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Abstract

In this paper, we study the impact of geodesic vector fields (vector fields whose trajectories are
geodesics) on the geometry of a Riemannian manifold. Since, Killing vector fields of constant lengths
on a Riemannian manifold are geodesic vector fields, leads to the question of finding sufficient conditions
for a geodesic vector field to be Killing. In this paper, we show that a lower bound on the Ricci curvature
of the Riemannian manifold in the direction of geodesic vector field gives a sufficient condition for the
geodesic vector field to be Killing. Also, we use a geodesic vector field on a 3-dimensional complete
simply connected Riemannian manifold to find sufficient conditions to be isometric to a 3-sphere. We find
a characterization of an Einstein manifold using a Killing vector field. Finally, it has been observed that
a major source of geodesic vector fields is provided by solutions of Eikonal equations on a Riemannian
manifold and we obtain a characterization of the Euclidean space using an Eikonal equation.
© 2019 Royal Dutch Mathematical Society (KWG). Published by Elsevier B.V. All rights reserved.
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1. Introduction

Recall that a geodesic vector field on a Riemannian manifold (M, g) is a vector field whose
trajectories are geodesics. Thus, £ is a geodesic vector field on the Riemannian manifold (M, g)
if it satisfies the differential equation

V& =0, ey
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where Vy is the covariant derivative with respect to the Riemannian connection. Natural
examples of geodesic vector fields are, the Reeb vector field on a Sasakian manifold (cf. [1]),
Killing vector fields of constant length on a Riemannian manifold (cf. [2]), constant vector
fields on the Euclidean space R". Moreover, there are Killing vector fields, which are not
geodesic vector fields, these examples are provided by Killing vector fields with non-constant
lengths. For instance, the vector field & = J ¥ on the Euclidean space R?*, where J is the
standard complex structure and ¥ is the position vector field of the Euclidean space R, is
a Killing vector field that is not a geodesic vector field. Similarly, there are geodesic vector
fields, which are not Killing vector fields, for example the Reeb vector field on a 3-dimensional
trans-Sasakian manifold (cf. [3] ) and the Reeb vector field on a Kenmotsu manifold (cf. [4])
are geodesic vector fields which are not Killing vector fields.

Also, note that lot of geodesic vector fields come through physics and medical imaging,

namely the solutions of Eikonal equation ||V f|| = 1 on a Riemannian manifold (M, g) (cf. [5]).
If a smooth function f is a solution of the Eikonal equation ||V f| = 1, then we get
VysVf=0,

that is, V f is a geodesic vector field. The distance function of a complete Riemannian manifold
(M, g) satisfies Eikonal equation and therefore the gradient of the distance function is a
geodesic vector field on (M, g). Also, it follows that the existence of Eikonal equation on
a Riemannian manifold (M, g) implies that M is not compact.

Recall that a smooth vector field £ on a Riemannian manifold (M, g) is said to be Killing
if its local flow consists of local isometries of the Riemannian manifold (M, g). The presence
of a nonzero Killing vector field on a compact Riemannian manifold constrains its geometry
as well as topology, for instance, it does not allow the Riemannian manifold to have negative
Ricci curvature and also if the Riemannian manifold has positive sectional curvature, then its
fundamental group has a cyclic subgroup (cf. [2,6]). Apart from playing an important role in
shaping geometry of a Riemannian manifold, Killing vector fields have applications in physics
(cf. [7]) and therefore geodesic vector fields also have the scope of applications in physics. The
geometry of Riemannian manifolds with Killing vector fields has been studied quite extensively
(cf. [2,6,8—12]). It is worth mentioning that given a global gradient field V f is Killing if and
only if it is parallel, and a characterization for these fields would be that the Hessian is zero,
that is, Hy = 0.

Note that geodesic vector fields and Killing vector fields are closely related, though this
relation gets weaker in the sense that if we consider two different vector fields (extensions of
the same geodesic vector field & ) satisfying Ve& = 0, it may be possible that one is Killing
and the other is not Killing as the first requires only what happens along the geodesic, while
the other requires to take into account a neighborhood (cf. [13,14]).

Since, a Killing vector field on a Riemannian manifold of constant length is a geodesic
vector field, a natural question is to seek conditions under which a geodesic vector field on a
Riemannian manifold is a Killing vector field. In this paper, we find a characterization for a
Killing vector field using a geodesic vector field (cf. Theorem 1). On a 3-dimensional sphere
S3(c) of constant curvature c, there is a Sasakian structure with Reeb vector field a geodesic
vector field (cf. [1]), which leads to a question of finding a characterization of 3-sphere using
a geodesic vector field. In this paper, we answer this question (cf. Theorem 2). Also, we find a
characterization of an Einstein manifold using a Killing vector field on a connected Riemannian
manifold, which improves a result in (cf. [8]). Finally, we use a geodesic vector field provided
by an Eikonal equation on an n-dimensional complete Riemannian manifold (M, g) to find a
characterization of the Euclidean space R" (cf. Theorem 4).
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2. Preliminaries

In this paper, we consider n-dimensional connected Riemannian manifold (M, g) unless
differently specified. We denote by X(M) the Lie algebra of smooth vector fields on M and by
Vx the covariant derivative with respect to X € X(M), where V is the Levi-Civita connection,
which is a torsionfree metric connection (cf. [15]). A local orthonormal frame on M is a set of
unit vectors {ey, ..e,} defined on a neighborhood U of a point p € M satisfying g(e;, e;) = §;;.
For each point p € M, we can choose a local orthonormal frame {ey, ..e,} satisfying (cf. [15])

(Vey) (p) = 0.

Let £ be a nonzero geodesic vector field on an n-dimensional Riemannian manifold (M, g).
If n is the smooth 1-form dual to &, that is, n(X) = g(X, &), then using the fact that the Lie
derivative £;g is a symmetric tensor, while the exterior derivative dn being a smooth 2-form
is a skew symmetric tensor, we get a symmetric operator A and a skew symmetric operator ¢
on (M, g) defined by

1

3 (£:8) (X, Y) = g(AX,Y), X,Y € X(M) 2)
and

%dn(X, Y)=g(@X,Y), X,YecX(M). (3)

Now, using the following expressions for the Lie derivative £; and the exterior derivative dn

(£e8) (X, Y) = g (VxE,Y) + g (Vy§, X), (dn) (X, Y) =g (Vx§,Y) — g (VvE, X),

we deduce that

1 1 1
SdnX.Y) = g (Vx§. ¥) — S8 (Vy. X)

1
g(Vx§,Y) — 5 (£:8) (X, Y).

Using Egs. (2), (3) in above equation, we get the following expression for the covariant
derivative of the geodesic vector field &

Vxé = AX + X, X € X(M). 4)
Define a smooth function f = % €112, which on using Eq. (4), gives

X(f)=8(Vx§, &) =g (As — 5. X), X eX(M),
that is, the gradient V f of the function f is given by

V= AE — gE. 5)

Lemma 1. Let (M, g) be an n- dimensional Riemannian manifold.
(1) If & is a geodesic vector field, then A& = %Vf, o€ = —%Vf.
(1i) If & is a Killing vector field, then A =0, 9§ = -V f.

Proof. (i) If £ is a geodesic vector field, then Eq. (4) gives A§ 4+ & = 0, which in view
of Eq. (5) gives the desired results.
(ii) If & is a Killing vector field, then Egs. (2) and (5) give the desired results. [
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Given a vector field # € X(M) on an n -dimensional Riemannian manifold (M, g), its
divergence divu is given by

divu = Zg (Veu,ei),

where {e, ..e,} is a local orthonormal frame on M. Note that divu is the divergence with
respect to the volume form of the Riemannian manifold (M, g). We denote by (VT) (X, Y)
the covariant derivative of a (1, 1) tensor field 7 and is given by

(VT)(X,Y)=VxTY — T (VxY) , X,Y € X(M).
Now, we use Eq. (4) in computing the divergence of the vector field A¢ as follows
div(A) = Y g (Ve A, e) = D (eig (6. Aep) — g (5. AV, e))
=Y g (Aei+pei, Ae) + Y g (€, Vo Aei — AV, e;)
= 1A + ¢ (6 2 (VA ernen) ©)
where we have used
IAIP =) g (Aei, Ae;), and ) g (Aei,ge;) = 0.
Similarly, we compute the divergence of the vector field & and arrive at
div(p§) =~ llpl> — ¢ (£, (Vo) ei en) )

If & is a geodesic vector field on an n-dimensional Riemannian manifold (M, g), then
Lemma 1(i) gives that div (A&) + div (&) = 0 and consequently, Egs. (6), (7) yield

1A = gl + g (£ Y (VA) (er, e) = (Vo) (eiven) =0, ®)

If £ is a Killing vector field on an n-dimensional Riemannian manifold (M, g), then Eq. (2)
gives A = 0 and Eq. (4) takes the form

Vx&E =X, X eX(M). ©)
The curvature tensor field of a Riemannian manifold (M, g) is given by
R(X,Y)Z =VxVyZ —VyVxZ —VixnZ, X,Y,Z e X(M).
For a Killing vector field &, using Eq. (9), we compute
R(X, V) = (Vo) (X,Y) — (Vo) (Y, X),
which together with the fact that the smooth 2-form 2(X, Y) = g (¢X, Y) is closed, gives
g (Vo) (X, Y), Z) + g (R(Y, 2)§, X) = 0.
Thus, we conclude that if £ is a Killing vector field, then
Vo) (X, Y)=R(X, &Y, X,YeX(M). (10)

On an n-dimensional Riemannian manifold (M, g), the Ricci tensor Ric is a symmetric tensor
defined by

Ric(X,Y) =) g(R(e; X)Y,e1), X,Y € X(M),
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where {eq, ..., e,} is a local orthonormal frame on M. The Ricci operator Q is a symmetric
operator defined by

g(0X,Y)=Ric(X,Y), X,Y e X(M).

The scalar curvature S of a Riemannian manifold (M, g) is a smooth function defined by
S = trQ (trace of the Ricci operator Q).

For a geodesic vector field £ on a Riemannian manifold (M, g), using Eq. (4), we compute
R(X, Y)¢ and get

R(X,Y)§ = (VA (X, Y) = (VA (Y, X) + (Vo) (X, Y) — (Vo) (Y, X).

We define a smooth function 7 = tr A (the trace of the symmetric operator A ), and use above
equation to conclude

X(hy =) g (VA (X, e), e)
=) g (R(X, &) + (VA) (e, X) — (Vo) (X, &) + (Vo) (e;, X).€)
—Ric(X. )+ g (X, ) (VA) (e, ) — (Vo) (er. ) )

where we used the symmetry of the operator A and the skew symmetry of the operator ¢.
Thus, the gradient Vi of the function 4 is given by

Vh=—-0E)+Y (VA (ei.e) = Y (V) (e, er). (11)

Given a smooth function F' on an n-dimensional Riemannian manifold (M, g), its Laplacian
AF is defined by AF = div (VF). Also, for a smooth vector field X € X(M), the Laplacian
AX is a smooth vector field defined by

AX =Y (Ve Ve X = Vi, 0 X)),

where {ey, ..., e,} is a local orthonormal frame on M.

3. Impact of geodesic vector fields

We prove the first result of this paper, which characterizes Killing vector fields.

Theorem 1. Let & be a geodesic vector field on an n-dimensional connected Riemannian
manifold (M, g). Then & is a Killing vector field of constant length if and only if Ricci curvature
satisfies

. 1 1 1
Ric(&, &) = ¢ lldn|* = o (ir (£:2))" - 56 (r (£:9)).

where 1 is smooth 1-form dual to &, £¢g is the Lie derivative of metric g with respect to & and
tr (£g g) is the trace of the symmetric operator £¢g.

Proof. Suppose & is a geodesic vector field and the given condition holds, that is,

. 2 1 2
Ric§, &) = llpl* = ~ I AI” — & (). (12)
Now, using Egs. (8), (11), we get
IAI* = ll@ll* + Ric(g, &) + &(h) = 0,
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that is,
<||A||2 - %hz) + <Ric(é, &)~ ol + %hz + é(h)) —o0.

Thus, using the inequality (12) and the Schwarz inequality ||A|* > % (tr A)? in above equation,
we conclude that

1 1
Al = ;hz, Ric(€,8) = llgll* — - IA11? = &(h). (13)

However, the equality in Schwarz inequality holds if and only if A = %I , which gives A§ = %5 ,
and combining it with A& + @& = 0, leads to h& + p& = 0. The last equation on taking the
inner product with £, gives

hIEN* =0

and as & is a nonzero vector field on the connected manifold M, we get h = 0 and
consequently, Eq. (13) now reads

A=0, Ric &) =9l

Thus, Lemma 1(i), gives f is a constant and & = 0, consequently, Eq. (4) gives (£gg) X,Y)=
0, that is, & is a Killing vector field. Moreover, 9§ = 0 and Eq. (4) insures that & has constant
length.

Conversely, if £ is a Killing vector field of constant length, then using Eq. (9) in X (||$ ||2) =
0, we get & = 0, and consequently, Eq. (9), gives V& = 0, that is, § is a geodesic vector
field. Finally, using Eq. (10), we conclude

D (Vo) (e, ) = —Q,
that is,

Rice. &) = —g (£, ). (Vo) (er. @)
Now, using Eq. (7) with & = 0 in above equation, we get

Ric(5,8) = llgl’,
which provides the inequality in the statement, as (£;g) =0. O

Note that a 3-dimensional sphere S3(c) admits a Sasakian structure with Reeb vector field &
a geodesic vector field (cf. [1]), that leads to a question of finding conditions on a 3-dimensional
complete simply connected Riemannian manifold (M, g) that admits a geodesic vector field to
be isometric to S*(c). We prove the following theorem, which gives a characterization for the
sphere S3(¢) using a geodesic vector field.

Theorem 2. Let & be a geodesic vector field of constant length on a 3-dimensional complete
simply connected conformally flat Riemannian manifold (M, g) with sectional curvatures of
plane sections containing & positive. Then & satisfies

1 1
(i) Ag = —af, (i) o ldnll* = 1 11€1* — I (rr (£e2))°,

where X is a positive constant, n is smooth 1-form dual to &, £¢ g is the Lie derivative of metric
g with respect to &; if and only if (M, g) is isometric to the 3-sphere S* (%)
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Proof. Let £ be a geodesic vector field of constant length on a 3-dimensional complete
simply connected Riemannian manifold (M, g) with sectional curvatures of the plane sections
containing & positive and satisfying conditions (i) and (ii). Note that the definition of a geodesic
vector field and Eq. (4) gives A§ 4+ & = 0 and since ||£]| is a constant gives A§ — & = 0,
consequently, we have A& = p& = 0. Using Eq. (4) in computing A&, we get

A =) " (VA)(ei,e)+ Y (Vo) (e, e) = —2E, (14)
which in view of Egs. (6) and (7), yields
TAI + llol® = & €17

Thus, we have

1 1
QMW—§#>+QWW+§#—AMW>=Q

where h = tr A. Using the condition (ii) in above equation and the Schwarz inequality, we get

h 1
A=_TIand |lp|*>=1r&]* - k%
51 and lo] &1 = 3

Now, using A = 0 in above equation and the fact that £ is nonzero, gives & = 0 and
consequently,

A=0, loI*=xrl&]>.
In view of above equation, Eq. (4) takes the form
Vxé =X, X eX(M),

which is Eq. (9) ensuring that & a Killing vector field. Using Q(£§) = >_ R(&, ¢;)e; and Eq. (14)
with A = 0, in Eq. (10), we get

0() = —2§. (15)

Since, £ is a Killing vector field, its flow consists of isometries of the Riemannian manifold
(M, g) and the scalar curvature S and the Ricci operator Q of M are both invariant under the
flow, that is, we have

(£:5) =0, (£0) =0,
which in view of Eq. (9), gives

£(5)=0, (VO . X)=¢90X - Q¢X, X eX(M). (16)

Since, (M, g) is a 3-dimensional conformally flat Riemannian manifold, we have (cf. [15,16])
1
VO X, Y)- (VO (Y, X) = Z{X(S)Y —Y($X}, X, Y €X(M),
which on taking ¥ = £ and using Eq. (16), leads to
1
(VO) (X, 8) — 90X + QpX = ZX(S)E-
Using Eqgs. (9) and (15), we get Vx Q& = A¢p X and consequently, above equation implies

1
¢ (QX —2X) = —2X(S)E.
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Taking the inner product in above equation with & and using @& = 0, gives X(S) = 0 for all
X, proving that the scalar curvature S is a constant and thus, we have

(X —2X)=0, XeXWM). (17)
Also, Egs. (9), (10) and ¢& = 0, imply R(X, §)§ = —@?X, that is,
R(X. &6 X) = lloX|?, X € X(M). (18)

As the sectional curvatures of plane sections containing £ are positive, from above equation
we conclude that || X | > O for all nonzero X orthogonal to &. Note that Eq. (15) implies that
g(0X — AX, &) = 0, that is, the vector field QX — AX is orthogonal to & and Eqgs. (17) and
(18) lead to

R(OX — X, E:6,0X —AX) =0, X e X(M).

Thus, as the sectional curvatures of plane sections containing £ are positive, above equation
leads to

0X =X, X eX(M).

Now using the above outcome as Ric(X, Y) = Ag(X,Y), in the expression for the curvature
tensor of conformally flat 3-dimensional Riemannian manifold (M, g), we get (cf. [15],
(cf. [16])),

1
RX.Y;Z, W) =7 (41— 5) {8(Y, Z)g(X, W) — g(X, Z)g(Y, W)}.

However, as Ric(X, Y) = Ag(X, Y), we have S = 3 and consequently, above equation implies
that (M, g) is a complete simply connected Riemannian manifold of constant positive sectional
curvature 5 and hence, is isometric to the sphere S* (%).

The converse is trivial as the sphere S? (%) has Sasakian structure (cf. [1]) with Reeb
vector field £ being Killing is a geodesic vector field that satisfies all the requirements of
the hypothesis. O

Recall that from Eq. (15) onwards in the proof of Theorem 2, all the steps work for a
Killing vector field on a 3-dimensional Riemannian manifold, thus removing the restrictions
in the hypothesis of Theorem 2 which are responsible for transforming a geodesic vector field
into a Killing vector field, we get the following (A similar result is proved in [8], with £ is an
eigenvector of Q instead of A):

Corollary. Let & be a Killing vector field of constant length on a 3-dimensional complete
simply connected conformally flat Riemannian manifold (M, g) with sectional curvatures of
plane sections containing & positive. Then & satisfies A& = —\E, where ) is a positive
constant, if and only if (M, g) is isometric to the 3-sphere S* (%)

Recall that a (1, 1) tensor field T on a Riemannian manifold (M, g) is said to be a Codazzi
tensor if it satisfies

V)X, Y)=(VT) ([, X), X,Y e X(M).

In the following result, we use a nonzero Killing vector field £ of constant length on a connected
Riemannian manifold (M, g) and a weaker condition than Codazzi tensor on the Ricci operator
Q to find the following characterization of an Einstein manifold (this result is an improvement
of Theorem 4.1 in [8]).
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Theorem 3. Let & be a nonzero Killing vector field of constant length on an n-dimensional
connected Riemannian manifold (M, g) with sectional curvatures of the plane sections contain-
ing & positive and Ricci curvature in the direction of & a constant. Then (M, g) is an Einstein
manifold if and only if the Ricci operator Q satisfies

(VO) (X, 8) =(VO)(§, X), X e X(M).

Proof. Suppose £ is a nonzero Killing vector field of constant length on the Riemannian
manifold (M, g) satisfying the conditions of the hypothesis and the Ricci operator Q satisfies

VO (X, 8) = (VQ) (&, X). 19)

As the Ricci curvature in the direction of £ is a constant, we have Ric(&, £€) = A ||€]|%, where
A is a constant. Then, we can express the vector field Q(&) as follows

0¢)=2§ +u, (20)

where u is a vector field orthogonal to &.
Note that the local flow of a Killing vector field consists of local isometries. Thus, we have
(£: Q) = 0, which on using Eq. (9), gives

(VO (€, X) =90X — QpX, X e X(M). 21
Now, using Egs. (9), (19) and (21), we get

Vx Q& =9Q0X.
Thus, Eq. (20) in view of above equation and Eq. (9), gives

¢ (00X —1X) = Vxu. (22)
Note that & being of constant length, 9§ = 0 and consequently, above equation implies

g(Vxu, &) =0, that is, g(u, 9 X) = 0. Thus, ¢(u) = 0 and Eq. (10), gives
R(u, £)t = —¢p’u =0,

that is, the vector field u orthogonal to & satisfies R(u, &; £,u) = 0. However, the sectional
curvatures of the plane sections containing & are positive, which implies u = 0 and
consequently, Eq. (22), gives ¢ (QX —AX) = 0, X € X(M). Note that as u = 0, Eq. (20)
reads as: Q(§) = A& and we have g(QX — AX, &) = g(Q() — A&, X) = 0, that is, the vector
field QX — A X is orthogonal to & and the sectional curvature in view of Eq. (10) is given by

R(QX —AX,£:§, 0X —1X) = llo (QX — 2 X)|*> = 0.

Thus, QX —AX = 0 for all X and this proves that (M, g) is an Einstein manifold. The converse
is trivial. O

4. Eikonal equation

Recall that an Eikonal equation ||V f| = 1 on a Riemannian manifold (M, g) gives the
vector field V f, which is a geodesic vector field. Note that the distance function r on the
Euclidean space R” is a smooth function on R" — {0} and satisfies the Eikonal equation
IVr|l = 1 and also satisfies rAr = n — 1. This raises the question, whether the solution
f of the Eikonal equation ||V f|| = 1 on an n-dimensional complete connected Riemannian
manifold (M, g) satisfying fAf = n — 1, makes the Riemannian manifold isometric to the
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Euclidean space R"? We use the tools developed for geodesic vector fields on a Riemannian
manifold to answer this question and indeed obtain the following simple characterization of
the Euclidean space R”".

Theorem 4. Let f be a solution of the Eikonal equation |V f|| = 1 on an n- dimensional
complete connected Riemannian manifold (M, g) with Ricci curvature in the direction of V f
non-negative. Then f satisfies f Af = n—1, if and only if (M, g) is isometric to the Euclidean
space R".

Proof. Suppose (M, g) is an n-dimensional complete and connected Riemannian manifold that
admits the solution f of the Eikonal equation |V f|| = 1 and the solution satisfies
fAf=n—1 (23)

Then it follows that £ = V f is a unit geodesic vector field that is closed and consequently,
¢ = 0 in Eq. (4) and as & is a geodesic vector field equation (4) gives A€ = 0. Moreover
by Eq. (4), we see that A = Ay, the Hessian operator of the function f and therefore
h =trA = Af holds. Now, Eq. (11), gives

Q&)=Y (VA) (i, e1) — V(AS),

that is,

Ric, &) =g (& ) (VA) (er.e)) — £ (Af). 24
Also, using Eq. (6), and A£ =0, we get

1417 = =g (& Y (VA eiven). 25)

Now, define a function ¥ = % f2, which is a nonconstant function and has gradient Vi =
fVf = f&, and using Eq. (4), we find the Hessian operator Ay, of the function y, given by

Ay(X) = X(f)§ + fAX, X e X(M). (26)
The above equation gives trAy, = &(f) + fAf = IVFI?+n—1=n, and

Ay | =1+ £ 1417 27)
Thus, we have

[l = & (r A = 14 214N —n,

which in view of Egs. (24) and (25), leads to
1
[4g]? =~ (ray) = 1 =0 — F(Ric(&. &)+ €A

Observe that fE(Af) = E(fAf)—AfE(f) = —Af |IVfI? = —Af and consequently, above
equation takes the form

2 1 2 . .
[Ay|" — - (trAy) =1—n— f’Rict. &)+ fAf = —f*Ric(§, §).
Using the hypothesis that Ric(¢, £) > 0 and the Schwarz inequality in above equation, we get

Ay |* = ! (trAy)* and Ric(s, &) =0.

n
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However, in Schwarz inequality || A, “2 >1 (trA,/,)z, the equality holds if and only if A, = ul
for some smooth function . Since, trAy, = n , we get u = 1. Hence, the Hessian H,
of the nonconstant function i on the complete and connected Riemannian manifold (M, g),
satisfies

Hy(X,Y)=2g(X,Y), X,Y eX(M),

which proves that (M, g) is isometric to the Euclidean space R” (cf. [17]).
The converse is trivial as the distance function f on the Euclidean space R” satisfies all the
requirements in the statement. [J

We express our sincere gratitude for so many helpful suggestions of the anonymous learned
reviewer that led to the improvement of the paper:

Acknowledgments

This work is supported by King Saud University, Deanship of Scientific Research, College
of Science Research Center.

References

[1] D.E. Blair, Contact manifolds in Riemannian Geometry, in: Lecture Notes in Math., vol. 509, Springer Verlag,
1976.

[2] V. Berestovskii, Y. Nikonorov, Killing vector fields of constant length on Riemannian manifolds, Siberian
Math.J. 49 (3) (2008) 395-407.

[3] S. Deshmukh, F. De, U.C. Al-Solamy, Tran-Sasakian manifolds homothetic to sasakian manifolds, Publ. Math.
Debrecen 88 (3—4) (2016) 439-448.

[4] G. Dileo, A.M. Pastore, Almost Kenmostu manifolds and local symmetry, Bull. Belg. Math. Soc. (14) (2007)
343-354.

[5S] P. Mosayebi, D. Kobzas, A. Murtha, M. Jagersand, Tumor invasion margin on Riemannian space of brain
fibers, Med. Image Anal. 16 (2) (2012) 361-373.

[6] R. Xiaochun, Positive curvature, local and global symmetry, and fundamental groups, Amer. J. Math. 121 (5)
(1999) 931-943.

[7]1 C.B. Yvonne, D. Celicle, Analysis, Manifolds, Physics, Elsevier, 1977.

[8] S. Deshmukh, Characterizations of einstein manifolds and odd-dimensional spheres, J. Geom. Phy. 61 (2011)
2058-2063.

[9] W.C. Lynge, Sufficient conditions for periodicity of a Killing vector field, Proc. Amer. Math. Soc. 38 (3)
(1973) 614-616.

[10] M. Okumura, Certain almost contact hypersurfaces in Kaehler manifolds of constant holomorphic sectional
sectional curvature, Tohoku Math. J. (2) 16 (1964) 270-284.

[11] S. Yorozu, Killing vector fields on complete Riemannian manifolds, Proc. Amer. Math. Soc. 84 (1982)
115-120.

[12] S. Yorozu, Killing vector fields on noncompact Riemannian manifolds with boundary, Kodai Math. J. 5 (1982)
426-433.

[13] P. Molino, Riemannian Foliations, Progress in Mathematics, 73, Birshauser Bosten, Inc., Boston, MA, 1988.

[14] PH. Tondeur, Foliations on Riemannian Manifolds, Springer-Verlag, New York, 1988.

[15] A.L. Besse, Einstein Manifolds, Springer Verlag, 1987.

[16] B. Chow, P. Lu, L. Ni, Hamilton’s Ricci flow, in: Graduate Studies in Mathematics, Volume-77, AMS Scientific
Press, 2010.

[17] S. Pigola, M. Rimoldi, A.G. Setti, Remarks on non-compact gradient Ricci solitons, Math. Z. 268 (3—4)
(2011) 777-790.


http://refhub.elsevier.com/S0019-3577(18)30429-4/sb1
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb1
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb1
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb2
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb2
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb2
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb3
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb3
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb3
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb4
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb4
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb4
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb5
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb5
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb5
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb6
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb6
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb6
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb7
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb8
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb8
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb8
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb9
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb9
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb9
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb10
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb10
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb10
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb11
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb11
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb11
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb12
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb12
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb12
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb13
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb14
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb15
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb16
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb16
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb16
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb17
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb17
http://refhub.elsevier.com/S0019-3577(18)30429-4/sb17

	Geodesic vector fields and Eikonal equation on a Riemannian manifold
	Introduction
	Preliminaries
	Impact of geodesic vector fields
	Eikonal equation
	Acknowledgments
	References


