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ABSTRACT 

 
In this paper, we define weighted variable exponent Sobolev space with zero boundary values and investigate 

some properties of this space with weighted variable Sobolev capacity. We obtain Poincaré inequality with 

respect to zero boundary values. We will introduce a capacity in sense to this defined space and, also, give 

several estimates. 
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1. INTRODUCTION 

 

The history of potential theory begins in 17th century. Its development can be traced to such 

greats as Newton, Euler, Laplace, Lagrange, Fourier, Green, Gauss, Poisson, Dirichlet, Riemann, 

Weierstrass, Poincaré. We refer to the book by Kellogg [22] for references to some of the old 

works. 

The study of variable exponent function spaces in higher dimensions was revealed in 1991 an 

article by Kovacik and Rakosnik [29]. They present some basic properties of the variable 

exponent Lebesgue space 
   p . nL  and the Sobolev space 

   k,p . nW  such as reflexivity and 

Hölder inequalities were obtained. 

The boundedness of the maximal operator was an open problem in 
   p . nL  for a long time. 

Diening [7] proved the first time this state over bounded domains if p(.) satisfies locally log-

Hölder continuous condition, that is, 
 

   
C

p x p y
ln x y

 
 

, x,y , 
1

x y
2

   

 

where Ω is a bounded domain. We denote by  log nP  the class of variable exponents which 

satisfy the log-Hölder continuous condition. Diening later extended the result to unbounded 

domains by supposing, in addition, that the exponent p(.)=p is a constant function outside a large 
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ball. After this study, many absorbing and crucial papers appeared in non-weighted and weighted 

variable exponent spaces, see [9], [13], [29] and [39]. Sobolev capacity for constant exponent 

spaces has found a great number of uses, see [12] and [34]. Moreover, the weighted Sobolev 

capacity was revealed by Kilpeläinen [23]. He investigated the role of capacity in the pointwise 

definition of functions in Sobolev spaces involving weights of Muckenhoupt's pA -class. 

Harjulehto et al. [18] introduced variable Sobolev capacity in the spaces 
   1,p . nW . Also, 

Aydın [3] generalized some results of the variable Sobolev capacity to the weighted variable 

exponent case. 

The variational capacity has been used extensively in nonlinear potential theory on n . Let 
n   is open and K   is compact. Then the relative variational p-capacity is defined by 

 

   
p

p
f

cap K, inf f x dx,


    

 

where the infimum is taken over smooth and zero boundary valued functions f in Ω such that 

f 1  in K. The set of admissible functions f can be replaced by the continuous first order Sobolev 

functions with f 1  in K. The p-capacity is a Choquet capacity relative to Ω. For more details 

and historical background, see [20]. Also, Harjulehto et al. [16] defined an another relative 

capacity. They studied properties of the capacity and compare it with the variable exponent 

Sobolev capacity. 

The classical Dirichlet boundary value problem come out a partial differential equation: If 
n   and h :  is a continuous function, then main problem is to find a continuous 

function f :  such that the Laplace equation f 0   is satisfied on Ω and f h  on ∂Ω. 

Here, the function h gives the boundary values of f. One approach to solving the classical 

Dirichlet boundary value problem is to determine a minimizer for the energy operator within a 

certain function space. The energy operator, however, is dependent on the boundary value 

function. It is known that the Dirichlet energy integral does not always have a minimizer. It can 

be seen in [[17], Example 3.4]. 

Shanmugalingam studied the Dirichlet energy integral over metric spaces in [40]. She 

established the Dirichlet boundary value problem and investigated some properties of solutions 

(e.g. uniqueness, maximum principle property) to such problems. 

In [1] and [6], the authors have explored some properties of the p(.)- Dirichlet energy integral 

 
 p x

f x dx


  over a bounded domain 
n  . They have discussed the existence and 

regularity of energy integral minimizers. As an alternative method the minimizers in one 

dimensional case have been studied by the authors in [17]. Moreover, Harjulehto et. al. [19] 

considered the Dirichlet energy integral, with boundary values given in the Sobolev sense, has a 

minimizer provided the variable exponent satisfies a certain jump condition. 

Our purpose is to investigate some results of the variable Sobolev capacity in weighted case 

in sense to [3]. Using this capacity, we define weighted variable exponent Sobolev spaces with 

zero boundary values. We will consider   p . , - Poincaré inequality with respect to the space 

   1,p .

0,W   . Also, we will investigate the  p . - Dirichlet energy integral and generalize some 

results of Harjulehto et. al. [19] to the weighted variable exponent case. Moreover, we introduce a 

capacity in sense to 
   1,p .

0,W    and give several estimates. 
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2. NOTATION AND PRELIMINARIES 

 

In this paper, we work on n  with Lebesgue measure dx. We denote by  nC  the space 

of all infinitely differentiable functions. Also, the elements of the space  n

0C  are the infinitely 

differentiable functions with compact support. The space  1 n

locL  is to be space of all 

measurable functions f on n  such that  1 n

Kf L   for any compact subset nK  . We 

denote the family of all measurable functions    np . : 1,   (called the variable exponent on 

n ) by the symbol  nP  
 

 
nx

p essin f p x



 ,                  
nx

p esssup p x



  

 

For each 
nA   we set 

 

 A
x A

p essin f p x


 ,                  A

x A

p esssup p x .



  

 

The exponent p(.) is log-Hölder continuous in an open set Ω if and only if there is a constant 

C 0  such that 
 

B Bp p
B C

 
 

                                                                                                                             (2.1) 
 

for every ball B   , see [7]. 

A measurable and locally integrable function  n: 0,    is called a weight function. The 

weighted modular is defined by 
 

   
n

p(x)

p . ,
(f ) f (x) x dx.


    

 

The weighted variable exponent Lebesgue spaces 
   p . nL  consist of all real-valued 

measurable functions f on ℝⁿ endowed with the Luxemburg norm 
 

 

 
 

n

p(x)

p . ,

f x
f inf 0 : x dx 1 .



  
     

  
  

 

When (x)=1, the space 
   p . nL  is the variable exponent Lebesgue space. The space 

   p . nL  is a Banach space with respect to 
 p . ,

.


. Also, some basic properties of this space were 

investigated in [2], [3], [28]. Moreover, it is known that the space  n

0C  is dense in 
   p . nL , 

see [3], [7], [28], [30]. 

Let 
n   is bounded and  is a weight function. It is known that a function  n

0f C  

satisfy Poincaré inequality in  1L   if and only if there is a constant c 0  such that the 

inequality 
 

         f x x dx c diam f x x dx
 

       

 

holds [20]. 
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In recent decades, variable exponent Lebesgue spaces 
 p .

L  and the corresponding the 

variable exponent Sobolev spaces 
 k,p .

W  have attracted more and more attention. Let 

 1 p p . p       and k . The variable exponent Sobolev spaces 
   k,p . nW  consist of 

all measurable functions 
   p . nf L  such that the distributional derivatives D f  are in 

   p . nL  for all 0≤|α|≤k where n

0  is a multiindex, 1 2 n...        , and 

1 2 n

1 2 nx x x

D .
...





  



  

 The spaces 
   k,p . nW  are a special class of so-called generalized Orlicz-

Sobolev spaces with the norm 

 

   k,p . p .
0 k

f D f .

  

   

 

Now, let  1 p p . p      , k  and 
   
1

p . 1 1 n

locL



  . We set the weighted variable 

exponent Sobolev spaces 
   k,p . nW  by 

 

            k,p . p . p .n n nW f L : D f L ,0 k

         

 

equipped with the norm 
 

   k,p . , p . ,
0 k

f D f .

 
  

   

 

Since the embedding 
     p . n 1 n

locL L  holds, then the weighted variable exponent 

Sobolev spaces 
   k,p . nW  is well-defined. Also, it is already known that 

   k,p . nW  is a 

reflexive Banach space, see [3]. 

In particular, the space 
   1,p . nW  is defined by 

 

            1,p . p . p .n n nW f L : f L .       

 

The function  
     1,p . n

1,p . ,
: W 0,

    is shown as            1,p . , p . , 1,p . ,
f f f

  
     . 

Also, the norm 
     1,p . , p . , p . ,

f f f
  
    makes the space 

   1,p . nW  a Banach space. The 

local weighted variable exponent Sobolev space 
   1,p . n

,locW  is defined in the classical way. More 

information on the classic theory of variable exponent spaces can be found in [29]. 

If the exponent p(.) satisfies locally log-Hölder continuous condition, then a lot of regularities 

for variable exponent spaces holds. Because, the space  n

0C  is dense in 
   1,p . nW  under 

the circumstances, see [3]. Therefore, it makes sense to define the space of zero boundary value 

Sobolev functions as the closure of  n

0C  in 
   1,p . nW . But we will give an alternative 

definition to zero boundary value Sobolev functions space. 
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For nx  and r 0  we denote an open ball with center x and radius r by B(x,r). For 

 1 n

locf L , the Hardy- Littlewood maximal operator Mf of f given by 

 
 

 
 r 0

B x,r

1
Mf x sup f y dy

B x,r

   where the supremum is taken over all balls B(x,r). 

Let  1 p .   . A weight  satisfies Muckenhoupt's  n

p pA A  condition, briefly 

pA , if there are positive constants 1C  and 2C  such that, for all ball nB , 
 

   

p 1
1

p 1
1

B B

1 1
x dx x dx C ,    1<p<

B B






  
       

  
  or 

 
 

2
B

B

1 1
x dx esssup C ,     p=1.

B x

  
        
  

 

The infimum over the constants 1C  and 2C  are called the pA  and 1A , respectively. Also it 

is known that p

1 p

A A

 

 . Let  1 p .   . Then it is known that pA  if and only if the 

Hardy-Littlewood maximal operator is bounded on 
   p . nL , see [37]. 

In [8], the class 
 p .

A  was defined to consist of weights  such that 
 

   
 

   

B p ' .

1 p .
p .

p 1

A L B L B
B

sup B
 



     
B

 

 

where B  denotes the family of all balls in 
n

, 
 

1

B

B

1 1
p dx

B p x



 
   
 

  and  p' .  is the 

conjugate exponent of p(.). 

Let      log np . ,q . P ,  1 p p . p       and  1 q q . q      . If the inequality 

   q . p .  is satisfied, then there exists a constant C 0  depending on the characteristics of p(.) 

and q(.) such that 
   p . q .A A

C   . Also, under these conditions, 
       p . p .n nM : L L   if and 

only if 
 p .

A , see [8]. We denote 
 

       
    n log n

p . , p . ,
p . P :1 p p . p , Mf C f , 

 
       P  

 

that is,  nP  is the set of the maximal operator M is bounded on 
   p . nL . 

Given a subspace  *Y,  of a topological space  X, , the closed subsets of the topological 

space  *Y,  are called relatively closed in Y of briefly relatively closed. In other words the 

relatively closed subsets are the restriction to Y of the closed subsets of X. For more details about 

the relatively closed subsets can find in [[35], Section 6]. 

We say that a property holds   p . , -quasieverywhere if it satisfies except in a set of 

capacity zero. Recall also a  function f is   p . , -quasicontinuous in 
n

 if for each 0   there 
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exists a set A with    p . ,
C A


   such that f restricted to n A  is continuous. If the capacity is 

an outer capacity, we can suppose that A is open. More detail can be found in [3]. 

Throughout this paper, we assume that    log np . P  with  1 p p . p       and 

   
1

p . 1 1 n

locL



  . We write that a b  for two quantities if there exists positive constants 1 2c ,c  

such that 1 2c a b c a  . Also, A⋐B means that A is a compact subset of B. We will denote 

   x dx.



     

Also, we use the abbreviations; a.e.,   p . , - q.e.,   p . , - q.c. for almost everywhere, 

  p . , -quasieverywhere,   p . , - quasicontinuous, respectively. 

 

3. THE SPACE 
   1,p .

0,W    

 

A capacity for subsets of n  was introduced in [3]. To define this capacity we denote 
 

        1,p . n

p . ,
S A f W : f 1 in an open set containing A .

    

 

The Sobolev   p . , - capacity of A is defined by    
       

p . ,
p . , 1,p . ,

f S E
C E inf f .


 


   

Thanks to meaning of the infimum, in case 
   p . ,

S A


 , we set 
   p . ,

C A


 . It is 

evident that the same number 
   p . ,

C A


 is obtained if the infimum in the definition is taken over 

   p . ,
f S A


  with 0 f 1  . The Sobolev   p . , - capacity has some basic properties such as 

outer measure, monotonicity, subadditivity, Choquet property etc. More details can be found in 

[3]. 

The proof of the following theorem can be easily shown with the same technique in [24]. 

Note that the second assertion of the theorem is a direct result of the first one, see [[25], Remark 

3.3]. 
 

Theorem 1. Let f and g be   p . , -q.c. in 
n

. Assume that nU  is open. Then 
 

(i) If f g  a.e. in U, then f g    p . , -q.e. in U. 

(ii) If f g  a.e. in U, then f g    p . , -q.e. in U. 
 

It is known that the space 
     1,p . n nW C

   is not dense in general. But Zhikov and 

Surnachev proved this denseness under some conditions in [41]. Note that, the denseness of 
     1,p . n nW C

   follows that the space 
     1,p . n nW C   is dense in 

   1,p . nW . 

From now, we will assume that the variable exponent p(.) is said to satisfy the density condition if 

the space 
     1,p . n nW C

   is dense in 
   1,p . nW . 

Let 
n   be an open set. The space 

   1,p .

0,W    is denoted as the set of all measurable 

functions f if there exists a   p . , - q.c. function 
   1,p .* nf W  such that 

*f f  a.e. in Ω and 
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*f 0    p . , -q.e. in n  . In other words, 
   1,p .

0,f W   , if there exist a   p . , - q.c. 

function 
   1,p .* nf W  such that the trace of f  vanishes. Moreover the weighted variable 

exponent Sobolev spaces with zero boundary values equipped with the norm 
 

       
1,p . 1,p . n
0,

*

W W
f f .

 

  

 

A   p . , - q.c. function 
   1,p .* nf W  is called a canonical representative of the function 

   1,p .

0,f W    if *f f  a.e. in Ω and *f 0    p . , -q.e. in n  . From the definition of the 

space 
   1,p .

0,W   , it is clear that 
       1,p . 1,p .n n

0,W W  . It can be shown that the space 

   1,p .

0,W    is a reflexive Banach space. 

We denote 
   1,p .

0,H    as the closure of  0C   in the space 
   1,p .

W  . More precisely, 

   1,p .

0,f H    if and only if there exists a sequence  k k
f


 of  0C   such that 

   
1,p .k W

f f 0
 

  . Because of the fact that the space 
   1,p .

W   is a Banach space and the 

inclusion 
       1,p . 1,p .

0,H W     holds, it is easy to see that the space 
   1,p .

0,H    is a Banach 

space, as well. 
 

Corollary 1. Let  x 1   for 
nx . If  1 p p . p      , then the inclusions 

           1,p . 1,p . 1,p .

0, 0,H W W        hold. 
 

If we consider the definition of the space 
   1,p .

W   instead of 
   1,p .

W   in the proof of 

[[19], Theorem 3.3] and [[19], Theorem 3.4], then we obtain Theorem 2 and Theorem 3. 
 

Theorem 2. Let  x 1  for 
nx . If the space 

     1,p .
W C

     is dense in 
   1,p .

W  , 

then 
       1,p . 1,p .

0, 0,H W    . 
 

Theorem 3. Let 1 q ,p    and    q x p x  for almost every 
nx . Suppose that 

n   is a bounded open set. Then 
       1,p . 1,q .

0, 0,W W   . 
 

The proofs of the following two theorems can be easily seen by considering the definition of 

the spaces 
   1,p .

0,W   and 
   1,p .

W   in [[10], Theorem 11.3.1] and [[10], Theorem 11.3.2], 

respectively. 
 

Theorem 4. Let  x 1   for 
nx . Assume that A   is a relatively closed subset. Then 

       1,p . 1,p .

0, 0,W W A     if and only if 
   p . ,

C A 0


 . 
 

Theorem 5. Assume that A   is a relatively closed subset. If 
   p . ,

C A 0


 , then 

       1,p . 1,p .
W W A    . 

 

Theorem 6. Let    np . P . Then 
       1,p . 1,p .

0,W W     if and only if    n

p . ,
C 0


  . 
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Proof. Assume that 
       1,p . 1,p .

0,W W    . We define a function f as    f x max 0,2r x  } 

for 0 r   . Then 
   1,p .

f W  . Indeed, suppose that  max 0,2r x 2r x   . In other 

case, the statement is clear. Since  1 n

locL , we have 
 

   
   

 
   

 
        p .

p x p x p p

L
f 2r x x dx 4r x dx max 4r , 4r x dx .

 

 
  

             

 

It is easy to see that    
 p .

L
f

 
    . This follows that 

       1,p . 1,p .

0,f W W     . Since the 

space  0C   is dense in 
   1,p .

W  , see [3], we can we can take the sequence  kf  such that 

kf f  in 
   1,p .

W   and have compact supports in Ω. Hence kf f  are test functions for the 

capacity of    n B 0,r   for k . Since p   , we find that 
   k1,p . ,

f f 0


   . If we 

take the infimum over       n

k p . ,
f f S B 0,r


    , then we get 

      n

p . ,
C B 0,r 0


   . Moreover, 

        n n n

r 1 r 1

B 0,r B 0,r
 

 

       . Therefore we obtain 

 

           n n

p . , p . ,
r 1

0 C C B 0,r 0.


 


       

 

To prove sufficient condition, suppose that    n

p . ,
C 0


  . It is known that 

       1,p . 1,p .n n

0,W W  . Moreover, it is easy to see that 
n   is relatively closed. Therefore, 

if we consider the Theorem 5 and Theorem 4, then we get 
 

                         1,p . 1,p . 1,p . 1,p . 1,p . 1,p .n n n n n n

0, 0, 0,W W W W W W .               
 

Now, we consider the Poincaré inequality in the space 
   1,p .

0,W   . Let 
nA  . We define 

 

 A
x A

p essin f p x

 
 ,  A

x A

p esssup p x

 

  

 

for    np . P . If p

    and if there exists r 0  such that every x  either  
 

 B x,r
p n   or 

 

 

 

B x,r

B x,r

B x,r

np
p

n p









 

 

is valid, then the variable exponent p(.) is said to satisfies the jump condition in Ω with 

constant r. Moreover we put 
 

 

 

 
 

   

B x,r

B x,r*
B x,rB x,r

B x,r B x,r

np
,      p n

n pp

p ,            p n







 


   




 

 

It is clear that if Ω is bounded and if p(.) is continuous in  , then p(.) satisfies the jump 

condition in Ω with some r>0, see [19]. 
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Remark 1. Let n   be a bounded set. Then, the claim of Proposition 2.4 in [31] satisfies 

even if  p . 1 . This yields that the embedding 
     p . 1L L    holds. 

 

Theorem 7. Suppose that n   be a bounded set. Let the exponent p(.) holds the jump 

condition in Ω with constant r>0. Then, for all 
   1,p .

0,f W   , the inequality 
 

       
p . p .

L L
f C f

  
   

 

is satisfied where the constant C depends on the exponent p(.),  , diam(Ω), r and the 

dimension n. 
 

Proof. Since Ω is a bounded set,   is compact. Then we can find 1 2 tx ,x ,...,x  such that 

 
t

m

m 1

B x ,r .


  By using the fact that 
   1,p .

0,f W   , the function 
*f  can be taken as the 

canonical representative of f. If we consider [[31], Proposition 2.4], then we have 
 

               
         

*pp . p . p . B x ,rn mp .1 m n
m m

t t
* * * *

B x ,r B x ,rL L L B x ,r L B x ,rL m 1 m 1

f f f ... f c f
   




 

        
     

 

              
*p* B x ,rmpB x ,rmm m m

m

t
* * *

B x ,r B x ,r L B x ,rL B x ,r
m 1

c f f f 1




 
   

 
                                                        (3.1) 

 

Here, the function 
 m

*

B x ,r
f  is average of *f  over the balls  mB x ,r  and defined as 

   
 

 
m

m

* *

B x ,r

m B x ,r

1
f f x dx

B x ,r
  , see [20]. It is clear that 

   
mB x ,r

p p .  . Moreover, if we use the 

Poincaré inequality over the balls [[20], Section 1] and the embedding 

         B x ,rm
pp .

m mL B x ,r L B x ,r


   [[31], Proposition 2.4], then we obtain 
 

      
             

* pp B x ,r p . p .mB x ,rmm
m mm

* * * * *

B x ,r L B x ,r L B x ,r LL B x ,r
f f cr f cr f cr f

  


        

 

for all m=1,2,...,t. Moreover, if we use the Poincaré inequality in  1L   and Remark 1, then 

we get 
 

                 
p .

m

*

B x ,r n n n L

C C C
f f x x dx diam f x x dx diam c f

r r r  

 

           

 

for all m=1,2,...,t. Since  1 n

locL , we have 
 

      
 

*
mB x ,rm

m

B x ,rp ,

B x ,r

x dx .


       

 

This yields that     
*pB x ,rm

mL B x ,r
1



 depends only on 
 m

*

B x ,r
p . Hence the claim follows from the 

inequality (3.1). 
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Corollary 2. By the previous theorem,    
p .

L
f

 
  and    

1,p .
W

f
 

 are the equivalents norms in 

   1,p .

0,W   . Hence, we can use the space 
   1,p .

0,W    equipped with the norm 

       
1,p . p .

0,W L
f f

  
   for all 

   1,p .

0,f W   . 

 

Now, we give an another capacity that has relationship with the Sobolev capacity. Let A 
. We denote 

 

        1,p .

0,p . ,
Ř A, f W : f 1 in an open set containing A ,

      

 

define 
 

   
   

 
 

 
p . ,

p x

p . ,
f Ř A,

C A, inf f x x dx



 



                                                                                (3.2) 

 

Before the presenting relationship between defined new capacity above and Sobolev   p . ,

- capacity we will give an assertion. 
 

Theorem 8. Let  0B x ,r    and 
 p .

A . For every 
    1,p .

0, 0f W B x ,r  with 

    
 p .

0L B x ,r
f 1



   , there exist a constant C such that 

 

 
 

 
 

 
 

    
 0 0

p x

p x

0

B x ,r B x ,r

f x
x dx C f x x dx B x ,r .

r


  
      

   
   

   

 

Proof. By Lemma 7.14 in [15], we obtain that  
 

 0

n 1

B x ,r

f y
f x C dy

x y






  for all 

  1,1

0, 0f W B x ,r  and for almost all  0x B x ,r . [[42], Lemma 2.8.3] shows us that the 

inequality 
 

 

 

  
0

n 1

B x ,r

f y
dy CrM f x

x y



 


  

 

holds. Thus we get 
 

  
f x

CM f x
r

  . This follows that 

 

 

 

 

     
 

 
 

0 0

p x

p x

B x ,r B x ,r

f x
x dx C M f x x dx.

r

 
    

 
 

   

 

If we consider the weighted version of [[7], Lemma 3.3] with     
 p .

0L B x ,r
f 1



   , then we 

obtain 
 

   
 

 
     

 

 

 

 
 

    
 

B

B
B

0 0

B B

0

p
p x

p x
p p

B x ,r B x ,r

p xp p 1

0

B x ,r

M f x x dx C M f x 1 x dx

C 2 f x x dx B x ,r






  



 
      

 
 

 
     
 
 

 


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where 
       p . p .n nM : L L   is bounded due to 

 p .
A . This follows the claim. 

 

Theorem 9. Let   n

0B B x ,r   be a ball with r 1  and let A B . Assume that  is a 

weight function such that  x 1   for all nx . Then there exists a constant C such that 
 

            0p x

p . , p . ,
C A Cr 1 C A,2B C 2B 

                                                                         (3.3) 

 

and 
 

         
0

p 1

p . , p . ,p x

C2
C A,2B C A .

r

 

 
                                                                                                (3.4) 

 

Proof. Suppose that f is an admissible function for 
   p . ,

C A,2B


, that is, 
   p . ,

f Ř A,2B .


  

Then 
   1,p .

0,f W 2B  such that f 1  in open set containing A. Therefore we have 
   p . ,

f S A .


  

By (2.1) we get 
   0p x p x

r r
 

  for every x 2B . If we consider the fact that  x 1   for all 

nx  and Theorem 8, then we have 
 

   
 

     
 

   02 B
p x p xp xp 1

A A 2B

A x dx f x x dx C2 r f x x dx 2B .
 



 
         

 
    

 

This follows that 
 

        
 

     0 02B 2B
p xp x p xp 1 p 1

p . ,

2B

C A C2 r 1 f x x dx C2 r 2B .
  


       

 

The inequality (3.3) is satisfied by taking the infimum over 
   p . ,

f Ř A,2B


  from the last 

inequality. 

Now, let 
   p . ,

f S A .


  Also, suppose that  0g C 2B  be a function such that 0 g 1  , 

g 1  on B, and 
C

g
r

  . Hence 
   p . ,

fg Ř A,2B


  and we get 

 

       
 

   
 

 

   
 

   
 

 

0

0

p x p xp 1

p . , p x

2B 2B

p 1
p x p x

p x

2B 2B

C
C A,2B 2 f x x dx f x x dx

r

C2
f x x dx f x x dx .

r











 
     

 

 
     

 

 

 

 

 

The claim (3.4) follows by the infimum over all 
   p . ,

f S A .


  
 

Corollary 3. Let 
n   be a bounded open set and A⋐Ω. Then 

   p . ,
C A 0


  if and only if 

   p . ,
C A, 0


  . 

 

 

 

 

 

 

Weighted Variable Exponent Sobolev Spaces   …      /   Sigma J Eng & Nat Sci 36 (2), 373-388, 2018 



384 

 

 

4. DIRICHLET ENERGY INTEGRAL 

 

Now, we will investigate Dirichlet energy integral as mentioned introduction. Assume that 
n   is an open set and let 

   1,p .
h W  . We define the energy operator corresponding to 

the boundary value function h on 
   1,p .

0,W    as 
 

       
 

 
p xp . ,

,hE f f x h x x dx.






     

 

Our main goal of this section is to investigate a function that minimizes values of the energy 

operator 
 p . ,

,hE



 on the space 

   1,p .

0,W   . 

The operator E is convex if for all  0,1  and each pair f ,g X  the inequality 

        E f 1 g E f 1 E g       is satisfied. Also, the operator E is said to be lower 

semicontinuous if    m
m

E f liminf E f


  whenever mf f  in X as m . Finally, the operator 

E is coercive if  mE f   whenever m X
f  . The proof of the following theorem was given 

by [[27], Theorem 2.1]. 
 

Theorem 10. Suppose that X is a reflexive Banach space. If E : X   is a convex, lower 

semicontinuous and coercive operator, then there exists an element in X that minimizes E. 
 

Now, we consider the existence of the minimizer for the energy operator 
 p . ,

,hE


  on the space 

   1,p .

0,W   . 
 

Theorem 11. Let 
n   be a bounded set. If the exponent p(.) satisfies the jump condition in 

Ω, then there is a function 
   1,p .

0,f W    such that 
 

   
   

   
1,p .

0,

p . , p . ,

,h ,h
g W

E f inf E g .


 

 
 

                                                                                                      (4.1) 

 

Proof. Our motivation to proof is the previous theorem. It is known that the space 
   1,p .

0,W    is a 

reflexive Banach space. Since the function 
 p .

t t  is convex, we have 
 

                
 

           
p xp . , p . , p . ,

,h ,h ,hE f 1 g f x h x 1 g x h x x dx E f 1 E g
  

  



               
 

for all  0,1 , and 
   1,p .

0,f ,g W   . Hence the energy operator 
 p . ,

,hE


  is convex. 

Now  m m
f


 be a sequence of functions in the space 

   1,p .

0,W    converging 
   1,p .

0,f W   . 

By the Corollary 2, we have 
 

       
   

1,p .p .
0 ,

m m WL
f h f h f f 0




        

 

as m . Since p   , we find that    
    p . mL
f h f h 0

 
       as m , see 

[31]. This follows that 
 

   
      

  p . p .mL L
f h f h

  
        
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as m , see [31]. Hence 
 

   
      

  p . p . mL Lm
f h liminf f h

  
        

 

that is the energy operator 
 p . ,

,hE



 is lower semicontinuous. 

By the Theorem 7, we get that    
p .m L

f
 

   whenever    
1,p .

0,
m W

f
 

 . If we consider 

the inequality 
 

           
p . p . p .m mL L L

f f h h
    

      , 

 

then we have    
p .m L

f h
 

    as m . Since p   , we obtain that 

   
  p . mL
f h

 
      as m . This implies that the energy operator 

 p . ,

,hE



 is coercive. The 

proof is completed by Theorem 10. 

We deals with quasilinear equations of the form 
 

 divÂ x, f 0    
 

where 
n n nÂ :    is a mapping satisfying the following assumptions for some 

constants 0  
 

(i) the mapping  x Â x,   is measurable for all 
n  and the mapping  Â x,   is 

continuous for a.e. 
nx . 

(ii)    
 p .

Â x, x     

(iii)    
 p . 1

Â x, x


     

(iv)       1 2 1 2Â x, Â x, 0        whenever n

1 2,   , 1 2    

(v)  
 

 
p . 2

Â x, Â x,


      whenever  , 0  . 
 

In particular, we give the growth condition    
 p .

Â x, x     . Now, we define the 

weighted  p . - Laplace equation as 
 

   
  p . 2

p . ,
div x f f 0




                                                                                                (4.2) 

 

for every 
   1,p .

0,f W   . 

Throughout this paper we assume that 
n   for n 2 , is an open set. We say that a 

function 
   1,p .

,locf W   is a (weak) weighted solution of (4.2) in Ω, if 
 

 
 

     
p x 2

f x f x g x x dx 0




      

 

whenever  0g C  . Moreover, a function 
   1,p .

,locf W   is a (weak) weighted 

supersolution of (4.2) in Ω, if 
 

 
 

     
p x 2

f x f x g x x dx 0




                                                                                        (4.3) 
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whenever  0g C   is nonnegative. A function f is a weighted subsolution in Ω if -f is a 

  p . , - supersolution in Ω, and a weighted solution in Ω. 

We recall the Dirichlet spaces as 
            1,p . 1,p . p .

,locD f W : f L         . Now we 

improve the definition of weighted solution and supersolution. 
 

Theorem 12. If 
   1,p .

f D   is a solution (respectively, a supersolution) of (4.2) in Ω, then 
 

 
 

     
p x 2

f x f x g x x dx 0




      (respectively, 0 ) 

 

for all 
   1,p .

g W   (respectively, for all nonnegative 
   1,p .

g W  ). 
 

Proof. Let the function 
   1,p .

0,g W    be given. Hence we may take a sequence of functions 

 i 0g C   such that ig g  in 
   1,p .

W  . By the variable case of Lemma 1.23 in [20], if g is 

nonnegative, then we may pick nonnegative functions ig  for each i. If we consider the 

assumption (iii) above, then we have 
 

 
 

       
 

       
 

     

 

       

p .

p . 1 p .

p x 2 p x 2 p x 2

i i

iL L

f x f x g x x dx f x f x g x x dx f x g x g x x dx

C f g g

 

  

  

 

              

    

  

 

by the variable exponent Hölder inequality. Since p   , we get    
p .i L

g g 0
 

    as 

i  . This follows that 
 

 
 

       
 

     
p x 2 p x 2

i
i

f x f x g x x dx lim f x f x g x x dx 0.
 


 

            

 

That is the desired result. 

The proof of previous theorem give us an important fact that if f is any solution (respectively, 

supersolution) in Ω, then (4.3) is satisfied for all (respectively, nonnegative) 
   1,p .

0,g W    with 

compact support. 
 

Remark 2. In 2003, Fan and Zhang obtained a weak solution in 
   1,p .

0W   to the Dirichlet 

problem of  p x - Laplacian 
 

    
p x 2

div u u f x,u ,      x

u 0,                                         x

    

  

 

 

where f :   is a Carathéodory function which satisfies the growth condition, see 

[14]. Moreover, in recent years,  p x - Laplacian equations and variational problems with  p x - 

growth conditions have been studied by several authors, see [4], [5], [11], [14], [21], [26], [32], 

[33], [36], [38]. Hence ,weak solutions of weighted  p x - Laplacian equations 
 

 
    

p x 2
div x u u f x,u ,      x

u 0,                                                   x

     

  
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can be found in 
   1,p .

0,W    by using variational and topological methods under suitable 

conditions for f and  functions. 

 

REFERENCES 

 

[1]  Acerbi E., Mingione G., (2001) Regularity Results for a Class of Functionals with Non-

Standard Growth, Arch. Ration. Mech. and Anal., Vol. 156, 121-140. 

[2]  Aydın I., (2012) On Variable Exponent Amalgam Spaces, An. Ştiinţ. Univ. “Ovidius” 

Constanţa Ser. Mat., Vol. XX, Fasc. 3. 

[3]  Aydın I., (2012) Weighted Variable Sobolev Spaces and Capacity, Journal of Function 

Spaces and Applications, Vol. 2012, Article ID 132690, 17 pages, 

doi:10.1155/2012/132690. 

[4]  Baroni P., Habermann J., (2014) Elliptic Interpolation Estimates for Non-Standard 

Growth Operators, Ann. Acad. Sci. Fenn. Math., Vol. 39, 119-162. 

[5]  Bui T. A., Duong X. T., (2017) Weighted Variable Exponent Sobolev Estimates for 

Elliptic Equations with Non-Standard Growth and Measure Data, (preprint), 

https://arxiv.org/abs/1701.00952v1. 

[6]  Coscia A., Mingione G., (1999) Hölder Continuity of the Gradient of  p x - Harmonic 

Mappings, C. R. Acad. Sci. Paris, Ser. 1 Math., Vol. 328, No. 4, 363-368. 

[7]  Diening L., (2004) Maximal Function on Generalized Lebesgue Spaces 
 p .

L , Math. 

Inequal. Appl., Vol. 7, No. 2, 245-253. 

[8]  Diening L., Hästö P. Muckenhoupt Weights in Variable Exponent Spaces, (preprint). 

[9]  Diening L., Hästö P., Nekvinda A., (2004) Open Problems in Variable Exponent 

Lebesgue and Sobolev Spaces, In Proceedings of the Function Spaces, Differential 

Operators and Nonlinear Analysis (FSDONA' 04), Milovy, Czech, 38-58. 

[10]  Diening L., Harjulehto P., Hästö P., Růžička M., (2011) Lebesgue and Sobolev Spaces 

with Variable Exponents, Springer-Verlag, Berlin. 

[11]  Dinca G., (2009) A fixed Point Method for the  p x - Laplacian, C. R. Acad. Sci. Paris, 

Ser. I, Vol. 347, 757-762. 

[12]  Evans L. C., Gariepy R.F., (1992) Measure Theory and Fine Properties of Functions, 

Studies in Advanced Mathematics, CRC Press, Boca Raton, Fla, USA. 

[13]  Fan X., Zhao D., (2001) On the Spaces 
   p x

L   and 
   k,p x

W  , J. Math. Anal. Appl., 

Vol. 263, No. 2, 424-446. 

[14]  Fan X., Zhang Q., (2003) Existence of Solutions for  p x - Laplacian Dirichlet Problem, 

Nonlinear Anal., Vol. 52, 1843-1852. 

[15]  Gilbarg D., Trudinger N. S., (1977) Elliptic Partial Differential Equations of Second 

Order, Springer-Verlag, Berlin. 

[16]  Harjulehto P., Hästö P., Koskenoja M., (2007) Properties of Capacities in Variable 

Exponent Sobolev Spaces, Journal of Analysis and Applications, Vol. 5, No. 2, 71-92. 

[17]  Harjulehto P., Hästö P., Koskenoja M., (2003) The Dirichlet Energy Integral on Intervals 

in Variable Exponent Sobolev Spaces, Z. Anal. Anwend., Vol. 22, No. 4, 911-923. 

[18]  Harjulehto P., Hästö P., Koskenoja M., Varonen S., (2003) Sobolev Capacity on the 

Space 
   1,p x nW , Journal of Function Spaces and Applications, Vol. 1, No. 1, 17-33. 

[19]  Harjulehto P., Hästö P., Koskenoja M., Varonen S., (2006) The Dirichlet Energy Integral 

and Variable Exponent Sobolev Spaces with Zero Boundary Values, Potential Anal., Vol. 

25, 205-222. 

Weighted Variable Exponent Sobolev Spaces   …      /   Sigma J Eng & Nat Sci 36 (2), 373-388, 2018 



388 

 

 

[20]  Heinonen J., Kilpeläinen T., Martio O., (1993) Nonlinear Potential Theory of Degenerate 

Elliptic Equations, Oxford University Press, Oxford. 

[21]  Iliaş P. S., (2008) Dirichlet Problem with  p x - Laplacian, Mathematical Reports, Vol. 

10(60), No. 1, 43-56. 

[22]  Kellogg O. D., (1929) Foundations of Potential Theory, Springer. 

[23]  Kilpeläinen T., (1994) Weighted Sobolev Spaces and Capacity, Ann. Acad. Sci. Fenn. 

Math., Vol. 19, No. 1, 95-113. 

[24]  Kilpeläinen T., (1998) A Remark on the Uniqueness of Quasi Continuous Functions, Ann. 

Acad. Sci. Fenn. Math., Vol. 23, 261-262. 

[25]  Kilpeläinen T., Kinnunen J., Martio O., (2000) Sobolev Spaces with Zero Boundary 

Values on Metric Spaces. Potential Anal., Vol. 12, 233-247. 

[26]  Kim Y., Wang L., Zhang C., (2010) Global Bifurcation for a Class of Degenerate Elliptic 

Equations with Variable Exponents, J. Math. Anal. Appl., Vol. 371, 624-637. 

[27]  Kinderlehrer D., Stampacchia G., (1980) An Introduction to Variational Inequalities and 

Their Applications, Academic, London. 

[28]  Kokilashvili V., Samko S., (2003) Singular Integrals in Weighted Lebesgue Spaces with 

Variable Exponent, Georgian Math. J., Vol. 10, No 1, 145-156. 

[29]  Kováčik O., Rákosník J., (1991) On spaces 
 p x

L  and 
 k,p x

W , Czechoslovak Math. J., 41 

(116), No.4, 592-618. 

[30]  Kulak Ö., Gürkanlı, A. T., (2013) Bilinear multipliers of weighted Lebesgue spaces and 

variable exponent Lebesgue spaces, J. Inequal. Appl., 2013: 259, 1-21. 

[31]  Liu Q., (2008) Compact Trace in Weighted Variable Exponent Sobolev Spaces 
   1,p x

0 1W ; ,   , J. Math. Anal. Appl., Vol. 348, 760-774. 

[32]  Liu Q., Liu D., (2013) Existence and Multiplicity of Solutions to a  p x - Laplacian 

Equation with Nonlinear Boundary Condition on Unbounded Domain, Differ. Equ. Appl., 

Vol. 5, No. 4, 595-611. 

[33]  Mashiyev R. A., Cekic B., Avci M., Yucedag Z., (2012) Existence and Multiplicity of 

Weak Solutions for Nonuniformly Elliptic Equations with Nonstandart Growth Condition, 

Complex Var. Elliptic Equ., Vol. 57, No. 5, 579-595. 

[34]  Maz'ja V.G., (1985) Sobolev Spaces, Springer, Berlin, Germany. 

[35]  Mendelson B., (1962) Introduction to Topology, Allyn and Bacon, Inc., Boston. 

[36]  Moussaoui M., Elbouyahyaoui L., (2015) Existence of Solution for Dirichlet Problem 

with  p x - Laplacian, Bol. Soc. Paran. Mat., Vol. 33, No. 2, 241-248. 

[37]  Muckenhoupt B., (1972) Weighted Norm Inequalities for the Hardy Maximal Function, 

Trans. Amer. Math. Soc., Vol. 165, 207-226. 

[38]  Ohno T., (2009) Compact Embeddings in the Generalized Sobolev Space 
   1,p .

0W G  and 

Existence of Solutions for Nonlinear Elliptic Problems, Nonlinear Anal., Vol. 71, 1534-

1541. 

[39]  Samko S., (2005) On a Progress in the Theory of Lebesgue Spaces with Variable 

Exponent: Maximal and Singular Operators, Integral Transforms and Special Functions, 

Vol. 16, No. 5-6, 461-482. 

[40]  Shanmugalingam N., (2001) Harmonic Functions on Metric Spaces, Illinois J. Math., Vol. 

45, No. 3, 1021-1050. 

[41]  Zhikov V. V., Surnachev M. D., (2016) On Density of Smooth Functions in Weighted 

Sobolev Spaces with Variable Exponents, St. Petersburg Math. J., Vol. 27, No. 3, 415-

436. 

[42]  Ziemer W. P., (1989) Weakly Differentiable Functions, Springer-Verlag, New York. 

C. Ünal, İ. Aydın    / Sigma J Eng & Nat Sci 36 (2), 373-388, 2018 


