UNIQUENESS OF CONFORMAL RICCI FLOW
USING ENERGY METHODS

THOMAS BELL

Volume 286 No. 2 February 2017






PACIFIC JOURNAL OF MATHEMATICS
Vol. 286, No. 2, 2017

dx.doi.org/10.2140/pjm.2017.286.277
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We analyze an energy functional associated to conformal Ricci flow along
closed manifolds with constant negative scalar curvature. Given initial con-
ditions we use this functional to demonstrate the uniqueness of both the
metric and the pressure function along conformal Ricci flow.

1. Introduction

Uniqueness of Ricci flow on closed manifolds was originally proved by Hamil-
ton [1982]. Chen and Zhu [2006] subsequently proved uniqueness on complete
noncompact manifolds with bounded curvature. The method employed in [Chen
and Zhu 2006] utilizes DeTurck Ricci flow. Recently Kotschwar [2014] used
energy techniques to give another proof of the uniqueness on complete manifolds.
Kotschwar’s proof does not rely on DeTurck Ricci flow. A natural question is
whether similar techniques can be applied to demonstrate uniqueness of other
geometric flows. One such flow is conformal Ricci flow, introduced by Fischer
[2004]. Ricci flow preserves many important properties of metrics, but it generally
does not preserve the property of constant scalar curvature. Conformal Ricci flow is
a modification of Ricci flow which is intended for this purpose, and for this reason
it is restricted to the class of metrics of constant scalar curvature. Conformal Ricci
flow is, like Ricci flow, a weakly parabolic flow of the metric on manifolds, except
that conformal Ricci flow is coupled with an elliptic equation.

Let (M", go) be a smooth n-dimensional Riemannian manifold with a metric gg
of constant scalar curvature sg. Conformal Ricci flow on M is defined as follows:
b 5= 2R 42220 - 20050

s(g(1)) = s0

Here g(t), t € [0, T], is a family of metrics on M with g(0) = go, s(g(t)) is

the scalar curvature of g(¢), and p(¢), t € [0, T], is a family of functions on M.

on M x [0, T].
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In [Fischer 2004; Lu et al. 2014] we see that (1) is equivalent to the following system:

98 _ R 50 (1) —
o 5, = ~2Ricg +2- (1) = 2p(1)g (1)

((n = DA gy + 50 (1) = ~(Ricg) =L g(1), Ricgq) L (1)

Throughout we use V to denote the following symmetric 2-tensor:
3) V(1) =Ricg) =~ g(0) + p(g(0).

In this paper we use Kotschwar’s energy techniques to give a proof of the
uniqueness of conformal Ricci flow for closed manifolds with metrics of constant
negative scalar curvature. It is worth noting similarities to the study of certain
elliptic-hyperbolic systems done by Andersson and Moncrief [2011]. The existence
of solutions to conformal Ricci flow has been shown by Fischer [2004] and by Lu,
Qing, and Zheng [2014], the latter paper using DeTurck conformal Ricci flow. More
precisely we prove the following uniqueness theorem of conformal Ricci flow:

Theorem 1. Let (M", go) be a closed manifold with constant negative scalar curva-
ture so. Suppose (g(t), p(t)) and (g(t), p(t)) are two solutions of (1) on M x [0, T']
with g(0) = g(0). Then (g(1), p(1)) = (g(t), p(®)) for0 <t <T.

2. The differences between g(¢) and g(¢)

Let g(¢) and g(¢) be as in Theorem 1. We treat g as our background metric and g
as our alternative metric. Let V and V be the Riemannian connections of g and g
respectively. Similarly, let R and R represent the full Riemannian curvature tensors
of g and g respectively.

Leth=g—g, and A=V -V, ]?xplicitly, Aj.k = Fj.k — f‘;k where~Fj.k and f‘;k are
the Christoffel symbols of V and V respectively. Alsolet S=R—R and ¢ =p—p.

In this section we find bounds on %, A, S, g, Vg, and VVgq (see Propositions 3
and 5). Throughout this chapter we use the convention X * Y to denote any finite
sum of tensors of the form X - Y. We use C(X) to denote a finite sum of tensors of
the form X.

2.1. Preliminary calculations. First we calculate some useful expressions for quan-
tities which arise in the proofs of Propositions 3 and 5. We calculate

i

g7 — 87 = g" (57 8re) — 87 (8™ gre) = —&" 8 hye,
i.e.,

g —g'=g""xh.
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If X is any tensor which is not a function we have
(V-V)X = AxX.
We check this when X is a (1, 1)-tensor. Calculating in local coordinates we see
(V; — V)X = 3, x% —TL x5+ T X4 — 0, xk 4+ T xh — T XY
= AL XS— A[ Xy = AxX.
If f is a function however, then we have the following:
(VI =V f = (8"~ 80, f = =" &/ hied; [ = =g hie V" f.

or in other words
(V=V)f=h*VF.

We now calculate
Vil=(v-Vgl=5""xA.

The following calculation is also important.
Vihjr = Vigjk — Vigjx = — (Vi = V).
Thus we have
Vh=gxA.
Now we are able to calculate the following for a function f.
VIV=V)f=Vh*Vf)
=VhsVf4+hx(V=V)Vf+hxVVf
=3 AxVf+hxAxVf+hxVVf
Now let
€] fike = 8’V Rijre — 8°° Vi Rijie
= g""(Vy — Vi) Rijie + (8" — ") Vi Rijie
=A*xR+3 "xhxVR,
and we may calculate
Va(g"" VbR — §*"VsR) = Vu(g*"VyR — §"VyR) + g*"VaVs(R — R)
=divU + AS.
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We summarize the above calculations in the following lemma:

Lemma 2. Using the notation defined at the beginning of this section,

(5) g ' =g ' =g""xh,

(6) (V-V)X=AxX,

(7 (V=V)f=hxV],

(8) VETl=g""xA,

) Vh=gxA,

(10) VIV-V)f=g%xAxVf+hxAxVf+hxVV],
(11) U=AxR+Z 'shxVR,

(12) Va.(g’V,R — §*°V,R) = divU + AS,

where U is defined in (4).

2.2. Bounds on time derivatives of h, A and S. In this subsection we derive
bounds on the time derivatives of i, A and S. In particular we prove the following
proposition. Here, as well as throughout this chapter, we let C denote a constant
dependent only upon n while N denotes a constant with further dependencies.

Proposition 3. Let (g(t), p(t)) and (g(t), p(t)) be two solutions of (1) on M x [0, T].
Using the notation defined at the beginning of this section, there exist constants Np,
Ny and Ng such that

0
(13) || = Nalnl + C1s1+ 1D,

0
(14) |2 A| = NaGhl+14D +C(VS| + VgD,
(15 |&s—AS—divU| < N5l + 141+ S|+ g +CIVVql,

where U is defined in (4).

Proof. We start with the time derivative of 4. By (1) we have
ihij = —2(Rij — Rij) +22%(gi; — &ij) — 2(p gij — P &ij)
dt n
= 28y +2-Chi; = 20(p — p)gij + P (8ij — &i))]
= —258(,; +2f1—°h,-, —2q gij —2p hij.

Hence
%h = C(S) 4 C(soh) + C(q) + p*h
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and

(16) h) = C((sol +1pDIAI+ ST+ 1gD-

‘i
at
This proves (13).

Recall the definition of V from (3):
(17) V(1) =Ricg) =-08(1) + p(1)g(0).
We may define V similarly using our alternate metric 3. Since V and V are
symmetric 2-tensors, then by [Chow et al. 2006, p. 108] we may calculate

P 1y o~ o~ -~ o~ ~ o~
(18) Al =g NViVie+V;Vie = VeVip) = " (ViVije + Y, Vie = Vi Vip).

We proceed to calculate
(19) Vv —gkvivy,
=g“(ViRjo) — " (ViR;0) + Vi(pgje0) — 8" Vi(pg o)
= @"—g")ViRj + g" (Vi—ViRje — " Vi(Sp ) + 85V p — 84 vip
=3 '%«h*VR+AxR+C(VS)+hxVp+C(Vq),
where we have used (7) to get the last equality. Similarly we find
(20) gXV;Viy— g V;Vig=g""*h* VR+Ax R+ C(VS)+h*Vj+C(Vq).
Now we consider
@l =g VeV + Vv
=g '«h*VR+AxR+C(VS)+8"5;Vep—g"gijVep
=5 ' *h*VR+A*R+C(VS)+ (" — g8 Vep
+ 8" (&) — &) Vep + 8" 8ij (Ve — Vo)
+ 881 Ve(p — p)
=g '*hxVR+ A% R+ C(VS)
+3 ' %h%xgxVp+hxVp+C(Vq).
Hence by (18), (19), (20) and (21),

%A:g—‘*hwkﬂx*15+C(VS)+hNﬁ+C(Vq)+g—‘*h*gwﬁ
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and
(22) ‘—A‘ <C (Ig_ll IVR|+IVp|+|g‘1||g|IVp|)|h|+|R||A|+|VSI+|Vq|)

This proves (14).
By [Chow et al. 2006, equation (2.67)] we have

BRg

(23) ot ijk =

8" (ViViVim = ViV Vit = ViViVim + V; Vi Vig)

— & (R Vem + R, Vig)
= 8" (=ViVkRjm + ViV Rji + V; Vi Rin — V; V,, Rix)
+ 8" (—gjmViVip+8jk ViV p+8imV;Vip—8ikV; Vi P)
+g™ (R,,erm - lemRm — 208" (Rl grm + Rijn84r) P

Following the calculations in [Chow et al. 2006, pp. 119—120] we have

(24)  AR[; = g"VaVpRl = g" (=VaViRSy — VaViRy,)
“(=ViVa ijk"‘Rainmbk+RZ§bR1mk+RmkR]bm Riim bk
—VjVq szk+RanRfuk+Ra]szmk+RaJkaim Rﬁijbik)
" (=ViVikRjm + ViV Rjx + V;ViRim — ViV Rig)
+ 8" (—Rir RS\ — RjrR,pi0)

+8ab(Rm Ry + RIG R, — Ry R+ Ryji R}k

aij *mbk jbm aim aji
14
+ Ra]kaim Raijl’;;k)'
Combining (23) and (24) we have
9 ,

(25) ERz'ejk ARek_‘_gm (erR]mk+R]Vlek)

4 14

+ g ( R:Zj Rmbk RthkR]bm + RaLmR;nbk

m ¥4 m

RZ;IRbmk Raijbim + Ra]mRbik)

+ 8" (—gjmViVip+g jkv,-vm p+g,~mvvkp—gikvjvmp)
+ 8" (Riji Rym + Rij Rir) = 28" (REj8rm + Rl 81r)

+ 8" (R 8rm + R 8kr) -



UNIQUENESS OF CONFORMAL RICCI FLOW USING ENERGY METHODS 283

Hence the evolution of S is

3 ~ o~
(26) =S = AR — AR,

at
+ 8" (Rir Rjppg + Rjr RG) = 8" (Rir R + Ry Ryt

+ gub(_Rﬁj Ry — R(rzri'kRﬁbm + Rii Tok — R’anjinmk

- R(rz'}k Rﬁim + RﬁijZ;k)
- gab(_ ~Z1ij Ry — ROy benz + RS ~%k - Rzikgmk

- Rznjk Iéﬁtm + Eﬁjméﬁk)

+ 8" (—gjmViVip + 8k ViVimp + &im Vi Vip = gikV; Vi P)
— 8" (=8jmViVich + &k ViV P+ &imV;Vih — &ikViVim P)
+ gem(R{ijrm + R Ricr) — g’gm(é{jkérm + iéirjmkkr)

— 208" (RE grm + i) + 228" (R + R tr)
+ gzm(Rirjkgrm + R} &) P — gem(éirjkgrm + Rirjmgkr)l;-

Looking at the individual components, we see

(27)  AR—AR=gV,V,R—3"*V,V,R
= Va(8“’VuR) — Va (@’ VuR) + (Va — V) (§“°ViR)
= Va(g"VsR —3"VyR) + 37 ' x Ax VR,

while

28) g 'RR—3 'RR=(g "= "“WRR)+g "(RR—RR)
=7 '«h«RxR+g "(R—R)R+g "(RR—RR)
=§_1*h*I§*I§+S*I§+S*R,
and
29) g 'gVVp—g'gVVp=(g' -5 HEVVi+5 (s -9 VVp
+g 'g(VVp—VVp)
=g '%hxg«VVp+hxVVp
+e¢ (V=) (Vp)+g 'e(VVp—-VVp)
=3 xhxg«VVp+h«VVp+AxVp
+g 'gV(V=V)p+g 'gVV(p—p)
=3 " %hxgxVVp+hxVVp+AxVp
+hxAxVp+C(VVq),



284 THOMAS BELL

where in the last equality we used (10). We also have

30) g 'gR—-g 'gR=(¢"'-2 HER+g "(g-HR+g 'g(R—R)
=3 "xhxgxR+hxR+C(S),

and lastly

'=&gHaRp+57 (g~ DR
+¢ 'g(R=R)p+g 'gR(p—p)
=3 '«hxgx«R«p+h*Rx«p+Sxp+Rxq.

(31) g 'gRp—3 'gRp=(g

Now by (26), (27), (28), (29), (30) and (31) we see

dg_ Vi (g’VyR—3"V,R)+ 3 '« AxVR+3 '«h* R« R

ot - -~ . .
+ SkR+S*R+5 ' xhxgxVV p+hxVVp+AxVp
+hxAxV p+C(VVq)+§ " xhxgxR+hxR+C(S)
+3 "% hxg«Rxp+h*«Rxp+Sxp+Rxq.

Hence by (12) we have

(32) %S —AS—divU| = C((1g7"1IRP+ 187 1181IVV |+ VVp]|
+ 127 1ZNRIHIRI+12 G IRIIBI+IRI ) Al
+ (g IVRI+ V| + |V pDIA]
+ (IR + R+ 1+1DIS|+RIlg| + |V Vql).
This proves (15). O

Remark 4. Upon closer observation we notice the following dependencies:

Nj, = Ny (n, so, | P|).
Na=Na(n,so, 18,1871, IRI, [VRI, V).
Ns = Ns(n,so, 181,181, |nl, |RI, IR, IVRI, |pl, IV I, IVV D).

M is closed, so M x [0, T'] is compact. Thus, given two metrics g and g, all of
these quantities are bounded.

2.3. Bounds on q and its spatial derivatives. We turn our attention now to finding
bounds on the differences between our pressure functions p and p. We have the
following proposition:
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Proposition 5. Let (g(t), p(t)) and (g(t), p(t)) be two solutions of (1) on M x[0,T].
Then there exist constants N, and Ny such that

(33) / |q|2duszvq/<|h|2+|A|2+|S|2>du,
M M

(34) / |Vq|2duqu/ (h1*+ AP +1SP) dp,
M M

35) / |VVq|2duqu/ (B2 + AP + 1S dp.
M M

Proof. We let f represent any smooth function or tensor on M. This is general,
but in this paper we represent f by the function ¢, the difference of the pressure
functions. Since M is compact we have

/((n—l)A+sO)(f)-fdM=So/ |f|2du—(n—1)/ V£V ) du.
M M M

Since sg < 0, taking the absolute value gives

(36) ‘f ((n—l)A-i-So)(f)-fdM‘=ISO|/ |f|2du+<n—1>/ VP du.
M M M

Now we deal specifically with p, p and g. By (2) we have the following equations
for the pressure functions p and p:

37) (n—1DA+s0)p = —<Ric —%0¢, Ric —;—°g>.
(38) ((n— 1)A+so)ﬁ:_<Ric—%g,Ric—%g).
Now we calculate
(39) Ap—Ap=g"VVyp—gVeVip
= (g~ '=g HVVi+g  (V=V)Vj+g 'V(V=V)p+A(p—p)
=3 '«hxVVp+AxVp+h*xAxVp+ Aq.
We also compute
(40) Ric ngRlc ng-I—Rlc ngRlc P
= —(g" g/" RijRee — 8 §/" Rij Reo) + Zi—o(ginij — 8 Rij)
=—(@'-gHi'RR—-¢ (7' =g HRR—g g "(R—R)R
—¢ "¢ RR=R)+272(s7' =g HR+20¢ 7 (R—R)
=5 '%g '«hxR«R+5 "«hxRxR
+S*R+S«R+3 "xhxR+C(S).
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Combining (37), (38), (39) and (40), we see that ¢ satisfies the following elliptic
equation at each time ¢ € [0, T]:

(41) Lg=(n—1DA+s0)(q)
=3 ' whxVVp+AxVp+hxAxVp+3 %3 '«h«R*R
+5 '«h*«R«R+S*R+S+«R+3 '«hxR+C(S).

Hence
(42) ILq| = |((n = DA +50)(q)| < N(Ih| +|A| +S]).
To find estimates for ¢ and V¢, we combine (36) and (42):
s [ laPdiern=1) [ VP die= ‘ [ @-vatsarg du‘
M M M
< [ Nni+IALISDIg) du
M
< 800 [ g dpee N [ hPHAPHSP) d
M M
Thus
Bl [ g -1 [ [VaPdu =N [ QP 1AR ISP di
M M M
and we proved (33) and (34).
To find an appropriate bound for |[VVg| we use interior regularity theory for
elliptic PDEs. From (41) we see that Lg = f is an elliptic equation. We then have

the following estimate from [Rauch 1991, p. 229]:

191 m2wy < KULGl 20y + 19111 (1))
where W is any compactly supported open subset of M and K depends only upon

the coefficients of the operator L, the subset W and the manifold M. Since M is a
closed manifold we may in fact choose W = M. Thus we have

(43) g1 52y < KULG| 200y + 19 HY (01)-

Upon squaring both sides we observe

(44) /M VYVl dp < 1ql3 sKZ( /M Iquzdu+|q|?,1(M)).
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Now (33) and (34) imply that

(45) i sN/M(|h|2+|A|2+|S|2) dy.

Combining (42), (44) and (45) we have
/MIVVqlszSN/M(IhI2+|AI2+|S|2)dM,

and we have proved (35).

Remark 6. We observe the following dependencies:

N, = N,(n,s0, 187", ], IR, IR, IV, IVV ).
N, = N,(n, 50,187, |kl |R|, IR, VPl IVV ], K),

where K is from (43).

3. Energy estimates

We now define the energy functional
(46) €<r>=/ (h1*+ AP +1S)) dp,
M

as well as the following:

47) H(t):/ |h|?du.
M

(48) A(t):/ |A1Zdp.
M

(49) S(t):f 1S12dp.
M

(50) D(t):/ IVS|Zdpu.
M

287

Note that £(t) = H () +.A(t) +S(¢). We now estimate the evolution of the energy
functional under conformal Ricci flow, £'(¢), by first estimating the evolutions of

H, Aand S.

3.1. Evolution of H(t). Lu, Qing and Zheng [2014] give the evolution of the

volume element under conformal Ricci flow

0
(5D 3 digry = —np(t) dig ().
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Hence by (13) and (47) we have
’H’(t)SN/ |h|2du+/ 2<%,h)du
oh
5N?—L(t)+/ 2|h|)—‘du
SNH(t)-l-N/ (ISI1A]+ A 1> + |q||h]) dp.
M
Now we know that N (|S||k|+ |g||k]) < N(|h)* +|S|*> + |q|%). Hence
(52) H0) = N0 +N [ ISP +1aP) du
M

sNHm+N/umﬂw#+mﬁmL
M
<NH@)+NSH)+NA@l) = NE(1).

3.2. Evolution of A(t). By (14), (48) and (51) we have
A1) sNA(t)—l—/ 2|A|‘%’du
u o1
5NA(t)+/M(N|h||A|+N|A|2+C|VS||A|+C|Vq||A|)du.
Now
N|h||A|+ C|VS||A|+C|Vq||A| < N|h|*+ N|A? 4+ |VS]> + |Vq|*.
Hence we have that
(53) A/(t)5NA(t)—i—/M(N|h|2+N|A|2—|—|VS|2—|—|Vq|2)du
5NA(t)—i—N?—l(t)+D(t)+N/M(|h|2+|A|2+|S|2) dp
<NA@)+NH@)+ NS@)+D() =NE()+D(t).

3.3. Evolution of S(t). By (15), (49) and (51) we have
St < N/ |S|2du+/ 2<§, S> du

=< NS(I)-I-/ (2(AS+div V, S)+N(|A+Al+IS|+IgDISIH+CIVVqlIS]) di
M

< NS(t)+/ (2(AS+div V, S)+N (k> +AP+ISP+lg*+IV Vg [?)) du.
M
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Now by (33) and (35) we have
S'(t) < NS@)+ NH(t) +NA®)
+ [ UAS+ AN Y. S)+ NGAR+ISP +18P) di
M

< NS(t)+N’H(t)+NA(t)—|—/ 2(AS +divV, S)du.
M

Upon integrating by parts we get

S'(t) < NE(t) — 2/ (VS+V,VS)du
M

5N€(r)—2/ |VS|2du+/ 2\V|IVS|dpu.
M M
Now we know that

2VIIVSI < |VSP+ VI < |VSP+N(hP*+ AP,
hence

(54) S/mszvs(r)wvf (|h|2+|A|2)du—/ IVS|?du < NE(t) — D(1).
M M

3.4. Proof of main theorem. We are now ready to prove Theorem 1.
Proof. By (52), (53) and (54) we know that
H'(1) < NE(), A@) <NEM+D() and S'(t) < NE(t) —D(1),

SO
E'(t) < NE(1).

Our initial condition g(0) = g(0) tells us that at t =0 we have |h| =|A| =S| =0.
Therefore by the smoothness and integrability of our solutions we know

lim £(1) =0,
t—0t

so by Gronwall’s inequality we know that £ =0 on [0, T']. Thus for ¢ € [0, T'] we
have that h =0 and g(¢) = g(¢). Also, £ =0 implies A =0 and S =0, so (33) forces
g =0. Thus p(t) = p(t). Therefore (g(t), p(t)) = (g(t), p(t)),t € [0, T]. O

4. Further research

The arguments in this paper are only valid for conformal Ricci flow on a compact
manifold with constant positive scalar curvature. In particular, if 5o > 0 we do not
have the equality (36). It is worth discovering whether or not there is some other way
to compute the bounds on ¢ and its derivatives, namely equations (33), (34) and (35).
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It is also interesting to consider complete noncompact manifolds of constant
scalar curvature. Previous results in Ricci flow and parabolic PDE suggest that in
this case we will not achieve uniqueness of conformal Ricci flow without some sort
of bound on the curvature of the manifold.
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