
http://www.aimspress.com/journal/MinE

Mathematics in Engineering, 5(4): 1–10.
DOI: 10.3934/mine.2023077
Received: 01 August 2022
Revised: 27 January 2023
Accepted: 14 February 2023
Published: 09 March 2023

Research article

Polyconvex functionals and maximum principle†

Menita Carozza1,∗, Luca Esposito2, Raffaella Giova3 and Francesco Leonetti4

1 Department of Engineering, University of Sannio, Corso Garibaldi 107, 82100 Benevento, Italy
2 Department of Mathematics, University of Salerno, Via Ponte don Melillo Stecca 8, 84084 Fisciano

(SA), Italy
3 Department of Economics and Law, University Parthenope of Napoli, Via Generale Parisi 13,

80132 Napoli, Italy
4 Department of Information Engineering, Computer Science and Mathematics, University of

l’Aquila, Via Vetoio 67100 L’Aquila, Italy

† This contribution is part of the Special Issue: PDEs and Calculus of Variations–Dedicated to
Giuseppe Mingione, on the occasion of his 50th birthday
Guest Editors: Giampiero Palatucci; Paolo Baroni
Link: www.aimspress.com/mine/article/6240/special-articles

* Correspondence: Email: carozza@unisannio.it.

Abstract: Let us consider continuous minimizers u : Ω̄ ⊂ Rn → Rn of

F (v) =

∫
Ω

[|Dv|p + |det Dv|r]dx,

with p > 1 and r > 0; then it is known that every component uα of u = (u1, ..., un) enjoys maximum
principle: the set of interior points x, for which the value uα(x) is greater than the supremum on the
boundary, has null measure, that is, Ln({x ∈ Ω : uα(x) > sup∂Ω uα}) = 0. If we change the structure of
the functional, it might happen that the maximum principle fails, as in the case

F (v) =

∫
Ω

[max{(|Dv|p − 1); 0} + |det Dv|r]dx,

with p > 1 and r > 0. Indeed, for a suitable boundary value, the set of the interior points x, for
which the value uα(x) is greater than the supremum on the boundary, has a positive measure, that is
Ln({x ∈ Ω : uα(x) > sup∂Ω uα}) > 0. In this paper we show that the measure of the image of these bad
points is zero, that is Ln(u({x ∈ Ω : uα(x) > sup∂Ω uα})) = 0, provided p > n. This is a particular case
of a more general theorem.
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Dedicated to our friend Giuseppe (Rosario) Mingione on his 50th birthday.

1. Introduction

Let us consider the functional

F (v) =

∫
Ω

[
|Dv|p + | det Dv|r

]
dx,

where v : Ω ⊂ Rn → Rn, n ≥ 2, Ω a bounded open set, p > 1, r > 0.
It is well known that, if u is a minimizer for F (v), the maximum principle holds, namely, each

component uα of u = (u1, ..., un) satisfies the following condition

uα(x) ≤ sup
∂Ω

uα, α ∈ {1, 2, . . . , n}.

Indeed, maximum principle holds true, in general, for minimizers of the class of functionals

F (v) =

∫
Ω

Ψ(|Dv|, | det Dv|) dx, (1.1)

where the integrand Ψ(s, t) is such that s → Ψ(s, t) strictly increases, and t → Ψ(s, t) is increasing
(see [39]).

What happens when we only have that s → Ψ(s, t) is increasing and not necessarily strictly
increasing? Two examples are Ψ(s, t) = |t| that gives

F (v) =

∫
Ω

| det Dv| dx , (1.2)

and Ψ(s, t) = max{|s|p − 1; 0} + |t|r that gives

F (v) =

∫
Ω

(
max{|Dv|p − 1; 0} + | det Dv|r

)
dx, (1.3)

with p > 1 and r > 0. Maximum principle fails. Namely, consider n = 2, Ω ⊂ R2 is the ball B(0; π)
centered in the origin and with radius π.

The map u := (1, 1 + sin |x|) has gradient

Du =

[
0 0

x1
|x| cos |x| x2

|x| cos |x|

]
,

det Du = 0, and |Du|2 = cos2 |x| ≤ 1. It minimizes both the functionals (1.2) and (1.3). Moreover,
the second component u2 = 1 + sin |x| equals 1 on the boundary of Ω, and is strictly greater than 1
inside. Therefore, the second component of the minimizer u does not satisfy the maximum principle.
This example was given to the last author by V. Sverak a few years ago. F. Leonetti gladly takes the
opportunity to thank V. Sverak for his kindness.
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Furthermore, regarding the previous example, it is worth pointing out that the level set {x ∈ Ω :
u2(x) > 1 = u2

∂Ω
} has positive measure

L2({x ∈ Ω : u2(x) > 1 = u2
∂Ω}) = L2(Ω) > 0 , (1.4)

on the other hand, the measure of the image of the same level set, by means of u, is zero

L2(u({x ∈ Ω : u2(x) > 1 = u2
∂Ω})) = 0 , (1.5)

see Figure 1.

x2

x1

u2

u1

u

u({u2 > 1})
{u2 > 1}

Figure 1. Image of the level set.

We ask ourselves whether the previous example shows a common feature to all minimizers when
t → Ψ(s, t) strictly increases.

In this paper, we give a positive answer to previous question obtaining a modified version of
maximum principle in the case the integrand Ψ(s, t) of the functional (1.1) strictly increases only with
respect to the second variable t.

We will suppose p > n in order to ensure semicontinuity property and consequent existence of
minimizers (see [17]), and also to apply the area formula, that reveals to be a key tool in our proof.

In addition, we can still get a similar maximum principle by using a version of the area formula
for u ∈ W1, 1(Ω, Rn), see [34, 35], provided a suitable negligible set S = Ω \ AD is removed (see
definition 2.1).

Let us come back to the functional (1.3): coercivity holds true with exponent p and growth from
above with exponent q =: nr that could be different from p. When we deal with functionals with
different growth, regularity for minimizers is usually obtained when the two exponents of growth and
coercivity are not too far apart, see [3,6,10–13,18,32,49,50]. In our case, we do not assume anything on
the distance between the two exponents p and q. This is not in contradiction with the counterexamples
in the double phase case [22, 25], since our functional (1.3) is autonomous, neither is in contrast with
counterexamples in the autonomous case [33, 38, 47, 48], since they show blow up along a line that
intersects the boundary of Ω while, in our case, minimizers are bounded on ∂Ω.
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With regard to the regularity of minimizers u of (1.1), let us mention partial regularity results in
[9, 23, 26–28, 30, 36, 52]. Everywhere regularity results can be found in [7, 19, 29, 31], for n = 2
. We also mention global L∞ bounds in [4, 5, 21, 39–44], and local L∞ regularity in [8, 14–16, 20].
Furthermore, concerning nonlinear elasticity, we cite, in particular, the results in [1, 37, 45, 46, 51].

In the next section 2 we write some preliminaries. In section 3 we state our result and we give the
proof.

2. Preliminaries

In order to obtain our result, we need that the area formula holds. Therefore, let us recall the
following

Definition 2.1. Let u : Rn → Rn be a map which is almost everywhere approximately differentiable
and let A be a measurable subset of Rn. We define the Banach indicatrix of u by

N(u, A, y) := ]{x : x ∈ A ∩AD(u), u(x) = y}

where
AD(u) = {x : u is approximately differentiable at x},

and the theorem

Theorem 2.2. (see Theorem 1 in section 1.5, chapter 3, at page 220 of [35]) Let Ω be an open subset of
Rn and u be an almost everywhere approximately differentiable map, in particular let u ∈ W1,1(Ω;Rn).
Then for any measurable subset A of Ω we have that N(u, A, ·) is measurable and∫

A
| det Du(x)|dx =

∫
Rn

N(u, A, y)dy (2.1)

holds.

Furthermore, a related condition we will refer to is the Lusin property (N) that is so defined

Definition 2.3. (Lusin property (N)) Let Ω ⊂ Rn be an open set and f : Ω → Rn a mapping. We say
that f satisfies Lusin property (N) if the implication

Ln(E) = 0 =⇒ Ln( f (E)) = 0

holds for each subset E ⊂ Ω.

3. Main results

Let Ψ : [0,+∞) × [0,+∞)→ R be a continuous non negative function such that

s→ Ψ(s, t) is increasing for every t ∈ [0,+∞) (H1)
t → Ψ(s, t) is strictly increasing for every s ∈ [0,+∞), (H2)

and let us denote Ω ⊂ Rn a bounded open set. We will consider integral functional of the type

F (u) :=
∫

Ω

Ψ(|Du|, | det Du|) dx. (3.1)
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Definition 3.1. Let p ≥ 1 and u ∈ W1,p(Ω;Rn) such that F (u) < ∞. We will say that u is a minimizer
of F in Ω, if and only if

F (u) ≤ F (v) ∀v ∈ u + W1,p
0 (Ω;Rn). (3.2)

The main result is the following

Theorem 3.2. Let u ∈ W1,p(Ω;Rn), p > n, be the continuous representative of a minimizer of the
functional (3.1), under assumptions (H1) and (H2). Fix α ∈ {1, . . . , n}, and let us denote

Lα := sup
x∈∂Ω

uα(x) < +∞, BLα := {x ∈ Ω : uα(x) > Lα} ,

BLα is the set of points in Ω where the maximum principle is violated, then

Ln(u(BLα)) = 0. (3.3)

Proof. Let us define

vβ(x) :=

uβ(x) if β , α

min{uα(x); Lα} if β = α.

It results that v is a good test function in (3.2), namely u − v ∈ W1,p
0 (Ω;Rn), then we deduce that

F (u) =

∫
Ω

Ψ(|Du|, | det Du|) dx ≤
∫

Ω

Ψ(|Dv|, | det Dv|) dx = F (v). (3.4)

Let us denote

GLα := {x ∈ Ω : uα(x) ≤ Lα} , then BLα = Ω \GLα = {x ∈ Ω : uα(x) > Lα} ,

and let us split the integrals in (3.4) on the sets GLα and BLα . Observing that Du ≡ Dv on the set GLα

we can get rid of the common part in (3.4) thus obtaining∫
BLα

Ψ(|Du|, | det Du|) dx ≤
∫

BLα

Ψ(|Dv|, | det Dv|) dx.

Now we observe that on BLα , Dvα = 0 and det Dv = 0, then

∫
BLα

Ψ(|Du|, | det Du|) dx ≤
∫

BLα

Ψ(|Dv|, 0) dx

Now, argue by contradiction, by assuming that

Ln(BLα ∩ {| det Du| > 0}) > 0. (3.5)

At this stage, we recall that |Dv| ≤ |Du| on BLα , and we use the strict monotonicity of Ψ with respect to
the second argument (H2), and hypothesis (H1), to deduce∫

BLα

Ψ(|Du|, | det Du|) dx ≤
∫

BLα

Ψ(|Dv|, 0) dx (3.6)
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<

∫
BLα

Ψ(|Dv|, | det Du|) dx ≤
∫

BLα

Ψ(|Du|, | det Du|) dx,

thus reaching a contradiction. The previous argument shows that

Ln(BLα ∩ {| det Du| > 0}) = 0.

Using the area formula (2.1) we conclude

Ln(u(BLα ∩AD(u))) =

∫
u(BLα∩AD(u))

1 dy ≤
∫

u(BLα∩AD(u))
N(u, BLα , y) dy ≤ (3.7)∫

Rn
N(u, BLα , y) dy =

∫
BLα

| det Du| dx = 0.

To conclude the proof we recall that the condition p > n ensures that u : Ω → Rn satisfies the Lusin
property (N), that is Ln(u(E)) = 0 whenever E ⊂ Ω and Ln(E) = 0. In particular Ln(BLα \ AD(u)) = 0
and this implies that

Ln(u(BLα \ AD(u))) = 0. (3.8)

Connecting (3.7) and (3.10) we get (3.3). �

It is worth pointing out some comments concerning the hypotheses in Theorem 3.2.
As a matter of fact, assuming u ∈ W1,p(Ω;Rn) for p > n ensures some fundamental conditions.
The first point concerns the existence of minimizers of the functional (3.1). Assuming that p > n

guarantees not only that det Du ∈ L1, but more that the map

u ∈ W1,p(Ω;Rn)→ det Du ∈ L
p
n

is sequentially continuous with respect to the weak topology (see Theorem 8.20 in [17]). The
aforementioned property, that is no longer true for p < n, see [2], is one of the main ingredients to
prove the lower semicontinuity of the functional (3.1). The second main ingredient to deduce the
existence of minimizers of the functional (3.1) is a kind of convexity assumption on the function Ψ.
Precisely, we have that if the function

(X, det X) ∈ Rn×n × R→ Ψ(|X|, | det X|) ∈ R

is convex and
C|X|p ≤ Ψ(|X|, | det X|) ∀X ∈ Rn×n,

then the functional (3.1) is weakly lower semicontinuous and coercive in W1,p(Ω;Rn). The existence
of minimizers of the functional (3.1) follows for any fixed boundary datum u ∈ W1,p(Ω;Rn) such that
F (u) < +∞ (see Theorem 8.31 in [17]; see also [24]).

The second main point, where the assumption p > n is crucial, concerns the Lusin property (N)
quoted in the Definition 2.3. It is known that the Lusin property (N) still holds true for u ∈ W1,n(Ω;Rn),
if u is a homeomorphism. Moreover, there are also other results about the validity of the Lusin property
(N) for suitable p < n, or with integrability rate close to n under particular assumptions, but, beyond
that, the Lusin property (N) is no longer true, in general, for u ∈ W1,p(Ω;Rn) with p ≤ n. In this case
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we can carry on the proof of Theorem 3.2 as before, but we can not conclude in the same way because
we do not have any information regarding the set Ln(u(BLα \ AD(u))). Nevertheless we can state the
Theorem 3.2 in a weaker form. We need to stress the dependence of the level set BLα = {x ∈ Ω :
uα(x) > Lα} = BLα(u) on the considered representative u of the minimizer.

Theorem 3.3. Let u ∈ W1,p(Ω;Rn), p ≥ 1, be a minimizer of the functional (3.1) under assumptions
(H1) and (H2). Fix α ∈ {1, . . . , n}, then

Ln(u(BLα(u) ∩AD(u))) = 0. (3.9)

Remark 3.4. We note that (3.9) holds true for every representative u of a W1,p- minimizer (see
section 1.5, chapter 3 of [35]). Moreover, in accordance with Corollary 1, chapter 3 of [35], if we
consider a Lusin representative u, it satisfies Lusin property (N) in whole Ω so that

Ln(u(BLα(u) \ AD(u))) = 0 (3.10)

holds, and for such a representative we come to the conclusion that

Ln(u(BLα(u))) = 0. (3.11)
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7. J. J. Bevan, A condition for the Hölder regularity of local minimizers of a nonlinear
elastic energy in two dimensions, Arch. Rational Mech. Anal., 225 (2017), 249–285.
https://doi.org/10.1007/s00205-017-1104-5

8. M. Carozza, H. Gao, R. Giova, F. Leonetti, A boundedness result for minimizers
of some polyconvex integrals, J. Optim. Theory Appl., 178 (2018), 699–725.
https://doi.org/10.1007/s10957-018-1335-0

9. M. Carozza, A. Passarelli di Napoli, Model problems from nonlinear elasticity: partial regularity
results, ESAIM: COCV, 13 (2007), 120–134. https://doi.org/10.1051/cocv:2007007

10. M. Carozza, J. Kristensen, A. Passarelli di Napoli, Regularity of minimizers of autonomous
convex variational integrals, Ann. Sc. Norm. Super. Pisa Cl. Sci. (5), 13 (2014), 1065–1089.
https://doi.org/10.2422/2036-2145.201208 005

11. M. Carozza, J. Kristensen, A. Passarelli di Napoli, Higher differentiability of minimizers of
convex variational integrals, Ann. Inst. H. Poincaré Anal. Non Linéaire, 28 (2011), 395–411.
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