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Mathematics Subject Classification 2010: 53C44, 35K65, 58D17.

Key words: Ricci flow, Ricci soliton, curvature operator, conformal Ricci flow.

1. Introduction

HAMILTON introduced the study of the Ricci flow [4] in the year 1982.
After that Ricci flow has become a powerful tool for the study of Riemannian
manifolds, especially for those manifolds with positive curvature. Perelman
did excellent work on Ricci flow [6], [7]. He used Ricci flow and its surgery
to prove Poincaré conjecture. In the general case, the solution of the Ricci
flow may have much more complicated behavior and develop singularities in
finite time, in particular the curvature may become arbitrarily large in some
region while staying bounded in its complement. For example, if one starts
with an almost round cylindrical neck, which looks like S? x E' connecting
two large pieces of low curvature, then the positive curvature in the S2-
direction will dominate the slightly negative curvature in the E' direction
and therefore one expects the neck to shrink and pinch off. Singularities
can be removed by surgeries.

F1SCHER developed the concept of conformal Ricci flow [3] during 2003-
2004. In classical Ricci flow equation the unit volume constraint plays
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an important role but in conformal Ricci flow equation scalar curvature
is considered. This Ricci flow equations are called conformal Ricci flow
because of the role that conformal geometry plays in constraining the scalar
curvature. Also these equations are the vector field sum of a conformal flow
equation and a Ricci flow equation. Let M be a smooth closed connected
oriented n-manifold (n > 3). The conformal Ricci flow equation on M are
defined by the equation

89z‘j _

(1.1) =

2

where p is scalar non dynamical field (time dependent scalar field).

A Ricci soliton emerges as the limit of the solutions of the Ricci flow.
A solution to the Ricci flow is called Ricci soliton if it moves only by a
one parameter group of diffeomorphism and scaling. For example, we can
consider Hamilton’s ciger soliton [2], [5]. Hamilton’s cigar soliton is the

complete Riemannian surface (E2,g); where g = ﬁi;—ig;’ dz? = dz ® dx.
It is called a cigar because it is asymptotic to a cylinder at infinity, has
maximal Gauss curvature at the origin and burns away.

A complete Riemannian manifold (M", g;;) is a gradient Ricci soliton if
there exists a smooth function f on M such that R;; + V;V,f = pg;; for
some constant p. f is called a potential function of the Ricci soliton. When
p = 0, it is called steady soliton; when p > 0 the soliton is called shrinking
soliton and for p < 0 it is called expanding soliton. If f is constant then the
above equation becomes R;; = pg;j, i.e. the manifold becomes Einstein. So
for that case the solutions are uniformly shrinking or expanding depending
upon p. We consider Ricci solitons for more general notions of self similar
solutions without taking the manifold as compact. Ricci soliton exhibit rich
geometric properties.

In particular a gradient shrinking Ricci soliton satisfies the equation
Rij +V;V;f — %gij = 0, where 7 = T — t and T is the time when the
soliton deforms into a point, f is the Ricci potential function.

For conformal Ricci flow, if the vector field which introduced the diffeo-
morphism is in fact the gradient of a function f then we call it a gradient
shrinking conformal Ricci soliton. For conformal gradient Ricci soliton the
equation will be

1 2
1.2 i7 Vi = | —— — — 7 -
(1) Ry + 9550 = (3 - 2 =)
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For a conformal gradient shrinking Ricci soliton, (% — % —p) > 0, which
implies n < 1_427717. Also we know that n > 3, so we have 3 < n < 1_427717.

By inner multiplication to (1.2) by ¢ we obtain

(1.3) RyAf=2" "9 _pn
2T
For conformal Ricci flow R = —1, so we have
n
1.4 Af=——1-pn.
(1.4) f=5 pn

From equation (4.13) of [1] and [2] we have for a gradient shrinking Ricci
soliton R+ |V f|? = %, where c is a constant in space. Now for conformal
Ricci flow when R = —1 we have

(1.5) wip=tC
-

+ 1.
Thus we can state the following result.

Result 1.1. For a conformal gradient shrinking Ricci soliton we have
Af =4 —1—pnand |Vf]? = % + 1. From [1] we have (div Rm);i =
Rijkl,i = ViRijkl. Using Bianchi identity, viRkl]’i = _kaijli - leijik-
We know R;j; = gimRﬁi. Therefore

(1.6) ViRyiji = —ViRj — ViRjy.

Using (1.2) we get ViRj; + Vi fj = 0. Where f;, = Vi f , which implies

(1.7) ViRj = —Vifj.
Similarly
(1.8) ViRj, = =Vifjk-

From (1.7) and (1.8) we can write

(1.9) =Vifit+Vifjk = ViVif; = ViVifj = Rigjpfp-

Hence as obtained in [1]

(1.10) Vi(Rijkleff) =0
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and
(1.11) Vi(Rije=f) =0.

And also using integration by parts, we derive that
1) [divRnPe = [(Rux- R (Bos — Bae™.
We shall now prove some identities by using these results.

2. Identities on Riemannian curvature under gradient shrink-
ing conformal Ricci soliton

In this section we derive some curvature identities on conformal gradient
shrinking Ricci soliton.

Lemma 2.1. On a compact gradient shrinking conformal Ricci soliton
1
(2.1) /Rklijkjflpef = —5/\diva\26f.
Proof. Proof follows as given in [1].

Theorem 2.1. On a compact gradient shrinking conformal Ricci soliton
[ Rm(Rc,Re)e™ = (5= — 2 —p) [ |Re|?e™ + § [ |div Rm|?e~/.

Proof. From (1.2) we have fi, = (5= — 2 — p)gkp — Rip-

n
Now using the above Lemma and (1.2) we get

. ) 12 )
/|dlval2€ f:_Q/leijw‘ [(E_E_p> g’”’_Rk”} !

1 2
= -2 (— - — —p) / |Re|?e™ + Q/Rm(Rc, Re)e !,
2r n

so, we have [ Rm(Rc, Re)e ™ = (5= — 2 —p) [ |Re|?e™ + 3 [ |div Rm|?e~/.
Lemma 2.2.
(2.2) ViViRiy, — V;ViRy, = Rjp Ry — RijmkRim.

Proof. We know Ricci identity in 2- form is V;V;Ry, — V;V; Ry, =
—R?j?lRmk — Rg}‘lem. Lowering the indices in the right hand side and
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putting ¢ = [ in both the sides and taking the sum we get our desired result
as obtained in [1].

Lemma 2.3. On a compact gradient shrinking conformal Ricci soliton

(2.3) /kajllejkefz/Rm(Rc, Re)e ™/ — (i_% —p) /\Rc\%f.
Proof. From (2.1) of [1] we have
—2/VkleVlek€f = 2/Rjk(viijik ~ VR fi)e !
= 2/Rjk(viijik)e—f - Q/Rjk(VjRikfi)e_f.
Now using Lemma 2.2, we have, as obtained in [1]
-2 / Vklelejke_f =2 / R (V;ViRii + Ry Rk — RijmkRim)e_f
+2 / Ry Rjpfije ! =2 / RjiV;(ViRi)e ' +2 / R RyjRine
—2 / RjjRijmkRime ™ +2 / Ry Rjpfije 7.
Using (1.11) we have
-2 / ViR ViRjre =2 / Rjx R Rie ™
+2 / RixRji.fije™! —2 / Rk Rijmk Rime ™
= Q/Rijki(fij + Rij)e ™ — Q/RijmkRiijkef-
From (1.2) and above equation we get —2 [ Vk.leVleke_f:2 J Rijki[(%—
2 _p)gij — Rij + Rij] =2 [ RijmpRimRjre™ = 2(5= — 2 —p) [|Re>e™/ —
2 [ Rm(Rc, Re)e™/.
Thus we obtain the result kaRﬂVleke*f = [ Rm(Re, Rc)e*f—(%—
2 —p) [|RefPe/.

Lemma 2.4. On a compact gradient shrinking conformal Ricci soliton
ijViRikRjke‘f =0.
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Proof. From definition of covariant differentiation and (1.11) we have,
as obtained in [1] [ V;(ViRuxRjr)e ! = — [ViRyVj(Rjre™/) = 0. As a
consequence of the above lemmas we can state the following theorem.

Theorem 2.2. On a compact gradient shrinking conformal Ricci soli-
ton we have [ Rm(Rec, Re)e™ = [|VRc|?e™ + (&£ — 2 —p) [ |Ref?e™ —
5 [|divRm|*e~7.

Proof. [|divRm|?e™/ = [|ViRy — ViRji|?e™/ = 2 [ |VRe|?e ™/ —
2 [ ViR;xV Rjre~/. By using Lemma 2.3, we obtain —2 [ ViRV, R;re/
2(5=—2 — p) [|Rc|?e™/ — 2 [ Rm(Re,Re)e ™ = 2 [ [VRc|?e ™ + 2(5 —

p) [|Re|?e~! — [ |div Rm|?¢~/. Therefore

2
n

1 2
/Rm(Rc, Re)e :/\VRC\Qe_f+(2— - —p)/\Rc\Qe_f
T

1
- 5/\diva\26f.

3. An identity on Ricci curvature under gradient shrinking
conformal Ricci soliton

In this section we prove an identity on Ricci curvature under conformal
gradient shrinking Ricci soliton.

Theorem 3.1. On a compact gradient shrinking conformal Ricci soliton
[ g\ Re|?Ae~ = [ ¢"|VRe|Pe ™I+ [ Kglie ™/ — [ ¢V, Ry fiRjre ™ — (2 —
1— pn) fRilijjkeff.

Proof. From (1.7) and (1.8) we get V;R;, = —V,fi, and V;Rj, =
—Vifik-

Now from (1.9) we have —V;fir, + V;fjr = Ryjufi. Combining those
results we have
(3.1) ViR, = VR, — Ry fi-
Now ARj, = V;(V;R;i) Using (3.1) we have

(3.2) ARjr = ViV;Rjr — (ViRyjit) fi — Rijafu
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S0,

< ARC, Rc > = ViViRijjk = Vi(ViRjk)Rjk = Vi(VjRik — Rkjilfl)Rjk
(3.3) = ViV Ri, — (ViRakj) fi — Rikj f1i| Rjks

1 1
§A|Rc|2 = §A(Rijjk) = Vi(ViRjeRjk)-

(3.4) %A|Rc|2 = (ARj,Rjy.) + |V Re|.

Further we have § [ A[Rc?e™/ = 3 [|Rc|>?Ae/. So,

%/|RC|2A6f:/<ARC,RC>€f+/|VRC|2€f.

%/|Rc|2Ae_f :/\VRcPe—f+/(viijikRjk—vjviRikRjk)e—f
+/VjviRikRjk;€f_ /ViRz‘lkjflekef_ /RilkjfuRjk@f
:/\VRC\Qe_f—I—/Ke_f—i-/VjViRikRjke_f
_/viRilkjfleke_f_/RilkjfliRjke_f-

Where K = (V;V,;Ri;, — V;jV;Ri;)Rjj.. Using Lemma 2.4 we have

1
§/A|Rc|26_f :/\VRc\2e‘f+/Ke_f—/ViRizkjszjke_f

(3.5) _/RilkjfliRjkef-
For conformal Ricci soliton f; = (% - % — p)gii — Ry;. Putting this in

(3.5) we get %f\Rc\QAe*f = [|VRcPe ™/ + [Ke ™/ — [ ViRu, fiRjre™
— [ Runjl(= — 2 — p)gui — Rus]Rjre™! or

1 , , . .
5/ h\Rc\QAe*f = /gh|VRc|26f—i—/Kgl’ef—/gl’ViRilkjflekef

. 1 2 _ ; _
— /ghRilkj(E_E —p)guRjre f+/ghRilijliRjk€ !
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1 . . A A
—/ lZ\Rc\QAe_f = /ng|VRc|2e_f—|—/Kg“e_f—/ngViRilkjfleke_f

2
n _
- <Z -1 —pn) /Rilijjke I,
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