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1. Introduction

Eigenvalues of geometric operators play an important role in understanding the geometry and
topology of Riemannian manifolds. In [1], Perelman introduced the F-entropy functional and proved
that it is nondecreasing along the Ricci flow coupled to a backward heat-type equation, which implies
the monotonicity of the first eigenvalue of the operator —4A + R along the Ricci flow. Motivated by
this work, considerable effort has been devoted to studying the monotonicity for the first eigenvalue of
geometric operators under various geometric flows, especially the Ricci flow and the Yamabe flow.

For example, in [2], Cao proved that all eigenvalues of —A + %R with a nonnegative curvature
operator are nondecreasing along the Ricci flow in dimensions two and three. In particular, Li obtained
in [3] that the first eigenvalue of —A + %R is nondecreasing without curvature assumptions under the
Ricci flow. Furthermore, Cao showed in [4] that the first eigenvalue of —A + aR for a constant a > i is
nondecreasing under the Ricci flow. Similarly, Ho in [5] proved that the first eigenvalue of —A + aR is
nondecreasing under the Yamabe flow if 0 < a < 4&‘_21) ora> 4(”n‘_21) with the scalar curvature satisfying
certain conditions.

Also, there are many results on the first eigenvalue of geometric operators involving the weighted
Laplacian A; = A — V¢ - V. For instance, Fang et al. in [6] generalized Cao’s results to eigenvalues of

1

the geometric operator —A; + aR with a > ;. They showed that the eigenvalues are nondecreasing
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along the Ricci flow coupled to a heat equation on a Riemannian manifold under suitable Ricci
curvature conditions. Afterward, this first-eigenvalue problem was extended to other geometric flows.
For example, Zhang in [7] considered the evolution equations for the eigenvalues of the operator
—A, + aR and obtained some nondecreasing quantities along the Yamabe flow. More generally, Ho
and Shin in [8] studied the evolution of the first eigenvalue of —Ay + aR} and proved that its first
eigenvalue is nondecreasing along the unnormalized weighted Yamabe flow, if

m+n-—2 m+n-—2 m+n
< or <a ——m
dm+n-1) dm+n-1) dm+n-1)

0<a

provided that the weighted scalar curvature Ry satisfies certain restrictions.

Recently, Yang and Zhang in [9] derived evolution equations for the first eigenvalue of —A + aR”
and proved that the first eigenvalue of —A + aR® for either 0 < @ < 1, a > 0,ora < 0, a < 0, is
nondecreasing along the Ricci flow if

0 < Ry < (daa)™.

In [10], Abolarinwa and Azami used the same technique to derive the evolution equations for the first
eigenvalue of —A + aR” with 0 < @ < 1, a > 0, and obtained some monotone quantities under the
Yamabe flow.

Inspired by these recent results, we study in this paper the evolution equation for the first
eigenvalue of the operator —A, + a(Ry)* with constants 0 < @ < I, a > 0 and construct a monotone
quantity associated with the first eigenvalue of the operator —A, + a(Ry)" under the unnormalized (or
normalized) weighted Yamabe flow. These results provide a framework for understanding spectral
stability along the weighted Yamabe flow and may serve as a useful tool in studying convergence and
rigidity phenomena of weighted geometric structures.

Before stating the main results, we need to introduce the geometric flow and some terminology. A
smooth metric measure space is a quadruple (M", g, e‘¢dVg, m) consisting of a Riemannian manifold
(M", g), a smooth measure e dV, determined by a function ¢ € C*(M) and the Riemannian volume
element of g, and a dimensional parameter m € [0, c0). In the case m = 0, we require ¢ = 0. The
weighted scalar curvature Rf; of a smooth metric measure space (M", g, e %d V,, m) is defined as

m

+1
- R+ 2A¢ — Vo>, m >0,
P = m
R, m =0,

where R, A, and V are the scalar curvature, the Laplacian, and the gradient with respect to g,
respectively.

In [8], Ho and Shin first introduced the unnormalized weighted Yamabe flow, which is the evolution
equation defined on (M", g(1), e *“d V), m) given by

9g _ _pm
o~ g8 1.1
9 _ mpm ()
{5—71%’

where Rg = R7  is the weighted scalar curvature. For related recent work, see [11-13].

o0
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The main results of this paper are stated as follows. First, we obtain the evolution equation for the
first eigenvalue of —A4 + a(Ry)" under the unnormalized weighted Yamabe flow (1.1).
Theorem 1.1. Let (M", g) be a closed connected Riemannian manifold and let (g(t), ¢(t)), t € [0,T)
be a solution of the unnormalized weighted Yamabe flow (1.1) on a smooth metric measure space
(M", g, e *dV,, m) with Ry > 0. Suppose that A(t) is the first eigenvalue of the operator —Ay, + a(Ry)"
for constants a and a, and that f(t) is the corresponding eigenfunction. Then, under the flow (1.1), A(t)
evolves by

d m+n_ A -
S0 =20 fM (*5Ry = 2a0m + 0 = DREY) eV,

m+n-—2«

+ af (2a(m +n— 1)(Rg1)“ - >
M

R;;) (R} f*edV,

(1.2)
+aa(l - a)m+n-1) f (R} 2IVRy f2e™*dV,

M

o4 m+n-=2\ _
+ fM (2a(m +n—- DR - T)R¢|V fPe?av,.

Remark 1.2. The linear weighted case @ = 1 was treated by Ho and Shin [8, Proposition 5.10] under
the weighted Yamabe flow, while the nonlinear unweighted case 0 < @ < 1 was studied by Abolarinwa
and Azami [10, Theorem 1.1]. Our result connects these two settings: In the limit @ — 1, our formula
formally reduces to the linear weighted case studied in [8], and when m = 0 and ¢ = 0, it recovers the
corresponding unweighted setting in [10].

Using Theorem 1.1, we can establish the monotone quantity associated with the first eigenvalue of
the operator —A4 + a(Ry)” under the flow (1.1). Although the weighted Yamabe flow shares some
similarities with the classical Yamabe flow, the combination of the weighted measure and a nonlinear
power of the weighted scalar curvature introduces additional terms into the evolution equation,
including both the gradient of the weighted scalar curvature and nonlinear curvature interactions.
Therefore, new curvature control conditions are required to recover the monotonicity property. The
pointwise curvature restrictions are chosen to control the signs of the integral terms involving (R})* 12
and RP|Vf * in the evolution equation. In particular, the upper bound in (1.3) ensures the required
coeflicient inequalities, while the two-sided bound in (1.4) yields the monotonicity of A(z) itself.

Theorem 1.3. Let (M", g) be a closed connected Riemannian manifold. Let (g(t), ¢(t)), t € [0,T),
T < W (where ¢g = ¢(0)) be a solution of the unnormalized weighted Yamabe flow (1.1) and A(t)
M

be the first eigenvalue of the operator —Ay+a(Ry)". Suppose that for some constants 0 < a < 1, a > 0,
the weighted scalar curvature Ry satisfies

4a(m+n — 1))‘0"

0 Rm(l<
< &) _( m+n-2a

(1.3)

Then, along the flow (1.1), the quantity

A1) exp {— f (m; 2 (s) = 2a(m +n - 1)yg(s))ds}
0

AIMS Mathematics Volume 11, Issue 8, 26260-26272.



26263

is nondecreasing, where
min Rg’ max Rg
(s) = M and yz(s):M—O
N 1 — smin R} 1 — smaxR™’
M 0 M do
In particular, if

(4a(m+n— 1) (1.4)

4am+n—-1) 4
m+n ’

ﬁ
) S(R‘r’;l)as( m+n-—2«

then A(t) is nondecreasing under the flow (1.1).

Remark 1.4. (i) It is worth comparing our result for the case m = 0 and ¢ = 0 with [10, Theorem 1.2].
In [10, Theorem 1.2], the monotonicity of the first eigenvalue requires either

a > —4(n ~ 1) and 0 < Rg([) < 1,
or .
n-2 4a(n - 1)\
0<a<—— and O0<R? <|—=
TP TR g“)—( n—2a/)

on [0,T). In contrast, our result is obtained under the curvature condition (1.3), which directly couples
the parameter a with the admissible range of the weighted scalar curvature. Therefore, the assumptions
in the two results are not directly comparable. Our result provides an alternative curvature criterion for
obtaining a monotone quantity associated with the first eigenvalue.

(i1) The case @ = 1 was studied by Ho and Shin [8], who showed that the first eigenvalue of the
operator —A, + aRy is nondecreasing along the unnormalized weighted Yamabe flow (1.1) if

m+n-2 m+n-—2

0<a and mian; >
M

<— = R" >0,
=S dman—1) e =

m+n M

or
m+n-—2 m+n

—<a< ——— d inR} > 0.
dman—1) " Samen—n T M=

Remark 1.5. We emphasize that the curvature conditions (1.3) and (1.4) are assumed to hold
throughout the time interval under consideration. In the present paper, we do not establish a
preservation result for these pointwise curvature conditions along the weighted Yamabe flow. Thus,
these assumptions are understood as hypotheses imposed on the flow over the time interval considered
in Theorem 1.3, rather than as conditions whose preservation from the initial data is claimed.
Determining sufficient conditions on the initial data that ensure the preservation of these bounds along
the flow, or constructing explicit non-stationary flows satisfying these conditions on a time interval,
remains an interesting problem for future investigation.

2. Evolution equations under unnormalized weighted Yamabe flow
Let Ay: C*(M) — C*(M) be the weighted Laplacian operator on M" associated to ¢ € C*(M), i.e.,
for any u € C*(M),
Agu = Au—(Ve, Vu),
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where V is the gradient operator and A is the Laplace-Beltrami operator on M. When ¢ is a constant,
Ay is just the Laplace-Beltrami operator. It is formally self-adjoint with respect to the measure e %dV,.

We assume that (M, g(¢)) is a closed connected manifold. By eigenvalue perturbation theory [8, 14],
we may assume that there exist C! functions A(¢) and f(¢) such that A(7) is the first eigenvalue and f(¢)
is a corresponding eigenfunction of the operator —A, + a(R}), i.e.,

—Asf +a(Ry) f = ADf. (2.1

Throughout this paper, by rescaling, we may normalize f(¥) to satisfy

fM fre®av, = 1. (2.2)

Multiplying both sides of (2.1) by f, integrating on M, and then using (2.2), we obtain
A) = f (—Ayf + a(R:;’)"f)fe“”dVg. (2.3)
M

In this section, we derive evolution equations for A(#) under the unnormalized weighted Yamabe
flow (1.1). In fact, we can obtain the evolution equation of A(#) under the general geometric flow

0
Egij = Sij>

where s;; is a symmetric (0, 2)-tensor.

Lemma 2.1. Let (M", g) be a closed connected Riemannian manifold. Let A(t) be the first eigenvalue of
the operator —Ay + a(Ry)* at time t € [0,T) and let f(t) be the corresponding eigenfunction. Suppose

that the metric g(t) evolves by
0

Egij = Sij» (2.4)

where s;; is a symmetric (0, 2)-tensor. Assume that Ry > Oon M x[0,T). Then we have

mn

d 1 0R¢
Zt/l(t) Zf (Sijfij = 5;j¢if; + aa(Ry)"™ Wf) fe?dv,
: (2.5

1
+ f (Sij,i - ESj) fife?dv, + f(¢t)iﬁfe_¢dvg,
M M

where
ij 0
S =g"sij, fi=Vifs fii=ViVif, siji=Visij, ¢ = Ed)'
Proof. 1t follows from [15, Proposition 3.1] that the weighted Laplacian evolves according to

0 1
6_tA¢f = =sijfij — (Siji — ES‘/')fj + Ay fi + 5idif — (D0)ifi-
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Hence, we have
ixl(t) :if (= Asf + a(R’”)“f)fe“”dV
di dt Jy o 77 ¢ §
a a m\Q m\Q —
= fM(a—t(—Ad,f) + Q(E(R‘p) )f+ a(Ry) f,)fe ¢dVg

+ f (= Dof + a(RIY P)(fe V),
M

71(9R¢ ~
:f (Sl]ﬁ] - sij¢ifj + aa(RZ;)a Ff) fe ¢dVg
M

1

+ f (Sij,i - ESJ) fjfe_‘f’dVg + f((ﬁt)if,-fe_"’dVg
M M

b [ (= 8ot 4 a®Yy fse v,
M

b [ (= tor +a®D V),
M

Using integration by parts, we obtain that
f (—Apfi + a(Rg’)"f,)fe_"’dVg = f (=Asf + a(Rg‘)"f)ﬁe_"’dVg.
M M

Then, we have

m

d B 8R¢ B 1 B
E/l(t) :f (Sijﬁj - Sij(pifj + aa/(Rg’)“ —f) fe ¢dVg + f (Sij,i — ES]) f]fe ¢dVg
M M

ot (2.6)
v [ @teav, e aw [ sihetav, + getavy).
M M

Meanwhile, by the normalization condition (2.2), we know

d

— f f e‘¢dVg = f f(ﬁe‘¢dVg + (fe‘¢dVg),) =0. 2.7

dt Ju M
Combining (2.6) with (2.7), we complete the proof of Lemma 2.1. O

We are now ready to prove Theorem 1.1.

Proof of Theorem 1.1. Recall that under the unnormalized weighted Yamabe flow, the weighted scalar
curvature evolves by ([8, Section 5.1])

OR}

—, = (m+n= DA + (R (2.8)
Applying Lemma 2.1 with s;; = —R{{g;;, ¢, = 3Ry, and using (2.8), we obtain

m+n-2

i/l(t) :—ng(A¢f)fe_¢dVg+ —f(VR’”,Vf)fe_d’dVg
dt M 2 M (2.9)

+ aa f (R;f’)“_l((m +n— DAsRY + (RZ)Z)f e_¢dVg.
M
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Since M" is closed, the boundary integral vanishes. Further, using integration by parts yields

f (VR Vf)fedV, = — f RI(Agf)fe*dV, ~ f Ry fPedv,
M M M

and

f (RS (AR fPeldVy = — (@~ 1) f (R} VR, f2edV,
M M

-2 f (R} NVRY, V) feldV,.
M

By integration by parts and (2.10),

1
f (RS VR, Vf)fe?dV, = - f RO (AN +IVf e dV,.
M M

Combining (2.11) with (2.12), we get

f (RN (AR fPe?dVy = — (@ — 1) f (R} VR, f*e ?dV,
M M

2
+ 2 [ @S+ WP Y,
¥ Jm

Substituting (2.10) and (2.13) into (2.9), we obtain

d
Eﬂ(l) = -

According to (2.1),

m+n

2

jj; R{(Asf)fe?dV, + aa fM (R} fe™?dV,
—ac(a—D)(m+n-1) f (R} IVRyP fe?dV,
M
+2a(m+n-1) f (R (Agf)fe?dV,
M

m+n-2
+ L (Za(m +n- DRy - T)R’;;W fPetdv,.

~Aof = A0S - a(RY) .

Inserting (2.15) into (2.14) yields

d
E/l(t) =

m+n

— f R;fl(/l(l)f - a(Rgl)af)fe“l’dVg + a(lf(RZ:)(l+1f e_¢dvg
. M

2
—ac(e—D(m+n-1) f (R})IVRyP fre?dV,
M

—2am+n-1) fM(Rg)“(/l(t)f - a(Rg)“f)fe_"’dVg

o4 m+n-=2\ _
+fM(2a(m+n— D(R})” I—T)R¢|Vf| e ?dv,.

Simplifying the above equation completes the proof of Theorem 1.1.
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3. A monotone quantity along the unnormalized weighted Yamabe flow

In this section, using the evolution equation obtained in Theorem 1.1, we prove Theorem 1.3.
Proof of Theorem 1.3. Since 0 < a < 1, a > 0, raising both sides of (1.3) to the power “7‘1 yields

(R > m+n-2a
¢ “dam+n-1)

Furthermore, we have

—2

2a(m+n - DRY™ == >0, 3.1)
+n-2

2a(m +n = D(R])" ~ =R} > 0. (3.2)

Inserting (3.1) and (3.2) into (1.2), and dropping the nonnegative terms, we get

m+n

d m VN -
S0 > AW fM ( LRy = 2a(m + 1~ (RY) ) Freav, (3.3)

Recall that the weighted scalar curvature Ry satisfies the evolution Eq (2.8). By the maximum principle
(see [8,16]), Rg’ can be compared with the solutions y; and y, of y'() = y*(¢) with initial values

y1(0) = nll‘}n Ry and y(0) = max Ry,

respectively. Hence,

min Y
R} >vy(t) = ————, 3.4
s 200 1 — rmin Ry 34)
M 0
mAE}XRgo
R" <yy(f) = ——m—, 3.5
s <7200) 1 — rmax R (3-5)
M 0
forte[0,T7), T < W' Substituting (3.4) and (3.5) into (3.3), we obtain
M %
d m+n N
d—/l(t) > /l(t)( yi(t) = 2a(m+n — l)yz(t)).
t 2
Furthermore, we have
d "im+
— < A(t) exp —f (m nyl(s) —2a(m+n— l)yg(s))ds
dt 0 2
"im+n
=exps — s)—2am+n-1 "s)ds
p{ fo( i) - 2 PECs) } 56

m+n

d
x {d—tm) _ 1(:)(
>0.

Y1(6) = 2a(m +n 1)yg(t))}
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Since 0 < @ < 1, a > 0, condition (1.4) implies that

4a(m +n— 1)\
Ry > [———) .
(Ry) _( m+n )

Raising both sides of the previous equation to the power %, after simplification, we obtain

m+n
2

Ry = 2a(m +n - 1)(RF)* > 0.
By (2.3), we get A(¢) > 0. Hence, we have %/l(t) > (. This completes the proof of Theorem 1.3. O
4. Evolution equation under the normalized weighted Yamabe flow

In this section, we consider the evolution equation for the first eigenvalue of the operator —A, +
a(R(’;’)" under the normalized weighted Yamabe flow.

The normalized weighted Yamabe flow was first introduced in [17] by Yan, which is the evolution
equation defined on (M", g, e~?dV,, m) given by

{ 5= Ry =1, 4.1)

‘9‘/5_11_1 m __ am
E_z(R,l, l"¢),

where r' = rj/(¢) is the average of the weighted scalar curvature RY, i.e.,

[, Rye*dv,
- fM e?dV, '

The normalized weighted Yamabe flow preserves the total weighted volume by incorporating ry' as a
damping term, whereas the unnormalized flow allows the volume to change. This distinction introduces
additional r-dependent terms in the eigenvalue evolution equation under the normalized flow, which
require corresponding corrections in the associated monotone functionals.

In [17], Yan proved that the normalized weighted Yamabe flow exists for all time and converges to a
metric with constant weighted scalar curvature. Ho et al. in [18] considered the convergence rate of the
normalized weighted Yamabe flow and showed that if the flow converges to an integrable critical point,
then the convergence is exponential; in general, the convergence cannot be worse than a polynomial
rate.

Recall that under the normalized weighted Yamabe flow, the weighted scalar curvature Ry evolves

by the following equation (see [17]):

8 m
— = (= DARY + RYRY ~ 1), (4.2)

Using the same argument as in the previous section, we obtain the following evolution equation
(Theorem 4.1) and monotonicity result (Theorem 4.3).

Theorem 4.1. Let (M", g) be a closed connected Riemannian manifold, and let (g(t), ¢(¢)), t € [0,T),
be a solution of the normalized weighted Yamabe flow (4.1) on a smooth metric measure space

AIMS Mathematics Volume 11, Issue 8, 26260-26272.
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(M",g,e7dV,, m) with Ry > 0. Suppose that A1) is the first eigenvalue of the operator —A, + a(Ry)*
for constants a and «, and f(t) is the corresponding eigenfunction. Then, under the flow (4.1), A(t)
satisfies the evolution equation

d m+n_. i _
S0 =0 fM ("5 Ry = 2a0m + n = DRDY) fe-4av,

m+n

+a f (2a(m +n— (R - T_zaky) R fre*dV,
M

+aa(l —a)m+n—1) f (R} VRS f*e*dV,
M

m+n

+ fM (2a(m +n— DR - T_Z)Rg’w fPe?dv,
+a(l - a)ry fM (R f2e~dVy — ry AD).
Proof. Set s;; = —(Ry — ry)g;; and ¢, = (R — ry). Then, by Lemma 2.1, we have
—/1(;) f (R} = r)(Dpf)fe?dV, + %”_2 fM (VRY,Vf)fe*dV,
+aa fM (R ((m +n—1DAR) + Ry (Ry — ) f*e *dV,.

Proceeding as in the derivation of (2.9), we obtain

m+n

dit/l(t):— 5 f Ry — P Dpf)fe*dV, + aa f R f2eav,
M M

—aa(@—-D(m+n-1) f (R} IVRy) fe ?dV,
M

+2am+n-1) f (Rg’)"(A(pf)fe_‘/’dVg — aary f (R’;)“fze_‘ﬁdVg
M M

o m+n-=2\ _
+ fM (Za(m +n— DR - T)R(p VfPe?dV,.
Inserting (2.1) into the above equation and simplifying completes the proof of Theorem 4.1. O

Remark 4.2. When m = 0 and ¢ = 0, Theorem 4.1 recovers [10, Theorem 4.1] as a special case.

Using Theorem 4.1, we can also establish the monotone quantity associated with the first eigenvalue
of the operator —A4 + a(R’g)" under the flow (4.1).

Theorem 4.3. Let (M", g) be a closed connected Riemannian manifold. Let (g(t), ¢(1)), t € [0,T),
T < W (where ¢ = ¢(0)), be a solution of the normalized weighted Yamabe flow (4.1) and let A(t)
M %0

be the first eigenvalue of the operator —Ay + a(Ry)” for constants 0 < @ < 1 and a > 0. Suppose that
the weighted scalar curvature Ry satisfies

dam+n-1) =
0 RYY<|—M= )
< &) _( m+n-2a )

AIMS Mathematics Volume 11, Issue 8, 26260-26272.
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Then, along the flow (4.1), the quantity

!
A(t) exp {_ f (m;- nZz(S) —2a(m +n— 1)z{(s) - l”;")ds}
0
is nondecreasing, where z,(t) and z,(t) are given by (4.3) and (4.4).

Proof. We first establish upper and lower bounds of Rj!. Because M is closed, there exists a spatial
maximum point x; of Rg’(-, t) such that ARg’(xl, t) < 0. Therefore, evaluating (4.2) at x; gives

d m N2 m.m N2
Equ < (RY)” — Ryry < (RY)".
By the maximum principle, we may compare Ry’ with the solution of an ordinary differential equation
Z(t) = Z2(¢) for initial values

21(0) = max Ry,

and have
max Ry
Rl <z(t)= —2 — (4.3)
¢ =l 1 —tmax Ry’ ’
M 0

fort € [0,7), T < —L=.
M %

On the other hand, since ry is the average of Ry, we get r < max Ry Combining this with the

pointwise upper bound (4.3), we obtain ry’ < z,(¢). Therefore, for the minimum point x,, we have

d
R = (R3)? = Ryry = (R})” = Ry zi(1).
Similarly, we get
(1- tmang’ ) min R}
- M 0’ Ty %o
Ry > 2(t) = —— —. 4.4)
1- th}InR¢O + 5t (m}SXR%)mA}nR%

Arguing as in the proof of Theorem 1.3 and applying Theorem 4.1, we obtain

d m + n n N\ — m
A0 2A0) fM (M5 Ry = 2a0m+ n = DR f2e-aV, - o

m+n

le(t)( 2(t) = 2a(m +n — 1)(Z1(t))“) - rg’/l(t).

Furthermore, we obtain

% {/l(t) exp {_ fo (’”; R 2a(s) = 2a(m + n = 12 (s) - r;;)ds}}

:exp{_f (m;-nZZ(s)_za(m+n—l)z‘f(s)—l”;")ds}
0

m+n

X {%/l(t) - /l(t)( 2(t) — 2a(m +n — 1)7%(0) - ”f;)}

>0.

This completes the proof of Theorem 4.3. O
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5. Conclusions and discussion

The results obtained in this paper provide a first step toward understanding the spectral behavior of
the weighted Yamabe flow with nonlinear curvature terms. Several interesting questions remain open.

First, it would be interesting to investigate whether the curvature restrictions imposed in the
monotonicity theorem can be weakened.

Second, the long-time behavior of the monotone eigenvalue functional deserves further study. In
particular, one may ask whether the monotonicity result can be combined with convergence results
for the weighted Yamabe flow to obtain spectral rigidity or a characterization of limiting weighted
manifolds.

Finally, the techniques developed here may be applicable to other geometric flows involving
weighted curvature quantities. Possible directions include weighted Ricci flows, weighted conformal
flows, and other curvature-driven evolutions on smooth metric measure spaces.
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