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Abstract


In this paper, some properties of   F  -harmonic and conformal   F  -harmonic maps between doubly warped product manifolds are studied and new examples of non-harmonic   F  -harmonic maps are constructed.
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1. Introduction


Let    ϕ : ( M , g ) → ( N , h )    be a smooth map between Riemannian manifolds. The map   ϕ   is called harmonic if it is a critical point of the energy functional:


   E  ( ϕ )  =  ∫ K  e  ( ϕ )  d  υ g    



(1)




for any compact sub-domain    K ⊆ M ,    where    e  ( ϕ )  : =  1 2  ∣ d ϕ  ∣ 2     is the energy density of   ϕ  . Here,    ∣ d ϕ ∣    denotes the Hilbert–Schmidt norm of the differential    d ϕ ∈ Γ (  T ∗  M ⊗  ϕ  − 1   T N )    with respect to g and h.



The Euler–Lagrange equation corresponding to the energy functional is given by vanishing of the tension field    τ  ( ϕ )  : = t r a c  e g  ∇ d ϕ   . Many researchers have been studying this topic extensively (see, for instance, [1,2,3]).



  F  -harmonic maps as a generalization of harmonic maps, geodesics and minimal surfaces were first studied by Ara [4]. Let    F : [ 0 , ∞ ) ⟶ [ 0 , ∞ )    be a    C 2   -function such that     F ′  > 0    on    ( 0 , ∞ )   . The map   ϕ   is said to be   F  -harmonic if   ϕ   is a critical point of the   F  -energy functional:


    E   F    ( ϕ )  =  ∫ M  F  (   ∣ d  ( ϕ )   ∣ 2   2  )  d  υ g    



(2)







  F  -energy functional can be considered as energy , p-energy or exponential energy when    F ( t )    is equal to    t ,   ( 2 t )   p 2   / p    ( p ≥ 4 )     or     e t  ,    respectively. The Euler–Lagrange equation associated with the   F  -energy functional is given by:


       τ F   ( ϕ )  : =  F ′   (   ∣ d ϕ  ∣ 2   2  )  τ  ( ϕ )  + d ϕ  ( g r a  d g   (  F ′   (   ∣ d ϕ  ∣ 2   2  )  )  )  = 0      



(3)







The operator     τ F   ( ϕ )     is called the   F  -tension field of the map   ϕ  .



In view of physics, harmonic maps have been studied in various fields of physics, such as super conductor, ferromagnetic material, liquid crystal, etc. [5,6,7,8]. Additionally, p-harmonic maps have been extensively applied in image processing for denoising color images [9,10]. Furthermore, exponential harmonic maps have been studied on gravity [11]. The concept of   F  -harmonic maps, as an extension of harmonic, p-harmonic and exponential harmonic maps, have an important role in physics and physical cosmology. For instance, instead of the scalar field in the Lagrangian, some of the    F   -harmonic maps, such as the trigonometric functions, are studied in order to reproduce the inflation. Moreover, there are other   F  -harmonic maps, such as exponential harmonic maps, are investigated in order to depict the phenomenon of the quintessence [12,13].



Since 2000, many scholars have done research in this regard. In [14], Ara extended two stability theorems due to Howard and Okayasu to   F  -harmonic maps. He also showed that every stable   F  -harmonic map into sufficiently pinched simply-connected Riemannian manifolds is constant. In [15], several Liouville theorems for   F  -harmonic maps between Riemannian manifold are proved. In [16], the researchers studied new geometric techniques to deal with the Dirichlet problem for p-harmonic maps and   F  -harmonic maps. In [17], Li studied   F  -harmonic maps from a complete Riemannian manifold M and   F  -Yang–Mills fields on M. He showed that, under some conditions, every   F  -Yang–Mills field with finite   F  -Yang–Mills energy vanishes on M.



It is worth noting that   F  -harmonic maps should not be confused with f-harmonic maps between Riemannian manifolds. The notion of f-harmonic maps was first studied by Lichnerowicz [18] in 1970. Let    f ∈  C ∞   ( M )     be a positive smooth function on M. The map   ϕ   is called f-harmonic if   ϕ   is a critical point of the f-energy functional:


    E f   ( ϕ )  : =  1 2   ∫ M  f ∣ d ϕ  ∣ 2  d  υ g    











In view of physics, these maps can be considered as the stationary solutions of an inhomogeneous Heisenberg spin system. For more details [19].



On the other hand, the notion of warped product manifolds generalizes that of a surface of revolution. It was studied by Bishop and O’Neill for constructing negative curvature manifolds [20]. These products play an important role in many branches of physics, especially in general relativity, string and super gravity theories [21]. For instance, in gravity theories, the best model of space-time that describes the outer space near black holes with large gravitational force is given as a warped product manifold [22]. Due to the role of these products in construction of examples with negative curvature, warped product manifolds have an important role in geometry [20,23].



The notion of doubly warped product manifolds can be considered as an extension of warped product manifolds. These products are studied for Lorentzian manifolds by Beem and Powell in [24]. In [25,26], global hyperbolicity and null pseudocovexity of Lorentzian doubly warped product manifolds are investigated. In [27], the author investigates conformal properties of doubly warped products manifolds. In [28], globally hyperbolicity of generalized Robertson–Walker space-times with doubly warped product fiber is studied.



One of the important examples of doubly warped product manifolds is a doubly warped space-time. This is mainly because this space-time produces many exact solutions to Einstein’s field equations. The Gibbons-Maeda-Garfinkle-Horowitz-Strominger solutions of the Einstein field equations represent the geometry exterior to a spherically symmetric static charged black hole and GMGHS metric in the doubly warped product space-time have the same form as the Kantowski–Sachs solution [29]. In [30], Choi studied the GMGHS space-time in order to analyze the anisotropic cosmological model, which represents homogeneous but anisotropically expanding or contracting cosmology. He also investigated the solution of GMGHS space-time in the form of doubly warped products and obtained the Ricci curvature associated with three phases in the evolution of the universe.



In this paper, following the ideas in [31],   F  -harmonic and conformally   F  -harmonic maps between doubly warped product manifolds are studied. More precisely, the methods provided in [3,31] are used to investigate the   F  -harmonicity of these maps. Section 3, Section 4 and Section 5 contain our main results. Owing to the importance of   F  -harmonic maps and doubly warped product space in physics and physical cosmology [5,6,7,8,9,10,11,12,13,24,25,26,27,28,29,30], the results of this paper can provide benefits for studying the   F  -harmonicity of the maps from or into the doubly warped product manifolds in research on various fields of physical cosmology, such as the phenomena of the quintessence and the inflation.



This paper is organized as follows. In Section 2, some results on warped product manifolds are reviewed. In Section 3, the   F  -harmonicity conditions of smooth maps from a Riemannian manifold P into a doubly warped product manifold    M    μ   × λ   N    are analyzed. Especially, it is shown that both of the leaves    {  x 0  } × N    and    M × {  y 0  }    are never non-harmonic   F  -harmonic maps as submanifolds of a doubly warped product manifold    M    μ   × λ   N   . In Section 4, some characterizations for   F  -harmonicity of smooth maps from a doubly warped product manifold    M    μ   × λ   N    into a Riemannian manifold P are given. Particularly, it is shown that the projection maps from a doubly warped product manifolds    M    μ   × λ   N ,    whose warping functions   λ   and   μ   are non-constant functions, are not   F  -harmonic. In the last section, new classes of   F  -harmonic maps between doubly warped product maps are constructed.




2. Some Results on Doubly Warped Product Manifolds


Let    ( M , g )    and    ( N , h )    be Riemannian manifolds and let    λ ∈  C ∞   ( M )     and    μ ∈  C ∞   ( N )     be positive smooth functions. The doubly warped product manifold    M    μ   × λ   N    is the product manifold    M × N    equipped with the Riemannian metric:


       g ¯   ( X , Y )  =   ( μ ∘  π 2  )  2  g  ( d  π 1   ( X )  , d  π 1   ( Y )  )  +   ( λ ∘  π 1  )  2  h  ( d  π 2   ( X )  , d  π 2   ( Y )  )       



(4)




for any    X , Y ∈ Γ ( T ( M × N ) )   , where     π 1  : M    μ   × λ   N ⟶ M    and     π 2  : M    μ   × λ   N ⟶ N    are canonical projection maps. A doubly warped product manifold    M    μ   × λ   N    is called direct product manifold if   λ   and   μ   are constant. The relationship between the Levi–Civita connections on direct product manifold    M × N    and doubly warped product manifold    M    μ   × λ   N    is given as follows:



Theorem 1.

Let    ( M , g )    and    ( N , h )    be Riemannian manifolds with the Levi–Civita connections    ∇ M    and    ∇ N   , respectively, and let ∇ and    ∇ ¯    denote the Levi–Civita connections of direct product manifold    M × N    and doubly warped product manifold    M    μ   × λ   N   , respectively. Then, the Levi–Civita connection of doubly warped product manifold is given as follows [19]:


           ∇ ¯   (  X 1  ,  Y 1  )    (  X 2  ,  Y 2  )        =      (  ∇  X 1  M   X 2  +  1  2  μ 2     Y 1   (  μ 2  )   X 2  +  1  2  μ 2     Y 2   (  μ 2  )   X 1  −  1 2  h  (  Y 1  ,  Y 2  )  g r a  d g   λ 2  ,  0 2  )       +      (  0 1  ,  ∇  Y 1  N   Y 2  +  1  2  λ 2     X 1   (  λ 2  )   Y 2  +  1  2  λ 2     X 2   (  λ 2  )   Y 1  −  1 2  g  (  X 1  ,  X 2  )  g r a  d h   μ 2  )      



(5)




for any     (  X 1  ,  Y 1  )  ,  (  X 2  ,  Y 2  )  ∈ Γ  ( T  ( M × N )  )    , where     X 1  ,  X 2  ∈ Γ  ( T M )     and     Y 1  ,  Y 2  ∈ Γ  ( T N )    . Here,    (  X i  ,  Y i  )    is identified with     (  X i  ,  0 2  )  +  (  0 1  ,  Y i  )    ,    i = 1 , 2 ,    and     0 1  ∈  T p  M    and     0 2  ∈  T q  N   .





Doubly warped product manifolds    M    μ   × λ   N ,    whose warping functions   λ   and   μ   are harmonic functions, have been interesting for researchers in mathematical physics. For instance, the following results were proved in [32].



Theorem 2.

Let    M    μ   × λ   N    be a doubly warped product manifold whose warping functions λ and μ are harmonic functions. Then, there exists no isometric minimal immersion of a doubly warped product    M    μ   × λ   N    into a Riemannian manifold of negative curvature [32].





Theorem 3.

If M is a compact Riemannian manifold and μ is a harmonic function on N, then [32]:




	(1) 

	
Every doubly warped product    M    μ   × λ   N    does not admit an isometric minimal immersion into any Riemannian manifold of negative curvature.




	(2) 

	
Every doubly warped product    M    μ   × λ   N    does not admit an isometric minimal immersion into a Euclidean space.











Next, the   F  -harmonicity of some special maps from or into a doubly warped product manifold are studied.




3.   F  -Harmonicity Conditions of     Φ :  ( P , ρ )  ⟶  ( M    μ   × λ   N ,  g ¯  )     


In this section, the   F  -harmonicity conditions of smooth maps from a Riemannian manifold    ( P , ρ )    into a doubly warped product manifold    M    μ   × λ   N    are studied. Particularly, it is shown that both of the leaves    {  x 0  } × N    and    M × {  y 0  }    are never non-harmonic   F  -harmonic maps as submanifolds of a doubly warped product manifold    M    μ   × λ   N   .



Let     (  M m  , g )  ,  (  N n  , h )     and    (  P p  , ρ )    be Riemannian manifolds of dimensions    m , n    and    p ,    respectively. Let    λ ∈  C ∞   ( M )     and    μ ∈  C ∞   ( N )     be two positive smooth functions and    ( M    μ   × λ   N ,  g ¯  )    be the doubly warped product manifold. Denote the Levi–Civita connection on the doubly warped product manifold    M    μ   × λ   N    by    ∇ ¯   . In the sequel, the following convention of index ranges are used:


      1 ⩽ i , j , k , . . . ⩽ m ,  1 ⩽ α , β , γ , . . . ⩽ n ,  1 ⩽ a , b , c , . . . ⩽ p .      











According to the above notations, we have the following.



Theorem 4.

Let     (  M m  , g )  ,  (  N n  , h )     and    (  P p  , ρ )    be Riemannian manifolds. Let    ϕ : ( P , ρ ) ⟶ ( M , g )    and    ψ : ( P , ρ ) ⟶ ( N , h )    be smooth maps. Then, the   F  -tension field of :


      Φ : (  P p  , ρ )     ⟶ (  M m     μ   × λ    N n  ,  g ¯  )      x    ⟶ ( ϕ ( x ) , ψ ( x ) )      



(6)




is given by:


       τ F   ( Φ )      =  F ′   ( k )  {  ( τ  ( ϕ )  , τ  ( ψ )  )  + ( d ϕ  ( g r a  d ρ  ln  (  μ 2  ∘ ψ )  )  , d ψ  ( g r a  d ρ  ln  (  λ 2  ∘ ϕ )  )   )         −  ( e  ( ψ )   ( g r a  d g   λ 2  )  ∘ ϕ , e  ( ϕ )   ( g r a  d h   μ 2  )  ∘ ψ )  } +  F  ′ ′    ( k )   ( d ϕ  ( g r a  d ρ  k )  , d ψ  ( g r a  d ρ  k )  )       



(7)




where    k : = e  ( ϕ )   μ 2  ∘ ψ + e  ( ψ )   λ 2  ∘ ϕ   .





Proof. 

Let    {  e a  }    be an orthogonal frame with respect to   ρ   on P. By means of Equation (5) and definition of tension field, we have:


      τ ( Φ )     = t r a c  e ρ  ∇ d Φ        =  ∑  a = 1  p     ∇ ¯   ( d ϕ  (  e a  )  , d ψ  (  e a  )  )    ( d ϕ  (  e a  )  , d ψ  (  e a  )  )  −  ( d ϕ  (  ∇   e a   P   e a  )  , d ψ  (  ∇   e a   P   e a  )  )          =  ∑  a = 1  p  {   ∇  d ϕ (  e a  )  M  d ϕ  (  e a  )  − d ϕ  (  ∇   e a   P   e a  )  + 2 d ψ  (  e a  )   ( ln μ )  d ϕ  (  e a  )  −  1 2  ∣ d ψ  ∣ 2   ( g r a  d g   λ 2  )  ∘ ϕ ,  0 2          +   0 1  ,  ∇  d ψ (  e a  )  N  d ψ  (  e a  )  − d ψ  (  ∇   e a   P   e a  )  + 2 d ϕ  (  e a  )   ( ln λ )  d ψ  (  e a  )  −  1 2  ∣ d ϕ  ∣ 2   ( g r a  d h   μ 2  )  ∘ ψ  }      



(8)







Due to the fact that    d ψ  (  e a  )   ( ln μ )  =  e a   ( ln μ ∘ ψ )     (resp.    d ϕ  (  e a  )   ( ln λ )  =  e a   ( ln λ ∘ ϕ )   )     and considering Equation (8), we get:


      τ ( Φ )     =  ( τ  ( ϕ )  , τ  ( ψ )  )  + ( d ϕ  ( g r a  d ρ  ln  (  μ 2  ∘ ψ )  )  , d ψ  ( g r a  d ρ  ln  (  λ 2  ∘ ϕ )  )  )        − ( e  ( ψ )   ( g r a  d g   λ 2  )  ∘ ϕ , e  ( ϕ )   ( g r a  d h   μ 2  )  ∘ ψ )      



(9)







By means of Equations (3) and (9), the   F  -tension field of   Φ   can be obtained as follows:


       τ F   ( Φ )      =  F ′   (   ∣ d Φ  ∣ 2   2  )  τ  ( Φ )  + d Φ  ( g r a  d ρ   (  F ′   (   ∣ d Φ  ∣ 2   2  )  )  )         =  F  ′ ′    (   ∣ d Φ  ∣ 2   2  )   ( d ϕ  ( g r a  d ρ   (   ∣ d Φ  ∣ 2   2  )  )  , d ψ  ( g r a  d ρ   (   ∣ d Φ  ∣ 2   2  )  )  )         +  F ′   (   ∣ d Φ  ∣ 2   2  )  {  ( τ  ( ϕ )  , τ  ( ψ )  )  +  ( d ϕ  ( g r a  d ρ  ln  (  μ 2  ∘ ψ )  )  , d ψ  ( g r a  d ρ  ln  (  λ 2  ∘ ϕ )  )  )         − ( e  ( ψ )   ( g r a  d g   λ 2  )  ∘ ϕ , e  ( ϕ )   ( g r a  d h   μ 2  )  ∘ ψ ) }      



(10)







By calculating the energy density of   Φ  , we get:


      e  ( Φ )  =  1 2  ∣ d Φ  ∣ 2      =  1 2   ∑  a = 1  p   g ¯   ( d Φ  (  e a  )  , d Φ  (  e a  )  )         =  1 2   ∑  a = 1  p    μ 2  ∘ ψ  g  ( d ϕ  (  e a  )  , d ϕ  (  e a  )  )  +  λ 2  ∘ ϕ  h  ( d ψ  (  e a  )  , d ψ  (  e a  )  )          = e  ( ϕ )   μ 2  ∘ ψ + e  ( ψ )   λ 2  ∘ ϕ      



(11)







Substituting Equation (11) into (10) yields Equation (7) and hence completes the proof. ☐





  F  -Harmonicity of the Inclusion Maps


Let    ( M    μ   × λ   N ,  g ¯  )    be a doubly warped product manifold. Denote by:


       i  y 0   :  ( M , g )      ⟶ ( M    μ   × λ   N ,  g ¯  )      x    ⟶ ( x ,  y 0  )      



(12)




the inclusion map of M at the point     y 0  ∈ N    level in    M    μ   × λ   N ,    and:


       i  x 0   :  ( N , h )      ⟶ ( M    μ   × λ   N ,  g ¯  )      y    ⟶ (  x 0  , y )      



(13)




the inclusion map of N at the point     x 0  ∈ M    level in    M    μ   × λ   N   . Now, the   F  -harmonicity conditions for both of the leaves    {  x 0  } × N    and    M × {  y 0  }    as submanifolds of a non-trivial doubly warped product manifold    M    μ   × λ   N    are studied .



Proposition 1.

Let    M    μ   × λ   N    be a doubly warped product manifold whose warping functions λ and μ are non-constant functions. The inclusion map    i  y 0     defined by Equation (12) is never a non- harmonic   F  -harmonic map.





Proof. 

By means of Equations (7) and (9), the tension and   F  -tension field of    i  y 0     are given by:


   τ  (  i  y 0   )  = −  m 2   (  0 1  , g r a  d h   μ 2  )  ∘  i  y 0     



(14)




and:


    τ F   (  i  y 0   )  = −  m 2   F ′   (  m 2   μ 2   (  y 0  )  )   (  0 1  , g r a  d h   μ 2  )  ∘  i  y 0     



(15)







By Equations (14) and (15), the inclusion map    i  y 0     is non-harmonic   F  -harmonic map if and only if     F ′   (  m 2   μ 2   (  y 0  )  )  = 0 .    However, this is in contradiction with the fact that     F ′  > 0    on    ( 0 , ∞ ) .    This completes the proof. ☐





For the inclusion map     i  x 0   : N ⟶ M    μ   × λ   N ,    defined by Equation (13), a similar proof gives:



Proposition 2.

Let    M    μ   × λ   N    be a doubly warped product manifold whose warping functions λ and μ are non-constant functions. The inclusion map     i  x 0   ,    defined by Equation (13), is never a non- harmonic   F  -harmonic map.







4.   F  -Harmonicity Conditions of      Φ ˜  :  ( M    μ   × λ   N ,  g ¯  )  ⟶  ( P , ρ )     


In this section, the   F  -harmonicity conditions of some special maps from a doubly warped product manifold into a Riemannian manifold are studied and an example is given. Finally, it is obtained that the projection maps from a non-trivial doubly warped product manifolds    M    μ   × λ   N    can not be   F  -harmonic.



First, we study the   F  -harmonicity conditions of the map:


       Φ ˜  :  ( M    μ   × λ   N ,  g ¯  )      ⟶ (  P p  , ρ )       ( x , y )     ⟶ ϕ ( x )      



(16)




where    ϕ : M ⟶ P    is a smooth map. We have the following.



Theorem 5.

Let    ϕ : ( M , g ) ⟶ ( P , ρ )    be a smooth map. Then, the map    Φ ˜    defined by Equation (16) is   F  -harmonic if and only if:


       F ′   (   e ( ϕ )   μ 2   )  d ϕ  ( g r a  d g  ln  λ n  )  +  1  μ 2    {  F ′   (   e ( ϕ )   μ 2   )  τ  ( ϕ )  +  1  μ 2    F  ′ ′    (   e ( ϕ )   μ 2   )  d ϕ  ( g r a  d g   ( e  ( ϕ )  )  )  }  = 0      



(17)









Proof. 

Let    {  e i  }    be an orthogonal frame on    ( M , g )    and    {  f α  }    be an orthogonal frame on    ( N , h )   . An orthogonal frame on a doubly warped product manifold    M    μ   × λ   N    is given by    {  1 μ   (  e i  ,  0 2  )  ,  1 λ   (  0 1  ,  f α  )  } .    From the expression of tension field, we have:


      τ (  Φ ˜  )     = t r a c  e  g ¯   ∇ d  Φ ˜         =  ∑  i = 1  m    1 μ   ∇  d  Φ ˜   (  e i  ,  0 2  )   P  d  Φ ˜   (  1 μ   e i  ,  0 2  )  − d  Φ ˜   (  1 μ    ∇ ¯   (  e i  ,  0 2  )    (  1 μ   e i  ,  0 2  )  )          +  ∑  α = 1  n    1 λ   ∇  (  0 1  ,  f α  )   d  Φ ˜   (  0 1  ,  1 λ   f α  )  − d  Φ ˜   (  1 λ    ∇ ¯   (  0 1  ,  f α  )    (  0 1  ,  1 λ   f α  )  )        



(18)







By Equation (5), we get:


        ∇ ¯   (  e i  ,  0 2  )    (  e i  ,  0 2  )      =  (  ∇   e i   M   e i  ,  0 2  )  −  1 2  g  (  e i  ,  e i  )   (  0 1  , g r a  d h    μ 2  )       



(19)




and:


        ∇ ¯   (  0 1  ,  f α  )    (  0 1  ,  f α  )      =  (  0 1  ,  ∇   f α   N   f α  )  −  1 2  h  (  f α  ,  f α  )   ( g r a  d g   λ 2  ,  0 2  )       



(20)







By substituting Equations (19) and (20) into (18), we have:


      τ  (  Φ ˜  )  =  1  μ 2   τ  ( ϕ )  + d ϕ  ( g r a  d g  ln  λ n  )       



(21)







Let us now compute the   F  -tension field of    Φ ˜   . First, by Equation (4), we write down the energy density of    Φ ˜   . We get:


      e (  Φ ˜  )     =  1 2  ∣ d  Φ ˜   ∣ 2         =  1 2   ∑  i = 1  m  ρ  d  Φ ˜   (  1 μ   e i  ,  0 2  )  , d  Φ ˜   (  1 μ   e i  ,  0 2  )   +  ∑  α = 1  n  ρ  d  Φ ˜   (  0 1  ,  1 λ   f α  )  , d  ψ ˜   (  0 1  ,  1 λ   f α  )          =  1  2  μ 2     ∑  α = 1  n  ρ  ( d ϕ  (  e i  )  , d ϕ  (  e i  )  )         =   e ( ϕ )   μ 2        



(22)







By Equations (3), (21) and (22), the   F  -tension field of    Φ ˜    can be obtained as follows:


       τ F   (  Φ ˜  )      =  F ′   (   ∣ d  Φ ˜   ∣ 2   2  )  τ  (  Φ ˜  )  + d  Φ ˜   ( g r a  d  g ¯    F ′   (   ∣ d  Φ ˜   ∣ 2   2  )  )         =  F ′   (   e ( ϕ )   μ 2   )  τ  (  Φ ˜  )  + d  Φ ˜  (  ∑  i = 1  m   (  1 μ   e i  ,  0 2  )   (  F ′   (   e ( ϕ )   μ 2   )  )   (  1 μ   e i  ,  0 2  )         +  ∑  α = 1  n   (  0 1  ,  1 λ   f α  )   (  F ′   (   e ( ϕ )   μ 2   )  )   (  0 1  ,  1 λ   f α  )  )        =  F ′   (   e ( ϕ )   μ 2   )   (  1  μ 2   τ  ( ϕ )  + d ϕ  ( g r a  d g  ln  λ n  )  )  +  1  μ 4    F  ′ ′    (   e ( ϕ )   μ 2   )  d ϕ  ( g r a  d g   ( e  ( ϕ )  )  )       



(23)







Thus,   F  -harmonicity of    Φ ˜    implies that:


       F ′   (   e ( ϕ )   μ 2   )  d ϕ  ( g r a  d g  ln  λ n  )  +  1  μ 2     F ′   (   e ( ϕ )   μ 2   )  τ  ( ϕ )  +  1  μ 2    F  ′ ′    (   e ( ϕ )   μ 2   )  d ϕ  ( g r a  d g   ( e  ( ϕ )  )  )   = 0      



(24)







This completes the proof. ☐





From Theorem 5, we obtain the following result.



Corollary 1.

Let     M m     μ   × λ    N n     be a doubly warped product manifold whose warping functions λ and μ are non-constant functions. The projection map     π 1  :  (  M m     μ   × λ    N n  ,  g ¯  )  ⟶  (  M m  , g )  ,  π 1   ( x , y )  = x    is never an   F  -harmonic map.





Proof. 

By means of Equation (23), the   F  -tension field of    π 1    is given by:


    τ F   (  π 1  )  =  F ′   (  m  2  μ 2    )  g r a  d g  ln  λ n    



(25)







Due to the fact that     F ′  > 0    on    ( 0 , ∞ )    and considering Equation (25), the   F  -harmonicity of    π 1    implies that   λ   is constant on M. However, this is in contradiction with    M    μ   × λ   N    being a non-trivial doubly warped product manifold. This completes the proof. ☐





Finally, we consider the map:


       Ψ ˜  : M    μ   × λ   N     ⟶ N       ( x , y )     ⟶ ψ ( y )      



(26)




where    ψ :  (  N n  , h )  ⟶  (  N n  , h )     is a smooth map. By calculating similarly to Equations (21) and (23), we get:


       τ F   (  Ψ ˜  )      =  1  λ 2     F ′   (   e ( ψ )   λ 2   )  τ  ( ψ )  +  1  λ 2    F  ′ ′    (   e ( ψ )   λ 2   )  d ψ  ( g r a  d h   ( e  ( ψ )  )  )          +  F ′   (   e ( ψ )   λ 2   )  d ψ  ( g r a  d h  ln  μ m  )       



(27)







Thus, we have the following.



Theorem 6.

Let     (  M m  , g )  ,  (  N n  , h )     and    (  P p  , ρ )    be Riemannian manifolds. Let    ψ :  (  N n  , h )  ⟶  (  P p  , ρ )     be a smooth map. Then, the map    Ψ ˜    defined by Equation (35) is   F  -harmonic if and only if:


       1  λ 2    {   F ′   (   e ( ψ )   λ 2   )  τ  ( ψ )  +  1  λ 2    F  ′ ′    (   e ( ψ )   λ 2   )  d ψ  ( g r a  d h   ( e  ( ψ )  )  }  +  F ′   (   e ( ψ )   λ 2   )  d ψ  ( g r a  d h  ln  μ m  )  = 0      



(28)









As a similar proof of Corollary 1 and considering Equation (28), we get the following.



Corollary 2.

Let     M m     μ   × λ    N n     be a doubly warped product manifold whose warping functions λ and μ are non-constant functions. The projection map     π 2  :  ( M    μ   × λ   N ,  g ¯  )  ⟶  (  M m  , g )  ,  π 2   ( x , y )  = y    is never an   F  -harmonic map.





According to the proofs of Corollaries 1 and 2, we have the following.



Proposition 3.

Let     M ¯  =  M m     μ   × λ    N n     be a doubly warped product manifold. Then, the   F  -harmonicity of the projection maps     π 1  :  M ¯  ⟶ M    and     π 2  :  M ¯  ⟶ N    implies that    M ¯    is a direct product manifold.





Proof. 

By Equations (17) and (28), it is obtained that the   F   -harmonicity of the projection maps    π 1    and    π 2    implies that   λ   and   μ   are constant functions on M and    N ,    respectively. This completes the proof. ☐





Definition 1.

A smooth map    ϕ : ( M , g ) ⟶ ( N , h )    is said to be conformal if there exists a positive real function σ on M such that     ϕ ∗  h =  σ 2  g .    The function σ is called the dilation of ϕ [33].





Proposition 4.

The tension field of a conformal map    ϕ :  (  M m  , g )  →  (  N n  , h )     with dilation    σ ,    is given by [33]:


   τ ( ϕ ) = ( 2 − n )  d ϕ ( g r a d  ln σ ) − ( m − n ) d ϕ ( H )   



(29)




where H is the mean curvature vector field of the fibers.





Note that any conformal map    ϕ :  (  M n  , g )  →  (  N n  , h )     between manifolds of the same dimension    ( n > 2 )    is a local conformal diffeomorphism [3].



Now, an example of non-harmonic   F  -harmonic maps is given.



Example 1.

Let    N =  R 4  −  { 0 }     be an Euclidean manifold and    ψ : N ⟶ N    be a smooth map defined by:


   ψ  ( y )  =  y  ∣ y  ∣ 2      



(30)




and the map ψ is conformal with dilation:


   σ =  1  ∣ y  ∣ 2    =  1  r 2     



(31)




where    r : = ∣ y ∣   . Due to the fact that ψ is a conformal map between manifolds of the same dimension and using Equations (29) and (31), one can easily check that:


   τ ( ψ ) = 4 d ψ ( g r a d ln r )   



(32)




and:


   e  ( ψ )  =  2  r 4     



(33)







Let    S 3    be the    t h r e e   -dimensional Euclidean unit sphere and:


       Ψ ˜  :  S 3     μ   × λ   N     ⟶ N       ( x , y )     ⟼ ψ ( y )      



(34)




where    μ =  r  4 3    e  2  3  r 4        and    λ = 1   . By setting    F  ( t )  =  e t     and substituting Equations (32) and (33) in (28), it could be concluded that    Ψ ˜    is   F  -harmonic.






5.   F  -Harmonicity Conditions of     ϕ :  ( M    μ   × λ   N ,  g ¯  )  ⟶  ( P    β   × α   Q ,  g ˜  )     


In this section, we study   F  -harmonic and conformal   F  -harmonic maps between doubly warped product manifolds. Let     (  M m  , g )  ,  (  N n  , h )  ,  (  P p  , ρ )     and    (  Q q  , ρ )    be Riemannian manifolds, the functions    λ ∈  C ∞   ( M )  , μ ∈  C ∞   ( N )  , α ∈  C ∞   ( P )     and    β ∈  C ∞   ( Q )     are positive and    ( M    μ   × λ   N ,  g ¯  )    and    ( P    β   × α   Q ,  g ˜  )    are doubly warped product manifolds. We consider the map:


       Φ ^  :  ( M    μ   × λ   N ,  g ¯  )      ⟶ ( P    β   × α   Q ,  g ˜  )       ( x , y )     ⟶ ( ϕ ( x ) , ψ ( y ) )      



(35)




where    ϕ : ( M , g ) ⟶ ( P , ρ )    and    ψ : ( N , h ) ⟶ ( Q , ρ )    are smooth maps.



Theorem 7.

Let    ϕ : ( M , g ) ⟶ ( P , ρ )    and    ψ : ( N , h ) ⟶ ( Q , ρ )    be smooth maps and let    ( M    μ   × λ   N ,  g ¯  )    and    ( P    β   × α   Q ,  g ˜  )    be doubly warped product manifolds. Then, the   F  -tension field of the map     Φ ^  ,    defined by Equation (35), is given by:


       τ F   (  Φ ^  )      =  F ′    ( l )  {   (  1  μ 2   τ  ( ϕ )  + d ϕ  ( g r a  d g  ln  λ n  )  −  1  λ 2   e  ( ψ )   ( g r a  d ρ   α 2  )  ∘ ϕ ,  0 2  )         + (  0 1  ,  1  λ 2   τ  ( ψ )  + d ψ  ( g r a  d h  ln  μ m  )  −  1  μ 2   e  ( ϕ )   ( g r a  d ρ   β 2  )  ∘ ψ ) }        +  F  ′ ′     ( l )  {   (    β 2  ∘ ψ   μ 4   d ϕ  ( g r a  d g  e  ( ϕ )  )  +   e ( ψ )   μ 2   d ϕ  ( g r a  d g   (    α 2  ∘ ϕ   λ 2   )  )  ,  0 2  )         + (  0 1  ,    α 2  ∘ ϕ   λ 4   d ψ  ( g r a  d h  e  ( ψ )  )  +   e ( ϕ )   λ 2   d ψ  ( g r a  d h   (    β 2  ∘ ψ   μ 2   )  )  ) }      



(36)




where    e ( ϕ )    and    e ( ψ )    are energy densities of ϕ and ψ, respectively, and    l : =    β 2  ∘ ψ   μ 2   e  ( ϕ )  +    α 2  ∘ ϕ   λ 2   e  ( ψ )    .





Proof. 

Let    {  e i  }    be an orthogonal frame on    ( M , g )    and    {  f α  }    be an orthogonal frame on    ( N , h )   . An orthogonal frame on the doubly warped product manifold    M    μ   × λ   N    is given by    {  1 μ   (  e i  ,  0 2  )  ,  1 λ   (  0 1  ,  f α  )  } .    Denote the Levi–Civita connections on    (  M m     μ   × λ    N n  ,  g ¯  )    and    (  P p     β   × α    Q q  ,  g ˜  )    by    ∇ ¯    and     ∇ ˜  ,    respectively. By using the expression of tension field, we get:


      τ (  Φ ^  )     = t r a c  e  g ¯   ∇ d  Φ ^         =  ∑  i = 1  m    1 μ    ∇ ˜   d  Φ ^   (  e i  ,  0 2  )    d  Φ ^   (  1 μ   e i  ,  0 2  )  − d  Φ ^   (  1 μ    ∇ ¯   (  e i  ,  0 2  )    (  1 μ   e i  ,  0 2  )  )          +  ∑  γ = 1  n    1 λ    ∇ ˜   d  Φ ^   (  0 1  ,  f γ  )    d  Φ ^   (  0 1  ,  1 λ   f γ  )  − d  Φ ^   (  1 λ    ∇ ¯   (  0 1  ,  f γ  )    (  0 1  ,  1 λ   f γ  )  )          =  1  μ 2    ∑  i = 1  m  {   ∇  d ϕ (  e i  )  P  d ϕ  (  e i  )  − d ϕ  (  ∇   e i   M   e i  )  ,  0 2          −  1 2    0 1  , ρ  ( d ϕ  (  e i  )  , d ϕ  (  e i  )  )   ( g r a  d ρ   β 2  )  ∘ ψ − g  (  e i  ,  e i  )  d ψ  ( g r a  d h   μ 2  )   }        +  1  λ 2    ∑  γ = 1  n  {   0 1  ,  ∇  d ψ (  f γ  )  Q  d ψ  (  f γ  )  − d ψ  (  ∇   f γ   N   f γ  )   −  1 2  ( ρ  ( d ψ  (  f γ  )  , d ψ  (  f γ  )  )   ( g r a  d ρ   α 2  )  ∘ ϕ        − h  (  f γ  ,  f γ  )  d ϕ  ( g r a  d g   λ 2  )  ,  0 2  ) }        = (  1  μ 2   τ  ( ϕ )  + d ϕ  ( g r a  d g  ln  λ n  )  −  1  λ 2   e  ( ψ )   ( g r a  d ρ   α 2  )  ∘ ϕ ,  0 2  )        + (  0 1  ,  1  λ 2   τ  ( ψ )  + d ψ  ( g r a  d h  ln  μ m  )  −  1  μ 2   e  ( ϕ )   ( g r a  d ρ   β 2  )  ∘ ψ )      



(37)







Moreover, the energy density of    Φ ^    can be calculated as follows:


      e (  Φ ^  )     =   ∣ d  Φ ^   ∣ 2   2         =  1  2  μ 2     ∑  i = 1  m   g ˜   ( d  Φ ^   (  e i  ,  0 2  )  , d  Φ ^   (  e i  ,  0 2  )  )  +  1  2  λ 2     ∑  γ = 1  n   g ˜   ( d  Φ ^   (  0 1  ,  f γ  )  , d  Φ ˜   (  0 1  ,  f γ  )  )         =    β 2  ∘ ψ   μ 2   e  ( ϕ )  +    α 2  ∘ ϕ   λ 2   e  ( ψ )       



(38)







Furthermore:


         d  Φ ^   ( g r a  d  g ¯    F ′   (   ∣ d  Φ ^   ∣ 2   2  )  )         =  F  ′ ′    (   ∣ d  Φ ^   ∣ 2   2  )  d  Φ ^   ( g r a  d  g ¯    (   ∣ d  Φ ^   ∣ 2   2  )  )         =  F  ′ ′    (    β 2  ∘ ψ   μ 2   e  ( ϕ )  +    α 2  ∘ ϕ   λ 2   e  ( ψ )  )  {     β 2  ∘ ψ   μ 4   d ϕ  ( g r a  d g  e  ( ϕ )  )  +   e ( ψ )   μ 2   d ϕ  ( g r a  d g   (    α 2  ∘ ϕ   λ 2   )  )  ,  0 2          +   0 1  ,    α 2  ∘ ϕ   λ 4   d ψ  ( g r a  d h  e  ( ψ )  )  +   e ( ϕ )   λ 2   d ψ  ( g r a  d h   (    β 2  ∘ ψ   μ 2   )  )   }      



(39)







By Equations (3), (37), (38) and (39), we have:


       τ F   (  Φ ^  )      =  F ′   (   ∣ d  Φ ^   ∣ 2   2  )  τ  (  Φ ^  )  + d  Φ ^   ( g r a  d  g ¯    F ′   (   ∣ d  Φ ^   ∣ 2   2  )  )         =  F ′    ( l )  {   (  1  μ 2   τ  ( ϕ )  + d ϕ  ( g r a  d g  ln  λ n  )  −  1  λ 2   e  ( ψ )   ( g r a  d ρ   α 2  )  ∘ ϕ ,  0 2  )         + (  0 1  ,  1  λ 2   τ  ( ψ )  + d ψ  ( g r a  d h  ln  μ m  )  −  1  μ 2   e  ( ϕ )   ( g r a  d ρ   β 2  )  ∘ ψ ) }        +  F  ′ ′     ( l )  {   (    β 2  ∘ ψ   μ 4   d ϕ  ( g r a  d g  e  ( ϕ )  )  +   e ( ψ )   μ 2   d ϕ  ( g r a  d g   (    α 2  ∘ ϕ   λ 2   )  )  ,  0 2  )         + (  0 1  ,    α 2  ∘ ϕ   λ 4   d ψ  ( g r a  d h  e  ( ψ )  )  +   e ( ϕ )   λ 2   d ψ  ( g r a  d h   (    β 2  ∘ ψ   μ 2   )  )  ) }      



(40)







This completes the proof. ☐





From Theorem 7, we get the following:



Remark 1.

Let    ψ : N ⟶ N    be a harmonic map. The   F  -tension fields of:


       Ψ ^  :  (  M m     μ   × λ    N n  ,  g ¯  )      ⟶ ( M × N , g ⊕ h )       ( x , y )     ⟶ ( x , ψ ( y ) )      



(41)




is given by:


       τ F   (  Ψ ^  )      =  F ′   (  s 1  )   ( g r a  d g  ln  λ n  , d ψ  ( g r a  d h  ln  μ m  )  )         +    F  ′ ′    (  s 1  )    λ 2    (  0 1  , d ψ  ( g r a  d h   (   e ( ψ )   λ 2   +  m  2  μ 2    )  )  )       



(42)




where     s 1  : =  m  2  μ 2    +  1  λ 2   e  ( ψ )    .





According to the above Remark, we have the following.



Proposition 5.

Let    (  M m  , g )    and    (  N n  , h )    be Riemannian manifolds of dimension m and n    ( n > 2 )   , respectively, and let    λ ∈  C ∞   ( M )     and    μ ∈  C ∞   ( N )     be non-constant positive functions. Let    ψ : N ⟶ N    be a conformal map with dilation σ. Then, the map     Ψ ^  ,    defined by Equation (41), is an   F  -harmonic map if and only if    λ , μ    and σ are non constant solutions of the following equations:


       F ′   ( s )   λ 2   μ 2  −  F  ′ ′    ( s )   σ 2  = 0      



(43)




and:


       F ′   ( s )  g r a  d h  ln  (  σ   2 − n   λ 2     μ m  )  +  F  ′ ′    ( s )  g r a  d h   (   n  σ 2    2  λ 4    +  m  2  λ 2   μ 2    )  = 0      



(44)




where    s : =  m  2  μ 2    +   n  σ 2    2  λ 2    .   





Proof. 

By calculating similarly to Equation (37) and considering Equation (29), we have:


      τ (  Ψ ^  )     =  1 μ   ∑  i = 1  m    ∇  I  d  T M   × d ψ  (  1 μ   e i  ,  0 2  )    I  d  T M   × d ψ  (  1 μ   e i  ,  0 2  )  − I  d  T M   × d ψ  (   ∇ ¯   (  1 μ   e i  ,  0 2  )    (  1 μ   e i  ,  0 2  )  )          +  ∑  γ = 1  n    ∇  I  d  T M   × d ψ  (  0 1  ,  1 λ   f γ  )    I  d  T M   × d ψ  (  0 1  ,  1 λ   f γ  )  − I  d  T M   × d ψ  (   ∇ ¯   (  0 1  ,  1 λ   f γ  )    (  0 1  ,  1 λ   f γ  )  )          = ( g r a  d g  ln  λ n  , d ψ  ( g r a  d h  ln  (  σ   2 − n   λ 2     μ m  )  )  )      



(45)







One can easily check that the energy density of    Ψ ^    can be obtained as follows:


   e  (  Ψ ^  )  =  m  2  μ 2    +   n  σ 2    2  λ 2      



(46)







From Equations (3), (45) and (46), the   F  -tension field of    Ψ ^    can be calculated as follows:


       τ F   (  Ψ ^  )      =  F ′   (   ∣ d  Ψ ^   ∣ 2   2  )   ( g r a  d g  ln  λ n  , d ψ  ( g r a  d h  ln  (  σ   2 − n   λ 2     μ m  )  )  )         +  F  ′ ′    (   ∣ d  Ψ ^   ∣ 2   2  )  d  Ψ ^   ( g r a  d  g ¯    (   ∣ d  Ψ ^   ∣ 2   2  )  )         =  F ′   (  m  2  μ 2    +   n  σ 2    2  λ 2    )   ( g r a  d g  ln  λ n  , d ψ  ( g r a  d h  ln  (  σ   2 − n   λ 2     μ m  )  )  )         +  F  ′ ′    (  m  2  μ 2    +   n  σ 2    2  λ 2    )   ( −   σ 2    λ 2   μ 2    g r a  d g  ln  λ n  , d ψ  ( g r a  d h   (   n  σ 2    2  λ 4    +  m  2  λ 2   μ 2    )  )  )       



(47)







Therefore, the   F  -harmonicity of    Ψ ^    implies that:


       (  F ′   (  m  2  μ 2    +   n  σ 2    2  λ 2    )   λ 2   μ 2  −  F  ′ ′    (  m  2  μ 2    +   n  σ 2    2  λ 2    )   σ 2  )  g r a  d g  ln  λ n  = 0      



(48)




and:


       F ′   (  m  2  μ 2    +   n  σ 2    2  λ 2    )  g r a  d h  ln  (  σ   2 − n   λ 2     μ m  )  +  F  ′ ′    (  m  2  μ 2    +   n  σ 2    2  λ 2    )  g r a  d h   (   n  σ 2    2  λ 4    +  m  2  λ 2   μ 2    )  ∈ K e r  ( d ψ )       



(49)







Due to the fact that   ψ   is a conformal map between equidimensional manifolds and   λ   is non constant, the last two equations imply Equations (43) and (44). This completes the proof. ☐









Author Contributions


This work is a part of Seyed Mehdi Kazemi Torbaghan’s Ph.D’s Thesis which is done under supervision of Morteza Mirmohammad Rezaii.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Boulal, A.B.; Djaa, N.E.; Djaa, M.U.; Ouakkas, S.E. Harmonic maps on generalized warped product manifolds. Bull. Math. Anal. Appl. 2012, 4, 1256–1265. [Google Scholar]

	



Eells, J.; Sampson, J.H. Harmonic mappings of Riemannian manifolds. Am. J. Math. 1964, 109–160. [Google Scholar] [CrossRef] [Scilit]

	



Ouakkas, S.; Djebbouri, D. Conformal Maps, Biharmonic Maps, and the Warped Product. Mathematics 2016, 4, 15. [Google Scholar] [CrossRef] [Scilit]

	



Ara, M. Geometry of F-harmonic maps. Kodai Math. J. 1999, 22, 243–263. [Google Scholar] [CrossRef] [Scilit]

	



Alouges, F. A new algorithm for computing liquid crystal stable configurations: The harmonic mapping case. SIAM J. Numer. Anal. 1997, 34, 1708–1726. [Google Scholar] [CrossRef] [Scilit]

	



Coron, J.M.; Ghidaglia, J.M.; Helein, F. (Eds.) Nematics: Mathematical and Physical Aspects; Springer Science and Business Media: Orsay, France, 2012; pp. 173–187. [Google Scholar]

	



Guo, B.; Hong, M.C. The Landau-Lifshitz equation of the ferromagnetic spin chain and harmonic maps. Calc. Var. Partial Differ. Equ. 1993, 1, 311–334. [Google Scholar] [CrossRef] [Scilit]

	



Trigg, G.L. (Ed.) Mathematical Tools for Physicists; John Wiley and Sons: Hoboken, NJ, USA, 2006; pp. 83–107. [Google Scholar]

	



Tang, B.; Sapiro, G.; Caselles, V. Diffusion of general data on non-flat manifolds via harmonic maps theory: The direction diffusion case. Int. J. Comput. Vis. 2000, 36, 149–161. [Google Scholar] [CrossRef] [Scilit]

	



Vese, L.; Osher, S. Numerical methods for p-harmonic flows and applications to image processing. SIAM J. Numer. Anal. 2002, 40, 2085–2104. [Google Scholar] [CrossRef] [Scilit]

	



Kanfon, A.D.; Füzfa, A.; Lambert, D. Some examples of exponentially harmonic maps. J. Phys. A Math. Gen. 2002, 35, 7629–7639. [Google Scholar] [CrossRef] [Scilit]

	



Dong, Y.; Wei, S.W. On vanishing theorems for vector bundle valued p-forms and their applications. Commun. Math. Phys. 2011, 304, 329–368. [Google Scholar] [CrossRef] [Scilit]

	



Kanfon, A.; Lambert, D.L. Kinetical Inflation and Quintessence by F-Harmonic Map. J. Mod. Phys. 2012, 11, 1727–1731. [Google Scholar] [CrossRef]

	



Ara, M. Stability of F-harmonic maps into pinched manifolds. Hiroshima Math. J. 2001, 31, 171–181. [Google Scholar]

	



Dong, Y.; Lin, H.; Yang, G. Liouville theorems for   F  -harmonic maps and their applications. Results Math. 2016, 69, 105–127. [Google Scholar] [CrossRef] [Scilit]

	



Pigola, S.; Veronelli, G. On the Dirichlet problem for p-harmonic maps II: Targets with special structure. Proc. Am. Math. Soc. 2016, 144, 3173–3180. [Google Scholar] [CrossRef] [Scilit]

	



Li, J. Some examples of exponentially harmonic maps. Differ. Geom. Appl. 2014, 37, 33–43. [Google Scholar] [CrossRef] [Scilit]

	



Lichnerowicz, A. Applications harmoniques et variétés kähleriennes. In Symposia Mathematica III; Academic Press: London, UK, 1970; pp. 341–402. [Google Scholar]

	



Lu, W.J. f-Harmonic maps of doubly warped product manifolds. Appl. Math. J. Chin. Univ. 2013, 28, 240–252. [Google Scholar] [CrossRef] [Scilit]

	



Bishop, R.L.; O’Neill, B. Manifolds of negative curvature. Trans. Am. Math. Soc. 1969, 145, 1–49. [Google Scholar] [CrossRef]

	



Beem, J.K.; Ehrlich, P.; Powell, T.G. Warped product manifolds in relativity. In Selected Studies: Physics- Astrophysics, Mathematics, History of Science; North-Holland Publishing Co.: Amsterdam, The Netherlands, 1982; pp. 41–56. [Google Scholar]

	



O’Neill, B. Semi-Riemannian Geometry with Applications to Relativity; Academic Press: New York, NY, USA, 1983. [Google Scholar]

	



Besse, A.L. Einstein Manifolds. In Classic in Mathematics; Springer: Berlin, Germany, 2008; pp. 94–115. [Google Scholar]

	



Beem, J.K.; Powell, T.G. Geodesic completeness and maximality in Lorentzian warped products. Tensor 1982, 39, 31–36. [Google Scholar]

	



Allison, D.E. Lorentzian Warped Products and Static Space-Times. Ph.D. Thesis, University of Missouri, Columbia, SC, USA, 1985. [Google Scholar]

	



Allison, D.E. Pseudocovexity in Lorentzian doubly warped products. Geom. Dedic. 1991, 39, 223–227. [Google Scholar] [CrossRef] [Scilit]

	



Gebarowski, A. On conformally recurrent doubly warped products. Tensor 1996, 57, 192–196. [Google Scholar]

	



Ünal, B. Doubly warped products. Differ. Geom. Appl. 2001, 15, 253–263. [Google Scholar] [CrossRef] [Scilit]

	



Kantowski, R.; Sachs, R.K. Some spatially homogeneous anisotropic relativistic cosmological models. J. Math. Phys. 1966, 7, 443–446. [Google Scholar] [CrossRef] [Scilit]

	



Choi, J. Scientific understanding of the anisotropic universe in the warped products spacetime for aerospace power. Korean J. Math. 2015, 23, 478–489. [Google Scholar] [CrossRef] [Scilit]

	



Perktas, S.Y.; Kılıç, E. Biharmonic maps between doubly warped product manifolds. Balkan J. Geom. Appl. 2010, 15, 151–162. [Google Scholar]

	



Faghfouri, M.; Majidi, A. On doubly warped product immersions. J. Geom. 2015, 106, 243–254. [Google Scholar] [CrossRef] [Scilit]

	



Baird, P.; Fardoun, A.; Ouakkas, S. Conformal and semi-conformal biharmonic maps. Ann. Glob. Anal. Geom. 2008, 34, 403–414. [Google Scholar] [CrossRef] [Scilit]







© 2017 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).



























nav.xhtml


  mathematics-05-00020


  
    		
      mathematics-05-00020
    


  




  





