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Abstract

We consider Type I Ricci flows and obtain integral estimates for the curvature tensor valid
up to, and including, the singular time. Our estimates partially extend to higher dimensions
a curvature estimate recently shown to hold in dimension three by Kleiner and Lott (Acta
Math 219(1):65-134, 2017). To do this we adapt the technique of quantitative stratification,
introduced by Cheeger—Naber (Invent Math 191(2):321-339, 2013), to this setting.

Mathematics Subject Classification Primary 53C44; Secondary 58J35

1 Introduction

In this paper we study complete Ricci flows (M, g())¢[0,1) satisfying a curvature bound of
the form

sup | Rm(g(#))lg() < , (1.1)
M T—1t
forall t € [0, T'). If (g(t))sef0,7) becomes singular as ¢ — T, namely
lim sup | Rm(g(#))lg() = +00. (1.2)
t—T M

the singularity is classified as Type I, hence we will refer to (1.1) as a Type I curvature bound.
This kind of singular behaviour for the Ricci flow is very common and it is in fact conjectured
that for closed manifolds M such singularities are generic; see for instance [2,17].

Our results provide L? bounds for the curvature along the flow assuming Type I bounds.
For instance, we obtain the following theorem.

Theorem 1.1 Let (M", g(t))ici0,1), dim M = n, be a compact Ricci flow satisfying (1.1).
Then, for every non-negative integer j and p € (0,2) there exist Cp j(g(0)) < +00 such
that for every t € [0, T]
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; "
/M VI Rm(g())1} G dtgay < Cpjs (1.3)
T ) li%
and [) /M |V/ Rm(g(s))|£(§)dug(y)ds <Cp,j. (1.4)

If (g(1))ie[0,7) becomes singular at T, estimate (1.3) isvalidatt = T onthe set Q2 = {x €
M, sup;cro. 1y |RM(Q)lg(x, 1) < +00}. Moreover, if g(t) has positive isotropic curvature
and n = 4, the estimates above hold for any p € (0, 3).

Notice that estimate (1.3) agrees with the recent curvature estimate obtained by Kleiner—
Lott [18] in dimension three. Moreover, the results [18] hold without the Type I assumption
and even after the first singularity occurs. Our results on the other hand are valid in any
dimension, which may hint to a general fact about weak solutions to Ricci flow. Notions of
weak solutions to Ricci flow have recently been proposed by Haslhofer—Naber [15] as well
as Sturm in [29] and Kopfer—Sturm in [20].

In [18] the curvature estimate is a consequence of the study of a certain class of space-
time manifolds that arise naturally as limits of Perelman’s Ricci flow with surgery, as the
associated fineness parameter goes to zero. In contrast, our approach bypasses Ricci flow
with surgery, and instead uses the tangent flow analysis and monotonicity formula available
for Type I Ricci flows. In particular, we adapt the technique of guantitative stratification,
recently introduced by Cheeger—Naber in [7], to this setting.

The ideas in [7] are very general and have been applied in a wide range of geometric PDE,
leading to improved curvature estimates; see [3,5,6,8]. However, to adapt these ideas to the
Ricci flow we need to overcome a few issues, which we describe below.

We may define the singular set ¥ of a Ricci flow as the set of points with no neighbourhood
where the curvature remains bounded as t — 7. Under assumption (1.1), Naber shows in
[24] that tangent flows at the singular time, namely limits of appropriate pointed sequences
of rescalings, are gradient shrinking Ricci solitons. Previously Sefum [27] had shown that
this is true in the case of compact tangent flows. Then, Enders—Miiller—Topping in [11]
show that tangent flows are non-flat if and only if they are ‘centered’ around singular points.
Mantegazza—Miiller [23] also prove these facts using a different approach.

Imitating the classical regularity theory for minimal surfaces or harmonic maps, as devel-
oped for instance in [1,12,26,28,31], it is natural to consider the stratification

0C---CXy1=2
of X, where
¥ = {x € ¥, no tangent flow at x splits more than k Euclidean factors}.

In fact ¥ = X, _», since any shrinking soliton splitting more than n — 2 Euclidean factors
should be the Gaussian soliton in the Euclidean space.

A more detailed study of this stratification is done in [14]. There, a key issue is that the
properties of each X relevant to singularity formation, as captured by the amount of the
Euclidean factors split by the tangent flows, do not interact with the geometric properties of
each X as a subset of (M, g(¢)): in the shrinking round sphere example, ¥ = Xy = S" is an
n-dimensional subset, but it converges to a O-dimensional space towards the singular time.

This is in contrast to other situations, where the interest is in the geometry of the singular
set as a subset of a given ambient space. Similar issues appear when we try to adapt the
philosophy of [7] in this paper.

Below we describe the results of the paper in more detail:
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In Sect. 2 we recall a monotone quantity for possibly singular Type I Ricci flows and
its associated density that was introduced in [14], based on Perelman’s reduced volume,
extending ideas from [4,10,24]. This leads to the notion of the spine of a shrinking Ricci
soliton with bounded curvature: the set where the density function attains its minimum. It
is then shown that the spine satisfies a diameter estimate, modulo the splitting of Euclidean
factors; see Theorem 2.2. In particular this estimate shows that, as the flow induced by the
soliton appraches its singular time, the spine collapses to a Euclidean space. This is a key
fact that allows us to adapt the ideas in [7] to the setting of Type I Ricci flows.

Now, let C(n, B, ko, k1) be the class of complete Ricci flows (M, g(1));c(-2,0), such that
dim M = n and

() |Rm(g(—=7))|g(—7) < B/t in M, forevery T € (0, 2).
(2) g(t) is ko non-collapsed below scale 1, namely

Volg (1) (Bg(ry (x, 1)) = kor",

for every (x,1) € M x (=2,0) and r < 1 for which R(g(t)) < r=2in By (x,r), R
denoting the scalar curvature.
(3) g(¢) is k1 non-inflated below scale 1, namely

volg(r) (Bg(ry (x, 1)) < k11",
for every (x,1) € M x [-1,0) and r < 1,1 —r? > —2, for which

R < MWB
T ot—t

in Bg(y)(x, r) for all 7 e[t —r?,t], where c(n) < +o0 is a constant such that |R(g)| <
c¢(n)|Rm(g)|,, for any Riemannian metric g.

In Sect. 3, following [7], we define the quantitative stratification Sf]’r, where k > 0 is an

integer, n > 0 and T € (0, 1], for each (M, g(#))ie(-2,0) in C(n, B, ko, k1). The intuition
behind the sets S,];,r is that there is no scale T € [r, 1] at which the flow around x € S,’;,I is
n-close to a shrinking Ricci soliton that splits more than k& Euclidean factors. We refer the
reader to Sect. 3 for the detailed definition.

The relationship of the sets S];;,r to X is given by

k
=e=J)S
n T
We show that the quantitative stratification satisfies the following volume estimate:
Theorem 1.2 Let (M, g(t))1e(—2,0) € C(n, B, ko, k1). Then, there exist a(B), B(B) € (0, 1)
and C;, = C(n, B, ko, k1, n) < +00, such that for every 0 < 7 < «

n—k—n

voly—o) (S5 N By (v, B)) = €y (1.5)

Then, in Sect. 4, we combine Theorem 1.2 with the e-regularity Lemmata 4.1 and 4.2, to
prove uniform curvature estimates for any Ricci flow (M, g(#)):e(—2,0) in C(n, B, ko, k1).
Define the curvature radius of (M, g(t))re(—2,0) at x € M as

7Rm (x) = sup {r <1, |Rm(g)| < r~2in By(_p2y(x, 1) x [—r2, 0]}.
Note that if (g(¢));e(—2,0) is singular at x, we define rrm(x) = 0.

Then, Theorem 1.1 is a consequence of the following result.
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Theorem 1.3 Let (M, g(t))ie(—2.0) € C(n, B, ko, k1). Then there exist a(B), B(B) > 0 such
that for any integer j > 0 and any p € (0, 2) there is C,, j = Cp j(n, B, ko, k1) < +00
such that

. £

f V7 Rm(g(0))|] 5 ditg©) < Cp.j- (1.6)
Bg(fa)(xa/s)ﬂ{rRm>0}

Moreover, if dim M = 4 and g(t) has positive isotropic curvature, then (1.6) holds for any

pe,3).

Observe that S* x R”~2 with the standard soliton structure satisfies the estimate of The-
orem 1.3 for p = 2, so the theorem is not sharp. Similarly for the soliton S3 x R, for p=3.
On the other hand, if (1.6) were to hold for p = 2 in dimension three or p = 3 in dimension
four with positive isotropic curvature, this would imply quite strong control in the geometry
of (M, g(t))ic[0,7) in Theorem 1.1: by a result of Topping [30] the diameter of (g(¢)):<[0,7)
would be uniformly bounded for all #; see also Zhang [33].

Finally, we note that Theorem 1.3 is a consequence of stronger estimates on the curvature
radius proven in Theorem 4.1; see also Theorem 4.3. Furthermore, the estimates of Theorems
1.1 and 1.3can be strengthened to p € (0, n — 1) under appropriate bounds on the Weyl
curvature; see Remarks 4.1 and 4.2.

2 A monotonicity formula for singular Ricci flows

In this section we describe a monotonicity formula, and its associated density, in the setting
of a Ricci flow (M, g(#))re(-7,0), T € (0, +00] subject to a Type I curvature bound, namely

B
sup |[Rm(g(®)lgr) < 2.1)
M |7]
fort € (—T,0), as introduced in [14]. Note that we allow for the possibility that
lim sup | Rm(g(#))|g() = +00.
t—0 M

Let us introduce some notation we will use throughout the paper. Given a Ricci flow
(M, g®)ie-1,01» T € (0, +00], and x € M, let g denote the triplet (M, g(t), X)re(~1,0)-
When we want to distinguish between different pointed Ricci flows with the same underlying
flow we will also use the notation g, to denote (M, g(t), X)ic(—1,0)-

Moreover, for every s > 0 we will denote the rescaled flow, pointed at x, by

(8:)s = (M, s72g(s°1), X)1e(1.0)-
2.1 Perelman’s reduced volume

Let (M, g(t)):c[0,71 be acomplete smooth Ricci flow and let /(. 7y denote the reduced distance
function based at (x, T) € M x (0, T], as introduced by Perelman in [25]:

2
) df ] ,
g(T—1)

where the infimum is taken over all curves y : [0, T] — M with y(0) = x and y () = y.

1 T _ _ d
lie,ry(y, T) =inf[2ﬁ/O «5<R(7/(1),T—r)+ ‘EV(T)
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Then, as in [25], we may define the reduced volume at scale t > 0 based at (x, T'):

e~y
Vi, (1) = /(4 e digr)(y). (2.2)

Perelman discovered the remarkable fact that V, 7)(t) is monotone decreasing in . More-
over, lim; o V(x,7)(t) = 1 and V(x 7)(7) is constant if and only if g(¢) is the Euclidean
space for every t.

With the notation introduced above, if g = (M, g(t), x)se(-1,0) We define

lg(y, 1) =lx,00(y, 7).

2.2 The space of uniformly type | flows

Let RF (n, B) denote the collection of all complete pointed Ricci flows (M, g(t), X)ie(~1,0)>
where M is n-dimensional, T € (0, +o00], and g(¢) satisfies (2.1) forall t € (—T, 0).
Moreover, let RF ¢, (n, B) be the collection of (M, g(t), x) € RF(n, B) satisfying

sup  |Rm(g(1))lg) < +o00.
Mx(=T,0)
Observe that any flowing = (M, g(¢), x)ie(~7,0) € RFreg(n, B) canbe extended to a Ricci
flow (g(#));e(—7,0) by Shi’s estimates.

We endow RF (n, B) with the topology of smooth Cheeger—Gromov convergence of Ricci
flows, uniform in compact subsets of M x (—o0, 0).

Let T; ' 0. Since any (M, g(t), X);e(—1,0) is the limit of the sequence (M, g(t +
T}), x)te(-T—1;,01, Which satisfies (2.1), it follows that RF (n, B) = RF yeg(n, B).

It is a consequence of estimates of Naber in [24], as well as the work of Enders [10], that
given a sequence {g;}; and g in RF (n, B) such that gi —> g, the corresponding sequence /g,
converges, up to subsequence, to a limit / in c%

Thus we are led to the following definition:

l oc

Definition 2.1 (Singular reduced distance) A function [ : M x (0,7) — R is a singular
reduced distance on g = (M, g(t), X)re(-T,0) e RF(n, B) if there is a sequence g; €
RFreg(n, B) such that g; — gandly; — [in c®

loc

Remark 2.1 The estimates in [24] also imply that the collection of the singular reduced
distances of a fixed g € RF (n, B) is compact in the Cloo’f topology.

2.3 Reduced volume in the singular setting

Following Definition 2.1 and (2.2) we may define

el
V) = [ o) 23)

where g = (M, g(t), X)te(-1,0) € RF (n, B) and [ is a singular reduced distance on g.

The curvature bound (2.1) and the quadratic growth of a singular reduced distance /, again
due to [24], imply that the map [ — Vg ;(7) is continuous, for every 7. Hence, by Remark
2.1 we may define the singular reduced volume of g € RF(n, B) at scale t as

Vg (7) = min{Vy ;(7), Isingular reduced distance on g}. 2.4
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Remark 2.2 Note that RF (n, B) C RF (n, B') for every B’ > B. Thus, the reduced volume
Vg (7) may depend on the choice of the constant B < +00; a larger constant leads to a larger
number of competitors in the minimization procedure used to define V(7). Nevertheless,
we see below that this definition has all the necessary properties we need in our analysis.

Before we describe some properties of the reduced volume, recall that a gradient shrinking
Ricci soliton is a triplet (N, g, f) where (N, g) is a complete Riemannian manifold and
f € C*®(N) satisfies

Ric(g) + Hess, f = %
It is a standard fact about gradient shrinking Ricci solitons that there is a constant ¢ such that
R+|VfP=f=c.

We call (N, g, f) a normalized Ricci soliton and f a normalized soliton function if ¢ = 0.

Moreover, we will say that (N, h(f));e(~o0,0) is induced by a gradient shrinking Ricci
soliton if there exists a normalized soliton function f € C°°(N) such that (N, h(—1), f) is
a gradient shrinking Ricci soliton, and the vector field V f is complete.

Lemma 2.1 (Proposition 3.1 in [14]) Given any g € RF(n, B) the reduced volume V()
has the following properties:

(1) Vg4(7) is monotonically decreasing in t.
(2) If Vg(t1) = Vy(12) for some 0 < 11 < 12, then for every T

Vg (r) = Vg,l(f)

for some singular reduced distance | of g. Moreover, g is induced from a shrinking Ricci
soliton and I(-, —1) is a normalized soliton function.
(3) Ifthere is a sequence g; € RF (n, B) such that g; — ¢ then

lim inf Vg, () > V(7),
1

forevery t.

2.4 The density function

Using the monotonicity assertion from Lemma 2.1 we can define the density of g € RF (n, B)
as

04 = lim V(7). 2.5)
=0

Moreover, again from Lemma 2.1, it follows that if g; — g, where g;, g € RF(n, B),
then

liminf O, > O. (2.6)
1

Given a Ricci flow (M, g(t))se(—7,0) satisfying (2.1), we now define the density of g(t)
atx € M as

O, (x) = O, .
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2.5 Reduced volume and density of shrinking Ricci solitons

Although the definition of the reduced volume involves minimization over all approximating
Ricci flows, which makes it hard to compute, we see below that we can still say enough in
the case of shrinking Ricci solitons. This is essentially due to the lower semicontinuity and
scaling properties of the reduced volume.

Lemma2.2 (Lemma 3.1 in [14]) Let g = (M, g(1), X)te(—00,0) € RF (n, B) induced by a
normalized shrinking Ricci soliton (M, g(—1), f).

(1) lim; 0 Vg (1) = lim; 00 Vg 1 (T) = fM (4n)_%e_fdug(_1),forany singular reduced
distance l of g.
(2) If x is a critical point of f, then

Og(x) = / @m)"Te  dpg 1) < O, (),
M

foranyy e M.
(3) If a singular reduced distance | of g is a soliton function then

Va () = Ve(0),

for every t.

2.6 Tangent flows and density

Let h € RF(n, B) be a tangent flow of g € RF(n, B), namely the limit of a sequence
()5, for s; N\ 0. By [24], b is induced by a gradient shrinking Ricci soliton. The following
theorem is proven in [14]:

Theorem 2.1 (Theorem 5.1 in [14]) Let (N, h(—1), f) be the shrinking Ricci soliton asso-
ciated to Y, with f being a normalized soliton function. Then

Oy = Oy = /N(4n)*%e*fduh(_l). 2.7)

It follows that, although not unique, any tangent flow of g has the same asymptotic reduced
volume lim;_, 1 o Vy(7), by Lemma 2.2.

We describe below another important implication of Theorem 2.1: although the reduced
volume may depend on B, as was discussed in Remark 2.2, the density is independent of
such choice. This follows from the observation that the collection of tangent flows b does
not depend on B. Hence, the corresponding asymptotic reduced volume is independent of
B, thus from Theorem 2.1 the density ©4 also does not depend on B.

2.7 The spine of a shrinking Ricci soliton

Let (N, h(—1), f) be a gradient shrinking Ricci soliton with bounded curvature, and asso-
ciated Ricci flow (N, h(1))re(—o0,0)- It is easy to see that this flow satisfies (2.1), for some
B < +o0.

The discussion above shows that the density function ®;, : N — (0, 1] is well defined
and independent of the choice of the class RF (n, B).
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We can thus define the spine of (N, h(t)):e(—o0,0) as
S(N,h) ={x € N, © attains its minimum value at x}.

We note that S(N, k) is non-empty, since ®, attains a minimum value at any critical point
of f, by Lemma 2.2. Due to the quadratic growth of f, see for instance [16], f always has
a critical point.

Moreover, the lower semicontinuity of the density function (2.6) implies that S(N, h) is
a closed subset of N.

The notion of the spine S(N, h) will be important to us because of the following theorem.

Theorem 2.2 (Theorem4.1in[14]) Let (N, h(t))se(—o0,0) be the Ricci flow induced by a non-
flat gradient shrinking Ricci soliton satisfying (2.1). Then, there exists an integer2 < k < n,
a constant D(n, B) < 400, and a gradient shrinking Ricci soliton (N, h(t))te(—c0,0) Such
that

(1) (N, h(t)) splits isometrically as (N, h(1)) x (R" %, ggue).
(2) S(N,h) = K x R""* and diam;,,(K) < D~/=t for every t € (=00, 0).

Remark 2.3 Observe that if k = 1 above (N, h(t)) is necessarily the Euclidean space.

Remark 2.4 Note that in the regularity theory for harmonic maps/minimal currents, the spine
is defined as the set where the density attains its maximum, in contrast to the definition above
where the spine consists of points with minimal density. This is due to the reversal of the
monotonicity and semicontinuity properties of the reduced volume.

Recall that the spine of a tangent map/cone is also the linear subspace of the available
translation symmetries. Theorem 2.2 can be viewed as the analogue of this fact for shrinking
Ricci solitons with bounded curvature, as it implies that the spine (S(N, &), h(t)) converges
to R"* in the pointed Gromov—Hausdorff topology, as t — 0.

Remark 2.5 1f (N, h())ie(—c0,0) is the flow induced by a compact shrinking Ricci soliton,
the tangent flow at any x € N is (N, h(t), X)te(—oc0,0y- This implies that the density function
®, is constant, hence S(N, h) = N.

The same holds if N = N x R¥ for some compact shrinking Ricci soliton (N, g, f), as
for example S" ¥ x R¥ with the standard soliton structure.

For the U (n)-invariant shrinking Kéhler Ricci solitons on line bundles over CP"! con-
structed in [13], the spine is the zero section Z of the corresponding line bundle. This is
because the flow is non-singular away from Z and U (n) acts isometrically and transitively
on Z.

2.8 Compactness of shrinking solitons

Below we prove a compactness theorem for Ricci solitons, under a uniform curvature bound.
Moreover, Lemma 2.4 asserts that, along a convergent sequence of such solitons, points with
lowest density converge to points in the spine of the limit.

We first need the following auxiliary lemma, which allows to center soliton functions
‘around’ a given point on the spine.

Lemma 2.3 (Aligning a soliton function to a point on the spine) Let (N, g, f) be a gradient
shrinking Ricci soliton satisfying

sup [Rm(g)|g < B,
N
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forsome B < +o00 and f is a normalized soliton function. Also, let g € S(N, g). Then, there
is a normalized soliton function f' with a critical point p € N such that

dg(p.q) = D, (2.8)

where D = D(n, B) < +00 is the constant given by Theorem 2.2.

Proof By Theorem 2.2, (N, g) splits isometrically as (N¥, g) x R* % and S(N, g) = K x
Rk where K is compact and satisfies

diamg(K) < D. (2.9)

We may assume that ¢ = (g, 0) for some g € K.
Now, let po = (p, vo) € N x R¥ be a critical point for f and define f’ by

f(x,v) = f(x, v+ vp).

Note that f’ is also a normalized soliton function and has a critical point at (p, 0).
Lemma 2.2 implies that critical points of f’ are in S(N, g), thus p € K. Then, (2.9)
implies that

m}

Lemma 2.4 Let (N;, hi(t), gi)ie(—oc0,0) be asequence of pointed complete Ricci flows induced
by gradient shrinking Ricci solitons with bounded curvature. Suppose that

B
sup | Rm(h; (£)) |n; 1) < m (2.10)
Ni

fort € (—o0,0) and

injn;(-1(qi) = io- (2.11)

Then, there exists a subsequence (Nj,, hj,(t), qi;)1e(—o00,0) converging in the smooth Cheeger—
Gromov topology to (Neo, hoo (1), @oo)ie(—o0,0), Which also satisfies (2.10) and is induced by
a shrinking Ricci soliton with bounded curvature.

Moreover, if gi € S(Nj, hj), then oo € S(Noo, hoo) and

Ohy (Goo) = lilm Op; (gi)-

Proof Inview of bounds (2.10)—(2.11) and Hamilton’s compactness theorem for sequences of
Ricci flows, passing to a subsequence if necessary, we may assume that (N;, h; (t), gi)re(—o0,0)
converges to a limit flow (Noo, oo, Goo)re(—o0,0) that also satisfies (2.10).

Now, suppose that g; € S(N;, h;) and let f; be normalized soliton functions with critical
points p; € N;, satisfying

dp;(pi.qi) < D, (2.12)

given by Lemma 2.3.
Since p; is a critical point, (2.10) implies

|fi(p)] = |RGi (=1)(pi) + |V fi(p)P| < C(n, B). (2.13)

Differentiating the soliton equation and applying Shi’s derivative estimates we obtain uniform
bounds on f; and its derivatives, within bounded distance from p;. Thus, by Arzela—Ascoli
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and passing to a subsequence if necessary, using (2.12), we may assume that f; converges
smoothly to a function fs on N, uniformly locally. Moreover, foo is a normalized soliton
function, since it is a property that passes to smooth limits.

Since f; grow quadratically in the distance from p;, and the volume of voly, (1) (B, (r))
grows at most exponentially in r, it follows that

/eff"duhi(_l)e/ e~ foduy 1) (2.14)
N; Noo

Since g; € S(N;, h;), recall that Oy, (g;) = fN[ e’f"d,uhl.(_l), due to Lemma 2.2. The
lower semicontinuity of the density function under the Cheeger—Gromov convergence of
Ricci flows and (2.14) imply that

/ e I=dun. 1) = On, (Goo). (2.15)
On the other hand, monotonicity of reduced volume and Lemma 2.2 implies that

/ el dppgny = M Vo, (1) = Oy (qoo)- 2.16)

Thus, ©y,, attains its minimum value fNoo e‘fwd,uhoo(_l) = lim; Oy, (g;) at goo, hence
oo € S(No, ho). This suffices to prove the Lemma. O

3 The quantitative stratification

In this section we adapt the ideas of Cheeger—Naber from [7] to the setting of Ricci flows
subject to a Type I curvature bound. In particular, we define the quantitative stratification and
prove volume estimates similar to those in [7].

The principal use of the Type I hypothesis here is that it provides us with a well-defined
monotone quantity for the Ricci flow up to the singular time exploiting the available bounds
on the reduced distance from [10,24], as in Sect. 2. The existence of such monotone quantity
is crucially exploited in [7], and it remains an important open problem how to obtain such
quantity for the Ricci flow in general since there is no heat kernel coming from an ambient
space.

Before we define the quantitative stratification in detail, a few definitions are in order.
First, we need an appropriate notion of ‘closeness’ of two pointed Ricci flows:

Definition 3.1 Let g1 = (M1, g1(t), p1)ie(=2,0), 92 = (M2, g2(1), p2)ie(—2,0) be complete
pointed Ricci flows. We say that g5 is n-close to gq, n > 0, if the following holds:

(1) There exists U C My with Bg,(—1)(p1, n_l) C U and a smooth map F : U — M>,
diffeomorphism onto its image, satisfying F(p1) = p2.

() (1+m)72g1(t) < F*ga(t) < (1+1)?g1(t) forevery 1 € [-2+ 1, —n].

(3) (V& OY F*gr(t)|g1y < mfort € [-2+n, —nland 1 <1 < [1/n].

Recall that from the work of Naber [24], tangent flows are selfsimilar solutions to the
Ricci flow, induced by shrinking Ricci solitons. In other words, the flow looks selfsimilar
in small scales. The definition below makes this precise, and also quantifies the amount of
translational symmetry of a given Ricci flow, in the sense of isometric splitting of Euclidean
factors.
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Definition 3.2 Given ¢ > 0,r € (0, 1], B < 400 and integer k > 0, a Ricci flow g, =
(M, g(t), x)te(—2,0) i (&, 1, k, B)-selfsimilar with respect to the k-dimensional subspace
V C Ty M if there exists a pointed shrinking Ricci soliton

b= (N, h(t), re(—c0.0) = (N, h(1), §) x (R, gguct, 0)

satisfying supy | Rm(h(—1))|n—1) < B, such that g € S(N, h), (gx)- is e-close to h and
V = F,({0} x R¥), where F, : Tqﬁl x RF — TpyM, F as in Definition 3.1.

Including a uniform global curvature bound for the soliton in the definition above is an
unusual feature, compared to other instances of quantitative stratification. Here, it provides
the essential control on the geometry of the spine, by Theorem 2.2.

From now on we fix a B < 400 and define the quantitative stratification as follows:

Definition 3.3 Let (M, g(¢)):;e(—2,0) be a complete Ricci flow, dim M = n. Given an integer
0<k<n,np>0andt € (0, 1] define S’;,r C M as follows:

Sy =[x € M, gy isnot (n, s, k+ 1, B)-selfsimilar for any s € [r'/?, 1]}.
Note that the following inclusions hold when k¥’ > k, " <nand v/ > t:

k K

Sn’r C Sn,’r,.

Moreover, applying Lemma 2.4 we easily see that the quantitative stratification Sf]’r is
related to the stratification X of the singular set X of (M, g(¢)):c(—2,0) by

k
T = U ﬂ Sp.e-
n T
The aim of this section is to prove Theorem 1.2.

3.1 Almost self-similar scales

In this section we see that the scales and points around which a Ricci flow in RF (n, B) looks
selfsimilar are characterized by the associated reduced volume being ‘almost’ constant. We
then show, in Lemma 3.3, that as the flow evolves such points are locally ‘attracted’ towards
a lower dimensional submanifold.

Lemma 3.1 (Quantitative rigidity) For every e,k > 0 and B < oo, there exists 0 <
S1(e, &, B) < & such thatif g = (M, g(t), x)te(—2,0) € RF (n, B) satisfies

(1) g(t) is k non-collapsed below scale 1 for all t € (-2, 0),
(2) Vg(817?) — Vg (r?) < 81, for some r € (0, 1]

then g is (g, r, 0, B)-selfsimilar.

Proof Fix e,k > 0,y € (0,1) and B < +o00. Suppose there is a sequence g; =
(M;, gi(t), Xi)ie(—2,00 € RF(n, B) that is x non-collapsed below scale 1, and sequences
8i \\0,68; <1/2,and r; € (0, 1] such that

Vg, (8ir?) — Vg, (rF) < i, (3.1)

but g; is not (g, r;, 0, B)-selfsimilar.
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The curvature bound of the class RF(m, B) and the « non-collapsing
assumption imply that a subsequence of (g;),, converges to a complete pointed Ricci flow
h = (N,h(t), @)re(-2,0)0 € RF(n, B) in the smooth Cheeger-Gromov topology.

Let I; be a singular reduced distance function of (g;),; that realizes the reduced volume
at scale 1/2, namely

Vaair, (1/2) = Vg, 1: (1/2).

From the estimates of Naber [24], a subsequence of /; converges to a singular reduced distance
loo of B, thus a subsequence of V(g,),. (1/2) converges to Vy ;. (1/2). Moreover, for the same
reason a subsequence of V(gi)r,- i (1)1 converges to Vy ;.. (1).

Hence, from monotonicity and (3.1), it follows that

Vi,loo (1) < Vi1 (1/2) < Vi (D), (3.2)

since by the definition of the singular reduced volume
V(Qi)r,- I = V(gi)ri»li(l)'

Thus, I, is a normalized soliton function and f is a shrinking Ricci soliton, by Lemma 2.1.
Moreover, the underlying Ricci flow of § satisfies the Type I bound (2.1). This contradicts
the assumption that g; is not (g, r;, 0, B)-selfsimilar. O

Remark 3.1 Note that in the proof of Lemma 3.1 we do not use the full strength of assumption
(2) and in fact the lemma holds under the weaker hypothesis

Va(yr?) = Vg(r?) < 81,

for some r € (0, 1] and y € (0, 1), and small enough §;, with the same proof. However, the
current proof uses the forward [9] and backward [21] uniqueness property of complete Ricci
flows with bounded curvature in an essential way, namely to assert that in part (2) of Lemma
2.1 the flow g is a shrinking soliton for all time.

The weaker statement of Lemma 3.1 is more likely to hold in the incomplete setting, and
it suffices for the arguments of this section.

Lemma 3.2 (Almost splitting) For every e, A, i,k > 0, y € (0,1] and B < +o00, there
exists 0 < 82(e, A, w, k, B, y) < e such that, if (M, g(t), x1)re(-2,0) € RF(n, B), g(t) is
non-collapsed below scale 1 for every t € (=2, 0) and for some r € (0, 1]

(1) (M, g(t),x1) is (82,7, k, B)-selfsimilar at x| with respect to V. C Ty, M, for some
0<k<n,

(2) (M, g(t), x2) is (62, r, 0, B)-selfsimilar,

(3) d:(—rz)(xls x2) < Ar,

(4) dg(—1)(x2, €XPg(_yr2) v, (V N Bo(24r)) = (D + p)/T
forsomet € [rzu, r2(2—pL)], where D = D(n, B) isthe constant given by Theorem 2.2,

then (M, g(t), x1)ie(—2,0) is (e, 7, k + 1, B)-selfsimilar.
Proof Fix &, A, u,k > 0,y € (0,1] and B < 400, as in the statement of the theo-

rem. Suppose there are sequences §; N\ 0 and r; € (0, 1], and a sequence of Ricci flows
(M;, 8i(t))ie(=2,0) € RF(n, B), k non-collapsed below scale 1, satisfying:

(1) (M, gi(t), x{) is (8;, ri, k, B)-selfsimilar with respect to V; C Tx'i M;,
(2) (M;, g (1), xb) is (8, r;, 0, B)-selfsimilar,
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3) dgi(_,lg)(xj,x;) < Ari,
(4) dg;(—z) (x5, XDy () xd (Vi N BoQAry))) > (D + w/u for some
T € [rPu. r} 2 — ],
but such that (M;, g; (1), x{) is not (&, rj, k + 1, B)-selfsimilar.
Since §; N\ 0, assumption (1) above and Lemma 2.4 imply that we may assume, by pass-

ing to subsequence if necessary, that (M;, ri_2 gi (rizt), xi) converges in the smooth pointed
Cheeger—Gromov topology to a shrinking Ricci soliton

(N, h(t), q1)re(—c0.0) = (N, 1(1), §1) % (RY, gEuer, 0).

with g1 € S(N, h), which satisfies supy | Rm(h2(—1))|p—1) < B.

Moreover, since (M;, gi(t), x{) isnot (e, r1, k+1, B)-selfsimilar, it follows that (1\7, ﬁ(t))
does not splitany Euclidean factors. Then, by Theorem 2.2, S(N, h) = K x R¥, where K C N
is compact and satisfies

diamj _,(K) =< D7, (3.3)
for every t € (0, +00).

Similarly, we may assume that (M;, rl._2 gi (rl.zt), xé) converges to a shrinking Ricci soliton
(N, h(1),§), with § € S(N, h).

Since dg,-(—r,?)(xiv xb) < Ar;, the flows (N, h(t)) and (N, (1)) are isometric, by the
uniqueness of smooth limits, so from now on we will identify them. In particular, we identify
q withg, € N.

Then, since g1, g2 € S(N,h) = K X R, let q1 = (q1,0) and g2 = (2, v), v € R*,

Now, if ®; : Bj—1)(q1, R;) — M;, where R; — 400, are diffeomorphisms associated
to the convergence, then

O (expy 2,40 (V) = {41} x RY,

smoothly and uniformly on compact sets. Moreover, CDi_l (xé) — q» € Nand1; — T,upto
subsequence.
Since g3 = (g2, v) € K x R¥, by (3.3) we conclude that

dn—2)(q2. (@1} x BY) = dj (@1, 42) < DV, (3.4)
since the splitting N = N x R is isometric.

On the other hand, dg,.(,tl.)(xé, €XPy, (—yr2) (Vi N By(2Ar;))) = (D + w)./7; implies
that

di-7)(q2: {1} x RY) > (D + )7,
which contradicts (3.4). O

Lemma 3.3 (Line-up lemma) Let g, := (M, g(t), X)1e(—2,00 € RF(n, B) such that g(t)
is k non-collapsed below scale 1 for every t € (=2,0). Then, for every A, u,v > 0 and
y € (0, 1) there exists §3(B, y, k, A, L, v) > 0 such that if

Vg, (837) — Vg, () < 83, 3.5)

for some T € (0, 1], then there exists 0 < k < n and a k-dimensional subspace V of Ty M
such that

(1) gy is (v, 712 k, B)-selfsimilar with respect to V.
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(2) The set
Lig, = {y € M, Vg, (837) — Vg, (T) < 83)
satisfies

=1/2 (=1) =1/2
Lz .5y N Bg(—p)(x, AT'/%) € T(f‘j%;)ﬁ(expg(,ﬁ),x(v N Bo(2a7'2)),  (3.6)

Joreveryt € [ut, (2 — u)t], where D is the constant given by Theorem 2.2.
Here T# (S) denotes the r-tubular neighbourhood of a set S with respect to the Rieman-
nian metric g.

Proof Let §(v) = S (v, A, u,k, B,y) < v, where &, is given by Lemma 3.2, and set
ai(v) = 8 o...08() < v, where the composition is taken i-times. Then, choose
83 = 81(ay(v), k, B), where 41 is given by Lemma 3.1. Thus, by (3.5), it follows that g, is
(an, T'/2,0, B)-selfsimilar.

Let k£ be the maximum integer such that 0 < k < n and gy is (an—«, 712 k, B)-selfsimilar
with respect to some V¥ c T M.

Suppose that (3.6) doesn’t hold for some t € [u7, (2 — p)7]. Thus, there is y €
By(—7)(x, AT1/?) with Vg (83T) — Vg, (7) < 83 but

dg(—2) (¥, expy(_, 7). (V N Bo(227'/2))) > (D + /.

By Lemma 3.1 it is also true that g, is (a,, 71/2 0, B)-selfsimilar. It then follows by
Lemma 3.2 that gy is (@n—k+1), 712 k41, B)-selfsimilar, which is a contradiction. O

Remark 3.2 Although the arguments in Lemmata 3.2 and 3.3 are very similar to other
instances of quantitative stratification [3,5-8], it is interesting to point out how Lemma 3.3
differs.

In [3,5-8] the selfsimilar points line up close to a lower dimensional subspace. Taking the
analogy to the Ricci flow naively, one might expect that selfsimilar points will tend to line
up around a lower dimensional submanifold. However, this is certainly not true for the Ricci
flow, as the example of the standard Ricci flow on the cylinder S? x R, becoming singular
att = 0, shows: there, every point is selfsimilar, but the diameter of the S? factor is small
only for times near ¢t = (. This example illustrates that a statement like that of Lemma 3.3 is
more likely to hold.

3.2 Energy decomposition

Let (M, g(t)):e(—2,0) be a complete Ricci flow with bounded curvature satisfying:

o |Rm(g()lgery < B/ltlon M x (=2, 0),
e g(t) is k non-collapsed below scale 1.

Forevery x € M and 0 < 171 < 7» < 1 define
Wr (%) = Vg, (11) = Vg, (12) = 0.
Leta,y € (0,1)and§ > 0,and set7; = yiot. Then, for every x € M define the sequence
T(x) := (T (x), T2 (x), ...) € {0, 1}
as

17 W(S‘L'i,],fi,] (X) 2 8,

Tix) = {0, D = o
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Now, given any a = (ay, ..., a;) € {0, l}j, for some integer j > 1, define E, C M as
follows:

Ea={xeM, Ti(x) =a; forevery 1 <i < j}.

3.3 Quantitative differentiation

A priori there are 2/ sets of the form E,, fora € {0, l}j . We will see below that there is in
fact a much smaller number of such sets, which grows polynomially in j.
Let m > 1 be the minimum integer so that the intervals [y~ Da, 8"~ Dg), for all

integers i > 1, are disjoint. Namely m = Hggm Since

)
ZW(gym(i—l)a,ym(i—l)a(x) < Og(x) = Vg, (o) < 1,

i=1
it follows that the number of non-negative integers i for which
Wsym(i—1) g ymi-1g (X) = 8
is at most | 1/8], hence the number of integers i for which
Wg},i—la,yi—la(x) >4

isat most m|1/6].
Thus, foreach x € M, T;(x) = 1 for at most K (8, y) = m|1/8] values of i. This implies

that for j > K there are only
J K
( K) <) (3.7

disjoint sets E, for a € {0, l}j. Thus, for any j > 1 there are at most 2jK disjoint such
subsets.

3.4 Covering lemma
Let (M, g(t)):e(—2,0) be a complete Ricci flow belonging to the class C(n, B, ko, k1).

Lemma 3.4 Given o < 1, there exists a ky(a, B, ko) > 0 such that for every x € M, and
r<y'"? o =ylaforanyl > 0:

Kzrn < VOlg(,fl)(Bg(,Tl)(x, I”)) < Kll’n. (38)

Proof We will first prove the lower bound. The curvature bound of the class C(n, B, ko, k1)
implies that for every / > 0

B
IRm(g(=11)|g(-m) = i

hence the k¢ non-collapsing property implies that for every scale r small enough so that

B 1
L 1
Yo =2

Volg(—r) (Bg(—7) (x, 1)) = Kor". (3.9)
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Note that for every r < y!/?

where { = (%)1/ 2 < 1, since we can assume without loss of generality that B > 1.
Thus, we may now use (3.9) to estimate, for every r < yl/ 2,

VO]g(—r;)(Bg(—rl)(X, r)) > VOlg(—r/)(Bg(—r/)(xa ¢r)) = kog"r".

The lower bound of the claim now follows by putting k2 = ¢" k.
The upper bound directly follows from the x| non-inflating property (i.e. requirement (3)
in the definition of the class C(n, B, ko, k1)) since yl/2 <1. O

Lemma 3.5 (Covering lemma) There are a(B,y),8(B,y,ko,n) > 0 so that the con-
struction of Sects. 3.2 and 3.3 satisfies the following: there exist C 1,C < +o0 and
B(B,y) € (0,1/2) such that, for every x € M, any a € {0,1}/, j > 1, the set
S:,yjfla N Ea N Bg(—q)(x, B) is covered by at most

Ci(Cay ™Y

g(—=tj—1) metric balls of radius r j _ centered at SZ; y where Tj = via and rj= yi/2B.

J-lg’
In particular, Cy depends only on n, kg, k1, B, y and C, only on n.

Proof We prove this by induction. For j = 1 we only need to estimate the number P of balls
Bg(—1)(yi,10),i =1,..., P,in a minimal covering of

S o N By(—a) (x. B).

where y; € S,’;’ o N Bg(—a)(x, B). Note that o, B will be chosen later, depending only on B
and y.

This number is bounded above by the cardinality Q of a maximal B-separated at time
1 = —a, subset {y1, ..., yp} of Sk , N By(_a)(x, B).

Ifg < % we can apply Lemma 3.4 to estimate

0
Q2 (B/2)" <Y volg(—ay(By(—ay (i B/2))
i=1
< VOlg(—a) (Bg(—a) (X, 21)) < k1(2B)",

hence P < Q < ¢ := %.
We proceed to the induction step. Given any a € {0, 1}/*! denote by a € {0, 1}/ the
vector with a; = g; forevery 1 <[ < j.

Now, recall that 7; = via, rj= y4/2 8 and suppose that

N
Sp.eiy N Ea N By, B) C | By(—ej )G rj-1),

i=1

where z; € S} .| 0 Ez N By(—a(x, B).
First, observe that the curvature bound of the class C(n, B, ko, k1) implies that

B
|Rm(g(_t))|g(—r) =< m,
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in M for t € [z}, tj_1]. Then, standard distance distortion estimates imply that for every
yeMandr >0,

By(—e))(3. A7'F) C By(—r; ) (3. 7) C By(—rj)(y. Ar),
where A = ¢c™By ™"
Thus, each ball of the given cover satisfies

Bg(—7; 1) (zis rj—1) C Bg(—1))(zi, Arj—1).
It follows that the cardinality L of a maximal r j-separated at time t = —7; set {wy, ..., wr}
in
S,’;,rj N Ea N Bg(—r; 1) (ziy, Tj—1) C Sf,’,j N Ea N Bg(—1)(ziy, Arj-1)
can be estimated by

L
Liy(rj/2)" < ZVOlg(frj)(Bg(frj)(wh 7i/2)),
im1
=< VOlg(—f,-)(Bg(—r_,-)(Ziga Arj—] + rj—]))s
<ki(A+D"@r;j-)",

where we used again Lemma 3.4, assuming that 8 < (1 + A)~!. This provides us with an
estimate L < %(A + D"2"y " =i ¢y, ¢1 = c1(n, o, B, ko, k1, V).
Thus the set

Sf;,rj NEaN Bg(_fj—])(zi()’ r/—l)

can be covered by at most c¢; balls Bg(,rj)(w,-, rj), with centers in Sfmf N E; N
Bg(—1;_1)(Zig» rj—1). '

At this point it is clear that for the arguments above to go through we need to choose
B(B,y) =min{1/2, (14 A)~!}.

The rough estimate above is valid on all scales, and relies on the Type I assumption. On
the other hand, if we are on a ‘good’ scale t;_1, namely a scale on which the flow looks
selfsimilar, we can do much better.

To see this, suppose that a; = 0 and let Bg(,rj_l)(zio, rj—1) be one of the balls in the
coverofo] 7 N Ez N Bg(—q)(x, B).

We will show that there is a minimal cover of

Sf],t- NEaN Bg(_fj—])(zi()’ l’j—l)

by at most c2(n)y~ —k balls By— ,/)(w,, r;) with centers w; € S N Ej,.

First, observe that E, C Ez C L s, since a; = 0, and recall that z;, € E3.

Chose 6 = 83(B, v, ko, B/a, iu, 1) as given by Lemma 3.3, where «, u will be chosen
later.

Lemma 3.3 then implies that

Ea N Bg(—1; 1)(Zig> j—1) C Lg;_; 5 N Bg(—¢; ) (Zigs j—1),

g(=1)
= (D+p)

(3.10)
ﬁ(expg(—rj),zm (V-1 Bo(2rj—1))) N Bg(—z; 1) (Zig» 7'j—1)s

forevery t € [utj—1, (2—u)7;—1] and some /-dimensional subspace viof TZ,.O M . Moreover,

9z, is (u, r}izl, [, B)-selfsimilar with respect to V.
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Now, chose © = min{n, y, D}. On the one hand, this choice ensures that [ < k, since
Zip € Sf‘MH. It also ensures that 7; € [utj_1, (2 — u)7j—1], thus estimate (3.10) holds for
T = ‘L'j.

Finally, chose & small enough so that 2D /a < B, so that

(D + ) /T; <r;/10. 3.1
This implies that there exists C»(n) and a minimal cover of
Sp.e; NV Ea N By(—z; ) (Zigs rj—1)

with at most Coy ~* balls at time 1 = —7; j of radius r; centered at Sk

To construct such cover, first consider a maximal r /4-separated set inexp,_ ).z vn
Bo(rj—1)). Then, by (3.11), the g(—7;)-balls of radius r;/2 with centers in that set cover
S’,j! 7 NEaNBg(—1; ) (ziy» rj—1), for u small enough (but independent of the other parameters
of the proof). Finally, we can substitute each ball in this cover, with a ball of radius r; centered
at Sf”rj NE;N Bg(,rj_l)(zio, rji-1).

Since there are at most K ‘bad’ scales and for the remaining j — K we have the above
more refined covering estimate, we obtain the result setting Cy = coc) C O

3.5 Proof of Theorem 1.2

Given B < +o00 and y which will be appropriately chosen later, let «, 8 be given by
Lemma 3.5.
It suffices to prove the theorem for t = r;_y forall j > 1, since forany r; <7 < 71,

voly(o) (8.0 N By (5, B)) = volyo (S, , N Bean(x. B))

n—k—n

-2
<C1.']1 ,

<C,(y H T2

Now, recall that M = Uae{o,]} ; Ea and that there are at most 2% non-empty sets Ej,.

Moreover, from Lemma 3.5, qurj_l N Ea N Bg(—a)(x, B) is covered by at most C; (Czy’k)-"
balls at time = —7;_ of radius r; ;. Thus, using Lemma 3.4:

VOlg(—Tj—l) (S;];,rj,l N Bg(—a) (X, 13))
<2j5C1(Coy ™)k @ri—p".

Now, we chose ¥ = y(n, n) small enough so that C» < "2 and we can also bound
K <cK,n, y)(yf’l)’"/z. The estimate above then becomes

n—k—n

VOlg( Tji-1) (Sn T ]mBg( a)(x ,3)> <C T/ % R
which is what we want to prove. O

Remark 3.3 Note that due to the standard lower scalar curvature bound for the Ricci flow
R(g(—1)) > — ﬁ and the evolution of the volume under Ricci flow, for every 0 < 7 <
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T«

voly() (85,2 N Byt (5, B)) = et volg(o) (Sh O Byar (v, B))

n—k—n

<Cyt 2

Moreover, it Q = {x € M, SUPyefo, 1) |Rm(g)[g(x, ) < +o00}, then

n—k—
volg(o)(S,];,T N Bg(—a)(x, B)N Q) < Cyt 2 . (3.12)
4 Curvature estimates
Let (M, g(t)):e(—2,0) be a complete Ricci flow satisfying
[Rm(g())lge) < b 4.1)
max | Rm —. .
3 8 g = m

forallt € (=2,0).1f (g(#))se(—2,0) is not singular at x € M, namely there is a neighbourhood
U of x such that

sup |Rm(g(®))lgr) < +00,
Ux(—2,0)
we can define the curvature radius at x as

FRm (X) = sup {r <1, |[Rm(g)| <r%in By 2y (x, 1) x [(—r2, 0]} .

If (g(t))re(~2,0) is singular at x, we define rrm (x) = 0.

4.1 g-regularity

Below we prove a few e-regularity results for Ricci flows satisfying (4.1), which imply that
high curvature regions are inside one of the sets Sé"r.

Lemma 4.1 (e-regularity) For every B < 400 and k > 0, there exists (B, k) > 0 such that
if a complete Ricci flow (M, g(t))se(—2,0) satisfies (4.1) and is k non-collapsed below scale
1, then for every T € (0, 1]

{rRm < VT} €SI
Moreover; if dim M = 4 and g(t) has positive isotropic curvature, then for every T € (0, 1]

{rRm < V/T} C S},

Proof To prove the first statement, take a sequence of counterexamples (M;, g; (1));e(-2,0)
satisfying (4.1), and x; € M;, 7; € (0, 1], &; ~\( O such that rpy, (x;) < /7; and x; ¢ Sé’_}i}%.

Thus, the pointed flows g; = (M;, gi (1), Xi)re(—2,0) are (&;, s;, n — 1, B)-selfsimilar, for
some s; € [‘L’il / 2, 1]. By Lemma 2.4, and the « non-collapsing assumption, a subsequence of
(gi)s; converges to a shrinking Ricci soliton that splits at least n — 1 Euclidean factors. The
only such soliton is the Gaussian shrinking soliton. By Perelman’s pseudolocality theorem
[25] we conclude that rgp (x;) > s; > ril/ 2 for large i, which is a contradiction.

The proof of the second statement is similar, with the difference that the limiting soliton
now splits at least two Euclidean factors and has positive isotropic curvature. However, four
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dimensional gradient shrinking Ricci solitons with positive isotropic curvature split at most
one Euclidean factor, by [22], which is a contradiction. O

Under an additional bound on the Weyl curvature W, we can improve Lemma 4.1 as
follows.

Lemma 4.2 (e-regularity under Weyl curvature bound) Given B < 400 and k > 0, there
exists €(B, k) > 0 such that if for some x € M and 0 < r < 1 a complete Ricci flow
(M, g(t))1e(—2,0) satisfies (4.1), it is k non-collapsed below scale 1, and

(1) (M, g(t), x)te(~2,0) is (&, 7,2, B)-selfsimilar,
(2) r2|W(g(—r2))|g(_,2) <e¢gin Bg(_,z)(x, a_lr),

then rem(x) > r.

Proof We argue by contradiction. Let (M;, g;(t));c(—2,0) be a sequence satisfying (4.1),
X; € M; and suppose that there are sequences r; € (0, 1] and &; N\ 0 such that

PEAW (g (=)l gy 2y < i (42)
in Bgi(fr,-z)(xi’ sflri) and (M;, gi (1), Xi)re(—2,0) 1S (&, 1, 2, B)-selfsimilar, but rrm (x;) <
ri.

By Lemma 2.4, and the « non-collapsing assumption, there is a subsequence of
(M;, r;zgi (rl.zt), Xi)ie(—2,0) converging to a shrinking Ricci soliton (N, h(t), q)re(—2,0)
which splits at least 2 Euclidean factors.

Inequality (4.2) implies that (N, h(t)) has vanishing Weyl curvature. Since it splits more
than one Euclidean factor, it has to be the Gaussian shrinking soliton, by [34]. Perelman’s
pseudolocality theorem [25] then gives that rry, (x;) > r;, which is a contradiction. m]

4.2 Regularity estimates

We now couple the e-regularity results of Lemmata 4.1 and 4.2with the volume estimate of
Theorem 1.2 to prove the following.

Theorem 4.1 Given (M, g(t))ie(—2,00 € C(n, B,ko,k1) and n € (0,1) there exist
a(B),B(B) > 0and C; = C(n, B, ko, k1,n) < +00 such that for every x € M and
O<t<a«

volgo) ({0 < rRm < T} N Bg(—ay(x, B)}) < Cp' 77, (4.3)

and / rRm( n)dﬂg(O) <Gy 4.4)
Bg(—a) (x,8)N{rrm >0}

If in addition dim M = 4 and g(t) has positive isotropic curvature then

3
volg©) ({0 < rRm < T} N By(—a)(x, B)) < Cyr 277, 4.5)

_3(1—
and / rRm( n)dug(o) <Gy (4.6)
Bg(foz)(xvﬂ)n{rRm>0}

Proof Let «(B) and B(B) be given by Theorem 1.2. Then, estimates (4.3) and (4.5) easily
follow from the volume estimate of Theorem 1.2, Remark 3.3 and Lemma 4.1.
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To prove (4.4) and (4.6) we compute

—-pP
/ "Rmd Mg (0)
Bg(foc) (x, B)N{rrm >0}

1 1
= / (—/ s~ HDgg 4 1) diig(0),
Bg(fa)(xvﬂ)m{rRm>0} p "Rm

1 (b1
=< ; /(; T volg () ({0 < IRm < 8} N Bg(—o)(x, ﬂ))ds + volg(0) (Bg(—a) (X, B)).

IA

1
Cn. p 1, B, ko, k1) / s~ PG 4 volyo) (By(ay (x: B)).
0

For the last inequality we used either (4.3) or (4.5), substituting / = 2 or [ = 3 respectively.
Moreover, volg () (Bg(—a) (x, B)) should be interpreted as vol, o) (Bg(—a) (x, B) N{rrm > 0}).
Thus, for every p = [ — 25 we can bound, for some C, = C(p, n, B, ko, k1),

/ rrmditg©) < Cp + volg(0) (Bg(—a) (x, B)),
Bg(fa)(xvﬂ)ﬁ{rRm>0}
< Cp+ C(n) volg(—a)(Bg(—a) (x, B)),
<Cp+Cn,kp".

Here, we used the volume control due to the standard scalar curvature bound R > — ﬁ,
as in Remark 3.3, and Lemma 3.4. This suffices to prove (4.4) and (4.6). O

Theorem 4.2 Given (M, g(t))ie(—2,00 € C(n, B,ko,k1) and n € (0,1) there exist
a(B),B(B) > 0, &(B) > 0and C; = C(n, B, ko, k1,n) < +00 such that if for every
te(=2,0)

sup IW(g)lgw) < & 4.7
Bg(—a) (x,2e718)

then for every ) < 17 < «

n—1

volg) ({0 < rRm < V/T} N By(—a)(x, B)) < Cyr Z 71, (4.8)
and / re DD g0y < €. (4.9)
Bg(—a) (x,8)N{rrm >0}

Proof Let, B given by Theorem 1.2 and ¢ by Lemma4.2. Also, recall the following estimate
from Lemma 2.6 of [24]: along any unit speed minimizing g(¢)-geodesic o (s), s € [0, /],

1
) . Ci
Ric(6(s), 6 (s))ds < —, (4.10)
fo Vel
for some constant C; = C|(n, B) < +o0. It follows that
d Ca(n, B)
—d ,7) > ————= 4.11
yr ey (¥, 2) = S 4.11)
Integrating (4.11) gives, for every y € Bg(_q)(x, ) and t € [—a, 0),
By (y. &' B) C By—ap(x, B(1 +&71) + C3/@), (4.12)

where C3 = C3(n, B) < 4o00.
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Choosing ¢ > 0 small enough so that
By(—ay(x, Bl +e7) + C3v/@) C By—ay(x.267 '),
and using Lemma 4.2, we obtain that for every r € (0, 28]
{rRm <7} C S 5. (4.13)

Note that 28 < 1 by the proof of Theorem 1.2. The result then follows by arguing as in
Theorem 4.1. O

Proof of Theorem 1.3 Estimate (1.6) is animmediate consequence of estimates (4.4) and (4.6),
since Shi’s local derivative estimates (see [19, Theorem D.1]) imply

/ V7 Rm(g(0))150,d1500)
Bg(fa) (x,8)N{rrm >0}

. —(j+2
< C(n, p, J)/ re) PP d g
By(a (2. ) (rkm>0)

m}

Remark 4.1 Under the assumptions of Theorem 1.3, if in addition the Weyl curvature satisfies
assumption (4.7) of Theorem 4.2, then the estimates of Theorem 1.3 hold for any p €
O,n—1).

4.2.1 General type | Ricci flows

Given any complete Ricci flow (M, g(t));c[0,7y, T > 1, we may define the curvature radius
of g(¢) at a non-singular point (x,7) € M x [1,T] as

rRm (¥, 1) = sup {r < 1, |Rm(g)| < r % in By, _,2)(x,r) x [t — %, 11},

and rrm (x, T) = 0, if (x, T') is singular.
The following theorem holds:

Theorem 4.3 Let (M", g(t))ici0,1), dim M =nand T > 1, be a compact Ricci flow satisfy-
ing 4.1y for some  constant B < +o00. Then  for  every
p €(0,2), there exists Cp, = C(g(0), p) < +00 such that

/ "R )d gy < Cp (4.14)
MN{rrm (-,1)>0}

foreveryt € [1,T].
Moreover, if dimM = 4 and g(t) has positive isotropic curvature, or if
suppsxo.1) IW(g®))lg(ry < +00, the estimate above holds for p € (0,n — 1).

Proof First, observe that, due to the non-collapsing [25] and non-inflating [32] properties of
the Ricci flow, there exist kg, k1 > 0 and p > 0, which depend on g(0), T and B, such that
the following holds: for every 7 € [1, T] the flow (M, p~2g(p>t + 1))re(—2.0) is in the class
C(n, B, ko, k1).

Now, let &, B be provided by applying Theorem 1.2 to the class C(n, B, ko, k1). Moreover,
let N (t) be the minimal number of g(¢)-balls of radius pf required to cover M.
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For any p € (0, 2), applying Theorem 4.1 to (M, p~2g(p>t + ))re(—2.0) gives

/  rpe (L Ddpg i <
MO{rgm (-,1)>0}
N(i—p2a)

=

/ TR (DA,
i=1 Bg(f—pzzx) (xi, pB)NrRm (,7)>0}

< N( — p*&)C(n, p, B, ko, k1)p? 7.

To conclude the proof, note that we can estimate N (7 — ,0201) < C(g(0), B), since
IRmM(g()lgw) < 55, fort < T — pa.

The remaining assertions of the theorem follow from a similar line of reasoning, applying
Theorems 4.1 and 4.2 respectively. Note that, in order to apply Theorem 4.2 when there
is a uniform bound on the Weyl curvature, we need to chose p > 0 small enough so that
P2 supyrio.7) |W(g(1)lg() < . & given by Theorem 4.2. o

Proof of Theorem 1.1 Estimate (1.3) follows from Theorem 4.3, as in the proof of Theorem

—(j42) _1G+)p 20 +2)p
1.3. To obtain estimate (1.4) we first write rp /" 7 = rp "7 rg,, 7, substituting / = 2

or 3, depending on whether we are in the general case or the case of positive isotropic
curvature respectively.
Then we estimate

T
/ / VI Rm(g ()12, dttg(s)ds
1 JMN{rrRm(,5)>0}

T
) —(j+2
<Cn.p.J) / [ r Py ds,
1 MN{rrm (-,5)>0}

T G 2G4
=C(n, D, ])/ / "Rm * "Rm * dﬂg(s)ds’
1 MN{rrm (-,5)>0}

1G+2p

N — e G+2p
<C(n,p,J) TRm (B/Is|) 72" dugs)ds,
1 MN{rrm (-,5)>0}

which implies the required bound, as long as p € (0, ;‘LTZZ), by Theorem 4.3. O

Remark 4.2 Under the assumptions of Theorem 4.3, if the Weyl curvature is uniformly
bounded for all ¢ € [0, T'), then the estimates of Theorem 1.1 hold for any p € (0,n — 1).
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