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We investigate the rigidity of complete noncompact gradient steady Ricci
solitons with harmonic Weyl tensor. More precisely, we prove that an n-
dimensional (n > 5) complete noncompact gradient steady Ricci soliton
with harmonic Weyl tensor and multiply warped product metric is either
Ricci flat or isometric to the Bryant soliton up to scaling. Meanwhile, for
n > 5, we provide a local structure theorem for n-dimensional connected (not
necessarily complete) gradient Ricci solitons with harmonic Weyl curvature
and multiply warped product metric.

1. Introduction

An n-dimensional Riemannian manifold (M", g) is called a gradient Ricci soliton
if there exists a smooth function f on M such that the Ricci tensor satisfies

(1-1) Ric 4+ Hess(f) = pg

for some constant p, where Ric is the Ricci tensor of g and Hess(f) denotes the
Hessian of the potential function f. The Ricci soliton is said to be shrinking, steady,
or expanding accordingly as p is positive, zero, or negative, respectively. When
the potential function f is constant, the gradient Ricci soliton is simply an Einstein
manifold and is said to be trivial. Ricci solitons generate self-similar solutions of
the Ricci flow, and they play a fundamental role in the formation of singularities of
the flow (see [5] for a nice overview). Hence the classification of gradient Ricci
solitons has been a very interesting problem.

In the shrinking case, classification results for gradient Ricci solitons have been
obtained by many authors under various curvature conditions on the Weyl tensor,
e.g., [7; 9; 10; 17; 20; 21; 24; 28; 29; 30; 31; 33; 35; 36], etc. In particular,
Ferndndez-Lépez and Garcia-Rio [21] together with Munteanu and Sesum [28]
proved that any n-dimensional complete gradient shrinker with harmonic Weyl
tensor is rigid, i.e., it is isometric to a (finite) quotient of N x R¥, the product soliton
of an Einstein manifold N of positive scalar curvature with the Gaussian soliton R¥.
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On the other hand, it is well known that compact gradient steady solitons are
necessarily Ricci flat. In dimension n = 2, the only complete noncompact gradient
steady Ricci soliton with positive curvature is Hamilton’s cigar soliton %2 [22].
In dimension n = 3, known examples are given by R, 2 x R, and the rotationally
symmetric Bryant soliton [3]. In [2], Brendle showed that the Bryant soliton is the
only complete noncompact, nonflat, k-noncollapsed, gradient steady Ricci soliton,
confirming a claim by Perelman [31]. For n > 4, there are more known gradient
steady Ricci soliton examples, hence uniqueness results in general are less expected
and it is desirable to find geometrically interesting conditions under which certain
rigidity results would hold. Indeed, in the K&hler case, Cao [4] constructed a
complete gradient steady Kéhler—Ricci soliton on C”, for m > 2, with positive
sectional curvature and U (m) symmetry.

In [6], for n > 3, Cao and Chen showed that a complete noncompact n-dimensional
locally conformally flat gradient steady Ricci soliton is either flat or isometric
to the Bryant soliton up to scaling; see also [12] for an independent proof for
n > 4. Moreover, an important covariant 3-tensor D for gradient Ricci solitons was
introduced in [6; 7] (see also Section 2 for the definition of D-tensor). Classification
results have been obtained in [11] for Bach flat steady solitons in dimension n > 4
under some conditions. In particular, it follows that Bach flatness implies local
conformal flatness under positive Ricci curvature assumption. However, not much
was known about the rigidity of complete gradient steady Ricci solitons with
harmonic curvature. In fact, it is quite natural to ask the following:

Main Question. Is it true that any n-dimensional (n > 4) steady gradient Ricci
soliton (M, g, f) with harmonic Weyl curvature is either Ricci flat or isometric to
the Bryant soliton up to scaling?

Kim [26] provided a positive answer to this question for n = 4. Kim produced a
nice local description of such Ricci soliton metrics and their potential functions. His
method of proof was motivated by the work of Cao and Chen [6; 7], and also based
on Derdzinski’s study on Codazzi tensors [19] (the harmonicity of the Weyl tensor
is equivalent to the Schouten tensor being Codazzi). Combining with the gradient
Ricci soliton condition, Kim managed to analyze in detail the situation when the
Ricci tensor has two and three distinct eigenvalues. However, difficulties arise in the
higher-dimensional case. Indeed, as the dimension increases, so do the numbers and
multiplicities of distinct Ricci eigenvalues and the situation becomes more subtle.

On the other hand, the condition of harmonic Weyl curvature is equivalent to the
Schouten tensor being a Codazzi tensor. Derdziniski [19] described the following:
For a Codazzi tensor A and a point x in M, let E4(x) be the number of distinct
eigenvalues of A,, and set

My ={x € M | E4 is constant in a neighborhood of x}.
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Then M, is an open dense subset of M; in each connected component of My,
the eigenvalues are well-defined and differentiable functions. As a gradient Ricci
soliton, (M, g, f) is real-analytic in harmonic coordinates; see [23; 25]. Then if f
is not constant, {V f % 0} is open and dense in M and V f is an eigenvector field of
the Ricci tensor (see Lemma 3.1). Hence, for each point p € M4 N{V f # 0}, there
exists a neighborhood U of p, such that the number of distinct eigenvalues of the
Ricci tensor is constant on U, and we assume that the multiplicities of m distinct
Ricci eigenvalues are ry, ra, . . ., ryy, respectively, except for the one, which is the
eigenvalue with respect to the eigenvector V f, where 1 +r; +ry+ - -+ 1, = n.

Definition 1.1. A gradient Ricci soliton metric g is called a multiply warped product
metric of eigenspaces with the Ricci tensor if for each point p € M4 N{V f #£ 0},
there exists a neighborhood U of p such that

U=Lxh1Ll"'XhlLthH,]NH-lX"'Xh Nm

m

and the metric g, when restricted to U, is a multiply warped product metric of the
form

g=ds’ +hi(s)dt} + -+ hi (s)di} +h}  ($)&r1 4+ -+ oy (5)Em,

where £ (s) are smooth positive functions for 1 < j <m, dimL, =1 for 1 <
v </, and (N, g,) is an r,-dimensional integral submanifold of the eigenspaces
corresponding to the Ricci eigenvalue for [ 4+ 1 < u <m.

In this paper, motivated by Kim’s work [26], we study n-dimensional (n > 5)
complete gradient Ricci solitons with harmonic Weyl curvature and multiply warped
product metric of eigenspaces with the Ricci tensor. Our first main result is the
following classification result.

Theorem 1.2. Let (M", g, f), n =5, be a complete n-dimensional gradient Ricci
soliton with harmonic Weyl curvature and multiply warped product metric of
eigenspaces with the Ricci tensor. Then it is one of the following types:

(i) (M", g) is isometric to a quotient of R" x N*™" (2 <r <n —2), where N*~"
is an (n—r)-dimensional Einstein manifold with the Einstein constant p # 0.
Also the potential function is given by f = g |x |2 modulo a constant on the
Euclidean factor.

(i) (M", g) has the vanishing covariant 3-tensor D of Cao and Chen [6; 7).

Note that, as mentioned before, the analog of Theorem 1.2 in the shrinking case
was already known [21; 28]. In addition, Theorem 1.2(ii) includes the case when
(M", g) is Einstein: if f is a constant function then the vanishing of D-tensor fol-
lows from its definition, and the case of nonconstant f follows from Theorem 6.1 or
from, e.g., the work of Cheeger and Colding [14] on warped products and Hessians.
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Meanwhile, Cao and Chen [7] showed that any n-dimensional (n > 4) gradient
Ricci soliton with vanishing D-tensor has harmonic Weyl curvature. Note that our
Theorem 1.2(ii) is the converse to Cao and Chen’s result, at least under the multiply
warped product metric assumption. In particular, as a consequence of Theorem 1.2
and the very recent work of Cao and Yu [8], we have the following partial answer
to Main Question for all n > 5.

Theorem 1.3. Let (M", g, f),n > 5, be a complete noncompact gradient steady
Ricci soliton with harmonic Weyl curvature and multiply warped product metric
of eigenspaces with the Ricci tensor. Then it is either Ricci flat or isometric to the
Bryant soliton up to scaling.

On the other hand, the expanding solitons are less rigid, and various works have
been done recently; see, for example, [16; 18; 32]. As another consequence of
Theorem 1.2 and the work of Cao and Yu [8] for complete D-flat expanding solitons,
we have the following classification result.

Theorem 1.4. Let (M, g, f),n >3, be a complete expanding gradient Ricci soliton
with harmonic Weyl curvature and multiply warped product metric of eigenspaces
with the Ricci tensor. Then it is one of the following types:

(i) g is an Einstein metric with a constant potential function f.

(i) (M", g) is isometric to a quotient of R" x N"™", where 2 <r <n—2,R" is the
Gaussian expanding soliton, and N"™" is an (n—r)-dimensional Einstein manifold
with the Einstein constant p < Q.

(iii) (M", g) is rotationally symmetric and a quotient of an expanding soliton of
the form
(10, 00), ds®) x5 ("™, o),

where gg is the round metric on S"~!.

(iv) (M", g) is a quotient of some warped product expanding Ricci soliton of the
form
(R, ds?) x (N"™', ),

where (N"~', 2) is an Einstein manifold of negative scalar curvature.

Inspired by Cao and Chen [6; 7] and Kim [26], we in fact derived a local
description of Ricci soliton potential functions under the assumption of harmonic
Weyl curvature. By using the method of exterior differential and moving frames, we
first obtain the integrability condition of harmonicity and give a local structure of the
soliton metric with a multiply warped product. Then we divide the discussion into
three cases, according to the numbers and multiplicities of distinct Ricci eigenvalues.
As a result, we obtain the following local classification.
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Theorem 1.5. Let (M", g, f), (n > 5), be an n-dimensional (not necessarily com-
plete) connected gradient Ricci soliton with harmonic Weyl curvature and multiply
warped product metric of eigenspaces with the Ricci tensor. Then it is one of the
following four types:

(i) (M™", g) is Einstein, and f is a constant function.

(ii) For each point p € M, there exists some neighborhood U of p such that
(U, g) is isometric to a domain in the Riemannian product R" x N"=" with g =
ds? —i—szdefl +g,where2 <r <n—2and (N"™", g) is Einstein with the Einstein
constant p # 0. The potential function is given by f = % |x|2 modulo a constant on
the Euclidean factor.

(iii) For each point p € M, there exists a neighborhood U of p such that (U, g) is
isometric to a domain in Rt x Rx N" =2 with g = ds?>+s>"=3/0=D g2 4 g4/ (=D g
where (N" 2, g) is Ricci flat. Also,n #5,p=0and f =2(n—3)/(n — 1) log(s)
modulo a constant.

(iv) For each point p € M, there exists a neighborhood U of p such that (U, g) is
isometric to a domain in R x N*~' with g = ds® + h*(s)&, where g is an Einstein
metric on some (n—1)-manifold N"~'. Moreover, the covariant 3-tensor D of Cao
and Chen [6; 7] vanishes.

We point out that the incomplete steady gradient soliton in Theorem 1.5(iii)
has negative scalar curvature, which is in contrast to the fact that complete steady
gradient solitons should have nonnegative scalar curvature [15]. Thus, Theorem 1.2
follows immediately from Theorem 1.5.

Next, we discuss some applications. In [13], the authors obtained some results on
gradient Ricci solitons with certain vanishing conditions on the Weyl tensor. More
precisely, assuming div* (W) = 0 and under certain Ricci curvature assumptions,
they showed that the Ricci soliton has harmonic Weyl curvature. Combining this
fact with Theorems 1.3 and 1.4, and [26] for n = 4, we have the following two
corollaries.

Corollary 1.6. Let (M", g, ), n > 4, be a complete gradient steady Ricci soliton
with positive Ricci curvature such that the scalar curvature attains its maximum
at some point py € M. If the soliton is of multiply warped product metric and
div* (W) = 0, then M is either Ricci flat or isometric to the Bryant soliton.

Corollary 1.7. Let (M", g), n > 4, be a complete gradient expanding Ricci soliton
with nonnegative Ricci curvature. If the soliton is of multiply warped product metric
and divt(W) = 0, then M is one of the following:

(1) g is an Einstein metric with f a constant function.
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(i) (M", g) is isometric to a quotient of R" x N"™", where 2 <r <n—2,R" is the
Gaussian expanding soliton, and N"~" is an (n—r)-dimensional Einstein manifold
with the Einstein constant p < Q.

(iii) (M", g) is rotationally symmetric and a quotient of an expanding soliton of
the form
([0, 00), ds?) x4 (S"~", o).

where gq is the round metric on S"~\.

(iv) (M", g) is a quotient of some warped product expanding Ricci soliton of the
form
(R, ds?) x; (N"™1, ),

where (N1, 2) is an Einstein manifold of negative scalar curvature.

This paper is organized as follows. In Section 2, we give some formulas and
notation for Riemannian manifolds and Ricci solitons by using the method of moving
frames. In Section 3, we derive the integrability conditions (ODEs) for a gradient
Ricci soliton with harmonic Weyl tensor when the local structure of the metric is
a multiply warped product. In Sections 4-6, we divide our discussion into three
cases according to the numbers and multiplicities of distinct Ricci eigenvalues A;,
i=1,2,...,n. Here, we denote A as the Ricci eigenvalue with respect to the
gradient vector V f of the potential function. Concretely, in Section 4, we study
the case that there are at least three mutually different values in the eigenvalues
A2, ..., Ay, but it turns out that this case cannot occur. In Section 5, we analyze the
case that there are exactly two distinct Ricci values in the eigenvalues A, ..., A,.
Then two subcases are divided according to whether one of the two distinct Ricci
eigenvalues is of single multiplicity or not. Types (ii) and (iii) of Theorem 1.5 come
from this part. In Section 6, we treat the remaining case that all A, A3, ..., A, are
equal, for which the D-tensor must vanish. In the last section, we summarize and
prove the stated theorems.

2. Preliminaries

In this section, we first recall some formulae and notation for Riemannian manifolds
by using the method of moving frames. Then we give some fundamental formulae
of Ricci solitons.

2.1. Notation for Riemannian manifolds. Let M" (n > 3) be an n-dimensional
Riemannian manifold, £, ..., E, be a local orthonormal frame fields on M", and
i, ..., ®, be their dual 1-forms. In this paper we make the following conventions
on the range of indices:

1<i,j,k,...<n
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and agree that repeated indices are summed over the respective ranges. Then we
can write the structure equations of M" as

(2-1 doj=wjNwj; and w;j+wj =0;
(2-2) —1Rijuwk Aoy =dwij — o Ay and  Rijy = —Rjin,

where d is the exterior differential operator on M, w;; is the Levi-Civita connection
form and R;ji; is the Riemannian curvature tensor of M. It is known that the
Riemannian curvature tensor satisfies

(2-3) Rijii = —Rijit, Riju = Ruij and  Rijy + Rij + Rijr = 0.
The Ricci tensor R;; and scalar curvature R are defined, respectively, by

(2-4) Rij:=) Rijx and R=3) Rj.
k i

Let f be a smooth function on M". We define the covariant derivatives f;, f; ; and
fijk as

(2-5) fiwi =df, fijo;j:=dfi+ fjwji,
and

(2-6) fi.jkox =dfij + fr, jori + fixwr)-
We know that

(2-7) Jij=Ffii and  fijx— fixj = fiRiijk-

The gradient, Hessian and Laplacian of f are defined by
(2-8) Vf:=fiE;, Hess(f):=/fi j0oi®w; and Af ::Zﬁ’i'
l

The covariant derivatives of tensors R;; and R; ;i are defined by

(2-9) Rjjxwy :=dR;j + Rijowr; + Rirwy;

and

(2-10)  Rjjxt,m@m := dRijii + Ryjri@mi + Rimki@mj + Rijmi@mk + Rijkm@mi-
By exterior differentiation of (2-2), one can get the second Bianchi identity
(2-11) Rijki,m + Rijim .k + Rijmk,1 = 0.

From (2-4), (2-10) and (2-11), we have

(2-12) Rijk — Rik,j == Rijjk1
7



330 FENGJIANG LI

and so

(2-13) > Rjij=3R:.

We define the Schouten tensor as A = A;;w; ® w;, where

1

2-14 A,"Z=Ri'——
(2-14) / I 2m=1)

R(Sij.
Then A;; = Aj;. The tensor
1
(2-15) Wijki = Rijii — E(Aikajl + Ajidix — Aidjk — Ajidir)

is called the Weyl conformal curvature tensor which does not change under the
conformal transformation of the metric. Moreover, as it can be easily seen by the
formula above, W is totally trace-free. In dimension three, W is identically zero
on every Riemannian manifold, whereas, when n > 4, the vanishing of the Weyl
tensor is equivalent to the locally conformal flatness of (M", g). We also recall
that in dimension n = 3, (M, g) is locally conformally flat if and only if the Cotton
tensor C, defined as follows, vanishes:

(2-16) Cijk = Ajjx — Air,j-

We recall that, for n > 4, using the second Bianchi identity, the Cotton tensor can
also be defined as one of the possible divergences of the Weyl tensor:

n—2
3 Z Wiijkag = Cijk.
/

2-17) —

On any n-dimensional manifold (M, g) (n > 4), in what follows a relevant role
will be played by the Bach tensor, first introduced in general relativity by Bach [1]
in early 1920s. By definition, we have

1 1
(2-18) Bij = 3 Wikjlk + mszWikjl

and by (2-17), we have an equivalent expression of the Bach tensor:
1
(2-19) Bij = nj(cijk,k + Ry Wikj1)-

2.2. Some basic facts for gradient Ricci solitons. Now, let (M", g, f) be a gradient
Ricci soliton and (1-1) can be written as

(2-20) R;j + fi,j = ,05ij.

We will recall some well-known facts of gradient Ricci solitons.
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Lemma 2.1 (Hamilton [22]). Suppose that (M", g, f) is a gradient Ricci soliton
satisfying (2-20). Then

(2-21) VR =2Ric(VFf, "),
(2-22) R+|VfI*=2pf = Co,
(2-23) AR =(VR,Vf)+2pR —2|Ric|?,

where Cy is constant and |Ric|2 = Zi i RIZI

The covariant 3-tensor D, introduced by H.-D. Cao and Q. Chen in [6], turns out
to be a fundamental tool in the study of the geometry of gradient Ricci solitons (more
in general for gradient Einstein-type manifolds). In components it is defined as

1
(2-24)  Djjr = m(Aijfk —Ai fj) + GijExn —8ikEj) fi,

1
(n—1(n-2)

where E;; = R;; — %6;; is the Einstein tensor. This 3-tensor D;jy is closely tied
to the Cotton tensor and played a significant role in [6; 7] on classifying locally

conformally flat gradient steady solitons and Bach flat shrinking Ricci solitons.

Lemma 2.2 (Cao—Chen [6; 7]). Let (M", g, f), n > 3, be a complete gradient
Ricci soliton satisfying (2-20). D;ji is closely related to the Cotton tensor and the
Weyl tensor by

(2-25) Djjx = Ciji + fiWiijik.

The Bach tensor B;j can be expressed in terms of D; i and the Cotton tensor Cjjy

1 n—3
(2-26) Bij = — Xk:Dijk,k‘i‘mkajik .

Finally, by using (2-7), (2-20), (2-14), (2-16) and (2-23), we immediately have
the following lemma (see, for instance, Kim [26]).

Lemma 2.3. Let (M", g, f) be a gradient Ricci soliton with harmonic Weyl tensor,
ie, W =), Wik = 0. Then the Cotton tensor C vanishes and the Schouten
tensor A is Codazzi. Moreover,

(2-27) SfiRiijk = Rik,j — Rij«
. 1
T 2n—=1)

Si(Rij8ix — Rikdij).

(R;jdik — Ri6ij)

n—1
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3. The basic local structure for n-dimensional gradient Ricci soliton
with harmonic Weyl curvature

In this section, for any gradient Ricci soliton with harmonic Weyl tensor, we first
recall by the arguments of [7; 26] that V f/|V f| is a Ricci eigenvector field with
its eigenvalue A;. There is a local function s with Vs = V f/|V f|, such that A
and R are functions of s only. Secondly, we show in Lemma 3.3 that the Ricci
eigenvalues A;, i =1, 2, ..., n, locally depend only on the variable s. At last, we
derive the integrability conditions when the local structure of the metric is a multiply
warped product (see Theorem 3.6).
First of all, we have the next lemma (see also Lemma 2.5 in [26]).

Lemma 3.1. In some neighborhood U of each point in {V f # 0}, we choose
an orthonormal frame field {E| = V f/|V f|, Ea, ..., E,} with dual frame field
{w1 =df/IVfl, wa,...,w,}. The following properties hold:

(1) E1 =V f/|Vf|isan eigenvector field of the Ricci tensor.

(ii) The 1-form w; =df/|V f| is closed. So the distribution V = Span{E,, ..., E,}
is integrable from the Frobenius theorem. We denote by L and N the integrable curve
of the vector field E| and the integrable submanifold of V, respectively. Then it
holds locally M = L x N and there exist local coordinates (s, x2, . .., X,) of M such
thatds =df/|V f|, E1 = Vs, V = Span{d/dxa, ..., d/dx,} and g =ds*+ ), &?.

(iii)) R and Ry; = Ric(E1, E1) can be considered as functions of the variable s
only, and we write the derivative in s by a prime: ' =df/ds, etc.

Proof. Noting that f1 = |V f| #0, f, =0 for 2 <a <n, (2-27) gives us

0= fiRi11a = fiRnia =

Sf1(Ri181a — Rigb11) = — fiR1a.
n—1 n—1

Then R, = 0, which implies E; = V f/|V f] is an eigenvector field of the Ricci
curvature, and (i) is proved.
Making use of (2-21), we get

(3-1) Ro=2Ruj f;i =2Ra fi+2)_ Rapfo =0,
b>2

together with (2-22), which shows

(V f1*)a = —Ra+2pf. = 0.

_ (4N _
d‘”‘_d<|Vf|)_ 2|V [P

Therefore

d(VfIHAdf =0,

and (ii) is proved.
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Since Ry =2R;; fj = 2Ry f1 implies that

=1 R
2|V S

by combining with (3-1), one can immediately get (iii). (|

Ry 1

Let (M", g, f) be a gradient Ricci soliton with harmonic Weyl curvature. Com-
bining with Lemma 3.1, we can choose a locally orthonormal frame field

{Elzv—f EzE}

VI’
with the dual {a)l = ‘é—J}l, wy, ..., a)n} such that
(3'2) Rij = )\ifsij-

Without loss of generality, we assume that

Apy=---= )‘r1+19 Ar1+2 == )Mr1+r2+l’ ey )\r1+r2+~--+rm,1+2 =---=Ay,
and Ao, Ar 42, -« o5 Ay pryteetr, +2 are distinct. Next, our first goal is to prove that
all Ricci eigenvalues A; (i =1, ..., n) depend only on the local variable s.

Lemma 3.2. Let (M, g, f) be an n-dimensional gradient Ricci soliton with har-
monic Weyl curvature. For the above local frame field {E;} in Mo N{V f # 0}, we
have that

(3-3) " +r=np,
(3'4) W1g = Saway

_ _ R
(3'5) Raa,l = ()\1 )\a)ga + 2(n— 1);
where
(3-6) Eui= ——(p—ha).

V£l
Proof. From (2-5) and (2-6), it follows that for2 <a <n, fi=|Vf|=f', fu =0,
f1,1 = f// and f/a)w = fa’ja)j.

Putting f; ; = (p — A;)d;; into the above equations, one can immediately get (3-3)
and (3-4). Covariant derivatives of R;; can be computed by (2-9):

Rll,] = )\/1 and Rla,a = (A1 — )Va)ga-

Combining with the harmonic condition Ry, 1 = Ri4.4 + % yields (3-5), and
we have completed the proof of this lemma. (|

Based on the above lemmas, we present the key lemma which was proved by
Kim [26] for the four-dimensional case. Here we include a proof similar to Shin’s
(see also Lemma 3 in [34]).
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Lemma 3.3. Let (M, g, f) be an n-dimensional gradient Ricci soliton with har-
monic Weyl curvature. For the above local frame field {E;} in Mo N{V f # 0}, the
Ricci eigenvalues ); (i =1, ..., n) depend only on the local variable s, so do the
functions &, for2 <a <n.

Proof. Firstly, it follows from Lemma 3.1 that R = tr(Ric) and A; = R;; depend
on s only, and then we consider the Laplacian of the scalar curvature. Calculating
the covariant derivatives R gives us R;; = R” and R, , = R',8,5. Thus

—1Dp—R+ X1
f/

AR=Ri1+ Y Rea g+ R
a

depends on s only. Then from (2-23), tr(Ricz) = |Ric|? also depends on s only.
Therefore by this motivation, we define (Rick )ij = Rii,Ri\ir - -+ R, j with its trace
tr(Rck) = Yo (A:)¥, and then our goal is to show that the functions tr(Rick) for
k=1,2,...,n—1 depend on s only, which implies that A; fori =1, ..., n also
depend only on s.

Next, we apply the mathematical induction to prove the desired results. Assume
tr(Ricl) depends on s only for 1 </ <k, and then tr(RickH) will be done. In fact,

(Z(R,ﬁ-)) =Y kRS (Rid)
i=1 Lo
_k<R]1<1 1Rll 1+2Rk lRaa 1)

a=2

Putting (3-2), (3-5) and (3-6) into the above equation, we have

n

(Z(Rﬁ)) = XA k— [(ZAHI kkH)—(M—i—p)(ZAf‘—A’l‘)]
i=1 1 j

k—1 k—1

+(rph+ 3 —D)(ZA -4

By assumption, every term except for ), A+ in the above equation depends
only on s. Thus tr(Rick*!) = Yo )»f“ is also a function of s only, and we have

completed the proof of this lemma. (|

We proceed to obtain the local structure of the metric for n-dimensional gradient
Ricci solitons with harmonic Weyl curvature. We define [a]={b|Ap =A, and b # 1}
for 2 < a < n and make the following conventions on the range of indices:

2<a,b,c...<n and 2<0a,B,...<n,

where [a] = [b], [@] = [B] and [a] # [«].
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Lemma 34. Let (M, g, f) be an n-dimensional gradient Ricci soliton with har-
monic Weyl curvature. For the above local frame field {E;} in My N{V f #£ 0}, for
p ¢ {1, [a], [a]}, we have that

(3-7) (Mg — M) g (Ep) = (Ag — )\p)wap(Ea),
(3-8) Riatpy = — (&) +ED)8ab,
(3-9) £, +Er= S
2(n—1) f’
(3-10) M=—f"+p=—(—1)E +ED),
R/
(3-11) A — (b = ko) = 0T

Proof. We continue to compute the covariant derivatives of R;;. For a # b,
Raa,l = )";5 Raa,b = Raa,a =0 and Rab,i = 0»
while for the different range of indices,
n
()‘a — Ag)Wag = Z Raa,kwk = Raa,la)l + Raa,aa)a + Raa,cxwa + Z Raa,iwi-
k=1 i#l,a,a
Since Ryo,1 =0and Ry g =0, 4o (E1) = 0o (Ey) = waa(Ey) = 0. Therefore,
(A — Ag)Waq = Z Raa,pa)p.
p¢{l.lal,[]}

Therefore, when p € {1, [a], [a]}, wua (E ) = 0; while when p ¢ {1, [a], [«]},

()‘a - )\oz)a)aot(Ep) = Raot,p-
By (2.27), Rua,p = Rup,« = Rpa,qa; hence,
(Aa — )Hx)a)aa(Ep) = (Aa — )\p)a)ap(Ea) = (Ag — )Mp)wap(EaL

which shows (3-7) .
Next we will compute the curvature. From (2-2) and (3-4),

—SR1aijoi A wj = & +ED01 A 0a+ Y (Ea = Ea)Oae A Ou
a>2
which shows (3-8) since w,,(E1) = 0. Making use of (2-27) again, we see
R/
2 —1)f"’

Rlala =
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which shows that all Ry, are equal fora=2, ..., n, and (3-9) holds by (3-8). Then
in combination with (3-3), we immediately get (3-10). Putting R,, 1 = A, into (3-5)
implies harmonic condition (3-11). We have completed the proof of this lemma. [J

Remark 3.5. We would like to express our gratitude to Professor Kim for pointing
out an error that when the eigenvalues A,, ..., A, are at least three distinct values,
wqe = 0 is not always true. However, under the harmonic of Weyl tensor condition,
we can only establish the exchange relation as shown in (3-7). Under certain specific
conditions, such as when at most two eigenvalues A,, ..., A, are distinct, w,, =0
holds true.

At last, we are ready to derive the integrability conditions and the local structure
of the metric as a multiply warped product. For the multiplicities of distinct Ricci
eigenvalues, without loss of generality, we assume that 7; =r, =---=r; =1 and
Vigl, FI42s o ooy T = 2.

Theorem 3.6. Let (M", g, f) (n > 4) be an n-dimensional gradient Ricci soliton
with harmonic Weyl curvature. For each point p € Mo N{V f # 0} and the above
local frame field {E;} in Ms N{V f # 0}, wuo (Er) =0 for k ¢ {1, [a], [a]} if and
only if there exists a neighborhood U of p such that

U=L><hlLl"'Xh,Ll"'Xh,+1N1+1><”'Xh Nm

m

is a multiply warped product furnished with the metric
(3-12)  g=ds*+hi(S)dtf + - +h{()dt]} +hi 1 (DG + -+ hp () Em.

where h j(s) are smooth positive functions for 1 < j <m,dim L,=1 for 1 <v <1,
and (N, g,) is an r,-dimensional Einstein manifold with the Einstein constant
(ru—Dkyforl+1<pu<m. Let A; i =1,...,n) be the Ricci eigenvalues, 1
being the Ricci eigenvalue with respect to the gradient vector V f, and functions &,
be given by (3-6). Then the following integrability conditions hold:

/

/ 2 _
(3-13) fatbi =307 o7
(3'14) )‘a - ()‘1 _)\a)ga = m»
(3-15) M=—f"+p=——1DE +ED.
" k
(3-16) ho=—fEatp=—E—E) E+0 D

i=2

Here2 <a <nand&, =h'/h; in (3-16), ifa=2,...,1+ 1, thenr = 1 and
h=he_r;ifacll+rp+---+ru1+2,thenr =ry,,h=h, and k =k,.
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Proof. Adequacy is obvious; we only need to prove necessity. From the structure
equation,
1
_jRaaijwi Nwj= §abawa N Wy,

which implies
(3'17) Raabﬁ = _Sasa(sah(saﬁ-
Moreover, by (2-1), (3-4) and (3-7),

dwy = Z (éaaaﬂ +a)aﬁ) Nwg = 0 (mod w,g).
B

By dw; = 0 and the Frobenius theorem, the distribution V,, = Span{E}, : b € [a]} is
integrable. It is worth noting that w,, = 0 yields more information than that Ricci
eigenspaces form mutually orthogonal differentiable distributions. Defining N,
to be the integrable submanifold of V,, we consider the r-dimensional isometric
immersion submanifold N, with the metric g = Zbe[a] a),% of the manifold (M, g).

When the multiplicity r of the Ricci eigenvalue A, is not less than two, it follows
from (3-8) and (3-17) that

(3'18) Rab = Ralb] + Z Raaba + Z Racbc
o c

= |:_('§¢/1 + 53) - ga Z Soci|8ab + Z Ruche-
o C
Making use of (3-4) and (3-7) again, Gauss equations imply

(3'19) Rabcd = Rabcd + %'3 (Sac‘sbd - (Sad(sbc)»

where Rgpeq is the curvature tensor of (N, g). Actually, (3-7) means that the
submanifold (N,, g) of the Riemannian manifold (N , Z#l a)lz) is totally geo-
desic, where N is the integrable submanifold generated by the distribution V =
Span{E», ..., E,}; see Lemma 3.1. Taking trace in (3-19) and then plugging (3-18)
into it, one can get

Rac = Z Rapen + (I" - 1)558(10
b

= [xa +EHED FEa Y Eat (r— 1)53]6ac,
agla)

which depends on s only. Hence, the metric g is Einstein. Then we can assume that
g = h*(s)g, where h(s) is a positive function and g is Einstein with the Einstein

constant (r — 1)k. So
_ (r—1k
Ry = n2 ac
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and

n
k
(3-20) ho=—E =) &+ =D
i=2
Also, it follows from the structure equation that &, = h’/h.
When the Ricci tensor eigenvalue A, has single multiplicity, by using (2-1), (3-4)
and (3-7), we calculate the exterior differential of 1-form w,:

dw, = w; N wiqg =E,01 N wg.

Setting the positive function h(s) such that & = h'/h, and we see that 1-form
(1/h)w, is closed. Then there is a local function ¢ satisfying dt = (1/ h(s))w, and

n
(3'21) )Va = Rlala + Z Raaaa = _%—a/ - sa Zfz
aé¢la] i=2

Consequently, we obtain that if w,, = 0, the metric is a multiply warped product
as seen in (3-12). Furthermore, it follows that (3-16) holds from (2-20), (3-20) and
(3-21). In fact, by comparing with (3-21), there is no term (r — 1)(k/h2) in (3-20).
However, in the case r = 1, this term vanishes for any constant k, and then the Ricci
eigenvalue 2, also satisfies the form like (3-20). Hence, for convenience sometimes
we add this term. We have completed the proof of this theorem. U

4. The local structure of the case with more than two distinct Ricci eigenvalues

In this section, and Sections 5-6, we give the local classification of n-dimensional
gradient Ricci solitons with harmonic Weyl curvature and multiply warped product
metric of eigenspaces with the Ricci tensor, according to numbers and multiplicities
of distinct Ricci eigenvalues written as A,, a =2, ..., n. To avoid repetition, unless
stated otherwise, the Ricci eigenvalues mentioned in the following discussion do
not include A, which is the eigenvalue with respect to the gradient vector of the
potential function.

In this section, we shall study the case when A,, A3, ..., A, are at least three
mutually different eigenvalues, but it turns out that this case cannot occur.

First, we recall that as a gradient Ricci soliton, (M, g, f) is real-analytic in
harmonic coordinates [25], i.e., g and f are real-analytic (in harmonic coordinates).
To exploit the real-analyticity, we shall use the following simple facts:

(1) If an analytic function P is not constant, {V P # 0} is open and dense in M.

(ii) If P - Q equals zero (identically) on an open connected set U for two real-
analytic functions P and Q, then either P equals zero on U or Q equals zero
onU.
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Proceeding, we analyze the integrability conditions in Theorem 3.6. Assume
that A, and A, are mutually different of multiplicities r; and r,, that is,

Aa ::AZZ"':)\U—H and Ay = )\r1+2:"':)‘r|+r2+l~
Here we make the following conventions on the range of indices:
2<a,b,...<(n+1); N+2)<a,B,...<(r+rn+1).

Define &, := X and &, := Y, from Section 3, and then they satisfy the integrability
conditions

4-1) X'+ X2=Y' +Y*=¢ +&,
4-2) =—f"+p=—(-DX +X?),
k n
4-3) xa=—f’X+p=—(X’+X2>+X2+<r1—1)h—12—XZsi,
1 i=2
k n
(4-4) Aa=—f/Y+p=—<Y/+Y2)+Y2+<rz—1)h—§—YZs,-,
2 i=2

4-5) M= —2)X =2, — (A —Ae)Y.
By using the above basic facts, it is easy to get the following equations:

Lemma 4.1. Let (M", g, ) (n > 4) be an n-dimensional gradient Ricci soliton
with harmonic Weyl curvature and multiply warped product metric of eigenspaces
with the Ricci tensor, in some neighborhood U of p € Mo N{V f # 0}, suppose A,
and Ay are mutually different Ricci eigenvalues with multiplicities ry and ry. The
following identities hold:

k k "
(4-6) (r1 — 1)—;—(rz— 1)—2; = (X—Y)[Zéi —(X+Y)—f’}
3 h3 P

k k n
D (=Dt D =2+ XD 4 p+ Y8 - (X4 YD),
! 2 i=2
k k
@8) (n—1)—X—(n—1)>Y
hi h3

=(X—Y){(X/+x2)+p+(X+Y>[Zsi—<X+Y)—f/]+XY},

i=2

k k
(4-9) —(r — 1>h—§Y +(ry— 1>h—§x =X -"IX +X)+p+XY],
1 2
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k k
(4-10) (rl—l)h—;X—(rz—l)h—iY
1 2

= (X—Y>[<X/+x2)+Zsf— (X2 +7?) —xy]
i=2
ki k
(4-11) [(n —Do5 (- 1)—}<X+Y>
hl h2

= (X — Y)[Zs —(X2+7? 2XY—pi|

(4-12) Zsf—p=(X+Y><Zs,-—f’).
i=2 i=2

Proof. First, subtracting (4-3) from (4-4) gives us

4-13) Ay —Aa=f(X-Y)

" k k
=(X—Y)[ZE,-—(X+Y)} E [(n—nh—;—(rz—l)—z],
1

2
i=2 h2

which implies (4-6). Noting that 4} /h; = X and h,/h, =Y and differentiating
(4-13) leads to

@-14) (=2 =L (X=D)I

= (X—Y){(n—3)(X/+x2>—(X+Y)[Zs,-—(xm}

i=2

—[Zsf—a%y%“w[(rl Do L X—(-1)2 P ]

i=2 l 2

On the other hand, applying (4-1), (4-2) and (4-13), we see

@-15) [f'(X-D)]'=f"(X-Y)—f(X-Y)(X+Y)

= (X—Y){[(n—1)(X’+X2)+,0]—I-(X+Y)[Zéi—(X—I-Y)]}

i=2

kq /Q
HEAD)| (=D 5= |

Comparing with (4-14) and (4-15) gives us (4-7), where the fact X # Y was used.



GRADIENT STEADY RICCI SOLITONS WITH HARMONIC WEYL CURVATURE 341

Next, we consider the harmonic condition. It follows from (4-2), (4-3) and (4-4)
that

(4-16) (A1 —2a)Y — (A1 —A0)X

= (X—Y){(n—Z)(X/+X2) —(X+Y)|:Z$i —(X+Y):| —XY}
i=2
+ [( DX~ (ry— 1) 22 y]
r=1)—5X-(-1)—=VY|
hi h3
Since A, — A, = (A\; — Aq)Y — (A1 — X4)X from harmonic condition (4-5), by
comparing (4-15) and (4-16) we obtain (4-8). Putting

n
f(X-Y)= (X—Y)[Zs,- —<x+y>} - [m = 1)2—; —(ry— 1)%}
i=2 1 2
into (4-8) implies (4-9).
On the other hand, we can obtain (4-10) by combining (4-14) and (4-16).
Meanwhile, subtracting (4-10) from (4-9) shows (4-11), while (4-12) is proved by
subtracting (4-8) from (4-10), and we have completed the proof of this lemma. [J

Proceeding, we will apply (4-1), (4-2) and (4-12) to obtain the following desired
result.

Theorem 4.2. Let (M", g, ) (n > 4) be an n-dimensional gradient Ricci soliton
with harmonic Weyl curvature and multiply warped product metric of eigenspaces
with the Ricci tensor. Then in some neighborhood U of p € M4y N{V f # 0}, the
Ricci eigenvalues Ay, A3, ..., A, cannot be more than two distinct.

Proof. 1If not, we assume that A, A3, ..., A, are at least three mutually different,
and denote them by A, A and A, with multiplicities r1, r> and r3. For convenience,
we also define &, := X, §, ;==Y and §, := Z. By (4-12), with the assumption of
Lemma 4.1, we see that

Zgl?—p:(XJrY)(Zéi—f’) =(X+Z><Zsi—f’) =(Y+Z>(Zsi—f’)-
i=2 i=2 i=2 i=2

Therefore, it follows that

(4-17) YoE=f
i=2

since X, Y and Z are distinct, and then we have

n

(4-18) Y & =p.

i=2
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On the other hand, by (4-1), (4-2) and differentiating (4-17), we obtain

n
_Z éiz =P,
i=2

which yields Y _"_, 5,'2 = 0 by combining with (4-18). This is a contradiction since
X, Y and Z are distinct. We have completed the proof of this theorem. (]

5. The local structure of the case with two distinct Ricci eigenvalues

In this section we begin to study the case when there are exactly two distinct Ricci
values in the eigenvalues A, ..., A,. Types (ii) and (iii) of Theorem 1.5 come from
this section.

First of all, we need the following lemmas to prepare for the local structure of
the case.

Lemma 5.1. Let (M", g, f) (n > 4) be an n-dimensional gradient Ricci soliton with
harmonic Weyl curvature. Assume there are exactly two distinct values in the Ricci
eigenvalues Ay, . .., A, denoted by A, and Ay of multiplicities ri andry :=n—r;—1
in some neighborhood U of p € My N{V f #0}. Then the functions X and Y satisfy

(5-1) (n—DXY+p=f(X+Y),
(5-2) X' +X>4+XY =0,
(5-3) XY[(r1 = DX> 4+ (r,— )Y?—2XY — p] =0.

Proof. In this case, (4-6)—(4-12) in Lemma 4.1 become

k k
(-4 (r— 1>h—‘2 —(r— 1)h—§ =X =V)[(r1 = DX+ — DY — f1],
1 2

k k
(5-5) (r— 1)h—; +(ry— 1)h—§ =2(X' 4+ X))+ p+1(ri — DX> + (= DY,
1 2

ki ko
(5-6) (r1— 1)ﬁX —(rp— l)ﬁY

1 2
=X =X +X)+p+ X+ D1 = DX+ (a— DY — 14+ XY},
(5-7) —(rn— 1)%Y+(r2— 1)%?( =X -YV)[X'+X*) +p+XY],
1 2

ki ko
-8 (r1— Dh_%X —(ry — l)h_%Y
=X -V[X' + X))+ — DX*+ (- DHY? - XY],
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k k

(59) [(r1—1)—5 — (2= D2UX +Y)
hl h2

= (X —V)[(r1 — DX*+(r2— DY? —2XY — p]

(5-10) nX2+nY? —p=X+Y)nX+nrnY—f).

We can immediately simplify (5-10) to get (5-1). By (4-1), (4-2) and differentiating
(5-1), we obtain (5-2).
Next, by (4-1), (5-2) and differentiating (5-5), we see

1D (1= DX+ (=12
hl h2
= 2XY(X+Y)+[(r1 — DX* (X +Y)+ (2 — DY (X +Y)]

=X +V)[(r1 — DX*+ (. — DY? = 2XY].
Equations (5-9) and (5-5) yield that

(r1 — 1)%(X +Y)=[(r1 —DX*+ (r, — DY?—2XY]X + pY
1

and
ko

(ry— l)ﬁ(X +Y)=[(r1 — DX*>+ (r— DY?2 =2XY]Y + pX.
2
Multiplying both sides of (5-11) by X 4 Y and then putting the above two equations
into it, we obtain that
2XY[(ri — DX+ (r; — Y2 —2XY — p] = 0.

Therefore, the proof of this lemma is completed. ([

Lemma 5.2. Let (M", g, f) (n > 4) be an n-dimensional gradient Ricci soliton
with harmonic Weyl curvature which satisfies the hypothesis of Lemma 5.1. Then
functions X and Y also satisfy

(5-12) X+Y#0
and
(5-13) n—1DXY+p#O0.

Proof. First, if X +Y = 0, by combining with X’ + X? = Y’ + Y2, we have
X'=Y'=0. X and Y are nonzero constant since they are distinct. Plugging them
into (5-1),

n—DX*—p=0.



344 FENGJIANG LI

From (4-2), we see f” =2p. It follows from (4-3) that

/ _ 2 kl
—fX+p=—(r1—r)X +(r— l)ﬁ
1

and then differentiating it, one can easily get " = 2(r; — I)Z_IZ' Therefore
1
(=1
rn—1—==p.
1 h% p

Similarly, it holds that (r, — 1):—% = p. Putting them into (5-4), we see

['=01-r)X
is constant, which implies that f” = 0. Hence
(r1+rm)X*=p=0

and then X = 0, which is a contradiction. Thus (5-12) is proved, and (5-13)
immediately follows from (5-1). The proof of this lemma is completed. (]

Lemma 5.3. Let (M", g, ) (n = 4) be an n-dimensional gradient Ricci soliton
with harmonic Weyl curvature which satisfies the hypothesis of Lemma 5.1.

(i) The equality (r; — 1)% =(r, — 1)% holds if and only if

(5-14) (rn—DX>+ (= DY*=2XY —p=0.

@Gi) If (r; — 1)}% =(p— 1)’;—%, then the Ricci soliton is steady (i.e., p = 0) and

(5-15) (r—DX*+ (r,— DHY? = 2XY =0.
Proof. First, noting (5-12), (i) immediately holds by (5-9).
Next, if (r; — 1)% =(r, — I)Z—%, from (5-4), we have
(r—DX+ (=Y = [
Then differentiating this equation gives us
(ri—DX?+ (= 1DHY?>=2XY +p =0,

where (4-1) and (4-2) were used. By combining with (5-14), we immediately
have (ii) holds. The proof of this lemma is completed. U

Proceeding we will discuss two cases according to whether one of the two Ricci
eigenvalues is of single multiplicity.



GRADIENT STEADY RICCI SOLITONS WITH HARMONIC WEYL CURVATURE 345

5.1. The multiplicities of two Ricci eigenvalues A, and L, are more than one.
In this subsection, we will study the case when the multiplicities of two Ricci
eigenvalues A, and A, are more than one in some neighborhood U of a point p
in M4 N{V f £ 0}. We have the following local classification result, which forms
type (ii) of Theorem 1.5 for 3 <r <n —2.

Theorem 5.4. Let (M", g, ) (n > 4) be an n-dimensional gradient Ricci soliton
with harmonic Weyl curvature. Assume in a neighborhood U of p in Mo N{V f # 0}
that there are exactly two distinct values in the Ricci eigenvalues A3, . . . , A,,, denoted
by A, and Ay, where both of the multiplicities are bigger than one. Then (U, g, f)
cannot be steady (i.e., p # 0). The two distinct eigenvalues are exactly 0 and p with
the multiplicities r + 1 and n — r — 1, respectively, where 2 <r <n — 3. Also, V f
is a null Ricci eigenvector.

Moreover, (U, g) is locally isometric to a domain in R s N1 with g=
ds®+ szdgf +2, where (N""~1, g) is an (n—r—1)-dimensional Einstein manifold
with the Einstein constant p # 0. The potential function is given by f = §s2 modulo
a constant.

Proof. In this case, we denoted the two distinct Ricci eigenvalues by A, and A,
with multiplicity r; =r and r, =n —r — 1, where r; > 2, i = 1, 2. Then it follows
from Theorem 3.6 that (U, g) is isometric to a domain in R x N| x Ng‘*’*l with

g =ds* +hi(s)g1 +h3(s)8a,

where (N;, g;) is an r;-dimensional Einstein manifold with the Einstein constant
(ri — Dk; fori =1, 2.

Based on what we have discussed, we first claim that one of the functions X
and Y vanishes, where X :=§, and Y := &, are the functions corresponding to the
Ricci eigenvalues A, and A, respectively.

In fact, if not, then neither X nor Y is zero. It follows from (5-3) that

(rn—DX>+(rn—DY*=2XY —p=0.

Therefore,
o= —DX>4+(r—DY?>=2XY = —=2)X>+(n—-2)Y>+ (X -Y)?

is positive since ry, rp > 2. On the other hand, from Lemma 5.3, we see p =0,
which is a contradiction.

Next, without loss of generality, we assume that X %0 and ¥ =0. Y =0 implies
that / is constant and X’ + X2 = 0. Thus X = 1/(s —c1) and hy = cp, (s —c1)
after with integrating X = h/1 /hy for constants ¢; and cp,,. By (4-2), we have

M=—f"+p=0,



346 FENGJIANG LI
which yields that f” = p and

f(s)=13p(s—ec)*+Cr.

Putting ¥ = 0 into (4-3) and (4-4), respectively, shows

(5-16) xa=—f'x+p:—(r_1)(x2_%)
1

and

Aa=p= (n—r—2)k—;.
hy
Noting that — f'X + p = 0, by (5-16), we see A, =0 and A, = p # 0.

Therefore, the Ricci curvature components and the scalar curvature are Ry} =
Ria=0,Rya =p,Rijj=0(#j)and R=(n—r—1)p.

Furthermore, since r > 2, (5-16) shows X2 — kl/h% =0, and then kl/ci1 =1.
Hence, (U, g) is isometric to a domain in R x N} x Ng‘_’_l with g =ds>+5281+52,
where (N7, g1) and (N;_’_1 , &2) are Einstein manifolds with the Einstein constants
r —1 and p # 0, respectively. Finally, we consider the manifold R' x N{ with
g= ds? —|—s2§1. From (3-5), we have fi1= faa=p #0and f,, = f1.. =0, i.e.,

Hess; (f) = pg.

This shows that f is a proper strictly convex function. We also see that f = %sz is

a distance function from the unique minimum of f up to a scaling. It is easy to
see that the radial curvatures vanish and then that the space (R! x N 1.8 f)isa
Gaussian soliton. This completes the proof of this theorem. O

5.2. One of the multiplicities of two Ricci eigenvalues A, and L, is single. In
this subsection, we will study the case that one of the multiplicities of two Ricci
eigenvalues A, and X, is single in some neighborhood U of p in M4 N{V f # 0}.
Without loss of generality, we assume that the multiplicity of Ricci eigenvalue A,
is one, that means r; = 1, r, =n —2 > 2. Then we shall give the local structure
of a gradient Ricci soliton (M", g, f) with harmonic Weyl curvature in this case
according to the integrability condition. Types (iii) and (ii) for » =2 in Theorem 1.5
come from this subsection.

First of all, it follows from Theorem 3.6 that (U, g) is isometric to a domain
inL xLj;x N;’_2 with

g= ds* + h%(s)dt2 +h%(s)§2,

where (N3, g2) is an (n—2)-dimensional Einstein manifold with the Einstein con-
stant (n — 3)k.
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Lemma 5.5. Let (M", g, f) (n > 4) be an n-dimensional gradient Ricci soliton
with harmonic Weyl curvature. In some neighborhood U of p in My N{V f # 0},
assume A, and )\, are mutually different Ricci eigenvalues with multiplicities 1 and
n—2. Then

X =&, #0.

Proof. If X =0, then Y # 0 since X and Y are distinct. X = 0 implies A4 is
constant and Y’ +Y2=0. Thus Y = 1/(s —c) and hy = cp, (s —c1) with integrating
Y = h/h,. Putting X = 0 into (4-3) yields p = 0. Then it follows from (5-1) that
f' =0, which is impossible. The proof of this lemma is completed. ([
Next, we will discuss two cases according to whether the constant k> vanishes,
which is equivalent to that the (n—2)-dimensional Einstein manifold (N, &) is
Ricci flat. Then the local structure of both cases will be shown according to the
integrability condition.
Subcase I: k; =0. For this subcase, the following result shows that the Ricci soliton
is steady and it can be classified. This will give rise to type (iii) of Theorem 1.5.

Theorem 5.6. For a gradient Ricci soliton (M", g, ) with harmonic Weyl cur-

vature, assume in some neighborhood U of p in Mg N{V [ # 0} that (M", g) is
locally isometric to a domain in L x Ly X N;_z with

g =ds* + hi(s)dt* + h3(s)ga,

where the (n—2)-dimensional Einstein manifold (N;, ;) is Ricci flat. Then n # 5,
the gradient Ricci soliton is steady (that is, p = 0) and g is locally isometric to the
metric ds® + s?=)/0=D g2 4 4 0=D g on a domain of Rt x R x N;’_z, where
g is Ricci flat. Also, the potential function is given by f =2(n —3)/(n — 1) log(s)
modulo a constant.

Furthermore, the Ricci curvature components and the scalar curvature are

_ 2(n—3) _ 2(m=3) __4m-=3)
T-Ds2 R -2 T - s

P _ 4(n — 3)?
Rl]—O (l#]) and R——m

Hence the scalar curvature is negative and nonconstant.

11

Proof. Let X := &, and Y := &, be the functions corresponding to the Ricci
eigenvalues A, and A, respectively.
We claim that

i) Y #0,
(i) p=0,
(iii) (n —3)Y —2X =0.
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In fact, in this case, r; = 1 and k; = 0. Then (5-4) gives us (n —3)Y — f' =0,
which shows Y # 0. Meanwhile, from (ii) of Lemma 5.3, it follows that p = 0 and

[(n—=3)Y —2X]Y =0,

which implies (iii) since Y # 0.
It is easy to see that n £ 5 from (iii) of the claim because X and Y are distinct. So

2 4
X/+X2=Y/+Y2=_ X/+ XZ’
n—3 (n—3)2
which is
’ n—1 2
X' +—X“=0.
n—3

Solving the above equation, X = 1/(gs — c1) for some constant c;, where g =
(n—1)/(n —3). Using (4-3), f' = 2X; by integrating this equation, the potential
function can be expressed as f = (2/¢) log(s) modulo a constant. From 7/ /h; = X
and h/2 /ho =Y, we can get functions #; and h,. Putting them into (4-2), (4-3)
and (4-4), one can easily get the Ricci curvature components and the scalar curvature
of g. The proof of this theorem is completed. (]

Subcase II: k, # 0. For this subcase, we have the following classification result,
which forms type (ii) of Theorem 1.5 for r = 2.

Theorem 5.7. For a gradient Ricci soliton (M", g, f) with harmonic Weyl cur-
vature, assume in some neighborhood U of p in Mg N{V f # 0} that (M", g) is
locally isometric to a domain in R' x R! x N;_z with

g =ds> +h3(s)dt* + h3(s)&a.

where the (n—2)-dimensional Einstein manifold (N3, g) is not Ricci flat. Then it is
not steady (that is, p # 0). The two distinct eigenvalues are exactly 0 and p with
multiplicities 2 and n — 2. Also, V f is a null Ricci eigenvector.

Moreover, (U, g) is locally isometric to a domain in R* x N"~% with g =
ds? + s2dt* + g, where (N"72,3) is an (n—2)-dimensional Einstein manifold
with the Einstein constant p # 0. The potential function is given by f = %sz modulo
a constant.

Proof. First of all, we claim that
Y =0.

In fact, in this case, we note that r; = 1 and k; # 0, from (i) of Lemma 5.3, and it
follows that
(r—DX>+(rn—1DY?>=2XY —p £0.

Combining with (5-3) implies ¥ = 0 since X # 0.
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Next, the similar method of the proof of Theorem 5.4 can be used to treat this
subcase. Y = 0 implies that 4, is constant and X’ + X2 =0. Thus X = 1/(s —cy)
and iy = cp, (s —c1) with integrating X = h/1 /h for constants c; and ¢j,. By (4-2),
we have

M=—f"+p=0,

which yields that f” = p and then
f&)=3pGs—c)*+C.
From (4-3) and (4-4), we have

k
Aa=—f'X+p=0 and Aa:p:(n—s)h—;;so.
2

Thus, (M, g) is locally isometric to a domain in R2x N"~2 with g= ds2+s2dt2+§2,
where (N"~2, g2) is an (n—2)-dimensional Einstein manifold with the Einstein
constant p # 0. [l

6. The local structure of the case with the same Ricci eigenvalues

In this section we treat the case that all Ricci eigenvalues are equal, except for the
first one. We set
Agi=do="---=Ay.

Type (iv) of Theorem 1.5 comes from this section.
For convenience, here we make the following convention on the range of indices:

2<a,B,y...<n

and define &, := X = % From Section 3, we have

6 1) h// B X/ X2 B R/
« 2R TPyl

(6-2) h=—f"+p=——- DX +X7),

(6-3) )»a=—f/X—l-,O=—(X/+X2)—(n—2)<X2—%).

Consequently, we have the following theorem.

Theorem 6.1. Let (M", g, f) be an n-dimensional gradient Ricci soliton with
harmonic Weyl curvature. Assume in some neighborhood U of p in Ma N {V f # 0}
that all Ricci eigenvalues are equal except for the one with respect to the gradient
vector of the potential function. Then g is a warped product:

(6-4) g =ds>+h*(s)g,
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for a positive function h, where the Riemannian metric g is Einstein. Furthermore,
the D-tensor vanishes, and so does the Bach tensor.

Proof. The first part of this theorem has been obtained by Theorem 3.6. In
particular, if all Ricci eigenvalues are equal, then the metric is Einstein. If f
is not constant, then the conclusion of Theorem 6.1 still holds. In fact, Cheeger
and Colding [14] presented a characterization of warped product structures on a
Riemannian manifold M in terms of solutions to the more general equation

Hess(f) = ug

for some smooth function w on M. More precisely, the Einstein metric g becomes
locally of the form
g =ds’+(f'(s))°¢.
where ¢ is an Einstein metric.
Next we only need to verify the second part. It is easy to check that the gradient
Ricci soliton is D-flat and Bach-flat. In fact, from Section 3, its Riemannian
curvatures are expressed as

/
2(n—1)
RozﬁyS = jéaﬁyS - Xz((saysﬂé - 80588/3}/)-

By (6-2) and (6-3), the scalar curvature and the Schouten tensor are

Rigip = —(X' + XH)8up = — Sup,

R==2m—-DX'+X>)—(m—-Dn —2)(X2— %)

o n=2(_, k
All:_(n_z)(X/+X)+T<X _ﬁ)’
A — n—2 X2 k 5
) n2 )"

Putting them into (2-15), the Weyl tensor is given by

~ k
Wiwip =0, Wiy, =0 and Wygys = ﬁRaﬁy(S - ﬁ(&xygﬂé —80s08y)-
Finally, the harmonicity of the Weyl tensor implies that the Cotton tensor C;jx
equals 0. With the relationships (2-25) and (2-26), it follows that the D-tensor
vanishes and the gradient Ricci soliton is Bach-flat. (|

7. Classification of gradient Ricci solitons with harmonic Weyl curvature

In this section, we summarize and prove the theorems stated in the introduction.
Now we are going to combine Theorems 5.4, 5.6, 5.7 and 6.1 to prove Theorem 1.5,
in a similar way to the 4-dimensional case of Kim [26].



GRADIENT STEADY RICCI SOLITONS WITH HARMONIC WEYL CURVATURE 351

Proof of Theorem 1.5. When the real-analytic potential function f is constant on
some nonempty open subset, then it is constant on M because of the connectivity
of M. So, if the soliton is of type (i) on some nonempty open subset, it will be so
on M.

If the soliton is of type (iv) on some nonempty open subset with nonconstant f,
then D =0 on U and the real-analytic function |D| = 0 everywhere on M. Hence
the soliton is of type (iv) on M and f is nonconstant on M. The Ricci tensor of
a gradient Ricci soliton with vanishing D-tensor either has a unique eigenvalue,
or has two distinct eigenvalues of multiplicity 1 and n — 1, respectively. Hence
types (ii) and (iii) do not satisfy D = 0.

For type (ii), the scalar curvature R = (n —r — 1)p is a nonzero constant on
some nonempty open subset U, and by real-analyticity, R=(n —r — 1)p on M.
However, for type (iii), the scalar curvature R = —4(n — 3)%/((n — 1)%s?) is not
constant. Therefore, among types (i)—(iv) in Theorem 1.5, each type is different
from the other three types. This completes the proof of Theorem 1.5. (]
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