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RIEMANNIAN MANIFOLDS WITH HARMONIC CURVATURE

GUANGYUE HUANG and BINGQING MA (Xinxiang)

Abstract. We prove an integral inequality for compact n-dimensional manifolds with
harmonic curvature tensor and positive scalar curvature, generalizing a recent result of
Catino that deals with the conformally flat case, and classify those manifolds for which
our inequality is an equality: they are either Einstein, S* x S?~! with the product metric,
or S! x S"7! with a rotationally symmetric Derdzinski metric.

1. Introduction. In the last years, much attention has been paid to
the classification of conformally flat Riemannian manifolds under topolog-
ical and/or geometrical assumptions. Tani [T] proved that any compact
conformally flat n-dimensional manifold with positive Ricci curvature and
constant scalar curvature is covered isometrically by S™ with the round met-
ric. Carron and Herzlich [CH] classified complete conformally flat manifolds
with dimension n > 3 and non-negative Ricci curvature. Gursky [G1] and
Hebey and Vaugon [HV1, [HV?2] classified compact conformally flat manifolds
satisfying an integral pinching condition. For related research and some im-
provements in this direction, see for instance [C||G2, [HL,[PRS| X7, DG, Dl Z]
and references therein.

Let (M™,g) be an n-dimensional Riemannian manifold. Denote by R
and R;; the scalar curvature and the Ricci curvature respectively. We let
Ei; = Ri; — % gij be the traceless Ricci tensor. Recently, Catino [C1] studied
compact conformally flat n-dimensional manifolds with constant positive
scalar curvature and satisfying an optimal integral pinching condition. He
proved the following

THEOREM A. Let (M™,g) be a compact conformally flat n-dimensional
Riemannian manifold with constant positive scalar curvature. Then
V(R —/n(n—1) |E])|E|"2/" <0,
M

and equality occurs if and only if (M™, g) is covered isometrically by either
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S™ with the round metric, S* x S*™ with the product metric, or S* x SP—1
with a rotationally symmetric Derdzinski metric.

We say that (M"™,g) has harmonic curvature if the divergence of the
Riemannian curvature vanishes (that is, Rijkl,l = 0). Obviously, every mani-
fold with a parallel Ricci curvature tensor has harmonic curvature (see
below). However, there are examples of compact and noncompact Rieman-
nian manifolds with harmonic curvature and the Ricci curvature tensor not
parallel (see [D] and |Gl Theorem 5.2]). That is, the conditions of harmonic
curvature are weaker than those of parallel Ricci curvature tensor or con-
formal flatness. Therefore, it is natural to ask what is the classification for
manifolds with harmonic curvature. In the following we show a new classifi-
cation result for compact Riemannian manifolds with harmonic curvature.

THEOREM 1.1. Let (M™,g) be a compact n-dimensional Riemannian
manifold, n > 3, with harmonic curvature tensor. If the scalar curvature
s positive, then

(11) [ (B Va1 B e <\ EZOZ2 gy g
M 2 M
and equality occurs if and only if (M™, g) is either Finstein or isometrically
covered by one of:
(1) S' x S"=1 with the product metric;
(2) St x S"~1 with a rotationally symmetric Derdziriski metric.

REMARK 1.2. The Cotton tensor is defined by

(1.2) Cijk = Akji — Akij,
where A;; is called the Schouten tensor given by
R
Aij = Rij — on— 1)

The divergence of the Weyl curvature tensor is related to the Cotton tensor
by (cf. [HW])
n—3
1.3 -
(13) n—2

By virtue of (2.1), we have Cj;, = 0 for Riemannian manifolds with har-
monic curvature tensor. Hence, we conclude from (1.3)) that the Weyl cur-
vature tensor is harmonic.

!
Cijt = Wijn,' -

If the Weyl curvature tensor is zero and the scalar curvature is constant,
we easily see from and that the Ricci curvature is a Codazzi
tensor for n > 4 and hence the curvature tensor is harmonic. Therefore, our
Theorem obviously generalizes Theorem A of Catino [C1].



MANIFOLDS WITH HARMONIC CURVATURE 253

2. Proof of Theorem Throughout this paper, we use moving
frames in all calculations and the Einstein convention of summing over the
repeated indices. First we have the following identities, the validity of which
is well-known (see for instance [MMP]):

(2.1) Rijr — Rikj = Rk,
Rij i — Rijur = Rij Rk + Ry Rijr,
(2.2) Rij; = 3R,

where R;;j; denotes the components of the Riemannian curvature. Since the
curvature tensor is harmonic, we deduce from ([2.1)) that the Ricci tensor is
a Codazzi tensor. Thus, from (2.2) we derive

— _ _ 1
Ri = Rjj; = Rij; = 3R,

)

which shows that R; = 0 and the scalar curvature R is constant. We let
E;j = R;j — %gij be the traceless Ricci tensor. Then E;; is also a Codazzi
tensor, that is,

(2.3) Eijr = Eir ;.
The Laplacian of E;; is
AFEij = Eij ik = Eig ji = —Rigji By + Rjp B,
where we have used and Ej, , = Eyi; = 0. In particular, the following
Weitzenbock formula holds:
(2.4) A|EP? = |VEP? — RygjiEijExy + Rj,EijEyy,.
For n > 3, the Weyl curvature tensor is defined by

1
(2.5) Wikt = Rijr — r(Rikgjl — Rugjr + Rjgix — Rjrkga)

2

+L( O — 010 )
(n _ ].)(TL _ 2) glkg]l gllg]k

1
= Riju — nf(Eikgjz — Eagjr + Ejigik — Ejrga)

2
LR i)
n(n —1) gikdjl — Gil9jk

and a simple computation shows
(2.6) — RigukEijEn + RjpEij By,

R 9 n
= —WirjEij B + m|E| + mEijEjkEm-
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Inserting (2.6]) into (2.4) gives
n
(27)  FAIE]? = |VE]> = WijiEijEp + 7|E|2 5 BijEjk B

We recall the following inequality which was first proved by Huisken (cf.
[Hl Lemma 3.4]):

n—2
2. B Bl < o — 2 E|?
( 8) |Wlkjl i kl’ = 2(71— 1) ’WH ’ ’
and
n—2
(2.9) EijEjxEr > ————|EP’,
n(n—1)

with equality in at some point p € M if and only if E can be diagonal-
ized at p and the eigenvalue multiplicity of F is at least n — 1 (see also [C2]
or [O]). As first observed by Bourguignon [B], any traceless Codazzi tensor
satisfies the following sharp inequality (for a proof, see e.g. [HV2]):

2
(2.10) vEepR > 2E = |viB|*
Applying (2.8 - ) to ylelds

1 n-+ 2 n—2
2.11 —AE? > E — E|?
(2.11) 5 |El" = !V\ I\ 2(n_1)IW|| |

R n
— |E|? - /] —— |E]>.
+ B =/ =7 |El

Let £20 = {p € M : |E| # 0}. Then Vol(M \ §29) = 0 from [K|, Theo-
rem 1.8] (for details see [C1, Lemma 2.2]). For any € > 0, we define 2, =
{pe M :|E|>c} and

_ JIEl(p) ifpe &,
fa(p)_{s ifpe M\ £2..

We assume that € is a regular value of |E|. Integration by parts gives

1 n+ 2 —(n42)/n
212) [ (-5aBR+ 2 wim) e
M

TL—|—2 —(n n—
= == V(VIEL VL) B2t 4

M M

+ 2
+ = {|vBl A <,

where in the last equality we have used f. = |E| on 2. and Vf. = 0 on
M \ ©2.. Multiplying both sides of @.1T) by f= ™"?/™ and applying ([@.12),
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we get

n+ 2

(2.13) 0> S<_1A|E’2 V|E]| > —(n+2)/n

,/ !W\!E\2 e \E|3>f (n+2)/n
,/ |Wr|Er2 g [ e \3) 42/
_ (mn-2ym( | n—2 R n (n42)/n ¢—(n+2)/n
A§4|Er (,/2@1) Wi+ =2 = [ BBy,

Letting e — 0 in ([2.13)), we see that \E\(”+2)/”f;("+2)/n — 1l a.e. on M. We
have thus proved ([1.1)).
Let us now assume the equality case in (1.1]), that is,

n—2 R n
_ _ El | E|=2)/n _
]\S/[< \/2(n—1)|W|+n—1 \/n—1| |>| | 0

The three inequalities ([2.8)—(2.10) that led to (2.11) and (2.13) must now

all be equalities. Hence, as stated in the lines following , FE has, at each
point p, an eigenvalue of multiplicity n — 1 or n. Writing F;; = ag;; + bv;v;
at p, with some scalars a, b and a vector v, we see that the left-hand side of
is zero at every point p. As holds with equality and, according
to [DGI, ¢ is real-analytic, (M, g) must be conformally flat or Einstein. Our
claim about the equality case now follows from Catino’s Theorem A. This
completes the proof of Theorem
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