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1. Introduction

he aim of this paper is to find a more direct and simpler approach to prove certain properties of
T solutions to problems involving operators with non-standard growth conditions (variable exponents)
comparable to their constant exponent counterparts. Precisely, we study the p(x)-biharmonic operator
(p(x)-biLaplacian) foru : G — R

AT oyt = e (|BgulPY) 2 Agu),

on stratified Lie groups with varible exponent variable exponent p(x) > 1 and Ag being the usual
sub-Laplacian. The variable exponent operators are not homogeneous and thus possess more complicated
nonlinearities which make several known results that have been applied in the constant exponent cases
breakdown. To this end, and motivated by the sophistication of Picone-type identities for higher order
partial differential operators we hereby investigate if there exist such identities for variable exponents
p(x)-biLaplacian, and if problems involving this operator can be studied via Picone-type identities.

Italian mathematician, Mauro Picone (1885 - 1977), originally derived Picone identity in 1910 for
differentiable functions u = u(x),v = v(x) > 0 with v # 0 in the form (where ' = %)

(L(fuwo— fouw'] = (= )P+ fo (o = 20) 4 (22— g0 M

during his study of Sturmian comparison and oscillation principles for the following system of homogeneous
linear second order differential equations

L1 ()’ (x)]" + g1 (x)u(x) =0,
2
[f2(x)0' (x)] + g2(x)o(x) = 0.
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The Sturmian comparison principle for (2) was established using (1) assuming that f;(x) > f»(x) > 0 and
g1(x) < g2(x). Several years later, Picone [1] generalised identity (1) to the second order partial differential
operator (Laplacian) under the name Picone identity: For non-negative differentiable functions # and v, v > 0

2 2
’Vu—%Vv‘ = |Vu|2—V(L;> Vo > 0. ®)

Here, | - | and V denote the length of a vector and gradient of a function in Euclidean space R”,
respectively. The identity (3) has been applied extensively to the study of second order elliptic equations
and systems involving Laplace operator (see [2] for instance) in which case, among other applications, many
interesting results such as existence and non-existence of positive solutions, Sturmian comparison principle,
domain monotonicity, Hardy’s inequality, Barta’s inequality and Caccioppoli inequality have been established.
Several extensions and generalisation of (3) are now available for studying more general elliptic operators. For
instance, in order to study p-Laplace equations and eigenvalue problems involving p-Laplacian, Allegretto
and Huang [3] extended (3) to the case of general p > 1 as follows: for u > 0, v > 0, then

ub
pp—1

|Vu|7"—V< >V0|p2V020. 4)

Tyagi [4] and Bal [5] established nonlinear versions of (3) and (4), respectively, with several applications
(see also [6,7]). For other interesting extension of Picone-type identities for p-Laplacian and related results see
[8-19].

Picone identity for p-biharmonic operator is a generalisation of the identity to a class of fourth order
elliptic operator as established by Dwivedi and Tyagi [20]. Jaro$ [21] (see also Jaro$ [22]) obtained a generalised
nonlinear analogue of this and he highlighted its applications to comparison results for a class of half linear
differential equations of fourth order. Dwivedi [23] introduced the Picone identity for p-biharmonic operator
as follows: Let u > 0 and v > 0 be twice continuously differentiable functions such that —Av > 0. Then

ubP
|AulP — A <1> |Av|P~2A0 > 0, (5)
oP
where A is the usual Euclidean Laplacian. He gave applications to p-biharmonic boundary value problems,
Sturmian comparison principle and Morse index of solutions. The case p = 2 in (5) was obtained by Dwivedi
and Tyagi [24] as follows

(Au—%Av)z—ZATU (Vu—%VU)Z = |Au> - A (f) Av > 0. (6)

See [6,8,16,18,20,23,25] for other extensions and generalisations to p-biharmonic operators and
applications in different contexts.

In recent years, the study of variable exponent elliptic operators and corresponding problems
with non-standard growth condition have gained enormous interest among researchers (see [26-31] for
p(x)-Laplacian and [32-37] for p(x)-biharmonic operator). Models involving p(x)-growth condition arise from
physical processes such as nonlinear elasticity theory, electrorheological fluids, image processing, etc [38—40].
Several literature as cited above have asserted that p(x)-Laplacian and p(x)-biharmonic operator are similar in
many respects to the classical cases p(x) = p-constant, but problems involving these operators do not trivially
generalise the p-constant cases. The variable exponent operators are not homogeneous for instance, which
thus makes the nonlinearity so much complicated such that many of known approaches to handle the cases
p-constant do not hold for p(x)-Laplacian and p(x)-biharmonic operator.

To this end, there arises a natural question: Can we extend similar type of Picone identities into non-standard
growth problems? For this course, Abolarinwa and Ali [41], Allegretto [42], Arora, Giacomoni and Warnault
[43], Feng and Han [44] and Yoshida [45] have provided answer in the affirmative for the case of problems

involving p(x)-Laplacian, A, yu = —V - (|Vu|P®=2Vu) with p(x) > 1. More precisely, Allegretto [42]
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established variable exponent Picone-type identity for differentiable functions v > 0,0 < u € C°(Q2) Q C R”
and continuous p(x) > 1 as follows:

p(x) p(x)
Vul"™ G| Vo) =2vp > 0, @)
p(x) p(x)vp(x)*l
on the assumption that VoVp(x) = 0. He used the inequality to prove Barta theorem and some other

results. Later, Yoshida [45] (see also [46,47]) established similar Picone identities for quasilinear and half-linear
elliptic equations involving p(x)-Laplacian and pseudo p(x)-Laplacian, and consequently developed Sturmian
comparison theory for them. Most recently, Feng and Han [44], motivated by Allegretto [42] proved a modified
form of (7) and showed that

p(x)
”(x)_ll Vo) -2vp > 0, @®)

|VulP) — v [
oP

if VoVp(x) = 0 a.e in (), with equality if and only if V(u/v) = 0in Q) C R". They proved monotonicity of
principal eigenvalue Ay , of A,(,) and a variable exponent Barta inequality for p(x)-Laplacian in the form

A\
S p(x)
My 2 xlg(f) [UV(X)J ’

on the assumption that VoVp(x) = 0. In the same spirit, Abolarinwa and Ali [41] extended this result
and derived a generalised nonlinear variable exponent Picone-type identities for general vector fields in
the sub-elliptic context. In that context the authors [41] considered an n-dimensional smooth manifold M
equipped with a volume form dx and a family of vector fields {X}N ,, n > N. Letu > 0 and v > 0 be

differentiable functions almost everywhere in ) C M with smooth boundary. Suppose f : RT — R* isa
x)—2

(x)
C!-function satisfying f(s) > 0and f'(s) > (p(x) — 1) {f(s)zml}, then

[VxulP®) — Vx (W) [Vxo|P 2V 50 > 0 )
f(v) 7

provided VxovVxp(x) = 0 with equality if and only if Vx(u/v) = 0 almost everywhere in (). Here Vx
is the horizontal gradient for general vector fields. Consequently, the authors [41] gave several applications
to qualitative properties of the principal eigenvalue of p(x)-sub-Laplacian and derived sub-elliptic variable
exponents Caccioppoli estimates in the form

p(x) P(X) gy < (pH\PT p(x) p(x)
J OVl Odx < (p) [ ol s,

for every nonnegative test function ¢ € C5°(Q2), where v is a sub-solution in O C M and p* := esssupg, p(x).

A generalisation of p(x)-Laplacian is the fourth order quasilinear degenerate p(x)-biharmonic operator
defined by Ai(x)u := A(|Au|P®)=2Au). Up to now and to the best of our knowledge there is no Picone-type
identity for p(x)-biharmonic operator found in literature. This paper therefore attempts to bridge this gap
on one hand, and on the other hand to treat interesting results as discussed above in the setting of quasilinear
(sub)-elliptic equations and systems involving p(x)-biharmonic operator with the aid of Picone-type identities.
All our results are discussed in the context of the general stratified Lie groups (homogeneous Carnot groups).
Such groups have been well studied with several classical and modern results. This class of groups includes
the Abelian group, Heisenberg group as well as the more general H-type groups as interesting but basic
examples (see the books [48-50] and some of the references cited therein). A homogeneous Lie group G which
is nilpotent, connected and simply connected with a stratified Lie algebra g is called a stratified Lie group or
homogeneous Carnot group (see discussion in §3).
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1.1. Outline of this paper

The rest of this paper is planned as follows: The main results of this work are stated in the next section. §3
is devoted to preliminaries and fixing of notation that appear throughout the paper. Here we give summary
description of the stratified Lie group, sub-elliptic operators and their examples. Some notions from the theory
of variable Lebesgue and Sobolev spaces are discussed since these spaces naturally form the setting in which
all applications will be made. Navier eigenvalue problem is again introduced and characterised in this section.
§4 is devoted to the proof of the generalised nonlinear Picone identities of p(x)-sub-biharmonic operator on
open bounded domain (Theorem 1) and its applications. The applications discussed here include proofs of
variable exponent Hardy-Rellich type inequalities, eigenvalue and domain monotonicity, Barta-type inequality
for p(x)-biharmonic operator as summarised in Theorem 2. In §5 we establish a generalised Diaz-Saa type
inequality for the p(x)-biharmonic operator on homogeneous Carnot groups and apply it to establish the
uniqueness results for problems involving variable exponent p(x)-biharmonic operator with Navier boundary
condition.

2. Statement of results

Here we state the generalised nonlinear Picone identities of p(x)-sub-biharmonic operator on open
bounded domain of G and later fix the notation in the next section.

Let Q) C G be any bounded domain of a stratified Lie group G of homogeneous dimension Q > 3. Denote
the horizontal gradient and sub-Laplacian on G by Vg and Ag, respectively (see detail in the next section).
The first main result of this paper is the following;:

Theorem 1. Let u > 0 and v > 0 be non-constant differentiable functions a.e. in Q) such that —Agv > 0. Suppose
p: Q — (0,00) is a C>-function for p(x) > 1. Define

up(x)
#(1,0) = |AgulP™) — Ag [ ——— | |Ag0/P™ ?Ago,
UP(X)*l

and

ub®) u u B
Z(u,v) :\AGu|P(X) — @ n- (ln5|VGp(x)|2 +AGP(X)) |A((;,0]p(x) 2Aqw
et
UP(X)—l
uP(X)
z)P(X)

up () (x)
+(p(x) = 1)y 1A — p(x)
yb(x)—2
UP(X)*l

u .
(p(x) ln; + 1) VuVep(x)|Ago|PM2Ag0

2 ((p(x) -1 ln% + 1) VeoVep(n)|dgolP™ 2 Ag0
up(x)—l

WAGM|AGU|p(x)_2AGU

—p(x)(p(x) -1)

2
(VGM — %Vqﬂ)) |AGU|P(")_2AGv.

Then (1) £ (u,v) = Z(u,v).

(i) £ (u,v) > 0 provided VgV p(x) = 0 for any differentiable function g, and In £|Vp(x)|? + Agp(x) =0
a.e. in (.

(iii) Furthermore, £ (u,v) = 0 a.e in Q) if and only if u = av for some constant 0 < a € R.

Remark 1. The claim that .2 (u,v) > 0 relies on the condition that VguVgp(x) =0, VgoVgp(x) = 0and
In4|Vep(x)|> + Agp(x) = 0ae. in Q.

1.
The case which readily comes to mind is the situation where p(x) = p (constant). This case implies that some
earlier results for p constant (see [23]) follows directly from the present case of variable p(x) (smooth or at least
C?).

2. The condition Agp(x) = 0 and Vgp(x) # 0 has been applied successfully by Allegretto [42]
(see Lemma 2 and Theorem 2 in [42]). We also remark that from geometric point of view, the condition
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Vgo(x)Vgp(x) = 0 means that the equation u(x) = S; and p(x) = S, represent orthogonal surface on
Q.

3. Examples of test fields 7 for which ? -Vp(x) =0 (7 is taken as a gradient of scalar field) are given
by Mihailescu et al. [51] in the setting of Grushin space.

Let Q C G be a smooth bounded domain with smooth boundary. For p € C2(Q)) such that p(x) > 1, we
consider the Navier eigenvalue problem

A (|AgulPDO2Agu) = AMu[P® =2y inQ,
u>0 in Q, (10)
u=Agu=20 on 9Q),

where the pair (A € R,u € X) (with X = §2¢(*)(Q) x Sol"’(x)(Q)) is called a distributional solution. By the
application of Theorem 1 we prove some properties of variable exponent p(x)-biharmonic eigenvalues in (10).

Theorem 2. Let A1 (Q)) be the first eigenvalue of the p(x)-biharmonic operator on () in (10).
(i) Let there exists A € R and a strictly sub-solution v € X of (10). Then A1(Q) > A.
(i) Let A1(Q) > 0 be the principal eigenvalue of (10). Then A1(QY) > A1(Q) ifand only if Q' C Qand OO # Q.
(iii) For any differentiable function v > 0 in Q with Ag(|Agv|P¥)~2Agv) € C(Q) we have

p(x)—2
AM(Q) > inf_inf Ac(|Ac?| Ag)
0<veX Q pp(x)-1

(iv) Any eigenfunction v corresponding to an eigenvalue A # A1(QY) changes sign.
(v) If v € X is a positive sup-solution of (10). Then v is a constant multiple of the principal eigenfunction.

Remark 2. If G = H = (CN x R, o) is the Heisenberg group, the homogeneous dimension is Q = 2N + 2 and
Ay is the Kohn-Laplacian. Also if G = E = (RY, +) is the Euclidean additive group, then Q = N and Ag is
the usual Euclidean Laplacian. For p(x) = p(constant) in these settings, Theorem 1 generalises several results
in literature (see [18,20-24,52] for instance).

Lastly, we present a generalised Diaz-Saa-type inequality for the p(x)-biharmonic operator in this context.
We first observe that by reverting to Theorem 1 we can obtain a generalised Picone-type inequality for p(x) > 1
as follows

MP(X) ’
— p(x)
/Q vp(x)flAGrp(dox < /Q |Agu|P'Mdx,

where () C G is a bounded open domain. By the application of the above inequality we obtain the following
generalised Diaz-Saa-type inequality on stratified Lie group.

Proposition 1. Let 1 < p(x) < Q and Q) be a bounded open domain in G. Suppose uy,uy € X satisfy uq,uy > 0a.e.
in Q such that Vgu;Vgp = 0, Inu;|Vpl2 + Agp =0,1 = 1,2 and

Aé’p(x)u,» =gilx,u;), u; >0, i=12 in Q,
where g;(x,u;), i =1,2 is a bounded and measurable function, g(x,s) < A(sP¥) =1 1) for a constant A > 0 and all

s > 0 with
u;=Agu; =0, i=1,2 on Q.

Then
A% up AL
G,p(x) G,p(x) p(x) p(x)
0< / — (uf™ —ul")dx. (11)
Q < uf(" -1 u§(2 -1 ) 1 2



Open J. Math. Sci. 2026, 10, 195-216 200

For p € C?(Q)) such that p(x) > 1, we consider the Navier boundary value problem
2 —
AG,p(x)u =g(xu), x€QCG,
u>0, x€QCG, (12)
u=Agu=0, x € 0Q),

with the certain hypothesis on the function ¢ : Q x [0,00) — R*. Applying our version of Diaz-Saa-type
inequality we prove the next theorem.

Theorem 3. There exists at most one positive solution u to (12) in XN L®(Q) for 1 < p(x) < Q, where p € C*(Q)),
VouVgp = 0and Inu|Vp|? + Agp = 0a.e. in Q.

3. Preliminaries

In this section we recall some preliminaries which will allow us fix necessary notation. First, we
give basics of the stratified Lie group (homogeneous Carnot group). Secondly, we discuss some concepts
from the theory of variable Lebesgue and Sobolev spaces, and then present Navier eigenvalue problem for
p(x)-sub-Laplacian on stratified Lie groups.

3.1. Stratified Lie groups

A Lie group G (on RY) which is nilpotent, connected and simply connected is called homogeneous if for a
dilation d,, on G (see the definition of dilation 6, below), the maps exp od,, o exp ! are group of automorphism.
Recall that a stratified Lie algebra g of step r is a Lie algebra with subspaces V3, - - - , V, satisfying

gzvl@"'@vr, [V1,V]']:Vj+1, j:1,~~,r—1and [Vl,Vr]:O.

If a homogeneous Lie group G = (RN, o) is nilpotent, connected and simply connected with a stratified
Lie algebra g, then G is called a stratified Lie group (or homogeneous Carnot group) of step r. In fact, if
N; = dimV}, using the exponential map we can identify G with RN x ... x RN 50 that each point g € G is
identified with a point x = (x(1), ..., x()) in RM x ... x RN so that »/ € RN

The stratified Lie groups have a natural family of anisotropic dilations é,, : G — G for every v > 0 defined
by

6,(x) = 6,(x,x®, - x0)) = (!, 422 @),y x(),
which is an automorphism of G. Here x’ = x) € RM and x¥) € RM for k = 2,---,r. The homogeneous
dimension Q of the group G is given by
14 r
Q:= ) k-dimV; = ) kNj.
k=1 k=1

The Haar measure on G is denoted by dx, which can be taken to be the Lebesgue measure on RN x - - - x
RNr. In fact, it can be easily shown that the Lebesgue measure is homogeneous with respect to the dialation
5. Thus given a measurable set I/ C RN with its Lebesgue measure denoted by |2/|, one then has

|6, @] = IU|.

Let Xy, -+, Xy, be the left invariant vector fields on G such that X, (0) = % . fork=1,---,Nj. Then,

for every x € RN = RM x ... x RN, the Hormander rank condition

rank(Lie{Xy,---,Xn,}) = N,
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holds, that is, the iterated commutators of Xy, ---, Xy, span the Lie algebra of G. The left invariant vector

fields X has an explicit form given by (see detail in the book [50]),

Xi= 21y % O SR
R e e B ax,S?
where a,({f’)n is a homogeneous polynomial function of degree I — 1, r is the step of G, x = (¥/, @, ... x(’)),

lth

and x() = (x%l), cee, xgl,l)) are the variables in the ['"'-stratum.

3.2. Horizontal sub-Laplacian

The canonical (horizontal) sub-Laplacian on G is defined by
N
L X ‘= 2 X]% ’
k=1

which is a left invariant homogeneous second-order hypoelliptic differential operator. It is elliptic if and only
if the step of G is equal to 1. (The hypoellipticity of .%x is a special case of Hérmander’s sum of square [53]).
The horizontal gradient and divergence on G are respectively denoted by

Vg :=(Xy,---,Xn,) and divgw := Vg - w,
meaning that horizontal sub-Laplacian on G can be written as
fx = AG = diVG . VG‘

Let p : QO — R be a continuous function and p(x) > 1 for x € O C G. We define the p(x)-sub-Laplacian
(horizontal p(x)-Laplacian) on G by the formula

Z

p(x)u = AG,p(x)u = diVG(|VGM|p(x)_2VGM),

where u is a smooth function. If p(x) = p (p=constant), the operator .Z,u becomes the p-sub-Laplacian,
Ag,pu := divg (|Vgu|P~2Vgu). Here the notation

1
x| = (x4 +x5,)2,

stands for the Euclidean norm in RM.
Moreover, the p(x)-sub-biLaplacian (or p(x)-sub-biharmonic operator) on G is defined by

AT oyt = g (|BgulPY) 2 Agu),

where p(x) is as defined above. By an application of the integration by parts formula it can be seen that for
u,v € Ci’(Q2 € G) the following formula holds true

2 _ p(x)—2
/Q A2, oz = /Q |Acu|P®2AcuAgodx (13)

and thus

2 — p(x)
/Q”AG,p(x)”dx_/O|AG”| dx,

Example 1. Some well-known examples of stratified Lie groups include the Euclidean additive group (Abelian
group) E := (RY, +), the Heisenberg group H := CN x R as well as more general H-type group (RM x RV).
See the book [48-50] for further discussions on various examples of stratified Lie groups, particularly, see
[54,55] for various results on horizontal Laplacian on Heisenberg groups.
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The additive group E is a homogeneous Carnot group of step 1, whose dilation is given by the usual scalar
multiplication, that is, J,(x) = qx,9 > 0. Its generators are d,, ..., dxy, While its canonical sub-Laplacian is
the usual Euclidean Laplacian

N 2
A=) 8.
j=1

The Heisenberg group H is a homogeneous Carnot group whose underlying manifold is CN x R = R2N+1
with the non-commutative group law o define as follows:

(xy, t)o (X, y t) = (x+ 2, y+y, t +1 =2((x;, ) — (¥}, ),

where (x,y,t), (x/,y,t') € H := R?N*1 N > 1 and (-, -) is the usual Euclidean inner product in RN. A basis
for the Lie algebra of the left invariant vector fields on H is given by (1 < j < N)

X] = ax/. + Zyjat, Y] = ay]. — ijat, T = o;.
By the Lie bracket definition one can easily check that
(X, Xx] = [Y;, Y4l = [X;, T] = [Y;, T] =0, j,k=1,2---N,

and
[X]r Yk] = _4T§]kr

which constitute Heisenberg canonical commutation relation of quantum mechanics for position and
momentum. These vector fields are known to satisfy the Hormander rank condition. A family of dilation
on H is defined by &, (x,y,t) = (vx,vy,7?t),7 > 0. Consequently, the horizontal Laplacian or sub-Laplacian
on H (Kohn Laplacian) and p-sub-Laplacian are defined by

n
AH = Z (X]2 + YJZ) = diVHVH,
j=1

and
Ay = dive(|ValP V), p > 1.

We further remark that the results of this paper can be extended to other degenerate sub-elliptic operators
such as Heisenberg-Greiner operator on RV = R?"*1 and Baouendi-Grushin operator on RN = R" x R™.
Note that Heisenberg-Greiner vector fields are defined by

Xj = 9y, + 27y, 127729y, Y = 9y, — 2Axj[z[A %0y, j=1,2,- 0,

where A > 1is a fixed parameter and z = (x,y) € R?", with its associated sub-Laplacian given by
. 2 2
j=1

While the Baouendi-Grushin vector fields are defined by
Xi=0y,i=12-,n Y;=Ix["9, j=12,--m a>0,
with its associated gradient operator defined by
V= (X, Xn, Y1, Yo) = (Va, [2*Vy),

where x = (x1,--- ,x,) € R"and y = (y1,- - - ym) € R™. (See some applications involving variable exponent
forms of these operators in [31,51]).
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3.3. Variable Lebesgue spaces

In order to discuss generalised solutions, we need some concepts from the theory of variable Lebesgue
and Sobolev spaces. Detailed description of these spaces can be found in [56-58].

Let QO C G be an open domain and £(Q)) denotes the set of all equivalence classes of Haar measurable
real-valued functions defined on Q) being equal almost everywhere. For any positive variable exponent p(x) :
Q — [1,0) such that

1<p™ <plx)<p" <o,

where p~ := ess inf p(x) and p* := esssup p(x) and any u € £(Q), the identity
x€Q) xeQ)

|u(x)[P) = exp [p(x) log |u(x)]],

shows that [u(x)|P(¥) is measurable. Since it is also nonnegative, the integral [, [u(x)[P¥)dx is well defined.
Consider the functional (called the g-modular) g,,(.) : £(Q2) — [0, %] given by

& ()= [ WPt s,

Here we assume that ), has zero measure and we stick to

)= [ u() P Wax

It can be easily seen that the g-modular ¢,.)(u) possesses the following useful properties (see [56] for
details)

(@) 0y (1) > 0 for all function u with equality if and only if u = 0 a.e.
(b) 0p() (1) = 0p(.)(u) for all u.
(© 0py(u) <o ( ) when |u| < |v] a.e.

(d) 0y (u) is convex

(e) If \u\ > |ola.ein Qand if g, () (1) < oo, then g,y (1) > 0,(.)(v) which is strict if [u| # |o].

(£) If 0 < gp(.y(u) < oo, then the function t — g,(.)(u/t) is continuous and decreasing on the interval
[1,00).

(8) For {uy} € £(Q), 0y (iminfy o0 [ur]) < liminfy o0 0, (Jux]) (Fatou’s Lemma).

Definition 1. The generalised (variable exponent) Lebesgue space LP()(Q)) is the vector space of measurable
functions for which the g-modular is finite, that is

LrO(Q) = {ueé’ / lu(x) P dx<oo}
The space L(")(Q)) is a Banach space when equipped with the (Luxemburg) norm

lllpy = 1l ooy = inf { > 0 gy (%) <1}.

Obviously, the case where p(x) = p (constant) makes the space LP()(Q) the classical Lebesgue space

LP(Q), and the Luxemburg norm ||u
satisfies

() a standard one [|ull,.) = (/q |u|7’dx) . Furthermore, ¢-modular

u :
0p() ( ) <1 forall u with 0 < [lul[,.) < co.

=
=
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Indeed, choosing i N\, [[u[|[ (), one can apply Fatous lemma to obtain

u u
A ——— | <liminfo, ([ — ) <1
o0 <||”|p(-)> oo 2P0) (W)

u

Also if p™ < oo, then g, <|“||p()

> = 1forall u with 0 < [[u[],() < co. Consequently, if [[u|,.) < 1

then g,y (u) < [[ul[,).

Another basic result is a generalised Holder’s inequality which can be used to define an equivalent norm.
If ﬁ + ﬁ =lae. on Q, then forall u € LP®)(Q) and v € LP' ) (Q)) we have uv € L1(Q) and
dx < (1 ! !
/Q uxjolldx < {1+ -2 = % Jlullpe 1ol co-

3.4. Variable Sobolev spaces

Given a multi-index & = (a7, -+ ,ay) € NN with |a| = a3 + - + ay. Setting D* = D] - - - DY, where

Dy = X} is the derivative operator in the sense of distribution.

Definition 2. The variable exponent Sobolev space SK?(¥)(()) is the vector space of those functions u €
LPX)(Q) for which D*u is also LP() (Q) with |«| < k, and endowed with norm

Hqu,p(x) = Z HDaqu,p(x)' (14)
|| <k

That is,
Sk (Q) = {u e L™ (Q) : D% € LPM(Q), |a| < k}.

We denote by Skp() (Q) the closure of C(Q) in $¥7()(Q) with respect to the norm (14). It can be clearly
seen that $7() () and Sk () (Q)) are separable and reflexive Banach spaces if 1 < inf p(x) < sup p(x) < oo in
Q.

Precisely, the spaces S'7(*) () and $27(*) (Q)) are respectively endowed with the norms

||M||1,p(x) = ||u||p(x) + ||V(Gqu(x)/

which is equivalent to
_ p(x)
[[1]l1,p(x) = inf t>0:/0 dx <15,

lull2,px) = Nullpxy + 1 Veullpy + 1 Acullp(x).

p(x)
dx <15.

Let Q) be a smooth bounded domain with smooth boundary in G. For p € C?(Q) such that p(x) > 1, the
Navier eigenvalue problem is the following

u(x)
t t

p(x) N ‘ Veu(x)

and

which is similarly equivalent to

: [ |Acu(x)
|M||2,p(x)_1nf{t>0./0‘t

3.5. Navier eigenvalue problem
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Ag(|AgulPDO2Agu) = AMu[P®~2y inQ,
u>0 in Q, (15)
u=~Agu=0 on 9Q).

The solution of the above is discussed in distributional (weak) sense within the framework of the
generalised Sobolev space X over ():

X = X(Q) = $20(Q) x $¥P0)(Q).

Definition 3. Let A € Rand u € X, the pair (A, u) € R x X is a weak (distributional) solution of (15) provided
/Q |Agu|PY) 2 AguAgpdx = A /Q |u|P) " 2updx, (16)

forevery i € C°(Q)). In the case u is nontrivial, such pair (A, u) is called an eigenpair, where A is an eigenvalue
and u is an eigenvalue associated to A.

Similarly, by the sup-solution of (15) we refer to the pair (A, 1) € R x X satisfying
/ |AguPM)2AguAgpdx — )\/ |u|PX) 2 ypdx > 0, (17)
0 o)

for every ¢ € C5°(Q). If the inequality in (17) is reversed then the pair (A, u) is called sub-solution of (15).
Define the spectrum of (15) by the set

= {A € R: Ais an eigenvalue},

and by A, the infimum of the spectrum .}, i.e. A, = inf.%,. The principal eigenvalue A; can be characterised
by the mini-max procedure resulting into the Rayleigh-type quotient

Agu|P®d o
(@) = g { JolBetTAY o G ) gty
0<uex fQ uP(*) dx

Assume A; > 0, one can arrange the eigenvalues (the elements of the set .#}) in a nondecreasing
unbounded sequence
0< A <A<~ <Ay #£00 asn # .

The above sequence assumes that the first eigenvalue is positive, which is not obvious as seen in the trend
of research in this context [29,34,35]. However, sufficient conditions for A; > 0 have been discussed in [11,
29,33,34,36,37]. Precisely, Ayoujili and Amrouss [34] have proved the existence of infinitely many eigenvalue
sequences for (15). They also prove that if there exists an open subset V. C () and a point xg € V such that
p(xo) < p(x) for all x € 0V then A, = inf.”), = 0. Evidently, Q) — A;(Q)) has the domain monotonicity
property for the case p(x) = p (a constant) in the sense that ' C Q) implies A1(Q)') > A1(Q). Motivated by
the above we will apply Picone identity (Theorem 1) to prove Theorem 2.

4. Picone-tye identities and applications
This section contains the proof of Theorem 1 and its applications to the study of nonlinear eigenvalue

problems. First, we state Young’s inequality in the form that will be applied here and later.

Lemma 1. Let p(x) > 1 be a continuous function on Q) and its Holder conjugate be p'(x) = p(x)/(p(x) —1). For
two real numbers s > 0 and t > 0, there holds the inequality

, (18)
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with equality if and only if sP(¥) = ¢#'(x),

For simplicity sake and without any confusion we drop the subscript G from sub-gradient and
sub-Laplacian operators and we write V := Vg, A := Ag in the proof of Theorem 1. Also p := p(x) should be
understood as a variable exponent.

Poof of Theorem 1. We start by computing the term

up(x) uP(X)
A<vp<>1> vV (W>

Since p(x) varies, differentiating expressions like |w|?(x) produces additional terms. This follows from
an elementary but a standard rule of differentiation of variable index functions:

VwlP® = [w|"™ Infw|Vp(x) + p(x)u’ D *wVw. (19)

Direct computation using the differentiation (19) yields (Note that here V and A respectively denote Vg
and Ag) for u,v > 0

( uf )_Vup uPVvop-1

op=1) “op=1 0 p2(p-1)

~uPlnuVp+ puP~1Vu _ wlnovp 1 uPVo
N o1 e I R

P u puP~1vu uPVo

op-l n (5) VP o1 (p=1) 2

Thus
ub \ u? u puP~1Vu ufVo
A(2) =7 (L)) v (P e ().

The three terms on the RHS of the last equation are respectively evaluated as follows:

V- (i (1) 9p) =i i ()] 9 g (pin (4 )+1)va

—Z—Z((p—l)ln( )—l—l)

( ) Ap. 1)

uP=vu up=1 ub~ ub

) T () By
up—1 ub—1

“Au—p(p— 1)7ww (22)

+P

and

p P p
V. <(p—1)“ V”) :Z—vaVp+(p—1)—ln( )Vva—i—( ~1) 540

oP

ub— 1

+p(P*1)7VWv*P(P* " VP (23)

) p+l

Substituting (21), (22) and (23) into (20) and simplify further we obtain the following expression

A (;pl) :L: ’1n (%) ‘2 IVp|? +2:}‘Z_i (pln% + 1) VuVp

u u? u
—2— ((p—l)ln;—o—l) VoVp + Fln;Ap
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1 e V 2 ur lA 2 1 ’ 1V V
—l—p—l—upA + —1—][] Vo|? 24

We notice that the 5th, 7th and 9th terms on RHS of (24) can be simplified when combined to get

upfz 5 upfl ub 5 upfz u 2
p(p— 1)M7_1|Vu| —2p(p - 1)7V”V +pp— 1)w|vv| =p(p— 1)0,,7_1 (Vu - ;VU) - (25

Combining (24) and (25) and substituting the resulting expression into the expression of Z(u,v) shows
that £ (u,v) = %Z(u,v).
Next is to prove that .Z(u,v) > 0. In order to show this we write the expression of .Z(u, v) as follows
L(u,v) = Au,v)+ L(u0)+ L(u,0) + %(u,0) + L(u,0),

where
14 uf 14 ub ! p—2
Zﬁ(u,v) = \Au| +(p—1)—p|Av| fpip 1\Av| |AU||AL£|,

p—1
L (u,v) = p%|Av|p*2(|Av||Au\ — AvAu),

ub—2

pP—1

(Vu - %VZJ)Z |Av|P~2A0,

u? u
Zi(u,v) va ((p 1)In 5 +1) VoVp |Av|P~“Av

ub=1 u

- z p—2
25 (p1n -+ 1) VuVp |80l 20,

up u u 2 9
Ls5(u,v) =— o ln; (lnglv;ﬂ +Ap> |Av|P~*Av.

First, rewriting . (1, v) we obtain
B |[AulP p—1u? up=1 1
LAu,0)=p (p + e v—p|Av|’” P |Av|P~ | Au.

Then applying the Young's inequality in the form (18) by choosing a = |Au|and b = (%|Av|)” ! we can
clearly see that .%; (1, v) > 0 with equality if and only if a?~! = b which implies

Au = %Av. (26)

Obviously, % (u,v) > 0 by the virtue of the following inequality AuAv — |Au||Av| < 0 with equality if
and only if

AulNv = |Aul||Aul. (27)
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Sincep >1,u > 0and v > 0 and —Av > 0 a.e. in () we have that %3 (1, v) > 0 with equality attained if
and only if

Vi — %w —0. (28)

Lastly, considering the assumption that VgV p = 0 for any differentiable function g a.e. in () we conclude
that VuVp = 0 and VoVp = 0, and then .%; (1, v) = 0. Moreso, the assumption that In £|Vp|? + Ap = 0leads
us to concluding that %5 (u, v) = 0.

Putting all of the above arguments together we therefore conclude that (1, v) > 0 a.e. in Q) with equality
if and only if (26), (27) and (28) hold. Now solving (28) we get

u
v (5) —0. (29)
If (29) holds then there exists some non-zero constant &« € R, say a > 0, such that
U = av. (30)

By (30) Egs. (26) and (27) hold. We can therefore conclude that .2 (u,v) = 0 a.e. in Q if and only if u = av
for some constant 0 < & € R, VuVp =0, VoVp = 0 and In £|Vp|> + Ap = 0.

Indeed, if £ (u,v)(xg) = 0 for xyp € (), then there are two cases to consider. The case u(xg) 7# 0 and the
case u(xg) = 0. If u(xg) # 0, then £ (u,v) = 0 for all xg € ), meaning that % (u,v) =0,k =1,2,---,5as
defined above, and we conclude that (26), (27) and (28) hold which eventually implies © = av a.e. for some
constant a > 0 for all xy € Q. On the other hand, if u(xg) = 0, we define a set Qg = {x € Q : u(x) = 0}, and
suppose (g # Q. In this case u(xg) = av(xp) implies & = 0 since u(xp) and v(xg) > 0. The case u(x) # 0
gives u(x) = av(x) for all x € Q\ O, then it is impossible to have « = 0. This contradiction implies that
Qy=0. O

Remark 3. If we allow p(x) = p (a constant) in Z(u,v) and .Z(u, v) in Theorem 1, we then recover Dwivedi
[23, Lemma 2.2 ] in the Euclidean setting.

4.1. Some applications of Theorem 1

Here we present series of applications of Picone identity of Theorem 1 to the study of nonlinear eigenvalue
problem (10). Let QO C G be a smooth bounded domain with smooth boundary. For p € C?(Q) such that
p(x) > 1, we denote by A1(Q) the first eigenvalue of the p(x)-biharmonic operator on Q in (10).

First we prove variable exponent Hardy-Rellich type inequality.

Proposition 2. (Variable exponent Hardy-Rellich type inequality) Let there exists some A and a strictly positive
sup-solution v € X of (10) such that VguVgp = 0. Then for any 0 < u € X satisfying VquVgp = 0 and
In(u/v)|Vgp|? + Agp = 0, it holds that

/ |Agu|P®dx > A/ luP®)dx,
o) Q
and

M(Q) > A

Proof. Since 0 < v € X is a sup-solution of (10), reverting to definition of weak sup-solution (17), and setting

uP (x)

Y= 1 where v, := v + € for some € > 0, (Note that since p € Ci°(Q2), ¢ = ?x(;i)l € Xis compatible as a
D,

u
P~ of
test function), we have

p(x) p(x)
" dx < |AGv|p(x)*2AGvAG M) dx
vg(x)—l Q

A / p(x)—2
Q o ¢ vZ“‘)‘l
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:/Q [|AGu|”(x) —%(u,ve)] dx
:/ |AGu\p(x)dx—/ Z(u,ve)dx
0 0

Taking the limit as € — 0, applying Fatou’s lemma and Lebesgue dominated convergence theorem
respectively on the left hand side and right hand side of the last inequality yields

P(x) gy < p(*) gy —
)\/Qu dx_/Q|AGu| dx /()Z(u,v)dx

This therefore implies
0 g/ |A(Gu|p(x)dx—)x/ uP™)dy,
Q Q

since .Z(u,v) > 0 almost everywhere in Q).
Next let u; € X be the eigenfunction corresponding to the principal eigenvalue A;(Q) we have

/Q |Agur |[PY"2Agu Agydx = A1(Q) /Q |y [PO) 20 pdx, (31)

for any ¢ € C3°(Q)). For € > 0 and Picone identity with u; and v where v € X is a sup-solution, using

P = uf( ) € Xin (17) we have
-

€

OS/ X(ul,ve)dx:/ R (u1,ve)dx

|A p(x) 40 “f( ) -2
= g1 )dx AG e |AGzJ| Agudx

up X
:/ |AGu1|p(x)dx — /(; pl(j)g <|AGU|p(X)_2AGv) dx
O¢

</ |Agup |P¥)dx — A/ px) 1 0|2 dx.

Setting i = u; € Xin (31), since u; € X is the associated eigenfunction to A1 (Q)) we arrive at

0< A (Q / g [P dx — A/ “1 ol )2
Applying Fatou’s lemma and Lebesgue dominated convergence theorem after sending € — 0 we obtain

0< [M(Q) - A] /Q '@y,
which implies A1(Q) > A. O
Secondly, we prove domain (eigenvalue) monotonicity.
Proposition 3. (Domain monotonicity) Suppose Q1 C Qp C Qand Oy # Q. If both A1 () and A1 (Qy) exist, then
A (1) > A1(Qy),

provided Vgui1Vgp(x) = 0, VguaVgp(x) = 0 and In(uy/up)|Vgpl? + Agp = 0, where uy and uy are the
eigenfunctions associated with Ay (Qq) and A1 (QYy), respectively.
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Proof. Let u; and u; be positive eigenfunction associated with A1(Q;) and A1 (€)y), respectively. Clearly, we
have by Picone identity and integration by parts formula (13) that

0 S/ f(ul,uz)dx:/ R (uq,uy)dx
O Q

1

. uP(x)
= [ |agu[PWdx — | Ag | =15 | [Agun P P Agupdx
o) o) ug(x)*l

p
= p(x) — ul (x) p(x)—z
/nl [Agun | dx /Ql NN g (|8galr 2 agin) dx

:/ |AGu1\p(x)dx—)\1(Qz)/ uf(x)dx
Ql Ql

=[M(D1) = M(Q2)] /Q uf(x)dx.

1
This implies
AM(Q1) — A () > 0.

Noting that if A1(Q;) = A1()), then £ (uq,uy) = 0 almost everywhere in () and thus u; = auy for
some constant & > 0. This is impossible since ()1 # Q. O

Next we prove a variable exponent Barta type inequality. For various Barta type inequalities see [3] for
p-Laplacian (p constant) and [44] for p(x)-Laplacian. This type of inequality was first derived by Barta in [59]
and generalised by Protter and Weinbeger [60]. This result is new for p(x)-biharmonic operator even for p
constant.

Proposition 4. (Barta type inequality) Suppose u € X be a positive solution to (10). Then for any differentiable
function v > 0in Q with —Agv > 0, Ag (|AGU|P(X)‘2AGv) € C(Q), VguVgp(x) =0, VgoVgp(x) = 0 and
In(u/v)|Vgp|? + Agp = 0 for p(x) > 1, we have

Ag (|AGv|p(")_2AGv>
A1 > inf
xeQ) UP(X)—l

Equality holds if and only if v is a constant multiple of eigenfunction corresponding to Aj.

Proof. Note that the assumption on # and v make them admissible for Picone identity. Thus by Picone identity
and integration by parts formula (13)

0< [ Z(wo)dx= [ #(u0)d
</ (u,v)dx N (u,v)dx

b ) _
:/Q|A@u|’g(")dx—/QA@ (Z)p(x)1> |AgoP™) 2 Agvdx

(x)
_ gy [ M px)-2
/O|AGu| dx /va(x)flAG (|AGv| AGU) dx.

Hence

Ag |AGv|p(x)*2AGv
/ |AGu|p(x)dx2/ up () ( >dx
0 o) pp(¥)-1

Ag |AGv|p(x)*2AGv
> inf [ ( ) /Qu”(x)dx.

xeQ) vP(x)—l
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We therefore conclude that

Jo |Agu|P®dx - A (|AGU|”(")*2AG0)
fQ up(x)dx — xeQ Z)P(x)*l /

which proves the desired result. [

Now, we discuss the sign changing nature of eigenfunctions.

Proposition 5. Any eigenfunction v corresponding to an eigenvalue A # Aq changes sign provided VgoVgp(x) =0,
Vgu1Vgp(x) = 0and In(uy /0)|Vgp|? + Agp = 0 for p(x) > 1, where uy is the eigenfunction associated with
A(QY).

Proof. Suppose thatv > 0 does not change sign (the case v < 0 can be proved similarly) with VgoVgp(x) = 0.
Let 17 > 0 be the eigenfunction associated with A1(Q) satisfying Vgui Vgp(x) = 0. For any € > 0 we have

og/ i”(ul,ve)dx:/ R (u1,ve)dx
Ja o)

: 4P
:/Q|A¢;,u1|p(x>dx—/QAG (p(lx)—l |Ago|P™) 2 Agudx
of

uP®)
Q) [ ufPdx -2 1
Q Q vg(x

= |o|P¥)~2pdx.
Sending € — 0, applying Fatou’s Lemma as usual we have

0< [M(Q) — Al /Q ! dx,

)

which is a contradiction since [ uf ™gx > 0. Thus o must change sign. [

5. Diaz-Saa-type inequality and applications

In this section we present a generalised Diaz-Saa type inequality for the p(x)-biharmonic operator on
homogeneous Carnot groups. As an application, the uniqueness of solution of the positive solution to Navier
boundary value problem is proved.

Lemma 2. Let Q) be a bounded domain in G. Let 0 < u € Xand v € X be such thatv > 6 > 0, —Agv > 0,
VguVgp =0, VgoVgp = 0and In(u/v)|Vgp|? + Agp = 0 a.e. in Q.Then for all p > 1 we have

up(X) 2 -
/Q WAG,pvdx < /Q |Agu|PMdx. 32)

Proof. Be density argument we can choose vy € X, k = 1,2, -+, such that vy > 6/2in (), vy — v in X and
Agvr — Agv a.e. and VgugVgp = 0. Considering also 0 < u € X and choosing u,, such that 1, > 0 for each
n,and u, — u and Vgu,Vgp = 0in X. By the application of Picone identity (Theorem 1) we have

/ L(uy, v )dx >0,
Q
for each n and each k. This thus implies

p(x)

P ) . .
M < ) .
/Q vlrz(X)flAG/kadx > /Q |Agun |PHdx
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Therefore, by Fatou’s Lemma and Lebesgue dominated convergence theorem, we have

uP(X) 5
el < P gy,
/va(x)ilAG’pvdx7/O|AGu| dx
This completes the proof. [

By applying the above Lemma we establish the following generalised Picone-type inequality.

Theorem 4. Let O C G be a bounded open domain and let g(x,s) < A(sP¥)=1 4-1) for constant A > 0 and all s > 0.
If the functions u,v € X with v > 0 (# 0) a.e. in Q) satisfying the assumption of Lemma 2 are such that

A%G,p(x)v = g(x,0).
Then

p(x)
/ %Aé pudx < / |Agu|P™)dx
Qopx)=1 = Q
forall p(x) > 1

Proof. The proof follows easily from Lemma 2. O

As a consequence of the above generalised Picone inequality we obtain the generalised Diaz-Saa-type
inequality on stratified Lie groups (Proposition 1).

Proof of Proposition 1. Let u; > 0 (u; # 0) for i = 1,2 satisfy the hypothesis of the theorem. Then by
Picone-type identitty

/ L(u1,u2)dx Z 0,
Q

and we have

f(x) ,
/Q W%ﬂx)”zdx < /Q |Agus P
2

Applying integration by parts formula (see (13)) on the right hand side of the last inequality we have

u1 A2 U
o< [ GW Erl) 2 ) 2 gy, (33)
0T T

Applying the Picone-type identity again by interchanging the position of #; and u, we obtain

/ L(up,uq)dx >0,
o)
implying

AT (x)
X
/Q p() A ()uldxg/Q\AGuZV’ dx

and then

2 2
o< | Bp™2  Bep™ Y o, 34)
e} ug(X)—l uf(")_l 2 '
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Adding (33) and (34) we have

which is the desired inequality. O

5.1. Applications of Diaz-Saa type inequality

The application of Diaz-Saa-type inequality that will be presented in the next is on the uniqueness of
solution to the following Navier boundary value problem on a stratified Lie group.

Let Q C G be a smooth bounded domain with smooth boundary. For p € C2(Q) such that p(x) > 1, we
consider

2
AG,p(x)u =g(x,u), xeQCG,
u>0, xeOCG,
u=~Agu=0, x¢€9, (35)

with the following hypothesis on the positive function g : ) x [0,00) — R™:
H1: The function s — g(x,s) is continuous on [0,00) for a.e. x € Q and for all s > 0. The function
x — g(x,s) is bounded and measurable.

g(x,s)

sP(x)—l !
H3: There exists A > 0 such that g(x,s) < A(s?®)~1 +1) fora.e. x € Q and for all s > 0.

H2: The function s —

p(x) € (1,00) is strictly decreasing in (0, 00).

Definition 4. A nonnegative function u € X N L*(Q) is said to be a nonnegative weak solution of (35) if

| 186ulr 2 agusce = [ g(x,u)gdx, (36)
Q Ja
holds for every ¢ € X. If u > 0 throughout () we say u is a positive weak solution.

Theorem 5 (Uniqueness of a solution). There exists at most one positive solution u to (35) in XN L®(Q)) for 1 <
p(x) < Q, where p € C>(Q), VeuVgp = 0and Inu|Vgp|*> + Agp = 0ae. in Q.

Proof. Suppose 11 and uy are two different positive solution of (35), Vgu;Vgp = 0, and Inu; IVp|>+Agp =0,
I =1,2,a.e. in Q). First, we observe that Diaz-Saa-type inequality (11) (Proposition 1) implies

A2 uy A% u
G,p(x)"1 G,p(x)"2 p p
0< /O ( p()-1 p(x)-1 ) (uy — uy)dx.
Ml u2

g(x,s)
Sp(x)—l

On the other hand, with the assumption that g(x,s) > 0 and that s — is strictly decreasing on

(0, 00) (since g(x,s) satisfies Assumptions H1 - H3), it follows that

g('xr Ml) _ g(x, Ll2> p(x)  p(x)
/Q <uf(x)_l ué’(")—l (1 uy " )dx < 0.

Clearly we see that

2 2
0< /Q (AG'p(x)ul - AG'p(x)LQ) (uf(x) — ug(x))dx

- (g(x,m) _s(x, uz)) (@ — )iy <,
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which is a contradiction to the assumption that u; # up. O

The following weak comparison principle for sub-sup solutions is a direct consequence of the above proof
(we leave detail for the readers).

Proposition 6. Suppose u,v € XN L®(Q) are positive function satisfying VouVgp = 0, VgoVgp = 0 and
In(u/v)|Vp|* +Agp =0ae. in Q)

2
AG,p(x)u > gq(x,u), xe
2
AG/p(x)v < g(x,v), xeQ
u>00>0, xeQ

u=v=Agu=Aguv=0, x €,

g(x,s)
sP(x)—l g

where g(x,s) > 0 is a bounded and measurable function such that
(0,00) fora.e. x € Q. Then v < u a.e. in Q.

1 < p(x) < Q, is strictly increasing in
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