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ANOTHER APPROACH TO BITING CONVERGENCE OF
JACOBIANS

LUIGI GRECO, TADEUSZ IWANIEC, AND UMA SUBRAMANIAN

ABSTRACT. We give new proof of the theorem of K. Zhang [Z] on biting
convergence of Jacobian determinants for mappings of Sobolev class
#17(Q,R™). The novelty of our approach is in using # 1:P-estimates
with the exponents 1 < p < n, as developed in [IS1], [IL], [I1]. These
rather strong estimates compensate for the lack of equi-integrability.
The remaining arguments are fairly elementary. In particular, we are
able to dispense with both the Chacon biting lemma and the Dunford-
Pettis criterion for weak convergence in .1 (92). We extend the result
to the so-called Grand Sobolev setting.

Biting convergence of Jacobians for mappings whose cofactor matri-
ces are bounded in £ 7T (R™) is also obtained. Possible generalizations
to the wedge products of differential forms are discussed.

1. Introduction and overview

Throughout this paper ) will be a bounded open subset of R™, n >2. We
shall study vector functions f = (f, f%,...,f"): @ — R called Sobolev
mappings, whose coordinates f?, i = 1,2,...,n belong to certain Sobolev
spaces #1Pi(Q) with 1 < p; < co. The linear differential map © f(z): R" —
R™ is defined at almost every point x € ) and is represented by the Jacobi
matrix, also denoted by @ f(z). Thus
(L.1) Df(x) = [W—(”C)} e RV,

Ox; ij=1,...n
where R™*™ denotes the space of n x n matrices. This space is equipped with
the inner product (A, B) = Trace(A*B) and the induced Hilbert-Schmidt
norm || A| = (A, A)'/2. Our main object of study is the Jacobian determinant

(1.2) J(z, f) =detDf(x).
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Let us make a few brief comments on exterior algebra. First note that the
Jacobian determinant gives rise to a wedge product of n exact 1-forms

(1.3) J(x, f)yde = df* Ndf* A--- A df™.

Arranging these 1-forms into disjoint groups yields many more decompositions
of the Jacobian, namely

(1.4) J(x, f)yde =0" N> A NO™,
where the 6’s are closed forms of different degree, such as
(1.5) 0F = dftr Adf2 A AdFY, 1<ip<---<iy<n.

Now to every pair of ordered I-tuples, i = (1,2, ...,4) and § = (j1,72,--, 1)
with 1 <4 <--- <y <nandl<j; <---<J; <n, there corresponds a
I x I sub-determinant of the differential matrix, denoted by

oft _a(fn,..., )

Oxj  O(wir,... ,zi)’

When [ = 1 in the above definition, we get all the entries df*/dx;, i,j =

(1.6)

1,...,n, and when ¢ = j = (1,2,...,n) we get the Jacobian determinant.
Note the formula

i1 i2 i 8fl
(1.7) dfit Adf A A df :zjjamdx””

where dxj = dxj, Adxzj, A--- ANdxj, for j = (jr,..., ).

Numerous results on Jacobian determinants which we shall discuss here
remain valid for wedge products of arbitrary closed differential forms [GIM],
[I1], [IL], [RRT].

There are several natural assumptions on the mapping f = (f1, f2,..., ")
under which the #!-theory of Jacobians can be developed. For instance,
suppose the coordinate functions f¢ belong to the Sobolev space # 1Pi (),
1=1,2,...,n, where the exponents satisfy Holder’s relation

1/pr+--+1/p,=1.

In this case, J(z, f) is integrable. Mappings in the Sobolev space # 17 (Q, R")
may be treated as a special case of the situation just mentioned, with p; =
.-+ = p, = n. Reasoning as above, one can work with other natural settings.
If, for instance, f € # 1 (Q,R") for some 1 < | < n, then it suffices to
assume that the [ x [ minors 9f%/dx; belong to £"/!(Q). Indeed, we have
the pointwise estimate

n/l

of c Q).

al'j

(1.8) (@, )] <Cm) >

4,5

The #!-integrability properties of Jacobians are studied under much less
restrictive hypotheses in [GIOV], [G2], [H], [IO], [IV], [KZ], [L], [M3], [MTS].
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One important concept in this theory is that of a weak Jacobian [B], [G],
[12], [M4], [M5], [M6], [M7], [M8]. The weak (or distributional) Jacobian of a
mapping f is a Schwartz distribution, denoted by J¢, which operates on the
test functions ® € 65°(2) by the rule

(1.9) 3f[c1>]:—/Qfld@Adf2A--.Adf".

The reader may guess that this definition has resulted from formal in-
tegration by parts of [ ®(z)J(z, f)dx. This integration is legitimate for
fie %Cl)’cp *(£2) with Holder conjugate exponents p; , whereas using the Sobolev
inequality we see that the integral defining Jf also converges if f* € WS (Q),

loc
where the Sobolev exponents 1 < s1,...,5, < oo need only satisfy the so-

called Sobolev relation
1/s1+-+1/sp,=1+4+1/n (I1<s1<n).

However, in the natural setting we can use Holder’s inequality to obtain:

PROPOSITION 1.1.  For mappings f,g € # " (Q,R") and ® € €5°(Q) we
have

‘31‘[@] - 39[@” =

/Q (o) (z. f) — J(z,g)]de
< C) [V®lloollf — gl (1D 11 + [Dgll)™ "

This is a warm-up to an even more general estimate in Lemma 3.1. Now, as
a consequence of the compactness of the embedding #1"(Q) — £"(Q), we
see that the distributional Jacobian J: # 17 (Q,R™) — 2'(f) is a continuous
operator with respect to the weak topology in #1"(£,R™). Precisely, we
have:

THEOREM 1.2 (Weak Continuity). If fx — f weakly in # 1" (Q,R"), then
we have Jf, — Jf in the sense of Schwartz distributions. By definition, this
means that

(1.10) lim [ @) (2, fu) de = / O(2)J (z, ) do

k—oo Jq Q
for every test function ® € C§° ().

This elegant result should be credited to R. Caccioppoli [C1] and C. B. Mor-
rey [M1], [M2]. The utility of weak convergence of Jacobians was clearly rec-
ognized in quasiconformal geometry [GI], [IM], [R1], [R2], variational calculus
[AF], [M2], [BM1] and nonlinear elasticity [A], [B], [C2]. It is very easy to see,
by an approximation argument, that (1.10) remains valid for all continuous
test functions vanishing on 99, that is, in the space %,(2). We recall that
%0(9) is dual to the space of Radon signed measures. What Theorem 1.2 tells
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us is that the sequence of measures du, = J(z, fi) dv converges weakly to
dp = J(z, f) du.

More generally, it may be shown that (1.10) remains valid if ® € ¥ .# 0(Q),
the completion of G5°(12) in the space B.# 0'(Q2) of functions of bounded mean
oscillation. This is why the Jacobians actually converge in a biting sense. We
only mention that the space B.# C(2) is defined by means of the norm

1
\|¢||@%ﬁ=sup—/ 1® — o da,
Q 1QlJg

where @ is a cube contained in 2 and ®¢ denotes the integral mean |Q|~! [, 0 ®
For details, we refer the reader to the seminal work [CLMS] and the references
therein. It is natural to ask what really is the class of test functions for which
(1.10) holds.

The reader may wish to note that (1.10) fails for compactly supported
bounded test functions. Even finding a subsequence of {f;} which satisfies
(1.10) may be impossible. To see this, consider fi(x) = h(2Fz) in the unit
ball Q = {z : |z| < 1}, where h can be any smooth mapping supported in
the annulus 1 < |z| < 2 such that J(x,h) # 0. This sequence converges to
zero weakly in #1"(Q,R"), since for all & € N we have ||fi|l. = 27%||h||»
and | Dfklln = ||Dh|ln. On the other hand, if we take the test function
=3, J(2z,h), then [®(2)J(z, fy)dx = [|J(x,h)[>dz # 0. A con-
centration of mass, which in this example takes place at the origin, is exactly
why some bounded sequences in .#*(€2) do not contain any weakly convergent
subsequence.

A way out of this anomaly is to cut out certain parts of 2 where the
concentration of mass occurs. Those parts that are cut out will be called
“bites”. This procedure is well described by Chacon’s Lemma [BC], [BM2].
To formulate Chacon’s Lemma, we need to introduce a new concept.

Given a sigma finite measure space (X, ), we denote by .Z (X, ) the space
of all y-measurable functions on X which are finite p-almost everywhere.

DEFINITION 1.3. A sequence {Jg}g=1,2,.. in (X, ) is said to converge
to J € (X, ) in a biting sense if X can be expressed as a union of countable
number of yg-measurable subsets such that J, — J weakly in £ on each of
these subsets. We write it as

(1.11) lm =J, or  Jy .
k—oo
Perhaps a few comments about how to read this definition are in order.
Let X =J,2, X, be the countable union of y-measurable subsets mentioned
in our definition. Although we did not say it explicitly, it is understood that
all Jp and the limit J lie in £1(X,) for each v = 1,2,.... Thus, in contrast
to the original definition, here we do not require that the functions Jj are
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integrable on the entire space X. Certainly, it involves no loss of generality
in assuming that X; C Xo C ..., since otherwise we could replace these
sets by the sets X7 C X3 UXs C X7 U XoU X3U.... The weak limit
remains unaffected. On several occasions it will be convenient to consider the
complements B, = X \ X,. It is clear that, if u(X) < oo, then lim y(B,) = 0.
Therefore, we shall call them arbitrarily small bites from X. Outside those
bites {Ji} converges weakly in .#! to J. It is possible to make different
bites. However, they all yield the same limit function. One should be a
little cautious because some familiar properties of convergent sequences do
not apply to convergence in the biting sense.

The notion of biting convergence owes much of its importance to the cele-
brated lemma of Chacon [BC] (see also [BZ]).

LEMMA 1.4 (Brooks-Chacon). FEvery bounded sequence in £*(X) con-
tains a subsequence converging in a biting sense.

Biting convergence is extremely useful in situations when the only available
information about a family of functions is its boundedness in .#1(X). This
typically occurs in the study of variational integrals [BZ], [Z] and in geometric
function theory [GI], [IM], where we have a bounded sequence of Jacobians.

THEOREM 1.5 (K. Zhang). Ewvery bounded sequence {fi} in #*"(Q, R"™)
contains a subsequence { fi,} converging weakly to a mapping f € #*"(Q, R")
such that

(1.12) ‘lizn J(z, fr,) = J(x, f).

11— 00

Of course, the existence of a subsequence {J(z, fx,)} converging to a certain
integrable function is immediate from Chacon’s lemma. But the fact that the
biting limit equals J(z, f) is far from being obvious. Let us mention that the
biting limit of the Jacobians may not exist for the entire sequence, even if
we already know that {fi} converges weakly in #17(€2,R"). What causes
this anomaly is the lack of equi-integrability of the Jacobians. Recall that the
equi-integrability condition is one of the Dunford-Pettis Criteria [E] for weak
compactness in £,

In this note we give a proof of Theorem 1.5 based on new estimates for the
Jacobian. Perhaps the simplest example to illustrate such estimates is the
following inequality for f € #1n="¢(Q,R"), with 0 <e < 1/(n+ 1):

O(x)J(z, f)dx B B
1.13 /— SOV IDF|"5" + e C||P||oc |DF |7 e,
(1.13) Tl V||| DF| Lz [®c IDF|
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where ® is an arbitrary test function in 65°(€2); see Lemma 3.1 for an even
more general estimate. The case € = 0 reduces to the well known inequality

3718 = [ #(a) I, pdo < C) V@l |91,

The point to emphasize is that the first term on the right hand side of (1.13)
n2
only requires £ »+1-integrability of the differential. This term, when applied
2

to the mappings fx, will pose no difficulty since the functions |D fk|"n? are
equi-integrable. The second term requires almost £"-integrability of © f;, as
€ — 0, but the factor £ will come to the rescue.

There are also variants of (1.13) for differential forms [S]. In analogy to
the differential map df = (df',df?,...,df") we might consider the m-tuple of
rather general differential forms

(1.14) w=(whw? ... wm) e LP QALY x - x LPm(Q Al
such that
(1.15) dw = (dw',dw?, ..., dw™) € L (ALY x5 Z5m(Q Alm T

Here we assume that the exponents 1 < p1,pa,...,pm < 0o satisfy Holder’s
relation 1/py +1/pa+ -+ +pm = 1, while 1 < 51, 89,..., 8y < 00 are coupled
by the Sobolev relation 1/$14+1/s3+4---+1/s,, = 14+1/n. Note that condition
(1.15) trivially holds if w consists of closed or exact forms. This latter case
is of great interest in the theory of null Lagrangians. In any case the set of
all such m-tuples of differential forms is a Banach space with respect to the
norm
m

lwllp,s = (o'

i=1

Pi + ”dwi

Si)a p:(pla"'apm)a S:(Sla---asm)-

We denote this space by £P(Q, Alt x --- x Alm). Let us state without proof
the following extension of K. Zhang’s Theorem.

THEOREM 1.6.  Every bounded sequence {wy} in the space LP(Q, Al x
<+ x Alm) has a subsequence {wy, } weakly converging to w = (w!,...,w™) €
LP(Q, A x - x Alm) such that

b
(1.16) lim wp Awp A Awpt =w! Aw? A Aw™.
11— 00 B
In another direction, we consider functions which belong to .Z?(Q) for
every 1 < p < n. The n-modulus of a function is defined by
1

(1.17) S.(e. f) = sup <T/ |f|”T> T 0<e<n-—1.
Q

0<7<e
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Then the so-called Grand Lebesgue space, denoted by 4.£™()), consists of
functions with bounded n-modulus. This is a Banach space furnished with
the norm

(1.18) Iflggnoy = sup Lule,f)= sup (T/Qfln_7> o

0<eg<n—1 o<r<n—1

The closure of .Z"(£2) with respect to the above norm consists of functions

whose n-modulus of integrability vanishes at zero. We denote this closure by
G265 (82). Thus,

(1.19) lim £,(e,f) =0 for  feDLHQ).

The restriction on the parameter 7 in (1.18) is immaterial, which is clear from
the inequality

I fllgen < Lnle, f)+ Ce(n) || f1 forevery 0 <e<n-—1.

The Grand Sobolev space %V/l’”(Q,R”) consists of mappings f: 2 — R"™
whose differential has vanishing n-modulus. An example of such a mapping
would be an f whose differential lies in the Zygmund class .Z™log™ ' .2(Q),
that is

D f ()" dx
(1.20) /Q log (e + [Df(x)]) -

For an exposition at greater length we refer the reader to [IS1], [IS2], [G],
[IKO], [GIS]. In this category of mappings we have the following biting theo-
rem.

THEOREM 1.7.  Let {fi} be a bounded sequence in G# "™ (Q,R™). Suppose
that the derivatives have uniformly vanishing n-modulus, that is,

(1.21) hma sup/ 1D fi(z)|" " dx =0,
N0 k>1
and that the Jacobian determinants are bounded in £1(Q),
(1.22) Sup/ |J(x, fi)| dz < 0o .
k>1J0

Then there exists a subsequence { fr,} converging weakly in #1P(Q,R™) (for
all1 < p<n)toamapping f € G# " (Q,R™) such that

(1.23) 'lim J(x, fx,) = J(z, f).

1— 00

It is worth noting that condition (1.22) is redundant when the mappings
have nonnegative Jacobian, simply because for each compact U C €2 we have

sup / 1T (2, f)] do < sup | fi gy < 00
kx1JuU k>1
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see [IS1], [W].

THEOREM 1.8. Let fr: Q@ — R™ be mappings having nonnegative Jaco-
bian and bounded in the space W " (Q,R"™). Then there is a subsequence
{fx; Yi=1,2,... weakly converging to f in ng’”(Q,R") such that

(1.24) lim [ () (@, fr,)de = / ®(2)J (z, f) dz

oo Ja Q

for every ® € £°(Q) with compact support.

Let us emphasize explicitly that this theorem tell us, in particular, that
the Jacobian determinants are locally integrable.

There is another interesting biting convergence result that has not yet been
noted in the literature. It concerns Sobolev mappings f € # " 1(R",R")
converging to f weakly in # 1"~ (R" R"). We assume, in addition, that the
cofactor matrices

O fi = {a(f’i”"’ i i“a-..,f,?)}

8(1'13 sy L1, Tj41, - - 71'77.)

stay bounded in Z71 (R™), that is,
/ |9 fr(x)|7Tde <M, k=1,2,...
In particular, we have
/ |J(z, fr)|de < M, k=1,2,...

as well. It has been shown in [IO] that under these conditions the Jacobians
belong to the Hardy space #1(R") and, in fact, converge to J(z, f) in the
weak star topology of ##1(R™). Then, using Corollary IV.1 in [CLMS], we
conclude with the following result.

THEOREM 1.9. Let fi. converge weakly to f in #1"=1H(R"™,R") and sup-
pose that the cofactors of ® fi stay bounded in fﬁ(R") Then there is a
subsequence of the Jacobians J(x, fi) converging to J(z, f) in a biting sense.

2. Some preliminaries
A family F C £1(Q, p) is said to be equi-integrable if

(2.1) lim sup/ |fldu=0.
M=eco fer Jiflzm
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Clearly, we need only verify the limit to be zero for some unbounded sequence
{]Mj}jzl,z,,,7 that is

(2.2) lim sup / |fldp =0,
I feF JIf1>M;y

because the function M — sup{fm>M |fldup: f € F} is decreasing.

The lemma below shows how to extract from F a sort of nearly equi-
integrable sequence. The proof may be adopted from [AF]; see also [BM2].

LEMMA 2.1 (Good Selection). Every bounded sequence {f;} in L*(Q, u)
contains a subsequence, again denoted by {f;}, such that

(2.3) Jim sup/ | fildp =0
=0 21 J Mgy |<2

We shall need the following result:

COROLLARY 2.2. Let {f;} be the sequence in Lemma 2.1. Define the sets
(later referred to as bites)

(2.4) Bk:UEj, where Ej = {x € Q;|f;| > 27}.
>k

Then for every k =1,2,... we have:

o u(Bg) <27%C, where C =sup{||f;]1:5=1,2,...}.
o The family {f;}j=1,,.. is equi-integrable on Q\ By, for every k, that
is, outside every bite.

REMARK 2.3. At this point, the reader may wish to appeal to the Dunford-
Pettis criterion [E] to conclude that our sequence{ f;} contains a subsequence
converging in a biting sense. But we are not going to pursue this approach
here.

3. The #''P-estimate, 1 <p <n

The following strengthening of the inequality in (1.13) is critical for our
approach to the biting convergence of Jacobians. The point to make here is
that this inequality involves integration of the partial derivatives in powers
less than the dimension n.

LEMMA 3.1.  Let f and g be mappings in the Sobolev class # 1"~ (Q, R"),
0<e<1/(n+1), defined on a ball @ = {x € R" : |z| < R}. Then for every
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test function ¢ € 65°(Q2) we have
J(x, f) I(x,9)
o(x [ — dx
S (e ~
n—1—ne
< On) RD296 )l — ol (1912 + 109 2 )

OOl [ (DI + D)) da.

We will actually prove a slightly stronger variant of this estimate, namely

o) [ = Iwo)
2 (19 (@) + [Dg(@)?)

<C(f -9 Vol___(IDf]
Fen(ntD)
n—1l—n
+eC(n)l¢(Df — gg)annE(”@f”nfns + ||®g||nfns) °
But let us first show how this implies the lemma. To this effect we only need
to observe the following elementary pointwise inequality:

J(x,f) J(l‘,g) J((E,f)—J((E,g)

|J(@, f)le [ (z, 9)l° (|©f|2+|@g‘2)"€/2

This is a consequence of t*75(1 — t¥) < ¢, for 0 < t < 1. Indeed,

n—1—ne

2 +0g] 2 )
+1 n+1

n

< EC (\@ﬂn—na 4 |©g‘n—ns).

J ,f J ’f n—ne
’J((f, f)>€| NG ﬁ@;mne/a = (I + [2g) " " x
y | (z, f)| _5{1_ |J(z, )] ]}
(212 +[2g12)"" (512 + 1Dg12)""

< 2n€ (|©f|n—ne + |©g‘n—na) .

Similarly we argue with the terms containing J(z,g). All that remains to
be proven is the estimate in (3.1). Before embarking upon this task, let us con-
sider the pair of matrices [A, B] as elements of a Hilbert space R™*™ x R™*".
We shall consistently use the symbol |A| as the Hilbert-Schmidt norm of a ma-
trix A € R"*", |A|? = Trace(A*A). The space R"*" x R"*" is equipped with
the inner product [A, B] - [A’,B'] = (A, A") + (B, B’) = Trace(A*A’ + B*B’)
and the induced norm ||[A4, B]||? = |A|?> + |BJ?. In this way we have defined
the Lebesgue space ZP (€, R"*™ x R™*™) of pairs of matrix functions on §.
We then may apply Hodge decomposition to such matrix fields; see [I1] for
details. Accordingly,

(3.2) 0/, 9] 5 = [DF.9G] +[A, B,
(£ +2g/2)"
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where F,G € #1122 (Q,R™") and the pair [A, B] consists of divergence
free matrix fields A, B in the space X%(SLR”X”). This decomposition
is unique once we impose certain Neumann type boundary conditions on A
and B. An especially important consequence of the uniqueness is that the
components [DF,DG| and [A, B] are expressed by singular integrals of the
left hand side. We then arrive at various .£P-estimates, in particular:

(33)  [DF|a +[0C

< C(n) (I9flln =t + 1Dgln=5e)

n_ne n—ne n—ne
1—ne

and

D(—ne ADA-ne) T e

B IDFI e 419G e < Ol (IDFIL7 + ol )

It is important to realize that there is no [A4, B] component for e = 0, because
of the uniqueness in the Hodge decomposition. With the aid of complex
interpolation [I1], this fact is accounted for in the following inequality:

(3.5) Al azne + 1Bl azne <& C(n) (IDflln=0e + 1Dglln=0E) -

n—me n—me
1—ne

The details can be found in [GIM], [I1], [IL], [IM], [IS2]. Before turning to
the proof of (3.1), we shall introduce the notation M = (|Df|? + |Dg|?)"/?,
and make a telescoping decomposition of the numerator:
[J(z, ) = J(x, g)ldx = df* A~ Ndf" —dg' A--- Ndg"
= (df* —dg"y Ndf* A--- A df"

+dg* A (df? —dg®) Ndf3 A - A dFT

ook dgt A Adg" T A (dfT — dg™) .
Accordingly, the integral in the left hand side of (3.1) splits into n integrals.

Each of them will be estimated by the two terms that appear in the right
hand side of (3.1). Let us put on stage only the first integral

11=/Q<z><w)(df1—dgl)A%QAdeA---Adf"

:/¢(x)(df1—dgl)/\dF2Adf3A---Adf"
Q
+/<z>(a;)(df1—dgl)AAQAdf?’A---Adf".
Q

Here we have used a part of the decomposition in (3.2), namely M ~1df? =
dF?+ A?, where dF? and A2 stand for the second column vector of ®F and A,
respectively. Notice that we have a sufficient degree of regularity to integrate
by parts in the first of the two integrals. We pass the exterior derivative from
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the term d(f! — g') into the test function ¢. This integration by parts yields
)
B1< [ 1f = gl1Vol (1F| + [9G]) (1051 + [2g])"
Q

+ / Df - Dgl|6] (14| + |B) (D] + [Dg))" 2.

Next we apply Holder’s inequalities. To simplify the writing, we introduce
the following exponents involved in this computation:

n? n? n?
= = r=————
P o+ 1T i+ ) —ne) (n+1)(n—2)
n—mne n—mne
a=n—ne, f[= , Y= .
1—ne n—2

Accordingly, we obtain
LI< | (F =) Vo, | PFI+ D¢ | |19+ D)™,
+ll6@f - 29|, [[14]+1BI], (D1 + Dg)™2] .
Finally, the inequalities in (3.3), (3.4) and (3.5) imply

Ll <C@)|(f =)Vl oz (IDfll 2 +119f] .2 )
TFen( n+1 n+1

n+1)
+eCm) [[6(Df = D9)||,,_pe (D flln—ne + 1Dglln—ne

This is what we had to show. The proof of Lemma 3.1 is therefore complete.

)nflfns
n—ne .

4. Proof of biting theorem

We begin by selecting a suitable subsequence {f,, } and arbitrarily small
bites By, Bo, -+ from . With the aid of Corollary 2.2, we are able to make
a selection such that the Jacobians J(z, f,, ),k = 1,2,---, form an equi-
integrable family outside each of these bites. Note that although the hypothe-
ses of Theorem 1.5 ensure .#!-boundedness of the sequence {|Df,|"}, so far
we have been using .Z*-boundedness of the Jacobians only. It is instructive to
mention in advance that in the forthcoming arguments we shall not make use
of the .Z"-integrability of the differentials, but we will use the boundedness of
the sequence {Df, } in £7(Q, R™"*") for some n > p > n?/(n + 1). This is suf-
ficient to claim compactness of the embedding #1'?(Q, R") — X"z(Q,R").
We can thereby assume without loss of generality that the sequence {f,, }
converges to f strongly in .#" (9, R™). Moreover, if we confine ourselves to
a further subsequence, again denoted by {f,, }, then we can also assume that

(4.1) lim " £, — flln2 =0
k—oo

To settle matters finally, we assume that v, = k, for notational simplicity.
This involves no loss of generality because we can always enumerate the indices
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as necessary. It will be convenient to assume that the complement of each
bite is compactly contained in 2. This is legitimate as we can always make
additional bites near 9. Our ultimate goal is to show that J(z, fx) — J(x, f)
weakly in #1(Q\ B), where B stands for one of the bites By, Ba, - - - Fix a test
function n € Z°°(Q\ B). We may assume that [n(z)| < xo\p(z), where xo\ 5
stands for the characteristic function of Q\ B. In particular, 7 is supported
in a compact subset of 2. For each 0 < ¢ < 1, we can write

(4.2) /Qn(:c)[J(x,fk) —J(, )] = /QW”) [(}]((zx,’ﬁk))ls - |j($7£)|€}
+/977(:r,) {J(x,fk) - %]
7/97](1:) {J(x,f)M] :

At this point, we need the following result:

LEMMA 4.1. Let F C LY\ E) be an equi-integrable family. Then

(4.3) lim sup/ |J—|J|=¢J|=0.
e=0 jeFJo\B

Proof. Here is perhaps the simplest way of seeing this result. Given any
number M > 1, we define

@(M):sup/ |J].
JeEF J|J|>M

Equi-integrability of F tells us that ©(M) — 0 as M increases to infinity. For
each J € F we have the uniform estimate (independent of J)

/ |J —|J| <] </ |J—|J|*€J|+/ ||
Q\B |J|I<M |J|>M
<(e+M—-M7T9)Q|+06(M).

This follows from the elementary inequality |J — |J| ¢J| < ¢, if |J| < 1 and
|J —|J|75J]| < M — M'=¢ if 1 < |J| < M. Letting € go to zero yields

(4.4) lim sup / |J =I5 < O(M).
=0 jerF
As M can be arbitrarily large, we conclude the proof of Lemma 4.1. O

Now we return to our proof. Lemma 4.1 shows that the last two integrals
in (4.2) tend to zero uniformly in & as € — 0. The last two integrals of (4.2)
will go to zero no matter what the ¢ are. Therefore it suffices to find positive
numbers € converging to zero and such that

. J(x, fr) J(z, f)
(45) im0 | e~ e

. dr=0.
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As we shall see the sequence ¢ will depend on the test function 5. To this
effect, we approximate n by the functions 1y = n x &, € E5°(Q), where
Dk (y) = k" ®(ky), for large k. As always, the mollifying function ® € €5°(B)
is supported in the unit ball B and has integral 1. We then have

(4.6) [7klloe < lIMlloe <1,
(4.7) IViklloo < [V@[loo[lloc < CE™HE.
It is well known that, for every exponent 1 < p < o0, || — k||, — 0. Now we

are in a position to define the sequence {sk} It must decrease to zero slowly
enough to satisfy

(4.8) klirrgo ln—nkllp, =0, where pp = 1/ey .

Let us split the integral in (4.2) in accordance with the decomposition
n=(n—m) +m:

/s#"*”’“) {|J<x,fk>|6k - |J<x,f>|6k] i

e f)  Iwh) ],
*/ﬂ”’“[uwm |J<x,f>fk]d |

By Holder’s inequality with the pair of exponents pr and 1/(1 — €), the
first integral is bounded by || — mllp, (| (z, fi)ll1 75 + | T (z, H)III~ 8") and,
therefore, goes to zero. It remains to estimate the second integral. Lemma 3.1
gives the following bound:
n—1—neg
)
n+1

ek O(n) 17k / (D fel™"e + [D f|"er) |

Cm) R [V oo i = s (19

w2 +[Df
n+1

The first term goes to zero, as the sequence {|D fi|} is bounded in £ 7
and [ Vigllollfe = fllnz < CK" I fi = fllnz — 0, by (4.7) and (4.1
complete the proof, we need only observe that ||7x||c < 1 and

( )

(4.9) klim Ek/ (|©fk|n*nek + |@f|n7n6k) =0.
— 00 Q

This is trivially true since the n-norms || f||. stay bounded as k — oco. This
completes the proof of Theorem 1.5.

These lines of reasoning can be modified to prove Theorem 1.7. In addition
to what has already been said, we notice that it is not necessary to assume
boundedness of {|D fi|} in £™(2). Equation (4.9) remains true for sequences
with uniformly vanishing n-modulus, establishing Theorem 1.7.
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