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Abstract

In this paper, we introduce the Mus-Sasaki metric on the tangent bundle 7'}/, as a new natural metric on
T M. We establish necessary and sufficient conditions under which a vector field is harmonic with respect
to the Mus-Sasaki metric. We also construct some examples of harmonic vector fields.
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1. Introduction

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

B0) =5 [ 1o, (L1)

(or over any compact subset K C M).
A map is called harmonic if it is a critical point of the energy functional E (or E(K) for all compact subsets

K C M). For any smooth variation {¢},.; of ¢ with ¢ = pand V = % , we have

GEG)| == [hr@).v)du, 12
=0 M
where
T(¢) = tracegVde. (1.3)

is the tension field of ¢. Then ¢ is harmonic if and only if 7(¢) = 0.

One can refer to [8], [9] , [12] for background on harmonic maps, and [4], [7] for background on generalized
harmonic maps.

The existence and explicit construction of harmonic 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
mappings if the target manifold does not satisfy the nonpositivity curvature condition. 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
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T M. Problems of this kind have been studied when TM is endowed with the Riemannian Sasaki metric see ([2] [10]
[11] [12]) and with the Riemannian Cheeger-Gromoll metric (see [1]).

The main idea in this note consists in the modification of the Sasaki metric. First we introduce a new metric
called Mus-Sasaki metric on the tangent bundle 7'M . This new natural metric will lead us to interesting results [18].
Afterward we establish necessary and sufficient conditions under which a vector field is harmonic with respect to
the Mus-Sasaki metric (Theorem 3.2 and Theorem 3.3). We also construct some examples of harmonic vector fields
and we give a formula for the construction of non trivial examples of vector fields (Theorem 3.5).

2. Basic Notions and Definition on 7M.

2.1 Horizontal and vertical lifts on T M.

Let (M, g) be an m-dimensional Riemannian manifold and (7'M, 7, M) be its tangent bundle. A local chart
(U,z")i=1..n, on M induces a local chart (7' (U), 2%, y");—1..., on TM. Denote by I‘ the Christoffel symbols of ¢
and by V the Levi-Civita connection of g.

We have two complementary distributions on 7'M, the vertical distribution V and the horizontal distribution #,
defined by :

Vaw = Ker(drgu)= {a |(w ) a' € R}
= i Jl“k 9 i cR
H(m,u) - {(I %k@u) a’ u ij 8 k| (z,u) a € },

where (z,u) € TM, such that T, )y TM = Hzu) © Vizw)-
Let X = X2 be alocal vector field on M. The vertical and the horizontal lifts of X are defined by

XV = xt a‘ (2.1)
oy*
) .0 0
XH = X' — =X~ 4Tk :
oxt {(%’ T Ayk } 22)
For consequences, we have (;2:)7 = =% and (;2:)" = 1, then (52, 8y )i=1..n is a local adapted frame in
TTM.
Remark 2.1. .

L. if w = w2 + W 5% € T, TM, then its horizontal and vertical parts are defined by

.0 0
h i 7 k
w" =w Eroi JF”a 7 € Hiaw)

w” —{w +w ujflj}aak un)

, 0

W= 3 S GV(xu)E’H(x )
.0 0

H _ 7 ] k

“ {890L L 6yk}
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Proposition 2.1 ([17]). Let (M, g) be a Riemannian manifold and R its tensor curvature, then for all vector fields X,Y €
[(TM) and p € T* M we have:

1. [XH,YH], =X, Y}f — (R(X,Y)u)V,
2. [XHYV], = (VxY)Y,
3. XV, YV], =0,

where p = (z,u).

3. Mus-Sasaki metric.

3.1 Mus-Sasaki metric.
Definition 3.1 ([18]). Let (M, g) be a Riemannian manifold and f : M x R —]0, +oco[. On the tangent bundle T'M,
we define a Mus-Saski metric noted g? by
1. g?(XH7 YH)(r,u) = gz(X: Y)
2. g}q(XH, Yv)(z’u) =0
3. g;?(XVa YV)(r,u) = f(l‘, r)ga:(Xa Y)
where XY e I'(T'M), (x,u) € TM and r = g(u,u). f is called twisting function.

Note that, if f = 1 then gf is the Sasaki metric [17].

The notion of Sasaki metric and Gromol-Chegeer was considered in [3], [13], [14], [15], [16], [17].

Lemma 3.1 ([18]). Let (M,g) be a Riemannian manifold, then for all x € M and u = u' 52; € T, M, we have the following

1. X7 (g(u, 1) (zuy =0

2. XH(g(Y,0)) gy = 9(Vx Y )y
3. XV (glu, w) (o) = 20(X, ),

4. XV (9(Y, w)(z) = 9(X,Y)a
From Lemma 3.2, we obtain

Lemma 3.2. Let (M,g) be a Riemannian manifold, F : (s,t) € R? — F(s,t) €]0,+00[, a : M —]0,+oc[and B : R —
10, +00] be smooth functions. If f(z,r) = F(a(z), B(r)), then we have the following

1. Xv(f)(z,u) = 2ﬁ’(r)gI(X,u)%—f(a(x),B(r))
2. XH(f)(m,u) = gw(.gTadMaa X)%—f(a(x),ﬁ(r))
where (x,u) € TM and r = gz(u,u) .

In the following, we consider f(z,r) = F(a(z), 3(r)), where F : (s,t) € R? — F(s,t) €]0, 400, a : M —]0, +o0[
and § : R —]0, +o0[ are smooth functions.
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Theorem 3.1 ([18]). Let (M, g) be a Riemannian manifold. If f (z,r) = F(a(z), B(r)) and V (resp V) denote the Levi-Civita
connection of (M, g) (resp (T'M, g? ), then we have:

1. (VxaYH™), = (VXY)f—i(RI(X7Y)u)V,
2. (VyuYV), = (vXY)g+f(9;’T)(Rw(u,Y)X)H
gy delaredana, X) G (aa). Al Yy
=~  fla,r) 1 oF
5. (T, = TGOV + o laradya, ) G (o), B) XY
L @Yy, = 2 E @), 800 [0 (U)X + (X0 - (X Y)Y
20X ) 2 ), B (gradasan)

for all vector fields X,Y € T'(T'M) and p = (z,u) € TM, where R denote the curvature tensor of (M,g).

The proof of Theorem 3.1 follows directly from Kozul formula, Lemma 3.1 and Lemma 3.2.

Lemma 3.3. Let (M, g) be a Riemannian manifold . If X, Y € T'(T'M) are a vector fields and (z,u) € TM such that X, = u,

then we have
de X (Ya) = Yy + (Vv X) (-

Proof. Let (U,z") be a local chart on M in x € M and (7~}(U), 2% y’) be the induced chart on TM, if X, =
X'(2) 2 ]e and Y, = Y(2) 52|, then

. 0 NG 9]
de(Ym) :Yl(x) 1‘(3L7Xz) +Y’L(x) i (Lﬂ) k'(aﬁ,Xm)v
or Jr oy

thus the horizontal part is given by

(XY = Y (@@kx,xp) -Y (x)XJ(x)F?j(x)kac,Xm)

H
Yixa)
and the vertical part is given by
v . OXF ; , B
(d X (Ya))" = {¥V'(2)7 (@) +Y (x)Xj(x)FZ(x)}afwkx,xz)
= (VYX)XC,X”.

O

Lemma 3.4. Let (M, g) be a Riemannian n-dimensional manifold and (T M, g7 ) be its tangent bundle equipped with the
Mus-Sasaki metric . if X € T'(T(T'M)), then the energy density associated to X is given by

e(X) = g+£tmcegg(vx,vx*). (3.1)

Proof. Let (eq, ..., e,) be a local orthonormal frame on A, then

n

2e(X), = > gf(dX(e),dX(e;))

i=1

Using Lemma 3.3 , we obtain
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2e(X) = D gflell e+ gf (Ve X)V. (Ve X))
i=1

i=1

= > gleie)+ > f9(Ve, X, Ve, X)
=1 =1

= n+ ftracegg(VX,VX).
O

Theorem 3.2. Let (M, g) be a Riemannian manifold and (T M, g7 ) be its tangent bundle equipped with the twisted Sasaki
metric, such as f(xz,r) = F(a(zx), 5(r)). Then the tension field associated with X € I'(T(TM)) is given by:

LI
f(z,r) Os
+(trace, B(X))™.

7(X) = (a(z), ﬁ(r))vgmd(a)X)V + (tracegA(X))V (3.2)

where A(X ) and B(X) are a bilinear maps defined by:

AX) = V2X + fﬂ(;(rz)%;(a(x), B 20V X, X)VX — g(VX, VX)X}
B(X) = f(x,r)R(X,VX)*—%g(VX,VX)%—?(O((J:),B(r))gradM(a).

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

"X = [VaxedX(e)]
= Ve v (el + (Ve X))
= [%eiH efl + %efi (VeiX)V + ﬁ(VGiX)V 651 + %(veiXa)V (Ve, X(,—)V

by Theorem 3.1 we obtain

L oF
2f(x,r) Os

(), B)) (Vgradu Xy

_ , 1 OF
Vv, xyvel = f(:v2 r) (Ry(Xy, Ve, X)e)) " + W%(a(x),B(r))(vgmdMaX)X

- 1 OF

V(veiXa)V(Ve,ng)V = —igw(vei)ﬂ Ve,iX)E(oz(x),ﬂ(r))(gradMoz)f

§(r) OF
flx,r) Ot

— gu(Ve. X, VeiX)Xa‘f}.

(a(@), B(1) 202 (Ve, X, X2)(Ve, X))

From Theorem 3.2 we obtain

Theorem 3.3. Let (M, g) be a Riemannian manifold and (T M, g;? ) be its tangent bundle equipped with the Mus-Sasaki
metric, such as f(z,r) = F(a(z), B(r)). A vector field X € T'(T'M) is harmonic if and only the following conditions are
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verified
_ B'(r) OF
0 = tmceg{vzx + Far) 5 (@), B(r) |20, (VX, X)VX — g, (VX, vx>x] }
1 OF
+f(l', ’l") E(OK(%), /B(T))Vgrad(a)X
and
0 = f(z,r)tracegR(X,VX) * —%%—f(a(m), B(r))tracegg,(VX,VX)grad ().

where r = g( X, X.) = | X%

Corollary 3.1. Let (M, g) be a Riemannian manifold and (T M, g]‘? ) be its tangent bundle equipped with the Mus-Sasaki
metric. If X € T'(T'M) is a parallel vector field (i.e VX = 0), then X is harmonic.

Theorem 3.4. Let (M, g) be a Riemannian compact manifold and (T'M, g7 ) be its tangent bundle equipped with the Mus-
Sasaki metric. Then X € I'(T'M) is a harmonic vector field if and only if X is parallel.

Proof. . If X is parallel, from Corollary 3.1, we deduce that X is harmonic vector field. Inversely:

Let X, be a compactly supported variation of X defined by X; = (1 + ¢)X. From Lemma 3.4 we have

t+1)2
e(Xy) = g + f(z,7) ( +2 ) tracegg(VX,VX).
If X is a critical point of the energy functional, then we have :
d
0 = %E(Xt)\tzo
d

= {/M (ﬁ + f(x,7) (t —Zl)ztracegg(VX, VX))dvg}

dt 2 t=0

/f(:c,r)tracegg(VX,VX)dvg
M
then
g(VX,VX)=0
O

Example 3.1. Let S' = {(z,y) € R?} endowed with the natural metric dz? + dy* and X : (z,y) € S' —
(x,y, —y,x) € T*S!, we have: VS X = 0. From Corollary 3.1 we deduce that X is harmonic section.

Example 3.2. If 5? x R is endowed with the product of canonical metric, then the vector field X = % is harmonic.
Example 3.3. If R" is endowed with the canonical metric, then any constant vector field X on R" is harmonic.

Remark 3.1. In general, using Corollary 3.1 and Theorem 3.4 we can construct many examples for harmonic vector
fields.
From Theorem 3.3 we deduce
Theorem 3.5. Let (R™, <>) the real euclidian space and TR™ its tangent bundle equipped with the Mus-Sasaki metric, such
as f(z,r) = F(a(z), B(r). If X = (X, ..., X™) is a vector field on R", then X is harmonic if and only if
92Xk
Ox?

B(IX|?) oF ) LOX9 X" oxXI
X g @k BN 3 X 55 — XK aﬁ)}

0 (), BUIX %)) +

S L e aX* OF
< f (@, [X]?)) 02 0a* s

)

oo,  OF 2 0X7y?
0 = ()5 (a@).5(IX] ))Z(aTi)'

ij
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forallk=1,..,n.

Corollary 3.2. Let (R", <>) the real euclidian space and TR™ its tangent bundle equipped with the Mus-Sasaki metric. If «
and 3 are constant functions, or F is a constant function, then X = (X', ..., X™) is a harmonic vector field on R™ if and only
ifforalli =1,...,n., X" is a real harmonic function on R".

Corollary 3.3. Let (R"™, <>) the real euclidian space and TR™ its tangent bundle equipped with the Mus-Sasaki metric. If
(grada # 0) and (%5 # 0) then X is a harmonic vector field on R™ if and only if X is constant.

Corollary 3.4. Let (R", <>) the real euclidian space and TR™ its tangent bundle equipped with the Mus-Sasaki metric. If «
is a constant function then X = (X', ..., X™) is a harmonic vector field on R™ if and only if X verifies the following system of
equations
o*xk  pl|X|*) oF 0XT oX* 0X7
— X|? 2XI — —— — X* 2 =

)

forallk=1,.. n.
Remark 3.2. Using Corollary 3.4, we can construct many examples of nontrivial harmonic vector fields.

Example 3.4. If R" is endowed with the canonical metric and TR" its tangent bundle equipped with the Mus-Sasaki
metric, such as F(s,t) =t (i.e : f(z,r) = B(r)). From Corollary 3.4, we deduce that X = (h(z1),0,....,0) is a
harmonic vector field if and only the function 4 is solution of differential equation:

B'(h?)
B(h?)

h" + h(h)? =0

or

w, B2,
h +Wh =0 (3.3)

when () = t, the solution of differential equation (3.3) is given by h(z1) = vax1 +b.
when 3(t) = 1, the solution of differential equation (3.3) is given by h(z1) = bexp(az1).
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