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BACH-FLAT h-ALMOST GRADIENT RICCI SOLITONS

GABJIN YUN, JINSEOK CO AND SEUNGSU HWANG

On an n-dimensional complete manifold M, consider an A-almost gradient
Ricci soliton, which is a generalization of a gradient Ricci soliton. We prove
that if the manifold is Bach-flat and dh/du > 0, then the manifold M is
either Einstein or rigid. In particular, such a manifold has harmonic Weyl
curvature. Moreover, if the dimension of M is four, the metric g is locally
conformally flat.

1. Introduction

The notion of an A-almost Ricci soliton was introduced by Gomes, Wang, and Xia
[Gomes et al. 2015]. Such a soliton is a generalization of an almost Ricci soliton
presented in [Barros and Ribeiro 2012; Pigola et al. 2011]. An A-almost Ricci
soliton is a complete Riemannian manifold (M", g) with a vector field X on M,
a soliton function A : M — R and a signal function & : M — R satisfying the
equation

Fe+ %hﬁxg =Ag,

where r, is the Ricci curvature of g. A function is called signal if it has only one
sign; in other words, it is either positive or negative on M. Let (M, g, X, h, X)
denote an /#-almost Ricci soliton. In particular, (M, g, Vu, h, 1) for some smooth
function u : M — R is called an h-almost gradient Ricci soliton with potential
function u. In this case, we have

(1-1) re+hDgdu=2g.

Here, D, du denotes the Hessian of . Note that if we take u = e f/mand h = —m/u,
then (1-1) becomes

Ric’?:rg+ngf—%df®df:Ag.
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In other words, the (A, n + m)-Einstein equation is a special case of (1-1). Here,
Ric’}? is called the m-Bakry—Emery tensor. For further details about /-almost Ricci
solitons, see [Gomes et al. 2015].

In this paper we consider Bach-flat 4-almost gradient Ricci solitons. The Bach
tensor was introduced by R. Bach, and this notion plays an important role in
conformal relativity. On any n-dimensional Riemannian manifold (M, g), n > 4,
the Bach tensor is defined by

B =

sPsw + ! %%
n—3 n—2 &

where W is the Weyl tensor, z is the traceless Ricci tensor, and Wz is defined by

Wz(X,Y) =) zW(X, EDY, E;)

i=1

for some orthonormal basis {E;}?_,. It is easy to see that if (M, g) is either locally
conformally flat or Einstein, then it is Bach-flat: B = 0. When n = 4, it is well
known that Bach-flat metrics on a compact manifold M are critical points of the
functional

g / |W|2 dvg.
M

It is clear that when & =1 and A is a positive constant, an s-almost gradient Ricci
soliton reduces to a gradient shrinking Ricci soliton. Cao and Chen [2013] proved
that a complete Bach-flat gradient shrinking Ricci soliton is either Einstein or rigid.
On the other hand, Qing and Yuan [2013] classified Bach-flat static spaces.

Our main result is as follows, which can be considered as a generalization of
[Cao and Chen 2013].

Theorem 1.1. Let (M, g, Vu, h, A) be an n-dimensional Bach-flat h-almost gra-
dient Ricci soliton with potential function u. Assume that each level set of u is
compact and h is a function of u only. Then (M, g, Vu, h, A) is either

(1) Einstein with constant functions u and h, or

(2) locally isometric to a warped product with (n—1)-dimensional Einstein fibers
if dh/du > 0on M.

For example, when m > 0, h = —m/u < 0 satisfies the condition of Theorem 1.1,
since I
m
—=—>0.
du u?
This recovers the result of [Chen and He 2013]. It will be interesting if one can
weaken the condition of Theorem 1.1.
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In the case of (2) in Theorem 1.1, a warped product metric has vanishing Cotton
tensor (see (2-4) below) since its fiber is Einstein. Thus, as a consequence of
Theorem 1.1, we have the following.

Corollary 1.2. Let (M, g, Vu, h, \) be an n-dimensional Bach-flat h-almost gra-
dient Ricci soliton with potential function u. Assume that each level set of u is
compact and h is a function of u only. If dh/du > 0 on M, then (M, g) has
harmonic Weyl curvature.

In particular, when n = 4, the Einstein fibers in Theorem 1.1 have constant
curvature. A computation shows that such a metric is locally conformally flat,
which proves the following theorem.

Theorem 1.3. Let (M, g, Vu, h, ) be a 4-dimensional Bach-flat h-almost gradient
Ricci soliton with potential function u. Assume each level set of u is compact and h
is a function of u only with dh/du > 0. Then (M, g) is locally conformally flat.

As in [Chen and He 2013], Theorem 1.1, Corollary 1.2, and Theorem 1.3 can be
extended to the case in which M has a nonempty boundary.

2. Preliminaries

In this section, we derive several useful identities containing various curvatures and
the Cotton tensor.

We start with basic definitions of differential operators acting on tensors. Let us
denote by C*(S%M) the space of sections of symmetric 2-tensors on a Riemannian
manifold M. Let D be the Levi-Civita connection of (M, g). Then the differential
operator d” from C®(S2M) into C*°(A’M ® T*M) is defined as

dPw(X,Y, Z) = (Dxw)(Y, Z) — (Dyw)(X, Z)

for w € C*°(S?M) and vectors X, Y, and Z. Let us denote by 8° the formal adjoint
operator of dP.
For a function f € C®°(M) and w € C®(S*M), df A w is defined as

dfrhno)X,Y,Z)=df X)w(Y,Z)—-df YV)w(X, Z).

Here, df denotes the usual total differential of f. We also denote by & the negative
divergence operator such that Af = —§ df.
Taking the trace of (1-1) gives

s¢t+hAu=nA.
Thus,
ds¢ +Audh+hdAu=ndA.
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By taking the divergence of (1-1), we have

—1dsy — Dydu(Vh, ) —hre(Vu, ) —hdAu = —dh.
By adding the previous two equations, we have
2-1) %dsg —Dgdu(Vh,-)—hre(Vu,-)+Audh=n—1)dA.
Note that
(2-2) 8(hrg(Vu, -)) = —re(Vu, Vh) — %h(ng, Vu) + |rg|2 — Asg.
Therefore, we have the following equality.
Proposition 2.1. On M we have
(n— DAL =3 Asy +|rg|* — Asy — Ah(Vs,, Vu)

A 1
—i—(Au — E) Ah+ ;A (rg, Dgdh) —2re(Vu, Vh).

On the other hand, by applying d? to (1-1), we have
1 A
(2-3) dDrg—zdh/\rg—l—hivuR:dA/\g—Edh/\g.
Here, an interior product 7 of the final factor is defined by

R(X,Y,Z)=R(X,Y, Z, ),

and we used the identity
d”Ddu =iv,R.

Hereafter, we denote s, rg, and Dy du by s, r, and D du, respectively. From
the curvature decomposition, we can compute that

1
fvuR:ivMW—TiWr/\g—i— dung— dunr,

s
n—2 n—1Hn-2) n—2
where iy, r denotes the interior product defined by
ivur (X) =r(Vu, X).

The Cotton tensor C is defined by

(2-4) C=dPr— ds ng.

1
2(n—1)
Then, by (2-1) and (2-3) as well as the fact that

Ss+hAu=nA,
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we have

(2-5) C+hivyW=hD+

[ A dANg—
LA LU Sk Bl v

dsng

+ : dh A * dh N

p— ’/' —_—

h R e
=hD+H,

where D is defined (as usual) by

(2-6) (n—2)D=dunr+ S

vy N g —
qu 8

dung,
n-— n—1

and H is defined by

H=—

L, Ddung+dhA ! + Au )L
_r _—
lth UNnNg n n—lg hg

=dbAr—+

1
iv;,r/\g—Ldb/\g.
n—1 n—1

Here, b = log |h| with Vb = Vh/h. In particular, g’ H;j; = —g"* Hj; = 0.

Proposition 2.2. Let (M, g, Vu, h, \) be an h-almost gradient Ricci soliton with
potential function u. Then

C+hivyy W=hD+H.

In particular, if h is constant or dh/du =0, then H = 0.

3. Bach-flat metrics

In this section, we assume that g is Bach-flat. Note that

sw=—""2¢
- on=2
Recall that the Bach tensor is given by
I p 1 . 1 o
B=—-8§"SW+ Wz = (=06C +Wg).
n—3 n—2 n—2

Since
S(hiv, W)(X,Y)
=-W(Vh X, Y,Vu)+ hdW(X, Y, Vu) + hW(X, E;, Y, Dg, du)

—3 .
— IW(X, Vh, Y, Vu)— 2> ShC(Y, Vu, X) =Wz,
n_
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by taking the divergence of (2-5) we have

—(n—2)B(X,Y)=-W(X,Vh,Y,Vu)+ :—:;hC(Y, Vu, X) —ivpD(X,Y)
+hdD(X,Y)+8H(X,Y).
Hence,
—(n—2)B(Vu,Vu) =—D(Vh,Vu,Vu) + h6 D(Vu, Vu) + 6 H(Vu, Vu).

As a result, from the assumption that B = 0 and # is a function of u only,
1 1
0= ZD(Vh’ Vu,Vu) =6D(Vu, Vu) + Z(SH(V”’ Vu).

Let {E;}7_, be a normal geodesic frame. Note that, since

hD(E[, DE[. du, Vu) = —D(E,‘, Ek, Vu)rik = 0,

we have
div(D(-, Vu, Vu)) = =6D(Vu, Vu) + D(E;, Vu, Dg, du).

Furthermore,

1
|D|* = m(duwi)r(E,, Ey) —du(Ej)r(E;, E))Dijx

2
=— D(E;, Vu, Ep)rik
n—2

2h
= —D(Ei, Vu, DEi dl/t)
n—2

Similarly, since
hH(E;, Dg, du,Vu) = —H(E;, Ex, Vu)riy =0

and £ is a function of u# only, we have
(1 1 1
div EH( -, Vu,Vu)) = _ESH(VM’ Vu) + EH(Ei’ Vu, Dg, du).

Moreover,
2
|H|* = —— H(E;, Vh, Erix

2 dh
=— EH(Ei’ Vu, Ep)rik

dh
= 2—H(E,', Vl/t, DE,- dl/t)
du
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Thus,
1
0:/ 8D(Vu,Vu)+ —-6H(Vu, Vu)
n<u<t h

_n—Z/ |DP+1/ |H|?
2 Jususo b 2 Jycusn R

Since £ is signal, A is either positive or negative. For each case, we derive D= H =0
when dh/du > 0. Therefore we have the following result.

Lemma 3.1. Let (M, g, Vu, h, )) be a Bach-flat h-almost gradient Ricci soliton
with potential function u. Assume that each level set of u is compact and h is a
function of u only. If dh/du > 0 on M, then on M we have

D=H=0.
Now, since D = H =0, by (2-4) and (2-5)
(3-1) C=—-hiy,W.

By taking the divergence of (3-1), we have

_3
}M(X,Vh,Y,Vu)::f——zhcxy,vM,X)

By combining these equations,

n—3
n—2

W C(Y,Vu,X)=—C(X,Vh,Y),
and 3
MKX,Vh)CVu):r—z:EhZMKX,Vm)ﬁVu)
,/l —_—
Therefore, we have the following.

Corollary 3.2. When D = H =0, we have

(3-2) WC(-,Vu,-,Vu)=C(-,Vu,-) =0,

du n—2)
For example, when i = —m /u, (3-2) holds if m # 0 or —(n — 2)/(n — 3). Note

that (3-2) also holds if % is constant.
Moreover, we have the following result.

unless

Lemma 3.3. Suppose that dh/du > 0. Then, for X orthogonal to Vu,
(3-3) r(X, Vu) =0.
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In particular,
ivyr =adu,

where « =r(N, N) with N = Vu/|Vu).
Proof. By Lemma 3.1, D = H = 0. From (2-3), if X is orthogonal to Vu,

dPr(X,Y, Vu) = —% dh(Y)r(X, Vu) +dr(X) du(Y).

Since C(X, Y, Vu) = —hW(X, Y, Vu, Vu) =0 by (3-1), by (2-4) we have

1
dPr(X,Y, Vu) = ds(X)du(Y).
r( 0 = 5 50 du(®)
Thus, by (2-1)
L dh (X, Vu) =dr(X) ! ds(X)
hdu YT 2i—1n "
1 dh )
=———|——h")r(X, Vu),
(n—1Dh \du
which implies that
dh
n—2)—4+h"|r(X,Vu) =0. [l
du
Note that Lemma 3.3 holds with the assumptions that D = H =0 and
dh 1
3-4 — £ h?
-4 du a n—2

without dh/du > 0. For example, in the case of the m-Bakry—Emery tensor,
h = —m/u satisfies (3-4) if m #2 —n.

4. Level sets of u

In this section, we investigate the structure of regular level sets of the potential
function u. For a regular value ¢, we denote the level set u~'(u) by L.. On L,
let {E;}, 1 <i <n, be an orthonormal frame with £, = N = Vu/|Vu|.
Furthermore, throughout the section we assume that D = H = 0 with

dh n—3 dh 1

— £ h* and — #— h?,

du?é (n—2) an du;’é n—2
Then, by Corollary 3.2, (3-2) and (3-3) hold. Furthermore, for X orthogonal to Vu,
by the proof of Lemma 3.3,

1
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Thus, s +2(1 — n)X is constant on each level set of u. Furthermore,
1
%X(qu|2) ={(Dxdu,Vu) = 7 (A du(X) —r(X, Vu)) =0,

which implies that |Vu|? is constant on each level set of u. Therefore, we have the
following.

Lemma 4.1. |Vu|? and s +2(1 — n) A are constant on each regular level set of u.

For further investigation, we need the following key lemma.

Lemma 4.2.
—(n=1D>%\—=
0=ns (1) ar—DWr ror+n—du®ds
(n—1)h h 2(n—1)
1 s+ —n)A 1
—|(d —(Vu,V —(a — du®da.
—i—n_l( s(u) — (Vu oz))g+ = Dh (o s)g+n_1 uRdo
Proof. To find 6 D, by (2-6), we first compute
s—m—=1A ror
ddunr)= Tr—Dwr—T-i-zdu@ds.
By Lemma 3.3, iv,7 = o du. Thus,
1—n)A
S(vur ANg)=—(Vu,Va)g + Wag +du®@do — %r.
Similarly,
52+ (1 —n)si s
—8(sdu/\g)=ds(u)g—Tg—du@ds—kzr.
Hence, by (2-6) together with (3-3), we have
ns—m—17>%r—a«a ror
(n—2)6D = r — Dy,r —
(n— l)h h
n—
du®d d d
2(n_1) u S+ uQdo
1 1—n)A
+——\dsu)— (Vu, Va) + M(u -5))g
n—1 h
Since D = §D = 0, the proof follows. O

Thus, we have the following.
Corollary 4.3. (n — 3)s + 2« is constant on each regular level set of u.

Proof. Let X be a vector orthogonal to Vu. By putting (X, Vu) in the equation in
Lemma 4.2,

4-1) Dvy,r(X,Vu) =
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Now, by putting (Vu, X ) in the equation in Lemma 4.2 again, we have

1

since r(X, Vu) =0 and
Dv,r(Vu, X) = Dy,r(X, Vu). O
Lemma 4.4. s, +2(1 —n)a is constant on each regular level set of u.
Proof. For X orthogonal to Vu, by (3-2) and (4-1)
0=C(X, Vu, Vu)

_ . 2
= Dxr(Vu,Vu) 20— D) ds(X)|Vul“.
Thus,
X(a) = Vul? X(r(Vu, Vu))
= |2 (Dxr(Vu, Vu) +2r(Dx du, Vu))
=2m-1) ds(X),
since |
r(Dyx du,Vu):E(Ar(X, Vu)—ror(X, Vu)) =0. O

By combining Lemma 4.1, Corollary 4.3, and Lemma 4.4, we have the following.

Theorem 4.5. Let (M, g, Vu, h, \) be a Bach-flat h-almost gradient Ricci soliton
with potential function u. Assume that each level set of u is compact and h is
a function of u only with dh/du > 0. Then sg, o, and A are constant on each
regular level set of u. In particular, if h is constant, the condition on dh/du is not
necessary.

When D =0, the Ricci tensor has the following characterization.

Lemma 4.6. Suppose that D = 0. Then the Ricci curvature tensor has at most two
eigenvalues.

Proof. Let {E;}, 1 <i < n, be an orthonormal frame with E,, = N = Vu/|Vu].
Then
1

4-2 II; =
(4-2) 0=

——(Agij —rij)»

and
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Thus, m is constant on each level set of u, and

2 2

=p--=
n—1

_ 1 2 2 (s—oz)2
_h2|Vu|2<|r| * n—l)

-
n—lg

e n 2 2sa 52
- o — .
hz|Vu|2 n—1 n—1 n-—1
Since r o r(Vu, Vu) = o?|Vu|?, from the identity
|D|* = |r|"|Vul|” — 1ror(Vu Vu)+ r(Vu Vu) — 1|Vu| ,
n pa—
we have
2 2 ., 4 m ?
|ID|“*=——h II———yz
n—2 n—1
Since D =0, we have
m
(4-3) 1;; = 18
which implies that
s—a
(4-4) rij = mgl}
fori=1,...,n—1 by (4-2). O

As an immediate consequence, on an open set {x € M | Vu(x) # 0}, the Ricci
tensor may be written as

/Sdu®du+( 01‘)

where
noa—s

P = = Dwvap

Thus, by (1-1) we have

1 —
ngu_h(wr S>g—§du®du.

n—1

Now, we are ready to prove Corollary 1.2, which shows the relationship between
Bach-flat metrics and harmonic Weyl metrics.

Proof of Corollary 1.2. Note that, by (3-1) and (3-2)
C(-,-,Vu)y=C(-,Vu,-)=0
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On the other hand, by the Codazzi equation,
(R(X,Y)Z,N)=DyII(X,Z)— DxII(Y, Z).
Thus, for 1 <1, j,k <n—1, by (4-3)
(R(Ei, Ej)Ex, N) = E;(II(E;, Ex)) — 11 (Dg, Ei, Ex) — II(E;, Dg; Ex)
—E;(II(Ej, E))+1I(DgE;, Ex)+1I(E;, Dg, Ey)
=0.
Therefore, by (2-3)
d”r(E;, Ej, Ex) =0,

which implies that

C(E;, E;, Ex) =d"r(E;, Ej, Ex) — ds Ag(E;, Ej, Ex) =0.

1
2(n—1)
Hence, C is identically zero, and so is §W. ([l

The following is a restatement of Theorem 1.1.

Theorem 4.7. Let (M, g, Vu, h, A) be a Bach-flat h-almost gradient Ricci soliton
with potential function u. Assume that each level set of u is compact with dh/du >0
on M. Then, either g is Einstein with constant function u or the metric can be
written as

g=d’ +y*(1)ér,
where g is the Einstein metric on the level set E = L, for some cy.

Proof. Assume that u is not constant. By Lemma 3.1, D = H = 0. Since |Vul|?
depends only on u# by Lemma 4.6, as shown in the proof of Theorem 7.9 of [He
et al. 2012] with Remark 3.2 of [Cao and Chen 2013], the metric can be locally
written as

g=dt*+3..

Here, . denotes the induced metric on the level set L. = u~'(c) for each regular
value c. Furthermore, (L., g.) is necessarily Einstein; by the Gauss equation

2
A m
Rijij = Rijij + 1111} — 117, = Rijij + pEp—
2

Thus,

. m
rij=rii—R(N,E;,N, E;)+ T
n_

By (3-2) and (4-4), we have

1 s o
R(E;,N,E;,N) = ——(r;; — = .
(E; i»N) n—z(r”—i_a) n—D(n—2) n—1
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Hence, it follows that
N m? —a 1 ) N
rij=rij+—= (s —2a +m*) = Xo.
n—1 n—1
Since s, &, and m are constant along L., this proves that (L., g.) has constant Ricci
curvature. As a result, by a suitable change of variable, the metric g can be written

as in the statement of Theorem 4.7. |
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