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Abstract Inthe paper we first derive the evolution equation for eigenvalues of geomet-
ric operator —Ay + ¢ R under the Ricci flow and the normalized Ricci flow on a closed
Riemannian manifold M, where Ay is the Witten—Laplacian operator, ¢ € C*°(M),
and R is the scalar curvature. We then prove that the first eigenvalue of the geometric
operator is nondecreasing along the Ricci flow on closed surfaces with certain curva-
ture conditions when 0 < ¢ < % As an application, we obtain some monotonicity

formulae and estimates for the first eigenvalue on closed surfaces.
Keywords First eigenvalue - Witten—Laplacian - Ricci flow

Mathematics Subject Classification 53C21 - 53C44

1 Introduction

The eigenvalues of geometric operators have always been an active subject in the
study of geometry and analysis of manifolds. Recently, there has been increasing
attentions on the eigenvalue problems under various geometric flows. In [13], Perelman
introduced the so-called F-functional and proved that it is nondecreasing along the
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Ricci flow coupled to a backward heat equation. The nondecreasing of the functional
implies the monotonicity of the first eigenvalue of —4 A+ R along the Ricci flow. As an
application, he was able to rule out nontrivial steady or expanding breathers on closed
manifolds. In [12], Ma obtained the monotonicity of the first eigenvalue of the Laplace—
Beltrami operator on a domain with Dirichlet boundary condition along the Ricci flow.
Cao [1] showed that the eigenvalues of —A + § are nondecreasing under the Ricci
flow on manifolds with nonnegative curvature operator. Li [8] introduced families of
functionals of the type of F-functional and VV-functional of Perelman and proved that
they are nondecreasing under the Ricci flow. In particular, he got the monotonicity
of eigenvalues of —4A 4 kR and ruled out compact steady Ricci breathers. Later,
Cao [2] also improved his own previous results and proved that the first eigenvalues
of —A +¢cR (c > 41'1) are nondecreasing under the Ricci flow on manifolds without
curvature assumption. Ling [10] showed a Faber—Krahn type of comparison theorem,
gave a sharp bound for the first eigenvalue of the Laplace—Beltrami operator under
the normalized Ricci flow, and constructed a class of monotonic quantities on closed
n-dimensional manifolds [11]. Cao et al. [3] derived various monotonicity formulae
and estimates for the first eigenvalue of —A + c¢R (O <c< %) on closed surfaces.
Moreover, Zhao got some monotonic quantities for the first eigenvalue of the Laplace—
Beltrami operator under the Yamabe flow [15], and proved that the first eigenvalue
of the p-Laplacian operator is increasing and the differentiable almost everywhere
along powers of the mth mean curvature flow [16] and the H k_flow [17]. Guo and his
collaborators [7] derived an explicit formula for the evolution of the lowest eigenvalue
of the Laplace—Beltrami operator with potential in abstract geometric flows. The first
author, Xu and Zhu [4] proved the monotonicity of eigenvalues of —Ay +cR (c > 3—1)
along the system of Ricci flow coupled to a heat equation. Not long ago the first author,
Yang and Zhu also generalized Cao’s result [1] to the Witten—Laplacian operator and
obtained evolution equations and monotonicity of eigenvalues of —Ag + g along the
Yamabe flow [5] and the Ricci flow [6].

In this paper, we consider an n-dimensional closed Riemannian manifold M with
a time-dependent Riemannian metric g(¢). (M, g(t)) is a smooth solution to the Ricci
flow

ad
Egij(t) = —2R;;(1), (1.1)

or the normalized Ricci flow

a 2r
—8ij = —2Rij + —

Y 8ij» (1.2)

Jy Rdv

where r = is the average scalar curvature. Let V be the Levi—Civita connec-

tionon (M, g), A the Laplace-Beltrami operator, dv the Riemannian volume measure,
and du the weight volume measure on (M, g), i.e.,
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dp = e ?®dy,

where ¢ € C°°(M). Then the Witten—Laplacian (also called symmetric diffusion
operator)

Apg=A—-V¢-V

is a symmetric operator on L2(M, /). When ¢ is a constant function, the Witten—
Laplacian operator is just the Laplace—Beltrami operator. As an extension of the
Laplace—Beltrami operator, many classical results in Riemannian geometry asserted
in terms of the Laplace—Beltrami operator have been extended to the analogous ones
on the Witten—Laplacian operator. For example, we can refer to [4-6,9, 14]. Inspired
by Cao et al. [3], we study the eigenvalues of geometric operator —Ag + ¢ R under the
Ricci flow and the normalized Ricci flow. The purpose of this paper is to obtain the
monotonicity and some bounds for the first eigenvalue of the operator along the Ricci
flow on closed surfaces under some curvature assumptions for the case 0 < ¢ < %

The rest of this paper is organized as follows. In Sect. 2, we will derive the evolution
equations of eigenvalues under the Ricci flow and the normalized Ricci flow. In Sect. 3,
we consider the first eigenvalue of the geometric operator —Ag 4+ cR (0 <c< %) on
closed surfaces. We will show that the first eigenvalue is nondecreasing along the Ricci
flow with some curvature conditions. In Sect. 4, we will obtain some monotonicity
formulae and lower bounds for the first eigenvalue on closed surfaces.

Throughout this paper, we use Einstein convention, i.e., repeated index implies
summation.

2 Evolution Equations of Eigenvalues
In this section, we establish the evolution of eigenvalues of geometric operator — Ay +
¢ R under the Ricci flow and the normalized Ricci flow, respectively.

Let (M, g(¢)) be a closed Riemannian manifold, and (M, g(t)),t € [0,T) be a

smooth solution to the Ricci flow Eq. (1.1). Let A be an eigenvalue of the operator
—Ag +cR attime tg where 0 <ty < T, and f the corresponding eigenfunction, i.e.,

—Apf +CcRf = Af,

with the normalization
/ frdp=1. .1
M

Assume that f(x,t)isa C 1-farnily of smooth functions on M, and satisfies the nor-
malization condition for any 7. We need to use the following functional

M0 = [ (<r8of 4 cRFP)du= [ (=805 +cRs) fon,

@ Springer



220 S. Fang et al.

where f satisfies the equality (2.1). At time ¢, if f is the eigenfunction of A, then

A(f. 1) = A(0).

Let us first recall the evolution equation of the above functional under the general
geometric flow, which had been proved in [4].

Lemma 2.1 Suppose that X is an eigenvalue of the operator —Ay + cR, f is the
eigenfunction of A at time ty, and the metric g(t) evolves by

d
—gii = Vi,
atgu ij

where v;;j is a symmetric two-tensor. Then we have
d oR
—A(fs D=1y = vij fij —vijdi fj +c——f) fdu
dr M at

1
+/ (vij,i - EV]’) fifdu, (2.2)
M

where V. = Tr(v).

Remark 2.2 In fact, Lemma 2.1 can also give us the evolution of eigenvalues. By the
eigenvalue perturbation theory, we may assume that there is a C!-family of smooth
eigenvalues and eigenfunctions. Therefore, we have

d/\t—dA t 2.3
5()—5(1‘,) (2.3)

for any time ¢, when f is the eigenfunction of XA at time ¢. In particular, we further
assume that the first eigenvalue and first eigenfunction are smooth in the time along
the Ricci flow (for example, see [3]).

Now we can calculate the evolution equation of eigenvalues of the geometric opera-
tor under the Ricci flow. In Lemma 2.1, when the symmetric two-tensor v;; = —2R;;,
we get the following result.

Theorem 2.3 Let g(t),t € [0, T), be a solution to the Ricci flow (1.1) on a closed
manifold M". Assume that there is a C'-family of smooth functions f(x, t) > 0, which
satisfy

—Apf(x,t) +cRf(x, 1) = A1) f(x,1),

and the normalization
/ fx,0)%dp = 1.
M
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Then the eigenvalue A(t) satisfies
d
O =@ -2) / Rij(fij — i f) fdu+2c / Rij fi fjdu+2e / |Rel? f2du
t M M M
+ ZC/M Rij(foi — fo(féj — fdu — 2C/M Rijoij f2dp. (2.4)

Proof The proof also follows from a direct computation. Note that the evolution of
scalar curvature is

oR 2
— = AR + 2|Rc¢|
at

and

1
divRc = EVR.

Using (2.3) and plugging v;; = —2R;; into the equality (2.2), we have
d
M) = / (—2R,-jﬁ,-f +2Rijpi i f + cARF2 + 2c|Rc|2f2) du. (2.5

M

From integration by parts and %AR = div(divRc), we get

1 2

- ARf“du

2Jm

= / (2Rijfifj +2Rij fij f —ARiji fif + Rijid; f* — Rij¢ijf2) dp. (2.6)

M

Substituting (2.6) into (2.5), we have

95 = (de —2) / Rij fij fdu + 4 / Rij fi fidu +2¢ / |Ref? 2dp
dt M M M
+(2—8c)/ Rijqbifjfd,u+26/ Ruqbid),;fzdu—%/ Rij¢ij 2 du
M M M
= (4c—2)/ Rij(fij —¢ifj)fd,u«+20/ Rijfifjdl“"zc/ |Rel f2dp
M M M
+26/M Rij(foi — fi)(fP; —fj)du—2C/M Rijij f>dp.
O

By Lemma 2.1 we can also get the evolution equation of eigenvalues of the geo-
metric operator under the normalized Ricci flow. We have the following theorem.
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Theorem 2.4 Letg(t),t € [0, T), be a solution to the normalized Ricci flow (1.2) ona
closed manifold M". Assume that there is a C ' -family of smooth functions f(x,t) > 0,
which satisfy

—Apf(x,t) +cRf(x,t) =A@) f(x,1), 2.7
and the normalization

/ fe,0%dp = 1.
M

Then the eigenvalue \(t) satisfies

d 2r\ 5 20
—At)=——+ (1 =20)) Rf“du+cQc—1) R” f~du
dt n M M

+(2c—1)/ RIV f2du

M

12 /M Rij i fidu +c /M RC-2ffidi — *0¢ + fAVYP)dp

+2c/ |Rc|? f2du. (2.8)
M

Proof We note that the evolution of scalar curvature under the normalized Ricci flow
is

oR , 2
— = AR+ 2|Rc|"— —R
ot n
and
2r
vij = —2Rij + 8-
By Lemma 2.1 it is easy to get the extra term —2’% than (2.5), i.e., we have
d 2ri 2 2 2
M0 = === | (2R fif £+ 2R 11 f + cARS? + 2| Rel’f7) d.
M

(2.9)

By the contracted second Bianchi identity V; R;; = %V ;j R and integration by parts, it
follows that

—2/ Rijfijfdﬂ=2/ Rijfifjdu—2/ Rij¢i f; fdu
M M M

—/ R|Vf|2du—/ Rf Ay fdu. (2.10)
M M
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Integrating by parts again, we derive that
/M cARf*dpu =c /M RQFAf+20VF1P —4ffidi — f2A¢ + f2IVSH)du

= c/M RQfAyf +2AVFIP =21 fidi — f2Ad + 2V
(2.11)

Combining (2.9)-(2.11), we have
d 2ri 5
—AM)=—-"Z4 (20— 1)/ Rf Ay fdu+ (2c — 1)/ RIV f2dp
dr n M M
+2/ Rij fifjdu
M

te / R(=2ffidi — f20¢ + f21V¢2dp + 2¢ / IRe2 f2dp
M M

2r 2 2 22
=—"—4+ =201 [ Rffdu+cQc—1) [ R*f*du
n M M

+<2c—1>/ RIV f 2
M
+2 /M Rij fi fidu + ¢ /M R(-21fidi — f20¢ + F21V¢P)dn

+ 2c/ |Rc|? f2du.
M

In the above formula the last equality holds because of (2.7). We complete the proof
of the theorem. O

Remark 2.5 In Theorem 2.4 if we let ¢ be a constant function on M, our theorem
reduce to Cao et al.’s Lemma 3.1 in [3]. So our result is an extension version of Cao,
Hou, and Ling’s.

3 Monotonicity of the First Eigenvalues

In this section, we consider the first eigenvalues of geometric operators —Agy +
cR (O <c< %) on closed surfaces with nonnegative scalar curvature. We will obtain
evolution equations and monotonicity of the first eigenvalues along the Ricci flow
using the results in Sect. 2.

Let A(¢) be the first eigenvalue of the operator —Ay + ¢R, and f(x, ) > 0 be the
corresponding eigenfunction, which satisfies

—Apfx,t) +cRf(x, 1) =A@) f(x,1), 3.1
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and the normalization

/ Fle,0)%dp = 1.
M

From Theorem 2.3 in Sect. 2, we can easily get the evolution equation of the first
eigenvalue under the Ricci flow.

Theorem 3.1 Let g(¢),t € [0, T), be a solution to the Ricci flow (1.1) on a closed
surface M 2. Assume that \(t) and f(x,t) are defined as above. Then we have

i,\(z) —(1—2c),\/ Rf*d 2/ 22 / 2
= w422 [ RPfXu+c | RIVSfPdu
dr M M M
+c/ R|fV¢>—Vf|2d;L—c/ RA¢f>du. (3.2)
M M

Proof When M is a 2-dimensional manifold, the Ricci curvature satisfies R;; =
%Rgij. Plugging it into (2.4), we have

ik(r):(Zc—l)/ RA¢ffd,u+c/ R|Vf|2d,u+c/ R% f2du
dr M M M
+C/MRgij(f¢i—fi)(fﬁbj—fj)dll—c/MRAbesz
=(1—2c),\/ Rf2du+2c2/ szzdu+c/ R|V f*dp
M M M
+c/ R|fV¢—Vf|2du—c/ RA¢fdu.
M M

The last equality follows from (3.1). We complete the proof of the theorem. O

It is obvious now that the first eigenvalue of the geometric operator is monotonic
along the Ricci flow as a consequence of Theorem 3.1.

Corollary 3.2 Let g(t),t € [0, T), be a solution to the Ricci flow (1.1) on a closed

surface M? with nonnegative scalar curvature. Assume that 0 < ¢ < % and

R > 2—16A¢>, vVt € [0, T), then the first eigenvalue of the operator —Ay + cR is
nondecreasing under the Ricci flow.

Remark 3.3 For ¢ = % the same result was obtained by the first author, Yang and

Zhu in [5,6]. Moreover, for ¢ > % the first author, Xu and Zhu proved a similar
monotonicity along the system of Ricci flow coupled to a heat equation in [4].

4 Some Monotonic Quantities and Estimates

In the last section, we derive some monotonic quantities and lower bounds for the first
eigenvalues on closed surfaces using the previous results.
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Now let us come to the normalized Ricci flow. By Theorem 2.4 we can get the
evolution equation of the first eigenvalue under the normalized Ricci flow.

Theorem 4.1 Let g(t),t € [0, T), be a solution to the normalized Ricci flow (1.2) on
a closed surface M?2. Assume that A(t) and f(x,t) are defined as above (3.1). Then
we have

d
—A(z)z—m+(1—2c))\/ szdu+2c2/ szzdu+c/ RIV f|*du
dt M M M

+c/ R|fV¢—Vf|2du—c/ RAGfdu. 4.1
M M
Proof The same computation as Theorem 3.1, using R;; = %Rgi j and (2.8) we get

iA(r) =—rai+(1 —2c))\/ Rf2dp + c(2c — 1)/ R%f2du
dt M M
+(2c—1)/ RIVf?du
M
+/ RIVf|2dM+C/ R(-2ffidi — [*Ad + F2IV4 )
M M
+c/ szzdu
M
=—rai+(1 —2c)x/ szdu—i-Zcz/ R2f2du+2c/ RIV f)Pdu
M M M
+c/M R(-2ffits — f20p + VPP
=—ri+(1 —2c))\/ szdu—i-ZCz/ szzdu—i-c/ R|V f)Pdp
M M M
+c/ R|fV¢—Vf|2du—c/ RA¢fdu.
M M

O

Therefore, from Theorem 4.1 it is easy to see that the following monotonicity holds
under the normalized Ricci flow.

Corollary 4.2 Let g(t),t € [0, T), be a solution to the normalized Ricci flow (1.2) on
a closed surface M? with nonnegative scalar curvature, and A(t) be the first eigenvalue
of the operator —Ay + cR. Assume that 0 < ¢ < % and R > %AQS, vVt € [0,7),
then "' A(t) is nondecreasing under the normalized Ricci flow. In particular, the first
eigenvalue has a time-dependent lower bound

At) = A(0)e .

Remark 4.3 When ¢ is a constant function on the surface M2, the same result had
been given in [3].

@ Springer



226 S. Fang et al.

Since dimensionn = 2, the average scalar curvature r is a constant. Now we assume
that » # 0. Notice that on a surface the scalar curvature under the normalized Ricci
flow evolves by

R )

Let p(r) and o(f) be two solutions to the ODE y' = y?

respectively

— ry with initial value

p(0) = Xmea}é( RO) and o(0) = )Iclélﬂl} R(0).

By the maximum principle, we have

-
R(1) SP(I)=W 4.2)

and

r

R(t) = o(1) = T+ (g — Dot

(4.3)

Thus, we can also get the following monotonic quantity on a closed surface from
Theorem 4.1.

Theorem 4.4 Let g(t),t € [0, T), be a solution to the normalized Ricci flow (1.2) on

a closed surface M?* with positive scalar curvature, and 1.(t) be the first eigenvalue of

p(1)*
ot

the operator —Ag +cR. IfVc > 0 and R > %Aqﬁ, Vit € [0, T), then ) ez“”)»(t)

is nondecreasing under the normalized Ricci flow. In particular, the first eigenvalue
has a time-dependent lower bound

TP _oepi

MO = KO0 00

Proof The positive scalar curvature on M? implies that o(0) > 0. According to
(4.1)—(4.3), we have

d
—x(z)z—rx+(1—2c))\/ szdu+2c2/ szzdu—i—c/ RIVf2du
dr M M M
+c/ R|qu>—Vf|2dM—c/ RA¢f>du
M M

>—rr+(1 —2c))\/ Rf?du
M

> —ri + Ao (1) — 2cp(0)).
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This leads to
d t 2c
PO perty 41y | = 0.
dr | o(t)
The lower bound follows from the monotonicity directly. O

Finally, if we change some conditions in Theorem 4.4, there is also another
monotonic quantity on a closed surface.

Theorem 4.5 Let g(t),t € [0, T), be a solution to the normalized Ricci flow (1.2) on
a closed surface M?* with positive scalar curvature, and 1(t) be the first eigenvalue of
crt
the operator —Ay +cR. If0 < ¢ < % and R > %Ad), VvVt € [0, T), then (t)l_ck(t)
o

is nondecreasing under the normalized Ricci flow. In particular, the first eigenvalue
has a time-dependent lower bound

1—c
A(t) > A(0) (%) e .

Proof By the divergence theorem and (3.1), we have
/ IV fIPdp = —/ fApfdpu =x— c/ Rf%dpu. 4.4)
M M M

1

Note that the scalar curvature on M? is positive and R > — A¢. Substituting (4.3) and
c

(4.4) into (4.1), we arrive at

d
—A(t):—rk+(l—2c)k/ szdu+2cz/ szzdu—i-c/ R|V f*dup
ds M M M
+c/ R|fV¢—Vf|2d,u—c/ RA¢f2dup
M M
2—rk+(1—2c)k/ szdu+c2/ R2f2du+c/ RIVf2du
M M M

>—ri4+(1—=20)0r+ c2/ R%f2du + co (A — c2/ oc(ORFdu
M M

>—ri+ ({1 —c)o(t)Ar.

This implies that

i [Lﬁ/\(t)] >0
dt [o(t)—¢ -

Hence, it follows that the time-dependent lower bound holds now. O
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Remark 4.6 Here we just consider the first eigenvalues on closed surfaces with positive
Euler characteristic class. For the other cases the similar monotonic formulae and
estimates can also be obtained when both the first and second derivatives of ¢ along
the normalized Ricci flow are bounded.
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