PARTIAL REGULARITY FOR
SYMMETRIC QUASICONVEX FUNCTIONALS ON BD

FRANZ GMEINEDER

ABSTRACT. We establish the first partial regularity results for (strongly) symmetric quasicon-
vex functionals of linear growth on BD, the space of functions of bounded deformation. By
RINDLER’s foundational work [65], symmetric quasiconvexity is the pivotal notion as regards
sequential weak*-lower semicontinuity and hence for the existence of minima of the relaxed
functionals on BD. The overarching main difficulty here is the lack of KORN’s Inequality in the
L!-setting, hereby implying that the BD-case is genuinely different from the study of variational
integrals on BV. Unlike for superlinear growth, symmetric quasiconvex functionals, where we
establish partial regularity by direct reduction to the full gradient case by KORN-type inequali-
ties, such a reduction does not work in the linear growth case and identifies the latter as the only
situation requiring a treatment on its own.

RESUME. Nous établissons les premiers résultats de régularité partielles pour des fonctionnelles
quasi-convexes (fortement) symétriques ayant une croissance linéaire sur BD, 1’espace des fonc-
tions dont la déformation est bornée. De part les travaux précurseurs de RINDLER [65], la quasi-
convexité symétrique est la notion centrale relativement a la semi-continuité inférieure faible-*
et donc pour I’existence des minima de fonctionnelles relaxées sur BD. La difficulté générale ici
est due 2 I’absence de 1’inégalité de Korn dans le cadre fonctionel L!, qui de ce fait révele une
différence fondamentale entre le cas BD et celui relatif a 1’étude des intégrales variationnelles
sur BV. Contrairement aux fonctionnelles quasi-convexes symétriques a croissance superlinéaire
pour lesquelles nous établissons la régularité partielle via réduction directe au cas du gradient
complet grace aux inégalités de type Korn, une telle réduction ne peut étre implémentée dans le
cas de la croissance linéaire et identifie ce dernier comme étant la seule situation qui nécéssite un
traitement particulier.
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1.1. Aims and scope. Let n > 2 and Q be an open and bounded subset of R" with Lipschitz
boundary. A vast class of variational problems connected to plasticity is set up by virtue of linear
growth functionals depending on the symmetric gradient, cf. [9, 40, 71, 20]. Possibly allowing
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for non-convex energies, a unifying perspective on the topic as considered in variants in [12, 65]
is given by the canonical variational principle

(1.1) to minimise F[v] := / f(e(v))dx over a Dirichlet class Z,,,
Q

where ug: Q — R” is a suitable Dirichlet datum and €(v) := %(D v+Dv') denotes the symmet-
ric gradient of amap v: R" — R". Most crucially, f: R’;yxrg — R is assumed to be a continuous
integrand of linear growth. By this we understand that there exists a constant L > 0 such that

(LG) If(2)| SL(1+]z))  forallz e R

sym *

Following the foundational work of RINDLER [65], a necessary and sufficient condition for the
associated relaxed functionals to be suitably lower semicontinuous is that of symmetric quasi-
convexity, cf. Section 1.2 below. In view of the direct method of the calculus of variations,
symmetric quasiconvexity thus plays the central role for functionals of the form (1.1). Yet, for
such symmetric quasiconvex functionals the properties of minima are far from being understood
— in particular, a regularity theory is still missing. This equally applies to the situation where
[ Rym — Ris of p-growth (| f(z)| < L(1+[z|P) for all z € R{;Y) with p > 1, thereby connect-
ing to models from nonlinear elasticity or fluid mechanics [25, 40]. Hence the objective of this
paper is to make a first step in this direction and close this gap. As we shall see (cf. Section 1.4),
it is only the linear growth case which requires a separate theory; the p-growth case with p > 1
can be fully reduced to the regularity theory for full gradient functionals.

To elaborate more on these matters, we start by noting that the growth bound (LG) suggests
to consider (1.1) on Dirichlet classes W,llg)l (Q;R") =: up —i—W(l)’l(Q;R”) for ug € WH(Q;R™).
However, by ORNSTEIN’s Non-Inequality [63], it is not possible to uniformly bound the L!-
norm of Du against that of £(u). In fact, for every n > 2 there exists a sequence (¢;) C
C2(B(0,1); R") for which (¢(¢;)) remains bounded in L' (Q:R{yy) whereas [[D@j|; 1 g pmny —
oo as j — oo, cf. CONTI et al. [24] and KIRCHHEIM & KRISTENSEN [49] for recent approaches.
This is in stark contrast with the situation when L! is replaced by L?, 1 < p < oo. Indeed, in the
latter case the corresponding result can be reduced to KORN-type inequalities, cf. [39, 48, 61, 62]
for classical material and CIARLET et al. [21, 22, 23] and the references therein for a selection
of nonlinear variants. In consequence, F given by (1.1) is not coercive on W'!(Q;R") but on

LD(Q):={ue L' (QR"): gu) el (R}
endowed with the LD-norm |u||p := ||u|| 1 + ||€(u)|| 1. It is thus natural to let the Dirichlet
datum u( belong to LD(Q) and consider the variational principle (1.1) over the affine class
Dy = LDy, (Q) := ug +LDy(Q), where LD((Q) is the closure of C}(Q;R") for the LD-norm.
Still, LD is an L'-based space and hence fails to be reflexive; as a consequence, it lacks an
appropriate version of the Banach-Alaoglu theorem concerning weak convergence. Thus it is
required to relax F to the space BD(Q) given by

sym

BD(Q) := {u eL'(QR"): Eue ///(Q;]R"X”)}.

Here, .2/ (Q;R}) are the finite, R{j-valued Radon measures on Q, and we use the notation
Eu instead of €(u) to indicate that Eu is a measure. The relaxation here is taken with respect to
weak*-convergence in BD(Q), and we refer the reader to Sections 1.2 and 2.2 for the requisite
background terminology. This space — which contains BV(;R") as a proper subspace — takes a
prominent role in plasticity, and has been studied from various perspectives by a notable plenty
of authors, see [71, 20, 50, 51, 4, 8, 69, 11] among others. Before embarking on the regularity
issue raised above in detail, we briefly pause and discuss the relevant relaxed functionals F that
are required for defining the notion of (local) minimality in the sequel.
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1.2. Symmetric quasiconvexity and relaxation. From a calculus of variations and hereafter
lower semicontinuity perspective, the central notion for functionals F is a variant of MORREY’s
quasiconvexity [60], namely the aforementioned symmetric quasiconvexity. Already appearing
in variants in [26, 38], we start by recalling the following definition as given, e.g., in [12, 65]:

Definition 1.1 (Symmetric quasiconvexity). A continuous integrand f: R{;" — R is said to be
symmetric quasiconvex provided there holds

f(z)S/f(z+8((p))dx forall(pEC(l)(Q;]R”)andzéRg‘yﬁ',
o

where Q = (0, 1)" is the open unit cube in R”.

Letting u € BDjo(Q), we denote Eu = Eu + E'u = Su.l" + d“lgzl |Efu| the Lebesgue-
Radon-Nikodym decomposition of Eu; cf. Section 2.2 for this and the subsequent terminology.
Returning to the functional F' defined in terms of f: R'Zyxr{]' — R by (1.1) subject to (LG), let

v € BDjoc () be given. For a subset @ C Q with Lipschitz boundary d w, we define the relaxed
functional by

Fv[u;w]:/wf(gu)dx+/wf°°(dﬁz|)d|m|

+ | P (Trage(v—u) ©vye)d™ !, u € BD(o).
o

(1.2)

Here, f~(z) := limsup,. o7f(§) denotes the recession function of f at z € R{}\, capturing the
integrand’s behaviour at infinity. Also, Try,, displays the boundary trace operator on BD(®)
and Vv, the outer unit normal to d @.

With this notation, we say that u € BDjoc(Q) is a local BD-minimiser (or local generalised

minimiser) for F' provided
(1.3) Fulu; 0] < Fylv; 0 for all v € BD(®)

holds for all subsets @ € Q with Lipschitz boundary dw. If uy € LD() is a given Dirichlet
datum, we put F[u] := F,[u;Q]. In this situation, we call u € BD(Q) a BD-minimiser (or
generalised minimiser) for F subject to up provided

(1.4) Fuplu) < Fyylv) for all v € BD(Q).

Then, any BD-minimiser subject to ug is a local BD-minimiser. Essentially solely subject to
the additional linear growth assumption (LG), RINDLER [65] identified the symmetric quasi-
convexity of f as a necessary and sufficient condition for F,, to be sequentially weak*-lower
semicontinuous on BD(Q). Most notably, not only the extending the classical work of AMBRO-
SI0 & DAL MASO [6] as well as partly that of FONSECA & MULLER [37] from the BV- to
the BD-situation, the relevant lower semicontinuity was established in [65] without relying on
the BD-variant of ALBERTI’s rank-one theorem [5]. By now, the latter has been proved by DE
PHILIPPIS & RINDLER in the seminal work [28] in a much more general context, allowing for
a simplified proof of (1.2) (cf. [29, 10, 17]) but had not been available at the time of [65].

In consequence, augmenting the linear growth assumption (LG) with a suitable coerciveness
condition on the symmetric quasiconvex integrand f, existence of BD-minima for F follows at
ease. Equally, we have the no-gap-result inf, ,1p ) F = mingpq) F . see Section 6.1. As
will be discussed below in Section 1.4, such a coerciveness criterion goes hand in hand with
the partial regularity of BD-minima. It is thus natural to contextualise the partial regularity for
BD-minima with available results in the literature and thereby outline the main obstructions first.

1.3. Contextualisation and overview. In the common language of regularity theory, the min-
imisation of functionals (1.1) displays a purely vectorial problem. Even in the case where the
symmetric gradient in (1.1) is replaced by the full gradient, it is a well-known feature of such
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multiple integrals to produce minima which are not everywhere C'*-Holder continuous but only
on a large set; cf. [13, 42, 59] for overviews. This is referred to as partial regularity.

In the superlinear growth regime with full gradients, the study of partial regularity for minima
has a long and rich history, starting with the seminal work of EVANS [36] and ACERBI & Fusco
[2]; also see MINGIONE et al. [19, 55, 59] and [13, 31, 32, 33, 34, 42] for a non-exhaustive list
of other contributions. However, until recently, for full gradient linear growth functionals the
only contribution had been the local-in-phase-space result due to ANZELLOTTI & GIAQUINTA
[9] and its adaptation to the model integrands z — (1 + |z|?)'/?, p # 2, by SCHMIDT [66].
This approach, which crucially relies on comparison with mollifications and thus works well
for convex integrands by Jensen’s inequality, has been extended to the BD-setting by the author
[44]. Yet, due to the very method of proof, it seems to be restricted to convex integrands and a
generalisation of the strategy to the quasiconvex case seems difficult; also see the discussion in
[9, 66] and [44].

At present, in the full gradient, quasiconvex linear growth case on BV, the only partial reg-
ularity result up to date has been given recently by KRISTENSEN and the author [46]. In this
work, a direct comparison with suitably A-harmonic maps is implemented that overcomes any
indirect argument as is found e.g. in the blow-up method or, quite implicitely, in the proof
of the A-harmonic approximation lemma due to DUZAAR et al. [32, 33, 34]. Let us note
that similarly to [9, 66, 44], the sole use of direct arguments is somehow dictated here by the
comparatively weak compactness properties of BV and BD. In fact, examplarily pursuing the
blow-up method for linear growth functionals, it is necessary to establish that the weak*-limit of
a blow-up sequence satisfies a strongly elliptic Legendre-Hadamard system. However, by pos-
sible concentration effects, this conclusion seems unreachable since there are no general com-
pactness improvements for the relevant blow-up sequences: Such compactness boosts would
require some uniform local integrability enhancements, usually provided by GEHRING’s lemma
in reliance on Caccioppoli-type inequalites, or higher (fractional) differentiability estimates a
14 MINGIONE [57, 58]. Whereas the former cannot be implemented in the linear growth situ-
ation — essentially due to the non-availability of a sublinear Sobolev-Poincaré-type inequality,
cf. BUCKLEY & KOSKELA [18] and the discussion in Section 5.5 —, higher fractional differ-
entiability results on minima such as in [57, 58] are confined to the convex situation. Similar
issues already arise in the full gradient situation, equally for other methods such as the classical
A-harmonic approximation, and we refer the reader to [46] for a further discussion thereof.

1.4. Main Results. After these preparations, we now pass to the description of the main results
of the present paper. To begin with, symmetric quasiconvexity and the linear growth hypothe-
sis (LG) together are easily seen not to be sufficient for F' given by (1.1) to produce bounded
minimising sequences in LD(Q). To ensure the latter, we require a strong version of symmetric
quasiconvexity. The same issue arises in the superlinear growth regime as well, and so we begin
with the treatment of such functionals, in turn being linked to elasticity type problems. Our first
result is that — completely different from the linear growth situation — in the superlinear growth
case, partial regularity directly can be fully reduced to the corresponding full gradient theory.
Given 1 < p < oo, we put V,(z) := (1+ |z[2)5 — 1 for z € R and put V(z) = Vi(z) =

sym
1+ |z]2—1. We say that g € C(]ngxni') is of p-growth provided there exists L, > 0 such that
(1.5) (@) <Lp(1+1[z[?)  forallze Ry,

and accordingly call g p-strongly symmetric quasiconvex provided there exists £, > 0 such that
(1.6) Rigm 22+ 8(2) = £pVp(2) €R is symmetric quasiconvex.

Theorem 1.2. Let Q C R" be open and bounded. Let 1 < p < oo and suppose that g € CZ(RQanﬁ’)
is an integrand which

(a) is of p-growth, i.e., satisfies (1.5) for all z € R and

sym
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(b) is p-strongly symmetric quasiconvex in the sense of (1.6).

Then for any local minimiser u € Wll(;f (Q;R") of the corresponding integral functional

(1.7) vH/g(E(V))dx

there exists an open subset Q, of Q such that £"(Q\ Q,) = 0 and u is of class C'* for each
0 < o < 1 in a neighbourhood of any of the elements of Q,,.

Theorem 1.2 displays a sample theorem; similar results can be inferred for variational inte-
grals with integrands f(x,u,€(u)). In particular, the partial C""*-regularity of minima of convex
elasticity-type functionals (for some elliptic C € Z(R"<" R”?<") 11 > 0 and g € L?(Q;R"))

sym » - sym

(1.8) vH/Q%((«Ce(v),e(v)Hu)g—u%)dx+/g|v—g|”dx,

as recently considered in [25] can similarly be covered and generalised by the methods under-
lying Theorem 1.2, even for any elliptic operator A[D] in the sense of Section 2.2, and we shall
pursue this elsewhere. The reason for the reducibility of Theorem 1.2 to the full gradient case is
that the p-strong symmetric quasiconvexity (1.6) expresses a coerciveness property of the asso-
ciated variational integrals on W'”. For 1 < p < o and subject to (1.6), minimising sequences
can be proven to remain bounded in W!”(Q;R") by KORN-type inequalities. The p-strong
symmetric quasiconvexity, being an integral rather than a pointwise condition, gives us direct
access to the requisite KORN-type inequalities; see Section 3 for more detail.

If p =1, ORNSTEIN’s Non-Inequality [63, 24, 49] does not allow to employ a similar reduc-
tion scheme. More systematically, if p = 1 and (LG) are in action, the (1-)strong symmetric
quasiconvexity still expresses a coerciveness property for the associated variational integrals on
LD (see Lemma 2.7). To streamline terminology, we simply say that f € C(R;lyxn’}) is strongly
symmetric quasiconvex provided there exists £ > 0 such that the function

(1.9) Riym 22+ f(2) =tV (2) is symmetric quasiconvex,

where V := V| shall be referred to as the reduced area integrand; the ubiquity of such func-
tions follows along the lines of [46, Prop. 2.14] (also see ZHANG [74] for a related construc-
tion of quasiconvex, linear growth integrands). In conjunction with (LG), this condition yields
the existence of BD-minima for the associated variational integrals subject to given Dirichlet
data (cf. Section 6.2). Moreover, appealing to Lemma 2.7, it is closely related to all minimis-
ing sequences being bounded in LD(Q). Since the 1-strong quasiconvexity for full gradient
functionals, in turn, yields boundedness of the respective minimising sequences in W!'! (Q; R")
(cf. [46]), a reduction to the full gradient is systematically excluded. Within the realm of p-
growth, symmetric quasiconvex functionals, this hereafter identifies the limiting case p =1 as
the only one requiring a treatment on its own.
In this respect, the main result of this paper reads as follows:

Theorem 1.3 (Partial regularity of BD-minimisers). Let Q C R" be open and bounded. More-

over, suppose that f: R;’yxn’l’ — R is a variational integrand that is

(a) of class Clz(;i (Reym )»

(b) of linear growth in the sense of (LG) and

(c) strongly symmetric quasiconvex in the sense of (1.9).
Then for each M > 0 there exist €y = €y (n,f,L,M) > 0 and a radius Ry = Ry(n,¢,L,M) > 0
such that for every local BD-minimiser u € BDoc(Q) of F (in the sense of (1.3)) the following
holds: If xo € Q and 0 < R < Ro with B(xp,R) € Q are such that

(x0,R)) Eu(B(xo,R) | Efu|(B(x0,R))

Eu(B _
(1.10) ’-f"(B(anR))‘ <M and ]1[3(x0,R) Su Z"(B(x0,R)) Z"(B(xo,R))

< &y,
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then u is of class C* on B(xo, %) for any 0 < a < 1. As a consequence, there exists an open
subset Q, of Q with £"(Q\ Q,) = 0 such that for every xo € Q,, u is of class C1%* in a neigh-
bourhood of xo for any 0 < o < 1. In particular, denoting £, = Q\ Q,, we have

r,=rlux?

. - lim N | E*u|(B(x0, R))
= {xo €Q: llgl\lgf<]{3(xo,1e) |Eu — (Eu)p(xy,r)| dx + Zn(B(xo,R)) ) > O}

Eu(B(xo.R)) ’ )
Z7(B(x0.R))

(1.11)

U {xo € Q: limsup
RN\O

Not being allowed to utilise full gradient techniques, Theorem 1.3 cannot be established in an
analogous manner as its full gradient counterpart from [46]. Partially based on recently available
results [11, 17, 28, 73], the proof of the previous theorem is given in Section 5. Here we rely in
an essential way on an improved estimate of the local BD-minimisers’ distances from suitable
A-harmonic approximations in terms of a superlinear power of the excess. To the best of our
knowledge, an estimate of this form has only been derived recently in the BV-full gradient setup
in [46], strongly relying on the full distributional gradients of BV-minima being Radon measures
of finite total variation. The aforementioned superlinear excess power, in turn, stems from the
higher regularity properties of the A-harmonic approximants on good balls. To define the latter
notion appropriately, we remark that the A-harmonic approximants on generic balls receive
their higher Sobolev regularity up to the boundary from the higher regularity of their prescribed
Dirichlet data; the precise correspondence is displayed in Proposition 5.3. For arbitrary balls
B € Q and u € BD(Q), we can only assert that Tryg(u) € L' (dB;R"). This motivates the
Fubini-type Theorem 4.1, implying that on sufficiently many spheres, BD-maps have interior
traces with some additional differentiability and integrability beyond L!. We wish to stress that
by Ornstein’s Non-Inequality this step does not follow as for BV, where the tangential traces
d:u can be shown to belong to L! (dB) on sufficiently many balls B (see Remark 4.2). Here we
crucially use the embedding BD — W it7s for n > 2,0 < s < 1 together with novel Poincaré-
type inequalities to be proved in Section 2. Up from here, it is then the overall aim of the proof
to show that Ornstein’s Non-Inequality essentially becomes invisible throughout the comparison
estimates, simultaneously keeping track of the enlarged nullspace of the symmetric gradient in
comparison with that of the full gradient. This comes along with both further conceptual and
technical difficulties, and Section 5 is devoted to their precise discussion and resolution. Finally,
let us mention that the approach as developed here should also give a streamlining and unifying
treatment for the BV-case in the dimensions n = 2 and n > 3; cf. Remark 5.9.

Lastly, let us comment on the hypotheses and extensions of Theorem 1.3. Condition (a)
is rather of technical than instrumental nature and can be relaxed (cf. [46] for a related dis-
cussion); as our focus is on the symmetric quasiconvexity condition rather than regularity of
the integrands, we stick to this assumption for simplicity. Let us note, however, that subject
to (a)—(c) from above, it is moreover not too difficult to show that BD-minima are actually
C>%_partially regular once the C-*-regularity of Theorem 1.3 is established. The methods un-
derlying the proof of Theorem 1.3 also apply to suitable x-dependent integrands, whereas the
case of fully non-autonomous integrands would require an additional argument. On the other
hand, Theorem 1.3 exclusively establishes the partial regularity, but does not provide Hausdorff
dimension bounds for the singular set X,. Note that, by the strong symmetric quasiconvexity,
such estimates require a refined argument; see Section 5.5 for a discussion of these matters.

1.5. Structure of the Paper. In Section 2, we fix notation, prove and collect miscellaneous
background results. In Section 3, we deal with the superlinear growth situation and establish
Theorem 1.3. Section 4 then serves to prove a Fubini-type theorem for BD that is instrumental
in the proof of Theorem 1.3, and Section 5 is devoted to the proof of the latter. We conclude
with an appendix in Section 6.
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2. PRELIMINARIES

2.1. General Notation. We now briefly gather notation. Unless otherwise stated, Q always
denotes an open and bounded Lipschitz subset of R”. We denote B(xg,7) := {x e R": |x—xo| <
r} the open ball of radius r > 0 centered at xo and use the symbol B to denote the closed unit
ball in Rl with respect to the Frobenius norm |A| := (X} i |ai;|*)"/2, A = (aij)! ,—; € R™".
Whenever X is a finite dimensional real vector space, the symbol (-,-) is used to denote the
usual inner product on X and S(X) is the space of symmetric bilinear forms on X. To avoid
ambiguities, note that duality pairings are exclusively used with subscripts, so e.g. (-,") /v
for the pairing between distributions and test functions. Also, for two given vectors a,b € R”,

a®b:= %(abT +ba") denotes their symmetric tensor product, and we record that

1
V2
The symbol .£(V;W) denotes the bounded linear operators between two normed linear spaces
V and W. As usual, .#" and s#""! denote the n-dimensional Lebesgue and the (n— 1)-
dimensional Hausdorff measure, respectively, and we put @, := .2"(B(0,1)). For notational
brevity, we shall also sometimes write d.7#"~!(x) = do,, but this will be clear from the con-
text. Moreover, we denote . (Q;R™) the R”-valued finite Radon measures on Q. Given
we A (Q;R™) and A € B(Q) (the Borel o-algebra on Q), we recall that uL A := u(—NA) is
the restriction of g to A. When u € L] .(R";R™) or u € .# (R";R™), we denote for a bounded
set A € B(R") with £"(A) >0

— w1 ,, _ k)
()4 := ][AudZ = /Audx and (p)a:= ][Adu = Ay

If A=B(x,r) is a ball, we write (), := (u)g(x,) OF (1)x.r := () (x,)- If, however, A € Z(R")
is such that 7"~ !(A) € (0,00) and u: A — R™ is integrable with respect to .7"~!, then we

employ the notation
][udjf"_l = _ /ud%”_l
A - AH(A) Ja '

Lastly, we denote by ¢,C > 0 generic constants that might change from line to line and shall only
be specified provided their precise dependence on foregoing parameters is required. Similarly,
we write a ~ b if there exist two constants ¢,C > 0 such that ca < b < Ca; in particular, ¢,C > 0
do not depend on a or b.

2.1) la||b] < la®b| < lal|b]| foralla,b € R".

2.2. The space BD. In the following we recall the definition and record the properties of BD-
maps as shall be required in the upcoming sections; for more detail, the reader is referred to
[69, 11, 8, 4] and the references therein. We say that a measurable map u: Q — R” belongs to
BD(Q) (and is then said to be of bounded deformation) if and only if u € L!(Q;R") and

(2.2) |Eu|(Q) := sup{/ (u,div(@))dx: @ € Cg(g;]ﬂa';;rg)} < oo,
Q

The space BDjo.(Q2) then is defined in the obvious manner. Given u € BD(Q), the Lebesgue-
Radon-Nikodym decomposition of Eu yields
dE‘u

(2.3) Eu=FEu+Eu=Eus" Q+ ——
d|Esu|

| E’ul,
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where E“u < Z" and E'u L " are the absolutely continuous or singular parts of Eu with respect
to .Z", respectively; in particular, we have u € LD(Q) if and only if u € BD(Q) and Eu < .£".
Moreover, &u is the density of E%u with respect to £ and coincides with the symmetric part
of the approximate gradient of u, cf. [4]. Throughout, we will work with the following modes
of convergence: Let u,u;,uy, ... € BD(Q). We say that (1) converges to u in the norm topology
provided [|ux — ul[pp(q) — 0, where ||v||pp(q) := (V]| 1 (g;rn) + [EV|(Q) for v € BD(Q). On the
other hand, we say that (1) converges to u in the' weak*-sense if uy, — u strongly in L' (Q;R")
and Euy — Eu in the sense of weak*-convergence of R/ -valued Radon measures on €, and in
the strict sense (or strictly) if uy — u strongly in L' (Q; R") and | Eu|(Q) — |Eu|(Q) as k — oo.
Lastly, if u; — u strongly in L' (Q;R") and

2.4) / 1+ |&u|?dx+ | Efu Q—)/ 1+ |&ul?dx + |Eu|(Q), k — oo,
[ i up st |Eul@) [ (1 jsupar s B @

then we shall say that (u;) converges to u in the area-strict sense. Note that, if we put (-) :=
\/ 1+ ]2, then area-strict convergence amounts to (Eu;)(Q) — (Eu)(Q) in the sense of func-
tions of measures to be recalled in Section 2.3 below. It is then routine to show that norm implies
area-strict, area-strict implies strict and strict implies weak*-convergence. When working with
u € LD(Q), we employ the norm [u|Lp(q) == llullp1orn) + Hs(u)||L1(Q;ngx‘g) (recall that we
write €(u) for Eu provided Eu < .£™). Moreover, if u € BD(Q), then there exists a sequence
(uj) C C(;R")NLD(Q) such that u; — u strictly as j — oo; clearly, if Q = R", we may even
choose (uj) C CZ(R";R").

As is by now well-known (cf. [69, 11, 17]), Lipschitz regularity of dQ implies the existence
of a linear, bounded, surjective boundary trace operator Tryo: BD(Q) — L!(9Q;R"), where
boundedness is understood with respect to the respective norm topologies. Crucially, this op-
erator is already surjective when acting on LD(Q). Moreover, it is also continuous for strict
convergence in BD(Q) (and hence area-strict convergence, too) but not for weak*-convergence
as specified above. Let us moreover note that, if u € BD(Q), then the trivial extension

_ u inQ,
u:=
0 inR"\Q
belongs to BD(IR") as well, and the operator €: u — % is linear and bounded from BD(Q) to
BD(RR"). We can now collect a refined result on smooth approximation, cf. [45, Sec. 4]:

Lemma 2.1 ((Area-)strict smooth approximation). Let Q C R" be an open and bounded with
Lipschitz boundary and let ug € LD(Q). Then for each u € BD(Q) there exists a sequence
() C uo+CZ(R") such that ||u; — ully 1 q.gn) — 0 and

14 |e(u; 2dx%/ 1+£’u2dx+EsuQ+/ Troo (o — 1) ® Voo |ds?" 1.
/Q\/ e(u)) [ 1+ 16uPar Bu(@+ | [Traa(io—0)© vao)

If £ C Qis a C'-manifold oriented by v: £ — S"~! and u € BD(R"), then EuL_X is given by
KOHN’s formula (cf. [50])

(2.5) Eul = (u" —u)ova" Ly,
where ut and u~ are the right and left interior traces of u along X. These, in turn, are well-
defined upon the orientation of v, and can be computed for .7~ !-a.e. x € £ by virtue of
(2.6) lim lu(y) — u™ (x)|dy =0
™0 Jy+ (x,r)
for #" !-ae. x € ¥, where Z*(x,r) :=B(x,r) N {y € R": (y—x,v(x)) =0} for r > 0.

1Stlrictly speaking, being usually reserved for the BV-case, these notions should be termed symmetric weak*-, strict
and area-strict convergence. As we shall work with BD exclusively, however, no confusions will arise from this.
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We will also need a fractional embedding theorem for BD as one of the main ingredients
in the partial regularity proof below. Let 0 < 8 < 1 and 1 < p < . Given U,X C R" with
£"(U) > 0and ji”"’l():) € (O,oo), we define

1

p
X

1

Mhwer e = //z R 1+9|p a1 W) forv e PSR Y,
X

where L?(Z;R™; ") is the space of maps v: ¥ — R™ which are p-integrable for /7" !.
The full norm on W87 (U; R™) or W9 (X;R™) then is given by || - ng,p(U;R,,,) = |Jullrmmy +
[u]wg,,,(U;Rm) (analogously for W97 (£;R™)). Following KOLYADA [52] (also see BOURGAIN et
al. [15)), it is well-known that BV (Q) < W&/ (*=1+0)(Q) for n > 2 and 6 € (0,1). For BD(L),
we require the recent theory of VAN SCHAFTINGEN [73]: By [73, Prop. 6.3] and since n > 2
in our setting, the symmetric gradient € is elliptic and cancelling. Writing € =Y}, Ay with
Ap € LR R, ellipticity here means that the symbol map €[8] := Yi_; AxSr: R — RiH
is injective for all § = (&1, ...,&,) € R"\ {0}. In turn, cancellation means that the Fourier symbol
€[&] is sufficiently spread in the sense that

2.7) (N el&l(R") ={0}.
EeRM\{0}

Hence by [73, Thms. 1.3, 8.1], for each 6 € (0, 1) there exists ¢ = c(n, 8) > 0 such that
) 101, 21 g+ P o <€ [ [e(@)dr  forall g € CT(RYRY).

To state the next proposition, we remind the reader that on connected, open subsets Q of R”, the
nullspace of the symmetric gradient operator in 2’(Q;R") is given by the rigid deformations

(2.9) R(Q):={x—>Ax+b: A=-A" beR"}.
If Q moreover is Lipschitz, for each u € BD(Q) there exists a € %Z(Q2) such that
(210) Hl/l — a”Ll (Q;R”) == beig;{g) ||M — b”L] (Q;R") S C‘ EM| (Q),

where ¢ = ¢(Q,n) > 0. We refer to (2.10) as the Poincaré inequality on BD(Q). Now we have

Proposition 2.2. Let n > 2 and 0 < 6 < 1. Moreover, let Q C R" be an open and bounded
domain with Lipschitz boundary. Then there holds

(2.11) BD(Q) — W% 178 (Q;R"),

continuity of the embedding being understood with respect to the norm topologies.

(a) If Q moreover is connected, then for each u € BD(Q) there exists a € Z(Q) such that

[lu—all < c|Eu|(Q),

] n
W n—1+6 (Q;R")
where ¢ > 0 is a constant that only depends on Q,n and 6.

(b) There exists a constant ¢ = c(n,0) > 0 such that for every xo € R", R > 0 and every
u € BD(R") there exists a € Z(R") such that

n—1+6

it (x) — g (y)| =170 ! 6
(2.12) ][ / dxd <CR Eul,
< B(xo,R) Y/ B(xo,R) x — )’|n+9n/(n 1+6) Y B(xo,R) [Ex

where u, ;= u—a.

2Note that the embedding BD — LT is originally due to STRAUSS [70].
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Proof. Let u € BD(R") first and choose a sequence (u;) C C*(R";R") such that u; — u strictly
in BD(R"). Passing to a suitable subsequence, we may assume without loss of generality that
u; — u Z"-ae. in R". Therefore, by Fatou’s lemma and (2.8),

Il 11 gy + 00 oy < By o120 e

2.13)
< climinf/ |€(u;)| dx = c|Eu|(R"),
Rn

J—ree

Now let u € BD(Q), where Q C R” is open and bounded with Lipschitz boundary dQ. By the
above, there exists a bounded linear extension operator €: BD(Q) — BD(R"). Therefore,

||M||W9,n/(n—1+9)(Q;Rn) < max{l,.£"(Q )e/n}(H””Ln I QRn)+[M]WQ,"/(n—l+9)(Q;Rn))

< max{1, £"(Q )e/n}(H@‘HL,, T (R7:RY) [éu]WQ"/("*H")(R";Rn))

(2.13)

< C(n,0,27(Q))|E€u|(R") < C(n, 8,Q)]|ullpp(q)

and (2.11) follows. If Q moreover is connected, pick a € Z(Q) such that (2.10) holds; applying
the preceding inequality to u — a and (2.10) consequently imply (a). Ad (b). We may assume
that xo = 0, and shall write B, := B(0,r) for r > 0. Letting u € BD(R"), we first determine
an element b € Z(R") such that (x) in the following inequality holds on the unit ball, due to

part (a) with Q =B(0,1) and p = ;=5

1 2n 1
|y (x) — 1 (y)]? r _ Rv |up(Rx) — up(Ry)|? g
(/B/B - y‘nJr@p dedy | = —54; lx— y[r+or dxdy
R 7 BR R » B; /B y

e
SCR’”BP /| (1)) (Rx)| dx = cRFR'~ 9][ |Eu.

Br

This in turn determines a € Z(R") for (2.12), and the proof is hereby complete. (]
The dimensional hypothesis n > 2 in Proposition 2.2 in fact cannot be omitted:

Remark 2.3 (n =1). The previous proposition does not remain valid for n = 1. This can be seen
by the fact that W' ((a,b)) # W1/9((a,b)) for any 0 < < 1 and all —eo < a < b < oo. For
example, pick @ = 1. Then it is well-known that W'+! ((a, b)) embeds into the Besov-Nikolskii-

space B;/i but not into Bé/zz((a, b)) = W'/22((a,b)). In fact, continuity of the embedding would
yield that, as n = 1, BD((a, b)) = BV((a, b)) embeds into W'/22((a, b)) by smooth approxima-
tion, but the sign function belongs to BV((—1,1)) but not to W/22((—1,1)).

Remark 2.4 (Projection stability). Since Z(Q) is a finite dimensional space of polynomials,
the map a as in (2.10) can be taken to be the L2-projection of u onto Z(Q) (which here is
well-defined for Ll—maps, too); cf. [17, Sec. 3]. In particular, it satisfies the stability estimate

][ |a\dx§c][ |ue|dx, u € BD(B(xo,r)).
B(xq,r) B(xg,r)

2.3. Functions of measures. Here we briefly record the most important features of functions
being applied to measures. First, let f: R{ — R0 be convex and satisfy the growth bound
c1lzl —e2 < f(2) < e3(1+ |z]) for some c¢j,cz,¢3 > 0 and all z € R We recall that the

sym *
: o 0, nxn 1
recession function f~: R — R is given by

() = 11msuptf< ) zeRY,
™NO
and by convexity and the linear growth hypothesis, the limsup is a actually a limit. Given
u € A (Q;RLM), we denote its Lebesgue-Radon-Nikodym decomposition p = pu+ u* and

sym
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then define the measure f(u) for A € Z(Q) by

14 = fow= [ () oz [ (G aw

If & € RE, we put f(u—&) = f(u—EL"). Now suppose that f € C(Rfyxn'l’) is merely
assumed symmetric-rank-one convex (so is convex with respect to directions in the symmetric
rank-one cone R" ©R" := {a®b: a,b € R"}) and of linear growth in the sense of (LG). Even
though not giving rise to a positive measure, (2.14) still is a valid definition provided the density

d 5
e takes values in the symmetric-rank-one cone |(*|-a.e.. In fact, in this situation, f is convex

along directions contained in R” ® R" and so, by the linear growth assumption, f~(z) exists
provided z € R" ©® R". When applying such integrands f to Eu for u € BD(Q), then the recent

work of DE PHILIPPIS & RINDLER [28] yields g, € R" @ R” |E’ul-a.e.. Hence

n w [ dE’u s
) :/Af(Eu) ::/Af(éau)d.f —l—/Af <d|E“'u|)d|E ul forall A € B(Q)

for u € BD(Q) is in fact a well-posed definition. Working from the previous ideas and upon the
method of proof for signed variants given in [54], our fundamental background fact result is

Theorem 2.5 (RINDLER [65]). Let Q C R" be an open and bounded Lipschitz domain and let
1 € C(Rym) be a symmetric quasiconvex integrand which, in addition, satisfies (LG). Also, let

ug € BD(Q). Then, with the notation of (2.3), the functional

dE*
Fluyu; Q] : /f Eu dx-|-/f ( Y” )d|ESu+/ Fo(Trya(uo — u) © vyq)ds" !
d|Eful Q

Sfor u € BD(Q) is lower semicontinuous with respect to weak*-convergence in the space BD(Q).

Finally, a lemma on the continuity of symmetric rank-one-convex functions for the area-strict
metric that we shall frequently employ in conjunction with smooth approximation; in effect, it
appears as a generalisation of the classical convex RESHETNYAK (semi-)continuity theory [64]:

Lemma 2.6 (Symmetric rank-one-convexity and area-strict continuity). Let f € C(Rgy) be
symmetric rank-one convex with (LG) and let Q C R" be an open and bounded set. Then
BD(Q) > u > f(Eu)(Q) is continuous with respect to area-strict convergence.

The lemma follows from [17, Prop. 5.1] upon KRISTENSEN & RINDLER’s refinement for
signed integrands, [54, Thm. 4] and specifying to the symmetric gradient. Rather than repro-
ducing the proof of [46, Prop. 3.1] with the relevant but easy modifications, we confine to stating
the following equivalence between strong symmetric quasiconvexity at some zg € R and co-
erciveness; recall that Q C R” is assumed to be open and bounded with Lipschitz boundary.

Lemma 2.7. Let f € C(RI) satisfy (LG) and let ug € LD(Q) be a given Dirichlet datum.

sym
Then all minimising sequences of the variational problem

(2.15) to mﬁmlse/f ))dx over LD,,(Q)

are bounded in LD(Q) if and only if there exists zo € R{ and £ > 0 such that the function

h: z— f(z) — €V (2) is symmetric quasiconvex at 7o (meaning that h(zg) < th(zQ +e(p))dx
forall € CZ(Q;R")).

2.4. V-function estimates and Korn-type inequalities. For future applications in Section 3,
we record some non-standard forms of Korn-type inequalities and gather here the relevant back-
ground results from BREIT & DIENING [16]. Note that, alternatively, the specifically required
forms could also be traced back to ACERBI & MINGIONE [3] but then would follow only by
inspection of the proof of [3, Thm. 3.1].
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A differentiable function y: R>¢ — [0,e0) is called an N-function provided y(0) = 0, its
derivative ¥ is right-continuous, non-decreasing and satisfies

(2.16) Y(0)=0, ¥'(t)>0 forr>0 and limy’(r) = eo.

We now say that an N-function y is of class A, provided there exists K > 0 such that y(2f) <
Ky(t) forallt >0, and the infimum over all possible such constants is denoted A (). Similarly,
we say that an N-function v is class V, provided the Fenchel conjugate y*(¢) := sup,~q(st —
y(s)) is of class Ay; we put V() := Ay (y*). We then have -

Proposition 2.8 ([16, Thm. 1.1]). Let y: R>o — R>0 be an N-function. Then the following are
equivalent:

(a) yis both of class Ay and V,, abbreviated by y € A, NV,
(b) There exists a constant A > 0 such that for all u € CZ (R";R") there holds

[ wipapax< [ yiale)
R" R"

(c) There exists a constant A' > 0 such that for all u € C'(R";R") and all open balls
B(xo,R) there holds

/B(XO’R) W(Du — (Du)g(y, r)) dx < /B(xg,R) ‘I/(A'(g(”)*(8(“))B(xO.R)))dx-

Should (2) be satisfied, then the constants from (b) and (c) only depend on Ay (W) and V().

We next consider shifted N-functions (cf. [30, 31]). Letting ¢ : R>o — R>( be an N-function,
we put fora > 0

t !
¢'(a+s)
2.17 t):= [ ————=sd t>0.
@17) o) = [ T a1
The following lemma compactly gathers the for us most relevant results on shifted N-functions:
Lemma 2.9 ([30, Lem. 23]). Let ¢ € C!([0,0)) NC?((0,00);R>¢) be an N-function such that
119" (t) < @'(t) < 2t Q" (t) for some c1,c, >0 and all t > 0. Given a > 0, define @, by (2.17).

Then both Ay (@,) and Vo (@,) can be bounded independently of a and so @, satisfies the ANV -
condition uniformly in a > 0.

We come to the requisite estimates for V-functions, which we define for 1 < p < oo by
2 % m
(2.18) Vp(z) = (141z°)% -1, z€R™,
so that, with the terminology of (1.9)ff., V = V;; note that V,, € ANV, if and only if 1 < p < oo.

Lemma 2.10 ([46, Sec. 2.4], [27, Lem. 2.4]). Let m € N. Then there exist constants ¢ > O merely
depending on m such that there holds

(V2—1)min{[z], |z} < V(2) < min{[z], |z},
(2.19) V(Az) <AV (2),
V(z+w) <2(V(z) +V(w))

for all z,w € R™ and A > 1. Moreover, for each 1 < p < oo there exist two constants 0 < 0, <
0, < oo such that for all z,Z € R™ there holds

p=2
(2.20) Op (1412 +12'17) 7 1217 < Vp(a+2) = Vi(e) = (V(2). )

p=2
<@, (147 +[2) > 1
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2.5. Miscellaneous auxiliary results. In this final subsection we gather some mixed technical
results. We begin with the EKELAND variational principle [35], helping us to obtain good ap-
proximating sequences of certain BD-maps later on, in a form given in [42, Thm. 5.6, Rem. 5.5]:

Lemma 2.11 (Ekeland variational principle). Let (X,d) be a complete metric space and let
F: X = RU{+o0} be a lower semicontinuous function for the metric topology, bounded from
below and taking a finite value at some point. Assume that for some u € X and some € > 0 we
have F [u] < infx .7 + €. Then there exists v € X such that

(a) d(u,v) < V¢
(b) F] < Flul,
(c) F| < ZFw]++ed(v,w) forallw e X.
For the following, let us recall that a symmetric bilinear form A € S(RN *m) is called strongly

elliptic or Legendre-Hadamard provided there exists A > 0 such that for all a € RV, b € R" there
holds Aja®b,a®b] > Ala®b|?. For such bilinear forms, we have the following

Lemma 2.12 ([56, Lem. 15.2.1],[46, Prop. 2.11], [19, Lem. 2.11]). Let 1 < p < oo and k €
N. Then, for any open ball B in R" and any strongly elliptic bilinear form A € S(RN*"), the

mapping
WEP(B;RY) 3w (—div(AVu), Tryg u) € W 2P(B;RN) x kaé”’(aB;RN)
is a topological isomorphism. Moreover, if |A| < A and —div(AVu) = 0 in 9'(Q;RN), then
there holds u € C*(Q;RN) together with
sup |Vu—A|+R sup \V2u|§C][ |Vu—A|ldx  forall Ac RV*"
B(x,%) B(x,%) B(xo,R)

Sor all B(xp,R) € Q, where C =C(n,N,A,A) > 0 is a constant.
Finally, a standard iteration result:

Lemma 2.13 ([46, Lem. 4.4]). Let 0 € (0,1) and R > 0. Suppose that ®,¥: (0,R] — R are non-
negative functions such that ® is bounded and ¥ is decreasing together with ¥(ot) < 6~ >¥(t)
forallt € (0,R] and o € (0,1]. Moreover, suppose that there holds

O(r) < OP(s)+P(s—r)
forall r,s € |8 R] with r < s. Then there exists a constant C = C(6) > 0 such that

o (%) <c¥(r).

3. THE SUPERLINEAR GROWTH CASE: PROOF OF THEOREM 1.2

In this section we provide the proof of Theorem 1.2. We thereby establish that in the su-
perlinear growth case, the partial regularity of minima for p-strongly symmetric quasiconvex
integrands, 1 < p < oo, can be reduced to the full gradient situation. This reduction cannot be
employed in the linear growth case p = 1, thereby particularly motivating an independent proof
of Theorem 1.3.

Henceforth, let 1 < p < o and suppose that G € C(R"*") is of p-growth in the sense that
there exists ¢ > 0 such that

3.1 G(2)] < c(1+[2]7)

for all z € R**". Recalling the function V), from (2.18), we say that a function G € C(R"*") is
p-strongly quasiconvex if and only if there exists A > 0 such that

(3.2) R™ 32+ G(z) —AV,(z) €R is quasiconvex.
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As a consequence of the last part of Lemma 2.10, if 1 < p < oo, then p-strong quasiconvexity of
G € C?(R™") is equivalent to the existence of a constant v > 0 such that

-2
(3 v [+ Do) 7 IDpPar < [ G+ D) - Gle)ar
0 Q
holds for all z € R"*" and all ¢ € C7(Q;R"). Using (1 +t2)#t2 ~ 2 4¢P for all > 0 provided
2 < p < oo, for this range of p it is easily seen that p-strong quasiconvexity of G implies the
existence of a constant ¢ > 0 such that

(3.4) u [ 1P+ Dol ax< [ Gle+Dp) - Ga)ax
0 (&)

holds for all z € R"*" and all ¢ € C°(Q;R"). In particular, however, we remark that the 1-
strong quasiconvexity in the sense of (3.2) is not equivalent to (3.3), cf. Remark 3.2. In both
the superlinear and linear growth regimes, analogous statements hold for (p-)strongly symmet-
ric quasiconvex integrands. Toward the proof of Theorem 1.2, we record the following result
attributable to ACERBI & Fusco [2] for p > 2 and CAROZZA, FUSCO and MINGIONE [19] for
I<p<2:

Proposition 3.1 ([2, Thm. II.1], [19, Thm. 3.2]). Let 1 < p < o and let Q C R" be open.
Suppose that G € C?(R"™*") satisfies (3.1) for all z € R™" and,

(@) if p >2, (3.4) holds for some u >0, all z € R and ¢ € CZ(Q;R"),
(b) if 1 < p <2, (3.3) holds for some v >0, all z € R"*" and ¢ € CZ(Q;R").

Then for any local minimiser u € Wllo’f (Q;R") of the integral functional

Vi /G(Dv)dx

there exists an open set Q, C Q with £"(Q\ Q,) = 0 such that u is of class C""* for any
0 < o < 1 in a neighbourhood of any of the elements of Q,,.

Working from Proposition 3.1, we proceed to establish Theorem 1.2:

Proof of Theorem 1.2, p > 2. Let g € C?(R™*") satisfy the assumptions of Theorem 1.2. We

sym
then define a new integrand G, : R™" — R by
(3.5) Gy(2) :=g(z™™), ze R

Our aim is to establish that G, satisfies the assumptions of Proposition 3.1. Clearly, G, = go
gym, where Iy, : R — Rfyxnﬁ’ is the orthogonal projection onto the symmetric matrices, and
hence G, € C*(R™"). Moreover, since [%™| < |z| for all z € R™", |G,(z)| < L,(1+[z¥™[P) <
L, (14 |z|?) by (1.5), and so G, satisfies (3.1) for all z € R**". It thus remains to show that G,
satisfies (3.4).

Recall that g: RZ<" — R satisfies (1.6). We note that, as p > 2, for each fixed x € Q, the

sym
function H,: s — (1452 +|e(u)(x)[?) ? |e(u)(x)|? is non-decreasing and (1 +7%) P2 b
for all t > 0. We obtain similarly to (3.3) that there exists {i > 0 such that

i [ o) letorars [ ™+ e(0) ~s™)s

for all z € R"™" and all ¢ € CZ(Q;R"). By the usual Korn inequalities (i.e., considering the
N-function ¢ — ¢4 for g > 1 in Proposition 2.8), there exists ¢ > 0 such that

/ Gy(z+Dg) — Gy(c)dr = / (™ 1 £(9)) — g(2¥™)dx
0 0

> i /Q £(9) + |e(@)Pdx > /Q Do +|Dol” dx
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for all ¢ € CZ(Q;R") and z € R™". Hence G, satisfies (3.4) and so G, satisfies the require-
ments of Proposition 3.1. To conclude the proof, it suffices to note that if u € wlhr (Q;R") is

loc
a local minimiser for v — [ g(€(v))dx, then it is a local minimiser for v — [ G4(Dv)dx. By

Proposition 3.1 (a), the proof is complete. U

Proof of Theorem 1.2, 1 < p < 2. We may argue as in the proof in the superquadratic growth
case apart from establishing the p-strong quasiconvexity of G,. Note that, for 1 < p < 2, H, as
defined above is not non-decreasing anymore; hence a more refined argument is required. To
establish that G is p-strongly quasiconvex in the sense of Proposition 3.1 (b), we claim that
there exists a constant ¢ = ¢(p,n) > 0 such that

(3.6) / (1+ |22+ Do) =" [Dg[2dx < ¢ / (1492 4 e(9)]2) " |e(9) P dx
¢ 4

holds for all z € R™" and all ¢ € CZ(Q;R").
In view of (3.6), let ¢ € CZ(Q;R") and z € R"*" be arbitrary. Since 1 < p < 2, the function

s (14 ]s]>+ |D(p()c)|2)p%2 is decreasing in s for every x € Q. Thus, as |z%¥™] < || for all
z€ Rnxn’

(3.7) / (1+ |22+ Do) =" |Do[2dx < / (1+ 292 4 |Dg|?) 7" Do P dx =: (+).
4 9

Now, define a function y: R>o — Rx>¢ by

(3.8) v(t) == (1+1)P721%, t>0.

Then we have, with the correspondingly shifted function y, being defined for a > 0 by (2.17),
(3.9 Va(t) =y (a+ 1) = (1 +a+1)P 22 ~ (1 +a* + \t|2)p772t27

and the constants implicit in *~’ are independent of a; the lengthy yet elementary verification of
this fact is deferred to the appendix, Section 6.2. As a consequence of Lemma 2.9 and p > 1, y,
belongs to A, NV, and, most importantly, A, (y,) and V,(y,) are independent of a > 0. Hence,
by Proposition 2.8, there exists a constant A = A(Ax(y,), V2(y,)) > 0 — which, since A (y,)
and V3 (y,) do not depend on a, is actually independent of a: A = A(Ax(y), Va(y)) > 0 —such
that for all ¢ € C7(Q;R") there holds

(3.10) /Q va(|Do]) dx < /Q va(Ale(@)]) dx.

Clearly, since y and each y, are monotonically increasing, we may assume that A > 1. Applying
the previous inequality to the particular choice a = |z%¥™|, we therefore obtain
(3.9)

) <e /Q Yioom (D) d

(3.10)
<e / Yiewm (Ale() ) dx
(3.11) y Q

3.9) _
s« / (14 ™2+ A2e(9)2) 7" A%]e(9) 2 dx
9
<c? [ (1412 + e(@)) T le(p) Pa
0

the last inequality being valid by A > 1 and p —2 < 0. Then, combining (3.7) and (3.11),
we arrive at (3.6). We can then proceed in showing that G, defined by (3.5) is p-strongly
quasiconvex. To this end, let ¢ € C7(Q;R") and z € R"*" be arbitrary. We then find

/Gg(z—i—D(p)—Gg(z)dx :/g(zsym+£((p))_g(zsym)dx
¢ 0
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(2.20),(1.6)

)
0,6, /Q ([P 4 le(o)) 2 e(9) P dx
(3.6)
5 v/Q<1+z|2+|D<p| )’ Do dx

where v = @ with £, > 0 from (1.6) and the constant ¢ > 0 from (3.6). Thus Theorem 1.2
follows for the growth range 1 < p < 2 and in combination with the above, the proof of Theo-
rem 1.2 is complete. O

Remark 3.2. When linear growth integrands are concerned, setting p = 1 in (3.3) does not give
rise to an equivalent notion of (1-)strong quasiconvexity in the sense of (3.2) with p = 1 (also see
the restriction of exponents in Lemma 2.10). This can be even seen for strongly convex linear
growth integrands such as the area integrand m: z — /1 + |z|?(= V(z) + 1), compare (5.2)
from below. The underlying reason for this is that convex, linear growth C?-integrands typically
exhibit (p, g)-type growth behaviour on the level of the second derivatives in the following sense:
There exist 1 < a < o and constants Aj, A, > 0 such that

|Z|2 < <m"(§)z 2 < Ao |Z|2
(1+[EP)? ~ TP
see [45] and [14, Ex. 4.17] for a discussion. In addition, note that if we consider an a-elliptic
integrand satisfying (1.9) (the latter in turn expressing a coerciveness property on LD or BD but
not W'! or BV), one obtains that generalised minima belong to WlOC forifl <a<1 + = cf. [44,
Thm. 1.1]. Even though the general reducibility to the full gradient case for p =1 is ruled out
by ORNSTEIN’s Non-Inequality, one might hope to employ a variant of such a procedure for
a-elliptic integrands, where one has improved integrability estimates. However, the available
W]1 Oi -regularity result of [44] hinges on specific minimising sequences being locally uniformly
bounded in some W9, ¢ > 1, but this neither implies boundedness of all minimising sequences
in W'l nor in W (Q;R”). In light of [46, Prop. 3.1], this would be necessary for a possible
reduction procedure; still, if possible, it would only work for convex integrands with a certain
ellipticity ratio, not being applicable to the strongly (symmetric) quasiconvex case.

(3.12) Aq forallz,& € R

sym >

4. A FUBINI-TYPE THEOREM FOR BD-MAPS

As one of the main tools in the proof of Theorem 1.3, we now give a Fubini-type result for
functions of bounded deformation. In effect, this establishes that on .#’'-a.e. sphere with fixed
center, BD-maps possess additional fractional differentiability and integrability; on arbitrary
spheres, we can only expect L'-integrability of interior traces. Aiming to linearise later on,
suitable competitor maps attaining these more regular boundary values then will equally belong
to better Sobolev spaces and so the results of Lemma 2.12 become accessible.

Theorem 4.1. Letn>2, 0 < 0 < 1, xg € R" and u € BD\oo(R"). Then for £'—almost all
radii r > 0, " '-a.e. x € dB(xo,r) are Lebesgue points for u. For such r > 0, the restrictions
U| 9B (x,,r) are hereafter well-defined and moreover belong to WO/ (1=1+0) (9B (xo, r): R").

More precisely, there exists a constant C = C(n, 0) > 0 (which, in particular, is independent of
xo and u) with the following property: For all 0 < s < r < oo there existt € (s,r) and o. € Z(R")
such that for 7" '-a.e. x € dB(xo,t), u(x) coincides with its precise representative and there
holds

n—1+6

n— ?—*—9 n n
(7[ / g (x) — ue (y)] dede> < r "
n—1+4-—-212 (n=1)(n—1+6) n—1+6
(4 1) JB( xot 8B XO t) ‘x yl n— l+9 t 7 (r_s) m

B(xg,r)
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J1

Snfl

FIGURE 1. The geometric situation in the proof of Theorem 4.1 in two di-
mensions for selected points y = y;. Excluding the /"~ !'—nullset (—x), we
project the midpoints of the line segment of x and y; onto tS"~!. This gives rise
to the projections z; = m; (x,y;), and we consequently integrate with respect to
t to have the requisite second radius integral emerging.

Proof. 1t is no loss of generality to assume xp = 0, and hence we write B, := B(0,r) in the
sequel. For clarity, we divide the proof into three parts.

Step 1. A general Fubini-type theorem for WO P-maps. In a first step, we let 0 < ¥ < 1,
I<p<oandletue (Wﬂfl’ NC)(R";R"). The aim of this step is to show the inequality

_ 14 _ P
(4.2) / // fg) |1 dogdoydr < C // ”g) " ddy
9B, xJB, \x ﬂ" P B x Bg |x y|rror

for all R > 0, where C = C(n,®9,p) > 0 is a constant. Denoting the integral on the left by (x),

we change variables to the unit ball and put X = rx, y = ry. We thereby obtain, with $"~! :=
dB(0,1),

(4.3) //Sn | o= 1/ |rx ry|"+191’ p 4raoydos

In comparison with the right-hand side of (4.2), the ultimate integral only contains one integral
with respect to the radii at the cost of a lower power in the integrand’s denominator. We thus
must argue for the appearance of the second such integral while raising the power of the relevant
integrand’s denominator by 1. Let x € S"~! and 0 < # < R and be given. We put

x+y e
m(x,y) = T YES "\ {—x},

which is the projection of the mid point of the line segment [x, y] onto dB;, cf. Figure 4. Hence,
the mapping IT, ,: §" 7'\ {—x} — S""! given by IT, ,(y) := m(x,y) is well-defined. We now
estimate for arbitrary x € " ! andy € "'\ {—x}

Ju(rx) —u(ry)|P < C(Ju(rx) — u(m (x,y))|” + u(ry) — u(7m(x,))[").
Hence for all 0 < a(x,y) < b(x,y) < R, an integration with respect to ¢ € [a(x,y),b(x,y)] yields
b(x.y)

u(rx)—u(m(x,y>>|f’dr+cf( lat) —u(m ()
a(x,y

b(x.y)
4.4) |u(rx) —u(ry)|? < C][

a(x,y)
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At this point, fix 0 < r < R. We then choose a(x,y) := r(1 — \x4;y|) and b(x,y) := r. This
particularly implies by |x —y| < 2 for all x,y € §"~!
@s) e.y) —a(ey) =2 and L <atey) <bry) =r

Now, an elementary geometric consideration (cf. Figure 4) yields that for all x € S"~! and
y € §"71\ {—x} there holds

xX+y
4.6) ‘x— <l|x—yl.
lx+y| =
We thus have forall 0 < <r<R
t x+y
4.7 rx—m(x,y)|=rjx—- r(1=5) <rlx—y|+(r—t
@1 e mo)l=rli- S <ol ML < eyl -,

Combining (4.3), (4.4) and (4.5), we then obtain

R g u(rx) —u(m(x,y))|?
gl o [ef <|m>_r<|nt+<ﬂp_>l>| tardondo,
Sn—1xSn 0 r(liT) y

+C R(rnfl)Z " \u(ry)—u(nt(x’y)ﬂp drdrdo,do, = I+1I
sn—1xsn—1 /0 r(li\xé‘;y\) |rx_ry|n+‘l9p—l yuEx T )

where we have used that for each x € S"~!, {—x} is a nullset for #"~!. The two integrals are
symmetric in x and y (also note that m; (x,y) = m(y,x)), and so it suffices to employ the desired
estimate for one of these two integrals. We first estimate by virtue of the first part of (4.5)

Ko [ u(rx) —u(m (x,y))|”
I= C// Sl g1 / e 1)2/ b=y | |r)x— r( |£‘+z9p drdrdoydoy =:J,
sn=1xsn=1 Jo r(1-52 y

so that the desired second radius integral has emerged. To estimate J, note that if r(1 — @) <
t <r,then

— 5
(4.8) —t < r(7|x4y| - l) =r—t< |x4y| &7 = |lrx—m(x,y)| < —r|x |-
Moreover, we note that for such ¢, we have
e —yl eyl _t r I =2
. ——) << —— )< -< < -< <
4.9) r(l ) )<t<r=(1 ) )_r_1:>1_t_17‘xly| <

We then estimate

(4.8) r — I4
J < Cﬂ / n 1)2/ \u(rx) u(n-f(xay))‘ dtdrdede
gn—1ygn—1 r(1— [x— )‘) \rx—ﬂ?,(x,y)\"'*‘ﬂp
_ p n—1
—C// / n— 1/ |M l’x I/l(ﬁ[(.x y))| ( ) tnfldtdrdcxdcy
-1 -1 Ll |rx o (x,y) 0P\t

(49) —u(m
// / —1/ rx M( t( 3y))‘ "_ldtdrdede:J/.
Sn—1x§n—1 \X )\ \rx 71:;()6 y)‘n—&-ﬁp

At this point, we change variables and put z := (x+y)/|x+y|. By the geometry of the map
I1; , and the fact that for any y € S"! there holds S"~ '\ {—x} 3y~ (x+y)/|x+y| € S"~!, the
relevant Jacobian is seen to be bounded. A routine estimation thus yields

—ul(tz)|?P
y <c// / —1/ ulrx) =ul2l” ot 4y 4y o, do.
§n—1y§n—1 \x )‘ ‘rx—l‘z|”+ﬂp
_ [ P
<c/ // / u(rx) =u(t2)|” 4 o 4o 1 g dr
gn—1 Sn] |rx—tz‘"+’91’

_ P
B(0,R)xB(0,R) \x y|rror
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the ultimate inequality being a direct consequence of a passage to polar coordinates; here, C > 0
still only depends on n, ¥ and p. This establishes (4.2) and concludes step 1.

Step 2. Existence of sufficiently many Lebesgue points. Since we finally aim to apply step 1
for the particular choice ¥ = 6 and p = ;——5, we record that ¥ p < 1 so that the traces of wor.
maps are a priori not well-defined along dB,; thus we assumed u € (W NC)(R";R") in step 1
so that this issue did not arise. In order to make use of step 1 for BD-maps u by Proposition 2.2,
we start off by ensuring the explicit pointwise evaluability of u 7" '-a.e. on #!-a.e. sphere
centered at the origin. Without loss of generality, let u € BD(R") and 0 < R; < Ry < oo be
arbitrary. Since |Eu| is a finite Radon measure, the set [ := {¢r € (R|,R2): |Eu|(dB;) > 0}
is at most countable. Hence .#'((R,Ry)\I) =Ry —R;. Lett € (R|,Ry)\I. Since 9B, is a
C!—hypersurface, (2.5) yields

(4.10) Eul 0B, = (u" —u") ® vyp, #" 'L IB,
with the one—sided Lebesgue limits #* and the outer unit normal VB, to dB;. Therefore,

R17R2)\1 0.

@.11) L/‘ |+ — u™) © Vg, | A" = |Eu|(9B,)"
0B,

This implies |(u™ —u~) ® vyp,| =0 " !-a.e. on B, and since |a| [b| < v2|a ® b| by (2.1)

for all a,b € R", we conclude that i#(x) := u* (x) = u~ (x) holds for s#"~'-a.e. x € dB,. Then,

by (2.6), we have for #"!-a.e. such x € 9B,

lim ][ |u—u(x)|d-L" = lim ][ lu—u(x)|dL" =0
™0 ™0
B(x,r)N{y: (y—x,vyp,) >0} B(x,r)N{y: (y—x,vyp,)<0}

Since .Z"(B(x,r) N {y: (y—x,Vp,) = 0}) = 1.#"(B(x,r)), this consequently yields

(4.12) lim lu—u(x)|[dZL" =0
™0 B(x,r)
Hence, /#" '-a.e. x € dB, is a Lebesgue point of u. In conclusion, 7" '-a.e. x € dB; is a
Lebesgue point for u for .#'-a.e. radius # € (R1,R»).
In an intermediate step, we claim the following: Let —oo < a < b < oo and let J C (a,b)
be a measurable subset of full Lebesgue measure, i.e., .2 ((a,b)\J) = 0. Then for every
g € L'((a,b);Rx0) there exists & € J which is a Lebesgue point for g and satisfies

(4.13) 8" (&) = lim gdx < / gdx,

NOS (& —réotn) b=aJap
where g* is the precise representative of g. To see this, we note that .#!-a.e. element of J is a
Lebesgue point for g, and hence the first equality in (4.13) holds for .Z Lae. &) € J. Assume
towards a contradiction that the overall claim is wrong. Then we find g € L!((a,b);R>0) such
that for all & € J which are Lebesgue points for g there holds

N 2
@.14) @) 5, [ s

Since this holds for .#'-a.e. & € (a b), we infer by integrating with respect to & € J

2/(a,b)g VT b a /ab /ab x)drdgo < /(a7b>g(§o)d§o.

By non-negativity of g, this implies g = 0 .#'-a.e. in (a,b). This contradicts (4.14) and the
proof of the intermediate claim is complete.

Step 3. Conclusion. Let now 0 < 0 < 1 be arbitrary and put p :=n/(n— 1+ 6). Since
the statement is local, we may assume that u € BDjo.(R") is compactly supported. For € >
0 consider the smooth approximations u®(x) := pg *u(x), where p € C2(B(0,1);[0,1]) is a
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radial mollifier with ||p||; 1 (B(0,1)) = 1> and pe (x) := €7 "p(%) is its -rescaled variant. Based on
Proposition 2.2 (b), we choose a rigid deformation ae € % (B,) such that, with u, = u® — o,

1
€ _ € p 7
(4.15) (][ 45, () :'fg(y)l dxdy) gcﬂ*"][ |Euf).
LJB,  lx—yter B,

HLI(B,;Rn) < C””gHLl(B,;Rn) - ||”HL1(B,.;RYI)~
Since Z(B,) is finite dimensional, we hence find a sequence (&;) C R+ and oo € Z(B,) such
that Og; — O in Z(B,). Therefore, by Fatou’s lemma and (4.2) with R = r in the first step,

8J' p
i () = 05, ()7 e, () o, O
/// HaZl SV doydoydr < Climinf e dxdy
9B xaB, X =) jveJg, JB,  |x—Vl
(4.15)
(4.16) < Chmlnfr r- 6][ |Eu£’|

:Cr"(r'* |Eu\)
B,

with the precise representative u}, of ug. Put J:= {t € (s,r): |Eu|(dB;) = 0} and define

At (s,r) = Rso by
_ P
// (1) I:g( )1| doydoy,, telJ
9B, xoB, |x—y|"ToP

and A (¢) = 0 otherwise. With J from above, step 2 implies the existence of some 7 € J such that

2 @i o »
M< 2 [ awa < e (r ]{Br|Eu|>

F=S5J(sr)

which, upon rewriting the left-hand side of the previous inequality in terms of uy,, yields

_ p 1 % 1-6
(f e bl a6a0)" <o f (Rl
aB(0.4) Jom(og) X —y["tOP B,

t P (r—s)r

It is clear that C > 0 does not depend on u nor s, r, and so we arrive at (4.1); recall that .77~ Lae.
x € dB; is a Lebesgue point for uy. The proof is complete. O

Remark 4.2. In the BV-case, a Fubini-type property can be established by noting that for u €
BV(R";RV), the tangential derivative d;u on .#'-almost every sphere dB(0, 1) is a finite Radon
measure, too. This is discussed and utilised in [7] and [46]. By ORNSTEIN’s Non-Inequality, we
see no argument to ensure that for generic maps u € BD(Q), d.u should be a Radon measure on
even sufficiently many spheres. Also note that, by the very nature of the objects considered, any
sort of ’symmetric tangential derivative’ does not make sense. As to step 1 in the above proof,
Fubini-type theorems for maps u € B}, ; and u € F, , have been given by TRIEBEL in the case
where spheres are replaced by affine subspaces of R”, cf. [72, Chpt. 2.5.13]. To reduce to this
setting by local coordinate transformations, transforming the left hand side of (4.2) gives rise to
additional localisation terms on the right hand side. It is not clear to us how to control these to
obtain the requisite form of the estimate, an issue which does not arise in the above proof.

5. THE LINEAR GROWTH CASE: PROOF OF THEOREM 1.3

This section is devoted to the proof of Theorem 1.3. Toward this objective, we aim to compare
the given generalised minimiser with a suitable A-harmonic approximations via linearisation.
Since linear elliptic problems subject to L!-boundary data are, in general, ill posed, this can only
be achieved on good balls where the boundary traces of u share higher fractional differentiability.
In this way, the corresponding A-harmonic approximation will be well-defined; note that this
unclear for general balls on whose boundaries a given BD-minimiser u is only known to possess
traces in L'. Consequently, this is where the Fubini-type property of BD-maps as given in



PARTIAL REGULARITY FOR SYMMETRIC QUASICONVEX FUNCTIONALS ON BD 21

the last section enters. To arrive at the desired excess decay, we shall estimate a V-function-
type distance of u to its A-harmonic approximation in terms of a superlinear power of the
excess, cf. Proposition 5.4. Postponing the precise discussion to Remark 5.5, a linear instead of
superlinear power of the excess — which would come out by easier means — is not sufficient to
conclude the excess decay. In conjunction with the Caccioppoli inequality of the second kind to
be proved in Section 5.1, we will then show in Section 5.3 that the estimates gathered so far for
good balls are in fact sufficient to conclude a preliminary excess for all relevant balls, i.e., those
on which the excess does not exceed a certain constant.

In order to implement the linearisation strategy in the main part of the partial regularity proof,
we introduce for f: R — R satisfying (a)—(c) from Theorem 1.3 and w € RZ¥" the integrands

sym sym
(5.1) (@) =FE+w)—fw)=(f(w),§),  SERG,
and remind the reader of the function V: R{! — R given by V(§) 1= /1 +[&> — 1.

Lemma 5.1. For all w,z € R we have (with an obvious interpretation forw =0 or z =0)

sym
2
o = (2
(52 (V'(wzg)= ( ) and V(o) > L VO
(14 [w]?)2 16 (14 |wp)2

Moreover, for each m > 0 there exists a constant ¢ = ¢(m) € [1,0) with the following properties:
If f: ngxrg — R satisfies hypotheses (a)—(c) from Theorem 1.3, then for all 7 € R and all

sym
w € R with |w| < m there holds

D) |fw(@)| < clV(z),
(i) |f;,(2)| < cLmin{lz], 1},
(i) [£7(0)z— fiu(2)| < cLV (2).
and for all w € R and open balls B C R" we have

sym
l
(5.3) L [veetonar< [ fle@)ar  foralip e LDu(E).
B B
Proof. All assertions apart from (5.3) are taken from [46, Lems. 4.1, 4.2]. To see (5.3), let
B C R" be an open ball and let ¢ € LDo(B),w € Ryt with [w| <m be arbitrary. With condition
(c) from Theorem 1.3 in the third step we deduce

V(e(g))dx 62 |
/B(1+|w2)3 < 16/va(s(<p))dx= 16(/BV(W+8((p))—V(W)dx_/B<V (w),e(9)) )
=0

< 176/Bf(W+8(fp))—f(W> ‘%/BU/(W)’E((”)W: %/BfW(g((p))dx'

=0

Here the underbraced integrals vanish by the GauB—Green theorem and the fact that ¢|y5 = 0.
Noting that |w| < m, (5.3) follows and the proof is complete. (]

5.1. Caccioppoli inequality of the second kind. In this section we give the requisite form of
the Caccioppoli inequality of the second kind, and it is here where the BD-minimality crucially
enters. However, different from other proof schemes, let us emphasize that this inequality will
not be used to deduce higher integrability of generalised minima; in fact, GEHRING’s lemma
does not quite seem to fit into the linear growth framework, cf. Section 5.5 below for a discus-
sion. From now on, we tacitly suppose that f: Rfyxnﬁ’ — R satisfies (a)-(c) from Theorem 1.3
without further mentioning unless it is explicitely stated otherwise.

Proposition 5.2 (of Caccioppoli-type). Let m > 0. Then there exists a constant ¢ = c(m,n, %) €
[1,00) such that if a: R" — R" is an affine-linear mapping with |Ea| < m and B =B(xp,R) € Q
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a ball, then there holds
u—a
5.4 / V(E(u—a Sc/ \% dx
B(x0.5) (Blu=a) B(x0.R) ( R )

for every local BD-minimiser u € BDjoc(Q).

Proof. The proof evolves around a scheme for establishing Caccioppoli-type inequalities in the
quasiconvex setting originally due to EVANS [36, Lem. 3.1]. Recalling the definition of the
shifted integrands, cf. (5.1), we put f:: fe(a) and 4 := u — a. We then record that # is a local
minimiser the functional
- [ 7o
Q

over BDjoc (). Let § < r < s < Rbe arbitrary and choose a cut-off function p € C}(B(xo,s); [0, 1])
with Ig(, ) <P < ]lB(xOS and |Vp| < 2 . We then define ¢ := pu and y := (1 — p)u, so that
Uu=u—a= @+ y. Before we contlnue let us remark that with £ > 0 from hypothesis (c) of
Theorem 1.3 and ¢ = ¢(m) > 0,

é ~
(5.5) - / V(Ep) < / f(Eg).
€ JB(xp,s) B(xo.s)

To see this inequality, note @|yp(y, sy = 0 and hence we find an approximating sequence (@) C
CZ(B(xp,s);R") which converges in the (symmetric) area—strict sense on B(xo, s) to ¢ as k — oo,
From Lemma 5.1, cf. (5.3), we then deduce (5.5) with @ replaced by ¢,. In the resulting in-
equality, by definition of (symmetric) area-strict convergence, the left-hand side converges to
% fB (x0,5) V(E@). For the right-hand side we invoke the continuity result for symmetric rank-one
convex functionals with respect to symmetric area-strict convergence, cf. Lemma 2.6. By sym-
metric area-strict convergence and the fact that symmetric quasiconvexity implies symmetric
rank-1-convexity, we hereby obtain (5.5).

Consequently, using (generalised) minimality of u with respect to its own boundary values
and #]p(xy,5) = W|9B(xy,s) in the second step, we obtain

f/B( >V(Eﬁ)éf/B( >V(E¢)§/B< )f(E@+/B< )(f(E(p)—f(Eﬁ)) (by (5.5))
< /B(xo,s)f(EW)+/B<x0,s)(f(E(p)_f(Em)

<[ ey + [ ()~ F(ED).
B(XO’S)\B(XOJ) B<XO#S)\B(X0J)
=:I1+1I,
where the last inequality holds as ¢, u coincide on B(xg, 7). Then, by Lemmas 5.1(i) and 2.10,

dET N, i
Ich/ v<Ew>=cL/ V(((1—p) o) [Bill— (Vp o ). 2")
B(x0,5)\B (x0.,7) B (x0,5)\B (x0,7) | Eul

gch/ V(Eﬁ>+8cL/ v( ! )dx
B(x()vs)\B(XOvr) B(XO-»‘) §—=r

On the other hand, we similarly find

~ dEu
Ilg/ f((p——= ) |Ed|+Vp 0 uL™) — f(Ei
B(xg,$)\B(x0,r) (( d| Ej ) ‘ | ) ( N)

§3cL/ V(Eﬁ)+80L/ v( ! )dx.
B(xo,x)\B(xo,r) B(X(),S) s—r

Therefore, gathering estimates, we find

{/ V(Eq) < 16cL/ V(Eﬁ)+16cL/ V(L) dx.
¢ B(X(),V) B(XQA,S)\B()C()J) B<xas) §=r
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We now apply WIDMAN’s hole—filling trick and hence add 16¢L fB(xo " V(Eu) to both sides of

the previous inequality and divide the resulting inequality by (f +16¢L). In consequence, letting
0:= 16cL/(% +16¢L), we have 0 < 6 < 1 and get

/ V(Eii)ge/ V(Em+e/ V( - )dx.
B(x0.r) B(x0.9) B(w.R) ST

From here the conclusion is immediate by Lemma 2.13. The proof is complete. O

5.2. Estimating the distance to the A-harmonic approximation. In this section we present
the key result that allows to deduce the requisite excess decay needed in the proof of The-
orem 1.3. Here our strategy is as follows: Letting m > 0 be a given number and a: R" —
R” an affine-linear map with |Ea| < m, we first establish an improved estimate for the V-
function type distance of ¥ := u — a to a suitable A-harmonic approximation on good balls

B(x0,Ro) € Q. Here goodness refers to balls on whose boundaries dB(xg,Ro) the map u is
+1

of class WtT:"s' (dB(xp,Rp);R"). This is accomplished in Proposition 5.4. By the Fubini-
type property of BD-maps, it is then clear that whenever x € Q is fixed, then .#!-a.e. radius
Ry € (xo, % dist(xp,dQ)) will qualify as a good radius. It shall then be the aim of the subsequent
section to justify to have the relevant estimates on good balls to conclude a preliminary excess
decay. We begin with the following proposition, making Lemma 2.12 available for the sequel.

Proposition 5.3. Ler A € S(Rg';g) be a strongly symmetric rank-one convex bilinear form, i.e.,

A satisfies for two constants vi,vo > 0 and all a,b € R", 71,725 € R’S’yxn’f
(5.6) VilaObP? < Ala®b,a®b] and |Alz1,2]| < Walz1| |zl
Let Lv := — div(Ag(v)), where A is identified with its representing matrix in RU>"* (1) Thep

foreachk € N, 1 < g < o and any open ball B C R", the mapping
(5.7) ®: WEI(BIR") 5 u s (L(u), Tryp ) € W29(B;R") x WE 09(9B;R")

is a topological isomorphism. Moreover, if u € LD(Q) satisfies Lu = 0 in 9'(Q;R"), then there
holds u € C*(Q;R") and

(5.8) sup |Vu—A|+R sup |VZul gc][ |Vu— Al dx
B(x0,%) B(x0,%) B(x0.R)
for all A € R and balls B(xo,R) € Q, where C = C(n,v1,V2) > 0 is a constant.

Proof. We reduce to Lemma 2.12 and define & € S(R™") by o/ [z1,21] := Az}, 25" |, 21,22 €
R™" Then (5.6) in conjunction with (2.1) yields

2 2
la®b)? < |a)?|b|* <2]la®b|* < —-Ala®baob] =~ dla®b,a®b).
1 1

Hence &7 € S(R™*") satisfies the hypotheses of Lemma 2.12 with A = % With the above
terminology, we then have [, A[e(u),€(@)]dx = [, &/ [Vu, V@] dx forall ¢ € C7(Q;R"). Thus,
® given by (5.7) is a topological isomorphism by Lemma 2.12. The additional estimate (5.8)

then follows similarly, now invoking the second part of Lemma 2.12. The proof is complete. [l

We now come to the A-harmonic approximation. Recalling that the number m > 0 and the

affine-linear map a: R" — R” with | Ea| < m are assumed fixed throughout, we put
u:=u—a.
n+l

Given a ball B = B(xp,R) € Q and u € BD(Q) with u|yp € Wi (dB;RR"), we consider the
strongly symmetric rank-one system

{div(Ae(h)) =0 inB,

5.9
) h=1u on dB,
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where A = f" (0) with f:: Je(a)» cf. (5.1); note that, if f satisfies hypothesis (c) from The-
orem 1.3, it is routine to check that A is a strongly symmetric rank-one-convex bilinear form.
Putk=1landg:=1+ % Then k — é = nlﬁ, and in this situation Theorem 5.3 yields that there
exists a unique » € WH1+1/(B(xo,R); R") solving (5.9). We now have the following

Proposition 5.4. Suppose that f € C(Rgy) satisfies (a)—(c) from Theorem 1.3 and let 1 < g <
n+1

=, m > 0 be given. Then there exists a constant C = C(m,n,q,L,{) > 0 with the following
property: Suppose that u € BDy,.(Q) is a local BD-minimiser for F and B = B(xp,R) € Q
is an open ball such that u|gg € Wﬁ%’%(aB;R”). Moreover, let a: R" — R" be an affine—
linear mapping with |Ea| < m and denote h the unique solution of the linear system (5.9) with

u:=u—a. Then there holds

u—nh q
(5.10) ]i(xo,R)VUR )dx<C<]{3<x07R>V(Eﬁ)> .

Proof. We fix a ball B(xg,R) € Q such that the hypotheses of the proposition are in action. The
proof then evolves in three steps:

Step 1. Ekeland approximation. To avoid manipulations on measures, we first employ an
approximation procedure that allows us to work with LD- instead of BD-maps. To this end, let
0 > 0 be arbitrary but fixed. Then we apply the area-strict approximation of Lemma 2.1 to find
wg € LD,;(B(X(),R)) =u+ LD()(B(X(),R)) such that

f FoovEn-f Vi)
B(xo,R) B(xo,R) B(xo,R)

Fle(ws))dy < f F(E@) + 67,
B(xo,R)

B(XO aR)

i — s

<87,
R

dx+

.11

where the dash is understood with respect to the Lebesgue measure .Z". Note that we can
assume without loss of generality that wg € LD(B(xo,R)) since & only enters in the definition
of LD;(B(xg,R)) through prescribing the traces. However, as LD(B(xo,R)) and BD(B(xo,R))
have the same trace space on dB(xg,R), we can find a LD-map that has the same boundary
traces on dB(xo,R) and then proceed as before. Crucially, (LD;(B(xo,R)),dsym) is a complete
metric space, where dgym(vi,v2) == |l€(vi — VZ)”LI(B(XO‘R);R;L;%) is the symmetric gradient-L'-
metric. It is then routine to check that all the requirements for the Ekeland variational principle,
Lemma 2.11, are satisfied; in particular, by (6.1) from the appendix, the local BD-minimality of
i for v [ f(Ev) gives
f o Fe@snars | int  f o fe(n)+ 8
B(xo,R) B(xo,R)

weLD;(B(xg.R))

We deduce that there exists a mapping v € LD;(B(xo,R)) which satisfies

/ Fle()dx < / Fle(ivs)) dx,
B(xg,R)

B(XUaR)
(5.12) ][
B(X07R>

/‘3()60,1?) fe@)de < /B(xo,R) f(e(@))dx+0 /B(xo,R) le(v—0)|dx

for all @ € LD;(B(xo,R)), where cpoinec > 0 is an arbitrary but fixed constant for the Poincaré
inequality in LDy(B(xo,R)); note that the above inequality scales correctly and hence cpoine > 0
is in fact independent of R. Working from here, we obtain

<5 / le(¢)]dx
B(X(),R)

T
R

dx+][ |£(‘7)_8(W5>|dx§ (1+CP0inc)67
B(X(),R)

(5.13)

/ (7 (e(),e(g)) dx
B(xo,R)
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for all ¢ € LDy(B(xp,R)) and

(5.14)

/ (7"(0)e (7). £(9)) dr
B(xq,R)

< / (cLV (£(3)) + 8)|e(@) | dx
B(xo,R)

forall ¢ € W(l)’w(B (x0,R);R™). Indeed, for every 6 > 0, @ei := v+ 0 ¢ qualifies as a competitor
in (5.12)5. Hence,

/ f(f(ﬁ))—f(e(?iefp))dx
B(xo,R)

0

<5 / le(¢)|dx.
B()C(),R)

In this situation, sending |0] N\, 0 yields (5.13). We then consequently find

[ Foeme@nas [ (7060 -Fem)ele)ds
B(xo,R)

B(xo,R)
+ / (7 (e(3), () dx < / (eLV (e() + 8)|e() | dx
B(xp.R) B(xo.R)

by Lemma 5.1(iii) and (5.13); note that now ¢ depends on m. The same obviously is valid for
—@ instead of ¢. This establishes (5.14). In effect, (5.13) provides perturbed Euler-Lagrange
equations as a substitute for the ANZELLOTTI-type Euler-Lagrange equations for measures.

Step 2. Truncations and improved regularity for the comparison maps. Starting from (5.14),
we let ¢ € W(l)’w (B(x0,R);R") be arbitrary and put y := v —h. We scale back to the unit ball
and therefore put, for x € B(0,1),

Y(x):= %l]/(xo +Rx), ®(x):= %‘P(XO +Rx), Ux):= Ilfeﬁ(xg +Rx).

Since h satisfies (5.9), we conclude from (5.14) with A := f"(O)

(5.15) /8(071)<Ae(‘1‘),e(61>)>dx gcL/B(OJ)V(s(U))|£(<I>)|dx+5/};(0,])|s(d>)|dx.

We then define a truncation operator 7': R* — R" by

y iflyl <1,
T(y):= . yeRY
) {§ if [y| > 1,

and note that 7 (¥) € L*(B(0, 1); R"). Let us now consider the linear system

(5.16) {—diV(AS(T» =T(¥) inB(0,1),

T=0 on dB(0,1)

with its corresponding weak formulation
(5.17) / (Ae(T),e(p))dx = / (T(¥),p)dx forall p € CZ(B(0,1);R").
B(0,1) B(0,1)

Since f is assumed strongly symmetric quasiconvex, it is strongly symmetric rank-one convex.
Fix p > n+ 1. Then, by Proposition 5.3, there exists a unique solution T € W2 (B(0,1);R") of
(5.16) with u[g(g,1) = 0. Thus there exists a constant C = C(n, p,L,¢) > 0 such that

(5.18) / |T|”dx+/ \DT|de+/ \D2T|”dx§C/ |T(¥)[P dx.
B(0,1) B(0,1) B(0,1) B(0,1)

In this situation, we invoke Morrey’s embedding W'?(B;R") < C%1="/7(B;R") to find that T
is Lipschitz together with the corresponding bound

G.18)
(5.19) || DT|=ggrny < C(| DT[oggen) + D> TlLr@gesnsen) < CIT(P)llLr gn-
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As T|3(0,1) = 0, from here we deduce T € W(l)’w (B(0,1);R™). Approximating a generic map
p € LDy(B(0,1)) by elements from C:°(B(0, 1);R") in the LD-norm topology, we obtain

(5.20) / (As(T),e(p)}dx:/ (T(¥),p)dx  forall p € LDo(B(0,1)).
B(0,1) B(0,1)

Now, because of 2 < n < p < o0, we have |T (y)|? = [y|? < |y|* for if |y| < 1 and thus there holds

(5.21) ITC®)?, = / T(P)Pdr<c / V(®)dr
B(0,1) B(0,1)
by Lemma 2.10. Combining (5.21) with (5.19) consequently yields
1
(522 el < IDT-<e( [ vipyar)”,
B(0,1)

and here ¢ > 0 only depends on ¢,L,m,n and p.
Step 3. Conclusion for the approximating maps v. We now combine the estimates gathered
so far to obtain inequality (5.10) in a perturbed form. Recalling (2.19), we succesively obtain

(2.19) 5
[ vema < [ minge P
B(0,1) B(0,1)
(T(¥),¥)dx (by definition of T')

(Ag(T),e(¥))dx (by testing (5.20) with p = F)

sym

< (cLV(e(U))+0)|e(T)|dx (by testing (5.15) with ® =T)

< (cLV (e(U)) + 8) dx]|&(T)]|~

J,
J,
:/B (Ae(¥),&(T)) dx (as A € S(RI))
J,
J,

< (/]3(071)(CLV(8(U)) —|—5) dx) </B(071> |V(1P)|dx)[% (by (5.22)).

‘We therefore obtain

(5.23) (/}3(07])\/(\11)@)1‘1’ < (/B(O’l)(cLV(e(U))Jré)dx).

At this stage recall that our choice of p was only restrictedto p >n+1. For 1 < g <

the proposition, we thus find n+ 1 < p < e such that p’ = % = ¢ and thus

n+1

e as

(5.24) / V(‘P)dng(/ V(e(U))dx)q+C6q$"(B(o,1))4.
B(0,1) B(0,1)
We consequently scale back to the original ball to find
(5.25) f V(V_h>dx§C(][ V(S(V))dx)q—i—C&fz”(B(O,1))11,
B(x0,R) R B(0,R)

and we note that the constant C > 0 only depends on m,n,q, L and .
Step 4. Limit passage 8 \, 0 and conclusion. We now intend to send & \, 0; note that v
actually depends on 8: v = vg. By Lipschitz continuity of V we see that

v—nh ][ u—nh
1% — % < C(V)][ +C(V)][
]1[3(X07R) ( R ) B(xo,R) ( R ) B(xo,R) B(xo,R)

<C(V)(8* + (1+ cpoinc)8) — 0

Vs
R

- g

R
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by (5.11) and (5.12), as 6 N\, 0. Second, we obtain similarly

]i(xoﬁR) V (Eit) — ﬁwm V(e(v))dx ﬁ(x07R>v(Em - ]{S(XO’R) V(e(WS))dx|

+C(V)]£< ) le(ws — )| dx < (82 4+C(V)8) =0

<

as 6 \, 0. In conclusion, by (5.25) we have established

o (8=, V)"

which is the desired inequality (5.10) and the proof is complete. U

Remark 5.5 (On the exponent g in the previous proposition). It is important to remark that
the exponent g as it appears in the previous proposition can be chosen strictly larger than one.
From a technical perspective, the importance of g > 1 is given by (5.44) from below, where the
smallness assumption on the excess gives smallness of the critical quantity

If we could not use ¢ > 1 and only had ¢ = 1 at our disposal, this critical term would equal one
and thus destroy the excess decay later on in Proposition 5.7.

In the preceding Proposition 5.4 we have estimated a V-function type distance of u = u —a
to its A-harmonic approximation k, where A = f”(0) = fé'(a) (0). We conclude this subsection

by showing how suitable Lebesgue norms of D/ can be controlled by means of u:

Lemma 5.6. In the situation of Proposition 5.4 there exists a constant C = C(n,¢,L) > 0 such
that for each b € Z(R") the map h := h— b satisfies, with u;, :== u — b,

(5.26)

S\ () — ()] #
][ | DA dx SCR—ﬁ(][ / b b))l dcxdcy) o
B(x0.R) IB(xo,R) IB(xg.R) | —y|"~1+w)

Proof. Tt is no loss of generality to assume xp = 0 and R = 1. Then we have 17|3B<0’1) €
n+l

Wi (dB(0,1);R™). With this choice of xo and R, and adopting the terminology of Proposi-
tion 5.3, denote S := ®~1(0,-). Given b € Z(R"), we define

up, := (Up)B(0,1) = ]éB(o ) i dA" (e R,

where the dash is now understood with respect to .7 ~!L_9B(0, 1). Since & solves (5.9), h :
h—uy, := h— b —u, is the unique solution of

{—div(Ae(h)) =0 inB(0,1),

(5.27) ~
h=u,—u, on dB(0,1).

Hence we have h = S(u;, — up) so that, by Proposition 5.3 with some C = C(n,L,{) > 0,
(5.28) DRI w1 < ]

n+l .

7 (dB(0,1);R")

On the other hand, if x,y € dB(0,1), then |x —y| < 2 and therefore /#"1(dB(0,1))"! <
c(n)jx—y|7"t1=1/7 Thus,

(/ i (x) — wy| "+ do )" = (/ ][ i (x) iy ()| "+ doydor ) "
aB(0,1) aB(0,1) JaB(0,1)

n+l

=) </ / W =BT 46, 4,) .
dB(xg,1) J9B(0,1) |x7y|"*]+;

< Cllup _ubHW#,

1
0,1);Rn*n WS (B(0,1):R")
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As a consequence, we obtain in conjunction with (5.28) and a constant C = C(n,L,¢) > 0

(5.29) | DAl o )= DBl a1 <Clap) 1 an :

1
B(0,1);Rxn B(0,1);R2xn) — Wrtl - (9B(0,1);R")

The general case now follows by scaling, and the proof is complete. U

5.3. Excess decay. The objective of the present subsection is to establish the excess decay
that will eventually lead to the desired partial regularity assertion of Theorem 1.3 by an iteration
scheme. To this end, let u € BDj,.(Q) be a local generalised minimiser of F, where the integrand
satisfies (a)—(c) from Theorem 1.3, and let My > 0 be a given number. Our strategy then runs in
four steps: In a first step, we choose a ball for which both the mean value and a certain excess
quantity of Eu is small. Then, in a second step, we slightly diminish the radius of the given ball
to obtain a ball on whose boundary we may apply the Fubini-type theorem for BD-maps. This
makes the A-harmonic approximation of the previous subsection available. Defining suitable
comparison maps in step 3, we then combine Propositions 5.2 and 5.4 in step 4 to conclude a
preliminary excess decay. In doing so, we define for z € Q and 0 < r < dist(z, Q) two excess
quantities by

E(u;z,r) := /B( )V(Eu—(Eu)B(“)) and E(u;z, r) = .,;i((lgfz’rr)))’

and we will often write E(z,r) := E(u; z,7), assuming that u is fixed. Here, as usual, (Bu)g ;) =
Bu(B(z,r))/Z" (B(z,r))-

Step 1. Smallness Assumptions. Let My > 0 be given and fix a ball Bg, = B(xo,Ro) € Q such
that

(5.30) |(Eu)iy, | < Mo.

and

(5.31) ][ |Eu— (Eu)g,, | < 1.
Bg,

We write B, := B(xp, r) in all of what follows.
Step 2. Selection of a good radius. In a second step, we fix an affine-linear map a: R" — R”
with &(a) = (Eu)p, . We then put it :=u —a and f:= fe(y), cf. (5.1). Starting from Ry >0
9

as given above, we now apply Theorem 4.1. Consequently, we find R € (%Ro, é—ORo) such that

Ulgp, € Wit 1t (dBg;R") and arigid deformation b € Z(R") together with the corresponding

estimate (with 6 = ﬁ and accordingly p = ”nil in Theorem 4.1)

(][ / |t (x) Mb(y)|1 do, do,
JdBg J dBg |X—y|(”71>+ﬁ

19p yn
(5.32) <C (gRo) ! / | Eiil

— n(n—1) n 19
(5R0) 7T (55R0) 1 (20R0)" JBion o

R
gcﬁ/ | B — (Eu)gy |-
0 JBg,

where we recall i, :=u—b(=u—a—>b), and C = C(n) > 0 is a constant.
Step 3. Definition of comparison maps. We put A := f”((Eu)g,) and pick the A—harmonic
mapping h: Br — R”" solving

(5.33) {mw«mmm®>o in Bg.

h:l’,‘[b OnaBR.
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We are thus in the setting of (5.9) and Lemma 5.6 from above; by Proposition 5.3, hec” (Br;R™).
Then we define
(5.34) A(x) == h(x0) + Dh(xo) (x —xo) and ag(x) := a(x) +A(x), X € Bg.

‘We then obtain

|&(ao)| = |e(a) +&(h) (x0)| = | (Bu)ng, + (1) (x0)]

< Mo +e(h) (xo)| (by (5.30))
< Mo+ sup | Dh| (as[Ev| < |Dv|)
Bg/2
<My+c{ |Dh|dx (by (5.8))
Br

§M0+c( \DZ|%dx)m

Bg
and thus
l€(ao)| < Mo
i (x) — @ (y) |7 n
+CR_nL+1 (][ / b b ly : doy de) n+1 (by Lemma 5.6)
(5.35) 9BrJoBg  |x—y[rHa
c
< Mo+ 7/ |Eu— (Eu)py, | (by (5.32) and Ry ~ R)
0 /B(xo,Ro)
<My+c,

where the last estimates holds because of (5.31). Here, ¢ = ¢(n,L,¢) > 0 is a constant that we
fix now. In particular, the constants appearing here do not depend on R or Ry. Summarising, if
we put m := My + ¢ as on the right side of the previous chain of inequalities, then we obtain

(5.36) leao)| < m.

Step 4. Comparison estimates. Let 0 < ¢ < % be arbitrary. We note, as a consequence of
Lemma 2.10 and Jensen’s inequality,

/ V(Eu— (Bu)py, ) = / V (Eu — Eag +Edo — (Ex)a, )
Bo‘RO

BO‘RO

(5.37) <c | V(Eu-Ba)+C [ V(EW-a),)
BO‘RO BO‘RO

bR (R)

gc/B V(EW - ap)) =2 c/B V(E—b—ap)).

Our next objective is to apply the Caccioppoli—type inequality, Proposition 5.2. Having chosen
m > 0 as it appears in Proposition 5.2 by (5.36), we find ¢ = ¢(m,n,L,¢) > 0 such that (5.4)
holds with the requisite modifications; note that b + ay is affine-linear, too, with |e(b + ag)| =
|€(ap)| < m. We then estimate, using (5.37) and the Caccioppoli-type inequality in the first step,

/BGROV(EM_(EM)BGRO) gc/}gzckov(ﬁ(x)—b(x)—A(X))dx

oRy

SC/B V(a(x)—b(x)—ii(x)_A(x)Jrﬁ(x))dx

oRy

(@-b) i
SC/BMOV( u G[;O h)dx+C/B V(hGR?)dx

20R
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<o [ e [ vt

20Rg
= I+1I,

where C = C(m, n, %) > 0is a constant. Here we have used Bogg, C Bg, uniform comparability
of R and Ry and the fact that V(A7) < cA%V(z) for a constant ¢ > 0, all z € Rigm and [A| > 1

(cf. Lemma 2.10). We continue with the estimation of I, and for this purpose let I < g < %1 be
arbitrary but fixed. We use Proposition 5.4 and uniform comparability of R, R to obtain

C iy —h CR" i—h Rl f a
. 1= = <cX E
(5.38) cy2/BRV( ) dx =5 ][BRV< - )dx_C62<BRV( @),

the last step being valid by uniform comparability of R and Ry. As usual, the map # is defined
as the solution of the strongly symmetric elliptic system (5.33) with boundary datum u = u — a.
As to IL, let x € Bogg,. We employ a pointwise estimate to find by use of Taylor’s formula

() = AG)| [ B~ x0) — (Dh(o),x —x0)
GR() GR()
<C(su |D2Z|) b~ xof?
- BR/IZ ORy
~. (20Rg)?
< C(sup|D2h|)M (sincex € B(xo,20Ry))
B> ORy
< CoR(sup|D?h|) (since Ry < R)
Bg/2
<Co+ |Dh|dx (by Proposition 5.3)
Br
~ il O\t
< CG( DA dx) — I (by Jensen).
Br

Similarly as in the estimation given in (5.35), we again employ Lemma 5.6 to further obtain

I < Co ][ 1B 2 co ][ |E(u—a)| (by Lemma 5.6 and (5.32))
BRO BRO
_ CG][ | Bt (Eu) | (since Ea = (Eu)gy )
BRO
24
- CG(][ |Eu— (Eu)g,, |)
BRO
1
SCG(V(][ \Eu—(Eu)BROD)Z (by (5.31) and (2.19),)
Bg,
1
< CG(][ V(|Eu— (Eu)g, \)) ’ (by Jensen and %Ro < R < Ry).
BRO

Collecting estimates, we obtain with a constant C = C(m,n,L,¢) > 0 and for all x € Bogg,

(5.39) V(M) < Cv(c(][ V(| Eu— (Eu)BR0|))%) —cv(Y),
Bg,



PARTIAL REGULARITY FOR SYMMETRIC QUASICONVEX FUNCTIONALS ON BD 31

where Y is defined in the obvious manner. Now, since V() < |-, 0< 6 < % and by (5.31),
Y < 1. Consequently, integrating (5.39) over Bagg,, we obtain with C = C(m,n,L,¢) >0

- c/ v (W> dx < C(GRo)"V(Y)
Bagr,

GR()

(5.40)
(2.19),

< C(GRO)"min{Y,TZ} < CG"”RSJZ V(|Eu— (Eu)BRO ).
B,
Combining estimates (5.38) and (5.40), we then find with a constant C = C(n,m,L,¢,q) > 0 that

R 1 -
E(xo,GRo)SCo_—g (7{3 V(Em) +Co"+2Rg][ V(| Edl)

Br

C [E(xp,R)\?!

(5.41) S(ﬂ(()f}(;;())) E(x0,Ro) +C0"2E(x0, Ro)
0

R

C ~ _
= (cyz(E(xo,Ro))q : +Co"+2) E(x0,Ro).
We will now use the previous inequality to deduce a preliminary excess decay.

Proposition 5.7. Ler f: R%" — R satisfy (a)—(c) from Theorem 1.3. Given 0 < a, < 1, My >0

sym

and 1 < g < ”i—l there exist two parameters ¢ = o (n,L,¢, 0t,My,q) € (0, %) as well as € =
&(n,L,{,a,My,q) € (0,1) such that every local BD-minimiser u € BDjoc(Q) of the functional F
satisfies the following: If B(xo,Ro) € Q is an open ball with 0 < Ry < 1 together with

(5.42) E(u;x0,Ro) < & and |(Eu)gy, ry)| < Mo,
then there holds
(5.43) E(u;x0,0R0) < 6" "*E(u;x0,Ro).

Proof. Let o € (0,1) and My > 0 be given. We estimate with H := Eu— (Eu)gy, r,) Lemma 2.10
and the shorthands AI%O :=B(x0,Ro) N {|H| § 1}

1 1 Pn(AS C
£ gt [ e g [ =08 i & vam)
B(xo,R0) Ry A< Ry AEO Ry A% Rg A;O

R,
0 0

PAS % 1
<R[ ) e S vam
Ry B(x0,R) RG JB(x.Ro)

2
gc(f V(H|)> +c][ V(H]) < C(y/E(u:x0, Ro) + E(1t:x0,Ro)),
B(xo.Ro) B(xo.Ro)

where C = C(n) > 0. We may thus choose a preliminary & € (0, 1) such that E(u; xo, Rg) < &
and |(Eu)g(x, ry)| < Mo imply (5.30) and (5.31). At this stage, for 1 < g < ”;—1, (5.41) is available
and therefore yields for 0 < o < é

~ C ~ q—1 ~
(5.44) E(u;x0,0R0) < <0'”+2 (E(u;xo,Ro)) +C02> E(u;x0,Ro),

where now® C = C(n,My,L,¢,q) > 0. We subsequently choose & = & (n,My,L,{,q,0) > 0 so
small such that with the constant C > 0 from (5.44) there holds 2C0? < o+, We then put

~ _ntd4 ~ ~

€ :=min{c 2D &}. In turn, if E(u;x0,Ro) < € and |(Eu)px, r,)| < Mo, then (5.44) gives
E(u;xo,O'Ro) < (ZCGZ)E(M;X(),R()) < Gl+a}~‘:(u;xO,R0),

and this is precisely (5.46). The proof is complete. O

3Note that the constant C > 0 in (5.41) depends on n,m,L,{ and g, but by (5.35), m depends on n and M only.
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5.4. Iteration and Proof of Theorem 1.3. To conclude the proof of Theorem 1.3, we need to
iterate Proposition 5.7.

Corollary 5.8 (Iteration). Let f: ngfg — R satisfy (a)—(c) from Theorem 1.3. Given 0 < o < 1
and My > 0, there exist € = €(n,L,{,0.,Mp) € (0,1) and Ry = Ro(n,L,¢,Mp, ) € (0,1) such
that every generalised local minimiser u € BDy,.(Q) of the functional F satisfies the following:

If xp € Q and 0 < R < Ry are such that B(xo,Ro) € Q and

- M
(5.45) E(u;x0,R) < € and |(Eu)p(y, p)| < 7"
then there holds
~ r 200
(5.46) E(u:x0,r) < C(E) E(wxo,R)  forall0<r<R.

Here, C =C(n,L,{,0t,My) > 0 is a constant.

The corollary is proved in a standard manner, the proof following, e.g., [46, Prop. 4.8] or [13,
Lem. 5.8]; note that the dependence on g in Proposition 5.7 is removed by specialising, e.g., to
= % e (1, "nil) Working from here, we can proceed to the
Proof of Theorem 1.3. Let 0 < a < 1 and M > 0 be given. We put M := 8max{M,1}. Then,
by the previous corollary, there exist € = €(n,L,¢, ¢, Mp) € (0,1) and Ry = Ro(n,L,¢, My, &) €
(0,1) such that (5.45) implies (5.46). Within the framework of Theorem 1.3, we put &y :=
€2/22+% and let 0 < R < Ry be such that

2

(5.47) E(u;x0,R) < &y = and |(Eu)pyr)| < M(< 1My).

22n+4

Our aim is to show that with R’ := 1R there holds E(u;x,R') < €2 and |(Eu) wr) | < 1My for
all x € B(xo,R’). We have

|E’u|(B(x,R'))
V(|Eu— (Bu)p,pn|)dgm 4+ =22 /)
]ﬁw (161~ (B ) oL
(219)3, =] |ESu|(B(x,R"))
2][ (|6u— (Eu)p(epn|) d.g" + 32201 ))
B(x.R') v Jsi)l) @, (R')"

227 | E*u|(B(x0,R))
ont2 1= PAPAR0 )
w2R2n /B(xOR /B( (|éau( ) gM(Z)Ddde—F (l)an

o 82 [ |Eu|(B(x0. R))
< —— V(|&u(y) — (Eu dydz 422 -
a)r%R2n B(XO,R) B(XO,R) (| ( ) ( )B(X(),R)D wan

(5.47)
W43 2
< 27 yonia <€

On the other hand, we have by (5.47) and (2.19)5 in the third step

7[ Sud L +
B(x.R')

][ Eu— (Eu)p ) 42" | +
B(x,R') '

| E*ul|(B(x, R"))

Eu)gorny| <
I( M)B( ,R)| O (R)"

| E*ul|(B(x, "))

< wn(R/)n + ‘(EM)B(X(),R)|

1 |E*u|(B(xo,R))
<2" V(|&u— (Bu)p(yy p)))dL" )" +2"———22 4 M
- (ﬁ—l]{s(xo,le) (1= Eeloio ) ) 0.R"

+tM<M+1

- € N g2
*4 /\ﬁ—l 2n+4
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having used that € € (0,1) in the ultimate step. Since M + 1 < 2max{M,1} < %, we thus
obtain by (5.47) and (5.46) that for all x € B(xp,R’) and all 0 < r < R’ there holds

~ r 200 ~
E(u;x,r) < C(n,L,¢, 0, Mp) (ﬁ) E(u;x,R).

Working from here, we first deduce by sending r N\, 0 that E*u = 0 in B(xo,R’). Therefore,
setting G(t) := min{¢,#2} for t > 0, we find by (2.19), and Jensen’s inequality

(V2-1)G(Y) = (V2 - 1)G<][
for all 0 < r < R’, with Y’ defined in the obvious manner. Now, if 0 < Y’ < 1, the previous
estimate yields [Y'|* < C(%)?* whereas if [Y’| > 1, we use (%)** < (%)% to infer that

1 L.0, o, M
70(7[ |Eu— (Eup (] dL" < Cn,L, ¢, 0, M)
B(x,r)

(R')«
for all 0 < r < R’. Now, by the Campanato-Meyers characterisation of Holder continuity, this
implies that &u is of class C%% in B(xp,R'). Now we use C*%* ~ #2" 2% with the CAMPANATO
spaces R (cf. [42, Thm. 2.9]) and Proposition 2.8(c) with y(t) = 12 to find that Du is of class
C%% in B(xg,R'), too.
Since V(-) < |-| and with the above choices of &y,Ry, (1.10) implies (5.45). Hence, to
conclude the proof of the theorem, we note that by the Lebesgue differentiation theorem for

Radon measures, for Z"-a.e. xo € Q there exists z € ngxn’} such that

E'ul(B
(5.48) lim Gz dgn 4+ B BE0.7)
™0 JB(xg,r) W, 1"

r 20
U (Ewpiep|dL") < Cln Lot 0 o) (7)€%

=0.

Thus, for such xo, there exists § > 0 with supy_,s [(Eu)p(x,,») | =@ M < . Applying the fore-
going to the number M and invoking (5.48), the conclusion of the theorem follows immediately
and the proof is complete. O

We concude with the following

Remark 5.9. In the BV-case as considered by KRISTENSEN and the author [46], different
Fubini-type properties needed to be invoked to deal with n =2 and n > 3. Starting from the fact
that for BV-maps the tangential derivatives of u on dB(xo,?) for .Z!-a.e. t > 0 are finite Radon
measures themselves, the approach in [46] is to embed BV (9B (xo,?); R") into higher fractional
Sobolev spaces. If n = 2, spheres are one-dimensional manifolds, and here Remark 2.3 excludes
the relevant embeddings. This forces to argue via Besov-Nikolskil spaces in the full gradient,
strongly quasiconvex case for n = 2. However, the approach as outlined above for BD equally
works in the easier BV-situation, too, and thus yields a unifying method for all n > 2.

5.5. Remarks and Extensions. In this concluding section, we discuss some aspects, extensions
and limitations of the results presented so far.

We begin by noting that, under the assumptions of Theorem 1.3, we can actually estab-
lish C>%-partial regularity of generalised minima. Namely, letting xo € Q,, we have u €
C>%(B(xo,r);R") for some r >0 and all 0 < o < 1. This is a consequence of Schauder es-
timates based on the C!**-regularity of u in a neighbourhood of xo; choosing |/| small enough,
we consider the finite differences 7, ,&(u)(x) := €(u)(x + hes) — €(u)(x), where x belongs to a
suitable neighbourhood of xy and e; is the s-th unit vector. We then set

1
2(x)[s,n] 1:/0 (f"(e()(x) +17pe(w)(x))E,m)de,  &,m e R

By condition (a) from Theorem 1.3 and the C'"*-partial regularity (for any 0 < o < 1) estab-
lished above, 2 € C**(U ;S(Rgym ) for some open neighbourhood U of xp and any 0 < o < 1.
Possibly diminishing U, we infer similarly as to (5.9) that 2 is uniformly symmetric Legendre-
Hadamard in U} i.e, there exists a constant A > 0 such that 2(x)[a® b,a ® b] > Ala ® b|? for
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all a,b € R" and all x € U together with sup,;; |2 (x)| < eo. Working from here, it is not too
difficult to establish an inequality of Garding type for some » > 0 suitably small: There exist
M,7: > 0 such that there holds

/B( 2Wle(p).e(p)ax> / nle@)P —ploPdy  forall g € W= (B(xo,r):R").

B(xo,r)

On the other hand, since u is a minimiser, we deduce the Euler-Lagrange equation
| ((ew)e(p)ar=0  foralig e LDy(B(x.1)).
B(xo,7)

At this stage, picking an arbitrary localisation function p € C?(B(xo,);[0,1]), we may test the
preceding equation with ¢ = 7, _,(p?7; su) for |h| suitably small. Here 7, _,v(x) := v(x — heg) —
v(x) denotes the backward finite difference. As a consequence, we obtain that

/ D(x)[tsne(u), p T € () +2pVp © Ty pu) dx = 0
B(x,r)

holds for any s € {1,...,n}. Then it is routine to conclude by the above Garding-type inequality
and Korn’s inequality that u is of class W22 in a suitable neighbourhood of xy. Diminishing
r > 0 if necessary, we may then assume that

(5.49) /Q(f”(s(u))8s8(u),£((p))dx =0  forall ¢ € C!(B(xp,r);R").

At this stage, we invoke a similar argument as in Proposition 5.3 to reduce to the SCHAUDER
estimates [41, Ch. III, Thm. 3.2] to conclude that de(u) is of class C%* in a fixed neighbour-
hood of xp. Switching to the CAMPANATO-MEYERS characterisation of Holder continuity and
employing Proposition 2.8(c), ds Du € C%* in an open neighbourhood of xg for any s € {1,...,n}.

An analogous regularity theory can be set up when x-dependent integrands f: Q X R¢it — R
are considered, and we refer the reader to the corresponding statements in [46, Sec. 6]; these
follow in an analogous way once the regularity results from Theorem 1.3 are available. How-
ever, the case of fully non-autonomous integrands f: Q x R" x REit S (x,3,z) = f(x,y,z) comes
along with two major difficulties. First, to the best of the author’s knowledge, there is no integral
representation of the relaxed functional available at present; the arguments of RINDLER [65] do
not seem to easily generalise to this situation. In contrast to (1.3), the definition of generalised
minima then must be given directly by the Lebesgue-Serrin-type extension. To then access the
Euler-Lagrange equations satisfied by the respective BD-minimisers, it is necessary to employ a
careful approximation procedure. This in principle being possible, we would still need a higher
integrability result on the gradients of BD-minima as it is usually required (cf. [42, Thm. 9.5
ff.]). In the quasiconvex, superlinear growth context, the latter is obtained as a consequence
of the Caccioppoli inequality of the second kind in conjunction with the Sobolev inequality.
In this situation, the Gehring lemma then boosts the so derived reverse Holder inequality with
increasing supports to the higher integrability of the gradients. In the linear growth situation,
working from the Caccioppoli-type inequality strictly requires a sublinear Sobolev inequality,
the unconditional availability of which being ruled out by a counterexample due to BUCKLEY &
KOSKELA [18]. This is an important issue, as otherwise we would immediately obtain that BD-
minima belonged to Wllo’z for some g > 1, a fact which would simplify several stages of the above
proof. A similar issue had been identified by ANZELLOTTI & GIAQUINTA [9, Sec. 6] within the
framework of convex full gradient functionals. However, note that if f: Q x R" x ]Rfyxnf —R
satisfies a splitting condition f(x,y,z) = fi(x,z) + f2(x,y) for some strongly symmetric quasi-
convex integrand f1: Q x R{ — R of linear growth and f>: Q x R" — R being convex and
of at most "5 -growth in the second variable, then suitable regularity results can be formulated.
SCHMIDT [68] provides an interesting alternative of a partial regularity proof for convex, fully

non-autonomous integrands of (super)quadratic growth that does not utilise Gehring’s lemma.
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The drawback here is that does not seem to generalise easily to the quasiconvex situation with
(super)linear growth; even if it would, it needed to be compatible with the above proof scheme.
Lastly, let us address the possibility of giving Hausdorff dimension bounds on ¥, in the
framework of Theorems 1.2 or 1.3. Whereas in the convex context higher differentiability of
minima can be invoked to establish dim »(X,) < n (also see [42, 57, 58] and [25, 43, 44, 45] in
the symmetric gradient situation), such methods rely exclusively on the Euler-Lagrange system
and thus do not apply to the (symmetric) quasiconvex situation. In this case, one option is to
apply the set porosity approach employed by KRISTENSEN & MINGIONE [53] for Lipschitzian
minima. In the framework of Theorem 1.2 for p > 2, this directly yields the dimension reduction
for W1=°°-regular minima. The method is likely to generalise to 1 < p < oo; however, to the best
of the author’s knowledge, the method is not known to yield a dimension reduction for W'*-
regular minima even with large s > p > 1; neither is it clear how to obtain such a higher local
gradient integrability in the (strongly) quasiconvex context beyond the usual GEHRING-type
improvement. Indeed, for p > 1, some higher gradient integrability follows by GEHRING’s
lemma in conjunction with the Caccioppoli inequality, but by the above discussion even this is
unclear in the linear growth context. We intend to tackle questions of this sort in the future.

6. APPENDIX

6.1. Existence of BD-minima. Implicitly used in the main part, we now briefly justify the
existence of generalised minima for the Dirichlet problem (1.1) in the sense of (1.3), now being
subject to the strong symmetric quasiconvexity of f € C(Rfyxnﬁl) and gather some consequences.
This program is somewhat analogous to [17, Thm. 5.3] where, however, a different coerciveness
condition was employed. We hereafter let up € LD(Q) be a given Dirichlet datum and f €
(R’S’yxn’l‘) a strongly symmetric quasiconvex integrand satisfying both (1.9) and the linear growth

assumption (LG). Our objective is to establish (with the notation of (1.1) ff.)

6.1 inf F = min F,,
. 2~ BDQ)

particularly asserting the existence of BD-minimisers. Toward the latter, we note that because
F is strongly symmetric quasiconvex, we have for all ¢ € CZ(Q;R")

£(0) = £(0) — tV(0) < ]i F(e(9)) — 1V (e(9)) dr,

as follows easily by passing from Q = (0,1)" to general open domains Q. Thus, by Lipschitz
continuity of f,

70).2"(@)+¢ [ viep)ars [ rlelo) - fletw+o)ars [ fletu-+o)ar

gc(L)/Q\6(u0)|dx+/9f(8(u0+‘P))dx

At this stage, we pick an open and bounded Lipschitz set Q C R” such that Q € Q and find,
following the discussion in Section 2.2, @y € LDo(Q) such that zp|o = up. We then put, for
v € BD(Q)

(6.3) 7= {v inQ,

(6.2)

uy inQ \ Q.
Since dQ is Lipschitz and 7y € LD(Q), v € BD(Q). Hence, we have for all ¢ € C*(Q;R")

E/év(s(ﬂo—&—fp))dx—ﬂ é\Qv(s(uo))dxze/v(e(uo+<p))—V(s(<p))dx+£/v €

<C€LV/|8u0|f 0).2"(Q /f (uo+ @)
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(LG
< C(KLV.Z” /|£ 7 \derl /f (o + ¢))

At this stage, let v € BD(Q) be arbitrary and pick, due to Lemma 2.1, a sequence (v;) C uo +
CZ(€;R") such that v; — v area-strictly on BD(Q). Since for every j € N, v; is of the form
tip + ¢@; with some @; € C7(Q;R"), we obtain

K/ e(vj))dx— K/ 0))dx < C(¢,L,V, 2" (& /\€u0|dx+1 /f (v;))

Since f is symmetric quasiconvex, it is symmetric rank-one convex in the sense as specified in
Section 2.3. Therefore, Lemma 2.6 (which precisely yields continuity of the associated integral
functionals for symmetric rank-one convex integrands) and the very definition of V yield by
passing j — oo

z/ @)t [ Vie@))dx < C(t,L,V, 2"(S /|£uo|dx—|—1 /va
Q\Q
Enlarging the constant C > 0 from the previous inequality, by definition of v we thereby obtain

e/ (Ev) +z/ Tra (o —v) & Vag| ™" —C(0,L,V, 2D /|£ o) vt 1)
Q
(6.4) LG) B

< /f(EV)—F/anw(Trag(uo—v)@vag) dopn! =F V]

Since | -| < V(-)+ 1, this proves that F, is bounded below on BD(Q). Let (u;) C BD(Q) be
a minimising sequence for F, i.e., Fy,[u;] — infgp(q) Fu,. Then (u;) is bounded in BD(Q)
and we may extract a non-relabeled subsequence and ﬁnd some u € BD(Q) such that u; Suin
BD(Q) (and hence i, — i in BD(Q ))- Cancelling the integrals over Q\ O and as a consequence
of Theorem 2.5, F,[u] < liminf; o F,o[u;] = infgpq) Fu,. Hence, u is a BD-minimiser in the
sense of (1.3).

We come to (6.1). Since there holds Z,, C BD(Q) and fu0|%0<g) =F on 9,,, we obtain
>’ in (6.1). For the other direction, pick a BD-minimiser # € BD(Q) for F, its existence
having been established above. Choosing an extension #p of the Dirichlet datum u( as above
and defining u via (6.3), we invoke Lemma 2.1 to obtain a sequence (u;) C up+C7 (Q;R") such
that ii; — & area-strictly in BD(Q). Then, again by Lemma 2.6, F ;] — F,[u] as j — co.

Thus, since i; € Dy, and Fyy[uj] = Flu;] forall j € N,
fF<1limF, F, = F,
1920 Jim Fy (] = Fuyu] = B%‘?S) olu]-

Since we already established that mingpq) Fyy < inf@uO F, the proof of (6.1) is complete.

6.2. Auxiliary Estimates on the V,-functions. In this section we provide the proof of the
auxiliary estimation (3.9) that helped to establish a particular form of a Korn-type inequality;
recall that now 1 < p < 2. The first uniform comparability assertion of (3.9) is a basic property
of shifted N-functions, cf. [31, Def. 2 and Sec. 2]. We thus begin by showing that y given by
(3.8) satisfies the conditions of Lemma 2.9 together with the second uniform comparability of
(3.9). This means

oy (t) <y () <Cy'(1),
c(l+a+0)"22 <y'(a+0)* <C(1+a+1)P %

for some 0 < ¢ < C < oo independent of ¢ > 0 and # > 0. We start with (6.5),, and recall that
1 < p < 2 throughout this section. To this end, note that for > 0

(6.5)

S = (=)0 210,

2722"’“) = (p=2)(p=3) A+ +4(p=2)(1+0)" 1 +2(1+0)P 2,

(6.6)
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Since 1 < p < 2, the second term on the right-hand side of (6.6), is negative. Therefore,

V' (a+0) <(p-2)(p=3)(1+a+1)’"*a+1)’ +2(1 +a+1)" 7

<((p=2)(p=3)+2)(1+a+1)" 7,

establishing the upper bound asserted by (6.5). The lower bound requires a refined argument.
Since p > 1, ¢, 1= p? — p is strictly positive. We write for ¢ > 0

y'(a+0rr  (p=2)(p—=3)(1+a+1)"*(a+1)’*  4(p—2)(1+a+1)P>(1+a)?
(14+a+1)p=212 (1+a+1t)p=212 (1+a+1t)p=212
2(1+a+1)P=2
a+t \2 a+t
=242 [(p_3)<1+a+t) +4<1—|—a—|—t)}

We claim that the ultimate term is larger or equal than c,. Put 9: R2z+—2+(p—2)((p—
3)z2 +4z). Since 1 < p < 2, this function has a global minimum at zy = ﬁ which, by p > 1,
satisfies zo > 1. Hence, for all z € (0,1), ¥(z) > 9¥(1) = p*> — p = ¢, > 0, and the lower bound
of (6.5) follows because of (a+1)/(1+a+1t) € (0,1).

We turn to the third uniform comparability assertion of (3.9), which is equivalent to the
existence of constants 0 < ¢ < C < o such that

- p—2
©.7) (142 +a) 7P < (1+1+a)" P <C1+1 +d") 7 ¢

holds for all a,t > 0. First note that
V142 +a?2 < \/(1+t+a)?>=1+t+a

so that, because of 1 < p <2, (1 +t+a)P~2 < (1412 +a2)p772, and so the upper bound in (6.7)
follows. For the lower bound note that, because of Young’s inequality

I+t+a=/(1+1t+a)? < V8+82+8a2 < V8V 1+124a?,

thereby establishing the lower bound in (6.7); for the latter estimate, we could have alternatively
argued by virtue of Lemma 2.10, cf. (2.19);. We now turn to (6.5);. Setting a = 0 in (6.5),,
(6.5); is obviously equivalent to

(6.8) v ()~ (1+1)P%.
By (6.6); and 1 < p < 2, we have y/'(r) <2(1 —H)P_zt for all 7 > 0. On the other hand, for ¢ > 0,
V(1) (p—2)(1+1)P32+2(1+1)P~ 2t t
= =(p—2)—+2>p.
(1+1)P=2¢ (1+1)P=2 (p )1+z+ =P

The proof of (3.9) is complete.
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