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Local smoothing results for the Ricci flow
in dimensions two and three

MILES SIMON

We present local estimates for solutions to the Ricci flow, without the assumption that
the solution has bounded curvature. These estimates lead to a generalisation of one
of the pseudolocality results of G Perelman in dimension two.

35B65, 53C44

1 Introduction

In this paper, unless otherwise specified, a solution (M, g());c[o,T) to Ricci flow refers
to a family (M, g(7))se[o,7) of smooth (in space and time) Riemannian manifolds
which are complete for all ¢ € [0, T), solve (d/d¢)g(t) = —2Ric(g(¢)) and have no
boundary. We do not require (unless otherwise stated) that the solution has bounded
curvature.

In the paper [12], G Perelman proved the following fact: if a ball °B, (x¢) in (M, g(0))
at time zero is almost Euclidean, and (M, g(1))se[o,T) is a solution to the Ricci flow
with bounded curvature, then for small times ¢ € [0, €(n, r)), we have estimates on
how the curvature behaves on balls ’B¢, (x(). There are a number of versions of his
theorem; see [12, Theorems 10.1 and 10.3] for proofs and the definitions of almost
Euclidean. See Chau, Tam and Yu [3], Lu [11], Chow et al [6], Kleiner and Lott [10]
Wang [16] and Chen [4] for alternative proofs and related results. In dimension two,
we show that a similar result holds under weaker initial assumptions.

Theorem 1.1 Let 1 > 0,0 > 0,v9,7 >0, N > | be given. Let (M2, g(1))e[0,1) be
a smooth complete solution to Ricci flow, xo € M , and assume that

e vol°B,(xg) > vor?,

e R(g(0) > —% on By (xo).
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Then there exists a vy = Vy(vg, 0, N,a) > 0 and a g = 6¢(vg, 0, N, ) > 0 such that

° VOl(tBr(l—o) (x0)) = ’607'2:

N
¢ R 2 =T o018,y v0).

1
* [R(g()| = E on tBr(l—cr)(XO)’
0

aslong ast < (89)?r% andt €[0,T).

Remark 1.2 Notice that we do not require that a region be almost Euclidean here
(see [12, Theorems 10.1 and 10.3] for the definition of almost Euclidean). If the ball
OB (x0) is almost cone like (that is, it is as close as we like in the Gromov—Hausdorff
sense to an Euclidean cone and has R > —2) then the Theorem (with » = 1) still
applies. This means that the interior of regions which are cone like in this sense will be
smoothed out by Ricci flow in two dimensions, regardless of what the solution looks
like outside of this region. Both of G Perelman’s [12, Theorems 10.1 and 10.3] do not
apply to this situation.

Remark 1.3 By scaling, it suffices to prove the Theorem for r = 1.

Remark 1.4 1In the estimate |Riem(g(?))| < &l)—t, it is not possible to improve the
constant 8 to an arbitrary constant §o > 0 for a short time. This is because, solutions
coming out of nonnegatively curved cones exist which have curvature behaviour imme-
diately like ;i where ¢ > 0 depends on the cone angle (see Schulze and the author [13]).
In G Perelman’s first pseudolocality result [12, Theorem 10.1], where he assumes that
aball B,(yg) at time zero is almost Euclidean, he showed that it is possible to obtain
an estimate of the form |Riem(g(z))| < % on a smaller ball for arbitrary o at least for
some short time interval depending on «, as long as the initial ball is close enough to
the Euclidean ball. Here close enough means, that (vol(3$2))” > (1 —8)c, (vol(£2))"~!
for any 2 C By (y9), where ¢ is the Euclidean isoperimetric constant, R > —rlz and
8 = 46(n, @) > 0 is small enough.

The second theorem is valid in three dimensions. In contrast to the above theorem, we
need to have information on how the curvature is behaving (in time) in the balls we are
considering in order to draw (stronger) conclusions.

Theorem 1.5 Let r,v9>0,N >1,1>0 >0,V >0 be given. Let (M?, g(t))e[0,1)
be a smooth complete solution to Ricci flow with T < 1 and let xo € M be a point
such that

Geometry & Topology, Volume 17 (2013)



Local smoothing for the Ricci flow in dimensions two and three 2265

e vol%B,.(xo) = vor?,
174
¢ R(0) =~ on °B,(xo),

N
e |Riem(g(?))| < —on "B (x¢), forall t € (0, T).
Then there exists a Vg = Vg(vg, N,0, V) >0 and a 6o = 8¢(vg, N, o, V) > 0 such that
e vol(‘By(x0)) = Tor?,

400NV
* R(g(1) 2 ——5— on'B,a—o)(x0).

aslongast <r2(8y)% andt €[0,T).

Remark 1.6 By scaling arguments it suffices to prove the theorem for » = 1 and

V = see Remark 5.3.

1.
400N °
Remark 1.7 As in the two-dimensional case (Theorem 1.1 above), the regions which

are considered are not necessarily almost Euclidean at time zero.

Remark 1.8 Related results were proved recently in a preprint by Chen, Xu and
Zhang [5]. There the authors require that the curvature of the solution be uniformly
bounded by a constant ¢ on a ball for the times ¢ € [0, S) being considered; see [5].

Remark 1.9 The above results were first presented in November 2011 at the H.I.M.
workshop “Geometric Flows” in Bonn.

Acknowledgements We thank Robert Haslhofer for comments on and discussions
about an earlier version of this paper.

2 A local bound for the curvature on regions whose curva-
ture is bounded from below

We use the following notation in this paper.

Notation o d(x,y,t)=di(x,y) =d(g())(x,y) is the distance from x to y
in M with respect to the metric g(¢);

e di(x) =d;(x,xg) is distance from x to xo with respect to the metric g(¢) for
some fixed xg;
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e !B,(x):= ball of radius r > 0, centre point x € M measured with respect to
(M, g(1)), thatis By (x) :={y € M | ds(x,y) <r};

e vol(“By(x)) := volume of ‘B, (x) with respect to the volume form du,; induced
by g(1);

e Riem(g(?))(x) = Riem(x,¢) is the Riemannian curvature tensor of the met-
ric g(¢) at the point x € M ;

e R(g(?))(x):=R(x,1) is the curvature operator of (M, g(¢)) at the point x € M :
R(x,t)(V, W) := Riem; g (x, 1) VI WH! for 2—forms V, W (Riem;;x; is the
curvature tensor of g(¢) in local coordinates, and we have V = V;;dx' ® dx/,
W = W,-jdxi ®dx/ , and Vkm = I/ijgkig’”j, wkm — W/ijgkig’”j);

e R(x,?) is the scalar curvature of (M, g(¢)) at the point x € M .

Let (M, g(?))sefo,71> T < 1 be a smooth complete solution to Ricci flow. We wish to
prove estimates on a ball of radius r at time ¢ € [0, T], assuming the curvature operator
stays bounded from below on ‘B, (x) for all 7 € [0, T] and the volume of ‘B, (x) is
bounded from below for all ¢ € [0, T']. The estimates will depend on 7, r and the
bounds from below. A local result of this type was obtained by B-L Chen in the proof
of [4, Theorem 3.6], under the assumption that the curvature operator is nonnegative
on all of (M, g(t)):efo0,1)- A global result of this type was obtained by the author; see
both [14, Lemma 2.4] and and [15, Lemma 4.3].

In the proof of of [4, Theorem 3.6] by B-L Chen, the author uses a point picking
argument of G Perelman before rescaling to obtain a contradiction to [12, Proposi-
tion 11.4] (in the proof of [14, Lemma 2.4] and [15, Lemma 4.3] we used a more global
point picking type argument of R Hamilton and also obtained a contradiction to [12,
Proposition 11.4] after scaling). The point picking argument of G Perelman is more
suited to this local situation, and so we use it in the following.

The proof follows the lines given in the proof of [4, Theorem 3.6]. A number of
modifications are necessary.

Theorem 2.1 Letr,v9>0,1>0 >0 and (M", g(t));e[o,7) be a smooth complete
solution to Ricci-flow which satisfies

(@) vol("By(xo)) = vor™",
(b) R(x,t)> _iz forallt €[0,T), x €'B,(x).
r
Then, there existsa N = N (n, vg,0) < oo such that

Ri < N N? for all 'B 0 L 0,7
© | 1em|_7—1—r—2 orall x €'B,(1_g)(x0),1 € INT Nn[o,T).
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Local smoothing for the Ricci flow in dimensions two and three 2267

Proof By scaling, it suffices to prove the case r = 1. Assume that the statement
is false. Then we can find solutions (M, g;(t))sefo,1;)» Ti < 1,1 € N, (i # 0 for
notational reasons: we shall use the symbol x( in a moment) and points x; € M; such
that

(a) vol(Bi(x;i, 1)) =vg forall ¢ €0, T3),
(b) R(x,t)>—1forall 1 €[0,T;),x € 'Bi(x;),

and points #; € [0, T;), z; € ”'B(l_a)(x,-) such that #; < # and

14

: Ni2 2
|[Riem(z;, t;)| > v + N7,
i

with N; —> oo as i — oo. Fix i € N for the moment and define M = M;,
Xo 1= Xi, S0 :=ti, g(t) ;= gi(t), yo:=zi, T = T;, d(x) := dist(g; (t))(x, x;) =
dist(g(¢))(x, x9), A=(oN;)/8,€e:=1/N; and o = Nl.z. Then Ae <o/8 and s5¢ < €>
and g solves RF on [0, T] with T < €2 and |Riem|(yq, So) > a/s¢ + 1/€2. That is,
we are in the setup of [12, Theorem 10.1, Claim 1], except he requires g be a RF on
[0, €2]. Examining the argument of Perelman, we see that we only need that g solves
RF on [0, T] with T < €2, as the subsequent point picking argument only looks at
times less than or equal to s¢ (see the proof of [12, Theorem 10.1, Claim 1]). Also,
we do not have dy,(yo) < €: we have dys,(yo) = ds,(xi,z;) < (1 —0o). This causes
no problem in the point picking argument, and merely leads to the term 24e + 1 —o
appearing in place of 2A4€ + € in the estimate (2-1) below. Using [12, Theorem 10.1,
Claim 1], we obtain new points yg € M, sy satisfying

(2-1) S0 <50, d5) (o) <24e+(1—-0), (=3)
(T o _N? 2
(2-2) |Riem(yo, 50)| = === (= N;)
0
and

|Riem(x, 7)| < 4|Riem(yo, So)|,
whenever [Riem(x, 1)| > %, 1 <5o(< s0) and d;(x) < ds, (7o) + A[Riem|~/2(F0.50).

Hence a version of [12, Theorem 10.1, Claim 2] is applicable. We follow the first
part of the argument of B Kleiner and J Lott in the proof of Lemma 32.1 of the arXiv
version of their paper [10]. This gives us

[Riem(x, )| < 4|Riem(¥o. 50)|
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whenever
So—(1/2)aQ7 ! <t <7,
dy(x) < dsy(yo) + AQ™ V2,

where here we have Q := Riem(Jy, 5g). Note that the second inequality just says that

xe!B dsy (Fo)+ 40! /2(xg). Now we modify the rest of the argument of B Kleiner and

J Lott given in the proof of Lemma 32.1 of the arXiv version of their paper [10] in

order to obtain a product region on which the curvature is bounded. Notice that we do
1

not have a < 155, » and therefore modifications are necessary. We claim that

(2-3)

OBy (ro)+(1/10) 40172 (X0) S B (70)+(1/2)40-1/2(X0),
whenever
So— M0~ <t <%,

where M, is a fixed large constant. We assume in the following that Q and A4
are large (a lot larger than Mj). Let x € EOBdEO(fo)-i-(l/lO)AQ_l/z(XO)- As long as
(going backward in time) x € thfo (Fo)+(1/2)40~1/2(X¢), we have |[Riem(x,?)| <40.
Choose r = (I/MOZ)AQ_I/Z. Then note that * B, (x) S 'Bag, (79)+40-1/2(x0) by
the triangle inequality and hence |Riem(-,?)| <4Q on ’B,(x) (note that trivially,
'By(x0) € "By, (39)+40-1/2(xo) and hence [Riem(-,7)| =40 on 'B,(x¢) also).
Using [12, Lemma 8.3(b)] we see that

0 2 1 ~1)2 2 —11/2
Hence

_ 2 1 _
dy (x0, X) — ds, (x0. X) < Mo O 12(n—1)(§4QWAQ V24 pm24 1Q1/2)

0
8(n—1
My
< MAQ—1/2,
My

where we have used that 4 > M, and |t —5o| < MoQ~'. That is
16(n—1)
My

— 1 -
< ds,(Fo) + 1540712 +

d;(x) < ds, (x0.x) + AQ71/?

l16(n—1)

A —1/2
M, ¢

_ 1 _
< ds,(yo) + gAQ 172,
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Local smoothing for the Ricci flow in dimensions two and three 2269
and hence x € thEo (Fo)+(1/8)40—1/2(x¢) . Therefore, x € thfo (Fo)+(1/2)40~1/2(X0)
will not be violated for 59 — M Q_1 <t <39, as claimed.

Now assume that dg,(x, yo) < (1/10)AQ_1/2 (ie x € EOB(I/IO)AQ—l/z()70)) and that
5o — MyQ~! <t <7,. The triangle inequality implies that

df()(x’ XO) = dfo(x’ )70) + ng(X(), J70)

1 _ _
< EAQ 12 4 d5,(30),
and hence

XEB 1 /10) 40-1/2(F0) SB(1/10) 401/ +ds, (7) (¥0) S "B (1/2) 4012 + i () (¥0)

(as we just showed), so |[Riem(x, 7)| <40 in view of (2-3). That is [Riem(-,7)| <40
on ** B(1/10)40-1/2(yo) for all 5o — M, Q_1 <t <. Furthermore, for such x and ¢
we have x € tB(l/Z)AQ_l/Z-i-dEO (70)(X0), as we just showed, and using (2-1), we see
that

A0 4 s (7o) = 3407V + 24 + (1-0)
o o
= Z + x +(1-o0)

)

which gives us that x € tB(l_a /2)(X0), and there we have that R > —1. Note we have
used here that O > Nl.2 (follows from the inequality (2-2)) and the definition of A4
and €. Using the Bishop—Gromov volume comparison principle, we also see that

vol("Bg(x)) > ¥(o, vg)s™

for such x and ¢ and all s < ¢/10 in view of the fact that vol(*B{(x¢)) > vo. Taking
x = Yo € By /10)40-1/2(Vo) we get

vol("Bs(70)) = T(0, vo)s”"
forall s <o¢/10 and 50 — Mo Q™! <t <7.
Defining Z; := yo,f; := 5o and substituting @ = N; etc. back into the above we get
|[Riem(x, t)| <40;,

R(‘xvt) Z _1,
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whenever
t_i _]‘40Q_1 5 t Et_la
(2-4) 1
dr (x.%) < —A4; 072,
i 10 l
where Q; := |Riem(z;, ;)| > Nl.2 and 4; = UTNi' We also have the volume estimate

vol(‘By(Z:)) = B(0, vo)s”

forall s < f—o,t_i—MoQ_l <t<t.

Rescaling the solutions by Q; and shifting time by #; we get solutions to Ricci flow
with
|[Riem(x, )| <4,
1
R(x,t) > ——,
Qi

whenever

—My=<t=0,
oN;

dO(vai) = 30

in view of the definition of 4; = UTM.

vol("B(Zi)) > (0, vo)s™,

After scaling, the volume estimate is

forall s < (\/Ea)/ 10, =My Q! <t <0 as this is a scale invariant quantity. We have
Qi — 00 as i — oo since Q; := |Riem(Z;, ;)| > Nl.z, as one sees from (2-2). Let us
denote these rescaled solutions also by (M;, g;(¢)). Hence the bound from below for
the curvature operator goes to zero as i — 0o. Taking the pointed limit of a subsequence
as i — oo (see Hamilton [8, Theorem 1.2]) of (M;, gi(t).Zi)re(—M,,0]> We see that
the limiting solution, denoted by (2, po. /1(?))e(—m,,0]» has nonnegative curvature
operator, is complete, has bounded curvature |Riem(x,7)| <4 at all times and points in
the limiting manifold, has |Riem(pg,0)| = 1 and lim, o vol(*B,(pg))/r" =7 > 0
(note v = v(a, vg, n) > 0 does not depend on My ). We repeat the procedure for larger
and larger My, My — oo to obtain, after taking a pointed limit of a subsequence, a
solution (€2, 7o, h (7)) te(—o0,0]» Which has nonnegative curvature operator, is complete,
has bounded curvature |Riem(x, )| <4 at all times and points in the limiting manifold,
has |Riem( g, 0)| = 1 and lim, o, vol(*B,(Pg))/r™ > ¥ > 0. This is a contradiction
to [12, Proposition 11.4]. O
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Local smoothing for the Ricci flow in dimensions two and three 2271

Examining the proof, we see that a bound from below on R is sufficient to obtain an
estimate.

Theorem 2.2 Let V,r,v9>0,1>0>0 and (M", g(t)):e[0,T) be a smooth complete
solution to Ricci-flow which satisfies

(@) vol("B,(xg)) = vor",

b) R(x.1)=> —,,Kz forall t €[0,T), x € B, (xo).

Then, there existsa N = N(n, V, vy, 0) < oo such that

Ri < N? | N? for all 'B 0 L 0,7
© | 1em|_7—i-r—2 orall x €'B,(1_g)(x0),1 € aINZ Nn[o,T).

Proof In the use of the Bishop—Gromov estimate in the proof above, we obtain a
different constant. Also, the bound from below on R is now R > —V . Otherwise the
proof remains unchanged. |

3 A cutoff function and its properties

In the next section we use a cut off function with certain nice properties. We define
this cutoff function here and examine some of its properties.

Lemma 3.1 There exists a smooth cut off function ¢: [0, 00) — ]R(J)r with the following
properties:

(i) 0<p=1;

(i) o(r)=1foralr =<1, p(r)=0foralr=>2;
(iii) ¢ is decreasing: ¢’ <0;
(iv) ¢”>-200¢;

V) |¢'|* <200¢3'? for some constant 0 < C < oo.

Proof To construct a cutoff function with the properties (i)—(iv) stated above is
standard. In fact we obtain ¢” > —10¢ and (¢’)> < 10¢ in place of (iv). Define
Y = @*. Then v satisfies properties (i)—(iii) trivially, and ¥ = (¢p*)’ = 4¢>3¢’. Then
(V)2 < 16¢5(¢")2 < 1609”7 = 160(p*)7/* = 160y 7/* < 160y 5/* = 160vy3/2 since
¢ < 1. Also ¥ = (¢*)" = (49°¢") = 120%|¢/|> + 499" > —40(p?)p = —40y.
Hence (iv) and (v) are also satisfied. O
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Lemma 3.2 Let A, B > 0. We may choose a cutoff function satistying

i) 0=¢=1,
(i) o(r)=1forallr <A, o(r)=0 forallr > A+ B,
(iii) ¢ is decreasing: ¢’ <0,
(iv) ¢" = —ko(4, B)p, (¢')* < ko(4, B)g,
) |¢'|* < ko(A, B)p3'? for some constant 0 < ko(A, B) < 00.

Proof By shifting and scaling: Define ¢(r) := (p(%) where ¢ is the function
appearing Lemma 3.1. Then ¢ has all of the desired properties. a

Construction of a cutoff function on a Riemannian manifold which is evolving by
Ricci flow

Now we construct a cutoff function similar to that constructed by G Perelman (see
proof of [12, Theorem 10.1]) and similar to that used by B-L Chen in [4]. Assume that
we have a solution to Ricci flow (M, g(1))e[0,1)- We do not assume that the curvature
is bounded uniformly on some region for all # € [0, T") as in the argument of B-L Chen
in the proof of [4, Proposition 2.1]. Instead we assume a uniform estimate of the form

(c) |Riem| < <0 on ‘By4(xo) for ¢ €[0,5),

for some S < ﬁ, S < T'. Note: The radius of the ball 1/4 is chosen for convenience.
If we replace 1/4 by o >0, then all constants occurring in this section also depend on o .
This estimate combined with [12, Lemma 8.3] guarantees that the cutoff function we
construct will satisfy estimates which are sufficient for the arguments in the following

section.
Let ¢: [0, 00) — ]R(J)r be one of the cutoff functions defined above with 4 <1.

Let ro(t) = /1, K(t) = 0. Then [Ric(x, )| < (n—1)K whenever d(x, xg.t) <ro(t)

for all t < § in view of (c). Hence, using [12, Lemma 8.3], we have

i
i)~ i) 2~ =) (3K + 5

(2/3)co+1)

\/; ’
by condition (c), where this inequality is valid for points (x, #) where d;(x) =d(xq, x, 1)
is differentiable and 7 < S, and d(xg, x, ) > ro(t) = +/t. Note for t < A%/10, the last
condition is satisfied for all x outside of ‘B 4 /2(xo). The right-hand side is integrable.

=—(n-1)
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Local smoothing for the Ricci flow in dimensions two and three 2273
That is,

@)+ 40— e + VD)~ A () +40n— 1o + D)

- 2(n—1)(co+ 1) -
Vit
for such points. Denote the constant appearing here as my =mgq(co,n) = (n—1)(co+1).

Let k(x,t) =@(d,(x)+4mg+/t). Using the above information, we obtain the following
evolution inequality for k:

0

(% _ A)k —¢ (% - A)(dt +4mo1)(x, 1) = (¢")

< so/zm—j; + kog < kog.
where ko = ko(A, B) comes from Lemma 3.2. Note that ¢(d;(x) 4+ 4mg~/t) = 1
for all x € ‘B 4/5(x¢) and 7 < A2/(100m(2)) and hence ¢’ = 0 for all points x inside
B 4/2(xo) as long as ¢ < A%/ (IOOm(z)), and hence the above evolution inequality (3-1)
is valid for all x € M and all ¢ < Az/(IOOm(Z)) (we assume that m > 1) as long (x,?)
is a point where d;(x) = d(xq, x,) is differentiable. Hence % (x, ) := e~ 2k0'k(x, 1)
satisfies

(3-D

(% _ A)h(x, H<0

for all x and all ¢ < 42/ (IOOmg), as long as d(xy, -, -) is differentiable there. We
collect the definitions and observations made above in the following.

Proposition 3.3 Let (M, g(?))se[o,7) by a smooth complete solution to Ricci flow
and ¢ be one of the functions appearing in Lemma 3.2. with A < 100. We assume that

(¢) |Riem| < CZ—O on tBl/4(x0) fort €[0,5),

for some S < 1/100 and S < T. Then we have that h: M — R is the func-
tion h(x,1) := e 2ko? (o(d;(x) + 4mo~/1)) where d;(x) := d;(xo,x), and xq is
a fixed point in M and mg = mg(co,n) = (n —1)(co + 1), ko = ko(A, B). For
t < Az/(IOOrng), we have

(% - A)h(x, 1) <0,

as long as d(xy, -, -) is differential at (x,t). h = 0 for all d;(x) > (A + B) and
h = ekt forall d;(x) < A—4mg~/t and h(x,1) < e kot < 1.
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4 A local result in two dimensions

In this section we restrict ourselves to the two-dimensional case. We consider a ball
of radius r in a two-dimensional manifold which has curvature operator and volume
bounded from below by known constants. We show that a ball of smaller radius will
smooth out quickly at least for a short time. The rate of this smoothing depends on the
bounds from below and r.

Theorem 4.1 Let (M?, g(1))tefo,T) be a smooth complete solution to Ricci flow and
let xoe M, N,vg,r >0 and 1 > o, o > 0. Assume that

o vol°B,(xg) > vor2,

* R(g(0) z —5 on °B,(xo).

and 1 > o > 0. Then there exists a Vo =vo(vg, 0, N, a)>0 and a o = 8¢(vg, 0, N, ) >0
such that

o vol(’B,(x¢)) > Tor2,

¢ Rg) = —HE

1
* RE®)I= oz " "B(1-g)r (x0).

on 'B(1—g)r (Xo).

aslongast <r?(8y)*> andt €[0,T).

Remark 4.2 In [4, Theorem 3.1] B-L. Chen proved the following similar result: if
we assume the above conditions with » = 1 but replace the lower bound on the scalar
curvature by the condition that |R(gg)| < 1 on °B,(xg), then |[R(g(¢))| < 2 for all
t €0, T(n,vg)) on asmaller ball. This a version of G Perelman’s second pseudolocality
result, [12, Theorem 10.3], in dimension two. Note that in this case, the curvature bound
and volume bound from below guarantee that balls of radius » < R = R(n, €, vg) which
are sufficiently small satisfy the almost Euclidean condition vol(°B, (x¢)) > (1 —€)r2.

Proof By scaling, it suffices to prove the theorem for r = 1. Without loss of
generality, 0 > 1/2. By the Bishop—Gromov volume comparison principle, we
have that vol(°Bs(xo)) > ¢(N,vg)s” for all s < 1. In particular, we have that
Vol(OBl/looo(xo)) > Vo(N,vg) > 0. For some maximal time interval [0, Spax),
0 < Spax < T we have (due to smoothness) that
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(@) R=—(N +2a) on 'B(_g)(x0),

(b) vol(*By;1000(X0)) = 1)2_0

Note that (b) implies (5) : vol('B (x0)) = 2&¥:20) > ¢ wrivially.
Our aim is to obtain an estimate from below for the time Sp,x which only depends on
N,vg,0,a (n =2 is fixed here). According to Theorem 2.1 above, we have that

© [R|< co(Vg, N, 0, @)
B t

on ‘B /4(xo)
for t€[0, Smax) N[0, S(N, vy, 0,a)) =:10,S(N, vg,0,q)),

for some constant ¢y = co(V, Vg, 0,0) = co(N, vg, 0, a) In the rest of the proof
we often shorten time intervals [0, S(N, vy, 0, @)) to [0, S (N Vg, 0, )), where we
have 0 < S(N vg,0,) < S(N,vg,0,a). We will denote S(N Vg, 0, ) also by
S(N,vg,0,a).

Claim (i) The scalar curvature is bounded from below by —(N + «) on ‘B(1_4)(x0)
for t < S where S = S(vg,0,a,N) > 0, as long as ¢ < Spax. That is, (a) is not
violated for ¢+ < .S as long as (b) still holds.

Proof of Claim (i)

We modify the argument of B-L Chen given in the proof of [4, Theorem 3.6]. Let
f := hR where we have chosen ¢ in the definition of /4 of Proposition 3.3 to be a
smooth function with ¢(r) =0 for r > (1-%), and ¢(r) = 1 for r < (1—%). Note that
mqy = mg(co, n) = mo(co(vg, N,0,a),2) = my(vg,o,a, N) in this case, where mg
is the constant appearing in Proposition 3.3. In the following we assume without loss
of generality, that ¢ < (4% = (1 — %)2) / (100m(2)), so that Proposition 3.3 is valid.

Using the evolution inequality for /2 and the evolution equation for R we see that at
any point (x,?) where R(x,?) <0 and d(xog, -, -): M x[0,T) — R is differentiable
we have

4-1) %(hR—ir V) — A(hR + /1)

- R(% - A)(h) + h(% - A)(R) —2¢(Vh,VR) + 2%/;

1
> 2h|Ric|?> —2g(Vh, VR) + —=
2Vt
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If (x,t) is a first time and point where (h(x,?)R(x,t) + 1) = —(N + %) then the
gradient term at (x,¢) can be estimated as follows:

VA

2
~2g(VR.Vh) =~ g(V(RA). VA) + 2R

|VA?
h

. B, (};13)|Vh|4

=2R

4

2
> a2c).

where in the last line we have used that |Vd| = 1 and |¢’|? < C(4, B)p>/? with
B =%, A= (1-%). Now using this inequality in (4-1) we get

0 , (R)? 1

—(hR 4+ 1) = A(hR + /1) = 2h|Ric|>* = —h—2C+ ——>0

ot n 2./t
at the point (x, ¢) in question, since (4(x,?)R(x,1)+ /1) = —(N + %) guarantees that
R(x,?) <0, as long as d(xg, -, -) is differentiable at (x,#) and ¢ < S(vg, N, 0, ).
Hence, in view of the maximum principle, we see AR+ Jt>0forallt<S (N, 0,vp,a)
as long as ¢ < Spax (for the case that (x,¢) is not a point where d is differen-
tiable, then the argument is still valid, as we explain in Claim (iii) at the end of the
proof). In particular, this shows R > —(N + %") for x € 'Bi_y(xo) as long as
t < S(N,o0,vg,a) (possibly a smaller S) and ¢ < Spax, in view of the definition
h(x, 1) := e~ 2k (¢(d, (x) + 8mg~/T), which is close as we like to one on “B{_4(x0)
for t < S(N, 0, vg, ) small enough.

This finishes the proof of the Claim (i). a

Claim (ii) The volume condition (b) is not violated for a well-defined time interval, if
(a) holds. Let x, y € “By/100(x0). Then d(x, y, 1) < d(x,x0.1) +d(y,x0,1) < %
and hence any shortest geodesic between x and y must lie in ‘B /4(xo) (proof: if it
did not, smooth out the union of the two radial curves (measured with respect to g(¢))
going from x to xo and then back to y of length 2/100. This would result in a curve
of length less then 3/100. Any curve which starts in ‘B /190(x0), reaches 9’B /4(x0)
and finishes in ‘B /19 (xo) must have length larger than or equal to 1/20. Hence, if a
minimising Geodesic between x and y leaves ‘B /4(Xo) we obtain a contradiction).
Hence using the estimate of Hamilton (see [9, Theorem 17.2] and the editors’ comment
thereon in [2] or, alternatively, see [15, Appendix B]) and the fact that (a) and (c) hold
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on ‘By;4(xp), we get

c1(co)
i

for all s < ¢ < min(Smax. S(V, vo,0.@)). X,y € By/100(x0).

SV 20d (30 2 S d (76,0 2 -

where r > (0/0t)d > m is meant in the sense of forward difference quotients (see
Hamilton [9, Theorem 17.2]). Note ¢1(cg) = c¢1(vg, 0, N, ). Integrating in time we
get

e~ WNFDE=9) g(xo.x,8) > d(x, p, 1) = d(x, y,5)—2c1 /1,

for all s < ¢ < min(Smax, S(N, vg,0,®)), X,y € tBl/loo(xo)-

Arguing as in [15, Corollary 6.2], we see that vol(* By/1000(X0)) = (3/4)7y for all
t <S(N,vg,0,a) (we have possibly decreased S once again here) as long as ¢ < Spx.
That is the volume condition is not violated for the time interval [0, S(N, o, vy, )] (as
long as ¢ < Smax)-

In particular we see that the second condition (b) will not be violated for some well
defined time interval [0, S(N, 0, vg, )] (as long as ¢ < Spax). This finishes the proof
of Claim (ii) and of the theorem if we accept Claim (iii) below.

Claim (iii) If d;(-) is not differentiable at x € M then we use the trick of E Calabi [1]
as follows. Let yo be a point on a shortest geodesic between xo and x which is very
close to xo. By smoothness, we can find a small open neighbourhood P of (x,?) in
M x (0, T) such that d(yy, -, s) is differentiable at y for each (y,s) € P. We define
dg (¥) =d(xo, yo.5)+d(yo, y,s). Then dy () is differentiable at y for all (y,s) € P.
Furthermore, dy (+) = ds(-) forall (y,s) € P due to the triangle inequality. Since ¢
is nonincreasing, we therefore have k = (p(d +mo/s) < o(d +mg+/s) =k in P
and per definition k(x, t) = k(x,t) if (x,t) is the point given at the beginning of the
claim. Also, if we pick yo very close to xy we still have

%(dt(x) FmoVD) = M)+ movD) = 7 > 0.
where here m is the constant appearing in Proposition 3.3. Hence we may argue
with E(y,s) = e_Zk"sE(y,s) everywhere above. If for example (x,¢) is a first
time and point where (/i(x,?)R(x,?) + /1) = —(N + «/2), then (x,?) is a first
time and point for which the function (i{ (x,0)R(x,1) + +/t) = —=(N + «/2) on the
set P and hence we may argue as above with (4(x,?)R(x,?) 4+ +/f) replaced by
(fz(x, H)R(x,t) + /1) (without loss of generality R <0 on P, since R(x, ) <0 and
hence Z(y, S)R(p, 8)++/t = h(y,s)R(y,5)++/t > —(N+a/2) on PN{(y,s)|s <t}).
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We must also consider the case that g(.)(x) is not differentiable in time at the time #
we are considering. In this case, all the estimates are still valid if we understand the
inequalities (0/ 81)67, (x)>m or (3/ Bt)gt (x) < m in the sense of forward difference
quotients; see Hamilton [7]. At times s < ¢ very close to ¢ ((x,?) as above), we have
(due to smoothness)

A(h(x, $)R(x, )+ /5) = —e,
V(h(x.9)R(x. )| <e.
where e is as small as we like. Remembering that h (x,1) > 0, we see that the term

—(2/}7()(, s))g(V(RE), Vﬁ)(x, s) which is zero at (x,?) is also as small as we like for
s <t very close to ¢. Hence, examining the proof of Claim (i) again, we see that

%(Z(X,S)R(x,s) +/5)>0

in the sense of forward difference quotients for s < ¢ close to 7.

In particular, using [7, Lemma 3.1], we see that E(x, HR(x, 1)+ /1 > —(N +a/2),
which is a contradiction. Hence, there is no such (x,?). O

5 A local result in three dimensions

In this section we restrict ourselves to the three-dimensional case. We first consider
a ball of radius 1 in a three-dimensional manifold which has curvature operator and
volume bounded from below by known constants at time zero. For later times we
assume a bound on the curvature of the form |Riem(g(¢))| < % on the time ¢ ball of
radius 1, where N depends on the curvature bound from below. We show that the
curvature can not become too negative too quickly on smaller balls.

Theorem 5.1 Let vg > 0 and N > 1 be given. Let (M3, g())selo,T) be a smooth
complete solution to Ricci flow with T < 1, and let xo € M be a point such that

e vol OBl(x()) = Vo,

° — 1 0
R(g(0)) = — 555 on °B1 (xo),
e |Riem(g(?))|(x) < N/t forall t € (0, T) forall x € 'B(xp).

Then, for all 1 > ¢ > 0 there exist § = 8(vg, N, ) > 0, vy = Vg(N, vy, ) > 0 so that

 vol("B1(xo)) = Vo,
* R(g(t)) = —1 on'B(_s)(xo),

aslongast < (89)% and t €[0,T).
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Proof We have vol(°Bs(x)) > ¢(N, vo)s” for all s < I, by the Bishop—Gromov
volume comparison principle. In particular vol(°B; /1000(X0)) = Vo (N, vo) > 0.

For some maximal time interval [0, Smax), Smax < 7" we have (due to smoothness) that
(@) R>—1on'B_g)(xo),

(b) vol("B1;1000(X0)) = %0-

Our aim is to obtain an estimate from below for the time S which only depends on vg
and N (n = 3 is fixed here).

. 1 — 1
For convenience we denote the constant 153 by €0 := 1937 -

Claim (i) The scalar curvature is bounded from below by —2¢(, on tB(1—o /10)(X0)
for t < S where S = S(vg,0, N) >0, as long as ¢t < Spax-

Proof of Claim (i) This is proved using the same argument as that given in the proof
of Claim (i) in the proof of Theorem 4.1 above.

This finishes the proof of the Claim (i). |

For convenience we introduce o < 8 < y to be the eigenvalues of R as in Hamilton.
Then R=a + B+ y and |Ric|?> = 1/2(a®> + B>+ y> +af +ay + By).

Claim (ii) «+2R > —2€q on ‘B(;_g/5)(x0) aslongas t < Spax and t < S(N, 0, vg).

Remark 5.2 A local result of this type was first shown by B-L Chen under the extra as-
sumption that the Ricci curvature remains bounded on ‘B (x); see [4, Proposition 2.2]
(for a related result see [14, Lemma 4.1]).

Proof of Claim (ii) Let L(V,V)=Riem(V,V)+2RI1d(V,V), P(V,V)=hL(V,V)+
eo(1 +kt/eg) (= h(Riem(V, V) + 2RId(V,V)) + €) for 2—forms, where we have
chosen now ¢ to satisfy ¢(r) =1 forall r <(1—0/6) and ¢(r) =0 forall » > (1—0/7)
in the definition of / in Proposition 3.3. We shall only be concerned with points where
h # 0, and so we may use freely the results of Claim (i) for ¢t < S(N, vy, o). We do
so, sometimes without further comment. k = k(V, g, vg) is a large constant which we
shall choose later in the proof.

Also we have introduced the notation € = €(z) = €o(1 + kt/€g). For the time intervals
we are considering, we have €y < €(t) < 2¢¢, as we shall assume that ¢ < ¢y/(2k).

In all of the following arguments (also for the proofs of Claims (iii), (iv) and (v)) we shall
be calculating the evolution of the curvature in the setting of [7]. That is, we are using
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the trick of K Uhlenbeck. In particular, the metric G4p(x) := gi;j (x, l)ufl (x, Z)ug (x,1)
is the pullback of the metric g(x,?), and it is time independent: (9/9¢)Ggp(x) =0. 1d
here is the operator on two forms given by Id(V, W) := G gedy,, Wpa . In particular
(8/0t)(Id(V, W)) = 0 for a time independent vector field. The connection, 'V, is the
pullback connection of §®V . We still have ‘A f(x) = A ¢()J (x) for smooth functions
f: M — R (the left hand side is the Laplacian with respect to the pullback connection
and the right hand side is the Laplacian with respect to g(¢)). We also have ‘V1d = 0;
see [7] for details. Once again we consider only 7 < Az/(IOOm(Z)) =mgo(o, N, vg) so
that Proposition 3.3 is applicable. Then P(V, V) = h(x + 2R) + € for a 2—form V
with length one which minimises P at any point in space and time. We first estimate
the reaction term coming from the evolution equation for L. At the end of the proof
we explain how to deal with the reaction diffusion equation for P (in particular the
gradient terms). In [14, Lemma 4.1] it is shown (with € := 1 there) that the reaction
equation for L =« + 2R is given by

0
E(oz+2R)=a2+,3)/+2(a2+,32+)/2+oe,3 +ay + By).
Incase B8,y >0, or B,y <0 (which implies Sy > 0) we get
0
o @+ 2R) Za® +2(® + B2+ +ap+ay)
=3a? +28% 4+ 2y% + 2aB + 2ay
> @ +y?+p7)

1
> (¢ +2R)
= Too0@ 2R

in view of Young’s Inequality. In case 8 <0,y > 0 (which implies that af > 0) we
get by applying Young’s Inequality a number of times

%(awR) =a’+ By +2(* + B+ v’ +af +ay + By)
> 302 + 2By + 2ay + 282 +2y2?)
> 2% + 2By + 287 + 7
z%(a2+ﬂ"'+y2)

1
> (a+2R)2
= Tooo @ 2R

At a first time and point (y,s) where h(e + 2R) = —e, we must clearly have that
a < 0 (otherwise —e = h(o + 2R) > 0 which is a contradiction). Let V be a 2—form
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with length one such that P(V, V) = 0. We have

d .
5 PV V) Z (AP)(3.9)(V. V) =208 Vi) (»,5)(ViL)(y.5)(V. V)

1
+ 1oL (V. V) 4k

in view of the above reaction equation for L.

We estimate the gradient term in the above as follows:

(5-1) =28 Vih(p,s)(ViL)(y.s)(V. V)

2 .
=— (& Vih)(y,s)(Vi(hL))(y,s)(V.V)

h(y.s) |Vh|?

i +2L(y,s)(V,V) p (y,s)
Vh

22090 (M) 09

1.2 4000 4

L? A
> —m(y,S)h(y,S)—ZC’

where in the last line we have once again used that |Vi|* < C (0)h3. Hence we obtain
0 ~

at (y,s), which leads to a contradiction if k is chosen appropriately (here n = 3).
Hence P remains nonnegative in the time interval considered. In particular, using the
definition of /1, we see that h(a +2R) + €9(1 + kt/€¢) > 0 implies

a+2R+2¢>0
on ‘B(1_g/5)(x0) for 1 < S(N, vg,0) (possibly a smaller S now) as required.
This finishes the proof of Claim (ii). m|
Claim (iii) The volume condition (b) is not violated for a well defined time interval
t <S(N,vg,0), as long as ¢ < Shax.

The proof may be taken from Claim (ii) in the proof of Theorem 4.1 above, with two
changes: we use R > —1 on in place of R > —1 and we use the assumption that
[Riem(g(1))| < N/t on /By (xo).

This finishes the proof of Claim (iii).
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Claim (iv) The curvature condition (a) will also not be violated for a well defined
time interval [0, S(V, vg,0)) as long as ¢ < Syax. The proof of this claim is initially
similar to that of Claim (i) and Claim (ii). In order to estimate the gradient term we
require some different arguments.

Define €(t) 1= eo(1/2 + kt'/4/eg). Let Y := hR + (¢/100 + €7R) Id (note here
€t = €(t)t), where £ is a cutoff function coming from Proposition 3.3 with ¢(r) =1
forall r <1—0¢/2 and ¢(r) =0 for all » > 1—0¢/3. This is a local version of the
tensor appearing in [14, Lemma 5.2]. k = k(N, 0, vp) is a large positive constant
which shall be chosen later in the proof. We wish to show that ¥ remains larger than
zero for t < S(N,0,v9) in 'B(1—¢/4)(Xo) as longs as < Spax. Assuming we have a
first time and point (y,s), y € tB(1_0/5)(x0) and a 2—form V of length one where
we have Y (y,s)(V, V) = 0, then we must have that A(y, s) > 0, because otherwise
Y =hoa+(etR+€/100) = (¢tR+¢€/100) > —4eges +€/100 > 0 for s < S(N, vg, 0)
small in view of Claim (i), which is a contradiction. Henceforth, we shall only be
concerned with points where 4 > 0 and so we may freely use the results of both
Claims (i) and (ii) for ¢ < S(NV, vy, o) in view of the definition of ¢ we have chosen
here. We do so, sometimes without further comment. We assume that #1/4 <o /(100k)
so that 1/2¢y < € < 2¢. First we examine the reaction term occurring in the evolution
of the tensor AR + (¢/100 4+ €tR) Id. Afterwards we explain how to deal with the
reaction diffusion equation occurring here, in particular how to estimate the gradient
terms and the zero order term which appears at the end of this estimate. For convenience
we introduce @ < 8 < y to be the eigenvalues of R asin [9]. Then R=a + 8+ y
and |Ric|? = 1/2(a? + B2+ y% +af +ay + By). It is shown in [9] that the reaction
equation for « is given by (9/dt)a = a® + By. We have an evolution inequality
for i given by (d/0t)h < Ah for t < k and hence the reaction equation for # may be
estimated by (d/dt)h < 0 for t < S(N, vy, o). This means that the reaction equation
for ha at a point in space and time where o < 0 and y > 0 may be estimated by

%ah > ha? + hBy > ha? + hay
= ha? 4 (ha + €/100 + €1R)y — (¢/100 + €1R)y.
If y <0 then 0>y, 8,0 > —2¢( in view of Claim (i) and hence we have
9 2 2
Eah > ha” +hBy > ha

> ha® + hay — 10
= ha® + (ha + €/100 + €1R)y — (¢/100 + €R)y — 10.
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The reaction equation for (/100 + ¢zR) Id is

ktR
413/4

0
E(e/lOO—i—etR): + €R + 2¢t|Ric|? +

40073/4
> +eR+tet(@+p>+y* +af+ay+ ,
50073/ (@ + B +y +ap+ay+py)

for t < S(N,vg,0), in view of Claim (i). Combining these three inequalities we get

(5-3) %(ah + (1% +erR))

2 € 1
= ha + (ha + 0 +erR)y +E[R—ym]

+et[-Ry+e®+ 2+ y>+af+ay +Byl+ ——r7
[-Ry Br vy taptay+pylt oooan
k

— ha? )y e[R- L] 2, g2 K
ha +(hoz+100+etR y+¢€|R Y100 +etla“+p +aﬂ]+800t3/4

€ 1 k

> ha’ + (ha + 106+ etR))/ + e[R— ym] + 2003

Assuming we have a first time and point (y, s) where Y (y,s) =0, y € “B(1_¢/5)(X0)

then we must have /(y,s) > 0 as we explained at the beginning of the proof of

this Claim. At (y,s) we have that a(y,s) = —(1/h)(se(s)R(y, s) + €(s)/100) <

(1/h)(4se(s)eg—e(s)/100) < 0 (in view of Claim (i)) and hence the reaction equation
of Y = ha + €tR + ¢/100 may be estimated by

5+ i+ ) 2+ (s a1+ g

> ha® + e[R— yi} + L
1001~ 80073/4
in view of the estimate (5-3), where we have used the fact that Y (y,s) = 0. Then
[—y/100 + R] = [(x + B)/100 + 99R/100] > [2a/100 + 4R/100 + 95R/100] >
(2/100)[ 4+ 2R] — (95/100)€g > —10¢¢ in view of Claim (i) and (ii). Hence
d o? k
&Y > h(y,s)? + 3017374

Now we examine the reaction diffusion equation. Using the estimate on the reaction
equation above, we see that at time (y, s) in direction V' where Y (y,s)(V,V) =0,

0 .
G4 2 Y. V) 2 (AY)(r.5)(V. V) =28 Vil (y.s)(ViR)(y. )(V. V)

1, k
+h(y,s)§cx (y,s)+ 0174
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We estimate the second term (the gradient term) of the right hand side of this inequality
as follows:

(5-5) —2(g"Vim)(3,9)(ViR)(y,5)(V, V)
) . 2
= _h(y, 5 gV VihVi(Rh)(y,s)(V. V) + 2a(y, s)| ; |

2 ij €
=— Vih(y,s)Vi|Rh+ ——1d +etRId |(y,s)(V.V
i€ Vi [Rh (0 1 R0 5) (V- V)

|Vh|? 2es
— ViRV;h)(y,s)(V,V

+2a(y,s)

|Vh|? 2es
+

h h(y,s)

[Vh|*

h3

g7 (ViRV;h)(y,s)(V, V)

=2a(y,s)

_ 2€s8
h(y,s)
|VRiem|(y, s)|VA|(y,s),

Z—%az(y,s)h(y,s)—2 (v,s) |VRiem|(y, s)[VA[(y,s)

2€s8
S

h(y.s)

since |Vo|? < ¢3/2C(0). Using the estimates of Shi, see [9, Theorem 3.1], and the fact
that [Riem|(x,?) < N/t, we see that |VRiem|?> < ¢N3/t3 where ¢ = ¢(N,0). We
explain this in more detail. x €’B(j_g/5)(xo) implies ‘By/1000(x) S’B1(xo) for the x
we are considering. We work in the ball “B /1000 (X), and we have [Riem(-, )| < ¥
there. Scale so that ¢t = 1. Note that |Riem| < 2N for ¢ € (1/2, 1] after scaling, so
distances change in a controlled manner near time 1. This allows one to find a parabolic
region of the form €MB, (x) x [-r2, 1] for some r = r(o, N) > 0 close to one on
which |[Riem| < 2N . Now we may use the estimates of Shi, see [9, Theorem 3.1],
at t = 1, and then scale back to ¢ (this completes the explanation of the estimate
|VRiem|?> < ¢N3/t3). Using |[VRiem|? <N 3/t3, we get

> _%“z(y,S)h(y,S) —Clo) -

~n73/2

. €0
|VRiem|(y, s) [Vh|(y.s) < h(y.s)s' 2

2es
h(y,s)
Notice that we must have /(y, s) > €95/ N 500. If not, then

IVA|(p.5).

ho + (6SR+ i) Id > —h|Riem| — 6_0 + E_O

100 400 ' 200
. €0
> _h|R <0
= —hRiem| + 755
> _Neo | o
= N500 ' 400
>0,
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(at (y,s))if s < S(N, vy, 0), which is a contradiction (here we have used again that
|Riem(g(¢))| < N/t and €(s)sR > —e( /400 for s < S(N, 0, vg) small enough in view
of Claim (i)). Hence

2es 4¢N3/2¢,
VRiem|(y, $)|Vh|(p,s) < ———MM—
h(y,s)| (v, )IVA[(y, ) CRE
- 4ceN32egh3/4
h(y,s)s/?
. 4CEN3/260
- h1/4(y,s)sl/2
- 4(500N)/4ceN3/2¢,
- S3/4€1/4

IVA|(y.s)

cel/*c(500N)2
= T?

where we have once again used that |Vi|* < Ch3.
Substituting this inequality into (5-5), we obtain

cel/*¢(500N)?

- 1
(5-6) 28" VihViR(y,$)(V. V) z =3 (0. 9)h(y.5) = C = ——;

Substituting the inequality (5-6) into (5-4) we see that
0
EY(.V’ S)(V’ V) > (AY)(J’, S)(V’ V)’

if k = k(N, 0, vp) is chosen large enough. This contradicts (y,s) being a first time
and point where Y is zero. This implies that ¥ remains larger than zero for a well
defined time interval [0, S(N, vy, o)) as long as ¢ < Spax-

Using the definition of ¢ (which is used in /) we see that

2
0> 2R > —4egN > —1
100

on ‘B(1_¢)(xo) for t <S(N,vo,0) as long as ¢ < Spax. Here we have used [R(-, 1) <N

That is, condition (a) will also not be violated for a well-defined time interval. That
iS Smax = S(n, N, vg) > 0. This finishes the proof of Claim (iv) and the proof of the
Theorem if one accepts Claim (v) (note that (b) also holds).

Claim (v) If d;(-) is not differentiable at x € M then we use the trick of E Calabi [1]
as explained in the proof of Claim (iii) of the proof of Theorem 4.1.
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Hence we may argue with h (y,s):= e~ 2kos (¥, s) everywhere above. If for exam-
ple (x,?) is a first time and point where (#(R + 2R1Id) 4+ € Id)(V, V) =0, then (x, ¢)
is a first time and point where (i{ (R+2RId) +€Id)(V, V) =0, at least locally (see
the proof of Claim (iii) of the proof of Theorem 4.1 for further details). Arguing as in
the proof of Claim (iii) of the proof of Theorem 4.1, we see that such an (x,?) cannot
exist.

A similar argument holds for the tensor in Claim (iv) of this proof.

This finishes the proof of Claim (v) of this proof and the proof of the theorem. |

Remark 5.3 Theorem 5.1 establishes Theorem 1.5 for the case V =1/400N, N > 1.
The case of general V' > 0 may be obtained as follows. Scale so that ¥ = 1. Now
scale again, so that R > —1/400N on °B, (xo), where r = v/V400N (notice that we
require ¥ > 0 to do this). We now have vol(°B; (xg)) > Do = o(V, N, vg) > 0. Now
repeat the proof of Theorem 5.1 with the following changes: replace vg by v, replace
all balls ? Bg(x¢) that appear in the proof by  B,s(xg), choose a cutoff function ¢ from
Proposition 3.3 with ¢(s) =1 forall s <r(1—0/6) and ¢(s) =0 forall s >r(1—0c/7)
in Claim (ii) respectively with ¢(s) =1 forall s <r(1 —0/2) and ¢(s) = 0 for all
s >r(1—o0/3) in Claim (iv). The proof then works without any further changes, except
that the constants that occur now also depend on V (this dependence also appears in
the statement of Theorem 1.5).
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