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LOWER SEMICONTINUITY OF MULTIPLE p-QUASICONVEX INTEGRALS

ILARIA FRAGALA!

Abstract. Lower semicontinuity results are obtained for multiple integrals of the kind fR,L f(z,V udpy,
where 4 is a given positive measure on R"™, and the vector-valued function w belongs to the Sobolev
space H i’p (R™,R™) associated with pu. The proofs are essentially based on blow-up techniques, and a
significant role is played therein by the concepts of tangent space and of tangent measures to u. More
precisely, for fully general u, a notion of quasiconvexity for f along the tangent bundle to pu, turns
out to be necessary for lower semicontinuity; the sufficiency of such condition is also shown, when u
belongs to a suitable class of rectifiable measures.
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1. INTRODUCTION

A large area in the Calculus of Variations deals with the lower semicontinuity of integral functionals whose
integrand depends on the gradient of some function u. The interest in this feature arises from the so-called
direct method [14]. It provides the existence of some minima for the involved functional as soon as it satisfies
the assumption of being both lower semicontinuous and coercive with respect to some topology on the space of
admissible functions u.

If we focus attention on a functional J of the kind

J(u):/ﬂj(x,V’u)dz, (1.1)

where (2 is a bounded open set in R”, and j is a Carathéodory integrand satisfying standard p-growth conditions,
the natural definition domain of J is the classic Sobolev space WP(£). While in the scalar case the crucial
condition for the weak lower semicontinuity of J on WP(Q) is the convexity of j in its second variable [21,29)],
it is well-known that, in the elasticity case when u is vector-valued, the appropriate assumption which replaces
the usual convexity is the notion of quasiconvexity. It was first introduced by Morrey [28], and many relevant
generalizations and refinements have followed. A bibliography, for sure not complete, can be found in [1,3-5,
12,14,17,22,23,25,26], and references therein.

Recently, integral functionals of the form (1.1), where the Lebesgue measure L™ over € is replaced by a
general positive and finite Borel measure p on R™, have been considered in order to model the elastic energy
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of low-dimensional structures such as threads, membranes, or multijunction bodies [9]. In this framework, the
integral energy in du is a priori defined only for smooth displacements u, so that it seems natural to perform its
relaxation [13] with respect to the L¥-topology. Under convexity assumption on j, this leads to a new integral
functional in dy, of the form J(u) =[5, ju(z, V,u) dp, where j, is related to j by an inf-convolution formula
(so it is still a convex integrand), V,u is the p-tangential gradient of u, and the definition domain of Jis a
suitable notion of Sobolev space H,?(R™,R™) (possibly being m > 1) [9].

One is thus led to a framework which draws an exact parallel with the Lebesgue usual setting, and of course
the choice of taking i equal to some Hausdorff measure H* on a k-dimensional subset of R™ is of special interest.
In particular, if in the vectorial case m > 1 one starts from an integral functional of the kind

F(u) = [z, Vyu)dy, u € H}/”(R", R™), (1.2)
R‘VL

it is natural to ask whether some condition on f, corresponding to the usual quasiconvexity, can be shown to be
necessary and sufficient for the weak lower semicontinuity of F. The aim of this paper is to give an answer to
such question. We are also motivated by the fact that, in many variational problems involving low-dimensional
structures in R™, identifying them to measures and working in the framework just sketched above, seems to be
a very fruitful approach (we refer to [6,8,10,11] for applications in the fields of shape optimization, optimal
control, and homogenization, see also [34]).

A central role in the development of the tangential calculus with respect to u is played by the notion of
tangent bundle 7),, which has been introduced in [9], and subsequently studied in [18]. The main result of the
present paper states roughly that, when p is concentrated over a rectifiable set, the functional defined in (1.2)
is weakly lower semicontinuous if and only if the integrand f(x,-) is quasiconvexr along the directions of T),(x)
for p-a.e. z (cf. Def. 3.1).

In fact, the necessity of such condition can be proved for a general measure u, by a contradiction argument
based on the Vitali covering theorem (see Th. 4.1); we also heavily exploit the notion of tangent measures to u
introduced by Preiss in [31], and its connection with T}, established in [18].

The sufficiency is much more delicate, and it is proved only for a class of rectifiable measures, though we
do not have a counter-example showing that such class cannot be enlarged. As a key tool, we make use of
a rather involved notion of u-quasiconverity by blow-up for the integrand f (c¢f. Def. 3.4). In fact, if p is a
doubling measure satisfying a p-Poincaré inequality, like the one investigated in [19], we can prove that the
p-quasiconvexity by blow-up is necessary and sufficient for lower semicontinuity (see Ths. 4.2 and 5.1). In
particular, sufficiency is proved adopting the blow-up technique of Fonseca and Miiller. So far, for a general
measure u, we can prove only that the p-quasiconvexity by blow-up entails the T),-quasiconvexity (see Prop. 3.5).
The converse implication is also true, under the assumption that p is a rectifiable varifold with bounded first
variation (see Prop. 3.6). Thus, whenever such a  satisfies a p-Poincaré inequality, the T),-quasiconvexity turns
out to be a sharp condition for semicontinuity.

Under the suitable growth conditions on f, our results can be summed up through the following scheme,
where each implication needs the assumptions on p placed at the right hand side of the corresponding ar-
row: in particular, simple arrow means full generality, whereas letters (P), (D) and (R) denote respectively
the Poincaré inequality, the doubling condition, and the rectifiability property with bounded first variation.

F weakly lower semicontinuous on H ;,p

@) f(P)-(D) Lo ®)-R)
fconvex = (P) f p-quasiconvex by blow-up = f T}, quasiconvex

< [R)
The paper is organized as follows:
Section 2 is a concise summary of the basic notation, definitions, and preliminary results.
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In Section 3, we introduce different concepts of quasiconvexity with respect to u, and we establish some
comparison results among them.

The statements and proofs of the main theorems, respectively for what concerns necessary and sufficient
conditions for the lower semicontinuity of the functional introduced in (1.2), are contained in Sections 4 and 5.

2. NOTATION AND PRELIMINARIES

Throughout the paper, we let p be a positive Radon measure, compactly supported in R™, and we omit the
integration domain whenever it coincides with the whole R™.

In order to give a rigorous interpretation to the functional F' defined by (1.2), we need the definitions of
Sobolev functions with respect to p, and of their pu-tangential gradient.

We begin by recalling the concept of tangent bundle to p introduced in [9]; at p-a.e. € R™, it is given by

Ty(z) = p—ess| J{®(z) : &€ L,(R",R"), div(®p) € M}, (2.1)

where the divergence operator is intended in the distributional sense, and M denotes the set of signed Borel
measures with finite total variation on R™. By the definition of u-essential union, T),(x) is the multifunction
characterized by the following two properties (see [33]):

(i) for all ® € L), (R",R™) with div(®u) € M, the inclusion ®(z) € T),(x) holds p-a.e.;

(ii) if ¥ is any other p-measurable multifunction, from R™ into the closed sets of R™, such that the inclusion
®(x) € ¥(x) holds p-a.e. for all fields ® € L, (R",R™) with div(®u) € M, then we have T, (z) C X(x)
[-a.e.

One can check that, for p-a.e. x € R", T, (z) individuates a linear subspace of R™, whose dimension may depend
on z; further, when p is the Hausdorff measure H* over a k-Lipschitz manifold S, T,, coincides p-a.e. with the
usual tangent space to S.

Throughout the paper, we shall consider measures p such that T),(x) is nonzero for p-a.e. x. Notice in
particular that Dirac masses are ruled out of our framework.

For the reader’s ease, we recall below a comparison result, often used in the following, which relates defini-
tion (2.1) to the notion of tangent measures to p introduced by Preiss in [31]. Unless otherwise specified, B will
denote the unit ball of R™. A measure v on B is called a tangent measure to p at x, if there exists a sequence

of positive real numbers p;, converging to zero, such that the blown-up measures % converge weakly * to
Pi

v on B as i — 400, where p, . (B) := pu(x + p;B), and By, (x) denotes the ball of radius p; centered at x (see
also Chap. 14 of [27]). Letting Tan(u,x) be the class of all tangent measures to p at x, the following product
decomposition holds, whose proof can be found in [18] (Lem. 2.6).

Lemma 2.1. For p-a.e. x € R, any measure v € Tan(u, x) is of the form
(ngﬂ(a&) X 0) L B,

where k(z) is the dimension of T,,(z), ’H;(x(l) is the k(z)-dimensional Hausdorff measure over T, (z), and o is
“w
a measure on the orthogonal complement of T),(x).

For general u, the set Tan(u,x) can be very large [30]. This is not the case when p is a measure that in the
sequel will be called k-rectifiable, namely of the kind #HFL_S, with k an integer, S a countably k-rectifiable
subset of R™, and 6 a positive function H*-integrable on S [16] (3.2.14). Using the varifolds’ language, x is the
weight measure of the rectifiable varifold V' = (5,0) [32] (Sect. 15). For such a measure p, at p-a.e. x there
exists a k-dimensional subspace Ts(z) of R™, which is said to be the approzimate tangent space to u at z, such
that, when p tends to zero, the measures pikum,p converge weakly star to 0(x)H* L Ts(z) [32] (Th. 11.6).



108 I. FRAGALA

It can be proved that in general T}, is contained p-a.e. into T's, see [9] (Lem. 5.2) or [18] (Lem. 2.4). Moreover,
we recall below a result proved in [18] (Th. 3.5), stating that T}, agrees with the approximate tangent space to
w for rectifiable measures p which are regular enough in terms of their first variation [32] (Sect. 39). We notice
that such measures are closely related to those with bounded curvature introduced in [7] (Sect. 2).

Lemma 2.2. Let = OH* LS be the weight measure of a k-rectifiable varifold V = (S, 0), and suppose that the
first variation of V is a Radon measure. Then T}, coincides pi-a.e. with the approzimate tangent space T’s.

We turn now attention to the Sobolev space H,?(R",R™). We let p belong to (1,+0c0), and || - ||, be the
usual L¥-norm. Further, we denote by P, (x) the orthogonal projector onto 7),(z). The space H };p (R™, R™)
is by definition the completion of D(R™, R™) with respect to the norm [|¢)||1,p, . == [|9¥|lp,u + [|Vut|lp,u, Where
D :=C§°, and V,¢(z) is the P,(z)-projection (by components) of Vi)(x). (For the sake of precision, we have
to remark that || - ||1,p,, is rather a seminorm than a norm on the space D; however, it becomes a norm on the
quotient space of D with respect to equality p-almost everywhere.)

An equivalent way to define the space H i”’ (R™,R™) is saying that the linear operator A : D(A)
C LE(R™,R™) — LP(R",R"™) defined by D(A) = D(R",R™) and Ay = V1, is closable [9] (Prop. 2.1),
and the domain of its unique closed extension A is called H}/”(R",Rm). So, for any u € Hi’p(R”,Rm), it
results defined by completion a u-tangential gradient V,u € L% (R",R"™). We also stress that H llt’p (R™,R™)
is a reflexive Banach space endowed with the norm |ull1p = ||tllp.p + |Vutllp,- In such space, the weak
convergence is characterized by

- kly in LP(R"™, R™
u—u weakly inH!?(R", R™) <= Up —U weakly %n LR™ R™),
: Vyuup = Vyu  weakly in Lﬁ(R", R™™).

We can now give a more precise statement of the relaxation result mentioned in the Introduction. We specify
it to the case j(z) = |z|?, namely we consider the functional

VulPdy if u € DR™, R™),
) [ Ivuran it we p(en R

+00 otherwise.

We recall that the relaxed functional .J of .J with respect to the L (R™, R™)-topology, is obtained by definition as

J(u) = inf {Iiminf J(up) : up — uin LfL(R”,Rm)} .

h—-+oco

Moreover, respectively due to the convexity of J and to the reflexivity of H };p(R”,Rm), J coincides with
the relaxed functional with respect to the weak topology on LE(R™,R™) and on H,?(R™,R™). The explicit
expression of J is given by [9] (Th. 3.1):

_ /R \VoulPdp if ue HYP(R™,R™),

T(u) = (2.2)

400 otherwise.

We also point out that the relaxation of nonconvex integral functionals in du, when p is concentrated over a
smooth manifold, has been recently studied in [24].
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3. U-QUASICONVEXITY

We begin by formulating the notion of quasiconvexity on a k-dimensional subspace m of R™. Let g be a Borel
measurable and locally integrable real function on L(w,R™), the class of linear mappings from 7 to R™, and
set wg := H¥ (BN ).

Definition 3.1. We say that g is m-quasiconvex if

g4 <~ /B g4 V) ) (3.1)

Wk

for every A € L(m,R™) and for every ¥ € D(B N, R™).

Remark 3.2. As in the usual case 7 = R", one can easily verify that, if m = 1 or k = 1, the m-quasiconvexity
is equivalent to the convexity on 7r; moreover, if we assume (3.1), the same inequality holds for any test function
Y € W™ (QNm, R™) whatever domain Q C R™, i.e.

1

94 = mrmn g

/Q g4+ Vo) dH )

for every A € L£(m,R™) and for every 1 € Wy (N m,R™) (cf. [14], 4.1).

With regard to the functional F' defined in (1.2), we have in mind to apply Definition 3.1 to the case g = f(x, -)
and m = T),(z); at this aim, the next result will be useful in connection with Lemma 2.1.

Proposition 3.3. The following conditions are equivalent:
(1) g is w-quasiconver;

(i1) g satisfies the inequality

o(d) < — 9(A+ Vro(y)) dH* (y)

Wk JBnr

for every A € L(m,R™) and for every ¢ € D(B,R™), where V¢ denotes the projection by components of
the Jacobian matriz of p on m;

(iii) for any measure v of the kind (H¥L7) x o, with o a nonzero measure on 7, it holds

o) < 77 [ 9(A+Tro(y.2) dly.) (32)

for every A € L(w,R™) and for every ¢ € D(B,R™);
(iv) there exists a measure v of the kind (H*L_7) x o, with ¢ a nonzero measure on 7+, such that (3.2) holds
for every A € L(m,R™) and for every ¢ € D(B,R™).

Proof. (i) = (ii). For every ¢ € D(B,R™), let |, be the restriction of ¢ on BN m. Then ¢| belongs to
D(B N m,R™), and for every y € BN 7 we have V,¢(y) = Vi (y). So it is enough to take 1) = ¢|_in the
definition of m-quasiconvexity.

(ii) = (i). Let ¢ € D(m,R™) and for (y,z) € R® = 7 x 7w let us denote ¥ (y, z) the function, not depending
on z, given by ¢ (y). Then ¥ is regular on R™, but it has not a compact support, so it cannot be taken as a test
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function in (i7). Therefore we consider a cut-off function depending only on the orthogonal component z, that
is a smooth function n on 7+ such that

n(z) =0 forzent,|z|

| >
n(z)=1 forzent |z <

DO | =

Now if we set ¢(y, z) = ¥ (y)n(z), ¢ has compact support, and we have

Voly, z) = (Vo(y)n(z) , (y)Vn(z)) ,

so that, for every y € (BN ),

Vro(y) = Vi(y)n(0) = Vii(y) .

Thus, taking ¢ as a test function in (i7), we get that (3.1) is satisfied for the corresponding ).

(1) = (vii). Let A € L(m,R™), and ¢ € D(B,R™). Let Q = L x M be a cube containing B, with L and M
parallel respectively to m and 7+. Since, for any fixed z € M, the function y — ¢(y, z) belongs to D(L,R™),
we have

H*(L)g(A) < / J(A+ Vap(y, 2)) dHE (y).

Integrating the above inequality on M in do(z), applying Fubini’s theorem, and recalling that ¢ is supported
on B, we obtain

V(Q)g(4) < /M / (A + Vap(y, 2)) dHF () do(2)
- /Q 9(A+ Vap(y, 2)) du(y, 2)

- /B (A + Vap(y, 2)) du(y, ) +v(Q\ B)g(A),

whence (3.2).

(i4i) = (it). Tt is enough to take the measure o equal to a Dirac mass concentrated at zero.

(#91) = (iv). It is immediate.

(iv) = (i1). Let Q = L x M be a cube contained in B, with L and M parallel respectively to 7 and 7. Since
(iv) holds by hypothesis, we deduce

1
o) < e |, [ oA Vel ) 4 (o)

for every A € L(m,R™) and for every ¢ € D(L x M,R™).

Arguing as in the proof of the implication (i¢) = (i), that is using a cut-off function depending only on
the coordinates orthogonal to 7, we see that the above inequality holds for a larger class of test functions; we
mean that it remains true when ¢ is a regular function supported in L’ x R*~*, with L’ CC L. Then for every
p € D(L x M,R™) and for every € > 0, if we set ¢.(y,2) = ©(y,€z), . is still admissible as a test function.
Hence we have

1
o) < s |, [ A+ Vople) artt (o),
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This implies the existence of a point z. € M such that

o) < s [ oA+ Vgl ca) ar ).

Finally, passing to the limit for € tending to zero, we get

o [ 94+ ool ) .

We turn now attention to the case m = T,(z), and g = f(z,-). In general, the condition that f(x,-) is
quasiconvex in the classical sense does not ensure that f(z,-) is T, (z)-quasiconvex. However, examples of
functions f such that f(x,-) is T}, (z)-quasiconvex for p-a.e. x can be produced using Proposition 3.3. Indeed, a
sufficient condition for T),-quasiconvexity, which can be concretely handled, is the quasiconvexity of f(z, P,(x)-).
For instance, consider the measure u defined on R? by

p=p1+py=HL(BN{r1 =a2=0})+H>L (BN {x3=0}),
and let f(x,-) be given on £(R3,R?) by

F(a, A) A%+ A3, + A%, for p1—a.e. x
x,A) =

(A11A2e — A12A21)2 + (A12A23 — A13A2)?  for ps—a.e. .
Since f(z, P,(x)-) is polyconvex, it is quasiconvex in the usual sense on L(R3 R3); then, by applying the
implication (iv) = (i) of Proposition 3.3, we deduce that f(z,-) is T,(x)-quasiconvex. We now introduce
a notion of p-quasiconvexity by blow up. We assume throughout the remaining of the section that f is a
Carathéodory integrand satisfying, for a fixed exponent p € (1,+00), and some constant C' > 0, a growth
condition of the kind f(z,z) < C(1 + |2|P). For any fixed € R™, we consider the class of admissible radius
(cf. [5] Det. 2.1),

Re:={p>0 : p(0B,(z)) =0},
and the class of families admissible by blow-up at z, defined by

1
Fo =13 {0 . CD(B,R™) : sup 7/ Ve, |P du®r < —l—oo}-
{orhoen, SRR mp s |19

Definition 3.4. We say that f(z,-) is p-quasiconvex by blow-up if the inequality

. 1 z,
flad) < timinf s | faas P@ Ve ane (3.3)

holds for any A € £L(T),(z),R™) and any admissible family {¢,} C F, (where P,(z) is the orthogonal projector
onto Ty, (z)).

Inequality (3.3) will be shown to be the key for the lower semicontinuity of the functional F in (1.2). Therefore,
it is interesting to compare it with the T),(z)-quasiconvexity of f(z,-) according to Definition 3.1. We are going
to prove that, for any measure u, the p-quasiconvexity by blow-up implies the 7),-quasiconvexity; moreover the
two notions agree for suitable rectifiable measures. Establishing whether this is true also for general p remains
by now a delicate open problem (see also Cor. 4.3).
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Proposition 3.5. If f(z,) is p-quasiconvex by blow-up for p-a.e. x, then it is T,,(z)-quasiconvez for p-a.e. x.

Proof. Tt is not restrictive to deal with a fixed point = where the tangent space T, (z) is well-defined, and where
any tangent measure to p satisfies the product decomposition of Lemma 2.1. Let us show that, if (3.3) holds,
then condition (iv) of Proposition 3.3 is satisfied for some element v, € Tan(u, z). Indeed, let A € L(T,(z),R™)
and ¢ € D(B,R™). We notice that ¢ may be taken as an admissible family (independent of p) in the class F;.

Thus, let us select a sequence of radius {pz} tending to zero which achieves the liminf at the right hand side
of (3.3) (with ¢, = ¢), and such that m converge weakly star to a tangent measure v, over B. We stress

that v, is nonzero, because (B ( ))( ) =1 for every i. We obtain

f(z, A)

IN

1
liminf 7/ flx, A+ P,(x)Vp)du®? = lim ————— / flz, A+ P,(x)Vy)du®r
cmint @y w(2)Ve) Jm s (x)Ve)

1
/Bf(:c,AJrPM(:E)ch)dl/z < W/Bf(m,AJrPM(m)Vga)dym.

O

Proposition 3.6. Let u be the weight measure of a k-rectifiable varifold with bounded first variation. If f(x,-)
is Lipschitz and T),(x)-quasiconvex for p-a.e. x, then it is p-quasiconver by blow-up for p-a.e. x.

Proof. Let = @HFL S. In view of Lemma 2.2, it is not restrictive to select a point x € S such that T,(z)
coincides with the approximate tangent space to S at x. Moreover, we can choose z as a Lebesgue point for the
density function 6.

Since S is covered up to a p-negligible set by a union of C! manifolds, we can assume that for p sufficiently
small the orthogonal projector P,(z) : S N B,(x) — T,(z) is a Lipschitz one-to-one map, whose Lipschitz
constant tends to 1 as p — 07 [2] (3.15). We set D,(z) := P,(x)[S N B,(x)], and g the inverse map P, (x)~*
defined on D,(x); g is also Lipschitz, with a constant tending to 1 as p — 0t.

Let A € L(T,(x),R™), and {¢,}per, C Fu. For each fixed p € Ry, setting @3 (y) = p(pp( ) the

T, (z)-quasiconvexity of f(z,-) gives

flz, A) < f(z, A+ Pu(2)V(e5? 0 g)(y)) dH (y) . (3.4)

1
HF(Dp(x)) /Dp(a;)

We denote by J P, (z) the Jacobian of the map P, (x). Using the area formula [16] (3.2.22), since Lip (Rt(x)ISmem)

— 1 as p — 07, we obtain

H (D, () = / JPu(@) dH* = HE(S 1 B, (@) + o (B, (x))) (35)
SNB,(x)
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By the same argument, denoting by O(p) an infinitesimal with p, possibly varying from line to line, we have

= [ A PV ) TPue) A ) + o (B (e))
SNB,(x)

= [ e A B@Vepw) (4 O() A w) + o (B (x))
SNB,(x)

/ @, A+ Pu(2)Vei?(y)) dH* (y) + O(u(Bp(l‘)))
SNB,(x)
—1 z,p
e /Bf (2, A+ Pu(@)V0,(1)) du®(y) + o (B, () . (3.6)

where we used also the Lipschitz regularity of f(z,-), the assumption {¢,} C F, together with the p-growth
of f, and the fact that x is a Lebesgue point for 6.
Thus, if we take into account (3.5) and (3.6), passing to the liminf as p — 07 in (3.4), we infer

1

flz,4) < RE?}}E& 0(x)H* (S N B,(z)) /Bf(xv A+ P#(:C)Vgpp(y)) dp™"(y)

. 1 z,
:REI;;E&m/l?f(:c,AJrRt(x)Vsop(y)) dp*’(y),

as required. O

4. NECESSARY CONDITIONS FOR LOWER SEMICONTINUITY

In this section, we study necessary conditions for the weak lower semicontinuity on H };p (R™,R™) of the integral
functional

F(u) := [z, Vyu)dp, ue HyP(R",R™), (4.1)
R™

where the real function f = f(z, z) is assumed to satisfy on R™ x R™ the following conditions:

f is p-measurable in x and Lipschitz in z; (4.2)
f(z,z) < C(1+ |2|?) for some C > 0;
|f(z,2) — f(y,2)] <n(ly — z|)(1 + |2|P) for some function n on R* continuous at 0.

We recall that we always make the assumption p € (1, +00). Moreover, we set for brevity H ;,p = H i’p(R”, R™),

and for any positive p we let as above ¥*?(y) := pt (%)
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Theorem 4.1. If the functional F is weakly l.s.c. on H}L’p, then f(z,-) is T,,(x)-quasiconvex for pi-a.e. x.

Proof. We proceed by contradiction, supposing that the 7),(x)-quasiconvexity is violated almost everywhere on
a set F of positive measure . We can assume, without loss of generality, that every x in F is a Lebesgue point
for the projector P,, and that, for every & € E, p admits a nonzero measure v, € Tan(p, z) of product type;
indeed each of these conditions is satisfied up to a p-negligible set.

Let D be a dense subset of L(R™,R™). For p-a.e. « € E, there exist A, € D, ¢, € D(B,R™) and k; € N
such that

o 1 1
fa Pu(w)A) > Jimint s | @ PL@)A, + V) dum 4 - (45)

Indeed, if we could find a subset E’ of E with p(E’) > 0 where the opposite inequality holds for any A € D,
k € N and ¢ € D(B,R™), letting k tend to +o00, using the density of D in L(R",R™), and argueing as in the
proof of Proposition 3.5, we would obtain that f(z,-) is T, (x)-quasiconvex on E’. Moreover, since the matrix
A, and the integer k, in (4.5) vary in countable sets, possibly replacing E by a smaller set we can suppose that
they do not depend on z. We denote by {p;} C R, a sequence of radius tending to zero which achieves the
liminf at the right hand side of (4.5), namely

1
limint — = | £ Pa@)lA + Via )t = lim s | (o Pa(a) A+ Vi i
Ra 9p—>0+,LL F )[ ]) l—>+OO/L(B ( )) Bpl(a:)( ( )[ ])

Since f is Lipschitz in the second variable, and z is a Lebesgue point for P,, we have

/ f(, Pu(@)[A+ V) dp — / f@, Pu(y)[A + V™)) du
By, () By, ()

<Uip(fe ) [ [[Pue) = ]+ 9

< Lip(7 (e, ) (JA1+ [Vealzm) [ 1Puo) = Pult)] di = o(u(B,, (@)

pi\T

on the other hand, by (4.4) we obtain

/ f(xP()[A+V<P§i”J"])du*/ F (0 By () [A + Vig2n]) du
qu(:v B

Pi (1)

IN

n(ly = z)(1+ [A+ Ve |?) du

IN

o
J

n(ly = 2D [1+ 27 (AP + Vel Lo )] di = o(1(Bp, (2)))

pl (:C)

and, similarly,

1By, () f(z, Py (2)A) — / F(y Pu(y)4) dp

qu, (1)

< Lip(f(z, ~))/ |Pu(y) = Pu(2)[|Al dp + / Ny = 2[)(L+|A[P) du = o(u(By, () -

Bpi (z) Bpi (z)
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Thus we infer from (4.5)

i 1 1 z,pi l
Jim s /| RGN /| S RA V) dnt g

In particular we have, for ¢ sufficiently large,

[ ser@amz [ v aes 10D, (4.6

BP-; (z) 2k

Since 0B, (x) is p-negligible, the same inequality holds as well if we replace the balls B, (z) by their closures
Epi (z). Therefore, using the Vitali covering theorem, for every n € N we can cover E (up to a p-negligible
set) by a countable family of disjoint closed balls B; := Epj (x), with p; < %, such that (4.6) holds. We may
assume in addition that
1 < 1
i) =2 P

J ||vu90zj||Lﬁo(B)

pj < (4.7)

nll¢a; Lo ()
(the latter condition being satisfied for p; small enough, since the assumption T),(z) # {0} p-a.e. implies that

 is atomless).
Consider then the sequence of functions

uny) = LAV TR ) iy e B
" Ay otherwise,

and set u(y) = Ay. By (4.7), u,, converge weakly to u in Hi”’, as

xi.04i||P Yy X p
”un*uHiﬁ :ZHSD:C;WJHLﬁ(Bj) :Z/ P? cpzj( j)‘ dN
J i B
1
J
and
p 205 ||P _ Yy—j p
||vu’un||Lﬁ = Z HV,ME P HLﬂ(Bj) = Z/B ‘vu‘ij { y ” du
J J J
1
P
< ZN(BJ’)HVM@% HLﬁO(B) < Z g2
J J
Now, summing over the index j the inequalities (4.6) on B;, we get
E
F(w) > Plu) + B2 > )
in particular, passing to the liminf as n — 400, this contradicts the lower semicontinuity of F. O

In order to prove that the p-quasiconvexity by blow-up of f is also necessary for lower semicontinuity, we are
led to require a Poincaré-type inequality for p. Similarly as in [19] (Sect. 2), we say that p enjoys the p-Poincaré
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inequality if there exist some constants M > 0 and o > 1 such that, for p-a.e. point x, it holds
/ lo —Pdu < Mp”/ VuelPdu  VYp>0, Voe HpP (4.8)
By () Bop(x)

where @ := J%Bp(z) odu.

Theorem 4.2. Let u satisfy the p-Poincaré inequality. If the functional F' is weakly l.s.c. on H}L’p, then f(x,-)
18 p-quasiconvex by blow-up for u-a.e. x.

Proof. We argue by contradiction, assuming that the p-quasiconvexity by blow-up of f is violated on a subset
E C R"™ of positive measure . Similarly as in the proof of Theorem 4.1, we find that there exist A € L(R™, R™)
and k € N such that, for py-a.e. z € E, the inequality

o 1 oy L
T A 2 it Sy [, o PA S Fee) 4

holds for some admissible family {¢,,} C Fr. We stress that now such family a priori do depends on p,
differently from what happened in (4.5). Possibly replacing E with a smaller set, we may assume that (4.8)
holds at every z € E, and we may also find an integer h such that

el
sup ———— | Vs [P du®? <h Vo € E. (4.9)
per. 1(By(2)) Jp g

Then, following the same line of proof of Theorem 4.1, we obtain that, for a suitable sequence of radius
{pi} C R, definitively in 7 it holds

v w(B,, (z
[ rwrmdanz [ feras Ve aes 120 (1.10)
By, (z) By, (z)
(here the subscript 5 ,, and the superscript *7* denote respectively the dependence of ¢ on the point  and on
the radius p;, and the blow-up at z of factor p;, namely 30! (y) = piz,p; (%))

For every n € N, consider a countable covering of p-almost all £ made of disjoint closed balls B; := B, (x;)
of radius p; < % such that (4.10) holds. Let us consider the sequence of functions

() = {Ay +enn) —7; ifyeB,
" Ay otherwise,

where B, : JLB o 02 (y) dp(y).
We claim that {un} converges weakly to u(y) = Ay in H,”. Indeed, by (4.9), we have

o[

19y = 19225 gy = 2 I

= Z/ |V Py || AP < hop(E)
j B
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Moreover, via the p-Poincaré inequality for p, we have
P _ i Pi —_ y4 D i P P
[un —ullpp = Z las — (ijLﬁ(Bj) < MZPJHVM‘#’E,Z?HLﬁ(aBj)
J J

—x;7|P
SO IY I O | RIS 3 B
J oB; - "

Pj
Mh p(E)

=M o /B [V, | a0 < 2220
J

Therefore, summing over the index j the inequalities (4.10) on By, leads to contradict the lower semicontinuity
of F. |

Corollary 4.3. Let u satisfy the p-Poincaré inequality. If f(x,-) is convex for p-a.e. x, then it is p-quasiconvex
by blow-up for p-a.e. x. In particular, in the scalar case m = 1, the u-quasiconvezity by blow-up of f(x,-) u-
a.e. s equivalent to its T),-quasiconvexity p-a.e.

Proof. If f(z,-) is convex for p-a.e. x, also the function f(z,z) := f(z, P,(2)z) is convex in the variable z for
p-a.e. x. Applying the relaxation result proved in [9] (Th. 3.1), since inf{f(z,z +¢) : keré D T,(x)} = f(z, 2),
we obtain the lower semicontinuity of the functional F(u) =/ f(:c, V,u)dp. As F= F, by Theorem 4.2 f(x,-)
turns out to be p-quasiconvex by blow-up for p-a.e. z. The second part of the statement follows straightforward,
taking into account Remark 3.2. O

5. SUFFICIENT CONDITIONS FOR LOWER SEMICONTINUITY

We are going to investigate sufficiency conditions for the lower semicontinuity of the functional F' defined by
(4.1). We still assume that the integrand f suits assumptions (4.2—4.4); in addition, we suppose from now on
that it satisfies a growth condition from below of the kind

f(l',Z) Z *c(]- + |Z|q)7 (51)

for some positive constant ¢, and some exponent g € [1, p).
We say that u enjoys the doubling property if there exists a positive constant D such that, for u-a.e. z, it
holds

u(Bay(@) < Dp(By(w))  p>0. (5.2)

The main results of this section are the following:

Theorem 5.1. Let u satisfy the p-Poincaré inequality and the doubling condition. If f(x,-) is p-quasiconvex
by blow-up for p-a.e. x, then the functional F' is weakly l.s.c. on H}L’p.

Theorem 5.2. Let p be the weight measure of a k-rectifiable varifold with bounded first variation, and assume
that v satisfies the p-Poincaré inequality. If f(x,-) is T, (x)-quasiconver at p.a.e x, then the functional F is
weakly l.s.c. on HP.

We observe that Theorem 5.2 is an immediate consequence of Theorem 5.1 and Proposition 3.6 (indeed, the
doubling property is enjoyed by any measure u as in the assumptions of Th. 5.2). Before proving Theorem 5.1,
we state two preliminary lemmas.
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Lemma 5.3. Let {up} be a bounded sequence in H,P. For any ball B centered at a point x where both (4.8)
and (5.2) hold, we can extract a subsequence which converges strongly in LE (B).
Proof. It is an immediate consequence of Theorem 8.3 in [19] (cf. also [20]).

Lemma 5.4. Let u € H}L’p, let « be a Lebesgue point for V,u and P, where both (4.8) and (5.2) hold, and let
{p:i} be a sequence of radius tending to zero. Setting

wi(y) o= WEEED VDI 20 o () - e — )] du), (5.3
Pi By, (z)

we have
[ il du = o5y )

Proof. Using in the order (4.8), that z is a Lebesgue point for V,u and P,, and (5.2), we infer

1
limi/ w;|P dp®Pi
P B @) Jo
— — — a.lP
Hmé/ u(y) Vuu(xz)(y ) — ai
i (B, (z)) By, (z) 0;

IVyu(y) — Pu(y)Vuu(@) [ du(y)

du(y)

< lim

M
[ m /Bom (z)

<tim s [ Valy) - V@) 4 (Pu) - Pu@) V)l da(y)
Bop; (@)

i+ By, (1))

_ B,,,(z)) .. 1
< M2P~tsup H(Bop, lim / |V,u(y) — Vyu(z)|P +
i W(Bp(x)) i N(Bapi(z)) Bop, (2) g g

|(Puy) = Pu())Vpu(z)” du(y) = 0. 0

We are now in a position to give the proof of Theorem 5.1. For convenience, it will be divided into several steps.
Proof of Theorem 5.1.
Step 1: reduction to nonnegative f.

We claim that, due to the growth condition (5.1), it is not restrictive to assume that f is nonnegative. Indeed,
suppose the statement true when f is nonnegative (hence when inf f > —o0), and let up, =~ u in H le”’. Letting,
for any k € Z™, Fj, be the functional defined in (4.1) where f is replaced by fi := max{f, k}, we have:

F(u) < Fi(u) < }Liminf Fi(up) .

— 400

Passing to the limit as k — —oo, we get the required lower semicontinuity inequality for F provided Fj(up)
converge to F'(up) as k — —oo uniformly in h. Actually, setting Ay, := {z : f(z, Vyun(z)) <k} it holds:

\Fi(un) — Fup)| < / e — £ V) dps = /

k= £, Vyun) dp < / (1+ [V yun]?) dp
Ank

An k

< cu(Ang) +c (/ |V unl? du) M(Ah,k)?-
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oo

Since {up} is bounded in H!?, it is enough to check that i liIJIrl 1(Ap k) = 0 uniformly in h. We have indeed

1 c
w(Any) < L f@VWMMS——/ (1+|V,un]?) dp
k Apk k Ahk
pP—qg C P—g
< ——|\u(Ang) + /IV uhl”du pW(Ap i) } < *E[M(Ah,k)+AM(Ah,k) B

(here and in the following, A denotes a generic positive constant). Since we can assume that u(Ay ) > 0, we
can divide by p(Ap k) and we obtain

c _q
1< E[1+AM(AM) T’},
therefore
cA i
A < |-
( h,k)_|: k+c} ,

which entails hm w(Ap k) = 0 uniformly in h.

Step 2: reduction to smooth sequences.

We claim that it is enough to prove the inequality F'(u) < lin}Linf F(up) when the functions {up} (weakly
converging to u in H,?) belong to D(R™,R™), and satisfy the boundedness estimate Sl}lbpf [Vup|P dp < 400.
Indeed, let us show that, for any sequence {up} C H}L’p weakly converging to u, with lin}binf F(up) < 400, we can
find another sequence {@p} C D(R™,R™), still weakly converging to u, such that lin}lian(uh) = lin}Linf F(ap)
and sup [ |Va,|Pdp < +oo. For any fixed h, let {upi}r C D(R™,R™) be a sequence converging (strongly)
to up, }iln H P and such that liinf |Vupi|P dp = [ |Vyun|P dp; such a sequence exists by (2.2). Then {F(unx)}

converges to F(up,) as k — 4oo (to see that, it is enough to notice that the functional u — C [(1 + |V, ulP)du
is strongly continuous on H, i”’ and to apply Fatou’s lemma separately to the sequences [ f(z, V, upx)dp and
J[CO+ |Vyunil?) — f(2, Vyun)] dp). So, for any h, we can find an index k(h) such that

<

EIH
bl'—‘

lunkny — unll1pp

1
Fune) = Fn)l < 5o [ [VunganPdi = [ 19,07 dp <
Then our claim holds taking @, = up k(n)-
Summing up, we may assume that f > 0, and that {u,} C D(R™,R™) converge weakly to u in H}t , with
lirr;Lian(uh) = lim F(up) < 400, and sup [ |[Vug|P dp < +00.
h

Step 3: localization.

Up to subsequences, the measures A\, := f(y, V,un(y)) du(y) converge weakly to some positive measure A.
By the Radon—Nikodym theorem, we can decompose A as A = A\, + As, with A\, and A4 respectively absolutely
continuous and singular with respect to . Then the required inequality F(u) < li}rln F(up) will follow from the

lower semicontinuity of the total variation with respect to the weak (star) convergence of measures, if we prove
that Ay > f(y, Vuu(y)) du(y). The Besicovitch derivation theorem ensures that such inequality is satisfied
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provided

| AB,(x) o
P T PV dn) — e 54

(the limit at the left hand side existing finite for p-a.e.  [15], 1.6).

Thus, the remaining of the proof will be devoted to show the inequality (5.4). It is not restrictive to do that
at a given point x where some properties which are satisfied u-a.e. hold. More precisely, we fix a point = such
that

- Tu(z) #{0}

— (4.8) and (5.2) hold at z;

— f(z,-) is p-quasiconvex by blow-up;

— the limit at the left hand side of (5.4) exists and it is finite;
— x is a Lebesgue point for both P, and V ,u;

— letting o := |Vuu(y)|p du(y), then Dua'(x) = /1)1_}1?% ZEEZ&;;; exists and it is finite;

— if 7 is (possibly passing to a subsequence) the weak limit of the measures 7 := |Vup(y)[? du(y), then
D,7 = lim T(By(@)) ovists and it is finite.
L B @)

Step 4: blow-up.

For x chosen as above, we can now select a sequence of radius {p;} C R, tending to zero such that the blown-

T, 04

up measures m converge weakly to some (nonzero) element v € Tan(u, z). We then choose R € (0,1)
pi
such that v(0Bgr(x)) = 0, and, setting t; := Rp;,

OB, () = u(0By,(2)) = 7By, () =0 Vi .
We are done if we show that

; A(By, (7))
i I, @) [ (0: Viu(y) du(y) =1 (5.5)

Since A(0By, (r)) = u(0By, (x)) = 0, by the weak convergence of Ap to A it holds

A(Br, () = A(B, (@)  liansup A (Br () = limsup s (B, (@)

Then, to get (5.5), it is sufficient to prove that

: . 5, o) @ Viun(y)) duy)
llmsup limsup i

i n S P Viau(y)duly) (5.6)

We observe that the latter two conditions imposed on z in Step 3 imply respectively the existence of some
positive constant A such that, for ¢ large enough and h > h(i),

[ Napd<anBa@) [ Dl de < A @) (5.7)
By, (z) By, (z)
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Indeed, the former inequality is immediate. For the latter, it holds if k(i) is chosen in order that, for some
wi = O(ﬂ(Bti (1’))),

Th(Bt, (2)) < 7(By, (2)) + wi Y h>h(i) ;

such choice of h(i) is made possible by the assumption that 0By, (x) are 7, and 7-negligible, which gives
7(By, (z)) > limsup 74 (B, (x)).
h

Possibly taking k(i) larger, by Lemma 5.3, we may also assume that, letting w; as above and a; as in (5.3),
for h > h(i) it holds

lun(y) — a; — Vyu(z)(y — )P | u(y) — a; — V,u(z)(y — z)|?
/B o 7 du(y) < wi+ /B o 7 du(y) . (5.8)

Setting for brevity u; := Ugy ()5 We shall have (5.6) if we prove that

> 1. (5.9)

limsu B, @) £ V() du(y)
P an (@) (W, Vyu(y)) du(y)

Step 5: freezing the variable in f(-,z) and P,(-).
Using the Lipschitz assumption on f, that x is a Lebesgue point V,u, (4.4), and (5.7), we get

/| 109 — S V)] auty
< Lp(/(e) [ [Vyaly) = Vo) duty)
By, ()

4 /B n(ly - 21 + V) du(y) = o(u(Bu (x))) ;

t; ()
similarly, by (4.4) and (5.7),
/ £, Vi) duly) — / £, Vi) dp(y)
B, () B, ()

<[y = a3+ (9P i) = ofu(Be (@)
By, (z)
finally, using the Lipschitz assumption on f, that z is a Lebesgue point for P, and again (5.7),

/B V) dnt) - / £ (@, Pu(2) V() duly)

By, (x)
[ / |w<y>|pdu<y>]
By, (z)

1

1
Iy

p

< Lip(f(z, ) [ [, o o) = Bl du(y)]

1
7

= Lip(f(x, ")) o(n(By,(2)))

/ |Vui<y>|pdu<y>] = o((By, ().
By, (z)

i
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Then (5.9) can be rewritten as

limsup

1
S B @) /B I PV 400 2 S, Vo),

or equivalently
Fla, A+ Pu(a)Vo,) du™ > f(a, A), (5.10)

where

ui(x +tiy) — a; — Aty
t ’

vi(y) =

Step 6: setting an affine datum on the boundary.

For any integer K, and for any k = 1,..., K, let By be the ball, centered at 0, of radius r; := r + %(R —r),
r € (0, R). Let oy be a smooth function with values into [0, 1], holding 1 on Bj_1, 0 outside By, and satisfying
|[Vr| < AK for some positive constant A.

For each k = 1,..., K, the family {vZ¢;},, C D(B,R™) is admissible by blow-up at z, where

i(x + piy) —ai — Apiy
viR y) = Ru; yy_ v (2 .

Indeed, using (5.8) and Lemma 5.4, we obtain

([werooraes)" < ([ aemoe )+ ([ vetpaen)’

1

_ lui(y) —a; — Ay — 2)|? B o b
- </Bpi<x) oy d“(y)> + < /B o [Vui(y) — Al du(y)>

< AKo (1(By,(2)7 ) + (A% + A1) u(By, () (5.11)

Step 7: conclusion via p-quasiconvezity by blow-up.
Since f(x,-) is p-quasiconvex by blow-up, setting vﬁk = leapk, we have

1
limfupm/}gf(m,AJrPM(z)vak)dux,m > f(z, A).

So, for each k and each @ > 1 we can find a subsequence of radius p; (not relabeled) such that

[, Ap(By, (x)) < /Baf(x, A+ Pu(x)VUfk) dp® P

— [ af@ayaurr [ ap A+ @Vl dut
B\Bj, Bix\Bg-1

+/ af(z, A+ P,(x)Volt)du™ri.
By_1
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Recalling that f is nonnegative and satisfies (4.3) we infer

(1 - a)f(:c, A),U'(Bm (1’)) + O‘f(x7A),u'(BﬂiTk (l‘))
S/ aC(1+ A+ Pu(x) Vo |?) du™" + / af(z, A+ P,(z)Vol) du®”.
Bi\Br-1 Br

Taking a subsequence which runs well for £ =1,..., K, summing over k and dividing by K, we find

K
(1 = @) (e, (B, (@) + 0 (2, A) 2 S 4(Byur,
k:l

1 .
<— aC(1+ |A+P#(x)vak|p) dp® P +/ af (z, A+ P, (z)Volt) du®*.
K Br Br

Dividing by (B, (x)), and recalling that ry > r, we obtain

- ’ e M(Bpir(x)) oG P x U.R p T,pPq
L T X ’[)R TsPi
+M(Bpi(x)) BRf( 7A+P“( )V 4 )dN

Passing to the limsup as i — +o00, taking into account (5.11), we get, for some positive constant A independent
of K,

(1-a)f(z,A) + af(z, Av(B,) < flz, A+ Py (x)Vol) du®*.

A o
K i (B, (2) Jpn

li H(Brp; (%))

Letting K — +o00, « — 1%, and r — R™, and taking into account that v(Bg) = lim 2(B, (@) by the choice

of R, we finally get

L 1 .
< B gy S, S AT Pl Ve dt

= limsup f(x A+ P,(x)Vouf) du™r
i (BRﬂz
= limsup / f(z, A+ P,(z)Vu;) du™",
that is the required inequality (5.10). O

During the preparation of this work, I had some stimulating discussions with Prof. L. Ambrosio, whom I wish to
acknowledge. I also thank Prof. G. Bouchitté for his remarks in reading the paper.
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