C°(€; V) with respect to this norm. Consequently, (K1) or (K2) can be recast as follows:
Characterise A[D] of the form (3.11) such that

WoP(B;V) =~ WyP(B) or W'“P(B;V) ~ WA%(B) (3.12)

hold, respectively (with ’X ~ Y’ denoting that X and Y are mutually continuously
embedded into each other).
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In order to derive such estimates, one might be inclined to primarily work with (R—
)elliptic operators. We recall that these are the operators for which their symbol map

AV =W, A=) &A (3.13)
k=1

is injective for every £ € R™ \ {0}; note that, by homogeneity, it would suffice to require
the latter property for all £ € S*1 := {z € R": |z|] = 1}. As we shall see, mere
ellipticity is too weak to yield (K2). Given an operator A[D] of the form (3.11), we shall
say that it has the finite dimensional nullspace property (shorthand FDN) provided for
some 1 < p < oo

dim(ker(A[D]; B) N LP(B; V)) < oo, (FDN,)

i.e., the space of LP—functions which are in the (distributional) nullspace of A[D], is finite.
We could drop the dependence of p in (FDN,), see Lemma 3.15. Let us note in advance
that the operators which have the FDN are a (strict) subset of the elliptic operators:

Lemma 3.8. The set of FDN operators is a subset of the elliptic operators.

The claimed ellipticity of FDN operators will be established in Section 3.4.1 but follows
independently from Thm. 3.10 below. The strictness of the inclusion follows, e.g., from
Example 3.13 in n = 2 dimensions below. In studying how much FDN differs from
ellipticity, we firstly note the following.

Proposition 3.9 (Korn operators of the first kind). Let A[D] be a differential operator
of the form (3.11). Then the following are equivalent:

(a) For alll < p < oo, WeP(B; V) ~ WAP(B) (i.e., (K1) holds).
(b) For all 1 < p < oo, WHP(R™; V) ~ WAP(R").

(¢) Foralll < p < oo, there exists ¢ > 0 such that || Dul|pr@n,v xrn) < c||A[D]ul|re @n,w)
holds for all u € CZ(R™; V).

(d) A[D] is elliptic.

The preceding proposition will be established in Section 3.4.2, however, follows mostly
standard arguments using singular integral operators. We now turn to (K2) and therefore
allow the admissible maps to have non-zero boundary values. Our second main result
extends by (b) the results of SMITH [218] and reads as follows.

Theorem 3.10 (Korn operators of the second kind). Let A[D] be a differential operator
of the form (3.11). Then the following are equivalent:

(a) A[D] has the FDN.

(b) A[D] is elliptic and for each 1 < p < oo there exists a bounded extension operator
from WAP(B) to WAP(R™; V') mapping continuous maps to continuous maps.

(c) WHP(B; V) ~ WAP(B; V), i.e., (K2) holds for all 1 < p < oo.

This theorem will be established in Section 3.4.3, and crucially relies on the equiv-
alence of the FDN with the type—(C) condition introduced by KALAMAJSKA [119]. Let
us remark that in passing from zero to non—zero boundary values (i.e., from Wﬁ’p (B) to
WAP(B)), the equivalence with the corresponding standard Sobolev spaces is achieved by
passing from ellipticity to the stronger FDN condition. In this sense, the zero boundary
value condition imposed in Proposition 3.9 compensates the possibly infinite dimensional
nullspace of A[D].
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3.3.1. Examples In what follows, we discuss three elliptic operators we shall refer to
frequently. For the first two examples, assume n = 2 and identify R?*? = R* by means of
(@ij)1<ij<2 ¢ (@11, @12, @21, az2). Moreover, note that since all of the following examples
deal with operators that fit into the above framework (cp. (3.7)) with V = R? and
W = R?*2 =2 R4, the symbols A[¢] take values in V x W =2 R4*2,

Example 3.11 (The Gradient Operator). We consider the gradient operator V acting
on vector functions v: R? — R2, clearly, ker(V) are the constant maps. Its symbol then
reads as

]
via-(5 % 0 o). —awer

0 & &
Example 3.12 (The Symmetric Gradient Operator). The symmetric gradient operator
A[D] := € := £(V + VT) is elliptic as demonstrated in [239, Sec. 6.3.2], and its kernel

can be computed explicitely as the so—called rigid deformations R := {a; — Az+b: A€
RIxn e R”}. In particular, € has the FDN. The symbol of € reads as

scew ?

T
L& & & 0 2
elgl == , = (&1, e R-.
[E] 2 ( 0 52 52 62 g (51 52)
Example 3.13 (The Trace—Free Symmetric Gradient Operator). The trace—free symmet-
ric gradient operator is defined by e? := e — % div -1, xn, where 1, is the (n X n)—unit
matrix. We note that in n = 2 this operator and its symbol can be written explicity as

Dy = 1 [ O1v1 — Oava D102 + Doy
2 811}2 + 82111 82112 — 811}1 ’

pier_ L[ & & & & T _ 2
€ [€]2<_52 51 €1 52 > ) 5*(51752)6}1%'

Therefore, identifying C = R? and the open unit disc D in C with B, we see that e
corresponds to the Wirtinger differential operator &z, so ker(e”;B) coincides with the
holomorphic functions O(D) and hence € does not have the FDN if n = 2. If n > 3,
then the kernel of e? relative to B is given by

Q e R'ILXR

n
ker(e”;B) := {x»—>2(a-x)9c— |z|%a + Qz + px + b: a.b €R", p €R, }7
scew
and its elements are usually referred to as conformal Killing vectors. We refer the reader

to [69] for more information.

3.3.2. Bilinear Pairings Every differential operator A[D] of the form (3.11) induces a
bilinear pairing or tensor product in a canonical way (such as the gradient induces the
usual tensor product a®b := ab" or the symmetric gradient induces the symmetric tensor
product a ® b := 1(a®b+b® a)). In this section we shall collect the properties of this
mapping and examine the geometrical consequences which it implies. Let ¢ € C'(R")
and v € C'(R™; V). Applying the operator A[D] to wv, we obtain

A[D](¢v) = pA[D]v + v @4 Ve, (3.14)

and a straightforward computation shows that v ®4 u = ZZ:1 upAgv , where u =

Uy, ...,up) and v € V. For completeness, we now collect some elementary properties
y e p ) Y Prop

of the mapping ®4: V x R™" — W.

Lemma 3.14. Let A[D] be of the form (3.11). Then the following holds:
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(a) For allu € S (R™; V) there holds
F (A[DJu)(§) = —iAgJa(E) = —iu(§) @a & for all§ € R™.

(b) IfL[D] = E|a\:l L,0% is a constant coefficient, linear and homogeneous differential
operator of orderl € N from W to some finite dimensional real vector space X such
that the symbol complex

Alg] L[¢]

v w X

is ezact at W for all € € "7, then AL = Ugcgn-1 ker(L[€]) = V @4 R™. In this
situation, we call A[D] a potential for L[D].

Proof. Ad (a). We have, for u € .7(R™; V) and all £ € R,

F(AD)(€) = > ApF (hu)(€) = —1)_ &ART(E) = —1T() @ &.

k=1 k=1
Ad (b). Note that for all v € V and all w € R", L{w](v ®a w) = L[w](A[w]v) = 0 by (a)
and the given exactness of the symbol complex. On the other hand, if n € Ap, L[¢]n =0
for some ¢ € S"~! and hence, by exactness (i.e., ker(L[¢]) = A[¢](V) for all £ € R™\ {0}),
we find v € V and £ € R” with n = A[¢]Jv = v®, & € V@4 R"™. The proof is complete. [

3.3.3. Independence of (FDN,) of p In an intermediate step, we further supply the
following lemma.

Lemma 3.15. Suppose that an elliptic differential operator A[D] of the form (3.11)
satisfies (FDN,) for some 1 < p < co. Then it satisfies (FDN,) for all1 < p < co. In
particular, the following are equivalent for any 1 < p < co: A[D] has finite dimensional
nullspace with respect to

(a) Liy(B;V)
(b) L'(B; V),
(c) Lp (B;V),

loc
(d) LP(B; V).
Proof. Clearly, (a) implies (b) as L'(B; V) C Li,.(B; V). On the other hand, if B ¢ B’
are two concentric balls, then the map given by I: kerps (A[D]; B) — kerpy (A[D]; B')
given by If(z) := f(r(B)z/r(B’")) for x € B’, where r(B),r(B’) are the radii of B
or B’ respectively, is an isomorphism between kerp: (A[D]; B) and kerp: (A[D]; B').
So we have dim(kerpy (A[D];B)) = dim(kery; (A[D];B’)). On the other hand, since
for every f € kerpy (A[D];B’ the map f|p belongs to kerp: (A[D];B), we see that
every f € kerpy (A[D];B) arises as the restriction of some fe kerpi (A[D]; B) to
B. Now let f € kerpy (A[D]; B). Then in particular, f is the restriction of a locally
integrable mapping f € kerpy (A[D]; B') to B and hence belongs to L'(B;V). Hence
kerps (A[D]; B) C kerp: (A[D]; B) and so (b) implies (a). Similarly, we see that (a) and
(c) are equivalent. Clearly, (a) implies (c) because of LY (B;V) C L .(B;V). Lastly,
elliptic regularity shows that if f € Li,. belongs to kerp (A[D]; B), then it belongs to
kerp» (A[D]; B), too, and so the equivalence of (c) implies (a). The proof is complete. [

Throughout the remainder of the document, we shall also denote kerx (A[D]; ) the
elements u of the function space X (£2) (where  is an open subset of R™) for which
A[D]u vanishes. It is not difficult to see (e.g., by passing to the corresponding Laplace—
Beltrami operators —A*oA and the usual elliptic regularity theory for second order elliptic
operators) that elements of kerps (A[D]; B) are locally integrable, even smooth, and hence
each of the conditions given in the previous lemma applies to the distributional case, too.
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3.3.4. Type—(C)— and C—elliptic operators In this section we reduce the FDN frame-
work to a different setup which allows to infer Sobolev—Poincaré—type inequalities in the
next paragraph. To do so, we borrow the terminology of type—(C) operators as introduced
by KALAMAJSKA in [149] and study their relation to the FDN class. We begin with a
strengthening of the usual ellipticity (which we shall refer to in the sequel as R-ellipticity)
and call an operator of the form (3.11) C—elliptic if and only if

Al ViV 5> W +iW (C-ell)

is injective for all £ € C™ \ {0}. The rest of this section consequently is devoted to
showing equivalence of the FDN and C-ellipticity. Let us note that the value of this
characterisation is that the C-ellipticity is relatively easy to check whereas the FDN
might be not.

In what follows, let £, N € N and P; = (Pj1,...,Pjx) for j = 1,..., N be scalar
differential operators which act on vector—valued functions v = (vy, ..., vx) by

k
Pj v = iji Vi
i=1

Postponing the connection between P and A[D] to the appendix (cp. Chapter 10.1), we
borrow from [149] the following definition.

Definition 3.16 (Condition (C)). The family (P;) is said to satisfy the condition (C)
(or to be of type—(C)) if and only if

(a) all the P; have constant coefficients,

(b) each P; is homogeneous of order m; € N,

(¢) the matriz (P”(g))lel,iv has rank k for any complex £ € C™ \ {0}.

1=

As will be explained in Chapter 10.1 (also cp. [53]), the type—(C) condition equals the
C—ellipticity. The main result of this section reads as follows.

Theorem 3.17. Let A[D] be a linear differential operator of the form (3.11). If A[D]
has the FDN, then A[D] is a type—(C) operator and thus C—elliptic.

Proof. For the time being, let us identify V = RY and W = R¥. Since A[D] has a finite
dimensional nullspace, it is R-elliptic by Lemma 3.8.

We proceed by contradiction and hence assume that A[D] is not C-elliptic. Then there
exists £ € C"\ {0} and n € CV \ {0} with 0 = A[¢]n = n®4 & We split € and 7 into its
real and imaginary parts by & =: & + i€2 and n =: ; + inz. Then A[¢]n = 0 implies

Aléim — Al&a]n2 =0 and  A[&]ne + Alée]m = 0. (3.15)

We will demonstrate that & and x9, respectively, 171 and 7, are linearly independent.

We begin with the linear independence of & and &;. If £ = 0, then & # 0 and then
the R—ellipticity of A[D] and (3.15) implies 11 = 12 = 0, which contradicts n # 0. By the
same argument, also & = 0 is not possible. Hence, we have £ # 0 and & # 0. We now
show the linear independency of £&; and & by contradiction, so let us assume that £&; = A&
with A # 0. Then it follows from (3.15) that

Al&]m = Al&]nz = M[&ne = —MA[&]m = —X2A[&][m].

This implies A[¢1][m1] = 0. Hence by R-ellipticity of A[D] and & # 0, we get 71 = 0.
Now, (3.15) implies A[&2][n2] = 0, so again the R-ellipticity of A[D] gives 15 = 0. Overall,
7n = 0, which is a contradiction. This proves that £&; and &; are linearly independent.
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The proof of the linear independence of 1; and 7y is completely analogous. Indeed,
m = yne implies A[¢1]n = —2A[&]m, so A[&1][m1] = 0. As above this implies n = 0,
which is a contradiction.

Let us define now 7 : R® — C and ¢ : C — RY by

7(x) = (&1, 7) + (€2, 7),
o(z) == R()m — (2)n2.

Let O(C) denote the set of holomorphic functions on C. Then dim(O(C)) = co. More-
over, for f € O(C) we have 0z f(z) = 0 in the sense of Wirtinger derivatives (cp. [155,
Chpt. 1.1]). Let us define hy: R* — RN by hy := 0o for. Our goal is to prove
A[D]h; = 0. In the following, we identify C with R?. With the chain rule we then
conclude

(A[Dlhg)(z) = Al&]m(01f1)(1(z)) — Al1]n2(01 f2)(7(2))
+ Al&]m (02f1)(T(x)) — Alé2]n2(02f2) (7 (7).

Using the Cauchy-Riemann equations 0 f1 = 02 f2 and 0y fo = —02f1 and (3.15) we get

(A[Dlhg)(z) = (AlS1]m — Aléaln2) (01 f1)(7(2)) + (Alé1]me + Al&2]m ) (02 f1)(7(x)) = 0.

So for each f € O(C), we have constructed a function hy : R® — RY such that A[D]hy =
0. We need to show that dim({h; : f € O(C)}) = co. For this, it suffices to show that
the linear mapping f — hy is injective. Recall that hy = o o f o 7. Hence, it suffices to
show that ¢ is injective and that 7 is surjective. This, however, follows from the fact that
& and &, respectively 11 and 7y, are linearly independent. The proof is complete. O

(3.16)

For type—(C) operators, KALAMAJSKA established in [119] integral representation for-
mulas which are in the spirit of those of SMITH [218] and natural generalisations of the
usual Sobolev integral representations of WP—functions on bounded, star-shaped do-
mains as discussed, for instance, by MAz’vyA in [170, Chapter 1.1.10]. Let Q C R™ be a
bounded domain which is starshaped with respect to a ball B # @) with B C 2 and choose
w € CL(B) with Jgwdz = 1. We then put for m € N, a € INj and a given mapping
¥ € Lige(€)

= [ 3 o (Y5 ew) | (317)

[B]<m
_1 m _ e} oo _
K,(z,y) = (=D)"m (y —z) / w(m—i—t y—r )t"fl dt, z,y € R™. (3.18)

We record the following lemma.

Lemma 3.18 ([149, Thm. 4]). Let @ C R™ be a bounded, starshaped domain and let
(P;)j=1,...n be a family of differential operators acting on vector-valued functions v =
(v1, ..., vk) and satisfying the condition (C) for some positive integers my,....,my. Then
there exist vector—valued functions K; = (Kj1, ..., Kji): (R™ x R")\ A — R* satisfying
the following conditions:

(a) Kj; € C((R" xR")\ A),
(b) Kji(x,-) =0 near 02 for any = € Q,

(c) \8?85Kji(x7y)| < Cf|x —y|rma el Bl for any x,y € Q and o, f € Nj,
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(d) there exists a positive integer | not smaller than max; m; and scalar differential
operators P; ;o (7 =1,...,N,i=1,..,k, |a| = 1), homogeneous of order | — m;,
with constant coefficients such that

Kij(xay) = Z (Pj,i,oz)yKoz(xa y)7
la]=l
where (Pj; o)y indicates that the operator Pj; o acts on functions of y,

(e) if I is as in (d), then for any v = (vy,...,vx) € C°(;R¥) there holds
N
0(o) = 3 (o) + 3 [ K P o(w) . (319)
j=1

where P, ds as in (3.17).
Corollary 3.19. Let A[D] be a differential operator of the form (3.11). Then A[D] has
the FDN if and only if it is of type—(C).

Proof. The direction =’ has been established in Theorem 3.17. For the other direction
<’ observe that by Lemma 3.18(e) elements of the nullspace of A[D] relative to the unit
ball B are polynomials of a bounded degree, and hence A[D] has the FDN. By Lemma
3.15, this statement is independent of p, and the proof is complete. O

3.4. Proof of the Korn—type Inequalities

3.4.1. Proof of Lemma 3.8 In a first step, we give the

Proof of Lemma 3.8. We argue by contradiction and thus assume that A[D] is not elliptic.
Then we find £ € S*~! and n € V' \ {0} such that A[¢]n = 0. Let (fx) be a sequence
of linearly independent smooth functions fy: (—1,1) — R. We define g: B — V by
9k (x) := fi({x,&))n. Then ¢1,ga, ... are linearly independent: Indeed, suppose that there
exist m € N and Aq,..., A\, € R such that

>\1g1 + ...+ )\mgm = gm+1-
Then there holds for all z € B

AMf1((2, ) + oo+ A fm ((2,6)) = 1 ((2,€)) = 0, (3:20)
and taking x = af for an arbitrary a € (—1,1) yields by (3.20)
Afi(a) + oo+ A fm(a) = fria(a) for alla € (—1,1), (3.21)

which is at variance with the linear independence of the sequence (fy). Hence the span
of the sequence (fy) is infinite-dimensional, and since A[D]fi(z) = f.((z,&))A[{]n = 0,
it is contained in the nullspace of A[D] and so A[D] does not have the FDN. The proof is
complete. O

3.4.2. Proof of Proposition 3.9 We now pass to the

Proof of Proposition 3.9. We prove (d)=(c)=-(b)=(a)=-(d). Ad (d)=-(c). Consider the
operator (with pv. denoting the Cauchy principal value)

T: A[D]p = pv. DG4 (A[D]p)

for ¢ € C°(R™; V), where G, is the Green’s operator of the elliptic operator A[D]
(cp. Section 3.2). By the results of Section 3.2, this is a singular integral opera-
tor of convolution type, and since Dy = pv. DG4(A[D]p) Z"—a.e. in R, we have
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[D@l|Le®n;vxrny = [T(AD]Q)|Le@nvxrny < cl|A[D]@||Lr®n;w) which, by arbitari-
ness of ¢, is (¢) (note that ¢ > 0 only depends on p and A[D]). Ad (c)=(b). Let
¢ € CZ(R™ V). Clearly, ||¢|lwer < clle|wrr with some ¢ > 0 merely depending on the
coefficients of A[D]. On the other hand, by (c),

lellwre@nvy = l@llie @y + [1D@llLe@e v xre)

< [lelle@nvy + cllAD]pllLe @nwy < cll@llwep @ny-

As C°(R™; V) is easily seen to be dense in WP (R™) with respect to the W?(R")-norm,
(b) follows. Ad (b)=-(a). Given ¢ € C°(B;V), denote ¢ € C°(R™; V) the extension
of ¢ to R™ by zero. Then by (b), |l¢llwremv) < cllollwrrmny) < cl@llwergny =
cllollwar@ny, and since [[@llwerm) < cll@llwie vy With a constant ¢ > 0 depending on
A[D] only, (a) follows. Ad (a)=(d). We show the contrapositive statement and so assume
that (d) does not hold, i.e., assume that A[D] is not elliptic. Thus we find £ € R™ \ {0}
and n € V'\ {0} such that A[¢]n = 0. For 0 < a < 1 sufficiently small, we pick a sequence
of functions (pr) C CZ°((—a, a); (0,1)) such that ||p}||rr((—q,qa)) — 00 as k — oco. Similarly
as in the proof of Lemma 3.8, we put ug(z) := pr({(x,&))n, v € B; note that diminishing
a > 0 if necessary, we may assume spt(ug) C B for all k£ € N. Since |px| < 1 and is
compactly supported in a fixed set, (uy) is bounded in LP(R™; V). Therefore, if (a) holds,
we get by A[D]uy = 0 in B that

lurllwarmy = (lurlliesvy) + [AD ]l sw)) < clullir @y < e (3.22)

On the other hand, since £ # 0, we find j € {1, ...,n} with £; # 0. Therefore, we obtain
by a change of coordinates

[ ipu@ras> [ jpu@pde =l [ e o)rds
B R~ Rn

1
LI dt - .
1

>al” [ loi(ta )l o> e |

This is at variance with (3.22) and so (a) cannot hold. Hence, (a) implies (d) and the
proof is complete. O

3.4.3. Proof of Theorem 3.10 Before we prove Theorem 3.10, we record the so—called
equivalence lemma due to PEETRE and TARTAR, the quick proof of which we recall for
the reader’s convenience.

Lemma 3.20 (Equivalence Lemma, [231, Lemma 11.1)). Let X;, X5, X5 be three Ba-
nach spaces with corresponding norms || - |l;, 7 = 1,2,3, and assume A: X3 — X3
is a continuous linear operator, B: X1 — Xy is a compact operator such that || - ||«
given by |||« = ||Ax||s + [|Bz||2 is @ norm on X1 which is equivalent to || - ||1. Then

dim(ker(A4)) < oo.

Proof. Let (xx) C ker(A) be a bounded sequence (with respect to || - ||1). Since B is a
compact, there exists a subsequence (x;)) of (zx) such that (Bxy(;) converges in X3. In
particular, (Bzy;)) is Cauchy in X3, and since Azy;) = 0 for all j € N, we conclude by
the equivalence of || - || and || - ||« that (z;)) is || - [[1-Cauchy in X;. By completeness of
(X1,1I-1l1), (zx(s)) therefore converges to some = € X1, and by continuity of A, x € ker(A).
By arbitrariness of (xy), we conclude that the unit ball in ker(A) is relatively compact in
X1. By the well-known Riesz Lemma (cp. [102, Thm. 1.24]), this is possible if and only
if dim(ker(A)) < oo, and the proof is complete. O

Recalling theorem 3.17, we can now give the
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Proof of Theorem 3.10. Ad (a)=(b). Let A[D] have the FDN. Then, by Thm. 3.17,
it is of type—(C) and hence elliptic (specifically, as C— trivially implies R—ellipticity).
Moreover, by KALAMAJSKA’s result, Lemma 3.18, we can write each u € WA’l(Q; RY) as
u = Tyu + (Id —II;)u, where IT,: W*1(B) — Py(B; V) is a projection onto the V-values
polynomials on B of degree at most £ = £(A) € N. As remarked in [150], this gives rise to
an extension operator as follows. Since Ilyu is a polynomial, it can be trivially extended
to a polynomial IT,u: R® — V, and since by Lemma 3.18, (Id —II;) can be represented
by a suitable Riesz potential, (Id —II;) f = [ ka(z —y)A[D]f(y) dy, we may put for some
C°~function n: R™ — R with n =1 on B,

Bu(z) = () (Hw(f) + [ La@kae - pADIu) dy) . weR,

for u € (C*° NW*?)(B) and extend this operator by density of (C> NW*?)(B) bound-
edly to WAP(B), and (b) follows. Ad (b)=(c). Clearly, W'?(B; V) < W4?(B). To prove
the reverse implication, let u € WAP (B) be arbitrary. Denoting the extension operator
from (b) by E, we firstly note that E can always be modified such that spt(Ey) C B(0, R)
for some fixed R > 0 and all ¢ € W*P(B;V). Since A[D] is elliptic by (b) and
Eu € WAP(R™; V), Proposition 3.9 gives | DEu||ir@nyv xrny < Cl|AD]Eullrp@n,wy for
some constant C' > 0 independent of w. In conclusion, using the fact that Fulg = u in
the first step, we thereby obtain

lullwir ey < [[Bullwie@nyvy = [|Bullue@e,v) + ([ DEu|Le oy crn)
< || Bullue®evy + CIA[D]EullLe nw) < CllEullwer@n)
< Cllullwer sy,

where we have used the boundedness of F in the last step, and so (c) follows. Ad
(c)=(a). This is a consequence of the equivalence lemma, Lemma 3.20, which we apply
to X; = W'(B;V), Xy = LP(B;V) and X3 = LP(B; W) together with A = A[D]
and B being the compact injection X; = W'P(B;V) << LP?(B;V) = X,. Clearly,
A[D]: X; — X3 is continuous and by assumption, the conditions of the equivalence lemma
are satisfied. Therefore, kery1,»(g,y)(A[D]) is finite dimensional, and an argument similar
to that invoked in the proof of Lemma 3.15 this yields that A[D] has the FDN, and (a)
follows. The proof is complete. O

Remark 3.21 (The Wirtinger Differential). Write, for f € C'(B;C) ~ C'(D;C) with
the complex unit disc D and an arbitrary z € B,

1 f(y) 1 1 9zf(y)

16 =5 [ I aww) -1 [ Hay—rperomne. e
with an obvious definition for F' and G. In this situation, the extension operator as given
in the proof of Thm. 3.10 cannot be constructed in the same way. This is due to the
discontinuity of F' which, in turn, is due to the fact that even if W**(B)-maps can be
approximated by smooth maps up to the the boundary, W (B)-maps in general do not
attain traces in Li,.(9B). Indeed, let f: D — C be the function given by f(z) := (z—1)~".
Then f € LP(D;C) for any 1 < p < 2, it is holomorphic, and trivially [, [f|dH' = oc.
Thus |f| ¢ Li,.(0D). This has been observed by FucHs & REPIN [118].

Remark 3.22 (More general domains). Working from Thm. 3.10, it is possible to
construct an extension operator for spaces WP (Q) with A[D] possessing the FDN for
Reifenberg or (g,d)-domains, cp. [136]. This can be achieved by adapting the JONES
extension method [118] as done by DURAN & MUSCHIETTI [88] for the symmetric gradient
case which relies on essentially reflecting elements of the nullspaces on interior cubes to the
complement, and it is obvious that such an extension will be bounded provided suitable
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comparison estimates for the reflected nullspace elements can be established. This in
turn relies on inverse estimates (i.e., estimating the L°°— against the L”—norms) which
are available for finite dimensional normed function spaces only.

3.5. Poincaré—Type Inequalities

3.5.1. General Framework for Poincaré Inequalities For later purposes, we record
here some stability estimates for the projections onto the nullspaces of A[D] which appear
in Poincaré—type inequalities. We firstly recall an abstract Poincaré inequality from [7].

Lemma 3.23 ([7, Lemma 8.3.1]). Let Xy be a Banach space with norm || - |lo and let
X C Xo be a Banach space with norm ||-||x :=||-|jo+]-||1, where ||-||1 is a seminorm with
nullspace N' # {0}. If the embedding X — Xq is compact, then there exists a constant
A > 0 such that |z — Lx|lo < A||L| |z|l1 for all x € X and all projections L of X onto

In order to fruitfully apply the previous lemma, we need to demonstrate compactness
of the injection WAP(B) < LP(B; V) for all 1 < p < oo first; we recall that here and in
what follows B := B(0,1) denotes the open unit ball in R™.

Lemma 3.24. Let A[D] be a C—elliptic operator of the form (3.11) and let 1 < p < oo.
Then the embedding WP (B) < LP(B; V) is compact.

Proof. We only sketch the proof. If 1 < p < oo, then WAP(B) ~ W"?(B; V) by The-
orem 3.10 and so the conclusion follows from WP (B;V) < LP(B;V) (see, e.g., [97,
Chpt. 4.6, Thm. 1]). If p = 1, we cannot reduce to W"*(B; V) and hence invoke the Riesz
Kolmogorov compactness criterion together with the extension part of Theorem 3.10 for
W1 gpaces for C—elliptic differential operators A, cp. [136] for more detail. This yields
the claim. O

Theorem 3.25. Let A[D] have the finite dimensional nullspace property or, equivalently,
be a C—elliptic operator of the form (3.11) and let 1 < p < o0o. Let B C R™ be a ball with
radius v = r(B) > 0. Then there exists a projection Ig 5: W*P(B) — kerya.» (A[D]; B)
such that the following hold:

(a) There exists a constant ¢ = c(p,A) > 0 independent of B such that for all w €
WHP(B) there holds

][ g awPde < c][ |w|? dz.
B B

(b) There exists a constant ¢ > 0 independent of B such that for all u € WP (B) there
holds

][ |u — IIg aul? dz < crp][ |A[D]u|P dz.
B B

Proof. Throughout the proof, we assume without loss of generality » = (B) = 1. The
general case follows by a standard rescaling which we omit here. Since A has finite
dimensional nullspace on D’(B; V) and consists of polynomials of a fixed degree, K :=
kerys» (A[D]; B) € (L' NL>)(B; V). We may thus pick an orthonormal basis {Ry, ..., R¢}
of2 kerys» (A[D]; B) (with respect to the L?(B;V)-inner product) and define, for w €
L*(B;V),

14
HB;A'LU = Z<RJ, w>L2(B;V)Rj. (324)

Jj=1
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Most crucially, note that since dim(K) < oo, all norms are equivalent on X and because
of K ¢ (L'NL>®)(B; V), it is easily seen that I, pw is well-defined for any w € LY(B;V),
too. In fact,

Y/
[ Mase@lde <Y [ R@) @l de [ 1) d
B Pt B
Y/
<y / ()| da / 1R; 2y dz < © / w(z)| e,
/B B B

and scaling shows that the constant C' > 0 is independent of the ball B. This implies
(a). Ad (b). Since IIp.s is well-defined and continuous both on L*(B; V) and L' (B; V),
it is continuous on each LP(B;V) for every 1 < p < co. Now, IIp.s gives rise to a
(not renamed) bounded linear operator IIg.s : WAP(B) — W*?(B). Indeed, since Ilp.s
is LP(B; V)-stable, this is immediate from A[D]Igaw = 0 for all w € WAP(B). This
operator is the identity on K, is bounded as a map W*?(B) — W*?(B) and since the
embedding WA’p(B) — LP(B; V) is compact by Theorem 3.24, we are in the situation to
apply the abstract Poincaré inequality, Lemma 3.23. From here the claim is immediate
for the unit ball, and as for (a), the general case follows by rescaling. O

3.5.2. Remarks on other Korn—type inequalities Let now A[D] be of the form
(3.11). We say that A[D] satisfies a Korn inequality of the third kind provided there
exists a constant C = C(p) > 0 such that for all v € C*°(B; V) such that v € LP(B; V)
and A[D]u € LP(B; W) there holds

V(v —m(v)llLe vy < ClAD[|Le Bw)- (K3)

Here, the mapping 7 is a projection onto ker(A[D];B) := {v € D'(B;V): A[D]v = 0}.
Subtracting an element of the nullspace of A[D] on the left side of (K3) is easily seen to be
necessary for (K3) to hold as A[D] ignores adding elements of its nullspace, whereas these
can be seen by the gradient operator. We wish to stress that the Korn inequalities of the
second and third kind are not equivalent. Indeed, by Theorem 3.10, the Korn inequality
of the second kind implies that the kernel of A[D] relative to B is finite-dimensional.
This, however, need not be the case for the Korn inequality of the third kind as can
be seen from the Poincaré—type inequality proven by FucHs [I114] which relies on the
representation formula given in Remark 3.212.

Note that if (K2) holds and thus A[D] is C—elliptic, we may take m = IT (with II from
Theorem 3.25) and obtain

V(v = 7)) lLe@vy < llv = 7(v)|lwre vy
(K2)
< C(llv = 7() e vy + IAD] (0 = 7(0)) |Lr Bw))

Poincaré

< CJAID](v)||Le B;w)-

On the other hand, we have seen that (K3) does not require the kernel of A[D] to be
finite—dimensional. However, assuming that A[D] has finite dimensional nullspace, we

2In fact, going back to (3.23), we bring F(f)(z) to the left hand side of the equation and integrate a
suitable power of the resulting sides with respect to x.
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obtain (with 7 = IIp 4 from Theorem 3.25)

||U||W1~P(B;V) < v — 7T(U)||VVLP(B;V) + ||7T(U)HW1’P(B;V)
<

C(IV(v = 7))Ly + v = 7(0)[lLe vy + [7(0) [wir @)
(K3), Poincaré
< ClIA[Dv|lLeBywy + I (0)[|lLeB:v)

LP -stability
< C(lvllue vy + IAD|lLew)) -

Note that ||7(v)[lwr.r@m;v) < Cll7(v)|lLr vy with a finite constant ' > 0 since the
space ker(A[D]; B) N L”(B; V) is finite dimensional and all norms are equivalent on finite
dimensional vector spaces. This yields the following corollary.

Corollary 3.26. Let A[D] be a FDN differential operator of the form (3.11) and let
1 < p < oo. Then A[D] satisfies (K2) if and only if its satisfies (K3).

3.6. The Kirchheim—Kristensen Theorem, Revisited

Working towards the proof of Theorem 3.2, in this section we collect some preliminary

results from [151] on convex cones and functions, and generalise the Helmholtz—projection
estimates of [109] (therein given for first order operators) to higher order differential
operators.

To do so, we firstly recall some terminology: Given a finite dimensional vector space
V over R and D a cone of directions in V', we say that A C X is D—conver provided
for all z,y € V with  — y € D the the closed convex hull [z,y] is contained in A too.
Moreover, we say that for a subset S C X a function f: S — R is D-conver provided
the function

) fle) ifzesS,
F(x){oo ifreV\S

has the property that for any z,y € S with [z,y] C S and z —y € D, the restriction
fliz,y) is convex. We begin with a simple lemma for (not extended) real-valued functions
which are convex with respect to a cone.

Lemma 3.27. Let W be a real vector space and C be a cone in W. For a function
f: W = R, the following are equivalent:

(a) For all A€ W and B € C, the function [0,1] 3t — f(A+tB) € R is conver.

(b) f is C—conver, i.e., for all 0 < 0 <1 and all z,w € W with z — w € C there holds
fOz4 (1 —0)w) < Of(2) + (1 —0) f(w).

Proof. Assume (a) and let z,w € W be such that z — w € C. Then for any 0 < 6 < 1,
fOw+ (1 =0)2) = f(z+0(w—2) + (1 -0)0) <Of(w) + (1 -0)f(2),

where we have used C—convexity in the ultimate step together with z + (w
assume (b) and hence let A € W and B € C. Then for any ¢,s € [0,1], 0
holds

< 6 < 1, there

F(A+ (0t + (1—0)s)B) = f(O(A+tB) + (1 — 0)(A + sB))
<Of(A+tB)+(1—0)f(A+sB)  (by (b))

and so (a) follows. The proof is complete. O

We now collect various auxiliary results from [151].
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Lemma 3.28 ([151, Lemma 2.3]). Let (V,||-||) be a normed finite dimensional real vector
space and D be a balanced cone the linear span of which is V. If f: B(zo,2r) — R is
D—convex, then f is locally Lipschitz in B(xg, 2r). More precisely, we have | f(z)— f(y)| <
L|lz—y| for allx,y € B(xg,r), where L = (co/r) osc(f; B(xo, 2r)) and the constant cy > 0
depends only on the norm || - || and the cone D.

Lemma 3.29 ([151, Lemma 2.2]). Let V be a normed finite dimensional real vector space
and D a cone of directions in V. Assume that f: S — [—00,00) is a D—convex function
defined on an arbitrary subset S of V. If A is a connected component of the interior of
S, then either f = —oo on A or f > —oc0 on A.

Lemma 3.30 ([151, Thm. 1.1]). Let C be an open convex cone in a normed finite di-
mensional real vector space V', and D a cone of directions in V' such that D spans V. If
f:C — R is D—convex and positively 1-homogeneous, then f is convex at each point of
CND. More precisely, for each xg € C N D there exists a linear function £: V — R such
that £(xzg) = f(xo) and f > £ on C.

We conclude this subsection with various results from Fourier analysis on the torus
T,, := R"/Z". To this end, we define for f € L'(T,;; R™) its Fourier coefficients by

7le) = /T f@)e @0 de, £ ez, (3.25)

and call T, := Z7 := Z"\{0} or " := Z" the (restricted) unit lattices, whereas Q := [0, 1]"
is called the unit cell in this context. We then record the following variant of MIHLIN’s
multiplier theorem.

Proposition 3.31 (Mihlin, [109, Prop. 2.13]). Let ©: R™\ {0} — C is homogeneous of
degree zero and infinitely differentiable on S*~! and let 1 < p < co. Then the operator
To given by

Tof(x):= Y. O()f(e* =9
£ezZ\{0}

provided f € LP(Ty,) is given by f(x) = 3 ¢czn F(&)e™2mK=8) | extends to a bounded linear
operator Tg: LP(T,,) — LP(T,,).
Now, let A = A[D] be a given differential operator of the form

A= 4.0, (3.26)
|| =k
where A,: W — X are given fixed homomorphisms and W, X are two finite dimensional
vector spaces. In the following, we shall sometimes identify W ~ RY. We further assume
that A is of constant rank, meaning that the symbol A[¢] has rank independent of £ # 0.
For fixed £ € R™ \ {0}, let P4[¢]: W — W be the orthogonal projection of W onto
ker(.A[£]). Then by homogeneity of £ — A[¢],

Py: R"\ {0} = Z(W;W) is smooth and homogeneous of degree zero. (3.27)
We moreover define Q4: R™\ {0} — Z(Z; W) for € € R™\ {0} by

z—Pall]lz  ify = Al]z for some z € W,

0 ity € Al (V- (3:28)

Qalély == {

Note that this is well-defined: If z,z’ € W are such that y = A[¢]z = A[¢]7/, then
(z —2') € ker(A[¢]) and s0 z — 2/ =P4[¢](z — 2'), L.e., z — P[]z = 2/ — P4[{]7’. Lastly,
since A[-] is homogeneous of degree k and we have

Qal¢] 0 Alg]z = 2 = P4[€]z = z — Pa[A¢]z = Qa[A¢] o A[XE]z
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for any A > 0, we conclude that Q4: R™\ {0} — .Z(Z; W) is necessarily homogeneous of
degree (—k), and we note that both P4 and Q4 smoothly depend on their arguments.

For i,j € {1,...,N}, we define ©;;: R" 3 £ — ]I"fi(ﬁ)7 where (Pﬁ(f)) is the matrix
representation of P4(¢) € Z(W;W). By the above homogeneity considerations, this
defines the Fourier multiplier operators Tg,, and thus allows to introduce the operator T
acting on u = (uq, ...,uy) € LP(T,; W) by

N
(Tu)i(z) = > To,uj(x), i=1,..,N, (3.29)
j=1
for z € T,,. We proceed by examining the properties of T (cp. [109, Lem. 2.14] for the

corresponding first order statement):
Lemma 3.32. Let 1 < p < oo and define T by (3.29). Then the following hold:

(a) T: LP(T,; W) — LP(T,,; W) is a bounded linear operator which vanishes on con-
stant mappings.

(b) For any u € L'(T,,) there holds (Tu)g = 0.
(c) For any u € LP(T,; W) there holds (T o T)u = Tu and A[D](Tu) = 0.

(d) (Helmholtz—Poincaré-type Inequality.) There exists a constant C = C(p) > 0 such
that for all w € LP(T,,; W) with (u)g = 0 there holds

lu = Tullriw) < CllA[D]ullw-rr(g:x)-

Proof. For (a), the boundedness follows from the general properties of Fourier multipliers
outlined above, and if f is constant, then we use fQ e~ 278 dg = 0 for £ # 0 to conclude.

For (b), we obtain similarly

/QTu dz = Z ]P’A[f]a(g)/Qezﬂi(z,é) dz ££0 0.

EeLy

The first part of assertion (c) can be established by similar means, now using the fact
that

/ 2 qu =0 ifE e, E£E.
Q

For the second part of (c), we observe that A[¢] o P4[¢] = 0 so that

o~

ADNTu) = Y > Aska,  &a, PaAE]F(§) ™79 dz = 0.

la|=k £€Z7

For (d), note that by (u)g = ©w(0) = 0 and the construction of the projectors P4 and Q 4,
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we obtain

p
I =Tul, = Z a(g) e Z P 4[¢] 027 1 €)
semn e y
P
T m iz
. > QulgAlgacg) e*m )
£ezn .
P
Z Qa { } { § } u(&) o2mi(w,€) (by homogeneity)
o g . (3.30)
Lr
p
(*) 5 g N
<)zl e (by Mihlin)
Ly \ .
P
<c Z k e27ri<w,£> (by homogeneity)
EGZ" |£|
LP

< ANl -k »

where (*) holds as supgn—1 |Q4| < co. Since the ultimate inequality is valid by definition,
the proof is complete. O

Lemma 3.33. Let (u;) C L(T,; W) and u € L>(T,; W) be such that u; = u as
§ — 00 in L(T,; W) and A[Du; = 0 as j — oo in (WF™H(T,; X))*. Then there
exists a sequence (v;) C (W VH(T,; W))* N LY (Q; W) Nker(A) such that

/ vjde = / udr and |lv; — ujllLe (T, ;W) — 0, asj — oo. (3.31)
Tn Tn

Proof. We only give the main arguments of the proof which, in turn, is a minor modifi-
cation of [109, Lem. 2.17]. Without loss of generality, assume that v = 0. For j € N, we
put v; := T(u; — (uj)g). By Lemma 3.32(a) and linearity of T, (v;)q = (u)g = 0 for
all j € N. We firstly show that (u; — v;) is uniformly bounded in some W'*(Q; W) for
p > n. Mollifying if necessary, we obtain

P
ID(w; —v)llfs < el D €@ (€) — Palé]a;(€)) e
gezn L
p
£ ~ () 2,6
N 5%1 |§|k i@ {Iél}Am%(f)e y (3.32)
p
el Y g Al (€) 7 (by Mihlin)
Z @ .

<c|A[D ]uijzv—kJrl,p .
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Now note that by Lemma 3.32(d), we can further estimate for p > n

lluj —villwreuwy = llug — vjllLe(@wy + 11 D(wj — vi)llLe(irn xw)

/ujdm
Q

<C

< lug = (uj) — T(uj — (u))Q) e @w) +
+ [ A[D]ug |l w—r.» (0 x)

< CIAID () I+ (@ix) + ] /Q 0 da

by Lemma 3.32(b) and boundedness of (fQ u;j dz) due to the weak*—convergence of (u;)
(note that actually fQ ujdez — 0). For an arbitrary subsequence of (u; — v;) we conse-

quently obtain that it converges in L°°(T,,; W) to some element w € C**(T,,; W) for some
a < 1-2, and since ||lu; —vj|lLr < C[|A[D]u;lw-r.r, we obtain by use of the embeddings

(WF=LH(T,: W))* <3 WRP(T,,; W) that w = 0. The proof is complete. O

3.7. A—Quasiconvexity

We now wish to generalise the concepts of quasiconvexity and rank-one convexity
to the setting of A—free maps. Adopting the terminology introduced by FONsSEcA &
MULLER in [109] (also see DACOROGNA [(6] for an earlier approach), we make the follow-
ing definition.

Definition 3.34 (A-Quasiconvexity). Let f: W — R be a Borel measurable function.
The A-quasiconvexification (or A-quasiconver envelope) of f at A € W is given by

(@uf)(A) = in { [ F+ ol drs o € herl ) 1 O L) and () = 0} |

We moreover say that f is A-quasiconvex if and only if it coincides with its A-quasiconvez
envelope, i.e., f =Qaf-

In this situation, Theorem 3.35 below roughly asserts that A-—quasiconvexity implies
convexity with respect to directions in the characteristic cone A 4; also note that we allow
for higher order differential operators A, which is not the case in [109]. Let us now assume
that A admits a potential A. As shown in Lemma 3.14 (b), if a potential exists, then the
characteristic cone can be written as some sort of rank one—cone, and thus in this situation,
the theorem can be read as a generalisation of the fact that quasiconvexity implies rank—
one convexity. To embed two perhaps more familiar settings into this framework, we wish
to continue Examples 3.5 and 3.6:

(a) If A = curl, then A(v) = 0 and v € C*(R™;RN*") hold if and only if v = Vw for
some w € C*(R™;RYN). Here, A-quasiconvexity gives back the usual quasiconvexity.

(b) If A = curlocurl, then A(v) = 0 and v € C*(R"; RE) hold if and only if v = e(w)
for some w € C?*(R™;R"*"). Then the .A-quasiconvexity reduces to the so—called
symmetric quasiconvezity as introduced in [30]; also see Example 3.38 below.

Theorem 3.35. Let S be an open and A g—convez subset of W and let the extended real—
valued function f: S — [—00,00) be locally bounded above and Borel measurable. Then
the relaxation of f defined as

f(n) = inf {/m o+ w(z) dws ¥ Cgccg(flum(/x))mek?}ﬁ«)}u(lﬁ)w - } (3.33)

form € S is a Ag—convex function f: S — [—00,00).
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Before we come to the proof of the preceding theorem, we follow [109] and first give a
remark.

Remark 3.36 ([109, Rem. 3.3(ii)]). The class of functions over which the infimum is
taken in (3.33) equwalently can be taken to be the subset U of Lper(Q; W) Nker(A) whose
elements have zero mean value. In fact, given any element @ in this class, we pick a
mollification p. 1= pe * @, where p is a radially symmetric standard mollifier. Then the
map ve 1= Qe — fT pedx belongs to Cg, (Q; W) Nker(A) and has zero mean value. By
the assumptions on f and Fatou’s lemma, we then obtain for any admissible n

/ fn+p)de < liminf/ f(n+ve)de
T, o,

Clearly, the relazation with respect to maps from U is smaller than that from (3.33), and
by the foregoing remarks, it must be equal to that from (3.33).

Proof of Theorem 3.35. We follow the proof of Proposition 3.4 in [109]. Assuming that
f is lower semicontinuous, let A € [0,1] and 5,72 € S with 71 — 72 € A4 so that by
assumption [11,72] C S. Hence we have to show

FOM A+ (1= Xn2) < AF(m) + (1= M) f (). (3.34)

For € > 0 sufficiently small, we define x.: R — R as the 1-periodic extension of the
function X.: (0,1) — R given by

—(1-X) ife<t<Ai—g,
Xe(t):=<¢ X fAd+e<t<l—eg,
0 otherwise.

In a second step, we define uj: @ — W by u;(x) = (92 — m1)xe(jo - §) with e > 0
to be determined below; clearly, u; 50 in L®(Q; W) as j — oo. Given § > 0, let
@ € C(Q;[0,1]) with £"({¢ = 1}) = 1 — ¢ and note that for any g € W*=11(Q; W)
there holds (with (-, -) now denoting the duality pairing)

(ADDl(pu;) gy = > > () (070" Aquy, g)

|a|=k B+y=«
- <¢ > Aaduj.g >+ >y ( ) (0708° Aquj, )
lal=k la|=k B+y=a
[v|>1
-y v ( ) (=1 (uy, A5, (9P (9)g))) = 0, j = o
|a|=k B+y=«
lvI=1

as for all 8,7 € N§ with 3] > 1 and 8+~ = « there holds A (9° ((7¢)g)) € L' (Q; W).
In conclusion, we have A[D](pu;) = 0 in (WFL1(Q; X))* as j — oo and thus are in
position to apply Lemma 3.33. This yields a sequence (u;) such that (u;)g = 0 for all
J € Nand |pu; — wjfp~@w) — 0 as j — oco. We conclude by the definition of the
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relaxation (3.33)

FOm + (1= X)ne2) < liminf fOm + (1= XN)n2 + uy) dz

J—00 T

<liminf [ f(Am + (1= A)m2 + ou; + (u; — pu;)) da
T’Vl

J—0o0

j*}OO T?L
+ li_rginf/ FOm 4+ (1= XN)m2 + ouj + (u; — pu;y))
J—00 T,

—fOm+ Q=N+ pu;)de = T+11,

with an obvious definition for I and II. Here, M is a finite constant depending on the
values of |f| on a sufficiently large ball. First, we have by the definition of u;

T<Af(Am + (1= M)z — (1 = A)(n2 —m))
+ (L =N fn+ (1= Nm2 + An2 —m)) = Af () + (1= A) f(n2) + Mo.

Second, letting g; := f(Am + (1 — N2 +uj + (wj —uy)) — f(Am + (1 — XN)n2 + u;), we
see by uniform convergence of (u; — pu;) to zero, local boundedness of f and Lebesgue’s
dominated convergence theorem that IT \, 0 as j — oo. Finally, we send § \, 0. By
Remark 3.36, the proof is complete. O

If A[D] admits a potential A[D], then the relaxation as discussed above can be char-
acterised by A[D]. This is standard and appears in the same vein as when aims at
characterising the usual quasiconvexity in terms of curl-free maps on the torus.

Lemma 3.37 (Coincidence). Let A[D] = 3, _,, A0 be a m-th order, linear, ho-
mogeneous constant coefficient differential operator on R™ from V to W (where both
dim(V), dim(W) < oo) and let A[D] be an annihilator for A[D], so that in particular
A[D] is a l-th order, linear, homogeneous constant coefficient differential operator on R™
from W toY (where dim(Y) < oo). Let f: W — R be Borel measurable and locally
bounded. Then for any A € W,

f(A) = inf {/(0 o f(A+ A[D]p)dx: ¢ € C°((0,1)™; V)} ) (3.35)

We omit the proof. As an important example, we note the following.

Example 3.38 (Symmetric-Quasiconvexity). As introduced in [30], a function f €
C(RE) is a called symmetric—quasiconvex provided for all A € RI there holds f(A) <
fQ F(A+e(p))dz for all p € CZ(Q;R™) (here, Q := [0,1]"). Since Q is simply connected,
a suitable version of the classical Poincaré Lemma in conjunction with Example 3.6
yields that w € C°(Q;RENT) arises as the symmetric gradient of some ¢ € CZ°(Q;R™)
if and only if curlocurl(v)) = 0 in Q. Hence, Theorem 3.10 and Lemma 3.37 imply
for a given f € C(Rg‘yﬁf) that the symmetric quasiconvezification fsq, i.e., the largest
symmtric—quasiconvex function below f, can be computed by (3.33) with A = curlo curl.
Moreover, as can be easily computed, the bilinear pairing ® for A[D] = e is given by
a®b:= %(a @b+b®a) for a,b € R™, where a @b := ab" is the usual tensor product.
Hence, Theorem 3.10 moreover implies that fsqc is convex with respect to directions in

the symmetric—rank—1-cone R™ © R".



3.8 Conclusion and Proof of Theorem 3.2 51

3.8. Conclusion and Proof of Theorem 3.2

In this final section, we give the proof of Theorem 3.2. To prove the main auxiliary
result, Theorem 3.3, we need another simple ingredient as follows.

Lemma 3.39. Suppose that w € C°(T™; W) satisfies Aw = 0. Then there holds w(x) €
span(A4) for £L"—a.e. x € T™.

Proof. Let w € C*™(T"; W) satisfy Aw = 0 so that, taking the Fourier transform,
Alg]w(€) = 0 for every £ € R" by the Riemann-Lebesgue Lemma. In consequence,
w(€) € span (U, ker(A[N])) for every ¢ € R™ and thus, writing @(¢) = S aj(€)v;
(where v1,...,vn, is a fixed basis of span (|J, ker(A[)\])), we find by applying Fourier
inversion

w(z) = Z W(N\) 2 AT = i ( Z a;(\) 2™ TN )y, for all z € T,
AEZ™ j=1 X€zZn
from where the claim is immediate. O
We now give the
Proof of Theorem 3.3. Arguing as in the proof of [151, Thm. 5.1], we may assume without

loss of generality that f is autonomous, i.e., has no x—dependence.
Necessity Part. We show the contrapositive statement and hereafter assume that A 4
is not spanning. Consequently, we may write

W = span ( U ker(A[¢])) @ (span ( U ker(A[{])))J‘ = Wie W
§#0 £#£0

where Wit # {0}. Note that we may assume without loss of generality that W # {0}
(cp. Remark 3.4). We define an integrand f: W — R by

fw) = Iy, w| — [y w], reR" weW,

where Iy, w and lei are the orthogonal projections onto W; or Wit, respectively. Since
these projections are continuous it follows that f is continuous and so is Carathéodory.
Moreover, it is clear that |f(w)| < [Hw,w| + [Tl rw| < Clw|, where C' > 0 is a constant
which is independent of w. We may thus choose a(x) := C for all z € R™ and hence
a € Llloc(R”). Since f is clearly positively 1-homogeneous, it thus satisfies the conditions
of Theorem 3.3. Now let w € C*(T™; W) with Aw = 0 and (w)¢g = 0 be arbitrary. Hence,
by Lemma 3.39, w(x) € span(A4) = W; for £"—a.e. © € R™. Consequently, condition
(i) of Theorem 3.3 is satisfied whereas (ii) is not since f(w) < 0 for any w € Wit \ {0}.
This establishes the necessity part.

Sufficiency Part. Now suppose that A4 is spanning. Assuming (a), we obtain for
the relaxation f given by (3.33) that f(0) > 0. Now, we may use Theorem 3.35 to
deduce that f is a A4—convex function which is real-valued on the entire set S = W,
and by homogeneity of A in conjunction with that of f, we easily see that f satisfies
f(tf) = |t\f(§) forallt € R and £ € S. Since A4 is spanning, Lemma 3.30 implies that
f is convex at 0 together with the existence of some ( € W such that f(f) > (¢, &) for
all £ € W. Consequently, letting n € W be arbitrary and inserting £ = +n, we find by

positive homogeneity of f both —(¢,n) = (¢, —n) < f(—n) = f(n) and (¢,n) < f(n) so

that [(¢,n)| = max{—(¢,n),(¢,m)} < f(n) and so, by f > f, f() > 0 for all n € W.
Hence (b) follows. Since (b) trivially implies (a), the proof is complete. O

Having established Theorem 3.3, we now turn to the
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Proof of Theorem 3.2. We reduce to the setting as dealt with in [I51]. Let k € N be
given and denote for two finite-dimensional spaces X and Y by ©*(X,Y) the Y-valued
symmetric k-linear maps. As explained in [151, Sec. 4], the cone Dy(n, k;Y) := {dRa®...Q
a=bxRa®: a € R" beY)}spans ®(X,Y) and moreover, if A is a differential operator
annihilating precisely the full k-th order derivative (applied to functions R® — R¥ which
we think of as a symmetric k-linear map), then the characteristic cone of A is exactly
Dy(n, k;RY). This, in turn, spans ©F(R",RY). Localising or extending periodically,
it makes not difference here whether we consider ©F(R™,R") or ©*(T,,,RY). By the
positivity result of Theorem 3.3, we then deduce that if F': R® ©F (R";RY) — R is a
Carathéodory integrand which satisfies F(x,t€) = [t|F(x,&) and |F(z,§)| < a(z)|¢] for
ZLmae x € R alt € Randall £ € ©F(R™RY) with a given Li,.(R")-map a, then
we have F(z,£) > 0 for all £ € @F(R™;RY) and £"a.e. x € R™ if and only if

/ F(x,DFp(z))dz >0 holds for all ¢ € C°(R™; RY).

This is an exact repetition of [151, Thm. 5.1]. The implication ’(b)=>(a)’ is clear. To prove
the other direction, we follow [151] and define A;(z): ®F (R™; V) — W and Az(z): ©F
(R™; V) — X by their action on ¢ € C°(R"; V') through

Ai(2)Drp(x) = ) An(@)0%(x), Az(z)DFo(x) = ) A%(2)0%¢(2).

lal=k la|=k

We then define the integrand f: R™ x @F(R™; V) — R by f(z,n) = c|Ai(z)n|w —
|A2(z)n|x with ¢ > 0 as in (a). Since Al,A? are locally integrable mappings, it eas-
ily follows that f is Carathéodory, and moreover satisfies (3.4). We then deduce from
above that f(z,n) > 0 for all (z,7) € R" x @F(R™; V) and so, for £"ae. = € R",
ker(A;(x)) C ker(Az(x)). Then we fix 2 € R™ such that the partial map f(z,-) is non—
negative and let C'(z): W — X be given by

-1
C(z) := Az(x) o (A1(®)lker(as (@) >)  © TLa, @)@k ®7v)»

where I14, () (Rn;v)) 18 the projection onto Ai(x)(®*(R™;V)). In conclusion, C': R™ —
ZL(W; X) is defined Z"—a.e., measurable and further satisfies C'(z)A1(x) = As(x) for
ZL"ae. x € R™ From this equality and the non—negativity of f it follows that
IC e (rr,2(w:x)) < ¢, and the proof is complete. O



CHAPTER 4

The Dirichlet Problem on BV and BD

This chapter is devoted to setting up the Dirichlet problem in the space BD of functions
of bounded deformation and to establish the existence of generalised minimisers as firstly
done by GIAQUINTA, MODICA & SOUCEK [126] in the BV—case. We recall the following
from the introduction: Even though a suitably coercive functional of linear growth has
a clear meaning when being applied to the (symmetric) gradients of the single members
of a minimising sequence, the weak*—limit of the latter need not be a Lllocfmapping but
rather a matrix—valued Radon measure. To make sense of a functional being applied to
(symmetric) gradients which are R"*"— or R{#valued measures, it needs to be relaxed
to BV or BD. Here we have to simultaneously keep track of the Dirichlet boundary data
when aiming at a solution of the boundary value problem of our interest. In this regard,
we shall give an overview of BV— and BD—spaces and report on the lower semicontinuity of
the relaxed functionals (which, in the convex context, is known as RESHETHNYAK (lower
semi—)continuity theory), finally leading to a satisfactory existence theory.

The contents of the present chapter focus on the classical convex situation, and the
reader is referred to Chapter 8 for a more detailled discussion of the quasiconvex case.

Structure of the chapter. In Sections 4.1 and 4.2 we introduce the setting and the
requisite function spaces BV and BD. We focus on trace, extension and smooth approx-
imation results to finally deal with enhanced embeddings and fine properties of those
functions. In Section 4.3 we introduce convex functionals of measures and explain the
existence theory for convex linear growth functionals. Finally, in Section 4.4 we discuss
the classical SANTI and FINN counterexamples to the attainment of the correct boundary
values.

4.1. The Setting

Throughout, let €2 be an open and bounded Lipschitz subset of R™. As in the intro-
duction, letting either X = RV*" or X = R (which will be clear from the context),
we assume that f € C(X) is a convex intgrand for which there exist 0 < ¢; < ¢2 < 0

and € > 0 such that
)z —e < f(z) <ca(l4|2]) for all z € X. (LG)
The convexity hypothesis can be relaxed in an essential way to weaker semiconvexity

notions, a point which shall be addressed below in Chapter 8 in more detail. In what
follows, we fix a Dirichlet datum! ug € W' (Q;RY) and shall consider the following

I The regularity assumption ug € Wl’l(Q;R”) might seem artificial, however, as we shall discuss in
Chapter 4.2.2, the trace space of both W' and LD is Ll((?Q;]R”). In conclusion, it does not matter
whether we assume W1! or LD for the boundary datum.
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problems:
to minimise §1[v / f(Dv)dz over Dy, == ug + Wy (4 RY) (P)
to minimise §a[v / f(e(w))dx over D, := ug + LDg(2). (Po)

Here and in all of what follows, once it is clear whether we deal with problems of the type
(P) or (P.), respectively, we shall write § = §1 or § = §o for simplicity. Similarly, we
tacitly assume N = n when dealing with the symmetric gradient case.

As we indicated in the introduction, to treat minimisation problems of the type (P) or
(P2), we need an extension of the usual setup of weakly differentiable (Sobolev) functions
and consequently keep track of the way in which elements of such suitable extensions
attain boundary values, too. We illustrate this by the following one—dimensional example
for problems of the type (P); note that by n = N =1 in this example, it also applies to
those of the form (P.).

Example 4.1 (STRANG & TEMAM [223]). Consider the minimisation of the functional
Sv] == fol |v'| dx subject to fol vdz =1 and v(0) = v(1) = 0 over Wy ((0,1)). The mini-
mum value of the functional then is 2, and attained by the function w =1 on (0,1). This
function in turn violates the boundary conditions, however, this is not so if we understand
them as u = 0 on the exterior of Q := (0,1). Doing so, we allow for jumps along 9 so
that the corresponding minimiser cannot belong to Wé’l(R) when being extended to R by
zero.

Based on the preceding example, we give an overview of BV—and BD-spaces with
particular emphasis on embeddings and fine properties. Section 4.2 is devoted to this
objective, whereas Section 4.3 is concerned with the relaxation of functionals given by
(P) or (P.) to these spaces. This shall lead to the notion of generalised minima in a
natural way, whose existence is eventually established in Section 4.3.2.

4.2. Functions of Bounded Variation and Bounded Deformation

4.2.1. Definition and elementary properties. We begin with the definition of the
spaces BV and BD, the latter of which has been introduced and firstly studied in [64, ]
whereas the former space is much more classical and can be traced back to the works of
JORDAN, TONELLI and others; see [16, 61] for a historical overview.

Definition 4.2. Let Q C R™ be open. We say that a measurable map

(a) u: @ — RN is of bounded variation if and only if u € L'(Q;RY) and Du €
Moo (RN In this situation, | Du|(Q) is called the total variation of u.

(b) u: @ — R" is of bounded deformation if and only if u € L*(Q;RY) and e(u) €
Moo (QREX™). In this situation, |e(u)|(Q) is called the total deformation of u.

sym

We lastly put

BV(Q;RY) := {ue LY RY): Due M<oo(Q']RNX")}7
BD(Q) := {u € LYQR"): e(u) € Moo (%R}

sym

(4.1)

Here, Du € Mcoo(Q;RY*") or e(u) € Mooo(;R2X™) need to be understood in

sym

the sense that the distributional gradient or symmetric gradient, respectively, can be
represented by an RN*"— or R X" —valued Radon measure of finite (that is, bounded)
total variation on . Throughout the remainder of this chapter, we shall exclusively stick

to the slightly more general BD—case and refer the reader to [16, 97] for a development of
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the corresponding notions in the BV—context. Let us note that these analogous notions
in the BV-case for maps u: Q@ — R can be obtained by sytematically replacing R
by RV*" and e by D below.

Since the finite Radon measure arise as the dual of the continuous functions vanishing
at the boundary as a consequence of the Riesz representation theorem, Theorem 2.1, it
is easy to establish that

|Duuﬂ>—sup{j2@udwnm>¢m ¢e<2«mRNX”»|w|<1}

for u € BV(;RY) and

Idwwhzwm{LWANWDmHweCH&R$®JM<1}

for u € BD(Q?). To emphasize that e(u) is a measure for u € BD, we will also use the
notation Eu = e(u) in this case, but no ambiguities will arise from this. We shall now
introduce and study convergences on these function spaces and, in particular, end up
with a crucial compactness result. Let u,ui,us,... € BD(Q), where Q C R™ is open and
Lipschitz. We say that

(i) (ug) converges to u in the weak* sense (in symbols ug — u) as k — oo if and only if
ug — u strongly in L'(Q; R™) and e(uy) — €(u) in the sense of weak*-convergence

of R i"—valued finite Radon measures on (2.

(ii) (uy) converges to u in the strict sense (in symbols up — u) as k — oo if and only
if up — w strongly in L*(;R") and |e(uz)|(2) — |e(u)|(R) as k — oo.

(iii) (ug) converges to u in the area—strict sense (in symbols uy, “ u) as k — oo if and
only if u, — u strongly in L'(€Q; R™) and

dEuk
1+ ‘
o+l
_ dEuk

as k — oo, where Ev := e(v) = Gk +E*u; are the corresponding Radon-Nikodym
decompositions of the single uy’s; adopting the general theory of convex functionals
of measures as exposed in Section 4.3 below, this amounts to /1 + |e(ug)|?(Q2) —

1+ |e(u)|?() as k — oo.

2

dbu dz + | E*ul(©)

dzn

2
da + | B*ug)(Q) —>/ 1+‘
Q

We shall sometimes also speak of symmetric weak®—, strict— and area—strict convergence
when there might be ambiguities with these notions for the BV—case. Lastly, we say
that (up) norm-converges to u as k — oo if and only if ||u — ux|p) — 0 as k —
o0, where |[v]|gp) = [|v[lL1(@rn) + |€(v)[(Q) is the BD-norm. However, due its bad
compactness properties, the BD-norm is of little use for our purposes and shall only be
touched throughout the document. These notions of convergence introduced above are
linked by the following diagram:

norm convergence = area—strict convergence = strict convergence = weak*—convergence.

None of these implications can be read in the other direction, a fact which we discuss
with some examples. Also, note that if N =n = 1, then BV = BD, and so the upcoming
examples also apply to the BD—case.

Example 4.3 (Norm versus Area—Strict). Put Q := (—1,1). Given k € N, let uj: Q —
(0,1) be the function which equals —1 on (=1, —37), is given by ui(x) := 2kz on (— 37, 37)
and equals 1 on (35,1). Then we have (u})() = 11/1+ (2k)> — 2, wj, — sgn strongly
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in LY(Q) and uf, LLOQ > —28) as k — oco. In conclusion uy — u {-)-strictly in BV(Q),
but up /> sgn in the BV-norm. Indeed, assume towards a contradiction that up — sgn
with respect to norm convergence in BV. Then (u,) € WY(Q) is a BV-norm Cauchy
sequence and since the W' — and BV -norms coincide on W**(Q), we conclude that (uy)
is Wh' —Cauchy and hence converges to some u € Wl’l(Q). But since norm convergence
implies area-strict convergence, we must have u = sgn ¢ W1(Q), a contradiction.

Example 4.4 (Area-Strict versus Strict, [203, Ex. 14]). Put Q := (0,1) and let, for
k €N, ug(x) := x + (2rk) "L sin(2wkz) for x € Q. We note that for all k € N there holds
u,(z) = 1+cos(2mkx) > 0 and hence it is easy to see that up — Id (g 1) strongly in LY(Q),
uf, L(0,1) = ZL1(0,1) in M(Q) and |u},|(Q) — 1 = |1d"|(Q) as k — co. However, by
strict concavity of t — \/t on Rxq (or, put differently, strict convexity of t = /1 + |t]2
away from zero), it is easy to see that (uy) cannot converge to u in the area—strict sense.

Example 4.5 (Strict versus Weak*). Put Q := (0,1) and define u := 1g. We define, for
k€ Nss, up: Q@ —[0,1] by

kx for()gzg%,
ug(x) := 41 fort <z <1-1,
—kx+k forl—¢<az<l

Then clearly ur, — w strongly in Ll(Q) as k — oo. For each k € N we have uj, =
k(L 1y = L_1 1)) Let p € Co(Q2). We compute

1

o(y)dy — ][ e dy = 9(0) = (1) =0

1-%

(up, L0, 1), ) pmxc = ][
0

as k — oo and hence u, = u in BV(Q) as k — oco. However, since |u}|(Q) = 2 for all
k € N, we have |u}|(2) =2 4 0 = [v/|(Q).

Let us now record two important properties that shall prove useful throughout (see
[23] for the proofs):

e (Smooth Approximation). Let © C R™ be open. Then for any u € BD(Q) there
exists a sequence (ug) C (C° NBD)(Q) such that uy > u as k — oo.

e (Compactness). Let Q@ C R™ be open and bounded with Lipschitz boundary and
suppose that (ux) C BD(Q) is uniformly bounded with respect to the BD-norm.
Then there exists u € BD(f2) such that for a non-relabelled subsequence we have

*
ur — u as k — 0o.

Remark 4.6. We wish to stress that both strict and area—strict convergence are genuinely
nonlinear notions of convergence in the sense that if uy, — wu strictly in BD, then up—u 4 0
strictly in BD in general. In fact, let u € (BD \ LD)(€2) and choose, according to the above
smooth approximation result, (ug) C C*(Q; R™)NLD(Q) such that u; — w strictly. Since
| Esu|(2) > 0, we obtain by Efuy, = 0 for all £ € N that

| Blu—u)|(2) = | E(u— ) [() + | E*ul(©) > | E*u|(2) > 0

and so u — ug /4 0 strictly in BD(2). The same proof also works for area-strict conver-
gence, cp. Lemma 4.9 below.

Lastly, let us briefly comment on higher order BV—spaces which shall be encountered in
Chapters 6 and 7. These are defined inductively, and for the use in this thesis, we put for
keN

BV, (4RY) == {u € BV,_1(GRY): Yae Nj: |af <k—1= 9% e BV(Q;RY)}.
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4.2.2. Traces and Extensions As () is assumed to be a bounded Lipschitz domain
throughout, the Korn—type inequality of Theorem 3.10 immediately imply that LD?(Q)
as defined in (1.3) equals W' (€; R™) provided 1 < p < oo, and hence has the same trace
space as W' (Q; R"). If p = 1, then the non-availability of Korn-type inequalities does
not allow the conclusion that LD(Q)(:= LD'(Q)) or BD(2) possess L'(09Q; R") as trace
space? (which, in turn, is the trace space of both W (Q;R™) and BV(£;R")) and so
the L'-trace theory of LD— or BD-maps must be established by different means. The
corresponding result, attributable to STRANG & TEMAM [223] (also see the recent work
of BABADJIAN [25]), then reads as follows.

Theorem 4.7 (STRANG & TEMAM [223] + BABADJIAN [25]). Let & C R™ be an open
and bounded Lipschitz set. Then there exists a bounded linear operator Tr: BD(Q2) —
L' (0Q;R") such that for all v € CH(Q;R™) N C(Q;R™) there holds Tr(u) = ulsq H* '~
a.e. on 0. This trace operator is even surjective when restricted to LD(£).

Moreover,

Tr: BD(Q) — L' (09; R™) is continuous for the strict topology (4.2)

in the sense that if u,uy,us,... € BD(R) are such that ur, — wu strictly in BD(Q), then
Tr(ug) — Tr(u) strongly in L'(0S%R™) as k — oo. Morever, for all u € BD(Q) and all
¢ € CH(Q) we have the GauB-Green formula

/Qu(DVgodx—F/ngdEu:/Cmgp(x)(Tr(u)@Vag)(x)d”ﬂnfl(x),

where vaq is the outward unit normal to O2.

When dealing with different domains, we sometimes use the notation Tryg to express
that we are concerned with the boundary trace operator for 9€2. It is important to
remark that the trace operator of Theorem 4.7 is not continuous with respect to weak™—
convergence (indeed, the (symmetric) weak*—closure of C3°(2;R™) is the entire space
BD(£2)). We proceed with an extension and gluing result.

Theorem 4.8 (Extensions and Gluing, cf. [23, Thm. 1.5]). Let Q C R™ be an open and
bounded Lipschitz set.

(a) There exists a bounded® linear extension operator E: LD(Q)) — LD(R").

(b) If v € BD(Q) and w € BD(Q), then the glued function u: R® — R™ which is
defined for £"—a.e. x € R™ by

u(z) = v(z) forx e Q, B
w(z) forxz e R\ Q

belongs to BD(R™), and its symmetric gradient Eu € Moo (R™; RIT) is given by
Eu = EvLQ + EwlLQ" + (Tr(v) — Tr(w)) © vgoH" LN, (4.3)

where vapq denotes the outward unit normal to O and Tr(v), Tr(w) the outer traces
of v and w on 02, respectively.

We finally come to a trace—preserving smooth approximation result; see [10, Chpt. A2]
in the gradient case and [1 15, Chpt. 3] for the symmetric gradient case.

2Here and in what follows, L (9Q; R™) is the space of all maps v: 9Q — R™ which are integrable with
respect to H"~LLOQ.
3With respect to the norm topology on LD.
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Lemma 4.9. Let Q) be an open and bounded Lipschitz subset of R™ and let ug € Ll([)Q; R™)
be a boundary datum, being identified with ug € LD(Q) such that Traq(ug) = ug H" 1-
a.e. on 0N). Fiz an open and bounded Lipschitz superset Q> Q and extend ug € LD(Q)
to Uy € LDo(Q). For w € BD(Q), denote @ its extension to 2 by uy. Let u € BD(Q) be
arbitrary. Then there exists a sequence (vi) C ugla +Co”(Q;R™) such that (v)) converges
area—strictly to u in BD(Q) as k — oo.

The appendix contains a variant of this approximation results, cp. Lemma 10.9.

4.2.3. Embeddings Let n > 2. As a consequence of the embedding WI’I(R”;RN) —

Lﬁ(R";RN ), it is easy to prove by use of smooth approximation and Fatou’s lemma
that BV(R™; RY) < L7 (R™;RY), continuity of the embedding being understood with
respect to norm convergence in both spaces. The same argument yields that BD(R™) —
L#-1(R") given LD(R™) < L7-1(R™). By Ornstein’s Non-Inequality, the latter does
not follow from the usual Gagliardo—Nirenberg—Sobolev inequality and was proved by
STRAUSS [224] first. From a different perspective, the aforementioned embedding the-
orems refer to the optimal integrability of arbitrary W?, BV or BD-maps within the
scale of L%-spaces, and it is natural to inquire as to which Sobolev—Slobodeckjii spaces
W4 they embed into (see Chapter 2.5.5 for their definition). This is of special interest
to us: As a substantial tool in our proof of higher Sobolev regularity of generalised BD—
minimisers, we shall prove an embedding theorem for the intersection space BD N BMO
(cp. Theorem 5.29), for which a crucial role is played by such fractional embedding results
combined with the Doronsorro—type characterisation of weakly differentiable functions
(cp. Theorem 2.25).

An overarching approach to limiting embeddings in the case p = 1 involving differ-
ential operators has been given recently by VAN SCHAFTINGEN [239] which, due to its
importance for our regularity investigations, we outline below in some detail. Before doing
so, we wish to embed the theme of this section into the framework of Chapter 3.2.

Let us remark that none of the aforementioned embeddings follows from general map-
ping properties of fractional integration operators as often used in the case 1 < p < n. Let
1 < p < n. In order to prove that there exists a constant C' = C(p,n) > 0 such that for all
v € C(R™;R™) there holds HU”L% < COle(v)||Lr, we may write v = ®(g(v)) with the

fractional integration operator given by (3.8), the latter essentially behaving like a Riesz
np
P

potential of order (n —1). Since such operators map L?(R"™) — L=»-# (R™) boundedly (see
Theorem 2.30), the Sobolev-type embedding theorem is immediate in this case. However,

for p = 1, this mapping property fails and needs to be replaced by L! (R™) — Ly ' (R™)
with the Weakaﬁfspace Lw ' (R") as introduced in Definition 2.18, also compare with
Theorem 2.30.

The general spirit behind fractional embedding theorems is that gaining higher frac-
tional differentiability for generic weakly differentiable functions is coupled with a certain
loss of integrability, and the precise balance is given by conditions on the Sobolev indices.
So, for instance, it is well-known* that if n > 2, then WP (R") — WP/ (n=(1=0)p) ([gn)
if (1 —0)p <n . However, in the case p = 1, it has been firstly established by KoLyaDA
[154] and later on by BOURGAIN, BREzIs & MIRONEscU [19] that if n > 2, then

WHHRY) — Wa=199(R")  forall0 <6 < 1. (4.4)

Both approaches rely on rearrangement arguments for scalar—valued functions and carry
over to the vectorial situation by componentwise application, however, thus cannot made
work for the symmetric gradient operator by trivial means; in fact, to the best of our
knowledge, no such proof is known. Moreover, let us note that the dimensional condition

4This is a consequence of the Fractional Integration Theorem 2.30, also see [168, Thm. 14.32].
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n > 2 is necessary indeed, as for n = 1, the corresponding embedding of W'! into W22
turns out to be false; compare with Remark 5.30.

In [239], VAN SCHAFTINGEN introduced a general framework (in the spirit of chapter 3)
within which sharp conditions on a standard differential operator A[D] (i.e., of the form
(3.11)) on R™ from V to W (where V, W are two finite dimensional real vector spaces) can
be stated for various Sobolev—type inequalities to hold. Keeping in mind the condition of
ellipticity of a first order differential operator, the second crucial notion shall turn out to
be that of cancelling operators:

Definition 4.10 (Cancellation, [239, Def. 1.2]). Let A[D] be a standard operator on R™
from'V to W. We say that A[D] is cancelling if and only if

ﬂ Alg(V) = {0} (Canc)

£§#0

Adopting this terminology, we have the following result.

Theorem 4.11 (Van Schaftingen [239, Thm. 1.4]). Let n > 2 and let A[D] be an elliptic
and cancelling standard operator on R™ from V to W. Then
(a) There exists a constant C' > 0 such that |[v]| = ®V) < CJ|A[D]|l11 mnswy holds

for allv € CLR™ V).
(b) For each 0 < 0 < 1, there exists a constant C > 0 such that
[v]lwo.e© gy < CIAD[| L1 gnsw)
for all v € CLR™; V), where p(0) :=n/(n —1+6).
Conversely, if (a) or (b) holds, then A[D] is elliptic and cancelling.
The upshot of this theorem is as follows: By the mere representation of v in terms
of A[D]v by use of a fractional integration operator of order (n — 1), Theorem 2.30 does
not imply the preceding theorem. It is, however, the special differential structure of the

Green’s operator associated with A[D] that makes the conclusion of Theorem 4.11 valid.
For later purposes, we explicitely note the following.

Lemma 4.12 (Van Schaftingen, [239, Prop. 6.4]). For n > 2, the symmetric gradient
operator is an elliptic and cancelling standard operator on R™ from R™ to RET.

Proof. The statement can be recast as follows: Let A[D] be the homogeneous, linear,
first order differential operator on R” from R™ to® S?R"™ which is defined for ¢ € R”,
v € R" and w,z € R" by (A[¢]v)(w, 2) = 3((§,w)(v,2) + (£, 2){v,w)). Then A[D] is
elliptic. Indeed, if v € R™ and £ € R™ \ {0} are such that 0 = A[¢Jv € S?R", then
Al¢Jv(w,z) = 0 for all w,z € R™ and so in particular 0 = A[¢]v(w,w) = (&, w){v,w)
for all w € R™. Thus, if w € R™ is such that ({,w) # 0, then (v,w) = 0. But since
lin({w € R™: &, w) # 0}) = R", we deduce v = 0 and so A[D] is elliptic. Finally, A[D]
is cancelling if n > 2: Let € € (Ngcgny (o3 A[E](R"). For w € R™ arbitrary but fixed, we
pick £ € R™\ {0} with £ Lw and conclude for any v € R™ that A[¢]v(w,w) = 0 so that
e(w,w) = 0. By arbitrariness of w and symmetry of e, we must have e = 0 and the proof
is complete. O

5Here, S2R™ denotes the space of symmetric bilinear forms on R™.
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Van Schaftingen’s Theorem, Lebesgue Scale

The rest of this section is devoted to the sufficiency part of VAN SCHAFTINGEN’s original
proof of Theorem 4.11(a) and as such, the material is entirely recorded from [239]. The
necessity part is not needed here, and we refer the reader to [239, Sec. 5] for more detail.
Before embarking on the precise arguments, we introduce a notion dual to the cancellation:

Definition 4.13 (Cocancellation, [239, Def. 1.3]). Let L[D] be a k—th order standard
operator on R™ between the two finite—dimensional vector spaces W and Z. We say that
LL[D] is cocancelling if and only if

() ker L[¢] = {0}. (4.5)
££0
For each £ € R™\ {0}, consider the short sequence

v Ay HEL (4.6)
It is clear that if this sequence is exact at W, meaning that for each £ € R™ \ {0} there
holds A[¢](V) = ker(LL[{]), then A[D] is cancelling if and only if L[D] is cocancelling.

Proposition 4.14 ([239, Thm. 1.4]). Let n > 2 and assume that L[D] is a standard
operator on R™ from W to Z. Then the following conditions are equivalent:

(a) There exists C > 0 such that for every f € L*(R™; W) with L[D]f = 0 and ¢ €
C°(R™; W) there holds

| trehdo < Ul Dl (47)

(b) L[D] is cocancelling.

Assuming the previous proposition for the time being, the proof of the sufficiency part
of Theorem 4.11 evolves as follows:

(i) Show that for any elliptic A[D] there exists a finite-dimensional real vector space X
and a standard operator L[D] on R™ from W to X such that the symbol complex
(4.6) is exact at W for any ¢ € S"~1. Any such L[D] is cocancelling provided A[D]
is cancelling.

(ii) By Proposition 4.14(i) we then have for any v € C:°(R™; V) (setting f = A[D]u)
[A[Dull =172 < CllA[D]u][Ls,

which immediately follows from (4.7) by testing against all ¢ € C°(R™; W) with
Dl < 1.

(iii) In view of (ii), we conclude by noting that there exists a constant C' > 0 such that
for all u € CL(R"; V) there holds

[ull 72y < CIADIu] -1 - (4.8)

n—1 1

To see this, note that if A[D] is elliptic, then the Fourier multiplier m: £ —
(A*[€]A[£])~TA*[¢] is homogeneous of degree —1, and so the Fourier multiplier cor-
responding to the map u — (—A)~2 A[D]u has symbol homogeneous of degree zero.
Therefore, by the Mihlin multiplier theorem, the operator u — (—A)~zA[D]u is
bounded on L” for any 1 < p < oo and elliptic as the composition of two elliptic
operators. Hence, by the Fourier characterisation of the negative Sobolev spaces
W17 1 < ¢ < o0, we have lellyi-1a ~ [(=A)~2¢||Lq for all ¢ € W9 and so
el e < CU(=2)"*ADJull 2 < CIAD]ullyp1. 2

n—1 n—1 —1°
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For the necessity part of both ellipticity and the cancellation condition, the reader is
referred to [239, Sec. 5]. In conclusion, Theorem 4.11 is proven once we give the

Proof of (b)=(a) in Proposition 4.14. By [240, Thm. 4], if k € Nand f,, € L*(R") for o €
N" with [a| = k are such that | _; 0 fo = 0 being satisfied in the sense of distributions,
then for every a € N with |a| = k and every ¢ € C°(R") there holds [, (fa,¢) dz <
Cl fllL:[[Dg|lrr. On the other hand, if L[D] = 3_, ,|_; La0® is a homogeneous differential
operator of order k on R™ from W to X, then L[D] is cocancelling if and only if there exist
Ko € Z(X; W) such that for every v € N" with |a| = k there holds 3, _; Ka oLy =1d.

Now let f € L'(R"; W) be such that L[D]f = 0 in the sense of distributions. By the
result just mentioned, we have for every a € N with |a| = k and ¢ € C°(R™; V) that
Jon La(f), ) dz < C||f|lL2[| DY|jn. Let ¢ € CZ(R™; W) be arbitrary but fixed. We
then obtain

[ toiae= 3 [ Lan)Kelhdo

|| =k

<O Y L)l DKL (@) < CllfllulI Delles
|a|=k

The proof of the direction (b)=-(a) is complete. O

Van Schaftingen’s Theorem, Slobodeckjii Scale

To obtain an embedding result for BD(R™) into fractional Sobolev spaces, one extends
Prop. 4.14 (see [239, Sec. 8.2]). By similar means as above we then deduce that if L[D] is
a cocancelling homogeneous differential operator from W to Z,0 < s <land 1 < ¢ < o0
such that sqg = n, then there exists a constant ¢ > 0 such that for all f € Ll(R"; W)
with L[D]f = 0 in the sense of distributions there holds o, (f, @) dz < ¢| fllL1|l¢llya-
Following the scheme (i)—(iii) from above, the conclusion of Theorem 4.11 is immediate
once we show that for 0 < # < 1, there exists a constant C' > 0 such that for all
¢ € CL(R™ V) we have

ellwo.rer < CIADIAI 10000,
Since A[D] is elliptic, it has a left inverse, and we may write ¢ = ®4(A[D]y) (compare
with (3.8)). The operator T := (—A)% o ® has symbol homogeneous of degree (6 — 1).
Let s=1—6and ¢ = p(d) =n/(n — 1+ 0). The Holder exponent of g reads

, n

n
= = dh 1—-0)¢ =
q iy pry wray Sl and hence ( )¢ =mn,

so that the above result may be applied. In conclusion, by Mihlin’s theorem, the charac-
terisation of the dual of W (see [7, Thm. 4.1.3]) we see that

A
lellyorer < ell(=A)2 (A[D])|Leor < cllAD)@| 1-0.000 .5
and the proof of the sufficiency part of Theorem 4.11 is complete.

4.2.4. Differentiability Z"—a.e. To round off our discussion of functions of bounded
deformation, we now report on an approximate differentiability result for BD—maps as
firstly stated independently by HAJLASZ [110] and AMBROSIO, COSCIA & DAL MAsO
[14], where (in the terminology of [9]) the stronger notion of LP—differentiability .£™ was
used in the latter (cp. Chapter 2.2 for the notion of approximate differentiability).

Proposition 4.15 ([1410, Thm. 5], [I4, Thm. 7.4]). Let v € BDio(R™). Then u is
approxzimately differentiable L™ —a.e. in R™.
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The main issue in proving this theorem stems from Ornstein’s Non—Inequality which
excludes the availability of Lllocfestimates on the full gradients of BD-maps. Indeed,
otherwise we could reduce to, e.g., [97, Chpt. 6.1.2, Thm. 2, Chpt. 6.1.3, Thm. 4].
In conclusion, we see that the main obstruction arises already when dealing with the
approximate differentiability of LD—maps, and for the reader’s convenience, we shall give
an independent proof of this result by use of the so—called WLBMO_truncation technique
in the appendix, cp. Chapter 10.2. This method is a suitable adaption of the Lipschitz
truncation technique (cp. [5, 84]) to the situation at our disposal.

4.2.5. Decomposition of Derivatives and Rank One—Type Properties Working
from the Radon—Nikodym decomposition of the measures Du or Eu for BV- or BD-
functions u: R® — RY or u: R® — R”, respectively, it is possible to obtain more infor-
mation on the structure of their absolutely continuous and singular parts. To do so, we
recall the fundamental notions in some generality first and follow [14, Sec. 2] and [16].
Let © C R” be open and let u € Li, (R™*;RY). We say that zo € R™ is a Lebesgue point
for u if and only if there exists @(xo) € RV such that

lim u(z) — u(zg)|de = 0.

Bl = i)
The set of all Lebesgue points of u is denoted €2, and its complement S, := Q\ Q,, is
called the discontinuity set of w. This is the standard notation for these sets, and we
wish to stress that in the context of regularity theory, the symbols 2, are often used
in a different way. We shall make this precise in Chapters 7 and 8. It is clear that by
Lebesgue’s Differentiation Theorem (cp. Theorem 2.4), £"—a.e. xg € Q) is a Lebesgue
point for u, and we call the mapping @: Q — RY given by

~ ~limyeo fB(zo’r) ude ifxg € Q,,
u(xg) = .
0 otherwise,

the Lebesgue representative of u. We further say that u has one-sided Lebesgue limits
u® (z0) at x9 € Q provided there exists a suitable normal direction v, (x) € S*~! such
that there holds

lim —/ lu(y) — vt (z)|dy = 0. (4.9)
B (,vu(2))

Here we have set BE(x, v, (z)) := {y € B(x,7): (y — x, v, (x)) > 0}. As a consequence
of (4.9), the mappings u,(y) := u(z + ry) converge in L'(B(0,1);RY) as r N\, 0 to
U: B(0,1) — RY given by

_Jut(@) if (y,va(x)) >0,
Y= {U(ff) if (y, vy (z)) <O0.

With this representation at our disposal, it is easily seen that if u*(z) # w™(z), then
(ut(2),u™ (7), v (x)) € RY x RN x S"~! is essentially uniquely determined (i.e., up to a
permutation of (u*(z),u™ (x)) and the sign of v, (z)). We then define the jump set by

Ju = {xo € S, : u has one—sided Lebesgue limits at xo}.

Let now u € BVio.(R™;RY). With Du being an RV*"—valued Radon measure, we
consider its Radon—Nikodym decomposition with respect to £, reading as Du = D*“u+
D®u, where D%u <« £" and D*ul Z"™ (cp. Chapter 2.2 for this notation). By the
Lebesgue differentiation theorem (see Section 2.2), we may further write
dD*v _, ~ dD%u

dzm + d| Dy
—_——

=Dul(Q\59) —Duls

Du = D*u + D%u =

| D%, (4.10)
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where S := {z € R™: lim,\ o7 "|Du|(B(z,r)) = oo}. In this situation, the den-
sity d(E;C,}‘ € L (R™ RN*") equals the approximate gradient of u .Z"a.e. (cf. [I6,
Thm. 3.83]), a fact which is symbolically represented by dfﬁ;l“ﬁ” = VuZ"™. However,
we note carefully that in this representation, Vu in general does not arise as the gradient
of a W -map. This is so because the approximate gradient in general is not curl-free.
On the other hand, the singular part D%u can be decomposed even further into a jump

and a Cantor part D/u := Dul©, and D := Dul(S\ ©,,), where

0, = {z e R™: 1im\151fr1—”| Du|(B(z, 7)) > 0} (4.11)

and we refer the reader to [16, Prop. 3.92] for more background information. It is com-
paratively easy to demonstrate that the jump part has rank one structure, meaning that
dDIu

Tj-1 18 a rank-l-matrix H" 1 a.e.. The corresponding result for the Cantor part is
dDu

substantially harder to prove and is attributable to ALBERTI [8], who showed that d Deu]
is a rank—1-matrix | Dul|-a.e. in R™. In the sequel, we shall hereafter refer to this result
as Alberti’s rank—1—-theorem.

With ALBERTI’s approach not being applicable to the more general situation of the
symmetric gradient, say, DE PHILIPPIS & RINDLER recently proved in [76] an extension
of the Alberti rank—1-theorem which we shall describe now. Going back to the framework
of Chapter 3, let A[D] be a constant rank, homogeneous, linear differential operator of the
form (3.26) from W to X and call a W-valued Radon measure p on R™ A-free provided
A[D]p = 0 in the sense of distributions, i.e., [, A*[D]pdu = 0 for all ¢ € C°(R"; X*),
where A*[D] is the formal adjoint of A[D]. Recalling that the associated wave cone is
given by Ay = o ker(A[¢]), the main result of [70] asserts that if p is a W-valued
A-free Radon measure on R™ and p = p% + p° is its Radon—Nikodym decomposition
with respect to £, then

dC}ZSI € A4 |pf| - ae. inR™. (4.12)
This result gives back the Alberti rank—one theorem: Indeed, within the framework of
Example 3.5 we see that if A = curl, then Agun = RY ® R” which is the usual rank—1-
cone. However, since R" is simply connected, the only curl-free measures are those which
can be written as gradients, and the Alberti rank—one theorem follows. By the SAINT
VENANT-compatibility conditions (cp. Example 3.6 and the definition of the operator
curlo curl), the particular choice A = curl o curl yields that if p is a A-free measure (as
is e(u) for u € BDjoc(R™)), then the singular part satisfies (ﬁ%:l € A 4. In this situation,
however, Lemma 3.14 yields that A4 = R™ ® R", the symmetric rank—one cone, and we
thereby obtain d“i%izzl € R" ©R" | E*ul-a.e. in R".
In the BD—case, the splitting analogous to (4.10) has been addressed in [14, 152, 153]
and reads as follows. Given u € BDj,.(R"), we define
0, = {:r e R"™: limsupw > 0,}
™0 r

and introduce the discontinuity set S, and the jump set J, as above. We then have

Eu = E*u+ Eu = Su’" + E°ulJ, + E°ul (Q\ Jo), (4.13)
=:Eiu =:Ecu

where &u is the approximate symmetric gradient as in Section 4.2.4. The parts E/u and
E¢u are called the jump and Cantor parts of Eu, respectively. In this situation, it is
proved in [14] that J, is countably (H"~!,n — 1)-rectifiable and equals ©, up to a set
which is H"~1-negligible. Moreover, E¢u is known to vanish on any Borel set B € Z(R")
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which is o-finite with respect to H"~!. For future reference, we record the following
lemma attributable to KOHN [152], here given in the version of AMBROSIO, COSCIA &
DAL Maso [14, Sec. 3(ii)].

Lemma 4.16 ([152, Chpt. II, Sec. 2.2]). Let Q C R" be open and let ¥ C Q be a C'-
hypersurface. For every u € BD(Q), the one-sided Lebesgue limits u™(x) on both sides of
Y (with respect to a® unit normal vs to ) exist for H" '-a.e. x € ¥ and satisfy

EulLY = (vt —u™) @ vgH" LY.

In analogy with the BV—case, where a structure theory by means of one-dimensional
sections is available, BD—functions can be characterised in a similar way, but we will not
need this in the sequel and refer the reader to the extensive study [14] for more detail.

4.3. Functions of Measures and Reshetnyak—Type Theorems

After the preparations of the previous sections, we now pass on to the existence of
solutions for the problems (P) and (P.) subject to the linear growth hypothesis (LG).
We shall develop the theory for BD—maps, but the approach is completely analogous for
BV-maps.

4.3.1. Functions of Measures Our first objective is to make sense of expressions
fQ f(u) when p is a R™—valued Radon measure for arbitrary m € N and, moreover,
provide suitable lower semicontinuity results that place the definition of fQ f(p) in re-
lation with liminf; [, f(u;) whenever (y;) is a sequence of R™-valued Radon measures
converging to 4 in a suitable sense. Finally, we shall apply this theory to the (symmetric)
gradients of BV— or BD-maps. Our presentation mainly relies on a technique intro-
duced by GIAQUINTA, MODICA & SOUCEK in [120], for a general exposition of applying
functions to measures see [16, 75].

Let f: R™ — R be a convex function of linear growth, i.e., f satisfies (LG). To
capture the behaviour of f at infinity, we define the recession function f> : R™ — R
for £ € R™ by

o= timer ($). (114)

Owing to convexity” and linear growth of f this limit can be shown to exist in Rxq for

all £ € R™ (see Lemma 4.17 below). The linear perspective function I Rso x R™ — RY
associated with f is then given by

f (é) fort >0
o= 1
,4) fe)  fort=0. (+.15)

We now collect some properties of f> and f# that will turn out important in the sequel:

Lemma 4.17. Let f: R™ — R be a convex function of linear growth with (LG). Then
the following hold:

(a) f°° is well-defined, convez, homogeneous of degree one and satisfies c¢1|z| < f(z) <
ca|z| for all z € R™, where ¢1,co > 0 are the same constants as in (LG).

6This is to be understood in the sense that we pick unit normals of a certain orientation and leave
this orientation fixed, as this will also influence the sign of the jump ut —u~.

"For the recession function to exist, convexity it is an essential requirement. For instance, in the
quasiconvex situation, one needs to work with different notions of recession functions, cp. Rem. 4.21
below.
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(b) f# is a convex function, homogeneous of degree one and satisfies c1|z| < f7#(t,z) <
co(t+ |z]) for all (t,z) € [0,00) x R™.

(c) If f is lower semicontinuous, then so are f> and f7#.

Proof. Ad (a) and (b). Note that ¢ — f(¢z) is convex on R so that for each z € R™, the
difference quotients (f(¢z) — f(0))/t are monotonically increasing in t € Rxo. By (LG),
we deduce for all z € RNx"

16— 50) L a4 ) =10 o
and record that the monotone increase in conjunction with boundedness given by the first
of the previous two inqualities gives the existence of f*(2)(= lim; ~oo(f(t2) — £(0))/1).
Now let (t1,21), (t2, 22) € (0,00) x R¥X" and 0 < A < 1. Then, by convexity of f,

)\Zl + (1 — )\)22
At + (1 — )\)752

FEOL 4 (1= Nta, Az + (1= Nz) € (Mg + (1= Nta) f (

fconvex )\tl 1
2 o+ (= 9! (i

(1 — )\)tg 2’72
Aty + (1= N)ta to

= )\f#(tl,zl) + (1 — )\)f#(tQ,ZQ).

Moreover, if t; = 0 or to = 0, we may argue similarly to deduce convexity and hence
continuity of f and f# provided f is assumed continuous, and the claimed homogeneity
holds trivially. This settles all assertions apart from the lower semicontinuity part (c),
which we tackle now: Let (t,2r) — (t,2) in Ry x RV*". If ¢t > 0, we immediately
obtain by lower semicontinuity of f that f#(¢,2) < liminfy oo f#(tr,2x). If t = 0,
then for given £ > 0 we find s > 0 satisfying f°°(z) < (f(sz) — ¢2)/s + ¢ and, invoking
monotonicity of the difference quotients of f, we obtain (as s < 1/t for all k € N)

f(sz) = £(0)

#(¢ < liminf
J7(t2) < limin .

+e <liminf t (f(zi/te) — £(0)) +&
< liminf f#(t;€7 zr) +e.
k—o0
The proof is complete. O

To define § on measures, let u € M(£;R™) and choose v € M(€; R>0) with (£, 1) <
v (e.g., choose v := £" + |u*]). We then define § : Mioc(; R™) — [0, 00] by

5= | * (df " j“) av. (4.16)

Homogeneity of the linear perspective function f# yields that the _preceding definition
(4.16) is independent of the particular choice of v. Consequently, §(u) is well-defined.
Denoting the Lebesgue-Radon—Nikodym decomposition of p with respect to £™ by

dp dp®
gn
dzn d|p|
we have p® < Z" and p®1.Z". Hence there exist disjoint subsets S; A C Q with
Z(S) = |p¥|(A) = 0. Setting v := |u®| + L™, we have LA = Z"LA and LS = |p®|LS.
We split

po=pc+pt = 1],

/f# d.,;n dv /f# d.,;" dj)d”:(*)'
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Now we note that on A there holds |u®| = 0, hence VLA = Z™. Consequently, we have

dizn = 1 and hence % = 1, too. Similarly, on S we have Z"L_S = 0 and hence
df; g g“f = = 0. In this sense, the parameter ¢ in the definition of the linear perspective

function is introduced to distinguish conveniently between the absolutely continuous and
singular parts of the reference measures. We then obtain

:/f# 1,d—“ du+/f#0d—
= [t (n ) azn+ [ (o g e = .

where we have used that

_ om dp dp”
VLA=ZL"A= =l

and similarly for p*. In conclusion, gathering terms, we obtain by f#(1,-) = f(-) and

F#(0,7) = £() that
sl = [ 1(f)azn+ [ 1 ddljj;) djpe]. (4.17)

If f(A):= /14 |A|? is the standard area integrand, then f*°(A) = |A]| for A € R™, so
that (4.17) gives

df” + 1 [(Q). (4.18)

We next turn to (lower semif)continuity result for functionals of measures with respect
to (local) weak*—convergence which is often referred to as RESHETNYAK—type theorems,

following the seminal work [199]. The version we give here is due to BECK & SCHMIDT in
[34, 306], thereby including the work of KRISTENSEN & RINDLER [163]; also see the work
of SPECTOR [219] for elementary proofs.

Proposition 4.18 (Reshetnyak [199]). Let m € N, Q C R™ open and let (ux) be a
sequence of R™—valued Radon measures of finite total variation which converges to a R™—
valued Radon measure of finite total variation p on € in the weak*—sense. Moreover,

assume that all measures pux and p take values in some closed convex cone K C R™.
Then the following holds:

(a) Lower Semicontinuity. If fi K = [0,00] is a lower semicontinuous function, then

there holds
dpg
d|p hmlnf/ ( ) .
1,7 () e < Q] ) 4

(b) If i — p strictly® ask — oo and f: K — [0,00) is a continuous and 1-homogeneous
function, then there holds

du > dpk
7 G =, 7 )

(¢) If f: R™ — R is a convez function with (LG) and pr — p {-)—strictly on Q, i.e.,

e and () (@) + (1)(Q) sk — oo,

then § given by (4.17) satisfies §(ux) — F(p) as k — oo.

81n the sense that pj — p and |ug|(2) — |u|(Q) as k — oc.
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Usually, this result is applied in the setting of (4.16). Whereas parts (a) and (b) can
be traced back to RESHETNYAK’s classical work, part (c) of the previous proposition is a
consequence of [163, Thm. 5] (therein stated in a more general context). Let us moreover
note that the conditions on f to be positively homogeneous are not restrictive as f(u)
is defined by the positively homogeneous perspective function. Applying the previous
proposition to the particular choice p = e(u) for u € BD, we immediately obtain the
following corollary.

Corollary 4.19. Let Q be an open and bounded Lipschitz subset of R™, f: RIX" — Rxg

Sym
be a conver function satisfying (LG) and let u,uy,uz,... € BD(Q). Then the following
hold for the functional § given by (4.17):

(a) Ifup = u ask — oo (in the sense of Section 4.2.1), then F(e(u)) < liminfy_, 0 F(e(ur)).

(b) If up — u (-)-strictly as k — oo (in the sense of Section 4.2.1), then F(e(u)) =
1imk*)oo S(s(uk))

The corresponding statement for BV is obvious. We conclude this section with two
remarks on the relaxations previously discussed.

Remark 4.20 (Lebesgue-Serrin). In light of Corollary 4.19, we obtain that if f: RIJ —
R is a convex function with (LG), then u — F(e(u)) with § given by (4.17), is lower
semicontinuous with respect to weak*-convergence in BD. Moreover, following [137],
we even have that F(e(uy)) arises as the weak*-relazation (or weak*-Lebesgue—Serrin

extension of the functional § as given by (P.) to the space BD(Q), i.e.,

Flu] = /Q f(6u)do + /Q = (dTEZJ A
e Lo 25 )i

for all u € BD(R2) (to keep notation simple, we have put F[u] := F(e(u))). Moreover, by

convezity of f, it can be shown [177] that the L —relazation coincides with Fyg, i.e.,

=w" i .. } . (uk) c LD(Q)’
Srslu] = inf {hmlnf ) fle(uy)) dz: wp — win LL_(Q:RM) } .

j—o0
See also [70, 71] for related integral representations.

Remark 4.21 (On recession functions in the quasiconvex— and rank-one cases). If the
convezity notion is weakened, so for instance f is merely assumed (symmetric) quasicon-
vex or rank—one—convez, then the limit (4.14) does not necessarily exist and one defines
the (upper) recession function f°:RZX" — R by

Sym

tA
f(A) = limsupw, A e R
t—o0 t v
and we shall see in Chapter 8 how the upper recession function canonically fits into the

framework of relaxations in the (symmetric) quasi— and rank—one—convex context; for
more detail, see [15, , , 163] in the BV— and [202] in the BD—case.

4.3.2. Existence Theory Let 2 C R™ be a bounded, open Lipschitz set. We recall
that the trace operators Tr: BV(Q;RY) — L' (9Q;RN) or Tr: BD(Q) — L'(9;R?)
are not weak*—continuous, and hence we do not have stability of traces with respect to
this convergence. This particularly means that the weak*-limits of minimising sequences
might have traces different from those of the given Dirichlet data.
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To put this observation in context with the theory of convex functionals of measures,
we choose an open and bounded, Lipschitz reference domain Q C R™ with 2 € 2. Since
ug € LD(Q), it attains traces in L'(99Q;R"™) and hence, surjectivity? of Tr: LD(U) —
L'(0U;R") for arbitrary Lipschitz domains U C R" implies that there exists a map
Uy € LD(Q\ Q) such that Tr(ug) = Tr(dg) H" '-a.e. on dQ and uglyg = 0. We then
define the class of competitors C,, := {w,: v € BD(Q)}, where

Jou(x)  forzeQ
(@) = {a;(x) for z € O\ Q. (4.19)

Note that by the BD—gluing principle, Theorem 4.8, w, € BD((NZ). We now consider the
minimisation of

) (417) dEw ” OO dEw R
Fulul = [ 180) 2 [ (G50) azn+ [ (g ) Bl @20)

over all competitor maps w = w, € C,,. To obtain a more precise representation of the
structure of (4.20), we observe that the measures Ew, can be decomposed as follows due
to Theorem 4.8:

Ew, = BoLQ + (ug — Troa(u)) © vaoH" 'LOQ + 1. L™ L(Q\ Q)
=EvL"LOQ 4+ ESvLQ (4.21)
+ (up — Tron(wy)) @ vaoH" LN + Eug L L(R\ Q).
Here, Trpq denotes the boundary trace operator for 9. Note that Eug L L(Q\ Q) =

co@ uo.Z () Q) because g € LD(Q2\ Q). Let us now insert the expression Ew, obtained
n (4.21) into formula (4.17) to obtain

n OO dES S
Fuplwy] = /fe?’v )d.Z /f AE] ) d| E*v|

+ I (Troa(uo — wy)) ® vao) dH ™t + | f(Eug) dL™.
29 e

As to Theorem 4.23 below (i.e., the absence of gaps when passing to the relaxation) in
conjunction with problem (P.), this is the functional we actually wish to minimise over
all v € BD(2) when considering the Dirichlet problem

to minimise §[-] among the Dirichlet class u € ug + LDg(2). (4.22)

Before we give the proof of this fact, let us note that since ug is fixed, w, € BD(Q)
minimises F, if and only if v minimises

n OO dES S
Suli = | rEwazn+ [ (G ) dlE

(4.23)
00 I ((Traa(uo — u)) © vaa) dHn

It is worth noting that the last term takes on the role of a penalisation term, penalising
the deviation of the boundary values of u from ug. Another way of viewing this is to
introduce the space

BD,, () := {v € BD(Q): w, € BD(Q)}.

9By a result of GAGLIARDO [120], the trace operator Tr: BV(£;R™) — LY(9Q;R") is onto and, as a
consequence of [223], the trace operator on BD coincides with the BV—trace operator on BV(Q;R™) and
hereafter is onto itself.
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The previous definition is taylored in a way such that elements w € BD,,, (2) have sym-
metric gradient measures Ew which extend to measures Ew on Q. Then it follows from
(4.23) that if we introduce the functional F,,: BD,,(Q) — R by

/f Ew dm—i—/ f dd];g d|ESw|, w € BD,, (Q)

where Ew is now thought as the aforementioned extension of EwlL ) to Q, we obtain
that v € BD(Q2) minimises §,, if and only if u € BD,,,(©2) and u minimises F,,, over all
competitors in BD,,(Q). This formulation is a practical formalisation of ’a minimiser
having jumps at the boundary’.

For later purposes, we provide the following convenient reformulation of the Reshet-

nyak theorem, Proposition 4.18, for F,,[] as given above.

Lemma 4.22. Let Q) be an open and bounded Lipschitz domain in R™ and let f: R™ — R
be a convex function which satisfies |f(z)] < 14 L|z| for some L > 0 and all z €
R™. Assume moreover that (ui) is a sequence of finite Radon measures on Q which
converges'® in the weak*-sense to 1 in the space of finite Radon measures on . If there
holds limy,_ o0 | (L7, 1) |(Q) = [(L™, w)|(Q) for the R™T! —walued measures (L™, ux) and
(L™, ), then we also have

JoG)ans [ d|8|||
duy,
— I ( d OO k s )7
F e / (az=) +/ N | G
where p®, u® are the absolutely or singular parts of p with respect to £™ (and analogously
for uge, ug)-
We now come to

Theorem 4.23. Let f: RZ — R be a convex integrand with (LG) and define §,: BD(92) —
R by (4.23). Then the followmg hold:

(i) §U0 possesses a minimiser over BD(Q).
(ii) We have

uo = inf §, 4.24
Bm%g)go &1‘03 (4.24)

where Dy, := ug + LDo(Q2) is the Dirichlet class corresponding to ug.

Proof. Ad (i). We start by recalling that the minimisation of §u0 over BD(Q) is equivalent
to the minimisation of F,,, over C,,. By (LG), we see that F,, is bounded below on C,,
and thus we find (w,,) C C,, such that Fy, [w,,] — infe, Fu,. We note that if (LG)
holds, then we find by sending ¢ — oo in the inequality

uQ

cl|tzt\ —c < f(:z) for all z € R™**™

sym

that c1]z| < f°(2) for all z € RET. Moreover, recall that there exists a constant ¢ > 0

such that cla||b] < f*(a ©b) for all a,b € R™. From this we infer that, with a fixed
constant M := maxy, Fy,[Wy, ],

M > Fulwy,] = c1le(ve) () —|—E/ | Tr(ug — v )] dxrt —|—/~ ~ f(Eug)dL" —eZL7(9Q).
a0 a\n

10Here, weak*—convergence in the space of finite Radon measures on Q requires testing against all
continuous functions ¢: 2 — R™ with compact support.
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From this we deduce that (Evg) is uniformly bounded with respect to the total variation
norm, and since Tr(ug) € L' (9Q;R™), we must have uniform boundedness of (Tr(v)|a0)

in L'(0Q;R™). In conclusion, we find that (w,, ) is uniformly bounded in BD(Q). By the
BD-weak*—compactness principle (see section 4.2.1), there exists a subsequence (w,, ;) C

(wy,,) and an element w € BD(12) such that Wy, ;) 5w as § — oo. Clearly, w coincides

with ug on ﬁ\ﬁ and can be written in the form w, for some v € BD(Q2). By Reshetnyak’s
lower semicontinuity theorem, Proposition 4.18, we find

icnf Fuo < Fuplwy] < liminf Foyo[wy, ] = inf Fuy,.
ug j—o0 Cuy

In conclusion, w, is a minimiser for F,, over C,, and consequently v is a minimiser for
{?ug over BD(Q).

Ad (ii). Let us firstly note that since § and §UO coincide on D,,,, we obviously have
'<’in (4.24). To obtain the reverse direction, let u € BD(Q) be a minimiser of F,, as
shown to exist in (i). We next apply the area—strict approximation theorem, Lemma 4.9,
to the extended function w, (defined by (4.19)) and thereby obtain a sequence (vg) C
ol +C(Q; R™)(C Dy, ) such that w,, — w, (-)-strictly in Q. By the continuity part of
Proposition 4.18, we conclude F,,[ws, ] = Fu,[wa] as k — co. Hence, by minimality of «
for §UO and the fact that g’u(, differs from F,,, only by a constant, we see that (vy) C Dy,
is a minimising sequence for §. Since § and §u0 coincide on D,,,, we deduce

inf § < §[or] = Suplvr] & min Fup, ko0
o BD(Q)
and the proof is complete. O
Now we generalise two common concepts of minimisers from the BV—context (cp. [40])

to the BD—setting. In doing so, the above convexity and linear growth assumptions on
the integrand f are tacitly assumed together with ug € LD(Q2) for the Dirichlet datum.

Definition 4.24 (BD-minima). A function u € BD(Q) is called a BD-minimiser (for §)
(subject to the Dirichlet class Dy, ) provided u minimises the relazed functional §,, given
by (4.23), i.e., for all v € BD(Q) there holds Fu,[u] < Fup[v)-

With this terminology, Theorem 4.23 asserts that a BD—minimiser always exists. An-
other notion of minimiser that incorporates in a more direct way the specific compactness
features of the space BD is that of generalised minima with origins in the work of BILD-
HAUER [40, 42]. Due to the weak*—compactness principle for BD (cp. Section 4.2.1), any
sequence being uniformly bounded with respect to the BD—norm allows to extract a sub-
sequence which strongly converges in L! to some function u € BD(£2). This motivates
the following definition.

Definition 4.25 (Generalised minima). The set GM(F;ug) of generalised minimisers
for a given variational integral § the form (P.) of linear growth consists of all those
u € BD(Q) for which there exists an §-minimising sequence (ug) C Dy, whose L' ~limit
8 U.

If there is no confusion about the Dirichlet datum wg, we simply write GM(F) :=
GM(F;uo). Though defined by different means, BD— and generalised minima give rise to
the same concept of minima which shall allow us to switch between the two concepts.

Proposition 4.26. In the situation of the last definition, a map v € BD(Q) is a BD-
minimiser for § (subject to the Dirichlet data ug) if and only if w € GM(F;ug).
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Figure 4.1: Santi’s domain.

Proof. Assume u € GM(F;up). Then we find a F-minimising sequence (uy) C D, such
that up — u in Ll(Q;R") as k — oo. By Remark 4.20, the above easily implies lower
semicontinuity of §,, with respect to L'-convergence and since [v] = F,[v] for all
v € Dy,,

Fuo[u] < liminf Fo, [ug] = liminf F[ug] = inf §,
k—o0 k—o0 Dy

we see by (4.24) that u is a BD—minimiser. Now, if u is a BD-minimiser, we may
proceed as in the proof of Theorem 4.23 to conclude the existence of a sequence (uy) C
ug + Co°(;R™) such that ux — w (-)-strictly as k¥ — oo, and by Proposition 4.18
we see that (uy) is § minimising. Because weak*-convergence implies L'-convergence,
u € GM(F;up). The proof is complete. O

We conclude this section by remarking that BD-minimisers can be characterised by an
Euler-Lagrange equation as well, but due to the possible singular part, a greater flexibility
with respect to admissible test maps is required. This has been firstly accomplished by
ANZELLOTTI [20] and is explained for the reader’s convenience in Chapter 10.4 in the
appendix.

4.4. (Non—)Attainment of Boundary Values: The Santi and Finn
Examples

We finally give two examples which demonstrate the interplay of uniqueness of minima
of variational principles (1.1) subject to linear growth hypotheses and the geometry of
the underlying domains. These examples are discussed in slight more detail than here in
SCHMIDT’s habilitation thesis [211, Chpt. 1] which also serves as a general reference for
the present section.

As it will turn out crucial in the following chapters, let us again explicitely note the
occurance of the third term on the right side of (4.23) which penalises the deviation
from the given boundary values ug. Since f° is positively 1-homogeneous, it is never
strictly convex and thereby gives rise to possible non—uniqueness of BD— (or BV-minima).
Before we present two examples that demonstrate this phenomenon, let us briefly recall
a criterion for the attainment of the correct boundary values due to MIRANDA [180, I,
taylored for functionals of the form (P) with general n € N and N = 1. Assuming that Q
is an open and bounded Lipschitz domain in R™, 9Q has non—negative (generalised) mean
curvature in a neighbourhood of some boundary point zg € 92 and the restriction of the
extended boundary datum ug to Q° is continuous at zg, then every BV-minimiser of
the relaxed area integral attains the boundary value ug(zg) at z¢ continuously (cp. [211,
p.10]). As a consequence, if this is the case for some zo, then BV-minimisers of the
relaxed area—functional are unique.
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\ |/

Figure 4.2: Finn’s domain.

To produce non—uniqueness of minimisers, it is therefore sensible to work with domains

violating the condition of non—negative mean curvature which, in turn, is the starting
point in both the aforementioned examples due FINN [105] and SANTI [206] to be discussed
next. Both examples deal with the relaxed version of the scalar area—integral

%uo[u]:/ \/1+|Vu|2dsc+|DSu|(Q)+/ u — ol dH" (4.25)
Q o

for u € BV(2); again, Du = Vu.Z" + Dy is the Radon—Nikodym decomposition of Du
for u € BV(2).

e The situation of Santi’s example is illustrated in Figure'' 4.1. Hence, we have n = 2,

and the boundary values are adjusted in a way such ug = My on the two opposite
sides in the first and third quadrant and uy = —Mj on the remaining opposite sides
of the curvilinear rhombus as given in Figure 4.1 for some My € R. Santi then shows
that a particular minimiser of the relaxed area integral belongs to C*°(Q) is bounded
independently of My. In consequence, if My is chosen sufficiently large, then the
boundary interior trace of u € BV, (Q) deviates at least by My/2 from ug on the
boundary of the domain and so it is seen that v+ Loz with —My/2 < 2z < Mp/2 is

a (generalised) minimiser of the relaxed area integral.

The situation of Finn’s example is illustrated in Figure 4.2. Hence, we have again
n = 2 together with the annulus Q = B(0,2) \ B(0,1) in R% Here we assume that
ug = My on 9B(0,1) and ug = 0 on 9B(0,2), where My € R is a constant. The
approach of Finn now relies on the fact that, by radial symmetry of the integrand
and symmetry of € with respect to the origin, the minimiser can be computed
explicitely as the solution of a suitable ordinary differential equation and therefore
is unique. In a second step, it is shown that the minimiser is bounded independently
of My and hence cannot attain the correct boundary values provided My is chosen
suitably large.

We conclude this chapter with the observation that the examples just discussed above are
in accordance with the Miranda criterion; in fact, both the Santi and Finn domains as
illustrated in Figures 4.1 and 4.2 do not have non—negative generalised mean curvature.

11T am grateful to Lisa Beck for having provided me with the graphic depicted in Figure 4.1.



CHAPTER D

Sobolev Regularity for Symmetric—Convex Problems

The aim of the present chapter is to give sufficient conditions on the ellipticity of a
variational integrand f: RZX™ — R to produce generalised minima (in the sense of the
preceding chapter) which not only belong to BD(2) but actually to some local Sobolev
space VVI1 2(Q;R™). We give an overview of known regularity results in the BV-setting and
moreover discuss the extent to which Caccioppoli-type inequalities improve the regularity
of generalised minima. Finally, we conclude with a discussion of related results in the
p-growth setting, 1 < p < oo, where a Korn—type inequality is available and compare the
corresponding results.

Structure of the chapter. In Section 5.1, we give an overview of available higher
integrability results in the full gradient, i.e., BV—case and indicate the difficulties for
the symmetric gradient case. In Section 5.2, we carefully examine the class of u—elliptic
integrands and with this scale at our disposal, we state and discuss the main result of
this chapter in Section 5.3. Section 5.4 is devoted to the dual problem and gathers
regularity and uniqueness results for the dual solution. Before we deal with the Sobolev
regularity, we establish in Section 5.5 two crucial interpolation results. In a next step,
we discuss the impact of Caccioppoli—type inequalities in the linear growth setup as to
higher integrability in Section 5.6. Finally, we prove in Section 5.7 the main result of this
chapter and conclude in Section 5.8 with an outlook of other settings.

5.1. Description and Contextualisation of Results

In the present chapter we are concerned with the higher Sobolev regularity of solutions
of the variational principle

to minimise Flv] := / fle(v))dz over Dy, := ug + LD (), (5.1)
Q

where ug € LD(Q) and f: RET — R is a convex C%-integrand of linear growth meaning

that there exist constants ai,as,as > 0 such that

a1 & —as < f(€) < az(1+[€)) holds for all § € R (5.2)
From the discussion in Chapter 4.3.2 and, in particular, Ornstein’s Non-Inequality, ex-
istence of generalised minima a priori can only be established in the space BD(Q2). As
BV(Q;R™) C BD(Q), it is natural to ask under which additional assumptions (particu-
larly on f) we are able to demonstrate that the full gradients of minima qualify as finite
R™*"—valued Radon measures. The chief goal of this chapter is to give such a condition.
As we shall see, in the framework as considered here, it always comes with some improve-
ment of higher integrability and thus restricts the minimal space which certain minima

. . 1
are contained in to W, /¥ for some p > 1.
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result additional assumptions | contribution
l<pu<1+2|al GMsin Wprs" | - BILDHAUER [10]
l<p<3 one GM in W, 7 local boundedness BILDHAUER [43]

for some 1 < p < oo
w=3 one GM in WllocL gL 1 Jocal boundedness BILDHAUER [43]
w=3 all GMs in WllocL gL 1 ocal boundedness BECK

& ScHMIDT [34]

©w>3 - - -

Table 5.1: Known Sobolev regularity results for generalised minima (GM) of u—elliptic
integrands in the full gradient case. In the borderline case p = 3, WllocL o8 L_pegularity
is known whereas for p > 3 neither a positive nor a negative result is available in the
autonomous setting (in the non—autonomous case, a counterexample is due to BILDHAUER

[43], also see Remark 5.1).

5.1.1. Results on the Dirichlet Problem on BV To explain our method, it is con-
venient to firstly report on the available higher integrability results for a particular scale
of strongly convex, the u—elliptic variational integrals (see Section 5.2 for the requisite
definition and discusssion) in the full gradient case

/ f(Vu)d v e D :=uy+ Wy (GRY), (5.3)

where ug € WI’I(Q;RN ) is a given boundary datum. Using a vanishing viscosity ap-
proach, Bildhauer [13] provided the first higher integrability results for gradients of gen-
eralised minima. Precisely, assuming ug € W?(Q; RY) for the boundary data, the func-
tional F is stabilised by adding small Laplacians, i.e., we consider

0
Fslv] := f[v]+§/S2\Vv|2dx on D :=uy+ Wy*(Q;RY)

and finally aim for sending ¢ \, 0. Denoting the unique minimiser of Fs over D by us,
it is easy to prove that (us) is a minimising sequence for F. Bildhauer then was able to
show that if (ug) satisfies the local boundedness assumption

for all K € (2 there exists C(K) > 0 with sup |lus||pexry) < C(K), (5.4)
0<é<1

then the weak*-limit u of (us) belongs to WIC;S(Q RY) for some p = p(u) > 1 provided
1< p <3, and to Wy LlOgL(Q RY) provided p = 3. Apart from the strong assumptions
made on the partlcular minimising sequence, the boundary data and the functional itself,
the result merely applies to one particular such generalised minimiser. The reason for
this is the possible non—uniqueness of generalised minima which, in turn, is a consequence
of the recession parts in the relaxed variational integral. Indeed, even if f € C*(RN*")
is strictly convex, the recession function f>: RN*™ — R is positively 1-homogeneous
and thus never strictly convex. In consequence, if a minimiser does not have vanishing
singular part with respect to Lebesgue measure, uniqueness in general fails as f and
f°° act on two mutually singular parts of the gradients. To achieve uniqueness, one must
therefore genuinely rule out the singular parts of minima. This has been achieved recently

by BECK & SCHMIDT [34] by sophisticated use of the Ekeland variational principle in
the negative Sobolev space W™ "1 for the borderline case y = 3. Referring the reader
for the precise outline to [34], the general streamline is this: Starting from an arbitrary

minimising sequence (u) C ug + Wé’l(Q;RN ), the Ekeland variational principle yields
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another minimising sequence (v;) that is W' —close to (u;) and has the same weak*—
limit. This new sequence (vg) is then shown to be a sequence of almost minimisers
to suitably stabilised functionals and thus can be proved to belong to leoz At this
point it is possible to adapt BILDHAUER’s approach and hence, by arbitrariness of (ug),
uniqueness and the aforementioned higher regularity results follow at once. However, it
needs to be stressed that BECK & SCHMIDT’s method of proof also relies on a version
of the local boundedness assumption. Further, assuming Uhlenbeck, i.e., radial structure
of the integrands, stronger results such as C'* regularity of generalised minima can be

achieved; see [40, 43, 35].

Remark 5.1 (The Case p > 3). By the results gathered in Table 5.1, it is obvious that
1w =3 (an instance of which is the usual area integrand, see Example 5.3 below, displays
a borderline case. If we allow for non-autonomous integrands f: Q x RVN*X™ — R satis-
fying a suitable generalisation of the usual u—ellipticity condition, then BILDHAUER [/7]
proved by a similar method as in the degenerate weighted setting given in [120] that such
integrands indeed may produce generalised minimisers in (BV\ W')(Q;RY). However,
for the corresponding counterexample to W' —reqularity, x—-dependence seems a crucial
ingredient, and to the best of our knowledge it is not known whether — even in the presence
of radial structure — p—ellipticity can give WU —regularity of generalised minima provided
w>3.

5.1.2. Obstructions in the BD—case Going back to functionals § as given by (5.1),
the main difficulty lies in the appearance of the full difference quotients when aiming
for higher integrability estimates. Testing the Euler-Lagrange equation of a suitably
stabilised functional with the canonical choice ¢ := A;h(pQA:,hvk), where A:hv(x) =
+(v(z £ hes) — v(x)) are the forward or backward difference quotients, respectively, and
), is a minimiser for the stabilised functional, we need to uniformly control the L'-norms
of (Vuy,) locally. By Ornstein’s Non—Inequality, A;r’ , v cannot even be bounded locally in

L! for v € BD, and thus the suitable device hence is to work with finite differences instead
of difference quotients and to establish estimates for carefully chosen Besov—norms of the
symmetric gradients.

To employ this method, we in turn utilise the regularity of the dual solution (cp. Sec-
tion 5.4.1 for this terminology) and its interplay with the primal problem. In order to
state our results in Section 5.3, we now discuss the requisite notion of u—ellipticity.

5.2. The Scale of p—elliptic Integrands

Throughout the present chapter we shall further assume that f € Cz(ngXrg‘) isa pu-
elliptic (and thus, in particular, convex) integrand. This notion of ellipticity originates
from a series of papers by Bildhauer, Fuchs and Mingione [10, 12, , 45] in their study
of minimisation problems of the type (5.3), where € was replaced by the full gradients

and which we recall here for completeness:

Definition 5.2 (p-ellipticity). Let 1 < p < co. A C?—integrand f: R — R is called
p—elliptic if and only if there exist 0 < A < A < oo such that

A2

|‘A'|2 1
r S (fT(B)AA) SA————
N (1+B[?)=

i+ B (55)

holds for all A,B € RIX™.

Sym

This notion canonically carries over to functions f defined on RV*™ with the obvi-
ous modifications. As a direct consequence of the definition, p—elliptic integrands are
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my, (¢)
p=1
 p=14
\/ p=2
t

Figure 5.1: The scale (my)1<p<oo- For p > 2, the graph of m, is very flat at zero, thus
leading to degeneracy of its second derivatives, m;,’ (0) = 0, whereas the second derivatives
become singular for [t| N\, 0 if 1 < p < co. In the borderline case p = 1, ellipticity is
completely lost also away from zero.

automatically strongly convex. In particular, we have some control on the ellipticity ratio

largest eigenvalue of f(B)

B E Rn)(n

smallest eigenvalue of f/(B)’ sym

of the variational integrands. This, in turn, is necessary to establish higher Sobolev
regularity of minima. However, note that the ellipticity ratio degenerates as |B| — co.

Before discussing several examples of u—elliptic integrands, let us briefly comment in
detail why the case p = 1 is excluded. To this end, consider the function f: Ry — R
given by f(t) :=tlog(e+t), t € R>g. Then there holds for ¢t > 0

1 e

f(t) =log(e+1t) + ei

Toand f7() =

“ewmt T (e+t)2"

Hence, taking a mollification' of f := f(|-]), it is easily seen that fis a 1—elliptic integrand,
however, it is not of linear but L log L—growth. This is typical indeed, and so 1—elliptic
integrands fall outside the scope of linear growth functionals. On the other hand, the
variational problems as considered here are covered by the work of FUCHS & SEREGIN
[116] and FREHSE & SERECIN [113] with if we consider 1-elliptic integrands; see Section
5.8 below.

Before we pass to various examples demonstrating the richness and also the limita-
tions of the scale of p—ellipticity, let us remark the typical (p, q)-behaviour of p—elliptic
integrands on the level of second derivatives (as g > 1 in general). By this, we mean
that such the Hessians of the integrands have different growth bounds from below and
above. This also indicates that in view of regularity it is more appropriate to make use of
approaches that especially arise in the (p, ¢)—context, see [176] and [10, Chapters 3 and
4] for more information.

Example 5.3 (The Area—type Integrands). Given 1 < p < oo, the p—th area integrand
m,: RY — R is given by

my(€) = (1+|EfP)7,  €eRY,

LSince f(|-|) is not differentiable, it needs to be mollified in order to serve as a possible C2—p—elliptic
integrand.
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and the usual area integrand is retrieved by setting p = 2, and is p = 3—elliptic as can be
seen from the estimate (see [/0, Rem. 4.3])

(e AP am B < 2 (B AR

VI+I]APR 1+ [A]? VI+IAR L+ [A[

for all A,B € RN and two independent constants cy,cy > 0. Within the scale of convex
integrands (myp)1<p<oo, the area integrand mo is the only member to be p—elliptic for some
suitable p. Indeed, as pointed out by SCHMIDT [211, p. 7], if> p > 1, then there exists
Cp > 0 such that

G ZP Y < (ml(Z)Y.Y) < GlZP YY) if|Z] <1
C, Mzl Y < (m(B)Y.Y) < Gzl YL iflz] > 1.

In particular if p > 2, then m}] vanishes at Z = 0 (i.e., degenerates) whereas if 1 < p < 2,
then my (Z) becomes smgular as |Z] 0. This is zllustrated in Figure 5.2.

Example 5.4 (Obtaining p—elliptic integrands). As a slight modification of [0, Ex. 3.9],
a family of p—elliptic integrands is obtained in the following way. Fiz 1 < p < co and put

s 1
Fu(A) = fu(JA]) with  f.(t) / / T |0|2 u/2 (EREEEE dods.  (5.6)

Then clearly %ﬁ(t) = (1 +t3)"% + 1+ [t}>)"% and so f, satisfies (5.5). Note that
the difference of f,, as given here to BILDHAUER’s example is that in [/0, Ex. 3.9] the

term (1 + |o|2)"2 in the integrand appearing in (5.6) is omitted and hence results in an

integrand whose Hessian shows the same growth from above and below even though it
trivially satisfies (5.5).

We next record some consequences of the u—ellipticity condition. In particular, p—
elliptic integrands are of linear growth.

Lemma 5.5 (Bildhauer, [40, Rem. 4.2]). Let f € C*(RN*") be a u—elliptic integrand
which has a global minimum at & = 0 with f(0) = 0. Then the following hold:

(a) Then there exist constants c1,c2 > 0 such that for all £ € RN*" there holds
(£'(€),€) = c1(§) — ca.
(b) There exist constants cs, ...,ce > 0 such that for all £ € RNX" there holds

cslél —ca < f(§) <5

&| + ce.

Proof. Ad (a). Let ¢ € RN*". We compute, using f’(0) = 0,
/ / ! d !/
116.9 = 1@ - 0.9 = [ (F709.6)a
1 1 2
. " |§‘
—/0 ()€ €) d A/O T e (5.7)

€] ds
>\ ) s @,
€l </0 (1+82)2> CAL{jg>1)

2The case p = 1 is excluded since m1(¢) — 1 = |£| which is a positively 1-homogeneous function and
hence not even strictly convex.
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where ¢ := fo o z)ﬂ. Therefore, (f'(£),€) = eA(|€] — 1), and since (£) < 1+ [¢], we

deduce (f'(£),€) = ¢A(€) — 2¢), and the proof of (a) is complete. Ad (b). Let £ € RVx™,
Using f(0) = 0 and noting that (f'(£),£) > 0 as demonstrated in (5.7), we estimate for
0<ax<l1

1 d 1 ,
16 = 10 -10 = [ Zrega= [ e
>/ t(er(té) — co) dt

[€]
cla/<t£> cQ/ tdt = CE‘I |£|<s)ds—cQ B_‘ﬂ

€] €]
c1a c1a 1 2

(s)ds > sds = Scia(l —a”)[¢],
1l Jae €l Jagg 2

and from here the lower bound claimed in (b) is clear. The upper bound is similar. [

Now note that

5.3. Main Result

We now proceed by explaining the main results and the structure of this chapter,
the latter being depicted in Figure 5.2. Our overall aim is to establish an analogue of
BILDHAUER’s theorem as reported on above. To this end, we employ a vanishing viscosity
approach and firstly show that if? ug € W'?(Q;R"), then the sequence (v;) of minimisers
of the stabilised functionals

/ fe())dz + — / le(v)|* da over ug + Wy ?(Q; R™) (5.8)

converge to a generalised minimiser u € GM(F;uo) in the sense of Chapter 4. As a
generalisation of (5.4), we then have the following result:

Theorem 5.6. Let Q C R™ be an open and bounded Lipschitz domain and let ug € LD(RQ)
be a given Dirichlet datum. Then there exists a number 1 < pimax < 2, fmax = Hmax(7)
with the following property:

Let f: C? (RE) = R be a p—elliptic variational integrand with 1 < pi < fimax satis-
fying the linear growth hypothesis (5.2). If the sequence (vj) of viscosity approzimations
satisfies

sup [|vj|lBmok;rr) < 00 for all Lipschitz K € , (LBMO)
JjEN

then there exists a generalised minimiser u € GM(F;ug) which is of class Wllo’g(Q;]R")
for some p > 1.
In particular, we have pimax = 1+ %

The previous theorem is the natural extension of BILDHAUER’s work as mentioned
above, in particular, condition (5.4). The result will be established in Section 5.7 as an
interplay of higher regularity of the dual solution ¢ to be introduced and discussed in the
next paragraph and improved fractional differentiability of the viscosity approximations
based on the local uniform BMO-assumption (LBMO).

The required tools to accomplish the proof will be given in the sections which precede
Section 5.7. In Section 5.4, we examine as minor modification of SEREGIN’s work [212]—

[215] the Wlocfregularity of the dual solution and characterise the interplay of the solution

3The Wh2-assumption on the Dirichlet data is no essential restriction, cp. Remark 5.8.
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Characterisation of o Impact of Caccioppoli
Theorem 5.18 Section 5.6
T T
Regularity of the dual solution o Interpolation Theorems
Section 5.4 Section 5.5

N T

Proof of Theorem 5.6
Section 5.7

Figure 5.2: Structure of the present chapter and dependencies of the single sections.

of the primal and dual problems in the sense of the recent study [36] of BECK & SCHMIDT.
For this, we introduce a symmetric version of an up—to-the-boundary pairing as has
been done in the BV—case in [30, Sec. 7]. The latter, in turn, is reminiscent of ideas of
ANZELLOTTI [21].

In a second step, relaxing the local boundedness hypotheses (5.4) to the local BMO-
hypothesis (LBMO) requires an interpolation result for BMONBD. This is given in
Section 5.5, and to round off the discussion of improvement of higher fractional Sobolev
regularity for u (not e(u)), we moreover provide interpolation estimates for spaces BD NL?
with ¢ > 5. These estimates then turn out useful in the intermediate Section 5.6, where
we discuss the impact of Caccioppoli-type inequalities on higher integrability. Most
notably, we show that Caccioppoli-type inequalites (of the first kind) cannot yield higher
integrability results for (u) in the linear growth context, but that they do on the scale of
fractional Sobolev spaces W*P, 0 < s < 1. This is in contrast with the superlinear growth
situation, where higher integrability can be inferred from Caccioppoli-type inequalities
by use of the Sobolev inequality and Gehring’s Lemma. After combining the results of
Sections 5.4 and 5.5 which yield the proof of Theorem 5.6, we discuss the aforementioned
uniqueness of generalised minima. In particular, we have the following result:

Theorem 5.7. In the situation of Theorem 5.6, let Q) be an open, bounded and convex
Lipschitz subset of R™ and suppose that generalised minima of the variational integral §
are unique modulo rigid deformations. If one generalised minimiser u attains the correct
boundary values in the sense that Tr(u—ug) = 0 H" 1 -a.e. on dQ, then GM(F; uo) = {u}.

The chapter then is concluded by an outlook of how the situation simplifies when we
leave the linear growth regime in Section 5.8.

5.4. On the Regularity of the Dual Solution

In this section we give a W'? regularisation approach to the regularity and unique-
ness of the dual solution which is reminiscent of the foundational work of SEREGIN
[212, , , | and its adaption due to BILDHAUER & FUcCHS [11]; also see BILD-
HAUER’s monograph [40, Chpts. 2.2 and 2.4] and the treatise of FUCHS & SEREGIN [115].
Throughout, we tacitly assume uy € W?(Q;R™) for the given Dirichlet datum. This,
however, is no essential restriction:

Remark 5.8. In the same vein as in [0, Rem. 2.5], the assumption of W2 _Dirichlet
data is not restrictive but a bit more involved from a technical perspective. If we assume
uo € LD(R), then we pick an approzimating sequence (ug;) C C(Q;R™)(C WH?(Q; R™))

which converges strongly in LD(Q) to ug. In this situation, we would replace the factor
(%) in the viscosity term (5.8) by some d;; > 0 sufficiently small. For a detailled dis-

cussion in the gradient case (which, in this respect, does not differ from the symmetric
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gradient case as any implications arising from Korn’s inequality in W2 are not used in
the limit passage j — o0), see [//].

5.4.1. The primal and the dual problem In this section we apply the general frame-
work of convex duality as exposed in Chapter 2.4 to the variational principle (1.1). Hence-
forth let f € CQ(RQyﬁl)fintegrand satisfy? the linear growth assumption (LG).

In view of the minimisation problem of interest, we note that f: R — R is lower

semicontinuous and convex. Consequently, by the duality relation (2.5) from Chapter 2 we
find that if 9f(€) # 0 for some £ € R, thenn € 9f(€) if and only if f(&)+f*(n) = (n,€).
Now, because f is assumed to be of class C?, the preceeding relation with = f(£) implies

FEO+£7(f(8) = (f(§),8)  forallg e RELT. (5.9)
In this situation, we define the Lagrangian £: (ug + LDg(Q)) x L= (Q; R2X™) — R by

sym

Uw, X) = (o + 9, x) = /Q (o e(w)) d — /Q £*(x) da
(5.10)

— tuosx) + /Q (xe(0) d,

where (w,x) = (uo + ¢,x) € (uo + LDo(Q2)) x L= (QREY"). The dual functional
R L (Q;RES") — R now is given by

Z[X] := inf {{(w, x): w € ug+ LDo()}, X € L(; R™*™). (5.11)

The dual problem then is given by

to maximise % over L (Q;RLT), (5.12)
and in this terminology,
to minimise F[v] := / f(e(w))dz over Dy, (5.13)
Q

is referred to as the primal problem. Note that if x € L(;RZX") is not (row-wise)

sym
solenoidal or divergence—free in the sense of distributions, that is, y does not verify

/ (x,e(p))ydx =0 for all p € CL(Q;R™), (5.14)
Q

then Z[x| = —oc. In fact, choosing any ¢ € CL(€;R") for which Jo (. e(p)) dz > 0 and
considering the sequence () C CL(Q;R™) with ¢y, := —k¢p, we find

Lwg, x) = L(ug + pr, x) = L(ug, X) — k/§2<x,€(<p)> dz — —o0, k — oo.

Hence we obtain the dichotomic statement that

Ay = {—oo if div(x) # 0 in the sense of distributions, (5.15)

L(ug,x) if div(x) = 0 in the sense of distributions.

As a consequence, when maximising the dual functional we can safely stick to distribu-
tionally solenoidal competitors. In the sequel we shall give a precise description of the
relation between the primal and the dual problem. For the time being, it suffices to focus
on the following observation.

4For the purposes of the present section, it suffices to assume mere continuity on f. However, as we
shall only need the C2-case later on, it suffices to focus on the latter. We refer the reader to [36] for
possibly non—C!-smooth variational problems and their dual variational principles.
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Lemma 5.9. There holds

inf Flw] > sup Zx], 5.16
uo+LDo(€2) v X€LE, (RE) o ( )

where L, (€ RET) denotes the linear space of all v € L™ (Q;RE) which are solenoidal

in the sense of distributions.
Proof. First, let us note that by (5.9), f(e(w)(x)) = (x(x),e(w)(x)) — f*(x(z)) holds for
ZL"a.e. x € Qand every y € L=(Q;R2X"). Therefore, integrating the previous identity

Sym
with respect to = and passing to the supremum over all x € Lg;, (Q; RE") gives

Sle@)>  sup / (ne@) - ffode=  sup E(w,x).

XELSS, (R x€LSS, (BRI

Hence have for all w = ug + ¢ € ug + LD (£2)

Flw] > sup Lw,x) = sup inf (v, x) = sup Z[x].
XELS, (URL) XELG, (R vEUoTLDo () XELZ, (RIS
Passing to the infimum over all such w yields (5.16). O

5.4.2. Viscosity Approximations In what follows, we consider viscosity approxima-
tions as in (5.8). More precisely, for j € N, put

1
Fjlv] := Sl + Z/ le()?dz, v € Dy, = ug + Wy R"). (5.17)
Q

Clearly, by the quadratic term, each F; is strictly convex and by the direct method in
conjunction with the L?-Korn inequality, it is straightforward to show that each Fj has
a unique minimiser v; € D,,. We shall now derive some a priori estimates on (v;) to
demonstrate that (v;) is a minimising sequence for §. Since v; minimises F; and ug € Dy,
we find

1
Slvs] + Z/ le(vj)* dz = Fj[v;] < Fjluo] < e < 0.
Q
By coerciveness of f, this implies that (v;) is uniformly bounded in LD(2) together with

1
sup/ le(v;)|dz < oo and sup— [ |e(v;)]*dz < 0. (5.18)
jeN Ja jeN 27 Ja

We define f;(§) := f(§) + 2%,|§|2 for £ € RIS and put
oj = file(vy)) = f'(e(vy)) + %E(Uj)» 7= f'(e(v;)), JEN (5.19)

As f is C? and of linear growth, we deduce that f’ is bounded and hence (f'(e(v;))) is
bounded in L>(€; RE 1), By the Banach—Alaoglu theorem, there exists 7 € L>(€; RIT)
and a non-relabelled subsequence such that

7; — 7in L®(Q; R as j — oo. (5.20)

sym

On the other hand, (5.18) implies

| o

. 11 5
I e oz = (55 [ leFde)” <3 =0 (5.21)
—_—

<cby (5.18)

.
o=
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as j — oo and so we obtain upon passing to a suitable non-relabelled subsequence

oj = oin L2(Q;R2M) asj — oo (5.22)

sym

for some o € L2(Q RE). Consequently, since weak*—convergence in L implies weak

convergence in L? on bounded domains, we find that o = 7. Our next objective is to
demonstrate that o € L™ (€; R{(") is a solution of the dual problem as introduced in the
previous subsection.

Theorem 5.10. Let o € L= (4RI be given by (5.22). Then the following holds:
(a) o is solenoidal in the sense of distributions on Q.

(b) o is a solution of the dual problem.

(c) SUPLe (R X = inf, 11p0) T

sym)

Proof. Ad (a). Since v; is a minimiser of F;, it satisfies the Euler-Lagrange equation

A}fﬂduﬂﬁdwndxzo for all p € Wh2(Q; R™). (5.23)

Hence, letting ¢ € C2°(Q; R™) be arbitrary but fixed, we may pass to the limit j — oo in
(5.23) and use the convergence fi(e(v;)) = 7 =0 in L2 (¢ RZ) to find [ (0, e(p)) dz =
0.

Ad (b). We employ the duality relation (f'(£),&) = f*(f'(§)) + f(§) for £ € R
with £ = e(v;) to obtain (7;,e(v;)) = f*(7;) + f(e(v;)). Hence,

F;lvj] /f e(vj) dx+—/|evj|dx

_Lﬁﬁ@»jwmm+—/kw|m

Z/Q<Uj>€(vj)>—f*(Tj)d$—7j/§l|€(Uj)|2dx:(*)

and since v; = ug 4 w; with some w; € W§(€;R"), we use the distributional (rowwise)
solenoidality of o; (which holds as v; minimises F;) to conclude

[ o5 etw)dz =0,
Q
and therefore

. 1
()= [ (o3.etun)) = £*(r)d = 5 [ [elwy)P e (5.24)
Q J Ja
We conclude by Lemma 5.9 in the first step that

sup X < inf  F< inf T
(URLLT uo+LDo(2) uo+ W (R™)

< inf F; (by definition of F;)
ug+ Wy (Q;R™)

le

= Fjlvj]

. 1 .
:/Q<Uj7€(uo)>*f (Tj)d$*?j/9|€(vj)\2d$ (by (5.24))
—fi v;)|? dz 7. e(ug)) — f* () dx
5 [ lew)P o+ [ (r.eua) - ()

1
+54@wxwmm%
(5.25)
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where we have used the very definition of 7; and o; in the last step. Since v —

— Jq £ (v) dz is upper semicontinuous with respect to weak*-convergence in L> (Q; RZ %)
as consequence of convexity of f, we obtain by 7; = 7 as j — oo and €(ug) € L' (Q;RIX™)
that
limsup/ (7, (u0)) — £ (r;) dz < / (r,e(uo)) — £*(7) da (5.26)
j=oo JQ Q

Moreover, as a consequence of (5.18), we obtain

1 _

'jA@Wde»®7<M1dwwmmmyﬂdwmmmmmg+0 (5.27)

as j — oo. Collecting estimates, we find by sending j — oo in (5.25) and incorporating
(5.26) and (5.27) that

sup %’é/Q<T,€(uo)>—f*(T)dx—i—limsup (—;j/§2|s(vj)|2dx>

L35, (REE") Jmroe
1
< sup  Z + limsup (—/ le(v;)]? dx) < sup %,
L2, (GRS ime \ 27 Jq L, (QRL
where in the ultimate estimate we have used the admissibility of 7 € L, (R
competitor for the dual problem which, in turn, is ensured by (a). This shows that

1
lim sup (—/ le(v;)|? dx) =0 (5.28)
Jj—o0 2] Q

and hence 7 € Lg;, (4 RET) is a solution of the dual problem. This also directly implies

(¢). The proof is complete. O

) as

From the above proof we further extract that (v;) is a minimising sequence for §. A
standard finite difference approach, which we give here for completeness of presentation,
yields (non—uniform) higher Sobolev regularity for the sequence of viscosity approxima-
tions (v;):

Lemma 5.11. Suppose that the variational integrand f € CQ(R”X") satisfies

sym
2
0< (O <A forallon € R

where A > 0 is a fized constant. Then the sequence (v;) as constructed above belongs to
W22(Q; R™).

loc
Proof. Let zy € Q be arbitrary and let » > 0 such that dist(zo,d€) > 2r and hence
B(zo,2r) C Q. We pick a cut—off function p € C1(Q;[0,1]) with 1B(zo,r) < P < 1B(ag,2r)-
For sufficiently small h € R and a standard unit vector e, € S"~!, the function ¢ :=
A7 w(P?Ag ;) is admissible in the weak Euler-Lagrange equation (5.23). Here we recall
that for a mapping w: R" — R™ the forward and backward difference quotients AT, w(z)
at x € R™ are then given by 7

w(z £ hey) — w(x)
h

Inserting this choice for ¢ as above into (5.23), we hence obtain by integration by parts
for difference quotients

Aihw(x) = , and we set Ay = A:‘)h.

/<A57hfl(€(vj))v€(p2As,hUj)>dl’+1./<As,h5(ﬂj)7€(p2As’h’l}j)>d(E:0.
9} JJa
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We find by the product rule for € and after expanding terms that

I+1I 2:/<A5,hf/(€'(’0j)),p2As,h€(Uj)>dl"i‘1./ P (Asne(v;), Ao ne(vy)) da
Q JJa
< —/Q<As,hf'(s(vj)),2pr®Asyhvﬁdx (5.29)
1

- = / (Asne(vy),2pDp © Ag pvj) de = TIT+ IV,
JJa

Now note that since f € C2(ngxrg’) is a convex function with everywhere strictly positive

definite Hessian, the bilinear forms

1
A9) [en] = / ("(e(03)() + thid ye(v;)(@))E ) dt

for fixed x € ), are positive definite. Invoking the fundamental theorem of calculus, we
see that

Ao f(eoy))(@) = %(f’(s(v (@) + hAsne(vs) () — /(ee;)(2))
=1 [ ()@ + ety a
/ J(£(07) @) + thihg () (@) dE) Ay pe(v,)(2)

=AY [Asne(vy)(@), ).

z,h,s

In consequence, to estimate the latter two terms, we use Young’s inequality applied to
the bilinear forms A;] 31 . to obtain for some suitably small € > 0 and constants C(e) > 0

I+ IV < ¢ / A9 (A, ne(v), Aupe(v;)] da
5 [ lpAunetop as
+C(e) / A;J;L J2Dp ® A pv5,2Dp © A puj] da
C(e) 9
+ =50 [ 12Dp® Ay pvj|? do =: IIL; + III, + 115 + I1L,.
Q
At this stage we go back to (5.29). We note that
I:/QpZA;j;L’S[A&hE(Uj),A&he(vj)] dz and II = 3/ P?|Ag ne(vy))? da.

We then choose € > 0 so small such that III; can be absorbed into I and III, into II.
We fix this choice of € > 0 which in turn fixes C(¢) > 0. Since I > 0, we consequently get

1
;/ |pAg ne(v;)]?dz < CI+1I) < C(e /«4(3) [2Dp ® Ay pv,2Dp © Ay pvj] da
Q

z,h,s

on5)* da

<cC / Do A gy dar,
Q
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where we used that (f”(2)¢,€) < C|€|? holds by assumption. In conclusion, since v; €
wt2 (©;R™) by Korn’s inequality, the right hand side of the last inequality is bounded
uniformly in s € {1,...,n} and 0 < h < 3 dist(xo, 9Q). Therefore, we obtain that

1
sup f,/ P?|Ag ne(v;) > do < oo,
|h|< L dist(z0,00) ] JQ

and so e(v;) € WEH(Q; RiW') by arbitrariness of o and s € {1,...,n}. Now, since
0;e(v;) = e(0;v;) for all ¢ € {1,...,n}, we use Korn’s inequality to conclude 0,v; €
WL2(Q;R) for all 4 € {1,..,n} and so v; € W22 (% R") as claimed. The proof is
complete. O

5.4.3. Regularity and Uniqueness for the Dual Solution The purpose of this sec-

tion is to prove the Wlocfregularity of the dual solution obtained by the viscosity approx-
imation procedure, cp. (5.22). To do so, we shall utilise a method firstly employed by
SEREGIN [213, ]. In the proof of the local Sobolev regularity of the dual solution, we
follow the outline of FUCHS & SEREGIN [117].

Theorem 5.12 (W,.>-Regularity of the Dual Solution). Let f € CQ(R’;;I?) be a p—elliptic

integrand of linear gmwth and let o € Las, (€ REY) be the dual solution given by (5.22).
Then there holds

(Ldlv N VVIoc)(Q Rnxn)7 (53())

sym

and in particular, for every relatively compact Lipschitz subset K of ), the sequence
(07) = (fi(e(v}))) is uniformly bounded in W2 (KRS,

Sym

Proof. Step 1. In a first step, we employ an estimate valid for £"—a.e. x € Q. For j € N

and v € REX™, we define bilinear forms A[v; -, -] and Aj[v;-, -] by
Alvin, €] = (f"(v)n, €), (5.31)
Ajlvin, €] == Alvin, §] + %(5, m, v eRIL (5.32)
Note that for fixed v € RI5", both A[7;-, -] and Aj[v;-, -] for all j € N define symmetric

positive definite bilinear forms and thus we have a suitable Cauchy—Schwarz inequality
at our disposal. Consequently, recalling that o; = f'(e(v;)) + %e(vj) for all j € N, we
obtain .Z"-a.e. '

Doy =Y 0oy, 0h07) = 3 <f"<e<vj>>ake<vj> + oue(w), akaj>

k=1 k=1

=" Ajle(v)); Oke(v;), O]
k=1

<Y (Ajle(vy); One(v;), Oke(v;)]) 2 (A;le(v;); Okoj, akUj])% (C-S)
k=1
<C(e ZA e(v;); One(v;), One(vy)] + Y Ajle(v;); Ok, Opo] (Y)

k=1
= \71 + \72 5

(5.33)

with an obvious definition of J; () and jQ(j ): here, (C-S) or (Y) indicate the use of the
Cauchy—Schwarz or Young inequalities, respectively, and € > 0 shall be fixed later on.
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We now estimate, using uniform boundedness of f” and j > 1,

1
j(ﬂ) — EZ ( Uj 8k03a8k0'7> E<ak0’j7ak0-j>)

n

e(1+A)> [0koj|* = (14 A)e| Doy,
k=1

where A > 0 is the second parameter appearing in the definition of p—ellipticity, cp. (5.5).
Therefore, inserting this estimate into (5.33) and choosing € > 0 suitably small, we may
absorb the term (1 + A)e|Do;|? into the overall left hand side. With this choice of €, we
thus arrive at

|Do; | < CT ZA e(v;); Ore(v;), pe(v;)], (5.34)

and here C' > 0 is independent of = € 2. To establish the claimed W fregularlty of o, it
hence suffices to show that for all relatively compact subsets U € Q Wlth dist(U;9Q) >0
there holds

Sup/ jl(j) dz < oo. (5.35)
jeNJu
The verification of (5.35) in turn is the aim of the next three steps.

Step 2. By Lemma 5.11, we have (v;) € leo’i(Q; R™). Hence, integrating by parts, we
obtain for all ¢ € C°(€;R™) and all £ € {1,...,n} that

/Q@Njae(w» dz = 0. (5.36)

We note that as above, 9,0, = f"(e(v;))de(v;) and so in particular dyo; € L (€ R

Now let ¢ € W5 (Q; R™) be arbitrary with compact support in € and choose (¢,) C
C°(€; R™) such that ¢, — ¢ strongly in W?(Q; R™) as m — co. Then we see by

’/ (Ovoj,e(p))dx| =

that (5.36) also holds for all ¢ € W§?(Q; R™) which vanish outside a compact set contained
in Q.

Step 3. To establish (5.35), we shall use the weak Euler-Lagrange equation (5.36)
satisfied by ¢, j € N. Let k € {1,...,n} and let B C Q be an arbitrary open ball with
dist(B; 9Q) > 0. We choose a cut—off function p € CL(€;[0,1]) such that p = 1 on B.
Then, since vj 6 Wfog(ﬂ R™) by Lemma 5.11, we obtain that ¢ := p?0(v;—a;) =: p*Opw;
belongs to W0 (Q7 R™), has compact support inside © and hence qualifies as a competitor
map in (5.36). Here, a; € R() is an arbitrary rigid deformation to be specified later on,
and w; is defined in the obvious manner. Writing A = (A™™) for an (n x n)-matrix A
and denoting the I-th component of a vector u € R” by u(Y), the preceding equation gives

Z/ 81@0”" im 2akwj)dxfo

k,i,m

] | @ el on) e

< ||840j||L2(spt(¢),R"“)”‘P — me”Lz(Q;R") — 0, m — 00,

sym

where the sum is taken over all indices k,¢,m € {1,...,n}. We now implement the splitting
of [117] in detail and hereafter firstly write out the symmetric gradient to obtain

Z / (O™ (95 (P*0uwS™) + Oy (p*Ogw')) dax = 0. (5.37)



5.4 On the Regularity of the Dual Solution 87

Thus we find by expanding terms

2:/1%wm<wp>mw ™ 1 p2Ohwi™)

k,i,m

+ (O™ (Omp?) O + P20 da = 0.

Consequently, regrouping terms we find

2 Z/ (Oko™) (p*e™ (Opvy)) dw = — Z/ (B0 i™) (8ip®) O™ + (Bmp?) ') dae

k,i,m kyi,m

=- Z / 81@0”" )((0;0* )8kw( ) 4 (8;p )amw(k))dx

k,i,m

+ Z/ 8;60”” )((Oip )8mw() (ampz)aiw§k))dx

k,i,m

- / (O™ ) (O p?) w0 + (9 p?) 00 M) d

k,i,m

=T+ II+IIL

Ad I and III. Let us note that since the indices i, m run over all numbers 1,...,n, we
have I = ITII. Moreover, we note that the artificial terms leading to the appearance of IT
are just introduced to have the symmetric gradient appearing, that is, terms which are
conveniently controllable. In consequence, defining ;0 = (;0{™) and ;0 := (;0i")
with

O = 2(0mp)e™ (wy),  kyiym € {1,...n},

we consequently find
T+ III| < 2/TII| = 2 Z/ (D10 ™) () (O + D;0'™) da

<4 Z/@kazm Omp?)e® (wj)dz| =4

k,i,m

Z/ 8kaj,j®k
=1

=:IV.

We now employ the definition of ¢; in conjunction with the bilinear forms Ale(v;);-, ]
and A;[e(v;);-,-]. Then we obtain, working from the definition of ¢,

&(v;); Oke(v;), Ok d

4; (5 /Q [(Oke(v;), ;Ok)| da +/§1A[s(vj);8ks(vj),j®k]> dz =TIV,

which, using the elementary bound |;0x| < 2p|Vp||e(v;)| and the Cauchy-Schwarz in-
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equality, can be estimated by

n

V<Y (5 [ 10kl Volletol da+ [ Ale(w)sdre(ey). ;4]) da

n

1
<83 (3 [ loe(was)” (5 [ [Vole)ar)’
k=1

+8 (/QpQA[s(vj);aks(vj),ake(vj)] dx)%(/ng[s(vj);jék,jék})dx)é — V.

k=1

To estimate V, we note that
1
(Okoj, Oe(v;)) = ;\5k€(vj)|2 + Ale(v)); Oce(v;), Ore(vy)].

On the other hand, utilising the a-priori-estimate (5.18) and the upper bound in the
definition of p—ellipticity together with |;0%| < C(p)|e(v;)| (recall that e(w;) = e(v;), we
find both

sup /|Vp\ le(vj)|?dz < 0o and sup/|s(vj)|dx<oo,
JENJQ

and thus moreover

5 5 Ok
sup | Ale(v;); O, Ok dxésup/ A——"—dzx
sup | Ale0): B Bl o <sup | AL

bup/ C(A, p)le(vy)|dz < C(A, p)

We therefore obtain by Young’s inequality for é > 0 to be fixed later

1
2

M-

I+II[ <V < (/ P’ <8koj,8ks(vj)>dx)
Q

k=1
1 ) 1
x ((;/ [Vpl2le(o;)? do) /A e(v);56x,564]) dz)" ) (5.38)
<9 / 0> (00, 0ke(vy)) da + C (3, A, p,n).
E=1"%

Ad II. By symmetry of g, i.e., 0§ = o* for all i, m € {1,...,n} and all j € N, and a
permutation of indices, it suffices to estimate the term

/ Opo "0, p% 0w dar| = |11].

k,i,m
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Integrating by parts twice yields

/ ('3;47””3 pzamw(k) dr =
k,i,m

- / o O (0:p% O

k,i,m
- Z / zkp2amw( )+31p23 kw(k))d
k,i,m Q
k,i,m
= Z /8mo 8zkp w; )—i—azm ik 0 w(k) dx
k,i,m
+ Z / 8m0”"8 p28kw( )—I—U”" Zmp25kw dz
k,i,m
= IIl + ... +II4,

where IIy,...,II, are defined in the obvious manner. Note that by the Wiffregularity
of v;, this is a valid computation. The crucial point in this calculation is that the only
derivatives that apply to w; appear in the form ﬁkwﬁ-k) (and are decoupled from the (i, m)—
components), and summation over k € {1,...,n} corresponds to taking the divergence of
w;. Since the divergence operator appears as the matrix trace of the symmetric gradient,
we do have uniform control over these components indeed. To estimate the single terms,
we go back to the equation satisfied by 0. More precisely, we record from (5.23) that each
o; is row—wise solenoidal in the sense of distributions, and hence we deduce by symmetry
of o;

II, +1I; = Z / &na (Oirp”) (k + Z /8,,10““"8 pzakw dx = 0.

k,i,m k,i,m

Leaving II; for later, we estimate
11, = Z/Q (Z Jém imp2)3kw§k) dz = /Q((jj, V2p?) div(w;) dx
k i,m

In conclusion, we find

11| < ’/ (07, V?p?) div(w,) dz

+2 Z/ T Oitem p w( ) dz|.

k,i,m

We recall that by definition there holds o := f/(e(v;)) + j~'e(v;), so

[ 5.9 v o
Q

< C(P)/Q|f/(5(vj))| | div(w;)| + %\E(vg‘)l | div(w;)|dz

1
< CO) (I | 1etwlde+ [ [e0))? do)
< C(p),
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where we have employed the uniform estimates (5.18)ff.. On the other hand, we have

Z/U 6zkmpw )d:E = Z/ g zkmpw()dm

k,i,m k,i,m

+* Z/ Uj zkmpw()d‘r

k,i,m
< (P)HTjHLoo(QMyﬁf wjllLr @z + VI,
< C(p) + VI,

where we have used the a—priori-estimates (5.18)ff. again and have put

Z/ (v)0ikmp w( ) dz|.

ikm

Consequently, we obtain

[II] < C(p) + sup VI; (5.39)
JEN

and therefore we find with ¢ > 0 (which we recall to have arranged to be fixed later) and
synthesising constants,

Z/ (Okoi™) (%™ (Opvy)) dz < [T+ I+ III|

k,i,m

(5. 38)
Z / Qakazmake””(v]) dx + 0(5 A, p,n) + III|
k,i,m

(5.39)

< 06 Z/ POk 0" (v5) dx + C(6, A, p,n)

k,i,m
+sup C'VI;.
JEN

At this point, we choose § > 0 so small such that the first term on the very right hand
side of the equation can be absorbed into the left hand side. We fix this choice of § and
hereafter end up with

Z / (O™ (p°e"™ (Okv;)) dz < C(6,A, p,n) + sup CVI;. (5.40)
k,i,m JEN

Step 4. Conclusion. We start by recalling that the overall claim of the theorem follows
provided we can show (5.35). Clearly, here it suffices to argue for balls and so pick a ball
B and a cut—off function p as done in step 3. Since the integrand in the definition of jl(J )
is non—negative, we obtain

/j(j)dx</pj1(j)dm— Z/ akazm 2 zm(akvj))

k,im

C(0,A, p,n) +sup CVI;,
jEN

and we finish the proof by showing that sup,cy C'VI; < co. We recall that we still have

the freedom of choosing the rigid deformations a; € R() as introduced in the beginning
of step 3. For each j € N, we pick a; € R(2) in a way such that

/|wj\2dm D:ef/ |vj_aj\2dx<c/ le(v;)|? da, (5.41)
Q Q Q
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and here, C' > 0 does not depend on j. We then have

1
IV, < C(p)t / () ;]

(5 [ letprar)’ (3 [ was)” o ([ jeer ).

and the very last term is uniformly bounded in j by (5.18). The proof is complete. [

We conclude this subsection with two remarks, one regarding the full gradient situation
and one regarding a deterioration of ellipticty.

Remark 5.13 (Gradient Case). In the gradient case, the regularity of the dual solution is
slightly easier to achieve. For the Dirichlet problem on BV, the corresponding result due
to BILDHAUER & FUCHS [/1] is an immediate consequence of SEREGIN’s strategy. We
shall revisit the BV —situation in Chapter 6.6.4 within the framework of Neumann—type
problems.

Remark 5.14 (Degeneracy of f”). The reader will have noticed that in the proof of
Theorem 5.12 we have not used the lower bound for the second derivatives provided by
the deﬁmtzon of,u ellipticity, cp. (5.5). In fact, this implies that the dual solution still
belongs to VVloc (B RET) provided f is C? —strictly convez, of linear growth and satisfies
(f"(En,my < A2/ (1 +|€|) for all £,m € REX™ with a constant A > 0.

sym

5.4.4. Characterisation of the Dual Solution We recall that f € C? (Ripr') is as-
sumed to be a convex integrand of linear growth. The purpose of the present section
is to give the representation of the dual solution in terms of the solution of the primal
problem (5.13). Here it crucially matters whether the symmetric gradient of the latter is
absolutely continuous with respect to .£™. We begin with the following lemma, where we

from now on assume that the boundary datum satisfies ug € LD().

Lemma 5.15 (Duality Relations, LD—case). Let u € ug + LDo(2) be a minimiser of
the primal problem (5.13) and let o € L, (Q;RIT) be the unique solution of the dual
problem. Then we have

o= f'(e(u)) L"-a.e. in .
Proof. Following the duality relations (2.5), we obtain (f’'(e(u)),e(u)) = f*(f'(e(u))) +
fle(u)) L™a.e.. Asu € LD(Q2) minimises §, we have for all ¢ € LDo(Q2)

e, eendr=o.
Q

Young’s inequality applied to the lower semicontinuous and convex function f gives

(o,e(u)) < f*(o)+f*(e(uw) = f*(o)+f(e(u)) La.e.. Equivalently, we have (o, e(u))—
f (o) < f(e(u)) ZL"—a.e., and this implies for any o € L3 (Q; REX™) that

sym

45 < [ @etun)) = @) s < [ (Fe(w) - @) do
< [ rew)ar = [ (' (etu).ew) — (7 (ew))ds

< / (' (e(w), e(uo)) — f*(f(e(w))) da
— (' (e(w))],

where the first and last equalities are a consequence of e(u) = &(ug) + €(w) for some
w € LDy() and solenoidality of both ¢ and f’(e(u)). Passing to the supremum over all
o € L, (2, R2X"™) shows the claim. O

Sym
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We note that the pairing [, (¢, e(u)) dz that occurred in the proof of the preceding

lemma makes sense because e(u) was assumed to belong to Ll(Q;ngXr;’). However, if

u € BD(Q), we need to proceed more carefully to give sense to such terms. In analogy
with BECK & ScHMIDT’s adaptation [36, Sec. 7] of ANZELLOTTI’s pairing (cp. [21])
in the full gradient case, we introduce a pairing [, Jsym between® LG5, (Q; RIV!)-maps
and certain elements of M . (€; R ). To motivate the definition, firstly assume that
u € ug + LDo(2) for some given ug € LD((2). Then, for any o € Lgg, (2; RE) we may

invoke the integration by parts formula in LD to deduce for all ¢ € C2°(R"™)

/Q<g05,e(u)>dx:/Q<g05,e(u—u0)>dx+/<<p57e(uo)>dx

Q
=— / (div(eo),u — ug) + / (po,e(up)) dz (5.42)
Q Q
=- / (T, Vo ©® (u—1ug)) + / (po, e(up)) dz.
Q Q

as u—ug € LDg(£2). The upshot of the previous calculation now is that on the right hand
side all terms are well-defined (recall that vy € LD(Q2)). For fixed ¢ € L5, (; R2X™), we

" sym
may therefore consider the continuous extension G to Co(R™) of the functional

Guuos: COR") 2 o — /Q<5,w ® (u—ug)) + /Q<<,05,e(uo))dx €ER (5.43)

with respect to the L~ (and so in this situation, the supremum) norm. Using (5.42), we
moreover see that we can also define G for u € BD,,,(Q): In fact, given such u, we choose
an approximating sequence (u;) C C*°(;R") NLD(Q?) as in Lemma 10.9. In particular,
we have u; — u strictly in BD(Q2) as j — oo and Tr(u;) = Tr(u) H" '-a.e. on 9 for all

j € N. Then we obtain by (5.42) for all ¢ € C°(R"™)
- /Q (3. Vo © (u; — up)) + /Q (67, e(uo)) dz
N /Q @, Vo © (u—ug)) + /Q (67 €(u0)) dz =: Gy 512,

as j — oo as strict convergence implies L'—convergence on the level of functions them-
selves, and it is easy to see that this definition for v € BD,,, () is independent of the
particular approximating sequence (u;). For any ¢ € C°(R™), we moreover obtain the

bound

) i

j—o0

|gu,uo,5 [90] |

| (67 ew)) da

< lim (sup [0(@)) 5] amoen )l @mnrny  (5.44)
J—00 TER™

= (sup |o()])[[o]lo (@mnxn) | Eul(L).
TER™

Here we have used that strict convergence implies strong L'—convergence in the first step
and the convergence of total masses in the final step. As a consequence of (5.44), we
obtain the following lemma.

Lemma 5.16. For fized (u,5) € BD,, (Q) x L, (Q;RIT), define Gy uo 5 as the continu-
ous extension of G, 4,z as given by (5.43) with respect to the L —norm. Then there exists
a unique finite signed Radon measure p € Mcoo(S5R) such that Gy e zle] = [pn @ du

holds for all ¢ € Co(R™).
5In general, it is not possible to define such a pairing between arbitrary L°°~maps and Radon measures

which arise as the (symmetric) gradients of weakly differentiable functions. However, it is possible to
weaken the assumption of distributional solenoidality, cp. [21, Def. 1.4] for such generalisations.
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Proof. By (5.44), Gu.u,.5 is well-defined and thus can be defined as the continuous exten-
sion of G, ., 5 with respect to the sup—norm on Cy(R™). The claim is then an immediate
consequence of the Riesz representation theorem. O

Put differently, the following definition is thus sensible.

Definition 5.17 (Symmetric up—to-the-boundary Anzellotti-type pairing). Let Q C R"
be an open and bounded Lipschitz domain and let ug € LD(Q) be a given Dirichlet datum.
Given (u,0) € BDy,(Q2) x Lgg, (G RENT), we define [o,e(u)]sym as the unique signed

Radon measure j1 € M (Q;R) such that

/ﬁ(pd,u = Guuo.0l¥] = /Q<<po,€(u0)> dx — / (o, ((u —up) ® Vgp)) dx (5.45)

Q
for all p € CL(R™).

The pairing [-, -Jsym as introduced in the the preceding definition turns out important
as will be clear from the following theorem. This, in turn, is the main result of the present
subsection.

Theorem 5.18. Suppose that Q is an open and bounded Lipschitz domain in R™ and
f € C*(R2XM) is a convex integrand satisfying the linear growth hypothesis (5.2). Then

sym
for a pair

(u,0) € BDy, () x L, (R,
the following are equivalent:

(a) u is a generalised minimiser of the primal problem (5.13) and o is a maximiser of
the dual problem (cp. (5.12)).

(b) Denoting Ev = S0.2"_Q + E*v the Radon—Nikodym decomposition of Ev for v €
BD(Q) (cp. (4.13)), u satisfies any of the relations

f(&u) = (o,Eu) — f*(0) ZL-a.e. in (), (5.46)
= f'(&u) L"-a.e. in, (5.47)
Eu=(f*) (o) L"-a.e. in, (5.48)

and Efu simultaneously satisfies

dE*u d[o, Eu]? _
o = L E°ul-a.e. on Q. 5.49
/ (d|E8u|) 4| Esu | B*ul-a.e. on (5.49)
The preceding theorem generalises [36, Thm. 2.1] to the symmetric gradient case. In

a first step, we give the

Proof that (a) implies (5.46)—(5.48). Let u € BD,,(Q2) be a generalised minimiser. By
Lemma 10.9, we find a sequence (uy) C uplg + C2°(£2; R™) which converges area—strictly
to u on BD(Q) and

Eup — Eu Z"-ae. in (5.50)

as k — co. Then (ug) is a minimising sequence for §. In fact, by Reshetnyak’s continuity
theorem in the form of Lemma 4.22 we have

Fluk] /f e(ug) dx—>/féau )ydz" + /f°° dc|1i5| d| E®u|

= F,,[u] < inf §.
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Hence we find a non-relabelled subsequence such that we have §[ug] < infp, §+ % for
all k € N. Now let o € L, (; RE\T) be a fixed Borel representative of a dual solution®.
We put, for z € Q and & € R, fo(z,8) := f(§) — (o(2),€) and hereafter obtain by
div(e) =0

/fgxsuk dx—/f (ug)) — (o, e(ug)) dx—/f e(ug)) — (0,e(up)) dz
(,anf 5 + % —/<U,s(u0)>dx (5.51)

%—/f ) da.

By Young’s inequality (cp. Chapter 2.4.1), we have (o(z),&) < f(€) + f*(o(x)) for £
a.e. elements z € Q and £ € RI". We therefore obtain for #"-a.e. z € Q and all
é‘ E Rnxn

sym

Def

—f"(o(z)) < f(§) = (o(2),£) = fo(x,8). (5.52)

In consequence, this yields for all © € L' (€; R%x™)

sym

—/f*(a(ac))dxg/fa(ac,@(x))dx. (5.53)
Q Q

We now intend to apply the Ekeland variational principle in the form as given in Corol-
lary 2.34. To do so, let (€2%) be a sequence of open and bounded Lipschitz subsets of
which is (i) increasing in the sense of set inclusion and (ii) exhausts 2 in the sense that
Uren Q% = Q. In this situation, for each k € N, the space

L3, (R == {p e L2(QRES): ¢ =00nQ\ Q }(C LY RET)

sym sym sym

is easily seen to be a norm—closed subspace of L*(Q; R and hence is Banach on its own

right. We hence infer particularly for every © € e(uy) + Lé (Q;R2X™) € LY (Q;R2XM)

Sym Sym
that
(5.51) &(5 53) 1
/fa(:r,e(uk))d /fg (z,0(z
Q

and hence, by passing to the infimum over all such maps ©

1
[ folostu)ydo < 1+ inf [ fol.0(a)) do
Q ko ece(un+13 @Ry Jo

At this stage we use Corollary 2.34 to obtain for each k£ € N mappings vr € e(ug) +
Lg, (4 R2XM) and 75, € L°(Q; RIX™) such that

sym Sym

1

e — e(ur)llp2 oz < T (5.54)
76(2) = fo (2, v()) for " —a.e.x € Q, (5.55)
2 nxn
[ nirde < Zlblomgy  forallv € i @RED. (550

We extract information from these convergences as follows.

6 At this stage uniqueness is not proven yet.
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(i) If we pass to the supremum over all ¢ € L%k (G RYL) with [[9]lp 2 qprxny < 1in
(5.56), then we obtain

2

N/

Now fix any relatively compact subset K € 2. Then we find [ € N such that for all
k > [ there holds K C ;. Hence for all such k we obtain

4
/ ‘Tk|2dl‘</‘7'k|2dl’<f—)0
K Q k

as k — oo and so, by arbitrariness of K, 7, — 0 as k — oo in L _(€; RE)-

175l mse) <

(ii) By (5.54), we have v, — e(ug) — 0 as k — oo in L2(Q;ngxn?) and hence, passing
to a non-relabelled subsequence, we may assume that vy — e(ux) — 0 pointwise
Z"—a.e. in Q. On the other hand, we have e(uy) — &u pointwise Z"—a.e. by
(5.50). Hence we conclude that vy — &u pointwise Z"—a.e. in Q as k — oco. In

combination with (i) from above, this yields f,(&u(z)) = 0 for L"—a.e. x € Q.

(iii) Conclusion. We have f.(&u(z)) = f/(&(u)(x)) — o(z) and hence, by (ii), o(x) =
f(Eu(z)) for L"—a.e. x € Q. This is (5.47). To show (5.46) and (5.48), we recall
the duality relations (cp. (2.5)): If h: R™ — RU{+4o00} is a proper convex function,
we have £ € Oh(§) if and only if h(§) + h*(£*) = (€*,€). Applying this to h = f
and £ := &u(x) and £ := o(x) pointwise in x immediately yields

fH(o() + f(Eux)) = (o(x), Eu(x))

for £"—a.e. x € Q. This is (5.46). Now note that under the conditions imposed
on f, we have f = f** and hence, exploiting the ’'if-and—only—if’ statement of the
aforementioned duality relation we also obtain (5.48).

The proof is complete. O

Anzellotti’s pairing

From both a conceptual and historical perspective, it is important to compare the up—
to—the-boundary pairing as introduced in Definition 5.17 to that which appears as a
symmetric version of Anzellotti’s original pairing, cp. [21]. This will also prove useful in
the analysis of the absolutely continuous part (with respect to .Z") of [d, Eu]sym. For
this we shall require a variant of the usual Gau3—Green formula and refer the reader in
advance to Lemma 10.11 from the appendix. We begin with the following lemma, thereby
examining the situation for test maps compactly supported in 2.

Lemma 5.19. In the situation of Definition 5.17 we have
L@d[[a, Eulsym = — / (o,u® Vo) dx for all p € C°(Q).
Q Q

Proof. We have by use of the GauBB—Green formula as given in Lemma 10.11 (applied to
w = ug and Y = ¢o)

[ ol = [ (goretu) o [ (o (u=u0) © V) da
:/Q<<pa,s(u0)>dx—/Q<cr,u®V<p>dx+/Q<a,uo®V<p)dx

= —/Q<div(goa),u0>dx—/Q<U,u®ch)dx+/Q<a,uo®Vg0> dz.
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Now note that by solenoidality of o,

/Q (div{go), uo) dz = Z / 0;(p035) (o) = Z / (0,015 + (B50)757) (to):

= Z/Q((ajﬂa)aij)(uo)i =: (),

where summation is understood with respect to i,j € {1,...,n}. Moreover, we obtain by
symmetry of o

[ (om0 Vo) ds - ;Z [ oo+ (w),0i0) = > [ (@10 = (.

The proof is complete. O

Note that the preceding lemma shows that if we only admit test functions which are
compactly supported in 2, then the symmetric up—to—the-boundary pairing introduced
in Definition 5.17 reduces to the symmetrised version of ANZELLOTTI’s original pairing
as introduced in [21, Def. 1.4]. Also note that it is important that we only work with
symmetric, divergence—free competitor maps o. Now define for o € L, (2; RE) and
u € BD(Q2) the measure [o, Eu]S,,,: C.°(Q2) — R by

(lo, Eulym, ©) o x2 = / olo, Bulgym = — / (o,u® V) d, p e CP(2). (5.57)
Q Q
By Lemma 5.19, we then have

([o, Euﬂsymv@>@’><@ = ([0, Eulsym, 9) 7' x 2 (5.58)
whenever ¢ € C2°(Q).

Analysis of the absolutely continuous part

The following lemmas now systematically generalise [21, Thm. 1.5— 1.9, Thm. 2.4]. For
this, we recall uy € LD(Q) and that Q@ C R™ is assumed to have Lipschitz boundary
throughout. The goal of this section is as follows: We firstly show that in the situation
of the previous section, [o, Eu]g,,, is absolutely continuous with respect to | Eu|. Hence

the density of [o, Eu]g,, with respect to |Eu| exists, and our overall aim is to express
dE®“u

d| Eu|
(5.58), this will also apply to the the absolutely continuous part of the Riesz representative
of the up-to-the-boundary pairing. Henceforth, let v € BD(Q2) and o € Lg;, (Q; RZX™).

sym
Lemma 5.20. Let A C Q be open. Then we have for all ¢ € C°(A)

its absolutely continuous part (with respect to £™) in terms of . Keeping in mind

\ [ el Euﬂgym\ < (up o)l e | Bl (4). (5.59)

Hence [o, Eu]g,,, extends to a (not relabelled) continuous linear functional

lo, Bulgym: Co(€2) = R
and thus is a Radon measure on B(Q) which equally satisfies (5.59) for all open sets
A CQ and all p € Cy(A).

In conclusion, both [o, Eulg,,, and |[o, Eu]S,,,| are absolutely continuous with respect
to |Eu| in Q and for all Borel subsets B € B() and open sets A C Q we have

/ do, Bl
B

< [ Al Bl < ol aszpy [ dIBul (560)
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Proof. Let ¢ € C°(A) be arbitrary but fixed. We start by approximating v € BD(Q)
by the sequence (u;) C C*°(£2; R™) NBD(2) with respect to the strict topology such that
Tr(uj) = Tr(u) holds H" '-a.e. on O for all j € N. Let U C A be an open set with
spt(p) C U € A. We then have by the integration by parts formula of Lemma 10.11 for
all j € N and by use of div(c) =0

‘/ (,OdHU7 Eujﬂsym‘ = ‘/ <U7'Uzj QVQO> dx
Q Q

= ‘/Q<o’,s(gpuj) — pe(u;))de| = '/U<07 pe(uy)) do

S llollee g (sup (D) By |(U).

Now we send j — oo and thereby obtain by strict convergence

lim sup
j—o0

| el Bl < o= aznen (500 o Eul(D)

< ol ey (sup oD Bul(4)  (as U € A)

But since u; — u strongly in L'(Q;R™) as j — oo, we have

‘/ ed[e, Eu]]gym’ = ‘/<o,u®V<p> dx
Q Q

= lim ’/(U,ujQVgo)dm
Q

Jj—o0

[ et Eujﬂgym\
Q

= lim
j—o0

and hence (5.59) follows. In consequence, [o, Eu]g,, extends to a continuous linear func-
tional on Cp(£2) and thus can be represented by a Radon measure by the Riesz represen-
tation theorem. From here and (5.59), the conclusions of the lemma are immediate. O

In the situation of the preceding lemma, the Radon—Nikodym theorem implies that for
each pair (u,0) € BD(Q) x Lg5, (2; R2X™) there exists a | Eu|-measurable density function

sym
0(-,0,Eu): @ — R such that
dlo, Eulgyr,
u =0(-,0,Eu) | Eu| — a.e. in Q,
d| Eul| (5.61)
||0(c70', EU)”L‘O%M(Q) < HO—HLC’O(Q;R;Lyf]? .

Here, LT’EU‘ () denotes the space of mappings 2 — R which are measurable and essentially
bounded with respect to | Eu|. We now discuss a continuity result for the pairing just
introduced.

Lemma 5.21. Let (u,0) C BD(Q) x L3, (; REX™) and suppose that (uj) C C(;R™)N

sym

BD() is a sequence which converges strictly to u in BD(Q) as j — oo. Then we have
/ dfo, Bu;]sym — / dfo, Eu]gym, as j — oo.
Q Q

Proof. Let € > 0 be arbitrary. We may assume [|0 ||, q,gnxn) > 0 as otherwise there is
sRsym

nothing to prove. Since |Eu| is a finite Radon measure, we find an open set A € 2 such
that | Eul(Q2\ A) <e/(2(|0]|;~ornxr)) and a function p € CZ(€; [0,1]) such that p =1

sym
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on A (and so, by continuity, p = 1 on A). We then estimate, writing 1 = p + (1 — p),

’/ d[[EVEuj]]gym_/d[[E7Eu]]gym
Q Q

< ’/ pd[[57Eujﬂ§ym _/pd[[aj?Euﬂgym
Q Q

4 /Qa )6, Bl

+ / (1— p)d|[7 Bul,| = I, + II; + TIL.
Q
Since p =1 on A, we have by Lemma 5.20 and strict convergence

lim sup(IT; 4+ ITT) < lim sup/ d|[o, Buj]gyml +/ d|[o, Eu],|
o\A ‘ o\A

j—o0 j—o0
< lmsup 71, sy | B (2 4) + [, Bl | (€ 4)
Jj—oo

< 2|5 |Lee (rmxny | Bul(Q\ 4) <e.

On the other hand, we have

I =

/(5,uj®Vp)dx—/<E,u®Vp>dx
Q Q

< ||5||LOC(Q;RTLXTL)||vaLOO(Q;Ran)||u - ujHLl(Q;R“) —0

as j — 0o because strict convergence includes L'-convergence on the level of the functions
themselves. By arbitrariness of € > 0, we may send € \, 0 and the proof is complete. [J

We now give an explicit characterisation of 6(-, 7, Eu).
Lemma 5.22. Let o € Lg;, (€ REX™) and u € BD(Q). Then we have

sym

O(z,0,Eu) = <5(az), (%(:r)> for | Eul* — a.e. x € Q. (5.62)

Proof. Note that the claimed characterisation amounts to requiring for all B € £(Q)

~ d| Eule° n (5.62) - dEu e
/BQ(x,U,Eu) i7n (x)dL™ = /B U(z),dlEu|(:c) d| Eul

_ /B <5($), d‘?gji (m)> AP wyazr (69

:/B<5(m),c(1$t(x)>d$”

Moreover, since E%“y is not concentrated on 02, we can restrict ourselves to showing
(5.63) for B € #(Q2) with B € Q.

Let €4, €5 € Z(Q) with €, UE; = Q, €, N E; = ) and E*u(€;) = E*u(€,.) = 0.
Let ¢ > 0 be arbitrary but fixed and pick, by inner regularity of Radon measures, a
compact set K € €, such that

/ d|Efu| < e. (5.64)
EN\K

Let B be a compact subset of &,.. Accordingly, we can find an open set £ with Lipschitz
boundary such that B9 C £ C 2\ K and

/ d|Eu| <e. (5.65)
S\ B,
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We further note that

/d\Eu|s g/ d|Eu\5+/ d|Eu|S:/ dEul<c  (by (5.65)). (5.66)
£ L\Bo Coc L£\Bo

At this point, recalling that £ has Lipschitz boundary, we choose according to Lemma 10.9
(with U replaced by £) a sequence (u;) C C*(£;R™) N BD(£) together with Trae(u;) =
Troe(u).

We then apply Lemma 5.21 to conclude

/ 0(-, 0, Bu) d| Eu| = [o, Eu]§,,,(£) = lim [o, Eu;[5,,,(£) = lim [ (7,e(u;)) dL™
ks J—00

j—o0 e
We write

0(z, 5, Bu) d| Bu| — / (&(x), B%u) d.gm
‘Bo %0

- / 0(z,, Bu) d| Eul — / (5 (x), Bou) 2" (5.67)
£ £

_ / 0(z, 5, Bu) d| Bu| + / (3(2), B%u) 2",
L\ Bo L\Bo

Keeping this identity in mind, we estimate

/gﬁ(z,ﬁ, Eu) d| By /£<&(x),Eacu> 4z

Lemma 5.21 lim /9 z,0,Eu;) dBu; — /<~(x),Eacu> dzm
j—oo 3
Lomina 10 o (5.68)
emma 10. Uj U
< jll)m HUHLOOQRW”‘)/‘dX”_djn d.£m
<o llpee (rmmy /Ed|ESU| < ellollp e @rmzn)-
In a second step, we note that
[ @ E e < [lmomen [ (B < lFlimqmeen.  (509)
}:\%0 S\%O
Thirdly, we have by (5.60)
0,5, Eu)d[Eul| < [~ oy [ |Eu
/2\‘30 =) v, (5.70)

< 5||5||L0€(Q;R71Xn).

Passing to the modulus on the left and right side of (5.67) and applying the triangle
inequality to the resulting right hand side, estimates (5.68)—(5.70) together yield

0(z, 5, Bu) d| Eul — / (6 (x), B%u) d.2"
Bo

< 3|0 oo (rrmy -

Bo

From here we deduce that (5.63) is valid for all compact sets B = B9 C €,.. But since
[o, Eu]g,,, is a Radon measure, this transfers to all Borel subsets of {2 and the proof is
complete. O

With this in mind, we now turn to the up—to-the-boundary-pairing as introduced in
Definition 5.17.
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Lemma 5.23. In the situation of Definition 5.17 and denoting the Radon—Nikodym de-
composition of [, Eu]sym with respect to L™ by o, Eulsym = [o, Bu]gg, + [0, Eulls,,
we have

[o, Eu],, = (o, &u) L"LQ (5.71)

sym
and the total variation measure |[o, Eu]sym| satisfies

Eul(A) for all A € B(Q). (5.72)

|lo, BEulsym|(A) < llo L~ omrr

sym

d[o,Bulsym
d| Eu|

[0, By (©3) = /Q (0, (o)) da. (5.73)

Moreover, the density exists | Eul-a.e., and we have

Proof. As argued above, the pairings [0, Eu]sym and [o, Eu]g,, coincide when being

tested against functions compactly supported within €2, cp. Lemma 5.19. This imme-
diately yields (5.71) because of Lemma 5.22, and (5.72) because of Lemma 5.20. Tt
remains to justify (5.73). Let ¢ € C2°(R™;[0,1]) such that ¢ = 1 on Q. Then we obtain
by (5.45)

/ﬁd[[a,Eu]]sym:/ﬁgod[[U,Eu]]sym:/Q<<pa,€(uo)>d:c:/<a,s(u0)>dx,

Q

and this is the claim. The proof is complete. O

Analysis of the singular part

We now turn to the singular part of [o, Eu]sym with respect to £ and hereafter system-
atically generalise [36, Thm. 7.2, Cor. 7.3].

Lemma 5.24. Let u € BD,,(Q) and & € L, (QRE!). Suppose that xq is a Lebesgue
point of both

dE dfo, Eu]sym . =
d EZ\ an w with respect to | Eu| on Q.
Let K be a non-empty, closed and convexr subset of R . If o € K ZL"-a.e. in a
neighbourhood of xg in ), then there exists og € K such that
d[o, Eu]sym . dEu
— = —_ . 5.74
QB 0=\ 70 gy () (5.74)

Proof. Following [36, Thm. 7.2], we divide the proof into three steps.

Reduction. We may suppose that 0 € K. In fact, if not, then by non—-emptiness of
K, we find 25 € K. Now note that for all ¢ € C2°(R™) we have by the definition of the
up—to—the-boundary pairing, cp. (5.45),

<[[5 - ZS» Euﬂsym’ 90>@’><@ = <H5a EU]]Sym, §0>@’><@
- /Q {25 €(u0)) — (55, (u— 1) © Vi) da.
On the other hand, we have
/Q (25 € (u)) iz — /Q (25 (4 — u) © Vig) dz = /Q (2 € (u0)) da
- /Q (25 B — up)) — 9 E(u — uo))

- —/Q<23»E(<P(U—Uo)) ~oBu) = [ (35,0 Eu)

Q
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the ultimate step being valid by integration by parts and div(z}) = 0. Hence we have
([o — 25, Eu]sym; )2 x 2 = ([0, Eu]sym, ) 2/ x 2 — / (20, p Eu)
Q

which amounts to saying
[0 — 25, Eusym = [0, Eulsym — (25, Eu). (5.75)

Therefore, replacing K by K’ := {2* —z§: z* € K} and ¢ by 7 — 2}, the proof below yields
the result corresponding to (5.74) for & — z§ and hence gives, for some o = 7y — 23 € K’
with g € K,

d[o, Eusym . dEu (5.75) Ao — 25, Eulsym /., dEu
d| Eyl (wo) ZO’d|Eu|(x0) - d| Eyl (o) = U°’d|Eu\($0)

_NdEu<)_*dEu()
- UO,d|Eu| Zo zO7d|Eu| Zo ;

and the respective cancellations then show (5.74). The justification of our reduction to
0 € K is complete.

Step 1. Approximation. By the refined area—strict approximation result, Lemma 10.9,
we find a sequence (w;) C ug|lg + C2°(€©2; R™) such that

w; — u  strongly in LY(Q;R™), (5.76)

Ew; 2 Bu  weak* in Moo (RIS (5.77)
A1+ |Ew;[2(Q) — 1+ |Eul?(Q) (5.78)
Ew; > Eu L™ —ae inQ (5.79)

as j — oo. We now use w; € ug + LDg(€2) to obtain for all ¢ € C°(R"™)

/Q (7, e(wy)) da O — /Q . Vo © (w; — up)) + / (5, e(uo)) dz

Q
(5.76) 7/9(&,V<,0®(U—UO)>+/Q<<P575(u0)>dx

= /7godﬂ5, Eu]sym as j — oo,
Q

where the last equality holds by definition, cp. (5.45). Smooth approximation of 1g(4, r)
yields by use of (5.72)

[, Eu]sym (2N B(zp, R)) = lim (0,e(w;)) dz (5.80)
7= JQNB(x0,R)
provided | Eu|(QNOB(z0, R)) = 0. We note that with | Eu| being a finite Radon measure,
the latter condition |Eu|(Q N 0B(zg, R)) = 0 is satisfied for .Z'-a.e. (in fact, up to a
countable subset every) radius R > 0. In all of what follows, we assume that R > 0 is
chosen in a way such that this condition is satisfied throughout.

Step 2. Projection estimates. For xg fulfilling the assumptions of the lemma, we
put z := %(wo) and record |z| = 1. We denote L. : REXT — RET the orthogonal
projection onto {z}+. Now, using the notation a,a_ € Rsq for the positive or negative
parts of a function a: R™ — R, respectively, we find

(0,e(wj)) =((0 —,10) + 11,10, (e(w;) — ;1 e(w;)) + 11,1 e(w;))
= (6 —1,10), (e(w;) —,re(w;))) + (II,L0,1,1e(w,))
= (0,2)(z,€(w;))+ — (7, 2)(z, €(w;)) - + (20,111 e(w;))
= 1Y) + 11V 4+ 1119,
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where Igj LIIIgj ) are defined in the obvious manner.
Ad Igj). We put

M := max{(z", 2): 2" € K, |27 < |0l (qrnzm}- (5.81)

sym

Since 0 € I, M > 0, and M < HgHLw(Q‘Ran . By assumption, it is possible to choose

R > 0 so small such that & € K holds }l’];fa.e. on Q N B(xzg, R). By the final part
of Lemma 10.9 applied to g := (z,-)+ we consequently find by use of the elementary

inequality”
(z,w)y = (z,w) + (z,w)_ < (z,w) + |z — w|

for vectors z,w € RE with |2] = |w| =1 that

<M lim (z,e(w;))+ dz

lim sup ;
17 JONB(zo,R)

j—o0

/ (&, 2z, €wy))+ da
QNB(z0,R)

dE
=m <z“> d| Byl
QrB(wo,r) \ Al Eul/ |

dE
<z, u> d| Eu|
QrB(o,r) \ A Eul

dEu .
d| Eu|

=M

+Mm
QNB(zo,R)

d| Eul.

Ad IIgj). Applying the final part of Lemma 10.9 to g := (z,-)_ and recalling the elemen-

tary estimate (w,z)_ < |z —w| for all z,w € RET with |z| = |w| = 1 from above, we
find
lim sup / (0, 2)(z, e(w;)) - dz| < [|0]|p00 (prxn) lim (z,e(w;))— dz
j—oo  |JQNB(xo,R) =0 JonB(zo0,R)

dE
:L/ <z“> d| Byl
QnB(zo,r) \  d|Eul/ _

<L / dEu
QNB(zo,R)

d| Eu|
Ad IIIgj). Since II,. is an orthogonal projection, we have the operator norm bound
[T .|| < 1 and therefore [T, 0| = [T, (v — 2)| < |v — 2| for all v € REXT (recall that

d| Eul.

—z

II,. z = 0). Hence we obtain with L := ||5||L°°(Q-ng§,?)
lim sup / (II,10,11, . e(w;)) dz| < limsup / |o| T, re(w,;)|dx
j—o0 QNB(zo,R) Jj—o0 QNB(zo,R)
< Llimsup / [, :e(w;)|de
j—roo QNB(zo,R)
dE
:L/ HZL(U>‘d|Eu
ﬁﬂB(mg,R) d| Eu|
dE
< L/ =, d| Eu|
QNB(zo0,R) d| Eul

"This reduces to (z,w)_ < |z —w| for |z| = |w| = 1 and is trivial if £(z,w) € (—%,%). If £(z,w) €

5 %T), then |z —w| > 1 but (z,w)_ < 1.
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Step 3. Limiting behaviour as R 0 and conclusion. We now gather estimates to find

[0, Eu]sym (2 N B(zo, R)) < M(z, Eu)(Q N B(zo, R))

dE
+CL/ Y
QNB(zo,R)

A B °
Dividing the previous inequality by | Eu|(€2 N B(xg, R)) (which, in turn, is admissible
because zg is assumed to be a Lebesgue point for both Eu with respect to |Eul, for
[o, Eu]sym with respect to | Eu| and x¢ € spt(| Eu|)) and sending R\, 0 thereby yields

5.82

Al Eulom o\ o [, Bulsym (@ N B(zo, R))
dEul 7 RN0  |Eu|(Q@NB(xo, R))

(5.82) Q
< lim Sm<z, Eu({lﬁ B(zo, R)) >
RNO | Eu|(Q N B(xo, R))
+ CL lim — ! / dbu — z|d| Eu|
ENO | Eu|($22N B(zo, R)) JanB(z0,R) d| Eul

=0 as z:d(\i%:i| (zo)
<M> <M (as |z] = 1).
As a consequence of the definition of M1 (cp. (5.81)), there exists ogp € K such that

d[7, Eulsym

[ Bl (x0) < (oom, 2).

)7 but now estimating from below, yields o, € K with

d[o, Eusym
d| Eul

Similarly as for Igj
(z0) = (om; 2),

and so a suitable convex combination oy € K of o9y and o, then is seen to satisfy (5.74).
The proof is complete. O

Lemma 5.25. Let u € BD,,(Q) and o € L, (RS be such that f*(0) < oo L™ —a.e.
in Q. Then there holds

dfo, Eu]sym

dB _
TR < (“) | Bul-a.e. on . (5.83)

d| Eul
Proof. Firstly, it is sufficient to establish (5.83) for every xzy € Q which is a Lebesgue
point (with respect to | Eu|) for both d?%q and d[[‘:i]fgjfym.

For any t > 0 and any = € 2 and z € RZX", we have by Young’s inequality

sym

(0(z),2/t) < f(2/t) + [*(o(x)) and so (o(x),2) —tf"(o(z)) < tf(2/1).
Sending ¢t N\, 0 in the previous inequality yields by definition of f>°

(o(x),2) < f(2) for all z € R1X" (5.84)

sym

whenever f*(o(x)) < oo (which, by assumption, holds #"-a.e.). In conclusion, o(z) €
0f°°(0) with the subdifferential 3> at zero. Let € > 0 be arbitrary. Then we have
o(z) € N (0f>°(0)) for all z in a neighbourhood of zy € . We then apply Lemma 5.24
with K = N.(0f><(0)) (where for a set A C R™, N.(A) := {z € R™: dist(z,4) < €}
denotes the e—neighbourhood of A) and so there exists 5o € N (9f°°(0) such that

dfo, Eu]sym /. dEu
a0 = (20 0.
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Therefore, we obtain that there exists a subgradient o* € 9f°°(0) such that |c* —gg| <
and hence, by |-4E% (20| < 1,

d| Eu|
d[o, Eu]sym /. dEu - ., dEu
e o = (o o)) + (70— g o)
dEu dEu
< (or —— —
<{o" gt ) +e g
dEu
< o .84)).
s (Fglen) oy (580)
Accordingly, we may send € N\, 0 to conclude. O

After these preparations, we eventually come to the

Proof of Theorem 5.18. We split the proof into the assertions for the absolutely continu-
ous and singular parts. Also, we recall that we have already established that (a) implies
(5.46)—(5.48).

The absolutely continuous part. By Young’s inequality, we directly find

f(&u) = (o, &u) = [*(0) (5.85)

Z"—a.e. in Q.
The singular part. We start by noting that % = d(\lgzl holds | E*u|-a.e. in . As a
consequence of Lemma 5.23, we further obtain that |[o, Bu[$,,|(A) < [0l ognzm [ E*ul(A)

sym o
for all A € #(Q). Hence we obtain

d[[UV Eu]] Sym _ d[[U, Eu]] sym
dEsu| — d|Eu|

| Eul-a.e. on )

and, in particular, the left side is well-defined. In this situation, we obtain by Lemma 5.25

d[o, By, dE*u )

<l == Sul-a.e. .
A5l <7f (d|ESu| | E°ul-a.e. onQ (5.86)

provided f*(o) < oo holds Z"a.e. in .

By Theorem 5.10 (¢), we know SupLS?V(Q;RSyXJ)‘%’ = infp, §, where Dy, := up +
LDo(€2). On the other hand, we record from Theorem 4.23 (cp. (4.24)) that infp, § =
mingpq) %uo (with the corresponding notation from Chapter 4.3.2). Hence, letting u €

BD(f2) be a solution of the relaxed primal problem, i.e., %uc [u] = mingpq) Fu, and
o € L, (R be a solution of the dual problem, we get
Suolu] = sup Z=inf§
Ly, @REE) D
— [ (oetun)) - £*(0) do
Q
O [0, Busym () — / £*(0) dz (5.87)
Q

SAE) o, &u)dx o. Euls. (Q) — *(o)dx
1 /Q< Sy dz + [0, Bulty (@) /Qf()d
- /Q ({0, 6} — £(0)) dz + [0, Bulla (),
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f(2)

Figure 5.3: The LD— versus BD-regularity in terms of the dual problem. When the densi-
ties | Eu(B(xo,7))/ L™ (B(xo,7))| blow up as r \ 0, then f'(Eu(B(zo,r))/L™(B(z0o,7)))
converges to an element of the boundary of the effective domain of f* and vice versa,
cp. Remark 5.27.

the last identity being valid by simple regrouping. Keeping (5.85) in mind, we expand
the very left hand side of the previous equation to find

/f (Eu) dz + [0, Bullyn (0 /(< \Eu) — f*(0)) dz + [0, Eu]]sym(

o ( dEu s
/fg’u dx—i—/f d|E§| d| Eful

(5.86)

/Q f(&u)dz + [o, Eu}]:ym(ﬁ)

This, in turn, implies

[ (@:60 - 1°(0) - f(6w) s > 0 (588)

<0 by (5.85) ZL™-a.e.

which is possible if and only if (o, &u) — f*(0) — f(Eu) = 0 L"—a.e. in Q. With this
information at our disposal, we then get

s o ( dEu s
o Bl @ = [ 7 () A1 Bl (5.89)
so that
dEu d[[&, Eu]] :ym
/ﬁ(f (d|E5u|) 4 Byl ) | E*ul
>0 by (5.86) | Esul-a.e.
and hence

f°°( dEu ) 3 d[o, Eul,,,

=0 |E*ul-ae. 5.90
4| E*yl 4| E*yl | Brul-a.e (5:90)

Working from here, we conclude as follows.
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e We have already proven that (a) implies (5.46)—(5.48). Now, if the pair (u,o)
satisfies (a), then (5.87) is in action. From this we deduce that f*(o) < oo must
necessarily hold £"—a.e. in . This in turn implies validity of (5.86) and hence
allows the conclusions of (5.88), (5.89) and thus (5.90).

e On the other hand, we see that if (u,0) € BD,,, () x L3, (2; R2X") satisfy (5.46)—

Sym

(5.49), then (5.87) holds. We always have SUPLee (R # = infp, § and thus

sym

/Q<€(uo),a> — f*(o)dx < sup X

L, (R

<inf §

wo

Hence we must have

sup Z = / e(ug), f*(o)dx
L3, (R
and thus
oo ( dEu s
g}f)% f@‘“ﬂ dx—l—/f d|E3 | d|E ul.

In consequence, u is a solution of the primal problem (5.13) and o a solution of the
dual problem (5.12).

The proof is complete. O

As a corollary of Theorem 5.18, we obtain the following uniqueness assertion.

Corollary 5.26. In the situation of Theorem 5.18, the existence of a generalised min-
imiser for the primal problem implies uniqueness of the dual solution.

Proof. If u € BD,,,(Q2) is a generalised minimiser and o € L, (; R;‘yxn?) is a solution of

the dual problem, then o is uniquely determined by (5.47). The proof is complete. O
We finish this paragraph with two remarks.

Remark 5.27 (The importance of ddom(f*)). Let us remark that for the vast magjority
of convex problems (e.g., radially symmetric ones), a duality criterion for the absolute
continuity of Eu can be derived in the following sense. Suppose for simplicity f(z) =
V14|22 = 1 as depicted in Figure 5.5. If u € BD(Q) is a generalised minimiser of the
variational principle (5.1) and we have ESu = 0, then u € LD(Q) and o = f'(e(u)) with
1 as displayed in Figure 5.3. However, if we now assume that u € (BD\LD)(Q) and
that xg € 1 is a point in the support of the singular part E°u. Then we have by Lebesgue’s
differentiation theorem (cp. Theorem 2.3) for | ESul-a.e. such xg

| Eu|(B(zo,7))

limsup o, := limsup ——————= = +o0, 591
s = HSD  B,1) o9

and from here we see that if we consider f'(«,.) as a local approximation of the dual
solution o, then |ay| — 0o and hence f'(a,) — 1 as T\, 0. As a consequence, we obtain
that for singular points xo, we have o(x¢) € {—1,1} = ddom(f*). This is illustrated in
Figure 5.3, and we refer the reader to [30] for related ideas.
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Remark 5.28 (Diminishing the smoothness of f). The reader will have noticed that
most of the arguments outlined above do not rely on the C?-regularity of the variational
integrands. Indeed, it is possible to reduce the regqularity of the integrands f as follows
(cp. [30, Thm. 2.1] in conjunction with the above modifications): If f: RI — R is only
a convex function of linear growth (the latter meaning now that there exists a constant

L > 0 such that |f(§)| < L(1+ [&]) for all € € REX™), then for a pair (u,o) € BD,, () x

sym
Ly (2 REG) we have the equivalence of (a) and (b)’, where (b)’ now is constituted by
(5.46), (5.49) and o € Of (Eu) L ~a.e. in Q instead of (5.47) and &u € If* (o) L™ ~a.e.
in Q.
Since we do not deal with the non—differentiable context in this thesis, we shall not
make use of this in the sequel.

5.5. An Embedding for BD "BMO

In this section we prove an embedding result for BD NBMO into certain fractional
Sobolev spaces which will constitute a substantial part of the proof of the main theorem.
The proof combines an argument firstly utilised by Dorronsoro [36] and an embedding
result of BD into certain fractional Sobolev spaces. Let us recall that a locally integrable
map u: R” — RY belongs to BMO(R"; RY) if and only if its sharp maximal function
given by

Q cube
z€Q

(MPu)(z) == sup ][Q|u—(u)Q|dy, z eR™, (5.92)

belongs to L>°(R"™), cp. Chapter 2.6. The main result of this section is then as follows.
Theorem 5.29. Letn > 2. Let 1 <p < oo and € > 0 such that

n—1)(1-1) 1
0<s<mm{()(pX}. (5.93)
IL+pn—p 'p
Then
BD(R") N BMO(R™; R") € W»~=P(R";R"). (5.94)

Before embarking on the proof of Theorem 5.29, we wish to make some remarks.
Remark 5.30 ([18, Rem. 3]). It is important to note that the preceding theorem is false
for ¢ = 0. Indeed, if it was true in this case, the injections W' (R"; R") < BD(R")
and L= (R™;R") — BMO(R™;R") would yield (W"!' NL>®)(R";R") < W%’p(R”;R").
However, as pointed out by Bourgain, Brezis and Mironescu [48], this embedding in
general fails: Indeed, a localisation argument would then yield (W' NL>®)((-1,1)) <
W%’p((—l, 1)) for any 1 < p < oo. Consider the sequence (uy) given by

1 if —1<z<—5
ug(x) := < 2kx if—ﬁgxgﬁ
1 if 5 <a <1

Then (uy) is uniformly bounded both in W' ((—1,1)) and L°°((—1,1)). Moreover, it con-
verges weakly* in BV((—1,1)) to sgn which, however, does not belong to W%’z((—l, 1)).

To prove the theorem, we first recall from Chapter 2.6 the mean value characterisation
of Besov spaces B, , from Theorem 2.25. This characterisation is useful for the proof of
Theorem 5.29 as it allows to access the additional BMO-regularity which in turn is defined
in terms of maximal operators. As we shall see later (cp. Theorem 5.37), for other but
related statements it is more useful to work with different characterisations of Besov
spaces.
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Lemma 5.31. Let 0 < s < 1 and 1 < p < co. A function u € LP(R™) belongs to
WP (R™) if and only if

=

P
> dt

/ / sup ][ Ju= (wel” —dz | <. (5.95)
nJo Qam t

Moreover, the expression on the left is equivalent to the usual Gagliardo-seminorm [-|s .

Proof. 1t suffices to note that By , ~ W*” for all 0 < s < 1 and 1 < p < co. By
Theorem 2.25, the claim follows. [

The supremum appearing in the integrand of (5.95) is taken over all cubes having
sidelength t and containing x. For the following it is important to bound such quantities
in terms of centered maximal operators, and hence we briefly pause and give the required
modification. We hereafter recall from [77] that for a locally integrable map h: R™ — R¥
its sharp mazimal operator of order 0 < o < 1 is given by

he () := (MER)(z) == sup Qe / |h — (h)o| dy, z e R", (5.96)

Q@ cube centered at x

where £(Q) is the sidelength of the cube Q.

Lemma 5.32. For each o > 0 there exists a number C = C(n,a) > 0 such that for all
u € Li (R™), all 2o € R™ and all t > 0 we have

;sup{]éw— (weldy: Q3 x0, 27(Q) —tn} < C(Mbu) (o).

provided both sides are well-defined and finite.

Proof. Fix zy € R" and let Q be an arbitrary cube with z € Q and ZM(Q) =t". Tt is
easy to see that there exists K = K(n) > 0 such that the cube Q = Q(zo, Kt) contains
(). We then obtain

1][ Kntae
— A Ju—(u)z]dy = a/ dz < (/|u dz
o = lay = i [ gldr < e )
Jensen K MNto
< g L f [u(a) — u(y)|dy da
Kn+a Kn
< QI Jy Jo ) vl

K2n+o¢][/
< e £ [ @) — u(y)|dy de
QI JqJg

< f“][ / fu(z) — (W) + (w)g — u(y)] dydz

Q=
2K2n+a
< o /|u Yol de < 220 (M ) ().
We may therefore put C(n,a) := 2K2?"*t%. The proof is complete. O

The second ingredient is an embedding result of BD into fractional Sobolev spaces:

Lemma 5.33. Letn >2 and 0 < s < 1. Then BD(R") < W* =15 (R"; R").
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Proof. By Theorem 4.11(b), there exists a constant C' > 0 such that

||SD||WS’”/<"71+S)(]RTL;R7L) < CH“E(‘P) HLl(Rn;R"X"

sym )
holds for all ¢ € C(R™;R™), where W™ ™17 (R"; R™) denotes the respective homoge-
neous fractional Sobolev space. For the general statement, let © € BD(Q2) and choose

a sequence (uy) C C°(R™;R™) such that ur — wu strictly and pointwisely £"—a.e. as
k — oo. Then we obtain, using Fatou’s lemma,

[l < lim inf [Jug|
k—o0

W F—1Ts (R;R?) W F—1Ts (Rn;R)

< Chkn_l)gfHs(uk)HLl(R";R;Lyf,;") = C|Eu|(R"™).

Now we use the fact that on C.°(R™;R™), the homogeneous fractional Sobolev norm is
equivalent to the Gagliardo seminorm and arrive at the desired estimate [u]yws.»(@rnirn) <

C| Eu|(R™). Finally, since 1 < < 2 we have L' L7~ < L#=1% by standard

n7q+s n—1?
interpolation on LP-spaces. Then we use BD(R") < (L' NL7"7)(R") which is available
by Theorem 4.11(a). In conclusion, we obtain | ul| < Cllullpwn) and in

Ln+1+5 (Rn ;Rn)
conjunction with the first part of the proof, establishes Hu||WW (B < Ollullsprny-

The proof is complete. O
We now come to the

Proof of Theorem 5.29. Let u € (BDNBMO)(R™). For fixed z € R", a cube @ of side-
length ¢t and = € @, we denote g, (§) = u(€) — (u)g, £ € R™. We remark in advance
that, given 1 < g < oo,

q
fullasio, i= sup(f Ju= (ol a )
Q cube Q

defines an seminorm on BMO(R™; R™) which is equivalent to that given by (5.92), see
[232]. For 1 < p < oo, we recall the (inhomogeneous) Calderdn space €*P(R™) defined
by

¢*P(R") == {v e LP(R"): MiveLP(R")}

and equip it with the canonical norm ||v||e» = [[v|lL» + [[v}|Lr. Then, by Theorem
2.24, we have the continuous embedding ¢ *?(R"™) — B2P(R") with the corresponding
Besov—Nikolskii-spaces BLP(R™). By standard embeddings of these spaces, we obtain for
each 0 < 8 <«

WeP(R™) ~ BOP(R™) — BLP(R") — B YP(R™) Bo~P(R") ~ WP (R™)

(5.97)
with the fractional Sobolev spaces W*? ~ BP>”; see, e.g., [231]. Our aim is to show
l*é‘, n
¢’ UL RY) o W SP(RY) (5.98)

where p and € are as in the theorem. Since

Lemma 5.33

(BD N BMO)(R™) “™2375% (wsa-ts n BMO)(®R") 5

(€% 7% N BMO)(R"),
(5.99)

this will imply the claim.
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Proof of (5.98). Our argument is centered around the Dorronsoro-type characterisa-
tion of the Sobolev spaces W*? Lemma 5.31. In the situation of the theorem, we put
5= % —e¢. For £"—a.e. © € R", let 6(x) > 0 be arbitrary. We split the right hand side

term of (5.95) as

p

8(=) 1 dt
ul P _/ / SUP 7 |gth( §)d¢ *de

725”
p

dt
/ / sup —s |gm,t,Q(§)| dé| —dz =: / Is(x) 4+ 1I5(z) dx
n §(JE Qng o t t n

with an obvious definition for Is(z) and IIs(x). Firstly, we have

p
o) 1 dt
L =[] s g f el 5
|Q[=t"

< C/o (u§+€(x))p P (by Lemma 5.32)

C ep(, 1 p
<§5(m) (uers(‘T))'

On the other hand, we have by definition of M?*

P
dt
II = )| d
s(x) /W ggr; f|gactQ )d§ prE
lQl=
<C oo(uﬂ(x))p di (by Lemma 5.32)
5(x) titsp

g )P (ub ()P
< o) @),

Collecting estimates, we therefore find
Wi, < Cls,pe) | 8(2) P (uly(2))” + 6(x) " (uf ()P da (5.100)

s,p
Rn

We choose for #"—a.e. x € R"
ul(x e
d(z) := 7 (z)
US_,,_E(Qi)

and note that we may assume without loss of generality that u’ yo(x) > 0 since u is
constant otherwise and thus the claim is trivial. Inserting this choice of 4 into (5.100),
we obtain

iy < Cloupd) [ (08

£p ﬁ

T (U4 (2))P 7 da < O

= ps_
iy [ (05 o= (),

Now note that by Lemma 5.35 below, the fractional maximal functions are log—convex in
their smoothness indices. As a consequence, we obtain for 0 <t < s and 1 < ¢ < c©

(€*7NBMO)(R") — €47 (R")  forall0 <t < s. (5.101)
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Indeed, write t = X -0+ (1 — A\)s with 0 < A < 1 to deduce for 1 < ¢ < oo and any
v € (¢51N BMO)(R™) that

(vf (2))" < (v (@) (v ()"

and hence (5.101) follows since (1 — X)s = ¢ implies r = sq/t.

We return to the estimation of (xx). Because 0 < ep < 1, we have 0 < 1 —ep < 1.
By assumption, we have s +¢ = 1/p € (0,1) and ps/(s + &) = p(l — ep). Define
®(0) :=0n/(n—1+86), 0 € (0,1). Since n > 2, there holds |®| < 1 and we have both
limg\ o ®(#) = 0 and limy ~; () = 1. Clearly, ® is continuous and hence ®: (0,1) —
(0,1) is bijective. Therefore, choosing 8 := (1 — ep)(n — 1)/(n — 1 + ep), we see that
®(6) = 1 — ep. With this choice of §, the embedding (5.101) gives

(0 (=140 A BMO)(R™) < €5 PP (R")

since 6 > %: Indeed, since 0 < ep < 1 — % by assumption, we deduce p(1 —ep) — 1 > 0,
and therefore with v = ep

~ A=n-1) 1
9=(7)()>p<:>(p—7p)(n—1)>n—1+7<:>pn—wn—p+w>n—1+7

n—1+4+vy
&pn—p-—n+1>y+ypn—yp=7(1+pn—p)
pm—p—n+1
———— >7y=¢p
1+pn—p
—-1- 1
L n/p+1/p
14+pn—p
which is true by assumption 5.93. The proof is complete. O

Remark 5.34. The preceding proof, in particular, the choice of x—dependent J, uses
the so—called Hedberg trick as explained in [7, Prop. 3.1.2].

In the proof of Theorem 5.29, we used the log—convexity of the fractional maximal
operator with respect to its index, a fact whose proof we give now:

Lemma 5.35. The function s — Mbv(x) is log—convex on (0,1) for any locally integrable
function u: R™ — R. That is, for any s,t € (0,1) and any X € (0,1) there holds

M ayv(@) < (Miv(e) N (Miv()) ' (5.102)

Proof. Let v € L, .(R™). If the right side of (5.102) is infinite, there is nothing to prove,
so we may assume without loss of generality that M¥v(x), Mgv(x) < 00. Let Q CR" be
a non—degenerate cube. Then we have

W/QW—(U)QMSU:W</Q|U_(U)Q|dx>>\

1 1-A
< iigre ([~ el )
< (Mv(e)N(Miv(z))'

We then pass to the supremum over all cubes ) to deduce the claim. O

For the sake of better traceability, we explicitely note the following.

Corollary 5.36. Let 1 < p < o0 and € > 0 such that pe < 1. Then for any N > 1 we
have

(BVNBMO)(R™;RY) ¢ Wr—=P(R™;RV). (5.103)
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The previous corollary follows along the same lines as the proof of Theorem 5.29, now
using the standard Sobolev embedding BV(R™; RY) «— W 7=F7 (R™; RV for 0 < < 1.
This slightly improves the embedding (BV NL®)(R") < BLY/PP(R") for 1 < p < oo as
given in Lemma 38.1 in Tartar’s monograph [231].

Also note that the embedding (BD NL™)10c(R™) — Wi/Pme PR™R) forall 1 <p <

loc
oo and sufficiently small € > 0 is much easier than the statement of Theorem 5.29. Indeed,

let uw € (BDNL™)j0c(R™) and fix K € R™. We then estimate

lu(z) —u(y)”
d
s en i = o oo )
Ju(z) —uly)|
‘UHLoo KR" // Kk ‘:}(}—y|n+1 p d(ll'7y)

< Hu||p°°(K;Rn)[u]wlfw’l(K;Rny

and note that [u]wmfap(K;Rn) < 00 as BDje = W for all 0 < s < 1. Next we discuss

loc
a variant of Theorem 5.29 which exploits additional LP—integrability.

Theorem 5.37 (Improved Sobolev Embedding). Given "5 < r < oo, put

Xr (Rn) - Lfoc(Rn) Zfl r < o,
loe T BMOyo (R RN ifr =

Then for any 1 < p < =25 there holds (BDic NX], )(R™) C WEE(R™RY) with s <

1 loc
Smax (pa T)} where

(r—p)

Smax(p7 7") = p(?’ — 1)

ifL<r<oo and  Smax(p,T) :=1 ifr =00
n—1 P

Proof. The proof for r = oo has already been given and we henceforth focus on the

case "7 < r < oo. For this proof, it is convenient to employ the finite differences

characterisation of the Nikolskii spaces By ., cp. Chapter 2.5.3. Let r > -25. Let

K C R™ be relatively compact with Lipschitz boundary K. Let s € {1,...,n} and let

h € R with |h] < 1. We estimate for 0 < § < 1 and 1 < ¢ < oo by Holder’s Inequality

/ 7o pu(a) [P da — / 7o n () [P0 s ()P0
K K

< ( / |rs,hu<x>|pf’de) ( [ im0 dx)
K

At this stage we choose 0 < 8 <1 and 1 < ¢ < oo such that p(1 — 6)¢’ = r. This implies

. (5.104)

, r 7,,(17;9) r rp
TEise T T i i g - My B
We now estimate
p(1—-0)

(/ 7o pu(a) [P0 dx) <C (/ u(x)rdx) : (5.106)
K+B(0,2)

At this stage, we put 6 := (r —p)/(p(r — 1)). Since 1 < p < n/(n — 1), we certainly have
# > 0. On the other hand,

f<ler—p<plr—-1)=pr—-pep>1,
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and the latter is satisfied by assumption. For this choice of 8, we have

pa (5.105) rp% _ TP =) (7" 1) _ r(r —p) 1
P ey Ry e ) (3 Ve ()
and
-1
g= . (5.107)
r—p

We now use the local embedding BDjo. < W,..=" for any € € (0,1) to conclude because
of Wi ! < (B} 25)1oc that

loc

%(5. 07) A= —p e
([ o) L7 (g ) 7 < Tl g 1079

In conclusion, we obtain by gathering estimates

1-6 —
[ sl do < ClE R g

1-0 e e
< Ol oy P ey 1~

By arbitrariness of K, we conclude
1—g)_r=t_
we By T
Let ¢ > 0 be given. Then for 0 < ¢ < &’ we have

(B(1*6) :i‘f)l o W(lfa’)Zi’f p
p,00 oc

(5.108)

loc

Hence, whenever 0 < s < ( we firstly determine & > 0 such that there holds

1)’
n '—D
:(I_E)p(r—l)

and hence choosing 0 < € < &/, the claim follows from (5.108). The proof is complete. [

Even though the preceding result is stated for BD),., it is easily seen to hold for
BVie(R™; RN ), too, and we shall use this fact in the sequel without further explicit
notification.

Remark 5.38. Note the following important distinction for fractional Sobolev spaces: By
Remark 2.15, we do not have W23 € WP provided ¢ > p and 0 < s < 1 which is in stark
contrast with the situation for s 6 Np. However, we do have WP ¢ W (’f; for s >t and
fized p. This is a consequence of the estimate |z|~" " < |z|~" P for |z| < 1. Therefore,
to speak of improvement in the preceding theorem indeed, we need to fix p and show the
improvement on the level of s.

Let us further comment on the exponents appearing in Theorem 5.37: Firstly, if
n—np+p

1 <p < ;25 is fixed, then BDjoe — W .7 ” Now note that if 5 <1 <00, then the
exponent s(p) provided by Theorem 5.37 is determined by smax(p, ) = (r—p)/(p(r —1)).
We then have

n—np-+ r—
Smax(p,7) > pp p@r ]1)>n—np+p<:>r—p>rn—rnp—i—?“p—n—l—np—p
np—1
ers>—0l

I1-n+pn-1)
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We now study the limiting cases and hence define, for fixed 1 < p < 24, K(r) =
Smax(p,7) = (r —p)/(p(r — 1)) for -5 < r < co. Then we have
de(r) _ p(p—1)
dr p2(r—1)2

Hence : (775,00) — R is increasing. We have

. 1 P n—np+p
lim k(r) = — =
N p(:E - 1) p

which is the optimal smoothness for the Sobolev embedding of BD into fractional Sobolev
spaces WP for fixed p. On the other hand, it is obvious that lim, oo K(T) = zl) which, in
turn, is the exponent given by Theorem 5.29.

5.6. The Caccioppoli Inequality and its Consequences

In the superlinear growth regime, the Caccioppoli inequality is often the instrumen-
tal ingredient to yield higher integrability of minima. Caccioppoli type inequalities are
in some sense reverse Poincaré-type inequalities and, on a heuristic level, rule out the
possiblity for minima to oscillate too much. As we shall briefly recall below, this can be
boosted by use of Gehring’s lemma to rule out too big concentrations of the gradients.
Thus, this line of action is particularly tempting to be applied to linear growth problems,
where concentration phenomena are an essential motivation in passing to the spaces BV
or BD instead of remaining with W' or LD, respectively. However, as shall be proven
below in Lemma 5.43, this approach cannot be made to work in a fruitful way.

To begin with, fix 1 < p < 2 and let g: RV*" — Ry, be a convex C?-integrand of
p-growth, i.e., there exist 0 < ¢; < ¢ < 0o such that ¢;[€[P < g(§) < ca(1 + |£|P) holds
for all £ € RV*™. Moreover, let the second derivatives satisfy the ellipticity condition

3% < (g"(Q)€,€) < 04%

(1+1¢?) =" (1+¢») ="
for all £,¢ € R¥*" and some fixed constants 0 < c¢3 < ¢4 < oco. Then there exists
a constant ¢ > 0 such that for any local minimiser u € W'?(€; RN) of the functional
Glv] :== [, 9(Dv)dz, any zo € Q and 7 > 0 with 0 < 2r < dist(zo, dQ) there holds

][ | Du|P dz < c][
B(zo,r) B(zo,27)

The preceding inequality (Cacc) is of Caccioppoli-type. Now note that p itself arises
as the Sobolev exponent of ¢ := np/(n + p), and there holds ¢ > 1 if and only if p >
n/(n — 1). Moreover, note that ¢ < p regardless of the specific value of 1 < p < n. For
n/(n—1) < p < n, we obtain by use of (Cacc) and the Sobolev embedding theorem

% (Cacc) p %
f | Dul? dz < ¢ ][ dz
B(zo,r) B(zo,27)

n+tp

<ec ][ | Du|7+7 dz .
B(zo,27)

The exponent on the right is smaller than that appearing on the left side and in this
sense we have obtained a reverse Holder inequality with increasing supports. On the

U — (u)moﬂr b

" dx. (Cacc)

u— (u)lo \2r
r
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other hand, if 1 < p < n/(n — 1), we use Jensen’s inequality to obtain

» n
P (Cacc) and Jensen
][ | Duf” de < ][
B(zo,r) B(zo,27)

) dx)
< C][ | Du| dz.
B(zg,27)

Consequently, invoking the following lemma of Gehring—type (here stated in the version
of GIAQUINTA & MODICA, cp. [128, Thm. 6.6]), we are in position to deduce that there
exists some fixed € > 0 such that Du € LV (Q; RN*™),

loc

u— (U)woﬂr
r

Lemma 5.39 (Gehring’s Lemma). Given R > 0, denote Qr a cube of sidelength 2R.
Let f € LI(QR;R>O) and assume that for all cubes Q C Q € Qr we have

]éf(x) dr < B <(]é m dx);/ —|—]égdx> , (5.109)

where B > 0 is a constant, 0 < m < 1 and g € L*(Qr;R>o) for some s > 1. Then there
exists 1 > 1 such that f € L"(Qr/2) and moreover

]éf‘”frdm<C<<72Rfdx>r+fQRgrdx>' 5.110)

We shall now study as to which extent a Caccioppoli-type inequality in the linear
growth setting can be made to work to yield higher integrability results. Recall by the
above, in the superlinear growth regime it immediately gives higher integrability of the
gradients, whereas in the linear growth context we merely have the informal principle
that the Caccioppoli inequality leads to an

improvement of all (fractional) derivatives up to, but not including, s = 1.

Note that although in the sequel, this is only stated for symmetric—convex problems, it is
easy to see that it equally applies to the gradient setting, too.

Proposition 5.40. Let f: R — Rxo be a symmetric—conver C' —integrand for which

there exist A1, Ao > 0 such that

(f(Z),Z) = \M(Z) — Xy for allZ € RIX". (5.111)

sym

Then there exists a constant C' > 0 with the following property: If u € LD(Q) is a
minimiser of the variational problem (5.1), then for all rigid deformations a € R(QY), any
xo € Q and all r > 0 with 2r < dist(zq, 0Q) there holds

f o lewla<c
B(zo,7) B(zo,2r)

where C' > 0 is a constant which does not depend on u, a, xo and .

u—a

dz +C, (5.112)
.

Proof. Pick a smooth cut-off function p € CL(Ba,;[0,1]) with 1g, < p < 1p,,, where
B; := B(zo,t), such that |Dp| < C/r for some C' > 0. We wish to remark that since
Efu = 0 by assumption, we have the Euler-Lagrange equation

/Q<f/(€(u)),e(go)) dz =0  forall p € LDo(Q). (5.113)
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Let a € R(€2) be an arbitrary rigid deformation. Then ¢ := p(u — a) is an admissible test
function, and we obtain after a routine estimation

(5.111)

| duptetw) = dapde < [ (7 (ew), pew) do
Bar Bar

u—a

dz,

—— [ (e, Dpo (u-a)dr < C

B27‘ r

where we have used that f has bounded first derivatives. After dividing by ™, we hence
obtain by |- | < (-)

dz + CAa

Alf e(w)dz < C “‘
B

" Ba,
from where the claim is immediate. The proof is complete. O

Corollary 5.41. In the situation of the previous lemma, there exists a constant § > 0
with the following property: If u € LD(Q) is a minimiser of the variational problem (1.1),
then there exists 6 > 0 such that u € Lll()*c+5(Q), where 1* = n/(n — 1) is the Sobolev
conjugate exponent of 1.

Proof. Let zg € Q and r > 0 with 0 < 2r < dist(xg, Q) be arbitrary. The usual Poincaré—
Sobolev inequality for LD (cp. Chapter 4.2.3) asserts that there exists a € R(B(zg,7))
such that ||u — aHLﬁ(B(wOM;Rn) < Orlle(u)||L (B(zg,r)rnxn) With C > 0 independent of
r > 0 and u. Picking this a € R(B(xo,2r)) (which, as an affine map can be extended to
Q), we apply Proposition 5.40 with the rigid deformation a and thereby obtain by use of
the Sobolev—Poincaré-Inequality (and the shorthand B, := B(xzg, s))

(.

n—1 n—1 n—1

nnldx> ' (][ |u—a|nn1dx) ' +(][ |an"1dx> '
B, B,

(*)
< Cr][ |€(u)|dx+0][ la| dz
B,

r

N

(%)
< cr][ |€(u)|dx+0][ |u| da (5.114)
B, r
(5.112)
< C \u—a\dx—i—C][ |u| dz + Cr
Bzr,. B27-

< C’][ |u| dz + C diam(£2).
Ba,

For the estimate (x), we used that R(€2) is a finite dimensional vector space and equiva-
lence of all norms, whereas for (xx), we used the inequality

][ la| da < C][ |u| dz
B B,

r

which follows from the L'-stability estimate of Theorem 3.25. Finally, the very last
estimate in (5.114) follows equally from the aforementioned stability estimate, finite di-
mensionality of R(B(zo,2r)) and scaling as above. In this situation, the claim is an
immediate consequence of the usual Gehring Lemma in the form due to Giaquinta &
Modica, cp. Lemma 5.39. The proof is complete. O

Note that a self-improvement of integrability can be derived without referring to the
Euler-Lagrange equation but minimality only (see the work of GIAQUINTA [122]) and
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can be used to prove that any BD-minimiser if of class L%;CM(Q;]R") for some 6 > 0
indeed. As such, the proof also reveals that this regularity improvement also applies to
non—strictly convex problems which in general might produce very irregular minimisers
revealing jumps, say.

Remark 5.42 (Gehring versus Difference Quotients). In general, Gehring’s lemma
proves particularly powerful in the quasiconvex context rather than for convex problems.
This is so because in the convex setup, we can make use of the Euler-Lagrange equation
and henceforth difference quotients. The corresponding coercive estimates appearing in
higher integrability proofs in turn crucially rely on the positive definiteness of the Hessian
of the integrand, a condition which is not satisfied by genuinely quasiconvex integrands.
On the other hand, by the convex integration approach of MULLER & SVERAK [190],
the Euler-Lagrange equation itself cannot yield regularity results; also compare with
SZEKELYHIDI [230] in the polyconvex setting and with KRISTENSEN & TAHERI [164] for
the relation of extremals (i.e., solutions of the corresponding Euler-Lagrange equation)
and (local) minima.

We proceed by showing that the Caccioppoli-Inequality itself cannot yield higher
integrability of the gradients or symmetric gradients, respectively:

Lemma 5.43. Let v := sgn be the sign—function on the interval (—1,1). Thenv satisfies a
Caccioppoli-type inequality in the sense that there exists ¢ > 0 such that for all z € (—1,1)
and r > 0 such that z £ 2r € (—1,1) there holds

c z+2r
I Do|(B(2,7)) < ;t/' v — (0)B(s.2m| . (5.115)

z—2r

Proof. We shall prove the existence of such ¢ > 0 by making a case distinction. Firstly
note that |Dv| = 2d, so if 0 ¢ B(x,r), then |Dv|(B(x,r)) = 0 and there is nothing to
prove. Hence we may assume without loss of generality |z| < r and moreover shall tacitly
assume that = € (—=1,1) and r > 0 are chosen in a way such that B(z,2r) C (=1, 1), too.
First case: x = 0. For any 0 < r < 1 we have (v)g(,) = 0 and thus if ¢ > 1, we conclude

c cC c !
*/ [v(y) = (v)o2r| dy = */ |sgn(y)|dy = —2r = 2c > 2 = |Dv|(B(0,7)).
r B(z,r) r B(z,r) r

Second case: © > 0. We recall that = < r. First, we compute the mean value of v over
B(x,2r) as

1 x+2r 1 0 x+2r
=— = — -1 1
Oz = [ sman= g ([ cvavs [ )

:%((x72r)+(x+2r)):2£r.

Now, since 0 <z <7, ¥ <1 and thus 0 < - < % Consequently,

1— 2 ify >0,

Isgn(y)—(v)z,zrl=|Sgn(y)—§ = {HS’; ity <0
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and therefore, if ¢ > %,

c

¢ / o) — ()20 dy =
T JB(z,2r)

</ o) dy + Ox+27(1 - ;)dy)

((27” +z)(2r —2x)+ (2r —z)(x + 2r))
2—(47‘ — 2%+ 4r? — 2?) 20(4— (%)2)
>3c (as0< % <1)

||
S0

> 2 = |Do|(B(z, ).

Third Case: x < 0. It is possible to argue by symmetry, but for the reader’s convenience
we give the precise computation. The condition |z| < r translates into —x < r, and we
have

T+2r .
Dear =1 [ s dy = (-0 -2+ o+ 20) = 2

Now, we have analogously (recall that 0 < —5- < %)

|sgn(y) — (W)aar| =[sgnly) — 5ol =17, _ S iy,

x {1—1—; ify <0,
2

In conclusion, again recalling |z| < r

c x+2r c 0 T x+2r T
< — (0)par|dy = = 14+ -—)d 1--)d
s - = ([ @ [ -5 )

((2r —z)2r+z)+ (z+2r)(2r — x)))

c
2r2

¢ .2
= ﬁ(4r2 — 2+ 4 —a%) =c(4- (;) )
=3c ; 2,

which is fulfilled if ¢ > 5
In conclusion, gatherlng estimates, we obtain that if ¢ > 2, then estimate (5.115) is
fulfilled by v = sgn, and the proof is complete. O

The preceding proof is in line with BUCKLEY & KOSKELA’s proof of the non—availability
of Sobolev inequalities in the sublinear regime as given in [55], a fact on which we briefly
report now. It is well-known that if 2 C R™ is an open and bounded Lipschitz domain,
then for each 1 < ¢ <n/(n—1) and p = 1 there holds

inf (/ |lu — al? dx) ! <c (/ | Du|? dx) ’ (5.116)
a€RN Q Q

for all u € WH(Q; RY), where ¢ = ¢(p, ¢, Q, N) > 0 is a constant. Such an inequality does
not extend to 0 < p < 1 without imposing additional conditions on the admissible maps
u € WHH(Q; RY) in such an inequality. To see this, BUCKLEY & KOSKELA considered
the case Q@ = (—1,1) and put, for e >0

0 ifx < —¢,
ue(z) =< p(z/e) if |z] <e,
1 ifx > e,
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where ¢: [-1,1] — [0,1] is a differentiable function with ¢(—1) = 0, ¢(1) = 1 and
limy,—1 ¢/ (t) = limy 1 ¢'(t) = 0. Assuming (5.116) to hold for some 0 < p < 1, we
compute by a change of variables

1 1
[ vupas=cr [ pwpag o, e
1

—1

To arrive at the desired contradiction, observe that for every a € R there either holds
la| > % or [a — 1| > 1 so that

1

1
—(1—¢) < inf —a|?dw.
TS VI

However, by (5.116), we must have inf,eg f_ll |ue —al?da — 0 as e \, 0, a contradiction.
On the other hand, note that the above Lemma 5.43 in conjunction with Gehring’s
Lemma 5.39 yields another proof of the non—availability of the sublinear Sobolev inequal-
ity. Indeed, considering suitable mollifications v.: (—1,1) — R of the sgn—function, it
is easy to see that the single v.’s satisfy a uniform Caccioppoli inequality in the sense
that there exists a constant ¢ > 0 such that for all z € (—1,1) and = > 0 such that
(z = 2r,2 4+ 2r) C (=1,1) there holds [y . |Dve[dz < (¢/7) [, 9 lve — (ve)zp|da
uniformly in € > 0. So, if the sublinear Sobolev—Poincaré inequality were valid, then
Gehring’s Lemma would automatically yield that (Dv.) is locally uniformly bounded in
L? for some fixed p > 1 and thus, by the De Valleé-Poussin criterion, converges weakly
to a locally integrable function. Since the weak*—limit of the Dv.’s however is —2dg, we
have arrived at a contradiction.
The failure of (5.116) for general 0 < p < 1 served as motivation to study the (weak)
reverse Holder classes RHQ and VVRHQ These are defined as the sets of functions w €
Li (@ Rso), w ;7_5 0 such that ||w||Lq(Q) Cllw||Le (#9) for all cubes @ such that o'Q C,
where 1 < o < ¢’ in the case of WRH and 1 = ¢ < ¢’ in the case of RH.

Theorem 5.44. Let u € LD(Q) be a generalised minimiser of the variational principle
(5.1), where f: RETM — R is a convex C! —wariational integrand which satisfies (5.111).
Then for any 1 < p < =5 there exists

n—mnp+
> pTD
p
such that u € WP (Q;R™).

Proof. By Corollary 5.41, u € L] (;R") for some ¢ > 5. Now we use Theorem 5.37
to conclude. O

To conclude, it is not clear to us how the Caccioppoli inequality might yield higher
integrability (possibly on the fractional scale) beyond the interpolation argument outlined
above. Namely, estimating further using Jensen’s inequality,

/ |Du| d]} / |U(I‘) — (u)3?077“| dx
B(zo,r) B(zo,r)

/ 7[ —u(y)|dy dz (by Jensen)

B(zo,r) T /B(zo, r)

<off M}jﬁ}'dxdy(myem 1) = | — vl < 20)
B(zo,r)xXB(zo,r) |(E - |

the right side cannot be bounded unless u is constant as a consequence of BREZIS’ Lemma,
cp. Remark 2.14.
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Let us note that in the BV-context, it is possible to show under a C'-hypothesis on
the variational integrand and some other mild structural condition (in particular, milder
than radial structure) a so—called monotonicity formula for the gradient, cp. [56, 57]. In
a simplified form, this reads as

_d [Du|(B(z, R))

E g 20 (5.117)

given u € BV is a minimiser. This implies by standard means that the jump height of
u is bounded and, moreover, v € BMOy,.. Here, given z( is a jump point of u, we can
locally write u(z) = (uy —u_) @ v for H" 1-a.e. z in the jump set of u, where u, and
u_ are the one-sided traces; by the structure theorem for BV—functions, these notions
are well-defined. The jump height then is given by |uy (z) — u_(z)|.

The BMOj,.—regularity then follows from (5.117) by Poincaré’s Inequality as for all
z € Qand 0 < R < dist(x, Q) there holds

| DB, 7))

F o u- @ppnldy < crRPHEES),
B(z,R)

and by (5.117), the latter is locally bounded. However, it is not clear to us how to
generalise this to the BD—situation.

5.7. Higher Integrability and Discussion of Uniqueness

In this section we combine the results of Theorem 5.12 and the improved embed-
ding from BDNBMO from Theorem 5.29 to deduce the Sobolev regularity assertion of
Theorem 5.6.

5.7.1. Coercive Estimate and Higher Integrability for one generalised min-

imiser Before we embark on the proof of Sobolev regularity of u,., we introduce for
M € N the auxiliary map V,,: RM — RM by

Va(€) == (1 +[€)="¢, £eRM. (5.118)
We then have

Lemma 5.45. Let 1 < a < 2 and define V,, by (5.118). Then we have for any measurable
function v: R® — RM h € R and e, € R™ the estimate

[TonVa(w(@)] ~ (14 [o(@ + hes) 2 + [o(@) ) 27 |7 po(z)].
Moreover, there exists a constant ¢ > 0 such that for all € € RM there holds

min{[¢], [§]*7} < eVal(8).

Lastly, if Q is an open and bounded set and u: Q2 — RM satisfies V,(u) € LP(Q; RM),
then we have

/ |9 dz < 2™(Q) + o(p) / Va(w)? da,
Q Q

where ¢(p) > 0 is a constant depending only on p.

Proof. By [4, Lemma 2.2], for every —M% < v < 0 and g > 0 there exists a constant

¢ =c¢(M) > 0 such that for all £,n € R" there holds

(2 +1€1%)7€ = (1 + [nl*)"nl _ (M)
(2 + &7 + [nl*) T2y +1

2y + 1) —nl < |& —nl.
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Applying this with g =1 and v = (1 — «)/2 yields the claim as f% < v < 0if and only
ifl<a<?2.

Now let £ € RM with [¢] > 1 and let 1 < a < 2. Then (1 — «)/2 < 0. Hence, since
t — t(1=)/2 is monotonically decreasing on R,

l1—a
2

l—«
€] > 1= [¢? > 1= 21 > 1+ =272 |¢]' 7 < (1+ %)

S P <2 TV S VM)

Since 1 < o < 2 and |¢| > 1, we have [£]>~* < |¢] and thus min{|¢|, |£]>7°} < V2|V, (6)]
in this case. Now, if || < 1, then

1—

2°3% < (14 [¢2)77° = 2737 |¢] < |Val6)] = [¢] < V2IVal©),

and hence we see because of |¢| < |€|>7® in this regime that min{|¢], £} < V2|V (&)
holds, too. Hence min{|¢|, |£[>7*} < V2|V, (€)] for all £ € RM. Lastly if the measurable
function u: Q — RM is such that V,(u) € LP(€;R™), then we have

/ |u|3=P 4z = / |u|3=IP dz + / Ju| =P g
Q QN{|ul<1} QN{|u|>1}

< 2@ +clp) /Q Vi ()P da

The proof is complete. O

After these preparations, we come to the

Proof of Theorem 5.6. Let (vj) C ug+ W(l)’Q(Q; R™) be the sequence of viscosity approxi-
mations as constructed in Section 5.4.2. In contrast to the estimates which eventually lead
to the Sobolev regularity assertion (v;) C W120(2: (€;R™) of Lemma 5.11, we now need to
establish estimates which are uniform in j. In doing so, we shall derive a local Nikolskii—
type improvement (with the Nikolskii spaces NP := B , cp. Chapter 2.5.3) and hence
recall that for s € {1,...,n}, h € R and a measurable map w: R" — R" the forward and
backward finite difference operators are given by ffhw(x) = w(x £ hes) — w(x), where

es is the s—th unit vector. We also put 75 := T:— ,, for brievity.

Let 29 € 2 and r > 0 such that B(z, 2r) € Q. For h € R with |h| < dist(xg, Q) — 2r
we pick a cut—off function p € CL(B(xo,);[0,1]) with IB(zo,r) S P < IB(ag,2r) and put
wj =1, ,,(p*Ts nv;). By assumption, we have p; € W2 (€ R") and thus ; is admissible
in the weak Euler-Lagrange equation (5.23). In consequence, we obtain for each j € N
(recall that f; := f + % %)

/Q (FLe(03)),e(r (Prapv))) da = 0.

Since € and T, p commute, we find by discrete integration by parts that

I:= / <Ts,h(f]/'(€(vj)))?pQTs,hE(Uj» de = — / <7-s,h(f]/‘(€(’()j))), 2pr ® Ts,hvj> dr =: 1L
Q Q

Using the p—ellipticity condition, we will now suitably estimate I from below. By the
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fundamental theorem of calculus, we have
1> [ (o) a+ theo)) = F(e(0)(@). Frne(v) da
/ / <dt e(v;) +trs he(vj)),757hs(vj)> dtdz
_ / p2/ (f1(e(v) + trane(v,))Tene(;), Tane(v;)) dt da
Q 0
1
> / 02/ (f"(e(v)) + t7s,ne(v)))Ts,nE(v;), Ts,nE(v;)) dt dz
Q 0
1
+ f/ P rsne(y)? dz =: Iy + I,
JJa
It is clear that Io > 0. Since f is assumed to be p—elliptic, we find

/ / ‘TS hE(vJ)|2 dtdm
1+ |e(vy) +trs hs(v])|2)

2 |7s,n€ (v (2))]?
g C/fzp (14 [e(v))]? + le(v(z + hes))?) 5

dz,

where we have used that for all 0 < ¢ < 1 and a,b € R™*" there holds (with some fixed
C>0)

(1+|a+tb2)2 < CO(1+|a>+ [b])z.

We now use the auxiliary estimate given by the ACERBI-F'USCO lemma (cp. Lemma 5.45)
to conclude for the auxiliary function Vu(€) := (1 + |¢[2) "2 ¢ with 1 < o < 2 that

2(1 )

V(&) = Vam) > ~ (1 + [€]* + [n]*) ¢ —n)?

and hence

‘5_77|2 — ~ |Va(£)_Va(n)|2 )
A+ MR HERE (14 (g2 + n2) 5

In particular, we find that for 1 < a < 2 to be determined later (and accordingly a
constant ¢ = ¢(a) > 0),

[TonVa(e(v)) 2 . |Tsne (v (@)1 .
(L+ |e(w)? + le(vj( + he))|2) 5 (L4 [e(w))? + [e(v;(w + he))[?) =

(5.119)

Keeping the previous estimate (5.119) in mind, we now pause to estimate IT conveniently.
Here we shall make substantial use of the uniform BMO-hypothesis (LBMO) and the
regularity of the dual solution as stated in Theorem 5.12. To be more precise, recalling
the notation o; := fi(e(v;)) for j € N, Theorem 5.12 asserts that for any relatively
compact Lipschitz subset K of  we have sup;cy HUijl,Z(K;R”Xn) < 0o0. On the other
hand, the local uniform BMO-hypothesis in conjunction with the interpolation result of
Theorem 5.29 applied to p = 2 yields that for € > 0 sufficiently small there holds

sup ||ij 3-e2 (g < 00. (5.120)
je ;
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Deferring the precise value of ¢ > 0 to the end of the proof, we now estimate II for
|h| < dist(zg,0Q) — 2r by

1] < 0(,0)/ 75,0 (£5(€(vi)))] |7s,n05] da
B(zo,27)
1+l7€ /! Tsﬁh'Uj
<com = [ AL |
B(zo,2r) hz

1
2 2
Ts’hvj

h:=e

N

C(p)h3 = /P |Agpoj)? da u/
B(zo,2r) B(zo,2r)

3
< 27¢ ] x Xn ; .
< OO g o i< e
<C(p

(p)h %,

3
dx) (by Holder)

and here C(p) > 0 does not depend on j € N. Gathering estimates, we find by (5.119)
and the shorthand

1
wj7h75(x) = 5 oy £F20=a)
(1+ |e(v; () + le(vj(z + hes))[?) 2
that
Vo ?
/ Ze g(i(vj)) wj,n,s(2) dz < C(p). (5.121)
B(z0,27) hi~2

By the results from Section 5.4.2 (precisely, the first part of (5.18)), (v;) is uniformly
bounded in LD(2) and thus it is easily seen that sup;cy ij_;s L1 (B(zo,2r)) < 00 provided
(recall that 1 < a < 2 is assumed throughout)

1
p+2(1—a)<1, thatis, % <a(<2). (5.122)

Henceforth, assuming condition (5.122) to be in action in all of what follows, we obtain
by Young’s inequality

/ Ts,hVa(e(Uj))‘dm </
B(zo,27) B(xo,2r)

hi-
where C(p) > 0 again does not depend on j € N. From here we conclude that the
.3_¢&
sequence (Vo (e(v5))|B(xo,r)) 18 uniformly bounded in B2, 2’1(B(Jco,r);R"X"). At this

sym

point, we recall from Chapter 2.5.1 that for all 6 > 0 sufficiently small there holds

dx
wjn,s(x)de +/ _—
! B(zo,27) wjahvs(x)

M)

<C(p)  (by (5.121) and (5.122)),

. , «_ M 4
(B(o,2r)) = LY(B(xo,7)) for allq\n_(%_%) 0 dn — 3+ 2¢

e

B 5.

oo

We may therefore deduce that for € > 0 and § > 0 sufficiently small, we have

supu/‘ V(e (0;))| 7257 0 dar < o0
JEN JB(zo,r)

By Lemma 5.45, the previous estimate implies

Sup/ le(v))|Temes da == sup/ |€(’Uj)|(2_a)(44n—4;+25 “Ddr < oo,  (5.123)
JEN JB(z0,r) JEN JB(zo,r)
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with an obvious definition of the exponent qq 5,5 > 0. In conclusion, if o nc s > 1, then
Korn’s inequality yields uniform boundedness of (€(v;)|B(zq,r)) in L™= (B(xo, r); RE)
and hence, by arbitrariness of ¢y € Q and r > 0, the claim follows.

To establish gq n.c,5 > 1, let us note that the latter is equivalent to

dn+3 —2e —20(4n — 3 + 2¢)
dn — 6(4n — 3 4 2¢)

Sending €, N\, 0, we find that g4 nes > 1 can be achieved for sufficiently small €,6 > 0
if and only if

3
1+ —. 124
a<l1l+ in (5 )

On the other hand, recalling (5.122), we must therefore have

1 3
Pl o<1+ 2

5.125
5 o (5.125)

an equation which is solvable for 1 < o < 2 if and only if (1 +1)/2 < 14 2. The latter
inequality is solvable for o > 1 if and only if

3
<l4+ — 5.126
p<leon, (5.126)
which is exactly the exponent claimed in the theorem. The proof is complete. O

We proceed by extracting additional information out of the above proof. The exponent
Qanes > 1 as given in (5.123) is optimised for the smallest admissible value of .. This,
in turn is given by (1 +1)/2 by (5.125) subject to the condition < 1+ 5= from (5.126).

Now, sending o N\ (¢ + 1)/2 for the admissible range of u yields by (5.123) that for
all v > 0 and x > 0 suitably small we have

@— 8 —y) (g5 k)
loc

e(u) €L (R, (5.127)

Sym
We consider now the condition (with T':= k(4n — 3))

pt1 4dn

!
< (2
p<( 5 7)(4n_3

— k)& Bn—6)u< (3—p—2y)4n-T)
< 8np —6u+4np < 12n — 8yn —T'(3 — p — 2y)
< u(l2n —6) < 12n —8yn —T'(3 — pu — 2v)
2n _8’yn+1"(3—,u—27)

S u < .
S o1 12n—6
Sending v, % \, 0 which in turn implies T' N, 0, we obtain that e(u) € Li; (Q;RL%)
provided p < 22’_‘1. Let us carefully note that this is more restrictive than the bound

provided by (5.126): In fact,

2n 2n + 3

1.
2n—1 < 2n

WV

3 n
®4n2<4n2—2n+6n—3¢>z<n éNn

We now are ready for the proof of the following corollary.

Corollary 5.46. In the situation of Theorem 5.6, the sequence of viscosity approxima-
tions (v;) is uniformly bounded in every local Nikolskii space NbE (€ R™) with 0 < t < 8
provided

2n

1< < .
F=9, 1

(5.128)
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Proof. Similarly to the derivation of (5.121) but not introducing the auxiliary V,,—function,
we obtain
1

/Bm,r) (1+ le(v) ()2 + le(v;) (@ + hes)|?) % ‘

Now, by Young’s inequality we have for every € > 0 sufficiently small

/ Ts,h(s(vj))‘dx </
3 £ ~
B(zo,r) | h172 B(zo,r)

Ton(e()) ”

3
hi—5

x < C(p). (5.129)

2 1
(1 + le(v) () + le(v;)(x + hes)|?) %
+/ (1+ [e(v) (@) + [e(vy) (@ + hes)|*)® da

B(zo,r)

= Ij + II]

7s,n(€(v5))

3
hi—32

dz

We now find that I; is uniformly bounded in j € N by (5.129). On the other hand, II; is
uniformly bounded since by (5.128), (5.127) is in action. Hence for any relatively compact
Lipschitz subset K of {2 we have sup; ||e(v;) ||L“(K,R;Lyxn?) < oo and thus we deduce the claim

by arbitrariness of the suitably small chosen paramter € > 0. The proof is complete. [

5.7.2. Uniqueness of Generalised Minimisers Building on the results of the previous
sections, particularly on the proof of the higher Sobolev regularity of generalised minimis-
ers, we now briefly comment on the uniqueness issues addressed in the introduction of
this chapter. In general, the failure of uniqueness of minima of variational integrals (5.1)
is mostly due to two reasons (compare [31]): Going back to the relaxed functional §uo
given by (4.23), positive homogeneity of f°° implies that f°° is not strictly convex even
if f is. Thus a possible reason for non—uniqueness is the presence of the singular part of
minimisers which genuinely only effects the recession parts of §,,. The second reason for
non—uniqueness is a possible non—attainment of the correct boundary values which shall
be briefly addressed in the end of this section.

These issues clearly do not arise within the class LD, a simple fact which we briefly
record now. Also note that we still cannot expect full uniqueness due to the Santi and
Finn examples, see Chapter 4.4.

Lemma 5.47. Let ) be an open, bounded and connected Lipschitz subset of R™. In the
situation of Theorem 5.6, suppose that GM(F;ug) C LD(;R™). Then for all u,v €
GM(F; uo) there exists a rigid deformation R € R(§2) such that u = v+ R holds £"~a.e.
in ).

Proof. Let u,v € GM(F;uo) C LD(2) be two generalised minimisers with respect to the
prescribed Dirichlet class D, := ug + LDo(2). We will show e(u) = e(v), and this
will imply the claim: Indeed, since e(w) = 0 is equivalent to w € R(2) provided  is
connected, we deduce that there exists R € R(2) such that u = v + R. To prove the
claim, suppose that e(u) # e(v) on a measurable set U C  with .£™(U) > 0. Then
we obtain, using that f is strictly convex, f°° is convex and both E®u and E°v vanish
identically in €2,

Fuo [3(u+0)] = Qf(é”(%(uﬂw)))dx - £ ((uo = 5(u+v)) ©vog) dH" ™!

1 1
< 5/ f(&u)dx + 5/ f(&v)dx (by strict convexity of f)
Q Q
1

1
+= [ 2w —u) @vaa) dH"  + = [ £ ((ug — v) ® veg) dH™ !
2 Jaa 2 Joa

< 5 uol] + Fuolo]) = min i, [BD()],

which is an obvious contradiction. The proof is complete. O
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We now come to the

Proof of Theorem 5.7. Let R € R(2) \ {0} be an arbitrary non-zero rigid deformation
and denote R its continuous extension to (2. Then we have

Slu+ R =3+ [ f*(-ROvan) dH" ! (5.130)

[219]
because Tr(u — ug) = 0 H" '-a.e. on 9N Since the mapping T: 9Q — R given
by T(z) := —R ® vgq for x € 8Q is continuous and f>°: REX" — Ry is continuous,

too, it suffices to show that there exists z € 9 such that |R(z) ® vaq(z)| > 0. Indeed,
in this case we conclude by homogeneity of f*° and positivity of f that the boundary
integral on the right side of (5.130) is strictly positive so that u + R is not a minimiser
of {?UD over BD(Q). The proof is the concluded by Proposition 4.26 which provides
the required characterisation of generalised minima in terms of %u(). For simplicity, we
shall argue for the unit ball Q@ = B and only sketch the respective generalisation to
arbitrary open, bounded and convex Lipschitz domains Q below. Write R(z) = Az + b.
If |R(2) ® vgp(2)] = 0 for all z € 9B, then Az ® vpp(2) = —b ® vpp(z) for all z € IB.
Since vgp(z) = z for any z € OB, this particularly implies Aep ® e = —b © ¢, for all
k =1,...,n. These identities imply

0 a1k 0 0 bl 0
0 0 0 0 ...

Aep O ey = alg ... Qgk ... Qpk = — by ... bp ... by, =—-b®ey.
0 0 0 :0

and hence a;; = —b; for all j,k = 1,...,n. In consequence, aj; = —b; for all j =1,...,n,

but by scew—symmetry of A, a;; = 0 and thus b; = 0 for all j = 1,...,n. This further
implies aj; = 0 for all j,k = 1,...,n and thus R = 0. If Qis not a ball, then one may argue
similarly, now using the fact that for any open, bounded and convex Lipschitz subset 2
of R™ there exist linearly independent z1, ..., 2z, € 9Q such that vso(21), ..., Voo (z,) are

linearly independent, too. The proof is complete. O

Lastly, we briefly turn to the second possible source of non—uniqueness which is in
the spirit of Santi’s example [206], cp. Chapter 4.4. This has been revisited by BECK &
ScHMIDT [34, Thm. 1.16]. Whereas the former deals with scalar problems exclusively, the
latter primarily deals with the vectorial case. As a consequence, even in the case where
the symmetric gradient operator € is replaced by the full gradient in (5.1), non—uniqueness
of generalised minima implies non—attainment of the correct boundary values within the
framework of the variational principle (5.1) with e replaced by D, and we therefore cannot
expect uniqueness in general.

5.8. Variations of the Theme: 1-Ellipticity and p-growth problems

In the final part of this chapter we conclude with several generalisations of the topics
discussed above. Among others, its aim is to demonstrate the extent to which the linear
growth regime represents a borderline case.

5.8.1. 1—elliptic integrands As explained in Section 5.2, 1-elliptic integrands f: X —
R give rise to integrands of Llog L-growth; here, X is either the RY*"— or the R —
matrices. Specifically, in this situation there exist 0 < ¢; < ¢o < 0o such that f satisfies

c1|Z|log(e +|Z|) < f(Z) < ca(1 + |Z]) log(1 + e +|Z]) for all Z € X. (5.131)
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In slight more generality, the situation with the second derivatives f” satisfying

|§|2 1!
T <(f"(ME,6) <A

log(1 + |n)

¢, &mex 5.132)
Ll i§ (

for two fixed constants 0 < A < A < oo has been studied in depth by SEREGIN and collab-
orators [116, 117, 113] (also see the extensive monograph [115]) as well as by MINGIONE
and collaborators [119, 174].

Let us briefly report on this new setting, with particular emphasis on the symmetric
gradient case. We recall from Chapter 3.2 that, since t — |t|log(1 + [t]) is not of class
V3, there is no Korn—inequality in Llog L in the sense that for any open and bounded
set 2 C R™ there exists a sequence (v) C C2°(£2; R™) such that

sup/ le(v)|log(1 + |e(vg)]) dx < 0o but limsup/ | Dug|log(1 + | Dug|) dy = cc.
keN Jo k—oo Jo

However, still a uniform L'-bound can be established for the full gradient sequence (Duvy,).
This is basically a consequence of STEIN’s theorem (cp. Section 2.6) or, equivalently, the
YANO extrapolation theorem®, cp. [246, Thm. XII1.4.14]. Regarding the existence of the
variational principle

to minimise Fv] := / fle())dz  over Dy, :=ug + WS B F(Q;R™)  (5.133)
Q

subject to (5.131) and (5.132), where g is assumed to belong to the Sobolev—Orlicz
space WL L(Q:R") and WEL1°8L(Q; R™) is the closure of C°(Q;R™) with respect
to the WeLlog E norm, cp. Chapter 2.5.6, we then have the following results. First,
by the De Vallee—Poussin criterion (e.g., cp. [117, Lem. 2.2]), we have that if (ug) is a
minimising sequence for § (and hence, by (5.131), has symmetric gradients uniformly
bounded in Llog L(€;RET)), then there exists a subsequence (uy(;)) C (ux) and some
U € Llog L(;R2X") such that Duy — U in L'(Q;R2X") as k — oo. It then can be
shown that U = Du for some u € W"(Q;R") and so there is no need to either pass
to BV or even BD. Working on the ellipticity assumption (5.132), it can be shown by
straightforward adaptation of the arguments of [117] that a suitable minimising sequence

(vg) satisfies

sup/ |DV/1+ |e(ug)||> dz < oo for all Lipschitz subsets K € (.
keNJ K

This especially implies that if n = 2, then y/1 + |&(uy)| is uniformly bounded in BMO(K)
for any Lipschitz subset K € ) and hence, by the John—Nirenberg inequality, we have
uniform boundedness of (uy) in LP(K;REY) for all 1 < p < oo for all such sets K.

Using the relevant Sobolev embeddings W12 < L2/ (=2 for n > 3, suitably modified
statements can be established. In case we have a p—power growth condition at our disposal,
the Korn—inequality indeed applies and leads to the results which we shall briefly sketch
in the next subsection.

5.8.2. The case 1 < p < oo To round off the theme of this chapter, let us finally explain
how the situation simplifies in the case when the integrand f € C? (R s R>0) is of p-
growth, 1 < p < 2. The case p > 2 is similar but easier from a technical perspective.

More precisely, we shall work with the following set of assumptions on f:

8The YANO extrapolation theorem states the following: If (9, 1) is a finite measure space and for all
1 < p < p+e for some € > 0 a linear operator T satisfies ||T'||r1r < C(p—1)~% (where C > 0 and a > 0
are constants independent of p), then T extends to a bounded linear operator T': Llog® L(Q) — L1(Q).
The result remains valid for quasilinear T', too, cp. [95].
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(a) There exist 0 < ¢1 < ¢3 < 00 and ¢g, ¢4 € R such that

clzl’ —e2a < f(2) <eslzf’ s forall z € RELE

(b) There exists 0 < ¢5 < oo such that

IF'()| <es(L+ 22" for all z € R™X™,

sym

(¢) There exist 0 < ¢ < ¢7 < 0o such that

ki

. 21
=
1+ 1)

— EL_ forall 2, & € RMX™
(1+ 2=

sym

< (7€), 2) < e

We then have the following result which follows in a standard way, e.g., from [192].

Theorem 5.48. Let f € C2(R;‘yxn?) be a symmetric—convez integrand which verifies the
conditions (a)—(c) specified above for some 1 < p < 2 and let ug € W P(Q;R") be a
gwen Dirichlet datum. Then the unique minimiser u € Dy, = ug + Wé’p(Q;R") of the

variational integral

] ::/Qf(s(v))dz over Dy,

satisfies u € WP (Q; R™).

loc

Proof. The proof is a minor modification of the strategy outlined in Chapter 5.7. Let zo €
) be arbitrary and choose 0 < r < dist(zg, 9€2) such that B(zg, 2r) € Q. We pick an arbi-
trary cut-off function p € C°(B(zo,7);[0,1]) with p[g(ze,r/2) = 1. Let s € {1,...,n} and
h € R with |h| < 47 be arbitrary but fixed. We put ¢ := AL (PP Ag ) € WP (4 R™)
which consequently qualifies as an admissible test in the Euler-Lagrange equation for the
minimiser u. Here, A:hu(x) := +(u(x & hey) — u(z)) are the full forward— or backwards
difference quotients in direction es. Following the same scheme as in Chapter 5.7, it is
then readily verified that

2 A ne(u) (@)
I.= ) —
o T s et + T

< / )AL, Ay dr = L
B(zo,

dx

We estimate by use of Young’s Inequality for € > 0
II< C(e) / |f’(€(u))|ﬁ dx + 66/ |A;h(2pr © A pu) P de.
Q Q

We note that 20Dp ® A, pu € WHP(B(zg,7); R?). Hence, using Korn’s inequality, we
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obtain with a constant C' > 0

/ AT, (2pDp ® Ag pu)|P de < C |0s(2Dp ® pAg pu)|P da
Q ’ B(zo,2r)

< C/( ) |as* Dp|p‘pAsvhu|p + |Dp|p‘as(pAs7h’u)|p d.CC
B(zo,2r

<C |0s Dp[P|pAs pul? + |e(pAs pu)|P dz
B(zg,27)

<C |0s Dp[P|pAs pul? dz
B(zo,27)

+ / | Dpl?|pAs ne(u) + Dp © Ay pul? do
B(zo,27)

=C |0s Dp|P|pAs pul? da
B(zo,2r)

+C’/ |pAs pe(u) + Dp © A pulP de
B(zo,27)

<C [Ag pulP dz + C'/ |pAs ne(w)|? da.
B(zg,27) B(zo0,27)

As 1 < p < 2, we further have by Young’s inequality applied to the dual exponents
q= % > 1 and hereafter ¢’ = ﬁ with some d > 0 to fixed later,

2
[ ebaetwpar<s[ g AcwE@l
B(zo,r) B(zo,r) (14 |e(u)(z) + e(u)(x + hes)|]?) 2

+cw»é( 51+¢mx@+emxx+mmﬁﬁdx

< OI+C(6),
as e(u) € LP(Q;R2%™). On the other hand, by (H2) and u € W?(Q; R") we have

sym

/ F e <C / (1+ Je(w)?) P07 da
B(zo,r) B(zo,r)

gC/ (1+|e()?)? dz < C.
B(:Eo, )

Combining the two estimates, we have established
II < ¢(O)I+ C(9),
where ¢(4) \, 0 and C(§) /oo as § — 0. We now choose § > 0 so small such that ¢(§)I
can be absorbed into I and fix this choice of §. We then obtain
[ Bupe
B(zo,r) (14 |e(u)(z) + e(u)(x + hes)|?) 2

where now C > 0 does not depend on s, h or u. Similarly as above, we now use Young’s

inequality applied to the dual exponents g = % and ¢ = % to obtain

(2—p)p
1

dx

/ A ()P da = / BonelP 1+ le(le + R + (@)
B(z0,7/2) B(z0,7/2) (1+ |e(u) (@ + hes)|? + |e(u)(z)]2)
/ A ()

Blrar/2) (L+e(u)(@ + he,) | + [e(u)(2)]?) ="

+C (1+ le(w)(@ + hey)* + |e(u)(2)*)* dz < ©
B(zo,7/2)

<C dz

X
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by the above and u € W(Q;R™). In conclusion, by passing |h| \, 0 and by arbitrariness
of s € {1,...,n}, we obtain that e(u) € Wl’p(Q;R”X”) and hence, by Korn’s inequality,

loc sym

u e W2P(Q;R™). The proof is complete. O

loc

We conclude this chapter with a remark on slightly more general growth conditions.

Remark 5.49. It is possible to obtain similar results in the context of Orlicz function
which satisfy the AaNVa—condition so that, following the results of Chapter 3.2, a suitable
Korn—type inequality is available. In this situation, it is convenient to work in the setting
of DIENING & ETTWEIN [78], where the corresponding suitable generalisations of the
ellipticity of f" and the growth of f' are stated. However, for sake of clarity, we confine
ourselves to the p—growth regime.



CHAPTER O

Interlude: W"'-Regularity for the Neumann Problem
on BV

Contrary to the previous chapter, where we considered functionals of linear growth which
depend on the symmetric gradients, we now return to full gradient functionals and hence
work with W' and BV instead of LD and BD. However, unlike the situation as explained
in Section 5.1.1, we do not consider the Dirichlet but the Neumann problem and ask when
W regularity of generalised minima is to expected. Let us note that this is a qualitative
but no quantitive regularity problem: Indeed, here we do not ask whether a generalised
minimiser belongs to Wllo’f for some p > 1 depending on f but whether the singular part
D®u vanishes. Recalling Table 5.1, in the Dirichlet case this is solved up to now only for
the scale of p—elliptic integrands with p < 3, and here the W'!-regularity always comes
with a higher integrability result. For the Neumann problem (i.e., variational problems
with natural boundary values) as sketched in this chapter, we can even leave the restrictive
scale of p—elliptic variational integrands and shall prove that in presence of strictly convex
variational integrands of radially symmetric type, W' —regularity of generalised minima
follows.

Structure of the chapter. After explaining the setup and examining coerciveness condi-
tions in Section 6.1-6.3, we collect tools on identifying a certain biting limit in Section 6.4.
We then proceed to the proof of the main result in Section 6.5 and consequently study the
dual problem to some extent in Section 6.6. Finally, we comment on some explicit higher
integrabilty results in the p—elliptic situation and explain the difficulties in adapting our
approach to the BD—situation in Sections 6.7 and 6.8.

6.1. Setup

Let Q C R™ be a bounded, simply connected Lipschitz domain and suppose that
f € CHRY) is a strictly convex function which satisfies f(0) = f/(0) = 0 and which is of
linear growth, i.e., there exist two constants 0 < ¢ < C < oo such that

cs—C < f(s) <C(s+1) for all s € RT. (6.1)

Given a map Ty € Wl’OO(Q;RNX") for some N > 1, in the present chapter we study
existence and regularity properties of weak solutions of the system

!/
div (W) = div(7Tp) in Q (6.2)
subject to the Neumann-type boundary value condition

f(IVu))Vu

. =Ty - . 6.3
vl Van 0" Yoo (6.3)
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The last equation needs to be understood as equality in RY, i.e., in the row—wise sense.
In this situation, we have different options to come up with an appropriate concept of
weak solutions of (6.2) subject to the boundary condition (6.3). Firstly, supposing for
the moment that u belongs to the space Cz(ﬁ; RY ), we observe that all expressions are
well-defined in the classical sense. Thus, applying the inner product to both sides of (6.2)
with a regular test function ¢ € C'(€; RY), integrating over € and using the integration
by parts formula, we obtain

F(Vul)Vu n— F(Vul)Vu
I T L A T

- / <TO'V897<)0>dHn_1 _/ <T07vg0> dI,
o0 Q
with vpq denoting the outward pointing unit normal field of the boundary 9Q2. In view
of the Neumann-type constraint (6.3), the boundary terms disappear. Combined with a
density argument, this motivates the following definition of a weak solution:

Definition 6.1 (Weak Solution). Let Ty € Wh*°(Q; RN *") and suppose that f € C'(RY)
satisfies f(0) = f'(0) = 0 and the linear growth assumption (6.1). We say that a function
u € WHY(Q;RYN) is a weak solution of the system (6.2) subject to the Neumann-type
boundary constraint (6.3) if

holds for all functions € WH(Q; RN).

Alternatively, we may rely on the special structure of the system and interpret it as
the Euler-Lagrange system associated to the variational problem

to minimise Flw] := / f(IVw]) = (Tp, Vw) dz  over WH(Q;RY). (6.4)
Q

Studying variations of a minimiser in a standard way on the one hand and employing the
convexity of the integrand f on the other hand, we immediately establish the following
connection between (6.2), (6.3) and the variational principle (6.4).

Lemma 6.2. Let Ty € WY (Q;RN*") and suppose that f € Cl(Rg) s conver and
that it satisfies f(0) = f'(0) = 0 and the linear growth assumption (6.1). Then a func-
tion u € WH(Q;RYN) is a weak solution of (6.2) subject to the Neumann-type boundary
constraint (6.3) (in the sense of Definition 6.1) if and only if it is a minimiser of the
variational problem (6.4).

Although we shall exclusively study weak solutions in all of what follows, we wish to
mention for the sake of completeness that it is possible to deduce validity of (6.2) subject
to (6.3) provided that a suitable a priori regularity assumption on the solution is made:

Lemma 6.3. Let Ty € WH™(Q;RN*") and suppose that f € C*(R{) satisfies f(0) =
f1(0) =0. If u € W*°(;RN) is a minimiser of the variational principle (6.4), then it
satisfies (6.2) and (6.3) in the pointwise sense.

Proof. In view of u € W»*(Q;RY), we may extend Du to a Lipschitz function on .
Given ¢ > 0 sufficiently small, we choose two functions ngl),ngb) € C*Y(R™;[0,1]) with

77((;) + ngb) =1 in Q such that 77((;) is supported in the set

Qs = {x € Q: dist(z,00) > ¢}
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and such that néb) satisfies n((;b) = 1 on 992 and vanishes outside of R™\ {25. By minimality

of u, it satisfies the Euler—Lagrange equation, i.e., for all ¢ € Wl’l(Q; RY) we have

/Q <W7 Vso> — (T, V) dx = 0, (6.5)

which, for ¢ € Wé’l(Q;RN), implies after the application of the integration by parts

formula
/Q <diV (W) 7<P> — {(div(Tp), ¢) da = 0. (6.6)

By arbitrariness of ¢ € Wy (;RY), we deduce (6.2) for almost every x € Q by use of the
Du Bois—Reymond Lemma. In order to prove the validity of the second identity (6.3), we
consider p € WH(Q; RY). Then, in view of ngi)cp e Wy (;RY), (6.5), the integration
by parts formula and ngb) = 0 on 095, we obtain

0= /Q <W’D(”§b)¢)> — (To,D(ny" ) dz

[ (U ) e

B (L (Vu)Vu ()
/<d( [Vl To)’”ﬁ “">dx'

Then, by the C?-regularity of f combined with Vu,Ty € W (Q;RY*") and by the
convergence n((sb) (x) — 0 for all z € Q as § N\, 0, Lebesgue’s theorem on dominated
convergence shows that the second term on right-hand side of the previous equation
tends to zero as § \, 0. Hence (6.3) follows again by Du Bois-Reymond’s Lemma'! on

0. O

Let us further note that the above variational principle (6.4) ignores the addition of
constants to competitors. To overcome this issue, we shall additionally require minima
u: Q — RY to satisfy the fixing condition

(W) = ]éudx - f%m)/gudx —0. (6.7)

By the linear growth hypothesis (6.1), we have to expect that members of minimising
sequences for § might develop concentrations and hence the distributional gradients of
minima a priori have to be assumed to be matrix—valued Radon measures. The purpose
of the present chapter is to demonstrate that, under some sort of attainability condition
imposed on the data T and fairly weak ellipticity assumptions on the variational inte-
grand f, the singular part of the gradients of weak solutions of (6.2) subject to (6.3) — or
equivalently of minima of the variational problem (6.4) — do in fact vanish. Thus, in this
setting, weak solutions genuinely belong to the space W!(Q; RN ) and the relaxation of
the problem to BV (£2; RY) is indeed not necessary.

6.1.1. Contextualisation: Potential Theory Due to the specific form of the varia-
tional problem (6.4), this task appears in the spirit of some sort of non-linear potential
theory for linear growth problems whose connection to perhaps more familiar settings we

IThis requires testing against all continuous and compactly supported functions ¢ € C°(9;RN).
Such mappings belong to L!(892;RY) and thus, by a result due to Gagliardo, can be extended to
WH1(Q;RY)-maps even though the extension operator is not continuous (which, however, does not
harm the argument).
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shall describe now. The variational problem (6.4) formally leads to the Euler-Lagrange
system

o (LT

Vul ) = div(7p) in Q. (6.8)

Neglecting for a moment the linear growth assumption (6.1) and setting f(s) = s”/p
for some p € (1,00), (6.8) subject to (6.3) corresponds to the weak formulation of the
inhomogeneous p-Laplacean Neumann problem

div(|VuP~2Vu) = div(Tp) (6.9)

or, equivalently, the minimization problem (6.4), which is solved by some function u €
WP (Q; RN), as a consequence of the direct method in the calculus of variations. Here, a
typical issue is to transfer regularity properties of the data Ty to the gradient Vu of the so-
lution, or more specifically to the function A, (Vu) := |Vu|P~2Vu, which is adapted to the
particular growth properties of the elliptic p-Laplacean system under consideration. For
instance, it is known (cp. [33]) that Ty € L (Q; RV ") implies A, (Vu) € BMO(Q; RV ™)
under some regularity assumptions on the domain 2. This result is optimal in the sense
that in general this cannot be improved to A, (Vu) € L=(Q; RV*"): Even in the simplest
linear case p = 2 the map ®: Ty — Vu is a local singular integral of convolution type
which maps L ¢ BMO — BMO.

Now, in our situation of f satisfying the linear growth assumption (6.1) and setting
Ar(z) == f'(|2])2/|2] for z € RN*" a statement like Af(Vu) € L>(Q; RY*") would be
vacuous: Since f’ and thus Ay is automatically bounded by assumption, we would be
able to conclude A;(Du) € L>(Q; RV*") without any further efforts provided that Du
would be known to exist as a function. Thus, in this regard, the decisive point is to prove
the existence of a solution u € W (Q; RV).

6.1.2. On the Dual Problem Let us further remark that due to the convexity of the
variational problem of our interest, we may equally well consider the variational problem
dual to the primal Neumann problem as was accomplished for the symmetric gradient in
Chapter 5.4 within the framework of Dirichlet problems. As we shall discuss in detail
below (see Section 6.6), this problem now consists in maximising the associated dual
functional given by

R[x] := inf {/Q<X,Vv> = [(|To +x|)dz: v e WI’I(Q;RN)}

over a suitable class of competitor maps y. Similarly as done for the Dirichlet problem
on BD in Chapter 5.4.4, it is important to link the maximisers of the dual problem with
the minimisers of the original (i.e., primal) problem. In this regard, we recall that the
representation of the dual solution ¢ in terms of the primal solution is strongly influenced
by the regularity of the latter. In analogy with Lemma 5.15, we may hence represent the
dual solution in terms of the minimiser provided the latter belongs to W' (Q; RY).

Before we embark on a detailled description of our results, we pause for a moment
and discuss the main assumption of a suitable coerciveness condition on the functional §
which will be imposed throughout the chapter.

6.2. Coerciveness
As a crucial assumption of the chapter, we shall require
||T0||L°°(Q;RN><") < f=(1), (6.10)

where f°°(1) is defined as the limit lim,_, o f(s)/s. As by convexity of f, the function
s — f(s)/s is non-decreasing, the limit exists, and in view of (6.1) is indeed finite and
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strictly positive, with f°(1) > f(s)/s for all s € R*. The significance of this assumption
becomes transparent if one studies the coercivity (or its failure) of the functional § in
the class WH'(Q; RY) with vanishing mean value on Q. In fact, if Ty € L®(Q;RN*")
satisfies (6.10), then we can first determine Ry depending only on f and Ty such that

f(s) . J) + [ Tol[Lee (ryxn)

f >R
S 5 or s 0

and then compute, for an arbitrary w € Wl’l(Q; RY), that

3] = /Q F(IVaw]) — (To, Vaw) dz

- / (1) + | To |l oo (omnyxm
{0€Q: [Vw(w)|>Ro} 2

L [Ty e ey || V0] da

-/ Tyl (o oy [ Vo]
{z€Q: |Vw(z)|<Ro}

(1) — |||~
) ||02||L

Q;]RNX" 00
( LIVl ooy — £2(1)] 2] Ro.

Condition (6.10) thus is an instrumental ingredient to establish the existence of minima,
and to further stress its necessity, we wish to supply the following two examples which
demonstrate that in absence of (6.10), minima do not need to exist at all. Here, we
consequently stick to the scalar case N =n = 1.

Example 6.4 (Non-Existence of minima if ||To([r, ;rvxn) = f>(1)). We consider the

shifted area-integrand
f@) =14t -1 forteR

(which verifies (6.1) withc=C =1), To =1 and Q := (—=1,1). In this situation, we have
f°°(1) =1 and the functional § becomnes

1
S[U]Z[lm—v’dx—E, forve Wh((=1,1)).

Furthermore, since \/1+ [t|> >t for all t € R, we have infy1.1((_1,1))§ = —2. We then
define a sequence (uy) of functions in W' ((—1,1)) with vanishing mean value on (—1,1)
by setting ug(x) := kx for k € N. Inserting uy into § yields

Slue) =2(V1+k2—-k—-1)— -2 ask — o0

so that infyi.1((_1,1))§ = —2 indeed. Assuming that a minimiser u € W ((=1,1)) of &
exists, we deduce, by positivity of the integrand, that 1+ [v'|?> = |[v'|? holds £*-a.e., a
contradiction. Therefore, no minimizer of § exists in W' ((—1,1)).

Example 6.5 (Unboundedness of § from below if ||Tp||p~qmyxny > f(1)). In the
setting of the previous example, we consider Ty = c¢ for a constant ¢ > 1. For the same
choice of the sequence (ug)ren, we then obtain

Slug]l =2(V1+ k2 —ck—1) = —o0, as k — oo
which in conclusion shows infy1.1((_1,1))§ = —o0.

In principle, the reasoning employed in Example 6.4 does not genuinely rule out the
non-existence of minima for the so-called relaxed problem, i.e., the minimisation of a
suitable extension of § to BV(Q;RY). However, even for the relaxed problem the as-
sumption (6.10) turns out to be necessary for minima to exist, see Example 6.25.
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Remark 6.6. Under the assumption (6.10) we can rewrite Ty € W (Q; RN*™) qs

!
T
7 = LUSDS0 o g given as o 1= L (£)"L(ITo).
|Sol ‘TO

Since f' is strictly increasing with values in [0, f°°(1)) (thus, invertible on this set), the
map So is well-defined. With this identification, assumption (6.10) guarantees that div Ty
on the left-hand side of the system (6.2) is of the same structure as its left-hand side
involving the unknown and thus, in principle, can be attained.

6.3. Main Result and Organisation of the Chapter

We pass now to the description of the main results and the organisation of the present
chapter. As we explained above, the main objective here is to establish the W'!-
regularity of minima of (6.4) in the presence of radially symmetric integrands. This
objective for the Neumann problem needs to be contrasted with the corresponding re-
sults for the Dirichlet problem on BV. In this respect, a comprehensive overview of
available results has been given in Chapter 5.1.1 (cp. Table 5.1). Recalling the notion of
p—ellipticity (cp. Definition 5.2), let us note that even in the radial symmetric case, the
only W' regularity results for the Dirichlet problem on BV with pelliptic integrands
are available for 1 < p < 3. In particular, it is still an open problem whether minima
might genuinely belong to BV\VVI’1 if 4 > 3. The same is easily seen to hold for the
Dirichlet problem corresponding to (6.4).

For the Neumann problem at our disposal, we shall see that for the W' —regularity it
is possible to admit a much weaker condition than that of p—ellipticity and thereby allow
for more general degeneracies than power decay of the second derivatives. In this respect,
the instrumental ingredient for deriving higher regularity for BV-minima is the notion of
h—-monotonicity. Let h: R:{ — R* be continuous and decreasing. We say that a tensor
function B: RN — RINXm)X(Nxn) ig h_monotone if and only if

I¢I?
1+ ]z]

h(l2D)ICP < (B(2)¢,¢) < L (6.11)

holds for all z,¢ € RV*™ and some constant L > 0. Similarly, we say that a variational
integrand F € C*(RN*") is h-monotone if its Hessian F” is, and that a function f €
C?(R™) induces an h-monotone variational integrand if F(-) := f(| - |) is h-monotone. It
needs to be stressed that the particular choices h(t) := (1 + [t|?)7#/2 for 1 < p < oo lead
to the p-ellipticity.

Our main result now reads as follows.

Theorem 6.7. Let Q be a simply connected, bounded Lipschitz domain in R™ and let
Ty € WH®(Q;RN*™) satisfy (6.10). Consider a convex function f € C*(RF) which
satisfies f(0) = f'(0) = 0, the linear growth condition (6.1) and which induces an h-
monotone variational integrand. Then the following hold:

(a) There exists a weak solution u € W (RN of the system (6.2) subject to the
Neumann-type boundary constraint (6.3) in the sense of Definition 6.1, and this

weak solution is unique within the class of all admissible competitor maps v €
WL RN) that satisfy (v)q = 0.

e dual problem possesses a unique solution o € N ! ; whach, in
b) The dual probl : luti L N W2 (Q; RN X™) which, i
addition, satifies

Vu

Yl ZL" — a.e. in Q.
U

o= f(|Vul)
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Although the analysis of the Neumann problem is often omitted in the literature,
the methods used for the Dirichlet problem can be easily adapted also to our setting.
This will be presented in some detail in Section 6.7 and is presented for the sake of
completeness. In conclusion, pursuing this approach within the framework of p—elliptic
problems, we retrieve BILDHAUER’s higher integrability results for the Neumann problem
for 1 < p<3.

In the present chapter and hence in the context of the Neumann problem for h-—
monotone problems, we do not use such techniques but rather show directly that BV—
minima belong to W' (€; RY). Moreover, let us stress that the h-monotonicity condition
as given in (6.11) is not restrictive at all and

‘is satisfied for any C*~integrand f with f” > 0. ‘

We refer the reader to Section 6.6.5 for more detail. As mentioned above, we wish to
recall from Chapters 2.4 and 5.4 that convexity of the variational integrals § allows to
employ methods of convex duality and thus to study the dual problem (see Section 2.4.1
for a general outline of convex duality). Studying the dual problem in Section 6.6, our
first objective here is to identify the correct setup for the problem dual to the variational
principle (6.4) and to link the dual formulation to the primal one in a precise manner.
This, in turn, is a similar objective as in Chapter 5.4 for the Dirichlet problem on BD.

In particular, we shall connect the dual problem to the relaxed primal problem, i.e.,
the extension of § to BV(€2;RY). This will be done in a slightly more general setup than
for functionals with radially symmetric integrands, and for the precise statements the
reader is referred to Proposition 6.26. Within this setup, we shall prove existence of BV -
(or generalised) minima of the primal (Neumann) problem, i.e., solutions of the relaxed
problem.

Theorem 6.7 will be established in Section 6.5. To do so, we employ a vanishing
viscosity approach (similar to that of Chapter 5.4.2) in order to obtain specific minimising
sequences for which we are in the position to establish suitable bounds on their first and
second derivatives. Using the particular structure of the tensor Ty and h-monotonicity
of the integrands f, we shall then demonstrate that the gradients of the solutions to the
aforementioned approximate problems converge £"-a.e. to an L'-map. The proof is then
concluded by showing that this limit map is a gradient of a W (Q; RN )-function u. This
in turn yields a minimiser for the variational principle (6.4). Here the condition on
to be simply connected enters through our method of proof. For showing that the limit
is a gradient indeed, we use a compatibility condition argument which asserts that the
curl-free maps are precisely the gradients on a simply connected domain. In Section 6.6
we study the dual problem and the relaxation of the corresponding variational integrals
to the space BV(£2;RY) without imposing an Uhlenbeck structure on the integrands.
After discussing explicit higher integrability results for p—elliptic Neumann problems in
Section 6.7, we conclude the chapter with a discussion of the symmetric gradient case in
Section 6.8.

Remark 6.8 (Heuristics). From a heuristic perspective, the main theorem of the present
chapter can be read as a PDE-constraint on the absolutely continuous part of the gradient
of the minimiser w. For an arbitrary BV -function v: Q — RY and its Radon—Nikodym
decomposition Dv = Vo™ + D®v (where Vv denotes the approximate gradient of v),
Vu does not need to be curl-free. The reqularity statement of Theorem 6.7(a) thus can
be interpreted as that for a minimiser u € BV(;RY) of the variational problem at our
disposal we indeed have curl(Vu) = 0. In consequence, it arises as the gradient of a
WY map, and if the singular part would not vanish, it would increase the value of the
functional, and u would not minimise the variational integral.
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6.4. On the gradient structure

In this section we collect auxiliary estimates and background results that will be useful
in the proof of our main result below when identifying an L'-function with the gradient
of a Wh-function. We begin with recording the following version of Chacon’s biting
lemma:

Lemma 6.9 (Chacon’s biting lemma, [29]). Let (Ey) be a bounded sequence in L' (Q; R™).
Then there exist a subsequence (Ey(p)) and a function E € L'(Q;R™) such that (Ej )

converges weakly to E in the biting sense in L' (Q; R™), that is, there exists an increasing
sequence (;) of measurable sets contained in Q with Z"™(Q\ Q;) — 0 such that

Eyey —~ E weakly in L'(Q;;R™) as £ — oo

Jor every fized j € N. For this type of convergence, we write Ej ) g as j — oo.

We shall apply Chacon’s biting lemma to the gradients of a minimising sequence of
the functional § in W' (Q; RY) and hence to gradients of functions in W' (Q;RY). In
order to deduce a gradient structure of the limit, we will show in the first step that the
limit is curl-free in the sense of distributions, a concept which we recall now.

Definition 6.10. We call a function e € C'(Q;R™) curl-free if for all i, € {1,...,n}
there holds
8]-62- — 87;6]' =0.

Similarly, we call a function e € L'(;R") curl-free in the sense of distributions if for
any ¢ € C3(Q) and all i,j € {1,...,n} there holds

/(e ®V)ijpde = / (e;0;0 — €j0;) dz = 0.
Q Q

Remark 6.11 (On the curl-free condition).

(i) In order to verify the curl-free condition, we only need to check the condition for all
indices i < j. Thus we have n(n—1)/2 conditions in total. In particular, for n =2,
curl is defined as a scalar function, while for n = 3 as a 3-dimensional vectorial
function.

(ii) If e € LP(;R™) for some p € [1,00|, then we can take by approzimation test
functions o € WyU(Q) for q € [1,00] such that 1/p+1/q = 1. In this case, we find

/Q (e ® V)pdz < C)elur@zn | Vollua.

If e = Vw for some function w € W*!(Q), then e is obviously curl-free via the
integration by parts formula. However, the gradient structure is not only sufficient, but
indeed necessary for the curl-free condition if €2 is a simply connected domain. The precise
statement of this Sobolev-type version of the usual Poincaré Lemma is as follows:

Lemma 6.12. Let Q C R"™ be a simply connected bounded Lipschitz domain. If a function
E € LYQ;RN*™) s curl-free in the sense of distributions on §Q, then there exists a
function v € WHH(Q;RN) such that Vv = E holds £"-a.e. in Q.

Proof. We first note that the statement is clear if £ € C'(Q;RN*") is curl-free in the
classical sense. Indeed, in this case, we associate to F the 1-forms w® := E{*dz; +... +
E%dx,, for a € {1,...,N}, and we observe that the curl-free condition simply means
that each w® is closed. By means of the classical Poincaré lemma, see e.g. [220], it is
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therefore exact, i.e. we find O-forms v* with w® = dv?®, for each o € {1,..., N}, which
precisely means Vv = E in Q.

The assertion of the lemma now follows by approximation. To this end, let K &
Q be a simply connected open set. Given 0 < & < %dist(K, 09), the mollifications
E.: K+B(0,e) — R¥*"_ defined by convolution E. := p. * E with a standard mollifying
kernel p.(z) := e "p(z/e) for some non-negative, rotationally symmetric function p €
C2°(B(0,1)) with ||pl|L1(B(0,1)) = 1, are well-defined and smooth. Furthermore, for every
test function ¢ € C2°(K;RY*") we get via Fubini’s theorem the relation

[0 s Bos0as = [ Eroyp. v v)da
Q Q

for all 4,5 € {1,...,n} and @ € {1,...,N}. As a consequence, E. is curl-free in the
sense of distributions on K, and thus, by the fundamental theorem of calculus, also in the
classical sense. Therefore, by the Poincaré lemma mentioned above, we find a function
ve € CHK;RY) with Vo, = E. on K, and we may also suppose (v.)x = 0. Due to strong
convergence F. — F in LI(K ;RVX1) as e\ 0 by the usual properties of mollifications
and by Poincaré’s inequality, we see that (v.) is a Cauchy sequence in W' (K;RN) and
hence converges strongly in W (K;RY) to a limit vx € WH(K;RY). In order to
identify Vug = E a.e. on K we estimate for an arbitrary ¢ € C2°(K;RY*")

‘/<V'UK —E,p)dz
Q

= lim Vv — F,p)dx
tig| [ 0. - B

< llpllLee (reira <) ;{% | Ee = EllLt (s;rvxny = 0.

It only remains to justify that we find a function v € W' (€Q; RVN*") such that Vo = F
holds .Z"-a.e. on all of 2. To this end, we notice that the sets Q5 := {x € Q: dist(x, 0Q) >
0} are simply connected Lipschitz domains provided that § € (0, ) for some sufficiently
small dp > 0, with Qs » Q as § N\, 0. Furthermore, we fix 6; < do such that 2|Qs,| >
|2]. With the previous arguments we then find, for every § < §;, a function vs €
WHHQ; RY) (extended via the extension operator in Q \ €5) such that Vvs = E holds
a.e. in s, and we may further suppose that (vs)a, = 0. It is easy to see that (vs) is a
Cauchy sequence in W' (Q; RY), with a limit function v € W' (Q; RY). Arguing via the
pointwise convergence of (Vus) for a subsequence (or, alternatively, via the fundamental
theorem of calculus as before) we finally end up with the fact that Vv = E holds £"-
a.e. in 2. The proof is complete. O

6.5. Proof of the Main Theorem

6.5.1. Existence of solutions for approximate problems Aiming for the existence
of a weak solution of the system (6.2) subject to the Neumann-type boundary con-
straint (6.3) (or equivalently of a minimiser for the variational principle (6.4)) in the
class W1, we start to investigate in this section boundedness and convergence properties
of a suitable approximating sequence. This sequence, in turn, is obtained by means of
a vanishing viscosity-type approach as in Chapter 5. More precisely, on the level of the
elliptic system (6.2) we add a Laplacian to the differential operator, or on the level of the
functional we add the Dirichlet energy (both with small prefactor) to the functional F.
As a consequence, we can work in these approximations with solutions of class W2, It
is easy to see that all arguments which are outlined in this section for the functional §
with radially symmetric integrands f do in fact also apply to more general functionals (as
described in (6.31) later on) without the radial structure. However, it is in the subsequent
sections when we need to rely on the Uhlenbeck structure of the integrands f in order to
obtain the W' -regularity as claimed in Theorem 6.7(a).
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Let us now introduce in an intermediate step the functionals
Frlw] = Flw] + (Qk)fl/ |Vw|? dz = / fe(|Vw|) dz — / (To, Vw) dz (6.12)
Q Q Q

for functions w € WH2(Q; RY) and all k € N, where we have set fi(s) := f(s) 4 (2k) 15>
for s € RY. In a first step we establish the existence of a sequence of functions (uy)
in Wl’z(Q;RN) such that, for each k& € N, the function u; has vanishing mean value
(ug)o = 0 on Q and minimises the functional §; among all functions in W'2(Q; RY).

Lemma 6.13. Let Ty € L™(Q;RY*") satisfy (6.10). Consider a convex function f €
CH(RY) satisfying f(0) = f'(0) = 0 and the linear growth condition (6.1). Then, for every
k € N, the functional §), defined in (6.12) admits a (unique) minimiser uj, € WH2(Q; RN)
satisfying (ug)o = 0 and

kI Vullfzqun oy + [ Vurllu @evsoy < C(1+ Frlux]) (6.13)
for a constant C' depending only on Q, f and ||To ||y our~xn)-

Proof. For each fixed k € N, the existence of the minimiser u is a consequence of the
direct method of the calculus of variations. In fact, due to assumption (6.10) on T (imply-
ing coerciveness, cp. Section 6.2), the functional § and thus also each of the functionals
is bounded from below via

(Qk)_l‘lvwlliQ(Q;]RNX") + [ VwlLr ey xny < Fk[w] + C|Q|

for all functions w € W"?(Q;RY) and k € N, with constants v and C' depending only
on f and ||Ty|| e or~xny. As a consequence, by Poincaré’s inequality in the zero-mean
version, we find that every minimising sequence (wy ¢)een of §i in the set C := {w €
Wl’z(Q; RM): (w)q = 0}, i.e., which satisfies Fx[wy ¢] — infe Fk as £ — oo, is bounded in
WH2(Q; RN). Since the latter space is reflexive, the classical Banach—Alaoglu Theorem
gives a non-relabeled subsequence and a limit map uy € W1’2(Q; RN ) such that wy , — ug
as £ — 00, (ug)o = 0 and the estimate (6.13) are satisfied. Now, since by convexity of
its integrand the functional § is lower semi-continuous with respect to weak convergence
in WI’Q(Q;RN), cp. [67, Theorem 3.23], we obtain §plux] < liminfy o0 Frlws ¢] for each
k € N. Thus, taking also advantage of the strict convexity of the integrand of §j, we have
shown that u is indeed the unique minimiser of §j in C, and the proof of the lemma is
complete. O

Let us note that every minimiser uy € W2(Q; RY) of the functional & in WH2(Q; RY)
also satisfies the Euler-Lagrange system

/ (Ak(Vug), Vo) da = / (To, V) dz (6.14)
Q Q

for all functions ¢ € W?(Q;RY), where for k& € N the regularised tensor functions
Ay RV>X? 5 RVNX7 are given by

Ap(z) = AR)+ k2= f’(\z|)é + k71, for all z € RV*™, (6.15)
Indeed, (6.14) is a simple consequence of the facts that the function uy + t(¢ — (¢)a) €
W2 (Q; RY) is an admissible competitor for each t € R and that t — Fy[us, + te] attains
its minimum for ¢ = 0 (cp. also Lemma 6.2).

Similarly as in [34, Lems. 3.2 and 3.3], we next show that the functional §y is indeed an
approximation of the original functional § with respect to minimisation in W!(Q; RN)
(i.e., in the sense that the minimisers w; of §F; form a minimising sequence for § in
WEH(©Q; RY)). Moreover, we infer a first uniform bound for the sequence (uz).
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Corollary 6.14. Let Ty € L>(Q; RV *") with (6.10). Consider a convex function f €
CY(RY) satisfying f(0) = £(0) = 0 and the linear growth condition (6.1). Then the se-
quence (ug)ren of minimisers uy, of the functional Fy from Lemma (6.13) is a minimising
sequence for § in WH(Q; RN) with

lim inf Sk = inf
k—o00 WL2(Q;RN) WEL(Q;RN)

Moreover, we have k—'/?>Vuy, — 0 in L?(Q; RN*") and there holds

iug{”uk”WLI(Q;RN) + kilHUkH%vLZ(Q;RN)} < 0. (6.16)
€

Proof. In order to prove the first claim, for a fixed number ¢ > 0, we choose first a
function v. € WH?(Q; RY) and then an index kg € N such that

. £ _
§loe] < Wl,ll(an;RN)S+ > and  (2ko) 1||VUEHEQ(Q;RN><") <

DN ™

hold. In this way, we obtain by the minimality of uj for all indices k > kg

Wl,li(an;RN)g < Slur] < Fluw] + (2k)_1||vuk”%2(ﬂ;]RN><") = Fr[u]

= inf
W12 (Q;RN)
< Bulve] = Floe] + CR) T IVeela ey <l F e

and the first assertion follows by arbitrariness of €. Moreover, from this chain of inequal-
ities, we also read of the strong convergence k~%/2Vu, — 0 in L*(Q; RY*"). Finally, in
view of (ur)o = 0, we may apply Poincaré’s inequality in the mean value version in the
spaces WH?(Q; RY) and W (Q; RY) to ug, and we thus infer the last claim (6.16) as a
direct consequence of the estimate (6.13). O

Let us note that the uniform bound (6.16) allows to conclude that there exist a Radon
measure E € M_ippy(Q;RY*?) and functions E € L'(QRY*"), B € L®(Q;RVN*")
such that, for a suitable non-relabelled subsequence, we have

VupL"LQ S E  in M(Q;RYX™), (6.17)
Vu, > E  in LY(Q;RV*™), (6.18)
A(Vup) =B in L®(Q; RV, (6.19)

as k — oo. Indeed, (6.17) is a direct consequence of the usual Banach—Alaoglu theorem
applied to Moo (Q;RV*™) 22 (Co(Q; RY*™))* whereas (6.18) follows from Chacon’s
biting Lemma 6.9. Also note that by (6.16) in conjunction with the compact embedding
WHHQ;RY) e LY(Q;RY), we may conclude that there exists u € BV(€;RY) such
that

Up — U in L'(Q;R") as k — oo. (6.20)

The estimates and convergence results gathered so far will be an instrumental ingre-
dient in proving the existence of a minimiser of the original functional §. In order to
demonstrate the claimed regularity features of this minimiser, we shall turn in the next
Section 6.5.2 to suitable a priori estimates regarding the sequence (uy).
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6.5.2. A Priori Estimates We shall next derive suitable a priori estimates which, in
particular, will allow us to conclude the pointwise convergence of the sequence (Vug)ren
to its biting-limit F almost everywhere in 2. We begin by showing that the sequence
constructed in the previous section indeed belongs to Wi;g(Q;RN ). This is similar to
Lemma 5.11.

Lemma 6.15. Let Ty € W2 (Q; RVN*") with (6.10). Consider a convex function f €
C*(RY) which satisfies f(0) = f'(0) = 0, the linear growth condition (6.1) and which
induces an h-monotone variational integrand. Then, for each k € N, the minimiser uy

from Lemma 6.13 satisfies uy, € Wfoi (;RN), and moreover, for every compact set K C §
there holds

sup { 3 | DAV, Vur, 0, Vuy) do + k[ [V d:z:} <oo.  (6.21)
K K

keN b

Proof. Let n € C5(9;[0,1]) be a localisation function with 7 = 1 on the given, compactly
supported subset K of 2. For h € R\ {0} with || < dist(K,99Q) and s € {1,...,n}
we denote by A j the finite difference quotient operator with respect to direction es and
stepsize h, and we then choose ¢ = A _,(n?Ag pux) € W1’2(Q;RN) as a test function
in the Euler-Lagrange equation (6.14). In this way, we obtain with the integration by
parts formula for finite difference quotients and the standard one

/ (As n (Ak(Vug)), m* Ag n Vug, + 20nVn @ Ag pug) do
Q

—— [ @undivTo iAo ds, (62)
Q

which is the starting point for the proof of higher Sobolev regularity. For the right-hand
side of (6.22) we obtain from standard properties (regarding norm estimates) for finite
difference quotients, in view of Ty € W2’°°(Q; RY>") and the uniform bound (6.16), the
estimate

- / (A n div Ty, n? Ag puy) dz < C|Tollw2.oe (e xn | Vuk [win axny < C (6.23)
0

with a constant C' depending only on Q, f, ||To w2 (r~yxny and 7 (but independent of
k € N). In order to find some coercivity estimate for the left-hand side (6.22), let us first
rewrite

Aun(Ap(Vur(z))) = /0 DA (Vg () + thAs 5 Vg () dt Ay n Vg ()

for x € K. Thus, for shorter notation, we introduce the bilinear form By 5 (z): RV*" x
RNXn R for all k € N and all x € 2 such that B(z, h) C £, by

1
Bin(@)[¢, 0] = /O (Do Ak (Vup(z) + thAs nVup(2))C, O dt - for ¢, ¢ € RN,

Note that, by definition, the radial structure and due to the convexity of f with f'(0) =0,
these bilinear forms are (for all k,  and h as above) symmetric and positive definite, with
lower bound By 5 (z)[¢,¢] = k71|¢]? for all ¢ € RV*". Consequently, applying Young’s
inequality for the bilinear forms By j,(z) and invoking (6.23), we deduce from (6.22) the
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estimate

/ n2Bk,h(x)[Asthuk, Asthuk] dx
Q

= —2/ By n(2)[As n Vug, nVn @ Ag pug] dr — / (Agp div Ty, n°Ag pug) dz
Q Q
1
< 5/ 772Bk,h(x)[Asthuk,Asthuk] dx
Q

+ 2/ B (2)[V ® Ay pur, Vn © Ag puy] dz + C.
Q

We may now absorb the first term of the right-hand side into the left-hand side. By (6.11)
in conjunction with (6.15), by standard properties of finite difference quotients and
by (6.16) we then obtain

k_l/n2|As,hVuk|2dx</772Bk1h(x)[A5,hVuk,AS?hVuk} dx
Q Q

< C/ (V2| Ag pug(z)?dz +C < C
Q

for a constant C' depending only on Q, f, ||To|lwzcc(qrvxny, 7 and k. By choice of the
localization function 1 we thus obtain, for each k£ € N, that A; ;, Vuy, is bounded uniformly
for all h € R\{0} with |h| < dist(K,d9) in L?(K; RY*™), though not uniformly in k. The
Wiﬁ—regularity of uy, then follows from the usual difference-quotient type characterisation
of W2 and the arbitrariness of the compact set K C Q and of s € {1,...,n}.

Once the Wfo’i—regularity of each function uy is at our disposal, we may now proceed
to the proof of the uniform estimate. To this end, we firstly differentiate the Euler—
Lagrange system and redo essentially the same computations as above, but now with the
differential 05 instead of the difference quotient operator A ;. More precisely, starting

from the identity
/(DZAk(Vuk)asVuk,Vgp> dz = / (05T, V) dx
Q Q

for all functions ¢ € W12(Q; RY) with compact support in , we choose ¢ = n?0,u with
n € C5(2;[0,1]) a localization function on the compact set K C Q as above. Doing so, we
find via Young’s inequality (applied to the positive definite bilinear forms D, Ay (Vug(z))
corresponding to By o(x) above) and the integration by parts formula

/n2<DzAk(VUk)BsVuk,8sVuk>dx

Q

= —2/ n(DzAk(Vuk)agVuk,Vn®88uk)dx—|—/<63T0,V(7728su)>dx
Q Q

1
< 5/ (DAL (Vug)0s Vuy, 0 Vuy) dz
Q

+ 2/ (D, A (Vur)Vn @ Ogug, Vi @ dsuy) da — / n%(0, div Ty, Osu) d
Q Q
After absorbing the first integral on the right-hand side into the left-hand side, we directly

obtain the lower bound given in the statement via the definition (6.15) of Ay, while the
remaining terms on the right-hand side of the previous inequality are estimated via (6.11),
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combined with (6.15) and Ty € W*>°(€; RN *"). This yields

/n2<DZA(Vuk)85Vuk,85Vuk)dx+k‘_l/n2|88Vuk\2dx
Q Q

S/772<D2Ak(vuk)8svuk,8svuk> dz
Q

< C(10sur I (ryy + k_lHasUkHi?(Q;RN))

with a constant C' depending only on L, ||Tp||lyz.0(q;rvxny and 1, but not on k. At this
stage, the assertion (6.21) of the lemma follows from the uniform bound (6.16), combined
with the arbitrariness of s € {1,...,n}. O

Remark 6.16. In the same vein as in Chapter 5, we see by invoking the assump-
tion (6.11) of h-monotonicity on the integrand that the uniform estimate (6.21) appears
as a weighted Sobolev-type estimate. Namely, we have for every compact set K C ()

sup {/ h(|Vug|)| Vur)? dz} < 0. (6.24)
keN CJK
The uniform bound (6.24) constitutes the key ingredient in order to establish the
pointwise convergence of the sequence of gradients (Vuy).
Corollary 6.17. Under the assumption of Lemma 6.15 we have
Vu, -+ E L"-a.e. in Q) ask— oo, (6.25)
where E € L' (Q; RN*") is given by the biting limit (6.18).

Proof. We follow the strategy of proof of [3%, Section 4.4]. We start by defining an
auxiliary function h € C*(R*,RT) via

T U C)
h(t) :== /t. TEE ds, for t > 0.

Since h is positive, A is strictly monotonically decreasing and, moreover, since h is de-
creasing and with (6.11), we have

h(t) < h(t) < L(1+t)"Y  fort>0.
Next, we introduce the functions
ap = h(|Vup)Vur,  and B == h(|Vug|)
for k € N. Obviously, ay and §j are bounded, and with the observation
[Varl? + [VBI* < h(|Vur])[ V|

we immediately deduce from (6.24)
sup { sl vy + Bkl + o sy + 1Bellwe 20 | < 00
[S

for each relatively compact set K C €. Picking such K with Lipschitz boundary, we
find by the compact embedding W?(K; RVN*") <y L'(K;RY*"), non-relabeled sub-
sequences such that the following convergence results hold:

ap — o weakly in L'(Q; RV>*"),
ap — @ strongly in L'(K;RN*™),
ap — o L"-a.e. in Q)

By — B  weakly in L'(Q),

B — B strongly in L'(K),

Bk — B ZL™-a.e. in Q.
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Since h is strictly decreasing on R*, the inverse h~! exists on the set h(R"), is non-
negative, decreasing and continuous. Thus, in view of Fatou’s lemma and the boundedness
of (Vuy) in L'(; RN*™) by (6.16), we get

/ h=Y(B) dx < liminf [ A™Y(B;)dz = lim inf/ [Vug|dz < oo.
With limy_, o fz(t) = 0 and thus lim;_,q ﬁ_l(t) = o0, we easily deduce that 8 > 0 holds
ZL"-a.e. in ). Therefore, we have the pointwise convergence

Vug = ar/Br — /B L"-a.e. in Q as k — oo.

On the other hand, (6.18) yields the existence of an increasing sequence (§2;) of sets
contained in  with Z"(2\ ;) — 0 as j — oo and such that Vuy; converges weakly to £
as k — oo on every ;. Therefore, because of uniqueness of the limits, we can identify
the pointwise limit o/ = F as L'(Q; RY*") functions. In conclusion, we arrive at the
convergence Vug — E £"-a.e. in 2, which was the claim (6.25). Moreover, once again
by Fatou’s lemma, combined with the uniform bound (6.16), we also have the estimate

HEHL](Q;RNX-IL) < likminf ||V’U/k||L1(Q;RN><n) < C. O
—»00

6.5.3. Existence and Regularity for the Primal Problem We shall now use the
a priori estimates of the preceding sections to conclude that there exists a function v €
W (Q; RY) such that E as given by the biting limit (6.18) (and which was just identified
as the pointwise limit of (Vuy)) satisfies

Vu, - E=Vv ZLMae. in ) ask — oo. (6.26)

To this end, we shall utilise the Poincaré-type Lemma 6.12 (applied here to the N com-
ponent functions, each of them with values in R™). Hence, the main difficulty is to show
that E is curl-free in the sense of distributions.

Proof of the representation E = Vv. In what follows, we prove that each function £, for
a € {l,...,N}, is curl-free in the sense of distributions, as introduced in Definition 6.10.
This means that we need to show

/ (Eiaj(p - ch’)igo) dr =0 (627)
Q

for any fixed test function ¢ € C3(Q2) and all choices of indices 4,5 € {1,...,n}. To
this end, we set K := spt(p). We further consider a sequence of functions (g¢)een in
C°(R;[0,1]) with go = 1 in [—£, 4], g, = 0 outside of [-2¢,2/] and |g)| < 2¢~! in R, which
allows us to estimate the above expression on sublevels of |E“|. In fact, we may now
rewrite the expression (6.27) above as

\ /Q (B85 — ESO;p) du

/S2 9(|E)) (E{ ;¢ — ESdip) d

(6.28)

+ = Ig—‘y—IIg7

/Q (1= ge(1ED) (B 050 — Ef Oi¢p) A

and noting that £~ € L'(; R™), we find
lim II, < 2sup |Vy| lim |[E%|dz = 0.
{— 00 K {— 00 {‘E‘Z@}

Thus, it remains to show that we also have limy_,., Iy = 0. In order to prove this claim,
we start by noting that, as a consequence of Lebesgue’s dominated convergence theorem,
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the pointwise convergence Vuy, — E established in Section 6.5.2 implies the strong con-
vergence go(|Vug|)Vu@ — go(|E])E® in L'(;R™) as k — oo. Since by Lemma 6.15 we
have uy, € Wfog(Q RM) for every k € N, we may hence rewrite I, by the integration by
parts formula as

Ig = lim ‘/gg(|Vuk)(3lug8]<p— @u%@lcp) dx
k—o0 Q

~ lim ‘ | (0s019 )0 = 0100 (T i)y ) o

k—o0

4 / ge(|Vur]) (9,08 — 05u8)

tin | [ (0tan( 900t - aan( a0y ) ]

We next introduce functions Gy: Rf — R by

t
Go(t) == : gjf,((z))s ds,  fort> 0.

Firstly, since f is strictly convex with f/(0) = 0, we note that f’ is monotonically increas-
ing with f/(t) > 0 for all ¢ > 0. Consequently, the integrand in the definition of Gy is
well-defined and supported in [¢,2] C RT, and we further have the estimate

40 [ 40 40

|G ()|\£f’()/ 1ds < < for all t >0 and ¢ € N. (6.29)
Using

J(IVu|)

0j(ge(|Vur])) = (Ge(\Vuk|))W7

we may then express I, in terms of G¢(|Vug|) and apply once again the integration by
parts formula (as well as the fact that uj, € W2 (€;RY) holds for each k € N). In this
way, we find

S (Vuk])
|Vug|
J'(|Vug|)Osug I (IVug|)0u
QGe(vukD(aj‘('vuklk) &(W))wdm‘

~ im ‘/ (Gl Vue]))) i — (0:(Ge(|Tur]))) 0y

k—)oo

@dx‘

< lim
k—o00

+ lim
k—o00

[ v @iz — o) dx' .
Q
Recalling

!/
Az) = / (||Z2’||)z for all z € RV*"

we next estimate I, in the more convenient form

Ig g lim
k—o0

/ (D,A(Vug)0;Vug, Ge(|Vur|)e; @ e*)p dx
Q

+ lim

k—o0

/ (DA (Vug)0iVug, Go(|Vug|)e; @ e*)pdx
Q

+ lim 2/ |Ge(|Vur)I| ' (IVur )Vl d,
k—o0 Q
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where e1,...,e, denote the standard unit basis vectors in R and e',...,e’V the ones
in RY. Keeping in mind that D,A(z) is a positive definite, symmetric bilinear form, we
infer from the Cauchy—Schwarz inequality

/ (D, A(Vug)0;Vug, Ge(|Vug|)e; @ e*)pdz
Q

1
2

< (/<DZA(Vuk)3jVuk73jvuk>|<P|dz)
Q

1
2

« </Q<DZA(Vuk)G4(|Vuk|)ei®eo‘,Gg(|Vuk)ei®e"‘>|<p|d;v>

(and analogously with i replaced by j). Thus, employing the a priori estimate (6.21) from
Lemma 6.15 (note K = spt(y) € Q), the upper bound in assumption (6.11), boundedness
of f" and the growth behaviour (6.29), we arrive at

I, < C lim (/(1 + |Vuk|)_1|Gg(|Vuk)|2|<p|d33>
k—o0 Q

+ C lim 2/ |Ge(|Vug|)||Ve| de
k— o0 Q

< C lim @(/ \Vuk|d:17),
k—oo {6 Vug | <26}

with ®@: Rf — RJ given by ®(¢) := max{tz,t} and a constant C' depending only on the
data and ¢, but not on ¢. Finally, the poinwise convergence Vu; — E allows us to pass
to the limit k — oo, which yields

I, < C®</{|E|>e} \E|dx).

In view of the integrability of E, this proves limy ,., I, = 0. In conclusion, since a €
{1,..., N} was arbitrary, we have shown the claim (6.27), i.e., that E € L*(Q;RN*") is
curl-free in the sense of distributions. Thus, as {2 is a simply connected Lipschitz domain,
Lemma 6.12 provides a mapping v € W' (Q; RY) with Vo = E, and the proof of the
representation is complete. O

For the sake of completeness, we now proceed by demonstrating that v € W1 (;RN)
— after translation by (v)q — is actually a solution to system (6.2) subject to Neumann
condition (6.3). To this end, we firstly provide the

Proof of the uniqueness assertion of Theorem 6.7(a). Suppose that there are two solu-
tions uy, uy € WHH(Q; RY) to the system (6.2) subject to (6.3), with (u1)g = (u2)q = 0
and u; # uy as L' functions, which, by connectedness of 2, also implies Vu; # Vusy as
L' functions. In view of Lemma 6.2, u; and us both solve the variational problem (6.4),
i.e., they both minimise § in W' (Q;RY). Choosing (u; + uz)/2 € WH(Q;RY) as
competitor, we deduce from the strict convexity of f (implied by the assumption of h-
monotonicity) combined with the minimality of u; and ugy

U1 + ug
2

1 .
J < 3@t + ) = ot 5

dl
which is a contradiction. Thus the proof of uniqueness is complete. O]

We shall now conclude the proof of Theorem 6.7(a) by the
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Proof of the solution property of v — (v)q. By Corollary 6.14, we first note that (ug) is
a minimising sequence for §. Next, by the pointwise convergence (6.26) we obtain
F(Vug|) = (To, Vug) — f(|Vv]) — (To, Vo) in the limit &k — oo, Z"-ae. in Q. By
the coerciveness condition (6.10), which in turn implies the boundedness of the map
RV>" 5 2+ f(|2]) — (Tv, 2) from below, we thus deduce by the generalised version of
Fatou’s Lemma?

_ _ < T .
o~ (v)a] = 5lo] < it Slaa) = inf
In conclusion, we have shown that v — (v)g is a minimiser with vanishing mean value in .
Taking advantage of Lemma 6.2, it is also the desired weak solution to the system (6.2)
subject to (6.3). This completes the proof of Theorem 6.7(a). O

6.6. The Dual Problem and Relaxation to BV

The purpose of the present section is to firstly introduce the dual problem associated
to the (primal) minimization problem (6.4) with an explicit description and secondly to
study its connection to (generalised) minima of the primal problem. In doing so, we
shall adopt a more general viewpoint and hereafter let F': RN*™ — R be a convex and
differentiable function that satisfies, for some constants 0 < ¢ < C < oo, the linear growth
condition

clz] —C < F(2) <C(1+]z])  forall z € RV*™, (6.30)

Then, for a map Ty € Cp(; RY*"), we define the functional F: WH'(Q;RN) — R by

Flw] := /Qf(Vw) — (Tp, Vw) dz, for w € WHE(Q; RV ™), (6.31)

6.6.1. Coerciveness As a modification of the coerciveness condition for radially sym-
metric integrands (6.10), in this section we shall work with the condition

1 To (Lo (rrxny < min{f>(z): 2z € RNY*"™ with |2| = 1}, (6.32)
where we recall the recession function f>: RN*" — R given by

z
() =limtf(5) forall ze RV
f(2) t{% f . or all z
We note that f>° is strictly positive, finite-valued and convex, as a consequence of the
linear growth condition and the convexity of f. Hence, it attains its strictly positive
minimum on {z € RN¥*": |z| = 1} (also compare with (6.37) in the non-autonomous
setting below). Now, (6.32) is a generalisation of condition (6.10) in the following sense:

Lemma 6.18. Let f: RNX" — R be a conver function satisfying (6.30) and let Ty €
L (Q; RV*") verify (6.32). Then the functional F given by (6.31) is coercive in the sense
that if (wy) is a sequence in W' (Q; RN) such that lwk[[wir(@uryy — 00 as k — oo and
each wy, has vanishing mean value, then Flwy] — oo as k — 0.

Proof. In what follows we fix & € RV*" satisfying || = 1 and £ (&) = min{f>®(z): z €
RN*" with |z| = 1} > 0, and we further write

170|100 (imnxny = (1 = 36) f>(€o)

21f (gg) is a sequence of R U {co}-valued measurable functions on a measure space (2, %, u) and there
exists a non-negative integrable function g on €2 such that gp > —g for all k& € N, then there holds
fQ liminfy oo g dp < liminfg_, o fQ g du. This follows from the standard version of Fatou’s Lemma
by applying the latter to the sequence (gx + g)-
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for some number § € (0,371] depending only on f and Ty. We now consider an arbitrary
function w € WH(Q; RY) with (w)q = 0. In order to evaluate Flw], we decompose the
domain of integration for some ¢y > 1 (to be determined later) as

Flw] = / f(Vw) — Ty, Vw) dz —|—/ f(Vw) — (Tp, Vw) dz
{IVw|<lo} {IVw|>£o}

> / f(Vw) — (Tp, Vw) dx
{IVw|<bo}

1 Vw -
’ /{|Vw>zo} (@fovwlw) —(1-24)f (50))|Vw| dz
+5f°°(§0)/ |Vw|dz =: T+ I 4 IIL
{|Vw|>£o}

For the first term, we obtain via the growth condition (6.30)
1] < (C(1 4 £o) + Lol To|| Lo (@irrxny ) L7 ().

We next show that the second term is non-negative, provided that the level ¢ is suitably
chosen. To this end, we choose a finite number of points (£k)keq1,...,ary in S¥*"~1 such
that

0
inf - < = f f 1 gNxn—1
ke{%?,,7M} 1€ — &l Lf (&) forall £ € 7

where L denotes the Lipschitz constant of f. Thus, M depends only on n, N, § and f.
Then, taking into account the fact that ¢ — f(££)/¢ is monotonically increasing and
converges to f°(&) > (&) as £ 7 0o, we determine £y > 1 such that

CTLF(0E) = (10— 68) (&) forall ke {1,...,M} and ¢ > {;.
Consequently, by the Lipschitz continuity of f, we find
) =t sup [f(e6r) — 1 F(6E) — F(e&)]
ke{ M}

yeeny

> sup  [07Uf(0&) — LIE— &) = (1—26) (&%)

for all £ € SV*"~1 and ¢ > {y. Applying this inequality pointwisely with & = Vw/|Vwl,
we thus arrive at IT > 0 as claimed. Finally, we observe

III > 6% (&) [/ V| dz — 403”(9)]
Q
In conclusion, we have shown

Flu] > 67(&) / V| dz — C(f, To) 02" ()

for all functions w € W (Q;RY) with (w)g = 0, and in combination with Poincaré’s
inequality for Wh'-maps with vanishing mean value, this immediately implies the asser-
tion. O

6.6.2. The Dual Problem In a next step, we provide the following lemma where, in
particular, the radial structure imposed on § given by (6.4) is dropped:
Lemma 6.19 (On the dual functional). The following holds:

(a) For allv e WHH(Q;RY) we have the representation

Fl>  sup / (6. Vo) — F*(To + x) de.
XEL>® (QRNXn) JQ
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(b) Given x € L®(Q; RN*™) | set

R[x] := inf {/ (x, Vo) — f*(To + x)dz: v e Wl’l(Q;RN)} : (6.33)
Q
Then there holds
sup Rix| = sup f/ f(To + x) dz, (6.34)
XEL>® (RN xn) XELY gy (BRN>m) S Q

where we have set

. O Nxny w0y, mNxny . Jo(X: Vu)ydz =0 for allv € WHHQ; RN)
L,TO(Q»R ) = {XGL (R ): X + Tp € dom(f*) L™ — a.e.

Proof. Ad (a). Let w € LY(Q;R¥*") and set f(w) := f(w) — (Tp,w). Since f €
C'(RN*"), we conclude by the duality relation (2.5) and (L'(€; RN *™))* = L°(Q; RN *)

/Qf(w)—(To,w>dx:/Qf(w)dx> sup )/Q<X,w>—f*(x)dx.

XeLoc (Q;]RNX”

Inserting w = Vv for a W!-function v: Q — RY, (a) follows because for .Z"-a.c. x € Q

fr(x(@) = sup (x(2),¢) = f(¢) + (To, O)

CGRNX’VL

= () + To(a),0) — 1) = £ () + Tofo))

Ad (b). Let us note that if x € (L>\ L7, )(Q; RY*™), then the infimum appearing in the
definition of R[y] is —occ. Indeed, for such x pick v € Wh!' (4 RY) with [, (x, Vv)dz < 0
and define a sequence (vg) C Wl’l(Q;RN) by vg := kv. If x does not qualify as an
element of LY 7, (4 RY*™) but satisfies x + Ty € dom(f*) £ -a.e. in Q, then we deduce
by k [o(x. Vv)dz — [, f*(To + x) dz — —oc as k — oo that R[x] = —co. On the other
side, if x(z) + To(x) ¢ dom(f*) for L™-ae. x € Q, then f*(x + Tp) = oo on a set of
positive Lebesgue measure. This immediately yields R[x] = —oo if fQ<X7 Vov)dx = 0 for
all v € WH(Q; RN). If the latter condition is not satisfied, then insert the sequence (vy)
as given above to deduce R[x] = —oc too. This concludes the proof. O

Remark 6.20. If we consider the respective Dirichlet problem and thus compare with
the theory outlined in Chapter 5.4 in the gradient case, i.e., (6.4) restricted to competitor
maps u € Wi (4 RYN), then the supremum in (6.34) is taken over all x € L=(Q; RYN)
which are divergence-free in the sense of distributions. In this sense, the fact that we
allow for a larger set of competitor maps in the Neumann problem than for the Dirichlet
problem is reflected by shrinking the set of competitors in the respective dual problems.

Lemma 6.21 (Inf-Sup-Relations). Define F and R by (6.31) and (6.33), respectively.
Then there holds

inf F = sup R.
WL (Q;RN) L (RN ™)
Proof. Firstly note that by the duality relations (2.5), we have for any w € Wl’l(Q; RY)
via Lemma 6.19 (b) and then (a)

sup R = sup 1i{lf / (x, Vv) — f*(To + x) dz
Lof,TO (Q;]RNXTL) XGLT,TO (Q;RNX'IL)’UEW B (Q;RN) Q
< sup /<X,Vw> = ["(To + x) dz = Flw].
XELT 7 (RN xn) JQ

b
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Now pass to the infimum over all w € W5 (Q;RY) to conclude validity of ’>’. The
remaining inequality '<’ can either be settled by referring to the general theory of convex
duality as outlined in Section 6.6.5, or by suitable approximation procedure, for which
the reader is referred to Remark 6.23. O

For the time being, we return to the radially symmetric case and next establish a
connection between the primal and the dual problem, showing that the sequence (uy) of
minimisers uy for the functionals §j can be used to construct a maximiser (which is given
by B — Ty in our setting) for the dual problem.

Lemma 6.22. Consider a conver function f € C*(RJ) satisfying f(0) = f'(0) = 0
and (6.1), Ty € L (; RN*") with (6.10), and the sequence (uy) of minimisers uy of the
functionals §y from Lemma (6.13). Then any weak-+x L°°-cluster point of the sequence
(A(Vuy) — Tp) is a mazimiser of the dual problem.

Proof. Let 7 be a weak*~L>°-cluster point of (A(Vuy)—Tp), and without loss of generality
we may assume that it is actually its weak-* limit. We start by showing that 7 belongs
to the space L7, (2 RY*") of admissible functions for the dual formulation. To this

end, with k='/2Vu;, — 0 in L*(Q; RY*") from Corollary 6.14, we infer with the Euler—
Lagrange system (6.14)

/<T, Veyde = lim | (A(Vuyg) — Ty, Vo) dz
o

k—oc0 Q
= lim —k71/<Vuk,Vgp> dz =0
for any ¢ € W2 (;RY), and thus, by smooth approximation, we obtain
/(T, Vy)dz =0 for all o € WHH(Q;RM).
Q
Moreover, since |A(Vug)| € dom(f*) via (2.5) and Remark 2.8 for all k¥ € N, Vuy €

LY (QRY*™) and |A(Vug)| € 9f(|Vug|), we obtain using the duality relation (2.5) and
once again the Euler-Lagrange system (6.14), now applied with ¢ = uj, that

Sk[uk]:/f(|Vuk|)—(TO,Vuk)dsc—i—(Zk)_l/ V| dx
Q Q
:/(A(Vuk)—To,Vuk>—f*(|A(Vuk)\)da:+(2k:)_1/ Vurl? do
Q Q
_/ f*(|A(Vuk)|)dx—(2k:)_1/ Vg2 de.
Q Q
Since f* as the pointwise supremum of affine functions is convex and lower semicontinuous,

the map x — — [, f*(|x]) dz is upper semicontinuous with respect to weak*-convergence
in L°(Q; RY*") "and we therefore deduce from the previous inequailty

hm Sk [ug] / (T + 7)) d (6.35)

Finally, with the duality formula from Lemma 6.21, the approximation property of the
functionals §j from Corollary 6.14 and with (6.35), we arrive at

; R<  inf = lir (IT; . (6.36
LTT(]?S%NX”) VVI’II(I}]%]RN)S lm gk Uk /f l 0+T‘ [T] ( )

and the proof of the lemma is complete. O
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Remark 6.23 (On the Inf-Sup Relations). The preceding lemma allows for an alter-
native proof of the inf-sup relations as claimed in Lemma 6.21. Indeed, noting that
the derivation of (6.36) only relies on the inequality >’ in Lemma 6.21, estimating
Rl7] < SUPLse . (RN xn) R yields the other inequality <’ by simple use of (6.36).

Lemma 6.24. In the situation of Lemma 6.19, if v € Wl’l(Q;RN) is a minimiser of
the primal problem, then the unique mazimiser of the dual problem is given by o =

f'(Vv) =

Proof. Firstly note that since v is a minimiser of F, fQ<O', Vo) dz = 0 is a consequence of
the Euler-Lagrange equation satisfied by v. Inserting o into R yields

/fT0+a /f '(Dv))

za>/fDU f'(Dv), Do) dxf/va <T0,Dv)dxfwlvl(gliﬂfwm)]:,

the penultimate step being valid because v satisfies the Euler-Lagrange equation of F
(use ¢ = v as a test function). The claim now follows by use of Lemma 6.21. O

6.6.3. Relaxation of the Primal Problem As mentioned in the introduction, the lack
of weak compactness of bounded sets in the non-reflexive space W' (€ RYN) suggests the
passage to a space that enjoys better compactness properties. The natural candidate
for such a space is given by BV(£;RY), the space of functions of bounded variation as
introduced and discussed in some detail in Chapter 4.2.

To apply the functional F which is a priori defined on W' (Q; RY) to v € BV(Q; RN),
it must be suitably relaxed. We set, for Ty € C(Q; RY*™) and f:: f—(To, ),

/va da;—i—/fOO d‘?gsv‘ d|st| for v € BV(Q; RY).

Here, Dv = D%y + D%v = Vo™ + d’?gg”‘ | D*v| is the Radon—Nikodym decomposition

of Dv into its absolutely continuous and singular parts with respect to Lebesgue measure
Z™ and f°: RVX" & R is the recession function which is defined as

~ ~(_ Z
I(z, 2) :== lim tf(x, 7) for x € Q, z € RV*™, (6.37)
N0 t
T
zZ—rz
Note that, by oocurance of Ty in f, the recession function now in fact depends on x, too.

By continuity of Ty, it is easy to see that this limit exists for all z € Q and Ty € RV*"
and satisfies

2z, 2) = f°(2) — (To(z), 2) for all z € Q, z € RV*",

where f>°(2) := limp o tf(2/t) for = € RV*" is the usual recession function of a convex
and continuous function f: RV*"™ — R of linear growth, i.e., f verifies (6.30). Also note
that by continuity of T, F is well-defined indeed?®.

Having introduced the relaxed functional, our next aim is to establish the existence of
minima of F as given by (6.38) subject to the generalised coerciveness condition (6.32)
on BV(Q;RY). In accordance with the terminology for the Dirichlet problem introduced

31t is also possible to admit Ty € L (; RN *™) provided its (row-wise) divergence belongs to certain
LP—spaces. This is similar to Chapter 5.4.4, where we considered vanishing divergences, and can be
approached by introducing so-called Anzellotti-type pairings between L°°-functions and gradients of
BV-functions, cp. [20] and Chapter 5.4.4.
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in Chapter 4.3.2, such minima are also called generalised minima for F. Since the latter
condition extends that given for radially symmetric integrands f (see (6.10)) in a nat-
ural way, we firstly wish to continue Example 6.4, showing that it remains an essential
ingredient to establish existence of minima for the relaxed functional too:

Example 6.25 (Example 6.4, continued). In the situation of Example 6.4, observe that
F for F =g is given by

1
:/ \/1+|v’|27v'dx+/
-1

(71’1)

dD*%v
d| Dsv|

_ dD®v
d| Dsv|

d|D%v| —2

where now Dv = v/ 2L (—1,1) + D?%v is the Radon-Nikodym decomposition of Dv. Since
F = Fon Wh'((—1,1)) and the recession part is non-negative, we deduce by Example 6.4
that infgy((—1,1)) F = —2. Now assume that there exists a function v € BV((—1,1)) with
Flu] = —2. Then we obtain

1
dD*®
/ \ﬁ1+|u‘f|2fufdx:7/ u
-1 (

-1,1) d| D3u|

- dD%u
d| Dsu

d| D%ul.

Now, since the left-hand side is non-negative due to /1 + |- |2 > | - | and since the right-
hand side is non-positive, both terms actually need to vanish in order to achieve equality.
We thus conclude /1 + |u/|? —«' = 0 a.s. in (—1,1) (as before in Example 6.4), which
yields a contradiction and shows that such a function u cannot exist.

We now turn to the existence part for the primal problem. Here, to avoid a lenghty
technical argument, we assume for the sake of simplicity that T;, vanishes at the boundary,
and refer the reader to [37] for the full statement.

Proposition 6.26. Suppose that f € C(RNX") is a convex integrand of linear growth
and Ty € Co(Q;RN*™) is such that (6.32) holds. Then the variational principle

to minimise F over BV(Q; RN*™) (6.38)
possesses a minimiser v € BV(Q;RY). Moreover, v satisfies

Fl= inf F= sup R. (6.39)
WL (QRY) L 7 (GRNXm)

Proof. Similarly as in Section 6.2, we deduce that F is bounded below on BV(£2; RY) and
by Poincaré’s Inequality on BV, we deduce that minimising sequences

(vp) € WHHQRM*™) N {v e LY RY): (v)g = 0}

are uniformly bounded in W!(€; RN). Thus, by the weak*-compactness theorem in BV,
there exists v € BV(Q;RY) such that vy — v as k — co. We split

/va dx+/f°° dD“ d|DSv|—/<TO,Vv>d$+/<TO, AR
Q

Flv] D | D]

=: v] + Falv

By the Reshetnyak (lower semi-)continuity theorem (cp. Proposition 4.18), we deduce by
its lower semicontinuity part that /1[v] < liminfy_, o F1[vg]. On the other side, we note
that by definition of weak*-convergence,

Falvi] = (Do, To) mxc — (Dv, To) mxc = Fav], k — oo,
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where (-, )amxc is a shorthand for the dual pairing between finite Radon measures
and continuous functions on Q. Summarising, we obtain F[v] < liminfy_, . Flvx] =
infpyry) F and therefore v € BV(Q;RY) is proven to be a generalised minimiser for
F.

Turning to (6.39), we note that by Lemma 6.21 only the first equality requires a
proof. First, since F and F coincide on W (Q;RY), the inequality F[v] = infyi1(omy)
is immediate. To obtain the reverse estimate ">’ as well, let v € BV(;RV*") be a
generalised minimiser for 7. By denseness of (BVNC™)(Q;RY*") in BV(Q; RY) with
respect to area—strict convergence, we find a sequence (vy) C (BV N C*)(€; RY) such that
vp — v area—strictly as k — oo. By the continuity part of the RESHETNYAK theorem,
Proposition 4.18, we then obtain

inf < Flog] = Flog] = Flv] = min  F, k — oo.
WLI(QRN) BV(;RY)
The proof is complete. O

6.6.4. Existence and Regularity for the Dual Problem We now finish the proof of
Theorem 6.7 by giving the

Proof of Theorem 6.7(b). By part (a) of Theorem 6.7 and Lemma 6.24, we obtain that
o = f'(|Dv|)Dv/|Dv| — Ty is the unique solution of the dual problem. Obviously,
o € L>®(Q;RY*") and thus it remains to verify the local W'2-regularity of o. To do so,
we firstly recall that o is a weak L?-cluster point of the sequence (o) := (Ap(Duz) — Tp)
given by (6.15). We then obtain for j = 1,...,n with g := fi(] - |) by use of the Cauchy—
Schwarz inequality

0j01% = |(gh (Duy)(9;Du) — 9;Ty, 9;0%)]

< ((9;’5(Duk)5jDuk7 3jDuk>) : (<9Z(DUk)5j0k7 5j0k>>

[Tl = ey |35

N

1

< (C’((gg(Duk)BJDuk, 8JDU1€>) ’ + HTOHWl.OO(Q;RNXTL)) ‘ajdkl.

Since suppnx» |gy| is uniformly bounded in k by h-monotonicity of f, the claim follows
from the a-priori estimate from Lemma 6.15 by shifting the term |0;0%| to the left hand
side of the inequality and integrating over an arbitrary open Lipschitz subset of 2. The
proof is complete. O

6.6.5. Concluding Remarks In their treatise [96], Ekeland and Temam introduced a
rather general framework of convex duality into which the Neumann problem on Wh! as
described in the main part of our paper can be embedded in a natural way. To set up
this framework conveniently, let V.Y be two topological vector spaces with continuous
duals V*,Y* and suppose that a functional .#: V — R := R U {oo} can be written as
ZFu] = J(u, Au), where A: V — Y is a continuous linear mapping and J: V x Y — R
is a given map which splits into J(u, Au) = F(u) + G(Au) with two convex functions
F:V —-Rand G: Y — R. By [96, Thm. II1.4.1.] the dual problem to the minimisation
of F over V is given by the maximisation of the functional y* — —J*(A*y*, —y*)(=
—F*(A*y*) — G*(y*)) on Y*, and if infyy % € R and there exists ug € V such that
J(ug, Aug) < oo together with p — J(ug,p) being continuous at Aug, then there holds

inf Flul= sup —J"(A"y", —y").

ueV yrey*
Here, A*: Y* — V™ is the adjoint operator of A. To apply this abstract setting to
the functional § as given by (1.1), we set V := WHY(Q;RY), YV := LY(Q; RV*") and
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A := D be the weak gradient operator. Moreover, we define F: W'(Q;RN) by F = 0
and G: L'(Q;RY*™) by G(y) = [, f(y) dz, where as above f := f(-) — (Tp,-). Since
F*(y*) = +oo provided (y*,v)pe w11 # 0 for some v € WHH(Q;RY), we deduce by
Lemma 6.19(a)

0 ify*=0
F* *)
(") {—l—oo else,

G (y7) = Jo [f(To+y*)dz  if Th +y* € dom(f*) L™ — ae.
v = 400 else,

and thus the general theory of convex duality easily implies that

inf Flu| = su -G*(y*
uEWH I (QRY) ] A*y*p:() W)
To+y*€dom(f*) L™ —a.e.
= sup —/ F(To +y*)de.
A y*=0 Q

To+y*edom(f*) L™ —a.e.

Now it suffices to realise that A*y* = 0 is equivalent to (y*,Av) = 0 for all v €
W (Q; RY) which, by A = D in conjunction with Ty + 3* € dom(f*) £ -a.e., in turn
precisely amounts to requiring y* € LT 7, (€ RM).

We finally come back to the introduction and show that the h—monotonicity con-
dition (6.11) is indeed satisfied for any strictly convex function f € C?(R) with linear
growth (LG). To see this, we compute for arbitrary z,¢& € RV*?

B = (0.(FE ) 6)

|2|
" ® ! 2Id xn =% &
(a2 LEDEP s 2y
oy 282 R [2PEP - (- €)?

By assumption, both terms on the right-hand side are non-negative. We now observe that
whenever 2(€ - 2)? > |2]2|¢€]? holds, we have

1
(B:).€) > 2=l
while in the opposite case 2(¢ - 2)? < |z|?|¢|* we have

1/7(2D)
2 |4

(B(2)¢,€) = j€1°.

In conclusion, we obtain

B >+ min min{ (), L g2 = n(p e
2 0<s<] 2| S

with an obvious definition of h, which is the claimed lower bound in (6.11). Moreover, h

is also decreasing, by its definition and the strict convexity of f with f/(0) = 0.

6.7. Higher Integrability in the pu—elliptic case, 1 < < 3

In this section we contrast the W' -regularity assertion of Theorem 6.7 with higher
integrability results for p—elliptic integrands. This is in the spirit of [40, Chpt. 4.2] and
as such merely a minor modification of the corresponding proofs therein, but now incor-
porating the inhomogneity Tj.
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Theorem 6.27. Let Ty € W™ (Q; RN ") and suppose that f € C*(RN*") is a (possi-
bly non—radially symmetric) u—elliptic integrand. If the coerciveness criterion (6.32) is
satisfied, then the following hold:

(a) If 1 < p <14 2, then one generalised minimiser of (6.38) belongs to WLP(Q;RY)
for some p > 1.

(b) If 1 < u < 3 and the local uniform boundedness hypothesis* holds, then one gener-
alised minimiser of (6.38) belongs to W1E18E(Q: RN).

loc

Proof. We confine ourselves to (a) as the proof of (b) follows along the same lines as
the proof of [10, Thm. 4.21]. Hence we may assume pu < 2. The coerciveness criterion
(6.32) is only required to ensure the existence of a minimiser. Again, we consider viscosity
approximations in the same manner as in (6.12) where now the integrand is not assumed
radially symmetric. Since f is p—elliptic, the key estimate from Remark 6.16 now takes
the form 5 1o

sup {/ LH, dm} < 00 for all K € Q. (6.40)

keN i (14 [Vug[?)2
Let B := B(z,7) € 2 be an arbitrary but fixed ball. We introduce the function V() :=
(1+ \f|2)2% for £ € RV*", We compute for i € {1,...,n}

2 — —p—=2
8iVM(Vuk):TM(1+|Vuk|2) (0, Vg, Vuy,).

In conclusion, we have

/ 10V, (Vug)? der < ’2 —H
B 4

2/ |8, Vuy, |2
- dz
B (1 + |Vuk|2)5

and thus, by (6.40) and arbitrariness of ¢ € {1,...,n},

n

supZ/ 10;V,,(Vug) | do < o0. (6.41)
B

keN i
In consequence, we obtain that (V,(Vuy)) is uniformly bounded in WLQ(B). Now, by
arbitariness of B = B(xg,r), if

e n =2, we use the embedding W12 < BMO,. to conclude that (Vu(Vuyg)) is uni-

loc
formly bounded in BMO(U) for any U € Q. Since V,(§) ~ |§|2% for large values
of €|, we deduce by the John—Nirenberg lemma (cp. Lemma 2.20) that (|Vuk|2‘7TM)
is uniformly bounded in any LP(U), 1 < p < oo. Since p < 2, passing to a suit-
able subsequence thus establishes the claimed regularity assertion: There exists a
generalised minimiser which belongs to every LI (Q;RY), 1 < p < o0.
2n

e n > 3, we use the embedding Wlloi — Li’;? . Similarly as in the previous substep,

we then find

2—p 2n
sup [ |Vug| 7 72 < oo.
keNJu

We then note
2—p  2n

2 n—2
which is the exactly the exponent claimed in (a). Lastly, passing to a suitable
subsequence shows that there exists one generalised minimiser of class Wl’q(Q; RY)

loc
forall 1 <q < (2—p):"s.

2
>1 ifand only if pu<1+ —,
n

4In the sense that for any K € Q, the viscosity approximations (vy) satisfy supyey [|[vk|lLee < oo;
cp. [40, Ass. 4.11].
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Figure 6.1: The regularity theory for the Neumann problem on BV for radially symmet-
ric integrands and inhomogoneities Ty € W2°°(€; RVN*") within the scale of pelliptic
integrands. The arrows indicate "up to’, whereas the vertical dashs indicate "including’.

Omiitting part (b) as indicated above, the proof is complete. O

Remark 6.28 (Higher Differentiability). In the situation of (a) of the preceding theorem,
it is also possible to gain a higher differentiability result. Namely, working from the

higher mtegmbzlzty assertion of (a), we obtain by use of Young’s inequality and the fact
that ux € W2 (4 RN)

2
supZ/ |0; Vug| doe < supZ/ 1|+8|sz - dx
k

keN keN

—|—sup2/ (14 |Vug|?)? da

keN

for every U € Q. Thus we see that (uy,) is uniformly bounded in W (Q; RN) if

loc

e n=2andl < pu<2is arbitrary.

n >3 and

n
2— €. :
p<@-p)—g, e, p<—

In conclusion, passing to a suitable subsequence establishes the BV 1oc—regularity of one
generalised minimiser.

6.8. Comparison with the BD—case

Let us finally compare the situation as described above with the symmetric gradient
case and explain where the approach used in Section 6.5 seems to be difficult to be apply
in this situation. The respective analogue of (6.4) now reads as

to minimise Flw /f le(w)]) = (To, e(w))dx  over LD(Q). (6.42)

Similarly as in Section 6.2, a coerciveness criterion in terms of f* can be found. Here,
however, we need to take into account that e not only ignores constants but rigid defor-
mations as well. The approach as explained in Sections 6.4 and 6.5 therefore departs at
two points; we keep in mind that 2 still is assumed to be simply connected:
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Interlude: W''-Regularity for the Neumann Problem on BV

e Recalling the Saint—Venant compatibility conditions from Example 3.6, we need to
verify for the corresponding biting limit E (cp. (6.18)) in the symmetric gradient
case that it is curl o curl-free in the sense of distributions. In this situation, we are
able to argue as in Lemma 6.12 and could conclude LD-regularity.

e The foremost difficulty which is not clear to us how to be overcome is to verify that
F in fact is curl o curl-free. The underlying reasons for this are two—fold.

(a)

Firstly, the curl o curl-operator is a second order operator. For the modification
of the proof, this has the following consequence. Going to (6.27), we need to
show

/S;(E,curlocurl(go)) dr=0 for all p € C°(Q;R™™™). (6.43)

Proceeding as in (6.27)ff., we would similarly introduce the functions g, in
order to use both F € L'(Q; R ) and the weak convergences of (€(uy)) at our
disposal (where (uy) is the corresponding viscosity approximation sequence).

Hence, in analogy with (6.28), we would write for arbitrary ¢ € C°(Q; R™*™)

/ (E, curlocurl(y)) dx
Q

_ ‘/Q<gg(|E)E,curlocurl(go»dx

+ ’/ (1= go(|E|)E, curl o curl(p)) da| =: I, + IL,.
Q

In a similar way as in (6.28)ff,, II; — 0 as £ — co. The main problem now
stems from the first term I. Following the line of proof in the full gradient case,
we might either integrate by parts once or twice to shift one curl or curl o curl
from ¢ to g¢(|E|)E. The first option seems to be involved as (compare with
(b)) as the operator curl, the symmetric gradient and the Uhlenbeck structure
of the integrands are not as easily compatible as for the gradient. The second
option, where the full operator curl o curl is shifted to F reduces to estimates on
the third order weak derivatives of ug. In principle, stabilising § by a suitable
m—Laplacian (—A)™ := (=A)o--- 0 (—A) (m-times), the respective viscosity
approximation sequence is sufficiently regular to belong to, say, Wfoi However,
in this situation, it is not clear to us how to generalise the corresponding
weighted Sobolev-type estimate (cp. (6.24)) in a fruitful manner.

In general, even though the symmetric gradient has a comparatively simple
structure, it still destroys the convenient structure when working, e.g., with
Uhlenbeck—type problems, where the integrands depend on the modulus of the
argument only. This is a general principle and causes difficulties also in the
study of the symmetric p—Laplacean operator

—Apv = —div(le(v)P2e(v)),  ve WHP(Q;R™),
or its stabilised version

—Apw = —div(1+ e(@)]?) 7 e)),  ve W P(QR").



CHAPTER 1

Partial Regularity for Symmetric-Convex Problems

Having established Wllo’gfregularity (p > 1) for the Dirichlet problem on BD and W'~
regularity for the Neumann problem on BV in the previous two chapters, we now turn
to the partial regularity of minima. As explained in the introduction, cp. Example 1.4,
in the situation of vectorial problems we cannot expect full Holder regularity of minima
but only on a set whose complement is relatively closed and has Lebesgue measure zero.

The purpose of the present chapter thus is to establish a partial regularity result for
generalised minimisers of the functional (1.1) for convex integrands. In doing so, we adapt

an approach due to ANZELLOTTI & GIAQUINTA [22] which is particularly designed for
convex problems and is even applicable to possibly very degenerate convex variational
principles. However, as already mentioned in [22], it is not clear how a modification for

the proof to work in the strongly quasiconvex case could be accomplished. Therefore, the
theory outlined in this chapter will be contrasted with the partial regularity for strongly
symmetric—quasiconvezr problems in Chapter 8: Here we shall consider the substantially
weaker convexity notion of quasiconvexity. However, if we assume an integrand to be
convex and to meet the conditions imposed throughout Chapter 8, then we end up with
a converity condition that is much stronger than the one in this chapter. So the theory
outlined here is independent from the one presented in the final chapter of this thesis.

Structure of the chapter. Starting from a discussion of local BD—minimisers in Sec-
tion 7.1, we give an overview of partial regularity results and present the main result of this
chapter in Section 7.2. We then provide auxiliary estimates for linearised strongly convex
systems in Section 7.3, give elementary properties of a V—type function in Section 7.4
and establish a convolution inequality leading to a suitable Poincaré—type inequality in
Section 7.5. Finally, we give the proof of the main result of this chapter in Section 7.6
and discuss various outlooks in Sections 7.7 and 7.8.

7.1. Local Minima

The purpose of the present chapter is to establish the partial (Holder) regularity of
local minimisers of functionals of the form

S = /Qf(e(u)) du, (7.1)

where f: R — R is a strictly convex C?-integrand. The notion of local minima which
we invoke here is more general than that of minimisers over a given Dirichlet class. In the
Sobolev (or LD-) case, a map u: 2 — R"™ is called a local minimiser if and only if for any
open Lipschitz subset w of €, u minimises the restricted functional §u;w| := [ f(e(u))dz

with respect to its own boundary values, i.e.,

§lu; w] < Flu + ;W] for all ¢ € LDg(w).
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In the BD-situation, we wish to work with the weak*-relaxation of § throughout. Hence
we briefly pause and introduce the relevant concept first. For a given open Lipschitz
subset w of 2, u € BD(2) and a function v € BD(w), put

g"u[v;w] ::/f(éav)dx—f—/foo (dﬁgfl))dEsv—i— i o (Tr(u — v) ® vae) dH™ L,

where vy, is the outer unit normal to dw and
Ev = E%*v + Ev
dEv

:é() n
v Lw+d|E5v|

|Efv|Lw + (Tr(v) ® vaw ) H" Low

is the Radon—-Nikodym decomposition of the symmetric gradient measure EvL@ (cp. Chap-
ter 4.3). We then make the following definition.

Definition 7.1 (Local Minimiser). An element u € BD(R) is called a local BD—minimiser
for § if and only if for every open Lipschitz subset w of ) there holds

Sulu; w] < Fulvsw] (7.2)
for allv € BD(w).

In the terminology of Chapter 4.3.2 and hereafter Definition 4.24 in the framework of
Dirichlet problems, we recall that a function v € BD(f2) is a BD-minimiser (over a given
Dirichlet class D,,, := ug + LDo(€2) for some uy € LD(?)) if and only if ;?uo [u] < §u0 [v]
for all v € BD(Q2). Since our main result will be of local nature, we briefly link the two
concepts as indicated above.

Remark 7.2 (BD-minima are local BD—-minima). Let u € BD(2) be a BD-minimiser
of §. For a given Lipschitz subset w of Q and an arbitrary v € BD(w), we put w :=
T,v + Ig\gu. By the classical BD—gluing principle (cp. Theorem 4.8), w € BD(Q?). By
definition of BD-minima, we have §u,[u] < u,[w] and thus, working from the definition
Of S’U.()?

Fuulul = [ sEwar+ =

NG f(Ew)dw+ -/w = <d E5u|) 4Bl

dEu
+ oo dEsu+/ ©(Tr(ug — u) @ vgg) dH™ !
/Q\uf (d|ESU> B an (Tr(uo —u) O von)

dE
F(&u) dz +/wf°° (<;1|EUU|) d| Esvl

< Fuolw] = / f(Ev)da +

o0\w

dEu
[e’e) Es oorI\r _ n—1
+/Q\wf (d|ESu>d u|+/mf (Tr(uo — u) © voo) dH

+ [ f(Tr(u—v) O vay) dH™ L,
Ow
where a ® b := %(abT +ba") for a,b € R™ is the symmetrised tensor product. Now, the
obvious cancellations yield that u is a local BD—-minimiser.

7.2. Main Result

We now pass to the description of our main result which, in turn, is a generalisation
of Theorem 1.1 in ANZELLOTTI & GIAQUINTA’s article [22]. The main feature of this
result is that the convexity assumption is rather weak and does not rely on any uniform
bounds on the second derivatives from below. In the terminology of SCHMIDT [211], this
is a local-in—phase—space CV* —regularity result, and to both highlight its generality and
explain its limitations, we firstly contextualise this partial regularity result.
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7.2.1. Partial Regularity As we have seen in the introductory chapter (cp. Exam-

ple 1.4), in the vectorial case we cannot expect full ChH* regularity of minima. Hence,
the correct notion of regularity is that of partial reqularity, and we now proceed with a
formalisation of this concept (cp. [33, Chpt. 4.3], [176, Sec. 4.2] and [128, Chpt. 9]). Let
u € Lig (4 RY).

Given 0 < a < 1, we define the regular set of u (of order «) by

1
Reg(u; ) := {zg € Q: wis of class C™* in a neighbourhood of zo}. (7.3)
Accordingly, we define the singular set of u (of order «) as the complement of Reg(u; «)
in €, ie., Sing(u; ) := Q \ Reg(u; ). In the following, we say that the mapping u is
partially reqular provided
Z"(Sing(u;)) =0 and  Reg(u; «) is open (7.4)
for all 0 < a < 1. The (full) regular set of u, Reg(u), consequently is given by
Reg(u) :== {9 € Q: VO < a <1: uisof class C"* in a neighbourhood of 2o},

and partial regularity proofs often? reveal as a by-product that Reg(u; o) actually does not
depend on « so that Reg(u) = Reg(u; o) for all 0 < oo < 1. We put Sing(u) := Q\ Reg(u)
and further remind the reader of the traditional notations (cp. [128, 33, 176])

‘Qu := Reg(u) and ¥, := Sing(u). ‘

By the Campanato—Meyers characterisation of Holder continuity (cp. Theorem 2.27), we
can translate the definition of the regular and singular sets into mean value integral
characterisations. In fact, in a plenty of situations, the singular set can be characterised
as

S = {zo € Q: liminf][ | Du(z) — (D), |P dz > 0}

™0 B(zo,r) (75)

U{zo € Q: limsup |[(Du)g,,r| = +o0}

N0

for some given 1 < p < oco. In the situation at our disposal, we must keep track of
the fact that the gradients or symmetric gradients of minima are measures. Thus, a
characterisation of the singular set as in (7.5) must also include a suitable control the
singular parts D%u or E’u, respectively.

Partial regularity results in the convex setting have been witnessed a large number

of contributions (see, e.g., [122, 22, 4, ] to mention a few, and [121, 33, ] for
comprehensive overviews). Regarding problems involving the symmetric gradient, we
particularly wish to emphasize SEREGIN’s work [213, , ] and the monograph [115],

where also problems with linear growth are considered. However, let us remark that most
of the results mentioned above rely on strong convexity assumptions in that the bilinear
forms induced by the Hessian of the integrands satisfy prescribed lower bounds. For
future reference, we stress that this shall not be required in the case in the main part of
the present chapter.

Since partial regularity is a very weak notion and only requires .£"(3,) = 0, X,
nevertheless might be very large and thus one aims at quantifying its size. One option to
do so is to give bounds on the Hausdorff dimension (as introduced in Chapter 2, cp. (2.2))

1Strictly speaking, we would need to require this for a Lebesgue representative of u, and we will tacitly
assume this convention in the sequel.

2E.g., in the case of autonomous integrands, i.e., those without z—dependence. If z—dependence is
involved, then the regularity of the integrand with respect to z crucially matters, cp. [33, Thm. 5.9], for
instance.
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of the singular set, cp. [123, , , , , | and MINGIONE’s survey articles
[176, 177]. Here, the aim is to demonstrate dimy(X,) < n, and as will be established in
Chapter 7.8, this can be particularly achieved when dealing with the integrands which
are u—elliptic.

For later reference, let us now give and discuss the partial regularity theorem of
ANZELLOTTI & GIAQUINTA, here stated in the version as in SCHMIDT’s habilitation
thesis [211, Thm. 5.1]:

Theorem 7.3 ([22, Thm. 1.1]). Let Q C R™ be open and let f: RVN*" — R be a convex
integrand such that lim,|_ |f(2)|/|z] < co. Moreover, assume that

(a) f is of class C* in a neighbourhood of some zy € RN*" together with f”(z9) > 0 in
the sense that (f"(20)€,€) > 0 for all € € RNX™\ {0},

(b) u € BVio is a local minimiser of the functional Fv] := [, f(Dv),
(¢) Du has £"—-Lebesgue value zo at a point xg € Q in the sense of

lim | Du — 202" |(B(zg, 7))

N0 Zn(B(zo,1)) =0

Then u is of class C* for all 0 < a < 1 in a neighbourhood of xo.

The decisive feature of this theorem besides convexity is that the remaining conditions
on the integrand f are required in an arbitrarily small neighbourhood of the reference
point zy € RV*" (which, following [211], may be referred to as almost localised condi-
tions). In particular, no uniform growth condition is imposed on the Hessian f” so that
any strictly convex C2-integrand of linear growth f: RN*" — R satisfies the conditions
given in the theorem. We wish to compare this with the substantially stronger convexity
condition of p—ellipticity. In this case, we have an explicit growth bound from below
given by (1 + [£[2)7#/2|n|? < (f”(€)n,n). By Remark 5.1, there is no positive result on
the W regularity of generalised minima for if w > 3, but by Theorem 7.3 from above,
partial regularity still holds true: Similar to Chapter 6, the theorem allows for arbitrary
degeneration of the second derivatives unless C>—strict convexity is violated. Therefore,
whereas higher Sobolev regularity requires a strong convexity condition, partial Holder
regularity survives in the presence of non—uniformly convex integrands.

Let us see how Theorem 7.3 implies partial regularity and hence suppose that f is
strictly convex. By Lebesgue’s differentiation theorem (cp. Theorems 2.3 and 2.4), for any
R™-valued Radon measure p on €2 and .£"-a.e. xg € €2, there exists the finite Lebesgue
value

s i lim LB0.7))
07 N0 L (B(zo, 7))

Applying this to the Radon measure g = Du shows that the conditions on xg of Theo-
rem 7.3 are fulfilled at Z"—a.e. element of ) and so the partial regularity in the sense of
(7.4)ff. follows immediately.

However, we emphasize that other than in Chapter 6 (in particular, Theorem 6.7),
we do not assume radial symmetry of the gradient. As shown in [35] (also compare
[211, Chpt. 4.3]) much stronger results apply in this situation and full regularity can be
established. In view of Remark 1.5 (that is, the symmetric gradient destroys the good
structure provided by radially symmetric integrands), we are mainly interested in a partial
than full regularity result when considering local minima of (7.1). This, in turn, is the
objective of the next paragraph.
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7.2.2. The Main Result, Structure of the Chapter and Discussion of Obstruc-
tions We now come to the presentation of the main result of this chapter and hence the
adaptation of Theorem 7.3 to the symmetric gradient case.

Theorem 7.4. Let f € Cz(ngﬁ) be conver and of linear growth in the sense that

my, oo cernxn | f(2)]/]2] < oo. Suppose that u € BD(Q) is a local BD-minimiser of §

sym

given by (7.1). If (x,z) € Q x REX"™ is such that

ey BB R)]
éu,m'ézu |do + Z"(B(z, R)) 0 (7.6)

and f"(z) is positive definite, then there holds u € CY*(U;R™) for a suitable neighbour-
hood U of x for all 0 < o < 1.

lim
R\0

Note that the condition (7.6) is a reformulation for the symmetric gradient case of part
(c) in the gradient case, cp. Theorem 7.3. Similarly as for Theorem 7.3, the preceding
theorem immediately implies partial regularity: Indeed, by the Lebesgue differentiation
theorem for Radon measures (cp. Theorem 2.3), £"—a.e. x € Q is a Lebesgue point for
e(v) and so the assumptions of the previous theorem are satisfied. In conclusion, if we
put for v € BD(Q)

~ . | ESv|(B(z, R))
Q, = € Q: lim Ev— (& s |dy+ ——————— =0 7.7
{x N B(x,R) G0 = (E0)nen)ldy Z"(B(z, R)) (1)

we consequently gain openness of Q. together with £™(Q\ Qu) = 0. Moreover, we have
Qu = Q. In fact, it actually suffices to establish the requisite decay estimates (which
lead to (7.7)) on the level of symmetric gradients. In fact, once this is achieved, we use
boundedness of singular integrals of convolution type on the Holder—Zygmund classes
Bl « (cp. Chapter 2.5.2) to deduce that if (v) is of class C%* in a neighbourhood of
some x € (), then so is Dv in the same neighbourhood. Using the same method, we also
obtain a regularity result for integrands of p—growth, 1 < p < oco:

Theorem 7.5. Let f € CQ(ngXn?) be convexr and satisfy, for some 1 < p < 00, ¢1/£|P <
(&) < a1+ [€]P) for all £ € REKT with two constants 0 < ¢1 < ca < 00. Suppose that

u € WHP(Q;R™) is a local minimiser of § given by (7.1). If f"(2) is positive definite for
any z € RIX™ then there exists an open subset b, of Q such that Z™(Q\ Q,) =0 and

sym 2
w is of class CY® in a neighbourhood of any of the elements of .

The novelty of the previous result is that, albeit partial regularity results in the super-
linear growth regime are well-known, they usually rely on strong convexity assumptions;
see [115]. Here, however, we only require positive definiteness of f”.

In proving the previous two theorems, we shall pursue an unified approach for both
p=1and 1< p < oco. To do so, we collect in Section 7.3 preliminary decay estimates
for linearised systems and consequently turn to specific types of Poincaré—inequalities in
Section 7.5. These shall be instrumental in the proof of Theorems 7.4 and 7.5. This,
in turn, is accomplished in Section 7.6. Finally, in Sections 7.7 and 7.8 we investigate
the implications for the dual solution (in the sense of convex duality) and the size of the
singular set.

As briefly mentioned above, we will directly work on the symmetric gradients and
hereafter also establish the partial Holder regularity for the symmetric gradients. In
what follows, we briefly explain why this is equivalent to the partial Holder regularity of
the full gradients.

For this, we firstly record the following lemma and refer the reader to Chapter 2.5.6
for the terminology utilised therein.
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Lemma 7.6 ([51, Thm. 1.1]). Let ¢: Ryg — Rxq be a ®-function. Then the following
are equivalent:

(a) ¢ is of class Ay N V3.

(b) There exists a constant ¢ > 0 such that for all balls B C R™ and allv € W"¥(B; R"™)
there holds

I Dv = (D0)s e ey < le(®) = ()l s
Lemma 7.7. Suppose that u € L, (R™;R™) is such that e(u) is of class C** for some
0 < o < 1 in a neighbourhood of a point xog € R™. Then Du is of class C* in a
neighbourhood of x.

Proof. The proof can be reduced to the mapping properties of singular integrals on Besov
spaces or accomplished by Korn—type inequalities in mean—value form, and we present
both approaches.

(i) Let us recall from Chapter 2.5.2 that for 0 < s < 1, the Holder spaces admit
a Besov—type (which we recall to be referred to as Holder-Zygmund—) characterisation:
CY*(R™) ~ B, o (R™). From Chapter 2.5.4 it follows that translation invariant singular
integral operators of convolution type map BY, ., — B3, .. Let u € Li.(R";R"™) and
0 < a < 1 be such that &(u)|p(z,,r) € CY(B(o, 7); RE) and let p € CL(B(z0,7);[0,1])
be such that p = 1 on B(zg,7/2). Then v := pu satisfies e(v) € C**(R™; RE) and since
by Chapter 3.2 the map

CZ(R™RYL) 3 e(p) = Dy € CF(R™; R™*™)

extends to a translation invariant singular integral operator of convolution type on C%¢,
we deduce that v itself must be of class C* on B(x,7/2) (as V|B(zo,r/2) = UB(z0,r/2))-

(ii) For any 1 < p < oo and any ball B, we have C%*(B;R") ~ £P"+°P(B; R") with
the Campanato spaces £4* as introduced in Chapter 2.6.1. This yields in particular
LEnre(QR") ~ LPnTar(Q;R™) for p > 1. We apply Lemma 7.6 with the particular
choice® p(t) := %|t|p (which is a ®—function) together with ¢ € Ay N Va. Hence,

1

1
g | Du — (D) gy r|P dx < c— le(u) = (e(u))ge.r|P dz < C,

B(zo,7) 7P JB(wo.r)
where C' > 0 does not depend on r > 0. Hence we conclude that Du itself is of class C%®
in a neighbourhood of zg. O

Let us finally remark that our choice of method of proof is due to its direct nature,
meaning that no argument by contradiction is involved. In the linear growth regime,
indirect methods such as the blow—up approach are difficult to apply, cp. Chapter 8.3.
On the other hand, the method of A—harmonic approximation strictly requires a strong
(quasi—)convexity condition which, in the situation as dealt with in Theorems 7.3 or 7.4,
is not available.

The approach we use here rests on comparing minima with their mollifications. It
therefore exploits, in a crucial manner, the convexity of the integrands. The deeper reason
for this is Jensen’s inequality (cp. Lemma 2.9) which is available for conver functions
only*. In fact, let n € CZ°(R™; [0,1]) be a compactly supported function with [[9|[11gn) =

3Here we need to work with the Luxembourg norm, cp. Chapter 2.5.6. However, if ¢(t) := %Mp, then
its Luxembourg norm equals the usual LP—norm.

4Jensen—type inequalities in the quasiconvex setting are available for Young measures (cp. [188,
Thm. 4.7] and the remarks afterwards), but it is not clear to us how to adapt the method as presented
here fruitfully to the latter.
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1 and put, for ¢ > 0, n-(x) := e~ "n(z/e). Then we equally have ||| @) = 1 and
thus p. defined as the absolutely continuous measure (with respect to £") given by
dpe = n.dZ"™ is a probability measure on %(R™). Hence, by Jensen’s inequality, if
u € LY(R™;R™) and ¢: Rsq — Rs is convex, then we have for .#"a.e. x € R"

n

elr @) =¢ ([ ute-2a0) < [ plute =) dnele) = (0o «n)(o)
The point where the availability of Jensen’s inequality enters in the most crucial manner is
Lemma 7.20, whose application to the quasiconvex case is not clear (also cp. [22], remark
before Lemma 5.1 therein).

7.3. Decay estimates for the linearised systems

Aiming at a comparison with solutions of linear elliptic systems that depend on the
symmetric gradients in the partial regularity proof, we collect now decay estimates for
such mappings. To this end, let €2 be an open and bounded Lipschitz subset of R™ and
consider for w € W2(Q; R") the variational principle

to minimise F[v] := / g(e(v))dx over v € w+ W2 (4 R"), (7.8)
B

where g(&) := (A&, )+ (b, &) +c is a polynomial of degree two with arbitrary b € R2X™ and

sym
c € R, whereas we assume that A: R{7T" x RET® — R is bounded and, moreover, elliptic

m

in the sense that there exists £ > 0 such that (A&, &) > (|¢|* holds for all £ € RZS". As
a small variation of [115, Lemma 3.0.5], we provide the following lemma for the reader’s

convenience:

Lemma 7.8. There exists a unique solution u € w + W2 (€;R™) of (7.8). Moreover,
this solution satisfies the following:

(a) There exists a constant ¢ = c(n,€) > 0 such that if B(z,R) € 2, then for all
0 <r < R/2 there holds

r

) n+2 )
/}3(“) le(u) — (e(u)).|"dz < c (§> /B(z,R/Q) le(u) — (e(u))..n/2|* da.

(b) There exists a constant ¢ = c¢(n, £) > 0 such that if B(z, R) € Q and @ € CH*(Q;R™),
then

[e(w)]co.a(B(z,r2)mnxn) < cle(W)]co0B(z,r/2)iRN*n)-

Proof. The existence part follows along standard lines, and can be established as in Chap-

ter 5 for quadratic functionals. Let A: RET® X R — R be an elliptic bilinear form. In

a bit greater generality than actually needed, we consider the linear system
—div(A(e(u))) = —div(f) (7.9)

for f € L2(Q;R§yxn?). Let u € Wl’Q(Q;R") be a weak solution to this equation, i.e., u
satisfies

/(As(u),e(cp)>dx _ / (fre(e)de  forallp € WA(Q:R™).  (7.10)
Q Q

(i) Firstly assume that f = 0. Our first goal is to show that u € C*°(Q; R™). The proof
is a simple variant of the difference—quotient type technique as employed in Chapter 5.
Let xop € Q and choose R > 0 such that B(zg,2R) € . We pick a cut—off function
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p € CL(B(zo,2R); [0,1]) such that p = 1 on B(zo, R) and |Vp| < %. Let s € {1,...,n}
and define for |h| < dist(B(zg,2R); 002) the test function ¢ := Ag _p(p?Ag pu). Testing
(7.9) with ¢ and recalling |Vp| < C/R, we obtain after integration by parts for difference

quotients, Young’s inequality and using ellipticity of 4 that®

c
/ A pe ()2 da < = A puf? de.
B(xo,R/2) RE JB(a0,2R)

By Korn’s inequality and the usual difference quotient-type characterisation of W2,
the right side is uniformly bounded in |h| and so is the left side. Passing |h| | 0 yields
validity of the previous inequality with Os instead of Agj. Note that 0s o € is an el-
liptic second order differential operator and hence, in the terminology of Chapter 3.2,
possesses a Green’s function. By boundedness of singular integrals of convolution type
on L? (cp. Chapter 3.2), we obtain u € WQ’Q(Q;R") and, noticing that with u also 0%u

loc

is a weak solution of (7.9) (recall that f = 0), we obtain u € W2(€; R™) for any k € N.

loc

(ii) Let now 0 < r < 2r < R < dist(zq, Q) and p € CL(B(xo,2r);[0,1]) be a cut—off
function with |Vp| < C/r and p =1 on B(zg,r). We put ¢ := p?(u—r), where r € R(f)
is an arbitrary rigid deformation. Testing (7.9) with p(€ W4?(€2; R")) and using Young’s
inequality yields the Caccioppoli—type inequality

c
/ ewPdr < < - 2 da, (7.11)
B(zo,r) 7 JB(x0,2r)

where C = C(n,|A],¢) > 0 is a constant and still f = 0 is assumed. In fact, testing as
indicated, we obtain

/Q<v4€(u), p*e(u) +2pVp ® (u—r))dz = 0.

By the ellipticity assumption on A, we have for a constant C' > 0 and all ¢ > 0 (with
another constant ¢ = ¢(g) > 0)

E/Q\ps(u)\de < C’s/ﬂ|ps(u)|2dx+c(5)/9|(u—r)@Vp|2d:r,

and thus, choosing € > 0 sufficiently small, we may absorb the first term of the right hand
side into the left hand side. Consequently, recalling |Vp| < C/r yields (7.11).

We now let p € C°(B(zo,7/2);[0,1]) be a smooth cut-off with 1g_, < p < 1p,_,
(where B,. := B(zg,r)) and |[Vp| < 8/r. In a next step, we recall the Korn—type inequality
from Proposition 3.9 to conclude after expanding terms that

/Q (V0?) ® (u — (w))? +2(V0?) ® (u — (w)), o7 Dut) + |2 Duuf? dz
- / D2 (u — (u)p)) de
Q
<C [ el u—@n)Pde (oy Kom)
<c / (V%) © (1~ (w)p)|? da
Q

+ac /Q (V%) © (u — (w)s), pPe(u)) + [pe(u)? d.

5These steps are similar but accomplished in a substantially easier way than the finite difference
approach of Chapter 5.7.
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Since the first term on the very left hand side of the preceding chain of inequalities is
positive, we conclude by use of |a ® b| < |a ® b| for all a,b € R™ and Young’s inequality
for arbitrary € > 0 (and a corresponding constant c¢(¢) > 0)

/|p Du|?*dz < (C +¢ /|Vp (u)B)\zderCs/ |p? Dul? dz
Q
+ (C+c(5))/ |p%e(u)|? dz.
Q

In turn, choosing € > 0 sufficiently small, we may absorb the second term of the right
hand side of the previous inequality into its left hand side. Recalling the Caccioppoli—type
inequality (7.11) and applying it with B(zg,r/2) instead of B(xg, ), we then find

/ | Dul? dz </ |p? Du|? dz
B(zo,r/4) Q

<c/( TP © (0= st

(7.12)
+C le(u)]? dz
B(zo0,r/2)
= (WG |
<C ——0 2 da,
B(zo,7) r

where we additionally used the fact that the rigid deformations contain the constants.
It is also clear that the same inequality remains true when (u)g(g,,r) is replaced by any
constant a € R™.

(iii) By Morrey’s embedding, [[ul[roc(By ,irn) < cllullwn2B,,,mn)- In consequence,
iterating steps (i) and (ii) with r = 0, we obtain for r < R/2

[ul* dz < er™{|ullfe 5 e
/Br (Br/2;R™) (7.13)

< AR [ullfyn 2y, pimny < COR)T/R)™ [ullf2 3 mm),

and a simple rescaling argument yields that C (R) does not depend on R. Now note that
if u is a weak solution, then so is u — r, where r € R(2) is the uniquely determined rigid
deformation such that fBr lu —r]?dr < er? fBr le(u)|*dz (as r is an affine function, it
can be extended from B(zg,7) to Q). In consequence, we obtain by use of the Sobolev—
Poincaré Inequality in its symmetric gradient form

/ lu —r|?dz < cr2/ le(u)|* d
B. B,

< C(%)Q/B lu—r2da (by (7.11))
< c(%)"+2 /BZR lu— 12 da (by (7.13)).

On the other hand, invoking the usual Poincaré inequality now in conjunction with (7.12),
we obtain similarly

2 r\"t2 / 2
_ < _ _
4Ju<wwm\c@9 [ - oata

and record that, since with u also dsu for any s € {1,...n} is a weak solution, the previous
estimate holds true when consequently replacing u by Jsu.
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Now, put W(z) := u(x) — (e(u))gz. By the preceding estimates, we obtain for 0 <
r< i
S 2

a(z):=(Du),x

u) — (e(w)),]? dz < u—a)l?de = u — (Du),|? dz
/&,'E()(“”'d < /|D< )2 /\D (Du), 2

s s

r

+2
<C (*)n / | Du — (Du)gys* dz
R Br/2

r

<C (E)n+2 /BR/2 |Du — &2 dz = (%).

for all £ € R™*™. In the next step, we choose a rigid deformation r € R(B(xo, R)) such
that [|[W — r”iz(B(zo,R);lR") < CR2”E(W)||iQ(B(zO,R);R;’yX,,;")’ where C' > 0 does not depend
on R. We put £ := (e(u))g + Dr. We then note that DW + (e(u))r = Du and hence

=c()" [ 1Dt (ew)e gL da
R/2

r

e (E)"+2 /BM ID(W = 1) da = (#+).

Clearly, by linearity, the map (W —r) is also a weak solution to the system at our disposal
(with respect to its own boundary values) and hence satisfies

() = C (%)M % [ werpa<c (%)"“/B le(W)[2 da
< c(%)””/B le(u) — (e(u)) a2 da.

Adjusting r, R > 0 in a suitable way consequently yields the claim.

(iv) We now pass to the case f # 0. We write u = v+ V, where v € u+ Wy *(Bg; R"),
v solves div(A(e(v))) = 0 in Bg and V € Wy*(Bg;R") solves div(A(e(V))) = div(f)
weakly in Bg. We consequently obtain (as fBR le(u)—(e(u))p,|? dr < 2fBR le(u)—al? dx)

24z < c/ le(u) — (e(v))s, 2 da

r

] letw) = (e,
< c/BT le(v) — (e(v))B, |* dz + 2/13 le(V)[? da

r

<o) [ 1et) - ctonmaldr e [ et as
< c(%)n+2 /BR le(u) = (e(u))p, |* da +c/BR (V)2 da.

Here we have used that v solves the homogeneous system and hence the previous decay
estimates apply. On the other hand, V' is an admissible test function for the equa-
tion div(A(e(V))) = div(f) = div(f — (f)Bs), and using the ellipticity of A in con-
junction with Young’s inequality, we moreover find that [le(V)|ly2(p,.zrxn) < C(O)|f —

sym')
(f)BRHLz(BR;]R 1 Xn Hence,

sym )’

r n+2
/ eu) = (e(w)s, [*dw < o 5 / le(w) — (e(w))p, | da + c/ 1f = ())rl* da.
B Br Br
In particular, if f is constant, then the last term in the previous inequality vanishes iden-
tically and the claim follows.
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(v) We now indicate how (b) can be established and firstly note the weak solutions of
the systems

o [EAR) =0 iR v A(e(@) = —div(A(e(w) n .
YYu=w on 60’ Na=o0 on 69’

are linked by u = 4@ —w. Put f := A(e(w)) in (iv) to deduce for a fixed 0 < 7 < 1 with
O(s) = [y, le(u) — (e(w))s|* dz
(TR) < 7" ®(R) 4 cR" 7 [A(e(w))] g2+ 20 (@rdxn)-

In this situation, the iteration lemma [33, Lemma B.3] completes the proof of the local
statement by use of the Campanato characterisation £P"teP = C%% of Holder continuity.
Gathering the estimates provided so far, the boundary estimates then follow in a standard
manner, cp. [128, Chpt. 8.4]. O

7.4. Estimates on an auxiliary map

In the main part of the proof, it is convenient to work with an excess quantity that is
defined by use of a function which we discuss in this section. Throughout, we will think
of 1 < p < o as fixed and hereafter put

e(t) :==ey(t) == (14 [t|))P2 -1, teR. (7.14)

By slight abuse of notation, we also denote for given m € N the function e: R™ — RS‘
defined by

e(§) = ey([¢]) == (1 + [¢[*)"/? — 1 for £ € R™,

and no confusions will arise from whether we are dealing with the scalar or vectorial
variants throughout. For future reference we collect some preliminary estimates on e.

Lemma 7.9 ([22, Prop. 2.5]). Let 1 < p < oo and define e by (7.14).

(i) There exists a positive constant ¢ = c¢(p) such that for all A,B € R™ and allt > 0
there holds

e(tA) < c max{t?,t*}e(A) and e(A + B) < c(e(A) + e(B)).

(i) Given L > 0, there exist positive constants Cy = C1(L,p) and Cy = Co(L,p) such
that for all A € R™ with |A| < L there holds

C1|AP? < e(A) < Gy A%

(i11) There exists a constant £ = £(p,m) > 0 such that for all A € R™ there holds
Cmin{|A]”,|A[2} < e(A) < ¢~ min{|A[",|A[?}.
We finally record the following lemma that helps to encode the Holder continuity in

terms of integrals that depend on e. We state the relevant result for p = 1 only, but the
generalisation to 1 < p < oo is straightforward.

Lemma 7.10. Suppose that u € BDjoo(R™) satisfies for some xy € R™ and some 0 <
R<1

/ o(|Bu — (Bu)uy pl) < CRM20
B(zo,R)
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Figure 7.1: Not—to scale construction in the proof of Proposition 7.11.

for some C > 0. Then there erists a constant C' > 0 whose value continuously depends
on C' such that

/ | Eu — (Bu)a, 1| < C'R™, (7.15)
B(zo,R)

Here, we have put (Eu)y, » := Eu(B(zo,7))/ZL"(B(zo,7)).

Proof. Tt suffices to argue for u € LDjo.(R™) first. By the preceding lemma, we have with
b = ¢71 that if |2| > 1, then |z| < be(z), and if |z| < 1, then |2|? < be(z). Denoting
v:=¢e(u) — (e(u))z,,r, We split

[ wa= [ oldy+ [ ol dy
B(xo,R) B(zo,R)N{|v|<1} B(zo,R)N{|v|>1}

<3WMmﬁwmm<m<f M%Q
B(zo,R)N{|v|<1}

+b/ e(|v])dy (by Jensen)
B(zo,R)N{|v|>1}

N

< Z"(B(zo, R))7b? </ e(|v)dy> + b/ e(|v]) dy
B(wo,R) B(I07R)
< 2" (B(zo, R)) 20} (CR™2%)% 4 bCR™OR™ < O'R™,

with ¢’ = 2(b2C 3 4 bC'), where we note that the penultimate inequality is valid by as-
sumption (also recall that R < 1). Using a standard area—strict approximation argument,
the proof is complete in the BD—case, too. O

7.5. Poincaré—Type Inequalities

The purpose of this section is to provide inequalities of Poincaré—type that help to
control the L'-distance of a BD-map to its mollification in terms of the mollifications
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radius. In the full gradient setting (or if p > 1 by use of Korn’s inequality) we can ex-
actly follow the standard approach in establishing such inequalities (cp. [97, Chpt. 4.5.2,
Thm. 2]), but this is not possible due Ornstein’s Non-Inequality if p = 1 (also cp. Re-
mark 7.12 below). On one hand, these inequalities are crucial for the proof of the partial
regularity result, Theorem 7.4, but are of separate interest, too. Hence we will discuss
various approaches to such inequalities.

As usual, by a standard mollifier we understand a positive, radially symmetric and
continuous function p: B(0,1) — Rxo with ||p[|11(5(0,1)) = 1. Given & > 0, we denote the
rescaled versions p.(z) := e "p(z/e) for z € R™.

Proposition 7.11. Let Q CR" be an open Lipschitz subset and suppose that () € Qisa
relatively compact subset with dist(€2,0Q) > 0. Let p € C°(B(0,1);[0,1]) be a standard
mollifier. Then for every a > 0, there exists_a constant C' > 0 which only depends on p
and a > 0 such that for all 0 < e < dist(£2,09Q) and all u € BD(Q) we have

/ |u — pe *x ul dr < Ce | Eul(Ngae (), (7.16)
Q

where Ny(Q) := {z € Q: dist(z, Q) < t} is the t-neighbourhood of Q.

Proof. We first assume that v € LD(Q2) and shall finally argue by strict denseness to obtain
estimate (7.16) for BD-functions. Let ¢ > 0 be given. In what follows, we consider an
arbitrary lattice of the form I'. := ﬁZ" and € > 0, where K (n) > 0 is chosen later on.

We denote Q the collection of all (closed) cubes @ which can be written as

Q= [ﬁkl, %n)(kl 1)) % .. x [ﬁkn, %(/ﬁn +1), (kyy k) €27
and put Q' :={Q € Q: Z"(QNQ) > 0}.

Given any cube @ C R” of sidelength ¢(Q) > 0 and a > 0, we denote Q, the cube
with the same center as @) but with sidelength af(Q), i.e., if @ = z + K(Q)[—%, %]”, then
Q=2+ aé(Q)[—%, %}" Given QQ1,Q2 € Q, we say that Q1, Qs are neighbouring cubes
if and only if Q1 N Q2 # 0. Given Q € Q, we denote N(Q) the collection of all its
neighbouring cubes, and this terminology canonically extends to cubes with edge points
in an arbitrary given lattice. Note that for any ) € Q there are only finitely many
neighbouring cubes in Q, and the maximum number of such cubes only depends on n.

For each @ € Q, we may therefore enumerate
N(@Q) = {Dé), ...,Q’Z;}

where QiQ € Q,i=1,...,k, with k£ only depending on n. For later purposes it is convenient
to arrange the labelling of the single neighbouring cubes as follows, and for this it is conve-
nient to work with the standard lattice. Choose a fixed labelling {Q[l_l Lo QF_; ;]n}
272 272
of the neighbouring cubes with edge points in %Z" for the unit cube C := [—%, %]" (with
the obvious meaning). Let z € @ be the center of the cube ) and define the affine-linear
mapping T, : R” — R" by T, := z + Id. Then we arrange Qg = Tz(ﬁ E—l ;]n) for all
272

i=1,... k.
Given a > 1, choose K (n) > 0 so large such that for each Q € Q" we have Q+¢[0,1]™ C
Nae(2). Let us note in advance that for any cube @ € Q and any v € Li, (R™;RY) we

have

/\ps*v|dx</ lv| dz. (7.17)
Q UN(@Q)

Here, UN(Q) := UQ’EN(Q) Q’, where Q' is a cube which is obtained by blowing up @’
by a fixed constant x(a) > 0, such that (JN(Q)(C Na:(2)) contains spt(pe * ulg). In
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particular, note that (JN(Q) is a cube itself, and we find a constant A = A(a,n) such
that UN(Q) = Q for all Q € Q.

In view of our main estimate, we firstly decompose

|u — pe *u|dx = /|u—p*u|dx
Jumoeertaz= 52 [

QeQ’

< Z/Qups*umz—(*).

QeQ’

To estimate (x), let @ € Q' be arbitrary but fixed. We choose a rigid deformation
Rg € R(R™) such that

/ lu— Rou| dz < CZ(QA)/ le(u)| do
Qx Qx (7.18)
- C)\E(Q)/ ()| dz = C’)\e/ le(u)| da.

A A

Next we note that since R(R™) is a subspace of the polynomials of degree at most one,
and therefore all of its elements are harmonic. Therefore, as a consequence of the mean
value property of harmonic maps, convolution with radially symmetric smooth mollifiers
is the identity operator on harmonic mappings. As a consequence, for each cube we have
(pe * Rg)|lo = Rg. We now go back to () and further estimate

()= 3 [ Ju=pes R+ posRo— pevuldo
Qe Q@

< Z/|u—p5*RQ|dx+/\pa*(u—RQ)|dx
Q Q

Qe

<3 [ 1= Rolde+ [ pox(u-Ro)lds (7.19)
Qe @ Q

<y / |u—RQ|dx+/ = Roldz  (by (7.17))
Qe 7@ x

<2 Z/ lu— Rq|dx (as @ C Qy forall Q € Q).
QEQ ¥ *A

At this stage we invoke Poincaré’s Inequality, cp. (7.18), to conclude with a constant
C=C(n,a)>0and x(a) >0

(x) <Ce Y /Q le(u)|de =Ce > C(n)/ le(u)| da

QeQ’ Qe UN(@)
k

=Ce)y Z/ e(u)| dz
j:1 QE Q/ n(a)QJQ

k
< OsZ/ le(u)) da
j=1"N

ac ()

< C’E/ le(u)] dz.
Nae ()

In the penultimate estimate we used that by the specific labelling of the neighbouring
cubes, for each i = 1,..., k we have Z"(Qf, NQL,) = 0 given Q,Q’ € Q" and Q # Q' and
that Ugeor K(a)Qf C Nac ().
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Collecting estimates, the proof is complete for v € LD(€2). Now let v € BD(Q2) and
choose a sequence (u;) C C'(Q;R") NBD(Q) C LD(Q) which converges to u in the strict
topology (cp. Chapter 4.2.1). Then we have by N.(Q) C

[upexudos [ u=wldes [ oo upldet [ fus - porlds
Q Q Q Q

<2/|u7uj\dx+/ le(u;)|do =: I; + 115,
Q Nac ()

where we have used in the last step that the claimed estimate is already at our disposal
for LD-maps. Clearly, we have I, — 0 as j — oo by strict convergence u; > w. On the
other hand, we have

limsupII; < Ce| Eul(Nae(£2)).

Jj—oo
The proof is complete. O

Remark 7.12. The inequality just proved needs to be put in the context of the usual
Poincaré inequality, cp. Chapter 3.5. Without going into the above proof, suppose that the
right side of (7.16) wvanishes so that e(u) =0 £"—a.e. and hence u € R(Ny:()). Then
the left side is zero too as convolutions with standard mollifiers leave harmonic functions
unchanged. On the other hand, it does not seem fruitful to write out the convolution with
pe since in this situation,

() — pe * u(x)| =

[ (e =) = u@)patv) .

and in light of Ornstein’s Non—Inequality, the attempt to bound the integral of this ex-
pression against the L'-norm of e(u) is not clear to us provided we wish to produce the
factor € on the right side of (7.16) instead of €® with 0 < s < 1. The latter corresponds
to the embedding BDio. — Wfoi for 0 < s < 1, but this does not seem good enough for
the partial regularity proof below.

We now turn to a version of the inequality (7.16) involving the auxiliary map e as
introduced in the previous section.

Corollary 7.13. Let Q C R be open and suppose that ) € Qisa relatively compact
subset with dist(2,0Q) > 0. Let p € C*(B(0,1);[0,1]) be a standard mollifier. Then for
every a > 1, there exists a constant C > 0 which only depends on a and p such that for
all 0 < e < min{1,dist(2,0Q)} and all u € BD(Q) we have

| elu=pe = ul) do < Ce (| B (Vo).

where e(|Eul|) needs to be understood in the sense of convex functions of measures, see

Section 4.3, and e(t) :== /1 + 12 — 1.

The version for p—growth integrands can be obtained in a similar manner. To prove
the corollary, we firstly need a Poincaré—type inequality involving the function e. For no-
tational clarity, let us recall that e can be defined both for scalar and vectorial arguments,
and we shall switch between these interpretations whenever convenient.

Lemma 7.14. Let Q) be an open, connected and bounded Lipschitz subset of R™. Then
there exists a constant C > 0 only depending on Q such that for all u € BD(Q) there
holds

inf /e(|u—a|)dx§C/Qe(|Eu|). (7.20)

a€R(Q) J
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Proof. The proof evolves around a contradiction argument and follows the lines of [115,
Lemma A.3.1]. We firstly prove the lemma for u € LD(2). Following [115], we hereafter
introduce the space

R(Q) := {w € LD(Q): /Q(w,v) dz =0 for allv € R(Q)}
and consequently prove that there exists a constant ¢ > 0 such that
/Qe(|u|) dz < c/ﬂe(|€(u)\) dz for all u € R*+(Q). (7.21)
Suppose that (7.21) does not hold. Then we find a sequence (uz) C R*(£2) such that
/ e(|ug|)dz 7 oo, sup/ e(le(ux)])dz =: b < 0. (7.22)
Q keNJq

Now recall that there exist constants A1, A2 > 0 such that [t| > e(t) = A1|t| — A2 for all
t > 0. We then deduce

/|uk|dx2/e(|uk|)dx%oo
Q Q

and

1
sup/ le(ug)|de < sup/ —(e(e(ug)) + A2) dz < co.
keN Jo keN Jo A1

In particular, it is clear that we may assume without loss of generality that [|uy (|11 rn) >
0 for all K € N. We put, for k € N, vy := up/[|ug||r1(rn) (Which consequently is well-
defined). Then we have |[vg[|1(q;rn) = 1 for all k € N and, on the other hand,

le(i)llp: @rrnxn
/ le(vg)] da = LUORED 00 ko oo
Q Hvk”Ll(Q;R")

We consequently record that (u) C LD(Q) is uniformly bounded. Since LD(Q2) ——
L (€;R™) by boundedness of 2 and our regularity assumptions on 02, we may extract a
non-relabelled subsequence and an element v € L*(Q;R") such that v; — v strongly in
L'(Q;R™). Tt is easily checked that v € LD(Q), and since vj, — v strongly in L'(Q;R"),

/|v|dx: lim / |vg| do = 1. (7.23)
Q k—oc0 Q

However, by lower semicontinuity of the total variation with respect to L'—convergence,
we have in this situation [, [e(v)|dz < liminfy_,o [, [€(vx)|dz = 0 and hence v € R(Q).
Note that it is at this point that we use the connectedness of 2.

On the other hand, R(Q) is closed with respect to L'-convergence. In fact, let
(z;) € RE(Q) be such that z; — 2 strongly in L'(Q;R") for some z € L'(Q;R"). Let
» € R(Q) be arbitrary. Then we find

/Q<z7cp)dx :‘/Q<z—zj,cp)dx

as j — oo. Here we used that R(Q2) C L>(;R™). So we have established that v from
above must also belong to R({) and thus v € R(Q) NR+(Q) = {0}. This is obviously at
variance with (7.23) and thus (7.21) is proven.

< H(pHLOO(SZ;R”) z — Zj”Ll(Q;]R") —0
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We now pass on to the full statement. Since R(£2) is finite dimensional, it possesses
an L?(Q; R")-orthonormal basis r, ..., rj; for some M € N, and we consider (in a similar
way as in Chapter 3.5) the projection 7: LD(Q) — R(£2) given by

M
m(w) =Y (v, wyzoprnri,  w e LD(Q), (7.24)

i=1
where (-,-)p2 is the usual L?~inner product. Note that this is well-defined as R(2) C
L>(2; R™). We then claim that for each w € LD(2) there holds
w— m(w) € RHQ). (7.25)
In fact, let w € R(Q2). Then we have

(L@m/WW»M§§L@JMAmwahL

On the other hand, we have for any i € {1,..., M'}

(rj,w—m(w))rz = (ri, w)r2 — (ri, 7(w))r2
M
= <riaw>L2 - Z(riarj>L2<rj7w>L2

j=1
M

= <I‘i, w>L2 - Zaij<rj’w>L2 =0
j=1

with the Kronecker symbol ¢;;. Hence (7.25) follows. In conclusion, we obtain by applying
the first part of the proof to u — m(u) € R(Q),

(7.21)

inf /Qe(|u—a|)dxS/ﬂe(\u—ﬂ'(u)Ddaz < C/Qe(e(u))dx,

a€R(Q)

and the lemma follows for v € LD(Q2). If v € BD(2), then we argue as follows. By
smooth approximation (cp. Lemma 4.9), we choose (uy) C C*(Q; R™)NBD(Q2) such that
ur — u area-strictly as k — oo. By finite dimensionality of R(2), for each k € N, there
exists ap € R() such that by (7.21)

inf /e(|uk—a|)dx=/e(|uk—ak|)dm<c/ e(le(uy))) dz
a€R(Q) Jqo Q Q

Now, since
[ etz < ¢ [ effu - audo + [ efful)ds
<c (/Q e(uk|)dx+/9e(|€(uk)|)dx> <C<oo

for some constant C' > 0 by strict convergence uy — u as k — oo, we conclude similarly
as above that [ax||11(orn) is uniformly bounded in k£ € N. By the Heine-Borel theorem,
there exists a suitable subsequence (ay ;) of (ax) and some a € R(Q2) such that ay;) — a
in any norm on R(£). Now, clearly, uy;) — ar;) — u — a strongly in L'(Q) and hence,
passing to a possibly another subsequence, we may assume without loss of generality
Up(j) — Ag(j) — U — a ZL"-a.e. as j — oo. Therefore, by Fatou’s lemma,

Jj—00

/ e(lu—a|)dz < liminf/ e(Jurgy — ar)l) de
Q Q

< Climinf [ e(|le(ug(;)|) dz = Ce(| Eul)(2).

j—o0 Q
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Here, the ultimate equality follows from the continuity part of Reshetnyak’s lower semi-
continuity theorem (cp. Prop. 4.18) which is available by area—strict convergence uy — u
as k — oo. Lastly, we trivially have

inf e(lu—al)de < /Qe(|u—a|)dx < Ce(|Eul)(©),

aeR(Q) Jq
and the proof is complete. O
Scaling in conjunction with Lemma 7.9(i) immediately yields the following corollary.
Corollary 7.15. Let v € BD1o.(R™). Then there exists a constant C' > 0 such for every
ball B(xo,r) C R™ there holds

inf e(lu — a|)dz < C max{r,r? e(| Eul).
aER(B(xo,T))/];(IO,T) ( ) { ¥ 5o (| Eul)

We finally come to the

Proof of Corollary 7.13. We adopt the terminology and notation of the proof of Proposi-

tion 7.11 and only indicate the relevant changes. Hence we embark on the proof at (7.19)

and obtain equally

[ eltu=pexud Z/ (|t — po + Rg + pe * Rg — pe + ul) da
Q Qe Q/

GZ/ |u—ps*RQ|>dx+/ e(lp- * (u— Rq)|) dz =: (+),

QeQ’

where the second inequality follows from monotonicity and convexity of e on R>q. By
Jensen’s Inequality, we further obtain

<C Z/ e(lu— Rgl)d

QeQ’

< C'max{e, %} Z / (| Eul) (by Corollary 7.15),
QeQ’

and at this stage the proof exactly evolves as that of Proposition 7.11. The proof is
complete. O

Moreover, let us remark that an inequality in the spirit of Corollary 7.13 involving
multiples of u and p. * u can be obtained by use of the inequality (for L > 0)

aeR(R™)

inf / e(L(u — a)) dz < max{Ll(Q), L26(Q)*}e(| Eul)(Q).
Q

In fact, if @ is the unit cube, then by the representation formulas due to RESHETNYAK
[200], we can write

u(x) = o) + /Q ke - e (y)dy, z€Q,

where k: Q — X(Rfyﬁ, R™) is a suitable Riesz potential kernel of growth k(z) ~ [2|'™"
and a € R(R™) is a suitable rigid deformation. For z € @, we define the measure p, as
the unique measure which is absolutely continuous with respect to Z™_Q and has density
|k(z — -)| (with respect to £"™). It is then not difficult to see that by the growth of k

we have 11,(Q) = ¢/(Q) for a constant ¢ > 0 which only depends on n. In consequence,
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since p, /1. (Q) is a probability measure on @ for every & € @, we obtain by Jensen’s
inequality and Lemma 7.9

/Qe(Lu—Loz)d /Qe<L/k(x—y) (u)(y )dy)dx
< [ e (tne(@ [ e = ulletwml s ) o

2 dy
g/@max{((Lux(Q)),(Lum(Q)) }/Q|k(xy)e(|€(U)(y)|)%(@dx

< Cmax{((LU(Q))., (LUQ))} / /Q |k<xy>|€‘(15)e<|e<u><y>|>dy
< Cmax{(LUQ)). (LE(Q))} /Q e(|e(u)(y)]) dy.

By translation and the corresponding change of behaviour of k, this estimate is seen to

be independent of @, cp. [200]. With this inequality in mind, a simple adaptation of the

proof of Proposition 7.11 yields in the same situation

/ e(L(u— pe xu))dz < c(a) max{((LL(Q) }/ e(e(u))dz, u e LD(Q),
Q Nac ()

and analogously for u € BD(Q2). Finally, if any of the estimates presented so far is invoked
to estimate the differences u — (us)e, then we simply write

u— (us)e = u —us + us — (Us)e

and apply the gathered estimates to u — us and us — (us)e separately. In the latter case,
the resulting integrals involving us are then treated by Jensen’s inequality by

/Q 9(Eus) < /N gy )

7.6. Partial Regularity

We now provide the proof of Theorem 7.4 and, following the strategy outlined at the
beginning of the present chapter, this is only a minor modification of the arguments of
[22] in light of the convolution—type Poincaré—inequalities of the previous paragraph. As
an important convention, we put

BD ifp=1
X={ . P=> (7.26)
WP ifl1 < p < oo.

Moreover to provide a unifying treatment, let us arrange that if integrals of the form
Jy f(e(w))dz with a convex function f: ngxn? — R of linear growth and v € BD(U)
appear then these integrals are tacitly understood in the sense of functions of measures,
see Chapter 4.3. That is, by slight abuse of notation, these are interpreted as fU f(Eu).
Lastly, to keep notation simple, we shall extensively utilise the symbol '<’ as introduced
in Chapter 2.1 whenever the precise knowledge of the constants appearing in estimates

are not strictly relevant.

7.6.1. The Excess In the subsequent paragraphs we shall work with two different excess
quantities. Keeping in mind that 1 < p < oo is fixed throughout and recalling the
definition (7.14) of the auxiliary integrands, we define for a given element u € X (),
z € Q and R > 0 such that B(z, R) C Q,

E(u; 2, R)

o (7.27)

E(u;z, R) ::/ e(e(u) — (e(u))z,r)dz and E(u; z, R) :=
B(z,R)



178 Partial Regularity for Symmetric-Convex Problems

7.6.2. Decay of Comparison Maps The purpose of this section is to provide decay
estimates for Holder continuous function which, in addition, satisfy a certain smallness
condition. Later on in Sections 7.6.3 and 7.6.4 we shall prove that suitable mollifications of
minimisers match these conditions and thereby make the results of this section available.
Throughout this paragraph, we fix m € R{X", o > 0 and assume that f € CZ(RQyXH?)
satisfies

NZP? < (f"(m)Z,Z) < A|ZP. (7.28)
for some 0 < A < A < oo and all Z € RE. Moreover, we assume that there exists a
bounded and non—decreasing function w: Rf — R with limy ow(t) = 0 such that for
all m’ € B(m, o) we have

|f"(m) — f"(m")] < w(jm — m’|). (7.29)
Finally, for 0 < 7 < R and v € C**(B(z,r); R™) we put

w € CH(B(z,r); R") }

w=vondB(zr)

Dev(v; z,r) := v)) — inf w))dx:
wzr)e= [ S { [, Hetw
t(v;z,7) := sup |e(v) — m|+ 2% “[e(v)]

0, W;Rnxn
o BEDR )

Notice that Dev is an indicator of how far v is away from minimising the variational
integral § restricted to B(z,r). Besides, the function t will prove useful to find the
mentioned smallness condition which is necessary to infer the decay estimate of the Holder
continuous comparison maps. Now we have the following result.

Proposition 7.16. Let0 < o < 1. Then there exists ¢c; > 0 such that the following holds:
If v € CH*(B(z, R/2);R") satisfies t(R/2) < min{c/c1,1}, then there exists a bounded,
non—decreasing function 9: R — Ry with limy o 9(t) = 0 such that for all 0 < r < R/2
we have

/ e(v) — (e(v)-.»
B(z,r)

n+2
2dz < r / e(v) — (e(v)), 2dx
() f 5@~ E@Dns

+19(t(R/2))/B( . le(v) — m[? dz (7.30)

+ Dev(v;z, R/2)

provided 1 < p < 2 and

f @ e s () [ i)~ o)t
+19(t(R/2))/B( o 60 e (7.31)

+ Dev(v; z, R/2)
provided p > 2.

Proof. The strategy of the proof is as follows: First, passing to the second order Taylor
polynomial of the integrand f we obtain an integrand g of quadratic growth to whose
minimisers we may apply the classical decay estimates for linear elliptic systems. Then we
show that the conditions of the present proposition are sufficient for these decay estimates
inherit to v in a way such that (7.30) follows. Moreover, we shall only prove (7.30); (7.31)
follows in the same way, and we will indicate where slight changes must be incorporated.
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We therefore begin by defining the auxiliary integrand g: B(m, o) — R through
1
9(Z) := f(m) + (f'(m), (Z = m)) + 5(f"(m)(Z — m),(Z - m)), Z¢&B(m,o).
Using a Taylor expansion of f up to order two around m, we deduce by (7.29) that
f(Z) — 9(2)| S w(|Z ~m|)|Z -~ m|*, Z e B(m,o). (7.32)

By Lemma 7.8, the solution h of the auxiliary minimisation problem

to minimise / g(e(w))dz among all w € WL *(B(z, R/2);R"), (7.33)
B(z,R/2)

where W12(B(z, R/2); R™) = v + W} (B(z, R/2); R"), belongs to CV*(B(z, R/2); R™).
In consequence, we have

r

2 n+2 )
a5 (F) /B<Z,R/2> le(h) = (e(h))zrjel* dz (7.34)

/ e(h) — (e(h))-.,
B(z,r)

for all 0 < r < R/2. Moreover, Lemma 7.8 (b) gives

[ePlcoe @rmmmRn ) S [EOco BT RRR ) (7.35)

We will now compare v with h. To this end, we first notice that

[ le) - (e
B(z,r)

deg/ le(v) — e(h)2 dz
B(z,r)
[ e~ (o) da
B(z,r)
+ / I(e(h)zr — (€(v))2p]? da =: T4 IT 4 TIL.
B(z,r)

We shall estimate IT by means of (7.34). Keeping this in mind, we turn to the remaining
two terms I and ITI. By Jensen’s inequality, we firstly find

I+I00< /
B(z,r)

v) —e(h)|*dz v)(y) — e(h)(y)]> dy dz
@ ezt [ f e -y
< ) e as

and by the minimality property of h we deduce through (7.34) that

r

m< (L) h) — (e(h 24
S(7) 7 [ )~ 0 ol e

r

: (EYH /B(Z,R/Q) [£(v) = (€(0)): 2l da

At this stage we note that the case p > 2 is covered by replacing estimate (7.34) by

r

[ e ez (2 e e

for all 0 < r < R/2; the rest of the proof then goes along the same lines as for 1 < p < 2.
Turning back to 1 < p < 2 and combining the estimates for I, IT and III, we need to
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estimate

/ le(v) —e(h)]?de S / (f"(m)(e(v) — e(h)), (e(v) — e(h))) d=
B(z,R/2) B(z,R/2)

Let us justify (x). We have

and, by symmetry of f(m),
(f"(m)(e(v) —m), (e(v) — m))

I

=
—~

8
=

™
—

>
~—

Hence we obtain

/ a(e()) — gle(h)) dz = / (f (m), e(w — b)) dz
B(z,R/2) B(z,R/2)

1

T3 /B (z,R/2><f”(m)€(”)’€(“)> — {(f"(m)e(h),e(h)) dz

—/ (f"(m)m,e(v —h))dr =1 J; + Tz + J3.
B(z,R/2)
On the other hand, expanding terms yields

/ (f"(m)(e(v) —e(h)), (e(v) — e(h))) dz
B(z,R/2)
= / (f"(m)e(v),e(v)) do — 2/ (f"(m)e(h),e(v))
B(z,R/2)

B(z,R/2)

+

/ (" (m)e(h), e(h)) da
B(z,R/2)

- / (" (m)e(v), e(v)) dz — 2 / (" (m)e(h), e(v — b)) da
B(z,R/2)

B(z,R/2)

- / (" (m)e(h), e(h)) da
B(z,R/2)

=27, 2/ (f"(m)e(h), (v — h)) da =: 2J5 — .
B(z,R/2)

It is not difficult to see by an approximation argument that the Euler-Lagrange equation
associated with (7.33) reads as

/ (F7(m)e(h),e(@)) dz =0 for all p € WOA(B(z, R/2):RY).  (7.36)
B(z,R/2)
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Therefore, v — h € Wy*(B(z, R/2); R™) qualifies as a test map in (7.36) and immediately
shows that J4 = 0. Moreover, since v = h on 9B(z, R/2) and both f/(m) and f”(m)m
are constant, we may integrate by parts to obtain J; = J3 = 0. In conclusion, we have

5 [ (). e) ~ (e et de = [ gle(w) - gle(h)do.
B(z,R/2) B(z,R/2)
which is ().

The integrals Iy, I5, I3 will be estimated separately. Among them, we readily obtain
through the definition of Dev and h that I < Dev(v; z, R/2). Now notice that h solves the
auxiliary problem (7.33) and hence we have that ||€(h) — m||p2g(.,r/2)mnxn) < [l€(v) —
m||;2(g(z, r/2);rnxn)- Therefore we deduce that

sup |e(h) —m| < sup [e(h) = (e(h)):,rs2l + sup [(e(h))z,rs2 — m|

B(2,R/2) B(2,R/2) B(2,R/2)
1
S R%[e(h)]co.e(B(z,r/2)mNn) + (][ le(h) — m|® dx)
B(2,R/2)
2
5 R* [g(’l})]co,a(B(Z’R/Q);RNn) + (][ |€(U) — m|2 dﬂ?)
B(z,R/2)

SR [E(U)]Cov‘*(B(z,RM);RN") + sup |e(v) —m]
B(z,R/2)

=: cot(v; 2z, R/2),

where ¢g = co(A\, A,n, N, M) > 0 is a constant. At this point we make our definition of
c1 > 0 as it appears in the assumptions of the present proposition by putting ¢; := cp.
Then, by assumption, we have that e(h)(x) € B(m, o) provided x € B(z, R/2) and so
Fe(h)(@) —g(e(h)(@)] S w(le(h)(x) —ml) e(h)(z) —ml? for all = € B(z, k/2) by (7.32).
In consequence, we obtain for I3

/ f(e(h)) — g(e(h)) dz S w(cot(v; z, R/2))/ le(h) — m|? da.
B(z,R/2) B(z,R/2)

The remaining integral I; is estimated as follows: By assumption, we have the estimate
t(v; 2z, R/2) < min{o/c1,1} so that it holds e(v)(x) € B(m,o) for all x € B(z, R/2).
Referring to (7.32) we then conclude

/ 9(e(v)) — f(e(v)) dz S w(t(v; 2, R/2))/ le(v) — m|* da.
B(z,R/2) B(z,R/2)
Collecting estimates, the claim follows for ¥ being a suitable multiple of w. The proof is

complete. O

7.6.3. Mollification In the following, let n € C°(R"™; 0, 1]) denote the standard molli-
fier

. 1 )
n(x) = C]lB((),1)(90) exp <_|x|21> , TeR"

so that spt(n) C B(0,1), with a constant ¢ > 0 such that ||n|j;: = 1. Given u €
Li (4 RY) and 6, > 0 we define the mollifications us and u. by

1 T —
=g [ () ww=f
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so that us is defined on {x € Q: dist(z,9Q) > §} and u. on {z € Q: dist(x,0Q) > e}.
Finally, we put us . := (us)s which, in consequence, is defined on {z € Q: dist(x, 09Q) >
d + ¢}. In the next step, we prove that the smallness of the excess guarantees that ¢ and
¢ can be adjusted in a way such that Proposition 7.16 applies to us.. In what follows,
we fix a number @ > 1 close to 1, e.g., a =1+ ﬁ will do.

Lemma 7.17. Let u € X(B(xo,r)) and put m := (e(u ))B(xmr). Fiz 0 < a <1 and
suppose that E(u, xo,7) < 1. Then there exist 0 < vy < and B > 0 such that if

n+2o¢

1
d=¢= FTE(U xo,7)7, (7.37)

then t(u; zo,7/2) < E(u; zo,7)P.

Proof. First observe that, as a consequence of the elementary estimates for convolutions,
we obtain

t(u(;ﬁ;xo, g) <c (1 + (g)a) sup le(ue) — m). (7.38)

zGB(mo,ng&)
In fact, we have
le(use)(x) — m| = [(e(uc) —m);(z)] (7.39)
and hence supgg, /) |€(Use)(z) — m| < SUPp(4, 54r/2) [€(ue)(¥) — m[. On the other

hand, for any radially symmetric mollifier 7 there exists a constant c,, > 0 such that for
all g € L*(R™; R2X") and § > 0 there holds

sym

c
N5 * 9] 0.0 By < — sup |g—¢& for all £ € RZX". 7.40
[ Jeo (Bro, )R S o B(z0,7+96) | | Y (7.40)

To see this, we note

s * g(z) —ns * g(y)| =

[ st = 2) = nsly - gl

L5 ()

Now note that in the last integral we have

s (B(a&UB(y,é»C:n(”;z) =n(ygz) 0,

and hence the integral is actually taken over B(z,d) U B(y,d) C B(zo,r + 6). This

establishes
Tr—z y—z
0(555) -0 (557 e
(2,6)UB(y,0)

_n r—z y—z
B(zo,r+0) B(z,6)UB(y,d)

< sw s [ s
B(zo,m+9) B(0,4)

(2)] dz.

75 * g(x) —ns * g(y)| < 5‘"/B

z—yl*
< Cliloon(_sup g !
B(xo,r+0)
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from where (7.40) is immediate as the left side ignores the addition of constants, and
it is obvious that the constant in (7.40) only depends on the a—Hdlder seminorm of 7.
Therefore,

r\ o
1 e (s )| o (Bag.ry2)) < C (S) sup  |e(us) — ml. (7.41)
B(zo,r/249)

In consequence, adding (7.39) and (7.41) yields (7.38), and in order to arrive at the
claimed estimate, we must give an estimate for supp,, ,/246) [€(ue) — m].

Now recall that € and § are adjusted according to (7.37). Then, by Jensen’s inequality
and since € < r,

e(e(u)e) —m) < f

B(z,e)
< 16"E(u;x0,r)1_m < 167,

e(e(u) ~m)dy < (£)" E(uizo, 1)

the last estimate being valid due to our assumption E(u, xo,7) < 1 and

1l—ny>1- >0 as o € (0,1).

n + 2«

Now, for any K > 0 there exists a constant ¢ = ¢(K) such that if |[A| < K, then
|A|? < ce(A). Applying this with K = 16", we obtain for all z € B(zo, § + r) that

le(ue)(z) — mf* S e(e(uc)(z) — m) S E(uszo,r)' "

Now observe that by (7.38) we have by the specific choice of § = 1—1674173(@&; xo, 7)Y and

E(u;zo,7) <1 that

~ 1—n~y ~

~ —ya
tuncizo,r/2) < e (14 (Blusaon) ) Blusan,) F S Blui o)

with 8 := $(1—nvy)—~ya > 0 (recall that 0 < v < 1/(n+2a)). This proves the claim. [

Corollary 7.18. In the situation of Lemma 7.17, we have
/ le(us ) — m[*dz < E(u;zo,7), and
B(zo,r/2)

[ lelwne) — (s Dniaosmf? do S Bluso,n).
B(zo,r/2)

Proof. We recall from Lemma 7.17 that t(use;xo,7/2) < CE(u; zo,7)? < C. In particu-
lar, there holds SUp,cp s,.r/2) [€(ts,c) — m| < C. Therefore we have |e(us-)(z) — m|* <
ce(e(us:) — m) with a constant ¢ > 0 which only depends on C' and e for every
x € B(xg,r/2). We conclude by Jensen’s inequality that

/ le(us,e) — m|2 dx < / e(e(use) —m)dz
B(z0,7/2) B(zo,7/2)

< / (e(e(u) — m))s. dz = E(u; z0,7),
B(zo,r/2)

the last estimate being valid due to § + d + ¢ < r by assumption. The second inequality
directly follows from this and hence the complete statement of the corollary. O
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7.6.4. Decay Estimate Having proved suitable decay estimates for smooth comparison
maps, we turn now to the proof of how these inherit to the actual minimiser. This
is accomplished by introducing a new variational integrand, essentially the first order
Taylor approximation of the integrand f, and studying a closely related minimisation
problem for which the comparison argument can be carried out conveniently. Combining
the results of this section with the decay estimates of the mollified minimisers given in the
preceding section, we will be in position to deduce the decay estimate for the minimiser
itself.

To do so, we first make some definitions. Let m := (e(u))p(:,z) and o > 0. For

m’ € B(m, o) we define a new convex integrand f by

Flm") o= flm’ +m) = fm) — (') "), m” ER.(7.42)

sym

For further reference we record that f is convex as well and satisfies both f (0) =0 and
f'(0) = 0. Moreover, since f ~ e, we also have f ~ e. Given w: B(z,R) — R" and
m’ € R2X" we define w: B(z, R) — R" by

sym 9
w(r) == w(z) —m'(z — 2). (7.43)
We shall now provide three auxiliary statements which occupy a central position in the
proof of the decay estimate. However, we stress that the following preparatory lemmas
do not take into account minimality of w but strictly rest on the convexity assumption

imposed on f. In particular, this is the case for Lemma 7.20 whose generalisation to, e.g.,
quasiconvex functionals lacks a proof.

Lemma 7.19. Let u,v € X(B(z, R)) such that uw = v on 0B(z, R) in the sense of traces
and define f and 4,0 by (7.42) and (7.43), respectively. Then there holds

/ fe(w)) = f(e(v)) dw = / fle(@)) - f(e(?) da
B(z,R)

B(z,R)

Proof. Writing out the definitions, we obtain

/ fle(@) - f(e(®)) du = / Fm' + (@) - f(m’ + (D)) da
B(z,R)

B(z,R)

[ e - e dr
B(z,R)

= [ ) - few)ar
B(z,R)

- / F(m)e(@) — f/(m')e(@) da.
B(z,R)

Now notice that e(2) — e(0) = e(u) — e(v) and so, by the usual Gauss—Green Theorem if
1 < p < oo or its BD—version if p = 1 (cp. Theorem 4.8 (b)),

/ £ (') (e (@) — e(3)) dz = / (' (), Te(u — v) © v) AR
B(z,R)

0B(z,R)
- [ v o) de =0
B(z,R)
because div((f’(m’))) = 0 and, by our assumptions on u and v, Tr(u) = Tr(v) H" -a.e.
on 0B(z, R). The claim follows. O

Lemma 7.20. Let u € X () and let €,6,R > 0 and z € Q be such that B(z,R) € Q.
Then the following holds:
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—t9 -t tq ta

Figure 7.2: The cut—off functions in the first part of the proof of Lemma 7.20.

—to,—11 —2’/‘,—7” r 2r t1 to

Figure 7.3: The cut—off functions in the second part of the proof of Lemma 7.20.

(i) If 0 < t; <ty < R—e— 0, then there exists t € (t1,t2) such that

e+4d
/B(z,t) felues) = He(u) S = /B(Z’R) f(e(u)). (7.44)

(i) f0<ti <ta<R—e—-6,0<r<R/4and R/2<t1 < R—¢e—0, then there exist
" € (r,2r) and t' € (t1,t2) with

e+6 e+6
/ Fletues) ~ e £ (g + Z20) [ ftetu). (149
B(z,¢')\B(z,) to — 1 r B(z,R)
Proof. Following [22], the proof of (i) or (ii), respectively, is accomplished by considering

the auxiliary functions g, h: R™ — R given by
g(x) == (t2 — t1) L)<ty (@) + (L2 — [2)) L{t, <o)<ty (7), € R
for the first part of the lemma and

FEPRCE UL

+ (t2 — |2))1gs, <laf <t} (), T € R"

Lirgjal<2r} () + (t2 — t1) L2 |a| <t} (@)

for the second. In the following we will concentrate on (i) and consequently the use of
g; (ii) follows in the same way. The strategy of the proof is to first define

F:={t € (t1,t2): inequality (7.44) is not satisfied by ¢t}

and then to show that .#!(F) < 3(t2 —t;). From this it follows that the one-dimensional
Lebesgue measure of the set where (7.44) holds is at least %(tz —t1) and so the set must
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be non—empty; this will imply (i). To prove the estimate for F, we first observe by the
definition of g that if ¢; < ¢ < ¢2, then B(z,t) = {x € B(z,R): t < g(x)}. So we have for
any ¢ € L'(B(z, R); R) that

/ / y)dy dt = / / Y(y)dy dt
B(z,t) t1 {z€B(z,R): t<g(z)}

- / / (y) dy dt = / b(1)g(y) dy.
0 {z€B(z,R): t<g(z)} B(z,R)

Now recall the notation 15,1, and 15 from section 7.6.3. Choosing d and ¢ due to the
assumptions of the present lemma, we obtain

/tz/B(Zt (¢ — ) dadt = /(ZR (v — %)gdx/B(ZR)(g 95)0 da

< sup |95—g|/ Y de < 5/
Zt2+5) Zt2+5

and by the same estimation we also get

to
/ / (W — o) dzdt < / » de.
B(z,t) B(z,ta+¢)

Combined with f(e(us,e)) < (f(e(ue))s which holds due to Jensen’s inequality by con-
vexity of f, these estimates imply by t2 + § + € < R that

e(use)) — f(e(u)) drdt < ’ (f(e(ue)))s — f(e(ue)) du dt
/ /B(zt /t1 /B(z,t)
+/t1t2 /B(Z’t) fe(ue)) — f(e(u)) dadt

<@+e) /  fe

Now, if t’ € F, then

[t - fe@dedr< 200 [ fe(us) - o) ds,
B(z,t) B(z,t")

so integrating over all ' € F an regrouping terms yields

to — 11

1
Z(F) < 5

As we explained, this implies (i). Assertion (ii) is proved in the same way and so the
claim follows. O

The main difference to the case p = 1 is given in the following lemma, where Korn’s
Inequality plays an essential role. In the following, given z € R™ and 0 < ¢t < s, we shall
use the shorthand

A(z;t,s) ={z eR": t <|z—z| < s}

for the annulus centered at z with inner radius ¢ and outer radius s. Also, we recall that
a > 1 is fixed.
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Lemma 7.21. Let 1 < p < oo and let u € X(Q). Let xg € Q and choose r,e,d,s,t,L > 0
such that r/2 <t < s <r,s+0+aec <r and B(xg,r) C Q. Then there exists a constant
¢ > 0 such that

/ e(L (u—wus.))de < e max{(Le)?, (Le)*} / e(e(u))dx.
A(zo;t,s) JA(zo;t—ac—6,5+as+9)

(7.46)
Proof. The estimate is an immediate consequence of the results of Section 7.5. O

The next two propositions form the main part of the partial regularity proof. Thus
we stress that from now on we are working with the fact that w € X(Q) is a local (BD-
Jminimiser of the functional (7.1).

Proposition 7.22. Let f: R{7 — R be a convex C?—function of p—growth, 1 < p < oc.

Then there exists a > 0 such that for any minimiser u € X (Q) the following holds: If we
have for a ball B(z, R) € Q

(e(w),,r =m and E(u; z, R) < a,
and there exists 0 > 0 such that f is of class C* in B(m, o) verifying
If"(m") — f"(m)| < w(lm —m’'|) for allm’ € B(m, o) (7.47)

with a non-decreasing function w: R — RE which, in addition, satisfies |w(t)] < M =
M(|ml|) for all t € Ry and limy o w(t) = 0, such that we have

MNZ[? < (f"(m)Z,Z) < A|Z[? (7.48)
for two constants 0 < X < A < 0o and all Z € R*X"™ then there exists a constant ¢ > 0

sym ?

and a bounded and non—decreasing function h: Rf — R with limy o h(t) = 0 such that
E(u; z,7) < cE(v; 2,2r) + ch(B(u; z, R))(1 + (R/r)" ) E(u; 2, R) (7.49)

holds for all 0 < r < R/4. Here we have set v := us. with 6,& adjusted according to
Lemma 7.17 applied to the radius R > 0.

Proof. We split the proof into two steps.
Step 1. Preliminaries. Let 0 < r < R/4 and put m’ := (e(v))g,r). Due to our choice
of § and ¢, Lemma 7.17 applied to the radius R > 0 yields

sup |e(v) —m|+ Ra[5(U)]00»cv(3(z,§);R"X" < Eﬁ(w % R)”

e sym')
B(z,3

for 8 > 0 as in Lemma 7.17 (note that both ¢ > 0 and 8 > 0 in the previous inequality
depend on « and « as in Lemma 7.17, however, these are thought as fixed throughout).
In consequence, we have because of B(z,r) C B(z, &)

lm’ —m| < / le(v) —m|dz < sup |e(v) — m| < cE(u; 2, R)”.
B(zr) B(z,%)

Thus we may choose 0 < a < % sufficiently small such that E(u, z, R) < a yields |m —
m’| < 0/2. Since B(m', §) C B(mN,cr), (7.47) and (7.48) continue to hold in B(m’, §).
Let us go back to the definition of f as given in (7.42), where we have the appearance of
m’. Here we have the estimate f ~ e, that is, there exist two constants M, @ > 0 such
that cWe(€) < f(€) < cPe(€), and it is easily seen that these constants do not depend

on the specific point m’.
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Step 2. Comparison Estimates. We observe that, as a consequence of Jensen’s in-
equality and f =~ e, for all 0 <r < g there holds

E(u; 2 r) = /B  ele) ~ () b

S /B(z,'r) e(e(u) - m/) + / e((E(u))B(z,r) - m’) dz (7_50)

B(z,r)

</ _ eleti —m)de 5 | R,

B(z,r)
Now fix R/2 <t < s < IR and define p € C.(B(z, R); [0,1]) by
2
p(:c) = E(|1‘| — t)]l{tglxlg(s-i-t)/Q}(x) + ]l{lx\>(s+t)/2} (f), x € B(Z,R). (7.51)

Then we have v + p(i — 0) € X(Q2) and, in particular, V|op;,r) = UloB(z,r)- By
Lemma 7.19, @ minimises the functional

w /B(Z,R) fle(w))dx (7.52)

with respect to its own boundary values. Using this in the second step, we deduce

| Fe@do< ( [+ +f )f(sw))dx
B(z,s) B(z,r) B(z,t)\B(z,r) B(z,s)\B(z,t)
< .

< / F(e(®)) dz + / f(e(@)) da
B(z,r) B(z,t)\B(z,r)

+ / f(e(®+ p(a — 1)) da.
B(z,5)\B(z,t)

We recall estimate (7.50) and regroup terms to obtain

E(u;z,1r) < /  Fe@as / o, T @)z
+/ fe(@+pla—10))) — f(e(@w)) da =: T+ II + IIL
B(z,s)\B(z,t)

We now estimate the single terms. In view of I, we directly work from the definition of f
and 0. Then it follows by f ~ e and the definition of m’ that

1= / Fe(v) — m') dz < E(v; 2, 7). (7.53)
B(z,r)
The term II is already in a convenient form and shall be dealt with later. We turn to III;

recalling the product rule (i.e., e(pu) = pe(u)+VeoOu for p: R — R and u: R™ — R"),
monotonicity of e together with Lemma 7.9(i), we then have

/A(z;t,s) fle(®+ p(a—0)))de < /A(zms) e(e(d)) + e(e(@) + e (z - :’) de.

Keeping in mind s < %R and therefore s + e+ § < s + éR < R, we see that A(z;t —
2e,5 + 2¢) C Q and so it is admissible to estimate

/ e(e(d)) de </ e(e(i)) dz 5/ F(e(@)) da.
A(z;t,s) A(zjt—2e,542¢) A(z;t—2ae,s+2ae)
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Here we have used Jensen’s inequality and implicitely the fact that § = e. Combining the
last inequality with Lemma 7.21, it follows that

| Heesa-anacs [ Fe(@) da
A(zst,s) A(z;t—2ae,s+2ae)
2

€ eP e
max { (S - t)Q ’ (S - t)p } ~/A(z;t—2a5,s+2a6) f(e(u» e

Overall, we get the intermediate estimate

ITI < / F(e(@ + p(a— 1)) + fle(@)) de
B(z,s)\B(z,t)

. g2 eP .
S f(e(a d:chmax{ , }/ fle(a))dz
/A(Z;tQas,erQas) ( ( )) (S - t)Q (S - t)p A(z;t—2ae,s+2ae) ( ( ))

and hence, putting together our preliminary estimates for I, IT and III, we end up with

E(u;z,r) < B(v; 2,7) + / F(e(®)) - Fle(@) de

B(z,t)\B(z,r)

u))d
+/14(Z;t2a6,8+2a5) f(E(U)) o (754)

g2 epP -
max { (S - t)27 (S - t)p } /A(z;t—2a£,s+2ae) f(e(U)) d

being valid for any 0 < r < R/2. The aim of the remaining proof is to utilise this
inequality for certain choices of s,¢. For [ € Ra' denote the integer part of I by |I], i.e.,

|l] :=max{l' € Ng: I' <}

and define K := |25(2E"/2(u; z, R)) ™| with 0 < y < 1/(n + 2a) given by Lemma 7.17.
For k € {1,..., K}, put
e

ap = -R+k

B2y
3 200E (W= R)

so that ax € [3R, ZR]. Due to Lemma 7.20(ii), the choice r < R/4 implies that for each
k=1,..., K there exists t; € (agx—1,asxk) and r € (r,2r) with

/ f(e(f)))—f(f:‘(ﬂ))dx§€maX{(a8k—a8k71)_1»7‘_1}/ fle(a))de
A(zrk,tr)

B(z,R)
< max{E"?(u; z, R), (R/r)E" (u; z, R)} x
X / fle(w)) da.
B(z,R)
(7.55)
We can choose L > 0 so small such that for K =1, ..., K the annuli
Ap, = B(z, s + 2a¢) \ B(z, t), — 2ae), sy, := ty + LREY?(u; 2, R)

are pairwise disjoint and subsets of B(z, R); for instance, the choice L = ﬁ will do. We

can therefore conclude that

Fle(@) dz + .. + f(s(a))dxg/ F(e(@)) da

Ay Ak B(z,R)
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and so we find k¥’ € {1,..., K} such that
fear <k [ fle@ar SEPwan [ fe@dn (750)
Ak/ B(Z,R) B(Z7R)
Going back to (7.54), the choice r = rg/, t = g and s = sy now immediately yields
E(u; z,1) S E(v; 2, 2r)
+ maX{EV/Q(u; z, R), (R/T)ff’(u; z, R)}x
<[ Fe@yde oy 15)
B(zR) (7.57)
+ERwsR) [ fe@)ids (b (750)

B(z,R)

< B(v:220) + (1+ B/r)E2(us 2, R) /B( , fe@

for all » < R/2. This is not yet the decay estimate (7.49), so we shall provide a suitable
estimate on the last factor on the right side of (7.57). By Lemma 7.9 we conclude

/B IRCLIE / _ eletm —m)

"e (é(z , e(v) —m da:)

R
R
B(z,R) (r) B e(|(u —m)sc|)dx
(u; 2, R) + (R/r)" /B(ZVR)e(s(u) —m)

S (L4 (B/r)")E(u; 2, R),

the penultimate estimate being valid due to r +e+ § < R. Combining this estimate with
(7.57), we obtain

E(u; z,7) < E(v; 2,2r) + h(E(u; 2, R)) (1 + (R/7)") (1 + R/r)E(u; z, R)

+

(7.58)

S E(viz,2r) + h(E(u; 2, R)) (L + (R/r)" ) B(u; 2, R)
we have set h(t) := t7/2. Since h obviously is non-decreasing and moreover satisfies
limgy 0 h(t) = 0, (7.58) implies the claim. O

Proposition 7.23. In the situation of Proposition 7.22 we have
Dev(v; z, R/2) < h(E(u; z, R))E(u; z, R).
Proof. We fix R/2 <t < s < R and a constant a’ > 0. We then put
A= {w e WH(B(2,t);R"): w = on 0B(z,t)}
B:={we W"(B(z,5)\ B(z,t);R"): w =0 ondB(z,t) UdB(z,5)}
and find w; € A and ws € B such that

/ Fle(wn)) dz < inf/ Fle(w)) de + o’
B(z,t) B(z,t)

weA
/ f(e(wsy))dz < inf fle(w))dz +d.
B(z,5)\B(z,t) weB JB(2,$)\B(z,t)
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By Lemma 7.19, we have

R e ety € CEG BB
Dev (v,z,g) = /B( R)f(E?(’U)) mf{/B(Z’R/Q)f(E(w))dz. w =7 on OB(=. R/2) }

z,%5
Since wy,wsy are Lipschitz and coincide on dB(z,t), we deduce that w3 := ]lmwl +
1B(2,5)\B(z,¢)w2 belongs to W' (B(z,5); R"). We then obtain

Dev(v; 2, t) </ f(z-:(f)))d:c—/B( ) f(e(w))dez + o'

B(z,t)

= /B(z,s) f(e(?))dz — / f(e(0))dx — /B(z,t) fle(wy))dz +d

B(z,s)\B(z,t)

<[ Fe@ar- [ fletwoydrtad
B(z,s) B(z,s)
Since Dev (7, ) is not decreasing, we find

Dev(®: 2, R/2) < /

B(z,s)

F(e(@) - fle(@) da + / F(e(@) — F(e(ws)) dz + 24"

B(z,s)

Next, if we let p be the function given by (7.51), we similarly obtain by exploiting mini-
mality of & that

/B( : fe(@) = fle(ws)) da < / fle(ws +n(a—1))) - f(e(ws)) de

B(z,s)

N

/ F(e(ws + (i — ) — F(e(ws)) da
A(z;t,s)

< / e(e(ws)) + e(e(@)) + e(e(?))
A(z;t,s)

+e<u_v>dx.
s—t

Now note that ws = ws on B(z,s) \ B(z,t) and therefore

[ eetwars [ fetw)drs [ fle@)dota
A(z;t,s) A(z;t,s) A(z;t,s)

Going back to the estimate of III in the proof of the preceding Proposition 7.22, we see
that the same estimates used there also apply to the present problem, yielding

[ et - fetwar s | Fle(@) o+
B(z,s)

A(z,t—2ae,s+2ae)

Because a’ > 0 was assumed arbitrary and the constants which implicitely appear in
the above estimates do not depend on a, we may pass ¢’ — 0 in these estimates. In
combination with our above preliminary estimate on Dev(v; z, R/2), we then obtain

Dev(v;z, R/2) S /

B(z,s)

fe(®)) - f(e()) da +/ f(e(@)) da.

A(z,t—2ae,s+2ae)

In the same way as it is done in [22], we now view this last estimate as the substitute of
(7.54) in the proof of Proposition 7.22. Working from this observation and employing the
same strategy to find suitable choices of s and ¢ as outlined in the proof of Proposition
7.22, the statement of the present proposition follows. O
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In the remaining part of this section we shall combine the preceding two propositions
7.22 and 7.23 with Lemma 7.17 and so obtain the desired decay estimate that will be the
main ingredient for proving the partial regularity result.

Proposition 7.24. Let f: R?%" — R be a convex C*—function of p-growth, 1 < p < .

sym
Suppose that m € RE and o > 0 are such that
|f(m') — f"(m)| < w(lm —m’|) for allm’ € B(m, o) (7.59)

with a non—decreasing function w: Ry — Ry which, in addition, satisfies |w(t)] < M =
M(|ml) for all t € R{ and limy o w(t) =0, such that we have

NZP < (f"(m)Z.Z) < Az (7.60)

for two constants 0 < A < A < oo and all Z € RE;. There exists 7 > 0 depending on
the data with the following property: If for z € Q and R > 0 with B(z, R) C Q a function
u € X () minimises

Sru] = /B(Z,R) f(e(u))dx

with its own boundary values, satisfies (€(u))..r = m and the excess satisfies E(u; z, R) <
7, then for any 0 < r < R/2 we have the estimate

E(u;2,r) S ((r/R)"*? + 9(E(u; 2, R)(L + (R/r)"*))E(u; 2, R) (7.61)
with a bounded an non—decreasing function 9: R — R such that limy o 9(t) = 0.

Proof. We may assume that 0 < 7 < 1; the precise choice of 7 will be determined
throughout the proof. Let u € X (§2) be a local minimiser of §. We choose the mollification
parameters ¢ and ¢ as in Lemma 7.17 so that t(us; z, R/2) < JEP (u; z, R), where 8 > 0
is a constant provided by Lemma 7.17. Hence, going back to Proposition 7.16 and taking
7 so small such that E(u; z, R) < 7 implies t(us.; 2, R/2) < min{o/c1,1}, we conclude
that v = us . satisfies

n+2
Bloizr) S () Bois B2+ 0wz B2) [ fe(o) - mPds
R B(z,R/2)
+ Dev(v; 2, R/2)
< ((r/R)" + ﬁ(ﬁ(u; z, R)))E(u; z, R) + Dev(v; z, R/2),
where the second estimate is due to Corollary 7.18. Diminishing 7 further if necessary, we

can assume in addition that 0 < 7 < a with the smallness constant a > 0 from Proposition
7.22. We then have, since r < R/4 implies that 2r < R/2,

E(u; z,7) < cE(v; 2,2r) + ch(BE(u; z, R)) (1 + (R/r)" ") E(u; 2, R)

S ((r/R)™* + 9(E(u; 2, R)) + ch(E(u; 2, R)) (1 + (R/r)" ") E(u; 2, R)
+ Dev(v; 2, R/2)

S ((r/R)™ 4+ 9(E(u; 2, R)) + ch(E(u; 2, R))(1+ (R/r)"))E(u; 2, R)
+ h(E(u; z, R))E(u; 2, R),

the last estimate being valid due to Proposition 7.23. Regrouping terms and defining
in the obvious manner, we immediately infer the claim. O
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7.6.5. Iteration and Conclusion. In this section we shall show how an iteration of the
estimates provided in Proposition 7.24 yields Theorem 7.4. Regarding conditions (i)—(iii)
in the following theorem, we see that they are clearly satisfied provided f is a convex C?-
integrand having positive definite Hessian on the entire space R{\". Due to Lebesgue’s
Differentiation Theorem, condition (iii) will be satisfied at .£™—any point z € §2 so that
the partial regularity assertion of Theorem 7.4 will immediately follow.

Theorem 7.25. Let f: RE" — R be a convex function of p-growth, 1 < p < oo and let
u € X(9Q) be a local mzmmzser of the functional § in Q. Let zo € Q be and m € R be
such that

(i) f is of class C*(U) in an open neighbourhood U of m,

1) there exist A, A > 0 such that for all Z € RZX" we have
(i)

Sym

NZP? < (f"(m)2,Z) < A|ZP,
(i) m is a Lebesgue point for e(u) at xo, that is,

. | E*u|(B(zo,1))
lim ][ SEu—mPdx +v(p)————— | =0,
r—0 < B(IO)T)| | () ZLn(B(z,r))

where v(1) =1 and v(p) =0 for 1 <p < co.

Then there exists a neighbourhood © of o in which the minimiser u is of class C* for
all 0 < a < 1.

The statement of the theorem is of course a compact form of Theorems 7.4 and 7.5.

Proof. We follow closely the original proof in [22]. First we justify that (i)—(iii) imply
the assumptions of Proposition 7.24: Condition (i) ensures that we find ¢ > 0 such
that f” is uniformly continuous on B(m, 30). Therefore we find a modulus of continuity
w: Ry — R{, i.e., a non-decreasing, bounded and concave function with lim; o w(t) = 0,
such that |f”(m’) — f”(m"”)] < w(lm’ —m"|) holds for all m’,m” € B(m, 30). Referring
to condition (i) and diminishing o if necessary, we may further assume without loss of
generality that

NZP? < (f"(m)2,Z) < A|Z[?

holds for all m’ € B(m, 30) with two constants 0 < A < A < co. Moreover, we see by
the triangle inequality that these estimates also hold in B(m’', o) for any m’ € B(m, 20).
In conclusion, Proposition 7.24 is available and provides us with 7 > 0, a non—decreasing
and bounded function J: Rf — R and a constant ¢ > 0 such that for all 0 < r < R/2
we have with z = xg

E(u; z,7) < o((r/R)"? + 9(E(u; 2, R) (1 + (R/r)" ") E(u; 2, R) (7.62)
provided
(e(w))..r = m’ and E(u;z, R) < 7. (Small)

We shall use this to prove the following intermediate claim from which the assertion of
the theorem is immediate:

Claim. Let 0 < a < 1 be arbitrary. Then there exists 7/ > 0 and 79 > 0 such
that the following holds: If Bz, R) C 2 and m’ € B(m, o) are such that (e(u))s,r = m’
and E(u; 2, R) < min{r, 7'}, then there holds E(u; z, 79 R) < 70"/ E(u; z, R) for all j € Ny.
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We will verify the claim by induction on j. To do so, we put m; := (e(u)), i and
70
show that for all j € Ny we have that

J
lm; —m’| < 0'227]6 and E(u;z,7) < 12 E(u; z, R). (7.63)
k=0

Before embarking on the induction, we give a suitable candidate for 7y and 7’. From
Lemma 7.9 we know that there are two constants C1,Cs > 0 such that e(A + B) <
Ci(e(A) +e(B)) for all A,B € R2%" and if [A]| < 3, then e(A) < C2|AJ2. Recalling the

sym

constant ¢ > 0 from (7.62), we put

To 1= min{2_§, (201)_%, 50(20102)_%» (20)2‘*17’2}” (7.64)

Having defined 79, we pick 7 > 0 such that 7/ < T, ”+2 and 0 < t < 7 implies

<l

1
(1) < 57", (7.65)

where 9 is the function appearing in estimate (7.62). The latter property can be achieved
because we have that limy o 9(t) = 0.

We turn back to the induction. The intial step is certainly fulfilled. Now suppose that
(7.63) holds for j € N. We record that in this case [m; — m’| < 20 holds as well and,
since 79 < 1, E(u;z o R) . We conclude that (7.62) holds with R being replaced by

R and all 0 <7 < Tg R/2. Now notice that with our choice of 79 and 7/, we also have
that

[y
l\’)
l\?
Q

E(u; z ,UTR) <7, 1y P I(E (U;ZL‘,TgR)) < -, and 7 < 1/(2¢). (7.66)

[\

Therefore, using (7.62), we deduce that

E(u;0,7 ' R) =7, "R"E(u; 2,70 "' R)

ero (10 + V(B (us 2, Y R)(1+ 76" )E(u; 2, 7 R)

o + D(E(u; 2, 7§ R)) (75" + 7 >~ 1)E(u; 2, 7 R)

ers 25 (1+ 9(B(us 2, 9 R)) (76 "% + 75 2" %)) E(u; 2, 7 R)
e 2O“(l —|—?9( (u; x TOR))(ZTO_Qn 3))E(u;a:,TgR) (astp < 1)
2erd O‘E(U'x TOR) (by (7.65))

2B(u; 2, 7 R) < 72TV E(u; 2, R) (by (7.66)),

INCINCIN NN N

where the last inequality holds by induction hypothesis. We now prove the remaining
part of the claim. For this we abbreviate B; := B(x, 79 R), j € N. We estimate, using
Jensen’s inequality and Lemma 7.9(i),

emjr—m,) < f elmyi1 = e(u)(s) + e(w)(y) ~m;) dy

<c (f o)) - myn)dy " . olm e<u><y>>dy>
C(E (u x Tng R) —&-T(;”I:](u;x,TgR))

Cl( 204(]+1)+ —n O2QJ)E(’LL$ R)
C

VT2 (12 4 75 ™ E(w; x, R) < 20170 75 "B (u; , R).

NN N
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By our choice of 7y and 7/ we have E(u;z, R) < 7/ < 7072 and 72 < (2C7) 1. Therefore,

QCngajT(;nE<u;$,R) < 20ﬁ'§aj+2 < Tgaj

and so we obtain e(m;,; — m;) < 1. But since |- |2 = (e(-) + 1)?/? — 1 we also get
lm;; —m;|? <227 —1 < 9so that |mj 1, —m;| < 3. Again recall that if |A| < 3, then
e(A) < C2|AJ? and thus

Im; 41— my|* < Cre(myyy —my) < 201 Cory™ 7.
We observe that by our definition of 7y there holds 2010273 < 0?/4 and 19 < 2- /e,
Taking this into account, we then gain

1 . .
, —j—1
|mj+1—mj|<576“0<2 =g,

In conclusion, using the induction hypothesis we infer that

lm; ) —m'| < [m; —m'[ + |m; — m’|
(1H) J .
< (o2 oo,
k=0

and thereby have proved the claim completely. An procedure now yields that there exists
C > 0 which only depends on « and 79 such that for all 0 < r < R there holds

r n+2a
) E(u;z, R) (7.67)

E(u;z,7) < C (E

provided (Small) is in action. In fact, let 0 < 7 < R be arbitrary. Then we find j € N
such that 707" R < 7 < 7JR and thus, by the intermediate claim,

E(u;z,7) < () R/7)"E(u; z, i R) < (tJR/r)" 10" E(u; z, R)
< TJ"iQQTga(Hl)E(u;x, R)<C (T/R)Qaﬁ(u; z, R),

where C' = C(a, 79) > 0 is a constant.

The task of the proof hence is to justify validity of (7.67) and hereafter (Small) in a
neighbourhood of xy with the same choice of R > 0 which we without loss of generality
assume to be contained in B(xg, R). For this it is necessary to distinguish the case p =1
and 1 < p < co. We begin with the latter.

Case 1 < p < oco. To demonstrate (Small) in a neighbourhood of xy, we note by (iii)
there holds

lim e(u)dy =m and limﬁu;x,R:O.
L . (u) dy Jim E(u; 2o, R)
and hence (Small) follows for some R > 0, and by continuity of the mappings = —
fB(m’R) e(u)dy and = — E(u; z, R), we conclude that (Small) hold in a neighbourhood of
ro with the same R > 0.

Case p = 1. The continuity argument as invoked above does not apply here as Eu
might be a possibly singular measure with respect to .Z". However, we attempt to reduce
to this case. Note that (iii) equally reads as

lim |Eu—m'|dZL" =0,
R\‘O B(Io,R)

lim Eud " =m',

N0 JB(z0,R)

1
lim —/ d|E*ul = 0.
RNO R JB(ao,R)
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Next observe that for all £ € R2X" there holds

sym

) _ iR sl

and so €*(z) = |z|. We then obtain

1
lim ][ e(&u — (Eu)p(zo,r)) dy + -~ / d|E°u| | =0. (7.68)
N0 ( B(zo,R) o B JB(z0,R)

In consequence, we find R > 0 such that each of the following hold:

][ Sudg™ —m| < 2, (7.69)
B(z0,R) 2
! / d|E®u| < gnrT ! — min{ b (7.70)
— o, 7, 7'}, :
(2R)™ JB(a0,2R)
1
][ e(Eu — (Bu)p(zy,r)) d-L" < - min{7,7'}. (7.71)
B(z0,R) 2

Similarly as above, we may conclude for the absolutely continuous part that (7.69) and
(7.71) continue to hold for all z € O (instead of xg) for a neighbourhood O C B(zg, R)
of zg. Let © € O be arbitrary. We then find by (7.69) and (7.70) that

1 1

—/ dEu—m<][ é”u—mdf”—kf/ d| Eul
R"™ JB(a,R) B(z,R) R"™ J5(a,r)

o 2"
<=+ / d|E°ul < o
2 (2R)" JB(wo2R)

and similarly R~"E(u;x, R) < min{7,7'}, now using (7.70) and (7.71). The proof of
(7.67) is complete.

We finally note that by Lemma 7.10 u must be of class C* in a neighbourhood of
20, and this concludes the proof. O]

Remark 7.26. Interestingly, even the radially symmetric area—type integrands corre-
sponding to m,(t) := (1 + |t|p) t € R, do not allow an application of Theorems 7.3
and 7.4 if p # 2. This has been pomted out by SCHMIDT [210] in the BV —context and
thus the above proof in the symmetric gradient context requires modification; indeed, if
p > 2, then m;,’(O) =0, and if 1 <p < o0, the second derivative of m, at the origin does
not exist. In this situation, the integrands exhibit a similar behaviour as the p—Dirichlet
integrands z %|z|” (z € RN*") and so it is possible to accomplish a p-harmonic
approximation—type strategy.

7.7. Partial Regularity of the Dual Solution

In this paragraph we briefly discuss the partial regularity of the solution of the dual
problem (in the sense of Chapter 5.4) associated with the primal Dirichlet problem

to minimise F[v] / f(e over Dy, := ug + LDo(2), (7.72)
where ug € LD(R2) is a given boundary datum. Here, f is assumed to satisfy the following

set of assumptions:

(H1) f e C? (REyy') is of linear growth so that there exists c1,c3 > 0 and ca € R such
that c1]&| + c2 < f(&) < es(1+¢|) for all £ € REX™.

Sym
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(H2) f is strictly convex and there exists A > 0 such that for all £, z € R2X"™ there holds

sym

2|2
14 ¢

0<(f"(§)z2) <A (7.73)

If we already knew that all solutions u of the primal problem belong to LD(£2), then
we could represent the dual solution as o = f’(e(u)), and assuming that v € LD() is
partially regular in the sense of Section 7.2.1, we conclude by sup O F7(8)] < oo that

/' is Lipschitz and therefore

lo(z) = o(y)| = |f'(e(u)(x)) = f'(e(w)(y))| = C(Lip(f))le(u)(x) — e(u)(y)| (7.74)
< C(Lip(f"), wo, )|z — yl|* '
provided z,y are elements of a ball B(zo,r) in which u is of class C'®. If, however,
u € BD(Q2), then we cannot use the above representation of the dual solution and so we
aim at showing the following: If zy € Reg(u; ), then o = f/(e(u)) in a neighbourhood of
Zo. In this situation, we may apply (7.74) and conclude as above. More precisely, we have
the following result which relies on the regularisation procedure for the dual solution as
employed in Chapter 5.4.2 and hereafter mimics the approach of BILDHAUER & FuUCHS
(cp. [41] and [410, Chpt. 2.3.2]). For a different approach by means of a relaxed version of
a minimax inequality, we refer to the work of SEREGIN [212, , , ].

Proposition 7.27. Let Q be an open and bounded Lipschitz subset of R™ and let the
integrand f: RZX™ — R satisfy (H1) and (H2) from above. Given ug € LD(2), let u €

Sym
BD(Q) be the BD-minimiser of the variational principle (7.72) which is obtained by the
vanishing viscosity approach outlined in (5.17) ff.. Then the solution o € L, (;RENT)

of the dual variational problem (in the sense of Chapter 5.4.1, cp. (5.12)) is locally of
class C%% on

Reg(u) := 1\ Xz := {»’50 € Q: lim | 7 — 2[(B(zo, 7))

iy -~ =0 for some z GR"X"}.
T T

sym

for every 0 < a < 1.

In the proof of the preceding proposition, we shall need the following auxiliary fact
which is recovered from [10, Rem. 2.26] in a straightforward manner.

Lemma 7.28 ([10, Rem. 2.26]). Let f: RE™ — R satisfy (H1) and (H2). Then for any
z € R we have

Jm (€)= (2.6~ 1) = e
EERMIM

sym
We now come to the

Proof of Proposition 7.27. Following Remark 5.8, it is not restrictive to assume uy €
W12(Q;R"™). This enables us to utilise the machinery of Chapter 5.4. Stabilising the
functional as given in (7.72) as in (5.17), we obtain a sequence of viscosity approximations
(v;) C ug+Wg?(§; R™) which converge to some BD-minimiser 7 € BD(Q) in the weak*-
sense. Our aim is to show (for a not relabelled subsequence)

e(vj)(z) = e(@)(x) for £™-a.e.x € Reg(u) (7.75)
as j — oo. This will imply the claim of the proposition: Since f’ is continuous, we have

f'(e(vj)(z)) = f'(e(m)(x))  for.Z"-a.e.x € Reg(u). (7.76)
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Here, by slight abuse of notation, we will equivalently write &@ for e(u) and vice versa
(note that the singular part E°u vanishes on the regular set and hence &u in fact arises
as the symmetric gradient of an LD—map on this set). Fix any non—empty open subset
O C Reg(u). Since |f’(e(v;))| is uniformly bounded by Lip(f), by Lebesgue’s theorem
on dominated convergence we find that the convergence f'(e(v;))|lo — f'(e(@))|o as
j — oo is actually strongly in L*(O; RE)- On the other hand, we have f'(e(v;)) — o in
L2 (0 R as j — oo (for a suitable non-relabelled subsequence). In conjunction with
(7.76) we consequently have o(z) = f'(e(u)) £L"—a.e. in Reg(u), and at this stage we
may invoke (7.74) to conclude.

We now turn to the proof of (7.75) and hence recall the notation o; := f'(e(v;)) +
%E(’Uj)7 jeN.

Step 1. Let U C Reg(u) be an arbitrary open subset with U C Reg(@). Then
e(u) € Co’a(Reg(ﬂ);RQyﬁl) for any 0 < o < 1. Let ¢ € CL(U;R") be arbitrary. Since

E*u =0 on U, we have by Corollary 10.14 from the appendix

[ (6w, s(e) do=o. (777)

U

By an approximation argument, we conclude that (7.77) remains valid for all ¢ € LDy(U).
Step 2. Let p € C°(U;[0,1]) be arbitrary and consider the sequence (w;) given by

wj i= pP(v; — ). We obviously have (w;) C W*(UsR") € LDo(U) and so, by step 1
and fQ<0j7€(wj)> dx = 0 for all j € N, we deduce

/<aj F(E), (0P, — ) de =0 forall j € N. (7.78)
Q
We rewrite the preceding equation as
[ (e - ) - smptdn - [ (oo eloy) - 60)) do
U JJu
= —/ (05,2pVp © (v; — 1)) da
U

+/ (f'(61),2pVp © (v; — 7)) dz
U
&1+ 11, = —TII, + TV,

We treat the single terms separately, and we leave I; untouched for the time being.
Ad IT;. We recall from (5.28) that

1 1
= / le(v;)|?dz — 0 and hence —e(v;) — 0 strongly in L2(Q; Ry (7.79)
JJa J

as j — oo. Since &uly € L= (U;RL), we hence obtain

sym

1 o
< /U €(03) 20 dz + Cp, U) [Tl o g 1 €09 gy = O

as j — oo.
Ad IIT;. By the definition of o, we have

I, - — /U (' (e(0,)). 20V © (v — ) d — % /U (e(v;), 20V © (v; — W) dz

— 117V (2
=:I1I;" + 111,
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Let us recall that v; — @ strongly in L'(Q;R"). Since (f’((v;))) is uniformly bounded
in L(Q; R:X™), we obtain

Sym

1 _
TI| < Co)IF/(€(w)) luoe om0 = Tl gaspny = 0

as j — oo. Note that this reasoning also covers IV; and verifies |IV;| — 0 as j — oo.
Finally, we have by u|y € L= (U;R"™) and (7.79)

1
| <C(p)‘j/(]<e(vj),2pvp@(vju)>dx

1 3 /1 LA 1 z
< C(p) (/ |€(Uj)|2d33) (/ |Uj|2d37> + [[@l2 (r;mmy (2/ |€(Uj)2d93)
7 Ju JJu J°Ju

—0, asj— oo,

provided we have

1
1 3
sup (/ vj|2da:> < 00. (7.80)
jeN \J JuU

To see (7.80), we note that since v; € ug + Wy>(; R™), we may write v; = ug + ¢; for
some @; € W(l)’z(Q; R™). Hence we obtain by Korn’s inequality

1/ |vj2dx<0<1,/ |u0|2dz+l/ |<pj|2d:17>
JJu J Ja JJa
1 2 1 2
<C(= [ [uwl de+ = [ le(p))]"dz
J Ja J Ja
1 2 1 2
=C| = [ lwl|*de+~= [ le(v; —uo)|”dz
JJa JJa
1 2 1 2
<C|= [ lwldz+= [ |e(v;)|"dz ) =0
JJa JJa

as j — oo by (7.79). Gathering estimates, we have therefore proved

lim I; = lim [ (f'(e(v;)) — f'(&7),e(v;) — Eu)p® dz = 0. (7.81)

j—o0 j—oo Jir

Since f is convex and of class C?, we have (f'(£) — f'(n),6 —n) > 0 for all £,7 € Rim's
and hence the integrand in (7.81) is non—negative on spt(p). Hence we deduce that, by

possibly passing to another subsequence,
(' (e(07)) - £(ET),e(v) — ET) > 0

Z"a.e. on spt(p) and, by arbitrariness of p, £"~a.e. on U as j — co. By Lemma 7.28
we have that for Z"-a.e. & € U the sequence (e(v;)(z)) is bounded and so, by strict
convexity of f, we obtain (7.75). The proof is complete. O

7.8. Return to u—ellipticity and Bounding dimy(X,)

In this section we combine the higher integrability results of Chapter 5 with the partial
regularity result, Theorem 7.4, to give upper bounds for the Hausdorff dimension of the
singular set ¥,. Henceforth, let us assume that f is a C? regular p—elliptic integrand
with 1 < p < 3.
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7.8.1. The Full Gradient Case In this situation, we may invoke Remark 6.28 to find
by the measure density lemma that dimy(X,) < n—1ifn > 2 and p < 5. In fact,

Remark 6.28 implies that for this range of u, (9sVuy) is bounded in Li,.(€; RY*") for
every s € {1,...,n}. Hence (ux) converges to some u € BVg 1o.(£; RY) in the weak*—sense.
Let ¢ € ¥, be arbitrary. Then we find by Poincaré’s Inequality in BV

][ IVu — (V) B(zg,m| dz < Cr' |0, Du|(B(zo, 7)) (7.82)
B(IO’ )

We now define the Radon measure p := |D?u|. Note that it is not at our disposal
whether p is of finite total variation, however, this does not affect the argument. But,
in notational line with Lemma 2.2, E"~" := {z € Q: limsup,« o u(B(z,r))/r"~' > 0}.
Then, by Lemma 2.2, dimy (E™" 1) < n—1. We then note that by (7.82) and the suitably
modified characterisation of the singular set (cp. (7.7)) in the full gradient case that

To € Xy & limsup/ IVu — (VU)B(zy,m| dz > 0 = x0 € EnL
N0 B(zo,r)

Hence, ¥, C E"! and by monotonicity of dimy; with respect to set inclusions,
dimy (2,) < dimy (E" 1) <n — 1.

Note that by [34, Thm. 1.10], u € Wlloi (;RY) holds for every generalised minimiser
provided 1 < p < 3, and so the dimension bound dimy (¥,) < n — 1 in particular holds
for every generalised minimiser in the range of u specified above (note that this depends

on n).

7.8.2. The Symmetric Gradient Case In the symmetric gradient case, we can only
rely on some higher fractional differentiability instead of the full second order differentia-
bility. We hence combine Theorems 2.16 and Corollary 5.46 to the deduce the following
result:

Theorem 7.29. In the situation of Theorem 5.6 with a p—elliptic integrand f € C? (R&)

with 1 < p < 2n/(2n — 1), the particular generalised minimiser u € GM(F; ug) obtained
as the weak*-limit of the viscosity approzimation sequence (v;) satisfies the following:

(a) There exists an open set Qo C Q such that u € C%(Q0; R™) and T, := Q\Qp satisfies
Z"(3,) =0.

(b) We have the Hausdorff dimension bound

dimy (X,) <n — (7.83)

=W

Proof. Instead of the direct application of the measure density lemma, we now make use
of MINGIONE’s modification, cp. Lemma 2.16. Imitating the above strategy for the full
gradient and to directly make use of the higher fractional differentiability provided by
Corollary 5.46, we would need to introduce a fractional order—type BV—space. This is so
because N1 itself is non-reflexive. To overcome this problem, we consequently embed
N<linto a fractional Sobolev space WP with p > 1 and then proceed by Lemma 2.16
to reduce the Hausdorff dimension of X,,.

To do so, note that by a localised variant of Lemma 2.10 we obtain for all 0 < o < 1,

1< p<ooandd >0 with 20 < a that N = (BE)j0e <> M27OP with the exponent p
given by p = p(n,d) = 5. In consequence, we obtain for this choice of p
, - —25 —268,p(n,8

'/\/'1(5701 = (ngl)loc — (B:o &p(n’é))loc — (BZ(n%;p)loc = ch(v)C p(n.9) . (784)
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Now, in the situation of Theorem 5.6, we conclude by Corollary 5.46 and (7.84) that for

each 0 < s < % and each relatively compact Lipschitz subset w € 2, the sequence (e(v;))
150;25’1} (n:8), Hence, for each such w we may extract a non—

relabelled subsequence such that for some v, € W*™28P(:9) (. R ) there holds e(v;) —

is uniformly bounded in W

v,,. Clearly, v, must coincide with &(u)|,, and hence e(u) € W*~2P(%:9) (4. R ). Using
the characterisation (7.7) of ¥, := Q\ €, by Lemma 2.16 we obtain

dimy (X,) < n— (s —20)p(n,d) =n— (s —29) 5
n—

Since this is valid for any s < % and all sufficiently small § > 0, we may send s " % and

6\, 0 to find dimy(2,) < n— 3. The proof is complete. O

Remark 7.30. It is natural to expect that for linear growth problems with C*—integrands
we do have dimy(3,) < n — 1. However, for this it seems necessary to obtain suitable
estimates for the second derivatives. Unfortunately, it is not clear to us how the method
to yield the Sobolev regularity improvement from Chapter 5.7 can yield estimates beyond
fractional derivatives.
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CHAPTER 8

Partial Regularity for Symmetric-Quasiconvex
Problems

In the final chapter of this thesis we leave the convex regime as dealt with in the preceding
chapters and investigate the corresponding adequate notions of quasiconvexity and rank—
one convexity. Since our integrands depend on the symmetric and not the full gradients,
these are given by the symmetric quasiconvexity and convexity with respect to directions
contained in the symmetric rank-one cone R™ ©® R™. Here we focus on two results: Our
first aim is to establish a full C1** regularity result for minimisers of strongly symmetric
rank—one convex variational integrals of linear growth subject to a smallness condition
on the Dirichlet data. In the second and main part of this chapter, we give a partial
regularity result for strongly symmetric—quasiconvex integrals of linear growth. To some
extent, this amplifies the results of the previous chapter to the quasiconvex regime. Most
crucially, however, it extends the results of KRISTENSEN and the author [134] obtained
in the BV—setting to the symmetric gradient case. As we shall discuss in detail below, it
hereby contributes to the partial regularity program initiated by EVANS in his fundamental
study [99].

Structure of the chapter. After describing and contextualising our results in Section 8.1
and explaining the requisite framework for the Dirichlet problem in the (symmetric)
quasiconvex situation in Section 8.2, we discuss the main obstructions to be encountered
in this chapter in Section 8.3. After gathering auxiliary tools in Section 8.4, in Section 8.5
we then establish the aforementioned regularity result for symmetric rank—one integrands.
Finally, in Sections 8.6-8.9 we accomplish the proof of the partial regularity for strongly
symmetric quasiconvex functionals of linear growth.

8.1. Description of Results

Let n > 2 and ) be an open and bounded subset of R™ with Lipschitz boundary
0. In a similar vein as in the previous chapters, we study for a given Dirichlet datum
ug € LD(€2) minimisers of the variational integral

S == /Qf(e(v)) dz over Dy, := LD, () := up + LDg(f2). (8.1)

As distinct from the preceding chapters, we admit the variational integrand f: RE" —
R to be symmetric quasiconvex or symmetric rank—one convex. These notions will be
properly introduced and discussed below. Unless otherwise stated, we further require
now that f: R2X"™ — R is of linear growth in the sense that there exists a constant L > 0

sym
such that

[f(2)] < L1+ |2|) for all z € RIX™. (L&)

Sym
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Let us carefully note that unlike for a plenty of convex integrands f with f” > 0 in
the sense of positive definite bilinear forms satisfying a quantified decay of the second
derivatives, (LG’) in general does not imply a coercive bound ¢;|z| — ¢y < f(2) for all
z € RE with two constants ¢, c2 > 0 if we pass to weaker semiconvexity notions.
8.1.1. Setup We begin with recalling and strengthening the concept of symmetric quasi-
convezity which already has been introduced in Definition 1.3. Here and in the following
we use the equivalent notations

V(z) = /1422 =1 for z € R,

and the reader will notice that this is the same as the auxiliary function e as utilised in
the previous chapter.

Definition 8.1 (Strong Symmetric Quasiconvexity). We say that a continuous integrand
fiRIX™ — R 4s symmetric quasiconvex if and only if for all A € RIX" and all ¢ €

Sym sym

Wy (Q;R") (where Q := (0,1)" is the open unit cube) there holds

f(4) < /Q F(A+e(p)) da. (8.2)

We say that f is strongly symmetric—quasiconvex provided there exists £ > 0 such that
F: R — R given by F(2) := f(2) — £V (2) for z € R is symmetric quasiconvez.
In this situation, F' is also said to be £-strongly symmetric quasiconvex.

Before we continue, let us briefly compare the strong symmetric quasiconvexity with
strong convexity conditions. Every convex integrand is quasiconvex, too, but if a convex
integrand is strongly (symmetric—)quasiconvez, then this has implications on its second
derivatives.

Remark 8.2 (Convex integrands in the situation of Definition 8.1). Suppose that f: RIT —
R is a convex function which is strongly symmetric—quasiconvez in the sense of Defini-
tion 8.1. If F = f—{4V(-) is convex, we obtain by passing to the second derivatives that f
is essentially p—elliptic with n = 3 (cp. Example 5.3). In conclusion, we may interpret the
strong symmetric quasiconvexity as the quasiconvex analogue of 3—ellipticity in the convex
situation. As we have seen in Chapters 5.2 and 6, this needs to be contrasted by mere
C? strict convezity: If we only work under a strict convexity assumption without specify-
ing the coerciveness rate for the second derivatives, then the implications of Definition 8.1

are not at our disposal.

From the definition as given above, it is not clear whether such integrands exist.
However, as shall be briefly discussed in Section 8.2, such integrands are ubiquitous and
can be obtained from the construction of functions which are genuinely quasiconvex and
of linear growth as accomplished by MULLER [189] and ZHANG [249].

In light of RINDLER’s lower semicontinuity results for symmetric—quasiconvex func-
tionals on BD (cp. [202] and Section 8.2 below), symmetric quasiconvexity is the natural
condition for variational integrals of the form (8.1) to possess the requisite lower semi-
continuity properties for the direct method to yield existence of minima, e.g., in the
context of Dirichlet problems. Mere (symmetric) quasiconvexity itself, however, cannot
yield higher (Holder—) regularity results. Instead, it is the strong version which makes
higher regularity available, and we briefly pause to discuss the relevance of the latter for
partial regularity.

8.1.2. Contextualisation: Regularity and quasiconvexity In a plenty of settings,
the partial regularity proofs for non—convex multiple integrals are usually centered around
a linearisation strategy combined with a Caccioppoli-type inequality (cp. Chapter 5.6 for
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a related discussion in the convex setting), both of which exploit the strong quasiconvexity
in an essential way.

The first partial regularity proof for strongly quasiconvex variational integrals is due
to EVANs [99] by adapting the blow—up method (cp. Section 8.3 for more detail) in the su-
perquadratic growth regime. As a major achievement, the decisive point in his proof is the
derivation of a Caccioppoli-type inequality: Essentially, it is the only point in the proof
where both minimality and strong quasiconvexity are utilised simultaneously. Closely fol-
lowing EVANS’ original approach, we shall also prove a Caccioppoli-type inequality below
in Section 8.8, and hence refer the reader to this section for more information on the
strategy. Let us emphasize that it is not clear to us how to arrive at such an inequality
when only a strong rank—one convexity condition is imposed; see the following subsection
for this terminology.

The strong rank—one convexity, however, is the essential point in employing the afore-
mentioned linearisation strategy. Roughly speaking, we aim for comparing minima on
small balls with corresponding solutions to linear systems of the type div(ADv) = 0 or
div(Ae(v)) = 0, where A is strictly related to the second derivatives of f. So the compar-
ison system — although not convex — is elliptic in the sense of Legendre-Hadamard, and
its solutions equally satisfy good decay estimates.

We will use variants of these ideas in the A-harmonic approximation technique! or
—linearisation strategy, respectively, for proving partial regularity. This will be explained
in detail in Sections 8.1.4 and 8.3, but beforehand we turn to a full regularity result in
the next subsection.

8.1.3. A Regularity Theorem for strongly symmetric-rank—one convex prob-
lems In this section we present a regularity result which is taylored for integrands which
satisfy a strong convexity condition with respect to directions contained in the symmetric
rank-one cone R™ ® R™ (and are hereafter called strongly symmetric-rank-one convex).
This particularly covers the strong symmetric quasiconvexity.

In what follows, we assume that F': R{7" — R is an integrand which satisfies the
following set of assumptions:
(H1) F e ChL(R2M).

loc \"sym
(H2) F is of linear growth, i.e., there exist 0 < ¢; < ¢3 < oo and ¢z € R such that
c1]z] — e2 < f(2) < e3(1+ |2]) holds for all z € R2X™.

Sym

(H3) F is strongly symmetric-rank—-one convex, i.e., there exists 1 < u < oo and £ > 0

such that
w <(F"(2)(a®b),a ®b) holds for all a,b € R" and z € RS
1+ 1% S | | o

We also refer to this hypothesis as strong symmetric Legendre—Hadamard condition.
Based on these assumptions, our first result of this chapter reads as follows.

Theorem 8.3. Let @ C R™ be an open and bounded domain with C**~boundary 0N
and let 0 < a < 1 be given. Given a variational integrand F: REZT — R satisfying
(H1)—(H3) from above, there exists g > 0 with the following property: If g € CH*(Q; R™)
satisfies ||gl[c1.a@prn) < €0, then there exists a LD-minimiser u € Dy := g + LDo(R2) of

the variational integral

Flv; Q] ::/QF(E(U))dx over Dy. (8.3)

1To avoid notational confusion, let us remark that here and in the remainder of the chapter, A is not
utilised to denote differential operators as has been done in Chapters 3—-5. Instead, we shall use A for
bilinear forms, and this will be clear from the context throughout.
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Moreover, we have u € CH*(Q;R™), and there exists a constant ¢ = c(eg, F) > 0 such
that

”u”Clv‘l(ﬁ;R") < CHg||CL'1(§;]R")‘ (8.4)

The proof of Theorem 8.3 will be given in Chapter 8.5 and is centered around the
Banach space version of the implicit function theorem. For the convenience of the reader,
this is recalled in Chapter 10.5 from the appendix.

Since we argue from an abstract perspective and as will become clear in the proof, we
are only able to fit the above theorem into the framework of the implicit function theorem
if we have local Lipschitz continuity of the third derivatives of the integrand. Even though
this assumption might seem peculiar, it is not clear to us to which extent Theorem 8.3
survives if this condition is dropped. Also note that a similar condition arises in a different
application of the inverse function theorem in the work of ZHANG [248].

On the other hand, we have no effective control over the smallness parameter g but
rather have to take what the implicit function theorem gives us. However, accepting a
possibly very small such parameter, the theorem in particular yields the existence of a
LD-minimiser and so reflects the crucial impact of both the regularity and smallness of
the Dirichlet data on the regularity of minima.

8.1.4. Partial Regularity for strongly symmetric quasiconvex problems In this
section, we present the second main result of this chapter, Theorem 8.4 below. The result
itself is the extension of a long list of partial regularity results to symmetric quasiconvex,
linear growth functionals and covers a very special yet open case in this program. With
the full gradient case being dealt with only recently in [134], we wish to point out that
beforehand, the most general® result regarding quasiconvex functionals was due to DI-
ENING ET AL. [82]. In this work, partial regularity for minima of strongly quasiconvex
variational integrals of Orlicz growth was established, provided the integrand satisfies the
Ay N Vo—condition. From our discussion in Chapter 2.5.6, it is however seen that the
results from [32] do not apply to quasiconvex integrands from the class Llog L. Still,
from a compactness viewpoint, the latter is substantially better behaved than L'-based
spaces or spaces of Radon measures. Hence there is indeed a crucial difference between
the linear growth situation and the setting of [82], and we aim at closing this gap in what
follows.

Main Result

We now impose the following set of hypothesis on the variational integrand f: R{" — R:

(H4) f is of class C2'(R™Xn).

loc\™sym

(H5) f is of linear growth, by which we understand now that for some L > 0 there holds

[F(2)] < L(1+z]) for all z € R (8.5)

Sym

(H6) f is f—strongly symmetric quasiconvex in the sense of Definition 8.1.

We note that, as a consequence of Lemma 3.28 (also see [53, Sec. 5]), symmetric rank—one
or quasiconvex functions of linear growth are Lipschitz on RE'. This property thus is
implicit in (H6).

Our second main result of this chapter then reads as follows.

2Here, the term ’generality’ refers to the Orlicz growth behaviour of integrands. In other settings,
so for instance, (p,q)—integrands or systems with u—dependence, we refer the reader to, e.g., SCHMIDT
[207, ] and HAMBURGER [142], especially to [141, | for proofs that do not utilise Caccioppoli-type
inequalities.
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Theorem 8.4. Let 2 be an open and bounded Lipschitz subset of R™ and let ug € LD(2).
Moreover, let f: R — R be an integrand satisfying (H4)-(H6) from above and put, for
v € BD(Q),

o] /f@% dx+/f°° dE ) d|E*l
d[Eso|
(8.6)
+ 2 (Traq(up — v) © vaa) dH" 1,
o0

where [ is the strong recession function to be defined in Chapter 8.2 below. Ifu € BD(Q)
is a BD-minimiser for § in the sense that

%uo [u] < §Uo [v] for allv € BD(Q),

then there exists an open subset Q, of Q with L™ (Q\ Q) =0 and for every xg € Qy,, u
is of class C in a neighbourhood of xo for any 0 < a < 1.
In particular, denoting ¥,, = Q\ Q.,, we have

Sy =3, U%}
o | ESu|(B(xo,7))
{:Eo 1£n\j(f)l B(zo,) 6~ U)B('/U7R)| v 7 } (8.7)

Eu(B(zo, 7)) ’ B OO}.

U{xOEQ: lim sup W =

N0

This theorem will be established in several stages. In Section 8.6 we provide so—
called Fubini—-theorems for BD—maps which shall turn out essential in the implementation
of our linearisation strategy. In fact, the requisite higher integrability of suitable A—
harmonic comparison maps stems from the differentiability properties of the restrictions
of minima, to .#!-almost all spheres with fixed center. Having gathered auxiliary tools
and linear comparison estimates in Section 8.4, we establish a Caccioppoli-type inequality
in Section 8.8. With this at our disposal, we then employ an A-harmonic comparison
argument to establish the partial regularity in Sections 8.7 and 8.9. The chapter is then
closed by remarks on extensions of the work presented so far.

We conclude this section by commenting on the method of proof which we invoke to
establish Theorem 8.4.

8.1.5. The method of A—harmonic approximation In proving the partial regularity
for strongly symmetric quasiconvex integrands on BD, we make use of a linearisation
strategy by explicitely constructing comparison maps. This is a direct version in the
spirit of the A—harmonic approximation technique, an approach with origins in the works
of ALLARD [12, 13] and SIMON [216] in the context of geometric measure theory, and has
been adapted to partial regularity proofs by DUzAAR et al., cp. [89, 90, 91, 92]. There
are also a considerable number of recent applications to the problems with Orlicz growth
or manifold constraints, see, among others, [32, 31, 82, , ]. Let us also mention
that BECK’s recent monograph [33] contains a comprehensive overview of the A-harmonic
approximation and other linearisation techniques, cp. [33, Chpts. 4.3.2 and 5.2].

To display the distinction from our method later on, let us briefly sketch the idea of
the usual A-harmonic approximation strategy. We again aim at an excess decay estimate
for the symmetric gradients of minima. By use of Campanato’s lemma, Theorem 2.27,
and Lemma 7.7, this yields the Holder continuity of minima. This decay estimate is then
proven to be available for .Z"—a.e. point in €2 and thereby establishes the partial regular-
ity. To arrive at the excess decay, we compare the solution on small balls with the solution
of an A—harmonic system. The overarching principle now is the following: If the excess
quantity is small for a given radius, then the minimiser is almost A—harmonic on the given
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ball for a suitable bilinear form A (which, in turn, corresponds to the second derivative
of the integrand f). This feature is usually referred to as approzimate A—harmonicity of
minima. In this situation, the so—called A—approzimation lemma asserts that if a mapping
is almost A—harmonic, then it is close to an A—harmonic mapping, where closeness mostly
is measured in the L”—distance3. If f is in a suitable sense quasiconvex, the bilinear form
A is strongly Legendre-Hadamard and hence A-harmonic mappings satisfy good decay
estimates. To establish the decay estimate, we consequently switch from estimates for
the (symmetric) gradients to the minimisers themselves by a Caccioppoli—type inequality
and are then able to compare the minimisers with the A-harmonic maps provided by the
linearisation argument employed before. In this way, the decay estimates for the latter
maps are inherited to the given original minimiser and the proof concludes.

8.2. Lower Semicontinuity for Symmetric—-Quasiconvex Problems

For completeness of exposition and since it is not dealt with in Chapter 4, we now
briefly comment on the Dirichlet problem on BV and BD for (strongly symmetric) quasi-
convex problems. Whereas the lower semicontinuity in the convex situation is treated by
use of the Reshetnyak—type theorems (cp. Chapter 4.3, Proposition 4.18), the quasiconvex
situation is substantially more intricate. For BV, the situation has been treated by AMm-

BROSIO & DAL MaAso [15] and by FONSECA & MULLER [107] (also cp. [108]) first, thereby
extending the seminal work of ACERBI & Fusco [2] in the W'P—case, p > 1. Toward a
relatively complete theory, KRISTENSEN & RINDLER [163] extended the aforementioned

works in the BV—case to signed integrands.
For future reference, let us record the following result on integral representations for

lower semicontinuous envelopes in the version as given by RINDLER [201] for the gradient
case:
Theorem 8.5 ([15, 107], Gradient Case). Let Q2 C R™ be an open and bounded Lipschitz

domain and let f: RN*™ — R satisfy the following set of assumpitons:
(i) f is continuous,

(ii) [f(6)] < M(1+ |€]) for some M > 0 and all £ € RN*",

(iii) the strong recession function f>(£) := limy_ oo t 1 f(t€) emists for all £ € RN*™,
(iv) f is quasiconvez.

Then the functional

Flu] = /Qf(Vu) dx—&-/ﬂfoo (%) d|D%u|

+ o°(Tr(u)|oq ® vaq) dH™ 1, foru € BV(Q;RY),
o9

is lower semicontinuous on BV (Q; RY) with respect to weak*—convergence. Here, as usual,
Du = VuZ" + D%u is the (Lebesgue—)Radon—Nikodym decomposition of Du, and vaq
denotes the outer unit normal to 0S).

Some comments are in place. Firstly, the original approach of [15] consisted in identi-
fying F as a suitable lower semicontinuous envelope. Hence the main difficulty stemmed
from establishing this identification rather than proving lower semicontinuity. Secondly,
we wish to note since f is assumed quasiconvex, it is particularly rank—one convex and
hence the strong recession function exists on the rank—one cone. Since in the definition of

3In many situations, this can even be improved to LP—closeness on the level of gradients. This enhanced
version makes use of the Lipschitz truncation technique, cp. [32, 84].
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the functional F the recession function only operates on the density of the singular parts
with respect to their own total variation measures, by ALBERTI'S Rank—One Theorem
we are in fact allowed to work with the strong recession function throughout. However,
note that for general quasiconvex integrands, the strong recession function f°°(€) need
not exist for & € RV*" \ (RY @ R") and so the passage to the upper or lower recession
functions can be of use. These are defined by passing to the limsup or lim inf instead of
lim, respectively, and we shall treat this in more detail in the symmetric gradient situation
below.

Originally, the main part of the proof is centered around a blow—up argument (cp. [108])
and ALBERTI'S Rank-One Theorem. Just recently it has be proven in [70] that a sym-
metric rank-one theorem is available for BD, too (cp. Chapter 4), and building this
recent generalisation, a more general theory in the spirit of FONSECA & MULLER’S A-
quasiconvexity (cp. Chapter 3) is available (see [241]).

However, as a symmetric rank—one theorem was not available until recently, the main
novelty of RINDLER’s lower semicontinuity result below was that it overcomes the tra-
ditional use of ALBERTI’S rank—one theorem. To state it, we make some extensions of
the recession function concepts to the symmetrised case. Given a continuous function
f:R2*™ — R, we define the strong recession function by

sym
(€)1 L)

t—soo t

£ e Ry (8.8)
which is analogous to the gradient situation. If f is merely assumed symmetric quasi-
convex, this limit need not exist in general. However, it does exist on the symmetric
rank—one cone R” ® R". In fact, since symmetric quasiconvexity implies symmetric rank—
one convexity, f is convex with respect to directions out of the symmetric rank—one cone
and hence we may then argue as for the convex case. Consequently , if we wish to come
up with a notion of recession functions, then we can pass to upper and lower recession

functions fi5 and f{3;, given by

() 1= limsup 1 £(¢/0),
t—o00
fs(©) = lminf £ f(/0), o & € BRI
t—o00
We now have the following result:

Theorem 8.6 ([202, Thm. 1]). Let Q& C R™ be an open and bounded Lipschitz domain

and let f € C(R;‘yxn?) be a symmetric—quasiconvex integrand which satisfies

1) 1f I <M+ |&]) for some M >0 and all £ € R2X"

sym 7

(ii) the strong recession function f* exists on RI.

Then the functional

Sl = [ fEwdot [ ( deEj‘u|)d| Bl + [ 7 (Twlon © voo) a1

for uw € BD(RQ) is lower semicontinuous with respect to weak*—convergence in the space

BD(Q).

Similarly as above, we may work with the strong recession function as a consequence
of the DE PHILIPPIS-RINDLER Theorem. Working from Theorem 8.6 and extending
the machinery given in Chapter 4.3.2, we now briefly sketch how the existence theory
for linear growth functionals in the symmetric-quasiconvex setting is accomplished. Let
ug € LD(Q) be given and put Dy, := ug + LDo(f2). For a symmetric-quasiconvex varia-
tional integrand f: RIXX™ — R of linear growth, we say that u € BD(Q2) is a generalised

sym
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minimiser of § given by (8.1) over D, provided u appears as the L'-limit of a §-
minimising sequence (uy) C D,,. In analogy with Chapter 4.3.2, we denote the set of
all generalised minima by GM(F;up). Subject to the hypotheses of Theorem 8.6, the
following are then equivalent:

(a) u e GM(F;uo).

(b) u € BD(f) is a BD-minimiser (subject to the Dirichlet data uo) in the sense that
Fuo[t] < Fug [v] holds for all v € BD(S2). Here, the functional ., is given by

Sy v /f (&v) dx+/f°° (ddEEf )dE5v|

F2(Tr(ug — v)|aa © vaa)dH™™, v e BD(Q).
Q

(¢) Given any open Lipschitz subset  of R" with Q € Q and plckmg any Ty € LD(Q\
Q) with Tr(d)|,5 = 0 and Tr(tg)|oo = Tr(uo)lse H" '-a.e. on the respective
boundaries, we have

Tolwa] < Fglw,] for all v € BD(Q).
Here we have put, for v € BD(Q),

~ in
Wy: Q=R w, = ?i ?n T
up in O\ €,

and, for w € BD(Q),

o [ dEw s
& [w] z/ﬁf(éow)dx—k/ﬁf <d|ESw|)d|E w.

This can be seen similarly to the proof of Proposition 4.26. The only essential difference,
however, lies in the direction ’(b)=-(a)’ or, equivalently, '(c)=-(a)’. Given a BD-minimiser
u € BD(Q), we need to find a minimising sequence (ux) C D,, which converges to u
strongly in L'(€;R"). Here we appeal to the (symmetric) area-strict smooth approxi-
mation result for BD, Lemma 4.9, and find (ux) C ugla + C°(€;R™)(C Dy,) such that
ur — u in the area-strict sense on © (and hence trivially in L'(Q;R")) as k — co. To

conclude that (u) is a minimising sequence, we require the continuity of §,, with respect
to (symmetric) area—strict convergence.

As it will be required independently in the partial regularity proof below, we give
the following lemma on area—strict continuity of symmetric rank—one convex variational
integrals of linear growth. In the form as given here, it appears as the canonical general-
isation of [163, Thm. 4] to symmetric rank—one convex variational integrals, and we refer
the reader to [53, Sec. 5] for the corresponding statement in a more general context.

Lemma 8.7. Let f: RiL — R be a continuous integrand of linear growth at infinity,
., satisfies |f(&)] < (1 + [€]) for all £ € R2X™ and a constant M > 0. Moreover,

sym
assume that f is symmetric rank—one convex. Then the functional

dES
J\:ur—>/fé"u )L™ + / o\ JT ] d|ESu|, u € BD(Q),

is continuous on BD(Q) with respect to the area—strict topology. That is, if u,ui, uz, ... €

BD(Q) are such that uy, “ u, then Fluy] — Flu] as k — 0.
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Proof. We give the quick proof for the reader’s convenience and follow closely [163].
Given m € N, we make use of the terminology explained in the appendix, Chapter 10.3,
and recall that an integrand f: R™*™ — R belongs to the class E(R™*") provided the
function & — (1 — |€]) f(z, (1 — |€])7L€) for € € B™*™ (i.e., the open unit ball in R™*"),
can be extended to a continuous function on the closure of B™*™). From [10, Lem. 2.3],
we record that if g: R™*™ — R is a lower semicontinuous integrand for which there exists
I > 0 such that g(&) = —1(1 4+ |€|) for all £ € R™*™ and we define

o g(tE)
hg(€) == htrglor.}f P
g'—o¢
then there exists a sequence (gi) of class E(R™*™) such that

sup gr(§) = g(§) and supgp,, (&) = hy(§)  for all & € R™*".
keN keN

In what follows, we choose m € N such that R{® = R™*™. Let (u;) be a sequence
in BD(?) with u; — u in the (symmetric) area-strict sense on 2 as j — oco. By the
aforementioned result applied to g = f, we obtain a sequence of integrands g;, € E(RL")
to which we may apply the Reshetnyak—type continuity result from Lemma 10.10 from
the appendix. This yields

liminf .Z[u;] > liminf/ gr(&uj) dz +/ Jiou (dEl) d| Efuy|

j j—oo Jq MPAd] ESuy| J

j*}OO
dE°u
= &u)d d|E°ul.
/ng( w) x+/gkup(d|Es ) diEnw

Since the left hand side does not depend on k, we may pass to the supremum on the right
hand side to obtain by monotone convergence

dE*u
oo S .
/fé"u dsc—i—/h <d|ES |)d|E u| < hmlnf Fuj). (8.9)
An analogous argument with ¢ = —f consequently yields
dE°u s
llgsgpf ;] / f(&u)d / (m) d|Eul. (8.10)
Our aim is to show that
wp(§) = hy(§) = —h_s(E) for all £ e R" © R", (8.11)

with the symmetric rank-one cone R" ©®R", i.e., all those £ € R{ T which can be written
as £ = a © b for some a,b € R". To see that thls implies the claim indeed, note that by
(4.12) ff., d“i%izzl € R"©R" | E°ul-a.e., and hence we obtain by (8.11) in conjunction with

(8.9), (8.10) that
(8.10) dE*u
limsup Flu;] < / Eu dxf/hio — ) d|E’u
msup ] | f(&u) ) f(dlEsu|) | E*ul

(8.11) oo [ dE°u R
frng —_— E
/Qf(@@u)dm—i—/ghf (d|ESu|)d| ul

(8.9)
< liminf Flu,],
j—o0
and hence the liminf and lim sup must be a limit indeed and the claim follows. Toward
this aim, we note that

hp(©) =timsup 1) g emmn
t—00 t

g —¢
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Now note that

4 t

Fe) _ fe) =09 | fO) _
t

Since symmetric rank-one convex functions of linear growth are Lipschitz on R, we
immediately find |I;| < C|¢' —€&] — 0 as & — & On the other hand, we have IT; —

o (§) = f°(§) as t — oo by definition and § is of symmetric rank-one structure. The
proof is complete. O

Based on the previous lemma, we then obtain for the sequence (ur) C D,, that
Wy, — W, symmetric area-strictly on €2, too, and therefore

Tolwu,] = Fglwal as k — oo.

Now it suffices to note that v € BD(2) is a BD-minimiser if and only if w,, is a minimiser
for §§ over all w, for v € BD(Q2) to conclude. By the direct method and Theorem 8.6, it
is now straightforward to establish the existence of a generalised minimiser provided f is
suitably coercive, e.g., is bounded below. Finally, we have

inf § = min §uo.
D, BD(Q)

Here, >’ is obvious as ., 1D, = §|p., and "<’ follows as in the proof of Theorem 4.23 (ii),
now using Lemma 8.7 from above.

We conclude this section by recalling the approach of ZHANG [249] to briefly justify
that the class of non—convex integrands specified by Definition 8.1 is non-empty. The
rough outline in the full gradient setting is this: Pick A, B € R™V*" which are not rank—
one connected, that is, rk(A — B) > 2. Then the function ¢: RV*" 5 ¢ s dist(¢, {A, BY})
is not convex. If we accordingly pass to the quasiconvexification Qg of ¢, i.e., the largest
quasiconvex function below ¢, then Q¢ can be shown to be quasiconvex, not convex, and
of linear growth.

In the symmetric—convex setting, we choose A, B € RE " which are not symmetric—
rank—one connected (that is, there exist no two vectors a,b € R™ for which there holds
A — B =a®b) and then proceed as above with the obvious modifications. This yields
a symmetric quasiconvex function Qp: R — R. We then choose a monotone and
convex C*-function h: Rsg — Rsg for which the function ¢ v h(t) — £V (t) = h(t) —
2(\/1+ [t|2—1) is convex and eventually define f := ho(Qg). Then it is not too difficult
to demonstrate that f is not convex, and since for all A € R{{" and all ¢ € Wy (Q;R")
we have

) = 1(@p)a)) < A [ (@14 + e(w) ar)

< /Q (h o (Q))(A+e(w)) da = /Q f(A+e(w)) da,

where we used monotonicity of h and symmetric quasiconvexity of Q¢ in the second and
Jensen’s inequality for the convex function h in the third step. To achieve the required
regularity, it suffices to mollify f via convolution with a standard mollifier.

8.3. Obstructions and Comparison with other Strategies

Before we proceed to the main part of this chapter and give the proofs of Theorems 8.3
and 8.4 from above, we wish to point out the main difficulties in establishing these results
and reason our choice of the particular linearisation strategy.

Often, partial regularity proofs employ a higher integrability argument. In the convex
setting (cp. Chapter 5), it is possible to obtain higher integrability of the gradients of
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minima by variants of NIRENBERG & SHIFFMAN’s difference quotient technique. This has
been outlined to some extent in Chapters 5 and 6. However, we recall that for this method
not only positive definiteness of the integrands’ Hessians f/ but also quantifiable notions
of convexity are required. From a conceptual view and also recalling Remark 5.42, this is
ruled out for quasiconvex integrands as the Hessian is not positive definite everywhere.

A different option for establishing the higher integrability is the use of Gehring’s
Lemma in conjunction with a Caccioppoli-type inequality. We have argued in Chap-
ter 5.6 for the convex situation that the Caccioppoli inequality in itself cannot yield
higher integrability of the (symmetric) gradients. In the setting of Chapter 5, this was
not of primary importance as a finite difference approach still could yield some higher
integrability, but as we reasoned above, this is not available in the quasiconvex situation.

From a heuristic viewpoint, the Caccioppoli inequalities rule out oscillations of min-
ima. If we are in the p—growth setting with 1 < p < oo, then we follow the procedure as
sketched in Chapter 5.6 to combine the Caccioppoli inequality with the Sobolev inequality
to obtain a reverse Holder inequality. This, in turn, rules out too large singularities. That
is to say, for minima of suitably elliptic variational integrals, control over oscillations gives
control over LP—concentrations, p > 1. As the example as given in Chapter 5.6 shows, in
the linear growth regime these two phenomena seem to be decoupled instead.

Following the study of FARACO & KRISTENSEN [103], the key to the regularity of
minima is compactness, the latter usually being an implication of the Caccioppoli in-
equality. In some sense, this is also the case in our situation. However, in our setting,
the compactness does not stem from uniform higher integrability assertions on particular
minimising sequences as is ruled out by the above discussion. Consequently, we need
to choose a method of proof that overcomes the explicit use of higher integrability, and
this is offered by the A—harmonic approximation technique as briefly sketched above. To
conclude with, we wish to elaborate in more detail where other proof strategies seem to
cause adamant difficulties.

Following the terminology of [33, Chpt. 4], the A-harmonic approximation method
is a so—called direct* approach to the regularity, i.e., does not rely in a crucial way on
indirect arguments that use proof by contradiction. Put differently, it utilises a minimum
of compactness principles and thus is a priori well-suited for our aims in this chapter.
To explain the difficulties to be encountered in different approaches, we briefly sketch
three other approaches and indicate where their application is not clear to us to yield the
partial regularity.

e The method of blow—up. This indirect approach was established by DE GIORGI [74]
and ALMGREN [12] in their study of regularity of minimal surfaces first. Here we
assume towards a contradiction that the excess decay does not hold. Based on this
assumption, we modify and, in the terminology of [164], zoom into the integrand
to obtain a sequence of mappings defined on the unit ball (the so—called associated
blow-up sequence) which converges weakly (or in the weak*-sense, respectively)
to a limit mapping. This limit mapping then is proven to solve a strongly rank—
one convex system and therefore satisfies the decay estimates available for such
systems. In this situation, the crucial step consists in upgrading the weak (or weak*—
) convergence to strong convergence of a suitable subsequence. This is usually
accomplished by a Caccioppoli-type inequality. In fact, converging strongly, up to
finitely many members of the blow—up sequence must satisfy a suitable excess decay
dictated by that of the limit mapping. This, in turn, yields a contradiction with the
assumption on the blow—up sequence to violate such a decay. Therefore, the excess
decay for the minimiser must hold and an iteration scheme concludes the proof.

The main problem which we discover in the quasiconvex linear growth setting is

4Apart from a possibly indirect proof of the A-harmonic approximation lemma, cp. [33, Chpt. 4].
However, note that there is also a direct proof of the A-harmonic approximation lemma due to DIENING
ET AL., cp. [82], making the A-harmonic approximation method a fully direct strategy.
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this: At the relevant stage of the proof, the blow—up sequence can only be proven
to converge to a limit mapping in the weak*—sense and whose (symmetric) gradient
merely might be a measure. Since the Caccioppoli-inequality in itself cannot yield
local higher integrability of the minimiser, it is not clear to us how to deduce that
the aforementioned weak*-limit indeed qualifies as a W' -map, cp. [I76]. As a
consequence, we are not in position to deduce that the weak*-limit satisfies a linear
strongly rank—one convex equation.

e The Anzellotti-Giaquinta—type comparison strategy. This approach, which is based
on comparison with mollifications, has been explained in detail in Chapter 7. For
completeness, we recall that the decisive point for the proof scheme not to work
in the quasiconvex situation is Jensen’s inequality, and it is not clear to us how to
fruitfully remove this obstruction.

e The p— and ¢-harmonic approxrimations. The linearisation strategies pursued in
the previous methods work because of the strong Legendre-Hadamard condition of
f,ie., f" is positive definite with respect to directions contained in the (symmetric)
rank—one cone. If, however, the second derivatives degenerate at zero, say, then the
comparison with linear systems is not available anymore. In case the second deriva-
tives degenerate in a quantitative precise way and for instance behave like those
of the p—Dirichlet integrand (or, in the context of Orlicz functions, the ¢—Dirichlet
integrand), then still a comparison with p—harmonic mappings can be established.
By [237, 238], the latter also enjoy good decay properties. This method is known as
p— or p-harmonic approximation technique, cp. [93, 94] and [30, 81, 82]. Since we,
however, will permanently assume strong Legendre-Hadamard conditions on the
integrands, there will be no need for this method; however, compare Remark 7.26.

8.4. Auxiliary Estimates

In this preparatory section we gather various auxiliary estimates that will play impor-
tant roles in the proofs of the main theorems of this chapter. This encompasses estimates
on shifted integrands, two iteration lemmas and some linear comparison estimates. The
latter are designed for the application to quasiconvex or rank—one convex problems. In
this respect, they need to be contrasted with the corresponding estimates for convex prob-
lems as given Chapter 7.3, however, here our focus is on different aspects of the decay of
solutions.

8.4.1. Shifted Integrands and the V—function In order to implement the linearisa-
tion strategy in the main part of the partial regularity proof, we introduce for f: RZ7® —
R satisfying (H4)—(H6) from Section 8.1.4 and w € R 1" the integrands

fu(§) = f(§ +w) = flw) = (f'(w),§)

1 8.12
(=/0 (1 =) (f"(w+ )¢, &) dt), €€ RELT, (842

and remind the reader of the function V: R2X" — R defined by V(§) := /1 +[¢]? — 1

sym
for £ € Ry
Lemma 8.8 (Auxiliary Assertions, [134, Lems. 3.1, 3.2]). For all w,z € R{" we have

(with an obvious interpretation for w =0 or z =0)

1+|w|2—|w|2(l-|§

e

(1+ Jwf?)?

) 1V
and Vy(z) 2 EW (8.13)

(V" (w)z, 2) =
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Moreover, for each m > 0 there exists a constant ¢ = ¢(m) € [1,00) with the following
properties: If f: RETM — R satisfies hypotheses (H4)—(H6), then for all z € RIT and
all w e REX™ with |w| < m there holds

(1) [fuw(2)] < cLV(z),
(i) [/ (2)] < eLmin{[z], 1},
(iii) |f(0)z = fi,(2)] < LV (z).

and for all w € R2X"™ we have for all open balls B C R™

sym
é/ V(e(p))der < / Juw(e(p)) dz for all ¢ € LDy (B). (8.14)
B B
Proof. All assertions apart from (8.14) are taken from [134, Lems. 3.1, 3.2]. To see (8.14),

let B C R™ be an open ball and let ¢ € LD(B) be arbitrary. From (H6) and hence the
{—strong symmetric quasiconvexity of f we deduce

(8.13)
/ Vele) g, 16/V
(1+ Jw[?)?

=w4vwwfw»—VWMw—mAwwwfw»m

sy - swas- 2 [ (et as

16
=7 [ fuleto s

Here the underbraced integrals vanish by the Gauss—Green theorem and the fact that
¢lop = 0. We then multiply the inequality with (14 |w|?)2 and use |w| < m to conclude.
The proof is complete. O

Also, the following lemma is a reformulation of Lemma 7.9 which is convenient for our
purposes.

Lemma 8.9 (Estimates on the V—function). There exist constants ci,ca,c3 > 0 such
that there holds

c1 min{|z|, |2|*} < V(2) < min{|z|, |2|*}, (8.15)
V(Az2) < 2 \?V (2) for allA > 1, (8.16)
V(z+w) <ce3(V(z) + V(w)) for all z,w € R™. (8.17)

8.4.2. Iteration Lemmas We now record two iterations lemmas that are instrumental
in the derivation of Caccioppoli-type inequalities.

Lemma 8.10. Let 0 < § < 1, A > 1 and R > 0. Assume that ,¥: (0,R] — R are
non—negative functions, where ® is bounded, V is decreasing with \Il(%) < AVU(t) for all
t € (0, R] and that ®(r) < 0®(s) + U(s —r) holds for all r,s € [&, R] with r < s. Then
there exists a constant C = C(0, A) > 0 such that

@(?) < CU(R). (8.18)

The preceding lemma can be found in [134] but appears as a straightforward modifi-
cation of the argument outlined in GIUSTI’S monograph [128, Lem. 6.1].
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Lemma 8.11 ([121, Chpt. 5, Lem. 3.1]). Letr > 0 and let g: [5,7] — [0,00) be a bounded
function such that for all § <t < s <r there holds

A
(s =)

g(t) < Og(s) +

for some non—negative constants A,a,0 > 0 such that 0 < 6 < 1. Then there exists

¢ =c(0) > 0 such that
T A
()
9(2) = C(G)r“

8.4.3. Linear Comparison Estimates: A Lemma by Maz’ya and Shaposhnikova,
revisited In what follows, we call a bilinear form A: R{IT x REZT — R strongly
Legendre—Hadamard (or strongly symmetric rank—one convex) provided there exists A > 0

such that for all £&,7 € R™ there holds
NEon|* <Algon o). (8.19)

The aim of this section is to transfer the results of [171], which are originally stated for
strong Legendre-Hadamard operators defined on RV*™ and hereafter strongly rank—one
convex, to the symmetric setting. Here, we recall that a bilinear form A: RVX7 x RNVxn
R is strongly Legendre—Hadamard if and only if there exists a constant v > 0 such that

vl @n? < A'[g ®n,€&Qmn] for alln e RY, £ e R™. (8.20)
To reduce to the setting considered in [I71], let A: RIT x RET® — R be strongly

Legendre-Hadamard. We define a bilinear form A: R x R 5 R by setting
Al €)= Alp™™, €™, n,E R, (8.21)

where for A € R"*" ASy™m .— %(A + AT) denotes its symmetric part. We firstly have the

following reduction lemma.

Lemma 8.12. There exists a constant A > 0 such that for all a,b € R™ there holds
Alal b < Ja®b] < la®b| < A7 Yal|b]. (8.22)

Proof. We argue by Fourier multipliers and henceforth denote €[¢] the symbol of the
symmetric gradient operator evaluated at the Fourier variable ¢ € R™. The second and
third inequality are clear. For the first inequality, it is not restrictive to assume a # 0 so
that, by ellipticity of €, €*[a]e[a] is invertible. Hence,

lalb = |a|(e*[alea]) " e*[a]a @ b. (8.23)

Since the map R™\ {0} > ¢ — |¢](e*[¢]e[¢]) " te*[¢] € L(R™; R™*("*™)) is homogeneous
of degree zero, it is bounded. Thus, if we put ¢; ' := supgo |1€](e*[€]A[E]) ~ e [¢][, then
we obtain by (8.23) |a| |b|] < ¢;*|a @ b|, and the proof of (8.22) is complete. O

Then we have for all £, € R™

- (8.22)
Alt@nc@n =AEoncon = ANEon? = MNP n? = AMla® bl

So A is strongly Legendre-Hadamard on R™*". Moreover, note that for all ¢ € CL(€; R")
there holds

f/<div(1§Du),cp> dxz/(&Du,Dcp) dx
Q Q

- / (he(u)), e(p)) dz = — / (div(Ae(u)), o) da.
Q

Q
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We shall frequently refer to this as reduction principle for obtaining strong Legendre—
Hadamard systems from strong symmetric Legendre-Hadamard systems. Based on this
principle, we can now turn to the following result.

Theorem 8.13. Let A be a symmetric strongly Legendre—Hadamard bilinear form on
R and let Lv := —div(Ae(v)). Then for each k € N, 1 < ¢ < oo and any open ball

B C R", the mapping
&: WHI(B;R") 3 u — (L(u), Tropu) € WF29(B;R") x WF"a9(9B;R")  (8.24)
is a topologically linear isomorphism.

The previous theorem is a consequence of a very general statement on layer potentials
due to MAZ’YA & SHAPOSHNIKOVA [171, Lem. 3.2], and we briefly pause to fit Theo-
rem 8.13 into its framework. Let 2 C R™ be an open and bounded Lipschitz domain. For
future reference, we hereafter assume that for every boundary point xzg € 0S2 there exists
a neighbourhood U and a Lipschitz function g: R"~! — R such that

UnQ=Un{(z,y): € R y>g(x)} (8.25)

Moreover, let 1 < p < 00, 0 < a < 00 and k € N. We then define the weighted Sobolev
space W’;’O‘(Q;RN) as the linear space of all u € LP(Q;R”Y) which are k—times weakly
differentiable and for which the norm

1
ull gt ey = lll ooz, + (/Qdistpo‘(;g,a(l)|vku(x)|1’dx> :

sk, . .
is finite. As usual, W, a(Q;RN) denotes the completion of C2°(£2;RY) with respect to

the W’;’Q(Q;RN)fnorm. Also, we denote W;’““(Q;RN) = (V.V’;’a)/(Q;RN). We then
record the following proposition.

Proposition 8.14 ([171, Lem. 3.2]). Let 1 < p < oo and let 0 < o + % < 1. Then,
for any open Lipschitz domain in R™ for which the Lipschitz constants of the functions g
do not exceed a sufficiently small constant, and any strongly Legendre—Hadamard bilinear
form A: RNX" x RNXn 5 Ry the mapping

WLYB;RY) 3 u = (— div(AVu), Trop u) € W, V(4 RY) x WI—2~57(9B; RY)
is a topologically linear isomorphism.

Some comments are in order. Actually, [171, Lem. 3.2] is stated for the Laplacian
instead of the operator u — div(AVu), but according to the remark on page 106 of [171],
the previous result is also available for any strongly Legendre-Hadamard operator. This
equally applies to Proposition 8.15 below. Also, even though A is defined as bilinear form,
we may identify it with its representation matrix A € RIVX)X(NXn) and so make sense
of the expression div(AVw). Finally, notice that every ball satisfies the hypotheses of the
proposition as its boundary is of class C*°. Hence for every boundary point we can find a
neighbourhood in which the corresponding Lipschitz constant is suitably small, and then
use a compactness argument to conclude.

Now, based on our reduction principles for symmetric strong Legendre-Hadamard
systems, we obtain Theorem 8.13 for k = 1 and o = 0 (note that if « = 0, then the
Sobolev spaces W’;7a reduce to the usual Sobolev spaces wkp ). The following proposition

is originally stated for domains with boundaries of classes WP or MW%?. A boundary 89
is said to be of class WP (for p(£—1) > n—1) provided any function g appearing in (8.25)
belongs to W*P(R”~1). On the other hand, the boundary is said to be of class M]f (for

p(£ — 1) < n—1) provided any function g appearing in (8.25) belongs to C%*(R"~1) and
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satisfies 0;g € MWZil’p(Rnfl) for all j = 1,...,n — 1. The so—called Sobolev multiplier
class MWMP(R™1) (for A > 0 and 1 < p < o0o) is defined as the collection of all
v: R* 1 — R for which v := ~u is well-defined for every u € W»P(R"~1), belongs to
WAP(R"™!) and the norm [V lvwa e @n-1y = sup{llvullwrr@n-1y: ullwrr@n-1y < 1}
is finite; see [172, Chpt. 2.1] for a detailled treatment of such spaces. Moreover, the
class Mﬁ(&) is defined for 6 > 0 provided any function g appearing in (8.25) satisfies

19;9llnwe mr-1) < 6. For it is only of relevance that C*-domains are both W4 and
MW?*P—domains for all valid choices of £ > 0 and 1 < p < .

Proposition 8.15 ([171, Thm. 3.1]). Let1 <p < oo and let o = 1—{{} — %, where £ > 1

is non—integer and {{} denotes non—integer part, i.e., £ := £ — |£]. Suppose that O is of

class WP for p(£—1) > n—1 and 9Q € M (6) for some § = 8(n,p,{) if p(f—1) <n—1.

Moreover, let A: RN*" x RNX" — Ry be a strongly Legendre—Hadamard bilinear form.
Then the mapping

WLTL(QRY) 5w (= div(AVu), Trop u) € W0 (Q; RY) x WhP(0B; RY)
is a topologically linear isomorphism.

With this theorem at our disposal and the reduction principles outlined above, The-
orem 8.13 follows at once.

8.4.4. Linear comparison estimates: Decay Since the previous section provides us
with solution properties of strongly (symmetric) rank—one convex systems but no quan-
titative estimates, we now give the estimates that will be required in the proof of The-
orem 8.4. The following Lemma 8.16 of Weyl-type should be well-known. However, we
could not find a precise reference in the form needed here and so we provide it for the
convenience of the reader.

Lemma 8.16 (Weyl). Let Q C R™ be an open Lipschitz domain and let A: RTX" x

Sym

R;‘yxn? — R be a symmetric bilinear form which is strongly Legendre—Hadamard on the

symmetric rank—one cone, i.e., there exists X\ > 0 such that for all a,b € R™ there holds
Ala ® b,a ® b] > Mal?|b|?. (8.26)

Suppose that u € LD(QY) satisfies
/ Ale(u),e(p)]dz =0 for all o € CH([R™). (8.27)
Q

Then the following hold:
(i) ue C®(@ R,

(ii) There exists a constant ¢ = c(n,\, M) > 0 (where M := max,cp |A[z, z]| with the
unit ball B in R2X™) such that for all A € R2X™

sym Sym

sup |[Vu—A|+R sup |VZu| < C’][ |Vu — A|dz. (8.28)
B(zo, %) B(z0, ) B(zo,R)

Proof. The proof is a modification of [63, Prop. 2.1], taking into account the Legendre—
Hadamard condition on the symmetric rank—one cone.

We firstly suppose that u € Wlloi (;R™). We show u € Wfoi (€;R™) which in turn
implies (i): In fact, since with u every 9°u for B € N solves (8.27), we may succesively
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apply the improved Sobolev regularity to each 9”u and thereby conclude. We firstly claim
that for all p € CL(R";R"™) there holds

)\/ le(v)|? dz < / Ale(v),e(v)] dz for all v € Z(R™; R"™). (8.29)

By smooth approximation, it then easily follows that (8.29) also holds for Wé’Q(R”; R™)
and, in particular, all W?(€2; R") (when elements of W4 (Q; R™) are viewn as elements
of Wy?(R™; R™) which are trivially extended to the entire R™). Assuming (8.29) for
the time being, we let B’ € B” € Q be non-empty balls and choose a cut—off function
pE Ci(Q; [0,1]) which satisfies 1g/ < p < 1g~. By a smooth approximation argument,
= pPu € W(IJ’2(Q;R”) clearly qualifies as a test map in (8.27) and thus we obtain by
rearranging and Young’s inequality for some constant C' > 0

/ Alpe(u), pe(u)] dx < C/ AlVp©u,Vp©u|de. (8.30)
Q Q

Now, by Korn’s inequality and (8.29),

/ lpDul?® +2(pDu, Vp @ Du) + |Vp @ u|* dz = / | D(pu)|? dz < C/ le(pu)|? dz

n n

C
<S [ alelpu).elowldr by (8:29))
R’VL
C
< S [ Alpe(u), pew)] +280pe(w), Vp© o] + AlVH © 4, Vp © 1] dr
R"L
C
< 5\ Alpe(u), pe(u)] + AlVp ©u, Vp ©u|dx
R"L
C
<X AlVp ®u,Vp®uldz

R™

the penultimate inequality following by Young’s inequality, whereas the last inequality is
a consequence of (8.30). In consequence, since |Vp ® u|? > 0, we obtain after a simple
rearrangement, Young’s inequality, boundedness of A and the fact that |a ® b] < |a ® b
for all a,b € R™,

/ \pDu|2dx<€/ |pDu|2dx+C(5)/ Vo ® ul?da. (8.31)
R™ Rn R™

Choosing € > 0 sufficiently small, we may absorb the first term of the right hand to the
left hand side. Now let 8 € Nj with || = 1 be arbitrary. Obviously, (8.31) also applies
to 0%u instead of u, and since 9%u € Li . (Q;R™), we have established u € C>(Q;R™) by
the reduction scheme outlined above, and thus (i) follows.

Ad (ii). Now let zy € Q and R > 0 with B(zo,R) € Q. Let £ <t < s < R be
arbitrary. Applying the Caccioppoli-type inequality (8.31) to the particular choice of p

with p =1 on B(xg,t), spt(p) C B(xo, s) and |Vp| < C/(s — t) yields

C
| Duf? do < 7/ luf? da. (8.32)
/B(azo,t) (5 =1)? JB(z0,9)

Now let m € N be arbitrary, § = (51, ..., #,) € Nj a multi-index with || = m and define,
for j =1,...,m, B(j) := B(xo,t + £ (s —t)). Succesive application of (8.32) consequently
yields

(8.29)
/ ‘aBU‘Q dx < %/ |a[-}<1)u|2 dz
B(zo,?) az(s =172 B,

(8.29) c2 @ cMmm2m
< 174/ 107 2 de < () < 7%/ luf? da,
W(s - t) B2 (S - t) B(zo,s)



220 Partial Regularity for Symmetric-Quasiconvex Problems

where for each 8, 3) denotes a multi-index of length (m — j). Now assume R = 1 for
the moment; we shall scale back later to obtain the relevant statement. So let % <t <
s < 1. By Morrey’s embedding W™?(B;) — L (B;) we obtain (with a constant C' > 0
independent of u, s,t)

]2 o ) < Cllulyz iy <C S0 / 07 uf? da

lyl<n Y B@ot)

< C’(n)( Z m) /B(xo’s) uf? da

[v|<n

[[ullL> (Bao,s):R"
< (n+1)e(n) (S(_(t)om) ) /B( ) lu| da
Zo,S

1 2 6(”) 2
< §||“HL°°(B(IO,S);R") + (S_t)4n(~/B(zo,s) |ul dl’) .

Hence, if we put g(r) := Hu||ioc(B(%7r);Rn) for 0 < r < 1, the preceding inequality becomes

1 C 2
g(t) < 59(3) + w(w/IB(rg,s) \u|dx> . (8.33)

It is obvious that the function g meets the requirements of Lemma 8.11 and thus we
obtain a constant ¢ > 0 such that

sup |ul? = g(%) < C’(/B(onl) |u|dx>2.

B("I/’Ov%)

Taking the root on both sides of the previous equation, applying it to balls or radii § or
r, respectively, yields by scaling that there exists a constant ¢ > 0 independent of u and
(zo,r) such that

sup |Dul < c][ | Dul dz, (8.34)
B(zo,%) B(zo,r)

where we again used the fact that with u also 97u for any v € Nj} is a solution of (8.27).
It is then not difficult to see that a similar argument yields for ¥ > % that there exists a
constant ¢(1) > 0 such that

sup |Du| < 0(19)][ | Du| dz. (8.35)
B(zo,%) B(xzo,97)

We now come to the derivation of (8.28). Working from (8.35), we have by (8.32)

1
sup |D?u| < c][ | D?u|dx < c(][ |D2u|2dx)2
B(z0,%) B(zo,37) B(zo,37)

1

'l
<9(][ [Duf?dz )
r B(mo,%r)

< s |pulh(f
T ) B(:Eo5

B(zo,5r

' 6

1
\Du|dx>2 SE][ | Du| dz.
r) rJB

(z0,7)

Multiplying the previous by r, setting ¥ = 1 in (8.35) and adding the resulting inequalities
yield (8.28) for z = 0. For the general case, it suffices to note that if u € Wllo"i(Q;R”)
satisfies (8.27), then so does x +— u(x) — zz and so the proof is complete under the
W12(Q; R™)-assumption on u and (8.29).

loc
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Let us now firstly verify (8.29). To do so, we adapt the proof of [128, Lem. 5.1]. Let
v € Z(R";R") be arbitrary. We recall from Lemma 3.14 that e/(\v)(g) = —170(£) © ¢ for
all £ € R™. Suppose for the moment that n = R(n) +13(n) € C*. Then we obtain by
symmetry of A and noting that (-,-) is the real inner product that

(A© N0 =(Aneg),T08)
= (A(R(n) +iS() © &), R(n) —iS(n) © &)
— (AR() © & Rn) © €) + 1A () © &), (Rn) ©€) 536
—i{AR(n) © &), (S(n) ©&)) + (A(S(n) © ), (3(n) ©&))
= ((AR(n) © &), R(n) © &) + (A(S(n) ©€), (S(n) ©)))
Ti((A(S(n) ©€), (R(n) ©€)) — (AR(n) ©£), (S(n) ©£))).
Therefore,

R((AM ©&),n &) = (AMRMN) ©€),R(n) © &) + (A(S() ©8). (3(n) ©€)))

and hence, using the strong Legendre-Hadamard condition on the symmetric rank—one
cone,

RUAM©E,n©E) = AIRM)|* +[S(m)*)IE* = Aln[*|¢]*. (8.37)
By Parseval’s identity, we finally obtain

/HA[e(v),s(v)] dxz?R(/n( <)) dz)

—5( /n@m(f) 3 (£)®€>d£)
>0 | JEPREPdr by (337)

=X [ |Du()?d¢
Rn

=A | Dv|? dx (by Parseval)
R7l

A [ le(v)]?da,
Rn
the last estimate being valid as the symmetric gradient can always be estimated against
the full gradient. The proof of (8.29) is complete.
To finish the full proof, we need to pass from VVIOC to Wh! or LD, respectively. To
do so, let u € LD(Q2) be a solution of (8.27) and let ¢ > 0 be sufﬁmently small such that
Q. = {x e Q: dlst(x 00) > e} # 0. We put ue := p. xu € Wo2(Q.;R). Tt is easily
seen that if ¢ € CL(Q.;R"), then

loc

[ {aetuc).ee as = 0.

In particular, for any B(zg,2r) € §2. we have by (8.32) and (8.28) with a constant ¢ > 0

/ Du.|?dz < %/ e |2 dz (by (8.32))
B(zo0,%) T JB(zo,r)

c
< —( sup |u5\)/ |ue| de
r B(zo,r) B(zo,r)

‘ jueldz)
< —(/ Ug :1:) .
"2\ B (0,20
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Fix such r > 0. By the previous inequality, we then find by uniform boundedness of
(te|B(xo,2r)) I LY (B(z0,2r);R™)) that

sup / | Du.|? dz < O(r).
0<e<1 B(Q?[),%)

On the other hand, we find by a similar but easier argument that (UE|B(3:07%);]R7L)) is uni-
formly bounded in L™ (B(xo, 5); R™). Hence, by standard arguments we then deduce that
the weak-W"?(B(zo, 5); R™)~limit of (u.) exists and must coincide with u. Therefore, by

arbitrariness of xg and sufficiently small r > 0, u € Wllof (;R™), and we may now apply
the first part of the proof to conclude. O

8.4.5. Linear comparison estimates: Holder Scale As an essential ingredient for
concluding the proof of Theorem 8.3, we now supply an existence and regularity result
for strong Legendre-Hadamard systems. We henceforth let A: R?X™ x R™?X" — R be

sym sym

a bilinear form (which we assume to be represented by a matrix A € R”QX"Q) which is
strongly elliptic in the sense of Legendre-Hadamard, i.e., there exists ¢ > 0 such that for
all a € RY and b € R™ there holds

al?b]* < Ala® b,a ®b). (8.38)

To simplify notation, we do not distinguish between A and A. Given V € £+ (Q; RE)
with an open and bounded Lipschitz subset 2 of R™, the purpose of the present section
is to examine the existence and regularity of weak solutions of the system div(Ae(p)) =
div(V) in Q. Here, we say that ¢ € W42 (Q; R™) is a weak solution of div(Ae(p)) = div(V)

in Q provided for all ¢ € W(l)’Q(Q; R™) there holds

/ (Ae(p), e()) dz = / (V. () da. (3.39)
Q Q

Lemma 8.17. Let © be an open and bounded Lipschitz domain in R™ and let V €
LU (QREST). Moreover, let A: RIS x REX™ — R be a symmetric bilinear form
which is strongly symmetric rank-one convez, that is, A satisfies (8.38). Then there

exists a weak solution of the system div(A(Ve,-)) = div(V) in the sense of (8.39).

Proof. We define a functional J : W(l)’Q(Q; R™) — R by

TW = [ GAew)ew) ~ Vi) dn, v e WEAOR").

Any minimiser of J over Wy?(;R") is a weak solution of div(Ae(p)) = div(V) in
the sense of 28.39). In fact, let u € W5 ?(Q; R™) be a minimiser of 7. Then we have
u+ e € Wy (€ R) for all & > 0 and all ¢ € W?(€;R") and hence

/ %((A(u te),utey) — (Au,u)) de — / (V,2eyp)da > 0.
Q Q

Dividing the previous inequalities by € > 0 and sending ¢ N\, 0 then yields (8.39) by
arbitrariness of 1 € VV(l)’2 (€;R™). Hence our objective is to demonstrate the existence of
a minimiser for J over Wé’Q(Q; R™). In doing so, our first aim is to argue that 7 is coercive
on Wé’Q(Q;R”). In what follows, we denote for ¢ € Wé’Q(Q;R”) by ¢ € Wé’Q(R”;R”)
its trivial extension to R”, and further record that the trivial extension V of V to R”
still belongs to L2 (R™;RE). Passing to the Fourier transform, we therefore obtain by
a routine estimation (which is completed similarly as in the previous section) and using
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the strong symmetric rank—one hypothesis on A that

W)= [ 5e(w),e@) - 1L v) do

- §R( /n %<A€@)7@> —(, E) d{) (by Parseval)
- /R SEO DO~ COIVP ~ elg© PP e (by Young).

At this stage we choose £ > 0 so small such that 9 := g — & > 0 and then transform back

to find by means of 12 (&) =—i¢ @&(5 ) and Korn’s inequality in the zero-boundary—values
version

T > /Q ()2 dz — C(&) /Q V2 da

> 019/ |Vz/;|2dx—C(s)/ V|?dz  for all p € W2 (Q;R™).
Q Q

By Poincaré’s inequality for Wé’z(Q;R")fmaps we then easily obtain infwé,z (R J >
—o0 and that minimising sequences for 7 are bounded in W?(Q;R™). Now let () C
Wé’z (©2;R™) be a minimising sequence for 7. By the Banach—Alaoglu theorem, we find
some 1) € W2(Q; R") such that ¢, — 1 weakly in W§?(Q; R") (recall that the trace
operator on Tr: W'2(Q;R") — W%Q(@Q;R") is continuous for weak convergence in
WH2(Q; R")).

As BALL notes [28, Sec. 8(a)], rank—one quadratic forms with constant coefficients are
quasiconvex and so in particular lower semicontinuous with respect to weak convergence
in W(l)’2(Q; R™). By the reduction principle to obtain strong Legendre-Hadamard bilinear
forms from symmetric ones, this applies to our situation, and since Wé’2(Q;R”) S Y —
(V,e(1)))1,2 is continuous with respect to weak convergence in Wé’Z(Q;R"), it follows
that J is sequentially weakly lower semicontinuous on Wé’Q(Q;R"). With the lower
semicontinuity of J with respect to weak convergence in WO’Q(Q; R™) and the fact that
minima of J are weak solutions of (8.39) at our disposal, the claim is immediate. The
proof is complete. O

The preceding lemma establishes the existence of a weak solutions of particular sys-
tems, and now we turn to their Schauder theory. Here we mainly stick to the work of
SIMON [217] where a very general Schauder theory is given for hypoelliptic (vectorial)
differential operators. Let A[D] be a k—th order differential operator of the form

AD] = > A.0%
a€ENy
|| =k

where the A, are homomorphisms between the two finite—dimensional real vector spaces
V,W. We then say that A[D] is hypoelliptic provided for any open and connected set §2
in R™ we have the implication

(ue L (Q;V)and A[Dju=0in Q) = u € C®(Q V).

We now pass to the main regularity result of this section which, though not explicitely
stated in [217] in this fashion, can be inferred from [217] as we shall briefly sketch below.

Proposition 8.18 (Simon, [217]). Let 0 < o < 1 and assume that Q is an open and
bounded domain in R™ with CY*—boundary. Moreover, assume that A: RN>" x RN*n
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R is a bilinear form which is strongly elliptic in the sense of Legendre—Hadamard and let
feCOYNQRN*™). Ifue W[l)’2(Q;RN) is a weak solution of the system

—div(AVu) = —div(f) inQ,
u=0 on 0%

in the sense that for all o € Wi (4 RY) there holds

[ avuve) = [ .V de,

then we have u € CH*(Q; RN).

The preceding proposition can be retrieved from [217] as follows. First note that
although the main part of [217] is stated for equations only, it is mentioned in [217, Sec. 9]
that the estimatations remain valid in the vectorial case (provided hypoellipticity holds
true). Splitting the approach into interior and boundary estimates, it is then established
that for each € > 0 there exists C; > 0 with the following property: If zg € Q and R > 0
are such that B(zg, R) € €2, then there holds

R [Vulco.o(B(ag.0R)mN <) < Ce(R[flcoeBag, R)mry<m) + B2 | VullL2 Bz, R)mr<n))
+e( sup |Vul+ R|ul).

B :E(),R

Here and in what follows, these estimates work provided div(AVw) is hypoelliptic, and
by the results of the previous Section 8.4.4, this is the case if A is strongly rank—one
convex. Following the Lemma after [217, Thm. 2], it is then possible to discard the term
€(SUPR (s, k) |Vul + R|u|) and consequently obtain the required local estimate. Lastly, as
argued in [217, Sec. 7], it is also possible to obtain the requisite estimates for half-balls,
and then a standard covering argument leads to the required Schauder estimates.

By the routine reduction outlined above to lift strongly symmetric rank—one convex
bilinear forms to strongly rank—one convex bilinear forms (cp. Section 8.4.3), it is now also
immediate to deduce that if u € W4 (Q; R?) is a weak solution of the symmetric strong
Legendre-Hadamard system (8.39) with f = V € CY*(Q; R, then u € Che(Q;R™).
On the other hand, Lemma 8.17 ensures the existence of a weak solution, and so we obtain
that for any V € CH*(Q; R2X") there exists a CY*(Q;R™)-solution to (8.39).

sym

8.5. An ¢—Regularity Result for symmetric-rank—1-convex Prob-
lems

In this section we give the proof of Theorem 8.3. This, in turn, is taylored for in-
tegrands which are strongly symmetric-rank one convex. The reader will notice that
the corresponding arguments inherit in a straightforward manner to the A[D]-setting
introduced in Chapter 3.

As we mentioned after Theorem 8.3, the proof presented here relies on the implicit
function theorem on Banach spaces. Its applicability relies on a number of lemmas to be
discussed and proven next. Let us firstly remark that if u € g+ LDg(2) is a minimiser of
the variational integral § from (8.3), then it satisfies the weak Euler-Lagrange equation

/Q<F'(€(u)),s(¢)> dz=0 forall ¢ € LDo(Q).

Hence, assuming u € CY*(Q; R") and recalling g € C1*(Q;R"), this is equivalent to the



8.5 An e—Regularity Result for symmetric-rank—1—-convex Problems 225

mutually equivalent systems (Sys;) and (Sys,) given by

—div(F'(e(uw))) =0 inQ,
{u =g on 0f) (Sys1)
—div(F'(e(p+9g)) =0 inQ, )
{go =0 on 01, (Sysy)

and we note that u € C*(Q;R") is a solution of (Sys,) if and only if ¢ = u — g €
CHY(Q;R™) with @|pg = 0 solves (Sys,).

For the following, it is convenient to work with the Campanato—type characterisation
of spaces C™*(Q; RN) given by Theorem 2.28. We recall that the Campanato-type space
LT QRN) for 0 < @ < 1 are defined as all those v € L*(€;RY) for which the

function 2 > = — Mf+l+a71)ﬂv(x) € R given by

M* v(x) ;= su inf min{1,r _"_1_0‘/ — | dx
n+l4a,1,Q (z) ,.>% Py (QNB () RN { } ONB(e) |f |
is essentially bounded. Here, P;(B(x,r);R™) are the affine-linear, R"—valued maps on
B(z,7). We then recall that as Q is assumed to have boundary of class C*', it is Ahlfors
regular and hence we deduce from Theorem 2.28 that for all 0 < a < 1 there holds

Ly RY) = V(G RY).

To fit the problem at our disposal into the implicit function theorem framework, we begin
with the following definition.

Definition 8.19. Given an open and bounded domain Q C R™ with C*'-boundary 99,
we define (with the divergence understood in the row—wise distributional sense)

Z = {div(V): Ve L (R}

sym

and endow it with norm

|| le(V)HZ = inf{||WH£1,n+a(Q;Rn><n) : We Ll,n—i—a(Q;Rnxn)) le(V — W) = 0}

Sym

Before we proceed, we briefly wish to argue that (Z,] - ||z) is a Banach space. For
this we formulate a slightly more general result:

Lemma 8.20. Let (X, || - ||x) be a Banach space, (Y, Ty) a topological vector space and
T: X —Y a continuous linear operator. Then the linear space Z := {Tx: x € X} is
complete with respect to the norm | Tx| z := inf{||Z||x: T € X, Tx = Tx}.

Proof. We claim that Z = X/ker(T'). Define 7: Z — X/ker(T) by
m(z) = x + ker(T) if z="Tax.

This is a well-defined mapping. Clearly, 7 is linear, and if z = Tax = T2/, then z — 2’ €
ker(T) and hence n(T(z—2")) = (z—2')+ker(T") = ker(T') = 0 and hence n(Tz) = w(Ta’).
Now let z € Z be such that w(z) = 0. Writing z = Tz, this means x + ker(T) = ker(T)
and so z € ker(T). In conclusion, x € ker(T'), so |[Tz||z = ||0]|z = 0 and injectivity
follows. Surjectivity holds by definition: Let x + ker(T) € X/ker(T) and put z := Tx;
then trivially 7(z) = « 4 ker(T). The respective isometric property of 7 follows from the
fact that || - ||z is actually the quotient norm. Precisely, substituting z — u = 2’ in the
third step (where z = T'z)

7 ()l x/ ker(r) = 7+ ker(T) || x wer(r) = inf{llz — ullx: u € ker(T')}
inf{||2'|| x: T(2' —z) =0}

= [lz]l=-
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So 7 is an isometric bijective mapping, hence by the inverse mapping theorem,
7t X/ ker(T) — Z

is an isometric bijective mapping as well, and so Z = X/ker(T). Since T is continuous,
ker(T') is closed in X and so, because X is Banach, X/ker(T) is Banach too. Since
Z = X/ker(T), Z must be a Banach space, too. The proof is complete. O

Corollary 8.21. The space (Z, || - ||z) as introduced in Definition 8.19 is Banach.
Proof. We aim at applying Lemma 8.20 to (X, ||-|x) = (£LY"F(Q; R2XM); [l g1.n+a (@R7))

sym by
and (Y, Ty) = (2/(Q;R™), w*), that is, the R"—valued distributions on Q equipped with
the weak*—topology. Clearly, (X, | - ||x) is Banach, and hence it remains to show that
T :=div: LV (Q;R2X) — 9'(Q; R™) is continuous.

Sym

To this end, let u, uy, us, ... € LY"F¥(Q; R2X") be such that ||u — Ukllp 10 gpnzny — 0

sym et

as k — oo. Then, for fixed ¢ € Z(£%;R™) we obtain, using C**(Q; R/) ~ L1+ (Q; RY),

[(div(u) — div(u), )2 x 2| = [(u — uk, €(9)) 2 x| < |lu — ukllLe (@) [Vl L (@rnxn)
< lu = ullgo.o(@irnxn) IVl L (@rnxn)

~
< cf|u — ug|lg1nraurnxmy [V Lo (irnxny — 0, as k — oo.

Hence div is continuous with respect to the weak*—topology, and the claim now from the
definition of Z and Lemma 8.20. O]

Let us now put
X =L TR,
Y = L1 R™) N {e: plaa = 0},
both spaces equipped with the £7"7'7*(Q;RY) -norm. Since u € X ~ CH*(Q;R"), we
find |e(u)(z) — e(u)(y)| < Clz — y|* < Cdiam(Q)* and hence e(u)(2) C By := B(0, R)

for some sufficiently large R > 0. In conclusion, because F” is locally Lipschitz, we deduce
by

[F'(e(u)(x)) — F'(e(u) ()| < L(R)e(u)(x) — e(u)(y)| < CL(R)|x —y|*
that F'(e(u)) € CH*(Q;R2X") ~ £Lnte(Q; R2*™). In conclusion, — div(F'(e(u))) € Z

sym sym

and hence, the operator F acting on (g,p) € X x Y by

F(g,¢) == —div(F'(e(¢) + €(9))) (8.40)
maps F: X XY — Z. Our next intermediate claim is formulated in the following lemma.

Lemma 8.22. Define F by (8.40). Then F is continuously Fréchet differentiable with
total differential

DF (g0, ¢0)lg: ¢ = — div(F"(e(0) + £(g0))(e(¢) + (9))), (8.41)

where @, g € X and g,g90 €Y.

Proof. Given (go,¢0) € X x Y arbitrary but fixed, let (g,¢) € X x Y be arbitrary. We
then obtain with uy = gg + o and u =g+ ¢

J:=F(90 + 9, %0+ ¥) — F(go, o) + div(F"(e(po) + €(g0))(e(9) + &(9)))
= —div (F'(e(uo) + €(w)) — F'(e(uo)) — F" (e(uo))e(u))

_ _div (/0 (F"(e(uo) + te(w) — F"(e(uo)))e(u) db)
=: —div(Jp)



8.5 An e—Regularity Result for symmetric-rank—1—-convex Problems 227

so that, in particular, J can be written as a divergence. Our aim is to estimate

190z = i { T oo e iv@ = 3) =0}

(8.42)
< 3ol gromveznzny < CllTollgo mmnse

sym sym ) ’

and to control the very last term. By assumption, F' € Cs’l(R"X”), and therefore both

loc sym
F" and F"" are locally Lipschitz. Since without loss of generality, ||e(u)|co.o@grxr) < 1,

i)

there exists R > 0 such that for all z,y € Q and t € [0,1] there holds e(ug)(z) +

te(u)(x), e(uo)(x), e(uo)(y) + te(u)(y), e(uo)(y) € Br, and we shall denote Lr > 0 the

maximum of the Lipschitz constants of the restrictions of F/ and F'”’ to B, respectively.
We firstly note that for any € Q there holds

(8.43)
< Lile()@)* < Lalle(w) 200 g

Now we proceed by suitably estimating the a—th Holder seminorm of Jy. For this we note
in advance that if Fy: U — R™*J and Fy: U — R (with U being an arbitrary subset of
R™) are a—Holder continuous, then we have for all x,y € U

[P (z) Fe(z) — Fi(y) Fe(y)| = [Fi(z) Fa(x) — Fi(y) Fa () + Fi(y) Fa(z) — Fi(y) Fa(y)|
< [Fi(z) — Fu(y)l [F2(2)] + [Fi(y)| [ F2(2) — Fa(y)]
< 2||Fy|[cose urmxiy | Foll oo (umiy |2 — 9|

and therefore
[F1Fb]co.emm) < 2[|F1 ]|l coemmm=i) [|F2 [l co.o ra)- (8.44)

Now, given z,y € Q, we write

1
Fi(x) 1:/ F'(e(uo)(x) + te(u)(x)) — F"(e(uo)(w)) dt and  Fy(z) = e(u)(2),
0
so that Jo = F1 F5. Consequently, by (8.44),
[JO]Co,a(ﬁ;sz?) < 2HF1 HCO,a(ﬁ;RnZXnZ)||€(u)||c(),a(ﬁ;Rnx7t)' (845)

To bound ||F1||C0’°‘(ﬁ‘]R"2X”2)7 we note that for all x € 2 we have by Lipschitz continuity
of F”

|[F1 ()] </O |F"(e(uo)(x) + te(u)(x)) — F"(e(uo)(x))| dt

< Lile(u)(@)] < Lalle()ll o @prer-

(8.46)

Now note that since F' is thrice continuously differentiable, we may write
1 1 d
Fi(2) = / / P (e (uo) () + ste(u)(z)) ds dt
o Jo ds
1 1 _ _
= / / F" (e(ug)(z) + ste(u)(x)) dst dte(u)(z) =: Fy(z)Fa(x),
0o Jo

where Fy(z) := e(u)(z) and F}(z) accordingly is defined in the obvious manner. On the
other hand, (8.44) gives

[F1]00,a(§;Rn2xn2) < 2HF1HCO’Q(§;R"2X"2)||F2||Cof“‘(ﬁ;]R"X")' (8.47)
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In this situation, we find for any = € Q by the Lipschitz continuity of F" on Br

|Fi(x '/ / |F" (e(ug)(z) + ste(u)(x)) — F"(0)| dst dt| 4+ |[F"(0)|

< Lia(le(uo) ()| + le(u)()]) + [F(0)]
< La(lle(o)llco.e @gncny + €@l con@gnxn) + [F7(0)].

(8.48)

Moreover, the Lipschitz continuity of F’” in turn yields for all 2,y € Q

() / / F" (e (o) () + ste(u)(x)
— F"(e(ug )( ) + ste(u)(y))| dst dt

(e
(
r(Je(
& (]

< Lr([e(uo)(x) — e(uo)(y)| + |e(u)(z) — e(u)(y)])
< |€ (27 Hco o QRan + ||€( )Hco,a(ﬁ;Rnxn)Nx - y|a
and therefore
[Fl}CU»a(ﬁ;R"X") < LR(He(UO)Hcova(ﬁ;Ran) + HE(U)||cowa(§;R"Xn)) (8.49)

so that, recalling (8.48),
||F1||CO e QRan) 2LR(||€(UO)||00 a(Q RnX7) + ||€( )Hco,a(ﬁ;Rnxn)) + IF/”(O)‘ (850)

In the following, we shall drop the domain € and the corresponding target spaces appear-
ing in the definition of the relevant norms in the sequel for notational brievity. Because
of Fy = e(u), (8.46) and (8.47) give

[F1llcoe = [[FillLee + [F1]co.a

(8.46) - ~
< Lglle(u)lgoe +2[Fillcoe || F2llcoe

& (L + 22Lr(e(w0) e + e@@)ene) + [E”(O))x

X [le(u)lcoe-

Inserting this estimate into (8.45), we finally obtain because of ||e(u)||co.« < 1

(8.51)

[ Jollco.e = [[TollLe= + [Jo]co.e

(8.43)&(8.45) ,
< 2LR|le(w)][co.a

+ 2||F1 | co.e[[e(u) || co.a

= 2Lglle(u)|Eo.n

+2(Lg +2(2Lr(|le(uo) o + [le(u)[[co.n) + [F™(0)))x
X [le(w) | Eo.a

< C(Lg, lle(uo)llcoa)lle(w)[Eo.-

We go back to estimate (8.42) and thereby find

191lz < C(Lr, lle(uo) o) le(w)[[Eo.0 = o(lle(u)lco.e),

and from here the claimed Fréchet differentiability follows by definition. It remains to
demonstrate the continuity of the Fréchet differential. For this, let (go, o) € X X Y be
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arbitrary but fixed and let (g%, o) € X x Y be arbitrary and put up = go + @0 as well
as ho := gl' + k. We need to show that

| div(F" (e(uo + ho))e(u)) — div(F" (e(uo))e(u))||z
< cf|F"(e(uo + ho))e(u) — F”(e(uo))e(u)|coe (8.52)
< O(llhollx v )lle(w)llcow,

where 0: R>o — Ry is a function with 6(0) = 0 and limy\ 0 60(t) = 0. To this end, let
z € Q be arbitrary. We estimate, using the Lipschitz continuity of F”,

[(F"(e(uo + ho)(x)) — F" (e(uo)(x)))e(u) ()| < Lrlho(x)] |e(u) ()] (8.53)
< Lrle(ho)l|coalle(w)]|co.a-
We continue by estimating the corresponding Holder seminorm and use a strategy sim-
ilar to that pursued in the proof of the Fréchet differentiability. We write, using F' €
¢ (R

sym

Q
—
&

\
—~

7
—~

e(uo)(x) + €(ho)(x)) — F"(e(uo)(x)))

_ /0 d%F"(s(uo)(x) + se(ho)(z)) ds e (ho) (@)
1
:/O F" (e(uo)(x) + se(ho)(x)) dse(ho)(z) = G1(z)G2(z),

where Go(z) := e(ho)(x). We now estimate for an arbitrary x €
G1(2)] < Li(lle(uo)llco + [le(ho) o) + [F7(0)].

Now, letting x,y € Q be arbitrary, we estimate

|G1(2) = Gi(y)] < /0 |[F" (e(uo)(x) + se(ho)(x)) — F"(e(uo)(y) + se(ho)(y))| ds

< Lir(lle(uo)llcoe + [le(ho)llco.e )|z — yl*
so that [G1]co.a < Lr(|le(uo)||co.« + ||e(ho)||co.«). Invoking (8.44) we find
Gl < (Lr(lle(uo)llcox + lle(ho)lcox) + [F™(0))le(ho)llco.e =: Alle(ho)llco

and

[Glooe < 2[Gillco.w[|e(ho)llcon

<2(La(lle(o)llcox + ll(o)llco.w) + [F"(0)] + Lr(le(uo) o + le(ho)llco.) )
x lle(ho)llcn.e = Aslle(ho)llco.e.

From the very definition of A; and As, we see that these quantities remain bounded in
the limit passage ||€(ho)||co.« N\ 0 with a bound C(ug, Lr) > 0 only depending on ug and
Lg. In conclusion, going back to (8.52), we find

[1Gllco~lle)llco.e

[F" (e(uo + ho))e(u) — F"(e(uo))e(u)]|co.o <3
< 6C(uo, Lr)|le(ho)l|co.e

e(w)llcoe,

and from here, the claim is immediate. The proof is complete. O
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8.5.1. Conclusion After these preparations, we now come to the

Proof of Theorem 8.3. We reduce to the setting of the implicit function theorem (see
Theorem 10.20) and hence claim that F: X x Y — Z as given above with (go, ¢o) =
(0,0) € X xY satisfies the assumption of Theorem 10.20. Firstly, by Lemma 8.22, F: X X
Y — Zis a C'-map with F(go, wo) = 0. Moreover, Do F(go, o) := D(F(0,-))(0): Y — Z
is a bounded linear transformation: For injectivity, let ¢ € Y satisfy ¢ € ker(D2F(0,0)).
Then, using ¢|sq = 0, integrating by parts yields

0=~ [ [@v(P'O)e(e)phdo = [ (F'(O)e(e). () do.
By Plancherel’s Theorem and the transformation rule e/(;) () =—-ip(¢) ¢ forall € € R?
and all® ¢ € . (R";R"), we obtain

—  —

0=— /Q<F”(O)€(g0), e(p))dz = — / (F"(0)e(p),e(p)) d€
- / (F(0)2(6) © £, 3(6) @ &) d

—

>0 peogti=c| pri= [ P

Hence, () = 0 and since ¢|go = 0, ¢ = 0. In conclusion, the claimed injectivity follows.
Now note that surjectivity of D(F(0,-))(0): Y — Z is an immediate consequence of the
Schauder estimates recalled in Section 8.4.5: Indeed, since F”/(0) gives rise to a strongly
symmetric Legendre-Hadamard bilinear form by (H3), given any V e L1 (Q;REX™),
there exists ¢ € Y such that div(F”(0)e(¢)) = div(—V') and hence —div(F"(0)e(y)) =
div(V) in Q. Finally, the required boundedness is immediate from Lemma 8.22, and
hence we are in position to apply Theorem 10.20. In conclusion, there exists an open
ball B(go,e0) C E%’"’HO‘(Q;R”) for which there exists a unique map G: B(go,&9) = YV
such that G(go) = ¢o (i-e., G(0) = 0), (9,G(g)) € A:= X xY and F(g,G(g)) = 0 for
all g € B(go,e0) = B(0,e0). Rewriting the last condition, however, exactly asserts that
whenever ||g||[/i,n+1+o¢(Q;Rn) < &9, then we have with ¢, := G(g)

0=F(g,G(g)) = — div(F'(e(g) + e(G(9))) = —div(F'(e(g) +&(¢)))  inQ,

and because of ¢|sq = 0, the statement of Theorem 8.3 follows. The proof is complete. [

8.6. The Fubini Property of BD—maps

In this section we provide and discuss a set of Fubini—type properties for fractional
Sobolev spaces and the space BD. In the easiest possible sense, a Fubini—type property
asserts that if we have a smoothness space X (R™), then for .#"-a.e. z, € R, the function
R*"! 3 2/ — u(z’,z,) belongs to X(R"~!), too. For instance, suppose that X (R") =
WHP(R™) for 1 < p < oo and let s € {1,...,n — 1}. Then we have

/ / |0su(a’, 2,)|P d2’ dxp, = / |0sulP do < / |[VulP dz,
—o00 JR—1 R" R

and so u(-, x,) € WHP(R™1) for £ -a.e. x,, € R. We note here the difference to interior
trace theorems: These assert that W'P—maps have interior traces along all hyperplanes
Y of codimension one in

1-+.p .
Wm0 (8) ifl<p<oo,
LX)  ifp=1.

51t is easy to see by approximation that this argument also works for Cl-maps which vanish at the
boundary 92 and thus can be extended to a continuous function vanishing outside of 2.
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For notational clarity, we have used the subscript #"~! to indicate that these spaces are
defined in terms of the (n — 1)-dimensional Hausdorff measure. The decisive point here
is that the significantly improved smoothness which comes from the Fubini—type theorem
only holds for almost all but not all hyperplanes (once these are suitably parametrised).

In view of the applications of this section, we wish to have a Fubini-type for BD for
spheres (which can be parametrised by their radius) and not hyperplanes parametrised
by their signed distance to the origin. For BV, this is more or less standard, and we refer
the reader to [134, Lem. 2.3]. Exemplarily, given v € BV(R";R"), we can bound the
Ljn-1(0B(0,t))-norm of the tangential derivative 0,u for #'-a.e. t > 0 by the total
variation | Du|(R™). Most importantly, this yields higher integrability for the restrictions
of a BV-function to #!-a.e. sphere 9B(0,t) by use of the Sobolev embedding.

It is difficult to imitate the very last approach for the space BD because it amounts to
speaking of a tangential symmetric derivative which does not make sense. On the other
hand, it is not clear to us whether the tangential derivative can be controlled by e(u) at all.
This negative result would be very natural in light of Ornstein’s Non—Inequality. As such,
we aim at obtaining the higher integrability of restrictions to almost every hyperplane
or sphere by firstly embedding BD into fractional Sobolev spaces and then employing a
Fubini—type property for the latter spaces.

8.6.1. The Fubini Property on Hyperplanes Fubini—type properties have been stud-
ied from a different perspective, e.g., in TRIEBEL’s monograph [236, Chpt. I.4]. Comparing
with [236, Def. 1.4.2] and to avoid confusions, given n > 2, 0 < p < 00, 0 < ¢ < 0o and
5> 0p = n(% — 1)4, the Besov space Bj  (R") is said to have the Fubini property if for

all f € B,  (R") there holds (with '~ denoting the equivalence of norms)

I1f1

n
B &) ~ O I lBs @)lle@e-1)- (8.54)
j=1
Here, for j € {1,...,n}, we denote z; — f%i(z;) = f(x) for z = (z1,...,x,) € R" the j-th
partial map. In light of our aim explained in the introduction of this section, we would
like to switch the roles of R and R"~! in (8.54). Moreover, we are merely interested in
inequality '>’ in (8.54).

To demonstrate ’>’ in (8.54), it is particularly convenient to work with the finite
difference characterisation of Besov spaces B, ,(R") ~ W*?(R"). However, this approach
is not well-suited for the spherical situation, a fact which shall be discussed to some extend
in Remark 8.24 below.

Proposition 8.23. Let 0 < s <1 and 1 < p < co. Then there exists a constant C' > 0
such that for all u € W*P(R™;RYN) the following hold:

(a) For £L'-a.e. z, € R, the restriction u(-,x,) belongs to WHP(R"~1; RY).
(b) We have the estimate
\/_ [u(7 xn)]{))vs,p(Rn—l;RN) dmn g C[u]evs’p(R";RN)'

Proof. We recall in advance that the Gagliardo seminorm [-Jyys.a(rn,rvy is equivalent to
the seminorm [@]yys.a(gn;r~y defined by

n
e dh
ﬂ@ﬂ%vs,q(ﬂgn;kw) = Z/o ||Aj,h¢||iq(Rr,L;RN)W
j=1

in the sense that there exists a constant ¢ > 0 such that for all ¢ € C2°(R™;R™) there
holds c_l[cp]ws,q(Rn;RN) < [elwsa@niryy < c[@lwsa@nryy. This is a consequence of the
difference—quotient characterisation of Besov spaces B;q and the equivalence B;’p ~ W™,
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Let us write z = (x1,....,2,) = (T1,...,Tn—1,%,) = (¢',x,) for a generic element
of R®. We fix i € {1,...,n — 1}. In consequence, if z,, € R is fixed and we denote
9z, = {(2',x,): 2’ € R""'}, we have z + te; € 9, for every x € 9,,, j € {1,....,.n—1}
and t € R. Then, using the Fubini theorem, we obtain by equivalence of the seminorms
just mentioned

dx, dh

// [PAPRATIC xn)”LP(R”RN)|h|1+sp Tn / /”Alhu x”)”LPR"RN)W
dx, dh
Z/ /”AM“ Mo i) e

Cluliy-» (Rm;RN)

Hence, summing over all j = 1,...,n — 1, we obtain

/R[u(.7xn)]1\;\[s,p(Rnfl;RN) dz, < C/ [[u(.7xn)]]1\7)\}'s,p(Rnfl;RN) dz, < C[[u]]{j)vs,p(Rn;RN)
< C[ ]Ws p(Rn RN)
The proof is complete. O

Before we continue, we will abbreviate notation and write

o:=H""1 and do, := dH" () ‘

in the rest of this paragraph. To motivate a more intricate but conceptually more appro-
priate approach to the fractional Fubini-type properties on spheres, we briefly pause and
give the following remark.

Remark 8.24. In view of the Fubini—type property for spheres, it is convenient to work
directly on the Gagliardo seminorms because it allows to integrate over spherical layers.
Note that the Gagliardo seminorm of a smooth function u: R® — RN on a sphere OB(0, 1)
is given by

|u(@) — uly)l”
[y Ry = // BBV 4o, doy. (8.55)
W IR0 aB(0,6)x0B(0,¢) [ — Y|P Y

This, in turn, is to be integrated with respect to t € [0, R] and we aim at estimating
the resulting quantitity against [u]% .. #(B(0,R)RN) - Fassing to coordinates (w,r) € S"~1 x

[0, R], we can write (with By := B(0,t))

|u(z) —u(y)
N do, drdo, dt. 8.56
(oo o.mmn) = / /aB,/ /aB \fv*yl”“p Y (8:56)

If we integrate (8.55) over radii t € [0, R], then we have one radius integral and two
integrals over spheres (each of the same radius) emerging, whereas in (8.56), there are
two radius integrals and two integrals over different spheres emerging. In this sense, the
additional exponent (—1) as it appears in the denominator of the integrand in (8.55) is
seen to be mecessarily responsible for the emergence of the second radius integral and the
integral over a different sphere in (8.56). This happens at the cost of losing one power
and will eventually lead to the desired Fubini—type property.

The emergence of the second radius integral in the spherical case amounts to the
emergence of a second integral with respect to the signed distance of affine hyerplanes
{(z',2,): ' € R""'} in the plane case. As it gives good motivation for the proof in the
spherical case, we now give a
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L) L(2) ,(3),(®)

Figure 8.1: The situation of the direct proof of Proposition 8.23 in two dimensions. All
the points z, y™",...,y® have the same n-th coordinate. To estimate the difference of
the mapping evaluated at = and y¥), we create a third point z(*) of fixed n—th coordinate
t, say. Then we integrate over a certain interval of such ¢ to create the fourth integral of
the Gagliardo seminorm over R™ on the right hand side of the desired inequality.

Direct proof of Proposition 8.23 by Gagliardo seminorms. We write (a',x,), (y',y,) for
two generic points in R”, where 2/,3' € R*! and z,,,y, € R. We have for any h € R"~!
and any y, € R
|u(x/ +h, ) — U(x/a )P S |u(x/ +h,xn) — u(x/ + %hv Yn)|P
Fhula’ + 3hon) — (el )P

and hereafter, integrating the previous inequality with respect to y, € (z, — %, T, + g),
’ / xw,+% ’ r1
e’ + o) —ula ) S f ) —u Sl
nT

+lu(@’ + 5h,yn) — ul@’, 2n)[P dyn.

From a geometric perspective, this is illustrated in Figure 8.1. Now note that with the
change of variables y/ = 2’ + h with h € R*~! there holds

_ P
/ / / u(x’ mn u(y', )| do, doy da,,
Rn—1 JRn—1 |n+5p 1 ’
h n) /, n P
/ / / \u '+ h,xn) —u(@, zy,)| oo doy dz,
Rn—1 JRn—1 |h|n+5p*1

h
(8'57) > In+§ /+h, n) /+lh7 n p
< / / / ][ |u(x Tp) u(jr 57, yn)| dyn o doy e,
_ Ro—1 JRn—1 7@ hn+sp—1
u(@’ + 5hyn) —u(@’,z,)[?
/ /Rﬂ 1 /]R" 1 ][ hn+sp—1 dy, do,r doy, dzy,
* zn+§ /+h7 n) I+lh; n P
g/ / / / |u(z zn) —u(@ + 1h,yn)| Ay Ao doy e,
_ Rn—1 JRn—1 7& hntsp

lh n) /7 n P
/ / / / U+ gh ) — @, 70) dy, do,r doy, dzy,
Rn—1 Rn—1 % hn+€p
=: (%) + (xx).

The two integrals are estimated in the same way, and so we focus on the estimation of (x)
only. We change variables as follows. Put 2z’ := 2’ 4+ h. Then 2/ + % = 2 — 2. Therefore,

xn+ ‘u Z mn) _ u(z/ _ %h7yn)|”
dy, do, doy, d
/ An IA” 1/ |h| +|xn_yn|)n+sp Yn A0 AOp ATy
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Y1

Figure 8.2: The situation in two dimensions for selected points y;. Excluding the H" 1
nullset (—x), we imitate the construction of Figure 8.1 and project the midpoints of the
line segment of x and y; onto d B;. This gives rise to the projections z; = m¢(x, ;).

Here we have used that

C
= < .
hrtsp = (|| + |zn — yn|)+er

Yn € (Tn — h/2,2n + h/2) = |2p — yn| + h < 2R

By Fubini and the change of variables £ = 2/ — 7h and hereafter h = 2(z' — &),

* u(2, xp) —u(z' — 7}1’ Yn)|?
C/ / / / dyn dO'Z/ do'h dl‘n
Rn—1 JRn—1 |h‘ + |$n |)n+sp
(2 xpn) —u(z' — ,h Yn) [P
= doy, dy, do,r day,
/ An 1 / /Rn 1 |h‘ + |g;n |)n+5p
|u Z xn) — (&yn)lp
- d ’d d ’ d
/ /Rn ! / A” V(122" = O + [zn — yul)Her 0z QYn A0z ATn,

0// —u(y )|”d dy
R7 xR™ |$_ |ntsp .

In the very last step, we used a simple change of coordinates argument similar to that from
above in conjunction with the fact that ||-|| given by ||a|| := 2|a’|+|ay]| for a = (d/, a,) € R™
defines a norm on R™ which is equivalent to the usual euclidean norm |- | and therefore,
in particular, |- | < ¢|| - ||. By the definition of the Gagliardo seminorms, the proof is
complete. O

8.6.2. The Fubini Property on Spheres We now continue the study of Fubini—type
properties for fractional Sobolev spaces on spheres. The statement corresponding to
Proposition 8.23 now reads as follows:

Proposition 8.25. Let 0 < s < 1 and 1 < p < oo. Then there exists a constant
C = C(s,p,n) > 0 such that for all zo € R", R > 0 and all u € W*?(R"; RY) there holds

R
/0 [u]st’p(aB(woﬂ‘);RN) dT < C[u]]\aNs’p(B(me);]RN)’ (8,58)
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that is,

R _
/ // |U(-T) :’L_( )|1 dCTy dO'x dr
0 0B(zo,r) X 0B(z0,r) |‘T - ‘n P

_ p
< C// 7@(%) uiy)‘ dz dy.
B(zo,R)xB(wo,R) T — Y|P

Proof. 1t is no loss of generality to assume zy = 0. In a first step, we change variables to
the unit ball and put # = rx, § = ry. We thereby obtain (recall that S*~! := 9B(0, 1))

— p
/ // ) Z@h doy doz dr
OB (w0,r) x OB (x0,r) |T — |n sp
S [u(rz) =) 45 ar
- 0 Sn-tygno1 |re —ry|[rTep—l y=re

_ Fnerplur) )l
~ Msnorxsn1 Jo |re — ry|ntsp—1 yrE
(8.60)

(8.59)

We aim at modifying the direct proof of Proposition 8.23 using the Gagliardo—seminorms
(and not their Besov equivalents). To do so, we divide the proof in two substeps.

Step 1. Let z € S”! be fixed. We start by noting that since a single point is always
a nullset with respect to H"~! provided n > 2, we have

ju(r) —ulr)p ure) — u(ry)l?
/Sn 1 d y_/s dor, (8.61)

|z —y|nmsptt e\ (g} |rz —ry|rmertt
for any z € S*!. Given x € S"! and 0 < t < R, we put

T+y —1
t , y e st —x
oty V)

me(x,y) =

and we note that the mapping II;: S"~1 \ {—z} — S"~! given by I;(y) = m(z,y) is
well-defined. The mapping II; is the projection of the middle point of the interval [z, y]
onto 9B(0,t).

Imitating the construction in the hyperplane case discussed above (cp. Figure 8.6.2),
we now estimate for arbitrary z € S*! and y € S*~!

lu(re) — u(ry)|” < C(lu(re) — u(m(z, y)) " + |u(ry) — u(m(z,y))|")
and hence for all 0 < a(z,y) < b(z,y) < R

b(»Lyy)
lu(re) — u(ry)|P < C’][ u(ra) — u(m(z,y)) P dt
(z,
! (xy;) (8.62)
+Cf futry) — ulml ) .
(z,y)

At this point, fix 0 < r < R. We then choose a(z,y) := r(1 — “%y') and b(x,y) =
This particularly implies

<a(z,y) <b(z,y) =r. (8.63)

Moreover, for all y € S"~!1\ {—x} we have for 0 <t <r < R
t

‘b('r7 y) - a(x, y)| =

Tty

re — m(x,y)| =7r|r — where v =
o=l = o=yl (wherey = )
T+y
<rija - (1=7) = ‘ - 1=1).
’ |z + |z + |z + |
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On the other hand, we clearly always have for y # —x

T+
‘.’L’— Y <|$—y|7

|z +

a formal proof of which is included for completeness in the appendix, cp. Lemma 10.21.
In conclusion, we record

lre — m(z,y)| < vl —yl+ (r—1t). (8.64)

Step 2. Combining (8.60), (8.61) and (8.62), we then obtain

R r _ p
%) < C// / (r”*l)Q][ fulrz) “(”tf”’_ylm dtdr do, do,
Sn—1xS§n—1 J@ T(lf\rzy\) |’I"J} — ’I"y|n Sp

R 'd _ p
+C// / (rn—1)2][ lu(ry) u(m(x,yl)ﬂ dtdr doy doy — 1+ 10
Sn—lx§n-1J0 r(1—lzzuly |7”x — ry|”+SP*

The two integrals are essentially symmetric in z and y (also note that 7 (z,y) = m(y, x)),
and so it suffices to employ the desired estimate for one of these two integrals. We firstly
estimate because of the first part of (8.63)

By [ |u(rz) — u(m(z, y)) P
I:C// - / (r 1)2][ e g dedrdoy doy
Sn—1xsr=1Jo 7( ) )

< C// /R(rnl)Z/T lulre) ~wlm@ DI 4y 41 4o, do = 3
= §n—1x§n—1 Jq T’(l*#) |7’:L‘ — 7"y|71+sp T Y L d.

To estimate J, note that if r(1 — |m4;y‘) <t < r, then

- - 5
—t < r(% - 1) =r—t< |x 1 yl (8 &) |re — m(z,y)| < fr|x —yl.  (8.65)

Moreover, we note that for such ¢, we have

|z -y

7“(1— |l‘—y‘ 1

4

)<t<r= (1

t
)<7<1:>1<g< < 2. (8.66)
.

We then estimate

3 0// / 7"”_1)2/r Jurz) —u(me(@9)P 0 i do
Sn—1x§n—1 (1-lz=ul) |7’:C — 7Tt(£U y)|n+sp z U0y
= C// / n— 1/ Ju(rz) — u(m(z, y))‘p ( )n—l =14t dr do- do
Sn—1x§n—1 (1— |z— y‘) |7"3’,‘ — 7Tt($ y)|n+9p t x Yy
866

//ﬂ / n— l/ |u T.T) B u(ﬂ't(ﬂf y))| tn—l dthdO'w do_y —_ J/.
§n—1x§n—1 (l_lz y\) |7'"E—7Tt($ y)|n+sp

At this point, we change variables and put z := (z + y)/|z + y|. In doing so, we must
keep track of the Jacobian emerging, but by a geometric argument one can see that this
Jacobian has modulus which is bounded only in dependence of n. Exemplarily, in the
two—dimensional situation this can be seen by noting that for fixed z, the point z = z(y)
runs with half the speed of y € S"~!\ {—=x}, and for the reader’s convenience, this is
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explained in more detail in Section 10.6. Substituting as indicated, we then obtain

C// / n— 1/ lu(rz) —u(tz)|? futra) = w21 in—1 44 4r do, do.
Sn—1xsn-1 —lz—yl) |rg; — t2:|”+5p
— P
C/ / / / Mtn_lrn_l dtdrde, do,
gn—1 Jgn—1 |7”£C — tz|”+5p

_ p
eff W@ — @l o
B(0,R)xB(0,R) g —gnte

Here, () is a direct consequence of a passage to polar coordinates and the fact that for
any y € S*~1 there holds S""'\ {~y} 2 2 = (z +y)/|z + y| € S*"!. The proof is
complete. O

8.6.3. Consequences for BD By the result from Chapter 4 (cp. Theorem 4.11 (b)),
BD(R™) — W&/ (=140 (Rn.Rn) for any 0 < 6 < 1. A localised version of this reads as
follows.

Lemma 8.26. Let ) be an open and bounded Lipschitz domain in R™. Then for any
0 < 0 < 1, there exists a constant ¢ > 0 such that

inf |lu—all < ¢ Eu|(2) for allu € BD(Q).

a€R(Q) W =t (QR")
Proof. Let v € LD(Q2) be arbitrary. It is well-known that there exists a bounded linear
extension operator E: LD(Q) — LD(R™) (also see Chapter 3.5). By Van Schaftingen’s
embedding, LD(R™) < W%/ (=140 (Rn) for any 0 < 6 < 1. Therefore,

o] Sl

We,n%w 7 0, —4g 2
3 (SZ;RH) W ' n—1+60 (Rn;Rn)
| Ev||Lp®n)

<
< Olv|lup)-

We pick a € R(€) such that [|u—all 1 qrn) < Clle(u)|l1(g.pnxn); such an element exists

SSOT

by dim(R(£2)) < oco. Consequently, applying the above estimate to v := u — a, we find

lu = allyyo.stes ey < Cll = alipe) = Clu = allu@izn) + lle@)llL@rmzr)

sym’)

< C”E(u)HLl(Q;RQVTn") (by Poincaré).
Now, for u € BD(2), we choose a sequence (uy) C C(€;R™) N BD(Q2) which converges
strictly and pointwisely #"—a.e. to u. For each k € N, we find ax € R(f2) such that
lue = akllwon/om-1+0 (qurny < Clle(ur)li g, ruxmy- By strict convergence uy 2w as
k — o0, there exists a conbtant ¢ > 0 such that for all £ € N there holds

Sup/ lag| dz < csup/ lug| dx < oo.

keNJQ keNJQ

Since R(f2) is a finite dimensional space, we find a € R(€) and a subsequence (ay(;)) C
(ax) such that ay(;) — ain any norm on R(£2). In consequence, we obtain that u( ;) —a;)
converges to u — a pointwisely .Z""—a.e. as j — oo and hence, by Fatou’s lemma,

aei%fm lu — O‘HW"’"/("*1+9)(Q;R") < u— aHW"’"/W*H")(Q;R")

< h]rn inf [Jug(jy — ape)llwen/o- 146) (Q;R™)
< C’hm 1nf e ()l o, )

< ClE®).
The proof is complete. O
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We wish to give a remark on scaling. More precisely, we wish to argue that there exists
a constant such that for all u € LD(R"), g € R™ and R > 0 there exists a € R(R") such
that for all 0 < s <1 and p =n/(n — 1+ s) there holds (with Bg = B(zo, R))

(f [ 00 ) conef oas o

where C' > 0 neither depends on R nor on xy. Here, we have put u, := u — a. It is also
clear that a corresponding statement is available for BD—maps, too. Determining a rigid
deformation b € R(R™) such that (%) in the following inequality holds on the unit ball
due to the preceding lemma, we find

1

( / ) = )"

BpJBr T —y|"TeP

R |up(Rz) — up(Ry)|P )11’
n sp dl‘dy
== (// o — g+

(*) Rp
<A p / (e (up)) (Rer)| da
R B1

P

_ RERI ][ ()| de,
Br

and this in turn determines a € R(R™). We divide the last inequality by R¥ to conse-
quently deduce (8.67).

We proceed with a consequence of the Fubini-type theorem from above which is
substantial in the main part of the proof below:

Theorem 8.27. Letn > 2 and 0 < 0 < 1 be arbitrary. Let xg € R*, R > 0 and
u € BDyoo(R™). Then for £*—almost all radii 0 < r < R, the restrictions U|pB(z0,r) aTE
well-defined and belong to the space W™ =14 (5B (x4, r); R™).

Moreover, there exists a constant C = C(n,8) > 0 (which, in particular, is independent
of xg, R and u), such that for all0 < s < r < R there exists t € (s,r) with

n—146

| (y)| =170 !

ua — ua n—1+ T P

][ / 1y _mo_ do, dgy <C (n—1)(n—146) it X
0B(zo,t) J 8B (z0,t) y| n—118 (s =)

| Eul(B(zo, )

Tn

(8.68)

where a € R(R™) is a suitable rigid deformation. Especially, C > 0 does not depend on
u, s,t,r, R or xg.

Proof. 1t is not restrictive to assume xzg = 0. The proof is now split into three parts,
ensuring the pointwise evaluation of u H" '-a.e. on .#'-almost every sphere centered at
the origin, a mean—valued—type lemma for Lebesgue functions and the conclusion of the
proof.

Step 1. FEuzistence of sufficiently many Lebesgue points. Let u € BD(R™) and let
0 < R; < Ry < o0 be arbitrary. Since Eu is a Radon measure, so is | Eu| and hence the set
I:={t € (Ri,Rs): |Eu|(0B(0,t)) > 0} is at most countable. Hence £ ((Ry, R2) \ I) =
LY((R1,Ry)) = Ry — Ry. Let t € (Ry, Rz) \ I. We recall that, by Lemma 4.16 and since
OB(0,t) is a C'-hypersurface,

EuLdB(0,t) = (ut —u™) ® vap(o,nH" 'LIB(0, 1) (8.69)
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with the one-sided Lebesgue limits u* and the outer unit normal vaB(o,t) to 9B(0,1).
Therefore we have

/ (u" — u™) © von(o.y| AH" ! = | Eul(@B(0, 1)) SV
OB(0,t) i

0. (8.70)

This implies |(u™ —u™) ® vog(o,n| = 0 H" -a.e. on 9B(0,t), and since there exists a
constant ¢ = ¢(n) > 0 such that |a|[b] < cla ® b|, we conclude that u(xg) := u™(xg) =
u™ (z0) holds for H" " 1-a.e. 2o € OB(0,t). Pick such a xg € 9B(0,t). We then have

i o~ n_ -y " =0. 71
lim ][ lu —u(zo)| dZ lim ][ |lu — ()| dL™ =0 (8.71)
B(zo,m)NB(0,t) B(z0,r)NB(0,t)°

We now claim that this implies

lim u—u(xg)|dL™ = 0. 8.72
P T en) | (zo)] (8.72)
In fact, we have with w, = Z"(B(0,1))
- 1 ~
f o owaeolazn = o f 0 — ii(zo)| A2
B(zo,r) WnT™ JB(zo,r)NB(0,t)

1 ~

+ — / lu — u(zg)| A2
WnT™ JB(x0,7)NB(0,t)°

_ L"(B(xo,7) NB(0,1))

! ][ lu — Ti(zo)| A2
WnT B(zo,r)NB(0,t)

—0by (8.71) as r\,0

N L™ (B(xo,r) NB(0,t) ) ][ u—u(wg)|dL"
B(wo,’f)

wpr™ NB(0,0)°

—0by (8.71) as r\,0
-0 asr N\ 0,

since

2B ) NBO.0) LB, 1) NBO,5) _ 1

N0 Z"(B(zg,7)) N0 £ (B(zg,7)) 2’

In conclusion, H" '-a.e. x¢y € IB(0,t) is a Lebesgue point for u for #!-a.e. radius
t € (Ry, Rs). Let us call a sphere 0B(0,t) with this property a Lebesgue sphere for w.

Step 2. A mean—value—type integral estimate. In a second step, we now make the
following

Claim. Let —0o < a < b < oo and let J C (a,b) be a subset of full Lebesgue
measure, i.c., £ ((a,b) \ J) = 0. Then for every g € L'((a,b);Rsq) there
exists o € J which is a Lebesgue point for g and satisfies

b
o(60) < / gdz. (8.73)

To see this, we note that .#!-a.e. element of J is a Lebesgue point for g. Assume towards
a contradiction that the claim is wrong. Then we find g € L*((a,b); Rso) such that for
all £y € J which are Lebesgue points for g there holds

9 b
o(60) > / gdz. (8.74)
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Since this consequently holds for #!-a.e. & € (a,b), we infer by integrating with respect

to & € J
b b b b
2/ g(y)dy < gdxdyé/ 9(y) dy.

By non-negativity of g, this implies g = 0 #!-a.e. in (a,b). This contradicts (8.74) and
the proof of the claim is complete.

Step 3. Conclusion. Let now 0 < 6 < 1 be arbitrary and put p =n/(n — 1+ 6). We
define a function A: (0, R) — Rsg for #'-a.e. 0 <r < R by

u(x) —u(y)|?
A(r) = // %dow doy.
OB(0,r)x8B(0,r) 1T — Yl

Since BD(R") «— W% #=1F7 (R";R"), we obtain A € L*((0, R)) by Proposition 8.25. We
put

Ji:={t € (s,7): tis Lebesgue point for \ with respect to.Z"'},
Jy = {t € (s,r): 9B(0,t) is a Lebesgue sphere for u}.

Then J := J1NJ3 has full Lebesgue measure, i.e., £ ((s,r)\J) = 0. Since \ is particularly
well-defined on .J, we conclude by the above claim that there exists ¢ € (s, r) such that

p
I o) )
8B(0,t)xB(0,t) \x—y\ P
. )
(s—r) 9B(0,0)x9B(0,p) |T — Y|P

Evidently, the same reasoning applies to u, = u — « for any a € R(R™) C C*(R™;R"),
too. We now choose a rigid deformation o € R(R") such that

(f / |ua|l‘—yn+gp)| dzd > <CT1’9|EU|(?¢ (8.75)

holds. This is possible by Lemma 8.26 and (8.67). Invoking Proposition 8.25 at (x), we
therefore find

// [ua(x) — Z(g(yy do, day);
OB(0,1)x9B(0,4) |T —Y |” P
[ua(z) — ua(y)l” 1
< do,do,dp)?
(s—1) % / //8B (0,p)x0B(0,p) 1T — o —y[rroe-t vdr)
— p 1
< / // [t () n:”_;( )1| damdaydp)E
(s —7) OB(0,p)x8B(0,p) [T — Y| TP
(* p 1
% // o) - Ziﬁy)' wray)’
(s—1r)» B(0,r) xB(0,r) |33—?/| P

1
(s—7) B(0,r) JB(0,r) \x—y| P
rerl=? \EU|( (0,7))

(sfr)% rn

<C

and thus

a o 1 % 1-s E B
aB(0,t) JOB(0,t) |$_y|n P tr (s—r)r rm

It is clear that C' > 0 does not depend on u nor R, and so we arrive at (8.68). The proof
is complete. O
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8.7. A-harmonic Approximation and Excess Decay

We now turn to the proof of Theorem 8.4 and so embark on the situation explained
therein. Hence, let us now describe, in a more detailled manner than in Chapter 8.1.5,
the strategy of the proof. Throughout, we think of the center xy € 2 of the reference
balls as fixed, and write B,. := B(xzq, 7).

e In a first step, our aim is to find an A—harmonic comparison map, where A as usual
will appear as f” applied to the mean value of the second derivative of f over a
reference ball. Here we firstly select a good radius R > 0, thereby making the
Fubini-type theorem for BD applicable. Hence we are in position to control the
W (0Bg; R™)—seminorm of u —a, where a is an affine-linear mapping, in terms
of the excess. Most crucially, the A—harmonic comparison maps features higher
integrability ¢ > 1 on the level of gradients in light of Chapter 8.4.3. The overall
aim is then to use this gain of higher integrability to establish both the approximate
A-harmonicity and the A-harmonic approximation. Other than in [89, 90, 91, 82],
we shall essentially accomplish this in one single step.

e To avoid manipulations on measures, we use ideas from [85, 34] and employ the
Ekeland variational principle to find a LD-map which is not only suitably close to
the given BD—minimiser but also satisfies an approximate Euler—Lagrange equation
on Br and attains the same boundary values on 0Bgr as (u — a).

e Once the two steps from above are accomplished, a more or less standard iteration
argument will yield the claimed partial regularity.

Let us remark that, by slight abuse of notation, we will write

/Adg(u) :=/Ag(/t)

for a convex function g being applied to a (matrix—valued) Radon measure p on A €
Z(R™) whenever convenient.

8.7.1. The Ekeland—type Approximation We fix reference numbers my > 0, 6 > 0
(to be specified below) and let z¢ €  be arbitrary but fixed. We firstly recall that for
each open Lipschitz subset U of R™ and® @ € LD(U), LDg(f2) := u+LDg(U) is a complete
metric space with respect to the symmetric gradient norm ||[v||sym := ||e(v)||p:. This is
a consequence of the continuity of the trace operator Tr: LD(U) — Lj;n—1 (0U; R™) with
respect to the norm topology.

Starting from the given generalised minimiser u € BD(2) and a number 6 € (0, 1), let
R > 0 be a radius such that u € W™ "=+ (9B (x4, R); R™). In the sequel, we shall also
write Bg := B(xzg, R) for brievity. We employ a two—layer approximation scheme: Firstly
we smoothly approximate u in the area—strict topology (while maintaining its trace on
OBR) which yields an approximation of « in the space LDz(Bg). In a second step, we
then make use of the Ekeland variational principle, and as a main feature of this scheme,
the resulting approximations still qualify as almost—minimisers of the original functional.

Proceeding as indicated, we consequently apply the area—strict smooth approximation
in BD (cp. Lemma 4.9) to find ws € LDz (B(zg, R)) such that

][ ][ AV (Bii) — ][ V(e(@)) dz
B(zo,R) B(zo,R) B(zo,R)

][ Fle(@)) dz < ][ df (EqD) + 62, (8.77)
B(zo,R) B(zo,R)

U — Ws

7 dz +

61f % € BD(U), then we choose an LD-map with the same boundary traces.
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where the dash is understood with respect to the Lebesgue measure .£™. By the Eke-
land variational principle, Theorem 2.32, we deduce that there exists a mapping v €
LDz(B(xo, R)) which satisfies

/ Fle@) da < / Fle(@)) da, (8.78)
B(zo,R)

B(IU,R)
fB(ZL’o,R)

/ Fe(@) do < / Fle(@) dz + 5/ €@ )| de (8.80)
B(zo,R) B(zo,R) B(zo,R)

U — W
R

dz +][ le(@) — e(w)| dz < 4, (8.79)
B(IQ,R)

for all ¢ € LDz(Q2). Working from here, we deduce the following lemma.
Lemma 8.28. The mapping v € LDg(B(zo, R)) as introduced prior to (8.78) satisfies

/ (F (@), e(9)) da
B(zo,R)

/ (F(0)e(@), e()) da
B(zo,R)

<0 ()] dz, (8.81)
B(zo0,R)

<[ (CLVE®) + o) do (8.82)
B(zo,R)

for all ¢ € LDo(B(zo, R)).

Proof. Let ¢ € LDo(B(xo, R)) be arbitrary. Consequently, for every ¢ € R\ {0}, ¢ :=
U £ e qualifies as a competitor in (8.80). Applying (8.80) to this choice of ¢, we find

[ e -fewe,,
B(zo,R)

- <9 le(p)] da.

B(zo,R)

In this situation, sending |e| N\, 0 yields (8.81). With (8.81) at our disposal, we find
[ (Foe@eendes [ (FOe@ () do
B(zo,R) B(zo,R)

+ / Sle(e)] — (F(e()), e(9)) da
B(zo,R)

>0 by (8.81)
< / (cLV (D)) + 6)[e(¢)] dx
B(:E(),R)

and the same obviously is valid for —¢ instead of ¢. This establishes (8.82) and the proof
thus is complete. O

8.7.2. A-harmonic approximation Let b € R(R"™) be an arbitrary but fixed rigid
deformation, i.e.,

sg(b) = 0. Let 0 < 0 < 1. For L'ae. 0 < R < dist(zg,dQ), Theorem 8.27 yields
that u|pB(ay,r) € woon/ (n=1+0) (0B(zg, R); R™). We apply this to the particular choice

0:= %_H which consequently gives
n nn+1) n+1
0 = = = > ]. .
0= = = e

In a next step, for the particular choice A[¢, €] := (f”(0)¢, &) (¢ € R, we consider the
linear system

(8.83)

—div(Ae(h)) =0 in B(xo, R),
h=1u on 0B(xg, R).
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Put k=1and ¢:=1+ 1. ThenkffflfnJrl :”E_I" :n+1 = @. In this situation,

Theorem 8.13 yields that there exists a unique h € Whits (B(zo, R); R™) solving (8.83),
and from here it is clear that h := h — b is the unique solution of

{~ div(Ae(h)) =0 in B(xo, R), (8.84)
h

=u—>b on 0B(xo, R).

We now record some implications of the continuity of the solution operator ® ! of The-
orem 8.13 with focus on its scaling properties. We recall that do, = dH" !(x) and
accordingly for y. Also, we put up := u — b.

Lemma 8.29. There exists a constant C' > 0 independent of R > 0 such that

~ li _"' ”j{ 'n."
(][ | Dh| dx) < OR™ ][ / [ () — W (y)] do, do ) T (8.85)
Br OBrJOBR \xf y| (=143

Proof. By the choice of the radius R > 0, u|gp(z,,r) € W (0B(xo, R); R™). We first
focus on the case R =1 first. The statement will then follow at the end of the proof by
scaling, the latter being available by linearity of the problem at our disposal.

Denote S: (@ — b)|sB(z,,1) = h the solution operator of the system (8.84). By Theo-
rem 8.13 and the terminology adopted therein, we have ®~1(0,-) = S(-), and if we put

To=0and Ty = @ — b, we have h = S((Tp,T)) so that

DA »
IDAN 222 gy

X ||h||wl "Il (B(z0,1);R™)

= |IS((Ty, T: s
|| (( 0 1))HW1 L(B(wo,l)]R ™) (8 86)

SO 2y nin
WA (9B (20,1)R™)

=Cllw|l 1 w0 '
WaFT n (9B(z0,1);R™)

Now put

w, := (Up)9B(xo,1) = ]{313( y uy dH" (e R™),
zo,

where the dash is now understood with respect to H"~!LOB(zg,1). Then we have the
fractional Poincaré inequality

up — n < Cfu, n . 8.87
I ubuwﬁﬂ’%(amzo,l);ﬂw [ub]wﬁ’%wB(zo,l);Rn) (8.87)
In fact, we have for x,y € 9B(xg,1) that |z —y| < 2 and thus, with k = —1 and p = i

[ ) - wpdo, = [ ][ () ~ ) do doy
aB(:E(),l) 8B I[), 8B :E(),
/ / |ty (x *Zb(lﬂ do, do,
8B(x0,1) J 8B(z0,1) |z —yl

C/ / [io _uﬁi” do, do,
9B(z0,1) J9B(z0,1) |T — Y[R

and so, since the Sobolev—Slobodeckjii-seminorm ignores addition of constants, we obtain

[y — bl wer (9B, 1):m) = T — WyllLr (9B(wo, 1)) + [Eb]wrer (9B (w0, 1)7) (8.88)
< Cltp)wrer (9B(z0,1)R") -
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Clearly, v := h— u, is the unique solution of the system

—div(Ae(v)) =0 in B(zo,1), (8.89)
v=1Up — W on 9B(xg, 1). '
and equally satisfies (8.86) with the obvious modifications, i.e.,
I DRIl 241 g aymmny = 1DV 288 5 1 e
05
S Ol =l o (8.90)
<Cli) 1 (by (3.58))

atl
Wn+1 n (OB(z0,1);R™)

At this stage, we pass to general radii & > 0. For this, we use linearity of the problem

(8.84). Since h solves (8.84), the function w: B(0,1) — R™ given by w(z) := h(Rx) is

seen to solve

{—div(Ae(w)) =0 in B(wo,1), (8.91)

w=1 on 0B(zo, 1),

where 1: 0B(zg,1) — R™ is given by ¢ (z) = up(Rzx) for x € 0B(zg,1). Changing

. . _ n+l 1
variables, we then see with p = #7= and £ = 77 that

1
P ( D
/ |DwlPdz | < C // (@) — — f+l| do, doy
B(zo,1) 9B (z0,1) x9B(z0,1) 1T — Y| P

=

_C’R” 1+I»€pR 2(n 1)
1
Ra) — iy (Ry)|P ’
//“ |Ub( $) Ub7(1+y)| (Rn71)2do.xdo_y
OB(z0,1)x 9B(zo,1) | T — Ry|n=1+rp
(**) CR” 1+NPR 2(n— 1)><

1

e AN N\ |p P

(] B )
9B(z0,R)x0B(wo,R) 1T — Y| P

where we used the inequality proved in the first part of the proof at (%) and the change
of variables x = Rz’ and y = Ry’ at (xx). On the other hand, we have

R"% </ |Dﬁ(x')|f’dx'> =R"% (/ |(DR)(Rz)[PR" dx>
B(wo,R) B(Io,l)

_ </ |Dw(m)|pdx> "
B(zo,1)

Regrouping and rewriting terms, we thereby obtain with a constant C' > 0 which does
not depend on R,

1
][ |Dh(z)[Pda’ | < CRFR™
B(zo,R)
1
— (P P
f / |Ub :b1(+;3| dO':g/ d(fy/ .
0B(zo,R) J0B(z0,R |JI ) | P

We then note that Kk — 1 = n%rl — 1= —"7, and this concludes the proof. O
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8.8. Caccioppoli—-type Inequality of the second kind

The crucial point in partial regularity proofs are Caccioppoli—type Inequalities and
usually it is only here where both quasiconvexity and minimality are utilised. The in-
equality to be proved below in Proposition 8.30 is not invoked to yield higher integrability
which, from a conceptual perspective, seems impossible in light of the results of Chap-
ter 5.6. However, note that in the inequality to be proved next we directly work on (u—a)
instead of u, where a is an affine-linear map and so, following the terminology of GIUSTI
[128], Proposition 8.30 amounts to a Caccioppoli inequality of the second kind.

Proposition 8.30. Let My > 0. Then there exists a constant ¢ = ¢(My) € [1,00) such
that if a: R™ — R™ is an affine mapping with |Da| < My and B = B(zg, R) € Q a ball,
then there holds

/ AV (E(u — a)) < c/ V(“_“) da (8.92)
B(z0, &) B(zo,R) R

for every generalised minimiser u € BD(Q).

Proof. The proof evolves around a scheme for establishing Caccioppoli-type inequalities
in the quasiconvex setting that is attributable to EVANS (cp. [99, Lem. 3.1]) and hence
incorporates the so—called hole filling trick of WIDMAN [245]. Recalling the definition of
the shifted integrands (cp. (8.12)) , we put f:: fe(ay and @ := u — a. We then record
that u is a local minimiser the functional

Flo] = /Q F(E)

over BD(Q) in the sense of Chapter 7.1.
Let £ <r < s < R be arbitrary and choose a cut—off function p € C(B(zo, s); [0,1])
with 1z, < p < Ipa,,s) and [Vp| < SET. Following [99], we define ¢ := pu and

1 = (1 — p)u so that & =u — a = ¢ + . We record in advance that

Ep = piE;:L Z" LB(xo, s) + E°ul_spt(p) + Vp © 02" Lspt(p),
Ey = (1 - p) ;;Zgn LB(xo,s) + E*ulLspt((1 — p)) = Vp © uZ" Lspt((1 — p)).
We next claim that
S awvma< [ afm). (393)
€ JB(z0,s) B(zo,s)

To see this inequality, note ¢|sp(z,,s) = 0 and hence we find an approximating sequence
(pr) C C°(B(xo, s); R™) which converges in the (symmetric) area—strict sense on B(zg, )
to ¢ as k — oo. From Lemma 8.8 we then deduce

K/B(mo,s) V(e(pr))da < / F(e(or)) da.

¢ B(zo,s)

Since V is convex, we may invoke the continuity part of RESHETNYAK’s theorem, Propo-
sition 4.18 to conclude that the left hand side of the preceding inequality converges to
% fB(zo_’s) dV (E¢p). For the right hand side we invoke the continuity result for symmetric
rank—one convex functions with respect to area—strict convergence, cp. Lemma 8.7. By
area—strict convergence and the fact that symmetric quasiconvexity implies symmetric
rank—1-convexity, we hereby obtain (8.93). Note that at this stage it is important to
work with area—strict approximation as the corresponding Reshetnyak-type result only
yields continuity for this sort of convergence.
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Consequently, using minimality of w with respect to its own boundary values and
U|oB(z0,5) = ¥|0B(x0,s) i the second step, we obtain

e u " ~
¢ /B oy VERD) < / F(B) + /B o, FEB) = FBD) by (8.93)

c B(zo,s)

N

/ F(Ew) + / (F(Bp) — F(ER)
B(zo,s) B(zo,s)

< / F(EY) + / (F(By) — f(ED),
B(zo,s)\B(zo,r) B(zo,s)\B(zo,r)
— 1411,

where the last inequality holds as ¢ and @ coincide on B(zg, 7). We invoke Lemma 8.9 to
obtain

I< cL/ V(Ey) = cL/ V((1 - p)Eii — Vp o us"LQ)
B(z0,s)\B(z0,r) B(z0,8)\B(z0,m)
< cL/ V((1—-p)Eu—VpouzL"LQ)
B(z0,5)\B(z0,)
< 16cL / V(ET) + 16¢L / V(Vpoa) de
B(zo,s)\B(zo,r) B(zo,s)

< 16¢L / V (ERr) + 256¢L / V( 4 )dx.
B(zo,s)\B(zo,r) B(zo,s) §—r

On the other hand, we similarly find

I < / F(Bp) — F(E)
B(zo,s)\B(zo,7)

_ / FpEi+ Vp o a.2"LQ) — J(Eq)
B(zo,s)\B(zo,r)

< 32¢L / V (Ef) + 256¢L / V( 4 ) de.
B(zo,5)\B(zo,r) B(zo,s) s§—r

Therefore, gathering estimates, we find

{/ V(EW) < C(L)/ V(Eﬂ)+C(L)/ V( “ )dx.
€ JB(wo,r) B(zo,5)\B(zo,7) B(z,s) s—r

We now apply WIDMAN’s holefilling trick and hence add C(L) fB(mo " V(Ew) to both

sides of the previous inequality and divide the resulting inequality by (% + C(L)). In
consequence, letting 6 := C(L)/(£ 4+ C(L)) and so 0 < 6 < 1 yields

/ V(ER) < 9/ V(E@) + 6 V() ar
B(zo,r) B(zo,s) B(zo0,R) s§—r

From here the conclusion is immediate by Lemma 8.10. The proof is complete. O

8.9. Partial Regularity

We will now provide the proof of the main result of this chapter, Theorem 8.4. This,
in turn, is accomplished in two main steps. To fit this approach into the usual framework
of A-harmonic linearisation strategies, we recall that the crucial steps of this method
consist in
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(i) proving that a suitable distance of the minimiser and its A—harmonic approximation
can be controlled by the excess. In this sense, if the excess is small, then the
minimiser is close to an A—harmonic mapping.

(ii) lifting the closeness from the minimisers themselves to their (symmetric) gradients
by use of the Caccioppoli-type inequality.

In our approach, these two points are encapsulated in one step and encoded in the follow-
ing proposition which is the key to the partial regularity; also see the discussion provided
in Remark 8.32 below.

Proposition 8.31. Let 1 < ¢ < "TH and m > 0. Then there exists a constant C =
C(m,n,q,L,0) >0 with the following property:

Suppose that u € BD(Q) is a generalised local minimiser for § under the hypotheses
(H4)-(H6) and B = B(zo, R) € Q is an open ball with u|sp € W%H’nTH(ﬁB;R”). More-
over, let a: R™ — R"™ be an affine-linear mapping with | Da| < m and denote h the unique
solution of the corresponding linear system (8.83) with @ := u — a. Then there holds

];%,R)V(al-zh)dx < C<]i(z0,3) V(Eﬂ))q. (8.94)

Proof. We fix a ball B(xg, R) € € such that the hypotheses of the proposition are in action
on B(zp, R). Then we employ the Ekeland—type approximation strategy outlined in detail
in Section 8.7.1. Hence, given § > 0 and letting © = u—a, we obtain v € LDg(B(z, R)) =
T+LDo(B(zo, R)) such that with f = Je(a), Lemma 8.28 is in action. We shall first derive
suitable estimates on the approximations v and eventually send § N\, 0 to conclude the
claim of the proposition. Accordingly, the proof then evolves in three steps.

Step 1. From Lemma 8.28 (cp. (8.82)) we record that the auxiliary map v satisfies

/ <f”(0)e(5),s(<p)>d$ < CL/ V(e®))le(e)|da + o le(o)| da
B(wo,R) B(=o,R)

B(zo,R)
(8.95)

for all o € W™ (B(x, R); R”) with a constant ¢ = ¢(m, L) > 0. At this stage, we define
1 := v — h. We scale back to the unit ball and therefore put, for = € B(0, 1),

U(z) = %@/J(CUO + Rzx), ®(z):

1_
= E@(xo + Rx), U(x):= Ev(xo + Rz).

In this situation, (8.95) becomes with A := f”(0)

/ (he(V),e(®)) dz
B(zo,R)

< CL/B(M) V(s(U))|€(<I>)|d:1:+§/B le(®)| da

(ZO,R)
(8.96)
Step 2. We define a truncation operator 7: R” — R™ by
y iffy[ <1,
T(y) = . y € R™.
{é' if |y| > 1,
We note that T'(¥) € L>(B(0,1); R™). Let us now consider the elliptic system
—div(Ae(T)) =T(¥) in B(0,1), (8.97)
T=0 on 9B(0,1)
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with its corresponding weak formulation
/ (Ae(T),e(p))dx = / (T(D), o) dz for all p € C7(; R™). (8.98)
B(0,1) B(0,1)

We then again invoke Theorem 8.13 to conclude that there exists a unique solution
T € W,?(B(0,1);R") of this system, and moreover, for each n < p < oo we have
T € W?P(B;R") and there exists a constant C' = C(m,n, p, L, ) > 0 such that

/ DT de < o/ (0P da.
B B
In this situation, we invoke Morrey’s embedding W'*(B) < L>°(B) provided s > n and
obtain for DT € W?(B;R"*") the bound
| DT |1 (B;gnxny < ClID*T|io(gnxnxiny < ClIT(P)[|reBymn)- (8.99)

From this we deduce T € W(l)’oo(B(O, 1); R™). We now claim that
/ (Ae(T),e(p))dz = / (T(P), o) dz for all o € LDy(B(0, 1)), (8.100)
B(0,1) B(0,1)

and in fact, for o € LD(B(0,1)), both sides of the previous equation are well-defined.
Moreover, given ¢ € LDy(B(0,1)); we choose (gx) C C°(B(0,1); R™) such that g — o
strongly in LD(B(0,1)) as k — co. We then obtain

/ (Ae(T), (o)) — (T(T), o) dz
B(0,1)

/ (he(T), (0 — on)) — (T(V), 0 — gp) do
B(0,1)

< [[Alle(T)[lL=lle(e — okl
FITW) L~ lle = ekllr =0, k= oo,

where ||A|| is the operator norm of A. In an intermediate step, we further record for
2<n<p<oo

T2, = /

where we used the fact that for |a

|T(0)P da < c/ V(¥)de, (8.101)
(0,1) B(0,1)

< 1 we have
< cV(a) by Lemma 8.9.

Combining (8.101) with (8.99) consequently yields

|
laf” < |af?

IDT~ < C(/B(O , \V(\I!)|dx)5. (8.102)

Step 3. Recalling (8.15), we find

(8.15)
/ V(¥)dr < / min{|¥|, |¥|*} dx
B(0,1)

)

(0.1)
_ / (Ae(T), e(W)) da

B(0,1) (8.103)
- / (Ae(W),e(T)) dz < CL/ (V(e(U)) + 8)|e(T)| dz

B(0,1) B(0,1)

N

cL / (V(e(U)) + 6) dzje(T) 1~
B(0,1)

< CL(/B(OJ)(V(s(U)) +0)de) (/B(OJ) |V(\If)|da:)%.
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We therefore find

( /B (0,1)V(\P)dx>1; < (;L( / (V(e(U)) + ) da:) (8.104)

B(0,1)

and hence, letting p > n be such that ¢ = p?'%l € (1, HT—H)7

/ V() de < c(/ V() dr)" + 0512 (B0, 1), (8.105)
B(0,1) B(0,1)

At this stage we scale back to the original ball to find

v—h q
\% de < C ][ V(e))dx) + CdY, 8.106
]{BM) (=) (B(O_’R) (@) de) (8.106)

and we note that the constant C' > 0 only depends on m,n,q, L and ¢. We now intend to
send § N\, 0. Since the Ekeland—type approximation was accomplished with respect to the
symmetric gradient norm after an approximation with respect to the area—strict metric,
cp. (8.78)—(8.80), we obtain by the continuity part of Reshetnyak’s theorem that

7{3@0,3) V(a;{h) dr < c(me,R) dV(Eﬂ)))q

The proof is complete. O

Remark 8.32. It is important to remark that the exponent q as it appears in the previous
proposition can be chosen strictly larger than one. In the classical works on A—harmonic
approzimation (cp. [S9]-[92] or the exposition of the method in the recent monograph [35]),
this corresponds to a suitable linear growth version of approximate A-harmonicity. From
a technical perspective, the importance of ¢ > 1 is given in (8.122), where the a—priori
smallness assumption on the excess in turn gives smallness of the critical quantity

E(.’L‘(),Ro) a1
Ry '
If we could not use ¢ > 1 and only had q = 1 at our disposal, this critical term would
equal one and hence would destroy the iteration scheme later on.

The objective of the remainder of the present section is to establish an preliminary
excess decay. As usual, this decay shall be iterated in the subsequent paragraph and
thereby lead to the partial regularity assertion of Theorem 8.4.

We divide the proof of the excess decay into several steps.

Step 1. Smaliness Assumptions. Let My > 0 be given and fix a ball Bp, =
B(zg, Ro) € Q such that

1

|(Eu)Bg, | < Mo, where (Eu)p,, = 7B Eu(Bg,)- (8.107)
0

We moreover assume that
f ‘ Eu — (EU)B(.'L'(),R())‘ < 1. (8108)
B(mo,R())

Hence, if we define the excess E(u;xg, R) for g € Q and R > 0 such that B(zg, R) € Q
by

| E*u|(B(zo, R))
E(u; 2o, R) = Su(2) — (Bu)p(eo,r) | AL + —mer
(s 20, R) ]iw)! u(@) = (Bw)pge, )| Z7(Br0. R))
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then (8.108) translates into E(u;xo, Rp) < 1.

Step 2. Selection of a good radius. In a second step, we fix an affine-linear map
a: R™ — R" with e(a) = (Eu)p, . We again follow [134, Sec. 3.4], however, now put

BRO
Ui=u—a and f:i= fo(a), (8.109)

where we explicitely remind the reader of the definition of f,, for w € R as given by

(8.12). Starting from Ry > 0 as given above, we now apply Theorem 8.27. Consequently,
we find R € (% Ry, Ro) such that @lap(s,.r) € W75 (8B(x9, R); R") together with

the corresponding estimate (with 6 = nil and accordingly p = "TH)
~ - 141 EEsy
inf ][ / e () ““(ly I 4, da,
a€R() \ JoB(wo,R) JoB(zo,r) |z —y|" DT
1-042
R, ? 1 ~
<o = [ g (5.110)

R» (%fio)5 RO B(zo,Ro)
Ry

< C Rn / |EU — (EU)B(wo,RO)"
0 JB(zo,Ro)

where U, 1= U — a(= u — a — o). Here we have used the uniform comparability of R and
Ry to obtain

1-6+2 1-6+2
RO +p RO +p 1-6
n—1 1 1 g no1 n—1 | gCRO 9
R (6H0)7 ()7 Ry (5 R0)?

and here ¢ > 0 is obviously independent of Ry and R. We fix the infimiser b € R(R") of
the left hand side of (8.110) and consequently have @, = @ — b.

_ Step 3. Definition of comparison maps. We now pick the A-harmonic mapping
h: B(zg, R) — R™ solving

{~ div(f" (Bu)p(ze,m))e(h)) =0 in B(zo, R), (8111)
h =y on 0B(xg, R). '
and put

A(x) := h(zo) + (Dh(zo), z — x0), z € B(xo, R), (8.112)

together with

ao == a+ A. (8.113)
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We then obtain
| Eao| = | Ea + Eh(x0)| = |(Eu)s,, + (Bh)(w0)|

< Mo + |(ER) (o)) (by (8.107))

< Mo+ sup |Dh (as | Ev| < | D))
B(z0.R/2)

< Mo + c][ | Dh| da (by (8.28))

B(zo0,R)
< Mo+ C(][ | Dh = dx) " (by Jensen)
B(Zo,R)
< My

n+1

+ cR’#(][ / [t () — Ua(y)|1 " do(a) do(y)) Ty Lom. 8.20)
0B(zo,R) Y 0B(z0,R) |x — y|’n71+ﬁ

(&
<2Mot g [ Bu (Busing| < 2Mo+ C.
0 JB(zo,Ro)

where the two last estimations hold because of (8.110) and (8.108). In particular, the
constants appearing here do not depend on R or Ry. Summarising, if we put m := 2My+C
as in the right side of the previous chain of inequalities, then we obtain

| Eag| < m. (8.114)

Step 4. Comparison estimates. Let 0 < 0 < % be arbitrary and put, for t > 0,
B; = B(xg,t). We firstly note by convexity of V' and therefore Jensen’s inequality,

/ V(B — (Bu)s, ) < / V(Eu — Eag + Fag — (Eu)s, )
By g,

B, i,

<C /BR V(Eu — Eao) + C/BURO (VB — a0)))s,n,)

< C/ V(E(u—ag)) =C V(E(u— o — ap))
Bor, Byng

(8.115)

for all rigid deformations o € R(€2). Our next objective is to apply the Caccioppoli-type
inequality, Proposition 8.30. Having chosen m > 0 as it appears in Proposition 8.30 by
(8.114), we find ¢ = ¢(m) > 0 such that (8.92) holds. We then estimate, using (8.115),
the Caccioppoli-type inequality in the first and convexity of V in the third step,

/B VB~ () < o) / V(m) — a(z) - A<x)> "

B2<7R0 URO
com) [ v(Heme) 2R - Ae) )y,
BZURO UR()
(W—a)—h / h—A
< ——FF—d d
C/BzaROV< O'RO ) Z+C BZUR(] V( O'RO ) r
g — h h—A
= v(* )+ C V(225 dx
g Br Bao URO
=T+ 1II

Here we have used B(zg,20Rg) C B(xg, R), uniform comparability of R and Ry and the
fact that V' (Xz) < cA?V(z) for a constant ¢ > 0, all z € R and [A| > 1 (cp. Lemma 8.9).
At this stage, we put
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with b € R(R"™) as picked in Step 2. We begin with the estimation of I, and for this
purpose let 1 < ¢ < 2L be arbitrary but fixed. We go back to Proposition 8.31 to obtain

n

1= S [ v(Ttyg,

o? Jg, R
_ CR" Uy —h
== ]éRV( . )do: (8.116)

n q
<ot ][ VED)) |
g B(zo,R)

the last step being valid by uniform comparability of R and Ry.
As to I, let & € B(zg,20Ry). We employ a pointwise estimate to find by use of
Taylor’s formula

h(z) — h(zo) + (Dh(z), x — @)
O'R()

h(z) — A(z)
O'Ro

2
~\lr—x
C( sup |D2h|)%

B(Io,%)
~ . (20Ry)?
<C( sup |D2h|)M (since x € B(zg, 20 Rp))
B(zo, &) o Ro

< CoR( sup |D2f~1|) (since R < Y Ry)
B(10)%)

< C’a][ | Dh| dz (by Lemma 8.16)
B(Io,R)

N

n
n+1 ) n+1

< C’a(][ |Dh| da
B(Io,R)

Similarly as in the estimation following (8.113), we employ Lemma 8.29 to further obtain

=: ITI (by Jensen).

III < 007[ |Ba| = C’a][ |E(u— a) (by Lemma 8.29)
B(:L’o,R) B(ZL’Q,R)
= CU][ | Bu — (EU)B(IO,R0)| (since Ea = (EU)B(wo,Ro))
B(zo,R)

2

= Ca(][ | Eu — (EU)B(xo,Ro)D
B(m()}R)

<co(v( ]{3 e (Ew)pas,50))

< Co(][ V(| Eu — (Eu)B(xO’RO)D) ? (by Jensen).
B(zo,R)

1
2

(by (8.108) and (8.16))

Collecting estimates, we obtain

h(z) - A(x)
O'Ro

< ca(][ V(| Bu - (Eu)B(rO7RO)|)) . (8.117)
B(xo,R)
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We now integrate (8.117) over Baoyg,, yielding

S - <h<>—A<>> b
Bao R, o Ro

(8.117) z
<o viea(f V(B Enen)) ) do
Bao R B(zo,R)

< C’(JRO)"V(U(]{B(m . V(| Eu — (Eu)B(WRO)D)% ) da (8.118)

=T

(8.15)
< C(oRo)" min{| Y[, [T[*}

) n+2 pn
< Co" ™ R} ][ V(| Eu — (Ew)B(a0,R0)|)-
B(zo,R)

To see (), note that since V(z) = \/1+ [2]2 — 1 < |2| for all z € R, we have

sym

(8.108)

f o V(B Eonerh < £ [Bu- Busngl < 1
B(zo,R) B(zo,R)

and hence, recalling 0 < o < 1, |Y| < 1, and therefore min{|Y|,|Y|*} = |T[>. We now
gather estimates to eventually obtain with

E(zo,r) := /B( )V(Eu — (Eu)B(z0,r)) and E(zo,r) i= —2
zo,r

that

q
E(z9,0Rp) < OR—g ][ V(Eq) | + Co"“Rga][ V(| Eal)
o B(zo,R) B(zo,R)

E -t
2( (xﬁkRO)) E(zo, o) + Co™ B o, Ro) (8.119)
o 0

q—1
_ <C (E(x}%’f(’)> +ca"+2> E(x0, Ro).
0

o?
We will now use the previous inequality to deduce a preliminary excess decay.
Proposition 8.33. Given 0 < a < 1, there exist two parameters c = o(n, L, ¢, «) € (0,1)
and €y € (0,1) such that if u € BD(Q) is a local generalised minimiser of the functional
§ given by (8.1) subject to (H4)—(H5) satisfies

E(u; 2o, 0 Ry) < 0" E(u; 2, Ro) (8.120)

for every ball B(xg, Ry) C Q with 0 < Ry < 1 provided there holds

E(u; o, Ro) < &2 and |(E)B(20,R0)| < Mo. (8.121)
Proof. We start by choosing a preliminary €9 > 0 and My > 0 in a way such that

(8.124) imply (8.107) and (8.108). There is no restriction on My > 0. We estimate with
H := Bu — (Eu)B(sg,r,) and the shorthands Ag, := B(zo, Ro) N {|H| < 1}, AR :=
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B(wo, Ro) N {|H| > 1}

Frwuny 1= [, v [
B(zo,Ro) % ARy

= #"n) f, W1+ [ V)

A

<$”<ARO><fA |H|2> *C/Ac V()

C(L™(Apy)* ( [ v ) V(H])
B(z0,Ro0) B(zo,R0)
< CRE </ V(H|) ) /

B(Io,RQ)

so that dividing the resulting inequality by Rj yields

f H| < CRy? (/ V(|H|>> +cf V(|H)
B(zo,Ro) B(zo,Ro) B(z0,Ro)
<c (7[ v<H|>> +f )
B(zo,Ro0) B(zo,Ro0)

< CE + 7).

V(|H])
B(zo,Ro)

provided fB(mO Ro) V(|H]) < &,. We now choose &, > 0 so small such that the very right

hand side of the previous inequality is smaller or equal to 1. At this stage, (8.119) is at
our disposal and therefore yields for 0 < o < %

~ E a1 -
E(.I‘Q,O’Ro) S ¢ (Jio,Ro) + 00'2 E(Z‘(),Ro)
ont2 Ry

(8.122)

C
< (G + 00 ) Bian, o).

We subsequently choose o > 0 so small such that with the constant C' > 0 from the last
inequality,

~ . ntd
2Co? < o1 and £y := min{os1,2}}.

In turn, inserting these choices into (8.122) gives
E(z0,0Ro) < (2C0%)E(x0, Ro) < o' *E(w0, Ro),
and this is (8.123). The proof is complete. O

To conclude the proof of Theorem 8.4, we need to iterate the previous lemma. This is
accomplished in a standard way and follows, e.g., [33, Lem. 5.8]. More precisely, we have
the following result:

Theorem 8.34 (Iteration). Given 0 < a < 1, there exists g = eo(n, L, £, o, My) € (0,1)
such that any generalised local minimiser u of the functional § given by (8.1) satisfies for
some constant ¢ = ¢(n, L, £, , Mp) > 0

~ 200
E(u;xo,7) < c(%) E(u; xo, R) forall0 <r <R (8.123)
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for every ball B(xqg, R) C Q provided there holds

~ 1
E(u;zo, R) <& and |(Ew)p(sy,r)| < §MO. (8.124)

Proof. Under the conditions of the Lemma, let the parameters £y > 0 and ¢ > 0 be given
by Proposition 8.33. We firstly choose e € (0,1) such that

M
0 < &0 < min{&,, ﬁjo(l — o)™} (8.125)

Here v > 0 is an arbitrary but fixed number such that for || < 1 there holds v|z|*> < V(2).
Such a number exists by Lemma 8.9, and it is clear that we may assume that 0 < v < 1.

We now counsider the statements (Si), k € Ny, given by

E(u; o, 0" R) < o WHORE (u; o, R),

(Sk) § E(u; 79, 0" R) < o2k2el
|(Bw)B (20,04 r)| < Mo,

and we shall verify these by induction on k& € Ny. The assertion (Sp) is satisfied by
assumption. Now assume (S;) hold for all j € {0, ...,k — 1}. We apply Proposition 8.33
to Ry replaced by o 'R. Obviously, c¥"1R < 1 and, by the second part of (Sj_1),
E(u; 20, 0" ' R) < 02(h=De2 < 22 By the third part of (Sg_1), |(B)B(z,05-1m)| < Mo
is also satisfied, and hence we conclude by (Si_1)

E(u; 29, 0" R) < o' T*E(u; 29, 0" ' R)

<
< g+ E=DE (4 20 R) = c1T*E(u; 20, R).

This is the first part of (Si). Building on this, we further deduce

E(u; 79, 0" R) < ot E(u; 29, R) < o(1T0F2 L g20k22

as 0 < 0 < 1 and 2ak < (1 4+ a)k as the latter is equivalent to ak < k which is true
because of 0 < « < 1. We proceed to the third part of (Sg). To see this, we employ a
telescope sum argument to find

k—1
|(Eu)B(I070kR)| < [(Bw)B o, m| + Z |(Ev)B(2o,0ir) — (EU)B(2g,0+1 R)]
7=0
k-1
M,
<5 Z][ | Eu — (Bu)p(zy,0i+1R)| (8.126)
2 j=0 B(zo,07 R)
k—1
My ][
S5 | Eu — (Eu)p (20,0 R) |-
P j; B(zo.00+1 ) B(zo,07 R)

At this stage we pause and justify how Jensen’s inequality in conjunction with the ap-
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pearance of the V—function can be applied to yield the third part of (S;). We write

][ |Bu — (Bu)n(aq.0 )
B(zg,07t1R)
| E*u| (B(z0, 01 R))

= Eu— (Bu)(p, oipy| L™ + 4
]i(zo,ngz) (E)p(eo.0im)] (oI tIR)™

(B(zo,07*' B))
(TR

I L]
= ( (61— (Bu)prooim L™ ) +
B(zo,09t1R)

X

1 1
< —= ( ][ ) V(‘gu - (EU)B(mmUjR)D dg”)
g2 V JB(zo,07t1 R)

1 |Ful(Blao, o)

<1

2 | ESu|(B(z0, 071 R))
V(Eu— (E Zo.od dzm + -
]{3(107gj+1R) (| U ( U)B( 0,07 R) ‘) ) (O'J+1R)n

R

N|=

on (cIR)"
< max Lﬂ L (iﬁ(uaﬂo O'jR)% + E(u; o o'R))
O'E ) 0—77/ \/17 ? ) ) )
1 1) ,0%%0 i s 2
< — — 7%5) < e
max { o2 o" } ( ﬁ € ) ﬁo-n 0

as 0 < og,e9,v < 1.

By our choice of €y, we then obtain for every j € {0,...,k — 1}

My My

2 . .
][ ‘EU — (EU)B(:L-O,O-]'R)| < 70"76!7(1 — Ua)an = 7(1 — O'a)O'Ja.
B(z0,09+1 R) on 4 2

We insert this into (8.126) to obtain by using a standard bound on the geometric series

k—1

My M, o in

|(Et)B (20,04 r)| < -5 + E 7(1—0 o!
j=0

In conclusion, the proof of (Sg) is complete. Finally, let 0 < r < R be arbitrary. Then
we find k € N with ¢*T'R < r < ¢¥R. Let a > 0 be a constant such that V(E+n) <
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a(V (&) + V(n)) holds for all £, € R2%X". Then we conclude

sym

=~ 1
E(”; Zo, ’I“) = — ( /B( : V(@‘au — (EU)B(‘TO’,«)) dz™ + IES’U/KB(.’L‘O’ 7“)))

rn
B(zo,7) B(zo,7) r r

<f Vs s - BuBenr) ) do s BB
B(zo,r) B(zo,r)

Tn

[ E*u|(B(zo, 7))

Tn

N

<f ][ V(u(z) — Suly) ~ Eu(B(zy.r))) dydz +
B(zo,r) (zo,7)

< ]{3(% Y ][ - aV(Eu(z) — Euy)) + aV (ESu(B(zo,7))) dy da:

, [Eul(B(z0.1)

a][ ][ V(fg’u(ﬂﬁ)—5U(y))dydx+(1+a)w7
B(zo,r) Y/ B(zo,r) r

where we have used that 0 < r < 1 in the last inequality. Now, we have
oo Suly)dyde <20 V(Sulo) - g, o) dyds
B(zo,r) B(zo,r) B(zo,r)

which in turn yields with c¢(a) = max{a?,2(a + 1)}

E(u; xo,7) < 2a° ][ V(u(z) — (Bu)p(ay ot ry) dydz + (1 + a)w

rn
B(ro r)
< rn / V (g)u ) IQ,O‘kR)) dz + |Egu|(B<:1;0,r)))
CE(),T
S Q( V(Eu(@) = (B (s ormy) Ao + | Eul(B(zo, 0*R)) )
B(zo,0*R)

= ME(U, zo, UkR)

TrTL
k n -
< ANTR v, )
()

20
< cla)o "2 (%) E(u; xo, R).

Here, the last estimation can be seen by

n+2a
" TIR<r<o*R= ol < = R = gkt (n+2e) (R)

o (k+1)(n+20) (E)" < (%)2“
T

R\ r 2o
k(n+2a) ( ) < fana( )
= < ,
7 r 7 R

and from here the final statement of the theorem is immediate as a > 0 is a constant and
o is fixed. The proof is complete. O

We now come to the
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Proof of Theorem 8.4. With Theorem 8.34 at our disposal, we pursue a similar strategy
as in Chapter 7 to establish the partial regularity. Other than in the superlinear growth
regime, however, we cannot use direct continuity arguments and have to proceed more
carefully. Let g € 2, := Reg(u) so that

| E*u|(B(xo,7))

lim Eu— (Eu)pg, | dL" + =0. 8.127
lim B(%‘077_)| (Ew)B(ao.m| e (8.127)
This trivially implies both
Esul(B
lim €U — (B)p(ag.r| dL" =0 and lim 1 EBE0, )

0 B(zo,r) N0 rn

Since V() < | - |, this yields

lim V(€u — (Eu)g(z,.m) = 0.
V(S Ben)

Our aim is to show that the conditions of (8.124) remain valid for all points in a neigh-
bourhood of z3. We start by noting that for 0 < § < 1 which we assumed sufficiently
small but fixed,

Osup |(Ew)B(zo,m| = M < o0
<r<

as a second consequence of zg € Reg(u) = Q\X,. We then define My := 28" max{M, 1}.
In consequence, Theorem 8.34 provides us with a radius Ry > 0 and ¢y > 0 (both of which
depend on M) such that if 0 < R < Ry is a radius with B(zg, R) € Q and

~ 1
E(u;x0, R) < %?) and  |[(Eu)g(ze,r)| < 2M0,
then there holds
~ r 20~
E(u;zo,7) < C(E) E(u; zo, R) forall0 <r < R (8.128)

with a constant C' > 0 independent of 0 < r < R. We now choose 0 < R < Ry in a way
such that

2

= € 1
E(u; . d |(E < M (< = Moy),
(s 20, B) < 2max{2 - 4?"a?, (1 + a)4"} and - |(Ew)p (e, m)| ( 2 )
where again a > 0 is an arbitrary but fixed constant such that V(£+1n) < a(V(§)+V (n))
holds for all £, € R (. This is possible by the definition of M > 0 and (8.12 ) We

now show that with R’ := }LR there holds

1
E(u;z,R) <& and [(Bu)pgr)| < §M0

for all z € B(zo, R'), and in light of (8.128), this will imply that E®u vanishes on B(zq, R’)
and &u is of class C** on a neighbourhood of xy. By the usual reduction argument, either
using the Campanato—characterisation of Holder continuity in conjunction with Korn’s
inequality or the theory of singular integrals on Holder—Zygmund classes, the claim then
follows as in Chapter 7.
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We have with w,, = Z"(B(0, 1))

Fo V60— Bz +
| Bl (B, )

<af VIS @) 427 + (4 a) S

4 / / | E*ul (B(zo, R))
S (I€u(y 2))dydz + (14 a)an ——2 200
T S o, V(E00) = Sz dydz o
42n
< (|€u( z)|)dydz
i oo V6u) - su)
+(1+a)-4 M
2. 42n 2
< (|&u( Eu dy dz
T / VU0 =~ (Bl )

Efu|(B(zo, R
+ (L ap "(R—no”
€5

< 242n 2 1 4n

max{ o, (L +a) }Qmax{2-42"a2,(1—|—a)4”}
2

< ? < 60

On the other hand, we have

][ EudL"| +
B(z,R')

f é”u — (EU)B(zO,R) dgn +
B(z,R’)

| E*u|(B(z, R'))

|(Ew)p(z,m| < B

D) ¢ Bt

| E*ul(B(zo, R))
Rn

<

X

<4n ][ |Eu — (Eu)p(zg,r)| 4L + 4" 1B, )]
B(zo,R)

< A"E(u; 20, R) + |(Bt) (. 1)
62
4n 0
2max{2-4?"a?, (1 + a)4"}

+ max{M, 1}
My
<e2 +max{M,1} < max{M,1} +1 < — 5

because we have with M := max{M, 1}

M, — — — —
70:28"M>QS"M—M—l—i—M—i-l:(28"—1)M—1+(M—|—1)
> (2" —2) 4+ M+1>M+1.
Using Lemma 7.10, the proof is complete. O

8.10. Concluding Remarks

We wish to conclude this chapter with various remarks which should help to put the
results gathered so far in context with other results in this thesis. By this, we particu-
larly aim at commenting on non—autonomous integrands and dimension reduction in the
quasiconvex situation.
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e Non—autonomous integrands. In principle, it is also possible to slightly modify the

proof to yield a partial regularity result for non-autonomous integrands (z, &) —
f(z,€&) under a suitable variant of the quasiconvexity hypothesis considered here.
If the integrand, however, is fully non—autonomous in the sense that it depends on
z,u and Eu, then a reverse Holder inequality to yield higher integrability of minima
seems inevitable. As discussed to some extent in Chapter 5.6, the Caccioppoli—
inequality alone cannot yield such a result. In conclusion, it is not clear to us as
to which extent the results presented here carry over to variational integrals of the
form

= [ S,

Dimension reduction for the singular set. Not only for quasiconvex linear growth
functionals but for quasiconvex functionals in general, the reduction of the Hausdorff
dimension of the singular set is still an open problem. To the best of our knowledge,
the only result in this direction is due to KRISTENSEN & MINGIONE [159] by use of
a set porosity approach: Here it is shown for superquadratic, strongly quasiconvex
variational integrals that the Hausdorff dimension of the singular set of minima
is strictly smaller than the ambient space dimension provided the minima are a—
priori assumed to be of class WH*°. In particular, it would be desirable to achieve
Haudorff dimension bounds without the W'**~hypothesis.



CHAPTER 9

Résumé and Outlook

In this thesis we have given a regularity theory for linear growth problems on the space
BD and extended the available regularity theory for such problems on the space on BV.
In this concluding paragraph, we summarise these results and discuss possible extensions
of the work presented in this thesis which we regard as most relevant.

In particular, we gave conditions on convex variational integrals of linear growth

e on BD to produce generalised minimisers of higher integrability and Sobolev reg-
ularity subject to a local boundedness/ BMO assumption imposed on a particular
sequence of viscosity approximations. Working on locally bounded generalised min-
ima in the BV—setting, BECK & SCHMIDT [34] (in turn building on BILDHAUER’s
work [10]) could show that all generalised minima of 3-elliptic integrands are of

1,Llog L L _
class W, ® 7. This raises the question as to

1. which extent the range of i leading to higher integrability results can be extended
in the symmetric gradient situation.

2. whether the results from [34] in the gradient case can be established without
imposing the local boundedness assumption. As briefly sketched in Chapter 6.7,
this is in fact possible for 1 < u <1+ %

3. how the Ekeland-type approximation strategy of [34] can be utilised to yield
higher integrability of the symmetric gradients of all generalised minima (subject
to a suitable variant of the local BMO-assumption) in the BD-situation.

4. whether in the full gradient case for the Dirichlet problem, the u = 3—ellipticity
in fact displays a borderline case for higher integrability of gradients. We recall
from Remark 5.1 that a corresponding counterexample for p > 3 is only available
in the non—autonomous setting. In some sense, this would imply a discontinuity
in the integrability of gradients. Indeed, if there existed a generalised minimiser
u e (BV\WH)(Q;RY) for 1 > 3, then the pellipticity scale would show to not
be sufficiently fine tuned to yield a continuous deterioration of smoothness (since
the gap between WhE18 L and W1 could be filled, for instance, by other local
Sobolev-Orlicz spaces W' #).

e on BV to produce generalised minima of class W' within the framework of Neu-
mann problems with radially symmetric integrands. As we use Chacon’s biting
lemma rather than passing to a suitable weak™-limit in a sequence of viscosity ap-
proximations and finally prove that the biting limit is curl-free, it is natural to
ask

5. in how far these ideas can be utilised to yield results for the corresponding
problems on BD. Here one would need to elaborate on the possible impact of the
radial structure of the integrands in the symmetric gradient case and, secondly,
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whether the convergences at our disposal suffice to conclude that the biting limit is
curl o curl-free.

6. whether the W''regularity for one generalised minimiser can be extended to all
generalised minimisers for the respective Neumann problems by use of a Ekeland-
type strategy as in [34].

7. whether the assumption on 2 to be simply connected is necessary.

on BD to possess generalised minima which are CY® partially regular. This is
accomplished within the framework of non-autonomous integrands, but it can be
seen that the results extend without any efforts to z—dependent integrands f(z, z),
too. However, in this context we would wish to provide

8. optimal bounds for the Hausdorff dimension of the singular set. This is linked
to questions 1 to 3 from above. In principle, we would expect dimy(3,) < n —1
as an optimal bound, but this does not follow from the Sobolev regularity approach
pursued in Chapter 5. On the other hand, it would be interesting to quantify the
precise impact of smoothness of f(x,z) in its first argument on the size of the
singular set in a similar vein as in MINGIONE’s work [175].

9. an approach that is also available for integrands with u—dependence, i.e., inte-
grands of the form Q x R™ x RE™ 3 (7,y,2) = f(z,y, 2). In the full gradient case,
such integrands have been covered by SCHMIDT [210].

Finally, for symmetric quasiconvex and rank—one convex functionals,

e we established a full Holder regularity result based on suitable smoothness and

smallness assumptions on the Dirichlet data. Here we particularly worked with a
Ci;ifcondition on the variational integrands, and it hereafter would be of interest
to inquire

10. in how far this regularity assumption can be weakened to still yield full Holder
continuity of generalised minima.

11. what is the precise deterioration of full Holder continuity of generalised minima
provided the smallness condition on the Dirichlet data is weakened.

we proved a partial regularity result in the symmetric quasiconvex linear growth
setup. In this respect, it would be equally relevant to extend the method to inte-
grands f(z,u,Eu) as in item 9. Here, however, we have to cope with the lack of
a higher integrability approach by finite differences. An approach that overcomes
the use of Gehring’s lemma has been given by SCHMIDT [209] in the superquadratic
growth context, but it is not clear to us how this generalises to the linear growth
situation. As it is also open in the superlinear growth regime, it would be of rele-
vance

12. to develop an effective way to estimate the Hausdorff dimension of the singular
set of generalised minima in the (symmetric) quasiconvex setting. For generalised
minima which are a priori of class Wll(;go, this might be possibly achieved by the
set porosity approach due to KRISTENSEN & MINGIONE [159], and any weakening
of the Lipschitz assumption would prove valuable also in the superlinear growth
regime.
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Appendix

In this chapter we collect various results which were used throughout the main part of
the text or put the material presented there in a broader context.

10.1. The Type—(C) and C—Ellipticity Correspondence

Recalling the notions of R— and C—ellipticity from Chapter 3 together with the cor-
responding notation and terminology, we now pass on to a more detailled discussion and
link them to the type—(C) condition as introduced in [1419]. For the following computation,
it is useful to rewrite the operators A = A[D] as encountered in Chapter 3 in coordinate
notation and henceforth put, for fixed linear mappings A, : V = RN — RX = W,

A=A[D] = zn: Ao (10.1)

Remark 10.1. The operator A[D] = A is C-elliptic if and only if it is of type (C) in the
sense of [1/0]. More precisely, since Ay[€] is a linear operator from RN to RX for each
£ € R", we find coefficients A, ;1 such that

(AL, = DD Aajkbany.

for every for ¢ € R™ and n € RN. Then

n
]P’Lku = E Aa7j,k8auj

a=1

for k = 1,...,K is the family of scalar differential operators as used in [1/9]. The
corresponding symbols are

) = Z Aa,j,kga
a=1

with 5 = 1,...,N and k = 1,..., K. Now according to [1/9] the family (Py)r is of
type (C) if and only if (P; §)) & has rank K for allm € C™\ {0}. Since
K

Sk = 3000 Aesbany = Al

j=1k=1 a=1j=1k=1

kel

this is equivalent to the injectivity of AlE] for all n € CN \ {0}, which is exactly the
C-ellipticity of A.
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10.2. Approximate Differentiability of BD—Functions

In this section we discuss the approximate differentiability of LD— and BD-maps, with
particular focus on a Calderén—Zygmund—type approach in Section 10.2.2. This is remi-

niscent of the so—called Lipschitz truncation technique, cp. [5, , 79, 52, 84]. Beforehand,
we discuss the by now more classical approaches to the approximate differentiability as
employed by HAJLASZ [140] and AMBROSIO, CoscIA & DAL Maso [14].

10.2.1. Two approaches to the approximate differentiability In [140], the approx-

imate differentiability of BD—maps is approached as follows. Given a closed subset F' of
R™, we define the Marcinkiewicz integral as

L (z) := / Mdz

x — zntl T

If moreover .Z"(R™ \ F) < oo, then it can be shown (cp. [221]) that L.(z) < oo for
ZL"a.e. x € F. Secondly, if E C R™ is measurable and u,v: F — R are measurable
functions such that |u(z) —u(y)| < | — y|(v(z) + v(y)) holds for .£"-a.e. x,y € E, then
u is approximately differentiable .£"—a.e. in E.

Let u a finite Radon measure on R™ and decompose p = 9 +p’ into a ’good’ and "bad’
part in the sense of a Calderén—Zygmund decomposition at given level £ > 0, i.e., p9 is an
absolutely continuous measure with respect to £ whose density is bounded by ¢. Next
it is shown (cp. [140, Thm. 6]) that if K € C*(R"\ {0}) satisfies K (z) = |z|'"" K (z/|x])
for all  # 0 and p is a signed Borel measure on R™ with finite total variation, then the
function K % has an approximate differential £"—a.e.. This is achieved by realising that

iéfpg is essentially bounded and integrable, hence belongs to any L?, 1 < p < co. In turn,

K * pu9 belongs to Wll(fc’ and hence is approximately differentiable Z™. For the bad part,
the estimate |K * u’(x) — K * pb(y)| < Clz — y|(I.(z) + L(y)) for Z"a.e. x,y in the
good set (i.e., where the maximal function of u is smaller or equal than t) is employed.
As t oo, the good sets exhaust R", and the claim follows. As u can be retrieved from
the measure Eu by convolution against a Riesz—type potential, the claim follows. This
approach has been adapted and generalised to convolution products of Riesz—type kernels

and Radon measures by ALBERTI, BIANCHINI & CRIPPA [9].

Remark 10.2 (Comparison with the strategy from below). To motivate the approach
pursued below, let us recall that usually Lipschitz—type truncations (cp. [5]) for WP
maps u: R — R™ for 1 < p < oo rely on the elementary potential or mazimal estimate

u(z) —u(y)| < Clz — y|(M(Du)(z) + M(Du)(y)) (10.2)

for L™ —a.e. x,y € R™. In consequence, if we put, for some A > 0, Oy := {M(Du) > A},
then we see by (10.2) that ulgn\o, s 2CA-Lipschitz on R™ \ Oyx. At this stage, we are in
position to invoke the Whitney— or Kirszbraun extension theorems (cp. [97, Chpt. 3]) to
extend U|]Rn\(9)\ to a Lipschitz mapping on the entire R™ with the same Lipschitz constant.

If we aim at working with the full symmetric gradient and 1 < p < oo, then we can
still make use of Korn’s inequality and work on Du instead of €(u). However, in general,
if we put Oy := {M(e(u)) > A}, then we cannot use the above approach to conclude that
U\Rn\@ is Lipschitz and hence also cannot extend it to a Lipschitz function on R™. This
also yields the motivation to argue by use of the Marcinkiewicz integrals as above, and
below we will show how an appropriate truncation based on the set Oy = {M(e(u)) > A}
can be made work.

The strategy of AMBROSIO, Coscia & DAL Maso [14, Sec. 7] is different and of
separate interest. In fact, it can be employed to approach a stronger notion of differentia-
bility and we now sketch the rough outline. More precisely, as shown in [14, Prop. 7.3], if



10.2 Approximate Differentiability of BD—Functions 265

some u € Li, (R"; R™) satisfies for a point 2 € R” and L € RV*"

L ey - ue) -~ Ly - o)
0 B(z,r) r

y =0,

then v is approximately differentiable at = with approximate differential L. The aim of
[14, Sec. 7] then is to verify that every BD—map satisfies this property at .£"—a.e. z € R"
for some L € R™ ™. Roughly sketched, as a consequence of a Poincaré—type inequality,
one is firstly in position to deduce that for u € BDjo.(R™) £"—a.e. point x € R" satisfies

o [ @) —u(@) - Eu@)ly — o).y — @)
™0 JB(z,r) |z -yl

dy = 0. (10.3)

Moreover, Z"—a.e. such point qualifies as a Lebesgue point for &u, and the n—dimensional
density of | E®u| at « vanishes. It is then essential to note that (Az, z) = (A%¥™x, z) for all
A € R and hence (10.3) already contains some information about the full approximate
differential. To reconstruct the full approximate differential, it is now KOHN’s explicit
Poincaré-inequality (cp. [152, Pt.IT, Prop. 5.7]) which helps to ’fill up’ the full approximate
differential by gradients of suitable rigid deformations.

Whereas our proof for LD—maps below is very harmonic—analysis inspired, it makes
crucial use of the Poincaré—type inequality for LD—maps and is thus located between the
approach of [140] and that of [14].

10.2.2. A Calder6n—Zygmund—Type Approach The aim of this section is to give
a self—contained proof of the approximate differentiability of LD—maps as claimed below
Proposition 4.15. Let p € Mcoo(R™;RET). Given A > 0, we define the bad set of u by
Oy :={z e R": (Mu)(x) > A}, where My is the Hardy—Littlewood maximal operator
applied to the Radon measure u, cp. (2.13). Since My is lower semicontinuous, each Oy
is open. We record from [52, pp. 1914-1915] the following lemma on decomposing sets

into Whitney cubes:

Lemma 10.3. For each A > 0, there exists a sequence of cubes (Q);) (each of which has
sidelength r;) such that

(wl) UjeN Qij =0,

(w2) for all j € N we have 8/nl(Q;) < dist(Q;,00,) < 32/nl(Q;) and if ¢, == 2+
32y/n, then (c,Q;) N (R™\ Oy) # 0.

(w3) If the boundaries of Q; and Qy, touch, then 10(Qy) < £(Q;) < 20(Qk).
(w4) For each Q; there exist at most (3" — 1)2" cubes Qy which touch Q;.

Now put, for j € N, QF := %Qj (i.e., Qj has same center and orientation as Q; but %
its radius). Then the following hold:

(w5) Ujen @ = Ox,

(w6) If Q; and Qy intersect, then the boundaries of Q; and Qy touch and QF C 5Q.
Moreover, £(Q}) ~ £(Q}) and L™ (QrNQF) ~ L™(QF) ~ £L™(QF). Here, as usual,
'~’ means that each of the two quantities can be bounded by the other one with
constants independent of 7 and k.

(w7) The family (Q}) is locally 6" finite in the sense that for each k € N there are only

6" cubes contained in (Q;‘) having non—empty intersection with Q.

(w8) > ien L (QF) < CLM(Ox) with a constant C = C(n) > 0.



266 Appendix

Note that the Q}’s overlap and hence for each j € N we may pick ¢; € C° (Q ) such
that

Note that these functions ¢; can be obtained by a particular smooth cut-off function by
translation and dyadic scaling. Now let L := 3, ¢; and ¢; := @;/L. Then we have
1< L <6, |VL\]1Q; < C/K(Q;“) for all j € N.

In conclusion, (¢;) is a partition of unity subject to (Q}) with the following properties:
u0) > en s = lo, and p; € CZ(R™).
spt(p;) = Q; for all j € N.

)
u2) lzo: =1zg, <9 < lgg, = 1g;-
)

u3d) |Vy;| < 707y Ly for all j € N with a constant ¢ = c(n) > 0.
J
(ud) |V3p,| < é(Q 7igz La; for all j € N with a constant ¢ = ¢(n) > 0.

In what follows, we use the shorthand r; := £(Q7), j € N. Moreover, as we think of A > 0
as arbitrary but fixed, we shall tacitly surpress the occurence of XA > 0 in the following.

By the LDfsobolevaOincaré inequality, for each cube @ C R™ and each u € LD(Q)
there exists a rigid deformation HQu E R(Q) such that [[u—Tlqul[r1(grr) < CHQ)| Eul(Q).
Here, we use the convention |Eu|(A) := [, |e(u)|dz for v € LD(R") and any measur-
able set A. We apply the setting outhned above to the particular measure p given by

= [,e(u)dz, A e BR").

Let u € LD(R”). For fixed A > 0, let (¢;) be a partition of unity subject to the

covering (Q) of Oy obeying (w5)—(w8) from above. We now define

in
uy = {“ QA Oy, (10.4)

> jenpillgzu in Oy

Note that, by local finiteness of the Whitney covering, this is a well-posed definition. We
note that this can be written conveniently as

U :ufngj(ufHQ;u). (10.5)
J

To show that this is indeed equivalent to (10.4), observe that if x € Oy, then

z% ~Tg;u(@) = u(@) = (3 ¢@)) ula +Z<Pg 2)lg;u()
J:l

=2 ¢i(@)gsu(@) = ux(x).
J
On the other hand, if € R™ \ Oy, then ¢;(x) = 0 for all j € N and thus
Z% — s u(z)) = u(z).

O

In conclusion, the representation (10.5) holds indeed.

We start by showing that uy € LD(R™) provided v € LD(R"), cp. Lemma 10.5.
For this the following lemma (which is a straightforward modification of the arguments
outlined in [52, Lem. 2.1]) is instrumental.
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Lemma 10.4. Let u € LD(R"™) and define uy for X > 0 by (10.4). Then there exists a
constant ¢ = c¢(n) > 0 such that the following hold:

(a) For all j € N and all y € Q] there holds

fu—Tgeu | Bul(Q)
! d X * ~X
72 Q) ST

(b) For all j € N there holds (with c,, defined by (w2))

[Bul(Q)) _ |Bul(en@)) _
ayr S gy S

(c) For all j,k € N with Q; N Qj # 0 there holds

Mgu — Hgxu||pe g+ rn u—Ip-u w—TlHu
[T QpullLee(@zirm) < ][ | 52_7 d$+][ | 9 \dx .
Ty Q E(Qj) Q E(Qk)

* *
J k

N

*
J

Proof. Ad (a). The first inequality is a reformulation of the Poincaré inequality for
LD-maps. The second inequality is a direct consequence of the definition of the Hardy—
Littlewood maximal operator. Ad (b). Since ¢, > 1 is a fixed constant, we have

| Bu|(Q7) <cnIEuI(ch;‘v)
0™ T @)™

On the other hand, by the particular choice of ¢, (cp. (w2)), we have that ¢,Q; has
non-empty intersection with R™ \ Oy. As a consequence, let y € (c,@Q;) N (R™\ O,).
Then we have for a number | = I(n) > 0 that the cube Q centered at y with sidelength
le,Q; properly contains ¢, @; and therefore

|Bul(cn@y) _ o |Bul(@)

(enl(@))" ~ (leal(Qy))
Now recall that y € R™ \ O, implies M(Eu)(y) < A and hence (b) follows. Ad (c). We
firstly recall that the rigid deformations are a finite dimensional vector space and hence
for all j € N, all norms on R(Q;) are equivalent. Now note that £"(Q}) ~ £"(Qj) ~
ZLM(Q; NQy) for all j, k € N, where the constants implicit in '~ do not depend on j, k.
This is a consequence of (w6). Hence, by finite dimensionality of R(R™) and scaling, we
obtain

— <" M(Eu)(y).

/ |R|dx~/ Rldz  for all R € R(R™). (10.6)
Q: QINQ;
We consequently obtain (recall 7; := £(Q}))
o=u —g=u Ho=u —g=u
][ Ma;u Mol 1 ¢ MHo;u —Hozul | (by (10.6))
Q; T Q51 Ja:na; T
Mgu—u Mo+u—u
<O* g: |der C* Hg; | de
|Qj| Q; Ty |Qj| QrNQ;; Tj
Mou—u Mo+u—u
cof  Mapoul o Mgl
QINQ;, Tj Q; Tk

where the last step is valid due to Q; N @} C Qj and £"(Q; N QF) ~ L™(Q) ~
Z"(Q7). Finally, by finite dimensionality of R(Q) and scaling, we obtain that there exists
a constant C' > 0 such that for all non-empty cubes @ C R™ there holds ||q[|r=(qg:rn) <
C fQ |g| dz for all ¢ € R(Q). In conjunction with the estimates from above, the proof is
complete. O
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Lemma 10.5. Let u € LD(R™) and define, for X\ > 0, the truncated mapping uy by
(10.4). Then there holds uy € LD(R™), too.

Proof. We demonstrate uy € L'(R";R") first. Since spt(p;) C @ and 0 < 5 < 1, we
have with a finite constant C' = C'(n) > 0

/ |u,\|da:=/ |u,\|dx+/ | dae
n OA ]Rn\(gA

</ |u,\|dx—|—/ |u| dz
Ox R"\OA
()

)
< C(;/@J |u|dx>+/w |u| dz

<C |u|dz  (by local finiteness of the Whitney covering).
Rﬂ,

Here we used at (x) the local finiteness of the sum defining )y (i.e., for any x € O, there are
only finitely many cubes containing ), and at (xx) the stability estimate for projections
for operators with finite dimensional nullspace, cp. Theorem 3.25(a). We turn to the
level of symmetric gradients. To this end, let us remark that it suffices to establish that

(ux —u)|o, € LDo(Ox)(:= C(Ox )”E(')HLl(o”WX")), where |le()||11 (o, ;rnxn) denotes the
symmetric gradient norm on C2°(Oy; R™). In fact, assuming this, we note that uy —u =0
outside Oy and thus

ux =u+ (uy —u) € LD(R™) + LDy(O,) C LD(R"™).

Let x € Oy be arbitrary but fixed. Then we have
e(un)(@) - e(u —42% %*)—42% )
= Z Vi HQ* —u(z)) + Z pj(x
= Z L+ > 11,
J J

with an obvious definition for I; and II;. Our aim is to show that both sums defining I and
IT converge absolutely in L! (Oy;R™ ™). Namely, since each sum consists of summands
which belong to LDo(Oy) and (LDg(Oy), [[€(-)||L1 (0, ;rnxn)) is a Banach space, the claim
follows. We estimate, using |Vg;| < C/r; for all j € N and the local finiteness of the
Whitney covering,

ZMMme)cZ/
<C Z / u)|dz  (by Poincaré)

<C le(uw)|dz < C le(u)] d.
Ox Rm™

u — HQ* da

On the other hand, we obtain a slightly easier argument

Emmmmwm Z/ mxc/

)| da.
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This implies the absolute convergence of the series 3 _;(I; +1I;) in LD¢(O,) and the proof
is complete. O

Before we come to our main result, Theorem 10.7 below, we need another ingredient
provided by the next lemma.

Lemma 10.6. Given u € LD(R™) and A > 0, the map uy: R™ — R™ defined by (10.4)
satisfies (with a constant C' > 0 neither depending on u nor \)

le(un)] < CA (10.7)
L —a.e. in R".

Proof. Let x € OF. Then M(Eu)(z) < A. On the other hand, if € Oy, then we find a
cube @} with z € Q}. In conclusion,

) =¢&( Z‘P] HQ* _EZSOJ HQk )

= wj(x) e(Tlg: u( +§:V%7 © (Mo u(z) — gy u(x))
d =0

and hence, recalling |V¢;| < C/r; and Lemma 10.4 (c),

||H U — 1I *’U,”Loo = Rn

O L S
3: QINQLAD I
1

<C Z ol |HQ;u7HQ2u|dz

-
jrQinQp#0 7 7k

u—Ilg+u

<C Z ][ |7Q’ dz (by Lemma 10.4 (c))
J:QinQpA0 " "

| Eu|(QF)

" by Poincaré).
@) ( )

<Cc Y

i Q5NQ;#D
At this step, we invoke Lemma 10.4 (b) to find

le(ua)(z)| <C Y A< O
Jt Q5NQ;#0

the last step being valid to uniform local finiteness of the Whitney covering, cp. (w7).
Hence, if © € Oy, then |e(uy)(z)] < CA, and here C > 0 does neither depend on u nor
A. On the other hand, if x € R™\ Oy, then |e(uy)(z)| = |le(u)(z)] < M(Eu)(z) < A by
definition of Oy. Gathering estimates and since u € LD(R™), the proof is complete. [

Our main theorem now reads as follows.

Theorem 10.7. Let v € LD(R™) and define uy for A > 0 by (10.4). Then uy €
WLBMO (Rn. Ry gnd 27 ({fu # ur}) — 0 as A — oo.

loc

Proof. We deduce from the very definition (10.4) that wuy satisfies £ ({u # ux}) <
Z"(0,). By the Hardy—Littlewood Inequality for measures, cp. Lemma 2.19 , we have
with a fixed constant K > 0

£ (IM(Ew) > A}) < | Bul(RY)
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Hence we easily find £"({u # ur}) < §|Eu|(R") = 0 as A — oco. Thus it remains to

establish uy, € WHBMO(R™: R™) for all A > 0. By Lemma 10.6, we have |e(uy)| < CA
and thus e(uy) € L™(R™;R2%"). By the results of Chapter 3.2, we consequently obtain

sym
that Duy = ®(Euy), where ® is a translation invariant singular integral operator of
convolution type. This implies ®: L*(R™;R{™) — BMO(R™; R™*™) boundedly and so

Duy € BMO(R™;R™™). Finally, we claim that v € BMOjoc(R";R™). By the John-
Nirenberg Lemma (cp. Lemma 2.20), Duy € LY (R™;R™ ™) for any 1 < p < oo. By

loc

[170, Chpt. 1.1.2], we have uy € Wllo”C’(R”;R”) for any 1 < p < oo, and choosing p > n
large enough, we can arrange that u) is even locally Holder continuous and the proof is

complete. |

We eventually demonstrate that the above implies the approximate differentiability of
LD-maps Z"—a.e..

Our aim is to employ WHITNEY’s characterisation of approximate differentiability
Z"—a.e. as given in Theorem 2.5. Hence, let u € LD(R™) and let ¢ > 0 be arbitrary.
To find the Lipschitz mapping as required in Theorem 2.5, we firstly pick A > 0 so large
such that with the truncations uy € Wllc;cBMo(]R”; R™) there holds .Z"({u # ux}) < /3.
Next, we recall from [5] that for every v € WHP(R”;RN) and every § > 0 there exists
vs € WH(R™; RY) such that 2" ({v # vs}) < . Localising if necessary, we may apply
this result to 6 = /3 and v = uy € WEBMO — \wlp iy arbitrary 1 < p < co. This

loc loc

yields a map vy € WL °(R™; R™) with 2" ({uy # va}) < £/3. We then obtain

loc

L ({ur # a}) = L ({ur # va} N O0N) + L ({ur # va} NOY)
=ZL"{ur #afNON) +ZL"({u #va} NOS) (as u|os = ulog)
and hence
ZLM"{u £ N 05) < ZL"({un # va}) + L7 ({ur #oa} N Oy). (10.8)
We therefore conclude
L"{uF oa}) =L {u# v} N0y +Z"({u# v} N 0OY)
<ZLm(0n)
< L0 + L ({us £02}) + L7 ({uy £ va} N1 Oy)
< % + % + % =e.

From here and Whitney’s theorem, the claim follows.

Remark 10.8 (The BD-case). Above, we have confined to the LD—case. A corresponding
result for BD is equally possible, but it does not quite follow from the outline for the LD—
case and one has to truncate more carefully. Namely, one can show that for the truncation
uy which is defined as above that e(uy)|o, belongs to L™ (Ox;RIT) and e(uy)|os to
L>(O5; Ry ). However, in the BD—case, this does not yet imply that the map uy has
bounded symmetric gradient globally as the symmetric gradient might become singular
along 00,. Equivalently, this issue can be seen when passing to the dual formulation of
the total deformation. We shall address these questions also in the broader context of

Hélder quasicontinuity in a future work.

10.3. Further Approximation and Lower Semicontinuity Results

In this section we collect an approximation and a lower semicontinuity result. The
former is in the spirit of Lemma 4.9 but slightly extends it. In this form, the statement
is not available in the literature, but it is standard to retrieve it as a merger of the
corresponding smooth approximation theorems [36, Thm. 4.1], [2], Lem. 5.1] and the
strict approximation result [115, Lem. A.3.1].
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Lemma 10.9. Suppose U is an open and bounded Lipschitz subset of R™ and let ug €

LD(U). For every u € BV, (U) there exists a sequence (wg) C uoly + C*(U;R™) C
ug + LDo(U) such that

(a) wy — u strongly in L' (U;R™),

(b) e(wy) LU = EulU in the weak*-sense for R —valued finite Radon measures
onU,

(©) (2" e(wr)ZL™)|(U) = (L™, Eu)|(U),
(d) e(wg) = Eu L™—a.e. inU,

(e) for all h € L*(U;R2X™) there holds

Sym
/|€(wk)fh\dx%/|Eu—h$”|
U U

as k — 00. As usual, here Fv = v L™ + E*v denotes the Radon—Nikodym decomposition
of Ev for a BD-map v: U — R™. Moreover, for any open set A € U there holds

k—o0

limsup/ le(w;)] dz < | Eul(A).
A

The following Reshetnyak-type theorem is designed for integrands of the class E
and hereafter does not require convexity. As it is only used in this form at one point,
namely the proof of area—strict continuity of rank—one—convex variational integrals in
Chapter 8, we include it here. Let 2 C R™ be open and bounded with Lipschitz boundary.
We say that f: Q x R™*" — R belongs to the class E(;R™*") provided the map
(2,8) = (1—|€]) f(a, (1= [€£])72E) for z € Q and € € B™*™ with the open unit ball B™*"
is extendable to a continuous function on ) x Bmxn,

Lemma 10.10 ([163, Thm. 5]). Let f € E(Q;R™*™) and let p,p1, pia,... be R™*"—
valued finite Radon measures such that p; — (1 in the area—strict sense as j — oo, i.e.,
g = pand {pg)(Q) = (p)(Q). If pj = a; L7+ pi and p=aL"LQ + p® denote the
Lebesgue—Radon—Nikodym decompositions, then we have

/faj dm+/f°° dl |u]\—>/f dx+/f°° d| - )dlu’], asj - co.

Lemma 10.11. Let Q C R™ be an open an bounded Lipschitz set. Then for allw € LD()
and all ¥ € L= (Q;REX™) with compact support and div(y) € L°°(Q; R™) we have

sym

/(e(w),q/;) dz = —/(w,div(z/;))dx. (10.9)
Q Q

Proof. It is clear that (10.9) holds provided we have w € LD(Q2) and, moreover, 1) €
(C° NWEY)(Q; R2XM).

sym

For 1 < p < oo and 1 < ¢ < oo, define the space ng;(ﬂ) by

Wi (@)= {o: @ > R @ € M(QRETD), div(p) € LI(%R) )

Sym sym

and endow it with norm ||g0||wdw(Q) = [ollir@prnxny + [1div(©)llLern)- Then it is

sym

standard to see that (i) (Wd“’( ), ||<p||de(Q)) is a Banach space and (ii) smooth approxi-
mation holds in the following sense: If 1 < p,q < oo, then for all ¢ € Wﬁf;’(ﬂ) there exists
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sym

1 < g < 00, then we find (pg) C C(Q; REX™) ﬁng;’(Q) with

sym

(pr) C C°(Q;RX™) ﬂngZ(Q) such that ||¢x — <p||wgiz(9) —0as k — oo. If p=o00 and

;> pin L>(Q; RS and div(p;) — div(yp) strongly in LI(Q; R™) (10.10)
as j — o0o. Moreover, if ¢ vanishes outside a compact subset of €2, then we can choose
the approximating sequence from (ii) to belong to C2°(€2; REY) OW;}Z (©). By the usual
GauB-Green Theorem for LD, we have (10.9) for w € LD(Q2) and ¢ € C°(; R, Let
1 be as in the lemma and henceforth 1 € ng’n(Q) We pick an approximating sequence
(1;) satisfying (ii) (i.e., (10.10)) and (iii), where now p = 0o, ¢ = n < co. Accordingly, if

w € LD(Q) € L#=1(Q;R™), then we obtain by (10.10)

/Q<s(w),1/1) + (w, div(¢))) dz

/Q (ew), ¥ — ;) + (w, div(y — ;) da

<| [ tetw)v—u)
+ ||uHLn11 (Q,R") le(% - ?/1)\ L7 (;RN) — Oa ] — 00.
The proof is complete. O

10.4. Euler—Lagrange Equations for Measures

In the main part of the thesis we have mentioned at various stages that it is possible
to directly set up Euler-Lagrange equations for BV-—minimisers and not to work with ap-
proximated systems. This has been firstly achieved by ANZELLOTTI [19], and this section
is dedicated to exposing the main features of this theory. Also because of applications
in the full gradient setting (cp. Chapter 6), the material presented here is stated for BV
and taken from [19], where it can be found in much more detail and in slightly greater
generality. The only point where our presentation differs from [19], however, is the formu-
lation of the corresponding results for BD, but this is straightforward and only included
for completeness’.

We henceforth stick to the setting of [19] and hereafter consider for an open and
bounded Lipschitz domain €2 C R”™ integral functionals

Slu] ::/Qf(%Du) d;v—}—/g(H(ac),u(x))dx, (10.11)

where f: Q x RV*" 5 R and H € L"(£;RY) satisfy the following conditions:

(H1) There exists M > 0 such that for all (x,¢) € Q x RV*" there holds
€1 < fla, &) < M(1+[€]).

(H2) f: Q x R¥*" R is continuous.
(H3) For each fixed x € €, £ — f(x,§) is convex.
(H4) H € L"(Q;RY).

Subject to these conditions, the functional (10.11) is well-defined on W (Q; RN) (recall
that WH1(Q; RN) — La=1(Q;RY)). Tt is also clear by use of the Sobolev-Strauss em-
bedding LD(Q2) < L»-1(;R™), that the functional is well-defined for v € LD(2), where

'In fact, as ANZELLOTTI [19, p. 485] writes, one could use the general results (...) also to get an Euler
equation for functionals of the type [, f(x,e(u)), where u is a vector field of bounded deformation (...).
However, we shall not develop such a theory, as it is totally similar to the one (...) for F(u) [in the
BV-—case]’.
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now N =n > 2. In the following, we denote f¢(z,§) or fee (z,€) the gradients of f or f°
with respect to the second variable. Moreover, in all of what follows we tacitly make use
of the standard notation for the Radon—Nikodym decompositions of Du = Vu.Z" + D®u
for u € BVioo(R";RY) and Eu = Su?" + E*u for u € BDjo.(R™). Moreover, we put
[z, &) :=limp o tf(z,£/t) for x € Q and € € RV*" whenever this limit exists.

Theorem 10.12 ([19, Thm. 3.6]). Assume that f: QxRN*" — R is such that £ — f(z,€)
is differentiable for every x € 2 and suppose > is differentiable in (x,&) € Q x (RV*"\
{0}). Moreover, assume that

[fe(x, ) < M and [f&(x, )| <M (10.12)

for some fized number M > 0 for all (x,£) € Q x RVN*" or (z,£) € Q x (RV*"\ {0}),
respectively. Then the functional $: BV(;RY) — R given by

. dDu OO dDu s N
] ._/f( o) da +/f " S ‘>d|Du|, u € BV(:RY)

is differentiable at u € BV(Q;RY) in the direction ¢ € BV(;RY) if and only if
| Dy|® < | Dul?, (10.13)
and in this case we have

dt

S+ tg] = / (e, Vu(a)), Vo) de

dDu dDy
n oo(x, x ) @ >d Dl*.
[ (7 (o 4o @) ap @) yalDel
The proofs of this as well as the following theorem will be given at the end of this
section. In a next step, we incorporate boundary values to make the theory outlined in

the previous lines accesible to the Dirichlet problem on BV or BD, respectively. For this,
suppose ug € L’]i_[nfl (0Q; RY) is a given boundary datum.

t=0

Theorem 10.13 ([19, Thm. 3.7]). Let Q be an open and bounded subset of R™ with
Lipschitz baundary Suppose f: Q x RNX" — R is such that & — f(x,€) is differentiable
for every x € Q, £ w f(x,€) is differentiable in ¢ € RNX"\ {0} for all z € Q.
Moreover, assume that (10.12) is in action. If u € BV(;RY) is a minimiser for the
integral functional

&[u) ::/Qf(;mVu) d:c—i—/ﬂf"o(x, %) d| D%yl

+ /89 e (CB, Troq (uo(z) — u(z)) ® VE?Q) dH"

then we have

ot 1] = / e, Vu(a)), Vig) da
e o) o

- [ (o e @ on): w10 oot e
=0

i

for all ¢ € BV(Q;RY) satisfying |Do|® < |Dul® and ¢ = 0 H" '-a.e. on the set
Ty :={z € 00: Troqu(x) = Troq ue(z)}.
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For the symmetric gradient case the statement is analogous and reads as follows.

Corollary 10.14. Let 2 be an open and bounded subset of R™ with Lipschitz boundary.
Suppose f: Q x REX™ — R is such that £ — f(x,€) is differentiable for every x € €,

Sym

€ f(x,€) is differentiable in & € R2"\ {0} for all x € Q. Moreover, assume that

Sym

(10.12) is in action. If u € BD(Q) is a minimiser for the integral functional
~ dE*u
o ) el s
&ul .—/Qf(ac,@@u) dx—i—/Qf (x, d|E5u|)d|E ul
4 (o Tron(uo(e) - @) ©von) 4",
o0

then we have

dt

QS[u—l—tgo]:/Q<f§(a:7£u(:v)),éaap)dx

e

- o e ey @ om)#0) @ o))

t=0

=0

for all ¢ € BD(Q) satisfying | Ep|® < |Eu|® and ¢ =0 H" '-a.e. on the set Ty := {z €
o0 TI‘@Q u(x) = TI‘aQ UQ(QL‘)}

The preceding theorems will follow from general differentiation results on functions of
measures to be discussed next. Since this theory is stated for R™—valued measures (where
we evidently are mostly interested in the case m = Nn), we now assume that

(H5) f: Q xR™ — Ry is convex,

(H6) for all Borel measurable mappings 1: Q@ — R™ the function Q 3 xz — f(x,n(z)) € R
is Borel measurable,

(H7) for all z € Q, there exists the finite limit

f (x,{)—th\ir(l)tf(x,g), £ eR™. (10.14)

Note that in Chapter 4.3, we merely considered autonomous convex functions of measures.
In the situation of non—autonomous integrands f(x, z), similar statements are available.
Let g € Mcoo(;R™). As in Chapter 4.3, we define a positive measure f(-, ) on the
Borel subsets of 2 by

FCom)(B) = /B fa ) = /B Fle S Yot /B fm(x,jjj:') A, BeBQ)

Here, f°°(-,-) is the non—autonomous recession function given by (10.14). As usual,
= pr4pu = d‘jz‘fn L+ (ﬁﬁs‘ |£*| is the decomposition of  into its absolutely continuous

and singular part with respect to Z"™. Moreover, note that if we have the growth bound

[f (2, )] < (1 +[€]), (LG)

then we also have | f>(z,£)| < ¢/¢| and the rough bound [, f(z, 1) < C(ZL™(Q)+|u|(Q)).
In this situation, the measure f(x, ) thus has finite total variation.
We record the following simple lemma.
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Lemma 10.15 ([19, Lem. 2.2]). Let f: Q x R™ — R satisfy (H5)—(H7) and (LG’).

(a) If f is positively homogeneous in its second argument, then for all Borel sets B C Q
there holds

[ (e gtn@) i = [ £ gt il + [ 7 52 @) die)

whenever i = py + po and the measures pq, o are mutually singular.

(b) If f is positively homogeneous in its second argument, then for all Borel sets B C §)

there holds
[ @ = [ 1(e @) da

whenever « is a positive measure such that p < a.
Proof. We note that

A di
dlpl  dlpl dfp|
dp — dpe  dps

—— = —— = —= |ug| —a.e. in Q,
dal ~ dlpl ~ gl 2

|1] — a.e. in Q,
(10.15)

and since p1, po are mutually singular, there holds |u| = |p1| + |pz2|. Consequently,

[t gtn@) il = [ (e gh@) i+ [ 5o gh@) e

and we now use (10.15) to conclude (a). For (b), write pp = p* + p° for the Radon—
Nikodym decomposition of p with respect to £ so that still u%¢, u® < a. Then by (a),
the definition of f(-, ) and positive homogeneity in the third step we obtain for all Borel

subsets B C Q)
[t = [ 5o @) dn

B de () dlul
_/Bf<x’d1ﬂ($)>dada

da
- [ #(o L) e

which is (b). The proof is complete. O

Similarly as in Chapter 4, we define the perspective function f#: Qx R™ x [0, 00) — R
for (z,&) € Q x R™ by

=@, t=0.

Lemma 10.16 ([19, Thm. 2.3]). Suppose f: QxR™ — R satisfies (H6), (H7) and (LG’).
Moreover, assume that |p|(Q) and ZL™(Q) are finite. Then we have

[t = [ 1# (o Lw. ) do (10.16)

where « is any positive Borel measure such that |u| + £" < a.

F(a, 6, t) = {f(fcaé“/t)t t>0,
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Proof. Let 11: Q@ — R™ and 95: @ — [0,00) be two Borel functions. By the very
construction of f# we then see that o + f# (z, 11 (), 2 (z)) is Borel measurable, too, and
so the right hand side of (10.16) is well-defined. We define new measures py := (p, . 2"),
po = (p*, £™) and ps := (u®,0) which are consequently R™ x R-valued. These, in
turn, satisfy pq = ps + pus. Clearly, pus and pug are mutually singular, and by construction
f#(x,(y,t)) is positively homogeneous in (y,t). By the preceding lemma, we therefore
obtam

# (4 dﬂzdi”"x) _ #((xdﬂacxwx»
[ (o gt . S0 @ )l = [ % (o 50 5 @) )
d s
A n
—/Bf (I’dgn’l)dj
oo (. dn’ s
# [ (s g )l

Hence (10.16) follows for the choice ao = |u1], and we then invoke the second part of the
lemma to obtain the statement for all a. The proof is complete. O

Theorem 10.17 ([19, Thm. 2.4]). Assume that f: Q@ x R™ — R is differentiable at all
(z,8) € Q@ x R™ and that > is differentiable at all (z,€) € Q x (R™ \ {0}). Moreover,
suppose |fe(z,&)| < M and [fg°(x,§)] < M for a constant M > 0 and all (x f)
QxR™ or (x,£) € Q x (R™\ {0}), respectively. Then the functional Ilu) = [, f(
differentiable at the point p in the direction [ if and only if

BI° < |l

and in this case we have

S

o 08] = [ et poo(e) ot [ (g6 (o @), o @) )l

dt

t=0
Proof. Let u be arbitrary but fixed. Given a Radon measure 3, we split
B =B+ 5
— ﬂac +/BS7U.C+/BS7S
where (i) 8%¢ is the absolutely continuous and 8° the singular part of 8 with respect to

£, (i) p%€ is the absolutely continuous part of 8° with respect to |u|® and $%° is the
singular part of 5° with respect to |u|*. We have

(10.17)

P8 = pc 4t B 135+ 5%

and hence, by Lemma 10.15, we obtain by positive homogeneity of f* in its second
argument that

I[N"’tﬂ} :/f(xvuac($)+tﬁac(1‘))d1'
/foo d\ E )+tdﬂ|g;c( ))d|/l\s+\t|/ﬂf°°(m,ﬁs’s).

We then obviously have

(10.18)

dt

/ Fl, 5() + £6°(z)) dz = / (e, 52®(2)), 5 (2)) da
t=0 Q
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On the other hand, we recall that £ — f*(x,&) was assumed differentiable in £ # 0.

Since ‘% =1 |p®|-a.e., we obtain

o] d,us dﬁs,ac .
=0 /ﬂf (+ ] T ] () e
_ 50 dp® dps-ac .
_/Q<f§ (iﬂ, d|us|(x))’ ] (m)>d|u|

- [ o

d
dt

Lastly,

d

dt

([ 7@s) ==g| ([ £=@p) = [ re@se.

Working from here, we see that since the required differentiability of I is ensured if and

t=0+ =0

only if 4 (.)=4 (...), we must have
t=0+ t=0-
d o0 S,8 d o0 S,8 SS S S
S| ([ @)= (] @) e s =068 <,
t=0"+ Q t=0— Q
which is the assumption stated in the theorem. The proof thus is complete. O

It is clear that when f(x,-) is positively homogeneous (such as the modulus f(z,-) =
|-]), then it fails to be differentiable at the origin and hence another ingredient is needed:

Theorem 10.18 ([19, Thm. 2.5]). Assume that for every fized x € Q the function & —
f(x, &) is differentiable for all £ # 0 and suppose f(x,0) = 0 for all x € Q such that
f(zx,-) is not differentiable at € = 0. Assume also that & — [ (x,&) is differentiable in &
for all (z,£) € Q2 x (R™\{0}). Moreover, suppose |f¢(z,&)| < M and |f&°(z,&)| < M for
a constant M > 0 whenever these derivatives exist. Then, if u, 8 are such that

(C1) B° < |ul*,
(C2) B =0 ZL"a.e inT:={xeQ: p*(x)=0},

then the functional I[pu] = fQ fz, ) is differentiable at the point p in the direction (3,
and

dp®
"dlp|

(), dﬁs(az)> ag"

dt d|]

Mt 08] = [ Ueteps@) pnan+ [ (fe2(o

t=0
holds true. Finally, we have
((C1) and (C2)) & B < |p- (10.19)

Proof. As in the previous proof, we have (10.18). Note that (C1) implies that 5%° =0
(cp. (10.17)). Let z € Q\ T with T given by (C2). For such z we record

d ac ac ac ac

Tl f@ @) +t8%()) = (fe(z, p*(2)), ().

t=0

Now, for £"—a.e. x € T, there holds 5*¢ = 0 by (C2). Hence, for such = we have

() + 1% () = 0
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and so, in particular, d—dt|t:0f(:z:,uac(x) + tB%(x)) = 0. From here, the proof concludes
as that of Theorem 10.17. Lastly, (10.19) is certainly ensured by 8 < |u|. On the other
hand, if A € #(Q) is such that |u|(4) = 0, then |u|*(A) = 0 and so 8%(A) = 0 by (C1)
as |u|*(A) = 0. Finally, since A C T,

d ac
) < ) = [ ST azn—o

The proof is complete. 0

Based on Theorems 10.17 and 10.18, we can now proceed to the proof of Theo-
rems 10.12 and 10.13.

Proof of Theorem 10.12. Theorem 10.12 follows from Theorem 10.17. In fact, letting
u, p € BV(Q;RY) satisfy | Dy|* < | Dul®, we obtain the statement of the theorem. [

Proof of Theorem 10.13 and Corollary 10.14. This follows as above for Theorem 10.12,

however, now incorporating the boundary terms. We exemplarily argue for the symmetric

gradient case and write Tr = Trpq for simplicity. For H" 1-a.e. z € 9Q with = ¢ Ty we

have by positive homogeneity of f>

Tr(ug —u — tp)(z)
| Tr(uo — u)(x)]

7 ((Te(ug = u = t9)(2) © van(x)) = £( © von (@) )| Tr(uo — u)(a)

for t # 0, and since ¢ Tj, we can assume that all terms are well-defined and that
(Irluo—u=te)(@) - o 0 for all sufficiently small |¢|. Differentiating with respect to t

1 Tr(uo—u) ()]
yields

d

dt

oo (Tr(ug —u — ty)(z)
/ ( [ Te(uo —u)(@)] ”89(9”)) | Tr(uo — u)(z)]

o Tr(ug — u— tp)(a)
=1 (e~

Using this formula in conjunction with the usual perturbation argument, the claim follows.
O

) (—p(x) © voa(z))

‘TI‘(UQ — u)(x)| |T‘I‘(’LLO - U)((L‘)|

O] Van(fﬂ))

Finally, we come back to the setting of functionals (10.11) and their relaxation to BV
or BD, respectively. Noting that

4 /<H,u+t<p>dw=/<H,<p>dx
dt t=0JQ Q

for all p € BV(;RY) or ¢ € BD(Q) satisfying the requirements of Theorem 10.13 or
Corollary 10.14, the Euler-Lagrange equations satisfied by minima u € BD(2) of the
relaxed functionals are immediate. More precisely, e.g., assuming that the assumptions of
Corollary 10.14 on the variational integral in the symmetric gradient case are in action,
we have that any minimiser v € BD() of the functional

§u0[v]:/ﬂf(x,gv)dx+/ﬂf°°(x, (ﬁ];?;') d| E*v|

+ foo(TraQ(uo —v)® 1/39) dH™ ! + / (H,v)dx
o0 Q

satisfies the following Euler-Lagrange equation: For all ¢ € BD(Q) satisfying | Ep|® <
| Eu|®* and ¢ =0 H"1-a.e. on {x € 9Q: Tr(u)(z) = Tr(ug)(z)}, we have
dEu dEp
()

[ etosutan. spran+ [ (g (o o), S @) ) dIE

e




10.5 Differentiability in Banach Spaces 279

This is what we want to actually understand by weak solutions of the system

{ div(f'(z,e(u))) = —H inQ,

U = Ug on 0f)

over BD. Lastly, note that coerciveness of the functional at our disposal requires some
condition on H. For instance, assuming that ug = 0, such an additional hypothesis is
given by requiring? || H| Lo (rn) < c;)lb, where cgop > 0 is the optimal constant for the
Sobolev—Strauss inequality in LDg(Q2), i.e., ¢sop > 0 is the smallest constant ¢ > 0 for
which there holds ||vHL#(Q;Rn) < Csobll€(V)]|L1 (@urnxny for all v € LDo(Q). In fact, in
this case we have for all ¢ € LDg(Q2) that

Af($7€(¢))+<H»¢>d$>/Q\E(<P)|dx—||HHLn(Q;JR") el mny

> / 16(0)] A — oo | H |11z

= [le(@)llLr@irmxn) (1 = son| | H|

e(p) HLl(Q;R")

Ln (Q,R") ) .

It is then seen that if the condition |[H|/pnqrny < 1/csop holds, then we have (1 —
Csob|| H ||L» () > 0 and we thus have coerciveness on LDg(£2). In this situation, it is not
difficult to show that this coerciveness carries over to BD and hence ensures the existence
of a generalised minimiser which satisfies the above Euler-Lagrange equation. Similar
conditions can be derived in the situation of general boundary data ug € Lj;.—1 (0S2; R™).

10.5. Differentiability in Banach Spaces
Throughout, F is either R or C, but assumed fixed.

Definition 10.19. Let (X, ||-||x) and (Y, |- |ly) be two Banach spaces over F and let U
be an open neighbourhood of the point u in X. Given a mapping f: U =Y, we say that
the (Fréchet) derivative (or differential) Df(u) of f at u exists if and only if there is a
linear bounded operator D f(u): X — Y such that

flu+h) = f(u) + Df(u)h+o(|[h]lx)

holds for all h € X in an open neighbourhood of h =0 in X. For k € N, the k—th Fréchet
derivatives D¥ f(u): X* — Y at u are defined inductively. Lastly, we say that D* f is
continuous at w € X if and only if for each € > 0 there exists §(¢) > 0 such that

ID* f(u + h)(ha, weos i) = DE f(u) (s oo hi) [y < ellRall x|l x
for all h € X with ||h|| < d(e) and hy,...,h € X.

This notion canonically gives rise to spaces C¥(X,Y) of k-times continuously Fréchet
differentiable mappings from X to Y. We now have the following version of the implicit
function theorem.

Theorem 10.20 (Implicit Function Theorem, [247, Thm. 4.E]). Let X,Y,W be three
Banach spaces, k > 1, A C X XY an open set (with respect to the usual product topol-
0gy), (zo,%0) € A and let f: A — W is a Ck—map with f(zo,y0) = 0. Assume that
Do f(xo,y0) = D(f(zo,))(yo): Y — W is a bounded invertible linear transformation.
Then there exists an open neighbourhood Uy of o in X such that for all connected open
neighbourhoods U of xy contained in Uy, there exists a unique continuous map u: U — Y
such that

2Sometimes such conditions are referred to as safety load conditions, cp. [38].
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(a) u(zo) = Yo,
(b) (z,u(z)) € A,
(c) f(z,u(z)) =0 for allz € U.
Moreover, u is necessarily of class C* and for all x € U we have
Du(z) = —Daf (z,u(x)) " D1 f(z, u(z)).

10.6. Miscellaneous

In this final part of the appendix we collect some auxiliary results that were used as
minor points in proofs in the main text. First, we give the

Proof of Lemma 2.22. Put r = ¢ in Lemma 2.21. Note that since ¢t — t¢ is a convex
function on R, there exists a constant ¢ > 0 such that (a + b)? < c(a? + b9) for all
a,b > 0. Let (Qg) be a collection of pairwise disjoint cubes with .£™(Qx) = const. such
that |, Qr = R™. We apply inequality (2.14) to each of the Q}’s, raise it to the ¢g-th
power and sum up over all £ € N to obtain

/Rn flqdm<§k:$"(62k)]ék |fqu<02k:gn@k)]ék (Mo, f|9de
<Czk:f”(62k) <]ék IM”kf|‘Jdm+<]ék |f|dgc)q)
Jensen Zgn ) (ék ME, |7 dz + (ék |f|pdx>5>
f e \
Mo M (/n |Mﬁf|qu+zk:$"(Qk) (]ék |f|de> )
<|f|BMO(Rn> o |Mﬁf|pdx+%:R”(1_% (/Q |f|de>Z>
“

||f||BMO(Rn |Mf|p dl‘—|—Rn % Z </ IfIP dx> p)

' (nleMooRn/ 7P e+ RO >Z(/ Ifl”dx)g>=(T),

where we used at (% * x) the LP~boundedness of the maximal operator; recall that p > 1.
The claim will be deduced as follows. For k € N, put a; := ka |f|P dz. Note that since

f € LP(R™), we have that (ax) € ¢1(N) and hence (a;) € £7 (N) (note that 1> 1). Thus,

(Hh<C (fllqmj’o(m /R |f|P dz + R~ %) </}R IfIP d:c> p>

is finite and the proof is complete. O

Lemma 10.21. Let z € S*! and y € S* 1\ {—x}. Then there holds

‘ N (10.20)

|z + 9]
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Proof. Inequality (10.20) can be reduced to the two—dimensional situation as the origin,
z and y span a two dimensional hyperplane which the point (z+y)/|z+y| also belongs to.
Moreover, upon rotating S', we can assume without loss of generality that = (1,0) and
by symmetry that y = (y1,y2) satisfies yo > 0. We write y = (cos(p),sin(p)) for some

€ (0,7) (note that ¢ = 7 is ruled out by assumption). We then have (z +y)/|z + y| =

(cos(£),sin(£)) and hence
Dl=I( )

(10.20)@’(1 COE)
)? +sin?(5) < (1= cos(p))? +sin’(p)

w‘.gm

— S

< (1- COS(%
P P
=2 — 2COS(§) < 2—2cos(p) & cos(g) > cos(y),

and the last inequality is true as cos: (0,7) — (—1,1) is strictly decreasing. The proof is
complete. O

We now come to the missing part in the proof of Proposition 8.25. Let us examplarily
argue for n = 2; the case of general n is conceptually the same but technically more
demanding. We aim at showing that there exists a constant ¢ > 0 such that if f: S — Rx
is an in integrable function on the sphere, then for every x € S' there holds

/Slf(ﬂi)d% <C/Sl f(y)do,.

To this end, we remark that since the unit sphere is parametrised by S! = {v(p) :=
(cos(p),sin(p)): ¢ € [0,2m)}, we firstly find an angle ¢ € [0,27) such that © =
(cos(),sin(¥))) and then employ the change of variables formula y = (cos(y),sin(p))

to find
[ o= [ (HE5 ) ol

o (cosggp;+cos((z))))
- sin(p)+sin .
- /) f <|(cos(<p)+cos(1p)) |> |’Y(90)| dw
=1

sin(ip)+sin(t)

Though geometrically clear, we now proceed to the formal manipulations on the argu-
ments of the integrands. Using the trigonometric formulas

cos(a — ) = cos(a) cos(B) + sin(a) sin(5), a, B ER,
cos?(a) = %(1 + cos(2a)), a, B eR,

we compute

(st et

= \/cos2((p) + cos2(1)) + 2 cos(¢p) cos(v)) + sin’(p) + sin? (1)) + 2sin(y) sin())
= V2T F o) cos(P) T sin(p) sin(¥)
(=Y
(5]

:ﬂ\/m:\/i\/ucos (2%) =2

On the other hand, using the addition theorems

cos(a) + cos(B) = 2 cos (a—gﬂ) cos (Q;B),

sin(oz)+sin([3):2sin(a;5>cos(agﬁ>, a, B eR,
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we eventually find

(¥)+cos(¢) + —
(i) 2 cos (452 ) cos (45%)
cos(p)+cos(y — . Yt ")
(singingsin((w)))‘ 2 ’COS (SDZ ) ’ Si 2 ) cos 2 )

We slit the sphere into two parts, namely, where cos (%) > 0 and cos (%) < 0, and
denote the respective set of angles by A; and A,. Note that the set of angles ¢ where
cos (%) = 0 is a nullset for the one-dimensional Lebesgue measure. On A; we then

have
cos(tp)+cos(¢p) Yt
f (sin(l[))-‘rsin(ga)) _ f cos T)
cos(p)+-cos(1) i (M)
(sin(ap)—‘—sin(@b)) ‘ St 2

and thus, changing variables ¢ = (p + 1)/2, we see by positivity of f that

(o5t teos()y

Pte
sin () +sin() cos (T
f() dp = / f : de
L sgme) = L (o5
27
cos(¥)
<[ 1S )

=+ 7| (o)) ||ty o

=:T =T

<2/ f(2)do,
Sl

For Ay, we similarly write
COS(¢)+COS(¢1)) o
(Sin(ép)+sin(1p) cos(¥)
f<~s>d¢<2/ f(—( . ))dﬂ,
/A2 |ontyreinin)| 0 sin(¥)

and since with ¥ running from 0 to 27w, —(cos(?9), sin(+)) runs over S!, we equally have

(cc.>sgap +cos(1/)))
sin(p

+sin (1))
/A f <| e msw))) do<2 | f()do.
2 tsin(1)

sin(p

—_— =

as above. The application in the proof of Proposition 8.25 then follows by setting

lu(ra) — u(tz)[P
st |rz —tz|ntsp

f(z) =

x

for fixed r and ¢t.
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