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Abstract. In this paper we have addressed the behaviour of Yamabe constant along the Cotton flow. We
have also studied the evolution of ADM mass along the Cotton flow and it is shown that the ADM mass
is conserved along the Cotton flow. Among others evolution of Bach tensor under Cotton flow is derived.
It is shown that if the metric of a local conformally flat 3-manifold evolves under the Cotton flow, then the
Bach tensor satisfies the heat equation.

1. Introduction

After successful applicability of Ricci flow [8], various geometric flows have been widely studied e.g.
the mean curvature flow, Yamabe flow, cross curvature flow etc. We know that local conformally flatness
of a manifold is measured by the vanishing of Weyl tensor. Since, the Weyl tensor vanishes identically
for all 3-manifolds and this responsibility goes back to the Cotton tensor. This tensor was studied in the
context of topologically massive gravity [7]. In [1], Kisisel et al. introduced a new geometric flow, called
the Cotton flow. Unlike the Yamabe flow, which preserves the conformal class of the metric, Cotton flow
tends to evolve an initial metric to the local conformally flat one [1]. One can also observe that the Yamabe
flow and the Cotton flow are orthogonal. One of the most important geometric quantity which comes out
from the solution of the Yamabe problem is the Yamabe invariant. The sign of Yamabe invariant carries
important topological information for the manifold. In [6], Chang and Lu studied the evolution of Yamabe
constant under the Ricci flow and under some technical assumption obtained that the Yamabe constant
is non-decreasing along the Ricci flow. Motivated by the above studies, in this paper we have obtained
evolution of the Yamabe constant along Cotton flow.

The paper is arranged as follows. Section 2 carries the preliminary discussions to get the results. Section
3 deals with the study of evolution of Yamabe constant. In section 4, we study the evolution of ADM
mass under Cotton flow. It is known that the Bach tensor is a trace-free tensor of rank 2 and also it is
conformally invariant in 4-dimension [3]. Before 1968, it was the only known conformally invariant tensor
that is algebraically independent of the Weyl tensor [3]. Such tensor is significant in the field of differential
geometry and general relativity. Here in the last section we consider the evolution of Bach tensor under
Cotton flow and it is proved that if the metric of a locally conformally flat 3-manifold evolves under the
Cotton flow, then the Bach tensor satisfies the heat equation.
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2. Preliminaries

Let g be a Riemannian metric of a n-Riemannian manifold with Riemannian connection V. The (0, 2)
type Cotton-York tensor C of 3-manifold is

i
elmn

Ol = <2 Vu(R) - TOR), 1)

where R;; is the Ricci tensor and R is the scalar curvature [12]. The important fact about the tensor CY is
that, it is covariantly conserved, symmetric and traceless [12]. This property of the Cotton tensor motivated
the authors in [1] to introduce the Cotton flow given by

% = KCjj, where Cli = gilgkakl 2)
and K is a positive constant.

One may scale the parameter ¢ to set K = 1. In [5], Chow studied Yamabe flow for local conformally flat
metrics and proved that the metric converges to a round metric in C* topology. Keeping this fact in mind
the constant K is choosen to be positive, so that the metric on the 3-sphere converge to the round metric
rather than diverge from it. The fixed point of (2) are necessarily locally conformally flat metrics. Another
interesting fact about the flow (2) is that, it preserves the volume and hence unlike the Ricci flow, we do not
need any normalization. The above facts will be used frequently in our analysis. The evolution equations
for the standard geometric quantities are given by

d 1 ;

Erljk = E!]ll(vjckl + ViCji = ViCy), 3)
a _ 1 Im 1 1 2

3¢ Rij = 3RiC; = R™Cingij — 5RCij — 5V°Cij, (4)
R .

E = —C ]R,']'. (5)

Being a third order partial differential equation, there is no known technique available in the literature for
the existence and uniqueness of (2). But in [1], the authors have been able to formalize (2) as a grade flow
of some functional.

Now the Yamabe constant of g on a closed manifold M" is given by

Sy VP + Ry
g’lfM TR , (6)
ueC>(M) (fMu”’zd['l) m

u>0

Y(g) =

where dy is the volume form of g. The classical Euler-Lagrange equation for a minimizer u is

_4(1’[—1) _ %
p_— Au+ Ryu = Y(g)urz, (7)

f ur%dy =1, 8)
M

where A is a Laplace-Beltrami operator. Now from the solution of the Yamabe problem [10], one can note
that there always exist a minimizer for (6). Thus having a solution u, the metric = g is called the Yamabe
metric and has constant scalar curvature Y(g).

Now the familiar subcritical regularization of (7) and (8) is defined by

4(n-1)
n—2

Au+ Ryu = Y,y (g0, ©)
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f wldy =1, (10)
M

where p € (1, 2] and Y,(g) is a constant. Also (9) and (10) is nothing but the Euler-Lagrange equation for
the minimizer of the functional

Y,(g) = inf Jul i1V + Ry
P = B P+ )i ’
(Jy w+tdp)

u>0

3. Evolution of Yamabe Constant

First we prove a lemma which will be used for later purpose.

Lemma 3.1. Let M be a closed manifold and g be the Riemannian metric evolving by the Cotton flow. If u € C*(M),
then

%IVulz = —(C, |Vul*) + 2(Vu, Vh) (11)
and

P

E(Au) = —(C, Hess u) + Ah, (12)

where h = % and ‘Hess’ is the Hessian operator.

Proof. For a local coordinate system (x'), we compute that

J._ 5 9 .
Z Z(dIV-uv;
athul pT (g"ViuVju)
= (%gij)viuvju + ZgijViuth
= —gikgﬂCleiuVju + ZgifViuth
= —~(C [Vul*y + 2(Vu, Vh).
This proves (11). Also,
d d, i
Z = Z(4IV.V;
ot (Au) ot (g Vlvfu)
= LW+ L)
ot o ot/
= —gikgfleIViV]-u + Ah
= —(C,Hess u) + Ah.
Now, we are ready to state our main result following the same technique used in [6].

Theorem 3.2. Let g(t),t € [0, T), be a solution of the Cotton flow on a closed manifold M>, where T is the maximal
time of existence of the solution g(t). Given p € (1,5], assume that there is a Cl-family of positive functions
u(t), t € [0, T) which satisfy

—8A () + Ryy(h) = V(D))

f{u(f)}p+1dﬂg(t) =1,
M

where 3,, is a function of t only. Then

0 ~ )
ayp(t) = —ZLMZC”R,']'dy.
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Proof. We compute

Jd = B d 2 dR , f
thp(t) = fM SatIVuI du + fM o u dy + M2R1,h du.
Using (11), (12) and the fact that volume element is preserved along the Cotton flow we have
iyp(t) = f (—=8(C,|Vul?y + 16¢Vu, Vhy)du — f CR;judu +2 f R,hdu. (13)
ot M M M
Now, taking derivative with respect to t we get from (9) that
0 dR d — by
—8—(Au(t)) + —u(t) + Rh = —(Y,(t){u®)V + pY,(O){u(t))Ph.
ot ot dt
Using (12) in above equation, we get
8(C, Hess u)y — 8Ah — Ciniju + Rh = %(:Vi,g(t‘))u’7 + pyp(t)u”_lh.

Multiplying both sides of above equation by 2u we get

—16uAh +2R,h = —16u{C,Hess u) (14)
= 2u2CUR; + 2%(%(15))%“

20Y,,(HuPh.

Now applying integration by parts from (13) and (14) we have,

%(%(t)) = -8 f (C,[VulPydu + f —16(uAh + 2R, h)dy — f CTR;u*dy (15)
M M M

-8 f (C,IVul)dp — 16 f 1(C, Hess uydy + f 2u2cffR,-,-dp+2i(3p(t))+2p3p(t) f Whdy.
M M M dt M

From (10) we have

d
sl p+1 —
o Mu du=0,
which implies that
f Whdy = 0. (16)
M
Now we have
f (C,\VuPydy = f 7*¢"CuViuVu du (17)
M M
= —fgikgjluVjClejudp
M
= - ugfleCkNjudy
M

I
e
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Finally,
fu(C,Hess wydy = fugikgjlcklvivjudy (18)
M M
= —fugikgflViCkIVju du
M
= —fugf’V"Cleju dy
M
= 0.

Using (16), (17) and (18) in (15) we have
d ~ y
E(yp(t)) =-2 f uZCl]R,-jdy.

Thus proof of Theorem 3.1 is complete.

Corollary 3.3. Let M3 be a closed manifold with non-negative Cotton tensor and positive Ricci curvature. If the
metric evolves under Cotton flow, then the Yamabe constant is non-increasing along the flow.

4. Evolution of ADM mass under Cotton flow

In this section, we discuss the evolution of an important physical and geometrical invariant, called ADM
mass, under Cotton flow.

Definition 4.1. A Riemannian manifold (M", g) is said to be asymptotically flat or asymptotically Euclidean if
M = My N Mo with My compact and M, = R" — Br(0) for some R > 0 so that in the induced Euclidean coordinate
system, the metric satisfies the asymptotic conditions

gij = 05 +0(r™), dhgij = oY), Kdigij = o(r*2),

where a > 0 is the asymptotic order and r is the distance from a fixed base point with respect to the induced Euclidean
metric.

Asymptotically Euclidean manifold has been intensively studied on general relativity as the spatial slice
for the Minkowski space-time are asymptotically Euclidean.
In this setup, the total mass or ADM mass of the gravitational system can be defined by [10]

. 1
mig) = Jim i | @019 dSx. 19)

where w, denoted the volume of the (n — 1)-sphere and Sy is the Euclidean sphere of radius R centered at
the base point. Here dSg is the volume element of Sg.

When the scalar curvature is integrable and a > %52, m(g) is well defined and independent of the
coordinate at infinity [4] and therefore is a metric invariant. The famous positive mass theorem, proved
firstly by Schoen and Yau [11], states that m(g) > O if the scalar curvature is non-negative. Moreover,
m(g) = 0if and only if M is the Euclidean space. For such a manifold, one can define the asymptotic volume

ratio by

V(B,,
i = lim (Br,9)

n 7
r—00 Wy,

where V(B,, g) is the volume of a metric ball of radius r and w, is the volume of unit n-ball in Euclidean
space. If 4 = 1, an almost Euclidean manifold is said to be almost locally Euclidean. For an almost locally
Euclidean manifold, the mass is also defined by (19), except that Sg should be taken as the distant sphere.
We now prove the following:
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Theorem 4.2. Under the Cotton flow, the asymptotic volume ratio remains invariant.
Proof. The result follows from the evolution of the volume element under Cotton flow.

Corollary 4.3. The almost locally Euclidean and almost Euclidean properties are preserved under Cotton flow.
Theorem 4.4. The ADM mass is conserved along the Cotton flow.

Proof: Taking the manifold to be almost locally Euclidean, we compute
d d ;
jSVR—mo(EgW - Egzz,])ds
f (Ciji — Ciij)ds'
Sp—00

—f Cii,j dSi.
Sr—o0

As, the Cotton-York tensor is trace-free, we have

d
Sm(g(®)

d
2m(g(t) = 0.

This proves the Theorem.

5. The Bach Tensor and the Cotton flow
The Bach tensor in dimension three is given by [9]
Bix = V;Cij.
The Schouten tensor is given by

1

Rgij-
Then in terms of Schouten tensor, the Bach tensor can be written as [9]
By = V;VSij — ASi. (20)

In dimension three, the covariant derivative of the Cotton tensor is given by [9]

3 ) R? 1
V]'Ci]‘k = 3R,‘ij]' - ERR,’}( - IRlC|2g,‘k + 79& + ZVkViR - ASik. (21)

We need the following Schur lemma

1
ViSij = ViR (22)

Using (22) in (21), we have [9]
ViViCii = RjCyji (23)
and hence the divergence of the Bach tensor is given by

ViBix = ViBri = RjCyji. (24)
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To calculate the evolution of the Bach tensor along Cotton flow, we use the following formula:
(0 =A)Bix = V(@i = A)Cijx = [A, V/ICijx + 2RV, Ciji + [94, V1Cij- (25)
Using commutation for covariant derivatives we find [9]
[AViICiik = ViRpCpi — VpRiiCpix + ViR Cip (26)

1
_VpleCilp + RlprCilk + ZRlkaCilp - ZRZPVICipk + Evacikp + 2Ry Bj; — RBj.

To move further, we calculate evolution of Cotton tensor under Cotton flow. We calculate the time derivative
directly from the expression of Cotton tensor in dimension 3, viz.

1
Cijk = VkRij — ViRy — Z(VkR!]ij = ViRgi),

d d d 1 _ dR 99ij IR 99ij

5:Cik = o ViRij = 5. ViRic = 2 [(Vi g5 + ViR—=7) = (Vi o gic + ViR—5 )] (27)
Using (4) we have,

J _ 1 Im 1 1 3

EVkRij = 3Vi(RiC) = gijVi(R™ Cp) — Evk(RCij) - EV Cij (28)

+(ViCik = ViCiViC)Rji + (ViCii — VkCjiViCu)Ry
g 1
= 3Vi(g"CinRi) — gijVi(g" 9" RijCim) — EVkRCij

1 1
_ERVkCij - EVSCij + (ViCixk = ViCiy = ViCu)Rj1 + (ViCjx — ViCji — ViCu)Ri

1 1
= 39" RiViCjn + 39" CinViRsi = 5 VkRCij = SRViCyj

1
_EVBCij + (ViCik = ViCip = ViCu)Rji + (ViCji — VikCji — V;Ci)Ry

1
= 3R"ViCjy +3C,ViRy; — 5 ViRC;j

1 1
_ERkaij - EVSCU + (ViCix = ViCiy = ViCi)Rj1 + (ViCjx — ViCjy = V;Cu)Rir-

Since the Cotton tensor is traceless and covariantly conserved, we have from (27) and (28) that

P 1 1 1
5;Ciie = BRI'ViCpu + 3CIViR;; - 5 ViRCjj = SRV,Cij §V3cij (29)

+(V,Cix = VxCit = ViCx)Rj1 + (ViCjt — VkCji — V;Cr)Ry
—3R!"V Cion — 3CLV Ry + %ijcik + %Rvjcik + %Wcik
~(ViCij = ViCit = ViC)Ru = (ViCyj = VCu = ViC)Ri - };(kacij ~ ViRCp).
Again we have
ACijx = AVkRjj — AVRy — %Akagij + i AV Rgi. (30)

Combining (29) and (30) we have the following:
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Proposition 5.1. If the metric of a 3-manifold (M3, g(t)) evolves under Cotton flow, then the (3,0) Cotton tensor
satisfies the following PDE

) 3
(5= MCiie = 3(C{ViRi = CV;Ry) = S (VeRCij = ViRCie) +3R}"(VeCion = V;C) (31)
R

+E(Vjcik = ViCij) + (ViCix = ViCiy = ViCr)Rj1 — (ViCij = V;Cyy = ViCin)Ry
1 1
—E(V3cij — V3Ci) = (AVkR;; — AV Ry) + 1(AViRgij = AVRgyp).
Using the second Bianchi identity we get from (31) that

P)
Vi -

ACijx = 3(CiV;VkRj = CLAR;;) - Z(cljvjka — ARCy — V;RVCy)
+§(Acik = ViVilCij) + (V;ViCix = VViCit = V;ViCuRjr) (32)
—(ViViCij = ACy = V;ViCi)Ryy + (ViCix — VkCyj = ViCu) VR
~(ViCy = V/Ci = ViC)V Ry = 5(VC = V*Ci) = V;ACi,

since the Cotton-York tensor is trace-free and covariantly conserved. Finally, we calculate

[0, ViICij = =0T}, Cpix — AT, Cijp (33)

1 1
_Egpl(vicjl +V;iCii = ViCij)Cpjic — zgpl(VjCkz + ViCji = ViCx)Cijp
1 1
= EVF’C,-,-ijk + EVpCjkC,']‘p,
where we have used the property that the Cotton-York tensor is covariantly conserved.
Combining (21), (25), (26), (31), (32) and (33) we have

0 3
EBZ.,{ = ABj+ 3(c§.vjkah» — CLARy) - Z(cljvjka — ARCy — V;RV,Cy) (34)
R
+E(Acik = V;iVilCij) + (V;ViCix = VViCiy = V;ViCi)R 1
—(ViViCij = ACyy = V;ViCi)Riy + (ViCix — ViCiy = ViCu)V R
1
—(ViCij = V;Ciy = ViC)VjRu — E(V4Ci]’ - V4Ci) = V;ACij
=ViRypCpix + VR Cpix — VkRypCip + VR Cirp = VpRypCirk — 2V R} Cigp
1 1 1

+2R1leCipk - EVPRC”‘P - ZleB,‘l + RBik + ZRPijCijk + EV”Ciij]-k + EV”C]-kCijp.

This leads to the following:

Theorem 5.2. Let (M3, g(t)) be a complete 3-manifold evolving under Cotton flow. Then the Bach tensor evolves by
(34).

Corollary 5.3. If the metric of a local conformally flat 3-manifold evolves under the Cotton flow, then the Bach tensor
satisfies the heat equation given by %Bik = ABj.
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