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1. INTRODUCTION
This paper complements our recent work [31], which was devoted to nonlinear problems
driven by the p(x)-Laplace operator. The purpose of this survey paper is to discuss
several recent issues related to the analysis of some problems associated to isotropic or
anisotropic phenomena that arise in mathematical physics. We are mainly concerned
with models described by double-phase variational integrals.
In several pioneering papers, P. Marcellini [23–25] initiated the refined analysis of some lower semicontinuity and regularity properties of minimizers of certain
quasi-convex integrals. This study is motivated by models in nonlinear elasticity that
are connected with the deformation of an elastic body, cf. J. Ball [5].
We start by briefly describing some real-life phenomena that involve “double phase”
energy functionals. Let Ω be a smooth bounded domain in RN (N ≥ 2). If u : Ω → RN
is the displacement and if Du is the N × N matrix of the deformation gradient, then
the total energy can be represented by
Z an energy functional of the type
I(u) =

f (x, Du(x))dx,

(1.1)

Ω

where the potential f = f (x, ξ) : Ω × RN ×N → R is quasi-convex with respect to ξ.
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Ball [5] considered potentials of the type
f (ξ) = g(ξ) + h(det ξ),
where det ξ is the determinant of the N × N matrix ξ, and g, h are nonnegative convex
functions, which satisfy the growth conditions
g(ξ) ≥ c1 |ξ|p ,

lim h(t) = +∞,

t→+∞

with 1 < p ≤ N and for some positive constant c1 . The hypothesis p ≤ N is necessary
to study the existence of equilibrium solutions with cavities, that is, minima of the
quasi-convex integral (1.1) that are discontinuous at one point where a cavity forms;
in fact, every u with finite energy belongs to the Sobolev space W 1,p (Ω, RN ), and thus
it is a continuous function if p > N .
In strong relationship with the above mentioned model, Marcellini [23–25] considered continuous functions f = f (x, u) with “unbalanced growth”, that is, satisfying
the growth condition
c1 |u|p ≤ |f (x, u)| ≤ c2 (1 + |u|q ) for all (x, u) ∈ Ω × R,
where c1 , c2 are positive constants and 1 ≤ p ≤ q.
The study of non-autonomous functionals characterized by the fact that the
energy density changes its ellipticity and growth properties according to the point has
been continued in a series of remarkable papers by G. Mingione et al. [7–18]. These
contributions are also in relationship with the works of V.V. Zhikov [33], who provided
models for strongly anisotropic materials in the context of homogenization phenomena.
More precisely, Zhikov considered the following three different model functionals:
Z
M(u) := c(x)|Du|2 dx, 0 < 1/c(·) ∈ Lt (Ω), t > 1,
Ω

V(u) :=
Pp,q (u) :=

Z

Ω

Z

Ω

|Du|p(x) dx,

1 < p(x) < ∞,

(|Du|p + a(x)|Du|q )dx,

(1.2)

0 ≤ a(x) ≤ L, 1 < p < q.

These functionals revealed to be important also in the study of duality theory and in
the context of the Lavrentiev phenomenon [34].
The functional M generalizes the usual Dirichlet energy and it is characterized by
loss of ellipticity on the set {x ∈ Ω; c(x) = 0}. The functional V was studied starting
with E. Acerbi and G. Mingione [1] who established gradient estimates and qualitative
properties of minimizers of energies involving variable exponents. The energy functional
defined by V was used to illustrate models for strongly anisotropic materials. More
precisely, in a material made of different components, the exponent p(x) dictates the
geometry of a composite that changes its hardening exponent according to the point.

Isotropic and anisotropic double-phase problems: old and new

261

The functional Pp,q defined in (1.2) appears as un upgraded version of V. Again, in
this case, the modulating coefficient a(x) dictates the geometry of the composite made
by two differential materials, with hardening exponents p and q, respectively.
The functionals displayed in (1.2) fall in the realm of the so-called functionals with
nonstandard growth conditions of (p, q)-type, according to Marcellini’s terminology.
These are functionals of the type in (1.1), where the energy density satisfies
|ξ|p ≤ f (x, ξ) ≤ |ξ|q + 1,

1 ≤ p ≤ q.

Another significant model example of a functional with (p, q)-growth studied by
Mingione et al. [7–18] is given by
Z
u 7→ |Du|p log(1 + |Du|)dx, p ≥ 1,
Ω

which is a logarithmic perturbation of the p-Dirichlet energy.
General models with (p, q)-growth in the context of geometrically constrained
problems have been recently studied by C. De Filippis [19]. This seems to be the first
work dealing with (p, q)-conditions with manifold constraint. Regularity results are also
established in [19], by using an approximation technique relying on estimates obtained
through a careful use of difference quotients. A key role is played by the method
developed by L. Esposito, F. Leonetti and G. Mingione [20] in order to prove the
equivalence between the absence of Lavrentiev phenomenon and the extra regularity
of the minimizers for unconstrained, non-autonomous variational problems.
In the next section of this paper we recall some basic properties of the function
spaces of variable exponent. Section 3 is devoted to a class of isotropic double phase
problems driven by a differential operator introduced by A. Azzollini et al. [2, 3]. In
section 3 we are concerned with the anisotropic abstract setting. In such a way we
respond partially to some problems raised by G. Mingione [26], who addressed several
research questions concerning double phase problems with variable exponent. We refer
to V.D. Rădulescu et al. [6, 16] for more details concerning the results included in this
paper as well as for detailed proofs and perspectives.
2. ABSTRACT FRAMEWORK
In this section, we recall the basic properties of Lebesgue and Sobolev spaces with
variable exponent. For more details, we refer to the recent monograph of V.D. Rădulescu
and D.D. Repovš [32].
Throughout this paper, we assume that Ω ⊂ RN is a bounded domain with smooth
boundary.
Define the class
C+ (Ω) = {p ∈ C(Ω), p(x) > 1 for all x ∈ Ω}.

For every p ∈ C+ (Ω), we let

p+ = sup p(x)
x∈Ω

and

p− = inf p(x).
x∈Ω
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For any p ∈ C+ (Ω), the Lebesgue space with variable exponent is defined by


Z


Lp(x) (Ω) = u; u is measurable and
|u(x)|p(x) dx < ∞ .


Ω

Then Lp(x) (Ω) is a Banach space if it is endowed with the (Luxemburg) norm


Z
p(x)


u(x)
dx ≤ 1 .
|u|p(x) = inf µ > 0;


µ
Ω

We also recall that Lp(x) (Ω) is reflexive if and only if 1 < p− ≤ p+ < ∞ and continuous
functions with compact support are dense in Lp(x) (Ω) if p+ < ∞.
The standard embedding between Lebesgue spaces generalizes to the framework of
spaces with variable exponent. More precisely, if 0 < |Ω| < ∞ and p1 , p2 are variable
exponents such that p1 ≤ p2 in Ω, then the embedding Lp2 (x) (Ω) ,→ Lp1 (x) (Ω) is
continuous.
0
Let Lp (x) (Ω) denote the conjugate space of Lp(x) (Ω), where 1/p(x) + 1/p0 (x) = 1.
0
Then for all u ∈ Lp(x) (Ω) and v ∈ Lp (x) (Ω) the following Hölder-type inequality holds:
Z

Ω

uv dx ≤



1
1
+ 0−
p−
p



|u|p(x) |v|p0 (x) .

Alternatively, in arguments dealing with Lebesgue spaces with variable exponent, an important role is played by the “modular” of Lp(x) (Ω), which is the map
ρp(x) : Lp(x) (Ω) → R defined by
Z
ρp(x) (u) = |u|p(x) dx.
Ω

If (un ), u ∈ Lp(x) (Ω) and p+ < ∞ then the following properties are true:
−

+

+

−

|u|p(x) > 1

⇒

|u|pp(x) ≤ ρp(x) (u) ≤ |u|pp(x) ,

|u|p(x) < 1

⇒

|u|pp(x) ≤ ρp(x) (u) ≤ |u|pp(x) ,

|un − u|p(x) → 0

⇔

ρp(x) (un − u) → 0.

We define the Sobolev space with variable exponent by

W 1,p(x) (Ω) = {u ∈ Lp(x) (Ω) : |∇u| ∈ Lp(x) (Ω)}.
On W 1,p(x) (Ω) we may consider one of the following equivalent norms: either
kukp(x) = |u|p(x) + |∇u|p(x)
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or
kukp(x) = inf
1,p(x)
W0
(Ω)





µ > 0;

Z

∇u(x)
µ

Ω

p(x)

+

u(x)
µ

p(x)

!



dx ≤ 1 .


Let
be the closure of the set of compactly supported W 1,p(x) -functions
with respect to the norm k · kp(x) . When smooth functions are dense, we can also use
1,p(x)

the closure of C0∞ (Ω) in W 1,p(x) (Ω). By the Poincaré inequality, the space W0
can be alternatively defined as the closure of C0∞ (Ω) with respect to the norm

(Ω)

kukp(x) = |∇u|p(x) .
1,p(x)

The Banach space (W0
(Ω), k · k) is separable and reflexive. Moreover,
if 0 < |Ω| < ∞ and p1 , p2 are variable exponents so that p1 ≤ p2 in Ω then embedding
1,p (x)
1,p (x)
W0 2 (Ω) ,→ W0 1 (Ω) is continuous.
As in the case of Lebesgue spaces, we define
Z
%p(x) (u) = |∇u(x)|p(x) dx.
Ω

1,p(x)

If (un ), u ∈ W0

(Ω), then the following properties are true:
−

+

+

−

kuk > 1 ⇒ kukp ≤ %p(x) (u) ≤ kukp ,
kuk < 1 ⇒ kukp ≤ %p(x) (u) ≤ kukp ,

kun − uk → 0

⇔

%p(x) (un − u) → 0.

Let p∗ (x) be the “critical Sobolev exponent”, that is,
(
N p(x)
if p(x) < N ,
∗
p (x) = N −p(x)
+∞
if p(x) ≥ N .

We point out that if q ∈ C + (Ω) and q(x) ≤ p∗ (x) for all x ∈ Ω, then W 1,p(·) (Ω) is
continuously embedded in Lq(·) (Ω). This embedding is compact if
inf{p∗ (x) − q(x); x ∈ Ω} > 0.
As remarked in [32, pp. 8–9], the function spaces with variable exponent have some
curious properties. We recall some of them such as:
(i) If 1 < p− ≤ p+ < ∞ and p : Ω → [1, ∞) is smooth, then the formula
Z

Ω

|u(x)|p dx = p

has no variable exponent analogue.

Z∞
0

tp−1 |{x ∈ Ω; |u(x)| > t}| dt
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(ii) Variable exponent Lebesgue spaces do not have the “mean continuity property”.
More precisely, if p is continuous and nonconstant in an open ball B, then there exists
a function u ∈ Lp(x) (B) such that u(x + h) 6∈ Lp(x) (B) for all h ∈ RN with arbitrary
small norm.
(iii) The function spaces with variable exponent are never translation invariant.
The use of convolution is also limited, for instance the Young inequality
|f ∗ g|p(x) ≤ C |f |p(x) kgkL1
holds if and only if p is constant.
(iv) Generally, the space of smooth functions with compact support is no longer
dense in W 1,p(x) (Ω).
3. ISOTROPIC DOUBLE PHASE PROBLEMS
In [2, 3], A. Azzollini et al. introduced a new class of differential operators with
a variational structure. They considered nonhomogeneous operators of the type
div[φ0 (|∇u|2 )∇u],
where φ ∈ C 1 (R+ , R
√+ ) has a different growth near zero and at infinity. Such a behaviour
occurs if φ(t) = 2[ 1 + t − 1], which corresponds to the prescribed mean curvature
operator (capillary surface operator), which is defined by
div

p

∇u

1 + |∇u|2

!

.

More generally, φ(t) behaves like tq/2 for small t and tp/2 for large t, where
1 < p < q < N . Such a behaviour is fulfilled if
φ(t) =

2
[(1 + tq/2 )p/q − 1],
p

which generates the differential operator
h
i
div (1 + |∇u|q )(p−q)/q |∇u|q−2 ∇u .

We assume that the potential φ ∈ C 1 (R+ , R+ ) satisfies the following hypotheses:

(φ1 )
(φ2 )
(φ3 )
(φ4 )
(φ5 )

φ(0) = 0,
there exists c1 > 0 such that φ(t) ≥ c1 tp/2 if t ≥ 1 and φ(t) ≥ c1 tq/2 if 0 ≤ t ≤ 1,
there exists c2 > 0 such that φ(t) ≤ c2 tp/2 if t ≥ 1 and φ(t) ≤ c2 tq/2 if 0 ≤ t ≤ 1,
there exist 0 < µ < 1 and s > 0 such that 2tφ0 (t) ≤ sµφ(t) for all t ≥ 0,
the mapping t 7→ φ(t2 ) is strictly convex.
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Remark 3.1. Observe that by (φ4 ) and (φ5 ), we infer that
φ(t) < 2tφ0 (t) ≤ sµφ(t) for all t ≥ 0,
hence sµ > 1.
Since our hypotheses allow that φ0 approaches 0, problems driven by the differential
operator div[φ0 (|∇u|2 )∇u] are degenerate and no ellipticity condition is assumed.
We observe that our hypotheses imply that
(
|∇u|p , if |∇u|  1,
φ(|∇u|2 ) '
|∇u|q , if |∇u|  1.
This different growth at zero and at infinity of the principal part as well as the lack
of compactness of the problem advise us not to use classical Sobolev spaces and
to introduce a new functional framework.
We denote by k · kr the Lebesgue norm for all 1 ≤ r ≤ ∞ and by Cc∞ (RN ) the space
of all C ∞ functions with a compact support.
Definition 3.2. We define the function space Lp (RN ) + Lq (RN ) as the completion
of Cc∞ (RN ) in the norm
kukLp +Lq := inf{kvkp + kwkq ; v ∈ Lp (RN ), w ∈ Lq (RN ), u = v + w}.
We observe that the function space Lp (RN ) + Lq (RN ) contains both Lp (RN ) and
L (RN ). Due to standard continuous embeddings, we also observe that spaces of the
type Lp (Ω) + Lq (Ω) are of interest only if Ω has infinite measure.
For more properties of the Orlicz space Lp (RN ) + Lq (RN ) we refer to M. Badiale,
L. Pisani, and S. Rolando [4, Section 2].
q

3.1. STATEMENT OF THE PROBLEM
We consider the following quasilinear Schrödinger-type equation with lack of
compactness:
− div[φ0 (|∇u|2 )∇u] + a(x)|u|α−2 u = f (x, u) in RN (N ≥ 3).

(3.1)

We assume that α, p, q are real numbers satisfying the following properties:


1 < p < q ∗<0 N,
1 < α < pp0q ,


max{α, q} < s < p∗ :=

(3.2)
pN
N −p ,

where s is the same as in hypothesis (φ4 ) and p0 denotes the conjugate exponent of p,
that is, p0 = p/(p − 1).
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We suppose that the potential a in problem (3.1) is singular and it satisfies
the following hypotheses:
N
(a1 ) a ∈ L∞
loc (R \ {0}) and essinf RN a =: a0 > 0,
(a2 ) limx→0 a(x) = lim|x|→∞ a(x) = +∞.

A potential satisfying these conditions is a(x) = exp(|x|)/|x|, for x ∈ RN \ {0}.
We assume that the nonlinearity f : RN × R → R is a Carathéodory function
characterized by the following conditions:
(f1 ) f (x, u) = o(uα−1 ) as u → 0+ , uniformly for a.e. x ∈ RN ,
(f2 ) f (x, u) = O(us−1 ) as u → ∞, uniformly for a.e. x ∈ RN ,
N
(f3 ) there exists θ > α
R usuch that 0 < θF (x, u) ≤ uf (x, u) for all u > 0, a.e. x ∈ R ,
where F (x, u) = 0 f (x, t)dt,
(f4 ) if α < q then limu→+∞ F (x, u)/uq = +∞ uniformly for a.e. x ∈ RN .
We denote

kukp,q = kukLp +Lq .

A key role in our arguments is played by the function space
k·k

X := Cc∞ (RN )
where



kuk := k∇ukp,q + 

Z

RN

,
1/α

a(x)|u|α dx

.

We notice that X is continuously embedded in the reflexive Banach space W defined
in [3, p. 202], where W is the completion of Cc∞ (RN ) in the norm kuk = k∇ukp,q +kukα .
Definition 3.3. A weak solution of problem (3.1) is a function u ∈ X \ {0} such that
for all v ∈ X
Z
 0

φ (|∇u|2 )∇u∇v + a(x)|u|α−2 uv − f (x, u)v dx = 0.
RN

The energy associated to problem (3.1) is the functional E : X → R with unbalanced
growth defined by
Z
Z
Z
1
1
φ(|∇u|2 )dx +
a(x)|u|α dx −
F (x, u)dx.
E(u) :=
2
α
RN

RN

RN

Then the functional E is well-defined on X , of class C 1 (see also A. Azzollini
[2, Theorem 2.5]). Moreover, for all u, v ∈ X its Gâteaux directional derivative is
given by
Z
 0

E 0 (u)(v) =
φ (|∇u|2 )∇u∇v + a(x)|u|α−2 uv − f (x, u)v dx.
RN
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The following existence property holds.
Theorem 3.4. Assume that hypotheses (3.2), (a1 ), (a2 ), (f1 )–(f4 ), and (φ1 )–(φ5 ) are
fulfilled. Then problem (3.1) admits at least one weak nontrivial solution.
Remark 3.5. (i) We point out that a related existence property was established by
A. Azzollini, P. d’Avenia, and A. Pomponio [3, Theorem 1.3] but under the assumption
that the potential a reduces to a positive constant. The setting described in Theorem 3.4
is different and corresponds to variable potentials that blow-up both at the origin
and at infinity. The lack of compactness due to the unboundedness of the domain
is handled in [3] by restricting the study to the case of “radially symmetric” weak
solutions. In such a setting, a key role in the arguments developed in [3] is played
by the compact embedding of a related function space with radial symmetry into
a certain class of Lebesgue spaces.
(ii) The abstract setting corresponding to Theorem 3.4 is general and cannot be
reduced to radially symmetric solutions, due to the presence of the general potential a.
A central role in the arguments developed in [3] is played by the fact that the space W
∗
is continuously embedded in Lp (RN ), provided that 1 < p < min{q, N }, 1 < p∗ q 0 /p0
and α ∈ (1, p∗ q 0 /p0 ). By interpolation, the same continuous embedding holds in every
Lebesgue space Lr (RN ) for every r ∈ [α, p∗ ].
We point out that with a similar analysis we can treat the case of potentials
satisfying
lim inf a(x) = 0,
|x|→∞

which is a particular critical frequency case, see for details J. Byeon and Z.Q. Wang [13].
The existence of solutions of problem (3.1) in the case of a null potential a
was established by H. Berestycki and P.L. Lions [10], where the authors used
a “double-power” growth hypothesis on the nonlinearity, that is, f (x, ·) has a subcritical
behaviour at infinity and a supercritical growth near the origin.
3.2. SKETCH OF THE PROOF OF THEOREM 3.4
A key role in the proof is played by the following version of the mountain pass lemma
(see H. Brezis and L. Nirenberg [12]). As pointed out by H. Brezis and F. Browder [11],
the mountain pass theorem “extends ideas already present in Poincaré and Birkhoff”.
We refer to P. Pucci and V.D. Rădulescu [28] for a survey on the mountain pass
theorem.
Theorem 3.6. Let X be a real Banach space and assume that E : X → R is
a C 1 -functional that satisfies the following geometric hypotheses:
(i) E(0) = 0 and there exist positive numbers a and r such that E(u) ≥ a for all
u ∈ X with kuk = r,
(ii) there exists e ∈ X with kek > r such that E(e) < 0.
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P := {p ∈ C([0, 1]; X ); p(0) = 0, p(1) = e}
c := inf sup E(p(t)).
p∈P t∈[0,1]

Then there exists a sequence (un ) ⊂ X such that
lim E(un ) = c

n→∞

and

lim kE 0 (un )kX ∗ = 0.

n→∞

Moreover, if E satisfies the Palais–Smale condition at the level c, then c is a critical
value of E.

Step 1. The energy E has a mountain pass geometry.
Fix r ∈ (0, 1) and let u ∈ X with kuk = r. Fix ε > 0 small enough. By straightforward computation and using hypotheses (φ1 ) and (φ2 ), we deduce that
Z

∗
ε
1
−
E(u) ≥ c k∇ukqp,q +
a(x)|u|α dx − C kukpp∗ .
(3.3)
α a0
RN

Recall that max{α, q} < p∗ , see hypothesis (3.2).
Next, for r ∈ (0, 1) small enough, relation (3.3) yields that there exists a positive
number a such that
E(u) ≥ a

for all u ∈ X with kuk = r.

(3.4)

This shows the existence of a “mountain” around the origin.
Next, we fix w ∈ Cc∞ (RN ) \ {0} and t > 0. Using hypotheses (φ3 ) and (3.2) we
conclude that limt→+∞ E(tw) = −∞. Thus, there exists t0 > 0 such that E(t0 w) < 0.
This establishes the existence of a “valley” over the chain of mountains.
Step 2. The associated min-max value given by Theorem 3.6 is positive.
Set c := inf p∈P maxt∈[0,1] E(p(t)), where
P := {p ∈ C([0, 1]; X ); p(0) = 0, p(1) = t0 w}.
We observe that for all p ∈ P we have c ≥ E(p(0)) = E(0) = 0. In fact, we claim
that
c > 0.
(3.5)
Arguing by contradiction, we assume that c = 0. In particular, this means that
for all ε > 0 there exists q ∈ P such that 0 ≤ maxt∈[0,1] E(q(t)) < ε. Fix ε < a,
where a is given by (3.4). Then q(0) = 0 and q(1) = t0 w, hence kq(0)k = 0 and
kq(1)k > r. Using the continuity of q, there exists t1 ∈ (0, 1) such that kq(t1 )k = r,
hence kE(q(t1 ))k = a > ε, which is a contradiction. This shows that our claim (3.5)
is true.
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Applying Theorem 3.6, we find a Palais–Smale sequence for the level c > 0, that is,
a sequence (un ) ⊂ X such that
lim E(un ) = c and

n→∞

lim kE 0 (un )kX ∗ = 0.

n→∞

(3.6)

Step 3. The associated Palais–Smale sequence is bounded.
By hypothesis (f3 ), we deduce that
1
c + O(1) + o(kun k) = E(un ) − E 0 (un )un
θ

Z 
1
1
≥
φ(|∇un |2 ) − φ0 (|∇un |2 )|∇un |2 dx
2
θ
RN

Z
1
1
+
−
a(x)|un |α dx.
α θ

(3.7)

RN

Next, by hypothesis (φ4 ), we deduce that for all t ≥ 0

1
1
1 − µs
φ(t) − φ0 (t)t ≥
φ(t),
2
θ
2

where µs ∈ (0, 1). Hypothesis (f3 ) yields that θ > α. Thus, returning to (3.7) we
deduce that there exists c0 > 0 such that for all n ∈ N


Z
1 0
E(un ) − E (un )un ≥ c0 min{k∇un kqp,q , k∇un kpp,q } +
a(x)|un |α dx .
(3.8)
θ
RN

Combining relations (3.7) and (3.8), we deduce that the sequence (un ) ⊂ X is bounded.
Since X is a closed subset of W, using Proposition 2.5 in [3] we deduce that the
sequence (un ) converges weakly (up to a subsequence) in X and strongly in Lsloc (RN )
to some u0 . We show in what follows that u0 is a solution of problem (3.1).
Fix ζ ∈ Cc∞ (RN ) and set Ω := supp (ζ). Define
Z
Z
1
1
A(u) =
φ(|∇u|2 )dx +
a(x)|u|α dx
2
α
Ω

and B(u) =

R

Ω

Ω

F (x, u)dx. Using (3.6) we have
A0 (un )(ζ) − B 0 (un )(ζ) → 0

as n → ∞.

(3.9)

Since un → u0 in Ls (Ω) and the mapping u 7→ F (x, u) is compact from X into L1 ,
it follows that
B(un ) → B(u0 ) and B 0 (un )(ζ) → B 0 (u0 )(ζ)

Combining relations (3.9) and (3.10) we deduce that
A0 (un )(ζ) → B 0 (u0 )(ζ)

as n → ∞.

as n → ∞.

(3.10)

(3.11)
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Using hypothesis (φ5 ), we obtain that the nonlinear mapping A is convex. Therefore
A(un ) ≤ A(u0 ) + A0 (un )(un − u0 ) for all n ∈ N.

(3.12)

Using (3.11) in combination with un * u0 in X , relation (3.12) yields
lim supn→∞ A(un ) ≤ A(u0 ). But A is lower semicontinuous, since it is convex and
continuous. It follows that A(u0 ) ≤ lim inf n→∞ A(un ). We conclude that
A(un ) → A(u0 ) as n → ∞.

Next, we deduce that

∇un → ∇u0

and

Z

Therefore
Z

Ω

RN

as n → ∞ in Lp (RN ) + Lq (RN )

a(x)|un |α dx →

φ0 (|∇u0 |2 )∇u0 ∇ζdx +

Z

Ω

Z

RN

a(x)|u0 |α dx

as n → ∞.

a(x)|u0 |α−2 u0 ζdx −

Z

f (x, u0 )ζdx = 0.

Ω

By density, we obtain that this identity holds for all ζ ∈ X , hence u0 is a solution of
problem (3.1).
Step 4. The proof of Theorem 3.4 completed.
We show that u0 6= 0.
Using the fact that (un ) is a Palais–Smale sequence, relation (3.6) implies that if
n is a positive integer sufficiently large then
c
1
≤ E(un ) − E 0 (un )un
2
2
Z


1
φ(|∇un |2 ) − φ0 (|∇un |2 )|∇un |2 dx
=
2
RN

Z

Z 
1
1
1
α
+
−
a(x)|un | dx +
f (x, un )un − F (x, un ) dx.
α 2
2
RN

RN

Using hypothesis (φ5 ) that concerns the convexity of the map t 7→ φ(t2 ), we deduce
that φ(t2 ) − φ(0) ≤ φ0 (t2 )t2 . Using now (φ1 ) we obtain φ(t2 ) ≤ φ0 (t2 )t2 , hence
φ(|∇un |2 ) ≤ φ0 (|∇un |2 )|∇un |2 .

(3.13)

We first assume that α ≥ 2. Thus, relations (3.2) and (3.13) combined with
hypothesis (f3 ) imply that for all n large enough we have

Z 
Z
c
1
1
≤
f (x, un )un − F (x, un ) dx ≤
f (x, un )un dx.
(3.14)
2
2
2
RN

RN
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Hypotheses (f1 ) and (f2 ) show that for all ε > 0 there exists Cε > 0 such that
|f (x, u)| ≤ ε|u|p

∗

−1

+ Cε |u|α−1 ,

for all u ∈ R, a.e. x ∈ RN .

Returning to (3.14) we obtain for all n large enough
∗
c
ε
≤ kun kpp∗ + Cε kun kα
α.
2
2

Since (un ) is bounded in Lp (RN ), we fix ε > 0 small enough such that
∗

∗
c
ε
sup kun kpp∗ ≤ .
2 n
4

It follows that for all n ≥ n0 we have c ≤ 4C0 kun kα
α , where C0 is a positive constant.
In order to show that u0 6= 0 we argue by contradiction. Assume that u0 = 0.
In particular, this implies that
un → 0

N
in Lα
loc (R ).

(3.15)

Let k be a positive integer and set
ω := {x ∈ RN ; 1/k < |x| < k}.
C0

(3.16)

it follows that if k is large enough, then for all n ≥ n0 , we have
RBy (3.15),
|un |α dx ≤ c/8. Therefore,
ω
Z
c
≤ C0
|un |α dx
8
RN \ω

≤

C0

inf |x|≤1/k a(x)


Z

|x|≤1/k

1

a(x)|un | dx +
α

C0

inf |x|≥k a(x)


1

Z

a(x)|un |α dx

(3.17)

|x|≥k

+
,
inf |x|≤1/k a(x) inf |x|≥k a(x)
R
where M = supn RN a(x)|un |α dx. Choosing k large enough and using hypothesis (a2 ),
relation (3.17) implies that c = 0, a contradiction.
It remains to study the case 1 < α < 2. Relations (3.2) and (3.13) imply that for
all n large enough we have

Z
Z
c
1
1
1
1
≤ E(un ) − E 0 (un )un ≤
−
a(x)|un |α dx +
f (x, un )un dx. (3.18)
2
2
α 2
2
≤ C0 M

RN

RN

We argue again by contradiction and assume that u0 = 0. With the same choice of
ω as in (3.16) and with similar estimates in (3.18) as above, we obtain a contradiction.
The proof is now complete.
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3.3. COMMENTS AND PERSPECTIVES
(i) We expect that new and interesting results can be established if the nonhomogeneous operator in problem (3.1) is a replaced by a differential operator with two
competing potentials φ1 and φ2 . We refer to operators of the type


div (φ01 (|∇u|2 ) + φ02 (|∇u|2 ))|∇u|2 ,

where φ1 and φ2 have different growth decay. This new abstract framework is inspired
by the analysis developed in [32, Chapter 3.3] in the framework of nonlinear problems
with variable exponents.
(ii) A new research direction in strong relationship with several relevant applications
is the study of problems described by the nonlocal term


Z
M
φ(|∇u|2 )|∇u|2  .
RN

We refer here to the pioneering papers by P. Pucci et al. [29, 30] related to Kirchhoff
problems involving nonlocal operators associated to the standard Laplace, p-Laplace
or p(x)-Laplace operators.
(iii) We refer to N.S. Papageorgiou, V.D. Rădulescu and D.D. Repovš [27] for the
study of a class of double-phase problems with reaction of arbitrary growth.
4. ANISOTROPIC DOUBLE PHASE PROBLEMS

In this section we are concerned with the study of a nonlinear problem whose associated
energy is a double-phase anisotropic functional. The main result establishes the
existence of an unbounded continuous spectrum in an abstract setting introduced by
I.H. Kim and Y.H. Kim [22].
We study the following nonlinear problem:
(
−div (φ(x, |∇u|)∇u) − div (ψ(x, |∇u|)∇u) = λf (x, u)
in Ω ,
(4.1)
u=0
on ∂Ω,
where φ, ψ : Ω × [0, ∞) → [0, ∞) satisfying the following hypotheses:

(H1) the mappings φ(·, ξ) and ψ(·, ξ) are measurable on Ω for all ξ ≥ 0 and φ(x, ·),
ψ(x, ·) are locally absolutely continuous on [0, ∞) for almost all x ∈ Ω,
0
0
(H2) for some p1 , p2 ∈ C+ (Ω), there exist a1 ∈ Lp1 (Ω) and a2 ∈ Lp2 (Ω) and b > 0
such that
|φ(x, |v|)v| ≤ a1 (x) + b|v|p1 (x)−1 ,
for almost all x ∈ Ω and for all v ∈ RN ,

|ψ(x, |v|)v| ≤ a2 (x) + b|v|p2 (x)−1
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(H3) there exists c > 0 such that
φ(x, ξ) ≥ cξ p1 (x)−2 ,

φ(x, ξ) + ξ

∂φ
(x, ξ) ≥ cξ p1 (x)−2
∂ξ

ψ(x, ξ) ≥ cξ p2 (x)−2 ,

ψ(x, ξ) + ξ

∂ψ
(x, ξ) ≥ cξ p2 (x)−2
∂ξ

and
for almost all x ∈ Ω and for all ξ > 0.

Assume that q ∈ C+ (Ω) and

(Q) p1 (x) < q − ≤ q + < p2 (x) < p∗1 (x) for all x ∈ Ω.

Let f : Ω × R → R be a Carathéodory function such that the following assumptions
are fulfilled:
(f1) we have tf (x, t) ≥ 0 for a.a. (x, t) ∈ Ω × R and there exists m ∈ L∞ (Ω)+ \ {0}
such that
|f (x, t)| ≤ m(x)|t|q(x)−1

for a.a. x ∈ Ω and all t ∈ R,

(f2) there exist M > 0 and θ > p+
1 such that
0 < θF (x, t) ≤ tf (x, t) for a.a. x ∈ Ω and all t ∈ R \ {0},
Rt
where F (x, t) := 0 f (x, s)ds.

For φ and ψ described in hypotheses (H1)–(H3) we set
A0 (x, t) :=

Zt

[φ(x, s) + ψ(x, s)]sds.

(4.2)

0

We also consider the following technical assumption.
(H4) For all x ∈ Ω and all ξ ∈ RN , the following estimate holds:
0 ≤ [φ(x, |ξ|) + ψ(x, |ξ|)] |ξ|2 ≤ p+
1 A0 (x, |ξ|).
We notice that our hypothesis (f1) implies that
0 ≤ F (x, t) ≤

m(x) q(x)
|t|
q(x)

for all (x, t) ∈ Ω × R.

1,p (x)

Define the double-phase energy A : W0 2 (Ω) → R by
Z
A(u) := A0 (x, |∇u|)dx,
Ω

(4.3)
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1,p (x)

where A0 is defined in (4.2). Then A ∈ C 1 (W0 2 (Ω), R) and for all u, v ∈
1,p (x)
W0 2 (Ω)
Z
A0 (u)(v) = [φ(x, |∇u|) + ψ(x, |∇v|)]∇u · ∇vdx.
Ω

1,p (x)
W0 2 (Ω)

1,p (x)

Moreover, the operator A :
→ (W0 2 (Ω))∗ is strictly monotone, weakly
lower semicontinuous, and is a mapping of type (S+ ), that is, if
1,p2 (x)

un * u in W0

(Ω) as n → ∞ and lim suphA0 (un ) − A0 (u), un − ui ≤ 0,
n→∞

then

1,p2 (x)

un → u in W0

Set

B(u) :=

Z

F (x, u)dx,

Ω

(Ω) as n → ∞.
1,p2 (x)

u ∈ W0

(Ω).

According to S. Fučik, J. Nečas, J. Souček, and V. Souček [21, p. 117], the function
1,p (x)
u ∈ W0 2 (Ω) \ {0} is a solution of problem (4.1) if and only if A0 (u) = λB 0 (u).
We define the following Rayleigh-type quotients:
R
A (x, |∇u|)dx
∗
ΩR 0
λ :=
inf
1,p2 (x)
F (x, u)dx
u∈W0
(Ω)\{0}
Ω
and

λ∗ :=

inf

1,p2 (x)

u∈W0

R

Ω

(Ω)\{0}

(φ(x, |∇u|) + ψ(x, |∇u|))|∇u|2 dx
R
.
uf (x, u)dx
Ω

The main result of this section establishes the following qualitative property.
Theorem 4.1. Assume that hypotheses (H1)–(H4), (f1), (f2), (Q) are fulfilled. Then
the following properties hold:
(i) problem (4.1) has a solution for all λ ≥ λ∗ ,
(ii) problem (4.1) does not have any solution, provided that λ < λ∗ .

We now describe the main steps in the proof of Theorem 4.1.
Step 1. We have λ∗ > λ∗ > 0.
The proof combines hypothesis (H4) with related energy estimates.
Step. 2 We have
A(u)
A(u)
= lim
= +∞.
lim
u→0 B(u)
kuk→∞ B(u)

This step describes the growth of the Rayleigh quotient A(u)/B(u) near the origin
and at infinity. The proof is based on hypotheses (H3), (H4) and relation (4.3).
1,p (x)
The next step establishes that the infimum in W0 2 (Ω) of the Rayleigh quotient
A(u)/B(u) is attained.
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1,p2 (x)

Step 3. There exists u ∈ W0

(Ω) \ {0} such that
λ∗ =

A(u)
.
B(u)

Step 4. The minimizer u found at Step 3 is a solution of problem (4.1) for λ = λ∗ .
The basic idea is that
λ∗ =
1,p2 (x)

Fix arbitrarily v ∈ W0

A(u)
A(v)
=
inf
.
1,p
(x)
B(u) v∈W0 2 (Ω)\{0} B(v)

(Ω) \ {0} and consider the map
t 7→ h(t) :=

A(u + tv)
,
B(u + tv)

which is defined in a neighbourhood of the origin. It follows that h0 (0) = 0, hence
[A0 (u + tv)B(u + tv) − A(u + tv)B 0 (u + tv)]|t=0 = 0.
Therefore
B(u)

Z

Ω

[φ(x, |∇u|) + ψ(x, |∇u|)]∇u · ∇vdx − A(u)

Z

f (x, u)vdx = 0.

Ω

Since A(u) = λ∗ B(u), we conclude that u solves (4.1), hence λ∗ is an eigenvalue of
this problem.
Step 5. Problem (4.1) admits a solution for all λ > λ∗ .
Step 6. For all λ < λ∗ , problem (4.1) does not have a solution.

Combining these steps we obtain the conclusion of Theorem 4.1.

4.1. COMMENTS AND PERSPECTIVES
(i) We do not have any information about the contribution of real parameters
satisfying λ ∈ [λ∗ , λ∗ ) even in simple cases, for instance if Ω is a ball or for particular
values of φ, ψ and f .
(ii) The variable exponents p1 (x) and p2 (x) dictate the geometry of a composite
that changes its hardening exponent according to the point.
(iii) A very interesting research direction is to extend the approach developed in
this section to the abstract setting recently studied by Mingione et al. [7–9,26], namely
non-autonomous problems with associated energies of the type
Z h
i
u 7→
|∇u|p1 (x) + a(x)|∇u|p2 (x) dx
(4.4)
Ω
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and
u 7→

Z h

Ω

i
|∇u|p1 (x) + a(x)|∇u|p2 (x) log(e + |x|) dx,

(4.5)

where p1 (x) ≤ p2 (x), p1 6= p2 , and a(x) ≥ 0. Considering two different materials with
power hardening exponents p1 (x) and p2 (x) respectively, the coefficient a(x) dictates
the geometry of a composite of the two materials. When a(x) > 0 then p2 (x)-material
is present, otherwise the p1 (x)-material is the only one making the composite. On the
other hand, since the integral functional defined in (4.5) is degenerate on the zero set
of the gradient, it is natural to ask us what happens if we modify the integrand in
such a way that, also when |∇u| is small, there is an unbalance between the two terms
of the integrand. For instance, we can consider the functional
Z h
i
u 7→
|∇u|p1 (x) + a(x)|∇u|p2 (x) log(1 + |x|) dx.
Ω

For the isotropic case, we refer for further comments to P. Baroni, M. Colombo and
G. Mingione [7, pp. 376–377], including for remarks on degeneracy phenomena at
the phase transition.
(iv) The study of the integral functionals defined in (4.4) and (4.5) corresponds to
the analysis of the differential operators
−div (φ(x, |∇u|)∇u) − div (a(x)ψ(x, |∇u|)∇u)
and

−div (φ(x, |∇u|)∇u) − div (a(x)ψ(x, |∇u|) log(e + |x|)∇u).

This approach can be developed not only in Sobolev spaces with variable exponents
(like in the present work) but also in the more general framework of Musielak–Orlicz
spaces (see [32, Chapter 4] for a collection of stationary problems studied in these
function spaces).
(v) The problem analyzed in this paper corresponds to a subcritical setting, as
described in hypothesis (Q). We appreciate that valuable research directions correspond
either to the critical or to the supercritical framework (in the sense of Sobolev variable
exponents). No results are known even for the “almost critical” case with lack of
compactness, namely assuming that hypothesis (Q) is replaced with
(Q’) p1 (x) < q − ≤ q + < p2 (x)  p∗1 (x) for all x ∈ Ω,

where p2 (x)  p∗1 (x) means that there exists z ∈ Ω such that p2 (z) = p∗1 (z) and
p2 (x) < p∗1 (x) for all x ∈ Ω \ {z}.
Acknowledgements
This research was supported by the Slovenian Research Agency grants P1-0292, J1-8131,
J1-7025, N1-0064, N1-0083, and by the Project MTM2017-85449-P of the DGISPI
(Spain).

Isotropic and anisotropic double-phase problems: old and new

277

REFERENCES
[1] E. Acerbi, G. Mingione, Gradient estimates for the p(x)-Laplacean system, J. Reine
Angew. Math. 584 (2005), 117–148.
[2] A. Azzollini, Minimum action solutions for a quasilinear equation, J. London Math.
Soc. 92 (2015), 583–595.
[3] A. Azzollini, P. d’Avenia, A. Pomponio, Quasilinear elliptic equations in RN via variational methods and Orlicz–Sobolev embeddings, Calc. Var. Partial Differential Equations
49 (2014), 197–213.
[4] M. Badiale, L. Pisani, S. Rolando, Sum of weighted Lebesgue spaces and nonlinear elliptic
equations, Nonlinear Differ. Equ. Appl. (NoDEA) 18 (2011), 369–405.
[5] J.M. Ball, Discontinuous equilibrium solutions and cavitation in nonlinear elasticity,
Philos. Trans. Roy. Soc. London Ser. A 306 (1982) 1496, 557–611.
[6] S. Baraket, S. Chebbi, N. Chorfi, V.D. Rădulescu, Non-autonomous eigenvalue problems
with variable (p1 , p2 )-growth, Advanced Nonlinear Studies 17 (2017), 781–792.
[7] P. Baroni, M. Colombo, G. Mingione, Harnack inequalities for double phase functionals,
Nonlinear Anal. 121 (2015), 206–222.
[8] P. Baroni, M. Colombo, G. Mingione, Nonautonomous functionals, borderline cases and
related function classes, St. Petersburg Math. J. 27 (2016) 3, 347–379.
[9] P. Baroni, M. Colombo, G. Mingione, Regularity for general functionals with double
phase, Calc. Var. Partial Differential Equations (2018), 57:62.
[10] H. Berestycki, P.L. Lions, Nonlinear scalar field equations, I. Existence of a ground state,
Arch. Ration. Mech. Anal. 82 (1983), 313–345.
[11] H. Brezis, F. Browder, Partial differential equations in the 20th century, Adv. Math.
135 (1998), 76–144.
[12] H. Brezis, L. Nirenberg, Remarks on finding critical points, Comm. Pure Appl. Math.
44 (1991), 939–963.
[13] J. Byeon, Z.Q. Wang, Standing waves with a critical frequency for nonlinear Schrödinger
equations, Arch. Ration. Mech. Anal. 165 (2002), 295–316.
[14] M. Cencelj, V.D. Rădulescu, D.D. Repovš, Double phase problems with variable growth,
Nonlinear Anal. 177 (2018), 270–287.
[15] Y. Chen, S. Levine, M. Rao, Variable exponent, linear growth functionals in image
processing, SIAM J. Appl. Math. 66 (2006), 1383–1406.
[16] N. Chorfi, V.D. Rădulescu, Standing wave solutions of a quasilinear degenerate
Schrödinger equation with unbounded potential, Electron. J. Qual. Theory Differ. Equ.
37 (2016), 1–12.
[17] M. Colombo, G. Mingione, Regularity for double phase variational problems, Arch.
Ration. Mech. Anal. 215 (2015) 2, 443–496.
[18] M. Colombo, G. Mingione, Bounded minimisers of double phase variational integrals,
Arch. Ration. Mech. Anal. 218 (2015) 1, 219–273.

278

Vicenţiu D. Rădulescu

[19] C. De Filippis, Higher integrability for constrained minimizers of integral functionals
with (p, q)-growth in low dimension, Nonlinear Anal. 170 (2018), 1–20.
[20] L. Esposito, F. Leonetti, G. Mingione, Sharp regularity for functionals with (p, q)-growth,
J. Differential Equations 204 (2004), 5–55.
[21] S. Fučik, J. Nečas, J. Souček, V. Souček, Spectral Analysis of Nonlinear Operators,
Lecture Notes in Mathematics, vol. 346, Springer-Verlag, Berlin–New York, 1973.
[22] I.H. Kim, Y.H. Kim, Mountain pass type solutions and positivity of the infimum eigenvalue for quasilinear elliptic equations with variable exponents, Manuscripta Math. 147
(2015), 169–191.
[23] P. Marcellini, On the definition and the lower semicontinuity of certain quasi-convex
integrals, Ann. Inst. H. Poincaré, Anal. Non Linéaire 3 (1986), 391–409.
[24] P. Marcellini, Regularity and existence of solutions of elliptic equations with p, q-growth
conditions, J. Differential Equations 90 (1991), 1–30.
[25] P. Marcellini, Everywhere regularity for a class of elliptic systems without growth conditions, Ann. Scuola Norm. Sup. Pisa Cl. Sci. (4) 23 (1996) 1, 1–25.
[26] G. Mingione, Talk at the Third Conference on Recent Trends in Nonlinear Phenomena,
University of Perugia, 28–30 September 2016.
[27] N.S. Papageorgiou, V.D. Rădulescu, D.D. Repovš, Double-phase problems with reaction
of arbitrary growth, Z. Angew. Math. Phys. 69 (2018), Art. 108, 21 pp.
[28] P. Pucci, V.D. Rădulescu, The impact of the mountain pass theory in nonlinear analysis:
a mathematical survey, Boll. Unione Mat. Ital. Ser. IX 3 (2010), 543–584.
[29] P. Pucci, S. Saldi, Critical stationary Kirchhoff equations in RN involving nonlocal
operators, Rev. Mat. Iberoam. 32 (2016), 1–22.
[30] P. Pucci, M. Xiang, B. Zhang, Existence and multiplicity of entire solutions for fractional
p-Kirchhoff equations, Adv. Nonlinear Anal. 5 (2016), 27–55.
[31] V.D. Rădulescu, Nonlinear elliptic equations with variable exponent: old and new,
Nonlinear Analysis: Theory, Methods and Applications 121 (2015), 336–369.
[32] V.D. Rădulescu, D.D. Repovš, Partial Differential Equations with Variable Exponents:
Variational Methods and Qualitative Analysis, CRC Press, Taylor & Francis Group, Boca
Raton FL, 2015.
[33] V.V. Zhikov, Averaging of functionals of the calculus of variations and elasticity theory,
Izv. Akad. Nauk SSSR Ser. Mat. 50 (1986) 4, 675–710; English translation in Math.
USSR-Izv. 29 (1987) 1, 33–66.
[34] V.V. Zhikov, On Lavrentiev’s phenomenon, Russian J. Math. Phys. 3 (1995) 2, 249–269.

Isotropic and anisotropic double-phase problems: old and new

Vicenţiu D. Rădulescu
vicentiu.radulescu@imar.ro
AGH University of Science and Technology
Faculty of Applied Mathematics
al. Mickiewicza 30, 30-059 Kraków, Poland
Institute of Mathematics
Physics and Mechanics
Jadranska 19, 1000 Ljubljana, Slovenia
Institute of Mathematics “Simion Stoilow”
Romanian Academy of Sciences
P.O. Box 1-764, 014700 Bucharest, Romania
Received: November 4, 2018.
Accepted: November 10, 2018.

279

