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OSCILLATIONS AND CONCENTRATIONS IN SEQUENCES OF GRADIENTS*

AGNIESZKA KALAMAJSKA! AND MARTIN KRUZIK?

Abstract. We use DiPerna’s and Majda’s generalization of Young measures to describe oscillations
and concentrations in sequences of gradients, {Vug}, bounded in LP(Q;R™*") if p > 1 and Q C R" is
a bounded domain with the extension property in WP, Our main result is a characterization of those
DiPerna-Majda measures which are generated by gradients of Sobolev maps satisfying the same fixed
Dirichlet boundary condition. Cases where no boundary conditions nor regularity of Q are required
and links with lower semicontinuity results by Meyers and by Acerbi and Fusco are also discussed.
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1. INTRODUCTION

Oscillations and/or concentrations appear in many problems in the calculus of variations, partial differential
equations, or optimal control theory, which admit only L” but not L> apriori estimates; cf. [17,28]. While Young
measures [44] successfully capture oscillatory behavior of sequences they completely miss concentrations. There
are several tools how to deal with concentrations. They can be considered as generalization of Young measures,
see for example DiPerna’s and Majda’s treatment of concentrations [9], Alibert’s and Bouchitté’s approach [2]
or Fonseca’s method described in [13]. An overview can be found in [37,41]. In many cases we are interested
in oscillation/concentration effects generated by sequences of gradients. A characterization of Young measures
generated by gradients was completely given by Kinderlehrer and Pedregal [22,23], cf. also [33,34]. To our
knowledge, the first attempt to characterize both oscillations and concentrations in sequences of gradients is due
to Fonseca, Miiller, and Pedregal [14]. They describe concentrations by means of a varifold while oscillations by
gradient Young measures, following the works [3,4,13,36]. The authors give necessary and sufficient conditions
on the varifold, so that they can fully describe effects of concentrations and oscillations on sequences of integrands
{9(z)v(Vug(z)) ey where 1 < p < 00, {ug}reny C WHP(Q;R™) (where WHP(Q;R™) is the classical Sobolev
space of R™-valued functions), v/(1 + |- |P) is a real-valued function and has a continuous extension on the
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compactification of R™*™ by the sphere, and g : 2 — R is continuous and vanishes on the boundary of a
bounded domain 2 C R".

In this paper we deal with general DiPerna-Majda measures generated by gradients of functions commonly
bounded in W1P(£;R™). They encode oscillation and concentration effects in sequences of compositions like
{g(z)v(Vui(x))} in a general case when the function v(s)/(1+ |s|”) has a continuous extension on an arbitrary
metrizable compactification of R™*™ and g : § — R is continuous and does not necessarily vanish on the
boundary of Q. This allows to study concentrations and oscillation effects for the more general class of functions v
admitted to the compositions with sequences {Vuy }ren. For example the function vg(A) = sin(|A]) is continuous
on R™ but it cannot be continuously extended to the compactification of R™*™ by the sphere (considered
in [14]) as the limits lim;_, o, vo(t0) where 6 belongs to the unit sphere in R™*" do not exist. Here we study the
oscillations and concentrations of sequences like {g(z)vo(Vug(2))(14|Vuk|P) }ken as well. Also, the assumption
that g does not need to vanish on the boundary of € allows us to study concentrations of sequences on the
boundary of Q.

Our main result is the characterization of those DiPerna-Majda measures which are generated by gradients
of Sobolev functions (bounded in W1P(Q;R™)), where 1 < p < oo, with the same Dirichlet boundary data
on the boundary of €2, provided that € is a bounded domain with an extension property in W1?. Here
we solve the case 1 < p < +o00. Meanwhile p = 400 excludes concentrations and is completely described
by gradient Young measures ( [22]). The case p = 1 seems to be much more involved because of the loss of
reflexivity. We also derive the necessary conditions (for 1 < p < 00o) for those DiPerna-Majda measures which are
generated by gradients of Sobolev mappings with no prescribed boundary conditions for an arbitrary bounded
domain 2. As an application of our techniques we derive new lower semicontinuity results (Theorem 2.9) for
variational functionals, generalizing some variants of Acerbi and Fusco theorem (see e.g. [1,19,29] and references
therein). We also obtain some variants of the lower semicontinuity results obtained previously by Meyers, [31];
cf. Theorem 2.10.

Let us mention that a few of our results seem to be of an independent interest. Particularly, it is Lemma 3.5
and Lemma 4.1 showing local and averaging properties of DiPerna-Majda measures, respectively.

Our methods are based on powerful techniques introduced in [22] and [23] to obtain the explicit characteri-
zation of Young measures generated by gradients. We also benefit from the characterization of DiPerna-Majda
measures generated by unconstrained sequences given in [26], see also [27] where numerical issues are discussed
in detail.

2. PRELIMINARIES AND RESULT STATEMENTS

2.1. Basic notation.

Let us start with a few definitions and with the explanation of our notation. Having a bounded domain
1 C R™ we denote by C(£2) the space of continuous functions defined on Q. In the sequel, M, means the
continuity modulus of g € C(Q). In what follows rca(S) denotes the set of regular countably additive set
functions on the Borel g-algebra on a metrizable set S (cf. [10]), its subset, rca; (S), denotes regular probability
measures on a set S. We write “y-almost all” or “y-a.e.” if we mean “up to a set with the y-measure zero”.
If ~+ is the n-dimensional Lebesgue measure we omit writing v in the notation. The support of a measure
o € rca(f) is the smallest closed set S such that o(A) = 0if SN A = . If o € rca(Q) we write o, and d,,
for the singular part and density of o defined by the Lebesgue decomposition (with respect to the Lebesgue
measure), respectively. We denote by ‘w-lim’ or by — the weak limit. Analogously we indicate weak™ limits.

If Q is a Borel subset of R", i € rca®(Q) and u € L'(Q, 1) by L we denote the set of all Lebesgue points
of u with respect to p. If p is the Lebesgue measure we simply write L.

If not said otherwise, we will suppose in the sequel that 2 C R™ is a bounded domain with a Lipschitz
boundary (however, generalizations to less regular domains are possible).
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By LP(92, ) we denote the usual Lebesgue space equipped with the measure p. We omit p if it is the
Lebesgue measure. Further, WP (Q; R™) where 1 < p < +o00 denotes the usual Sobolev space (of R™-valued
functions) and W,*(€;R™) denotes the completion of C§°(€2, R™) (smooth functions with bounded support)
in WHP(Q; R™) (see e.g. [30]). If m = 1 then R™ is omitted from the notation. We say that  has the extension
property in W1? if every function u € WHP(Q) can be extended outside Q to @ € WP (R") and the extension
operator is linear and bounded. If §2 is an arbitrary domain and u,w € W1P(Q,R™) we say that u = w on 99
if u—w e Wy P(QR™).

2.2. Quasiconvex functions

Let Q C R™ be a bounded regular domain. We say that a function v : R™*"™ — R is quasiconvex if for any

50 € R™*" and any ¢ € Wy'™(Q; R™)

v(s0)|Q| < /Qv(so—i—Vgo(x))dx.

If v : R™*™ — R is not quasiconvex we define its quasiconvex envelope Qv : R™*™ — R as
Qu(s) =sup{h(s); h <wv; h: R™*"™ — R quasiconvex } (2.1)

and we put Qu = —oo if the set on the right-hand side of (2.1) is empty. If v is locally bounded and Borel
measurable then for any so € R™*" (see [8])

1
Qu(so) = inf —/ v(so + Vp(x))de . (2.2)
PEWS > (SHR™) ‘Q| Q
If |u(s)] < C(1+ |s|P) for some C' > 0 and all s € R™*™ then equivalently
. 1
Qu(sg) = inf —/ v(so + Ve(x))de ,
pewy?(arm) [Qf Jo

as pointed out in [14]. We refer to [6] for the notion of WP-quasiconvexity.
Let us point out that

. 1
Qu(sg) = inf @/ﬂv(Vgo(m))dx ,

PEW P (QR™)
where WLP(Q;R™) = {p € WP(Q;R™); ¢(z) = soz on 9 }.
We will also need the following elementary result. It can be found in a more general form e.g. in [8, Ch. 4,
Lemma 2.2] or in [32].
Lemma 2.1. Let v : R™*"™ — R be quasiconvezr with |[v(s)| < C(1+|s|P), C' > 0, for all s € R™*™. Then there

is a constant o > 0 such that for every si,s2 € R™*™ it holds

[0(s1) = v(s2)| < (1 + [s1[P7" + [s2]P )]sy — 52 - (2.3)
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2.3. Young measures

For p > 0 we define the following subspace of the space C'(R™*™) of all continuous functions on R™*" :
Cp(R™™) = {v € C(R™™); 0(s) = of|sIP) for |s| — oo} .

The Young measures on a bounded domain  C R™ are weakly* measurable mappings x — v, : Q —
rca(R™*™) with values in probability measures; and the adjective “weakly* measurable” means that, for any
v € Co(R™*™), the mapping @ — R : & — (U, 0) =[x V(A)Vz(dA) is measurable in the usual sense. Let us
remind that, by the Riesz theorem the space rca(R™*™), normed by the total variation, is a Banach space which
is isometrically isomorphic with Co(R™*™)*, where Co(R™*™) stands for the space of all continuous functions
R™*™ — R vanishing at infinity. Let us denote the set of all Young measures by Y(2; R™*™). It is known that
V(Q; R™X™) is a convex subset of L (Q;rca(R™*")) = L1(Q; Co(R™*™))*, where the subscript “w” indicates
the property “weakly* measurable”. A classical result [40,43] is that, for every sequence {yi}reny bounded in
L (Q; R™>™) | there exists its subsequence (denoted by the same indices for notational simplicity) and a Young
measure v = {V; }zeq € YV(Q; R™*™) such that

Yo € Co(R™*™) - klim VoY =1y, weakly* in L>°(Q) , (2.4)
where [v o yi](z) = v(yr(x)) and

v () = /RW oA (d)) . (2.5)

Let us denote by Y°°(2; R™*™) the set of all Young measures which are created by this way, i.e. by taking all
bounded sequences in L>(Q; R™*™). Note that (2.4) actually holds for any v : R™*™ — R continuous.

A generalization of this result was formulated by Schonbek [38] (cf. also [5]): if 1 < p < 4o0: for every
sequence {yx treny bounded in LP(2; R™*™) there exists its subsequence (denoted by the same indices) and a
Young measure v = {v; }zeq € Y(; R™*™) such that

Vo € Cp(R™*™) : klim VO YL =y, weakly in L'(Q) . (2.6)

We say that {y;} generates v if (2.6) holds.

Let us denote by YP(2; R™*™) the set of all Young measures which are created by this way, i.e. by taking
all bounded sequences in LP(Q; R™>™). The subset of YP(Q; R™*™) containing Young measures generated by
gradients of W1P(Q; R™) maps will be denoted by GV (£2; R™*™).

We will use the following lemma from [14] concerning Young measures from Y?(2; R™*™) which are generated
by sequences of gradients. A similar result was also proved by Kristensen [24].

Lemma 2.2. Let 1 < p < +oo and Q C R™ be an open bounded set and let {uy }reny C WHP(;R™) be bounded.
Then there is a subsequence {u;};en and a sequence {z;}jen C WHP(Q;R™) such that

1131010 Hz € Q; zj(z) # u;(x) or Vzj(x) # Vuj(z)} =0 (2.7)

and {|Vz;|P}jen is relatively weakly compact in L*(Q). In particular, {Vu;} and {Vz;} generate the same
Young measure.
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2.4. DiPerna-Majda measures

2.4.1. Definition and basic properties

Let R be a complete (i.e. containing constants, separating points from closed subsets and closed with
respect to the Chebyshev norm) separable ring of continuous bounded functions R™*"™ — R. It is known [11,
Sect. 3.12.21] that there is a one-to-one correspondence R < BrR™*™ between such rings and metrizable
compactifications of R™*": by a compactification we mean here a compact set, denoted by SrR™*" into which
R™*™ is embedded homeomorphically and densely. For simplicity, we will not distinguish between R™*" and
its image in BrR™*™. Similarly, we will not distinguish between elements of R and their unique continuous
extensions defined on BrR™*™. This means that if i : R™*™ — BrR™*™ is the homeomorphic embedding and
vp € R then the same notation is used also for vgoi~1 : i(R™*") — R and for its unique continuous extension
to ﬁRRmxn'

Let o € rca(Q) be a positive Radon measure on a bounded domain 2 C R”. A mapping © : x + 7, belongs
to the space L°(€2, o;rca(BrR™*")) if it is weakly* o-measurable (i.e., for any vy € Co(R™*"), the mapping
QO—R:z— fﬁanXn vo(8)7,(ds) is o-measurable in the usual sense). If additionally 7, € rcaf (BrR™*™) for
o-a.a. = € Q the collection {7, },cq is the so-called Young measure on ({2, ) ( [44], see also [5,37,40,42,43]).

DiPerna and Majda [9] shown that having a bounded sequence in LP(Q;R™*") with 1 < p < 400 defined
on an open domain Q C R", there exists its subsequence (denoted by the same indices) a positive Radon
measure o € rca(Q) and a Young measure ¥ : x + 7, on (Q,0) such that (o,7) is attainable by a sequence
{yrtren C LP(Q; R™*™) in the sense that Vg€ C(Q) Vug € R:

Jim Qg(z)v(yk($))d$:/ﬁ

o(z) /ﬁ o 0 ds)o ) (2.8)
where
ve TLR™M™) = {vg(1+]-]7); vo € R}. (2.9)

In particular, putting vo = 1 € R in (2.8) we can see that

klim (14 |ykl") = ¢ weakly* in rca(f) . (2.10)

If (2.8) holds, we say that {ys}en generates (o,7). Let us denote by DM (Q;R™*™) the set of all pairs
(0,0) € rea(Q) x L (Q, o;rca(BrR™*™)) attainable by sequences from LP(Q; R™*™); note that, taking vy = 1
in (2.8), one can see that these sequences must be inevitably bounded in LP(£2; R™*™). The explicit description
of the elements from DM, (Q;R™*"), called DiPerna-Majda measures, for unconstrained sequences was done
in [26, Theorem 2].

Alternatively, DiPerna and Majda [9] worked with measures from rca(2 x SgrR™*"): let us put here

DM (€; R™*™) = {77 € rca(Q x BrR™™); Iyidren C LP(QR™*™)
Vho € C(Q x BRR™™) : (n,ho) = lim [ ho(w,ye(@))(1+ |ye()")d |
— 00 Q
Let n € DMZ (; R™*"™) be generated by {yx }ren C LP(Q;R™*™), 1. e.

(n, ho) = limp—oo [, ho(x,yx(2))(1 + |yk(x)[P)dz whenever hy € C(2 x BrR™*™). Then there is a uniquely
defined (o, 7) € DML (Q; R™*™) such that

<n,h0>:/ﬂ/ﬁ ol (ds)o(do) (2.11)
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if hg € C(Q x BrR™*™). Indeed, let at first hg € V := {g(x)vo(s) : g € C(Q),v9 € R}. For each subsequence of
{yk }ren which generates some DiPerna-Majda measure the limit of limy_.oc [¢, ho(z, yx(2)) (1 + |yx(2)[P)da is
the same and equal (1, hg). Therefore the whole sequence must generate some DiPerna Majda measure which
we denote by (o,7) and (2.11) is true for all hg € V. By the Stone-Weierstrass theorem the set V' is linearly
dense in C(Q x BrR™*™") (it forms an algebra and separates points). Therefore (2.11) holds true for every
ho € C(Q x BrR™*™). On the other hand if {yx}ren generates some (o,2) € DML (Q;R™*™) then it also
generates some 1 € DM%, (Q; R”*™) and moreover, 7 fulfills the identity (2.11). The proof of this fact follows
from (2.8) and the density of the linear hull of V in C(Q x SrR™*"). Therefore, (2.8) can be generalized to

tim | (e gu @) (1+ i) = /Q /ﬁ o ol S)n(ds)ods) (2.12)

k—oo

whenever {yj }ren generates (o,7) and hy € C(Q x BrR™*").

Without causing any misunderstanding, the elements of DMZ, (€; R™*™) will be addressed as DiPerna-Majda
measures too and we write n & (o, ) for n € DM (Q; R™*") and (o0,7) € DM% (;R™*™) if (2.11) holds for
any hg € C(2 x BrR™*™). Tt is sufficient to verify it for hg € V.

It is known (see [37]) that DMZ (€; R™*™) is a convex, closed, non-compact but locally compact and locally
sequentially compact subset of the locally convex space rca(Q x fgrR™*") considered in its weak* topology.

Note that for (o7, 7), (0,0) € DM (Q;R™*") the sequence {(c7,07)};en converges weakly* to (o, D) if

L] mn@eian = [ [ oG iasetan (2.13)

for every hg € C(€2 x BrR™*™). We denote this convergence by (07,57) — (0,7). By the density argument it
suffices to verify (2.13) for each h of the form h(x, s) = g(x)vo(s) where g € C(Q2) and vy € R.

2.4.2. Some special subsets

We say that (o,2) € DMY (Q;R™*"™) is homogeneous if & — 0, is constant. This implies that o is absolutely
continuous with respect to the Lebesgue measure with a constant density d,. See formula (2.17) below.

The central question which we are about to answer in this contribution is which (o, 7) € DM (Q; R™*™)
are generated by gradients, i.e., by yx := Vuy, for {ugtren € WHP(2;R™) bounded. We denote the set of
DiPerna-Majda measures from DM, (Q; R™*™) which are generated by gradients GDMY, (Q; R™*™).

2.4.3. Nonconcentrating modifications
Let us recall that for any (o,7) € DM (Q; R™*™) there is precisely one (6°,0°) € DM (Q; R™*™) such

that
//Rm 8)z(ds)g(w)o(dz) //Rm Uy (ds)g(x)o®(dx) (2.14)

for any vy € Co(R™*™) and any g € C(Q2) and (0°,7°) is attainable by a sequence {yx }ren such that the set
{lyx|P; k € N} is relatively weakly compact in L'(£); see [26,37] for details. We call (¢°,2°) the nonconcen-
trating modification of (o, 7). In general we call (o, ) € DM (;R™*™) nonconcentrating if

/ / D, (ds)o(dz) =0 . 0.15)
Q JBrRMXn\RmXn

and property (2.15) completely describes all measures (o, ?) which can be generated by such a sequence {yx }ren
that {|yx|P }ren is relatively weakly compact in L' (Q). In particular if (6°, 2°) the nonconcentrating modification
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of (o,7) then D0(BrR™ ™ \ R™*") = ( for ¢” almost all 2. Note also that ¢ is absolutely continuous with
respect to the Lebesgue measure (because the generating sequence is relatively weakly compact in L'(€2)).

We wish to emphasize the following fact: if {y} € LP(; R™*™) generates (o, ) € DMY (;R™*™) and o is
absolutely continuous with respect to the Lebesgue measure it generally does not mean that {|yx|P} is weakly
relatively compact in L(£2). Simple examples can be found e.g. in [27,37].

The following lemma recalls some facts about of the p-nonconcentrating modification. Proofs can be found
in [26, Lemma 1., Th. 1,2] and [37, Prop. 3.2.17].

Lemma 2.3. Let (0,0) € DML (L R™ ™) and let (0°,0°) € DML (Q; R™*™) be its p-nonconcentrating modi-
fication. Then for almost all x € Q)

and R
- [Z/.L |R7n X?L] (ds)

meXn Dﬂf(ds) ’
where dyo and d, are densities (with respect to the Lebesgue measure) of 0° and o, respectively.

Having a sequence bounded in LP(; R"™*™) generating a DiPerna-Majda measure (o, ) € DM (Q; R™*™)
it also generates an LP-Young measure v € YP(Q; R™*™). It easily follows from [37, Th. 3.2.13] that

0y (ds)

Vg (ds) = dgo () T+ s

for a.a. x € Q. (2.16)

This means that for every v € Y%, (R"*™) (defined by (2.9)) we have

[t =) [ it =) [ et

gn L 5P " wxn L+ |sP 7

As pointed out in [26, Remark 2] for almost all z € Q

dy(z) = (/Rm fﬁ;ﬁp)l . (2.17)

Observe that (2.14) can be improved to

//Rmm 5)z(ds)g(w)o(dz) //R )05 (ds)g(x)o®(dz) (2.18)

for any vy € R and any g € C(Q). Indeed, for any j € N we define a; € Co(R™) such that 0 < a; < 1, a;(s) =1
if |s| < j. Then voa; is admissible for (2.14) and the Lebesgue dominated convergence theorem for j — oo
applied to both sides in (2.14) implies (2.18). There is a one-to-one correspondence between nonconcentrating
DiPerna-Majda measures and Young measures; cf. [37]. In particular (see (2.16), (2.18)) we deduce that for
almost all x €

/Rmm v(8)v,(ds) = d[,(x)/ w0 ()7 (ds)

RmXn

whenever v € Y, (R™*™). This finally yields that Vg€ C(Q2) Vg € R:

lim ( Yo(yg(z dscf// s)vx(ds)g dx+// vo(8)0y(ds)g(z)o(dz) , (2.19)
k—o00 ]Rmxn 6RRWLXn\Ran
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where v € YP(;R™ ™) and (0,0) € DM (Q;R™*") are Young and DiPerna-Majda measures generated by
{yk}keN, respectively.

2.4.4. Characterization of DiPerna-Majda measures

The following proposition from [26] explicitly characterizes elements of DM, (Q; R™*™).

Proposition 2.4. Let Q@ C R™ be a bounded open domain such that |0Q] = 0, R be a separable complete
subring of the ring of all continuous bounded functions on R™*™ and (o,7) € rca(Q) x LL(Q, o5 rea(BrR™*™))
and 1 < p < 4+oo. Then the following two statements are equivalent with each other:
(i) the pair (o,0) is the DiPerna-Majda measure, i.e. (o,0) € DM% (Q;R™*™),
(i) The following properties are satisfied simultaneously:
(1) o is positive,
(2) o5 € rca() defined by 05(dx) = (fgmxn Va(ds))o(dz) is absolutely
continuous with respect to the Lebesque measure
(d,, will denote its density),
(3) for a.a. x € it holds

[0 dnw=([ 1+(C|1|)) [t

(4) for o-a.a. x € Q it holds

ﬁRRan

Remark 2.5. As pointed out to us by M. HuSek and T. Roubic¢ek having a metrizable compactification of
R™*™ we can construct a finer one as follows

Consider a metrizable compactification SrR™*™ of R™*™ and the corresponding separable complete closed
ring R with its dense subset {vy }ren. We take a bounded continuous function ¢ : R™*™ — R, ¢ ¢ R and take
a closure (in the Chebyshev norm) of {17 };enuoy U {wjvk}?éiu{o}. As {17} U {¢7v,} is again countable the
corresponding compactification is metrizable but strictly finer than g R™*™.

We will also use the following result, whose proof can be found in several places in various contexts (see [26,
Lemma 1., Th. 1,2], [37, Prop. 3.2.17]), [2, Proposition 4.1, part (iii)] and [20, Lemma 3.1, part (ii)]).

Lemma 2.6. Let Q C R™ be a bounded open domain such that |09 =0, R be a separable complete subring of
the ring of all continuous bounded functions on R™*" and (0,0) € DM%(Q;R™*™). Then for os- almost all
x €  we have

Dy (R™X™) = 0. (2.20)

2.5. The results statement

Our main results can be summarized to the following four theorems. The first one explicitly characterizes
DiPerna-Majda measures generated by gradients of maps with the same trace.
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Theorem 2.7. Let Q C R"™ be a bounded domain with the extension property in WP, 1 < p < 400 and
(0,0) € DME (Q;R™*™). Then then there is a bounded sequence {uj}ren C WHP(Q;R™) such that uj, = u;
on IQ for any j, k € N and {Vuy}ren generates (o,0) if and only if the following three conditions hold

S

Ju € WHP(Q;R™) : for a.a. x € Q: Vu(zx) = dg(sc)/ Uy (ds) , (2.21)

ﬁR]Ran 1 + |s|p

for almost all z € Q and for all v e Y% (R™*™) the following inequality is fulfilled

Qu(Vu()) < dy(x) / ) as) (2.22)

ﬁRRm,Xn 1 + |S|p

for o-almost all x € Q and all v € T (R™*™) with Qu > —oc it holds that

0 g/ ) (ds) (2.23)
5

RRan\anXn 1 + |S|p

Our next theorem addresses an arbitrary domain and DiPerna-Majda measures generated by gradients of
maps with possibly different traces.

Theorem 2.8. Let Q be an arbitrary bounded domain such that |0Q] = 0, 1 < p < 400 and (0,0) €
GDME, (S R™*™) be generated by {Vugtren such that w-limy_,eour, = u in WHP(Q;R™). Then the condi-
tions (2.21), (2.22) hold, and (2.23) is satisfied for o-a.a. x € Q.

Condition (2.23) does not hold at the boundary of €, in general. For otherwise, consider a bounded sequence
{up}ren C WHP(Q;R™) converging weakly to u € W1P(€;R™). Let further {Vu;} generate a gradient Young

measure v € YP(Q;R™*") and a DiPerna-Majda measure (o,7) € GDM% (;R™*"). The characterization of
gradient Young measures by Kinderlehrer and Pedregal [23] implies that for 0 < g € C(2)

/Qg(a:)v(Vu(m))dmg/Q/Rmxn v(s)g(x)vy(ds) dz (2.24)

for any v € Y (R™*") and quasiconvex. If (2.23) always held for s-a.a.x € 2, we would obtain

u(s)
/Qg(x)v(Vu(x)) dz < /Q/Rmm g(x)v(s)vy(ds) dx + /Q /@RRan\Ran g(x) T 57 Uy(ds)o(dx) . (2.25)

However, by (2.18) the right-hand side equals limy .o [, g(2)v(Vug(x)) dz and thus

/ g(x)v(Vu(z))dr < klim g(@)v(Vug(z)) do . (2.26)

Q —oJa

On the other hand, there are examples that (2.26) does not hold if v(s) = det s and g = 1; cf. [6,8].
Nevertheless, our Theorem 2.8 illustrates the fact that the failure of sequential weak lower semicontinuity

only relates to the behavior of {Vuy} near the boundary of 2. Some other related results can be found in the

paper [15] and references therein.

As a corollary we obtain the following variants of theorems by Meyers [31] and Acerbi and Fusco (see
e.g. [1,19,29]).
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Theorem 2.9. Let 0 < g € C(Q), v € C(R™™), |v| < C(1+|-[P), C > 0, quasiconvez, and 1 < p < +oo.
Let further {ux} C WHP(Q;R™), uy, — u weakly in WP (£;R™) and at least one of the following conditions be
satisfied: -
(i) for any subsequence of {ur} (not relabeled) such that 1+ |[Vug|P — o weakly* in rca(§) it holds o(02) = 0,
(i) limy ) oo % = 0 where v~ := max{0, —v},
(iii) ugp, = u on O for any k € N and Q is Lipschitz.

Then I(u) <liminfy_, o I(ug), where

I(u):/ﬂg(m)v(VU(x))dx. (2.27)

Remark 2.1. (i) If v > 0 then the assumption (ii) in Theorem 2.9 is satisfied and we retrieve the variant
of Acerbi and Fusco theorem (it deals with nonnegative functions). On the other hand, in Acerbi Fusco’s
theorem one can relax the continuity assumptions on g and even consider Caratheodory functions instead of
(z,s) — g(x)v(s). Therefore our theorem can be considered as a variant of Acerbi Fusco’s theorem which
deals with some class of continuous functions where the nonnegativity assumptions can be relaxed. To our best
knowledge such an extension is missing in the literature.

(ii) In fact, the assertion in the case of (iii) in Theorem 2.9 can be deduced from the result by Meyer [31, Ths. 4
and 5]. The use of Meyers’ theorem would allow for simpler but less constructive proofs of necessity in our
Theorems 2.7 and 2.8.

(iii) The condition (ii) in the theorem is satisfied if, for example, v~ < C(1+|-|?) for some 1 < ¢ < p in which
case —C'(1+1s|?) < wv(s) < C(1+ |s|P), C > 0. This result can be found e.g. in [8].

(iv) Using the formulae (2.12) one can obtain a more general variant of the above theorem. Here we present its
simplest possible formulation illustrating our result.

Some other applications of our results to the lower semicontinuity theory and their links with the results by
Acerbi, Fusco and Meyers will be discussed in our forthcoming paper [21].

Our next theorem characterizes sequential weak lower semicontinuity.
Theorem 2.10. Let0 < g € C(Q), v € C(R™*"), |v| < C(1+[-]P), C > 0, quasiconvez, and 1 < p < +oo. Then

the functional I defined by (2.27) is sequentially weakly lower semicontinuous in W12 (Q; R™) if and only if for
any bounded sequence {wy} C WHP(;R™) such that Vwy, — 0 in measure we have lim infy_, oo I(wy) > I(0).

3. NECESSARY CONDITIONS

This section is devoted to the analysis of necessary conditions on the measure (o,7) € DMY (Q;R™*") to
be generated by gradients. We start with an easy lemma whose proof is left to the reader.

Lemma 3.1. Let M C R™ be a bounded Borel measurable set and o ,~v € rca(M) be nonnegative and such that
for any nonnegative function g € C(M) we have [, g(x)o(dz) > [,, g(x)y(dz). Then o(A) > y(A) for any
measurable set A C M.

The following lemma shows in what cases the restriction of a DiPerna-Majda measure to a given subdomain
w C Q can be generated by its generating sequence restricted to w.
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Lemma 3.2. Let (0,7) € DM (Q;R™™) and an open domain w C Q be such that 0(0w) = 0. Let {yx}ren
generate (o,0) in the sense (2.8). Then for all vg € R and all g € C(£2)

iim [ ool dx-//ﬂ () (ds)g(a)x. @) olde) (3.1)

k—oo

where X, s the characteristic function of w in Q.

Proof. Let n € Cy(R™) be supported in w (so that n € Cp(w)). We may choose a subsequence (denoted by the
same expression) such that the restrictions of yx. to w, {yk|w}ren, generate the measure (7, 1) € DMP(w; R™*").
We have for any g € C(Q) and any v € T4 (R™*™)

lm [ v(yg)g( d:c//ﬁ . $)y(ds)g(x )n(z)a(dx)//ﬁ . vo(8)Px(ds)g(x)n(x) o(dz) (3.2)

k—o0 Q

and also
jim [ vmgtmar= [ [ (@) @n@m ) (33

We construct a sequence 7; € Co(w) such that 0 < n; < 1 and 75;(z) — xw(z) for every € w, as j — oc.
Comparing the right hand sides in (3.2) and (3.3) with n = n;, letting j — oo, and using the Lebesgue dominated
convergence theorem yield

/ /BRRm Jraldo)g /w/ﬁnnw ie(@slge) @) = [ /ﬁRRm fia (ds)g(x) T(d2) . (3.4)

The last equality holds because by Lemma 3.1 7 is dominated by o, so that 7(0w) = 0. As (3.4) holds for an
arbitrary subsequence of {yx} such that {yx|., }ren generate some DiPerna-Majda measure, we see that it holds
for the whole sequence {y;} generating (o, 7). O

The following lemma explains the diagonal procedure which will be used in the sequel.
Lemma 3.3. Let 1 < p < oo and A C LP(Q,R™*™) be an arbitrary bounded subset. Denote by
DM%A(Q;R’”X”) the subset of DML (Q;R™*™) consisting of all DiPerna-Majda measures that are gener-
ated by such sequences {yitren that y, € A for every k € N. Then DM%, ,(Q;R™*"™) is a closed subset of
DM (S R™*™) (with respect to the weak* convergence, see (2.13)). Moreover ifn" =2 (a7, 0"),n = (0,0) €
DMZ% 4 (4 R™*™) are such that (o", ") X (0,0) and (07,0") are generated by {y} }ren, then there exist se-
quences {11 }ien, {kitien C N such that (o,7) is generated by {y,! }ien-

Proof. Let (o",0") € DM (Q;R™*"™) be generated by sequences {y} }ren such that yj € A for every k and

r. Let D = {h{)}jeN be an arbitrary countable dense subset in C'(Q x BrR™*"). For every given | € N and
r € N we find k = k(I,r) such that

/hj(x,y,:(l,r))dx—/ hé($7s)n’"(dsdx)
Q OxpBrRm*n

where b (z,s) € C(Q x BrR™ ") is identified with h7(x,s)/(1 + |s|?) defined on € x R™*",
For every | € N we find r = r(I) such that

/ h%(CI??S)??r(dem)—/ ) (z, s)n(dsdz)| <
QxBrRMX™ QxpBrRmxn

1
<77 forj=1,...,1,

1

R forj=1,...,1
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Now it is easy to see that the sequence {v;};en where v; = yzgé)r(l)) € A generates n = (o, D). O

We are now going to show that if (0,0) € DM (Q; R™*™) is generated by gradients and o is absolutely
continuous with respect to the Lebesgue measure then its generating sequence of gradients may be chosen to
satisfy the uniform boundary conditions.

Lemma 3.4. Let 1 < p < o0, (0,0) € DML (LR™ ™) and o be absolutely continuous with respect to
the Lebesque measure. Assume further that (o,0) is generated by a sequence {Vuy}ren where {ug}ren C
WLP(Q;R™) and w-limg_.o up, = u in WHP(Q;R™). Then there is the sequence {hy}ren C WHP(Q,R™XM)
such that {hy — u}ren C Wol’p(Q;RmX") and {Vhy}ren generates (o,0).

Proof. Let Q; := {z € Q; dist(z,09) > 1/j} and {n;},en be a sequence of smooth functions defined on R"™
such that for any j € N we have n; = 0 outside Q, n; = 1 on Q; |Vn;| < ¢j with ¢ > 0 independent of j and
0 <mn; <1. In particular n;(xz) — xao(z) for all z € Q.

Consider fjx = njuk+(1—n;)u. Then {fjr—u} C Wy P (4 R™) and V £, = 1,V (ugp —u) + Vut (u, —u) @V,
Let us fix j and let (07, 77) be a DiPerna-Majda measures generated by a subsequence in k of {V f;; }xen denoted
by the same expression. By an easy computation we have

1+ |Vfirl?) <CA+ |[VuglP + [Vul? + | (ur, — u) @ Vn;[P),

with some C' > 0 independent of u, j, k, . Therefore for any nonnegative g € C(Q)

[ o)~

) khm 1+ |Vfjr()|P)g(r)dr <
Q —o0 Jq

< C kllm (14 |Vug(z)|? + |[Vu(z)P)g(z) dz + Cklim |(ug(z) — u(z)) @ Vn;(z)|Pg(z) de.
o Jo —JQ

and the first term on the right-hand side is the same as C' [, g(z)m(dz) where 7 = o + |Vu/|Pdz. The second
term is 0 because by the assumption uy — u strongly in LP(Q; R™). According to Lemma 3.1 we we see that
o) < 7. Since 7 is absolutely continuous with respect to the Lebesgue measure, so is ¢7. Let us denote its
density by d;.

Lemma 3.2 applied to €; and to 2\ ©; says that for any v € TH (R™*"), g € C()

Jm [ (Vg de = Jim [ o(Tu@)xe, @a@)ds + Jim [ o f)xe, @) dr

[
k—oo Jq

-1/ ), (ds)g(@)xe, (0)do(@)de +  lim [ v(Vfie())xane, (@)9() dz
Q JBrRmxn 1+|8| k—oo Q

Then

— 00

lim ’ / o( fi1(2)xene, (2)g(x) dz

os) |
/Q /gRRmxﬂ 11 |s|? D3 (ds)g(z)xa\a, (2)dys (z) dz

IN

I9lliolollcqmnen) [ xona, (@)dna)do
The Lebesgue dominated convergence theorem yields

=0

lim lim

j—00 k—oo

/Q (Y Fi (@)X, (2)g(x) da



TITLE WILL BE SET BY THE PUBLISHER 13

and finally for vo(s) = v(s)/(1+ |s|P)

Jj—o00

lim /Q / o, ()29 ()e (0) =

lim lim v
j—oook—oo Jo

Q

 iuto@de = [ [ oot

Now it suffices to apply Lemma 3.3 with A = {V f;x; 7.k € N}. a

The following lemma shows that gradient DiPerna-Majda measures are “collected” from homogeneous ones.

Lemma 3.5. Let (0,0) € GDME(Q;R™*™), 1 < p < +oo. Then for almost all a € Q, the couple (, 1),
where fi, = Uy for a.a. x € Q and 7(dx) = dy(a)dz, is a gradient DiPerna-Majda measure, i.e. (m,[i) €
GDM% (Q;R™ ™) and by the formula (2.17) we have

() = ( /R f ‘ﬁjﬁp)_l dz . (3.5)

Proof. Notice that (m, i) € DMY (Q;R™*™) by Proposition 2.4. Let {Vuy} be a generating sequence of
(0,0) € DM%(Q;R™™) with {u),} bounded in WHP(Q; R™). We look for a sequence {uf. ;}xen, j>o uniformly
bounded in W1P(Q; R™) such that

Vui j(x) = Vur(a+j7'2) , j>0,0€Q. (3.6)

We proceed similarly as in [34, Th. 7.2] and apply Lemma 3.2 for any w := a + ;' with j large enough. First
we choose a € €. Define V,(y) = d,(y) fﬁRRmX" v§(s)D,(ds) where {vf}een is a dense subset of R. Then we
take a € Q, a € L, N Ly, N2, Ly, (see Section 2.1) for any £ € N. The set of such points has the full Lebesgue
measure.

We know that {Vug} is bounded in LP(Q; R™*™). Moreover, w* — limy_,oc 1 + |Vug [P = 0. In other words,
for any ¢ € C()

Jm [ E(z) (1 [V (2)[P) dz = / {(z) o(dz) .
—JQ Q
We take &, ; € Co(12) such that

0 < Xatj—10(#) < &aj(#) < Xay2j-10(z) , €Q.

Then for some constant C' > 0 one gets

lim sup lim sup 5" / (14 |Vur(x)[P)Xatj-10(x) de < limsup limsup 5" / (1 + |[Vug(x)P)éq,;(z) dz
Q Q

j—o0 k—o0 Jj—o00 k—o0

= limsupj"/ €q,j(z) o(dz) < lim supj”/ Xa+2j-10(z) o(dz) < Cds(a) .
Q Q

j—o0 Jj—o00

This and the Lebesgue differentiation theorem in the form

lim j" /a+Q/j |V(z) — V(a)|dx =0, (3.7)

Jj—o00
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whenever V € L'(Q) and for almost all a (see e.g. [12, p. 9], [16, p. 9], or [34, p. 120]), give

lim sup limsupj”/ |Vug(2)[PXqtj-10(x) dz = limsup limsup/ |Vug(a+ j~ 2)|P dr < +o0 . (3.8)
Q Q

j—oo  k—oo Jj—oo  k—oo

Suppose that W—limk_,oo up = u in WHP(Q;R™), u, : © — R™ is given by u,(r) = Vu(a)r and denote
Co =" [ ua(z) da. Take

ug (@) = jlue(a+j ') — Maj) (3.9)

where M, ; is a constant chosen so that [, uf ;(v)dz = C,. By the Poincaré inequality {uf ;}ren ;>0 is
uniformly bounded in Wh?(Q;R™).
Taking v € Y% (R™*™) and g € C(£2) we have

/Q o(Vuf,;(2))g(x) da = /Q o(Vur(a+ i~ 2)g(®) dx:j”/

; v(Vug(y))Xarj—10(Y)9 <y:1a) dy .

J
' /Ve( Xa+j-12(H)g (yj_la) dy

+ / /ﬁ . (8)0y(ds)Xa+j-10(y)g (yjla) o (dy) (3.10)

except a countable number of j € R. Passing to the limit for j — oo we get by the Lebesgue differentiation
theorem (3.7)

Using Lemma 3.2 we get for all v* = v§(1 + |- |?) and all g € C(Q) that

lim [ vf(ud ;(x))g(r)dx
k—oo Jo ?

lim lim (Vu,”( x))g(z)dr = lim Vg( 1x)g(x)dx:‘_/g(a)/gg(m) dz

j—o00 k—oo j—o0

//RRMX” vy (8) e (ds)g( dx_//RRan 06 () fie(ds)g(x) w(dz) .

Indeed, the second term on the right-hand side of (3.10) is in the absolute value bounded as follows (recall
that g, v§ are bounded)

lim 5" //
J—00 BrRmxn

with some C' > 0 because the density of o5 with respect to the Lebesgue measure is zero and we supposed that
os({a}) = 0. The proof is finished using Lemma 3.3 where we deal with the set A = {Vug ;; k,j € N}.

()7 (ds)Xarsi—10(¥)g (yj_1a>

J—

ou(dy) < Jim O [ o) =0
+i-10

O

The following result will be useful when we deal with concentrations.

Lemma 3.6. Let 0 € rca(Q) and w C Q be an arbitrary subdomain. Let us further denote for every r € R the
set wy == {z € w : dist(zr,dw) > r}. Then o(Ow,) # 0 for at most a countable number of r.

Proof. Obviously we can assume that o is the nonnegative measure by substituting the total variation of o
instead of 0. We define the function F : R — [0, 00) by the formulae

F(r) :=o(wy).
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As F' is nondecreasing and bounded, therefore it cannot have an infinitely many jumps (this simple fact is often

used in the probability theory where one deals with the distribution function, see e.g. [7, Th. 14.1, p. 188]). By
the monotonicity property of the (regular) measure we have

dim P(t) = U(tQT w) = o(@,) and  lim F(t) = a(tgr wi) = o(w,).

Therefore the jump of F at r equals —o (0w, ) and the lemma follows. d

Our next lemma gives a Jensen-like inequality characterizing behavior of  on the remainder S R™*™ \ R™*™,

Lemma 3.7. Let (0,0) € GDMEL (Q;R™™), 1 < p < +00. Then for o-almost all x € Q

/ o), ds) >0 (3.11)
5

RRan\Rmxn 1 + |S|p

for all v e TH (R™*™) with Qu > —oo.

Proof. Let {Vuy} generate (o,7) and let {2z} be the sequence constructed in Lemma 2.2. Denoting wy, =
up — 2 for any k € N we set Ry = {z € Q; Vwy(z) # 0}. Lemma 2.2 asserts that [Rx| — 0 as k — co. We get
from Lemma 2.1 that for any v € T% (R™*"™) quasiconvex with v(0) = 0 and any g € C(Q2)

/g(m)v(Vwk(x)) do — / g(@)(v(Vug(z)) — v(Vzg(z))) da
Q

Q

< Yollew (/R (Vo) = V() = o(Vun(e)l o+ [ |v<vZk<x>>|dx) (3.12)
< Clglew [ [0+1Vuo) = oo~ + Va2 Vo) + 1+ Tal7)] do
<

c’ ((/Rk |Vzk(ac)|pdx)1/p +/Rk 1+ |Vzk(;v)|pdx+/Rk Vzk(x)|d:c>

for constants C, C” > 0 (which may depend also on supy||Vug||1» (o) and supy||Vzk| 1r(q) ). The last term goes
to zero as k — oo because {|Vz|P} is relatively weakly compact in L'(Q) and |Rgx| — 0 as k& — oco. This
calculation shows that for v € T% (R™*"™) quasiconvex we can separate oscillation and concentration effects of
{Vuy;} independently of the used compactification of R™*". Indeed, due to (2.12) we have for any g € C(Q)
and any v € T, (R™*") quasiconvex that

k—o0 Q

: _u(s)
lim [ v(Vwg(x))g(z)dr = v(0) / dx—i—//ﬁ - TFsp v(ds)g(z) o(dz) . (3.13)

RM XN

Let zp € Q and let ¢ € C§°(B(xo,7)), 0 < ¢ < 1. We have for any fixed v € Y4, (R™*") with Qu > —oo that
|Qu(s)| < (14 |s|P), for all s € R™*™ with a constant ¢ > 0, cf. [25, Lemma 2.5]. Therefore if v € T4, (R™*")
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with Qu > —oo we get by Lemma 2.1

|B(z0,7)|Qu(0 )_/B( )QU(V(C(m)wk(x)))daf:/B( )QU(C(JJ)Vwk(x)+wk(x)®VC(x))dx

< / QU(C(w)VWk(x))d$+a/ (1 + 1¢(2) Vewr() + wi(2) ® VE(2) [P~ wy(2) ® VE(2)| dz
B(zo,r) B(zo,r)
’ a/ (|C(I)Vwk($)|p_1)|wk($)®VC($)\dxS/ Qu(¢(x)Vuwy(z)) dz (3.14)
B(xo,r) B(zo,r)

+ a/ (14 2P| ¢(2) Vg ()P~ Jwg (z) @ V()| dz
B(=zo,T)

" a/ (2" Huwk(2) ® VE(@)[P~ ) wk(x) ® V¢(x)| dz
B(zo,r)

< /( )QU(C(x)Vwk(I))dx+a(1+2p Vw7 g [0k @ V]| o 0mm)
B(xo,r

+ 2 laflw, ® VeI mny -

Since wy, — 0 strongly in LP(Q;R™) and {Vwy }ren is bounded in LP(Q; R™*™) the last two terms tend to zero
if & — o0o. Therefore we have

| B(zg,7)|Qu(0) < lim inf Qu(¢(z)Vwg(z)) dz . (3.15)

k—oo B(zo,r)

Let us choose such r > 0 that o(0B(zg,r)) = 0. This is possible due to Lemma 3.6. We continue with the
following estimate for a suitable subsequence of {Vwy} (not relabeled). Note that we use Lemma 3.2 with
w := B(zg,r).

lim Qu({(x)Vwg(z))dz < lim Qu(Vwg(x)) dz (3.16)
F=00 JB(ao.r) F=00 J B(ao.r)
+ a lim (1= (@) (1 + ¢ =) | Vwg(2)|P dz + o lim (1—<¢(z))|Vwg ()| dz
k—o0 B(wo,r) e JB(xo,r)
ST lsl” _
= Jim [ @mEara [ [ @)+ @) ol

+ a/B(xO,T) /ﬁRRmxn T+ s 2 (ds)(1 = ¢(x)) o(dx) .

Taking into account (3.15) and (3.16) and a sequence {(;}jen C C§°(B(zo,7)), 0 < {; < 1 pointwise tending to
XB(zo,r) 0-a.¢. We have by Lebesgue’s dominated convergence theorem

| B(z0,7)|Qu(0) < lim Qu(Vuwy(z)) dx

k—o0 B(zo,r)

The right-hand side is not greater than

peon@o [ [ o), (as) () (3.17)

ﬁRRan\anXn 1 + |S|
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Indeed we can consider a complete separable ring S of bounded continuous functions such that 5 +| 7€ S as well
I +| 7 € S. The metrizable compactification SsR™*™ may be possibly finer than GrR"*": cf. Remark 2.5

for the construction. Then we have (perhaps up to a subsequence; cf.(3.13))

as

lim Qu(Vwy(x)) dz = |B(zo,7)|Qv(0) / )/ﬁ g mﬁx(ds) o(dx)

k—oo B(wo,r)

for (o,7) € GDMZE(Q; R™*™). Notice that by (2.10) o is independent of the used ring S. Since Qu < v we have

. VS
Jim Qu(Vuwn(x)) dz < | B(zo, 1)|Qu(0 / / - )5, (ds) o(de) .
— JB(z,r) B(zo,r) J BsRmxn\Rmxn + | |

Asvo=v/(1+]-|P) €S, too, we have using (2.12)

lim v(Vug(x))dz / / v(8)vz(ds)
k=00 JB(z0,r) B(zo,r) JRmXn

/ v(s)
B(zo,r) JBsRmXn\RmXxn 1 + ‘S‘p

-/ - | ot

v(s) .
* / / Po(ds) o(dz) |
B(xzo,r) J frRmxm\Rmxn 1+ |s|P

where v € YP(Q; R™*™) is the Young measure generated by {Vuyg }ren. Therefore,

v(s) . _ v(s) Uy (ds) o(dx
/B . D, (ds) o (da) = / . 2(ds) o(da) .

,T‘) /BRRNLX7L\R7YLX7L ]. + |S|p ,’I“) ﬁSRmX"\R”LX" ]_ + |S|p

Uy (ds) o(dx)

Combining (3.18) and (3.18) we arrive at (3.17).

Thus it yields
0= / / ﬂﬁz(ds) o(dz) .
B(ao,r) J prRmxm g 1+ [s[P

Therefore, by Lebesgue-Besicovitch differentiation theorem [12, p. 43] for any o-Lebesgue point xg of z +—
fﬁRRnLXn\Ran 11(‘51,, Uy(ds) and any sequence {r;}jen such that B(zg,r;) C Q, 0(0B(xo,r;)) = 0, and
lim; o r; = 0 (its existence follows from Lemma 3.6) we get

. 1 v(s)
lm / / V)5 (ds) o(da)
Jj—00 O'(B(x07 7”])) B(Io,?”j) ﬁRR'an\Rann 1 + |S|p

v(s) .
= Uy (ds) .
\/ﬁRRan\anXn 1 + |S|p wO( )

We continue similarly as in [14]. The previous calculation yields the existence of a o-null set E, C 2 such that

0< / o) (ds)
BRRWLXn\Rm,Xn 1 + |S|p

o
IA
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if * ¢ E,. Let {v&}ren be a dense subset of R, so that {vF}ren = {v§(1 + |- [P) bren C Y (R™*"). We define

E=J U Eurr1/i)atl1r) -
B {GEN: QUAH(1/3) (14 17)> o0}

Clearly o(FE) = 0. Fix x € (Q\ E), v € TH(R™*™) such that Qu > —oo and choose a subsequence (not
relabeled) {v&}1en such that

vE — v in C(BrR™*™) and |Jvh — volloarrmxn) < %

jk)

where j(k) — oo if k — oo. We have

1
vi(s)+ s (L 1sIP) > 0P (s) + (1 + [sIP) g — volloprmmxn)

i (k)

> 0*(s) + |ug(s) = vo(s)|(1 + [s[”) > v(s) .

Thus, Q(v* + ﬁ(l + [5[P))+ > —o0, as well, and because x & E then & & E x4 (1/(k))(14||») and

1
0 < lim (vg<s)+.) i) = | ool (ds)
k—oo BrRMXn\RmX"n ](k) BrRmMXn\RMmXn

_ / v(s) D, (ds).
BrRmXn\RmXn 1 + ‘5‘17

We are now ready to formulate necessary conditions for a gradient DiPerna-Majda measure.

Proposition 3.8. Let Q C R" be an arbitrary bounded domain. Let {uy} C WEP(Q;R™*?) 1 < p < 400 be
bounded. Let further {Vu,} generate (o,0) € DML (Q;R™*™) Let d, be the density of o with respect to the
Lebesgue measure.

Then the following three conditions hold:

S

Ju e WHP(Q;R™) : Vu(z) = dg(x)/ Uy (ds) (3.18)

BrRm X7 1 + ‘5‘17

for a.a. x €,
for a.a. x € Q and all v € T4 (R™*™) the following Jensen inequality is valid

Qu(Vu(@)) < dao) | v(s)

ﬁR]Rann ]. + ‘8‘p

U, (ds) (3.19)
and for o-almost all x € Q)

0< / o) ds) (3.20)
6RRWLX7L\RTILX‘I7, 1 + |S|p
for all v € YL, (R™*"™) with Qu > —o0.
R

Moreover, if Q has extension property in W? and additionally {u, —u}ren C WP (€ R™) then (3.20) holds
for o-almost all x € Q.
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Proof. We start with the proof of the first part of the proposition deriving conditions (3.18), (3.19), (3.20).
(i) Suppose first that 2 is Lipschitz. Asp > 1 we assume that {uy }), converges weakly to u € WP (Q;R™*").
Thus for any g € C(Q)

S

kllr&/g}Vuk(x)g(w) dz = /Q/BR]R’”X" T |S|p191(ds)g(x)dg(w) dz ,

which gives (3.18) by the density argument.

Let us take a fixed a € Q, a Lebesgue point of Vu and d, and denote Y := Vu(a). By Lemma 3.5
(7, fig) € DMEL(Q;R™ ™), i, = Dy and 7(dz) = dy(a)dz is a homogeneous DiPerna-Majda measure with a
generating sequence {Vy}, where {0} C WHP(Q;R™). Using Lemma 3.4 we can suppose that w(z) = Yo
if z € 9Q and k € N. We have for any v € YT, (R"™*")

/Qv(vwk(x))dx > 9Qu(Y) . (3.21)

Hence, we calculate for any v € Y% (R™*™) with the finite quasiconvex envelope

. _ v(s)
lim v(wg(x))de = dy(a)|Q —_—
Jm [ (@) @l T

> [Q2Qu(Y),

Vg (ds)

which proves the first part of the statement for Lipschitz © because (3.20) follows from Lemma 3.7.

(ii) Assume now that Q is an arbitrary bounded domain. We cover Q by a sequence of its subdomains
2; C Q with a Lipschitz boundary such that dist(Q;,0Q) < % Using Lemma 3.6 we may additionally assume
that o(0€;) = 0. We use Lemma 3.2 and deduce that if {Vuy} generates (o,7) then the same sequence
restricted to each €; generates (o, V) restricted to ;. Therefore (3.18), (3.19), and (3.20) are satisfied on each
Q; with the same (o, 7) and v and it remains to let j — +o0.

Now we prove the last statement in the proposition.

Let @ be an extension of u to R™. Let us extend each function uy to R™ by plugging 4 (z) := 4(z) outside
Q. Nikodym ACL Characterization Theorem (see e.g. [30, Sec. 1.1.3, Th. 2]) ensures us that each 4y belongs
to WLP(R" R™). Let Q) be an arbitrary bounded domain with Lipschitz boundary such that & c Q and let
(5,7%) be generated by {Viiy }ren restricted to Q. Decomposing for any v € T2 (R™*™) and g € C(Q):

Q

/Qv(Vﬂk(x))g(x)dx:/ﬁ\Q v(VfL(x))g(x)dm—i—/ v(Vug(x))g(r)dz

and letting k converge to +0o we observe that {Viy, }ren generates a DiPerna-Majda measure (&,7) on Q such
that

5o (14 |Va(z)|P)dz on Qlﬁ 5§ vue ifze 97\5
o on P Vg ifx € Q.

As Q is a bounded domain with a Lipschitz boundary, we observe by Lemma 3.7 that (3.11) holds true for
F-almost all 2 € Q. In particular it holds true for o—almost all 2 € Q.
O

A remark is in order.
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Remark 3.9. (i) In fact, (3.20) together with the characterization of gradient Young measures by Kinderlehrer
and Pedregal [23] always imply (3.19). Namely, the characterization of gradient Young measures gives for v
continuous, v(s) < C(1 + |s|P), that

Qu(Vu()) < dy (x) / o) (ds),

e 1 [SP7
for almost all x € Q. This together with (3.20) implies (3.19).

On the other hand, if o is absolutely continuous with respect to the Lebesgue measure we see that (3.19)
implies (3.20). To see this, decompose {uj} by means of Lemma 2.2 and observe that Vw, — 0 weakly in
LP(Q;R™*™). Moreover, taking v € Y% (R™*™) with Qv > —oo, Qu(0) = 0, we have applying (3.19) from
Proposition 3.8 to {Vwy }ren and in view of (3.13) and Lemma 3.2 that

0< /B Quls) (4 < /ﬁ o) (ds)

RRMXN\RM XN 1+ |S|p R R X7 \RM X7 1+ |S|p

which gives (3.20). Note that the requirement Qu(0) = 0 does not restrict generality because we can always
put o = v — Qu(0) for v € TH (R™*™), Qu > —oo and clearly

/ ﬂﬁx(ds) :/ ﬂﬁx(ds) _
BrRmxn\Rmxn 1+ [s[P BrRmxn\Rmxn 1+ [s[P

Saying otherwise, (3.20) gives an extra condition only if o has a singular part.

(ii) An arbitrary bounded domain with Lipschitz boundary has the extension property in WP, It is shown e.g.
in [39, Sect. VI.3].

(iii) Condition (3.20) is analogous to the formula (5.1) in [14]. Particularly, if SgR™*" is the compactification
by the sphere (3.20) coincides with [14, Formula (5.1)]. As (0,0) € DM (Q;R™*™) must be such that o is
nonnegative our conditions (3.19) and (3.20) imply conditions (i) and (ii) in Step 1 [14, p. 748]. Note that as
they use functions g : 2 — R vanishing on 0f) they do not need to take care about the behavior of the varifold
for z € 0f.

4. SUFFICIENT CONDITIONS

This section is devoted to deriving sufficient conditions on a DiPerna-Majda measure to be generated by
gradients. First, we show that DiPerna-Majda measures generated by sequences with the same affine boundary
datum define homogeneous measures.

Lemma 4.1. Let 1 < p < 400, {urtren C WIP(Q;R™) be a bounded sequence such that ug(x) — Y €
Wol’p(Q,]Rm) for any k € N, any x € 0Q where Y € R™*" is fized. Let (0,0) € GDMZ (Q;R™*™) be generated
by {Vur}. Then there is a bounded sequence {wy,} C W'P(Q;R™) such that {u — wy xen C Wy P (R,
{Vwg }ren generates (6, 5) € GDME (Q;R™*™), & is absolutely continuous with respect to the Lebesque measure
and its density dz(x) = o(Q)/|Q| for any x € Q. Moreover, for any vog € R and almost all x € )

D _L vo(8)0z(ds) o(dx
/ERR""X" vo(s)Pz(ds) = o) /Q/%R 0(s)P(ds) o(dz) | (4.1)

in particular (6, 19) s homogeneous.
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Proof. We follow the proof of [34, Th. 7.1]. The family
A={z€ca+eQCQ;aeQ,e<j '}

is a covering of Q. There exists a countable collection {x € a;; + €;;Q}, €;; < 1/j of pairwise disjoint sets and
Q= U{x € a;j +€ijQ}UNj , INj|=0.
i

We see that ), e = |Q/|Q2] = 1. We now take for uy (z) = Yz, € Q, the following sequence of mappings

wk(w) _ inlin (m zaqk) + uy(alk) ifx e .aik + GikQ
uy () otherwise .

Therefore, w, = uy on 92 and for a.a. z € Q)

Vg (z) = Vi (I — “““) .

€ik

We have

Vuk< — Zk)‘ dx—zzk/|Vuk )Pde < C .

€ik

/|Vw;C \pdm—Z/
iktein

Hence, the Poincaré inequality yields the bound on {wy,} in W'?(Q; R™). Further, for any v € T% (R™*") and
g € C(2) we get

/v(Vwk(x))g(z) der = Z 1k/ (Vur()g(ap + ery)dy =1+ 11,
Q

1

Zezk / (Vuk(y)) (9(air + €ixy) — glair + €xir)) dy

IT = <|Q Z |Q|67,kg(azk: + ezkyzk)> /QU(VUIC(?J)) dy y

where 7;, € Q is chosen arbitrarily. Note that |I| < My(3) Jo [v(Vug(y))|dy — 0 as k — oc.
The second term is the Riemann sum for fQ g(y) dy. Hence

Jm [ o(Cu@g@ e = [ o) darey o /ﬁ ERUCIXCRETE
L |(Q| /RRmxnv()(s)aI(ds)

/ / e (s)02(ds)g(x)a(dz) .




22 TITLE WILL BE SET BY THE PUBLISHER

It is well known, see e.g. [34], that the set of homogeneous W'P-gradient Young measures v given for any
v € Cp(R™*™) by

: LP(O;R™),u(z) =Yz, x
/}Rmm v(s)u(ds)—m'/gv(Vu(x))dx, ue WHP(Q;R™),u(z) =Yz, x €N (4.2)

is convex. Let us denote it by My . As Young measures generated by sequences bounded in LP(2; R™*"™) can
be embedded into DM (Q; R™*™) (see [37, Remark 3.2.16]) we get that My is mapped into a subset 7y of
DME (Q; R™*™) where (, it) € my if for some u € WHP(Q;R™), u(z) = Yz if x € 9Q we have

dr (1+ |Vu(x)|P)dx (4.3)

1
1€ Ja
and for any v € Y%, (R™*"™)

[0 = 1 v(Vu(z x
/BRRM”O(S)“(dS)‘dW|Q| / (V) de . (4.4)

Thus we can define 7, € rca(Q x BrR™*") by

1
(g ®w) = / o(Vu(a)) dz / o(v) dy | (4.5)

where v € T4, (R™*") and g € C(2). Here we used the fact that the linear hull of {g ® vo; g € C(Q) , vo € R}
is dense in C(Q x BrR™*™). We see by the inspection of My that 7, is a gradient DiPerna-Majda measure
from DM, (€; R™*™). Namely, if {Vuy}ren generates v from (4.2) then the same sequence generates 7. Let
us also introduce 7, € rca(BrR™*™) defined for any vy € C(BrR™*"™) by

(s vo) = (Nu, 1 @ vo) = /Qv(Vu(x))dx .

Clearly as My is convex, so is
My := {fjy; u € W'"P(Q;R™) , u(x) =Yz on 0} C rca(BrR™*") .
We have the following result.

Lemma 4.2. Let 1 < p < 400 and (0,7) € DML (Q;R™*™) be homogeneous, i.e., Uy = iy for all x,y € Q and
o be absolutely continuous with respect to Lebesque’s measure with the constant density

o (L. 555) 4

such that for any v € T (R™*™)

v(s) .
d, /5 P(ds) > Qu(Y) , @7)

RRM X7 ]. + |S|p

where

S
Y = do./ ———(ds) .
BrRmxn 1 + ‘S‘p ( )
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Then (o,0) is a homogeneous gradient DiPerna-Majda measure. Moreover, there is a sequence {Vwy }ren
generating (o, D) such that {wy — Yz }ren C WoP (€, R™).

Proof. Multiplying (4.7) by |©2| and defining & € rca(Q x frR™*") by

B v(s) .
oo = [d [ s (1)

for any v € Y (R™*") and g € C(Q) we get that (4.7) is equivalent to

<T57v0> = <£7 1 ®UO> > ‘Q|Q’U(Y) ) (49)

where T¢ € rca(BgrR™*") is defined by the relation (Tg, vo) = <§ ,1 ® vg). We will use the Hahn—Banach theorem
to show that two subsets of rca(SrR™*"): My and T where T is given by

T := {Te; € given by (4.8) and satisfies (4.9)},

considered as sets of functionals on the space C(BrR™*™) (with the weak™ topology), cannot be separated by
an element of C(GrR™*™). It is easy to see that My C T. Suppose that there is a € R such that for a fixed
vy € R (fu,vo) > a for all u € WHP(Q;R™), u(z) = Y if # € 9Q. This means that [, v(Vu(z)) dz > a for any
u € WHP(Q;R™), u(z) = Yz if z € 92 and therefore Qu(Y)|Q| > a; cf.(2.2). Hence, by (4 9)

(Te,vo) = (€,1® vp) > |QIQu(Y) > a .

As this happens for each a, Hahn-Banach theorem implies that T € My, where the closure is in the weak*
topology. As C(BrR™*™) is separable it follows that weak® topology of rca(8zrR™*™) is metrizable on
bounded sets. Therefore there is a sequence {uy} C WP(Q;R™), uy(z) = Yz on the boundary such that
limy o0 (Muy. 1 ® vo) = (€§,1 ® vg). In other words, for any v € T% (R™*™)

: v(s)
lim v(Vug(z))de = ds |2

(ds) . (4.10)

Let (1,4) € DM%L(Q;R™*") be generated by {Vu} or its subsequence. Then for any v € Y% (R™*™) and
9€C(Q)

leII;O ; v(Vug(z dm_//gR]Ran T+ s ‘p G (ds)g(z) 7(dz) . (4.11)

Now we are going to apply Lemma 4.1 to (7, &). It gives us the existence of {wy} C W1P(;R™) with the same
boundary conditions as {uy — wg} C Wy (Q; R™*™) such that

i = x xi ﬂd s)T(dx
Jim [ oTw@gte)ar = [ g@aegy [ [ T Ga @ (1.12)

Expressing the equality (4.11) for g = 1 by means of (4.10) and plugging it into (4.12) yields

v(s)
RR7YLX7L ]- + | |p

/~/B72]Rm><nl+|5|p v(ds)g(x)o(dz) ,

fim [ o(Von@)g@)de = dr [ ga)da /ﬁ 7(ds)

k—oo Q




24 TITLE WILL BE SET BY THE PUBLISHER

which implies the thesis. O

Lemma 4.3. (see [34, Lemma 7.9] for a more general case) Let Q& C R™ be an open domain with |02 = 0 and
let N C Q be of the zero Lebesgue measure. For i : Q\ N — (0,+00) and { fx}tren C L*(Q) there exists a set
of points {a;,} C Q\ N and positive numbers {e;1.}, €ix < rr(air) such that {a;x + €xQ} are pairwise disjoint
for each k € N, Q = U{aq, + €102} U Ny with |Ni| = 0 and for any j € N and any g € L=(Q)

kli_)n;ozi:fj(aik)/ajﬁ%gg(:c) dz = /ij(l‘)g(x) de .

Proposition 4.4. Let (0,0) € DM%L(Q;R™ ™), 1 < p < +o0, be such that o is absolutely continuous with
respect to Lebesgue’s measure and let d, be its density. Let further the following two conditions hold:

Jue WH(Q;R™) : Vu(z) = d(,(x)/ S p.(ds) | (4.13)

RmXn 1 + |S|p

for a.a. x € Q and all v € Y% (R™*™) the following inequality is valid

Qu(Vu(®)) < dao) | v(s)

BrRmxn 1 + |S|p

Dy (ds) - (4.14)

Then (o,0) is generated by gradients, i.e., belongs to GDM%, (; R™*™).
Moreover, its generating sequence, {Vug }ren, can be chosen in the way that {uy — u}pen C WyP(Q,R™).

Proof. We will divide the proof into two steps. Although step (ii) is a generalization of (i), we believe that
it is instructive to look first at a simpler case.
(i) Suppose first that « in (4.13) and (4.14) is zero. We are looking for a sequence {uy }reny C WHP(Q;R™)

satisfying
i = v(s) Uz (ds)g(x)o(dx
lim Qv(Vuk(x))g(x)dm /Q/BRRMM T+ s 2(ds)g(z)o(dz)

k—o0

for all g € I and any v = vo(1 +] - |?), vg € S, where I and S are countable dense subsets of C(Q) and R.
Take r, = 1/k and using Lemma 4.3 find a; € Q\ N, € < 1/k such that for vo € S and g € C(Q)

kli_)n;@ i V(aix) /aiﬁmgg(x) dx:/ﬂf/(:c)g(x) da , (4.15)

where
V(z) = da(:c)/ﬁ o vo(s)0(ds) .

The system a;, + €, exhausts almost all . We may assume that a;, &€ N, |[N| = 0, by (4.14) and by
Lemma 4.2 we can assume that (dq(a;r)dz, Ug,, ) is a homogeneous gradient DiPerna-Majda measure living in
DM% (S R™*™) and we call {uék}jeN its generating sequence. Recall that u = 0, so w-lim;_cc u;:k =0 in
WLP(Q; R™) and by Lemma 3.4 we can even suppose that {U;—k}jEN C Wy P(Q; R™*") and

lim U(Vuék(x))g(x) dz = V(aik)/ﬂg(x) dx . (4.16)

J= Jq



TITLE WILL BE SET BY THE PUBLISHER 25

Define the sequence
otk [ x—ay : . )
g (z) = €KUY (7% ’“) if z € a; + €192
0 otherwise .
Let T' x S = U, By, with Ey, C Ej1, finite sets. For k, i fixed we take j = j(k, ) so large that for all (g,vg) € E
1

< — .
- 2k

/ glask + ea)o(Vui () dy — V(as) / o(x) de
Q aip+einsd

Here we exploited (4.16) written for §(y) = g(a;k + €;xy) instead of g. Using this estimate and (4.15) we get for
any (g,v9) €T’ x S

Jm [ g@u(Vu@)de =t S [ o+ (Ve @) dy
—oJa —oo & Q
= lim V(aik)/ g(sc)dx:/I_/(:E)g(x)dx
k—oo = aik+eiR Q

/Q /B;Rmxn vo ()0 (ds)g(z) o(dz)

as we wish. It is clear that uy —u € Wy*(Q, R™) for every k.
(ii) If u # 0 the proof is more technical. We follow [23]. As u € WHP(Q; R™) we take a € Q and for € > 0 small
enough define
Wae(y) = € ula + ey) — u(a) — eVu(a)y] -
We have that w, . € WHP(Q; R™) and

Vwa,e(y) = Vu(a + ey) — Vu(a) .

Based on Reshetnyak’s result ( see Theorem 1 in [35] for  being a ball, an arbitrary case follows easily from
this particular one), we have that for e — 0 and a.a. a €

I [ula + ey) — wla) — eVula)y]lwsoy — 0.

Thus, for almost all a € ,
li_I%HVwa,eHLP(Q;RmM) =0,

and by the embedding theorem we find co > p* > p such that
251(1) ||wa7e||Lp*(Q;Rm) =0. (417)

Let’s say that this is true for all @ € Q\ N, where |[N| = 0. Then for a € 2\ N and any k € N there is ri(a) > 0
such that if € < ri(a) then a 4+ €Q C Q and

(4.18)

T =

. 1/p"
(/ (e u(a+ ey) — u(a) — eVu(a)y])p dy> <
Q
We are looking for a sequence {uy }reny C WHP(£; R™) satisfying

lim Qv(Vuk(x))g(x)dx:/Q/ﬁ Rmxn11(Tz|pﬁw(ds)g(x)o(dx)

k—o0
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for all g € T and any v = vo(1 + | - |P), vo € S, where I and S are countable dense subsets of C(Q) and R.
Take 7y, : \ N — R and using Lemma 4.3 find a;; € Q\ N, € < ri(a;;) such that for all v9 € S and all
geC()

lim ZV(aik)/ g(x)da = / V(z)g(x)dax , (4.19)
k—o0 P aipteins) Q
and
lim Z|V(aik)| g(z)dz :/ |V (2)|g(x)dx , (4.20)
k—oo i aix+eind Q
where

V(z) = d(,(x)/ﬁ o vo(8)D(ds) .

We can assume by Lemma 4.2 that (d,(a;;)dx, D4, ) is a homogeneous gradient DiPerna-Majda measure living
in DML, (Q; R™*™) and we call {Vuék}jeN its generating sequence. It means that

lim U(Vuék(x))g(x) dz = V(aik)/ g(z)dz . (4.21)
J—= J0 Q
We have that
w— lim u = L'* in WhP(Q;R™) | (4.22)

J—0o0

where for almost all z L*(z) = Vu(a;;)x. Let Qp = {z € Q; dist(z,0Q) > £~}
In view of Lemma 3.2 and (4.21) we have

lim U(Vuék(x))g(x) dz = V(aik)/ g(x)dz . (4.23)
IS\, 2\Q,
Particularly,
lim lim U(Vué-k(m))g(x) dz = V(a;) lim glx)de=0. (4.24)
{— 00 j—00 Q\ 2 L—o00 O\Q
By Lemma 4.3

Q= U{x € ik +€ikQ}’UNk , |Nk| =0.
We define a sequence of smooth cut-off functions {n,}sen such that
0 inQy,
() = { 1 on 6;2

and |Vne| < C? for some C > 0.
Further, take a sequence {uf }rcen C WHP(€Q;R™) defined by

ot + et (5520)] (1 (4524))
4
up(x) = +u(z)ne (%) if € ai, + €19,

u(x) otherwise ,
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where j = j(i, k, £) will be chosen later. Note that for every k and [ we have u}, —u € W(}’p(Q7 R™).
We calculate for = € a;; + €,

¢ ik [ T — Qik T — Gk
= . 1—
Vuy () Vu < -~ ) ( Ne ( o >)

) vu(x)w<x€:ik> (4.25)
b [ttty (Z5) (22

T — a; i Tr — a; xr — a;
+ |:Vu(aik) (G_k k) - ug <€_k k)} ® Vg (E_k k)

= Al(2) + B (2) + Chi(x) + Diy ()

and let Af(z), Bi(x),CL(z),Di(z) be defined on the whole set Q (up to a set of measure 0) by
Al (x), B4 (x), Ch.(x), DY (z) respectively on each set a;i, + €5

Obviously, {\Bk|p}keN is weakly compact in L'(Q;R™*™). Further, (4.18) implies that
limy_, oo limg oo ||C'k||Lp(Q Rmxn) = 0 Moreover, limg_, oo limy 00 ||D,€HLP(Q gmxny = 0 if we take j = Ji,k,1) so
that [, [Vu(ag)z — ulf(z)|Pde < 35 due to (4.22).

Let us fix k,4,¢. We can eventually enlarge each j = j(i, k,£) so that additionally for any (g,vo) € Ej

i [ aton + oVt @)y - Vi) [ gla)de| < (1.26)
Q aipteind
and
) _ 1
e&/’ gmm+meMV@Wwww—«ﬁvw%y/ glam + eiy) dy| < -
o\Q, o\Q 2tk
‘We have

A%WWWW®=;%AW%HMMW* )dy - Z%/UcmHMMWWMM

- Z € /\ 9(air + €ny)v(Vug(ak + ewy)) dy = Thy — T + Ty -
Qe

We see that

lim lim T}, = lim ZV @ik / g(x)dx:/‘_/(x)g(m)dx
Q

{—00 k—o0 k—oo aipteinQ

//5RR,W” Uy (ds)g(w) o(dx) .

Applying (4.20) with g = 1 yields

Jim 3V aleill = [ V()]s
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Therefore, we have

lim lim |T7| lim lim
{—00 k—o0 l—o00 k—o00

(4.27)

Z eV (air) / g(air + €ixy) dy

Q\Q

IA

|Q\Q€| n X/
Jim lim lgllc ) Q) D el Qv (am)|

2\ / =
lim Illc V(z)|[de =0
Jim gl [ V@)

because [\ Q| — 0. We show that also limy_, e limg_oo Ty = 0. Indeed, for a constant C > 0 we have

<C’Zek/ (1+ |Vuit()?) dy
+ 026%/ |Bf;(az‘k+€z‘ky)|pdy+6~'26%/ |Ch(air + ery) [P dy
i O\Q, i O\Q,

Z €% / glair + eixy)v(Vug(am + eny)) dy
O\

+ GZ%/ Dy (air + eaxy) P dy = T+ T3y + Ji + i
i O\Q,
We prove that Py := limy_, limy_. Jf; = 0 for every ¢ € {1,2,3,4}. Indeed,

Py)C = Jim lim J3)C = Jim lim Z/ |CE(y)|P dy < Jim lim Z/ |C(y)|P dy
asi+ein (Q\Qe) Gip+eins)

£—00 k—o0 —o0 k—o0 —00 k—00

hm lim |C’k( )|Pdy =0

L—00 k—o0

and by almost the same arguments Py = 0. We also have P; = 0 due to (4.27) computed for vp =1 and g =1
and P, = 0 because the sequence {|Bf[P}ren is weakly compact in L1(9).
Consequently, for all (g,v9) € ' x S

Jim tim [ g@wui@yde= [ [ s o)

The proof is finished now by Lemma 3.3. The fact that {uy} can be chosen to have the same boundary conditions
as u follows from construction of uﬁe
O

Remark 4.5. No regularity of the domain € other than |0| = 0 is required for this proof. The only place
where it could play a role is (4.17). But it is true for every € because wq ((y) uses the values of u only in the
set a + €2 which is contained in €2 together with its certain neighborhood.

Finally, we prove the general result with ¢ having possibly also a singular part.

Proposition 4.6. Let Q2 be an arbitrary bounded domain such that |09 = 0, 1 < p < 400 and (0,0) €
DMZ (G R™*™) be such that the following three conditions hold:

S

Jue WHP(Q:R™) axeQV =d, / T
u ( ) : for a.a.x u(x) (2) S e

D, (ds) | (4.28)
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for almost all z € Q and for any v € YL, (R™*™) the following inequality is fulfilled
R

Qu(Vu()) < dy (x) / o) (ds) | (4.29)

BrRmxn 1 + |S|p

for o-almost all x € Q and all v € Th (R™*") with Qu > —oc it holds that

og/ o) 5 (ds) . (4.30)
5

RRMXn\RM X1 1 + |8|p

Then (0,0) € GDMY% (Q; R™*™). Moreover, its generating sequence, {Vuy}ren, can be chosen in the way that
{ur, — ulren C Wy P(Q,R™).

Proof. Notice that if the singular part of o vanishes then the assertion follows from Proposition 4.4. Hence,
we suppose that os # 0. The proof is divided into two steps.
(i) We first suppose that the singular part of o, oy, consists of a finite sum of atoms, i.e., o5 = Zf\;l @0z,
where a; >0 and z; € 2,1 << N.

First, note that by Lemma 2.3 inevitably fﬁRRmX"\RmX" Uy, (ds) =1 for 1 <i < N. We define B(z;,r) C
such that B(z;,r) = {x € Q; |z; —z| < r} for r > 0 sufficiently small , i =1,..., N, and B(z;,r)NB(z;,r) =0
if i # j. We define fori =1,..., N

1 P\ da
Ai(r) = /B(% )(1+|Vu(:c)| )dz .

a;

As lim, g A;(r) = 0 we will only consider r < r¢ for 7o > 0 so small that 0 < A\;(r) < 1.
Further, put for a.a. x €

I i 7 ifx € Q\UN,B(z;,7)
Vo = { Ai(1)0vu@) + (1= Ai(r))0e,  if x € B(xy, ) (4.31)
and the measure o, = d,, dz defined through its density d,, as
d, () if z € Q\UN,B(z;,7)
do, (z) = { 1+I/\Vi(u7f)w)|p, if z € B(xy,r) . (4.32)

It is easy to verify by means of Proposition 4.4 that (o,,0") € DML (Q;R™*™). We see that for almost all
x €

dy, (ac)/]R ;D’"(ds) = Vu(z)

mxn 14 |s[P "
and that due to (4.30) for almost all x € B(x;,r)

Ai(r)(Qu(Vu(z)) — v(Vu(z)))
(1= X:(r) (1 + [Vu(z)[?)

<0

IN

/ ), ds)
ﬁRRnlxn\Rm,Xn 1 + |S|p

Altogether we have for any v € T% (R™*") with Qv > —oo

Qu(Vu(w)) < do, (@) [ o) (ds)

—V,
BrRmxn 1+ |3|p z
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and by Proposition 4.4 there is {u} } € WP(Q;R™) such that {Vu} }xen generates (o,,07) € GDME, (Q; R™*™)

and {ur — ulren C WO P(Q,R™X™), )
We calculate for any vg € R and g € C(Q)

i [ ] R o)

= lim / vo(8)0(ds)g(z)dy(z) do
=0 JO\UN | B(zi,r) JBrRmxn
N
+ lim Z/ v(Vu(z))g(z) dz
r—0 i=1 B(x,r)
+ limilw/ g(2)(1+ \vu(x)mdz/ vo(8)im, (ds) =: T+ IT+ ITI
r—0 P )\Z (T) B(:vi,r) BrRmxn i
Obviously, I + 1T = [q [ gmxn v0(8)P2(ds)g(z)de(z) dz, while
Y
IIT = lim / g(x)(1 4+ |Vu(z)|P) dx/ vo(8) Dy, (ds) =
r—0 = )\1 (’I") B(a:i,r) BrRmxn

N
. 1 P\ da
_ ;%u#Wmewﬁg& uﬂwmmmAwﬂwwamd

i=1

_ im%AWW (ds) /me bo(d8)g() 04(da)

?

Finally, it yields

lim lim [ o(Vug(z dx—//ﬁ Rmxn ()0 (ds)g(x) o(dx) . (4.33)

r—0k—oco Jq

Lemma 3.3 implies the existence of a bounded sequence {Vuy}ren such that {us, — u}reny C Wy (9, R™*™)
and

Jmn [ oV (w)g(e) de = / /ﬂ o O ds)g(a) o) (4.34)

whenever v € Y (R™*") and g € C(Q).

(11) Now we prove a general case. Take [ € N. There exists a finite partition P; = {Ql}‘]g) of Q such that
J1 N, =0, 1 <j1 <j2 < J(I) and all Qé are measurable with dlam(Qé) < 1/1. Besides, we may suppose

that, for any [ € N, the partition P11 is a refinement of P; and that int(Qé) # () for all j. Let o be the singular

part of 0. We set al = 0,(€2), where o, is the singular part of o. Let us put

N() = {1< 5 <) ab £0} |

take if i € N(I) take z; € int(€)) and define a measure (o', ?!) by the formula o'(dz) = d,(z) + dienN@) atéy,.
and

SR 7% if ©x # a;
Va _{ vlooifr=a;, (4.35)

£
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where supp Di C BrR™*™ \ R™*™ and for any vg € R

/ﬁR]Ran UO(S)ﬁii( /Q’ /BR]Ran 8)0y(ds) og(dx) . (4.36)

Using Lemma 2.6 we can equivalently rewrite (4.36) as

/ vo(s)ol, (ds) = —— / / vo(8) 7 (ds) oo (d)
BrRMXn\RmXxn JS(QZ-) Qé BrRMXn\RmXxn

Part (i) implies (o!,0') € GDMYE, (; R™*"). Indeed, the fact that (o', D)
using Proposition 2.4. Moreover, an easy verification shows that (4.28),(4.29
(0!, 7') and (4.28) holds with the same function u.

Let {ul}ren C WLIP(Q;R™) be such that {Vul}ren generates (o!,7!) and additionally {ul — u}, C
WyP (2, R™). We have for any | € N

€ DMP 5 (Q; R™™) is checked by
9), a (4 30) are also satisfied for

lem (1 + |Vul(2)P)dz = 6'(Q) = 0(Q) (4.37)
. Jo

and for any vy € R and any g € C(Q)

g [ ] @ik ot - [ [ i o)

= Jim | 3 gla)ou() / wiit, (@) - [ | 00(8)2 (d8)g(2) oo (d)
l—o0 ieN(l) BrRMXn\RmXn Q JBrRmxn\Rmxn

= Jm | Y ( / /ﬂR\ wo(e)7 (ds)g(as) )~ [ é /ﬁRRW\RWvo<s>ﬁw<ds>g<x>as<dm>>

1€N(1)

IN

i 3 o0 (4)(09)lg (@) — g} (02) < Co(@) i My (1) =0

OozeN(l) 'RR”"X"\RM’XT‘

where |vo| < C. Hence, we get for any v € T (R™*") and any g € C(Q)

lim lim | o(Vel (2))g(z) dz = / /ﬁ o ola)ds)g(e) ol

=0 k—oo Jq
and we finish the proof by using Lemma 3.3. a

Proof of Theorem 2.7. Tt follows directly from Proposition 3.8 and Proposition 4.6. a
Remark 4.7. Theorem 2.8 is a part of Proposition 3.8.

5. PROOFS OF LOWER SEMICONTINUITY THEOREMS 2.9 AND 2.10

Proof of Theorem 2.9. Let R be an arbitrary separable complete closed ring containing v/(1 + | - |P) and
corresponding to the compactification SrR™*™ of R™*™. After extracting the subsequence we may suppose
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that {Vui}ren generates a DiPerna-Majda measure (o, 7) € GDME (; R™*™) and we have (see (2.12))

hm I(ug) // $)vg(ds)g(z) da
k— Rmxn

U)o de)elelo(de
/Q/RRan\Rmxn 1+|3|P m(d )g( ) (d )’ (5.1)

where v € GYP(Q;R™ ™) and (0,0) € DML (Q;R™*") are gradient Young and DiPerna-Majda measures
generated by {Vi}ren, respectively.

Now, the sequential weak lower semicontinuity of I follows from Theorem 2.8 and (2.24). Indeed, if (i) or
(iii) holds Theorem 2.8 shows that

v(s) .
/Q/R]RWXn\Ran 1+ |3|P I/x(ds)g(;z:)o'(dx) >0. (5.2)

If (ii) is valid, we decompose the left-hand side of (5.2) to

), ds)g()o(de) )
/Q/ﬁR]Ran\Ran 1—|—|S|p »(ds) o(dz) //@RRan\Ran 1_|_| |p Vg (ds)g(z)o(dz) (5.3)

and realize that v := max(v,0) > 0 and due to (ii)

v (s) -
Vg ds g(x)o dz) =0 ,
/Q/QRRMXWL\RWLX” 1—|—|8|p ( ) ( ) ( )

i.e., (5.2) holds again. a

Proof of Theorem 2.10. Let us first prove the “only if part”. Hence, suppose that I is sequentially weakly
lower semicontinuous. Taking {wj} as in the theorem we have for any weakly convergent subsequence (not
relabeled) that wy, — ¢ in WHP(Q; R™), where c is a constant. Indeed, Vwy, converges in measure which means
that it generates the Young measure v, = gy for a.a. x € Q and, particularly, Vwg — 0 in LP(2; R™*"). By
sequential weak lower semicontinuity of I we have liminfy o I(wy) > I(c) = I(0).

Now we are going to prove the “if part”. Let us take any bounded {ux} C W1P(Q;R™) such that w-
limg oo up = u. Suppose that a subsequence of {Vui} (not relabeled) generates (o,0) € GDM% (; R™*™).
Using Lemma 2.2 and its notation we decompose uy = zj, + wy, for any k& € N. Then (3.13) and the assumption
liminfy o0 I(wy) > I(0) imply that

v(s)
‘/Q/ﬁRRmXW\Ran 1 + |S|p ( ) ( ) ( )

for any subsequence of {wy} (not relabeled) such that I(wy) converges. Let {Vug}ren generate a gradient
Young measure v = {vg}rcq € GYP(;R™*™). We have using (2.12)

kllnool 0 g(z)v(Vug(z //Rmm $)Vz(ds)g(z) dz
Lﬁ s)g(z)o(dz v(Vu(x))g(z)dx
/Q/ﬁR]R’"X”\R"LX" 1+ |s|p 91(d )g( ) (d ) Z/Q ( ( ))g( )d .

The last inequality follows from (5.4) and from Kinderlehrer’s and Pedregal’s characterization of gradient Young
measures (2.24). The theorem is proved. O
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