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A NOTE ON CONFORMAL RICCI FLOW

PENG LU, JIE QING AND YU ZHENG

In this note we study the conformal Ricci flow that Arthur Fischer intro-
duced in 2004. We use DeTurck’s trick to rewrite the conformal Ricci flow
as a strong parabolic-elliptic partial differential equation. Then we prove
short-time existence for the conformal Ricci flow on compact manifolds as
well as on asymptotically flat manifolds. We show that the Yamabe constant
is monotonically increasing along conformal Ricci flow on compact mani-
folds. We also show that the conformal Ricci flow is the gradient flow for
the ADM mass on asymptotically flat manifolds.

1. Introduction

Suppose that M™ is a smooth m-dimensional manifold and that g¢ is a Riemannian
metric on M of constant scalar curvature sg. All manifolds in this note are assumed
to have no boundary. The conformal Ricci flow on M is defined as

0 . .
(1_1) Eg+2(RlC—SEOg)=—2Pg in M x (O’ T)’
Se(r) = 50 in M x|[0,T)

for a family of metrics g(¢) with initial condition g(0) = go and a family of functions
p=p()on M x [0, T), where s, is the scalar curvature of the evolving metric
g(t). The conformal Ricci flow (1-1) was introduced by Arthur Fischer [2004] as
a modified Ricci flow that preserves the constant scalar curvature of the evolving
metrics. It is so named because of the role that conformal geometry plays in
maintaining constant scalar curvature. It was shown in [Fischer 2004] that on
compact manifolds the conformal Ricci flow is equivalent to

) % +2 (Ric — 2g) = —2pg in M x (0, T),

(m—1)Ap +sop = —|Ric — ¢ in M x [0, T),

with the initial condition g(0) = g¢. Based on the fact that the conformal Ricci
flow (1-2) is of parabolic-elliptic nature, analogous to Navier—Stokes equations, the
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function p was named the conformal pressure function in [Fischer 2004]. Using
the theory of dynamical systems on infinite-dimensional manifolds, Fischer [2004]
proved that conformal Ricci flow exists, at least for a short time, on compact
manifolds with scalar curvature so < 0. He also observed that the Yamabe constant
monotonically increases along conformal Ricci flow on compact manifolds of
negative Yamabe type. Therefore one can hope that the conformal Ricci flow
does a good job of constructing Einstein metrics, considering the behavior of the
Hilbert-Einstein action on the space of Riemannian metrics.

In this paper we adopt DeTurck’s trick [1983; 2003] to eliminate the degeneracy
of (1-2) from the symmetry of diffeomorphisms and consider

0 . )
13 3 +2<Rlc——g>=—2pg+§£wg,
( - ) m S0 2

(m—l)Ap—l—sop:—‘Ric— gl .

m
This is DeTurck’s conformal Ricci flow for an appropriately chosen vector field W
(cf. Equation (3-5)) with an initial metric g(0) = go of constant scalar curvature sg.
Equation (1-3) is a strong parabolic-elliptic partial differential equation. We use the
contractive mapping theorem to prove an isomorphism property for the linearized
DeTurck conformal Ricci flow and then we use the implicit function theorem to
prove short-time existence for the DeTurck conformal Ricci flow. From this we
obtain short-time existence for the conformal Ricci flow based on the discussion in
Section 3.1.

Theorem 1.1. Let (M™, go) be a compact Riemannian manifold of constant scalar
curvature so with no boundary. Suppose that the elliptic operator (m — 1) A g + 5o
is invertible. Then there exists a small positive number T such that the conformal
Ricci flow g(t) with the initial metric gg exists for t € [0, T'].

This extends the existence result in [Fischer 2004] to include some compact
manifolds with scalar curvature sy > 0. For parabolic Holder spaces and the theory
of linear and nonlinear parabolic equations used in the proof, we take references
mostly from [Lunardi 1995]. We also extend the monotonicity of the Yamabe
constant in [Fischer 2004] as follows:

Theorem 1.2. Let (M™, go) be a compact Riemannian manifold and let g(t), t €
[0, T'), be the solution of conformal Ricci flow with g(0) = go. Suppose that g is
the only Yamabe metric in the conformal class [go] with scalar curvature sq, = s
and that (m — 1) A4 + so is invertible. Then there is Ty € (0, T'| such that each
metric g(t), t € [0, Ty), is a Yamabe metric and the Yamabe constant Y|[g(t)] is
strictly increasing for t € [0, Ty) unless go is an Einstein metric.

This theorem indicates that the conformal Ricci flow is somehow a better family
of constant scalar curvature metrics than those obtained in [Koiso 1979].
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On asymptotically flat manifolds we use weighted Holder spaces defined in [Lee
and Parker 1987], and define weighted parabolic Holder spaces based on the similar
ones in [Lunardi 1995; Oliynyk and Woolgar 2007].

Theorem 1.3. Let (M™, go) be a scalar flat and asymptotically flat manifold with
80— 8¢ € Ci’f, where o € (0, 1), T € (0, m — 2), and g, is the standard Euclidean
metric. Then there exists a small positive number T such that the conformal
Ricci flow g(t) from the initial metric gy exists for t € [0, T] and g(t) — g. €
cl2te (0, T1 x M).

It is easily seen that (1-1) and (1-2) are equivalent on asymptotically flat manifolds
because of the uniqueness of bounded solutions to linear parabolic equations on
such manifolds. The scalar flat assumption in Theorem 1.3 is less stringent than
it looks. Thanks to Schoen and Yau [1979, Lemma 3.3 and Corollary 3.1] we
know that one can always conformally deform an asymptotically flat metric with
nonnegative scalar curvature into a scalar flat and asymptotically flat metric.

Conformal Ricci flow is the gradient flow for the ADM mass on asymptotically
flat manifolds (see Definition 4.1) in the following sense:

Theorem 1.4. Let g(t) be the conformal Ricci flow obtained in Theorem 1.3 for
v € (%52, m—2). Then

d :
Som(g(1) = -2 / IRicg()|* dvolg( .
M

In particular, the ADM mass m(g(t)) is strictly decreasing under conformal Ricci
flow, except when g is a Euclidean metric.

As a quick application of Theorem 1.4, one can easily show the rigidity part of
the celebrated positive mass theorem of Schoen and Yau [1979]. The monotonicity
of the ADM mass along conformal Ricci flow is sharply in contrast to the invariance
of the ADM mass along Ricci flow on asymptotically flat manifolds [Dai and Ma
2007; Oliynyk and Woolgar 2007].

The organization of the paper is as follows: In Section 2 we introduce the
conformal Ricci flow and establish the monotonicity of the Yamabe constant on
compact manifolds. In Section 3 we prove short-time existence of the conformal
Ricci flow, both on compact manifolds and on asymptotically flat manifolds. In
Section 4 we recall the definition of the ADM mass and show that conformal Ricci
flow on asymptotically flat manifolds is the gradient flow for the ADM mass.

2. Conformal Ricci flow

In this section we first introduce the conformal Ricci flow and then calculate
evolution equations for curvatures along conformal Ricci flow. We then discuss the
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monotonicity of Yamabe quotients and Yamabe constants along conformal Ricci
flow.

2.1. Conformal Ricci flow. Suppose that M is a smooth m-dimensional manifold
and that gp is a Riemannian metric on M with constant scalar curvature sy. In
[Fischer 2004], the conformal Ricci flow on M is defined by (1-1) for a family of
metrics g(¢) with initial condition g(0) = go and a family of functions p = p(¢) on
M x [0, 7).

As shown in [Fischer 2004], the normalization condition s,y = so in (1-1)
may be replaced by an elliptic equation and one can rewrite (1-1) as (1-2). The
equivalence between (1-1) and (1-2) was proved in [Fischer 2004, Proposition 3.2
and 3.4] when M is a compact manifold. Based on the evolution equation for scalar
curvature, it is easily seen that (1-1) always implies (1-2). Equation (1-2) implies
(1-1) when the solution to the linear heat equation is unique, which is true both in
the compact and asymptotically flat cases that we consider in this paper.

One important issue for geometric PDEs is the scaling property. It is easy to see
that for any constant A > 0, if g and p solve the conformal Ricci flow (1-2), then

(2-1) g(- D) =A1"2g(-,A’)) and py(-, 1) =A"p(-,2%)
also solve the conformal Ricci flow.

2.2. Curvature evolution equations under conformal Ricci flow. To understand
conformal Ricci flow one often needs to calculate how curvatures behave along it.
The calculations are straightforward. Consider a general geometric flow

0
2-2 —g=-2T.
(2-2) 58
We recall that the evolution equations for curvatures are (see [Chow et al. 2006;

Besse 1987])

25 =200 -29'VIT; +2RUT;,
Gl k k ki k k
- Rij = AT = ViV Ty =V, VAT + ViV,© + 2R T = Ra T = Ry T,
0

a7 Rikjt = ViViTa = ViViTi; = ViV Ty + ViViTij — RikjmT"; — Rikmt T";,

where © := g/ T;;. For the conformal Ricci flow, where

T=Ric—s—0g+pg and ® =5 —s9+mp,
m
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we calculate the evolution equations for curvatures under the first equation in (1-2)
and get

0 2S0 . so |2
—s:As+—(s—s0)+2p(s—s0)+2(m—1)Ap+2sop+2‘Rlc——g) ,
at m m

a

5 Rij = AR + 2Ry R = 2Ry R*; + (m = 2)V;V; p + Apgi;.

d

2 ~
3 Rm = ARm + Rm * Rm + Ric * Rm +ﬂ Rm —2pRm +T (V?p),
m

where the operator * stands for contractions of tensors, Rm is the Riemann curvature
tensor, and

T(Vzp)ikjl =8uViVjp —8kjViVip — &itVkVip + &ij Vi Vip.

2.3. Yamabe constants under conformal Ricci flow. On compact manifolds along
conformal Ricci flow, we may calculate that

3
© =mp, 3 dvolgy = —mp dvolg ),
2
(2-3) 4 yol(M) = —m / pdvoly == / ‘Ric _ S—Og‘ dvol, .
dt M S0 Jm m

Given a compact Riemannian manifold (M™, k), the Yamabe quotient is defined as

Sh dVOlh
O[h] = IM—,Z
voly, (M)(m=2)/m

and the Yamabe constant is defined as
Y[h]= inf QO[h].
(] hlen[h] Olh]

A Riemannian metric 4 is said to be a Yamabe metric if and only if

Thus from (2-3) we have this:

Proposition 2.1. Suppose that g(t),t € [0, T), is a solution to the conformal Ricci
flow (1-2) on a compact manifold with scalar curvature sg, # 0. Then the Yamabe
quotient Q[g(t)] is strictly increasing unless gy is an Einstein metric.

Next we give a proof of Theorem 1.2 concerning the evolution of Yamabe
constants along conformal Ricci flow. As observed in [Wang and Zheng 2011;
Chang and Lu 2007; Anderson 2005; Koiso 1979], the Yamabe constant could in
general behave rather irregularly among manifolds of positive Yamabe type.
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Proof of Theorem 1.2. We prove the result by contradiction. Assume there is a
sequence #; — 0T such that g(;) are not Yamabe metrics. Let g; be a Yamabe metric
in the conformal class [g(#;)] of the same volume as g(¢#;). By the compactness of
the space of Yamabe metrics of fixed volume, g; converges to a Yamabe metric
g0 € [go] (taking a subsequence if necessary). By the assumption that g is the
only Yamabe metric in [gg], we have goo = go. That is to say that both g(#;) and g;
converge to go. Since (m — 1) A4, + s is assumed to be invertible, we can apply
Koiso’s decomposition theorem [1979, Corollary 2.9] in the set of metrics of the
same volume as gg to conclude the following: In some small neighborhood of g,
each metric can be written uniquely as the product of a metric of constant scalar
curvature near go and a function. Since g; and g(#;) are in the same conformal
class, have the same volume and both have constant scalar curvature, we get a
contradiction. O

Note that similar arguments have been used in [Wang and Zheng 2011; Chang
and Lu 2007; Anderson 2005; Koiso 1979].

3. Short-time existence of conformal Ricci flow

In this section we prove the short-time existence of the conformal Ricci flow, i.e.,
Theorem 1.1 and 1.3. The first step is to combine the two equations in the conformal
Ricci flow into one evolution equation with one nonlocal term. More precisely,
(1-2) can be written as

(3-1) 9 +2(Ric - S—Og) — _2%(g)g on M,
ot m

where
1l so |2
() = (m— DA +50)~" [Ric— g,

provided that (m — 1) Ag(,) + s is invertible for all 7 € [0, T']. The strategy to prove
the short-time existence for the conformal Ricci flow is similar to the one used in
[DeTurck 1983; 2003] to prove the short-time existence for the Ricci flow. We will
first prove the short-time existence for DeTurck conformal Ricci flow written as

(3-2) %g +2(Ric - S—Og) — 2P(g)g+Fwg on M.
m

To prove the short-time existence for (3-2) we calculate the linearization of the
DeTurck conformal Ricci flow and apply an implicit function theorem.

3.1. DeTurck’s trick. As a system of differential equations, the conformal Ricci
flow is of parabolic-elliptic nature, similar to the Navier—Stokes equations. The
significant difference between the conformal Ricci flow and the Navier—Stokes
equations is that the conformal Ricci flow is a geometric flow. Hence we need to
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find ways to eliminate the degeneracy of the conformal Ricci flow arising from the
symmetries of diffeomorphisms.

In this subsection we will follow the idea of the improved version [DeTurck
2003] of the approach to short-time existence for the Ricci flow in [DeTurck 1983]
to get rid of the degeneracy of diffeomorphisms for conformal Ricci flow. Before
introducing DeTurck’s trick, we first recall the following operator G. Let g be a
Riemannian metric on M™. The operator G on symmetric 2-tensor B is defined as

(3-3) G(B) =B — 1Try(B)g.
Also recall the divergence operator &
(8B); :=V/B;; :T(S*(M)) — [(T*M)
and its adjoint operator §*
(*w)ij = —3(wij + ;) : T(T*M) — T'(S*(M)).

Note that if X is the dual vector field of w, then §*w = —Fx g, where £x denotes
the Lie derivative in the X direction.

According to DeTurck’s improved version [2003] of his approach to the short-
time existence of Ricci flow [DeTurck 1983], we consider the following gauge-fixed
conformal Ricci flow on M:

0 . 50 %, ~—1 ~
Seg+2(Ric = ~lg) = —2pg +2(6" (715G @),

(3-4) o 12
m—-—1DAp+sop = —‘Ric— ;g‘

for a family of metrics g(#) with g(0) = go and a family of functions p(¢) on
M x [0, T), where g is any fixed metric on M.

Suppose that g(¢), t € [0, T'), solves (3-4). Then we consider the time-dependent
vector field W

(3-5) W= ¢ (T}, [g] — T [3]),

where Ffj are the Christoffel symbols of the corresponding metric. It turns out that
(see [Hamilton 1995, Section 6; Shi 1989])

2(8"(&7'8G()) = Lws.

Hence we can rewrite (3-4) as

.S
Bi +2<RIC — —Og) =-2pg+Lweg,
t m

(3-6) so |2
m—1DAp+sop = —‘Ric— ;g‘ .
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The conformal Ricci flow (1-2) and the DeTurck conformal Ricci flow (3-6) are
related to each other by coordinate changes in the following sense. Suppose that
&(1) solves the DeTurck conformal Ricci flow (3-6) and W is given as in (3-5). We
consider the one-parameter family of diffeomorphisms ¢; generated by W on M,
defined by

0
(3-7) EQOI(X)Z_W(@t(x)st), ®o(x) = x,
for some time period [0, T).

Lemma 3.1. Let (g(¢), p(t)), t € [0, T), be a solution to the DeTurck conformal
Ricci flow (3-6) on the manifold M™ with the initial metric go. Assume that the
solution ¢, (x) to (3-7) exists fort € [0, T). Let

§0)=¢78@) and p@t):=ple(x),1).

Then (g(t), p(t)),t €10, T), is a solution to the conformal Ricci flow (1-2) on the
manifold M with g(0) = go.

Proof. By using (3-6) we simply compute that (cf. [Chow et al. 2006, Section 2.6])
y g ply p
D= (La0)+ 2| (ot
58O =9/ (580 ) + =~ S:0(<01+sg(t))
. S0 A ~n ~ ~
= —2¢; (ng i pg) +o] (Lwd) = L) w0 d)
. 50
= —2(R10g - —g+ pg).
m

The second equation for p in (1-2) is readily seen to hold, since the scalar curvature
under both flows is kept constant as sg. (]

This lemma is particularly important to us because it enables us to prove the
short-time existence of the conformal Ricci flow by proving the short-time existence
of the DeTurck conformal Ricci flow. The later will be shown to be a system of
parabolic-elliptic equations (see Lemma 3.3).

On the other hand, suppose that (g(¢), p(¢)), t € [0, T'), solves the conformal
Ricci flow (1-2) on M with initial metric gg. Let g be any fixed metric on M. We
then consider the harmonic map flow

0
(3-3) 5% = ANgir),59r, @o=1d
for ¢; : M — M, where the nonlinear Laplacian in local coordinates is

o1 3fF s

(Agl,ng)y =Ag [T+ Fc)x/ﬁ[gZ] axi oxJ 81

The following lemma is useful for deriving the uniqueness of the conformal Ricci
flow from the uniqueness of the DeTurck conformal Ricci flow. From it readily
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follows that the uniqueness of the conformal Ricci flow with a given initial metric
holds at least on compact manifolds.

Lemma 3.2. Let (g(¢), p(t)), t € [0,T), be a solution to the conformal Ricci
flow (1-2) on the manifold M™ with the initial metric gy. Assume that the solution
@ : M — M to the harmonic map flow (3-8) exists fort € [0, T). Let

g = (p; H*e(t) and p(x,t):= plp; (x),1).

Then (g(t), p(t)),t € [0, T), is a solution to the DeTurck conformal Ricci flow (3-6)
on the manifold M with the initial metric g.

Proof. This follows from a calculation like the one in the proof of Lemma 3.1, after
identifying the vector field W with A, ;) ¢, (see [Chow et al. 2006, p. 117]). [

3.2. Linearization of DeTurck conformal Ricci flow. In this subsection we com-
pute the linearization of the DeTurck conformal Ricci flow (3-2). To do so we
set

gn(1) = g(t) + Ah(r)

for a family of symmetric 2-tensors A(¢) and for A € (—¢, €). We rewrite the
DeTurck conformal Ricci flow as

0 . S 0

(3-9) M(g(1) = g+2 (Rlc - —Og) +2P(g)g —Fwg = -8 —F(g) =0
ot m ot

and calculate

d
E\AZOM(&).

To compute the linearization of % we first calculate (cf. [Chow et al. 2006,
Equation (S.5), p. 547])

%‘AZO AN, P(g) = —hijV'VIP - L2V h;; — V0 )VIP 4+ AP,
where P’ = i) P(g,). Next we may calculate
di A=o0

d . so |2
ﬁ’x:o ‘Rlcg* T

using the linearization of Ricci curvature

d
(3-10) I A:O2Rij [g:.] = —Ahij —2Rixjihi + Rikhkj + Rjih*,;

— V; V5 4+ ViVER + Y ViR,
(see [Chow et al. 2006, (2.31)]). In summary we have
(m — )AP + 0P — PV, V by — PY*Nihji+ Py hi; =0,
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that is,
(3-11) P = ((m—1)A+50)" " (PyxVh+ P, %« Vh+ Pyxh),

where Py, P,, P; are tensors that depend on curvature of g(¢) and up to second-order
spatial derivatives of p.
In the calculation of the linearization of Jil the crucial step is to calculate

d

__da x
7 /\zoifmgx =- 0 ;\=08 [gr]ws,

where (w,); := (gx),-ka and W, = —5'8[g,1G[g,1(2). In fact, the key point of
DeTurck’s trick is to collect the second-order covariant derivatives of / in the above
and realize that they cancel out the second line in (3-10). To see that we first collect
terms involving the first-order covariant derivatives of / in

c%»| 0 (@)i = V¥hyi — %Vihkk + other terms.
A=

Then we collect the second-order covariant derivatives of 4 in

(3-12) j—k‘k_o (80 @n)ij = —ViVEhy — V;VEhy; + ViV, + other terms.
Therefore
(3-13) A | M) = ot = AR +29'g + M7 Vi + MY by,

where M depends only g(¢) and P(g) and M, depends on the curvature of g(t)
and ?(g). To summarize, we have this:

Lemma 3.3. Suppose that g(t), t €[0, T], is a family of metrics such that the elliptic
operator (m — 1) Ay + o is invertible for all t € [0, T). Then the linearization
of the DeTurck conformal Ricci flow equations (3-2) at the metrics g(t) in the
directions of the symmetric 2-tensors h(t) is

(3-14) DJI/L(g)(h):%h—Ah—i—Z@”g—i—Ml*Vh—i-Mg*h,

where

P =((m—1)A+s0) " (Py*xV>h+ P« Vh+ P3xh).

Here Py, P,, Ps are tensors depending on curvature of g(t) and up to the second-
order derivatives in spatial variables of ¥ (g), and My, M, are tensors depending
on the curvature of g(t) and the function P(g).
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3.3. Short-time existence on closed manifolds. Let us first solve the conformal
Ricci flow on a compact manifold M™. There are many books that are good
references for linear and nonlinear systems of parabolic equations. We will mostly
use the book [Lunardi 1995, §5.1], in particular its Theorem 5.1.21, for existence
and standard estimates. We adopt the definitions of parabolic Holder spaces from
[Lunardi 1995, pp. 175-177]. We use the same notations for parabolic Holder
spaces of functions and of tensor fields when there is no confusion. To define norms
for tensor fields we may use the initial metric and local coordinate charts.

3.3.1. Preliminaries. Since we deal with systems of parabolic-elliptic equations,
we need to consider elliptic estimates with a time parameter. There is an advantage
to using only the supremum norm in the time variable, as indicated by the following
lemma.

Lemma 3.4. Let g(¢), t € [0, T], be a family of smooth Riemannian metrics on a
compact manifold M™. Suppose the operator (m — 1) Ag() + 5o is invertible for
t €0, T). Then the equation

(3-15) (m =D Agiyp(t) +s0p(t) =y

has a unique solution p € C%?%% for each y € C%*. Moreover, p satisfies the
estimate

(3-16) I pllcoz+e = Cllyllcoa

for some constant C independent of y .

Proof. In the light of the standard Schauder estimates for elliptic PDEs, we only
need to verify that p(¢) is continuous in the time variable, which is a consequence
of the classical Bernstein estimates. U

The following interpolatory inclusion will be useful in the proof of the short-time
existence (cf. [Lunardi 1995, Lemma 5.1.1]).

Lemma 3.5. There is a constant C independent of T such that for any t1, t; € [0, T']
we have
At ) —h(t2, )llck2a < C -t = o] - |l c1a+a

forall h € CY*e([0, T1 x M).

3.3.2. On linearized DeTurck conformal Ricci flow. We first solve the linearized
DeTurck conformal Ricci flow

ad /
DM(g)(h) = —h—Ah+2P' g+ M *Vh+My+xh=y,
- @) =5 g+ M, 2xh=y
h,-)=0

for appropriately given metrics g(¢) for each y € C%.
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Proposition 3.6. Suppose that g(t), t € [0, T, is a family of metrics such that the
elliptic operator (m — 1) Ag(y) + s is invertible for all t € [0, T]. Then, for y € coe,
the initial value problem for (3-17) has a unique solution h € C">**. Moreover,

(3-18) 2]l cr2ve o, 71500y < ClV 0w 0. 77% M) -
Proof. To use a contractive mapping-type argument we consider the Banach space
E\([0, T*]) = {h € C"*™ : (0, -) = 0}.

Given h € E; ([0, T*]), based on [Lunardi 1995, Theorem 5.1.21], we first solve a
usual system of linear parabolic equations

O AR+ M, %Vh+Mysh =7,
(3-19) ot

h(0,-) =0,

where 7 =y —2%'(h)g € C%% and %' (h) is defined by (3-11). We remark that it
takes some work to extend Theorem 5.1.21 in [Lunardi 1995] to be applicable to
our context, but there are no significant issues in doing so. Hence we may define
a map

W E([0, T*]) — E1([0, T*]), W(h)=h.

Note that if we set
v=W(h)—Y(hy),

then v satisfies

%v — Av+ M %« Vo+ My v =2 (hy) — 9"(51))8,
(0, -) =0.

Since
(P (hy) — P'(h1))gllcorve < Cllhy — hallco2+a

holds by (3-11) and Lemma 3.4, we obtain again from the estimates based on
Theorem 5.1.21 in [Lunardi 1995] that

[vllcrase < Cllay — hallcorse.
In the light of Lemma 3.5, we thus have
[v(t1) —v(®) llc2e < C - |t1 — ta] - 1) — hall cozve.
In particular,

W (7)) — W (o) || cozva < CT* ||y — ha| co2ta.
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To apply the contractive mapping theorem we observe that
W (h)|| coosa < |1 (O0) || corra + CT*|| ]| co2ta,

where
W (0)][crate < Colly llcoe

for some constant Cg, from the estimates based on Theorem 5.1.21 in [Lunardi
1995]. Thus

V:Br={heE([0,T*]:[|hllco2ta < R} — Bg,

for R=2Cy||y | co«, is a contractive mapping when 7T* is appropriately small. Then,
by the uniqueness of the solution of the linear parabolic equation (3-17), one may
extend the solution of (3-17) to [0, T'] by steps in time of length T*. The estimate
(3-18) follows from the estimates based on Theorem 5.1.21 in [Lunardi 1995]. OJ

To summarize, we have established that
DJl(g) : C*H([0, T1 x M) N {h(0, ) =0} — C*“([0, T] x M)
is an isomorphism, provided that g(¢) satisfies the assumptions in Proposition 3.6.

3.3.3. Implicit function theorem argument. Next we solve the DeTurck conformal
Ricci flow and then the conformal Ricci flow. Our approach is to use an implicit
function theorem. Let us start with the following general implicit function theorem.

Lemma 3.7. Let X and Y be Banach spaces and let

HX—>Y

be a C' map. Suppose that for a point xo € X there are positive numbers § and C
such that

(DI <C  forall x € Bs(xp),

1D (x1) — DI <~ for all xy. %2 € By(xo).

—2C
Then, if
8
7 < —,
[ (xo) |l < e
there is x € Bs(xo) such that
#(x)=0.

To apply the above implicit function theorem to the map

M CHF[0, T x M) N {g(0) = go} — C¥%([0, T] x M)
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to solve the DeTurck conformal Ricci flow we need to show that [l is continuously

differentiable. In fact we have the following lemma.

Lemma 3.8. Let M™ be a compact manifold and let g(t) € C>([0, T] x M) be
a family of metrics such that the elliptic operator (m — 1) Ag(s) + 8o is invertible for
allt € [0, T). Then there is a 5¢ > 0 such that

| DM(g1) — DM || (124, coay < ClIg1 — &2l c12+a

for ||lgi — gllcrose <8¢ in CV2H4(0, TI1x M) and i =1, 2.
Proof. We calculate, for any h € Ccl2ta ({A(O, -) =0}, that
(DM(g1) — DM(g2))h = (Ag, — Ag)h +2P[g11(g1 — &2)

+ Milg1]* (Vg h — Vg,h) + (M1[g1] — Mi[g2]) * Vg, h

+ (M>[g1]1 — Malga]) * h +2(P'[g1] — P'[g2]) &2
It is easily seen that
IMi[g1]* (Vg h —Vg,h) + (Milg1] — Mi[g2]) * Vg, h|l cow

< Clig1 — g2llcra+ellhllcr24a,

[(M2[g1] = Ma[g2Dhllcoe < Cligr — g2llcratallhllcrave,
[Agh—Aghlcox < Cligi — &2llcrasallhll crave.

It is also easy to see that

19'1g11(81 — &)l cow < Cligi — g2llcro+allhllcr24a

under the assumption that ||g; — g||c1.24« < 8¢, i = 1, 2, from the definition of ?’ in
(3-11).
For the last remaining term we write

(m — DA +50)(@[g2] — P'[g1]) = (m — D (A, — Ag,)P[g1]
+ (Pilg2] — Pilg1]) * Vi, h + Pi[gi] % (Vy, — V2 )k
+ (Palg2] — Palg1]) # Vg, h + Pa[g1] % (Vg, — Vg )R
+ (P3lg2] — P3lg1]) = h

and apply Lemma 3.4. Then
19" [g1]1 = P'[g21llcoa < Cllgr — g2l crave |l cr2ta,
which implies that

1(P'[g1]1 =P [g2Dgllcow < Clig1 — g2llcrsallBll 12+

Thus the proof is complete. (]
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To apply Lemma 3.7, we consider the initial approximate solution

(3-20) g(t) = go+1F(go),
where & was introduced in (3-9). We then calculate that

(3-21) M(8) = —F(go +tF(g0)) + F(go)

1
— ¢ / DF (g0 + 01F(50))d - F(g0).
0

Now we are ready to state and prove the short-time existence theorem for the
conformal Ricci flow (a precise form of Theorem 1.1).

Theorem 3.9. Let M™ be a compact manifold with no boundary. Suppose that
goeC 4o s a Riemannian metric on M such that the scalar curvature Sgo = S0 i
constant and that the elliptic operator (m — 1) Ag + g is invertible. Then there
exists a small positive number T such that the conformal Ricci flow g(t) exists in
C 12+ from the initial metric gq fort € [0, T].

Proof. First we notice that Proposition 3.6 holds for the family of metrics g(¢) =
go+1F(go) in C7+*  for some appropriately small 7' such that the elliptic operator
(m — 1) Az + 50 is invertible for all # € [0, T']. Therefore there is a constant C and
a small number &y such that

_ 1
(D) =C  and [ Dl(g1) — D)l < 55

forall g, g1, g2, € B(8y), where B(80) ={g € C1?*%:||g—g|lc12+« <8}, according

to Lemma 3.8. Next, after choosing an even smaller T if necessary, we observe
from (3-21) that

o

M) || coe < —.

M)l cow = °C

Hence Lemma 3.7 implies that DeTurck conformal Ricci flow g(¢) exists in C 1.24a

with the initial metric go. Therefore, applying Lemma 3.1, we obtain the short-time

existence for conformal Ricci flow from the initial metric gg, since (3-7) is always

solvable for short time. ([

3.4. Short-time existence on asymptotically flat manifolds. In this subsection we
establish the short-time existence of the conformal Ricci flow on asymptotically
flat manifolds. The idea of the proof is the same as of the proof in last subsection.
We remark here that the short-time existence of the Ricci flow on asymptotically
flat manifolds has been established independently in [Dai and Ma 2007; Oliynyk
and Woolgar 2007]. The approach in [Dai and Ma 2007] is to use the short-time
existence result in [Shi 1989] and the maximum principle to show that the Ricci
flow in fact remains asymptotically flat when starting from an asymptotically flat
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metric, while the approach in [Oliynyk and Woolgar 2007] is to establish short-time
existence of the Ricci flow based on weighted function spaces. Our approach is
similar to the one in [Oliynyk and Woolgar 2007], since neither short-time existence
on noncompact manifolds nor a maximum principle are available for the conformal
Ricci flow.

3.4.1. Analysis on asymptotically flat manifolds. We first briefly introduce asymp-
totically flat manifolds according to [Lee and Parker 1987] and then construct
appropriate parabolic Holder spaces on them.

Definition 3.10 [Lee and Parker 1987, Definition 6.3]. A Riemannian manifold
M™ with a C?-metric g is called asymptotically flat of order T > 0 if there exists
a decomposition M = My U M., (with My compact) and a diffeomorphism W :
My — R*\ Bg (6) for some R > 0, satisfying

g2 =g @+0(p™), Hg@=00""", &hg@ =0T,

where g, is the standard Euclidean metric and p = p(z) = |z| — o© in the coordinates
z=(z',---,z™) induced on M, by the diffeomorphism W.

We give the definition of weighted Holder spaces Cg’a from [Lee and Parker
1987, p. 75]. Again we will use the same notations for weighted Holder spaces
of functions and of tensor fields if there is no confusion. We use local coordinate
charts and a given metric whenever it is necessary for the definition of Holder
spaces of tensor fields on asymptotically flat manifolds.

Fix a number T > 0. Analogous to [Lunardi 1995, pp. 175-177], we define a
parabolic weighted Holder space

Cyt = {h € C(M x[0,T]) :h(t) e C5® and max [|h()]che < oo}
tel0,T] B

with the norm

hl| ~0k+e = max ||h(t .
| |Icgk+ max, 1A ( )IIC;;
Similarly we define the space
Lk4a , 0,k+a 0,k—2+a
Cy ™ i={heCy ™ and 9;h € Cy", "™}
with the norm
17l p1kve := max [|A(2)|| ke + max [|0;h ()| ph-2a.
B 1€[0,T] B 1€l0,T] B2

We now recall the elliptic theory for weighted Holder spaces, for example, from
[Lee and Parker 1987, Theorem 9.2] in our context.
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Lemma 3.11. Let (M™, g(t)), fort € [0, T], be a family of asymptotically flat
manifolds with g(t) — g. € C 9,2 * for v > 0. Then

. 0,24« 0,
is an isomorphism for B € (2 —m, 0), that is, there is C such that
o < A Lo .
lell oz = C g(z)btllcgf2

Analogous to Lemma 3.5 we have a simple interpolatory inclusion.

Lemma 3.12. There is a constant C independent of T such that for any t,t, €
[0, T], we have

(o t) = A, ) ctze < C- 1=l - Il et

forall h € Cy**(M x [0, T)).

3.4.2. Short-time existence on asymptotically flat manifolds. Here we assume that
the initial metric go on M™ is asymptotically flat and scalar flat. Thanks to [Schoen
and Yau 1979, Lemma 3.3 and Corollary 3.1], we know that one can always
conformally deform an asymptotically flat metric with nonnegative scalar curvature
into a scalar flat asymptotically flat metric. We will use the strategy of Section 3.3
to prove the short-time existence of conformal Ricci flow on asymptotically flat
manifolds.

First with changes of notations we are able to prove the isomorphism analogous
to Proposition 3.6. An extension of [Lunardi 1995, Theorem 5.1.21] to the weighted
parabolic Holder spaces on asymptotically flat manifolds may be proven by the
standard argument through interior estimates and scaling invariance of the interior
estimates (cf. [Oliynyk and Woolgar 2007; Bartnik 1986; Lee and Parker 1987]).
The key is to realize that one may move in and out the weight for local estimates.

Proposition 3.13. Suppose that g(t), t € [0, Tol, is a family of asymptotically flat
metrics with g(t) — g, € CE’Z*"‘ for t € (0,m — 2). Then there is a T, € (0, Tp]
o

such that, forany T < T, andy € CE’T_Z, the initial value problem for (3-17) has a

. . 1,2
unique solution h € C_;, ‘e Moreover,

”h”CI_’rz'W(MX[O,T]) =< C||V||C9~372(MX[0,T])-
This is to say that, for T € (0, m — 2),

DAl(g) : CLZF*(M x [0, T) N {(0, -) = 0} — C>* (M x [0, T1)

-7

is an isomorphism, provided that g(¢) and T satisfy the assumptions in the above
Proposition 3.13. The restriction on the order 7 of weight is solely used in solving
elliptic equations on weighted spaces in Lemma 3.11.
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To obtain a short-time existence of the DeTurck conformal Ricci flow we again
apply an implicit function theorem (Lemma 3.7) to the map

M:{g(): g(t) — g € CLZ (M x [0, T]) and g(0) = go} — C** (M x [0, T])

for any v € (0, m —2) and T given from Proposition 3.13. Finally, we arrive at the
short-time existence of the conformal Ricci flow.

Theorem 3.14. Let (M™, go) be scalar flat and asymptotically flat with gy — g. €
Ci’f and t € (0, m — 2). Then there exists a small positive number T such that

the conformal Ricci flow g(t) from the initial metric gg exists for t € [0, T] and
g(t) — g. € CLZT(M x [0, T).

Proof. As in Section 3.3.3 we first verify that
IDA(g1) — DAl (124w 0wy = Cllg1 = g2l o124

The proof goes like the one for Lemma 3.8 with only changes of notation. We then

construct
2(t) = go+1%(g0) € g+ CLT™

as in Section 3.3.3 for go — g. € Ci’f . Another issue one needs to take care of is
solving (3-7) to construct the conformal Ricci flow from the DeTurck conformal
Ricci flow. But, since W € C(lrlf‘f it is easy to solve (3-7) on the whole manifold
M for some short time. The rest of the proof goes like the one in Section 3.3.3
for Theorem 3.9 with little changes except in notation. Notice that the equivalence
between (1-1) and (1-2) holds because of the uniqueness of the bounded solution

of a linear parabolic equation on an asymptotically flat manifold. (]

4. ADM mass under conformal Ricci flow

Asymptotically flat manifolds are used in general relativity to describe isolated
gravitational systems. The fundamental geometric invariant of an asymptotically
flat manifold is called the mass of the gravitational system. The so-called ADM
mass of an asymptotically flat manifold was first defined in [Arnowitt et al. 1960].

In general relativity the world is modeled by a 4-dimensional spacetime X* with
a Lorentzian metric g. The physical law that describes the gravity induced by matter
in the spacetime is the famous Einstein equation

Ric, —%sgg =T,

where T is the energy-momentum-stress tensor that is supposed to reflect the nature
and state of matter in the spacetime. A time slice of a space-time that represents an
isolated gravitational system is an asymptotically flat 3-manifold M>.
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One of the most important solutions of Einstein equations is the Schwarzschild
spacetime, which represents the gravitational system of a static point particle of
mass m and whose time slice is an asymptotically flat metric

8Sch = 8 + %ge +0(p7?)

on the punctured R3. The crucial test to validate the notion of mass in relativity is
whether its predictions reduce to those of Newtonian gravity under the circumstances
where Newtonian theory is known to be valid; when gravity is weak, motions are
much slower than the speed of the light, and material stresses are much smaller
than the mass-energy density (cf. [Wald 1984, 4.4]).

We now follow [Lee and Parker 1987, Definition 8.2] to introduce ADM mass
for asymptotically flat manifolds.

Definition 4.1. Given an asymptotically flat Riemannian manifold (M™, g) with
asymptotic coordinates z, we define the ADM mass by (if the limit exists)

m(@) = Jim ', /§ (181 — 9, gin’ dor,
R

where w,,— is the volume of the unit sphere s n=(n',..., n") is the outward
unit normal vector of the sphere Sg = {z € R™, |z| = R} and do is the area element
of SR .

Recall from [Lee and Parker 1987] that
My ={g=ge+h:heC ¥ and d;8h; —3;8;hy € L' (M, dvoly)}.
After Definition 4.1 one wonders if the ADM mass is indeed a geometric invariant
for the asymptotically flat metric. This was confirmed by the following result:

Lemma 4.2 [Arnowitt et al. 1960; Bartnik 1986]. Suppose that g is an asymp-
totically flat metric in M; on M™ for T > msz Then the ADM mass m(g) is
independent of the choice of asymptotic coordinates at infinity.

Another important fact about the ADM mass is the following, observed in [Lee
and Parker 1987, (8.11); see also Lemma 9.4].

Lemma 4.3. Ler g(t) be a smooth family of asymptotically flat metrics in M, on
M™, for t > mT_z Then the mass m(g(t)) is differentiable and

% (—f Sg(1) dVOlg(r) +wm1m(g(f))) Zf Glg(®)]-¢(t) dvolg,
" M

where G[g(t)] = Ricg() — %sg(,)g(t) is the Einstein tensor and ¢(t) = 0,g(t).

Theorem 3.14 and Lemma 4.3 now entail the following theorem.



432 PENG LU, JIE QING AND YU ZHENG

Theorem 4.4. Let gy be a scalar flat and asymptotically flat metric on M™ such
that gg—g. € C 4,? fort e (mT_z, m —2). Then the conformal Ricci flow g(t) starting
with g(0) = go exists for some short time and

gtyeM, and g(t)—g.€ Cl’?_a.

Moreover,

d :
Sm(g(0) = -2 / IRicg()|* dvolg( .
M

In particular, the ADM mass is strictly decreasing under conformal Ricci flow,
except when g is the Euclidean metric.

Proof. To verify that the conformal Ricci flow g(¢) stays in Jl; we only need to
verify that

3;0;8i;(t) —9,;0;gi(t) € L' (M, dvoly).
Recall that [Lee and Parker 1987, (9.2)]
5 =0;0igij —0;0;8ii + O(p~ "),
which implies that
3;0i81j — 9,08 = O(p~*" %) e L"(M, dvoly,)

for T € (’”T’Z, m —2). It is easily seen that the ADM mass is strictly decreasing
except when gg is Ricci flat. Then, using [Bando et al. 1989, Theorem 1.5] and [Lee
and Parker 1987, Proposition 10.2], one concludes that gq is the standard Euclidean
metric. Therefore the proof is complete. ([

A quick application of the above Theorem 4.4 is a simple and direct proof of the
rigidity part of Schoen and Yau’s positive mass theorem.

Corollary 4.5 [Schoen and Yau 1979]. Suppose that (M™, g) is asymptotically
Sflat manifold with nonnegative scalar curvature and that g — g, € C if‘ fort > de
If the ADM mass m(g) is zero, then (M, g) is isometric to the standard Euclidean

space R™.

Proof. First we know that g has to be scalar flat. Otherwise one can conformally
deform the metric to a scalar flat one and decrease the ADM mass to be negative,
which is impossible due to the first part of the positive mass theorem of Schoen
and Yau. Next we invoke Theorem 4.4 and come to the same contradiction if g is
not flat. (]
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