GEOMETRY OF SHRINKING RICCI SOLITONS

OVIDIU MUNTEANU AND JIAPING WANG

ABSTRACT. The main purpose of this paper is to investigate the curvature
behavior of four dimensional shrinking gradient Ricci solitons. For such a
soliton M with bounded scalar curvature S, it is shown that the curvature
operator Rm of M satisfies the estimate |Rm| < ¢S for some constant c.
Moreover, the curvature operator Rm is asymptotically nonnegative at infinity
and admits a lower bound Rm > —c¢ (In(r + 1)) ~*/* | where r is the distance
function to a fixed point in M. As an application, we prove that if the scalar
curvature converges to zero at infinity, the soliton is asymptotically conical.

As a separate issue, a diameter upper bound for compact shrinking gradi-
ent Ricci solitons of arbitrary dimension is derived in terms of the injectivity
radius.

1. INTRODUCTION

This paper primarily concerns the geometry of the so-called shrinking gradient
Ricci solitons. Recall that a complete manifold (M, g) is a gradient Ricci soliton if
the equation

Ric + Hess (f) = A g

holds for some function f and scalar A. Here, Ric is the Ricci curvature of (M, g)
and Hess (f) the Hessian of f. Note that if the potential function f is constant
or the soliton is trivial, then the soliton equation simply says the Ricci curvature
is constant. So Ricci solitons are natural generalization of Einstein manifolds. A
soliton is called shrinking, steady and expanding, accordingly, if A > 0, A = 0
and A < 0. By scaling the metric g, one customarily assumes A € {—1/2,0,1/2}.
Solitons may be regarded as self-similar solutions to the Ricci flows. As such,
they are important in the singularity analysis of Ricci flows. Indeed, according to
[11], the blow-ups around a type-I singularity point always converge to nontrivial
gradient shrinking Ricci solitons. It is thus a central issue in the study of Ricci
flows to understand and classify gradient Ricci solitons.

Aside from the Einstein manifolds, the Euclidean space R™ together with po-
tential function f(z) = % |z|? gives another important example of gradient Ricci
solitons. In the case dimension n = 2, those are the only examples of gradient
shrinking Ricci solitons [7]. For dimension n = 3, Perelman made the breakthrough
in [25] and showed that a three dimensional non-collapsing shrinking gradient Ricci
soliton with bounded curvature must be a quotient of the sphere S?, or R?, or
S? x R. His result played a crucial role in the affirmative resolution of the Poincaré
conjecture. The extra conditions were later removed through the effort of Naber
[23], Ni and Wallach [24], and Cao, Chen and Zhu [3]. We refer the readers to [1]
for the classification of steady gradient Ricci solitons.
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One salient feature of three dimensional shrinking Ricci solitons is that their
curvature operator must be nonnegative [16]. This has been of great utility in
Perelman’s argument. Unfortunately, for dimension four or higher, this is no longer
true as demonstrated by the example constructed in [13]. Also, the existence of
examples (see [2] for a list) other than the aforementioned ones complicates the
classification outlook.

The main purpose here is to investigate the curvature behavior of four dimen-
sional shrinking gradient Ricci solitons. Our first result concerns the control of
the curvature operator. Note that in the case of dimension three, the curvature
operator, being nonnegative, is obviously bounded by the scalar curvature. In the
case of dimension four, while the curvature operator no longer has a fixed sign, we
show that such a conclusion still holds. In particular, it implies that the curvature
operator must be bounded if the scalar curvature is so.

Theorem 1.1. Let (M, g, f) be a four dimensional shrinking gradient Ricci soliton
with bounded scalar curvature S. Then there exists a constant ¢ > 0 so that

[Rm| < ¢S on M.

Our second result provides a lower bound for the curvature operator of a four
dimensional shrinking Ricci soliton with bounded scalar curvature. It shows that
the curvature operator becomes asymptotically nonnegative at infinity. The result
may be viewed as an extension of Hamilton and Ivey curvature pinching estimate for
the three dimension case. Note that Naber [23] has classified all four dimensional
shrinking Ricci solitons with nonnegative and bounded curvature operator. In
passing, we would also like to point out that Cao and Chen [4] have obtained some
interesting classification results by imposing assumptions of different nature on the
curvature tensor.

Theorem 1.2. Let (M, g, f) be a four dimensional shrinking gradient Ricci soliton
with bounded scalar curvature. Then its curvature operator is bounded below by

c 3
>_ (=
Rm 2 (ln(r—i—l)) ’

where r is the distance function to a fixed point in M.

In both Theorem 1.1 and Theorem 1.2, the constant ¢ > 0 depends only on the
upper bound A of the scalar curvature on M, and on the geometry of the geodesic
ball By (7o), where p is a minimum point of f and r¢ is determined by A.

We should point out that these conclusions are only effective for nontrivial soli-
tons. In fact, the potential function f of the soliton is exploited in an essential way
in our proofs by working on the level sets of f. Note that the level set is of three
dimension. So its curvature tensor is determined by its Ricci curvature. This fact is
crucial to our argument. It enables us to control the curvature tensor of the ambient
manifold by its Ricci curvature, which leads to an estimate of the Ricci curvature
by the scalar curvature. The fact that Ricci curvature controls the growth of the
full curvature tensor is already known from the work of the first named author and
Wang [22]. However, the argument and estimate there are global in nature, whereas
the estimate here is valid in the pointwise sense, hence stronger.

The fact that the curvature operator of four dimensional shrinking gradient Ricci
solitons enjoys similar control as in the dimension three case seems to provide a
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glimpse of hope for a possible classification of the solitons. In this sense, one goal
here is to prove sharp decay estimates for the Riemann curvature tensor and its
covariant derivatives, under the assumption that the scalar curvature converges to
zero at infinity. This in particular enables us to conclude that such a soliton must
in fact be smoothly asymptotic to a cone at infinity. Here, by a cone, we mean a
manifold [0, o) x ¥ endowed with Riemannian metric g. = dr?+r? gs;, where (3, g5)
is a closed (n — 1)-dimensional Riemannian manifold. Denote Er = (R,00) X X
for R > 0 and define the dilation by A to be the map py : Ey — FEy given by
ox(r,o) = (Ar, o).

We say that a Riemannian manifold (M, g) is C* asymptotic to the cone (Ep, g.)
if, for some R > 0, there is a diffeomorphism ® : Er — M \ Q such that
A2 pi ®* g — g, as A — oo in CF (Ey, g.), where ) is a compact subset of M.

We have the following result.

Theorem 1.3. Let (M,g, f) be a complete four dimensional shrinking gradient
Ricci soliton with scalar curvature converging to zero at infinity. Then there exists
a cone Ey such that (M, g) is CF asymptotic to Ey for all k.

A recent result due to Kotschwar and L. Wang [20] states that two shrinking
gradient Ricci solitons must be isometric if they are C? asymptotic to the same
cone. Together with our result, this implies that the classification problem for four
dimensional shrinking Ricci solitons with scalar curvature going to zero at infinity
is reduced to the one for the limiting cones.

As a separate issue, we have also attempted to address the question whether the
limit of compact shrinking gradient Ricci solitons remains compact. This question
may be rephrased into one of obtaining a uniform upper bound for the diameter
of such solitons. Note that in the opposite direction Futaki and Sano [14], see
also an improvement in [15], have already established a universal diameter lower
bound for (nontrivial) compact shrinking gradient Ricci solitons. It remains to
be seen whether a universal diameter upper bound is available without any extra
assumptions.

Theorem 1.4. Let (M, g, f) be a compact gradient shrinking Ricci soliton of di-
mension n. Then the diameter of (M, g) has an upper bound of the form

diam (M) < ¢(n,inj (M)),
where inj (M) is the injectivity radius of (M, g) .

If one assumes in addition that the Ricci curvature of the soliton is nonnegative,
then the conclusion follows from [12]. We also remark that the assumption on the
injectivity radius seems to be natural in view of the non-collapsing result for Ricci
flows proved by Perelman [25]. Combined with [5], our result implies an upper
bound for the volume, depending on the injectivity radius alone.

The organization of the paper is as follows. In Section 2 we show that four
dimensional shrinking Ricci solitons with bounded scalar curvature have bounded
Riemann curvature tensor. The precise form stated in Theorem 1.1 is proved in
Section 3, which builds upon and refines the techniques used in Section 2. These
estimates are then used in Section 4 to establish the pinching estimate in Theorem
1.2. In Section 5 we have established the conical structure in Theorem 1.3. Finally,
the diameter upper bound in Theorem 1.4 is proved in Section 6.
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2. CURVATURE ESTIMATES

In this section, we show that the curvature operator of a four dimensional shrink-
ing gradient Ricci soliton must be bounded if its scalar curvature is so. We first
recall some general facts concerning shrinking gradient Ricci solitons which will be
used throughout the paper. For (M", g, f) a shrinking gradient Ricci soliton, it is
known [16] that S + |V f|* — f is constant on M, where S is the scalar curvature of
M. So, by adding a constant to f if necessary, we may normalize the soliton such
that

(2.1) S+|ViP="

Also, by a result of Chen [6, 2], the scalar curvature S > 0 unless M is flat. So
in the following, we will assume without loss of generality that S > 0. Tracing the
soliton equation we get Af 4 S = 7. Combined with (2.1), this implies that

(2:2) Ar(f)=5—f.

Here, Ay = A — (Vf,V) is the weighted Laplacian on M, which is self adjoint
on the space of square integrable functions with respect to the weighted measure
e /dv.

Concerning the potential function f, Cao and Zhou [5] have proved that

(23 (3@ - ) < 7@ < (3 )

for all r (z) > ro. Here r (z) := d (p, ) is the distance of  to p, a minimum point
of f on M, which always exists. Both constants ry and ¢ can be chosen to depend
only on dimension n.

Throughout the paper, we denote

D) = {reM:f(x)<t}
X(t) = D@t)={zeM: f(z)=t}.
By (2.3), these are compact subsets of M.

We recall the following equations for curvatures. For proofs, one may consult
[26].

(2.4) AsS = S —2|Ric|
AfR;; = Rij —2RikjRu
AfRm = Rm+Rm=x*Rm
ViRjr = Rjfi= %VjS
ViRijiw = Rijufi= ViR — ViRjp.
In this section we will assume
(2.5) S<A on M

for some constant A > 0. Obviously, there exists rg > 0, depending only on A, so
that

V| > %\/fz 1 on M\D(ro).
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Our argument is based on the following important observation.

Proposition 2.1. Let (M,g, f) be a four dimensional shrinking gradient Ricci
soliton. Then for a universal constant ¢ > 0,

IVRic| |Ricf*+1 .
2.6 Rm| <e + + |Ric
(2.6) |Rm| < NG 7 Ric|

on M\D (rg) .

Proof. We work on ¥ := X (t), t > ro. By the Gauss curvature equation, for an
orthonormal frame {e1, ea, e3} tangent to X, the intrinsic Riemann curvature tensor
becd of ¥ is given by

(2.7) Rgbcd = Rabed + hachbd — Radhpe,

where Ryped = Rm (eq, €p, €, €4) is the Riemann curvature tensor of M and hgp the
second fundamental form of 3. In what follows, the indices a,b,¢,d € {1,2,3} and
i,7,k, 1 € {1,2,3,4}. Since ¥ = {f = t}, we have

fab
IV /]
Using the fact that [V f| > 21/f on M\D (ro) and Ric(eq, €s) + fap = 30ap, We have

hab =

7

Since Y is a three dimensional manifold, its Riemann curvature is determined by
its Ricci curvature Ric™.

(2.8) [hab] < (|Ric|+1).

(2'9) Rzzzzbcd = (R(?cgbd - Rfdgbc + R}?dgac - szcgad)
SZ
_7 (gacgbd - gadgbc) ,

where S™ is the scalar curvature of ¥ and R, := Ric” (eq, €p).
By tracing (2.7) we get

(210) REC = Roe — Rages + Hhac - hab hbm

where Ry4c4 = Rm (€4, v, €., v) with v = % being the normal vector of ¥. Tracing
this one more time, we have

S =S — 2Ry + H?> —|h)°.
Hence, by (2.8) and S < 2 |Ric|, we see that

Ric|” + 1
|SE| <ec & + |Ric|
f
for some constant ¢. We now observe that by (2.4) we have an estimate

1
IV /]

|VRic|
P

(2.11) |Rijkal = |Rijfil <4
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Using this in (2.10) implies that

VRic|  |Ric?+1 .
RE|<c | + + |Ric| | .
[Fecl ( v/
Hence, we conclude from (2.9) and (2.7) that
|VRic| |Ric|® +1 ,
‘Rabcd| <c + + |R1C| .

i f

Together with (2.11), this proves the proposition. O

We now establish the following lemma. It is inspired by Hamilton’s work in [17].

Lemma 2.2. Let (M,g, f) be a four dimensional shrinking gradient Ricci soli-
ton with bounded scalar curvature. Then, for any 0 < a < 1, the function u =
\Ric|2 S™% satisfies the differential inequality

c S
l—af

on M\D (ro), for some universal constant ¢ > 0.

Aju > (2a— >u25’“_1—cug S5 —cu

Proof. Note that by Proposition 2.1 and (2.4)
(2.12) Ay |Ric]> > 2|VRic|]’ — ¢|Rm||Ric|?
. c . .2
> 2|VRic|* — — |VRic| |Ric|
i
C 5. 4 .3 Cin. 2
—— |Ric|” — ¢|Ric|” — < |Ric|”.

f f

For 1 > a > 0 direct computation gives

(2.13) Ay (|Ric|2 S*a)

S7A, (|Ric|2) + [Ric? Ay (S7) +2 <vs—a,v |Ric|2>

STUA, (|Ric|2> 42 <vs—a,v |Ric|2>
+ |Ric? (faS*“ +2a|Ric)? S +a(a+1)|VS|? S*‘H) .
We can estimate

2<VS’“,V\Ric\2>

%

—4a |VRic| [VS| S |Ric]|

\%

—a(a+1)|VS]* S~ 2 |Ric|?
4
— =% | VRic] 5.
a+1
Plugging this in (2.13) and combining with (2.12) shows that

) —a 2(1—a)
Af(|R1c\2S ) > (1T

-
vai
—c|Ric> $7* — % IRic|> S~ — a |Ric[> S~ + 2a |Ric|* §—*~!

|VRic|> S~ — — |VRic| [Ric|? §~* — ; IRic|* $—°

> (2a - f a?) [Ric[* §7~! — ¢ |Ric|* §$~* — ¢|Ric|> §7°.



GEOMETRY OF SHRINKING RICCI SOLITONS 7

In the last line, we have used that

2(1—

2U=a) Gpiep o+
1+a

1+a (2
8(1—a)7

Vi

It follows that

|VRic| |[Ric|> §7¢ < |Ric|* .

¢ S) w281 — cus St — cu.
l—af

This proves the result. (Il

Ayu > (2(1

Proposition 2.3. Let (M,g, f) be a four dimensional shrinking gradient Ricci
soliton with bounded scalar curvature S < A. Then there exist r1 and C depending
only on A so that

[Ric|> < C on M\D (ry).

Proof. We use Lemma 2.2 with a := 1 and obtain on M\D (r)
Afu > (1 - ;) u2S73 —cu? — cu,

where u := |Ric|2 S=% and ¢ > 0 depends only on A. There exists r; > 0, depending
only on A, so that 1 — % > % This implies that
1 5,1 3
Ay > U S72 —cu2 —cu on M\D (r1).

For R > 2ry,let ¢ be a smooth non-negative function defined on the real line so
that ¢(t) =1 for R <t < 2R and ¢ (t) = 0 for t < & and for t > 3R. We may
choose ¢ so that

£ (167 (0 + 16" (1) <e.
We use ¢ (f (z)) as a cut-off function with support in D (3R)\D (£) . Note that

Vol <
|1Af¢l

for a universal constant ¢ > 0. Here, for the second inequality we have used (2.2)
that Ay (f) =2—f.
A direct computation shows that the function G := u¢? satisfies
FPAG = PAp (ud?)
= ¢ (Apu) + ¢*u (Apg?) + 2¢° (Vu, Vo?)

> %u%*%& —cusd® — cug? +2(V (ug?) , Vo?)

sl

IA

> %GQS*% — G — G +2(VG,V?).

The maximum principle implies that G < ¢, where the constant ¢ depends only on
A. Hence, on D (2R)\D (R),

This proves the proposition. O

We now prove that the curvature of four dimensional shrinking gradient Ricci
solitons with bounded scalar curvature is bounded.
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Theorem 2.4. Let (M, g, f) be a four dimensional shrinking Ricci soliton with
bounded scalar curvature S < A. Then the Riemann curvature tensor and its
covariant derivatives are bounded in norm as well. More precisely, there exists
r1 > 0 depending only on A so that for any k > 1,

sup  (|Rm|+ |VkRm|) < Ck,
M\D(ry)

where Cy > 0 is a constant depending only on A and k.
Proof. We first show that
(2.14) [Rm| < ¢ on M\D (r1).
Using (2.4) and the Kato inequality, one sees that
Ay [Rm| > —c[Rm|?,
for a universal constant c¢. Rewrite this into
(2.15) Aj|Rm| > [Rm|* — (¢4 1) |[Rm|*.
By Proposition 2.3 and Proposition 2.1, we have
1

Rm|® < ¢ (f |VRic|® + 1)
on M\D (r1), where ¢ > 0 depends only on A. Plugging into (2.15), we conclude
(2.16) Ay |Rm| > |Rm|? — ; |VRic|? - c.

On the other hand, we know from (2.12) that
(2.17) Ay |Ric” > |VRic|* — ¢
Therefore, combining (2.16) and (2.17), we obtain

Ay (\Rm| + |Ric\2)

Y

Rm|* — ¢

> % (1Rm| + |Ric|2)2 —c.
In other words, the function

v := |[Rm]| + |Ric|?
satisfies the following differential inequality on M\D (r1)

1
Ao > —v? —
fv_QU C,

for some constant depending only on A. Arguing as in Proposition 2.3, we conclude
that v < con M\D (r1), for a constant ¢ depending only on A. This implies (2.14).
Now we use Shi’s derivative estimates [27] to prove that

(2.18) [VRm| < ¢ on M\D (r1),
for some constant ¢ > 0 depending only on A. Note that

Ay |VRm> > 2|V2Rm|* - ¢|VRm|* [Rm|
> 2|V |VRm||® — ¢|VRm/|?,
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where in the last line we have used 2.14. This implies
Ay |VRm| > —¢|VRm| on M\D (rq).
We also know from (2.4) that
AsRm[*> > 2|VRm|* - ¢|Rm]|*
2|VRm[* - c.

v

This implies that there exists a constant ¢ > 0, depending only on A, so that on
M\D (7“1) )

Ay (|VRm| + |Rm|2) > (|VRm| + |Rm|2)2 —e

Now a maximum principle argument as in Proposition 2.3 shows that |[VRm|+|Rm|?
is bounded on M\D (r1) by a constant depending only on A. So (2.18) follows. A
similar argument can be used to obtain estimates for higher order derivatives. For
details, see e.g. [8]. O

Theorem 2.4 has some interesting applications to compactness properties of the
set of four dimensional shrinking Ricci solitons. Indeed, as a consequence of Hasl-
hofer and Miiller’s work in [18], see also [19] for recent progress, the set of four di-
mensional shrinkers with entropy bounded below and with Euler characteristic and
scalar curvature bounded above is precompact in orbifold Cheeger-Gromov sense.
Theorem 2.4 shows moreover that, for the limit of a sequence of such shrinkers, the
possible orbifold points must be contained within a fixed compact set.

3. IMPROVED CURVATURE ESTIMATES

Our goal in this section is to prove Theorem 1.1. This is done by a careful
refinement of the techniques of the previous section. We begin with an improved
estimate for Ricci curvature. From now on ry > 0 denotes a radius depending only
on A, the upper bound of S on M. Unless otherwise specified, ¢ > 0 is a constant
depending only on A and the geometry of D (rg). These constants may change
from line to line.

Proposition 3.1. Let (M,g, f) be a four dimensional shrinking gradient Ricci
soliton with bounded scalar curvature S < A. There exists ¢ > 0 so that

[Ric* _
sup —— <c¢
MP g =
Proof. We use Lemma 2.2 that
SN, 2ga-1 202
Aju > | 2a — — | u®S —cuzS? —cu
l—af

on M\D (rg), where u := |Ric|* % and 0 < a < 1.

For R > 2rg,let ¢ be a smooth non-negative function defined on the real line so
that ¢ (t) = 1 for R <t < 2R and ¢ (t) = 0 for t < £ and for t > 3R. We may
choose ¢ so that

2 (16 (1) + 10" (1)) <.
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We use ¢ (f (z)) as a cut-off function with support in D (3R)\D (£). Note that
Vo] < ﬁ and |Af¢| < ¢, for a universal constant ¢ > 0. Direct computation gives

P°Af (ug?) = ¢* (Asu) + ¢°u (As¢®) +2¢* (Vu, Vo)

S a

%2 — 2 u?Se 1t — cu%S5¢3
l—af

—cug® 4+ 2(V (u¢?) , Vo).

Since ¢ has support in D (3R)\D (%) , we know that f > %R on the support of

¢. Hence, we may choose a :=1 — % with a sufficiently large constant C' > 0 such

that

c § <
l—af —
on the support of ¢. As a result, the function G := u¢? satisfies

P?AFG > STTLG? — G — ¢G +2(VG,Ve?).

2a — 1

Since @ < 1 and S* ! > A% ! the maximum principle implies that there exists
¢ > 0so that G < con D(2R)\D (R).
Hence, on D (2R)\D (R),
|Ric|
S
Let us recall a result in [9] that there exists a constant ¢ > 0 so that Sf > c on M.
In our context, this constant has the dependency as stated in the conclusion of the
proposition.
Since a—1 = —% and S > £ on D (2R), it follows that S°~* < con D (2R)\D (R).
Therefore,

=GS“t <eS*h

|Ric|? <
—g <S¢
on D (2R)\D (R). Since R is arbitrary, this proves the result. O

We now extend this result to the full curvature tensor.

Proposition 3.2. Let (M,g, f) be a four dimensional shrinking gradient Ricci
soliton with bounded scalar curvature S < A. There exists ¢ > 0 so that
[Rm/* _
sup —— < c.
Mp 5 =
Proof. According to Proposition 2.1,

.12
(3.1) Rmf? < YR + ~ + [Ric|?
! f
1
< c +S>
(f
< ¢S

In the second and third line above we have used Proposition 3.1, Theorem 2.4 and
the fact that % < ¢S from [9], respectively. This proves the proposition. O

We continue with a similar estimate for the covariant derivative of curvature.
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Proposition 3.3. Let (M,g, f) be a four dimensional shrinking gradient Ricci
soliton with bounded scalar curvature. Then there exists a constant ¢ > 0 so that

2
b |VRm| <.

su
M

Proof. Let us first prove the following inequality,
(3.2) Ay |[VRm|* > 2|V?Rm|” + 3|VRm|* — ¢ [Rm| |[VRm|>.
We have that

Ay |VRm[? = 2|V?Rm|” + 2 (A; (VRm) , VRm) .
Now we compute

Af (Vqu) = vpvpquijkl - Vp (quijkl) fp
= VquVpRijk}l — Vq (VpRijkl) fp + Rm * VRm
= qupvaijkl — Vq (VPRijk;lfp) + qu (vaijkl) + Rm * VRm

1
= Vq (AfRijkl) + iquijkl + Rm * VRm

In these equalities we used the Ricci identities, the formulas R;;iifi = VR, —
V;Rj; and AyRm = Rm + Rm * Rm from (2.4). Hence, (3.2) is proved.
Using (3.2) we get

(33)  Ag (|VRm\2 5*1) > g1 (2 |V2Rm|® + 3|VRm[* - ¢ [Rm| |VRm\2)
+|VRm|? (—5—1 +2|Ric|? S72 + 2|VS[? 5—3)
—4|VS||V*Rm|S~? |[VRm|
> 2|VRm|*S~! — ¢|Rm| |[VRm[|* S~

To derive the last line of (3.3) we have used that

2 Kv IVRm| ,vs—1>‘

IN

4|V?*Rm||VRm|S~?|VS]

N

2|V?Rm|” 57 4+ 2|VS|* 573 [VRm| .

Using Proposition 3.2 and (2.18) we can bound

¢|Rm||[VRm|* 5~ < c|VRm\S_%
< |VRm[*S~'+e.

Therefore, the function
w:=|VRm[*S§~! —¢
satisfies

Our goal is to show that w must be bounded above. We use the maximum principle
again.



12 OVIDIU MUNTEANU AND JIAPING WANG

Let ¢ (t) = £=% on [0, R] and ¢ = 0 for t > R. Then ¢ (f) as a cutoff function
on M satisfies

(35) o =
A = w(f-2).

Therefore, for G := ¢ w, using (3.4), we have

(3.6) AfG;z(1+¢71;(f—2)—6¢*2V¢F)(¥+4¢”{VG&V¢)

Suppose that G (¢) > 0 at the maximum point ¢ of G. Then (3.6) implies that

2 ) 1
(37) (=20 <6IVU <6551,

If g € D (rg), then

sup (|VRm|QS_1) < c¢c+4 sup G
D(%) D(%)

A\
)

+
e
o)

=
T

Q

IA
o

On the other hand, if ¢ € M\D (rq) , then f (¢)—2 > %f (¢).By (3.7), v (¢) R <6.
This shows that f (¢) > R — 6. Therefore,

1
4SE1p)<|VRm2Sl—c) < SElp)G
D(& D(&
< G(q)
36 2 o1
< — Rm|* S
< g (IVRnl" 7))
c
< Eo R
- R

where in the last line we have used (2.18) and that Sf > ¢ > 0 by [9].
In conclusion, we have proved that if G (¢) > 0, then

sup <|VRm\QS*1> <ec.
D(%)
On the other hand, if at the maximum point ¢ of G we have G (¢) < 0, then w is
nonpositive on D (R), which again implies
sup <|VRm\QS*1> <ec.
D(%)
This proves the proposition. [

We now wish to establish a gradient estimate for the scalar curvature. This will
be improved later.

Lemma 3.4. Let (M, g, f) be a four dimensional shrinking gradient Ricci soliton
with bounded scalar curvature S < A. Then there exists a constant ¢ > 0 so that

VInS|> < cIn(f +2) on M.
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Proof. We adopt an argument in [21]. Let h := 15¢ with ¢ > 0 small to be
determined later. Then a direct computation gives

Ash = eh — 2¢|Ric]> S~ h 4 (e — 1) S 2 |VS)°.
Let us denote o := |Vh|2 = G522 |VS|2. The Bochner formula asserts that
%Afo— — |Hess (h)|* + (Vh, V (Ash)) + Rics (Vh, Vh)

> (Vh,V (Ash))

> (e —1) <Vh, v (SH |VS|2)> py <Vh, v (|Ric|2 S’lh)> :
Note that

(Vh,V ($2WSP)) = (VA V(50))
= —e(Vh,VS) S lo+ 8 °(Vh,Vo)

—€|Vh]*S™%0 + 57 (Vh, Vo).

Furthermore, we have

e <Vh,V (\Ric\z S’1h>> > _2¢|VRic| [Ric|h [VA| S~ — ¢ [Ric|> S~ [V
>  —ceh|Vh| — ceo
> —c—co,

where in the second line we used Proposition 3.1 and Proposition 3.3 to bound
|VRic| |Ric| S71 < ¢, and in the last line we used eh = S¢ < c.
Consequently,

(3.8) %Afa >e(l—€)S %0* +(e—1)S™“(Vh, Vo) —co —c.

Let ¢ be a smooth non-negative function defined on the real line so that ¢ (t) = 1
for 0 <t < Rand ¢ (t) =0 for t > 2R. We may choose ¢ so that

2 (1 (1) +1¢" | () <.

We use ¢ (f (x)) as a cut-off function with support in D (2R) . Note that we have
V| < 7 and |Af¢| < c for a universal constant ¢ > 0.

Let G := ¢*¢. From (3.8), we find that
1 1 1
300G = 50" (8p0) + 5G (840%) + ¢* (Ve Vo)
>e(l—€) S G+ (e—1) S (Vh,VG) ¢* — (e — 1) S~ (Vh,V¢?*) G
—cG—c+ (V¢*,VG).

At the maximum point of G we have

(3.9) G? < ¢G? V| S+ cG+c
C 3
< —G2+cG+e.
VR

We now choose ¢ := (In R)™'. It is easy to see that (3.9) implies

c
supG < -=clnR.
M €
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This proves that

sup (526 |VlnS\2) <c¢InR.
D(R)

Using the bound in [9] that S > £ on D (R), one easily concludes that S%¢ > ¢ > 0.
Thus,

sup [VInS|* < ¢ In(f +2)
S(R)

and the result follows. O

To prove Theorem 1.1 in the introduction, we need to improve the Ricci curvature
estimate from Proposition 3.1. Let us first establish a parallel version of Lemma
2.2.

Lemma 3.5. Let (M, g, f) be a four dimensional shrinking gradient Ricci soliton

with bounded scalar curvature S < A. Then the function u = \Ric\2 S=2 satisfies
the differential inequality

Apu>3u%S —cuS.
Proof. Note that by Proposition 2.1 and Proposition 3.3 we have

|VRic| |Ric]*+1 .
c + + |Ric
< N/ I

Vs o1
< ¢ <\/7 + 7 + |RlC|>
< ¢(S+ |Ric|).

[Rim|

IN

In the last line we have used the fact that S > % on M. Since S < 2|Ric|, we
conclude that

(3.10) |[Rm| < ¢|Ric|.
By (2.4) we have

Af [Ric|? 2 |VRic|® + 2|Ric|* — ¢|Rm] [Ric|®

2 |VRic|® + 2|Ric|® — ¢ |Ric|” .

Hence,

(3.11) Ay <|Ric|2 5—2)

= S72A; (\Ric|2) +[Ric]? Ay (572) +2 <v5*2, v |Ric|2>

\%

2 |VRic|> S~2 + 2|Ric|> S~2 — ¢|Ric[* §~2 + 2 <VS*2, v |Ric|2>

+ |Ric]? (—25—2 +4|Ric)?$73 + 6|VS|? 5—4) .
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We can estimate

2 <v5*2,v |Ric|2>

52 <v5*2,v (|Ric|2 5*2)>

—(VS~2, VS 2) [Ric|? $% + <v5*2, v \Ric|2>

> -2 <v1n S,V (|Ric|2 5—2)> — 4|V S)? S~ Ric/?
—4|VRic||VS| S~2 |Ric|
> 2 <V1n S,V (|R1c|2 5-2)> —6|VS[> S~ Ric|?

—2|VRic[> §72.
Plugging this in (3.11) we get
(3.12) Ap (|Ric|2 5—2) > 4[Ric|*S~% - ¢|Ric|* 72
3|Ric|* §7 — ¢|Ric|* 71,

\Y

where we have used the Cauchy-Schwarz inequality
¢|Ric® 72 < |Ric|* $7% 4 ¢ |Ric|* 57!
in the last line. This proves the result. O

We are ready to prove the following result which was stated as Theorem 1.1 in
the introduction.

Theorem 3.6. Let (M, g, f) be a four dimensional shrinking gradient Ricci soliton
with bounded scalar curvature S < A. There exists a constant ¢ > 0 so that

R

(3.13) sup [Ru| <ec.

M S
Proof. By (3.10) it suffices to show that
(3.14) sup [Ric| <c

M S
By Lemma 3.5 the function u := \Ric\Q S—2 satisfies the following differential in-
equality
(3.15) Apu>3u?S —cuS.

Let ¢ (t) = £ on [0, R] and ¢ = 0 for ¢ > R. Using v (f) as a cutoff function
on M, we have

(3.16) Vel = 19

Ay = (-2,

By Lemma 3.4,
ArpY = App+2(VInS, V)

1 2
> L (f-2) - 5 [Vins||V/]
> (-2 - eV +).

R
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The constant ¢ > 0 in the above estimate depends on A and D (rg). Therefore,
there exists tg > 0, depending on A and D (rg), so that
(3.17) Aptp >0, on D(R)\D (to).
Using (3.15) and (3.17), for the function G := 1?u we have that on M\D (to),
(3.18) VARG 3G?S — ¢GS + GApY? +2(Vu, Vip?) ¢
3G2S — ¢GS +2(V (Gy~2) , Vy?) 2
= 3G%S —cGS +2(VG,Vy?) —8|Vy[’ G.
By (3.16) and the estimate Sf > ¢ > 0 we have

>
>

1
Ve’G < 6
< 1SG.
C
Therefore, (3.18) becomes
VARG > (3G® — ¢G) S+ 2(VG,Vy?).

Now the maximum principle implies that G must be bounded on M\ D (tg). More-
over, by Theorem 2.4, there exists ¢ > 0 so that |[Rm| < ¢ on D (t9) \D (ro) . Since
S 2% =+ onD(to) \D (ro), this proves (3.14) and hence the theorem. O

We can now improve the covariant derivative estimate in Proposition 3.3 as well.

Theorem 3.7. Let (M, g, f) be a four dimensional shrinking gradient Ricci soliton
with bounded scalar curvature S < A. There exists ¢ > 0 so that

|[VRm| < ¢S on M.

In particular,
sup [VIn S| <e.
M

Proof. Using (3.2) we get

(3.19) A, (|VRm|2 5*2) > 52 (2 |V2Rm|* + 3|VRm|? - ¢ [Rm| \VRm|2>
+ |VRm|? (—25—2 +4|Ric?> S73 1 6|VS|? 5—4)
+2 <v |VRm|? 7vs—2>.

Observe that

2 <v |VRm|2,VS‘2>

<V (|VRm\2 5—2) 2, v5—2> n <v |VRm| ,v5—2>

> (V(IVRmP’$72),v5~2) 8 + [VRm[* §~2 (V5% V5~2)
—4|V?Rm| VS| |VRm|S~?
> 9 <v <|VRm\2 5*2) ,Vin 5> — 6|VRm|*|VS[* s~

~2|V?Rm|” 572
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It now follows from (3.19) and Theorem 3.6 that the function w := |VRm|* 2
satisfies the inequality

(3.20) Apw w — ¢|Rm|w

w(l—e¢S),

where F := f —2InS. We now show that a function w > 0 satisfying (3.20) must
be bounded. Let ¢ (t) = £ on [0, R] and ¢ = 0 for ¢t > R. We view ¢ (f) as a
cut-off function on D (R).

For G := ¢>w we have that
(3.21) ApG>G(1—cS)+207  (Apy) G — 672 |VY|> G + 2072 (VG, Vi?) .
Let ¢ € D(R) be the maximum point of G. If S(q) > %, where ¢ > 0 is the

c?

constant in (3.21), then from the definition of w and Theorem 2.4 one sees that
G < G(q) < C on D(R). This proves that w is bounded on D (£). So we may
assume in (3.21) that 1 — ¢S (¢) > 0. Now the maximum principle implies that at
q we have

(3.22) 0> ¢t (Apy) — 3¢ 2|Vl

We estimate

>
>

Arp = —pAr )+ 5 (VIS
f-2 2
- f—cVfIn(f+2) -2

R
By Lemma 3.4, there exists tg depending on A and D (rg) so that Apy) > % on
M\D (to). If ¢ € D (tg), then it follows as in the proof of Theorem 3.6 that w < ¢
on D (£). So without loss of generality we may assume ¢ € D (R)\D (to), hence
f
Apyp > =— .
P2 g R atd
Therefore, (3.22) implies that at g,
!
R
This means f (¢g) > R — 6 and

1
< 6|Ve[ <65

1
— sup (\VRm|2 S_Q) < sup G
to(%) D(%)
< Glq)
36 2 -2
< ==
< ;?E)(‘VRIH| S )
c
< B
-~ R

where in the last line we have used Proposition 3.3 and Sf > ¢ > 0. This again
proves that |VRm|2 S~2 is bounded. In conclusion, we have proved that

sup ([VRm|S™') <e.

D(%)
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Since R is arbitrary, this proves the theorem. O

4. CURVATURE LOWER BOUND

In this section we prove Theorem 1.2. The argument uses the estimates from
the previous sections and ideas of Hamilton-Ivey pinching estimate for three dimen-
sional Ricci flows. We first establish the following result, which improves Proposi-
tion 2.1.

Lemma 4.1. Let (M, g, f) be a four dimensional shrinking gradient Ricci soliton
with bounded scalar curvature. Then

Raped = (Racgva — Radgve + Roagac — Rbcgad)
—g (9acGbd — Gadgve) + O (Sf_%) :
Proof. Following the proof of Proposition 2.1 we have that
(4.1) Raped = Ripeq — hachba + hadhe

= (Rzzzlcgbd - thzldgbc + szdgac - szcgad)
1
—552 (gacgbd - gadgbc)
_hachbd + hadhbc
Recall also that

RY. = Roc— Rates + H hae — o i
S§¥ = S—2Ru+H?—|h?.
Using Theorem 3.7 we can estimate
(4.2) |Rijral < cwjflc <eSfE.
Hence, (4.1) implies
(4.3) Ropea = (Racgbd — Radgve + Roagac — Rocad)
—g (9acGbd — Gadgve) + E+O (S’f_%> ,
where
(4.4) & = (Hhac = hachec) goa — (H had — hae hed) goe

+ (H hbd - hbe hed) Gac — (H hbc - hbe hec) Jad
1
_5 (H2 - |h|2> (gacgbd - gadgbc)

*hachbd + hadhbc~
Note also that by Theorem 3.6,

fab 1 _1 _1
45 hay = o = SganfH+ 0 (S17H).
49 iR
Plugging (4.5) into (4.4) and simplifying, we immediately obtain that

El<o(sF).
By (4.3), this proves the lemma. O
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We are now in position to prove Theorem 1.2. For convenience, we restate it
here.

Theorem 4.2. Let (M, g, f) be a four dimensional shrinking gradient Ricci soliton
with bounded scalar curvature S < A. Then the curvature operator is bounded below

by

(4.6) Rm > — (M) ,

for a constant ¢ > 0 depending only on A and D (rq) , where ro depends only on A.

Proof. By (4.2), to establish (4.6) for the curvature operator of M, it is enough to
do so for its restriction to the subspace A% (T'S) . Restrict the Ricci curvature of M
to 2 and let A1 < A9 < Az be the eigenvalues of the resulting operator. Our goal is
to show that

(4.7) v>— (hff) :

where
vi=A1 4+ Ao — A3,

In view of Lemma 4.1, it is clear that (4.7) implies (4.6).

‘We will also denote
(48) A = )\1 + )\3 - /\2

= Ao+ A3 — Ap.

Note that v < X < p.

We now prove (4.7). Using Lemma 4.1 it follows that

(4.9AfRqe Rae — 2Raic; Rij

= Rac—2RapeaRba + O (Sf71)

= Ruc = 35Rac + §%gac + ARuaRac = 2| Real” guc + 0 (857%)
where

S=9¢"Rac= M+ e+ s=v+ A+ pu.
Observe that |S — 5| < ¢Sf~2, by (4.2). Note that (4.9) implies
(4.10) ApS =8 —=2|Ruf' +0(SF7}).
We use (4.9) to obtain, in the sense of barrier,
Afds > A3 —35Xs + 52 + 423 — 2|Ry|* — eSf 2.
Since v = S — 23, it follows that
(4.11) A < v+ 685hs — 252 — 8\2 + 2|Rup|* + ¢S 7.
Using (4.8), we can express the right side of (4.11) as
65h3 — 252 —8A2 +2|Ra|> =3 A+ pu+1v) (A + p)
2+ pu+v) =2\ +p)
+ (N + 12+ 02+ M+ pr + V)

=% — A\
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Hence, using this in (4.11), implies the following
(4.12) AfVSl/—l/Q—/\/,L—FCSf_%.

Modulo the error term S f*%, this is the inequality one gets for three dimensional
shrinking gradient Ricci solitons.
Let

F:=f—-2nS.
We have

Arp (1/571)

(Ap) ST v (ApS™Y) +2(Vy, VS +2(VIn S,V (vS71))
(v= 12— Au+eSE) 57 4 2(VIns, v (vS7)

IN

y (fS*1 +2|Ric? 72 + 2|VS|? S*3>
+2(V (v57), VS ) S +2(VS, VS (vs)
= 572 ((V2 +Ap) S -2 |Ric|? V) tef 3.
It is easy to see that
(V) S —2Ricl’v = (VP 4+ ) (v + A+ p)
- (A2+u2+u2+Au+m/+u/\)u+0(52f*%)

AQ(M—V)+M2(A—V)+0(S2f—%).

Hence, the function

v
U= —
S
satisfies, in the sense of barrier, the following inequality
(4.13) Apu< =872 (N (p—v) + p? ()\—y))—&-cf_%.

We remark that a function similar to v was used to classify locally conformally flat
shrinking Ricci solitons of arbitrary dimension in [10]. This function also appears
in Hamilton-Ivey pinching estimate for three dimensional ancient solutions [8].

We want to prove a lower bound for the function u based on (4.13). For this, let
R > ry be large enough so that

Ry :=InR > rg.
According to Theorem 3.6, there exists a constant ¢y > 0 so that
(4.14) u>—cy on M.

Consider the function
wi=u+kf 4SS

where

—_
—

(4.15) g = =

=

InR

ol
Il
@)
=)
—
=
=
S~—"
™
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The constant ¢g > 0 in (4.15) is the same as that in (4.14). The choice of k
guarantees that

(4.16) w>0 on 0D (Ry).
On M\D (Ry),
Apf=™ = —e(Ar()) " +ee+ )|V 2 =22 (VIn S, Vf) f=
< e(f-2)f " The(e+ 1) 42 |VInS|
< 2ef7F,

where in the last line we have used Theorem 3.7.
Next, we have that

ApS™' = ApST'4+2(VIns,vs)
—(A;S)S7242|VS]P S —2|Vs) 573
= —S7!' 4 2|Ric* $72

< =S+

where in the last line we have used Theorem 3.6.
Hence, on M\D (R;),

(4.17) Apw < =S (N (n—v) + 1> (A —v)) +2ekf 5 —eS™" +ce,
where we have used the fact that cf~2 < ¢ (Rl)_% =ce on M\D (Ry).

Let ¢ (t) = £ on [0, R] and consider the cutoff function ¢ (f) on D (R). On
D (R)\D (R;) we have

\% 1
(4.18) Vol = Rfls\/ﬁ
Apd = Asp+2(VInS, Vo)
1 c
> E(f*Q)*E\/f
1
2 5pf

In the second line above we have used Theorem 3.7.

Now define the function G := ¢?w on M\D (R;), which is positive on 9D (R;)
by (4.16) and zero on M\D (R). Let us first assume that G is negative somewhere
in D (R)\D (Ry). Then there exists an interior point ¢ of D (R)\D (R;) at which
G achieves its minimum. In particular, G (¢) < 0 and v (q) < 0.

Using (4.17) and (4.18) it follows that at ¢,

(419) 0 < ¢*ArG
= ¢*"Apw+ GAp¢® +2(Vw,V¢?) ¢
< SN (p-v)+pP (A —v)) ¢t + (2kef T —eST 4 ce ) ¢

/ 2
—~ -6 G
+ (oL -olver) .
where we have used

2 (Ap6) G < 4G at a.

‘We now discuss two cases.
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Case 1. Suppose first that at g we have

(¢f 6 |v¢|2> G <0.

=
Then, we see from (4.19) that
(4.20) SN (p—v)+p*(A—v)) <2kef  —eS ' +ce.
In particular, (4.20) implies that
eS™t < 2kef Tt 4ce
< 2ke(Ry) +ece
= (2c0+c)e.

Here we have used the definition of &k in (4.15). This shows that there exists a
constant ¢; := 2¢o + ¢ > 0 so that S (q) > i > 0. Now (4.20) implies that

NMp—v)+p*A—v) < c(2kef ¢ +ce)
< ce.
Hence,
(4.21) Mp—v) < ce
prA—v) < ce.

In addition, we know that S(q) = u+ A +v > i > 0, which implies that p > i.
Therefore, one concludes from the first inequality in (4.21) (recall v (¢) < 0) that
|A| < ca4/€. Using this in the second inequality of (4.21), we obtain

—v—cove < A—v

ce
G
< ce.
This proves that —v (¢) < c¢y/e and
G(q) > —cve
as S (q) > % > 0. In conclusion,
(4.22) inf  w>4G(q) > —cy/e.

D(£)\D(R1)
Case 2. Suppose now that at ¢ we have
f 2
¢§ —6|Ve¢|” | G>0.

Since G (¢) < 0, we conclude that
it
R

IN

6|Vel®

6
=

=v

f
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Hence, f(q) > R— 6 and ¢ (¢q) < %. We now conclude that

inf G > G(g
D($)\D(1)

= w(q) ¢’ (q)

> c
= _ﬁa

where the last line follows from w > u > —¢g. In particular,

c
(4.23) inf w > ——.
D(E)\D(Ry) R
By (4.22) and (4.23) we conclude that if G is negative somewhere in D (R)\D (Ry),
then on D (£)\D (Ry)
v k €
4.24 Vs X _E_
(4.24) SZ TS Ve

Certainly, the same conclusion holds true if G is non-negative on D (R)\D (Ry).
Therefore, from (4.15) and (4.24) we see that on D (£)\D (Ry),
Ry

(4.25) v>—c (f) NG

Recall that ¢ = —2—. So on ¥ (£) = 9D (%) we get from (4.25) that

1
(i)

The constant ¢ depends only on A and SUP D (1) |[Rm|. Since R is arbitrary, this
proves the result. O

5. CONICAL STRUCTURE
Our goal in this section is to prove the following theorem.

Theorem 5.1. Let (M,g, f) be a complete four dimensional shrinking gradient
Ricci soliton with scalar curvature converging to zero at infinity. Then there exists
a cone Ey such that (M, g) is C* asymptotic to Eqy for all k.

Proof. We prove that there exist constants ¢, C' > 0 so that
(5.1) c<Sf<C onM.

The lower bound was established in [9]. Here we use the above estimates to prove
the upper bound.
Using Theorem 3.6 we see that there exists a constant ¢y > 0 for which

(5.2) A;S = 8—2Ric|?
> S — 6052.
Using that Ay (f) =2 — f, we obtain
Ap(f7h) = A2V

< (f-2)f?+2f7
= [ L
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Choose 19 > 1 large enough so that on M\ D (ro)
1

5.3 S < —

(5.3) < 1o

for ¢o > 0 the constant in (5.2) and also so that 6 |V f|* > 4f. Then,
Ap(f72) = 20 =2 +6IVIF !

> 2f7%

Define the function
(5.4) wi=2S8—af '+ coa’f 2,
where

_To

= e
By the choice of a and (5.3) it follows that
(5.5) u<0 on 9D (rg).
Indeed, on 0D (rg) we have that

1 1 1
S—af ' +2ca’f < ————+-—=0.

460 260 460
Now note that

Apu > S —cpS? —af 4+ 2cpa’f2
= u—cpS?+ coa’f2
= u—co(S—affl) (S—Faf*l)
> u—cou(S—l—af*l).

Therefore, on M\D (rg),

(5.6) Apu>u(l—coS—coaf").
We now claim that
(5.7) u<cf~? on M\D (ro).

To prove this claim, let ¢ (¢) = % on [0,R] and ¢ = 0 for ¢ > R. Define
G := ¢%u and compute
(5.8) ArG = V*Apu+ ulApp® 4+ 2 (Vu, Vip?)
>G (1 — oS — coaffl)
+207 1 (Ag) G — 6972 VY2 G+ 2972 (VG, Vip?).

Let ¢ be the maximum point of G on D (R)\D (r9). If G(¢q) <0, then u < 0 and
the claim (5.7) is true. So we may assume G (¢) > 0. In this case (5.5) implies that
q is an interior point of D (R)\D (rg). At g, by the maximum principle and (5.8),
we have

(5.9) 0 > 1—coS—coaf ' +207 1 (Ap) — 6472 |Vl
> 27 (App) — 602 [V

Since

f-2

A =%

>4
~ 2R
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it follows from (5.9) that

!
R
This means that 1 (¢) < 2. Hence,

1
$<6|VY <645 S

Glq) = u(g)v’(q)
c
< R
Therefore,
1
1 sup u < sup G
D($)\D(ro) D(§)\D(ro)
< Glq)
c
< Rz

Since R is arbitrary, this again proves the claim (5.7).
In conclusion, on M\D (rg),

S—af ' 4cpa’f 2 <cf 2

or S f <a+ c. This proves (5.1).

The theorem now follows as in [20]. Indeed, using Shi’s derivative estimates,
one can get corresponding sharp decay estimates for all covariant derivatives of the
curvature. Certainly, this can also be done directly, by working with the elliptic
equations instead of parabolic ones. These curvature estimates then prove the
convergence to a cone as required by the theorem. We omit these details and refer
the reader to [20]. O

6. DIAMETER ESTIMATE

In this section, we work with compact shrinking gradient Ricci solitons of arbi-
trary dimension and establish a diameter estimate from above. We are motivated
by the work in [12], which implies that a complete gradient shrinking Ricci soliton
with non-negative Ricci curvature and injectivity radius bounded away from zero
must have finite topological type. Indeed, with these assumptions, a second varia-
tion argument shows that all critical points of f are contained in a compact set of
M, whose size depends on the injectivity radius bound.

An more careful examination of this technique allows us to establish the follow-
ing.

Theorem 6.1. Let (M, g, f) be a compact gradient shrinking Ricci soliton of dimen-
ston n. Assume the injectivity radius of (M, g) is bounded below by inj (M) > 6 > 0.
Then the diameter of (M, g) has an upper bound of the form

diam (M) < ¢ (n) (1 T ;) .
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Proof. Since M is compact, the potential f assumes a maximum and a minimum
value. Let us fix

f(p) = minf
flg) = maxf

We continue to normalize f so that
(6.1) S+IVIP~f=0,

where S is the scalar curvature. Recall again that
1 2
(6.2) flx) < <2d(p,m) + c(n)) for all x € M,

f(x)

Here both ¢ (n) and ¢ (n) depend only on dimension n. Since S > 0, we see that
(6.2) provides a uniform upper bound estimate for |V f| as well. Indeed, |V f|* < f.

Consider now a minimizing normal geodesic ¢ joining p and ¢, parametrized so
that o (0) = p and o (R) = q. We apply the second variation formula of arc length
to o (s), 0 <s < R, and obtain

v

idQ (p,z) —c(n)d(p,x) for all x € M\B, (10 (n)) .

R R
/ Ric (0 (s),0" (s)) ¢* (s)ds < (n — 1)/ (¢ () ds
0 0
for any Lipschitz function ¢ with compact support in [0, R]. Using the fact that

Ric(o’ (s),0' () + £"(5) = 5

and integrating by parts, we obtain

R R R
63 5[ F@a<n-n [ @@ra-2] reewd

where

f(s):=f(a(s)).

For any R — %5 <t<R- id, let us take

s for0<s<1
o (s):= 1 for1 <s<t
g:i fort<s<R

Then we get from (6.3) that

R
%(t—l) < %/0 (j)Q(s)ds

IN

R R
(n—1) / (&' (5))° ds — 2 / ()6 (5) ' (5) ds

— (n—1) <1+R1_t)2/()1f’(s)sds+m_2t)2/tRf’(s)(Rs)ds.
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By (6.2) and the subsequent comments, it is easy to see that
sup |[Vf] <ec(n).
1

p

This implies that

/tRf’(s)(R—s)ds>gz(R—c(n) (1+(15)>

Integration by parts then yields

—<R—t>f<t>+/ff<s>dszgz(R—c<n> (1+3))-

Since f (s) < f(R) =max f and 6 < R —t < 36, we see that

R
—(R—t)f(t)+/t f(s)ds < (R—1)(f(R)— [ (1))
< SOUR - T ).
Thus,
(6.4 - 102 gy (e (145)).

for aHR—%(SStSR—%(S.
Now the assumption that inj (M) > § implies that the geodesic o (s), R
s < R, can be extended into a minimizing normal geodesic over R— %5 <s<
We consider the cutoff function ¢ on [R — 16, R + 36] defined by
t—(R—36 for R—16<t<R
v = { (R4<r15)2—2t for R<i<R+ 15
2 St> 2
Applying the second variation formula to o (¢) for R— 36 <t < R+ 46, we have
that (see (6.3))

R+16 R+16 R+16
! / 2 () dt < (n— 1) / (0 (£)) dt — 2 / aororaor

2 Jr-1s R—15 R—16
This implies

R R+36
/ f’(tw(t)dt—/ () () dt < e (n)s.

R—1s R
After integrating by parts, this can be rewritten as
R+16

(6.5) 5 (R) < / F(t)dt+c(n)s.

R-15
Note that f (R) = f (¢) = max f. So

R+16 R—16
[ rwas [ rwas @),

R-15 R-15
By (6.5), this implies
R—1s5

(6.6) %5 f(R) < / F(t)dt+c(n)o.

R-15
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Using (6.4), we conclude

d(p,g) = R < c(n) (1+;).

Therefore, by (6.2),

2
m]\z}xfgc(n) (1—1—(15) .

Now the lower bound of f from (6.2) implies

d(p,z) < c(n) (1+§>

for all x € M. By the triangle inequality, one immediately sees that

diam (M) < ¢ (n) (1 + ;) .

This proves the theorem. ([
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