LOWER SEMICONTINUITY AND RELAXATION OF LINEAR-GROWTH
INTEGRAL FUNCTIONALS UNDER PDE CONSTRAINTS

ADOLFO ARROYO-RABASA, GUIDO DE PHILIPPIS, AND FILIP RINDLER

ABSTRACT. We show general lower semicontinuity and relaxation theorems for
linear-growth integral functionals defined on vector measures that satisfy linear
PDE side constraints (of arbitrary order). These results generalize several known
lower semicontinuity and relaxation theorems for BV, BD, and for more general
first-order linear PDE side constrains. Our proofs are based on recent progress in
the understanding of singularities of measure solutions to linear PDEs and of the
generalized convexity notions corresponding to these PDE constraints.
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1. INTRODUCTION

The theory of linear-growth integral functionals defined on vector-valued mea-
sures satisfying PDE constraints is central to many questions of the calculus of vari-
ations. In particular, their relaxation and lower semicontinuity properties have at-
tracted a lot of attention, see for instance [AD92, FM93, FM99, FLM04, KR10b,
Rinl1, BCMS13]. In the present work we unify and extend a large number of these
results by proving general lower semicontinuity and relaxation theorems for such
functionals. Our proofs are based on recent advances in the understanding of the
singularities that may occur in measures satisfying (under-determined) linear PDEs.

Concretely, let Q C R be an open and bounded subset with .#¢(9Q) = 0 and
consider the functional

Fuli= [ ghaw) ace [ #(x b m) dwiw.

defined for finite vector Radon measures u € . (Q;R") on Q with values in R,
Here, f: Q x RY — R is a Borel integrand that has linear growth at infinity, i.e.,
|f(x,A)| <M(1+|A])  forall (x,A) € QxR",
whereby the (generalized) recession function
/ tA/ o
f*(x,A) == limsup M, (x,A) € Q xR,
X —x t

A'—A
f—so0

takes only finite values. Furthermore, on the candidate measures u € .7 (Q;R"Y) we
impose the kth-order linear PDE side constraint

AU = Z Agd%u =0 in the sense of distributions.

o<k
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The coefficient matrices A, € R” ® RV are assumed to be constant and we write
0% =9/ ...d for every multi-index o = (ai,...,0) € (NU{0})? with |et| :=
loy |+ -+ +|atg| < k. We call measures p € .7 (Q;RY) with &/ = 0 in the sense of
distributions o7 -free.

We will also assume that o7 satisfies Murat’s constant rank condition (see [Mur81,
FM99)), that is, there exists r € N such that

rank AF(E)=r  forall € e ST, (1.2)

where
AKE) = mi)t Y E%Aq,  ET—EM £,
|ee|=k
is the principal symbol of <7 . We also recall the notion of wave cone associated to .7,
which plays a fundamental role in the study of <7 -free fields and first originated in the
theory of compensated compactness [Tar79, Tar83, Mur78, Mur79, Mur81, DiP85].

Definition 1.1. Let o/ be a kth-order linear PDE operator as above. The wave cone
associated to <f is the set

Aw = | kerA¥(&) C RV,
§l=1

Note that the wave cone contains those amplitudes along which it is possible to
construct highly oscillating <7-free fields. More precisely, if <7 is homogeneous,
ie., o =Y q-kAxad% then Py € A if and only if there exists § # 0 such that

o (Pyh(x-E))=0  forall h € CF(R).

Our first main theorem concerns the case when f is .27*-quasiconvex in its second
argument, where
"= Z Agd”
|o=k
is the principal part of <7 . Recall from [FM99] that a Borel function #: RY — R is
called .o *-quasiconvex if

h(A) < /Q h(A +w(y)) dy

for all A € R and all Q-periodic w € C(Q; RY) such that &7*w =0 and [, wdy =0,
where Q := (—1/2,1/2)¢ is the open unit cube in R,
In order to state our first result, we introduce the notion of strong recession function
of f, which for (x,A) € Q x RV is defined as
/ tA/ .
£°(x,A) := lim f(xt) (x,A) € QA xRV, (1.3)
X —x

A=A
t—o0

provided the limit exists.

Theorem 1.2 (lower semicontinuity). Let f: Q x RN — [0,%) be a continuous
integrand. Assume that f has linear growth at infinity, that is Lipschitz in its second
argument, and that f(x,.) is </*-quasiconvex for all x € Q. Further assume that
either

() £ exists in Q xRN, or
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(i) f* exists in Q x span A, and there exists a modulus of continuity @: [0,0) —
[0,0) (increasing, continuous, ®(0) = 0) such that

1f(x,A) = f(nA)| < o(x—y|)(1+]A])  forallx,yc Q, AcR", (1.4)

Then, the functional

Fli= [ (v gmat) v [ (vt ) anelon

is sequentially weakly* lower semicontinuous on the space

MRV Nkerot :={p € M (QRY) : Fu=0}.

Note that according to (1.6) below, .#[u] is well-defined for u € . (Q;RY)N
ker o/ since the strong recession function is computed only at amplitudes that belong
to span A .

Remark 1.3. The .&7*-quasiconvexity of f(x,.) is not only a sufficient, but also a
necessary condition for the sequential weak* lower semicontinuity of .% on . (Q; RY)N
ker o7 In the case of first-order partial differential operator, the proof of the necessity
can be found in [FM99]; the proof in the general case follows by verbatim repeating
the same arguments.

Remark 1.4 (asymptotic o/ -free sequences). The conclusion of Theorem 1.2 ex-
tends to sequences that are only asymptotically <7 -free, that is,
F|u] < liminf 7 [u;)

jreo
for all sequences (u;) C .4 (Q;RY) such that

pi = pin Z(QRY)  and  /u;— 0in WHI(Q;R")
for some 1 < g < d/(d—1) if f(x,.) is &/*-quasiconvex for all x € Q.

Notice that £~ in (1.3) is a limit and, contrary to f*, it may fail to exist for
A € (spanA.) \ A (for A € A, the existence of f~(x,A) follows from the .7*-
quasiconvexity, see Corollary 2.20). If we remove the assumption that f~ exists for
points in the subspace generated by the wave cone A/, we still have the partial lower
semicontinuity result formulated in Theorem 1.6 below (cf. [FLMO04]).

Remark 1.5. As special cases of Theorem 1.2 we get, among others, the following
well-known results:

(1) For & = curl, one obtains BV-lower semicontinuity results in the spirit of
Ambrosio—Dal Maso [AD92] and Fonseca—Miiller [FM93].
(i) For .«Z = curlcurl, where

d
curlcurl it := <Z 8ik[.lij + a,Julk — 8Jk,u,’ — 8”;4;‘)
i=1 Jk=1,..d
is the second order operator expressing the Saint-Venant compatibility condi-
tions (see [FM99, Example 3.10(e)]), we re-prove the lower semicontinuity
and relaxation theorem in the space of functions of bounded deformation (BD)
from [Rin11].
(iii) For first-order operators <7, a similar result was proved in [BCMS13].
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(iv) Earlier work in this direction is in [FM99, FLMO04], but there the singular (con-
centration) part of the functional was not considered.

Theorem 1.6 (partial lower semicontinuity). Let f: Q x RN — [0,) be a con-
tinuous integrand such that f(x,-) is o/*-quasiconvex for all x € Q. Assume that f
has linear growth at infinity and is Lipschitz in its second argument, uniformly in x.
Further, suppose that there exists a modulus of continuity @ as in (1.4). Then,

d.u S~ AT
/Qf(xaw(x)> dx < hjfgg}ff (1]
for all sequences w; = w in 4 (Q;RY) such that <7 u; — 0 in W54 (Q;RN). Here,
du du’
# . K
Fli= [ 1(xggat) act 7 (v g0 e,
and1 <qg<d/(d—1).

If we dispense with the assumption of <7*-quasiconvexity on the integrand, we
have the following two relaxation results:

Theorem 1.7 (relaxation). Let f: Q x RY — [0,0) be a continuous integrand that
is Lipschitz in its second argument, uniformly in x. Assume also that f has linear
growth at infinity (in its second argument) and is such that there exists a modulus of
continuity ® as in (1.4). Further, suppose that <f is a homogeneous PDE operator
and that the strong recession function

f7(x,A) exists for all (x,A) € Q x spanA .
Then, for the functional
= [ fleu@)de, wel! (@R,
the (sequentially) weakly* lower semicontinuous envelope of 4, defined to be
Glu) = inf{ liminf[u;] (1) C L'(QRY), u; 2 5 pin 4/ (Q:RY)

and /uj — 0 inW_k’q},

where i € A (Q;RY)Nkero/ and 1 < g <d/(d—1), is given by

— du du’
Glu| = / e dx / #( x, d|p®|(x).
= [ 0urr (50 vt [0 (x5 0) o)
Here, Q. f(x,+) denotes the < -quasiconvex envelope of f(x,+) with respect to the
second argument (see Definition 2.17 below).

If we want to find the relaxation in the space . (Q;RY) Nker.</ we need to as-
sume that L' (Q; RY) Nker.o7 is dense in .# (Q;RY) Nker.e/ with respect to a finer
topology than the natural weak™* topology (in this context also see [AR16]).

Theorem 1.8. Let f: Q xRN — [0,00) be a continuous integrand that is Lipschitz in
its second argument, uniformly in x. Assume also that f has linear growth at infinity
(in its second argument) and is such that there exists a modulus of continuity @ as
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in (1.4). Further, suppose that </ is a homogeneous PDE operator, that the strong
recession function

7 (x,A) exists forall (x,A) € Q x spanA,

and that for all p € .4 (Q;RN)Nker o there exists a sequence (u;) C L'(Q;RY) N
ker.@/ such that

wp L S pin A(QRY) and (4 29)(Q) = (W)(Q), (1.5)
where (.) is the area functional defined in (2.2). Then, for the functional
_ / Flnu()dy,  weLl'(Q:RY)Nkerss,
Q
the weakly* lower semicontinuous envelope of ¢, defined to be

Glu) = inf{ liminf[u;] : (u)) € L'(Q:R") Nker/, u; 2 prin 4 (Q:RY) }

= [ (g ) axt [(@un (v ) aw

Remark 1.9 (density assumptions). Condition (1.5) is automatically fulfilled in
the following cases:

is given by

(1) For & = curl, the approximation property (for general domains) is proved
in the appendix of [KR10a] (also see Lemma B.1 of [Bil03] for Lipschitz
domains). The same argument further shows the area-strict approximation
property in the BD-case (also see Lemma 2.2 in [BFTO0O0] for a result which
covers the strict convergence).

(11) If Q is a strictly star-shaped domain, i.e., there exists xy € € such that

(Q—xp) Ct(Q—xp) forallz > 1,

then (1.5) holds for every homogeneous operator <. Indeed, for r > 1 we
can consider the dilation of u defined on 7(Q — x¢) and then mollify it at a
sufficiently small scale. We refer for instance to [Miil87] for details.

As a consequence of Theorem 1.8 and of Remark 1.9 we explicitly state the fol-
lowing corollary, which extends the lower semicontinuity result of [Rin11] into a full
relaxation result. The only other relaxation result in this direction, albeit for special
functions of bounded deformation, seems to be in [BFT00]; other results in this area
are discussed in [Rin11] and the references therein.

Corollary 1.10. Ler f: Q x Rfyxnf [0,00) be a continuous integrand, uniformly
Lipschitz in the second argument, with linear growth at infinity, and such that there
exists a modulus of continuity ® as in (1.4). Further, suppose that the strong recession
function
f7(x,A) exists forall (x,A) € QX Rfyxn‘f
/ fx,Eu(x

Consider the functional

defined for u € LD(Q) —{uEBD(Q Eu—O} where Eu = (Du+Du')/2 €
M (Q; Rfyxnf) is the symmetrized dlstrlbutlonal derivative of u € BD(Q) and where

Eu=&uL_Q+Eu
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is its Radon—Nikodym decomposition with respect to £°.
Then, the lower semicontinuous envelope of ¢ with respect to weak*-convergence
in BD(Q) is given by the functional
dESu

Tl = [ S0r(vsutv)art [ (SQf)#<x,d|ESu|(X)> )

where SQf denotes the symmetric-quasiconvex envelope of f with respect to the
second argument (i.e., the curlcurl-quasiconvex envelope of f(x,.) in the sense of
Definition 2.17).

Our proofs are based on new tools to study singularities in PDE-constrained mea-
sures. Concretely, we exploit the recent developments on the structure of .o/-free
measures obtained in [DR16b]. We remark that the study of the singular part — up to
now the most complicated argument in the proof — now only requires a fairly straight-
forward (classical) convexity argument. More precisely, the main theorem of [KK16]
establishes that the restriction of f* to the linear space spanned by the wave cone is
in fact convex at all points of A,/ (in the sense that a supporting hyperplane exists).
By [DR16b],

du’

d|p|
Thus, combining these two assertions, we gain classical convexity for f* at singular
points, which can be exploited via the theory of generalized Young measures devel-
oped in [DM87, AB97, KR10a].

(x) €Ay for |u'l-a.e. x € Q. (1.6)

Remark 1.11 (different notions of recession function). Note that both in Theo-
rem 1.2 and Theorem 1.7 the existence of the strong recession function f~ is as-
sumed, in contrast with the results in [AD92, FM93, BCMS13] where this is not
imposed.

The need for this assumption comes from the use of Young measure techniques
which seem to be better suited to deal with the singular part of the measure, as we
already discussed above. In the aforementioned references a direct blow up approach
is instead performed and this allows to deal directly with the functional in (1.1). The
blow-up techniques, however, rely strongly on the fact that ./ is a homogeneous
first-order operator. Indeed, it is not hard to check that for all “elementary” <7 -free
measures of the form

u="nRA, where PyeAy, et (RY),

the scalar measure A is necessarily translation invariant along orthogonal directions
to the characteristic set

E(R) = {E €R! 1 By ckerA(§) },

which turns out to be a subspace of R? whenever ¢/ is a first-order operator. The sub-
space structure and the aforementioned translation invariance is then used to perform
homogenization-type arguments. Due to the lack of linearity of the map

E— AKE) fork>1,

the structure of elementary o7-free measures for general operators is more com-
plicated and not yet fully understood (see however [Rinl1, DR16a] for the case
&/ = curlcurl). This prevents, at the moment, the use of “pure” blow-up techniques
and forces us to pass through the combination of the results of [DR16b, KK16] with
the Young measure approach.
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This paper is organized as follows: First, in Section 2, we introduce all the neces-
sary notation and prove auxiliary results. Then, in Section 3, we establish the central
Jensen-type inequalities, which immediately yield the proof of Theorems 1.2 and 1.6
in Section 4. The proofs of Theorems 1.7 and 1.8 are given in Section 5.
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2. NOTATION AND PRELIMINARIES

We write . (Q;RN) and .#0.(Q;RY) to denote the spaces of bounded Radon
measures and Radon measures on Q C R? and with values in RV, which are the
duals of Co(Q;R") and C.(Q;R") respectively. Here, Co(Q;R") is the completion
of C.(Q;R") with respect to the ||-||.-norm, and, in the second case, C.(Q;R") is
understood as the inductive limit of the Banach spaces Cy(K,,) where each K, is a
compact subset of RY and K,, /* Q. The set of probability measures over a locally
compact space X shall be denoted by

M(X) = {/,L € #(X) : W isapositive measure, and p(X) =1 }

We will often make use of the following metrizability principles:

(1) Bounded sets of .7 (€;R") are metrizable in the sense that there exists a
metric d which induces the weak* topology, that is,
sup|;|(Q) <eo and d(pju) =0 & w;—pin A (QRY).

jeN

(2) There exists a complete metric d on //floc(Q;RN ). Moreover, convergence
with respect to this metric coincides with the weak* convergence of Radon
measures (see Remark 14.15 in [Mat95]).

We write the Radon-Nikodym decomposition of a measure u € . (Q;R") as

du 4
=— LQ+pu’ 2.1
U dgd"f + 1, (2.1)
where % € L'(Q;R") and u® € .#(Q;RN) is singular with respect to .£“.

2.1. Integrands and Young measures. For f € C(Q x R") we define the transfor-
mation

. - A P
A = = ADf (5777 ). (o) QB
where BY denotes the open unit ball in RV, Then, Sf € C(Q x BY). We set
E(QRY):={feC(QxR") : Sfextends to C(Q x BN) }.

In particular, all f € E(Q;R") have linear growth at infinity, i.e., there exists a posi-
tive constant M such that |f(x,A)| < M(1+|A|) for all x € Q and all A € RY. With
the norm

[ fle@rry = [[SS][es f e E(QRY),
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the space E(Q;R") turns out to be a Banach space. Also, by definition, for each
f € E(Q;RY) the limit
/ tA/ .
7(x,A) := lim M, (x,A) € QxRY,

X —x t

A'—A

t—yoo
exists and defines a positively 1-homogeneous function called the strong recession
function of f. Even if one drops the dependence on x, the recession function h*
might not exist for 2 € C(R"). Instead, one can always define the upper and lower
recession functions

/ ZA/
f*(x,A) := limsup (A ),
X —x t

A=A
t—o0

/ t Al
fu(x,A) :=liminf M,
X —=x t
A=A
t—ro0
which again can be seen to be positively 1-homogeneous. If f is x-uniformly Lips-
chitz continuous in the A-variable and there exists a modulus of continuity @: [0,c0) —

[0,00) (increasing, continuous, and @(0) = 0) such that
f(x,A) = frA) S o(k—y)(A+A]),  xyeQAeRY,
then the definitions of £, f¥, and fy simplify to

()= fim T
)= timsup L)
f#(x,A) = liminf f(x;tA)

A natural action of E(Q;R") on the space . (Q; RY ) is given by

o fof (gt o [ (o a0 ) e

In particular, for f(x,A) = \/1+ |A]2 € E(Q;R"), for which f~(A) = |A|, we define
the area functional

— d[J 2 K .N
_/Qﬂ/1+j—dZN Aot |f|(Q),  pe#(@RY). (2

In addition to the well-known weak* convergence of measures, we say that a se-
quence (U;) converges area-strictly to ( in .4 (Q;RY) if

WS pin Z(QRY) and (p)(Q) - () (Q).
This notion of convergence turns out to be stronger than the conventional strict con-
vergence of measures, which means that

W ing(@RY)  and [wl(Q) - [1l(Q).

Indeed, the area-strict convergence, as opposed to the usual strict convergence, pro-
hibits oscillations of the absolutely continuous part. The meaning of area-strict con-
vergence becomes clear when considering the following version of Reshetnyak’s con-
tinuity theorem, which entails that the topology generated by area-strict convergence
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is the coarsest topology under which the natural action of E(Q; R") on . (Q;RY) is
continuous.

Theorem 2.1 (Theorem 5 in [KR10b]). For every integrand f € E(Q;RY), the

functional
we [ (v g ace [ (5 250 ) el

is area-strictly continuous on 4 (Q;RY).

Remark 2.2. Notice that if u € .# (R%;R"), then ye — u area-strictly, where i is
the mollification of y with a family of standard convolution kernels, e := U * pe and
pe(x) := e 4p(x/€) for p € CT(B)) a positive and even function satisfying [ p dx =
1.

Generalized Young measures form a set of dual objects to the integrands in E(Q; R"Y).
We recall briefly some aspects of this theory, which was introduced by DiPerna and
Majda in [DM87] and later extended in [AB97, KR10a].

Definition 2.3 (generalized Young measure). A generalized Young measure, pa-
rameterized by an open set Q C R4, and with values in RY, is a triple v= (v, Ay, Vy),
where
() (Vi)xeq C A4 (RN) is a parameterized family of probability measures on
RN,
(ii) Ay € A, (Q) is a positive finite Radon measure on Q, and
(i) (V7°),cq C A (SV1) is a parametrized family of probability measures on
the unit sphere SN~1.
Additionally, we require that

(iv) the map x — Vv, is weakly* measurable with respect to £,
(V) the map x — Vv is weakly* measurable with respect to Ay, and
i) x> (|-, vs) € LI(Q).

The set of all such Young measures is denoted by Y (Q;RV).
Similarly we say that v € Yo (QRN) if v € Y(E;RN) for all open E € Q.

Here, weak* measurability means that the functions x — (f(x,.), vy) (respectively
x = (f=(x,+),vy)) are Lebesgue-measurable (respectively A,-measurable) for all
Carathéodory integrands f: Q x RN — R (measurable in their first argument and
continuous in their second argument).

For an integrand f € E(Q;R") and a Young measure v € Y(Q;R"), we define the
duality paring between f and v as follows:

(f,v): /<f ,Vx dx+/<f x,4), vy dAy (x)

In many cases it will be sufficient to work with functions f € E(Q;R") that
are Lipschitz continuous. The following density lemma can be found in [KR10a,
Lemma 3].

Lemma 2.4. There exists a countable set of functions { fn} = {@n ® hy € C(Q) X
C(RY) : m € N} C E(Q;RY) such that for two Young measures vi,v, € Y(Q; RN

)
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the implication

(fsv1) = (f,2) VmeN = Vi=V

holds. Moreover, all the h,, can be chosen to be Lipschitz continuous and all the @,
can be chosen to be non-negative.

Since Y(Q;R") is contained in the dual space of E(Q;R") via the duality pairing
(-,-), we say that a sequence of Young measures (v;) C Y(Q;RY) converges weakly*

to v € Y(Q;RY), in symbols \7 Aoy, if
(f.,vi) = (f,v)  forall f€ E(Q;R").

Fundamental for all Young measure theory is the following compactness result,
see [KR10a, Section 3.1] for a proof.

Lemma 2.5 (compactness). Let (v;) C Y(Q;RN) be a sequence of Young measures
satisfying
(i) the functions x + {|-|,v;) are uniformly bounded in L' (Q),

(i) sup; Ay, (Q) < oo
Then, there exists a subsequence (not relabeled) and v € Y(Q;RY) such that v; Sy
in Y(Q;RM).

The Radon—Nikodym decomposition (2.1) induces a natural embedding of .# (Q; R")
into Y(Q;R") via the identification u > &[u], where

(5[M]>x = 5(;127@(1()6)7 ké[u} = ‘.us|7 (5[.u]);o 1= 0w

s )

In this sense, we say that the sequence of measures (1) generates the Young measure
vif §[up] = vin Y(Q;RN); we write
Y
wj—v.
The barycenter of a Young measure v € Y(Q;RY) is defined as the measure
[V] = (id,v,) L Q+ (id, V') Ay € A (G RY).

Using the notation above it is clear that for (1;) C . (Q;R") it holds that p; — [v],
as measures on Q, if [1; V.

Remark 2.6. For a sequence (1;) C .4 (Q;R") that area-strictly converges to some
limit u € . (Q;RY), it is relatively easy to characterize the (unique) Young measure

it generates. Indeed, an immediate consequence of the Separation Lemma 2.4 and
Theorem 2.1 is that

pj — W area-strictly in © = Mj % 8[u] € Y(Q;RM).

Young measures generated by means of periodic homogenization can be easily
computed, see Lemma A.1 in [BM84].
Lemma 2.7 (oscillation measures). Let 1 < p < o« and let w € Lf;C(Rd ‘RN ) be a
Q-periodic function and let m € N. Define the (Q/m)-periodic functions wpy(x) =
w(mx). Then,

Wiy = (x) = /Q w(y) dy
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in Ll (RGRN).

In particular, the sequence (w,,) C LlOC (R4, RN) generates the homogeneous (lo-
cal) Young measure v = (5W,0, 2) € Yioe(R%RN) (since Ay is the zero measure, the
component vy can be occupied by any parameterized family of probability measures

in A" (SV71)), where
(h,8,) = / h(w(y))dy forall h € C(R?) with linear growth at infinity.
Qo

In some cases it will be necessary to determine the smallest linear space containing
the support of a Young measure. With this aim in mind, we state the following version
of Theorem 2.5 in [AB97]:

Lemma 2.8. Let (u;) be a sequence in L'(Q;RN) generating a Young measure
v € Y(RY) and let V be a subspace of RN such that uj(x) €V for £?-a.e. x € Q.
Then,

() supp Vv, CV for £%-ae xcQ,
(i) suppv C VNSV! for Ay-a.e. x € Q.

Finally, we have the following approximation lemma, see [AB97, Lemma 2.3] for
a proof.

Lemma2.9. Let f: QxRN — R be an upper semicontinuous integrand with linear
growth at infinity. Then, there exists a decreasing sequence (fy) C E(Q;RN) such
that

inf fm = hm fm =f, 1nf fm = lim f,, = f# (pointwise).

meN m—roo

Furthermore, the linear growth constants of the f,,,’s can be chosen to be bounded by
the linear growth constant of f.

By approximation, we thus get:

Corollary 2.10. Let f: Q x RY — R be an upper semicontinuous Borel integrand.
Then the functional

v»—>/ ), V) dx—i—/ x,+),Vy) dAy(x)

is sequentially weakly* upper semicontinuous on Y (Q;RY).
Similarly, if f: Q x RN — R is a lower semicontinuous Borel integrand, then the
functional

v»—>/ ), Vi dx~|—/ Ji(x,4),v¢7) dAy (x)

is sequentially weakly™* lower semicontinuous on Y(Q,RN ).

2.2. Tangent measures. In this section we recall the notion of tangent measures,
as introduced by Preiss [Pre87] (with the exception that we always include the zero
measure as a tangent measure).

Let u € .7 (Q;R") and consider the map T ") (x) := (x —xo)/r, which blows up
B, (xp), the open ball around xp € Q with radius r > 0, into the open unit ball B;. The
push-forward of p under T™®0") is given by the measure

T#(XOJ),LL(B) := w(xo+rB), BcCr! (Q—xp) aBorel set.
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We say that v is a tangent measure to |1 at a point xo € R¢ if there exist sequences
rm >0, ¢;; > 0 with r,,, | 0 such that

CmT;!#(XOJM)[-i = vV in '%IOC(Rd;RN)'

The set of all such tangent measures is denoted by Tan(u,xp) and the sequence

cmT#(x"’r’") U is called a blow-up sequence. Using the canonical zero extension that

maps the space . (Q;RY) into the space . (RY;R"Y) we may use most of the re-
sults contained in the general theory for tangent measures when dealing with tangent
measures defined on smaller domains.

Since we will frequently restrict tangent measures to the d-dimensional unit cube
Q:=(—1/2,1/2)¢, we set

Tang(u,x0) :={cLQ : ¢ € Tan(u,xo) }.

One can show (see Remark 14.4 in [Mat95]) that for any non-zero ¢ € Tan(U,xo)
it is always possible to choose the scaling constants ¢, > 0 in the blow-up sequence
to be

Cm = cl(xo+ rmU)_1
for any open and bounded set U C R? containing the origin and with the property
that o(U) > 0, for some positive constant ¢ = ¢(U) (this may involve passing to a
subsequence).
A special property of tangent measures is that at | |-almost every xo € R it holds
that

o = w*- lim cmT#(xO’r’”)/.L < |o|=w*-lim cmT#(xO’r’”
m—roo nM—roco

lul, @3
where the weak* limits are to be understood in the spaces .#Zjoc(RY;RY) and .2, (R?),
respectively. A proof of this fact can be found in Theorem 2.44 of [AFPO0O0]. In par-

ticular, this implies

d
Tan(u,xp) = d\ﬁ\(xO) -Tan(|u|,xo) for |u|-almost every xo € R,
If u,A € 4, (R?) are two Radon measures with the property that u < A, i.e.,

that u is absolutely continuous with respect to A, then (see Lemma 14.6 of [Mat95])
Tan(u,x0) = Tan(A,xp) for p-almost every xg € RY, 2.4)
and in particular if £ € L (R?,A;RN), i.e., f is is A-integrable,
Tan(fA,x0) = f(xo) - Tan(A,xp) for A-a.e. xp € RY.
On the other hand, at every xy € supp u such that

rlo p(Br(xo))
for some Borel set E C R?, it holds that

Tan(u,xo) = Tan(u L_E, xp).
A simple consequence of (2.4) is

dlu|

Nz P4 ae xpeRY.

Tan(|p|,x0) = Tan (fd,xo) for

This implies

Tan(u,xp) = {OC %(xo) L4 1 o e0,0) } for Z%-ae.xpcRY.  (2.5)
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We shall refer to such points as regular points of y. Furthermore, for every regular
point xq there exists a sequence r,, J. 0 and a positive constant ¢ such that

- T d :

erpd (T30 ) 5 <2 2 (x0) L4 in Mo (RERY).
d.z

2.3. Rigidity results. As discussed in the introduction, for a linear operator &7 :=

Yja|<kAad®, the wave cone

Ay = U kerA¥(&) c RV
I51=1
contains those amplitudes along which is possible to have “one-directional” oscilla-
tions or concentrations, or equivalently, it contains the amplitudes along which the
system loses its ellipticity.
The main result of [DR16b] asserts that the polar vector of the singular part of an
o/ -free measure [ necessarily has to lie in A:

Theorem 2.11. Let Q@ C R? be an open set and let u € .4 (Q;RN) be an o -free
Radon measure on Q with values in RY, i.e.,

AU =0 inthe sense of distributions.

Then,

d—'u(x)EAM for |u¥|-a.e. x € Q

d|ul
Remark 2.12. The proof of this result does not require <7 to satisfy Murat’s con-
stant rank condition (1.2). However, for the present work, this requirement cannot
be dispensed with in the following decomposition by Fonseca and Miiller [FM99,
Lemma 2.14], where it is needed for the Fourier projection arguments.

Lemma 2.13 (projection). Let </ be a homogeneous differential operator satisfy-
ing the constant rank property (1.2). Then, for every 1 < p < oo, there exists a linear
projection operator

2 :LP(Q:RY) — LP(Q:R")

and a positive constant c, > 0 such that

o (Pu) =0, /Q%dy:o, i~ Pullo) < ol ullyn g

Jor every u € LP(Q;RY) with [,u dy = 0.

Remark 2.14. Here, Wlf;e’;(Q) (1 < p < o) denotes the space of W*?(Q)-maps,
which can be Q-periodically extended to a W (R?)-map; the space W;e]?q(Q) with

loc

1/p+1/g = 1is its dual. Note that the dual norm is equivalent to

[l o

where, for & € Z4, ii(&) denotes the Fourier coefficients on the torus and .7 ~! is the
inverse Fourier transform. In the case [,u dx =0 (hence #(0) = 0) this norm is also

equivalent to the norm
i

1%

L1(Q)
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since the Fourier multipliers (1+ |&|?)~%/2 and |&|~* are comparable (by the Mihlin
multiplier theorem) for all & with |&] > 1.

Proof. The proof given in [FM99] technically applies only to first-order differential
operators. However, the result can be extended to operators of any degree, as long as
they are homogeneous. We shortly recall how this is done. By definition,

rank AF(E) =rank A(E) =r forall £ € S (2.6)

For each & € R? we write P(&) : RN — RY to denote the orthogonal projection onto
kerA(€), and by Q(&) we denote the left inverse of A(&).

It follows from the positive homogeneity of A that P: R¢\ {0} — RN @ RY is 0-
homogeneous. Moreover, idgy —P(€) = Q(AE)A(AE) = A*Q(AE)A(E) and hence
Q: R\ {0} — RN @ R" is homogeneous of degree —k. In light of (2.6), both maps
are smooth (see Proposition 2.7 in [FM99]).

Since the map & — P(&) is homogeneous of degree 0 and is infinitely differen-
tiable in S9!, by Proposition 2.13 in [FM99], the map defined on C,.(Q; RY) by

per
Pulw)i= Y, P(E)ag)eme,
cez\{0}

where {ii(&)},q are the Fourier coefficients of u € L?(Q;RY), extends to a (p, p)-
Fourier multiplier 2 on LP(Q;RN) for all 1 < p < oo
Since P(&) is a projection, so it is &7:

(PoPu= Y (BE)oB(E))i(&)e ™
Eezd\{0}
= Y P&a(&)emE = pu.
Eeza\{0}

Moreover,

o — o —

(o (2u))(8) = AE)(Zu) () = A(E)[P(E)a(S)] =0
for all & € Z4\ {0}. Since (2u)(0) = 0, we get

/gzudy:O, and o7/(Pu)=0.
Q

Finally, let u € Cpy, (Q;RY). We use that A and Q are k-homogeneous and (—k)-
homogeneous, respectively, to show that

= Q(5)A(5)a(8)

~0( ) igpa@i),

forall £ € Z%\ {0}. Therefore, the Mihlin multiplier theorem and Remark 2.14 imply
that

= Zullri) < epllullyy trg)

forallu € C;’er(Q;RN ) with jQ u dy = 0. The general case follows by approximation.
O
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Lemma 2.13 implies that every Q-periodic u € L (R?;R") with 1 < p < e and
mean value zero can be decomposed as the sum
u=v+w, v=Pu,
where
dv=0 and IwllLr o) ScpH%uHW;e;;‘p(Q).

A crucial issue in lower semicontinuity problems is the understanding of oscil-
lation and concentration effects in weakly (weakly*) convergent sequences. In our
setting, we are interested in sequences of asymptotically <7 -free measures generating
what we naturally term <7 -free Young measures. The study of general o7 -free Young
measures can be reduced to understanding oscillations in the class of periodic <7 -
free fields. This is expressed in the next lemma, which is a variant of Proposition 3.1
in [FLMO04] for higher-order operators (see also Lemma 2.20 in [BCMS13]).

Lemma 2.15. Let o7 be an homogeneous linear partial differential operator satis-
fving the constant rank property (1.2). Let (u;),(v;) C L'(Q;RN) be sequences such
that

uj—v; =0 in.#(Q;RY) and uj|+vj| > A in.#T(Q)
with A(dQ) = 0 and

A (uj—v;) =0 inWr I(QRY)  forsomel<qg<d/(d—1).
Assume that the sequence (u;) generates the Young measure v € Y(Q;RY). Then,
there exists another sequence (z;) C Cr (Q;RY) such that

Az;=0, /Zj:()a ;=0 in.#(Q:RY),
0

and (up to taking a subsequence of the v;’s) the sequence (v;+z;) also generates the
Young measure v, i.e.,

(vi+z)) v in Y(Q;RM).
Moreover, for every f : RN — R Lipschitz it holds that

liminf | f(u;) dx > liminf / fvj+z;) dx. 2.7)
Qo J7ree JQ

Jj—roo

Proof. Consider a family of cut-off functions y,, € C°(Q;[0,1]) with y,, = 1 in the
set {y € Q : dist(y,dQ) > 1/m} and define

Wi = (uj—vj)ym € LY (Q:RY).
Since y,, € CZ(Q), it also holds that
w 50 in.#Z(Q;RY) as j— oo, foreverym e N.
Furthermore,
AW} = o (Uj =) Y + | Y caﬁAaaa*ﬁ(uj —v;)oPy, (2.8)
al=k,

1<|B|<k

where cqg € N. The convergence u; —v; X+ 0 and the compact embedding .2 (Q; RY) <
W~14(Q;RV) entail, via (2.8), the strong convergence

AW =0 in W (QR")  as j—>eo. (2.9)
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Let, for € > 0, pe(x) :== p(x/€) where p € CZ(B;) is an even mollifier. For every
m € N, let (&(j,m)); be a sequence with €(j,m) | 0 as j — o such that for W} :=
W' Pe(jm) 1t holds that

. 1
Wi =il < =

Fix ¢ € Wh4(Q; R")NC,(Q;R") and fix m € N. Then, for j € N sufficiently large,
it holds that

(W], @) = [( AW} 05 Pe(jm)]
< H'Q{WTHW*"»‘I(Q) [ * Pe(jm) Hwk-q(Q)
< [[Z W] lw-ra(0) @l wra (o)

The case when ¢ belongs to Wg’q( Q;RR") follows by approximation. Hence, from (2.9)
we obtain that

|-/ W || w-ra(g) =0 asj—>eo, foreverymeN. (2.10)

The second step consists of applying the projection of Lemma 2.13 to the molli-

fied functions w}'. Define W' := W' — fQ W' dx (by a slight abuse of notation, we

also denote by W' its Q-periodic extens1on to R?) and 27 = e@fv’" Note that since
e C=(Q) the same holds for 2} since the projection operators commutes with the
Fourler multiplier ||* for all s € R It follows from Lemma 2.13 that

lim 97 &) < i 17~ oo+ lim | [ 70y
<c,-li ad |- i n
=0, (2.11)

where in the first inequality we have exploited Jensen’s inequality, and for the last
inequality we have used the equality of the norms

H“”W;C’;P(Q) = [lullw-«r(g),
which holds for functions u € Cp(Q) withu =0 on dQ and all 1 < p < oo, together

with (2.10).
Let now g : RY — R be Lipschitz and let ¢ € C(Q) with ¢ > 0. Then,

/(Pg ”] dy = /(Pg Vj"“"}) dy

> | 0809 +v) dy oo Lip(e)- | 1=yl 1) dy
]l Lip(e) - W} — #7130

> [ 0s+v) v loll-Livt)- ([ 1= vl ) o

H Wi =W i) + 9] =2} [l g ) (2.12)
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Similarly,
/Q ¢g(uj) dy < /Q @ 8(2+v;) dy+[|¢]l - Lip(g) - ( /Q 11— W] ([ + [v5]) dy

+||W7—W7HLI<Q>+HWT—Z?\L1<Q)> (2.13)

Let {¢, ® gx})_, be the family of integrands appearing in Lemma 2.4 and let v be
the Young measure generated by (). We have that

tim [ gugntiy) = (@ngm V) forallh=12,..
j—=eJo
and thus using (2.12) and (2.13) above we infer that

limsup limsup [ @ gn(} +v;) dy < lgn/ Ongn(uj) dy
Q J7eJQ

m—»oo Jj—roo

< liminf liminf/ Ongn(Z} +v;) dy.
Qo

m—oo  j—oo

for all 2 € N where we have also exploited that A(dQ) = 0. By a diagonalization
argument on ' we may find a sequence (zj) C Co (Q;RN) Nker o/ such that

per
/szdy:O forall j € N, ZJ-LO in.Z(Q;RV),
and, forall s € N,
im [ () dy = lim [ ez +vs) (2.14)

Since (zj+ v;) is uniformly bounded in L'(Q;R"), by Lemma 2.5 we may find a
subsequence (z;(;) + Vi) Yve Y (Q;RY). In particular,

(on2gn V) =(Pon@gnv),
for all /& and thus Vv = v by Lemma 2.4. Inequality (2.7) now follows by taking the
limit inferior in (2.12) with g = f and @ = 1. 0

2.4. Scaling properties of .o/ -free measures. If <7 is a homogeneous operator, then
AT u] =0 on (xo—Q)/r,

for all .o/ -free measures p € . (Q;RY). In general, the re-scaled measure T#(xo’r) u
is a (T! o/ )-free measure in (xo — Q)/r, where T/ o/ is the operator defined by

k
T o =Y *
h=0
with k the degree of the operator ./ and
a":=Y Agd% forh=0,... k.

|at|=h

Notice that, with this convention, (7<) = o7*.
In the sequel it will be often convenient to work with weak* convergent sequences
whose elements are (7, <7 )-free measures. The following two results will be useful.
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Proposition 2.16. Let r,, | 0 be a sequence of positive numbers and let (ly,) be a
sequence of o/ -free measures in M (Q;RN) with the following property: there are
positive constants c,, such that

Yo = e Tty Sy in Mo (REGRY). (2.15)
Then,
,ka(cmT;xo’r'”)um) —0 in Wgﬁ’q(Rd;R”) foralll <g<d/(d—1).
Proof. Fix r > 0. Then,

k
AT ) = = Y (AT ). (2.16)
h=0

Since

r]‘_hcmT,;xo’r’")/,Lm 20 in Mo (RERY),  forevery h=0,... . k—1,

m

the compact embedding .o (R?;RY) <5 ng’q(Rd;RN ) entails the strong conver-
gence

A, T, — 0 in W M(REGRY) forevery h=0,....k— 1.

loc
Hence,
M e Ty ) = 0 in Wi S (RYRY) 2.17)
for every h =0,...,k— 1. The assertion then follows from (2.16) and (2.17). ]

2.5. Fourier coefficients of .o7*-free sequences. We shall denote the subspace gen-
erated by the wave cone A by

Ve i=spanA, C RN,

Using Fourier series it is relatively easy to understand the rigidity of .o7*-free
periodic fields. To fix ideas, let u be a Q-periodic field in L? (R%RY) Mker.o/*
with mean value zero (or equivalently #(0) = 0). Applying the Fourier transform to

/*u =0, we find that
0=7 (o u) (&) = AKE)a(E)  forall & € 29

Hence, () € kerc A¥(€) for every & € Z4 (here, A¥(&) is understood as a complex-
valued tensor). In particular,

{4(&) : E€Z?} CCAy.
Since u is a real vector-valued function, it immediately follows that
ueLi (R:V,). (2.18)

Using a density argument one can show that, up to a constant term, also Q-periodic
functions in L} (Q;RY)Nker.«/* take values only in V,,. The relevance of this ob-

loc
servation will be used later in conjunction with Lemma 2.15 in Lemma 3.2.
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2.6. of-quasiconvexity. We state some well-known and some more recent results
regarding the properties of <7-quasiconvex integrands. This notion was first intro-
duced by Morrey [Mor66] in the case of curl-free vector fields, where it is known as
quasiconvexity, and later extended by Dacorogna [Dac82] and Fonseca—Miiller [FM99]
to general linear PDE-constraints.

A Borel function #: RY — R is called .o -quasiconvex if

W) < | awiy) ay
for all A € RY and all Q-periodic w € C(R4; R") such that
dw=0 and / wdx =0.
Q

For functions % that are not .2/ -quasiconvex one may define the largest .<7-quasiconvex
function below h.

Definition 2.17 (.7 -quasiconvex envelope). Given a Borel function h: RY — R we
define the <7 -quasiconvex envelope of hat A € RN as

(Qh)(A) ::inf{/Qh(A+w(y))dy : we Cr(Q:RY) Nker o, /dey:O}.

Foramap f: QxRN — R we write Qs f(x,A) for (Q. f(x,+))(A) by a slight abuse
of notation.

We recall from [FM99] that the .o/ -quasiconvex envelope of an upper semicon-
tinuous function is 7-quasiconvex and that it is actually the largest </-quasiconvex
function below #.

Lemma 2.18. [fh: RN — [0,0) is upper semicontinuous, then Q ./h is upper semi-
continuous and </ -quasiconvex. Furthermore, Q/h is the largest <f -quasiconvex
function below h.

2.7. 9-convexity. Let & be a balanced cone of directions in RN ie., we assume
that tA € Z for all A € 2 and every t € R. A real-valued function 4: RY — R is said
to be Z-convex provided its restrictions to all line segments in RV with directions in
9 are convex. Here, & will always be the wave cone A, for the linear PDE operator

o .

Lemma 2.19. Let h: RN — [0,0) be an integrand with linear growth at infinity.
Further, suppose that h is <7 *-quasiconvex. Then, h is A /-convex.

Proof. Let £ € S ! and let Aj,A> € R? with P:= A| — A, € ker AF(€). We claim
that

h(0A; + (1 —0)A;) < Oh(A1) + (1 — 0)h(Az), forall 6 € (0,1).

Fix such a 0 and consider the one-dimensional 1-periodic function

2(s) = (1=8)1jggy(s) — 019 1)(s), s€I0,1),

which has zero mean value. Fix € € min{60/2, (1 —0)/2} so that the mollified func-
tion e := X * P has the following properties:

H{s:2e=1-0}>60-2¢, |[{s:xe=-0}>(1-6)—2e.
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Define the sequence of Q-periodic functions

us = P%g(y'g)
By construction, this is a Ci’;’er(Q; RN ) function, it has zero mean value in Q, and since
P € ker AX(£), it is easy to check that

dk
o *ue = (2mi)* d;ie (y-&) AX(E)P =0 in the sense of distributions.

Hence, by the definition of .<7*-quasiconvexity and our choice of €, we have
M(OAL+(1-0)42) < [ h(OAI+(1-6)A2+ue) dy
Q

< (0 —2€)h(A1)+ ((1—0)—2¢e)h(Ay)
+M(1+|A1|+|Az| + |P|)4e
Letting € | 0 in the previous inequality yields the claim. O

The following is an immediate consequence of Lemmas 2.18 and 2.19.

Corollary 2.20. If h: RN — [0,00) is upper semicontinuous, then (Q h)* is an
a7 *-quasiconvex and A ,/-convex function.

To continue our discussion we define the notion of convexity at a point. Let h :
RY — R be a Borel function. We recall that Jensen’s definition of convexity states
that 4 is convex if and only if

f</RNA dv(A)) < ]RNh(A) dv(A) (2.19)

for all probability measures v € . (RV).

A Borel function 4 : RN — R is said to be convex at a point Ay € RY if (2.19) holds
for for all probability measures v with barycenter Ay, that is, every v € .# ' (RV) with
fRN A dV == A().

Returning to the convexity properties of .o7*-quasiconvex functions, it was recently
shown by Kirchheim and Kristensen [KK 11, KK16] that .z7*-quasiconvex and posi-
tively 1-homogeneous integrands are actually convex at points of A, as long as

spanA, =RV, (2.20)

In fact, their result is valid in the more general framework of Z-convexity:

Theorem 2.21 (Theorem 1.1 of [KK16]). Let & be a balanced cone of directions
in RN and assume that 9 spans RY. If h: RN — R is Z-convex and positively 1-
homogeneous, then h is convex at each point of 9.

Condition (2.20) holds in several applications, for example in the space of gradi-
ents (&7 = curl) or the space of divergence-free fields (<7 = div). However, it does
not necessarily hold in our framework as it is evidenced by the operator

d
of = A()A = ZAOBﬁ,
i=1
where Ag € R" @ RN with kerAg # R".
Nevertheless, for our purposes it will be sufficient to use the convexity of f*|y_ (x,+)
in A/, which is a direct consequence of Theorem 2.21.
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Remark 2.22 (automatic convexity). Summing up, in the following we will often
make use of the implications from Lemma 2.18, Corollary 2.20 and Theorem 2.21:
If £: Q x RY — R is an integrand with linear growth at infinity, then

f(x,-) is A/-convex in RY and
f(x,.) is &/*-quasiconvex —> ,
f*|v., (x,+) is convex at points in A

Qi f(x,-) is A-convex in RY and
f upper semicontinuous —
(Qf)*|v., (x,+) is convex at points in A

2.8. Localization principles for Young measures. We state two general localiza-
tion principles for Young measures, one at regular points and another one at singular
points. These are <7 -free versions of the localization principles developed for gradi-
ent Young measures and BD-Young measures in [Rin11, Rin12].

Definition 2.23 (<7 -free Young measure). We say that a Young measure v € Y(Q;R")
is an of -free Young measure in Q, in symbols v € Y ,,(Q;RY), if and only if there
exists a sequence (U;) C A (Q;RN) with o/u; — 0 in W4 for some 1 < q <

d/(d—1), and such that u; Y vin Y(Q;RV).

Proposition 2.24. Let v € Y, (Q;R") be an o7 -free Young measure. Then for -
a.e. xo € Q there exists a regular tangent </ *-free Young measure 6 € Y ;i (Q;RV)
to v at x, that is,  is generated by a sequence of asymptotically o7*-free measures
and

[o] € Tang([V],x0), Oy = Vy, a.e.,
dA,

ho =T (0) 2! € Tang(Ay.x0), 07 = Vi Ao-ae.

y
Moreover, there exists a sequence (w;) C C;’er(Q;]RN) Nker <% such that wj.i”d Yo
in Y(Q;RM).

Proposition 2.25. Let v € Y,/ (Q;RY) be an o/ -free Young measure. Then there
exists a set S C Q with A3 (Q\ S) = 0 such that for all xy € S there exists a non-zero
singular tangent </*-free Young measure ¢ € Y i (Q;RN) to v at xo, that is, © is
generated by a sequence of asymptotically o7*-free measures and

[o] € Tang([V],x0), oy, =& a.e.,
Ao € Tang(Ay,x0), A6(Q)=1, A:(d0)=0, oF =vy As-ae.
The proofs for the first part of the statements above are by now standard (see,
for instance, [Rin12]). The existence of an .&7*-free generating sequence in Propo-

sition 2.24 is obtained by Lemma 2.15. For the sake of readability, the proofs are
postponed to the appendix.

3. JENSEN’S INEQUALITIES

In this section we establish generalized Jensen inequalities, which can be under-
stood as a local manifestation of lower semicontinuity. The proof of Theorem 1.2,
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under Assumption (i), which reads

7(x,A) = lim f(x;tA)

o0

exists forall (x,A) € Q xRV,

will easily follow from Propositions 3.1 and 3.3.
On the other hand, to prove the Theorem 1.2 under the weaker Assumption (ii),

f(x,2A)
t

£=(x,A) = lim

t—ro0

exists for all (x,A) € Q x spanA,

requires to perform a direct blow-up argument for what concerns the regular part of
u and only Proposition 3.3 is used in the proof.

3.1. Jensen’s inequality at regular points. We first consider regular points.

Proposition 3.1. Let v € Y., (Q;RY) be an </ -free Young measure. Then, for -
almost every xo € Q it holds that

: ey dA oy dA
h <<1d,vxo> + (id, on>d$vd(x0)> < (h,vyy)+ <h#»va>r-gvd(xO)’

for all upper semicontinuous and </ *-quasiconvex h: RN — [0, 00) with linear growth
at infinity.

Proof. We make use of Lemma 2.9 to get a collection {h,,} C E(Q;R") such that
hy L b, B | h* pointwise in © and © respectively, all 4, are Lipschitz continuous
and have uniformly bounded linear growth constants. Fix xg € Q such that there
exists a regular tangent measure 6 € Y «(Q;RY) of v at x¢ as in Proposition 2.24,
which is possible for .#?-a.e. xo € Q. The localization principle for regular points
tells us that [6] = A0.Z¢ with

Ag = (id, v, ) + <id,v;°>i/;2(xo) €R",

0
and that we may find a sequence z; € C;er(Q;RN) Nker.e/* with Jozj dy =0 and
satisfying
(Ao+2) 2" B 6 inY(Q:RY). 3.1)

Fix m € N. We use the fact that fQ z;dy =0, (A.8) and the &/ k_quasiconvexity of
h, to get for every m € N that

o ey dA 1
<hm,on> + <hm7vx0 @(XO) = @<1Q®hm76>>

= lim + hy(Ao+z;(y)) dy
J7JQ
> limsup  h(Ag+2z;(y)) dy
j—oo JO
> h(Ap).

The result follows by letting m — oo in the previous inequality and using the mono-
tone convergence theorem. 0
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3.2. Jensen’s inequality at singular points. The strategy for singular points ditfers
from the regular case as one cannot simply use the definition of .27*-quasiconvexity.
The latter difficulty arises because tangent measures at a singular point may not be
multiples of the d-dimensional Lebesgue measure.

In order to circumvent this obstacle, we will first show that, for o7-free Young
measures, the support of the singular part v at singular points is contained in the
subspace V,, of RY (see Lemma 3.2 below). Based on this, we invoke Theorem 2.21,
which states that an .7*-quasiconvex and positively 1-homogeneous function is ac-
tually convex at points in A, when restricted to V.. Then, the Jensen inequality for
o/ -free Young measures at singular points follows.

Lemma 3.2. Let 6 €Y i (Q;RN) be an o7*-free Young measure with A;(9Q) = 0.
Assume also that

o] € A (Q;Ver).
Then,
suppoy” C Vy NSV for Ag-a.e. y € Q.

Proof. By definition, we may find a sequence (i;) C .#(Q;RY) with &/ u; — 0
in W4(Q) for some g € (1,d/(d — 1)), and such that (u;) generates the Young
measure . Notice that, since /¥ is a homogeneous operator and Q is a strictly
star-shaped domain, we may re-scale and mollify each u; into some u; € L2(Q;RN)
with the following property: the sequence (u;) also generates ¢ and «/u; — 0 in
Wk4(Q). In particular,

up L > o] in.#(Q;RY).

On the other hand, «7*([6]) = 0 and for every 0 < r < 1 the measure T#(O’r) [o] is still

an o7*-free measure on Q. Thus, letting 1 1 and mollifying the measure T#(O’r) (o]
on a sufficiently small scale (with respect to 1 —r) we might find a sequence (v;) C
L2(Q;RY) Nker.o7* such that

v, o] in . (Q;RY).
Hence,
W L —v; 250 in A(QRY), | LY+ v, L 2 Ain .27 (Q)

and A(dQ) = 0. Here, we have used that A5(dQ) = 0.
We are now in position to apply Lemma 2.15 to the sequences (u;), (v;). There
exists (possibly passing to a subsequence in the v;’s) a sequence z; € Cg’er(Q;]RN )N

ker.o7* with z L 4 %\ () and such that
viZ 5.2 S 6 inH(Q:RY).

Recall from observation (2.18) that v;,z; € LZ(Q;V@/) for every j € N. Therefore,
(vj+z;) €L*(Q;Vy) forall j€N.

We conclude with an application of Lemma 2.8 (ii) to the sequence (v; +z;), which
yields

suppo,” C Vy N A for As-a.e.y € Q.
This finishes the proof. O
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Proposition 3.3. Let v € Y/ (Q;R") be an o/ -free Young measure. Then for A3-
almost every xo € Q it holds that

g((idv)) < (g, viy)

for all A /-convex and positively 1-homogeneous functions g : RY — R.

Proof. Step 1: Characterization of the support of </ -free Young measures. Let S be
the set given by Proposition 2.25, which has full A;j-measure. Further, also the set
S={xeQ: (idv)eAy} CQ
has full Aj-measure: Observe first that
[V]* = (id, vy") Ay (dx).

Since [Vv] is <7 -free, we thus infer from Theorem 2.11 that (id, v;{°) € A, for |[v]*|-
a.e. x € Q. On the other hand, (id, v;") =0 € Ay for A;-a.e. x € Q, where A is the
singular part of A with respect to |[v]*|. This shows that S’ has full A;-measure.

Fix xg € SN’ (which remains of full AJ-measure in Q). Let 6 € Y .« (Q;RV) be
the non-zero singular tangent Young measure to v at xo given by Proposition 2.25
which according to the same proposition satisfies that A;(Q) = 1 and A(dQ) = 0.
On the one hand, since xy € S, it holds that

_ d o e
o,=0) Z-ae. and oy = Vg As-a.e.

On the other hand, we use the fact that xy € ' to get
(idviyeAy and  [0]=(id,vy)As € A (Q;V.y). (3.2)
Note that, by (3.2), all the hypotheses of Lemma 3.2 are satisfied for ¢. Thus,

» Yxo

supp Vyo = supp oy’ C Vy for As-a.e.y € Q.

This equality and the fact that A5(Q) > 0 (recall that o is a non-zero singular mea-
sure) yield
supp Vy, C Vo for A;-a.e. xo € Q. (3.3)

Step 2: Convexity of g on Ag. The Kirchheim—Kristensen Theorem 2.21 states
that the restriction gly,,: Vo C RY — R is a convex function at points Ag € Ay.
In other words, for every probability measure v € .#'(RV) with (id,v) € A, and
supp Vv C V., the Jensen inequality

o [aovm) < [ oo

holds. Hence, because of (3.2) and (3.3), it follows that

g((id,v)) < (8,vip)-

This proves the assertion. O

The following simple corollary will be important in the proof of Theorem 1.7.

Corollary 3.4. Let h: RY — R be an upper semicontinuous integrand with linear
growth at infinity and let v € Y ,7(Q;RY) be an o/ -free Young measure. Then, for
Z?-almost every xo € Q it holds that

Qih (<id’VXO>+<ld on (i;d( )) <h vx°>+<h# x0>ci?/ﬂd( 0):




LOWER SEMICONTINUITY AND RELAXATION OF INTEGRAL FUNCTIONALS 25

Moreover, for A3-a.e. xy € Q it holds that
(Qh)*((id,vip)) < (K", vy

Proof. The proof follows by combining Propositions 3.1 and 3.3, Lemma 2.18, Corol-
lary 2.20 and the trivial inequalities Q xh < h, (Q h)* < h¥.
t

4. PROOF OF THEOREMS 1.2 AND 1.6

Proof of Theorem 1.2. We will prove Theorem 1.2 in full generality, which means
that we consider asymptotically .7-free sequences in the W% 4-norm for some ¢ €
(1,d/(d—1)); see Remark 1.4.

Proof under Assumption (i). Let |1 be a sequence in .# (Q;RV) weakly* converg-
ing to a limit u and assume furthermore that <7 u; — 0 in Wk4(Q;RN) for some
g€ (1,d/(d—1)). Up to passing to a subsequence, we might also assume that

liminf 7 [;] = lim 7 [u]

and that u; Y v for some .o -free Young measure v € Y, (€;RY). Using the conti-
nuity of f and representation of Corollary 2.10 we get

Tl = (f,8[w]) = (f,v) asj— oo

The positivity of f further lets us discard possible concentration of mass on dQ,

}1_{‘30 )] = /(f Vs dx+/<f x,+), vy ) dAy (x)
> [ () + (G j§d<>)dx @)

+/Q<f°°(x,.),v;°> dAS (x)

By assumption, f(x,.) € C(R") has linear growth at infinity. Hence we might
apply Proposition 3.1 to get

f<x,<id,vx>+<1dv ;;d( )) < (f ), ve) + (fx, j§d<>

for #?-a.e. x € Q (recall that under the present assumptions f= = f*). Likewise, we
apply Proposition 3.3 to the functions f(x,.)* to obtain

x4 ((id,v2)) < (f(x, )=, vE)

at Aj-a.e. x € Q. Plugging these two Jensen-type inequalities into (4.1) yields
}E?oﬂ[uj] Z/Qf( (id, vy) + (id, Voo>d$d )> dx
£ Gidaw v0)) 23

Finally, since u; X v, it must hold that

4.2)

da du
(id, vy) + (id, v >d,,2”Vd( x) = Nz (x) for Z%ae. xeQ, and
s id oo
(idgw, VO)Ay =p* = diu(x) = M for A,-a.e. x € Q.

d|ps| |(idg, V)|
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We can use this representation and the fact that f*(x, ) is positively 1-homogeneous
in the right hand side of (4.2) to conclude

gz (e )
o, f( i
:/f< izl )
+/f< ) el

This proves the claim under Assumptlon ).
Proof under Assumption (ii). For a measure u € .# (Q;R"), consider the func-

tional
Ftli= [ () act [ (x ) abelo,

defined for any Borel subset B C Q.

Let 11 be a sequence in .Z (L; RV) that weakly* converges to a limit & and assume
furthermore that 7 u; — 0 in W=54(Q;R") for some g € (1,d/(d — 1)). Define
Aj € M (Q) via

1;(B) := F*[u;; B] for every Borel B C Q.

>> 8(|(idg, v 22) (0

We may find a (not relabeled) subsequence and positive measures A,A € .Z, (Q)
such that

AAL B A it (Q).
We claim that

dA d

@(XO) > f(xo, (L;d(xo)> for Z%-a.e. xy € Q, 4.3)
da du’

d|us,’(x0) > f* (xo, d\ﬁﬂ(x())> for |u’|-a.e. xg € Q. 4.4)

Notice that, if (4.3) and (4.4) hold, then the assertion of the theorem immediately
follows. Indeed, by the Radon—Nikodym theorem,

lgd

42 it

Hence, we obtain

liminf 7*[u;] = llmmfl i(Q)
Jreo
>l( )

/gdgd +/d]u\ W
= s (vt o 7 (s o) aw

= ﬂ‘#[‘u], 4.5)
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With (4.3), (4.4), which are proved below, the result under Assumption (ii) follows.

This completes the proof of the theorem. U
We now prove (4.3) and (4.4). Let us first show the following auxiliary fact.

Lemmad4.1. Letxy € Qand R > 0 be such that Qg(xo) C Q. Then, for every h € N,

there exists a sequence (u'}) C L2(R?;RY) such that

u? — u; area-strictly in .4 (Or(xo); RY) and “6)
HJka ?—ﬂk‘uJ'wak.q(QR(xO)) — 0. as h—oo ‘

Proof. Let {pg}e>0 be a family of standard smooth mollifiers. The sequence defined
by

j == (1L Q3r/2(x0)) * P/ € C7(Qar(x0): RY)

satisfies all the conclusion properties as a consequence of the properties of mollifica-
tion and Remark 2.2 U

Proof of (4.3). We employ the classical blow-up method to organize the proof. We
know from Lebesgue’s differentiation theorem and (2.5) that the following properties
hold for .#¥-almost every xg in

da o A(Qr(x0)) @ (Qr(x0))

aga® ST < IR <
. du du B
li}fg rd Q,-(JC()) dgd (y) - dgd (X()) dy - 07
1 dA dA
li}fgﬁ 0, (x0) dzd (y) - dgd (X()) dy - 07

and
d
Tan(u,xo):{(x-do;d(xo)fd : (XER*U{O}}. 4.7)

Let xg € Q be a point where the properties above are satisfied. Since €2 is an open
set, there exists a positive number R such that Qsg(,,) C Q. From Lemma 4.1, we
infer that for almost every r € (0, R), it holds that

w¥-lim w*-lim [u’,’ (xo+ry) .i”)d] = w¥*-lim w*-lim ridT#(xo’r) [u?.i”d]
Jj—roo h—soo ’ J—roo h—poo

ook 13 —d 4~ (x0,7) .
=whlim r T, u;
J=reo

= A0y, (4.8)

where the weak* convergence is to be understood in .7 (Q;R"). Thus, choosing a
sequence r | 0 with A;(dQ,(xp)) = 0 and A(dQ,(x0)) = O (by the finiteness of these
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measures), we get that

dA . . 2f(Qr(xO))
dga (¥0) = lim lim =725

TH[(y .-
r—0 j—oo r

y# uhgda r X
> limsup lim sup lim sup [ J 0r(x0)]

d
r—0 J—roo h—yc0 r

= limsuplimsuplimsup [ f (xo +ry, u? (xo+ ry)) dy, (4.9)
o

r—0 J—roo h—oo

where we used Corollary 2.10 and Remark 2.6 for the “>" estimate.
Moreover, by the Lebesgue differentiation theorem (see (4.7)),

—d o (X0,7) * du
T N
S T2

(xo0) 2. (4.10)

By (4.8), (4.9), (4.10) and a suitable diagonalization procedure (recall that all mea-

sures involved have locally uniformly bounded variation), we can find sequences
Fm 4 0, jim — 0, hy — o0 (as m — o) such that for

P

o  —d (X()srm) d
up =u" and Yy =1, T, [ L)

it holds that

«  du d,

dA ) dyn
) @(XO) > ’rllgllo/gf(xo-i-i’my,wl(y)) dy.

By Proposition 2.16 and the first property,

d .
—d;d(xo)zdéo in.#(0;RY), and

Tk (ym - il;d(xo)gd> —0 in Wk4(Q;RN).

Y

We are now in a position to apply Lemma 2.15 to the sequence ¥, and the Lipschitz
function f(xo, ), whence there exists a sequence (z,) C Cpe,(Q;RY) such that

A 7 =0, /zm:o, m—0 in.Z(Q;RY),
0

and

. d¥m . du
mint | (a2 ) a2 imin | (v 26 00200 ) 0
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Hence, using the second property above and our assumption (1.4) on the integrand,
we have

dA . dYm
st = fim [ (x0n S20)) 0

. Ym
= tim 1 (o a0 o
. du
=t [ 10 gt 2001 )

du
2f<xo,d$d (xo)>- 4.11)
This proves (4.3). g

Remark 4.2. If the assumption that f(x,.) is .<7*-quasiconvex is dropped, one can

still show that
dA

d
4.4 (x0) > Qo f (Xo, (L;d(xo))

Indeed, the .o7*-quasiconvexity of f(x,-) has only been used in the last inequality
of (4.11) where one can first use the inequality f(x,+) > Q x f(x,-) to get

d
/ f<x0, d,,;d (x0) + 2 ( )> > /Qprkf<X0, J%(XO) +Zr(Y)> -
which follows by the very definition of Q .« f(x, ).

Proof of (4.4). Passing to a subsequence if necessary, we may assume that

Ui Y v forsomev e Y./ (Q;RY).

For each j € N set v; := §[u;] € Y(;R"), the elementary Young measure corre-
sponding to u;, so that v; Zvin Y (Q;RY). Define the functional

Fylo:B] = /B<f(x,-),6x>dx+/§<f#(x,-),0';°>dlv(x), o€ Y(Q:RY),

where B C Q is an open set. Observe that, as a functional defined on Y(Q;RY), .7
is sequentially weakly* lower semicontinuous (see Corollary 2.10). We use Assump-
tion (ii), which is equivalent to

FHx) = fulx,)  on Ve,
and the fact, proved in (3.3), that
suppVy C Vo for Aj-ae. x € Q,
to get (recall f > 0)
liminf 7" [u;; B] > lijrgglfﬁ#[vj;B]

J=reo
> F4|v;B|
dAy
> [ (4t o) S0 ) a
+ [ a2 ah

> /B<f#(x,.),v;°> dAs (x). 4.12)
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Recall that, for every x € Q, the function f(x,.) is </*-quasiconvex and hence the
function f*(x,.) is A -convex and positively 1-homogeneous. An application of the
Jensen-type inequality from Proposition 3.3 to the last line yields

liminf.#*[u;; B /f# (id, vy)) dAy(x).

Jjreo

Thus, also taking into account |u*| = |(id, v:°)| A3 and f#(x, (id, v2°)) = f*(x,0) = 0
for A;-a.e. x € Q, where A, is the singular part of A, with respect to |u*|, we get

@)= [ (gt o) el

for all open sets B C Q with A;(dB) = 0. Therefore, by the Besicovitch differentia-
tion theorem and using the continuity of f (see (1.4)) in its first argument we get

dA du’ ,
T > $ -d. . .
d] (x0) > f#<x0, ar] (xo)> for |u*|-a.e. xp € Q
This proves (4.4). g

Remark 4.3 (recession functions). The only part of the proof where we use the
existence of f(x,A), forx € Q and A € V,,, is in showing that

A2 [ ({0 + (o v0) o))

[ (")) a2

The need of such an estimate comes from the fact that, in general, it is unknown
whether fi is a A /-convex function.

Remark 4.4. If we drop the assumption that f(x,.) is .27*-quasiconvex for every
x € Q, we can still show that

[0 (5] st [ (@unn)” (xghi ) ) lael (o) < timine 71

for every sequence p; — w in . (Q;RV) such that <7 u; — 0 in W59(Q). The proof
of this fact follows directly from Remark 4.2, the last line of (4.12) together with the
continuity of f in its first argument (for the Besicovitch differentiation arguments),
and Corollary 3.4. Observe that one does not require the existence of (Q . f)* in
Q x spanAy .

Proof of Theorem 1.6. Note that in the proof of (4.3) we did not use that f exists
in Q x spanA .. By the very same argument as in (4.5), is easy to check that Theo-

rem 1.6 is an immediate consequence of (4.3).
O

5. PROOF OF THEOREMS 1.7 AND 1.8

We use standard machinery to show the relaxation theorems. Recall that, for The-
orems 1.7 and 1.8, we assume that &7 is a homogeneous partial differential operator.
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5.1. Proof of Theorem 1.7. Step 1. The lower bound. The lower bound G >4,
where
d du’ ,
)= [ 0t (x50 vt [ (@ (gl 0) ahlo,
is a direct consequence of Remark 4.4 and the fact that < is a homogeneous partial
differential operator (o = .o7%).

We divide the proof of the upper bound in Theorem 1.7 into several steps. First,
we prove that any 7 -free measure may be area-strictly approximated by asymptot-
ically «7-free absolutely continuous measures. Next, we prove the upper bound on
absolutely continuous measures, from which the general upper bound follows by ap-
proximation.

Step 2. An area-strictly converging recovery sequence. Let u € .4 (Q;RV)N
ker.«Z. We will show that there exists a sequence (u;) C L'(Q;RY) for which

w2 i (RN, (. 2)(Q) - () (@),
and  u;—0 in W5(Q).
Let {@;}ieny C CZ(Q) be a locally finite partition of unity of Q. Set
W) = ey € A (RY),
and
Hiy = pee WG =1
where, as usual,
d[.L gd

W= o and  u'=p-—us
Note that, with a slight abuse of notation,
J
Y ufy—ue —0 asj— oo
i=1 LI(Q)
Furthermore, for fixed i,
(P2 iy = Pel @ < o (@) = [ gl 5D
and
u(“i) * Pe — ,ug.) inL'(Q) as € — 0.
Moreover,

A (W) * Pe) — A L) in Wk4(Q) ase—0.

Fix j € N. From (5.1) and the convergence above we might find a sequence &(j) |
0 such that the measures [; j := ;) * Pg,(j) and W', = u(“) * Pe,(j) verify

i

Hﬂfj—li(a,‘)HLl(Q) <

1. =t llw-ai@) < 5; i
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where d is the metric inducing the weak* convergence on a suitable subset of .2 (Q;RY)
(the existence of the metric d is a standard result for the duals of separable Banach
spaces). Define the integrable functions (identifying p;'; with its density)

wj= Y Mags = Y M
i=1 i=1

We get

Mg

<1
d(u; 2 ) <Y d(ui i 2 ) Z— -
1 =2

and in a similar way
H”? - .uaHLl(Q)

|-/ ujllw- ka(Q ) S =

&‘\»—n\p—

where we use that u is o7-free in the second inequality. Observe that (5.1) and the
fact that {@; };cn is a partition of unity imply

J e < X [ ol < i@, 52)
Therefore [|uj[|L1(q) is uniformly bounded and hence
w4 S in o (QRY), (5.3)
[ = 1| @) — O (5.4)
17 ujllw-a(q) = O (5.5)

as j — oo. Moreover, the weak* lower sem100nt1nu1ty of the total variation and (5.2)
imply the strict convergence

Ju; 21(Q) = |u|(Q). (5.6)

Thanks to (5.3) and (5.5), to conclude the proof of the claim it suffices to show
that

jll_rg(u/fdﬂ ) = (1) (Q). (5.7)
Exploiting (5.3), (5.4), (5.6), we get
/Q|uj—u?|dx—>|us|(§2) as j = oo, (5.8)

By the inequality \/1+ |z|2 < \/1+ |z —w[2 +|w| (for z,w € RV), we get
2@ < W52 (@) + [ |y~
Hence, again by (5.4) and (5.8)
limsup (u;.29)(Q) < (u)(Q). (5.9)

jroo

On the other hand, by the weak* convergence u j.i”d X 1 and the convexity of z —

V1+z)%,

liminf (1, 2)(@) > (1) (@)

Thus, together with (5.9), (5.7) follows, concluding the proof of the claim.
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Step 3.a. Upper bound on absolutely continuous fields. Let us now turn to the
derivation of the upper bound for 4[u] = ¥ [u.#?] where u € L' (Q;R") Nker.<Z. For
now let us assume additionally the following strengthening of (1.4):

F(5.A) = f(.4) S 0(lr—y)(1+ f(1A)  forallxyeQAERY.  (5.10)
It holds that Q .« f(x,-) is still uniformly Lipschitz in the second variable and

Qu f(x,A) < 0 f(y,A) + @(]x —y[)(1+A]) (5.11)

for every x,y € Q and A € R" with a new modulus of continuity (still denoted by m),
which incorporates another multiplicative constant in comparison to the original ®.
Indeed, fix x,y € Q, € >0, and A € RV, Let w € C;’er(Q;RN) Nker .« be a function
with zero mean in Q such that

/Q FOA+W(E) dz < Qu f(n.A) + &
By assumption, we get

| ra+w@)d< [ frnatw) d:
0 Q

roliyl) (14 [ fraswia) )

<Quf(»A)+e
+o(x—y)(1+0sf(v,A) +&).
Thus,
Quwf(x,A) < Quf(y,A)+e+o(x—y)(1+ Qs f(y,A) +€).
The linear growth at infinity of f, which is inherited by Q, f, gives
Quf(x,A) < Qu f(y,A) + 0(]x —y|) (1 +M(1+]A])) +e(1+ o(]x—y])).

We may now let € | 0 in the previous inequality to obtain

Quf(x,A) < Qu f(y,A) + @(|]x —y|) (M +1)(1+ |A]).
This proves (5.11) provided that (5.10) holds.
Fix m € N and consider a partition of R? of cubes of side length 1/m. Let {Q" }IL:(T)

be the maximal collection of those cubes (with centers {x?”}iL:('I’)) that are compactly
contained in Q. We have

Z,ﬁd )+ om(1),

where 0,,(1) — 0 as m — oo.
We may approximate u strongly in L! by functions 7 € L! (Q;RV) that are piece-

wise constant on the mesh {Q;"}IL:(T) (as m — o). More specifically, we may find
functions z" € L'(Q;RY) such that z" = 0 on Q\ |J; 0",
"=7"cRY onQr and [ —2"[|L1 () = om(1). (5.12)

Additionally, for every m € N, we may find functions w? € C3..(Q; RY) Nker &/ with

the properties

1
LA o) &y < 0uf )+ [wray=0. 6a3)
0 m 0

per
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Fix m € N and let ¢,, € C°(Q;[0, 1]) be a function such that

m ” 1
Y =gl i) < — (5.14)

m

We define the functions

L(m)
V= Y @ulmx—x) Wl (mx—x)  x€Q jEN.
i=1

By Lemma 2.7, the sequence (v ( "')j generates the Young measure
v = (v"0,.) € Y(QRY),

where for each x € Q, v is the probability measure defined by duality trough

% :—Zﬂgm ) W ulin(a—)) w7 )

on functions # € C(RY) with linear growth.
The central point of this construction is that wi' has zero mean value, that is,
Jow!" dy = 0, whereby it follows that

L(m
gl A Z/<pm(m(x—x;ﬂ))-w;ﬁ(y) dy =0 in.Z(QRY)  (5.15)
= Jo

as j — oo. Recall that by construction, &/w/" = 0 on Q, Hence, using that & is
homogeneous we get

A [W'(jm(-—x!"))] =0 in the sense of distributions on Q?".
Thus, for some coefficients ¢, g € N, using the short-hand notation ¥, (y) := @, (my)
yields

L(m)

vy = Y (/=)

i=1

Y capAad® B m(-— >>]aﬁ[wm<-—x¢>])
al=k,
1S|ﬁ\§k

L(m)
= ) (Z Caﬁaaﬁ[WT(jm(-—XT))]aﬁ[llfm(-—x?’)D
Saie

in the sense of distributions on Q. Applying Lemma 2.7 to the sequence (w?*(jm( —
x"))); on each cube Q" we get

L(m)
Y. Lo (jm(- - anm-][ (m(y— ") dy
i=1
L(m)
= ]lm-/w;"y dy
i; o |, )
0.
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Hence, (5.15) and the compact embedding L!(Q; RY) <% W—14(Q; RY) yield

L(m)
LY < Y capd®? [W?"(J'm(-—Xi”))]3ﬁ[vfm(-—X?1)]> =0
—k, N\ i=l

(<lpiss
strongly in W%4(Q;RV), as j — oo,

For later use we record:

Remark 5.1. By construction, for every m, j € N, the function v} is compactly
supported in Q. Up to re-scaling, we may thus assume without loss of generality that
Q C Q and subsequently make use of Lemma 2.15 on the j-indexed sequence (\7;”)
with m fixed, where \77’ is the zero extension of v’}’ to Q, to find another sequence

(Vir) C L!'(Q;RY) Nker.o/ generating the same Young measure V" (as j — o).

In the next calculation we use the Lipschitz continuity of Q. f(x,.) in the second
variable, equation (5.12) and the fact that the sequence (v;”) generates the Young
measure V" as j — oo, to get

lim & [u+V}] = lim ¢[2" +V}] + 0u(1)
Joe

je

i=1 /;71/f('x7zi q)m(m(x i ))’Wi ()7)) y —l—Om( )
(5.16)

By a change of variables we can estimate every double integral times m? = .#¢ om -1
on the last line on each cube of the mesh:

£ [yt ounte—s) ) ayas
:/Q/Qf(xzm‘i‘mlx,z?’—l-(pm(x)'w:”(y)) dy dx
S/Q/Qf(xiumlx,z?ww?%y)) dy dx+L{|1 = @ullL1 o)W/ |11 ()

< f [ rearenro) a e L= gl )
=1 I (5.17)

where here L is the x-uniform Lipschitz constant of f with respect to the second argu-
ment. Using the modulus of continuity of f from (5.10), (5.13) (twice), and Q. f < f,
we get

e f [ enron o) (14 [ e ono) )

<O fE 2N+ o(m ) (1+ F(X2M) +ou(1). (5.18)

Additionally, by (5.14)
L(m)
Y 24N = on(1). (5.19)

i=1
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Returning to (5.16), we can employ (5.11), (5.17), (5.18) and (5.19) to further esti-
mate

lim % [u+v7}]

Jim
{/ngﬂﬂxm ") it o(m) (/ 172 ) | +on)

1{/ Qu (2! dx+Ca)(m1)</ml+!z |dx>}—|—om(1)
L {/ QO f(x,2") dx+Cao(m™") (/ 1+ |z >}+om(1)

= /QQﬂff (5,2") dv+Ca(m ™) (|1 +1" i @y) +om(1)

L(m)
<

s I3

[N

:/QQﬂf(x,u(x))dx—i—Om(l)a

where C > 0 and 0,,(1) may change from line to line. Here, we have used the (in-
herited) Lipschitz continuity of Q. f(x,.) in the second variable and the fact that
|t —2"[|11 (@) = om(1) to pass to the last equality. Hence,

G[u] < inf lim & [u+v7] /Qdfxu x)) dx (5.20)

m>0 j—oo

Step 3.b. The upper bound. Fix p € .#(Q;RY)Nkere/. By Step 2 we may
find a sequence (u;) C L'(Q;RY) that area-strictly converges to i € .2 (Q;RY) with
uj— 0in W~—k4_ Hence, by (5.20), Remark 2.6 and Corollary 2.10,

Z[u] <liminf 9[u;]

Jjreo

<limsup Q. f(x,-), 8[u; 2]

Jj—reo

/(Qw’f( .),6 dx+/ (Qer ) (x,4), 8[u]7) dAspy (x)

_ /Q 0., f<x,d;d(x)> dr+ /Q (Q.ﬁ)*‘(x, dﬁﬁj(x)) d|p’|(x)
=% [u].

Step 4. General continuity condition. It remains to show the upper bound in the
case where we only have (1.4) instead of (5.10). As in the previous step, it suffices to
show the upper bound on absolutely continuous fields. We let, for fixed € > 0,

fE(x,A) = f(x,A) + €|A],

which is an integrand satisfying (5.10). Denote the corresponding functionals with
f€in place of f by ¥%,4E 4%, Then, by the argument in Steps 1-3,

ge —FF

We claim that
Q. if¢1Q.nf  pointwise in Q x RV, (5.21)
To see this first notice that € — Q. f%(x,A) is monotone decreasing for all x € Q,
AeR", and
QoS +el| SQonf® < f+ell,
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which is a simple consequence of Jensen’s classical inequality for |.|. It follows that
the limit

g(x,A) == inf Q i f¢(x,A) =limQ . f*(x,A)
e>0 el0
defines an upper semicontinuous function g : Q x RY — R with bounds

Onf<g</f
Furthermore, by the monotone convergence theorem, it is easy to check that g is
a/*-quasiconvex, whereby g = Q o+ f (see Corollary 2.18).
Let us now return to the proof of the upper bound on absolutely continuous fields.
By construction,
G <Ge =g¢, (5.22)
The monotone convergence theorem and (5.21) yield
Gu) < 4. [uz?) for all u € L' (Q; RY) Nker .o/,

after letting € | 0 in (5.22).
The general upper bound then follows in a similar way to the proof under the
assumption (5.10). This finishes the proof. g

5.2. Proof of Theorem 1.8. The proof works the same as the proof of Theorem 1.7
with the following additional comments:

Step 1. The lower bound. Since restricting to o/-free sequences is a particular
case of the more general convergence .«7u, — 0 in the space W—%4(Q; RV), we can
still apply Step 2 in the proof of Theorem 1.7 to prove that ¢4, < &, where for u €
A (Q;RN) Nker o,

d du’
i) = [ 0t (s )) avt [ @ (g 0) asio

Step 2. An of -free strictly convergent recovery sequence. In this case, this forms
part of the assumptions.

Step 3.a. Upper bound on absolutely continuous <f -free fields. An immediate
consequence of Remark 5.1 is that one may assume, without loss of generality, that
the recovery sequence for the upper bound lies in ker.e#. Thus, the upper bound on
absolutely continuous fields in the constrained setting also holds.

Step 3.b. The upper bound (assuming (5.10)). The proof is the same as in the proof
of Theorem 1.7.

Step 4. General continuity condition. Since assumption (5.10) is a structural prop-
erty (coercivity) of the integrand and the arguments do not depend on the under-
lying space of measures, the argument remains the same as in the proof of Theo-
rem 1.7. ]

APPENDIX A. PROOFS OF THE LOCALIZATION PRINCIPLES
In this appendix we prove Proposition 2.24 and Proposition 2.25.

Proof of Proposition 2.24: In the following we adapt the main steps in proof of the
localization principle at regular points which is contained in Proposition 1 of [Rin12].
The statement on the existence of an .&7-free and periodic generating sequence is
proved in detail.

Let u; € A (Q;RY) be the sequence of asymptotically .«7-free measures which
generates v. In the following steps, for an open Q' C R?, we will often identify a
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measure 4 € . (Q';RY) with its zero extension in .#Zjo.(R?;RY), and similarly for
a Young measure ¢ € Y(';RV) and its zero extension in Yyoc(RY;RY).

Step 1. We start by showing that, for every r > 0, there exists a subsequence of j’s
(the choice of subsequence might depend on r) such that

FT 0 % 60 in Yiee(RGRY). (A.1)
Moreover, for .#?-a.e. xo € Q, one can show that a uniform bound

sup<<]lK®\-],G(’)>><oo for every K € R? (A.2)
r>0

holds; thus, by Lemma 2.5, there exists a sequence of positive numbers r,,, | 0 and a
Young measure o for which

o) o in Yieo (R RY).

Step 2. For an arbitrary measure y € . (Q;R"), the Radon-Nykodym differenti-
ation theorem yields

_ - dy dy _ -
dT(x() ) . ‘i/pd . dT(XO' ) .
= gl tr) 2ot r) Ty

Consider ") as an element of Y(Q;R"). Fix ¢ ® h € C(Q) x Lip(RY). Using a
simple change of variables, we get

(p@h,c" _}5‘30(/"’ (dgd(xoﬂy)) dy
o000 (o)) a4 )

d du A3
_—d (xo,r) . J ( )
' }gg</gr(xo)(pOT ) h<d$"( ))dx

o du; :
+ @oT ") (x) - h < Yx>d/,L°- x>
0,(x0) ) ] 1)

=r {(poT™ N @, V).

Step 3. We now let r = r,,, in (A.3) and quantify its values as m — oo. This will
allow us to characterize o in terms of v.

Let {g;:= @, @I }; C C(Q) x Lip(R") be the dense subset of E(Q; R") provided
by Lemma 2.4 and further assume that xy verifies the following properties: xg is a
Lebesgue point of the functions

day

x'_><h17v)f> <h1> X>d$d

(x), forall/ € N, (A4)

and xo is a regular point of the measure A,, that is,

AN g (@) (A5)
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Consider ¢ as an element of Y(Q;RY). Setting r = r, in (A.3) and letting m — o
we get

<<gl,6>> = lim r, <<(ploT(x07r"1)®hl,v>>

m—soo

. X — X o v dAy
a (J[Qrm(xo)q)l< m >[<hl’vx>+<h”vx>d$d(x)]dx
1 X — Xo
I’d o (pl< P ><hl’x>dl()>

dA
/<gl ya on dy+/ gl yv XO d,,?)}d( O) dy

Here, we have used (A.4) and the Dominated Convergence Theorem to pass to the
limit in the first summand, and with the help of (A.5), we used that

/Qr(xo) P <x x0> <h1 ) ;o> dA; (x) < ||@|lw - Lip(hy) - A5 (Qr(x0)) = o(rd)

to neglect the second summand in the limiting process.
Since the set {g;} separates Y(Q;R"), Lemma 2.4 tells us that 6, = vy,,0;” =

2 As = ;ﬁ;d (x0)-Z? for #%a-e. y € Q, and that A is the zero measure in . (Q),

xo’
as desired.

Step 4. We use a diagonalization principle (where j is the fast index with respect
to m) to find a subsequence (i) such that

Vin = I’;dTéxo’rm)[Jj(m) X> o in Y (Rd;RN). (A.6)

Step 5. Up to this point, the localization principle presented in Proposition 1 of
[Rin12] has been adapted to Young measures without imposing any differential con-
straint. Here we additionally require ¢ to be an </*-free Young measure; this is
achieved by showing that (%,) is asymptotically .z7*-free (on bounded subsets of
R%). To this end let us note that

A U= 0;

with ||0j||y-tq — 0 as j — co. By scaling we can write

Y = 1 A (T ji)) = hzo”(z/h (P T8 ) + 4T 0,0

Since \|r,’j1_dT#EX°’rm) 0;ly+a < C(m)| 6|y +s and for every open U € R? there exists
a positive constant Cy such that

sup 7, T, || (U) < C,

meN
arguing as in Proposition 2.16 we can choose a further subsequence j(m) — o such
that

My = S (T i) =0 in W 9(RY)

loc

and this shows that ¢ is an .27*-free Young measure.
Step 6. So far we have shown that [6] = Ao.Z¢ with
e RV,

Ao = (id, i)+ (id, V) 2 ()
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and that o is generated by a sequence (1;) C . (Q;R") satisfying &/*11; — 0. Note
that without loss of generality we may assume that the y;’s are of the form u j.,%d
where u; € L'(Q; RY). Indeed, since

Yr = T#(XO’R)/J, j— 1 areastrictly in . (R RY),

[EA7 _“j)HW;,’;'q(Rd) —0 asR7T1,
and

Yr*pPe — Yr  area strictly in //ZIOC(Rd;RN ),
H&Q/k(YR — YR * Pe) HW;,ﬁ“I(Rd) —0 aselO,

we might use a diagonalization argument (relying on the weak*-metrizability of
bounded subsets of E(Q;RN )* and Remarks 2.2, 2.6), where € appears as the faster
index with respect to R, to find a sequence with elements u; := Yg(;) * Pe(r(j)) Such
that

u,. 2% 6 € Vi REGRY) and  o*uj — 0 in W YI(RY). (A7)

loc

Using (2.3), we get
1|24 |[0]] = Ao L7 in Mioc(RY).

Hence, |u;|-2¢ = A in .#(0Q) with A(dQ) = 0. We are now in position to apply
Lemma 2.15 to the sequences (u;) and (v; :=Ap) to find a sequence z; € Cpe (Q; RV) N
ker o7* with fQ zj dy = 0 and such that (up to taking a subsequence)

(Ao+2) 2" B o inY(Q:RY). (A.8)

Since the properties of xj that were involved in Steps 1-3 are valid at Z“-a.e. xo € Q,
the sought localization principle at regular points is proved. O

Proof of Proposition 2.25: The proof of the localization principle at singular points
resembles the one for regular points, with a few exceptions:

Step 1. In comparison to Step 1 from the regular localization principle, we here
chose ¢,(x0) := |A5](Q,(x0)) ! > 0 and we define " as

cr(xo)T#(xO’r),uj Y60 in Yoo (R RM).

Moreover, by [Pre87, Lemma 2.4 and Theorem 2.5] and (A.12) below, at A;-a.e.
Xp € Q, it is possible to show that

y d
Sup<<]11{®|-|’6(r)>> = sup |As|(x0 4+ rK) + L% (x0 + 1K)

< oo forevery K € RY.
r>0 r>0 A0 1(@r(x0))

(A9)
By compactness of Yo (R?;RY), see Lemma 2.5, there exists a sequence of positive
numbers r,, . 0 and a Young measure ¢ for which

G(rm) i [0} in Yloc(RdaRN)
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Step 2. The calculations of the second step, for the constant ¢, (xp), is

<<<p®h,o<’)>>:}gg</ o0y (cr (o) +ry)> dy
[0 (ea) gt o) ) 401 )

d .

du;
+ @ o T (x .h°°<c,x r . x>dus. x)
e (x) (x0) d|ﬂ,~|( ) | dlpjl(x)

=r 1 @oT™" @ h(c,(xo)r?.),v). (A.10)

Step 3. The assumptions of the third step are substituted by assuming that xy is a
A;-Lebesgue point of the functions

x> (|[,ve), x> (h7,vy) foralll e N. (A.11)
We further require that
’d
lim —————— =lime,(x0)r! =0 (A.12
r10 AS(0r(x0)) i r%0) )
and that
lime,(xo / (o], vy + (]|, v) di (x)| dx=0. (A.13)
rl0 4

Hence, defining S := {xo IS Q : (A.11), (A.12) and (A.13) hold }, we have A7 (Q\
S)=0.
Fix xg € §. Setting r = r,,, in (A.10) and letting m — oo gives

<<]1Q®|'|76>> :nllii)l}o<<]1Q®|.|’(y(rm)>>
i da,
:rrllgrgocm(xo </Qr,,,(xo [<‘ l, Vx>+<| |, v > ( )] dx
Qrm(xo <| b >dl‘i (x)>

_< , xO> hm (/Qd(cm(xO)T;e;(x()’rnl)/l\i)(Y))

:/Q<|],v;;> dy(y), for some y € Tan(A;,xo),

where we have used that xy € S. Moreover

A01(Qr,, (x0))
== [Ay[(Qr, (x0))

which implies y # 0. Testing with g; = ¢; ® h;, we obtain by (A.11) and a similar
argument to the one above, that

(g1.6) = /Q<pz (), ve) dy(y).

From the above equations we deduce that that o, = &y for Llae. yeQ, oy’ = Vg
and Ay = y € Tan(A;),x0) \ {0}.

Y(Q) = <<]1 ® ||, G>> > hm =1

oo
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Step 4.

Step 5.

A. ARROYO-RABASA, G. DE PHILIPPIS, AND F. RINDLER
The arguments of Step 4 remain unchanged except that this time one gets
. X0,"m Y . N\.
Y = cmT#( 0 )uj(m) —o inY(Q,RY);

This is similar to the corresponding step in the proof of the regular local-

ization principle.

Step 6. Differently from the case at regular points, we want to additionally show
As(Q) =1 and A5(dQ) = 0. There exists 0 < € < 1 such that A;(dQ¢) = 0. Up to
taking ' = er (and thus as 7/, = r,,€) in the arguments of Steps 1-4 above we may
assume without loss of generality that A5(dQ) = 0 and A5(Q) = 1. This proves the

localization principle at singular points. U
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