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1. Introduction

In this paper we investigate the partial regularity properties of minimizers of integral
functionals of the Calculus of Variations

/Qf(Du) dr  u:Q(CR") — RY. (1)

This problem has been widely investigated in the case f is a quasiconvex integrand (see
the pioneering paper [12], and also [19, 25, 13, 3, 9, 5, 6]). Another interesting class of
integral functionals, which naturally arise as variational models for problems in nonlinear
elasticity, is the one of polyconvex functionals i.e. functionals in which the integrand is a
convex function of the minors A;Du of order ¢ of the matrix Du

f(Du) = g(Du, \yDu, Ny Du, ..., Ay Du), (2)
g convex, k = min{n, N}. (3)

The class of these functionals was introduced by J.Ball (see [7]). For a rather comphrensive
introduction to polyconvexity we refer to [10].

In the last years a wide literature on existence of minimizers of polyconvex integrals and
related semicontinuity problems, has appeared. About semicontinuity we basically have
that if u, is a sequence of W1m(€;RY) functions such that u, weakly converges to u in
Whr(Q; RY) then

/ f(Du) dz < lirr%sinf/ f(Duy) dz, (4)
Q Q

provided p > n—1, a hypothesis that turns out to be relevant also in the regularity theory
(see section 9, below). For a proof of (4) we refer to [31], [11] and [1], where results from
the theory of cartesian currents of Giaquinta, Modica and Soucek have been employed
in order to get the semicontinuity (see [27]). For a very elementary approach valid also
in the borderline case we address the reader to [23]. A counterexample showing that the
restriction p > n — 1 is essential for the lower semicontinuity has been found in [30].

For the regularity theory of polyconvex integrals relatively little has been done. In [21] a
rather large class of integral functionals of the form

Flu) = /Q Fi(Du)+ " Fi(A:Du) da, (5)

=2

F; is convex, k= min{n, N},

has been considered, where A;Du is the vector of all i—minors of the matrix Du. In
that paper the main hypotheses were p > n — 1 and the nondegenerate convexity of the
functional F, i.e.

D*Ri(z)E@e>v(l+ |2 )7 | €)% (6)
Fi(z) < A+ | 2 |P).

A model case for the class of functionals in [21] is, for n = N = 3,

/(]Du 24| DuP + | AdDu P + | det Du ) da, (1)
Q
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with p > 2.

For local minimizers of these functionals Fusco and Hutchinson proved the C'%* partial
regularity i.e., the existence of an open subset 2y C €2 such that

| Q—QO ‘: 0, u e CI’Q(QO;RN>.

In this paper we consider the same class of functionals in (5) and we drop the nondegen-
eration hypothesis (6). So we consider Fj such that

D*Fi(2)E¢@E>v | 2 P72 €.

In this case we include in our regularity theory also the relevant model functional, (n =
N=3,p>2)

/(| Du |P + | Ad Du |P + | det Du |P) dz. ()
Q
We note that some relevant (global) regularity results for a class of degenerate polyconvex

integrals have already been obtained by M. Fuchs (see [16]) under more restrictive growth
conditions. His model case is the functional

k
/(| Du P —i—Z | A\iDu
@ i=2

where «; < p/i; this case, differently from the model cases (7) and (8), shows an integrand
with p-growth in the gradient. For related results about degenerate integral functionals
we quote [37, 19, 26, 29, 14].

) dx,

The class of polyconvex integral functionals stems its importance from the fact that many
of the typical energies of nonlinear elasticity turn out to be polyconvex. So polyconvexity is
a natural concept from the point of view of the applications though the class of quasiconvex
integrals is the largest one for which the Direct Methods of the Calculus of Variations work
(see [2, 10, 15]) and is the natural one from the viewpoint of the Calculus of Variations.
We will make some remarks on these aspects in section 11.

We now comment on some technical aspects of our work. In order to get our regularity
result we prove a decay estimate for a quantity U, commonly called excess, that provides
an integral measure of the oscillations of Du in a ball. This is a rather standard tool in
order to get partial regularity. In our case we put

Ul r) = ][ | (Du)., [7%| Du— (Du)sy | + | Du— (Du),, |7 da
B(z,r)

k
+7/ Z | Ni(Dtt) gy P72 Ai(Du — (Du)s,) >+ | Ai(Du — (Du)s,r) [P du,
B(z,r)

1=2

and (Du),, is the average of Du in B(z,r). The particular form of U in our case re-
flects the degenerate nature of our variational problem and the growth and structure
assumptions on the energy density f.

To obtain such an estimate (see sections 5-9) we argue by contradiction. So we consider a
sequence of balls B(z,,7,,) in which the decay estimate does not hold. Rescaling both u
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and F we obtain a sequence of minimizers v,, of the rescaled functionals F,,, all defined
on B;. Then we analyze the asymptotic behaviour of the Euler equations of F,, and we
argue on an alternative, that constitutes the main new technical point of the paper. In
the first case we have a linear limit behaviour and we compare v, with the solution of
a linear elliptic system. In the second case we find a p-laplacian type limit behaviour
and we compare v, with the solution of a p-laplacian system. In both cases we find a
contradiction, proving the estimate for U(x,r).

Finally, we mention another technical problem arising in our context. We set our minimum
problem in the Sobolev class A, WP (Q; RY) that consists of functions from W1P(Q; RY)
satisfying a higher integrability assumption on the minors of Du. In this class there
always exists a minimizer (see section 3). A main difficulty is that this class is not a
linear subspace of WP, Thus the set of test functions is not a linear space. This is
essentially due to the non standard, (p, ¢)-growth of F i.e.:

| Du [P< f(Du) < L(| Du |* +1),

with ¢ = pk > p, while u is only in WP (for results about integrals with nonstandard
growth we refer to the fundamental papers of Marcellini [32]-[34] and the bibliography
quoted there). For this reason it is not possible to test the minimality with affine com-
binations of functions involving our minimizer u, as usually done in these cases, and a
different type of comparison functions must be used (see section 8).

2. Some multilinear algebra

In this section we recall some facts and definitions from multilinear algebra that will be
needed later. For the rest of the paper n, N and k will be positive integers such that

n>2 N>2 1<k<min{n, N}. (9)

Furthermore (e;);<, and (¢;);<x will be orthonormal basis for R* and RY respectively and
we will denote

M, = {(il,ig, ,Zk) ‘ 1< <ig <. <, < max{n,N},ij € N},

the set of all strictly increasing k—multindexes bounded by max{n, N}. We will need the
vector space of the k—vectors

AR ={vg Avg A Ay | v € R
where a scalar product is defined by
(V1 Avg A oo Ao, wy A wa, Ao A wg) = det((v;, wj) )i j- (10)

Setting
]:(il,ig,...,ik) 6[:(6i1/\€i2/\.../\6ik),
from (10) we have that
(€I)I€Mk7 (EI)IeM,c

are orthonormal basis for A;R™ and A,RY respectively. Now let L : R® — R" be a linear
map. L naturally induces a linear map A,L : ALR™ — ALRY defined by

AkL(vi Avg Ao Avg) = Lug A Lvug A ... A Loy :=
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(AL, v1 A oo Aoy (11)

The components of L with respect to the basis (e;), (¢;) are L;; = (Lej, €;), while the
components of AxL are for any pu, A € My

(/\kL)#:)\ = (Le)\l AL A Le,\k, €y AL A 6!%) = det(LM,\j)i,j. (12)
For instance we have with £ = 2 and p = (u1, p2), A = (A1, A2)

thl)\l L#1>\2

AL =
( g )lw\ LM2)\1 L,u2/\2

LH1>\1 Luz)\z - LM1>\2 L,u2/\1

We note that with the previous definitions the inner product norm is defined by

| AL P= > [ (AL I

>\7#€Mk

For the rest of the paper, we will always identify a linear map L : R” — R¥ with the
tensor of its components and viceversa, so that, for any A € Hom(R"; R"), the expression

</\kA,U1 VANPRAN 'Uk>,

will have sense in view of (11)—(12). Note that in this way, for any A € Hom(R"; RY) we
will have

NeA = (NeA)pr) prem, = (AkA)pr)s
with
(AeA)uxn = det(Ay, )iy

According to this convention we shall define:
AHY = {AA: A€ Hom(R;RY)}

We remark that once again we identify A; A with the tensor of its components. Now let us
consider A, B € Hom(R¥; R¥). We have the following way of expanding the determinant
of A+ B

k—1
det(A+ B) =det A+ > Y AW B’ 4 det B, (13)

i=1
where A*~? ranges over all (k — i) x (k — i) minors from A and B’ is always the com-

plementary i x ¢ minor from B. Starting from (13) we will write, following [21], for any
E,F € Hom(R",RV)

k—1
Ne(E+ F)=N.E+ Z Ne—il © N F' + N F (14)

=1

so each that component of Ax(E + F) is linearly expressed as sum of terms of Ay E, ApF
and Ap_;F ® N\;F, the last one being a sum of terms of the form ef where e and f are
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components of Ap_; F and A;F' respectively. Usually we will not need to specify the exact
form of ® and we will also write, instead of (14):

k
Ne(E+F) = M_iE©NF, (15)

i=0
with the convention that AgE = AgF = 1.
An example of this situation is given, for k = 2, by
EH1,>\1 + FM17>\1 EM1,>\2 + Fu1,>\2
Euz,/\l + th Eu2,>\2 + Fuz)\g

= (Eﬂlz)\lEﬂ27)\2 - Eul,/\2E,u2,)\1)
+(EM17>\1 FM2,>\2 + E’u2,/\2FM1,>\1 - EM1,>\2FM2,>\1
_EHQ,MFM,)Q) + (FH«L/\IF/—L%)Q - Fm,)\zFuz,M)'

(/\Z(E + F))(unm)(&)a) =

In (15) when ¢ = 1 we will also write
N1 E © MF = Ay 1 EOF,

a notation that will be useful in the sequel.

We conclude this section with a lemma that will be used in the last sections and whose
proof can be easily achieved on expanding the determinant and using the boundedness
hypothesis.

Lemma 2.1. Let {A,,} € Hom (R™;RY) such that | A, |< M < oo for any m € N,
then there exists a constant ¢ = ¢(M) such that

forany1 <75 <i<k.

3. The class A, W'P(Q) and the existence of minimizers

In this section we briefly describe the Sobolev class AW of functions in which we set
our variational problem, and discuss some of its properties. Finally we recall some results
about the existence of minimizers for polyconvex integrals.

Definition 3.1. Assume that p > 2 ifn=2and p >n—1if n > 2, k € N such that
1 <k < min{n, N} and let Q be a smooth, bounded domain of R™. By A, W'P(Q; RY) =
AWP we denote the class of functions u € WP (;RY) such that A\;Du € LP(Q) for
any 1 <1 < k.

A first remark on the Sobolev class A, WP is that this is not a vector space. Indeed, in
general if u,v € A WP, then it may happen that v+ v & A, WP while this happens, for
example, when one of the two functions is smooth.

From now on we will denote by

[Du/D;u®]

the matrix obtained from Du by deleting the a—th row and the ¢—th column.
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Given a smooth function u € C®(Q;RY), if k = n = N then the following classical
identity holds

k
det Du = "(=1)""D;(u” det[Du/Du’]) a=1,...,n. (17)

i=1

Assuming suitable integrability of the minors of Du it is possible to extend the validity of
(17) to more general u. Indeed in [21] (see lemma 2.2.1) it has been proved that if (again
we are supposing k =n = N):

u € WL R™), for k > 2, and u € WH(Q;R"™) for k = 2,
and
det[Du/Dju®) € L¥V/E=2(Q) if k >2 Vi, a

then
det Du € L'(),

and furthermore the identity (17) is valid in the sense of distributions; moreover the
pointwise and the distributional defintions of det Du agree. As a consequence of this
fact and of the definition 3.1, it follows from (12) that, given u € A, W1P(Q;RY) and
s A€ Mk

(AeDu)ux = det[Dyul];;
k
- Z(—l)”jDAi(u“j(/\k,lDu)ﬂj;i), (18)
=1

~

where f1; = (1, vy flim1s i1y ooy M) Ni = ( A1y ooy Nic1, Aig 1, ooy Ak) € Mj_q. For example,
if k=2

D,\lu’“ D)Qu’“
D)\IUMQ D)\2uﬂ2

— D/\1 (uulD)\Qum) _ D>\2 (u“lD)\lum)

(A2Du)yuy = ‘

while, if £ = 3 we have for example:

Dy, utt Dy,u*t  Dy,utt
(ADU) (1 o ) i peng) = [Daut? Dy,ub? Dyjut?
Dy, ut®  Dy,u"® Dy ut?
= Dy (@ (A2 D) (3 pi3) (22,03 )
— Dy, (u <A2Du)(#27u3)()\1 )\3))
+ D, (u </\2Du)(u2zu3)(>\17)\2))

and so on. In other words by (18) it follows that the components of A, Du are derivatives
of products of the form fg where f is a component of v and g a component of Ay_1Du.
We will abbreviate

N Du = Z D(u ® Ng—1Du)
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or even
N Du = D(u N1 Du)

where, again we stress, the exact form of ® will not be relevant for our purposes. We
explicitely remark that the identities of the type above will be crucial in the regularity
theory. This is one of the reasons why we set our minimum problem in the class A, WP,
Moreover we will restrict ourself to the case p > n—1 for reasons that will become clear in
section 9 (see Remark 9.1 below). So for the rest of the paper we will keep this restriction.

According to the previous section the norm of A; Du is:

1 Ai Dl = ( |3 luDut,ap dx)p .

In order to apply the direct methods of the Calculus of Variations it will be convenient
to equip the class A, WP with a suitable (weak) convergence.

Definition 3.2. A sequence {u;} C AW converges weakly in AyIW'? to u € WHP(Q)
iff
u; — u weakly in WhP(Q; RY),

It is possible to prove (see [21], proposition 2.3.4) that if u; — u weakly in AyW?'? then
u € AW, (19)

and
/\Z-Duj — /\ZDU Weakly in I?. (20)
Using (19) and (20) and well known results about the semicontinuity of convex integrals

with respect to the weak convergence (see [28], chapter 4) it is possible to prove the
existence in AW of minimizers of the functional:

/ f(DU, /\QDU, ceey /\kDu) d.CIZ‘, (21)
Q

in the class:
{ue AW P(QRY) tu— g € Wol’p(Q;RN)}
(with ug € AWIP(Q; RY) being a fixed Dirichlet data) where the convex, continuous
function f : R™ x /\QHiV X ... X /\kHiLV — R satisfies, for example, a coercivity assumption
of the type
flz)>v|z]P v>0.

We finally observe that recently, some optimal semicontinuity results for functionals (21)
in AyW1P have been obtained with respect to the following weaker convergence:

up — u in L

AiDu; is bounded in L' (22)
under the condition p > n — 1 (the same that we require, apart from the bordeline case

p = n — 1, which remains an open problem, for our regularity result). For these issues see
[31, 11, 1, 23].
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4. Preliminary results and notation

We start fixing some notation. In the following (2 will denote a smooth bounded domain of
R™, B(z, R) will denote the open ball of R" of center x and radius R. When no confusion
about the center will arise we will also put Bg = B(x, R). If f is an integrable function
in B(z, R) we set

1
R = dy — dy,
Den=o, s dy= o [ sy

where w,, is the Lebesgue measure of the unit ball of R™. In the following it will be useful
to rescale functionals of the form

k

Flu) = /Q F{(Du) + " Fi(ADu) de,

=2

where F? are C? functions, defined on A;HY, with the convention that if V is a vector
space then A,V = V. If {4,,} C R™™ and {\,,} C RT are two given sequences we let for

any P € R™Y

Fl(P)=F' (A, + M\ P) — F*(A,)) — DF'(A,) A\ P
F}(P) = F{(N(Am + An P)) = F'(AiAR)
—DF (NAR) (Ai(Ap + A P) — NiA).
Finally we put
k
Fon(w) = / FL(Dw)+ Y Fl(A:Dw) da, (23)
B i=2

where w € AyWHP(By).

The proof of our regularity theorem will be achieved by means of a blow-up argument
and of some decay estimates for solutions of p—Laplacian systems

—Ayu =0, (24)

Indeed we have the following regularity result due to K.Uhlenbeck [37] and, in the version
below, to Fusco-Hutchinson [20] and Giaquinta-Modica [26].

Theorem 4.1. Let u € W'P(By;RY) be a weak solution to the p-Laplacian system (24)
i the ball By, i.e.

/ | Du |P~2 (Du, Dy)dx = 0,
B

—~

for any ¢ € C*(By;RY). Then there exist cg > 0 and pu € (0,2) such that

| (Dw), 7] Du — (Du), |* + | Du— (Du), '] dx
B(w,p)

< cop” f [| (Du)y [P7?] Du— (Du)y |* + | Du— (Du), |”] da,
B

for any 0 < p < 1/2.
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We recall that, using Campanato’s integral characterization of Holder continuity, the
estimate of Theorem 4.1 implies that any solution to (24) is of class C1* for a = G
conclude this section with a technical, elementary lemma whose simple proof can be found
in [21].

Lemma 4.2. Let {u,,} C L'(By) such that || uy, ||1< const < oo. Then for a.e. t € (0,1)
there exists a constant My < oo and a subsequence still denoted by {u,,}, depending on t,
such that

/ Ly, | dH™Y < M,
0B

where H"™' denotes the (n — 1)-dimensional Hausdorff measure.

5. Statement of the alternative

In this section we state our regularity result and begin its proof. First of all we precisely
describe the hypotheses on the functionals covered by our results. We shall deal with
polyconvex integrals of the type

F(u) = /Q Fl(Du)—kZFi(/\iDu) dr,

defined on A W1P(Q;RY).

From now on we will denote:

k = min{n, N} u:Q(CR") — RY. (25)

Let us recall the following definition of local minimizer:

Definition 5.1. A function u € A WP(Q; RY) is a local minimizer of the functional F
iff F(u) < +o0 and moreover:
F(u) < Flu+9) (26)

for any ¢ € Ap,W1P(Q; RY) such that spt¢p CC Q.

Our hypotheses are the following:

(H1) F': AHY — RY s of class O2 forall 1 <i < k

(H2) p>2ifn=2p>n—1ifn>2

(H3) (degenerate ellipticity)
Doy FUREA @& > v | 2 P2 ¢ P forall 1 <i <k, z,{€ AHY (N, iy N €
M;), where v > 0

(H4) (growth condition) | D?Fi(2) [< A | z P2 forall 1 < i < k, z € AHY, where
A < 400

(H5) (Holder continuity of second derivatives)
| D2FU(§) = D*F'(n) IS A(| € P20 + [ P270) [ —n ° forall L<i <k, 2,6 €
AHY  where 0 < 6 < min{1,p — 2}

(H6) (p-laplacian type behaviour at zero)
limy_ot'" PDF'(tz) = L | 2z |P~2 2 for all z € A;HY, where 0 < L < 4-00.
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Under the previous assumptions we prove our:

Main Theorem. Let u € AW be a minimizer of F(u) and let the hypothe-
ses (H1) — (H6) be satisfied. Then there exist an open set Qy C Q and 0 < o < 1
such that

| Q— Q(] |: 0, u e CI’Q(QO;RN). (27)

Remark. In the case n = 2, due to some technical simplifications and since we are mainly
interested in the degenerate case, we shall restrict to the case p > 2. The (non degenerate)
case p = 2 has been treated, for instance, in the paper [22].

The proof of the Main Theorem will be based on a blow-up argument combined with
the analysis of the asymptotic behaviour of certain gradient averages described below.
We start proving a decay estimate for a quantity U, usually called excess, that, roughly
speaking, measures the oscillations of Du and A;Du in a ball Bz. Once we have proved
Theorem 5.2 below we will get the Main Theorem by means of a more or less standard
iteration argument. We put

Uz,r) = ][ | (Du)ar P72] Du— (Du)gy |* + | Du— (Du)y, [P (28)
B(z,r)
k
+ 3 | Ai(D)gy P72 Ai(Du — (Du)a,) P + | Ai(Du — (Du),,) 7] da
=2

Theorem 5.2. Let M > 0 be fized. For each 0 < 7 < 5 there exists € = e(1, M) such
that for B(x,r) C Q if

| (Du)y, |< M, U(z,r) <k, (29)
then
U(z,rr) < CymU(z,T), (30)

where s as in Theorem 4.1.

Proof. The proof of this result will go on throughout sections 5-9 and will be divided
in several steps. We argue by contradiction, i.e. we suppose there exists a sequence of
balls B(x,, 1) C €2 such that

| (D), |< M, U@, rm) — 0, (31)
and
Uy, Trm) > C(M)TFU (20, 7)), (32)
where C'(M) will be specified later.

Without loss of generality we will suppose in the following that A,, > 0 (otherwise Du is
constant in B(x,,, R,,) and the contradiction to (32) follows immediately).

Now we define
am = (u)l‘mﬂ‘wﬂ Am = (Du)l'mv""m7 )\fn = U(:L‘m’ Tm),
’Um(Z) = ()\mrm>71[u<x + rmz) — Ay — rmAmZ]J (33)

p—

wn(2) = (| A | A51) 2 v

3

[V
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for any z € B(0,1) = B;. We have v,,, w,, € A,W'?(B;) and

Duy(2) = M HDu(zm, + rimz) — A,
(Dvm)r = )\7)_11<<Du>zm7TT7n - Am)?
(Um)1 = (Duy)1 = 0.

By (28) and the definition of A, it follows that

MNPU (2, rm) = 1 = ][ | A, |p_2 )\fn_p | Doy, |2 + | Dv,, [P dz
B(Zm,rm)

k
+ ng( )(| A P72 02| ADuy, |2 408D | A Dy, |P) dz. (34)
i=2 LmsTm

By (34) and standard weak compactness arguments we get, up to not relabelled subse-
quences, that

A, — Ain R"N,

Uy — v weakly in WP (B RY),

Wy, — w weakly in WH?(By; RY),

Uy — v strongly in LP(Bp; RY), (35)
w,, — w strongly in L*(B;RY),

2i—p

| Ay |2 Am? A Duy, — 0 weakly in L2(By; AHY), i > 2,
A=Ay Dy, — 0 weakly in LP(By; A;HY), 6> 2.

Indeed (35),—(35)5 easily follow by weak compactness, the others can be proved by induc-
tion. In order to prove (35)s we preliminarily remark that if f,, — f strongly in L?, p > 2
and ¢,, — g weakly in L? then f,¢» — fg¢ in the sense of distributions. Furthermore,
without loss of generality we may suppose here that N;A, # 0V i < k and m € N,
otherwise (35)g would trivially follow. Now for i = 2 we write by (18)

o 4-p p— -
| A2 15 A Az Dty = (| A || A |75 A Y D(w® D).

This quantity converges to zero in the sense of distributions, by the previous remark and
Lemma 2.1. It also weakly converges in L? by the fact is bounded in L? (again up to not
relabelled subsequences). Similarly, if ¢ > 2, by induction one has that

A |51 e

2(i—1)—p

= (| NiAm || At A TN D D0 ® | At A 571 A 2

Ni—1 Duy,)

converges to zero in the sense of distributions, and hence weakly in L?. A similar, actually
simpler, inductive argument using (34), may be derived to prove (35)7.
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Having introduced rescaled functions v,, it will be useful to introduce rescaled functionals

k

F (w) = /B FL(Dw)+ 3" Fi(ADuw) dz,

=2

for 0 < ¢ < 1, where F}, has been introduced in section 4 and w € AW '?(By). By lemma
5.4 from [21] it follows that the rescaled function v, is actually a local minimizer of the
rescaled functional F! V¢t > 0, i.e.

Fro(vm) < Fr(w), (36)
for any w € A,W'P(By) such that w = v, outside some compact subset K CC B;. In
the sequel we will put F,, = FL.

Our next step is to write the Euler equation for the functional F!,. By (14) it follows
that, for any ¢ € C°(By; RY),

% N (Am + )\m(D’Um + tD(b)) |t:O: /\ifl(Am + /\mDUm)é)Angb

We have in this way a sequence of Euler equations (actually systems) relative to the
functionals F} :

/ (DFY(Ay, + A Dun) — DF(A,)]| Do d=
By

+ [ D [DF(Ni(Ap + AnDvy,)) = DF'(AAy))-

Bt =2

[Nt (A + A Do )OD@] dz = 0, (37)

for any ¢ € C°(Bi;RY).

Now we are ready to state the fundamental alternative. Up to a not relabelled subsequence
we have either:

The First Case:
| A | A0 — 00, (38)

or:

The Second Case:
| A | M — 1 < +oo. (39)

More precisely, if |[A,|\,} — +oo then we are in the first case otherwise, up to not
relabelled subsequences, we reduce to the second one. In a similar manner, again up to
subsequences, in the first case we introduce an integer that will be useful below

E=max{i e N:1<i<k, | NAn |\, — +oo}; (40)
by its definition we immediately have that

| NjAm || NiAw |1 =0 (41)
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whenever 1 < i < k < j < k; note that, without loss of generality and always up to a
subsequence, we supposed that

| NiAm |[#£0V i<k, meN. (42)

It is possible to do this by the very definition of k.

From now on, the rest of the proof of Theorem 5.2 will be split in two parallel parts,
according to the case coming into the play. In the first case the ”"degeneration speed”
with which A,, may approach to 0 is not so large (with respect to A,,) so in the blow-up
procedure we will find a linear asymptotic behaviour of the systems (37) and the sequence
Um will be compared with the (smooth) solution of a linear system to get the desired
contradiction. In the second case, we will have a true degeneration of the systems (37)
that, suitably rescaled, will have an asymptotic p-laplacian type behaviour by hypothesis
(H6); this time the sequence v, will be compared with the solution of a system like the
one in (24), that is still regular by Theorem 4.1 (see [26, 20, 37]), and the contradiction
will follow once again.

6. Decay estimate in the first case

In this section we prove Theorem 5.2 in the First Case. We will use the fact that weak
convergences stated in section 5 are actually strong; the proof of this fact will be given in
section 8. For the rest of the section fl, f2. g, etc. will be auxiliary function that may
vary through the estimates of the various terms involved in the proof and whose exact
form will not be relevant in the context.

Before starting with the estimates, we recall the reader that we shall very often use the
following elementary fact, a consequence of lemma 2.1 and of (31):

| NiAm [S | A [< e = ce(M).

From (H4) and the previous bound, up to a (not relabelled) subsequence, we have that
| Ay |77 D*FY(N\A) — C.

There is actually a problem for (43);. Indeed, by (42), it is possible to divide by | A;Ay, |
only in the case i < k. Anyway, according to the following developments and to (H4), in
the case | A\jA,, |= 0 ¥m € N, we shall put C; = 0 (see remark 6.1 below).

The system in (37) can be written as (the second variation of F,):

1
. / [ / D2FY (A, + TAm Duyn) dr |DumDéb dz
B1 JO

+ /B S /0 DRE(AA (A A A D) — A ALY di] -

1 §=2

AN (A + A Do) — AN AN (A + A\ Dy YO D) dz

1
— /\m/ [/ D?*FY(A,, + 7\ Dvy,) dr |Dv,, D dz (44)
B Jo
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k 1
+>\m/ Z[/ D*F'(NAm + 7(Ni(Am + A Do) — AiAR)) dr] -
B = Jo

'[/\i—lAméDvm + Z )\Z’n_l /\7;_]‘ Am ® /\jD’Um] .
j=2
i—1
[Az—lAm®D¢ + Z )\’]m /\i—j—l Am O) /\]Dvm@DqS] dz
j=1

= A\t + Al 1, = 0.

We get rid of A, in (44) and divide the previous equation by the quantity (in view of
(42))
2—p
S =l A P72 (| A [ A7) 2

and go on evaluating S 'I,,, and S 'I1,,.

We write
St = [ (4 £2)D0 dz, ()
By
1
A / [D*FY (A, + TAmDu,,) — D2FY(A,,)| Dw,, dr,
0
f2 = | A, 7P D*FY(Ay) Dw,,.

Using (H5), a routine computation gives:

—-p

[ 12 (] A [ X0 | Duog [0 ] A | X F | Do 772,
and the first term in (45) disappears as m — 400 by (35)2, (35)3 and the assumption
| A | AF — 400 as m — 4o00. From (43) and (35)3 we conclude that
S, —Cy | Dw- D¢ dz, (46)
By

for any ¢ € C>°(By;R"). In order to estimate S;,'I1,, we write I],, in a different way

k 1
I, = D2F{(NA,, (A + A D) — N AG)) dr] -
Z{/B[/ (At + (A A + A D) — AiAn) ]
'[(/\iflAm@Dvm)(/\iflAm@D(b)

—I—(Z )\fﬂ_l /\i—j Am © /\jD'Um)(/\i—lAméng)
=2
1—1

+(Z )\zn—l /\i—j Am © /\jDUm)(Z )\zn /\i—j—l Am © A]Dvm®D¢)] dZ}

j=1 j=1

k
= Y AL +B,+C,

1=2
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In order to evaluate S, ' A’ we put this time:
Spta = [ (g da
By
where

1
fh=] An |77 [/ (D*F* (NAp + 7(Ni(Ap 4+ A Do) — AjAL))
0
and
gt =| Ap PP D*F'(NAR) (Nic1 A @ Dwp ) (N1 A D).
Using (H5) and lemma 2.1 to estimate | A; A,,| < ¢ = ¢(M), we have

’ ﬁn | < c | Am |27p| /\i(Am + AmDUm) — NiAnm, |p72| Dwy, |
+c | Am 7% Ai(Apm + A Dvy) — AiAm [°| Dwy, |[= al 4+ 1

and using Young inequality (recall that 2§ < p), and formula (14)

L aby 1< el A [ A2 (| Do |5+ [ YN[ AjDuy, [P),

j=1

[ Oy 1< el A | ALD 72 D [P+ 1) N | AsDow [17),

Jj=1

and by (35) and the fact that | A,, | A\,;} — oo we have that f! — 0 in L'; now, again by
(35)3 and (43) we find

B1
for any ¢ € C°(By; R™).

Remark 6.1. As mentioned at the beginning of the section a problem occurs when | A;
Al =0, ¥m € N. Anyway by (H4) it follows that D*F(A;A,,,) = 0 for every m € N so
that g,, =0, Ym € N, while we still have that f,, — 0 and (47) holds also in this case.

In order to estimate S, ' Bl we distinguish the case i > k from the case i < k, where k is
the integer defined in (40). If i > k, then directly using growth conditions (H4), lemma
2.1 and formula (14) we get

1S BL | < el A || A |72 / S AjAR 157 X 2 | AsDu | dz

Bl ]:2

+e(| Ay | A;ff?/ QN A Dug [P dz — 0,

Bl G4
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by (35), (38) and (41).

If i < k we preliminarily set T}, = | A; Am|P72(| A Am|)\;11)2%p; this quantity is well defined
in this case by (42). We note that by Lemma 2.1, T-! > ¢S! where ¢ depends only on
M. Then we put

1
= (U ndn GDEL T nidn P
0

(D?*F' (N A + T(Ai(Am + AnDum) — NiAy)) — D*FY(NA)) dr] -

j=2

f2 - | /\zAm |2—p DQFZ(/\ZAm> . [/\z—lAméqu];

% o,
dm = Z/\gn 2 ’ /\JAm ‘gil /\i—jAm ® /\jDUm7

Jj=2

and, again estimating | A; A,,,| < ¢| A; Ay,| by lemma 2.1, we have

|s;13;|Sc|Tnle;|Sc/ i dete] [ fgmdz] .

B1 Bl

By (H5) and Young’s inequality

[l < e N [T N A DO 1%+ | g ]

=1

+e(| N | XD 2O N A Dy, )77 — 0,
j=1

by (35) and (40). On the other hand, again by (35)g, we have that g,, — 0 in L? while
(also using the fact that clearly A;_jA,, — A;_;jA) f2 is a sequence of tensors that tends
(in L*) to C; - [Ni-1A®Dg], so in any case 2 < i < k, we have:

S1B. — 0. (48)

We finally treat the remaining term S 'C? ; to do this, we estimate, by (H4) and again
by lemma 2.1 (used to estimate | A; A,| < ¢| A; Ay | when j <14)

| S1CE 1< e | A P77 (| A | ASDT -

/ (| AiAm P72 4072 [ N Ay Do [P AT [ Ay D, |)dz
B1

J=1 J=1

< Al A | A7 / (S22 | Ay Ay 72 Ay Dy P

B
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+> NI | A Doy, P) dz — 0

=1

and by (35), (38), finally .
S-1Ch — 0. (49)

Now from (44), (46), (47), (48), and (49) we deduce that w solves a linear system with
constant coefficients, that is

k
B =2

for any ¢ € C°(By; RY).
This is an elliptic system with ellipticity bounds given by:

k
P <CiE®E+ Z Ci( N1 ABE) ® (A1 ABE) < cfé]?
i=2

for any ¢ € R™ and where 0 < ¢ = ¢(M, v, A) < +00, since the moduli of the constant
tensors C; depend only on v, A and M. From the theory of linear elliptic systems with
constant coefficients (see [28], chapter 10) it follows that the function w is smooth in By
and furthermore there exists a constant ¢ = ¢(M, v, A) such that, for any 0 <7 < 1

7[ | Dw — (Dw), |* dz < cr? (51)

.

and
sup |Dw| < c=c(K, M) < o0, K cC By, K compact. (52)
K

Let us observe that setting A,, = (Du)y,, rR,,, it follows

AP (s 7r) = 7/ (| Aw | X212 | Duy — (D), 2

T

k
| Doy — (D)r P +37 | AsA + A(Do),) P72 X2 (53)

=2

k
| Ai(Dvm = (Dug)-) [P+ XD | Ad(Dvy, = (D)) ] d.

=2

Now we claim that the convergences in (35) are actually strong, that is, up to a not
relabelled subsequence, we have

U — 0 strongly in W P(By; RY),
Wy, — w strongly in W22 (B RY), (54)
2i—p

| NiAy, |¥ Am®> A Dv,, — 0 strongly in L (B AHY), i@ > 2,

loc
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Airt A Duy, — 0 strongly in LY, (By; AHY).

loc

The proof of this claim will be given in section 9 - First case.

Assuming (54) we first prove that the quantity in (53) inside the square brackets tends
to 0 in L'. Indeed the general i-term in the first sum in (53) is controlled by

6/ (| Ao P72+ )02 (| A(Dow)s [P+ | AjDuw [°) d2 (55)
Br

J=1

< c/ NGED[14 | Day, [ dz+c/ SO A [ X7 | A Doy [P d
Br B

T j:2

vl [ YN | D ) d) 0.
B

T ]:1

Here we have also used the fact that, by weak convergence, the sequence {(Duv,,); }men is
bounded, the fact that ¢ > 2 and Lemma 2.1. For the reader’s convenience we remark that
the first integral in the previous sum appears also via the following estimate (obtained
using once again lemma 2.1):

(I Ai A2 + X72)AR I A (Do) |
< (M, 7)(|AnlP ™ + X7 2)AL P H(DUg)- [

< (M, )XY 4| A, [PTANZP ]/ | Dv,|? dz

.

< oM, )N [1 + / | Dw,, | dz] :
Br

The last terms on the right hand side of (53) may be controlled by

k
CZ/ MNE=U (| Ay Doy, [P 4+1) dz — 0. (56)
i=2 V/ Br

where we used (54),.

Coming to the first terms in (53), we observe that

(I An [ AP < el(l A [ A2 4 (| A = A | AP

< A An |22 elf | Do P d)F
B,
Using previous estimate, by Holder inequality
1A 12,1772 Do — (Do), [ ds 657)

T

< C(p) 7/ | Dw,, — (Dwy,), |* dz + C(p) 7/ | Duy, [P dz.

T
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Taking into account (51)—(57), using strong convergences stated in (54) we have

Cyt < limsup A\ PU(xp, T7m)

m

C){ | Dw- (Du). [ d:

C(p)C(M)r*
Clp)C(M)7"

IN

IA A

contradicting (32) if we choose C}y such that Cyr > C'(p)C(M).

7. Decay estimate in the second case

In this section we end the proof of Theorem 1 showing the decay estimate in the second
case. Also this time the proof will be based on the fact that the convergences stated in
(35) are actually strong; we remind the reader that this fact will be proved subsequently.
Up to a (not relabelled) subsequence we may suppose this time (recall (39))

)\T_nlAm — 1A, (58)

where l e RT, Ac R, | A|=1.
By (58) and the very definition of A;A,, we have also that:

| Ai A < A" < el < e (59)

We divide the Euler equation (37) by A2 to get
/ A=PDFY(A,, + A\ Dvy) Do dz
By

4 [ Y NTDF (A + AnDu)) = DF (i)

1 =2

A1 (A + A Dvn)®D¢] dz = 0. (60)

Now we preliminarily show that the terms indexed with ¢ > 2 in (60) are converging to
0. In order to do this we jump back to (44); using this formula the general i-term in (60)
can be controlled by

c)\fn_p/ [ As AP 2+|ZA1 A ® N A Do P

7=1
i—1

|Z/\Z Am O NN Do) Nici—jAm © X, A D] dz

Jj=1 Jj=0

gc/\m/ (A 22! Z)\J U A; Do) Z/\J U A; Do) dz
B1

7=1
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< cAm/ 1+ QN A Do) dz — 0,
B P
by (35) and (58)—(59).
As in the previous section we claim that the weak convergences in (35) are strong, that
is, always up to a (not relabelled) subsequence:
U — U strongly in W,-P(By; RY),
N~ A Duy, — 0 strongly in LP _(By; AHY), 0> 2. (61)

loc

Remark 7.1. In the follwing we do not need explicitely the convergence in (35)g to be
strong. This is also because the strong convergence of the terms in (35)g follows from the
one in (61)2. Indeed, assuming (61), and using (59) together with Hélder inequality, we
have:

2
P

/ | NiAm [P N27P | AjDuy, |2 dz < c </ MNP A Dy, [P dz) —0,
T B

an estimate that will be useful in the sequel.

Using (H6), (58) and (61);, we have that
/ ASPIDEY (A + A Dvy) — DEY(ALIA + N\, Dv)| dz — 0. (62)
B1

To prove this, we argue as follows: by Egorov theorem, fixed €, > 0 it is possible to
determine A C B;_. such that |B; \ A] < ¢ and Dv,, — Dv uniformly in A; then the
previous integral can be controlled by:

1
cAEP / / |D*FY (A, + A D, + 7( A (Dv — Duyy,)
(Bl_E\A)U(Bl\B1_€) 0
Al A — A)| - |[(Dv — Duy,) + 1A = X 1A dr dz

+ / A PIDFY (A + A D) — DFY (Al A + Ay Dv)| dz
A

<c

/ (14 1Dof?™ 4 Do ) d-
(B1—e\A)U(B1\B1-¢)

+ / A PIDF (A + A D) — DEY (A lA + A, Do) dz .
A

The second integral clearly converges to zero as m — +oo, by (H6), since the uniform
convergence on A. The first one can be made arbitrarily small, letting ¢, — 0, since the
sequence {|Dv,,[P~1},,en is equiintegrable, by (35),.

By using a similar argument, (H6), (59) and the previous estimates, we infer:

/ | 1A+ Do |P~2< (1A + Dv), D¢ > dz =0 (63)
B
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for any ¢ € C>°(By; RY).
So if we put

then

and by Theorem 4.1, (64)—(65), it follows that

1 08). P2 Do = (Do), P+ | Do - (D, P d:

<yt f P2 | Do P+ | Do ] dz. (66)
B1

< coTh.

This is the analogous of estimate (51) for the first case, apart from the exponent p instead
of 2. Here we remark that the constant ¢q in (66) is independent of [; in fact we used the
weak convergence of Dv,, and (34) to obtain, via lower semicontinuity:

A
/ (P72 | Dv |* 4 | Dv |P] dz < liminf/ (’/\—m‘)f"_2|Dvm|2 + |Dv,|P dz <1
B m

Bl m

and the fact that (Duv,,); = 0 for each m € N.

Now we proceed as in section 6 and recall (53). The i-term in square brackets from (53)
is estimated via (59) and (61) (also look at (55) and remark 7.1) by:

, 2 )
c (/ Z)\ﬁfﬂ'_l) | \jDvy, | dz) +c (/ NE=D (14 | Do, [P) dz) )
B T

T j=2

where we used (59), the fact that ¢ > 2 and that {| A;(Dvy,)- | }men is bounded, by lemma
2.1. So, as in section 6 we finally get, using (64)

Cyt < limsup A\ PU(xp, T1m)

= ][ [| LA+ (Dv), [P72| Dv — (Dv), |* + | Dv — (Dv), "] dz

m
S CoT",

and the desired contradiction follows, as in the previous section, choosing Cy; > cg.

8. Preliminary estimates for strong convergences

The aim of this section, and of the following one, is to prove that the weak convergences
in (35) are actually strong, thus also proving the claims of section 6-7, that is (54) and
(61); once done, the proof of theorem 5.2 will be really complete. We will derive here
some preliminary estimates that will be used both in the First and in the Second case.
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Preliminary construction. We use a sequence of comparison functions, firstly intro-
duced in [21]. For t € (3,1) and § € (0, 1) we define z,, = 2. as follows, let z € B; and
T = rw be its polar decomposition, i.e. r =| z |; w =z | z |7!; we put

¢(rw) r<t—o
_Jolt =20 —(t-0)w) t-d<r<t-$
e 57 0(tw) + T*(ﬁffm vm(tw) t—§<r<t (67)
U (Tw) t<r<i1

with ¢ € C°°(B;; RY).

We derive some estimates for A Dz, that will also show that z,, € A,WP(B;RY), for
ae. te (1/2,1).

Let (71,..,Tn_1,7) be an orthonormal basis where v is a radial vector. Then we have on
Bt - Bt—%
t—rt r—(t—46/2)t
D,z = — 1D p(tw)+ U p 4 (tw),
D,z (rw) = 20" (v (tw) — ¢(tw)).

We have, keeping into account that ¢/r < 2, (t—r)(6/2)"! < 1and (r—(t—4§/2))(6/2)7' <
L,
| Dy zm (1w) |< c(| Do | + | Do, [)(tw),

| D2 (rw) |< ed1 | v (tw) — o(tw) | .

When 2 < ¢ < k a straightforward computation gives (look at section 2):

| (AiDzn(rw), 7, A Ay} [ e[| DO+ D || Do |I77] Ay Doa(tw) |),

j=1
and
| (NDzp(rw), v ATjy A AT, ) |
i1
< (07" | vm(tw) = ¢(tw) NI DS [T+ 1] D |77 AjDvm(tw)) 1),
j=1

where || D¢ || stands for || D¢ ||r(p,) - In this way we finally have

| AiDz(rw) [< e(|] D [| +07" | vm(tw) — ¢(tw) |) - (68)
i1
(1D |74+ 11 D |77 AjDwa(tw) |) + ¢ | AiDup(tw) | -
j=1

Note that all the functions involved in the left hand side of (68) are evaluated at a generic
xr € B, — By_s5/2, ¥ = rw, while in the right hand side x € 0B, i.e. ¥ = tw and t is fixed.
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We now derive some estimates for F,, evaluated at any z € AWIP(By;RY). Using
growth conditions on second derivatives

1
MNP FL(D2) |< i P | / (1 —71)D*FY(A,, + 7A\,Dz) d7](Dz ® Dz) | (69)
0
<c((| Am | NP2 Dz P+ | Dz |P).

In the same way some computations involving (H4) and formula (14) give

AN En(D2) | < ed | AA P2 NP | A D2 P (70)

j=1

+e Y NGV | ADz [P

j=1

Putting (68) in (69) and (70) for z = z,,, on B; — B,_s we have, for 2 <i < k:

Al | Fo(Dzn) 1< e A [ AP0 [ o — @ | + | Do [P + | Do [7) (71)
+c(07" [vm = ¢ [P + | Do [" + | Do, [7),

A | Ena(Dz) [ (] Am [ A)77207% [vm = 6 P + | D6 " + | D [)
(07 | vm =& [P+ [ Do |P + | Dug [F)

+CZ | NjAn, P2 NG [(|| Do |2 4072 | vm — ¢ |2)(|| Do H2(j—1)
j=2
j—1

+ 311 DG [P ADvg, )+ | Ay Doy, ) (72)
=1

+e 3 NI D [P +67 [ v — & |P) -
j=2

7j—1

(I D [T~ 4> || D |[P9= D) ArDug [P)+ | Ay D, [7].
=1

From now on, for all the rest of the proof, ¢ will denote a constant possibly depending on
all the parameters of the proof: n, N, p, 7, M but independent of § and || D¢ ||. Instead ¢
will denote another kind of constant that will depend on the parameters mentioned above
and also on || D¢ ||o, but not on 6. The reasons for this distinction are technical and
will be clear in section 9 - Second case.

Connecting (71) and (72), using the area formula and rearranging we get (with H"™!
denoting the n — 1 dimensional Hausdorff measure):

AP / > Fi(Dzp) dz (73)

t—Bi_s5/2 j=1
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<300 [ (1A 6 =01+ D P+ D ) e

0By

s / (7 | vm— 6"+ | D6 " + | Doy, ?) dH™
OB
+EX2 5(] Ay | A P2 (H D¢ ||? +52/ | U — & |? dH“)
0B

+EN20(1 +sup | v, — ¢ |26 / NP | N A P72 Ay Dy, [P dH™!
( aBItJ| ¢ 170 aBtZZ | "~ A Do, |

=2 1=1
+cd Z|/\A P2 XZ=P | A;Duy,, |* dH™
BBt~,

+eXN O(1+sup | vy, — @ [P O7F)
OB;

)

j—1
+CAP §(14-sup | vy — ¢ [P 0P / ANPU=D A Dy, [P dH™
( 8313| ¢ ["57") mzz Y |

=2 1=1

k
+cd ZA’” DI Aj Doy, [P dH" =X

OB = —
where we have also used Lemma 2.1 to estimate | AjA,, [< c| NAy |, 1< .

On the other hand, by (69)—-(70) and the definition of z,,, it follows

k

Y [ ., 1EDe) s | Ei(Dz) | (79)

i=1 Bi_s/2—Bi—s

= / (Il A [ NP2 Do |2 + | Do [P dz
—By_s

/ S AjAn P72 X477 | AD 2 +X25°D | D [?) d
Bi—

Bi-s j=1
k
_ m
=DV
i=1

Using the minimality of v,,, the definition of z,, and formulas (73) and (74) we finally
have

AN (Fr(0m) = Fr(9)) < NP (Fp(2m) — Fr(9)) (75)
k k
< A;f/ S| Fi(De) — Fi(DO) | de<eS XM+ v/

=1

Lower bound. Now we want to find a lower bound for the quantity A\ P(F: (v,,)—FL (6)).
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We write

Al (Fon(0m) = Fru(9)) = A;p/B (Fn(Dvm) — F(D9)) dz (76)

AP Z/ (Fi (Dvy,) — F' (D@)) dz
We estimate from below the first integral appearing on the right hand side of (76)

A7 / (FL(Dun) — (D)) dz = A;» | DFL(D6)(Dv, — Do) d
By

+>\;Lp/B [/0 (1 —7)D?F,,(D¢ + 7(Dv,, — D¢)) dr] -
(Dvp, — D¢) @ (Dvy, — Do) dz (77)
> )\;ch/ DFE!}(D¢)(Dv,, — D¢) dz

te / NEP| Ay, + A D2 Duyy — DI + [ Dy — DolP dz,
By

where we used the ellipticity of D?F'"! stated in (H3) and lemma 8.1 from [12]. About the
remaining terms in (76) we write (proceeding as in [21], page 1542), for ¢ > 2:

A7 / (Fi.(Dun) — Fi.(D@)) dz = AL, + Bi, + Ci.
By
where

1
A:'n = )\mp/ [/ (1-— T)DQFi(AiAm + 7(Ni(Am + A Dvy,) — NiAy,)) dr]
By JO

Ni(Am + A D) — Ni(Ap + A Do) - [Ni(Am + A Duyy) — Ni( Ay + A Do) dz

1
B = zxmp/ [/ (1 = 1) D*F (Nidyy + 7((AiAm + A Dvy) — AiAy)) dr]
By JO

1
Ci = A;f/ [/ (1 = 7)D*F (AiAm + T(Ai(Am + A Dom) — AiAn)) +
By

We now proceed to estimate from below the quantities A, B and C written above. Using
(H4), the ellipticity of D*F* and formula (14), a routine computation gives

Al > c/ [ A I A4 1D X Aisj A @ Aj Dy, P72 - (78)
By

J=1
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(DTN Ay A © (A Dy — A D) |P]dz.

j=1

For future convenience we spread the quantities denoted by B! as follows
B! = 2)\31—1’/ [/ (1 —7)D*F'(NAn + T(ANi(Ap + A Dug) — A Ap))dT] -
B: Jo

‘[(/\i—lAmé(Dvm - D¢)) + Z )\zn_l /\z‘—j Am © (AjDvm - AjD¢)] ' (79)

=2

D N Niej Am © A D@ldz = 2D, + 2E,.
j=1

Finally, connecting (73)—(79), yields the next estimate from which we will later give the
desired strong convergences in both cases:

[ X+ A DOl — Do + Doy — D d (30)
By
k 7
+Z/ [ A | AP 1D N Ay Ay © AjDug, P72 -
i=2 Y Bt j=1

A N A A © (A Dum — A DY) P dz

j=1

<c)\,? | DFEL(D¢)(D¢— Dv,,) dz
By
k . . . . .
+¢> (1 Ch |+ Dy | + | Bl | + X5 +Y,0),

i=1

for any 0 <t < 1 and ¢ € C°(By; RY).

9. Weak convergences turn into strong convergences

In this section we prove that the weak convergences stated in (35) are, up to not relabelled
subsequences, actually strong as stated in (54) and (61), thus proving the claims of sections
6, 7. The proof of this fact will be achieved, once again, by distinguishing the two cases.

(1) First case.

We first prove that the right hand side of (80) tends to 0 for a suitable choice of the test
function ¢ = ¢,,,. Applying lemma 4.2 we have that for a.e. ¢ € (1/2,1) there exists
M, < 0o and a not relabelled subsequence (also depending on t), such that

/ | D P+ | Do 7+ 37 | A 772 3277 | A, Doy | (81)
OBy

Jj=2
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i
+ 3 NGV | A Doy, P] AR < M.
j=2

Now we put in (80) (recall that w is a solution to a linear elliptic system with constant
coefficients and hence is smooth inside B;):

6= b = (| Am | 1) T w0,

We observe that, up to a not relabelled subsequence, we may suppose that D(v,,—¢,,) — 0
in LP(B;). Indeed note that this sequence is bounded in LP(B;) and by standard weak
compactness arguments, up to a subsequence, D(v,, — ¢,,) — y in LP(By); then observe
that | vy, — dm [*= (| Am | M) P | wy —w |* and so vy, — ¢y, — 0 in L?(By) that implies
y=0.

Let us fix 0 < € < 1/1000 and we note that by the previous observation and (5.11); we
may assume without loss of generality that:

/ | U — G [P+ | W —w |2 dH™ " — 0.
OB,

Moreover by using Sobolev embedding Theorem together with the fact that p > n — 1
and a simple argument based on Fubini’s Theorem and the use of a countable set of test
functions we get that, up to not relabelled subsequences, for almost every t € (0,1 — €):

lim(sup | v, — ¢ [P) = lim(sup | v, — o |2) = 0. (82)
m 9B, m 9B,

With these choices of ¢ = ¢, keeping into account (81) and (73), it follows that

| szn | S C(S + 05_1 sup | Um — ¢m |2 +c§1_psup | Um — ¢m |p
OBt

t

+c5_1/ | Wy —w |* dH?
OB:
for some ¢ depending also on M; (by (81)) and on || Dw ||z=< ¢(M) (by (52) with
K = By_.). Letting first m — oo and then § — 0 and recalling (82), we get
X —0. (83)

Remark 9.1. It is clear how the previous reasoning fails (when using Sobolev embedding
theorem) in the bordeline case p = n — 1, which is therefore excluded in this setting.

The terms Y, are easier to estimate. Indeed

2—p

v |§c/ | Dw 2 d=+ (] A | A1)
Bt—Bi_s

and also this time we let first m — oo and then § — 0 to get

Y! — 0. (84)
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We estimate now the remaining terms starting with C? .

From formula (14) and the fact that w is smooth it follows that

| Ai(Am + A Dvm) = Ai(Am + An D) |< eAm[1+ Y N7 A Doy ],

Jj=1

| Ad(Am + AmDd) — NiAm |< (] A | AZH 2"
From (H5) and (85)—(86) we get
| Oy, |< C/ (| A | XD+ N[ A Doy, P2 dz — 0,
By =1

by (35)7 and (38).

Now, in order to estimate D! we put

1
0
—D2Fl(/\1Am>] dT,
foo = NP D2 FI (N A,

Im = (/\iflAm@(DUm - D(bm))(z )‘inil Niej Am © N\jDdp),

Jj=1

and also this time note that
Dy = [ fhgmdet [ fhgn de
Bt Bt

Then by (H5), formula (14) and Young inequality

| fogm | dz
By

< (] Am | Afnl)ip/ (1 DX [ AgDvw [P+ | Dvw — Do |%) d2

Bt ]:1

el An | A / (IS N | A D |12 + | D, — Do ) dz — 0,

Bt ]:1

by (35) (observe that 26 < p). Furthermore we note that (also look at Remark 6.1)
/ Fmgm dz = (| Nidm |71 A 7P (| A P77 D*F'(AiA)) -
By

/ (/\i_lAm@(Dwm — Dw))(z )\7]71_1 /\i—j Am ® /\j_ngsz@Dw) dz — 0
By

J=1

29

(87)

(88)
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by (H4), (43), lemma 2.1 and the weak convergence of w,, (see also remark 6.1 to get rid
of ambiguities). So we finally have that

D! — 0. (89)

In order to estimate E;, we distinguish two cases as done in section 6 to estimate the B},
terms. If ¢ > k, where k is as in (40), then using growth condition (H4) we get

| B 1< (] A |7 Ao )5 /ZV A A [ A Do | 1) dz

rell An | AF [ 2 D [P dz =0,

B
by (35), (38) and (41).
If i < k then we put, as before
1
ft= )\,Qn_p/ (1 —7)[D?*F (ANAp + T(Ni( A + A Do) — ANiAL))
0
—D?F'(N\A)] dr,
2 = EPDAFY(NA),

ZM Y Nij A © (A;Dvg — Ay D) ZAJ Y Aisj A © NjDy).

Jj=2 J=1

By (H5) and Young’s inequality (20 < p) we obtain (recalling (42))

/B g | dz < el A [ A I° / (3" N1 | Ay Do )
t t j:l

+ Z M7V | A A [P72| A Doy, |2 +1] dz

J=1

el Ay ! Am)”/B Z)\J | A Doy )Y dz — 0,

7j=1

by (35) and the fact that i < k. Furthermore, with § denoting a smooth, bounded
A:HY -valued function:

| [ fRgm dz |< || AA [27P D2FU(NA,,) -
By
/ (S N5 | Ay A 157 A A © A Duy) -
By j=2

N ALy A © ADw) + (| A [T M) 73] dz |- 0

Jj=1
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by the weak convergence in (35)g, (43), (H4), the fact that w is smooth and lemma 2.1
used once again to estimate | A;A,, [< ¢ | AjA, |, ¢ = ¢(M). So we have proved that

E. —0. (90)
It remains to prove that also the first term in the right hand side of (80) tends to 0:

NP | DFL(D¢y)(Déy — Duvy,) dz

By

1
:/ 2] Am|A;})2—p/ D?*F}(7Dé¢,,) dr)Dw @ (Dw — Dw,,) dz  (91)
By 0

1

= / [| A |77 / D?*FY(A,, + TAnmDéy,) dr)Dw @ (Dw — Dw,y,) dz
By 0

— 0.

Indeed, arguing as for the estimate of the term I,,, in section 6 and using (52), the quantity
in square brackets in (91) is easily seen to converge strongly (in L>°) to a constant tensor
while w,, weakly converges (in L?) to w. In this way also this term tends to zero and
connecting together (83)—(91), all the terms in the right hand side of (80) tend to 0.

We now turn our attention to the left hand side of (80). The first integral is easily seen
to control the following quantity:

Dt = Dul? + 1D dz — elAni) "5 [ (14 1Du?) d:
By

By

with ¢ = ¢(||Dwl|p~) = ¢(M). Keeping into account (35), and (38) it immediately follows
from (83)—(91) that

Dw,, — Dw strongly in L*(B;), (92)
Duv,, — 0 strongly in LP(B;),

forany t <1 —e.
We now show that

/ | AiA =2 X5 | A Doy, |2 dz — 0, (93)

By

/ NP A Dy, [P dz — 0 (94)
By

for any 2 < i < k, t < 1 — ¢, thus completing (in view of the arbitrarieness of ¢ and of
a standard diagonalization argument) the proof of (54); and (54),. Using the triangle
inequality in (80) and (35) together with the elementary estimate

J(2—p)

| Aj Dol < e Am | A1) 77 =0

we easily get

lim Sup/ (| NeAn | AHP72 ] Aic1 A ®(Duy, — D) (95)
Bt

m
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i—1

+ > N Aisj A © A D, + At Ay Dy, [P dz =0,

j=2
i—1

lim sup/ ‘ Z )\iJl /\ifj Am © /\jDUm + )\gl /\z DUm ’p dz = 07 (96)
m By =1

for any 2 < i < k. Now (93) can be inductively deduced from (95). Indeed we write
(95) for i@ = 2 and then use triangle inequality and (92) to get (93); then we proceed
inductively, writing (95) for a general i < k and using (93) for j < i and the triangle
inequality to get also this case. A similar inductive argument can be used also to derive
(94) from (96). So the strong convergences as claimed in section 6 are proved.

(2) Second case.

This time we choose a sequence of smooth test functions in (80), {¢s}sen, in such a
way that ¢, — v strongly in WH?(By;R"™). In this way, (note that we have not proved
yet that v is smooth, since, in contrast to the first case, we emploied the claimed strong
convergences to prove that v(z) +1Az is a p-harmonic mapping) we a priori have no control
on the sequence {|| Dos || }sen, which may turn out to be unbounded, thus making the
constant ¢ in (80) blow up; so we have to carefully analyze the various terms in (80). We
keep the same notation for e fixed for the first case. Note that, up to subsequences we
may always suppose as in the first case (by Sobolev embedding Theorem), that, for a.e.
te(1/2,1—¢)
117%11 | Um — ¢s |:| v = gbs | in Loo(aBt)’

lim(sup | v — ¢s |) =0,
s 9B,

lim | Dv— D¢, [P + | Dv— D¢, |* dH" ' =0.
5 JoBy

As far as the X; terms are concerned (look at (73)), we note that, having fixed ¢s, every
product containing ¢, contains also a power of \,,. So we fix ¢ and let m — oo, thus
getting, by (81) (which, of course, can be supposed to be in force also in this case)

limsup | X' < co[1 + / | Do, P dH 4 / | Do, P dHt (97)
m OBy OBt

_'_672 sup | v ¢s |2 +077 Sup ‘ U= ¢s ‘p]’
8Bt 8Bt

with ¢ independent of || Dos ||so-

For V! we have

ALY / (| An | A2P2 | Dy > + | Do, 7] dz
Bt—B;i s

+CZ/B . (| A | XY 2N2 | D P +X07 7Y [ A D [P dz,
t—Dt—6

j=1

by (74) and Lemma 2.1.
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Letting m — oo, by (59) we have

m

limsup | Y, |< c/ | Do, |* dz —I—c/ | Do |P dz. (98)
Bi—Bi_s Bi—DBy_s

Now we proceed estimating D¢ , E and C" .
Using growth conditions (H4), formula (14), and keeping into account (79),

7

| Diy |+ | B 30N | Accsdn ) [ (0 A | 2007

j=1 Bt

H 1D N A D [P+ Y N A Dy, |] dz

j=1 j=1
<D N NisjAm |]/B L+ ) N[ A Doy, )P d,
j=1 ¢ j=1

where ¢ essentially depends on || D¢; || and I. Now observing that in the second case
| NiAp, |— 0 for any | < k (see (59)), and that here ¢ > 2 we have that

limsup | D., | + | E., |= 0. (99)

A similar argument works also for C? and yields

limsup | C", |= 0. (100)

m

Note that both (97) and (98) are valid for any given ¢s. Also in this case we have that
| AIDEL(DO)(D6, ~ Do) ds
By
= /B ASPIDEY (A + A Do) — DFY(A)](Dos — Duy,) dz
converges to

L [ 1114+ Do, =2 @A+ Do) + P A(D6, — Do) d=
By

p—1

S C (/ 1 + ’D¢s|p dl‘) ’ ||D§b5 — DUHLP(Bt) (101)
B

where we have used (H6) and (58) (also look at section 7).
In the left hand side of (80) we have

/ [ At | X724+ | SONTE A A © A Do 77
By

j=1
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DN N A © N D) dz (102)
j=1
<N A A )P =0,

J=1

by (35)7 and (59). As in the first case and roughly estimating | Dv,,, — Dv |<| Dv,, — D¢y |
+ | Dv — D¢y | we find that the first integral in (80) controls the following quantity:

|Dv,, — Dv|P dz — ¢ | |D¢s— DvlP dz.
Bt Bt

So collecting (97)—(102) and letting first m — oo and then s — oo, we finally obtain by
the triangle inequality

m

lim Sup/ | Dv,, — Du [P dz
By

k 7
+lim supZ/ [(| AiAm | AP+ | Z)\Zn_l Ni—j A @ AjDo,, [P72] -
[Z )\zn_l /\i—j Am ® /\jDUm]z dz

j=1

< cd[1 —I—/ | Dv |* dH"* —|—/ | Dv [P dH" ]
aBt aBt

+c/ | Dv |? dz+c/ | Dv [P dz.
Bi—By_s Bi—By_s

Letting 0 — 0 and arguing by induction as done for the first case, we can finally prove
the strong convergences as stated in (61). This completes the proof of theorem 5.2.

10. Proof of the Main Theorem

In this section we finally prove the Main Theorem stated in section 5. The proof rests on
a standard iteration argument involving U(z,r), essentially based on Theorem 5.2.

Lemma 10.1. Let 0 < a« < 1 and M > 0, then there exists 0 < 7 < % and € > 0, both
depending on o and M, such that if:

B(z,r) C Q, | (Du)yr |< M,

Uz,r) <e,

then
Uz, m'r) < (7Y*U (x,r), (103)

for each |l € N and p has been introduced in Theorem 4.1.

Proof. Just follow Lemma 6.1 from [21], iterating Theorem 5.2 and adapting the proof
to the different structure of U(x,r) and the different statement of Theorem 5.2 which
involves the exponent p rather than the exponent 2. Il
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Before ending, we still need a result from [21].
Lemma 10.2. Let u € A,W'P(Q), then

lim | Ni(Du — (Du)y,) [P dz =0

r—0 Ba.r

for almost every x € Q, 1 <i < k.

The proof of the Main Theorem is now a consequence of a standard iteration procedure
based on Lemma 10.1 (see for example [12] or [24]).

The singular set turns out to be contained in the complement of:

Qy = {ze€Q] lin%(Du)x’r = Du(z) and

lin% | Ni(Du — (Du)yy) [P de =0 fori=1,.. k},
"7 B,y

so that by Lemma 10.2 we have
| 2 —Qp |=0.

We finally remark that from (103) and Campanato’s integral characterization of Holder
continuity it easily follows that the Holder exponent of Du is at least %, where p is the
exponent provided by Theorem 4.1.

11. Final Remarks

As we have mentioned in the introduction, one of the main reasons for introducing (and
studying) polyconvex integral functionals is that they play a central role in the theory
of (hyper) elastic materials, that is those whose equilibrium configurations are found by
minimizing a stored energy functional:

/QW(DU,) + g(z,u) dz (104)

where Q C R? and W : R? — R™ is the energy density; this function is usually assumend
to be polyconvex (see [7]). In this case a basic requirement in Nonlinear Elasticity is the
blow-up condition:

W(z) — +o0 if detz—0

W(z) =400 if detz<0 (105)
that is designed in order to prevent the interpenetration of the matter.

It is clear that neither our result nor the ones developed in previous papers (see [12, 21,
22, 16, 17]) cover this important case; this remains a major problem of the issue.

Needless to say, the aim of this paper is more modest; we intend to show how it is possible
to treat, in the context of polyconvex energy densities with polynomial growth, degenerate
integrals of the type:

/ |Du|? + W (Du) dx (106)
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W being a degenerate polyconvex function in the sense described in section 5. With
this respect we hope that some of the methods presented here will be useful also when
new techniques will be developed in order to attack the problem of regularity under the
realistic condition (105).

In anyway we would like to mention that degenerate polyconvex energies of the type (106),
that is with a convex leading part that is degenerate elliptic in a p-laplacian fashion (see
hypothesis (H6), section 5), have been considered in several papers in the last years, in
connection with problems from nonlinear elasticity (see for instance [8, 36] and related
references).

Finally we conclude the section by listing possible extensions to our results that can be
easily worked out with a few modifications to the techniques presented here.

Of course it is possible to consider k& < min{n, N} (see (25)). It is also possible to
consider anisotropic growth conditions of the functions F;, (assigned, in view of the growth
condition (H4), throught the second derivatives D*F;) leading to an inequality of the type:

0< D*Fi(z)<c|zPi2, z e NHY 2<i (107)

for a suitable choice of exponents p;. In this case the model would be:

k
| Dul? + Ni Du
[ipur+ 3]

=2

Pi dx .

The choice in (107) eventually leads (at least to determine existence theorems as in section
3) to considering anisotropic spaces of the type A;W1? defined by the condition A;Du €
Lri,

It is also possible to consider non-splitting functionals of the type:
/ FY(Du) + F(AyDu, AsDu, . .., A Du) da
Q

with F! being as in section 5 and suitable growth conditions imposed on D2F'. The proof
for this case involves a linearization procedure more delicate than the one presented in
section 5.
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