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Abstract:  An m-modified conformal vector field £ on a Riemannian manifold (N¥,g) is a
generalization of a conformal vector field in the sense that an m-modified conformal vector field &
becomes a conformal vector field as m — co. An m-modified conformal vector field £ on a Riemannian
manifold (N¥, g) is said to be trivial if & = 0. In this article, we obtained two triviality results for
an m-modified conformal vector field & on a compact and connected Riemannian manifold (N¥, g).
Additionally, two results were obtained for the triviality of an m-modified conformal vector field &
on a noncompact, complete, and connected Riemannian manifold (N*,g). Finally, we studied the
m-modified gradient conformal vector field Vf for compact and noncompact Riemannian manifolds.
Three results were obtained on triviality of an m-modified gradient conformal vector field Vf on a
compact and connected Riemannian manifold (N¥, g), and one such result was obtained for an m-
modified gradient conformal vector field Vf on a noncompact and connected Riemannian k-manifold

(N, g).
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1. Introduction

One of the richest structures on a Riemannian manifold (N*, g) is provided by a conformal vector
field V on (N*, g), which is induced by the local flow of conformal transformations of (N*,g) or
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equivalently described by the condition
1
i-ﬁvg = ¥8,

where Ly is the Lie derivative with respect to V, and ¢ is a smooth function called the potential of the
conformal vector field V. Conformal vector fields are known for their importance in geometry and
physics, in particular in general relativity. The impact of a closed conformal vector field V with
potential ¢ is well known and has been widely studied. It is worth noting that handling closed
conformal vector fields on a Riemannian manifold (N*,g) is more convenient than non-closed
conformal vector fields, which is seen in [1-3].

The notion of conformal vector fields on a Riemannian manifold has recently been generalized
to m-modified conformal vector fields on a Riemannian manifold by Zhang and Chen in [4]. These
authors noticed that if in a Riemannian manifold (Nk, g) the metric g is both Einstein as well as m-

quasi-Einstein, then there exists a vector field V on (N*, g) satisfying

1 1
E-EVg =cg+—noen,
m

where ¢ is a constant, 0 < m < oo, and 7 is 1-form dual to V. This paved the way of defining an
m-modified conformal vector field £ on a Riemannian manifold (N*, g) (cf. [4]) satisfying

1 1
— — + — s
2£§g pg+ N1

where p is a smooth function called the potential of an m-modified conformal vector field £ and constant
m,0 < m < oo. Itis clear that an m-modified conformal vector field £ on a Riemannian manifold (N*, g)
is a generalization of a conformal vector field as m — oo; we see it becomes a conformal vector field.
An m-modified conformal vector field & on a Riemannian manifold (N*, g) is said to be trivial if £ = 0.
In [4] researhers have obtained several interesting properties of an m-modified conformal vector field
£ on a Riemannian manifold (N*, g); among them is that a compact Riemannian manifold (N, g) with
k > 2 does not admit a nontrivial m-modified conformal vector field of constant length. Additionally,
in [4], the researchers obtained several conditions for compact and noncompact Riemannian manifolds,
so that an m-modified conformal vector field is trivial. For examples of m-modified conformal vector
fields, we refer to [4], and they are ample on Lie groups with left invariant metric. Here, we provide an
example of a noncompact Riemannian manifold (N¥, g) that admits an m-modified conformal vector
field. Consider the k-sphere S*(a) of constant curvature a and has induced canonical metric g as
an embedded hypersurface of the Euclidean space R**!. Upon denoting the unit normal by N and
Riemannian connection with respect to g by V and the Euclidean connection V on R**!, we have

Vx,X> = Vx, Xo — Vag (X1, X,) N,

where X, and X, are smooth vector fields, and the shape operator A = —+/al for the sphere S*(a).
Upon choosing a nonzero parallel vector field Z on the Euclidean space R**! with Euclidean metric g,
we express

Z={+[N,

where f = g(Z,N) and ¢ is tangential to S*(a). Differentiating the above equation with respect to a
vector field X on S¥ (a) and equating like components, we get

Vx{ =-VafX, Vf= val. (1.1)
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Now, consider an open subset N* C S*(a) containing those points x, where f(x) # 0, and on this
Riemannian manifold (N" ,2), we define the vector field £ by

-1
=—/C. 1.2
£=—¢ (1.2)

Differentiating the above equation with respect to the smooth vector field X on N* gives

1 1
= ]sz(f)f—?vxf

and using Eq (1.1) in the above equation yields

Vx¢

Vxé = Vag (£, X) ¢ + VaX,

that 1s,
1
El:gg = Vag + Van®n.

L

7 and potential p = va on the

This shows that & is an m-modified conformal vector field with m =
noncompact Riemannian manifold (N, g).
There is a skew-symmetric tensor G associated with an m-modified conformal vector field £ on a

Riemannian manifold (N*, g) defined by

%dﬂ (X1,X>) = g(GX1, X2)
called the associated tensor of the m-modified conformal vector field &, which plays an important role
in our study in this article.

It is just the beginning of the study of the m-modified conformal vector field, and as conformal
vector fields have important applications in General Relativity, being a generalization of conformal
vector fields, m-modified conformal vector fields, too, will find applications in General Relativity. In
this article, we focus on finding conditions under which an m-modified conformal vector field on a
Riemannian manifold (N*, g) is trivial. The article is organized as follows: In Section 2, we describe
important properties of an m-modified conformal vector field on a Riemannian manifold (N*, g) and
prove several lemmas that are useful in the rest of the article.

In Section 3, we focus on triviality results on m-modified conformal vector fields on a compact
and connected Riemannian k-manifold (N*, g). In the first result of this section, it is shown that an
m-modified conformal vector field & with potential p and the associated tensor G on a compact and
connected Riemannian k-manifold (N¥, g), k > 1, satisfies

. k-1 .
Ric(§,¢) 2 —— (divé)” +1IGIP,
which is necessarily trivial. Similarly, in the second result, it is shown that the condition
: 3 A 2
Ric(£,8) < — |ig]I” (div &) + [|G]
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implies that an m-modified conformal vector field & on compact and connected Riemannian k-manifold
(N*, g), k > 1, is trivial. It should be noted that these two results should not be confused with the non-
existence result in [4]. Although all three results reflect compact and connected Riemannian manifolds,
the result in [4] also requires the m-modified vector field to have constant length.

In Section 4, we study the same question on noncompact connected Riemannian manifolds. In the
first result of this section, we show that if the Ricci curvature Ric (¢, &) of a complete and connected
Riemannian k-manifold (N*, g), k > 1, admits an m-modified conformal vector field & with potential
p and associated tensor G has a specific expression, then & is necessarily trivial. The proof involves
the arclength and Energy of the integral curves of £. In [4], the researchers show that on a compact
and connected (N*, g), k > 2, an m-modified conformal vector field & of constant length is necessarily
trivial. This naturally raises the question about the status of an m-modified conformal vector field & of
constant length noncompact (N*, g). In the second result of this section, we answer this question.

In the last section of this article, we study m-modified gradient conformal vector field £ on compact
as well as noncompact Riemannian manifolds. It is worth noting, in this case, that the associated tensor
G = 0, which makes the study easier than a non-gradient m-modified conformal vector field. If £ is
an m-modified gradient conformal vector field on (N*, g), then ¢ = V£ and the defining equation of
m-modified gradient conformal vector field V£ is

1
Hess(f) = pg + e

We obtain four results in this section: The first three entail the triviality of m-modified gradient
conformal vector field Vf on compact and connected (N*,g), and the last result deals with the
triviality of m-modified gradient conformal vector field V f on a connected (N*, g).

2. Preliminaries

The curvature tensor R of a Riemannian k-manifold (N*, g) is given by
R(X,, X2)X5 = Vx, Vi, X5 = Vi, Vi, X5 = Vix, %, X5, (2.1)

for X; € X (Nk) the Lie algebra of vector fields, i = 1,2,3 and V is the Riemannian connection on
(N*, g). We also have the Ricci tensor Ric of (N*, g), which is given by

Ric (X1,X:) = > g(R(ej, X1) Xa,e5), X1, X2 € X(NY), (2.2)
J
and this is a symmetric tensor, where {ey, .., ¢;} is a local frame and the associated Ricci operator Q of
(N, g) is related to the Ricci tensor by

Ric (X, X,) = g(0X1,Xo), X,,X, € ¥(NY). (2.3)

The scalar curvature 7 of the Riemannian manifold (N*, g) is given by 7 = Tr Q, which has gradient
given by (cf. [3,5])

%VT = > (70)(e) (2.4)

J
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where
(Vx, Q) (X2) = Vx,0X; — Q (Vx, X2).
Let £ be an m-modified conformal vector field on a Riemannian manifold (N¥, g), which satisfies (cf. [4,

6]) . .
§£§g =pg+—na®n, (2.5)
m

where m > 0 is a constant, 77 is 1-form dual to &, and p is a smooth function called the potential of the
m-modified conformal vector field £&. The Hessian operator H* of the function p is defined by

H? (X) = VxVp, X € X(NY), (2.6)

which has trace TrH” = Ap for the Laplace operator acting on p. The divergence of £ is defined by
divé= ) g(Veties).
J
which, on account of Eq (2.5), implies
dive =k + €I )

Using the exterior derivative dn, we define a skew-symmetric operator G on the Riemannian
manifold (N", g) possessing an m-modified conformal vector field &, defined by

1
Edﬂ (X1, X2) = g(GX,X2), X, X, € X(N¥) (2.8)

and we call G the associated tensor of the m-modified conformal vector field £&. Combining Eqs (2.5)
and (2.8) with Koszul’s formula, we obtain

1
Vxé =pX + —n(X)é+GX, X e X(N. (2.9)
m
The squared length of the tensor G is given by

IGIP = > g(Ge;,Ge;).

J

Upon differentiating Eq (2.9), we have
1 1
Vx, V¢ = Xi(p)Xo + 8 (Xz,le +o (X)&+ GXl)f + Vo x¢

+%’7(X2) (PX1 + %77 (XD &+ GX]) +(Vx,G) (X)),
which in view of Eq (2.1) gives
R(X1,X5)¢ = (X1 (p) X2 — Xo (p) X1) + ’% (n(X2) X1 —n (X)) Xo) + n%g (GX1,X2) &
+ % (n(X2) GX1 —n (X)) GXa) + (Vx,G) (X2) — (Vx,G) (X1) . (2.10)
Next, we prove the following useful result:
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Lemma 2.1. Let & be an m-modified conformal vector field with potential p and associated tensor G
on a Riemannian manifold (N*, g). Then the covariant derivative of the associated tensor is given by

(VG () = — Qn(X)GXs + pg (X, X) €~ pn (Xa) Xi — 8 (GX1, X))
+nl177 (X2) GX, + X5 (0) X1 — g (X1, X2) Vp + R(X,,8) Xo
for X1, X, € X(N*).
Proof. Note that the differential form %dn in Eq (2.8) is closed, and we have
g((Vx,G) (X2),X3) + g ((Vx,G) (X3), X1) + g (Vx,G) (X1), X5) = 0.
Since G is skew-symmetric, the above equation could be rearranged as
8 ((Vx,G) (X2) = (Vx,G) (X)), X3) + g (Vx,G) (X1), X2) = 0. (2.11)
The Eq (2.10), implies
(V,6) () = (Vo G) (X)) = (X2(0) Xi = Xi (0) Xo) + £ ( (X)) X0 = 02) X)
—%g(GXl,Xz)f + % (n (X1) GX> — n(X2) GXy)
+R(X1, X0)E.

Inserting Eq (2.10) in the above equation yields
g(Vx,G) (X1, X2) = g ((Xl (0) X2 — X3 (0) X1) + % (n(X2) X1 —n(X1) Xz) ,X3)

2 1
+8 (n_qg (GXy, Xo) €+ p (n(X2) GX; — (X)) GX,) ,X3)
—-g (R(X,, X2)€, X3) .
Transvecting the slot at X, in the above equation yields the desired result. m|

Next, we use the above lemma to find the expression for the vector field Q (¢), which follows directly
on taking the trace in the equation appearing in the statement of the above lemma.

Lemma 2.2. Let & be an m-modified conformal vector field with potential p and associated tensor G
on a Riemannian k-manifold (N*, g). Then we have

3 k-1
Q@) =~k=1DVp+=G¢+——pé = ) (V,G)(e)),
m m ;
where {ey, .., ex} is a local orthonormal frame on (Nk, Q)
We are interested in invoking the second Lie derivative of the m-modified conformal vector field &

on a Riemannian k-manifold (N*, g), as considered in [7]. Thus, we first prove:
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Lemma 2.3. Let & be an m-modified conformal vector field with potential p and associated tensor G
on a Riemannian manifold (N*, g). Then the 1-form 1 dual to ¢ obeys

1
L:(n®n) = 4(p+ — ||€||2)n®n-
Proof. Using Eq (2.9) in
(Lemem) (X1 Xo) = £ (X)) 0 (X)) - (€. X1 )0 (%) — n (X)) 0 ([£.Xa]),

after some trivial calculations involving skew symmetry of G, we arrive at

(Lcn@m) (61, X2) = 4om (61 (%) + - I 1 (X1) 7 ().
This proves the result. O
Note that the Riemannian curvature tensor on a Riemannian manifold (N, g) is given by
R (X1, X525 X5, X4) = g (R(X1, X2)X53, X4)

for X; € X(N¥),i=1,...,4.
Following the techniques of the second Lie derivative described in [7], we have the following:

Lemma 2.4. Let & be an m-modified conformal vector field with potential p and associated tensor G
on a Riemannian manifold (N*, g) with dual 1-form n. Then

1 1
3 (LeLe) (X1 Xa) = REXi:6,X) + 5 (Lr.eg) (X1, X0) + p78 (X1, X2)
2 1 1
+ (_P +— ||§||2) n(X)n(X2) + —n (X)) n(GX>)
m m m

1
+%77 (X2)n(GX)) + g(GX,,GX>),

fOl" X1,X; € %(Nk)

Proof. Using the techniques in [7], we have
1 1
5 (LeLe) (X1 X2) = R(E.X1:£.X0) + 5 (Lreeg) (X1, X0) + (V. Vind) (2.12)
Now, using Eq (2.9), we have
1 1
g (Vx,&, Vx,€) = g(pX1 + o (X)§+GXp pXo + i (X2) E + GXz),
which, on using the skew symmetry of the operator G, yields
2 1
2(Vx&Vxd) = '8 (X0, Xa) + —pn (X0) 0 (Xa) + —1 (X0)n (Xo) il
1 1
o XD n(GXy) + ) (X2)n(GX)) + g (GX,,GXa).
Inserting the above equation in Eq (2.12) gives the desired result. O
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Using Eq (2.9) and the skew symmetry of the associated tensor G, we see that
) 1
dwg:@+;ﬂﬂ? (2.13)

Let & be an m-modified conformal vector field with potential p and associated tensor G on a Riemannian
manifold (N, g). Then, we define the half-squared length function 4 of & by

1
h=<EP.
5 lléll

Differentiating the above equation and using Eq (2.9), we find the gradient of / given by
1
Vh = pé+ —[iEl* & - GE. (2.14)
The Hessian operator H" of  is defined by
H"X = VxVh, X e X(N¥) (2.15)
and the Laplace operator acting on A, that is Ak is given by

AhzTr?-(h=Zg(7-(hej,ej). (2.16)

J

Lemma 2.5. Let ¢ be an m-modified conformal vector field on a Riemannian manifold (N*, g) with
potential p and associated tensor G. Then

2 3 2
H'X = (p2 + =pllI€l* - f(p))X + (X (o) + =1 (GX) + —pn <x>)§
m m m
3 3
+— €11 17 (X) & — —n(X)GE+n(X)Vp - G*’X - R(X,&)&.
Proof. Using Eqgs (2.14) and (2.15), we have

2 1
H'X = X(p)é+pVxé+ —8(Vx&.8) &+ — I€11> Vxé
—(VxG) (§) - GVx&.

Inserting Eq (2.9) in the above equation and using Lemma 2.1, after some simple computations, we get
the desired result. m|

3. m-modified conformal vector fields on compact manifolds

Recall that an m-modified conformal vector field & on a Riemannian k-manifold (N, g) is said to
be trivial if & = 0. One of the interesting questions is to find conditions under which an m-modified
conformal vector field on a Riemannian k-manifold (N*, g) is trivial (cf. [4,6]). Compact Riemannian
manifolds provide a better space to study such questions due to the availability of many tools. Our first
result in this section is the following:
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Theorem 3.1. An m—modified conformal vector & on a compact and connected Riemannian k-manifold
(N%, g), k > 1, satisfying

, k-1 .
Ric (¢.£) 2 —— (div & +IGIP
is trivial.

Proof. Using Lemma 2.2, we see that

Ric(©.6) =~ (k- Dé + S Dpligp = 3 g (.(9.,6) (e). G.1)

m

J

where {e1, .., ¢;} 1s a local frame on (Nk, g). We use Lemma 2.1, the skew symmetry of G, and Eq (2.10)
in finding

div G¢

Zg(Veij, ej) = Zg((VejG) &)+ G(pej + %n (ej)f + Gej),ej)

J J

1617 = > g (&.(7.,6) (e))) -

J

Inserting the above equation in Eq (3.1) yields
(k—=1)

m

Ric(§,§) =—(k-1D&(p) + P IEIP + div GE + Gl .

Integrating the above equation and using Stokes’s theorem, we arrive at

(k-1

m

f (Ric &+ k-1&p) - plIEN - IIGIIZ) =0. (3.2)
Nk

Additionally, upon employing Eq (2.13), we have

. 1
div (p€) = £ (p) +p (kp +— ||§||2)
and inserting it in Eq (3.2) gives
(k—1)
m

1
f (Ric (&,6) - (k- 1)p(kp +— ||§||2) - plIE - ||G||2) = 0.
Nk m

The above equation simplifies to

2(k-1
f (Ric .6 - k- Dp? - 25D yap - ||G||2) -0,
Nk m
that is, .
k-1 1 k-1
f [Ric .8 - % (kp +— ||€||2) + ( 5 ) el - IIGIIZ) = 0.
N m m?k

Thus, on using Eq (2.13), we have

k-1 k-1
( 2 ) f el = f (—( ) (div &) + |IGI* - Ric (£, f)),
m?k  Jax NE k

which together with k£ > 1 and the bound on Ric (¢, ) in the statement yields & = 0. O
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In the next result, we use the half-squared length of the m-modified conformal vector on a compact
Riemannian manifold to get the following triviality result:

Theorem 3.2. An m—modified conformal vector & on a compact and connected Riemannian k-manifold
(N*, g), k > 1, satisfying

3
Ric(¢&,¢) < - €11 (div &) + |G
is trivial.

Proof. Using Eq (2.16) in Lemma 2.5, we see that

2 2 3
Ah = k(p*+ %/Ollﬂl2 —f(p)) +28 () + E/OII&II2 + = Il

m2

+IGII* - Ric (£,€),

that is,

1 3
Ah = —(k=2)&(p) + ko +2(k + 1) P I€II* + e 5]
+1IGI* = Ric (¢,&) . (3.3)

Using Eq (2.13), we derive
. 1
div (06 = €00+ (ko + - 1P
and inserting it in Eq (3.3) and integrating the resulting equation, upon simplification, yields
3 1 :
f (k (k= 1)p* + = i€l (kp +— ||§||2) +1IGI* - Ric (£, f)) =0,
Nk m m

that is,

3 1
f (—||§||2(kp+—||f||2)+||G||2—Ric<§,§>)=—k<k—1) f 0.
Nk m m Nk

Using Eq (2.13) in the above equation, it takes the form

3 . .
f (— €11 (div &) + |IGII* - Ric (f,f)) = —k (k - l)f o (3.4)
Nk m Nk
which in view of the inequality in the statement gives
k(k—=1) | p*<0.

Nk

Thus, in view of £ > 1, we conclude p = 0, and Eq (3.4) reduces to

3
f (— €1 (div &) + IGII” - Ric (¢, f)) =0. (3.5)
Nk \M

With p = 0, the Eq (2.13) is
, 1
divé = — €l (3.6)
m
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and Lemma 2.2 gives

Ric(£,6) =~ )" g(£(V.,G)(e))).- 3.7)
J

Additionally, using Eq (2.9) with p = 0, we find

div (GO = Y (V.Gte))= D g ((Ve,.G) ©+G (%n(e,-)f + Gej) : ej) :

J J

which, owing to the skew symmetry of G, implies

div (G&) = - Z 2(£.(v.,G) (e;)) + n%g (G£.£) ~ G,
that is,
= > 8(&(V,6)(e;)) = div (GO + G (3.8)
J

Inserting Eq (3.7) in the above equation and integrating the resulting equation yields

f Ric (6,6) = f IGIP. (3.9)
Nk Nk

Using Eqgs (3.7) and (3.9) in Eq (3.5), we conclude

3
= f Il = o,
m Nk

which completes the proof. O

Remark 3.1. By [4], a compact and connected Riemannian manifold (N*, g) with k > 2 admits no
nontrivial m-modified conformal vector field of constant length, so the conclusions of Theorems 3.1
and 3.2 are, as triviality statements, already contained in that result. The value of Theorems 3.1
and 3.2 lies in providing two alternative and self-contained proofs by different techniques, and in
exhibiting explicit curvature and integral conditions under which the identities established in Section 2
directly yield & = 0. The same identities are indispensable in Sections 4 and 5, where compactness is
no longer assumed and the corresponding triviality results do not follow from [4].

4. m-modified conformal vector fields on complete manifolds

In the previous section, we found conditions for an m—modified conformal vector £ on a compact
and connected Riemannian k-manifold (N*, g) to be trivial. In this section, we study the same question
on noncompact Riemannian manifolds. We prove the following:

Theorem 4.1. An m—modified conformal vector & on a complete and connected Riemannian k-manifold
(N*, g), k > 1, with potential p and associated tensor G satisfying

2 2
Ric (€,6) = (divVee) + G - = (3p += IISIIZ) el
m m
is trivial.
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Proof. We take Lie derivative with respect to ¢ in Eq (2.5) and arrive at

2 2
L:Leg= 2§(p)g+2p(2pg+ En®n)+ %Lg(nébn),

that is,
1 2 1
sLeLeg = £ g+ 208+ —pn@n+—L:(1©1).
m m
Inserting from Lemma 2.3, in the above equation yields
1 2 4 1
sLeleg=¢(p) g+ 20%g + —pn®n+— (p +— ||§||2)n ®1,
m m m
that is,
1 2 2 2 a0
3LeLeg = £+ 207 + —(3p+ eIl [n®n.
m m

Taking the trace in above equation yields

1 B N 2 2 o\
STr(LeLeg) = k(£Go) +20°) + — (3p + = el )Ilfll : 4.1)
Additionally, taking trace in the expression of Lemma 2.4, we have
1 .
77 (LeLeg) = ~Ric (€.€) + (div Ve£) + ko* + |G (4.2)
where we use
Z n(ej)n(Gej) == Zg(f, e,-)g(Gf, ej) =g(G¢,6) =0.
J J

Comparing Egs (4.1) and (4.2), we arrive at

. . 2 2
k(£ (p) + p?) = —Ric (&, €) + (div V.£) + IGIP - = (3p + IISIIZ) [5]5
m m
which, in view of the condition in the statement, yields

£(p) = —p. (4.3)

Let a (¢) be an integral curve of the m-modified conformal vector field &, and we put &€ (7) = & (@ (1)).
For the potential, we put p(f) = (p o @) (t). Then, Eq (4.3) gives the following ordinary differential
equation

dp

dt
with initial condition p (0) = py. Assume that py # 0, with this, we see the unique solution of the above
differential equation is

= —p*(1)

Lo
1+ l‘p().

p(n) = (4.4)
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Now, using Eq (2.9), we compute

1
1€ @Il

which, by virtue of Eq (4.4), gives the Bernoulli’s equation

d 1
2 €@l = 8 (P O &@) +— g DI E (1) + G (1)) ,f(t)),

d 1
1l @l - "Ot IE@N = — lEDIF. 4.5)
£0 m

1+

Notice that solution (4.4) blows at the point z, = — pio Solving Bernoulli’s Eq (4.5), we get

3m (1 + 1po)° |I€ O)II°

I @I = - - . (4.6)
2, IE O (1 + tpo)” + (3m — 2, 1€ (O))
Note that the arc-length Lg‘ and the Energy E(t)* of a () from O to ¢, are given by (cf. [5])
1 I
Ly = f I€@lldr and Ej = f 1€ (DI dt.
0 0
Using Eq (4.6), we have
g™ f’* 61, (1 + 1py)” 1€ ()| dt
D200 Jo 20 €O (1 + 1p0) + (3m - 21 i€ O)IF)
that is,
m 1
E =~ [In (26 1€ O)IF (1 + 1p0)° + (3m = 22 ¢ OIF)) |,
= g |in (3m) = In (3m — 2. ||€ (0)II")] < oo. 4.7

Now, using inequality (cf. [5], page 194), we have
(Lg‘)2 < t*Eg‘ < oo,

As N¥ is complete, there exists a point x, € N* such that a (t,) = x., we have as t — t,, a () — x,.
Thus, upon using Eq (4.4), we have

= &

. . Po
L) =1 1) =1
p (x.) tggp(a()) lim-— ”~

contradicting the fact that p is continuous. Note that the assumption py # 0 leads to the contradiction.
Hence, py = 0 and consequently, Eq (4.4) confirms p (a (t)) = 0 for each integral curve of &. Since, N*
is complete and connected, we conclude p = 0.

Now, we proceed to complete the proof. With p = 0, Eq (2.9) implies

1
Vet = — I€11° & + GE. (4.8)
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In the same situation, we have Eq (3.8), which gives

div(G§) = - ) 8(6.(7.,6) () - IGIP (49)

J

Additionally, using Eqgs (2.7) and (4.8), with p = 0, we have

div (ll€1l” €)

28 (% €I € + GE, f) + [l (% ||§||2)

3
=il
m
Plugging this equation and Eq (4.9) with Eq (4.8), we get
) 3
div (Veg) = — Il ~ ) 5 (£.(V:,G) () - IGIP. (4.10)
J
Now, Lemma 2.2 with p = 0 implies

Ric (£,&) = — Z g(£.(v.,G)(e))- 4.11)

J

The given condition in the statement with p = 0 is

4
Ric (¢.£) = (div Ve£) +IIGIP — — Jélr

and inserting Eqgs (4.10) and (4.11) into the above equation, we have
4
4 2 2 4
- Z £(V6)(e)) = — > e - Z 8(£.(V<G)(e)) - IGIF +IGIP = — liéll*
J
that is,
1
— lIl* =0
m

This completes the proof. O

The researchers in [4] proved that there are no nontrivial m—modified conformal vector fields of
constant length on a compact and connected Riemannian k-manifold (N*, g) for k > 2; in other words,
their result states that an m—modified conformal vector field of constant length on a compact (N*, g)
is trivial. This naturally raises a question about the status of m—modified conformal vector fields of
constant length on a connected Riemannian manifold (N, g). In this direction, we prove the following:

Theorem 4.2. An m-modified conformal vector field & of constant length with potential p and
associated tensor G on a connected Riemannian k-manifold, (Nk, g), k> 1, satisfying

Ric (£,&) > ||GIIP

is trivial.
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Proof. Using Eq (2.9) in Xg (¢,€) = 0, we get
1
glpx + —n(X)§+GX,§) =0, XeX(NY,
m

which yields
1
pé+ — i€l € = G&. (4.12)

Upon taking the inner product with & on both sides of the above equation, we get

1
(P +— |I§|I2) €l = 0. (4.13)
m

Let U be the open set defined by
U={peN:£(p)#0}.

1
Thus, on U, we have (p + — ||§||2) = 0, and as ¢ has constant length, it follows that p is a constant and
m

by Eq (4.12) that
G¢ = 0. 4.14)

Differentiating the above equation, while using Eq (2.9), we have
1
(VxG) (&) + G(pX +—n(X)é+GX]|=0
m
and using Lemma 2.1 with p a constant, and

1
p=- [15] (4.15)

we arrive at

R(X.§)¢ = —%pn (X)é-p’X - G°X.
Taking the trace of the above equation yields
Ric(£,6) = —%p €I = ko® + IGII,
which, upon being treated with Eq (4.15), yields
Ric (£,8) = IGI* = ~(k = 1)p.

Using the condition in the statement as well as k > 1, we get p = 0, which in view of Eq (4.15) is
& = 0. Since U is empty, we have & = 0, and this completes the proof. O
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5. m-modified gradient conformal vector fields

An m-modified conformal vector field & on a connected Riemannian manifold (N*, g) is said to
be an m-modified gradient conformal vector field if & = Vf for a smooth function f on N*. It is
worth noting that for an m—modified gradient conformal vector field Vf being closed, the associated
tensor G = 0, and therefore studying the geometry of a Riemannian manifold (N¥, g) admitting an
m—modified gradient conformal vector field Vf becomes easier than studying those admitting a non-
closed m—modified conformal vector field. In this section, we investigate conditions under which an
m—modified gradient conformal vector field Vf on a Riemannian manifold (N*, g) becomes trivial.

First, note that for an m-modified gradient conformal vector field Vf with potential p on a
Riemannian manifold (N*, g), using Eq (2.16), Eq (2.10) assumes the form

1
H'X =pX + =X ()Vf., Xe¥X(N) (5.1)
m
and taking trace in the above equation, we have
1
Af =kp+—|IVAI. (5.2)

Our first result is the following:

Theorem 5.1. An m—modified gradient conformal vector field V f with potential p on a compact and
connected Riemannian k-manifold (N, g), k > 1, satisfying

2
fRic(Vf,Vf)S—(k—l)fPllVf||2
NE m NE

is trivial.

Proof. Use Eq (5.1) to conclude
(Wf - lAﬂ)x = (p - lAf)x + lX(f)Vf, X e x(N*).
k k m

Thus, upon taking a local frame {ey, ..¢;}, we have

2

1 1 1 1 1
| - 2art] = Z g((p - §Af) e+ e (NS, (p - gAf) i+ —e; () Vf)
A 2 1
=k(p—%Af) +%IIVfII‘Wn—q(p—zAf)llVfllz. (5.3)
Also, we have
g~ 1A L HP e L an— 25 Afe (1!
[ = ast] = e+ L @r2 -2 are(#rese)
J
1
= |lH -z,
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which, upon combining with Eq (5.3), gives

> 1 A 2 1
||| = = @A =klp—-Af] + S IVA+ = o= -Af]IVAP. (5.4)
k k m m k
The Eq (5.2) implies
1 1
Af—-p=—|V 2
Af=p = — IV
and inserting it in Eq (5.4) yields

1 2
||Wf||2_%(Af)2 ||Vf|| t— IIVfII - 2kIIVfII“
(k

IIVfII (5.5)

Now, we recall the following integral formula from [8],

) 1 2 .
f k (Rlc &)+ 5 | Les[ ~ V4P - (div 5)2) =
N

which upon using ¢ = V£, that is, divé = Af,

1 2

sLeg=H" and V4 = |+ |
yields

. 2
fk (Rlc (VEVO+|H| - (Af)z) -

N

Rearranging the above equation, we have

f (Ric \ALE (||ﬂf||2 L ) “ =D ap) )
Nk

and inserting Eqgs (5.2) and (5.5), we get

f(Ric(Vf,Vf) (_1)
Nk

2(k-1
[ miewrvp- 22 [ piwsp = k- [ 7
Nk m Nk Nk

which upon using the condition in the statement and k£ > 1, implies p = 0. In this case, Eq (5.2)
transforms to

k-1 2_
% (kp+—||Vf||))—

Thus, we have

1
Af = —IIVAIP,
m
which, by virtue of Stokes’s theorem, confirms Vf = 0, which completes the proof. O

Our next result is the following:
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Theorem 5.2. An m—modified gradient conformal vector field V f with potential p on a compact and
connected Riemannian k-manifold (N, g), k > 1, satisfying

Q(Vf)=—-(k-1Vp
is trivial.
Proof. We use Eq (5.1) in computing
1 1

(Vxlﬂf) X)) =X (p) Xa + 8 (fol,Xz) Vf+ n_1X1 (HH'X,

and inserting it in the identity
R(X1, X)) Vf = (Vi H') (X2) - (Vi H) (X))
and using symmetry of the Hessian operator H”, we have
1
R(X1. X)) Vf = (X1 (0) Xa = X2 (0) X0) + — (X () H/ Xy = Xo (N H'X,).
Taking trace in the above equation and using Eq (2.2), we get
. 1
Ric (X.f) = ~(k = DX2 (0) + — (¢ (H'V/. Xo) = (AN X2 (£).

that is, . |
Q(Vf)=—(k-1Vp+ %vaf - (AfVS. (5.6)
Using Eqgs (5.1) and (5.2), the above equation changes to

Q(Vf)=—(k—=1)Vp -

k-1
( )pr.
m

The above equation, together with the condition in the statement, implies

(k-1

m

oV f =0.

As k > 1, we have two options: (i) p = 0 or (i1) V£ is trivial. Now, if p = 0, the Eq (5.2) on compact
(N*, g) implies Vf = 0. This finishes the proof. ]

In the next result, we consider a m—modified gradient conformal vector field Vf on a compact
and connected Riemannian manifold (N*, g) with Ricci curvature Ric (Vf, Vf) having an upper bound
involving the scalar curvature 7. We prove:

Theorem 5.3. An m—modified gradient conformal vector field V f with potential p on a compact and
connected Riemannian k-manifold (N*, g), k > 2, with nonzero scalar curvature T such that p and t
have the same sign on N* and Ricci curvature Ric (V £,V f) satisfying

Ric(VEVF) < —— IVFIP
2m

is trivial.
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Proof. We compute the divergence of the vector field Q (Vf) and find

divO (V) =) ¢(Ve, 0V, €)= > g((V.,0) (V) + 0(H'e)) ;).

J J

Using symmetry of Q and Eqs (2.4) and (5.1) in the above equation yields

J J

divQ (V) = > g(Vf(Ve,Q)e))+ D g (pej * %ej(f)Vf, er)

= %g(Vf,V‘r)+pT+Ric(Vf,Vf). (5.7)

Observe that, when using Eq (5.2), we have

div(7Vf) = g(V£, VD) + T (kp + % IVf IIZ)

and inserting it in Eq (5.7) yields

div Q(Vf) = %div V) - % (kp + nli ||Vf||2) + pT + Ric (V£,Vf).

Integration in the above equation brings

, T 2\ _ k=2
fN k(ch(Vf,Vf)—%IIVfII)— . fN .

Note that pr > 0 and the left-hand integrand is non-positive. Thus, the above integral yields
Ric(Vf,Vf) = 21 IVAI? and pr = 0.
m

Since T # 0 on connected N*, we should have p = 0. Now, Eq (5.2) on compact N* yields Vf = 0,
which completes the proof. O

Finally, we consider an m-modified gradient conformal vector field of constant length on a
noncompact Riemannian manifold (N*, g) and find conditions under which it is trivial.

Theorem 5.4. An m—modified gradient conformal vector field V f of constant length with potential p
on a connected Riemannian k-manifold (N*, g), k > 1, with non-negative Ricci curvature Ric (Vf,Vf),
is trivial.

Proof. 1f ||Vf|| = c is a constant, then we have X(IIVfIIZ) = 0 for a smooth vector field X. Thus, we
have
g(H/X.Vf) =0, XeX(NY.

which implies

HIVF = 0. (5.8)

Differentiating the above equation, we get

(VxH!) (V) + (HT) (X) =0
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and on taking trace in the above equation and noticing A’ is a symmetric operator, we get

3 8(91. (5 #0)(e) + e <o

J

Next, we use the identity
RX1,X)Vf = (Ve H') (X2) = (Vi H) (X))
in computing

X (Af)

Y1) = T (970

J

> 8(R(Xe))VF + (Vo H') (X)),

J

(5.9)

where we have used the local frame of normal coordinates. Using symmetry of 4/, we conclude

X (Af) = =Ric(X,Vf)+ > (X, (Vo H') (¢))), X € X(N).
J

Thus, we have

Z g (V1. (Ve H) (e)) = Ric (V£ V) + VF (Af).

Inserting this equation in Eq (5.9), we have
Ric(VE, V) + VA + ||| =o0.
Now using Eq (5.1), we find
|H/||" = ko> + = VA + =plIV £l
m m
and using Eqs (5.2) and (5.8) gives
2
VI (A = kg (Vp.V) + =g (HVL.Vf) = kg (V. V).

Inserting Eqgs (5.11) and (5.12) into Eq (5.10), we conclude

. 1 2
Ric (Vf, V1) + kg (Vo, V) + ko? + s IV A + E,OIIVfII2 = 0.

Now, using Eqgs (5.1) and (5.8), we have

(p e IIVfIIZ) Vf=o0,
m

which implies either V f is trivial or
1
p=-=IVfI.
m

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)
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The above equation implies p is a constant (as Vf has a constant length). Using Vp = 0 and Eq (5.14)
in Eq (5.1), we find

: k 1 2
Ric (V£ V) + — IVAIF + = VA = = IV = 0,
m m m

that 1s,
(k—1)

Ric(Vf.Vf) = ~——

IVAI*.

Using Ric (Vf,Vf) > 0 in the above equation, proves Vf = 0, completing the proof. O
6. Conclusions

The notion of m-modified conformal vector fields on a Riemannian manifold was defined recently
by H. Zhang and A. Chen in [4], which generalized the important classical notion of conformal vector
fields. In this paper, we investigated m-modified conformal vector fields and proved two triviality
results for an m-modified conformal vector field £ on a compact and connected Riemannian k-manifold
(N*, g). Additionally, two more results were established for the triviality of an m-modified conformal
vector field ¢ on a noncompact, complete, and connected Riemannian manifold (N*, g). Finally, we
studied the m-modified gradient conformal vector field Vf for compact or noncompact Riemannian
manifolds; we obtained three additional results on the triviality of an m-modified gradient conformal
vector field V£ on a compact and connected Riemannian manifold (N*, g), and one such result for an m-
modified gradient conformal vector field V f on a noncompact and connected Riemannian k-manifold

k
(N%, g).
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