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RICCI SOLITON, CONFORMAL RICCI SOLITON AND
TORQUED VECTOR FIELDS

Arindam BHATTACHARYYA'!, Tamalika DUTTA*2,
and Sampa PAHAN?3

Abstract

In this paper we discussed the torqued vector field and did some appli-
cations of torqued vector field on conformal Ricci soliton. We proved that
if the potential field of a conformal Ricci soliton is a torqued vector field 7,
then (M, g) is an almost quasi-Einstein manifold. We also dealt with multi-
ply warped product. We showed that a conformal Ricci soliton with torqued
potential field 7 is Einstein if and only if 7 is concircular vector field. We also
studied Ricci soliton on multiply warped product space admitting canonical
torqued potential field.
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1 Introduction

Definition 1. A wvector field v on a Riemannian or pseudo Riemannian manifold
M is called torse-forming if for any vectors X € x(M) it satisfies [14] [20]

Vv = ¢X + (X))o, (1)

where ¢ is a function, 1 is a 1-form, V is Levi-Civita connection on M.
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The vector field v is called concircular [5], [20] if the 1-form ¢ vanishes iden-
tically in the previous equation. The vector field v is called concurrent [18], [21]
if the 1-form 1) vanishes identically and the function ¢ = 1. The vector field v is
called recurrent if the function ¢ = 0. Finally if ¢ = ¢ = 0, then the vector field
v is called a parallel vector field.

Definition 2. On a Riemannian or pseudo-Riemannian manifold a nowhere zero
vector field T is called a torqued vector field [5] if it satisfies

Vx1 =X +a(X)T, a(r) = 0. (2)

The function @ is called the torqued function and the 1-form « is called the torqued
form of T.

In 1982 Hamilton [11] introduced the concept of Ricci flow and proved its ex-
istence. This concept was developed to answer Thurston’s geometric conjecture
which says that each closed three manifold admits a geometric decomposition.
The Ricci flow equation is given by

dg
5= —28 (3)

on a compact Riemannian manifold M with Riemannian metric g.

A self-similar solution to the Ricci flow [11], [19] is called a Ricci soliton [12]
if it moves only by a one parameter family of diffeomorphism and scaling. The
Ricci soliton equation is given by

£xg+ 28 = 2)\g, (4)

where £ x is the Lie derivative, S is Ricci tensor, ¢ is Riemannian metric, X is
a vector field and A is a scalar. The Ricci soliton is said to be shrinking, steady,
and expanding depending to A being positive, zero and negetive respectively.

A. E. Fischer developed the concept of conformal Ricci flow [10] during 2003-
04 which is a variation of the classical Ricci flow equation that modifies the unit
volume constraint of that equation to a scalar curvature constraint. The confor-
mal Ricci flow on M where M is considered as a smooth closed connected oriented
n-manifold is defined by the equation [10]

dg

S T AS+ D) = —pg (5)



Ricci soliton, conformal Ricci soliton and torqued vector fields 41

and r(g) = —1,
where p is a scalar non-dynamical field(time dependent scalar field), r(g) is the
scalar curvature of the manifold and n is the dimension of manifold.

N. Basu and A. Bhattacharyya [2] in 2015 introduced the notion of conformal
Ricci soliton equation as

£xg+25 =2\~ (p+ o, (6

where A is constant.

The equation is the generalization of the Ricci soliton equation and we have proved
that it also satisfies the conformal Ricci flow equation. Many authors like C. S.
Bagewadi, G. Ingalahalli[1], S. Pahan, T. Dutta, A. Bhattacharyya [17] etc stud-
ied ricci soliton on various types of contact manifolds. T. Dutta, N. Basu and A.
Bhattacharyya [8] established some results on conformal Ricci soliton also.

Definition 3. A pseudo Riemannian manifold (M, g) is called a quasi-FEinstein
manifold if

S =ag+ba® a, (7)

where a,b are functions and « is a 1-form.

Definition 4. A pseudo Riemannian manifold (M, g) is called an almost quasi-
Einstein manifold if

S=ag+b(BRy+v®p), (8)

where a,b are functions and 3,7y are 1-forms.

The (singly) warped product B Xx; F' of two pseudo Riemannian manifolds
(B,ggp) and (F, gr) with a smooth function b : B — (0,00) is a product manifold
of form B x F with the metric tensor g = gg @ b’gr. (B, gp) is called the base
manifold and (F, gr) is called the fiber manifold and b is called the warping func-
tion. This concept was first introduced by Bishop and O’Neill [15] to construct
examples of Riemannian manifold with negative curvature.

Multiply warped product is the generalization of (singly) warped product.
A multiply warped product (M, g) is the product manifold M = B X3, Fi Xy,
... Xy, Fp, with the metric ¢ = gp @ b2gr, © bigp,..... © b2,gr, where i €
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{1,2,....m}, b; : B — (0, 00) are smooth and each (Fj, gr,) is a pseudo-Riemannian
manifold. When B = (c,d), the metric gg = —dt? is negative and (F}, gr,) is a
Riemannian manifold. We call M as the multiply generalized Robertson-Walker
space-time.

Now we shall state two propositions from [7] which would be used to derive our
main results.

Proposition 1. Let M = B x3, Fy Xp, Fo..... Xp,, F'm be a pseudo-Riemannian
multiply warped product with the metric g = g ® bigr, @ b3gp,..... ® b9k, [7].
Also let X,Y € x(B) and V € x(F;), W € x(F}), then

1. VxY = V&Y

X(b;
2. VxV = VyX = é.)
3. VvW = 0,if i#j

. V.W
= V{;’W AL I; )gradei, if i=j.

(3

Vv

Proposition 2. Let M = B x3, Fy Xp, Fo..... Xp,, F'm be a pseudo-Riemannian
multiply warped product with the metric g = gp ® bigr, © b3gp,..... ® b9k, [7].
Also let X,Y,Z € x(B) and 'V € x(F;), W € x(F}), then

1L S(X,Y) = Sp(X,V)—xm Zighxy)

i:1bi
S(X,V) = 0
S(V,w) = 0,if i F ]

_ v&w—g(‘zw)gradei,if i=j.

)

4. Svw) = RicFi(V,W)_(;_l_(si_l)W
m dpb;, dpb . o
DI L N

k=1,k#i

2  Application of torqued vector field to conformal
Ricci soliton

In this section we shall discuss about the application of torqued vector field
to conformal Ricci soliton and prove some results also.
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Proposition 3. If the potential field of a conformal Ricci soliton is a torqued
vector field T, then (M, g) is an almost quasi-Einstein manifold.

Proof. Let (M,g,&,\) be a conformal Ricci soliton where the potential field ¢ is
a torqued vector field 7. From the definition of Lie-derivaive we have

(£79)(X)Y) = g(£x7,Y) + g(X, VyT). (9)

Using (2) in (9) we get

(£r9)(X,Y) = g(eX +a(X)7,Y) + g(X,pY +a(Y)7)
= 9(eX,Y) +a(X)g(1,Y) + g(¢Y, X) + a(Y)g(X, 7)
= 2909(Xa Y) +O‘(X)g(7—a Y) —|—oz(Y)g(7’,X), (10)

for any vector fields X, Y tangent to M.
Combining (6) and (10) we obtain

25(X,Y) +2p9(X,Y) + a(X)g(7,Y) + a(Y)g(r,X) = 2A = (p + %)]Q(X, Y),

which gives
1 2 1
S(X,Y) = 5[”\ —(p+ 5) —2]g9(X,Y) — 504(X)9(7'a Y)

—%Oz(Y)g(T, X). (11)

If we denote the dual 1-form of 7 by ~, then from (11) we get

1 2 1
S:5[2/\—(p+ﬁ)—2gp]g—§[a®7+’y®a]. (12)
Hence (M, g) is an almost quasi-Einstein manifold. O

Theorem 1. If a Riemannian manifold M is locally a multiply warped product
I xp, F1 Xp, Fo..... Xb,, Fm where I is an open interval, F;’s are Riemannian
mamnifolds and b;’s are warping functions then M admits torqued vector field.

Proof. Suppose that M is a multiply warped product with the metric g such that
M =1 xy, F1 Xp, Fo..... Xb,, Fm with the metric g :gj@b%gpl@b%gpz ..... EBbgngFm.
Then using proposition 1 we have

0
V%V = Vv(g)
o X(b)
= = 174
= (L v, (13)
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where s is the arc length parameter of I.

Let us put
0
v; = bz% (14)
So from (13) and (14) we get
0
ob;, . 0
= GH)(5) (15)

and

0
Vyv, = Vv(big)

Let us define a scalar function ¢; on M by

‘_8/01‘
vi= 0s

and define 1 form a; on M by

a; (V) = V(inp;), vig.

Then from (14) to (17) we obtain

0
Vxv; = vX(@%)

and
(673 (UZ) =0.

So the multiply warped product I xp, F1 X3, Fo..... Xp,, Fm admits a torqued
vector field given by v; = bi%. O
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Now we shall prove the following theorem:

Theorem 2. A conformal Ricci soliton with torqued potential field T is Finstein
if and only if T is a concircular vector field.

Proof. Let (M, g, T,\) be a conformal Ricci soliton on a manifold M of dimension
n with a torqued potential field 7. Let V' be any vertical vector field. Then from
(11) we have

S(r.V) = —50(r)g(r, V) — 0(V)g(r, 7). (19)

Now from the definition of torqued vector field we have a(7) = 0. So
1
5(7—7 V) = _505(‘/)9(7—7 T)' (20)
Now if M is an Einstein manifold then
S(r,V)=MAg(r,V)=0. (21)
Using (21) in (20) we have
a(V)g(r,7) =0. (22)

Since T is torqued potential field so 7 is nowhere zero and so g(7, 7) # 0 which gives

a(V) =0, (23)

for any vector V orthogonal to 7.
Combining (2) and (23) we get

a=0. (24)

Hence the potential field 7 is a concircular vector field.

Conversely, let (M, g, 7, A) be a conformal Ricci soliton with concircular vector
field V. Then we have
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for some function ¢. From the definition of Lie derivative we have

(£vg)(X,Y) = g(VxV)Y)+g(VyV, X)
9(eX,Y) + g(¢Y, X)
= zg(p(Xa Y)7 (26)

for some X,Y € x(M).
Now using (26) in (6) we get
2
20p(X,Y) +25(X,Y) = [2A = (p + —)lg(X, Y),
which gives
1 2
SX,Y) =52 = (p+ ) — 2¢]9(X. Y). (27)

So (M, g) is an Einstein manifold. O

3 Ricci soliton on multiply warped product space ad-
mitting canonical torqued potential field

Canonical vector field: For a multiply warped product M = I Xy, F} Xy,
Fs..... Xb,, Fm, the torqued vector field bi% is called the canonical torqued vector
field of M, where s is an arc length parameter on I. It is denoted by 72%.

Let 7% be arbitrary torqued vector fields associated with the multiply warped
product I X, F1 Xp, Fo..... Xp, Fyn, then by definition of torqued vector field we
get

m

Vxr" =X +a(X)m™™ and a(r’)=0. (28)

Since 7% is tangent to I, we can write

, 0 v
b = Pige Pi= |7%]. (29)
From (28) and (29) we get
0
pPivigs = Vo 7bi
RN, d
= (szpi)—as + p?V%—as. (30)
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Now the metric tensor on M is given by
_ 2 2 2
g =91 ®bigr, ®b3gp,..... &b, 9F,, -

So from (31) and the definition of Lie derivative it follows that

Vo =0
and
V%V = VVE?S
A(Inb;
- (é)u
for any vector field V' € x(F;). So from (30) and (32) we have
Yi = Pia(gpi)-
Also from (28), (29) and (33) we get
oiV +a; (V)% = vyrb
= U@%i+mmﬁ@V

for any vector field V' € x(F;). So we obtain

47

(34)

Theorem 3. If (I xp, F1 Xp, Fi..... Xp, Fm, T2 \) is a multiply warped product
Ricci soliton, then the following relations hold:(where dim(F;) = s;)

m

1. (A—pibh)b? = X:b”

2. Fiare Finstein manifolds,i = 1,2,...,m

m

3. (A= pbl)b? — a — [bIb; 4 (s; — 1)b? + b k&
( piby)b; — o [z + (s )1+ zzskb

k=1,k#i

k

]=0.
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Proof. Let (I xp, F1 Xp, Fi..... X by Fm,g,Té’g, A) be a multiply warped product
Ricci soliton with the canonical torqued vector field 7% as its potential field. So
from the definition of Lie derivative we get

(£3,9)(X,Y) = 209(X,Y) + a(X)g(703,Y) + a(Y)g(ri, X)), (37)
for any X,Y € x(M).
Using (4) in (37) we get
S(XY) = (A= gg(X,Y) — sou(X)g(rts, V)
= —Jai(V)g(r, X). (39)

Since (2) holds for 7 = 7% so a;(7%) = 0. Also from (28) and (35) we get

ca

@i = pib;
and
ai(V) = V(Inp;).

So from (38) we have

S(rhi 7hi) = (A — pib])b2. (39)
Also )
st vy = ) (10)
and

Again from proposition 2 we get

S(rli,rhy = =3 Zbn. (42)

(A= pibb? = =3 . (43)

Hence first part of the theorem is proved.
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Again from [7] we have

Ab; = —b, (44)
llgrad bi||* = —(b})?, (45)
gB(grad b;, grad b;) = —(b})*. (46)

Putting (44), (45), (46) in part (4) of proposition 2 we have

b (si—1)

- DY,
+ ) sksi(p7 =g (Vo W) (47)
k=1,k#i vrs
So
b// i — 1
O ot (V) = Sr(v,w) + [0+ P D2
- biY,
+ > 481@81(#1)2)]5? r (V. W) (48)
k=1,k#1
Therefore
where
b,-/ S; — 1
B = (= pfg? (o4 B Dy
“ b,
Y s (50)
k=1,k#i vrs
Hence second part of the theorem is proved.
Also from (50) we get
B — [0 = pabp2 + [+ B Dz i LT
F; Pi 1/7 bz b2 [ ' ki bzbs 1l T
v k=1,k#i
So third part of the theorem is proved. O

Since conformal Ricci soliton is the generalization of Ricci soliton, by using
equation (6) and theorem 3 we can derive the following corollary:
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Corollary 1. If (I xp, F1 xp, Fa..... Xt Fms chg, A) is a multiply warped product
conformal Ricci soliton then the following relations hold:(where dim(F;) = s;)

1 2 s
L GRA=(+ ﬁ)] — P} = =) gbg
i=1 "

2. F; are Einstein manifolds,i =1,2,...,m

1 2 - v
3. (522 = (p+ =) — pibl)b7 — a — [b]b; + (si — 1)b7 + bib)} Z spo2] = 0.
2 n k=L k#i F
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