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ON SHRINKING GRADIENT RICCI SOLITONS WITH
NONNEGATIVE SECTIONAL CURVATURE

MINGLIANG CAI

Perelman proved that an open 3-dimensional shrinking gradient Ricci soliton
with bounded nonnegative sectional curvature is a quotient of S> x R or R3.
We extend this result to higher dimensions with a decay condition on the
Ricci tensor.

1. Introduction

A gradient Ricci soliton is a Riemannian manifold (M, g) together with a smooth
function f such that
Ric+ Hess f = Ag,

where X is a constant. It is called shrinking, steady and expanding when A > 0,
A =0and A < 0 respectively.

Gradient Ricci solitons are self-similar solutions of Hamilton’s Ricci flow and
play a vital role in the analysis of singularities of the flow. In dimension 2, Hamil-
ton [1988] completely classified shrinking gradient Ricci solitons with bounded
curvature and proved that they are the sphere, the projective space and the Euclidean
space with constant curvature. In dimension 3, Ivey [1993] proved that compact
shrinking gradient Ricci solitons have positive sectional curvature, and Perelman
[2003] proved that shrinking gradient Ricci solitons with bounded nonnegative
sectional curvature are quotients of S°, §? x R or R3.

In higher dimensions, there have been many results in the last several years. Chen
[2009] showed that a complete shrinking gradient Ricci soliton has nonnegative
scalar curvature. Ni and Wallach [2008] gave the classification of shrinking gradient
Ricci solitons with nonnegative Ricci curvature and zero Weyl tensor. Petersen and
Wylie [2010] and independently, Cao, Wang and Zhu [Cao et al. 2011], classified
the shrinking gradient Ricci solitons with zero Weyl tensor. Fernandez-Lo6pez and
Garcia-Rio [2011] considered solitons with harmonic Weyl tensor. In [Petersen and
Wylie 2009], several natural curvature conditions are given that characterize gradient
Ricci solitons of the flat vector bundle N x R™, where N is an Einstein manifold,
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I acts freely on N and by orthogonal transformations on R, and f = z—lld2 with d
being the distance on the flat fiber to the base. In particular, it is shown in [Petersen
and Wylie 2009] that a shrinking gradient Ricci soliton is rigid, i.e., of the form
N xp R™, if the scalar curvature is constant and the sectional curvature of the plane
containing V f is nonnegative. As a consequence of a theorem of Bohm and Wilking
[2008], the gradient Ricci solitons with positive curvature operators are trivial. In
view of this and the aforementioned result of Perelman, one naturally asks to what
extend shrinking gradient Ricci solitons with nonnegative sectional curvature are
rigid. Our first result in this paper is the rigidity under a decay condition on | D Ric]|,
extending Perelman’s result to higher dimensions. In all theorems we scale the
metric so that A = %

Theorem 1.1. Let (M, g, [) be a complete noncompact shrinking gradient Ricci
soliton with bounded nonnegative sectional curvature. Assume that there exists § >0
such that

/ ¢’/ | DRic| dvol, < 00.
M

Then (M", g) is isometric to N xr R™, where N is a compact Einstein manifold.

This is, to our knowledge, the first rigidity result in high dimensions without
assumptions on the Weyl tensor. The potential function f is known to grow quadrat-
ically with respect to the distance from a fixed point, so our condition on DRic
says that it decays exponentially. Our proof also works under the assumption that
DRic decays polynomially with a degree depending on other geometric quantities.

The Cheeger—Gromoll soul theorem states that an open manifold with nonnegative
sectional curvature is diffeomorphic to a vector bundle over a compact submanifold
called a soul. The pull-back metric on the bundle can be highly twisted. However,
if there exists a gradient soliton structure on such a bundle, then, by Theorem 1.1,
the metric has to be locally trivial, provided that the decay condition is satisfied.
The decay condition on DRic in Theorem 1.1 is imposed in the region where f is
large. Our next result deals with the rigidity under a condition on D Ric imposed in
the region where f is small.

Theorem 1.2. Let (M", g, f) be a complete shrinking gradient Ricci soliton with
bounded nonnegative sectional curvature. Assume that the minima of f is a smooth
compact nondegenerate critical submanifold and DRic and D*Ric vanish on the
minima. Then (M", g) is noncompact and isometric to N xr R™, where N is a
compact Einstein manifold.

We derive some basic formulas in Section 2, and prove Theorems 1.1 and 1.2 in
Sections 3 and 4 respectively.
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2. Basic formulas

There are different conventions for the curvature tensor in the literature, so to
avoid the confusion, we state ours as follows. The (3, 1) tensor Rm(X, Y, Z) =
Rm(X, Y)Z is defined as

Rm(X,Y)Z =DxDyZ — DyDxX — Dix v\ Z
and the (4, 0) tensor as
Rm(X,Y, Z, W)= (Rm(X, Y)Z, W).

We use Ric to denote the Ricci tensor and R the scalar curvature. For a tangent
vector X at p, we use Ric(X) to denote the vector such that

(Ric(X), Y) = Ric(X, Y)

for any vector Y at p. For any smooth vector field V and any smooth function ¢
on manifold M, by V(¢), we mean V(¢) =dp (V) = (V, V). In the remainder
of the paper, we will rescale the metric and assume that our gradient Ricci soliton
satisfies

Ric + Hess f = %g.

Since the curvature of (M, g) is assumed to be bounded, there exists a flow
@, : M — M defined for all time with &y = Id and 0®/9t = V f [Morgan and
Tian 2007, p. 207]. For t € (00, 0), define G(¢) = [¢|®* , .., g. Then G(—1) =g
and G (¢) satisfies

In|t|

Ric(G(t)) + Hess f = %G(r),

where Hess is taken with respect to the metric G(¢) and t = |¢t| = —t.
In the next lemma, we collect some well-known formulae.

Lemma 2.1. On (M, G(¢)), we have

(1) dR =2Ric(Vf, ),

(2) |VfI> = f/t — R + constant,

(3) R/t+ (Vf, VR) = AR +2|Ric|?,

4) divRm(X, Y, Z)=Rm(Vf, X, Y, Z),

(5) DxRic(Y, Z) = DyRic(X, Z) —Rm(X, Y, Vf, Z),
where divRm(X, Y, Z) =trace; o DRm(-, -, X, Y, Z).

Proof. The derivations of (1)-(3) can be found in [Hamilton 1995] and (4)—(5) in
[Petersen and Wylie 2010]. U
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Lemma 2.2. On (M, g), we have

A[Ric|* = 2| DRic|* 4 2[Ric|* + V f (|Ric|*) — 4K, A A,
where A; are the eigenvalues of the Ricci tensor and K;; is the sectional curvature
of the plane spanned by the eigenvectors belonging to A; and A j respectively.

Proof. This follows from the formula derived in Lemma 2.1 in [Petersen and Wylie
2010]:

n
ARic = DyRic +Ric—2 ) "Rm(-, ¢, Ric(er), ). O
k=1
Throughout the computations in the paper, we assume {ey, ..., e,} is an or-

thonormal basis in a neighborhood of a fixed point x with D, e;(x) = 0 and further
assume that each ¢; is an eigenvector of Ric at x corresponding to the eigenvalue A;.
Such a basis always exists. We also use the Einstein summation convention (unless
otherwise specified).

Lemma 2.3. On (M, g), we have
div(Ric(VR)) = Vf(IRic|*) + J|VRI* —=2(Z, V) + |Ric|* — 2Zx?,
i

where Z =Ric(e;, e;) Rm(V [, e;, e;).
Proof. The following computations are done at x. From Lemma 2.1, we have
D, Ric(VR, ¢;) = DygRic(e;, ¢;) —Rm(e;, VR, V£, e;)
=|VRI> —Ric(VR, Vf) = }|VR*.
We then obtain
div(Ric(VR)) = (D, Ric(VR), ¢;) = e;Ric(VR, ¢;)

= D, Ric(VR, e;) +Ric(D,, VR, e;)

= 1|VR|> +Ric(e;, ¢;){D,, VR, e})

= %lVRI2 + 2Ric(e;, ;) (D, Ric(V f), e;)

= 2IVR|* + 2Ric(e;, e;)e;Ric(V £, e;)

= 1|VRI> +2Ric(e;, €;) (D, Ric(V f, ;) + Ric(D,, V f, ¢))).
That is,
(2-1) div(Ric(VR)) = %|VR|2+2Ric(e,-, ej)(De,.Ric(Vf, ej)+Ric(D,, Vf, ej)).
From the soliton equation

Ric + Hess f = %g,

it follows that
D,V f = %ei —Ric(e;) = 3e; — Aiej,
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where we have used the assumption that e; is an eigenvector of Ric at x belonging
to the eigenvalue A;. Hence,
(2-2)  2Ric(e;, ej)Ric(D,, V£, ;) =2(3 — &) (Ric(ei, ) = 247 (3 — ;).
Lemma 2.1(5) implies that
D, Ric(Vf,e;) = DyyRic(e;, e;) —Rm(e;, Vf, Vf, e}).
It follows that
(2-3) 2Ric(e;, e;) D, Ric(Vf,e;)
= 2Ric(e;, e;)(DvrRic(e;,ej)—Rm(e;, VL, VL, e;))
= 2Ric(e;, e;) Dy sRic(e;, e;)—2(Z,V f)
= Vf(RRic[)~2(Z, V f).
Combining (2-2) and (2-3), we obtain that
2Ric(e;, e;) (D Ric(Vf, ej) +Ric(D,, V£, e}))
= Vf(IRic|*) —=2(Z, V) + 217 (5 — 1)).
Substituting the above into (2-1) gives
div(Ric(VR)) = 3|[VR[* + Vf(IRic|*) —2(Z, V) + 247 (3 — 1)
= VR? + Vf(IRic*) —2(Z, Vf) + |Ric|? 2Zx3 O
Remark 2.4. We have (Z, Vf) > 0 when the sectional curvature of (M, g) is
nonnegative. In fact, at x, (Z, Vf) = A; Rm(Vf, e;, e;, V).

The next lemma is a slight variation of Lemma 2.3.

Lemma 2.5. On (M, g), we have

Vf(|Ric|2):2<(Z,Vf)+2ki(ki— )%VfVR — 1 VRI*—div(DygVf).
i=1

Proof. 1t follows from Lemma 2.3 that

div(Ric(VR)) = §|[VR|* + V£ (IRic|*) — 2(Z, V) + |Ric|? 2Zx3

Using Ric(VR) = %VR — DygV f and Lemma 2.1(3), we have
V £ (|Ric|? )_ —2|Ricl*+2) 2} +2(Z, Vf)
i

+ 3(VSf, VR) = $|VR|* — div(DyrV f).

The lemma now follows as R/2 —2[Ric|> +2 Y, A7 =237 & (A — %)2 O
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Combining Lemmas 2.2 and 2.3 gives the following proposition.

Proposition 2.6. On (M, g),
P = IVf(Ric|*) + 1|VR[* + div(3 V|Ric|* — Ric(VR)),
where P = K;j(A; — ;)* + |DRic|> + 2(Z, Vf).
Proof. Lemma 2.2 implies that
—2K;jAikj + | DRic]* = =1V £ (|Ric|*) — [Ric|* 4 div(3 V|Ric|?),
while Lemma 2.3 implies that

2 ZA? +2(Z, Vf) = Vf(IRic[*) + |Ric|* + 3| VR|* — div(Ric(V R)).
i

Adding the corresponding sides of the last two equations and noting that 2 ) ", )»;.7’ —
2 Zi’j KijAidj = Zi’j K;j(A; — A j)?, we obtain Proposition 2.6. O

Remark 2.7. Clearly, P > 0 when the sectional curvature of (M, g) is nonnegative.

The proof of Theorem 1.1 will use an alternative form of Proposition 2.6 in
which the term | DRic|? is replaced by | divRm [>. An integral from of the next
lemma is proved in [Cao 2007].

Lemma 2.8. On (M, g),
|DRic|* = | divRm |* +2(Z, Vf) — V£ ([Ric[*) + div(3 V|Ric|* — 2Z).

Proof. As before, we fix an orthonormal basis, {ey, ..., e,}, in a neighborhood of a
fixed point x and assume that D, e;(x) =0 and that each ¢; is an eigenvector of Ric
at x corresponding to the eigenvalue A;. Recall that Z =Ric(e;, ;) Rm(V f, ¢;, ¢;),
so at x,
div(Z) = (Do, Z, e) = (D, (Ric(e;, e ) Rm(V £, €1, €))), e)
=er(Ric(e;, e;)) Rm(V f, e, e, ex)+Ric(e;, €;) (Do, (Rm(V f, €, €))), ex)
= DekRiC(ei ’ e[) Rm(Vf, €, ej ) ek)"’_RiC(ei ) ej)ek (Rm(Vf, €i,€;j, ek))
= D, Ric(e;, e;)divRm(e;, ¢}, er)
+Ric(er, ¢;)(De, RM(V . €1, ¢, er) +RM(De, V . €1, €5, )
= (D,Ric(ej, ex)—Rm(er, e;, Vf,e;))divRm(e;, e}, ex)
+Ric(e;, e;)divRm(e;, e;, V )+, Rm((%—kk)ek, e, e,-,ek)
= D, Ric(ej, ex)divRm(e;, e, e;)+divRm(e;, e;, e;) divRm(e;, ¢}, e;)

+Ric(e;, e, )Rm(V £, ej,e;, VI)+K;jhi(5—1;).
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In the above calculation, we have repeatedly used Lemma 2.1. The lemma now
follows from Lemma 2.2 and the following two identities, whose proofs are easy:

D, Ric(e;, e;) divRm(e;, e, ex) =0,
divRm(ej, ¢;, ;) divRm(e;, e;, e;) = %ldiva|2. U
Lemma 2.8, together with Proposition 2.6, implies the following:

Lemma 2.9. On (M, g),
0 = Vf(IRic|*) + }|VR|* +div(2Z — Ric(VR)),
where Q = K;; (b —A;)* +|divRm|? +4(Z, V).

Remark 2.10. We note that Q > 0 when the sectional curvature of (M, g) is
nonnegative.

The next lemma deals with the term V f (|Ric|?) in Lemma 2.9.
Lemma 2.11. On (M, g),
(2-4) Vf(IRic’) = 3IVR>+ 3(Vf, VR) + 3 VF((Vf, VR))
+div(DyrVf — 3V(Vf, VR)).
Proof. It follows from Lemma 2.1(1) and (3) that
IVF(AR) ==V f(IRic]) + 3(Vf, VR)+ 1V f((Vf, VR)).
The Bochner—Weitzenbdck formula implies that
div(3V(Vf, VR)) = JA(Vf, VR)
= (Hess f, Hess R)+3V f(AR)+3VR(Af)+Ric(Vf, VR)
Hess f, Hess R)+3V f(AR)+3VR(2—R)+1|VR|?

=
= (Hess f, Hess R)+3V f(AR).

But,
div(DyrV f) = (D, DvrV f, ei) = ei(DvrV f, e;) = ¢;(D.,V f, VR)
= <Dei(%e,- — Ric(e,-)), VR) + (Hess f, Hess R>
= —D,Ric(e;, VR) + (Hess f, Hess R)
= —1|VR|* + (Hess f, Hess R).
The lemma follows. O

We now have the following proposition which will be used in the proof of
Theorem 1.1.
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Proposition 2.12. On (M, g),
Q= |VRI*+3(Vf, VR)+ Vf(Vf, VR))
+div(2Z —Ric(VR) + DygVf — $V(Vf, VR)).

Proof. This is merely a consequence of Lemmas 2.9 and 2.11. O

3. Proof of Theorem 1.1

We will use ¢ to denote a real-valued nonnegative C* function on R and write ¢ o f
as ¢ (f). We will show that R is a constant function and then appeal to [Petersen
and Wylie 2009] to complete the proof. We begin with the following proposition.

Proposition 3.1. On (M, g),

G-1) ¢(NH)Q =5V VR ((@—¢") (/)= (@+8) (AL =@+ NIVSI)
+ @+ NNIVRE =2¢'(Z, V ) +div(X),

where

X =3(Vf. VRY@' +$)(/IVS+(f)(2Z—Ric(VR)+DygVf—5V(Vf, VR)).

Proof. We multiply each side of the equation in Proposition 2.12 by ¢ ( f) to get

210 = NIVRE+ 2L vry+ L v r vy vR))
—¢'(f)(2Z —Ric(VR) + DygVf — IV(Vf, VR), Vf)
+div(¢(f)(2Z —Ric(VR) + DyrVf — 1V(Vf, VR))).
It follows from the soliton equation and Lemma 2.1(1) that
(—Ric(VR) + DvrVf, V) =(3VR —2Ric(VR), V)
= 2(Vf, VR) —|VR|%.
We thus obtain

6D 9N =@+NIVRE+ L (s V)

P PV FAVE VRY

+div(¢(f)(2Z —Ric(VR) + DyrVf — AV(Vf, VR))).
Now, we observe that
@+ (NHVFUVS VR)) =(V(VS,VR), (¢’ +$) (V)
= —(VLVR)(@ +&)(HAf+ @+ NIVSI)
+div((VS, VR)(¢'+8)(/IVS).

—2¢1(Z, Vf)+
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Substituting the above into (3-2), we obtain (3-1). Proposition 3.1 is thus proved. [J

The idea now is to choose an appropriate function ¢ and integrate (3-1) over M.
The divergence term, after integration, vanishes because of the fall-off condition
we impose. The right-hand side will then be nonpositive while the left is always
nonnegative, and consequently, R is a constant. Theorem 1.1 follows from [Petersen
and Wylie 2009].

Proof of Theorem 1.1. We normalize f by adding a constant so that Lemma 2.1(2)
takes the form |V f|> = f —R. Since R >0, we always have |V f|> < f. On the other
hand, since R is assumed to be bounded and f grows quadratically with respect to the
distance from a fixed point [Cao and Zhou 2010; Naber 2006], we have |V f|*> > % f,
when f is sufficiently large. Thus, there exists 7 > 2 so that when f > T,

(3-3) LF<IVP< £

FixO<n<danddefinegp :R— Rby¢(t) =0fort <T,and ¢p(t) = (t — T)kent
for t > T, where k is a sufficiently large number to be determined. Throughout
this section, we will use this ¢ in (3-1). By our fall-off assumption, there exists a
sequence f; — oo such that

VS

From this, we now deduce that

e”’ ——|DRic| - 0, asi— oo.
f=ti

/ o / (X. V) .
(3-4) div(X) = — >0, asi— oo.
f=u f=t VSl

To this end, we look at each of the five terms in X and denote by X; the i-th term.
Then, when f > T,

(X1, VI

N VL VR +$)(NIVFI < Crf e | VR,

where C is a constant depending only on k and 1. Now by the Cauchy—Schwarz
inequality,

2
.2 . 2 1 . 1 2
| DRic| :Z(DeiRlc(ej,ek)) Z;Z(ZDeiRIC(ej,ej)> =~ IVRP.
i,j,k i Jj
Thus,
IVR| < +/n|DRic|.

Hence,

(X1, V)

2 =L < /n e | DRicl.
IV fl



70 MINGLIANG CAI

Integrating the above over { f = ¢;} and noting that
R1c|

|D
Civ/nf* e |DRic| < e/ —— VA

when f is sufficiently large, we conclude that

/ (X1, VI .
2 250, asi— oo.
=i V[l

Now note that (X, Vf) =2¢(Z, Vf)=2¢) ;A Rm(Vf, e, e;, Vf). Since Ric
is assumed to be bounded and since the sectional curvature is nonnegative,
(X2, VA
i
where C; is a constant dependent only on the bound of Ric, and the last equality
follows from Lemma 2.1. Hence, when f is sufficiently large,

Cof* 712V Ric(Vf, V) = Co ff 121 LV f, VR),

[(X2, V) < 1¢, f5eV | VR _ o7 [PRic|.
V[l IV fl
It then follows that
/ (X2, V)] .
——— >0, asi— oo.
f=t |Vf|

The arguments for the other X; are similar; we will skip X3 and X4. Now look
at X5. Repeatedly using Lemma 2.1(2), we see that

(X5, Vf) = =36V (VS VR)) = —¢VfRic(Vf, V[))
= —¢(Dv Ric(Vf, Vf) +2Ric(Dv;V [, Vf))
= —¢(DvRic(Vf, Vf) +Ric(Vf — VR, Vf))
= —¢(DvRic(Vf, Vf)+ 5(Vf, VR) —Ric(VR, V[)).
Since |VR| can be bounded by |DRic|, we have |(X5, V)| < Cse™ f*+3| DRic].
Equation (3-4) then follows.
To simplify notations, we put
F=3(VEVR)(@ =)= @+ )V NHAf— @+ HIVF)
+ (P + ) NIVRI?—2¢'(Z, V).
Then,
¢(f)Q = F+div(X).
It follows easily from the arguments in the proof of (3-4) that |, w Fdvolg < oo.
We thus have

(3-5) / $(f)0 = / F
M M
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We now show that fM F dvol, <0. First, we note that —Af = R—n/2 < A, where
A is an upper bound of R; hence —(¢ + ¢ )(f)Af < A(¢p+¢’), as ¢ and ¢’ are
both nonnegative. Next, we observe that, by Lemma 2.1,

[VR> =2Ric(Vf, VR)=2) hiei(f)ei(R)
i
and ¢;(R) = (VR, e;) =2Ric(Vf, e;) =2Xr;e;(f). So for each i, ¢; (f)e; (R) > 0.
Hence |VR|?> < 2A(Vf, VR). Finally, we recall that (Z, Vf) > 0 (Remark 2.4).
We thus conclude, from (3-3), that

(3-6) F <3(Vf.VR)Fy,
where

Fi=@—¢) )+ Ao+ (f)+4A@+d) — 5"+ ().
It follows from (3-5) and (3-6) that

) [ enos<} [ wrvrm.
M M
A direct computation leads to
Fi = (¢—¢)O)+A @+ (O +4A (48 (1) — 31 (@ +¢) (1)

= —%3(1+8)(t—T)k+1e5’—(%(1+28)k—5(1+8)A—1+TT_28>(t—T)ke‘”

—k(3(k=1)=SA+3T+)1(—T)'e" = 1T¢".

If we choose k > 10A + 2, the above expression will clearly be negative for
t > T. We have therefore shown that F; < 0 everywhere and F| < 0 where f > T.
Since Q > 0 (Remark 2.10) and (Vf, VR) =2Ric(Vf, Vf) > 0 (Lemma 2.1), we
conclude from (3-7) that (Vf, VR) = 0 in the region {f > T}. But as we noted
earlier in the proof, IVR|?> <2A(Vf, VR). Hence VR = 0 in the region {f > T}.
The analyticity of the metric [Bando 1987; Kotschwar 2013] then implies that R is
a constant function. Theorem 1.1 then follows from [Petersen and Wylie 2009]. [J

4. Proof of Theorem 1.2

We first show that the Ricci tensor has a zero eigenvalue at any point p in C, then
show that the soliton splits in a neighborhood of p, which, in turn, implies that the
scalar curvature is a constant.

Let C be the critical manifold of minima of f. Since C is assumed to be
nondegenerate, the Morse—Bott lemma implies that for any point p € C, there
exists an open neighborhood U of p and a diffeomorphism ¢ : U — R" such
that p(UNC) ={(0,...,0, Xpi1s.... X))}, d(p)=0and fop (xy,...,x,) =
c+3GeF+ 4 x2).
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In what follows in this section, unless specified otherwise, the range for the
Greek letters «, 8, ... is 1 to m while that for the Latin letters i, j, ... ism+1 to n.

We observe that we may assume that for all o and i, g% (p) = 0. In fact, by
making a change of variables, y, = x, and y; = x; — Z'g:l g'? (p)xg, we see
that in the new coordinates, at p, g* = (Vy,, Vy;) = 0 for o and i. Moreover,
Tty Yms Ymtls s Yn) =Cc+ }L(yl2 4+ 4 y,i). From now on, we assume
in the original coordinates (x, ..., x,) that g* (p) = O for all @ and i. As a
consequence, we also have g,;(p) =0

Next lemma computes the Ricci tensor at p.

Lemma 4.1. Az p, we have

Rie(p) (- 71 ) = bau (D) = 8up). Rier) (. 52 ) = S

1
. 0 0
RIC(P)(W %) =0
o l

Proof. Since

we have at p,

Hess(P)(0) (5 g5 ) = S

ad 0o 0
H 2 2 )=H —, — ) =0.
ess (1)) 7 ) = Hess( ) (7 ) =0
The lemma follows from the soliton equation. (]
Let M)jl (y =1, ..., m)denote the eigenvalues of the positive definite symmetric

matrix g,s(p). Then there exists (vi,, ..., Un,) # 0 such that Z,s gup(Pvgy, =
M;lvay. Let v, =), Vay (3/0x4). The first part of Lemma 4.1 implies that

0
Ric(p)(vy, v)) = O{Xﬁ; vayv,glec(p)< 8x5>

=3, = 1)) (vay)?

=3, = Dy g(p)(vy, vy)

= 11— u)g(P)(vy, v)).
We conclude from this and the rest of Lemma 4.1 that the eigenvalues of the Ricci
tensor at p are (1 — uy)/2, withae =1, ..., m, and % with multiplicity n —m. Since

the Ricci tensor is assumed to be semipositive definite, u, < 1 for each . Of
course, iy > 0. Our goal is to show that u, = 1.
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Now assume {eq, ..., e,} is an orthonormal basis in a neighborhood of a fixed
point p € C with D,.e;(p) =0 for 1 <i, j <n. We may assume that each e, is an
eigenvector of Ric at p corresponding to the eigenvalue (1 — puy)/2 for 1 <o <m
and e; an eigenvector corresponding to % form+1<i<n.

By our assumption, DRic = D?Ric =0 at p. Hence, for each 1 < s <n, in the
neighborhood of p,

n
Ric(ey, e5) =15 + E IsijkXiX j X + higher-order terms,
i jk=1

where r; and ry; j are constants. We make the following observation.

Lemma 4.2. Given that K, is the sectional curvature of the section spanned by e;
and ey, we have
_ 1— Mo

m

1 .

Fog= 7 a=1,...,m, ri=sz, i=m+1,...,n, ZKSQMO,:O,
a=1

Proof. We only need to prove the second line. At p,
(ARic)(ey, ;) = A(Ric(ey, €5)) = 0.

On the other hand, we have ARic = Dy sRic +Ric —2 Z;’Zl Rm( -, ¢;, Ric(e)), -)
(Lemma 2.1 in [Petersen and Wylie 2010], see also the proof of Lemma 2.2). Hence,

n
0=Ric(ey, ) =2 ) Rm(es, er. Ric(er), )
=1

m n
=r,—2) Rmey, eq, Ric(eq), ¢) =2 Y Rm(ey, e;, Ric(e;), ¢;)
a=1 i=m-+1

m n
=TI — Z(l — o) Rm(ey, ey, €4, €5) — Z Rm(ey, ¢;, e;, €5)
a=1 i=m+1

m
= ZKsa//«oz- U
a=1

We are now in a position to prove Theorem 1.2.

Proof of Theorem 1.2. It follows from Lemma 4.2 and the assumption of nonnegative
sectional curvature that K, (p) =0 for all 1 <s <n. So, Ric(p) vanishes on the
subspace spanned by {0/dxy|la =1, ..., m}.

We first prove that a neighborhood of p splits isometrically as U x V, where U
is at least m-dimensional and Ric = 0 on U. We have shown that Ric.g(p) = 0.
The rest of the argument is along the lines of the proof of Lemma 8.2 in [Hamilton
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1986] and that of Corollary 2.1 in [Ni and Tam 2003]. Denote by K (x, ) the null
space of Ric(x, 1), i.e.,

K(x,t)={weT:M|Ric(x, t)(w) =0}.

Let wog € K(p, —1) and y (s) a smooth curve starting from p. Parallel translating wq
along y gives a vector field w along y. Denote the extension of w to a neighborhood
of y still by w. Now we project w onto K (x, t) to get a vector field v(x, t). Then
v(y(s),1) € K(y(s),t). We first show that D, v is also in K (y(s), t). We fix an
orthonormal basis in g(¢), {ey, ..., ey}, in a neighborhood of a fixed point y (s)
and assume that ¢; (y (s)) are the eigenvectors of Ric. For simplicity, we denote
ei(y(s)) by e;(s). Since Ric(v) =0, we have ((d/9t)Ric)(v, v) =0. The evolution
equation for Ricci tensor then implies that at y (s),

(ARic)(v, v) — 2(Ric(v), Ric(v)) + 2Ric(e;, ¢;) K (e;, v) =0,

where the repeated indices are being summed over. Since the sectional curvature
K (e;, v) is nonnegative and since Ric(v) = 0, we deduce that (ARic)(v, v) < 0.
Direct computations give

(ARic) (v, v) = A(Ric(v, v)) —4e; (Ric(v, D,,v)) + 2Ric(v, D, D, v)
+ 2Ric(v, DDel_eiv) +2Ric(Dg,v, D, v).

Using (ARic)(v, v) <0 and Ric(v) = 0, we obtain Ric(D,,v, D,,v) < 0. Since
Ric is positive semidefinite, we conclude that Ric(D,,v) = 0 for each i, and hence
D,v € K(y(s),t). As in the proof of Corollary 2.1 in [Ni and Tam 2003], we
conclude that w € K (x, t). Since parallel translation preserves inner product, for
each fixed ¢, the dimension of K (x, ) is independent of x. We then use the de Rham
decomposition theorem to conclude that a neighborhood of p splits.

Note that |V f]?> f on U x V. In fact, for any ¢ € V, the restriction of g and f on
U x {q} gives a soliton on U x {q} with zero Ric tensor. Lemma 2.1(2) implies that
|VU><{q}f|2 = flux{q)» Where Vi) f is the gradient of f|y 4 With respect to
the metric g|yx(q)- Since |V£|* > |Viyxq) f1%, we infer that |V f|*(x, ¢) > f(x, q)
for all x € U. Since ¢ is an arbitrary point in V, it follows that |V f|>> fon U x V.

We now prove that [Vf|?> < f on U x V. Given any point y € U x V, denote
by y(s) the integral curve of Vf/|Vf|?> such that y(0) = y. Then f(y(s)) =
s + f(y(0)). On the other hand, using Lemma 2.1(1) and (2), we have

iv2 —lvv2—1v2vv13
dsl fl (y(s))—wf|2 £ fI)—|vf|2(| fIF=(Vf,VR))
1

— |vf|2(|Vf|2 —2Ric(Vf, V£)).
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Since Ric(Vf, Vf) > 0, we obtain (d/ds)|V f|*(y(s)) < 1. Integrating this in-
equality from — f(y(0)) to s and noting that Vf(y(s)) =0 at s = — f(y(0)) give
us the desired inequality |V f|> < f.

We have thus proved that |V f|> = f, which, when combined with Lemma 2.1(2),
implies that R is constant in a neighborhood of p. Hence R is constant on the
entire M. The proof of Theorem 1.2 is therefore completed. (|
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