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Abstract In this manuscript, we obtain necessary and sufficient conditions for a spacelike
curve with timelike first binormal vector field to be a bi- f-harmonic curve in a 4-dimensional
conformally flat, quasi-conformally flat and conformally symmetric Lorentzian para-Sasakian
manifold.

1 Introduction

Harmonic maps between Riemannian manifolds, which can be viewed as a generalization of
geodesics when the domain is 1-dimensional, or of harmonic functions when the ranges are Eu-
clidean spaces, have an extensive study area and there exist many applications of such mappings
in mathematics and physics.

As a generalization of harmonic maps, biharmonic maps between Riemannian manifolds
were introduced by J. Eells and J. H. Sampson in [5]. B. Y. Chen [3] defined biharmonic subman-
ifolds of the Euclidean space and stated a well-known conjecture: Any biharmonic submanifold
of the Euclidean space is harmonic, thus minimal. If one use the definition of biharmonic maps
to Riemannian immersions into Euclidean space, it is easy to see that Chen’s definition of bihar-
monic submanifold coincides with the definition given by using bienergy functional. In recent
years, there has been an important literature survey on biharmonic submanifold theory including
many results on the non-existence of biharmonic submanifolds in manifolds with non-positive
sectional curvature. These non-existence consequences (see [7], [10]) as well as Generalized
Chen’s conjecture: Any biharmonic submanifold in a Riemannian manifold with non-positive
sectional curvature is minimal, which was proposed by R. Caddeo, S. Montaldo and C. Oni-
ciuc [2], led the studies to spheres and other non-negatively curved spaces. For some studies
of general biharmonic maps see ([2], [8], [11], [13], [14], [15], [17], [18]) and the references
therein.

In 1970, f-harmonic maps between Riemannian manifolds were first studied by A. Lich-
nerowicz (see also [4]). They have also some physical meanings by considering them as solu-
tions of continuous spin systems and inhomogenous Heisenberg spin systems [1].

There are two ways to formalize such a link between biharmonic maps and f-harmonic maps.
The first formalization is that by mimicking the theory for biharmonic maps, the authors of [19]
extended bienergy functional to bi- f-energy functional and obtained a new type of harmonic
maps called bi- f-harmonic maps. This idea was already considered by Ouakkas, Nasri and Djaa
[16]. They used the terminology “f-biharmonic maps” for the critical points of bi-f-energy
functional. In [19], as parallel to “biharmonic maps”, they think that it is more reasonable to call
them “bi- f-harmonic maps”. The second formalization is that by following the definition of f-
harmonic map, to extend the f-energy functional to the f-bienergy functional and obtain another
type of harmonic maps called f-biharmonic maps as critical points of f-bienergy functional.

As a generalization of biharmonic maps, the term of f-biharmonic maps has been introduced
by W.-J. Lu [9] . A differentiable map between Riemannian manifolds is said to be f-biharmonic
if it is a critical point of the f-bienergy functional, where f is a smooth positive function on the
domain. If f = 1, then f-biharmonic maps are biharmonic. To avoid the confusion with the types
of maps called by the same name in [16] and defined as critical points of the square-norm of the
f-tension field, some authors (see [9], [12]) called the map defined in [16] as bi- f-harmonic
map, which we shall examine in this manuscript.
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In [25], the study of Lorentzian almost paracontact manifold was introduced by K. Mat-
sumoto. He also studied the notion of Lorentzian para-Sasakian manifold. In [21], the same
notion was defined by authors independently and thereafter many authors ([22, 27, 31]) initiated
Lorentzian para-Sasakian manifolds.

In this article, we study bi- f-harmonic spacelike curve parametrized by arclength with time-
like first binormal B; on 4-dimensional conformally flat, quasi-conformally flat and conformally
symmetric Lorentzian para-Sasakian manifold M.

2 Preliminaries

2.1 Harmonic maps

Harmonic maps ¢ : (M, g) — (N, h) between two Riemannian manifolds are critical points of
the energy functional:

1
B() =5 [ doFs,, @
Q
where Q C ¢ is a compact domain. The corresponding Euler-Lagrange equation is [5]:
7(¢) = traceVdep =0, (2.2)
where V is the connection induced from the Levi-Civita connection V™ of I7 and the pull-back

connection V?. 7(¢) is called the tension field of the map ¢.

2.2 Biharmonic maps

Biharmonic maps ¢ : (M, g) — (N, h) between two Riemannian manifolds are critical points of
the bienergy functional:

1
E:0) = 5 [ Ir(@)0,, 3
Q
where Q C M is a compact domain. The corresponding Euler-Lagrange equation is [6]:
72(6) = trace (VOV7(9) — V& (0) + RY (7(6), d6)ds ) = 0, (2.4)
where 7(¢) is the tension field of ¢ and RN(X, Y) = [Vx,Vy| — Vixy] is the curvature

operator on N. 75(¢) is called the bitension field of the map ¢.

From the expression of the bitension field 7, it is clear that a harmonic map is automatically a
biharmonic map. So non-harmonic biharmonic maps, which are called proper biharmonic maps,
are more interesting to be studied.

2.3 f-harmonic maps

f-harmonic maps ¢ : (M,g) — (N,h) between two Riemannian manifolds are critical points
of the f-energy functional:

1
Ey(9) = 5 [ 1ldof, @5)
Q
where Q C M is a compact domain. The corresponding Euler-Lagrange equation is [16]:

71 (¢) = f7(¢) + ¢(gradf) =0, (2.6)

where 7(¢) is the tension field of ¢. 7y (¢) is called the f-tension field of the map ¢.

If f is a constant function, then it is obvious that f-harmonic maps are harmonic. So f-
harmonic maps, where f is a non-constant function, which are called proper f-harmonic maps,
are more interesting to be studied.

There are two ways to formalize a link between biharmonic maps and f-harmonic maps.
Both of them motivate the following definitions.
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2.4 f-biharmonic maps

f-biharmonic maps ¢ : (M, g) — (N, h) between two Riemannian manifolds are critical points
of the f-bienergy functional:

1
Pos (0= 5 [ 117FD,, @)

where Q C M is a compact domain. The corresponding Euler-Lagrange equation is [9]:
725 (8) = f 72(0) + (AF)7(9) + 2V, 00y 7(9) =0, (2.8)

where 7(¢) and 7, (¢) are the tension and bitension fields of ¢, respectively. 7, ¢ (¢) is called the
f-bitension field of the map ¢.

2.5 Bi-f-harmonic maps

Bi- f-harmonic maps ¢ : (M, g) — (N, h) between two Riemannian manifolds are critical points
of the bi- f-energy functional:

1
Bra(@)=5 [ 1 @Fs,. 29)
Q
where Q C M is a compact domain. The corresponding Euler-Lagrange equation is [16]:

r12(0) = ~trace (Vf (Vo071 (6))) = f VouTs (&) + [ RY (77 (9),d)dg) =0, (2.10)

where 77(¢) is the f-tension field of ¢. 77, (¢) is called the bi- f-tension field of the map ¢.

The following inclusions illustrate the relations among these different types of harmonic
maps:
Harmonic maps C biharmonic maps C f-biharmonic maps,

Harmonic maps C f-harmonic maps C bi- f-harmonic maps.

2.6 Lorentzian almost paracontact manifolds

Let M be an n-dimensional differentiable manifold with a Lorentzian metric g, 1.e., g is a smooth
symmetric tensor field of type (0, 2) such that at every point p € M, the tensor

gp : TyM x T,M — R,

is a non-degenerate inner product of signature (—,+,+,...,+), where TpM is the tangent space
of M at the point p. Then (M, g) is called a Lorentzian manifold.

A non-zero vector X,, € T, M can be spacelike, null or timelike, if it satisfies
9p(Xp, Xp) >0, gp(Xp, X)) =0 or g, (X, X;,) <0,
respectively.
Let M be an n-dimensional differentiable manifold equipped with a structure (¢, £, n7), where

pisa(1,1)-tensor field, £ is a vector field, 7 is a 1-form on M such that [25];

X = X + (X, @.11)

n(€) = 1. (2.12)

From above equations, we get

nop=0, =0, rank(p)=n—1.
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Then M admits a Lorentzian metric g, such that
9(eX, 9Y) = g(X,Y) +n(X)n(Y),
and M is said to admit a Lorentzian almost paracontact structure (i, £,7, g). Then we get

g(X7 f) = U(X)

The manifold M endowed with a Lorentzian almost paracontact structure (¢, £, 7, g) is called a
Lorentzian almost paracontact manifold [25, 26].

Moreover, in (2.11) and (2.12) if we replace £ by —¢, we obtain an almost paracontact struc-
ture on M defined by I. Sato [23].

A Lorentzian almost paracontact manifold M equipped with the structure (¢, £, 7, g) is called
a Lorentzian para-Sasakian manifold (for short, LP-Sasakian manifold) [25] if

(Vx@)Y = g(X,Y)§ +n(Y)X + 2n(X)n(Y)E. (2.13)
The conformal curvature tensor C'is given by

C(X,Y)U =

S(Y,U)X — 8(X,U)Y
2

+9(Y,U)QX — g(X,U)QY

T -2)

where S(X,Y) = g(QX,Y). The Lorentzian para-Sasakian manifold is called conformally flat
if conformal curvature tensor vanishes i.e., C' = 0.
The quasi-conformal curvature tensor C' is defined by

{g(V,U)X —g(X,U)Y},

C(X,Y)U = aR(X,Y)U

] srx -sxuy
+9(Y,U)QX — g(X,U)QY

L ((nl) + 2b> {9V, U)X —g(X,U)Y},

where a, b constants such that ab # 0. Similarly the Lorentzian para-Sasakian manifold is called
quasi-conformally flat if &' = 0.

We know that a conformally flat and quasi-conformally flat Lorentzian para-Sasakian man-
ifold M™ (n > 3) is of constant curvature (equal +1) and also a Lorentzian para-Sasakian
manifold is locally isometric to a Lorentzian unit sphere if the relation R(X,Y) - C = 0 satisfies
on M [28]. For a conformally symmetric Riemannian manifold [29], we get VC' = 0. Thus
for a conformally symmetric space the relation R(X,Y") - C = 0 satisfies. Hence a conformally
symmetric Lorentzian para-Sasakian manifold is locally isometric to a Lorentzian unit sphere
[28].

After these explanations, for a conformally flat, quasi-conformally flat and conformally sym-
metric Lorentzian para-Sasakian manifold, we get [28]

R(X,Y)U = g(Y,U)X — g(X,U)Y, (2.14)

forany X,Y,U € TM.

Let M be a 4-dimensional LP-Sasakian manifold. Denote by {T, N, B;, B>} the moving
Frenet frame along the curve v in M. Then T, N, By, B, are respectively, the tangent, the prin-
cipal normal, the first binormal and the second binormal vector fields.

Let v(s) be a curve in a 4-dimensional LP-Sasakian manifold parametrized by arclength
function s. Then for the curve  the following Frenet equations are given in [24]:

- is a spacelike curve:
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Then T is a spacelike vector, so depending on the casual character of the principal normal
vector N and the first binormal vector B;, we have different Frenet formulas. In this paper we
only assume spacelike curves with NV and B, are spacelike. In this case we have

VT 0 x 0 O T
VTN _ — K1 0 K2 0 N 7 (215)
VB 0 re 0 k3 B
VTBZ 0 0 R3 0 B2

where T', N, B}, B, are mutually orthogonal vectors satisfying the equations
g(TaT):g(NvN):g(BZaBZ):la g<B17Bl):*1

and k1, k; and k3 are the first, the second and the third curvature of the ~.

2.7 Bi-f-harmonic Curve

In this section we derive the bi- f-harmonic equation for curves in Riemannian manifolds. The
following proposition for Euler-Lagrange equation of bi- f-harmonic maps originates from [16].

Proposition 2.1. Let ¢ : (M, g) — (N, h) be a smooth map between Riemannian manifolds.
Then, in terms of Euler-Lagrange equation, ¢ is a bi-f-harmonic map if and only if its bi-f-
tension field T ,(¢) vanishes, i.e.

trace (V2 (V071 (8)) = f Vs (&) + [ RN (74 (9),d0) dg) =0, (2.16)

where f : I — (0,00) is a smooth map defined on a real interval I and 7; (@) is the f-tension
field given by (2.6) [20].

Clearly, it is observed from (2.16) that bi- f-harmonic map is a much wider generalization
of harmonic map, because it is not only a generalization of f-harmonic map (as f # 1 and
7r(¢) = 0), but also a generalization of biharmonic map (as f = 1). Therefore, it would
be interesting to know whether there is any non-trivial or proper bi- f-harmonic map which is
neither harmonic map nor f-harmonic map with f # constant.

Lety : I — (N, h) be a curve in a Riemannian manifold (V, %), defined on an open real
interval I and parametrized by its arclength, and 4’ =: T. We have

() =VpT

7t (V) =fViT+f'T

and in order to obtain the bi- f-tension field of v, we compute:

trace (V1F (V17p (0) = Vs () = Vil (Vimr () =S V% 477 ()
= V(NS VET +7'T))
_ (ff’”-f-f/fﬂ)T-i-(3ff”+2(f/)2)V7]YT

+4ffVEVET + AVEVEVET  (2.17)
and

trace (R™ (17 (7),dy)dy) = RY <Tf (7),dy <c§lt)> o (cclit)
= [RY(ViT.T)T. (2.18)
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3 Bi- f-harmonic Curves

In this section, some charecterizations for a spacelike proper bi-f-harmonic curves in a 4-
dimensional conformally flat, quasi-conformally flat and conformally symmetric Lorentzian
para-Sasakian manifold are given. Firstly, we give the following:

Definition 3.1. An arbitrary curve v : I — M, v = ~(s), on a Lorentzian para-Sasakian man-
ifold is called spacelike, timelike or lightlike (null), if all velocity vectors /(s) are spacelike,
timelike or lightlike (null), respectively.

Let v be a spacelike curve parametrized by arclength in a 4-dimensional conformally flat,
quasi-conformally flat and conformally symmetric Lorentzian para-Sasakian manifold M. Using
the Frenet formulas given in (2.15) and equation (2.14), we get

V1T = k1N, 3.1
VrVrT = —k3T + K\N + k1K By,
VTVTVTT = —3/631/43/]T

(K] = K] + RiIR3)N
+(2K K2 + k1K) By
+(K1k2kK3)Ba,
R(T,V7T)T = -—kriN,
where k1, x; and k3 are the first, the second and the third curvature of the ~, respectively.

Proposition 3.2. Let v : I — (M, h) be a curve in a 4-dimensional conformally flat, quasi-
conformally flat and conformally symmetric Lorentzian para-Sasakian manifold M, parametrized
by its arclength, and v = T. Then -y is a bi- f-harmonic curve if and only if

0 = (Ff"+1'"T
B3I 2(f))VET
+A4ff'VIT + f2V35.T (3.2)
+f2RN (VYT T) T,
where f : I — (0,00) is a smooth map, V3T =: VEIVNT and V3T =: VRVNVIT.
In this case, using (3.1) in (3.2), we have following theorem.

Theorem 3.3. Let vy : I — M be a spacelike curve parametrized by arclength with timelike first
binormal B and M be a 4-dimensional conformally flat, quasi-conformally flat and conformally
symmetric Lorentzian para-Sasakian manifold. Suppose that {T, N, By, B,} be an orthonormal
Frenet frame field along ~. Then ~y is a bi- f-harmonic curve if and only if

_ [ IRKZ AR
- +ff///+f/f//

B3kiff" +2ki(f')? + 4k ff
+ e 1342 200 | 2 N
HEV T = KT+ Rk f7 4 R

N (( 2kikof + kiksf >f> B
+4kikaof!
+ (kikaks f?) Ba, (3.3)
which yields
=3k K fP— Ak =0,
LA U8 Rl e e i
3k ff " 4 2k (f)2 + k f2 =0, (3.4)
2k ko f + Kk f + dkikaf ' =0,
kikaks = 0.
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CASE I: If £; = 0, namely + is a geodesic curve, then from (3.4) we obtain that it is bi- f-
harmonic if and only if f f” = constant.

Theorem 3.4. A geodesic curve is bi- f-harmonic if and only if f f"' = constant.

CASE II: If k| = constant # 0 and k; = 0, then (3.4) reduces to

—4R3Lf+ £ S =0,
2 £2 " 2 2 (3'5)
KA 2L+ =0,
From the second equation above we obtain
21V £2 _ ()2
which implies
Pk + 1) f+2f") =0, 3.7)

via the first equation of (3.5) and we get

Theorem 3.5. Let v : I — M be a spacelike curve parametrized by arclength with timelike first
binormal By and M be a 4-dimensional conformally flat, quasi-conformally flat and conformally
symmetric Lorentzian para-Sasakian manifold, with ki = constant # 0 and ky = 0. Then vy is a
bi- f-harmonic curve if and only if either f is a constant function or f is given by

5k +1 5k 41
f(s) = ¢ cos ( 12+ s) + ¢ sin ( ‘2+ s) ,

fors e landcy,cy € R

CASE III: If k| = constant # 0 and k, = constant # 0, then (3.4) reduces to

—ARLFF A =0,
—R RSB0 2 + 2 =0,

P = (3.8)
ks =0,
which implies
k2 — k3 =1,
=0, (3.9
k3 =0,

and we deduce

Theorem 3.6. Let v : I — M be a spacelike curve parametrized by arclength with timelike first
binormal By and N be a 4-dimensional conformally flat, quasi-conformally flat and conformally
symmetric Lorentzian para-Sasakian manifold, with ki = constant # 0 and ky = constant # 0.
Then v is a bi- f-harmonic curve if and only if v is a helix with k¥ — k3 = 1.

CASE 1V: If k| = constant # 0 and k, # constant, then (3.4) reduces to

4TS+ L S =0,

—kE PR 31
+2(f')* + f* =0, (3.10)
kL f + 4ky f =0,
kaks = 0,

and we have
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Theorem 3.7. Let v : I — M be a spacelike curve parametrized by arclength and M be a
4-dimensional conformally flat, quasi-conformally flat and conformally symmetric Lorentzian
para-Sasakian manifold, with ky = constant # 0 and k, # constant and nowhere zero. Then

_1
7y is a bi- f-harmonic curve if and only if f = ck, * (with c a positive constant), k3 = 0 and the
curvatures ky and k; satisfy:

{ 32023k — 25(kb)3 + 32k )k — 8Kk =0, (3.11)

—16k7k3 + 16k5 + 16k3 + 17(k})* — 12k:k = 0.

CASE V: If k| # constant and k; = 0, we can state

Theorem 3.8. Let v : I — M be a spacelike curve parametrized by arclength with timelike first
binormal B and M be a 4-dimensional conformally flat, quasi-conformally flat and conformally
symmetric Lorentzian para-Sasakian manifold, with ky # constant and ky = 0. Then ~ is a bi-
f-harmonic curve if and only if the curvatures ki and k, satisfy:

—3kkyf? —ARTff A FFTHFT =0,
—K 2R AR S 3k (3.12)
+2ki(f')? + ki f> =0.

CASE VI: If k| # constant and k, = constant # 0, then (3.4) reduces to

=3kik{ 2 = AR + £+ F1 =0,
—k [P Rk f7 kY fP A AR f

13k f "+ 2k (f1)? =0, (3.13)
Kif + 2k f =0,
kiks =0,

Theorem 3.9. Let yil— M be a spacelike curve parametrized by arclength with timelike first
binormal By and M be a 4-dimensional conformally flat, quasi-conformally flat and conformally
symmetric Lorentzian para-Sasakian manifold, with k| # constant and nowhere zero and k, =

_1
constant # 0. Then vy is a bi- f-harmonic curve if and only if f = ck, * (with c a positive
constant), k3 = 0 and the curvatures k| and k; satisfy:

{ —9(k})3 — 4k3k| + 10k K| kY — 22K = 0, Gl

3(k|)2 — 4kd 4 k2 + 4k2K3 — 2k k) = 0.

CASE VII: Concerning the case k| # constant and k, # constant, we can state

Theorem 3.10. Let  : I — M be a spacelike curve parametrized by arclength with timelike first
binormal By and M be a 4-dimensional conformally flat, quasi-conformally flat and conformally
symmetric Lorentzian para-Sasakian manifold, with ky # constant and ky # constant and k;,

ko are nowhere zero. Then vy is a bi- f-harmonic curve if and only if f = ck;%k;% (with c a
positive constant), ks = 0 and the curvatures ki and k; satisfy:
—3hik{ 2 — AL+ £ =0,
—R} £+ Rk 2 A K P R f? G.15)
AR S+ 3k ] 20 (1) = 0.
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