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TOTAL SCALAR CURVATURE AND HARMONIC CURVATURE

Gabjin Yun, Jeongwook Chang and Seungsu Hwang*

Abstract. On a compact n-dimensional manifold, it has been conjectured that a
critical point metric of the total scalar curvature, restricted to the space of metrics
with constant scalar curvature of unit volume, will be Einstein. This conjecture
was proposed in 1984 by Besse, but has yet to be proved. In this paper, we prove
that if the manifold with the critical point metric has harmonic curvature, then it
is isometric to a standard sphere.

1. INTRODUCTION

Let M be an n-dimensional compact manifold and M, be the set of all smooth
Riemannian structures of unit volume on M. The scalar curvature s, is a non-linear
function of the metric g. Its linearization at ¢ in the direction of the symmetric two-
tensor h is given by

sy(h) = =Agtrh + 6,050 — g(h, ry).

Here, A, is the negative Laplacian of g, 7, is its Ricci tensor, and d, is the metric dual
of the map on the bundle of symmetric tensors induced by covariant differentiation.
The dual linearized operator s; of s;, is given by

(1) sg (f) = Dydf — gAgf — frg,

where Ddf is the Hessian of f.
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The following formulae are important for the analysis of the map

S:g»—>/ s¢dvg
M

when S is defined over C, a subset of M1, consisting of constant scalar curvature
metrics. The Euler-Lagrange equation of S restricted to C may be written as the
following critical point equation(CPE, hereafter):

() 29 =54 (f),

where z, is the traceless Ricci tensor defined by z;, = ry — 22 g and f is a function on
M with a vanishing mean value. It is obvious that a solution g of the CPE is Einstein
if f is trivial. Therefore, from now on, we consider only the case when (g, f) is a
non-trivial solution of the CPE.

In 1987 Besse proposed the following conjecture in [1]:

Conjecture 1. A solution of the critical point equation (2) is Einstein.

There are some partial answers to Conjecture 1. Among them, Lafontaine showed
in [8] that if a solution metric g of the CPE is locally conformally flat and ker s} # 0,
then such a metric is Einstein. Later Bessiéres, Lafontaine, and Rozoy showed that if
a solution metric g of the 3-dimensional CPE is locally conformally flat, Conjecture
I is true without the need for a condition on ker s ([2]). Recently we proved the
following result:

Theorem 1.1. [3]. Let (g, f) be a non-trivial solution of the CPE on an n-
dimensional compact Riemannian manifold /. If the Ricci tensor of g is parallel,
then (M, g) is isometric to a standard sphere.

The geometric structure of an Einstein solution is known to be simple; Obata
showed that such a solution is isometric to a standard n-sphere([10]). For more details,
we refer the reader to [1] and [7].

In this paper, we answer Conjecture | for harmonic curvature, which is a general-
ization of conformal flatness or parallel Ricci tensor conditions. We say that (M, ¢g) has
harmonic curvature if the divergence of the Riemann curvature vanishes, i.e., §R = 0.
A locally conformally flat metric with constant scalar curvature has harmonic curvature
(see Section 3). It is also well known that every manifold with a parallel Ricci tensor
has harmonic curvature. However, there are examples of compact and noncompact
Riemannian manifolds with 6R = 0 and Vr, # 0 (see [4] and Theorem 5.2 in [6]).
By virtue of Theorem 1.1, it is natural to ask whether a solution metric of the CPE
which has harmonic curvature is Einstein. In the following we show that the answer
to this question is affirmative.
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Theorem 1.2. Let (g, f) be a non-trivial solution of the CPE on an n-dimensional
compact Riemannian manifold M. If (M, g) has harmonic curvature, then M is
isometric to a standard sphere.

This result is a good progress to solve Conjecture I. The remaining part is to show
that the solution metric in Conjecture I is harmonic.

We remark that Derdzinski has given a local characterization of the analytic metrics
with harmonic curvature, assuming that the Ricci tensor is not parallel and has less than
three distinct eigenvalues at any point; such a compact analytic manifold is covered
isometrically by certain warped products ([4]). In view of Remark 3.5, the eigenvalues
of the Ricci tensor has less than three distinct eigenvalues if (M, g) has harmonic
curvature and (g, f) is a non-trivial solution of the CPE. However, since a CPE solution
cannot be realized on a warped product space ([3]), we may conclude that the Ricci
tensor should be parallel in this case.

As an immediate consequence of Theorem 1.2, we have the following generalization
of Lafontaine’s result([8]), which does not need a condition on ker s;".

Corollary 1.3. Let (g, f) be a non-trivial solution of the CPE on an n-dimensional
compact Riemannian manifold M. If g is locally conformally flat, then (M, g) is
isometric to a standard sphere.

While Lafontaine’s proof relies on the classification of locally conformally flat metrics
with ker s # 0, our work directly shows that g is Einstein by Theorem 4.1 if g is
locally conformally flat (see Remark 3.5).

This paper is organized as follows. In Section 2, we analyze the critical point equa-
tions. In Section 3, we formulate the critical point equations under harmonic curvature
conditions. In particular, we decompose the traceless Ricci tensor z, in Lemma 3.4 into
tangential component of the level sets of f and their orthogonal complements. Using
this decomposition, we prove Theorem 4.1, a special case of Theorem 1.2, which has
the condition that one component Wy of the decomposition of z, vanishes. Finally, we
will complete the proof of Theorem 1.2 in Section 5 by showing that YWy is identically
zero on M.

2. PRELIMINARIES

Let (M, g, f) be a non-trivial solution of the CPE. Taking the trace of (2) gives

S

Thus, by (1), (2) and (3), the CPE may be written as
(4) (L+ f)zg :ngf"‘négifl)g

Here the scalar curvature s, is constant from our stated assumptions.
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Proposition 2.1. Let (g, f) be a non-trivial solution of (4), and B = {z €
M™| f(z) = —1}. Then B has measure zero.

Proof. Let B’ be the set of critical points of f in B. Then B\ B’ is a union of

hypersurfaces. For p € B’, from (4) we have
S
Dd, =—97 >0
fp(faé) TL(TL— 1>gp<§7£>

for any nonzero tangent vector £ in the tangent space 7),M at p. Thus p is a non-
degenerate critical point of f. Such non-degenerate critical points are isolated, and
thus the set B’ should be finite. Therefore B = B’ U (B \ B’) has measure zero. =

Let Crit(f) = {z € M |df(x) = 0}. For this set, we observe the following fact.
Proposition 2.2. The measure of Crit(f) is zero.

Proof.  We first claim that Crit(f) N B is finite. If p € Crit(f)N B, we observe
that as in the proof of Proposition 2.1 that p is an isolated point, and thus Crit(f) N B
is finite since B is compact. To prove that there is no open set in Crit(f) N (M \ B),
it suffices to prove that g and f are analytic in M \ B. Since the coefficients, in local
harmonic coordinates, of the coupled elliptic system (3) and (4) are real-analytic, it
follows from Theorem 6.6.1 in [9] that g and h = 1 + f are in fact real-analytic where

f# -1 .

3. HarmoNIc CURVATURE

In this section we study harmonic curvature and its relation to the CPE. For an
n-dimensional Riemannian manifold (1, g), the second Bianchi identity yields the
well-known divergence formulae 6r, = —3ds, and

(5) SR = —d"r,,

where d is the first-order differential operator from C°°(S?M) into C*®°(A?T*M ®
T*M) defined by
dPw(z,y,2) = Dyw(y, 2) — Dyw(z, 2)

for a two form w. Consequently

n—3 s
6 SW = — P (ry — —2—
©) W=-1"3 <r9 2(n—1)g)’
where W is its Weyl conformal curvature tensor.
We say that (M, g) has harmonic curvature if the divergence of the Riemann cur-
vature vanishes, i.e., )R = 0. When n = 3, (M, g) is locally conformally flat and has
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constant scalar curvature. When n > 4, (M, g) has harmonic Weyl tensor (5)V = 0)
and constant scalar curvature. Moreover, it is equivalent to d”r, = 0, in other words,
rq is @ Codazzi tensor. Harmonic curvature is a generalization of locally conformally
flatness of a metric. For n > 4, a metric is locally conformally flat if and only if
W = 0. Thus, by (6) and the definition of harmonic curvature, a locally conformally
flat metric with constant scalar curvature has harmonic curvature for n > 3.

The product of a 1-form 3 and a symmetric two form 7 can be defined by G A
n(x,y, z) = B(z)n(y, z) — B(y)n(z, z). Then we have the following equation.

Lemma 3.1. Let (M, g) have harmonic curvature and (g, f) be a non-trivial so-
lution of the CPE. Then

7) (n—2)igW = (n—1)df Az +igszAg.

Here, we define i by icw(X, Y, Z) = w(X, Y, Z, €) for a 4-tensor w, and i by igz(X) =
2(§, X).

Proof. From (4) we have

Sg

W+ DaPry (XY 2) = (RVEZYX)+ (225 hg = df Ay ) (XY 2).

Now from

—g(Y, 2)r(X, W) — g(X, W)r(Y, Z))

WX,Y, 2, W) = ROX,Y, 2,W) ~ ——(g(X, 2)r(¥, V) + (¥, W)r(X, 2)

Sg
X, 2)g(Y, W) —g(Y, Z)g(X, W
+<n_1><n_2><g< ) >g< ’ ) g( ) )9( 9 ));
iviR=1v;W L Ag+ % df A —1de
1 =1 — [ — _ .
VI T VI NI T (e —2) Y N T =Y T
We can obtain
~ 1 . S n—1
(1+ f)dPry = igW — g Nyt 7<n_92>df/\g— —n_Qdf/\rg
~ n—1 1 .
—zva—n_Qdf/\z—n_szfz/\g.
Then equation (7) follows from the harmonicity of the metric g. ]

Throughout the rest of this paper, we assume that (M, g) has harmonic curvature
and (g, f) is a non-trivial solution of the CPE. As immediate consequences of (7), we
have the following two results.
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Lemma 3.2. For each regular value c of f and a tangent vector X to f~!(c),
(8) 2(X,Vf)=0

on f~1(c).

Proof.  Note that X is orthogonal to V f. Applying the triple (X, V f, Vf) into
(7) gives
0= (n—2)W(X,Vf, V[, Vf)=(2—-n)z(X,Vf)df?,

since df (X) = 0. This implies that (8) is true. [ ]
Lemma 3.3. On M we have

9) \df|*ivsz = 2(Vf,V [) df.

Proof. From dPr, = 0 and (7), applying the triple (V £, Y, V f) into (7) with an
arbitrary vector Y gives

0= (n=2)W(VLY,VfVf)
= (n—1)(|df|P2(Y, V) — df (Y)=(V [, V[))
+2(V VA (Y) = 2(V £ Y)|df .

Therefore we obtain
|df*2(Y,V f) = df (Y)2(Vf, V).
Thus equation (9) holds. ]

On M \ Crit(f), we can define N := df/|df| and o« = z(NN, N). Then we can
rewrite the equation (9) as

(10) iviz = adf.
Taking the divergence of (10) gives
(11) d(ivsz) = —(da, df) — aAf.

On the other hand, if {E;}i=1,.. , is a local orthonormal basis of vector fields,

-----

5<r9<d()07 )) = _Z<DEirg d(P ZE d(Pu

= —(Ddp,ry) + drg(de) = —(Ddyp, r4) — §<dsg, dp)
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for any smooth function ¢. Thus, since s, is constant, from (4) we have

2
Sg

(12)  d(ivypz) =o(r(df,-)) + %gAf = —(Ddf,r) — n(n—1)

f=-0+1

Therefore, by (11) and (12) we obtain

S

(13) (1+ )z = - glaﬁ+umﬁy

On the other hand, by Lemma 3.1 and Lemma 3.3 we have

n—2~
iy V.

(6]
—df/\Z— mdf/\g— n—1
Thus, applying the triple (E;, V£, E;) into the above equation gives the following
orthogonal decomposition of z.

Lemma 3.4. Let {E;};" , be a local orthonormal frame field on A/ \ Crit( f) with
E, =N =V f/|Vf|. Then we have

o n—2
(14) Zij = ——— 0 = ——Wij,

fori,j=1,..,n—1, where W;; = Wn(E;, E;) = W(E;, N, Ej, N). Thus

_9\?
(15) MZ:—ﬂ;a2+<" )\mwﬁ
n—1 n—1

Note that equation (15) follows from tr Wy = 0.

Remark 3.5. Using our approach, we can easily recover Lafontaine’s work, which
says that, if (M, g) is locally conformally flat and (g, f) is a non-trivial solution of
the CPE, then (M, g) is Einstein. In fact, if (M,g) is (locally) conformally flat,
then by Lemma 3.1 and 3.2, z, has two eigenvalues with multiplicities 1 and n — 1,
respectively. Namely, choosing an orthonormal frame {E;} with E,, = Vf/|V f| and
letting o = z4(Ey, Ey,), we have

«

(16) Zg<Eiu EJ> = —n—

1(51‘]‘ for 1<4,5<n—-1.

In this case, g is Einstein by Theorem 4.1.

Note that, if (M, g) has harmonic curvature, we may also recover (16) by (15)
with Theorem 5.1. In other words, z, also has at most two eigenvalues if (1, g) has
harmonic curvature.
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For a real number ¢, we denote L. as a connected component of f~!(c). The
following lemma implies that the functions |z|? and [Wy|? are constant on L. due to
(13) and (15) since a, |df|, (do, df ) are constant on L.

Lemma 3.6. For each regular value c of f, «, |df|, and (d«, df) are constant on
L..

Proof. From (4) and Lemma 3.2, it is easy to see that Dy N = 0;

n—1 n—1 n—1
Z 1 Z 1+
i=1 i=1 i=1

Now, since d”r, = 0 and the scalar curvature s, is constant, d”z = 0. Thus for a
tangent vector X to L., from (8) and Dy N = 0 we obtain

X(a) = X(2(N,N))=Dxz(N,N)+2z(DxN,N)
= Dyz(X,N) = N(2(X,N)) — 2(Dx X, N) — 2(X, DyN)
— (DyX,N)a=0.

This implies the constancy of « on f~!(c). In particular, da = N(a)N. The second
part follows easily; for a tangent vector £ to the level set of f,

2sf
2=2(D =2(1 -
EldfI? = 2ADedf, df) = 201+ )26 df) = =
by Lemma 3.2. Also, since « is constant on each level sets of f, the third statement
follows from

§(f)=0

0 = NX(a)= N{da, X) = (Dnda, X)
— (Dxda, N) = X (da, N),

where we used Lemma 3.2 in the last equality. ]

It is clear that o and do are defined on A\ Crit(f). For the rest of this section, we
discuss the extension of - and da onto all of M. Since we have |a| < |z|, o can even
be defined on the measure zero set Crit(f). In particular, if z(z) = 0 for zy € Crit(f),
a(xp) can be continuously defined to be zero since lim,_.,, || < lim,_.,, |2] = 0.

Let G = |df|* + n(ns—l f2. It is easy to see that G is continuous on M. To
investigate the properties of « and the structure of level sets of f, we need some
technical properties of the function G. To find these, we are going to use a conformal
metric (1+ f)~2g of g which may be singular somewhere. We remark that if the scalar
curvature is identically zero, the equation (4) reduces to a static space-time metric
hrg = Dgydh with h =14 f > 0. In studying static metrics, it is often very useful to
consider the conformal change of the metric. For example, in dimension 4, the Ricci
curvature of the conformal change h~2g of a static metric g becomes non-negative.
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Lemma 3.7. For the function G = |df|? + n(ns—l)f2 and the conformal metric
G = h"2g with h = 1+ f, we have

(17) AG + G(dG, df) = 2h*|z|?,

(n—3)
h

where A is the Laplacian of . In particular, if zo € Crit(f) and z(zq) # 0, then G
has its local minimum at zg.

Proof. Making a conformal change (c.f. see [2]) gives

A <\df\2 + ﬁﬂ) = 2h4|2|? — 2(n — 3)R22(df, df),
since
AJdf2 = 2042 — —25_p2Jaf2 + — 25 p2p2
n(n—1) n(n—1)2
—2(n — 3)R%z(df, df ) + %smdf\?
and

~ 2s
Af? = —thfQ + 2|df|*h* — 2(n — 2) fh|df|>.

Thus the function G satisfies (17).
Note that, for any tangent vector £ at xg,

(18) () = 2ADedr, df) + 216, df) = 2ha(6, ).

(n—1)
Therefore dG = 2hiv 2.
If zo € Crit(f), we have {(G)(zo) = 0 by (18). Also by (17) and the assumption
that z(zg) # 0, AG = 2h*|z|? > 0 at zg. Since G is constant on each level sets of f,
we may conclude that G has its local minimum at x. ]

Remark 3.8. By Lemma 3.7 we can apply the maximum principle to G = |df|? +
ﬁﬂ on the open set M = {x € M |1+ f(x) > €} for an arbitrary small positive
number e to conclude that G achieves its maximum on B = {z € M | f(z) = —1}.
Similarly, we may conclude that G on the set M_. = {x € M |1+ f(z) < —e¢} also
achieves its local maximum on B.

Let x; € Crit(f). Note that Crit(f) has measure zero by Proposition 2.2 . As
mentioned above, if z(z1) = 0, then a(z1) can be continuously defined to be zero.
Now we assume that z(z;) # 0. Let M? = {x € M |1+ f(x) > 0}.
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Lemma 3.9. Let x; €Crit(f). If x1 € M° and z(z1)#0, then x; has to be a local
maximum point of f. Also, if f(z1) < —1 and z(z1) # 0, then z; has to be a local
minimum point of f. If f(z1)=-—1, then x; has to be a local minimum point of f.

Proof.  First of all, note that, for a connected level set L, containing x1, we
have |df|(y) = 0 for every y € L,y and G has its local minimum on Ly, by
Lemma 3.7.

First we prove the case when x; € M°. Suppose z; is not a local maximum point
of f. Let x5 be the (global) maximum point of f. Then G has its local minimum at
9o, Near xo we have

dG = 2iysz = 2h adf,
and ha is negative since, for a small connected neighborhood Q¢ = {x € M | f(z) >
f(z2) — €} of xzo with an arbitrarily small e > 0 (see Fig 1 (a) where x4 replaces ),
h=1+4 f > 0on Q¢ and

o< [aenp==[ ai=—a[ .

implying that « < 0 on 9Q° = Ly(,,)_.. Here, we used the fact that [, (1+f)|z|* # 0;
otherwise, since the metric ¢ and thus the traceless Ricci tensor z are analytic on A/°
as seen in the proof of Proposition 2.2, z = 0 on Qf, which implies that z = 0 on the
connected component of MY containing z1. This contradicts the fact that z(x;) # 0
for 1 € MO,

Now consider a geodesic v from 1 to x5 in MY (see Fig 1 (b) where x; replaces x
and z- replaces z1). Since G also has its local minimum at 2, by the above argument
and the fact that GG is constant on the each level sets of f, there exists a point on v at
which G has its local maximum. Then, by the maximum principle of G mentioned in
Remark 3.8, G has to be constant along ~, and thus by (17) z = 0 on the connected
subsetof {z € M| f(z1) < f(x) < f(z2)} containing ~, contradicting our assumption
that z(z1) # 0. This completes the proof of the first statement.

The proof of the second statement is similar. The remaining case is when f(x;) =
—1. In this case, z1 has to be a local minimum point of f by Proposition 2.1. ]

By Lemma 3.9, we may conclude that any critical point z; of f with z(x;) # 0
should be a local maximum if f(z1) > —1, or a local minimum if f(z;) < —1, and
since « is constant on each level sets of f, a = z(df, df)/|df|? can be continuously
defined up to =y if z(x1) # 0. If z(z1) = 0 for z; € Crit(f), o = 0 as discussed
above. In other words, o can be extended to a CO-function on on all of M. Also the
differentiation of o on Crit(f) can be considered in the distribution sense.

4. A SpeciaL CASE

In this section we prove Theorem 1.2 in the case when Wy = 0 on M \ Crit(f).
Then by continuity Wy = 0 on M, and thus, by (15) « is smooth on all of M. Due
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to the results obtained by Obata ([10]), it is sufficient for the proof of Theorem 1.2 to
prove that z = 0 identically on M.

Theorem 4.1. If Wx =0 on M, then g is Einstein.

In the following we shall prove that « is constant by showing that « is superhar-
monic on M (Lemma 4.6). If « is constant, since, by (12), (15), and the fact that

Ju | =
n n
n_1a2:n_1/M(1+f)a2:/M( + f)lz? = /(5zvfz ) =0,

implying that o = 0 on M.
When Wy = 0, by (13) and (15) we have

n
n—1
since N(«)|df| = (da,df). By virtue of Lemma 3.6, we denote o/ = N(«) and
o= NN(a).

For the proof of Theorem 4.1, we need the following Lemma 4.2 and Lemma 4.4.

(19) (14 f)a? = == af + N(a)df].

Lemma 4.2. If Wy =0 on M, we have the following equalities

n
2 I = ON
(20) o = = adN,

1

1) o = 2 (oz—i-f)—l—io/dN,

n—1 n n—1

no S 2
22 Aa = ( —) '§N.
(22) @ n—1 OH_n +n—1a

Proof. From the definition of divergence and Dy N = 0,

n—1
SN = = (Dg,N, Ey)
=1

s, sf 1 sf
= ‘df‘< Z;ZEE >:@<(1+f)a+;).

Thus by (19) we obtain

o|df | =

S
_1a((1+f)a+gf>: o |df| 6N.
Taking the derivative in the direction N of (19) gives

(n—1)a” =na® +sa+ (n+1)d/éN,
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where we used (20) and the fact that

sf
n(n—1)

(23) N(ldf|) = (Dndf,N) = (1 + fa —
The last equation for the Laplacian of « follows from the following observation
Aa=—-§(da) = —-6(a’N)=a" —a'§N. n

Remark 4.3. Equation (23) holds on M \ Crit(f) without any condition on Wy.

The following is a special case of Lemma 5.2. However, we include the proof for
the sake of the completeness.

Lemma 4.4. If Wy =00on M, <0 on M.

Proof. Let p be a maximum point of .. Then o/(p) =0 and A a(p) < 0. From

UZAMm:awm:g%T&@%%

— o),
(a(p))? + £ a(p) < 0, which implies that —2 < «(p) < 0. Thus we may conclude
that « is always non-positive on M. [ ]

Let H = {zr € M|Aa(r) <0} and Q = {zr € M|a(z)+ 35 < 0}. The
following lemma gives us a good understanding of the set .

Lemma4.5. If Wy =0o0n M, Q # M and M\Q ¢ H. In particular, if H ¢ M,
(2 can be written as the disjoint union of M \ H and QN H.

Proof. Note that Q ¢ M; otherwise, on the set M1 = {z € M |1+ f(z) > 1}

1 s
5N:@[a+f(a+g)} <0,

and thus we obtain the following contradiction;

0>/ﬁ ML:—/ dwmmz—/ (N, —~N) = vol(dM™1).
M+ M1 oM +1

Thus M \ Q is a non-empty set. In particular, M \ Q is a subset of H. For the proof
of this fact, we need to show that A o < 0 on M \ Q. This follows from (22) and the
facts that o < 0 and o/6N = —2-a(6N)? < 0 on M by Lemma 4.4 and (20).

Also note that we have a = —7> on 92 and thus

, n n o 52 1

p— N:——:i—
e N R
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on 9%). Therefore, the outward unit normal to 92 is given by

Va o' N o

22 2 N=N
Val  [o/N| o]
The positivity of o/ on 9 also implies that M \ Q # H, since 6N = —%ﬁ

0f) and by (22)

< 0on

Ao =

2
10/(5N<0. m

Lemma 4.6. If Wy =0o0n M, H = M.

Proof. By Lemma4.5, M\ H C 2. We claim that Q2 has measure zero, implying
the proof of our lemma.

Suppose that the n-dimensional measure of €2 is positive. First we observe that
o # 0in QN H; if there is a point 29 € Q N H such that o/(z9) = 0, then, since

s
a<—50nQ
n

Aa(zg) = — a(zg) (a(mo) + %) > 0,

contradicting the fact that Aa < 0 on H. Thus, from the fact that o/ > 0 on 99,
o >00nQNH. Fore e M\ H=Q\ (QnNH), Aa(z) > 0, and, since « is
constant on each level sets of f, we have o > 0 on the all of 2; otherwise there exists
some point y € M \ H such that « has a local maximum at y, which is impossible by
the maximum principle. Also, due to the fact that o/ > 0 on 99, [, &/ > 0.

Note that by the proof of Lemma 4.5 the outward unit normal vector to 92 is N.
Now by (20)

/Qa<aN>:/Q—<da,N>+a5N:—l/Qa'.

n

On the other hand, by the divergence theorem

/ S(aN) = / o,
Q o0
Consequently, by Lemma 4.4

1 /
0<— [ o= a <0,
nJjo 19}

which is a contradiction. This completes the proof of Lemma 4.6. ]

5. THE PrROOF OF THEOREM 1.2

This section is devoted to the proof of Theorem 1.2. Due to Theorem 4.1, it suffices
to prove that Wy vanishes identically on M. More precisely,
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Theorem 5.1. Let (g, f) be a non-trivial solution of the CPE. Assume also that
(M, g) has harmonic curvature. Then Wy = 0.

We first show that « is nonnegative on the whole space of M in the following
lemma, and then prove that YWy = 0 using Lemma 5.3 and Lemma 5.4.

Lemma 5.2. Let (g, f) be a non-trivial solution of the CPE. Assume also that
(M, g) has harmonic curvature. Then o < 0.

Proof.  Suppose that a(z) = maxgenr a(x) > 0.
Claim 1. We have —1 < f(z0) < 0.
Proof. [of Claim 1] At x(, we have by (13)

2 _ sf
(24) 1+ flz)* = —
Thus f(z0) # 1. Also f(xg) # 0, otherwise |z|?(x¢) = 0 implying that a(zo) = 0, a
contradiction. Moreover, at 2y by (24)

S 1+ f
o=——>"

-1 f

which implies our claim is true. ]

|2,

(a)

Fig. 1. Near a critical point.

Now we are ready to derive our contradiction. Choose a maximum point z;of f
such that a geodesic  from z to z; lies entirely in M° (see Fig 1. (b)). It is easy to
see that a < 0 near every maximum points of f as in the proof of Lemma 3.9. Thus
there exist points in ~ such that o = 0 at those points. Among those points let x5
be the point at which « changes sign. In other words, a(z2) = 0 and « > 0 before
the point x5 and o < 0 after 2, along the geodesic v from zg to xz;. To obtain a
contradiction, we need to look into two cases, |df|(z2) # 0 and |df|(z2) = 0.

Case I. |df|(z2) # 0.

Consider Ly(,,) With x3 € Ly(,,). Then, since |df|(z2) # 0, there is a connected
subset Q. of M for a sufficiently small ¢ > 0 such that f(z2) — €' < f(x) < f(x2)
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for every x € Q. with smooth boundaries 9Qs = L) U Ly (,,). Since

2 _ _
0<A;O+ﬂM —Z%mauﬂ A aldf

e flzg)—¢

- i<
L

flzg)—¢

which is the desired contradiction.

Case Il. |df|(z2) = 0.

Note that the critical point 25 cannot be a local maximum point of f; otherwise on
the small connected neighborhood Q€ of =, given by Q¢ = {z € M| f(x) > f(x2) —¢€}
with a sufficiently small € (see Fig. 1 (a) where x5 replaces x1), « has to be positive
and negative at the same time on 0€2¢, which is impossible since « is constant on
00 = Ly(p,)—e Similarly, zo cannot be a local minimum point of f. Thus by
Lemma 3.9, z(z2) = 0 and f is increasing nearby x5 along v from z to ;.

If one can find a connected subset 2 of M such that 92 is a union of Lg,,)_.
and Ly(,,) With 22 € Ly(,,) as in the proof of Case I, we can obtain the desired
contradiction. If that is not possible, we then consider the connected hypersurface
components L, of f~!(f(x2)) containing x> with i =1,..., k. Note that o = 0
on L§(m2). Then there exists a connected set Q. with a sufficiently small ¢ such that
flxg) —e < fz) < f(xg) for 2 € Q, and either 99, = ch(m_e UL}

(see Fig. 2 (a)), or 0Qc = Ly (y,) - U (UleL’J;(m)) (see Fig. 2 (b)). Then

0</ﬁ€(1+f)\z\2:—/y

flzg)—e

for some j

aldf| or —A aldf],

flzg)—e

implying that & < 0 on ch
definition of the point xs.

or Ly (z,)—e, Which are both impossible by the

(w2)—e€

(b)

Fig. 2. Near a critical point
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The contradictions derived in cases |df|(x2) # 0 or |df|(z2) = 0 complete the
proof of our Lemma. [ |

Note that Wy is also continuously well defined on all of M as «; if z(zg) = 0
for o € Crit(f), Wi can be defined as zero since [Wy| < 2=L|z|, and if z(z1) # 0,
21 is not a critical point of f unless it is a local maximum or minimum point. The
differentiation of Wy on Crit(f) can also be considered in the distribution sense. We
can compute the divergence of Wy as follows.

Lemma 5.3. Let {E;}i<i<, be an orthonormal frame field with E,, = N. Then

we have
n—21+f

SWn(E;)) =0 and Wy (N) = S Wn|?.
Thus, on M \ Crit(f)
(25) SWn = OWpN(N)N = M‘gifjmdf.

Proof.  Since 6W =0, for X = E;

0=0W(N,X,N)=— ZDEiW(Ei,N, X, N)

(2

Y W(E;, Dp,N, X, N) + W(E;, N, Dg, X, N) + W(E;, N, X, D, N)].
Thus

SWn(X) = =) DpWn(E;, X)

(2

= =Y E(Wn(E, X))+ > (Wn(Dg,Ei, X) + Wy (E;, Dg, X))

= = (W(E;, Dg,N,X,N)+ W(E;,N, X, Dg,N)).
Thus, by (7)
(n - 2>W(Eiu Dg,N, X, vf) = (TL - 1>df<Ez>Z<DEzN7 X) - df<DEzN>Z<Elv X)
+Z(Vf, Ei>g<DEiN7 X) - Z(Vf, DEiN>g<Ei7 X)

Note that df (E;) = 0,

df (D, N) = (Dg,N, Vf) (1+f)z(Ei, V) =0,

_ 1
~|df]
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and z(V f, E;) = 0 by Lemma 3.2, and finally z(V f, Dg,N) = 0, from the facts that
|df| is constant on each level sets of f, and

n—1
(26) Dp,N =) (Dg,N,E;)E; =
7=1

\df\z D EIE;

Therefore W(E;, Dg,N, X, N) = |d1f|W(El, Dg,N, X,V f) = 0. Similarly, we have
W(X, Dg,N, E;, N) = 0. Hence we may conclude that 6Wy(X) = 0.

It still remains to show the second identity is correct. Since z(N, E;) = 0 and
Wn(N,-) = 0, we may assume that Fy,..., E,_; diagonalize Wy at a point p.
Then, at p

n n—1
SWn(N) = = DgWn(Ei, N) =Y Wn(E;,Dg,N)
i=1 =1
n—1
=1

Here we used the fact that W (Dg, E;, N) = 0. So, from the CPE,

sf
- (< + 08B - )
1 sf
e (L a4 Nk (- 90+ NW(E B )
Hence
n—1
SWn(N) = > (Dp,N, E)Wn(E;, E;)
=1
_ 1 Sf n—1
= 0 ) e B
n—21+f 3
n— 1W Z;WN<EZ’EZ>2
_ no214f
~ n—1 [df] Wl

where we used the fact that tr Wy = 0 in the last equation. [



1456 Gabjin Yun, Jeongwook Chang and Seungsu Hwang

Lemma 5.4. The differential form §)Vy is a closed 1-form on A \ Crit(f).

Proof. Note that from (26)

I U S ) B
DeN =~y (L (4 o -2+ pwn(B.8)) B

fori = 1,...,n— 1. Since W(E;, E;) = —2=L (#—kz(Ei,Ei)) by (14), we
obtain

3

1 sf

In particular, if i # j,
(Dg,Ej, N) = —(Ej, Dg,N) =0

and thus
([Ei, Bj], N) = (Dg,Ej — Dg,E;, N) = 0.

Hence for a regular value c of £, the level set f~!(c) is an integrable hypersurface
in M. Since Wn(FE;) = 0 for 1 <i <n—1 by Lemma 5.3, it follows from the
Frobenius theorem that

d(SWN<EZ, E]> =0 for 1 < Z,j <n-—1.

Next, by Lemma 5.3 and the fact that £, |df| and |[Wy|? are all constant on each level
sets of f, we obtain

dSWn (N, E;) = N(6Wn(E;)) — E(6Wn(N)) — sWn ([N, EJ])
= —0Wn(IN, Ei]) = SWn(Dg, N — DyE;).

By equation (27) and Lemma 5.3, Wy (Dpg,N) = 0 and

SWn(DNE;) = (DyE;, NYsWy(N)
= —(E;, DyN)6Wx(N) =0

since DyN = 0. Thus, we have ddoWn (N, E;) = 0 and consequently {Wy is a
closed 1-form on M. This proves our lemma. |

By Lemma 5.4 and Proposition 2.2, therefore, d6)Vy = 0 almost everywhere. Now
we are ready to prove Theorem 5.1.
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Considering Wy as a vector, it follows from Lemma 5.3 that

(6Ddf, 6Wy) = (—dAf —r(df, ), W)

T i 1 (df, oWn) — r(df, SWn)
= AW (V)| — |df W (N)r(N, N)
S

= (W)l = [dloWn (V) (a+ 2)

— <a - m) (1+ F)Wal?,

where a = 2=2_ Integrating this over M°, we have

n—1

/MO<5Ddf, SWy) = a/MO <a - ﬁ) (L+ )Wl

On the other hand, by Lemma 5.3 and Lemma 5.4 and the divergence theorem,

/ (5Ddf, W) = / (Ddf,dswx) — [ Ddf(sW, N)
MO MO OMO
. / SWx(N)Ddf (N, N)
OMO
—af L wEDa ) =

where the second equation follows from the fact that d6WWx = 0 almost everywhere,
and the last equation follows from the definition of 9M° C f~!(—1). Thus

/Mo <O‘ - ﬁ) (L+Hnl*=o0.

Since a — n(n+1 < 0 by Lemma 5.2, we may conclude that YWy = 0 on the set
f > —1. Integrating the same integrand over f < —1, we have Wy = 0 on the whole
space M. This completes the proof of Theorem 5.1.
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