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SOME RESULTS ON PROPER BIHARMONIC VECTOR
FIELD
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Abstract

In this paper, we establish a necessary and sufficient conditions under
which a vector field be biharmonic on Riemannian manifold. We also con-
struct some examples of proper biharmonic vector fields from a resolution of
differential equations.
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1 Introduction

Consider a smooth map ¢ : (M™,g9) — (N", h) between two Riemannian
manifolds, then the energy functional is defined by

B(6) =5 [ I, )

(or over any compact subset K C M).
A map is called harmonic if it is a critical point of the energy functional
(or E(K) for all compact subsets K C M). For any smooth variation {¢},.; of ¢

with ¢ = ¢ and V = G|, we have
d
GE@)| =~ é h(r (6).V) duy, @
where
7(¢) = traceyVde. (3)
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is the tension field of ¢. Then ¢ is harmonic if and only if 7(¢) = 0.

One can refer to [7], [8], [13] for background on harmonic maps, and [4], [5]
for background on generalized harmonic maps.

As a generalization of harmonic maps, biharmonic maps are defined similarily,
as follows:
A map ¢ is said to be biharmonic if it is a critical point of the bi-energy functional

BaeiD) = 5 [ (o) o, (W

over any compact domain D. FEquivalently, ¢ is biharmonic if it satisfies the
associated Euler-Lagrange equations:

n(p) = —TrgRY((p),de)dp — Try(VEV9T(0) — VE,7(0)) = Jo(1(¢)) <(5)
The operator 72(¢) is called the bitension field of ¢ ( see [2], [6], [12]).

The existence and explicit construction of harmonic and biharmonic mappings
between two given Riemannian manifolds (M, g) and (N, h) are two of the most
fundamental problems of the theory of harmonic mappings. If M is compact and
N has nonpositive sectional curvature, then any smooth map from M to N can be
deformed into a harmonic map using the heat flow method [Eells and Sampson
1964]. However, there is no general existence theory of harmonic and biharmonic
mappings if the target manifold does not satisfy the nonpositivity curvature condi-
tion. This fact makes it interesting to find harmonic maps defined by vector fields
as a map from Riemannian manifold (M, g) to its tangent bundle T'M. Problems
of this kind have been studied when TM is endowed with the Riemannian Sasaki
metric see ([3] [9] [10] [13]) and with the Riemannian Cheeger-Gromoll metric
(see [1]). It is obvious to see that any harmonic map is biharmonic, therefore
it is interesting to construct proper biharmonic maps (non-harmonic biharmonic
maps).

The main idea in this note consists in the warping of the Sasaki metric. First
we introduce a new metric called Mus-Sasaki metric on the tangent bundle T'M.
This new natural metric will lead us to interesting results (see [16] and [17]).
Afterward we establish necessary and sufficient conditions under which a vector
field be biharmonic ( Theorem 2, Theorem 3, Theorem 4, Theorem 5 and Theorem
6). We also construct some examples of proper biharmonic vector fields from a
resolution of partial differential equations ( Example 2 to Example 5).
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2 Basic notions and definition on T M.

2.1 Horizontal and vertical lifts on 7M.

Let (M, g) be an m-dimensional Riemannian manifold and (7'M, w, M) be its
tangent bundle. A local chart (U, xi)izlmn on M induces a local chart
(7=Y(U), 2", 94")i=1.., on TM. Denote by Ffj the Christoffel symbols of g and
by V the Levi-Civita connection of g.

We have two complementary distributions on T'M, the vertical distribution V and
the horizontal distribution H, defined by :

9 i
V(a:,u) = Ker(dﬂ-(a:u ) - {a ’(CEU ;o a € R}

x 0 .
j{(a:,u) = {QZ@’(LU a Ujrfja k‘ zu)} a' e R},
where (z,u) € TM, such that T, )\TM = H ) S Vigw)-
Let X = X* B‘Zi be a local vector field on M. The vertical and the horizontal lifts
of X are defined by

.0
XV = X'~ (6)
oy’
) .0 0
H _ _ k
X - XZ@_XZ{ﬁ j 1]8 k} (7)
0 \H _ ¢ 0 \V _ J .
For consequences, we have ( éM-) = 57 and ( 8961-) =2 then ( 5ot By )i=1..n
is a local adapted frame in 7T M.

Remark 1. .

1. ifw=w' 821' —i—@j% € Tipu)T'M, then its horizontal and vertical parts are

defined by

.0 0
h _ 1 k
W' =w'e s —wujf‘zj—a + € Hzw)

0
w’ = {@" +wujfw}a = € Vi)

)
Vo _ %
N T
H _ i k
A
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Proposition 1 ([15]). Let (M,g) be a flat Riemannian manifold, then for all
vector fields X,Y € T(TM) and p € T?>M we have:

1 (X" v, = (X, Y]

2. [ X" YY), = (VxY),,

3. XV, YV, =0,
where p = (x,u).

Definition 1 ([14)). Let (M, g) be a Riemannian manifold. The Sasaki met-
ric g is defined on the tangent bundle TM by:

1. :q\(XHaYH)(z,u) = g:t(ny)
2. /.d(XHa YV)(:L’,U) =0
3. /g\(XVa YV)(x,u) = 9z (X? Y)

where X,Y € T'(TM) and (z,u) € TM.

Corollary 1. If (M, g) is flat (R =0), then we obtain

1) (§XHYH)(m,u) = (VXY)fi,u),
2) (Vxn YY) = (VXY) (s
3) (Vv Y™ = 0,
4) (VxvY)ew = 0,
5) R - 0,

3 Mus-Sasaki metric.

3.1 Mus-Sasaki metric.

Definition 2 ([16]). Let (M,g) be a Riemannian manifold and f : M x R —
10, +00[. On the tangent bundle TM, we define a Mus-Saski metric noted g by

1. gf(XH7YH)(m,u) = gdf(X7Y)
2. gf(XH7 YV)(z,u) =0
3. gf(XVa YV)(x,u) = f('r)gx(Xa Y)

where X, Y €e I'(TM), (x,u) € TM and r = g(u,u). f is called twisting function.
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Note that, if f = 1 then gy is the Sasaki metric [15]. For more detail on
geometry of Mus-Sasaki metric see [11], [16].

Lemma 1 ([16]). Let (M,g) be a Riemannian manifold, then for all x € M and

u=u’ 821' € T M, we have the following

1. X (g(u, 1)) (gu) =0
2. XH(g(Y,u) (o) = 9(VxY, 1)z
3. XV (g(u, ) () = 29(X, u)a
4. XV (g(Y,u) gy = 9(X,Y )y
Lemma 2. Let (M,g) be a Riemannian manifold, then we have the following
1. XV (f) @) =0

2. XH(f)ww) = 92(grady(f), X)
where (x,u) € TM .

Lemma 3. Let (M, g) be a flat Riemannian manifold. We have

1) (VxnY ) = (VxY)(i

x,u)’

= 1
2) (VxnY Ny = (Va¥)o + 5 XYY,

3 (V¥ M = SVNXY,

) TV = 500X Y) (grad())",

5 R, yhyyH = o,

6) RO YV = < SIVIE(Vxgrad(£)" + FIVIPX () (grad()”
N RXT yHyYY = 0

§) RXT YV = LX(Y(1) + s X(DY () — (V) ()] ¥

(Y (1)’ = (TyY)()] X"

V2 +5

1
2
10) R(XV,YV)YH = 0

W) RV YWY = Dgrad(nifox vy - pyipx]

where V ( resp ﬁ) denote the Levi-Civita connection (resp curvature tensor) of g.
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The proof of Lemma 3 follows directly from Kozul formula, Lemma 1 and
Lemma 2.

Theorem 1. Let (M, g) be a flat Riemannian manifold and (T'M, gr) be its tan-
gent bundle equipped with the Mus-Sasaki metric. Then the tension field associated
with m : (T'M, g¢) = (M, g) is given by:

m) = Zgrad(f). (8)

2f

So, 7 is harmonic if and only f = const.

Proof. Let (FEi,...,E, be a local orthonormal frame on M, then

(B ... EH \}EV ceey \IFEV) is an orthonormal frame on (T'M, g¢). From Equa-

tion 3 and Lemma 3 we have
e = Y [vdW(EH)dw( ) — dr(V i B )}

1
+Z[vdw L+ pvydn(—= f BY) = dn(V 3 pr—=E)

= Z[dﬂVlEv\/»z)}

- Z 5 79(Bi. Eograd ()

%

= 3 fgmd(f)

From Equation 5 and Theorem 1 we obtain the following theorem

Theorem 2. Let (M, g) be a flat Riemannian manifold and (T'M, gy) be its tan-
gent bundle equipped with the Mus-Sasaki metric. Then the bitension field asso-
ciated with © : (TM, g°%) — (M, g) is given by:
m
7'2f(7r) = —TrgVVTf(ﬂ') + TTngTf(ﬂ') — gvgmd(f)rf(w). (9)

Example 1. [proper biharmonic map/
Let M = R™. If we set f(z,x2,....,xm) = f(x), then w is a proper bihar-
monic if and only ' # 0 and f is a solution of the following differential equation

[In(f)]" + £ I(F)" = 0. (10)

If we set f(x) = k.exp(a.z), k >0 then f is a solution of equation (10) and =
is a proper biharmonic.
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Lemma 4. Let (M, g) be a Riemannian manifold . If X,Y € T'(TM) are a vector
fields and (z,u) € TM such that X, = u, then we have

Proof. Let (U,z') be a local chart on M in # € M and (7~ 1(U),z%,97) be the
induced chart on TM, if X, = X"(x)a?cl and Y, = Y(z) 8‘21 |, then

; 0 NG G 0
d: X (Yy) =Y (x)@\(x,xﬁ) +Y'(z) O (x)aiyk’(a:,xw),

thus the horizontal part is given by

0 0

h i i j k
(X)) = Yi(x )8::: l(z,x,) =Y ($)Xj(m)rij(m)87yk|(z,Xx)
_ vH
Yv(z,Xz)
and the vertical part is given by
; ox* ; T o)
(d, X (Y2))" = {Y'(2) axl () +Y (x)X](x)Fij(x)}aiy“(x,Xz)

O]

Theorem 3. Let (M, g) be a flat Riemannian manifold and (T'M, gy) be its tan-
gent bundle equipped with the Mus-Sasaki metric. Then the tension field associated
with X € T(T(TM)) is given by:

X)) = |:TT‘gv2X + Y grad( f)X} - % [Trgg(VX, VX)grad(f)]”. (1)

Proof. Let x € M and {E;}} ; be a local orthonormal frame on M such that
Vg Ej =0 at x and X, = u, then by summing over i, we have

(X = [Vax)dX (B
[VEH+V X)V (EZH‘F(VEZ-X)V)}
[VEHE —I-VEH(VEX) +€(VEZ.X)VE’L'I_I+6(VEZ.X)V(VE1‘X)V:|
=

1
TryV°X)" + (VraanX) = 5Tra9(VX, VX) (grad(f))"

by Lemma 4, Theorem 3 follows.
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Corollary 2. Let (M,g) be a flat Riemannian manifold and (T'M,gys) be its
tangent bundle equipped with the Mus-Sasaki metric. If X : (M, g) — (T'm, g) is
harmonic, then the tension field associated with X € T'(T(TM)) is given by:

(X)) = [vgmd(f)x]v—%[ﬂgg(vx, VX)grad(f)]". (12)

From Corollary 2 we obtain

Theorem 4. Let (M, g) be a flat Riemannian manifold and (T'M, g¢) be its tan-
gent bundle equipped with the Mus-Sasaki metric. A wvector fieldX € T'(T'M) is
harmonic if and only the following conditions are verified

TrgV?X +VgragpnX =0

Tryg(VX,VX)grad(f) =0

Example 2. Let M = R™ and f = const. Then X = (X',..., X™) is harmonic
if and only if X* is harmonic for all k € {1,..,m} i.e

AXF =0, 1<k<m.

Example 3. Let M = R™ and f be a smooth function non-costant . Then
X = (X1, ..., X™) is harmonic if and only if X* is constant for all k € {1,..,m}.

Lemma 5. Let M = R™, f(z,z2,...,xm) = f(x) and X = (ax + b)01; a #
0, a,z €R. Then we have

Vo X = (6}a,0,..,0) = dlad;
Tryg(VX,VX) = a*
TryViX = 0

1
(X)) = af'0y - a’f oy
dX(9;) = OF +6tadY
Vax@n™ (X) = 0, 2<i<m.
(X)

where Fy = af” + %(f/)2 — %a3(f/)2 and Fy = *agj[f” + (f/)2]
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Proof.

Vaxoy™ (X) =

Va{f +(Vo, X) (

v \%
= Vou oy (af'0) —

1
v af'@Y—ian'ﬁf{)

1
5@ 1'or)

- 1 .- -
= aVeu(f'0) - §a2V31H(f’6f{) +a’Vay (f'01)

1 u-
— 5@V (o)
a CL2 CL2
= af"8¥+§(f’)26¥—?f”alH—E(f’)Qa{{
1
~Lazay

_ [af”—l—g(f/)Q—fa

100V -

Lemma 6. Let M = R™, f(x,xo,...

0, a,z €R. Then we have

Vax @) Vaxen™ (X) = 0,

Vax(ay) Vax oy (X

R(r1(X),dX (8;))d
X),dX(01))dX (01

(
X(
R(r/ (X

Proof. Using Lemma 3, we obtain
fi(Tf(X
R(+T(X
R(+1(X

R(+/ (X

R(+1(X),dX (0,))dX (8) =

) = (R~ zaRfof
5) = 0
)

), 01)of!
). 0")of
), 01 )07

), 01 )oY

,:Em) = f(l’) and X = (ag; + b)al;

(2<i<m).

, (2<i<m).

= Ll ey
1(f1)?
2 f
o a2 AWl N2 aV
= _Zf[f +§(f)] 1

- a2/ " 1(f/)2
= Zf[f N

_ gf/[f//

2 ot

Jor!

R(r7(X), 0 +ad)) (8} + ad})
R(r(X),0f)0ff + aR(+4(X),0f)0Y

a? I N21 oH
?[f + ()0

125

O]

a #

1
+ [F{ + §f’(Fl +aFy)]oy

(14)
(15)
(16)

(17)

+aR(tH(X),00 )0 + a*R(r/(X),0) )oY (18)
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Substituting (14), (15), (16) and (17) in (18) we obtain (13).
From Lemma 6, we obtain the following theorem

Theorem 5. Let M = R™, f(x,z2,...,2m) = f(z) and X = (ax + b)01; a #
0, a,x €R. Then we have

2 2
—r{(X) = {FQ—faFLf—i- (1+ )f’[f”—lﬁ]}a{f

2 2 f
WA trmram -0+ Sr el a9

So, X is biharmonic if and only if f is solution of the following equations:

{Fé—éaFlf’M( )f’[f”%
[+ if(Fi+al) -1+ % f’[

2

where Fy = af” + %(f)? — 1a3(f')? and F» = —%Q[f” +(f)?].

Example 4. Let a = /2, then we have:
F = V25"
F = —f"—(f)
and X = (V2x + b)0y is biharmonic if and only f is solution of the following
equations:
JI" L ()P =0
f/// - f,-f” _ (f/)?) =0 (21)

Lemma 7. Let M = R™, f(z,y,23,...,%m) = f(y) and X = (ax + b)dy; a #
0, a,x €R. Then we have

VaiX = 6}@81
Tryg(VX,VX) = a?

TryViX = 0
dX(9;) = aH+51aaV
Tf(X) = 5 2f 82
~ f a3
Vix@enm™ (X) = — 1 —(f"%oy.
v fx) = 9 g
dX(('?Q)T( ) = 2f 2 -

Vax@)™ (X) = 0, 3<i<m.
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Proof. Same as the proof in Lemma 5. Using Lemma 7 we obtain the following
lemma O

Lemma 8. Let M = R™, f(z,y,23,...,%m) = f(y) and X = (ax + b)dy; a #
0, a,x,y,23,....,2, € R. Then we have

at

Vixey™ (X) = ()05
~ a2
V?iX(aQ)Tf(X) = —Ef'”af.
Vaxoy™ (X) = 0, 3<i<m.
R(r! (X),dX(0))dX (D) = S () [1"+5()]0Y

R(+1(X),dX (8:,))dX(8;) = 0, (i+#2).

From Lemma 8 we obtain the following theorem

Theorem 6. Let M = R™, f(z,y,x3,....,xm) = f(y) and X = (ax + b)01; a #
0, a,x,y,x3,....,2, € R. Then we have

3 CL2 a2

()= TP+ 50 + S5 — o (22)

So, X is biharmonic if and only if f is solution of the following equations:
" 112
1 =0
L (23)
T =r"=0

Example 5. Let a = /2, then f(x,y,3,...,xm) = f(y) = In(y?) is a solution of
the Equation (23) and X = X = (ax + b)0y is proper biharmonic vector field.
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