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Abstract

:

We present the notion of orthogonal  F -metric spaces and prove some fixed and periodic point theorems for orthogonal   ⊥ Ω  -contraction. We give a nontrivial example to prove the validity of our result. Finally, as application, we prove the existence and uniqueness of the solution of a nonlinear fractional differential equation.
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1. Introduction and Preliminaries


Fixed point theory is one of the important branches of nonlinear analysis. After the celebrated Banach contraction principle [1], a number of authors have been working in this area of research. Fixed point theorems are very significant instruments for proving the existence and uniqueness of the solutions to nonlinear integral and differential equations, variational inequalities, and optimization problems. Metric fixed point theory grew up after the well-known Banach contraction theorem. From that point forward, there have been numerous results related to mappings satisfying various contractive conditions and underlying distance spaces; we refer to [2,3,4,5,6,7,8,9,10,11,12,13,14,15] and the references contained therein.



Recently, Jleli and Samet [16] presented the idea of  F -metric space and proved an analogue of Banach contraction principle [1].



They introduced a collection  F  defined below and presented the idea of generalized metric space called  F -metric space:



Definition 1.

([16]). Let  F  be the set of functions   ζ : ( 0 , ∞ ) → R   satisfying the following conditions:




	(  F 1  )

	
ζ is nondecreasing, i.e.,  0 < p < q  iff  ζ ( p ) ≤ ζ ( q )  ;




	(  F 2  )

	
For every sequence   {  p n  }  ⊂  ( 0 , + ∞ )   , we have


   lim  n → + ∞    p n  = 0 ⇔  lim  n → + ∞   ζ  (  p n  )  = − ∞ .  



















Definition 2.

([16]). Let ℵ be a nonempty set and   D : ℵ × ℵ → [ 0 , ∞ )  . Suppose that there exist   ( ζ , a ) ∈ F × [ 0 , + ∞ )   such that for all   ( p , q ) ∈ ℵ × ℵ  




	( D 1)

	
  D ( p , q ) = 0 ⇔ p = q  ;




	( D 2)

	
  D ( p , q ) = D ( q , p )  ;




	( D 3)

	
For each  m ∈ N ,  m ≥ 2  , and for every    (  p i  )   i = 1  n  ⊂ ℵ  with   (  p 1  ,  p m  )  =  ( p , q )   , we have


  D  ( p , q )  > 0 ⇒ ζ  ( D  ( p , q )  )  ≤ ζ   ∑  i = 1   m − 1   D  (  p i  ,  p  i + 1   )   + a .  

















Then,  D  is called an  F  -metric on ℵ and   ( ℵ , D )   is called an  F  -metric space.





Example 1.

([16]). A metric   D : N × N → [ 0 , ∞ )  , defined by


     D  ( p , q )  =       ( p − q )  2       i f   ( p , q ) ∈ [ 0 , 3 ] × [ 0 , 3 ]       | p − q |       i f   ( p , q ) ∉ [ 0 , 3 ] × [ 0 , 3 ] ,          








is an  F -metric with   ζ ( μ ) = ln ( μ )   and   a = ln ( 3 )  , so the pair   ( N , D )   is called an  F -metric space.





Definition 3.

([16]). Let   ( ℵ , D )   be an  F -metric space.




	(i) 

	
A sequence  {  p n  }  in ℵ is F -convergent to  p ∈ ℵ  if  {  p n  }  is convergent to p with respect to the F -metric D ;




	(ii) 

	
A sequence  {  p n  }  is F -Cauchy if


   lim  n , ω → + ∞   D  (  p n  ,  p ω  )  = 0 .  












	(iii) 

	
The space  ( ℵ , D )  is F -complete if every F -Cauchy sequence in ℵ is F -convergent to a an element of ℵ.











Definition 4.

([17]). A nonempty set ℵ is said to be an orthogonal set (briefly O-set) if the binary relation   ⊥ ⊂ ℵ × ℵ   satisfies the following assertion:


  ∃   p 0  :   ( ∀  q ,  q ⊥  p 0  )   or   ( ∀  q ,   p 0  ⊥ q )  .  











The O-set is denoted by   ( ℵ , ⊥ )   .





It is to be noted that the element   p 0   in the above Definition is an orthogonal element; additionally, if   p 0   is to be unique, then we call that   p 0   is the unique orthogonal element and   ( ℵ , ⊥ )   is the uniquely orthogonal set.



Example 2.

Suppose that  G  L n   ( R )   is a set of all  n × n  invertible matrices. Define relation ⊥ on   G  L n   ( R )    by


  P ⊥ Q ⇔ ∃  I ∈ G  L n   ( R )  : P Q = Q P .  











It is easy to see that   G  L n   ( R )    is an O-set.





Definition 5.

([17]). Let   ( ℵ , ⊥ )   be an O-set. A sequence    {  p n  }   n ∈ N    is called an orthogonal sequence (briefly, O-sequence) if


   ( ∀ n ,  p n  ⊥  p  n + 1   )   o r   ( ∀ n ,  p  n + 1   ⊥  p n  )  .  













Definition 6.

([17]). Let   ( ℵ , ⊥ )   be an O-set. A mapping   ζ : ℵ → ℵ   is called ⊥-preserving if   p ⊥ q   implies   ζ ( p ) ⊥ ζ ( q )  .





Consistent with Jleli and Samet [18], we denote by   Δ Ω   the set of all functions   Ω : ( 0 , ∞ ) → [ 1 , ∞ )   satisfying the following conditions:




	  (  Ω 1  )  

	
 Ω  is strictly increasing;




	  (  Ω 2  )  

	
For all sequences   {  σ n  ⊆  ( 0 , ∞ )  }  ,


   lim  n → ∞    σ n  = 0 ⇔  lim  n → ∞    Ω (  σ n  )  = 1 ;  












	  (  Ω 3  )  

	
There exist   0 < r < 1   and   l ∈ ( 0 , ∞ ]   such that


   lim  μ →  0 +      Ω ( μ ) − 1   μ r   = l .  


















2. Fixed Point Theorem


In this section, we first define the notion of orthogonal  F -metric space (briefly ⊥- F -metric space) and then prove a fixed point result for   ⊥ Ω  -contraction in such a generalized structure.



Definition 7.

Let   ( ℵ , ⊥ )   be an O-set and  D  be an  F  -metric on ℵ. The triplet   ( ℵ , ⊥ , D )   is called an orthogonal  F  -metric space.





Example 3.

Let   ℵ = [ 0 , 1 ]   be a  F  -metric space with  F  -metric


   D  ( p , q )  =      exp ( | p − q | )     p ≠ q      0    p = q ,        








for all   p , q ∈ ℵ   ,   ζ  ( μ )  = −  1 μ    ,   μ > 0   and   a = 1   . Define   p ⊥ q   if   p q ≤ p   or   p q ≤ q   . Then, for all   p ∈ ℵ   ,   0 ⊥ p   , so   ( ℵ , ⊥ )   is an O-set. Then,   ( ℵ , ⊥ , D )   is an orthogonal  F  -metric space.





From now on,   ( ℵ , ⊥ )   is an O-set and   ( ℵ , D )   is an  F -metric space.



Definition 8.

Let  ( ℵ , ⊥ , D )  be an orthogonal F -metric space. Then,  ζ : ℵ → ℵ  is called orthogonally continuous (or ⊥-continuous) at   a ∈ ℵ   if, for each O-sequence    {  a n  }   n ∈ N    in ℵ with    a n  → a  , we have   ζ  (  a n  )  → ζ  ( a )   . Furthermore, ζ is said to be ⊥-continuous on ℵ if ζ is ⊥-continuous at each   a ∈ ℵ  .





Example 4.

Let  ℵ = [ 0 , 1 )  and F -metric on ℵ be  D ( p , q ) = | p − q |  for all  p , q ∈ ℵ  . Define  p ⊥ q  if  p q ≤  p 3   . Define a mapping  ζ : ℵ → ℵ  such that


  ζ  ( p )  =      p 3     p ∈ ( 0 ,  1 3  ]      0    p ∉ ( 0 ,  1 3  ] .       








Since  p ⊥ q  and  p q ≤  p 3   ,  p = 0  or  q ≤  1 3   . So, we have following four cases:




	Case-I: 

	
  p = 0  and  q ≤  1 3   . Then,  ζ ( p ) = 0  and  ζ  ( q )  =  q 3   ;




	Case-II: 

	
  p = 0  and  q >  1 3   . Then,  ζ ( p ) = 0  and  ζ ( q ) = 0  ;




	Case-III: 

	
  q ≤  1 3   and  p ≤  1 3   . Then,  ζ  ( q )  =  q 3   and  ζ  ( p )  =  p 3   ;




	Case-IV: 

	
  q ≤  1 3   and  p >  1 3   . Then,  ζ  ( q )  =  q 3   and  ζ ( p ) = 0  .









Therefore, from all cases, we have  ζ  ( p )  ζ  ( q )  ≤   ζ ( p )  3   . Clearly, ζ is not continuous, but it is easy to see that ζ is ⊥-continuous.





Definition 9.

Let   ( ℵ , ⊥ , D )   be an orthogonal  F  -metric space. Then, ℵ is said to be orthogonally  F  -complete (briefly, O-  F  -complete) if every Cauchy O-sequence is  F  -convergent in ℵ.





Example 5.

Let   ℵ = [ 0 , 1 )   and  F  -metric on ℵ be   D ( p , q ) = | p − q |   for all   p , q ∈ ℵ   . Define   p ⊥ q   if   p q ≤ max {  p 3  ,  q 3  }   . Clearly, ℵ is not complete, but it is O-  F  -complete.





Definition 10.

Let   ( ℵ , ⊥ , D )   be an orthogonal  F  -metric space and   T : ℵ → ℵ   be a given mapping. Suppose that   Ω ∈  Δ Ω    and   κ ∈ ( 0 , 1 )   such that


   ∀  p , q ∈ ℵ ,  p ⊥ q ,    D  ( T p , T q )  ≠ 0   ⇒   Ω  ( D  ( T p , T q )  )  ≤   [ Ω  ( D  ( p , q )  )  ]  κ  ,   



(1)




is called   ⊥ Ω   -contraction.





Example 6.

Let  ℵ = [ 1 , ∞ )  with F -metric  D ( p , q ) = | p − q |  for all  p , q ∈ ℵ  ,  ζ ( μ ) = ln  ( μ )  , μ > 0  and  a = 0  . Let the set orthogonal relation  “ ⊥ ”  be defined as  p ⊥ q  ⇔  p q ∈ max { p , q }  . Define  T : ℵ → ℵ  by


  T p =      1       p ≤ 4        p 4        p > 4 .       











It can easily be seen that  T  is   ⊥ Ω   -contraction with   Ω  ( μ )  =  e  μ     .





Theorem 1.

Let  ( ℵ , ⊥ , D )  be an O-complete F -metric space and  Ω ∈  Δ Ω   . Let  T : ℵ → ℵ  be ⊥-continuous,   ⊥ Ω  -contraction, and ⊥-preserving. Then,  T  has a unique fixed point.





Proof. 

Let   ϵ > 0   be fixed and   ( ζ , a ) ∈ F × [ 0 , + ∞ )   be such that ( D 3) is satisfied. By   (  F 2  )  , there exists   δ > 0   such that


     0 < μ < δ   implies   ζ ( μ ) < ζ ( ϵ ) − a .     



(2)







Since ℵ is an O-set, there is an orthogonal element    p 0  ∈ ℵ   such that


     ∀  y ∈ ℵ ,   p 0  ⊥ y   or   ∀  y ∈ ℵ ,  y ⊥  p 0  .     











Therefore,    p 0  ⊥ T  p 0    or   T  p 0  ⊥  p 0   . Let


      p 1  : = T  p 0  ,    p 2  : = T  p 1  =   T  2   p 0  , … ,  p  n + 1   : = T  p n  =   T   n + 1    p 0      








∀  n ∈ N  . Since  T  is ⊥-preserving,    {  p n  }   n ∈ N    is an O-sequence. If there exists    n 0  ∈ N  , such that    p   n 0  + 1   =  p  n 0    , then   p  n 0    is a fixed point of  T . Therefore, we suppose   D (  p n  ,  p  n + 1   ) > 0   for all   n ∈ N  . Now, since  T  is   ⊥ Ω  -contraction, then for all   n ∈ N  , we have


     Ω ( D  (  p n  ,  p  n + 1   )  )    =  Ω ( D  ( T  p  n − 1   , T  p n  )  )       ≤    [ Ω  ( D  (  p  n − 1   ,  p n  )  )  ]  κ  ≤   [ Ω  ( D  (  p  n − 2   ,  p  n − 1   )  )  ]    κ  2           ⋯      ≤    [ Ω  ( D  (  p 0  ,  p 1  )  )  ]    κ  n   .     











Thus, we have


     1 ≤ Ω  ( D  (  p n  ,  p  n + 1   )  )  ≤   [ Ω  ( D  (  p 0  ,  p 1  )  )  ]    κ  n   ,   for  all  n ∈ N .     



(3)







Letting   n → ∞   in Inequality (3), we get


     Ω ( D  (  p n  ,  p  n + 1   )  ) → 1 ,     








which implies from   (  Ω 2  )   that


      lim  n → ∞   D  (  p n  ,  p  n + 1   )  = 0 .     



(4)







From condition   (  Ω 3  )  , there exist   r ∈ ( 0 , 1 )   and   l ∈ ( 0 , ∞ ]   such that


      lim  n → ∞     Ω ( D  (  p n  ,  p  n + 1   )  ) − 1    [ D  (  p n  ,  p  n + 1   )  ]  r   = l .     











Suppose that   l < ∞  . In this case, let   υ = l / 2 > 0  . From the Definition of limit, there exists    n 0  ∈ N   such that


        Ω ( D  (  p n  ,  p  n + 1   )  ) − 1    [ D  (  p n  ,  p  n + 1   )  ]  r   − l  ≤ υ ,   for  all  n ≥  n 0  .     











This implies that


       Ω ( D  (  p n  ,  p  n + 1   )  ) − 1    [ D  (  p n  ,  p  n + 1   )  ]  r   ≥ l − υ = υ ,   for  all  n ≥  n 0  .     











Then,


     n   [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ n  [ Ω  ( D  (  p n  ,  p  n + 1   )  )  − 1 ]  ,   for  all   n ≥  n 0  ,     








where   σ = 1 / υ  .



The case for   l = ∞  . In this case, let   υ > 0   be arbitrary. By definition of limit, there exists    n 0  ∈ N   such that


       Ω ( D  (  p n  ,  p  n + 1   )  ) − 1    [ D  (  p n  ,  p  n + 1   )  ]  r   ≥ υ ,   for  all  n ≥  n 0  .     











Then,


     n   [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ n  [ Ω  ( D  (  p n  ,  p  n + 1   )  )  − 1 ]  ,   for  all  n ≥  n 0  ,     








where   σ = 1 / υ  .



Thus, in all cases, there exist   σ > 0   and    n 0  ∈ N   such that


     n   [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ n  [ Ω  ( D  (  p n  ,  p  n + 1   )  )  − 1 ]  ,   for  all  n ≥  n 0  .     











Using Inequality (3), we obtain


     n   [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ n   [ Ω  ( D  (  p 0  ,  p 1  )  )  − 1 ]    κ  n   ,   for  all  n ≥  n 0  .     











Letting   n → ∞   in the above inequality, we obtain


      lim  n → ∞   n   [ D  (  p n  ,  p  n + 1   )  ]  r  = 0 .     











Thus, there exists    n 1  ∈ N   such that


     D  (  p n  ,  p  n + 1   )  ≤  1  n  1 / r    ,   for  all  n ≥  n 1  ,     








which yields


      ∑  i = n   ω − 1   D  (  p i  ,  p  i + 1   )  ≤  ∑  i = n   ω − 1    1  i  1 / r    ,   ω > n .     











Since     ∑  i = 1  ∞    1  i  1 / r      is a convergent series, then there exists   N ∈ N   such that


     0 <  ∑  i = n   ω − 1    1  i  1 / r    <  ∑  i = n  ∞   1  i  1 / r    < δ ,   n ≥ N .     



(5)







Hence, by Inequality (5) and   (  F 1  )  , we have


     ζ   ∑  i = n   ω − 1   D  (  p i  ,  p  i + 1   )   ≤ ζ   ∑  i = n  ∞   1  i  1 / r     < ζ  ( ϵ )  − a ,   ω > n ≥ N .     



(6)







Using   ( D 3 )   and Inequality (6), we obtain


     D  (  p n  ,  p ω  )  > 0 ,   ω > n ≥ N   ⇒ ζ  ( D  (  p n  ,  p ω  )  )  ≤ ζ   ∑  i = n   ω − 1   D  (  p i  ,  p  i + 1   )   + a < ζ  ( ϵ )  ,     








which, from   (  F 1  )  , gives that


  D (  p n  ,  p ω  ) < ϵ ,    ω > n ≥ N .  











This shows that    {  p n  }   n ∈ N    is a Cauchy O-sequence.



Since ℵ is O-complete, there exists   p ∈ ℵ   such that


   lim  n → ∞    p n  = p .  











On the other hand, ⊥-continuity of  T  gives   T  p n  → T p   as   n → ∞  . Thus,


  T p =  lim  n → ∞   T  p n  =  lim  n → ∞    p  n + 1   = p .  











To prove the uniqueness of fixed point, let   v ∈ ℵ   be another fixed point of  T . Then, we have     T  n  v = v   for all   n ∈ N  . By our choice of   p 0   in the first part of proof, we have


      [  p 0  ⊥ v ]    or    [ v ⊥  p 0  ]  .     











Since  T  is ⊥-preserving, we have


   [   T  n   p 0  ⊥   T  n  v ]    o r    [   T  n  v ⊥   T  n   p 0  ]   








for all   n ∈ N  , since  T  is an   ⊥ Ω  -contraction. Then, we have for all   n ∈ N  ,


     1 < Ω  ( D  (   T  n   p 0  , v )  )  ≤   [ Ω  ( D  (   T   n − 1    p 0  , v )  )  ]  κ  ≤ … ≤   [ Ω  ( D  (  p 0  , v )  )  ]    κ  n   .     











Letting   n → ∞   in the above inequality and using condition   (  Ω 2  )  , we get    lim  n → ∞    p n  = v  . Uniqueness of limit gives   p = v  . □





Now, we give an example which shows that Theorem 1 is a real generalization of Theorem 5.1 of [16].



Example 7.

Constructing a sequence   {  ρ n  }   ,   n ∈ N   , in the following way:


      ξ 1    =  ln  ( 1 )        ξ 2    =  ln  ( 1 + 2 )        ξ 3    =  ln  ( 1 + 2 + 3 )          ⋯      ξ n    =  ln  ( 1 + 2 + 3 + ⋯ + n )  = ln    n ( n + 1 )  2   ,   n ∈ N .      











Let   ℵ = {  ξ n  : n ∈ N }   endowed with  F  -metric  D  given by


      D  ( p , q )  =       e  | p − q |   ,       i f   p ≠ q       0 ,       i f   p = q ,           








with   ζ  ( μ )  =   − 1  μ    and   a = 1   . For all    ξ n  ,  ξ ω  ∈ ℵ   , define    ξ n  ⊥  ξ ω    iff   ( ω ≥ 2 ∧ n = 1 ) .   Hence,   ( ℵ , ⊥ , D )   is an O-complete  F  -metric space. Map   T : ℵ → ℵ   is defined by


   T  (  ξ n  )  =      ξ 1     n = 1 ,       ξ  n − 1      n > 1 .        











Since


    lim  n → ∞     D ( T  (  ξ n  )  , T  (  ξ 1  )  )   D (  ξ n  ,  ξ 1  )   = 1 ,   








then  T  is not a contraction in the sense of [16].



Let   Ω : ( 0 , ∞ ) → ( 1 , ∞ )   , defined by   Ω  ( t )  =  e   t  e t       . It is easy to show that   Ω ∈  Δ Ω    . Now, to prove  T  is an   ⊥ Ω   -contraction, that is


   D  ( T  ξ n  , T  ξ ω  )  ≠ 0 ⇒  e   D  ( T  ξ n  , T  ξ ω  )   e  D ( T  ξ n  , T  ξ ω  )      ≤  e  κ   D  (  ξ n  ,  ξ ω  )   e  D (  ξ n  ,  ξ ω  )       ,   








for some   κ ∈ ( 0 , 1 )   . The above condition is equivalent to


   D  ( T  ξ n  , T  ξ ω  )  ≠ 0 ⇒ D  ( T  ξ n  , T  ξ ω  )   e  D ( T  ξ n  , T  ξ ω  )   ≤   κ  2  D  (  ξ n  ,  ξ ω  )   e  D (  ξ n  ,  ξ ω  )   .   











So, we have to check that


   D  ( T  ξ n  , T  ξ ω  )  ≠ 0 ⇒   D ( T  ξ n  , T  ξ ω  )   D (  ξ n  ,  ξ ω  )    e  D  ( T  ξ n  , T  ξ ω  )  − D  (  ξ n  ,  ξ ω  )    ≤   κ  2  ,   



(7)




for some   κ ∈ ( 0 , 1 ) .   



For every   ω ∈ N , ω ≥ 2   , we have


        D ( T  ξ ω  , T  ξ 1  )   D (  ξ ω  ,  ξ 1  )    e  D  ( T  ξ ω  , T  ξ 1  )  − D  (  ξ ω  ,  ξ 1  )       =    e   ξ  ω − 1   −  ξ 1     e   ξ ω  −  ξ 1      e   e  ξ  ω − 1    −  e  ξ ω           =    ( ω − 1 )   ( ω + 1 )    e  − ω   <  e  − 1   .      











Thus, the Inequality (7) is satisfied with   κ =  e  − 1 / 2    . Hence,  T  is an   ⊥ Ω  -contraction. So, from Theorem 1 we imply that  T  has a unique fixed point   ξ = ln ( 1 )  .





Example 8.

Consider the sequence    {  ρ n  }   n ∈ N    as follows:


      ρ 1    =   log 2  1       ρ 2    =   log 2  1 +  log 2  2       ρ 3    =   log 2  1 +  log 2  2 +  log 2  3         ⋯      ρ n    =   log 2  1 +  log 2  2 + ⋯ +  log 2  n =  log 2  n ! ,   n ∈ N .      











Let   ℵ = {  ρ n  : n ∈ N }   endowed with  F  -metric  D  given by


      D  ( p , q )  =       2  | p − q |   ,       i f   p ≠ q       0 ,       i f   p = q ,           








with   ζ  ( μ )  =   − 1  μ    and   a = 1   . For all    ρ n  ,  ρ ω  ∈ ℵ   , define    ρ n  ⊥  ρ ω    iff   ( ω > 2 ∧ n = 1 ) ∨ ( ω > n > 1 ) .   Hence,   ( ℵ , ⊥ , D )   is an O-complete  F  -metric space. Define the mapping   T : ℵ → ℵ   by


   T  (  ρ n  )  =      ρ 1     n = 1 ,       ρ  n − 1      n > 1 .        











Let   Ω : ( 0 , ∞ ) → ( 1 , ∞ )   , defined by   Ω  ( t )  =  e   t  e t       . It is easy to show that   Ω ∈  Δ Ω    . Now, to prove  T  is an   ⊥ Ω   -contraction, that is


   D  ( T  ρ n  , T  ρ ω  )  ≠ 0 ⇒  e   D  ( T  ρ n  , T  ρ ω  )   e  D ( T  ρ n  , T  ρ ω  )      ≤  e  κ   D  (  ρ n  ,  ρ ω  )   e  D (  ρ n  ,  ρ ω  )       ,   








for some   κ ∈ ( 0 , 1 )   . The above condition is equivalent to


   D  ( T  ρ n  , T  ρ ω  )  ≠ 0 ⇒ D  ( T  ρ n  , T  ρ ω  )   e  D ( T  ρ n  , T  ρ ω  )   ≤   κ  2  D  (  ρ n  ,  ρ ω  )   e  D (  ρ n  ,  ρ ω  )   .   











So, we have to check that


   D  ( T  ρ n  , T  ρ ω  )  ≠ 0 ⇒   D ( T  ρ n  , T  ρ ω  )   D (  ρ n  ,  ρ ω  )    e  D  ( T  ρ n  , T  ρ ω  )  − D  (  ρ n  ,  ρ ω  )    ≤   κ  2  ,   



(8)




for some   κ ∈ ( 0 , 1 )   .



For every   ω ∈ N , ω > 2   , we have


        D ( T  ρ ω  , T  ρ 1  )   D (  ρ ω  ,  ρ 1  )    e  D  ( T  ρ ω  , T  ρ 1  )  − D  (  ρ ω  ,  ρ 1  )       =    2   ρ  ω − 1   −  ρ 1     2   ρ ω  −  ρ 1      e   2  ρ  ω − 1    −  2  ρ ω           =    ( ω − 1 ) !   ω !    e  ( ω − 1 ) ! − ω !         =   1 ω   e  − ( ω − 1 ) ( ω − 1 ) !   <  e  − 1   .      











For every   ω , n ∈ N , ω > n > 1   , the following holds:


        D ( T  ρ n  , T  ρ ω  )   D (  ρ n  ,  ρ ω  )    e  D  ( T  ρ n  , T  ρ ω  )  − D  (  ρ n  ,  ρ ω  )       =    2   ρ  ω − 1   −  ρ  n − 1      2   ρ ω  −  ρ n      e   2   ρ  ω − 1   −  ρ  n − 1     −  2   ρ ω  −  ρ n            =    ( ω − 1 ) !   ( n − 1 ) !   ×   ( n ) !   ( ω ) !    e    ( ω − 1 ) !   ( n − 1 ) !   −   ( ω ) !   ( n ) !           =   n ω   e    ( ω − 1 ) !   ( n − 1 ) !     n − ω  n    <  e  − 1   .      











Thus, the Inequality (8) is satisfied with   κ =  e  − 1 / 2    . Hence,  T  is an   ⊥ Ω  -contraction. So, from Theorem 1, we imply that  T  has a unique fixed point   ρ =  log 2  1  .






3. Periodic Point Theorem


Let   T : ℵ → ℵ   be a mapping such that   T ( p ) = p  , then for every   n ∈ N  ,     T  n   ( p )  = p  . However, the converse of this fact is not true in general. The mapping satisfying   F i x  ( T )  = F i x  (   T  n  )    for each   n ∈ N   is said to have property P.



Definition 11.

Let   ( ℵ , ⊥ , D )   be an orthogonal  F  -metric space and   T : ℵ → ℵ   be a self-mapping. The set   O  ( p )  =  { p , T p , … ,   T  n  p , … }    is called the orbit of ℵ. A mapping  T  is called orbitally O-continuous at p if for each O-sequence   {   T  n  p }   in ℵ,    lim  n → ∞     T  n  p = x   implies that    lim  n → ∞     T   n + 1   p = T x   . A mapping  T  is orbitally continuous on X if  T  is orbitally O-continuous at all   p ∈ ℵ   .





Theorem 2.

Let  ( ℵ , ⊥ , D )  be an O-complete F -metric space and  Ω ∈  Δ Ω   . Let  T : ℵ → ℵ  be ⊥-preserving and satisfy


  ∀  p ∈ ℵ ,    T p ⊥   T  2  p ,    D  ( T p ,   T  2  p )  > 0   ⇒   Ω  ( D  ( T p ,   T  2  p )  )  ≤   [ Ω  ( D  ( p , T p )  )  ]  κ  ,  



(9)




where   κ ∈ ( 0 , 1 )  . Then,  T  has the property P provided that  T  is orbitally continuous on ℵ.





Proof. 

Let   ϵ > 0   be fixed and   ( ζ , a ) ∈ F × [ 0 , + ∞ )   be such that ( D 3) is satisfied. By   (  F 2  )  , there exists   δ > 0   such that


     0 < μ < δ   implies   ζ ( μ ) < ζ ( ϵ ) − a .     



(10)







We show that   F i x ( T ) ≠ ϕ  . Define an O-sequence    {  p n  }   n ∈ N    in ℵ such that    p  n + 1   =   T  n  p  . If there exists    n 0  ∈ N  , such that    p   n 0  + 1   =  p  n 0    , then   p  n 0    is a fixed point of  T . Therefore, we suppose   D (  p n  ,  p  n + 1   ) > 0   for all   n ∈ N  . Using Inequality (9), we obtain


     Ω ( D  (  p n  ,  p  n + 1   )  )    =  Ω ( D  ( T  p  n − 1   ,   T  2   p  n − 1   )  )       ≤   [ Ω  ( D  (  p  n − 1   , T  p  n − 1   )  )  ]  κ       =   [ Ω  ( D  ( T  p  n − 2   ,   T  2   p  n − 2   )  )  ]  κ       ≤   [ Ω  ( D  (  p  n − 2   , T  p  n − 2   )  )  ]    κ  2          ⋯      ≤    [ Ω  ( D  (  p 0  ,  p 1  )  )  ]    κ  n   .     











Thus, we have


     1 ≤ Ω  ( D  (  p n  ,  p  n + 1   )  )  ≤   [ Ω  ( D  (  p 0  ,  p 1  )  )  ]    κ  n   ,   for  all  n ∈ N .     



(11)







Letting   n → ∞   in Inequality (11), we get


     Ω ( D  (  p n  ,  p  n + 1   )  ) → 1 ,     








which implies from   (  Ω 2  )   that


      lim  n → ∞   D  (  p n  ,  p  n + 1   )  = 0 .     



(12)







From condition   (  Ω 3  )  , there exist   r ∈ ( 0 , 1 )   and   l ∈ ( 0 , ∞ ]   such that


      lim  n → ∞     Ω ( D  (  p n  ,  p  n + 1   )  ) − 1    [ D  (  p n  ,  p  n + 1   )  ]  r   = l .     











Suppose that   l < ∞  . In this case, let   υ = l / 2 > 0  . From the definition of limit, there exists    n 0  ∈ N   such that


        Ω ( D  (  p n  ,  p  n + 1   )  ) − 1    [ D  (  p n  ,  p  n + 1   )  ]  r   − l  ≤ υ ,   for  all  n ≥  n 0  .     











This implies that


       Ω ( D  (  p n  ,  p  n + 1   )  ) − 1    [ D  (  p n  ,  p  n + 1   )  ]  r   ≥ l − υ = υ ,   for  all  n ≥  n 0  .     










      Ω ( D  (  p n  ,  p  n + 1   )  ) − 1  ≥ υ   [ D  (  p n  ,  p  n + 1   )  ]  r  ,   for  all  n ≥  n 0  .     











Then,


       [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ  [ Ω  ( D  (  p n  ,  p  n + 1   )  )  − 1 ]  ,   for  all   n ≥  n 0  ,     








where   σ = 1 / υ  . Multiplying by n on both sides of inequality, we get


     n   [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ n  [ Ω  ( D  (  p n  ,  p  n + 1   )  )  − 1 ]  ,   for  all   n ≥  n 0  .     











Suppose that   l = ∞  . In this case, let   υ > 0   be arbitrary. By Definition of limit, there exists    n 0  ∈ N   such that


       Ω ( D  (  p n  ,  p  n + 1   )  ) − 1    [ D  (  p n  ,  p  n + 1   )  ]  r   ≥ υ ,   for  all  n ≥  n 0  .     











Then,


     n   [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ n  [ Ω  ( D  (  p n  ,  p  n + 1   )  )  − 1 ]  ,   for  all  n ≥  n 0  ,     








where   σ = 1 / υ  .



Thus, in all cases, there exist   σ > 0   and    n 0  ∈ N   such that


     n   [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ n  [ Ω  ( D  (  p n  ,  p  n + 1   )  )  − 1 ]  ,   for  all  n ≥  n 0  .     











Using Inequality (11), we obtain


     n   [ D  (  p n  ,  p  n + 1   )  ]  r  ≤ σ n   [ Ω  ( D  (  p 0  ,  p 1  )  )  − 1 ]    κ  n   ,   for  all  n ≥  n 0  .     











Letting   n → ∞   in the above inequality, we obtain


      lim  n → ∞   n   [ D  (  p n  ,  p  n + 1   )  ]  r  = 0 .     











Thus, there exists    n 1  ∈ N   such that


     D  (  p n  ,  p  n + 1   )  ≤  1  n  1 / r    ,   for  all  n ≥  n 1  ,     








which yields


      ∑  i = n   ω − 1   D  (  p i  ,  p  i + 1   )  ≤  ∑  i = n   ω − 1    1  i  1 / r    ,   ω > n .     











Since     ∑  i = 1  ∞    1  i  1 / r      is a convergent series, then there exists   N ∈ N   such that


     0 <  ∑  i = n   ω − 1    1  i  1 / r    <  ∑  i = n  ∞   1  i  1 / r    < δ ,   n ≥ N .     



(13)







Hence, by Inequality (13) and   (  F 1  )  , we have


     ζ   ∑  i = n   ω − 1   D  (  p i  ,  p  i + 1   )   ≤ ζ   ∑  i = n  ∞   1  i  1 / r     < ζ  ( ϵ )  − a ,   ω > n ≥ N .     



(14)







Using ( D 3) and Inequality (14), we obtain


     D  (  p n  ,  p ω  )  > 0 ,   ω > n ≥ N   ⇒ ζ  ( D  (  p n  ,  p ω  )  )  ≤ ζ   ∑  i = n   ω − 1   D  (  p i  ,  p  i + 1   )   + a < ζ  ( ϵ )  ,     








which, from   (  F 1  )  , gives that


  D (  p n  ,  p ω  ) < ϵ ,    ω > n ≥ N .  











This shows that    {  p n  }   n ∈ N    is a Cauchy O-sequence.



Since    {   T  n   p 0  : n ∈ N }  ⊆ O  (  p 0  )  ⊆ ℵ   and ℵ is O-complete, there exists   p ∈ ℵ   such that


   lim  n → ∞     T  n   p 0  = p .  











On the other hand, orbital ⊥-continuity of  T  gives   p =  lim  n → ∞     T   n − 1    p 0  = T p  . Hence,  T  has a fixed point and   F i x  (   T  n  )  = F i x  ( T )    is true for   n = 1  . Now, let   n > 1  . Suppose on the contrary that   p ∈ F i x (   T  n  )   but   p ∉ F i x ( T )  , then   D ( p , T p ) = a > 0  . Now,


     Ω ( D ( p , T p ) )    =  Ω ( D  ( T  (   T   n − 1   p )  ,   T  2   (   T   n − 1   p )  )  )       ≤   [ Ω  ( D  (   T   n − 1   p ,   T  n  p )  )  ]  κ       ≤   [ Ω  ( D  (   T   n − 2   p ,   T   n − 1   p )  )  ]    κ  2          ⋯      ≤    [ Ω  ( D  ( p , T p )  )  ]    κ  n   .     











Thus, we have


     1 ≤ Ω  ( D  ( p , T p )  )  ≤   [ Ω  ( D  ( p , T p )  )  ]    κ  n   ,   for  all  n ∈ N .     



(15)







Letting   n → ∞   in Inequality (15), we get


     Ω ( D ( p , T p ) ) → 1 ,     








which, from   (  Ω 2  )  , implies that


     D ( p , T p ) = 0     



(16)




is a contradiction. So,   p ∈ T p  . □






4. Application


This section is devoted to show the existence of the solution of the following nonlinear differential equation of fractional order (see [19]) given by


       C   D ℘  p  ( μ )  = ζ  ( μ , p  ( μ )  )       ( 0 < μ < 1 , 1 < ℘ ≤ 2 )  ,     



(17)




with boundary conditions


     p  ( 0 )  = 0 ,  p  ( 1 )  =  ∫ 0 π  p  ( ν )  d ν    ( 0 < π < 1 )  ,     



(18)




where     C   D ℘    stands for Caputo fractional derivative with order ℘, which is defined by


    C   D ℘  ζ  ( μ )  =  1  Γ ( m − ℘ )    ∫  0  μ    ( μ − ν )   m − ℘ − 1    f m   ( ν )  d ν ,  








where   m − 1 < ℘ < m , m = [ ℘ ] + 1   and   ζ :  [ 0 , 1 ]  × R →  R +    is a continuous function. We consider   ℵ = { p | p ∈ C ( [ 0 , 1 ] , R ) }   with supremum norm     ∥ p ∥  ∞  =  sup  p ∈ [ 0 , 1 ]    p ( μ )   . So,   ( ℵ , ∥ p  ∥ ∞  )   is a Banach space. Recall, the Riemann–Liouville fractional integral of order ℘ is given by


   I ℘  ζ  ( μ )  =  1  Γ ( ℘ )    ∫  0  μ    ( μ − ν )   ℘ − 1   ζ  ( ν )  d ν    ( ℘ > 0 )  .  











Lemma 1.

The Banach space   ( ℵ ,   ·  ∞  )   endowed with the metric  D  defined by


   D  ( p ,  p *  )  =   ∥ p −  p *  ∥  ∞  =  sup  μ ∈ [ 0 , 1 ]    p  ( μ )  −  p *   ( μ )     








and orthogonal relation   p ⊥  p *  ⇔ p  p *  ≥ 0   , where   p ,  p *  ∈ ℵ   , is an orthogonal  F  -metric space.





Proof. 

It is clear by definition of  D  that it satisfies conditions ( D 1) and ( D 2). To verify ( D 3), for every   ( p ,  p *  ) ∈ ℵ × ℵ   where   p ⊥  p *   , for every   M ∈ N , M ≥ 2  , and for every     (  p i  )   i = 1  M  ⊂ ℵ   with    (  p 1  ,  p M  )  =  ( p ,  p *  )   , we have


  D  ( p ,  p *  )  ≤  ∑  i = 1   M − 1   D  (  p i  ,  p  i + 1   )  ,  








which gives


  D  ( p ,  p *  )  > 0 ⇒ ln  ( D  ( p ,  p *  )  )  ≤ ln   ∑  i = 1   M − 1   D  (  p i  ,  p  i + 1   )   .  











Then,  D  verifies ( D 3) with   ζ ( p ) = ln ( p ) , p > 0   and   a = 0  . Hence,   ( ℵ , ⊥ , D )   is an orthogonal  F -metric space. □





Theorem 3.

Suppose that  ζ :  [ 0 , 1 ]  × R →  R +   is a continuous function, satisfying the following condition


  | ζ ( μ , p ) − ζ ( μ , q ) | ≤ K | p − q | ,  








for all  μ ∈ [ 0 , 1 ]  and for all  p , q ∈ ℵ  such that  p ( μ ) q ( μ ) ≥ 0  and a constant K with  K λ < 1  , where


  λ =    μ ℘   ( 2 −  π 2  )   ( ℘ + 1 )  + 2 μ  ( ℘ + π + 1 )     ( 2 −  π 2  )  ℘  ( ℘ + 1 )  Γ  ( ℘ )    ,  








where  0 < π < 1  . Then, the differential Equation (17) with boundary conditions Equation (18) has a unique solution.





Proof. 

For all   μ ∈ [ 0 , 1 ]  , assume the orthogonality relation on ℵ, by


  p ⊥ q   if   p ( μ ) q ( μ ) ≥ 0 .  











Under this relation, the set ℵ is orthogonal because for every   p ∈ ℵ  ∃  q ( μ ) = 0  ∀  μ ∈ [ 0 , 1 ]   such that   p ( μ ) q ( μ ) = 0  . We consider   D  ( p , q )  =  sup  μ ∈ [ 0 , 1 ]    p ( μ ) − q ( μ )    for all   p , q ∈ ℵ  . So, the triplet   ( ℵ , ⊥ , D )   is a complete O- F -metric space.



Define a mapping   T : ℵ → ℵ   by


     T p ( μ ) =      1  Γ ( ℘ )    ∫  0  μ    ( μ − ν )   ℘ − 1   ζ  ( ν , p  ( ν )  )  d ν −   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  1    ( 1 − ν )   ℘ − 1   ζ  ( ν , p  ( ν )  )  d ν        +   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  π   ∫  0  ν    ( ν − ω )   ℘ − 1   ζ  ( ω , p  ( ω )  )  d ω d ν ,     








for   μ ∈ [ 0 , 1 ]  . Then,  T  is ⊥-continuous.



A function   p ∈ ℵ   is a solution of Equation (17) if and only if   p = T p  . In order to prove the existence of fixed point of  T , we prove that  T  is ⊥-preserving and   ⊥ Ω  -contraction.



To show  T  is ⊥-preserving, let   p ( μ ) ⊥ q ( μ )  , for all   μ ∈ [ 0 , 1 ]  . Now, we have


     T p ( μ ) =      1  Γ ( ℘ )    ∫  0  μ    ( μ − ν )   ℘ − 1   ζ  ( ν , p  ( ν )  )  d ν −   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  1    ( 1 − ν )   ℘ − 1   ζ  ( ν , p  ( ν )  )  d ν        +   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  π   ∫  0  ν    ( ν − ω )   ℘ − 1   ζ  ( ω , p  ( ω )  )  d ω d ν > 0 ,     








which implies that   T p ⊥ T q  , i.e.  T  is ⊥-preserving.



Next, we show that  T  is an   ⊥ Ω  -contraction. For all   μ ∈ [ 0 , 1 ] ,   p ( μ ) ⊥ q ( μ )  , we have


     | T p − T q |    =     1  Γ ( ℘ )    ∫  0  μ    ( μ − ν )   ℘ − 1   ζ  ( ν , p  ( ν )  )  d ν −   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  1    ( 1 − ν )   ℘ − 1   ζ  ( ν , p  ( ν )  )  d ν         +   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  π    ∫  0  ν    ( ν − ω )   ℘ − 1   ζ  ( ω , p  ( ω )  )  d ω  d ν         −  1  Γ ( ℘ )    ∫  0  μ    ( μ − ν )   ℘ − 1   ζ  ( ν , q  ( ν )  )  d ν +   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  1    ( 1 − ν )   ℘ − 1   ζ  ( ν , q  ( ν )  )  d ν         −   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  π    ∫  0  ν    ( ν − ω )   ℘ − 1   ζ  ( ω , q  ( ω )  )  d ω  d ν       ≤     1  Γ ( ℘ )    ∫  0  μ    ( μ − ν )   ℘ − 1    | ζ  ( ν , p  ( ν )  )  − ζ  ( ν , q  ( ν )  )  |  d ν         +   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  1    ( 1 − ν )   ℘ − 1    | ζ  ( ν , p  ( ν )  )  − ζ  ( ν , q  ( ν )  )  |  d ν         +   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  π   ∫  0  ν    ( ν − ω )   ℘ − 1    | ζ  ( ω , p  ( ω )  )  − ζ  ( ω , q  ( ω )  )  |  d ω d ν       ≤    (  1  Γ ( ℘ )    ∫  0  μ    ( μ − ν )   ℘ − 1   d ν +   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  1    ( 1 − ν )   ℘ − 1   d ν         +   2 μ    ( 2 −  π 2  )  Γ  ( ℘ )     ∫  0  π   ∫  0  ν    ( ν − ω )   ℘ − 1   d ω d ν ) K   ∥ p − q ∥  ∞        =        μ ℘   ( 2 −  π 2  )   ( ℘ + 1 )  + 2 μ  ( ℘ + π + 1 )     ( 2 −  π 2  )  ℘  ( ℘ + 1 )  Γ  ( ℘ )     K   ∥ p − q ∥  ∞        =      K λ ∥ p − q ∥  ∞  ,     








which implies that     ∥ T p − T q ∥  ∞  ≤ K λ   ∥ p − q ∥  ∞  .   Thus, for each   p , q ∈ ℵ  , we have


  D ( T p , T q ) ≤ K λ D ( p , q ) .  











Let   Ω  ( ν )  =  e  ν   ∈ Ω  ,   ν > 0  , we have


   e   D ( T p , T q )    ≤  e   K λ D ( p , q )    =   [  e   D ( p , q )    ]  κ  ,   ∀  p , q ∈ ℵ ,  








where   κ =   K λ    . Since   K λ < 1  ,   κ ∈ ( 0 , 1 )  . Therefore,  T  is an   ⊥ Ω  -contraction.



Now, let   (  p n  )   be a Cauchy O-sequence converging in ℵ. Therefore, for   n ∈ N  , we have    p n   ( μ )   p  n + 1    ( μ )  ≥ 0   for all   μ ∈ [ 0 , 1 ]  . We have two cases: either    p n   ( μ )  ≥ 0   or    p n   ( μ )  ≤ 0  . If    p n   ( μ )  ≥ 0   for each   n ∈ N   and   μ ∈ [ 0 , 1 ]  . Then, for every   μ ∈ [ 0 , 1 ]  , there is a sequence of non-negative real numbers which converges to   p ( μ )  . Hence, we must get   p ( μ ) ≥ 0   for each   μ ∈ [ 0 , 1 ]  , i.e.,    p n   ( μ )  ⊥ p  ( μ )    for all   n ∈ N   and   μ ∈ [ 0 , 1 ]  . The second case,    p n   ( μ )  ≤ 0   for all   n ∈ N  , has to be discarded. So, by Theorem 1,  T  has a unique fixed point and hence Equation (17) possesses a unique solution. □
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