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Abstract

We develop a refined singularity analysis for the Ricci flow by investigating curvature blow-
up rates locally. We first introduce general definitions of Type I and Type II singular points
and show that these are indeed the only possible types of singular points. In particular, near
any singular point the Riemannian curvature tensor has to blow up at least at a Type I rate,
generalising a result of Enders, Topping and the first author that relied on a global Type I
assumption. We also prove analogous results for the Ricci tensor, as well as a localised version
of Sesum’s result, namely that the Ricci curvature must blow up near every singular point of
a Ricci flow, again at least at a Type I rate. Finally, we show some applications of the theory
to Ricci flows with bounded scalar curvature.

Mathematics Subject Classification 53E20

1 Introduction
1.1 Arefined local singularity analysis

Geometric flows typically develop singularities in finite time. A Ricci flow, that is to say a
smooth one-parameter family (M", g(¢)) of n-dimensional Riemannian manifolds satisfying
0,8(t) = —2Ricg( on a time interval ¢ € [0, T), is said to develop a singularity at time
T < ooifitcannot be smoothly extended past 7. By Hamilton’s original long-time existence
criterion [24], on closed manifolds the arrival of such a finite time singularity is characterised
by the blow-up of the norm of the Riemannian curvature tensor. This result was improved
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by Sesum [35] who showed that if the Ricci curvature remains bounded on [0, T') then the
flow can be extended past 7. Hamilton’s and Sesum’s results have then been generalised to
extension theorems under a wide variety of other pointwise or integral curvature bounds on
closed manifolds or complete manifolds with bounded curvature, see for example [10,17,19,
26,30,31,44,48,49] for a non-exhaustive list.

Many of the results currently present in the literature study and classify singularities from
a global point of view, without considering where the flow becomes singular. Of particular
importance is the work of Hamilton, who introduced different notions of finite time sin-
gularities, called Type I and Type II singularities, distinguishing them by the rate at which
the maximal curvature blows up at the singular time, see [25]. Motivated by his theory, the
results developed by Angenent and Knopfin [2], as well as several recent examples of Type II
singularities, e.g. [3,4,18,40,46], we introduce a local analysis of singularities and curvature
blow-up rates.

As mentioned above, it is well known that a closed Ricci flow (M, g(t)):c[0,7) cannot
be smoothly extended past time 7 < oo if and only if the Riemannian curvature tensor Rm
blows up, i.e.

lim sup sup|Rm(-, #)[¢(;) = 00 (1.1)
t)T M
or equivalently
(T —t)supRm(-, t)|gr) = 1/8, Vt e[0,T). (1.2)
M

Property (1.2) follows from (1.1) by a maximum principle argument applied to the evolution
equation of the Riemannian curvature tensor along the Ricci flow. In the noncompact case,
there exist Ricci flows satisfying (1.1) that can be smoothly extended past T as well as
flows that become singular at time 7 but have unbounded curvatures for some or all earlier
times, see [9,23] for instance. In particular, if the Ricci flow is not closed, (1.1) is necessary
but not sufficient for the flow to develop a singularity. In this work however, we (almost)
always restrict ourselves to flows that have bounded curvature on every compact subinterval
of [0, T), i.e.

Vt € [0, T)3C < oo such that [Rm| < C on M x [0, 7], (1.3)

so that T is the first time of curvature blow-up. For complete Ricci flows satisfying (1.3),
the conditions (1.1) and (1.2) are still equivalent. The reader may be misled to believe that
assuming (1.1)—(1.3) forces the existence of singular points, but we notice that in [11], the
authors constructed Ricci flows satisfying these assumptions and becoming singular only at
spatial infinity.

ARicci flow on [0, T') satisfying (1.1) is said to be of Type I if there exists an upper bound
analogous to (1.2), in other words, if there exists a constant C such that

(T —t)ysupRm(-, gy < C, Vte€l[0,T). (1.4)
M

If no such C exists, meaning that

lim sup (T — t) sup|Rm(-, t)|¢(;) = 00, (1.5)
t /T M

the Ricci flow is said to be of Type 1. In our first definition we localise these concepts.

@ Springer



A local singularity analysis for the Ricci flow and its. ... Page3of36 65

Definition 1.1 (Type I and Type II Singular Points) Let (M, g(¢)) be a Ricci flow on [0, T'),
T < oo, satisfying (1.1) and (1.3). For any fixed ¢ € [0, T'), we consider the parabolically
rescaled Ricci flow g; (s) := (T — t)_lg(t + (T — t)s) defined for s € [—ﬁ, 1).

(i) We say that a point p € M is a singular point if for any neighbourhood U of p, the
Riemannian curvature becomes unbounded on U as t approaches T'. The singular set
3 is the set of all such points and the regular set Seg consists of the complement of 3.

(i) We say thata point p € M is a Type I singular point if there exist constants ¢y, Cy, r; >
0 such that we have

c; < lim sup sup [Rmg, |z, < Cj. 16
17T Bft(O)(PJI)X(_r]ZVr]Z)

We denote the set of such points by X; and call it the Type I singular set.
(iii) We say that a point p is a Type Il singular point if for any r > 0 we have

lim sup sup [Rmg, |3, = o00. (1.7)
17T Bg ) (p.r)x(—r?.r?)

We denote the set of such points by ¥;; and call it the Type II singular set.

A somewhat related local definition of Type I and Type II singular points for the mean
curvature flow has appeared in a very recent preprint [34], but it differs from ours in the sense
that it uses backwards parabolic cylinders based at the singular time, while we use forwards
and backwards parabolic cylinders based at regular times. This subtle difference turns out to
be crucial for our results below.

Part i) of Definition 1.1 implies that if p € X is a singular point, then there exists a
sequence of space-time points (p;, t;) such that p; — p,ti — T and |Rm|(p;, t;) — oo.
We call such a sequence an essential blow-up sequence. Parts ii) and iii) do not only consider
the rate of curvature blow-up, but also take into account the rate of convergence of essential
blow-up sequences to the singular point. In Sect. 2, we give a heuristic explanation for the
precise choices of X; and Xj;.

Note that if the Ricci flow in consideration is globally of Type I in the sense of (1.4),
then so are all the rescaled flows (M, g;) — with the same constant C — and therefore we
immediately obtain the upper bound in (1.6) for any radius r; < 1 with C; = ﬁ The first

author, together with Enders and Topping, showed that under a global Type I assulmption the
Riemannian curvature blows up at a Type I rate at any singular point, i.e. we also obtain the
lower bound in (1.6), see Theorem 3.2 in [20]. We extend this result to great generality in
the following theorem.

Theorem 1.2 (Decomposition of the Singular Set) Let (M, g(t)) be a Ricci flow on [0, T),
T < oo, satisfying (1.1) and (1.3). Then ¥ = X; U Xyj.

We point out that this theorem not only shows that for every singular point p € X there
is an essential blow-up sequence (p;, ¢;) such that the curvature blows up with

lim (T —#)Rm(p;, t;)|g@) > 0, (1.8)
1—> 00
but this blow-up sequence can be chosen to satisfy also

a2, (pi. p)
lim sup 8T T o, (1.9)
i—00 T — 1
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In fact, if p is a Type II singular point, then there exists an essential blow-up sequence (p;, t;)
with

dgy (i P) _

i—00 T —t

lim (T —t)[Rm(p;, t;)|g;;) =00  and 0. (1.10)
11— 00

While Theorem 3.2 in [20] relies on the fact that Type I blow-up limits are nontrivial gradient
shrinking solitons and on Perelman’s pseudolocality theorem from [33], our Theorem 1.2
is proved using much more elementary estimates. The main technical tool is the following
notion of Riemann (or regularity) scale.

Definition 1.3 (Parabolic Cylinders and Riemann Scales) Let(M, g(¢)) be a Ricci flow
defined on [0, T') and let (p, ) € M x [0, T) be a space-time point.

(i) For r > 0, we define the parabolic cylinder P(p, t, r) with centre (p, t) and radius r
by

P(p,t,r) i= Bgay(p, ) x (max{t — r?, 0}, min{t + 1%, T}). (1.11)
(i) We define the Riemann scale rrm (p, t) at (p,t) by
rRm(p, 1) :=sup{r > 0 | [Rm| < r > onP(p, t,r)}. (1.12)

If (M, g(t)) is flat for every ¢ € [0, T'), we set rrm(p, t) = +00. Moreover, by slight
abuse of notation, we may sometimes write P(p, t, rrm) for P(p, t, rem(p, 1)).
(iii) We define the fime-slice Riemann scale Ty (p, t) at (p, t) by

TRm(p, 1) ;= sup{r > 0| |Rm| < r~2on Byry(p, )} (1.13)
When the flow is flat at time ¢, we set 7rm (p, 1) = +00. Clearly Frm (p, 1) > rrm(p, 1).

Notions of Riemann scales similar to the ones above have first been defined for static
manifolds (see e.g. [1]) and both (1.13) as well as a definition involving backwards parabolic
cylinders have appeared in various results about the Ricci flow (see e.g. [6,7,27]), but our
definition (1.12) using forwards and backwards parabolic cylinders seems to have some
advantages. In particular, we can prove that this Riemann scale is Lipschitz continuous in
space and Holder continuous in time, see Theorem 2.2, a result which has several interest-
ing corollaries, for example a local Harnack-type inequality (Corollary 2.3), estimating the
infimum and supremum of rry, on a smaller parabolic cylinder P(p, t, a; rrm(p, t)), with
ay € (0, 1), by its value at the center of the cylinder. A similar definition of regularity scale
using forwards and backwards cylinders has previously been given for mean curvature flow
in [12].

Using the Riemann scale, we can give an alternative characterisation of the different types
of singular points which should be compared to their global counterparts in (1.1)—(1.5).

Theorem 1.4 (Alternative Characterisation of Singular Sets) Let (M, g(t)) be a Ricci flow
on[0,T), T < oo, satisfying (1.1) and (1.3). Let £, Xy, and X 1| be given by Definition 1.1.
Then

(i) p € ¥ ifand only if limsup, ~7 ree(p.t) = oo.
(ii) pe Xy if and only if for some 0 < ¢, 51 we haveC; < lim sup, ~r (T—t)rlznzl(p, 1) <
Cy.
(iii) p € Ey1 ifand only iflimsup, 7 (T — O)rg(p. 1) = oo.
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We also note that the Riemann scale cannot oscillate between the Type I rate and a lower
rate in the sense that if p € X, then we also obtain 1 < liminf;, ~7 (T — t)rlznz1 (p, t). This
is basically a feature of the definition in (1.12). We expect that a similar result should also
be true for Type II singular points and thus conjecture that in Theorem 1.4, we can replace
each instance of lim sup, -7 with liminf, ~7. We provide some evidence for this at the end
of Sect. 2.

1.2 An integral concentration result and a density function

Next, we study an integral characterisation of the different types of singular points. In [19],
the second author studied space-time integral curvature bounds along the Ricci flow. A key
role in his analysis is given by the following concept.

Definition 1.5 (Optimal Pair) A pair («, 8) € (1, 00) x (1, 00) is said to be optimal if

_n_ B
“_2,3—1' (1.14)

In particular, he showed that a Ricci flow can always be extended if the space-time integral

norm
T Bl 1/B
IRm|lo, g mx[0,7) = (/ (/ Ilead/Ls> dS)
0 M

is finite, for some optimal pair (¢, B). Heuristically, one would then expect that this integral
norm of the curvature should concentrate in neighbourhoods of a singular point. Such a result
would in theory be equivalent to a Harnack inequality for |[Rm| on parabolic cylinders near
the singular point and would in particular guarantee that |Rm| blows up at (rather than near)
every singular point, a result that seems too hard to achieve with the tools developed here.
Moreover, for regular points one must clearly weaken any such claim: in fact, considering flat
points in the Ricci flow starting at an immersed two-torus, we see that they are surrounded by
non-flat points, so no Harnack inequality in any parabolic cylinder centred at them can hold
without a correction term. Hence, we instead consider space-time integral norms of rlgli on
parabolic cylinders P(p, t, aj rrm) on which our Harnack-type inequality for the Riemann
scale holds, obtaining the following e-regularity result: if p € X, then for ¢ sufficiently close
to T, we have

0 < Cy < Irgilla.p.P(p.tar ) < C3 < 00, (1.15)

where a; € (0, 1) is the constant from Corollary 2.3. See Theorem 3.2 for the precise
statement and the dependence of the constants C> and C3. In order to distinguish between
the different types of singular points, we then compare their Riemann scale with the Type I
rate, so we consider the following.

Definition 1.6 (Singular Density) Given a Ricci flow (M, g(¢)) on [0, T), T < oo, satisfying
(1.1) and (1.3), as well as an optimal pair («, B), we define the singular density function at
time T of the flow to be the function ®: M — [0, +00] given by

1
T —s

(1.16)

O(p) := liminf H
t /T a,B,P(p,t,ai rRm)

where a1 € (0, 1) is again the constant from the Harnack-type result in Corollary 2.3.
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It is then easy to prove the following alternative characterisation of the singular sets.

Theorem 1.7 (Integral Classification of the Singular Sets) Let (M, g(t)) be a complete Ricci
flowon [0, T), T < oo, satisfying (1.1) and (1.3) as well as inj(M, g(0)) > 0. Let («, B) be
an optimal pair and © the associated singular density function as defined above. Then we
have Xy ={pe M | O(p) € (0,00)}and Ly ={p e M | ©(p) =0}.

We want to remark that one of the main reasons for introducing an integral concept of a
density function is that we expect the following conjecture to be true.

Conjecture 1.8 The density © is lower semi continuous with respect to the topology of
(M, g(t)), and therefore, in particular, its zero-level set X1y is closed.

1.3 The Ricci singular sets and a localised version of Sesum’s result

In Definition 4.1, we give definitions of Ricci scale rric(p, t) and time-slice Ricci scale
TRic(p, 1) similar to Definition 1.3 above. In a similar way, in Sect. 4, we then also introduce
versions of Definition 1.1 involving the Ricci curvature tensor instead of the full Riemannian
curvature tensor, i.e. we define the Ricci singular set sRic a5 well as the Type I and Type 11
Ricci singular sets Z}“C and Z?}C in Definition 4.6. As it turns out, the theorems above
all have a direct Ricci curvature counterpart: in particular, we prove the Lipschitz-Holder
continuity of the Ricci scale in Theorem 4.4, the alternative characterisation of singular sets
in Theorem 4.7, and finally the decomposition of the Ricci singular set TRi¢ = E}“C ux ?}C
in Corollary 4.10. We also obtain an e-regularity similar to (1.15), see Theorem 4.12.

All of these results follow rather similarly to their Riemann scale versions. The main new
result of Sect. 4 instead is a localised version of the result that the Ricci curvature blows up
at a singularity of the Ricci flow. In [35], Sesum proved that if (M, g(¢)) is a closed Ricci
flow maximally defined on [0, T'), the Ricci curvature tensor Ric satisfies

lim sup sup|Ric(-, 1)[g(r) = o0. (1.17)
T M
This was later extended by Ma-Cheng to complete and bounded curvature Ricci flows. In
[45], Wang strengthened this result, showing that, similar to (1.2), if T is the singular time
of a closed Ricci flow (M, g(t)), one has

(T — t)ysup|Ric(-, gy = m1, VYt e[0,T). (1.18)
M

Here 1 = n1(n, k) is a constant depending on the dimension of M and the non-collapsing
constant x of the flow. We generalise these results to the local setting, showing that any
singular point is also a Ricci singular point — the other direction is obviously true — hence
obtaining the following theorem.

Theorem 1.9 (Singular Points are Ricci Singular Points) Let (M, g(t)) be a complete Ricci
flowon [0,T), T < oo, satisfying (1.1) and (1.3). Suppose that the initial slice satisfies
inj(M, g(0)) > 0. Then ¥ = xRi°,

We remark that this theorem is not a direct consequence of the local curvature bounds
obtained in [17,45], and [31]. While their results bound the oscillations of Rm (locally), we
instead require a bound on the absolute value. Our proof relies both on the original ideas
of Sesum [35] as well as on the characterisation of Ricci singular points in Theorem 4.7. A
direct corollary of this result is the following.
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Corollary 1.10 Ler (M, g(t)) be a complete Ricci flow on [0, T), T < oo, satisfying (1.1)
and (1.3). Suppose that ?he initial slice (M, g(0)) satisfies inj(M, g(0)) > 0. Then we have
the inclusions X1 C 2‘;‘6 and Ty; 2 Z?}C as well as the identity

T\ IR =Ry 3,

1.4 Applications to bounded scalar curvature Ricci flows

In the final section we discuss how and to which extent the local theory described above
can be applied to the study of bounded scalar curvature Ricci flows. It has been conjectured
that a bound on the scalar curvature could potentially also be sufficient to extend the flow.
In dimension three, this is a consequence of the Hamilton-Ivey pinching estimate [25,28]
while in higher dimensions it is known to be true for Type I Ricci flows by Enders, Topping
and the first author [20] as well as in the Kéhler case by Zhang [50]. In recent years, this
conjecture has been the focus of many interesting new developments, see for example [6,7,14—
16,32,36,37,45,51] and the references therein, but without the Type I or Kihler assumption
the conjecture still remains open in dimensions n > 4.

In order for our theory to apply, we need to exclude badly behaved singular points, at
which the Ricci curvature blows up at a lower rate than their Ricci curvature scale. We will
show that well behaved singularities cannot occur in dimensions lower than eight and that in
higher dimensions the well-behaved singular set has codimension at least eight.

In the context of Ricci flow, the lack of an ambient space with respect to which we
can measure this dimension forces us to consider dimensional bounds in terms of volume
estimates on the singular set. In fact, the dimension of the singular set is related to the rate of
convergence of its volume to zero as t approaches the singular time. This approach revealed
useful in the study of Type I Ricci flows by Gianniotis (see [21,22]) and we briefly recall
the heuristic behind it. An actual estimate on the (intrinsic) Minkowski content cannot be
available in general. Indeed, if we consider the Ricci flow of a round sphere S”, we see that
the singular set coincides with the entire manifold, so for every time ¢ the singular set is n-
dimensional. On the other hand, the flow collapses the sphere to a single point as ¢ approaches
the final time, and one can easily see that the volume jg)(S") ~ (VT —1t)" ast — T,
so that the volume of the singular set goes to zero at the fastest possible rate, which means
that it may be interpreted as (Minkowski) O-dimensional. We phrase our codimension eight
result in the sense of such a decay estimate.

It is worth mentioning that addressing the issue from an extrinsic point of view is in
principle also possible: we could study bounds on the dimension either in the space-time
structure developed by Kleiner and Lott in [29], or in the final time slice of the flow, which
can be endowed with a pseudo-metric structure by the works of Bamler-Zhang [8] (one might
want to pass to the quotient metric space). Finally, we could also follow the work of Bamler
[6] to pass to a singular limit and estimate the singular set there. Our decay estimates should
essentially be equivalent to this last approach.

As mentioned above, for these results we need to exclude badly behaved singular points.
This technical assumption allows us to compare the Ricci scale to the square root of the
Riemann scale at the points in consideration. It would be interesting to remove this assumption
or in fact to rule out such badly behaved points not only in the bounded scalar curvature case
but possibly even for general Ricci flows. To phrase our results precisely, let us consider a
Ricci flow (M, g(t)) defined on [0, T'), and let us assume that |Ric| is not identically 0. For
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every 6 € (0, 1), we can consider the set of §-well behaved points
Gs = Gs,, i={q € M | Saprgia(q. 1) < [Ric|(g. 1), forallr € [, T)}.  (1.19)

(The constant ag = /n(n— 1) is added for convenience, since it implies rRjc > rrm, cOmpare
with Remark 4.2, and the value of #; will be chosen suitably below.) We point out that points
in these sets are well behaved in the above mentioned sense in a uniform way near the singular
time 7 and obviously the size of these sets increases as § goes to 0. Set X5 := X NGs. Implicit
in our method of proof is the fact that ¥5 € X;; for any § > 0. It is not clear whether we
also have

Y = U 5. (1.20)
8€(0,1)

Similarly, we define well-behaved blow-up sequences as follows: A sequence (p;, t;) with
t; /' T and rric(pi, t;) — O is said to be §-well behaved, if for sufficiently large i, the
8TRic( pi, ti)-ball around (p;, t;) contains only §-well behaved points, that is for all g €
By (pi» 1i, ¥/STRic (i 1)) we have Sagrpic (¢, 1) < IRicl(q, ).

Our first result is a non-existence result of well-behaved singularities in dimensionsn < 8.

Theorem 1.11 (No Well-Behaved Singularities in Dimensions n < 8) Let (M, g(t)) be a
Ricci flow on a closed manifold M of dimensionn < 8, definedon [0, T), T < +00. Assume
that the scalar curvature is uniformly bounded, |R| < n(n—1)Ry < coon M x [0, T). Then
forany ty € (0,T) and § € (0, 1) there cannot be any §-well-behaved blow-up sequences.
Moreover, if M = G for some § > 0, then the flow can be smoothly extended past time T.

As a corollary, we obtain an extension result under the slightly stronger assumption of an
injectivity radius bound.

Corollary 1.12 (No Singularities in Dimensions n < 8 Under an Injectivity Radius Bound)
Let (M, g(t)) be a Ricci flow on a closed manifold M of dimension n < 8, defined on [0, T),
T < 4o00. Assume that the scalar curvature is uniformly bounded, |R| < n(n — 1) Ry < 00
on M x [0, T) and the injectivity radius is bounded from below by

—12
inj(M,g(t))Za( sup |Ric|) (1.21)
M x[0,t]

for some a > 0. Then the flow can be smoothly extended past time T.
In our last result, we give a codimension estimate for the well-behaved singular set.

Theorem 1.13 (The Well-Behaved Singular Set has Codimension 8) For anyn € N, Ry > 0,
io0>0,ko > 0,6 € (0,1)andd € (0, 8) there exist a constant E = E(n, Ry, io, ko, T, 5, d)
and a time t| = t1(n, io, ko, Ro, T, 8) € (0, T) such that the following statement holds. Let
(M, g(1)) be aRicciflow on a closed manifold M of dimension n, definedon [0, T), T < +00.
Assume that the scalar curvature is uniformly bounded, |R| < n(n—1)Rg < coon M x[0, T),
and that the initial metric satisfies inj(M, g(0)) > io and Ricgg) > —(n — 1)kog(0).

Set X5 = XN Gs,4. Then forany p € M and t € [t1, T) we have

1g)(Bs N By (p. $)) < EWT — ). (1.22)

The constant E in Theorem 1.13 degenerates as d approaches 8§ or é approaches 0. This is
due to our application of Proposition 6.4 of [6], which plays a crucial role in our argument.
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Preventing this degeneration for d = 8 would correspond in this context to the finiteness of
the (n — 8)-dimensional measure of Xs.

The importance of considering well-behaved points in G5 consists on the fact that they
verify a property (see Theorem 5.4) which is one of the key ingredients of our proof of
Theorem 1.13, namely we can compare the square of the parabolic Ricci scale with the
parabolic Riemann scale (rIz{iC 2 rrm) at these points. We note that such an estimate also
implies the corresponding estimate ?%ic 2 Trm for the time-slice scales.

Let us briefly describe the proofs of these results. The proof of Theorem 1.11 is via an
argument by contradiction. If the flow contains a §-well-behaved blow-up sequence, then by
the powerful integral bound of Theorem 1.7 in [6] by Bamler (see also [36] for a similar
result in dimension four), and the estimate ’rsziC 2> Trm, We see that ’r“R_iCl has infinitesimal
L3~ _norm along the sequence (p;, 1;) for ¢ > 0 small enough. On the other hand this norm
is bounded away from zero by our Ricci Scale Concentration Lemma 5.5, yielding the desired
contradiction for the first statement. To obtain the second statement, assume that M = G
for some § > 0. If the flow develops a singularity, we can pick a sequence of space-time
points (p;, t;) along which the Ricci curvature blows up by Sesum’s result [35], in particular
rric(pi, ti) = 0. Since M = G, this blow-up sequence must be §-well behaved. But such
a sequence cannot exist by the first part of the theorem.

The main idea to prove the codimension eight estimate is to use our localised version of
Sesum’s result from Theorem 1.9 and to apply suitably Proposition 6.4 of [6], which gives
a bound on the volumes of lower level sets of the time-slice Riemann scale (or equivalently
of the parabolic Riemann scale). Theorem 1.9 ensures that the singular set is contained in
small lower level sets of the Ricci scale. Since rﬁic 2 rrm, these level sets are comparable to
drastically smaller lower level sets of the Riemann scale yielding a significant improvement
in the volume bound (for well behaved points). It is worth remarking that a straightforward
application of Proposition 6.4 of [6] would give a codimension 4 result on the entire singular
set X in the sense of (1.22).

We conclude the introduction outlining the structure of the paper. In Sect. 2 we carry out
the pointwise analysis of the Riemann scale described above. The results involving mixed
integral norms will then be proven in Sect. 3. The results involving the Ricci scale can be
found in Sect. 4. Finally, in Sect. 5, we prove our result about bounded scalar curvature flows,
Theorems 1.11 and 1.13.

2 Pointwise analysis of the singular sets

Let us start this section with some heuristic ideas behind Definition 1.1 and a comparison to
existing results in the literature. In [20], the first author together with Enders and Topping
gave an alternative definition of the Type I singular set X as the set of points p for which there
exists an essential blow-up sequence (p;, t;) satisfying (1.8), see Definition 1.3 in [20]. In
particular, they do not impose explicitily any restriction on the rate of convergence of (p;, ;) to
(p, T). Their analysis shows that, under the global Type I assumption (1.4), this set coincides
with the entire singular set X and with the set Xy, of points p for which [Rm(p, 7)|¢(;) blows
up at a Type I rate (Theorem 1.2 in [20]), meaning that one could ask for the existence of an
essential blow-up sequence with p; = p for all i € N in this case. Moreover, the analysis of
the precise asymptotic behaviour of the neckpinch singularity developed by Angenent and
Knopf [2] shows that, given a singular point p, the curvature tensor actually cannot blow up
along a sequence of regular space-time points (p;, t;) with (T —1;) = o(dg(ti) (pi, p)).Sucha
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sequence is in fact sent to infinity by rescaling parabolically with (T — ¢;). This suggests that
the rate of convergence of any essential blow-up sequence should be such that (1.9) holds.

The situation becomes more convoluted when the flow is not Type I, and one needs to
carefully check the balance between the different rates involved. A good example to have in
mind is one of the degenerate neck-pinch solutions constructed by Angenent, Isenberg, and
Knopf in [3]. They prove that any blow-up sequence (p, ;) based at a fixed point p in the
smallest neck, and with rescaling factor (7" — #;), converges to a shrinking cylinder while any
blow-up sequence (g, t;) based at the tip g, with scaling factor given by the curvature at the
tip at time #;, converges to a Bryant soliton. From the first convergence result it is clear that
(T —1) = U(dgz(r,-)( P, q)), which geometrically corresponds to the tip being sent to infinity
for this blow-up sequence. Heuristically, we may think that a sequence of points converging
to the tip will have curvature going to infinity at a Type I or Type II rate depending on how
fast it converges to the tip. These argument suggests that suitable definitions of the Type I and
Type II singular sets for general flows should involve the rate of convergence of the essential
blow-up sequences, and the condition (1.9) should give the right scale.

Before starting the proofs of the theorems from the introduction, we need the following
adaptation of the “shrinking and expanding balls lemmas” in [38,39] to our Riemann scale.

Lemma 2.1 Suppose (M, g(t)) is a complete n-dimensional Ricci flow defined on [0, T).
Then there exists a constant C1 = C1(n) such that for any point (p,t) € M x [0, T) we
have the inclusion

Bgty (P, Rm (P, 1)) 2 By (P, rRm (P, 1) — Cirg,h (p, 1)ls — 1), Q.1
foralls € (t —rg (p,1),t +ra (p,1)).

Proof. We set C1 = 2./2/3y/n — 1 where n is the dimension of the manifold M. Since
Ricyy < (n — l)rlzri(p, t)g(t) on P(p,t, rrm), and the function rgrfl(p, t) is constant,
hence in particular continuous and integrable on the interval [t — rl%m (p,t),t+ r]%m (p, D],
we can appeal to Lemma 3.2 in [38] (note that their constant 8/2 is equal to our C12) for any
set,t+ rl%m(p, t)) to obtain

Bgty(p: rRm(P. 1)) 2 By(s) (. rRm (P, 1) — Crga (p. (s — 1)).

In order to prove the inclusion for times s € (t — rﬁm (p, 1), t], we notice that due to the lower

bound Ricg(;)y > —(n — l)rl{é(p, to)g(t) on P(p,t, rRm), we can use Lemma 2.1 from [39]
to obtain

-2
By(t)(P. rRm (P, 1)) 2 Bo(s)(p. R (p, 1)e™ '~V (P-0(720),
Using the elementary inequalities e™ > 1 — x and C 12 > (n — 1) we get
Bg(ty(p, rRm (P, 1)) 2 Bg(s)(p, rRm(p, 1) — (n — l)rlznll(l?, B —s))
2 By(s) (. R (P 1) = Cirg (. (1 = 5)). O
We can now deduce the following estimate for the Riemann scale.

Theorem 2.2 (Lipschitz-Holder Continuity of Riemann Scale) Suppose (M, g(t)) is a com-
plete n-dimensional Ricci flow defined on [0, T). Then for any pair of space-time points (p, t)
and (q, s) we have

. 1
[rRm (P, 1) — rRm(q. $)| < min{dgy (P, ). dg(s) (P, @)} + Cilt — 512, 2.2)

where C1 is a constant depending only on the dimension n.
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Proof We first prove that the Riemann scale is Lipschitz continuous in space and then prove
the Holder continuity in time.

Step 1: We show that for fixed + € [0, T) the Riemann scale rry (-, t) is 1-Lipschitz
continuous with respect to the metric g(¢). The proof of this part is a close adaptation of the
analogous result in [7], but since its proof is as short as enlightening, we quickly recall it
here.

Suppose towards a contradiction that for some ¢ the function rrpy, (¢, ¢) is not 1-Lipschitz
with respect to g(¢), that is we can find p and ¢ such that

rRm (P> 1) — rRm(q, 1) > dgr) (P, ).

Here we assumed without loss of generality that rry (p, 1) > rrm(q, t). We then define

ri=rrm(p; 1) — dgr)(P, q) > rRm(q, 1), so that By(1)(q,7) C Bg(r)(p, rRm(p, 1)) by the
triangle inequality as well as [ — P2 i+ Clr— rﬁm(p, 1), t+ rﬁm(p, )], hence

P(qatvr) g P(p’t7rRm(pvt))~

In particular, by definition of the Riemann scale at (p, ¢), we have |[Rm| < rlzri (p,t) <r~
on P(q,t,r), and therefore rry, (g, t) > r by definition of the Riemann scale at (g, t). This
yields the desired contradiction with the definition of r.

Step 2: We show that rrp (p, -) is %-Hblder continuous with constant C1 = Cj(n) being
given by Lemma 2.1.

Arguing by contradiction, let us assume that for some fixed p € M there exist two times
t and s in [0, T') such that (assuming without loss of generality that rrm (p, 1) > rrm(p, §))

rRm (P, 1) — rRm(p, 8) > Cry/|t — 5], (2.3)

with C; = 2¢/2/3+/n — 1 the constant from Lemma 2.1. Set r := rrm (p, 1) — C1/[t — 5] >
rRm(p, s). We claim that

2

P(p.s,r) S P(p,t,rrm(p, 1)). 24

As above, if this claim is true, then we can deduce from the definition of rry (p, t) that
[Rm| < r]{ri(p, 1) < r~2on P(p, s, r), therefore by definition of rry(p, s) we obtain
rRm(p, §) > r, in contradiction with the definition of r, concluding the proof.

It remains to verify the claim (2.4). We first check the time intervals. Note that we can
consider the time intervals in R rather than [0, T"), therefore omitting the truncation at O and
T as this inclusion clearly implies the one between the truncated intervals. By (2.3), and
using C1 > 1, we can estimate

2C1Rm (P, DVt — 5| > 2C3t — 5| = CHt —s| — 1+,

as well as
2C1Rm (P DVt — 5| > 2C31 —s| > CHt —s| +1 — .
Therefore, we obtain
s+ =5+ (p. )+ Ct — 5| = 2C1rRm (P, OVt — 5| <t +rgm(p, 1),
s =12 =5 —rgm(p, 1) = Cilt = s| + 2C1rrm (p, DY/t = 5| = 1 = g (p, 1),

and hence (s — r2, s +r3) C (r — rﬁm(p, 1), t+ rﬁm(p, t)). In order to prove the inclusion
By(s)(p, 1) € Byry(p, rRm(p, 1)), we recall that Lemma 2.1 implies

Bg(ry(p, rRm (P, 1)) 2 Bg(s)(p, rRm (P, 1) — C%VEHII(P, Bt —sl)
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and hence we are done if we can show that Bgi)(p,7) S Bgs)(p, rRm(p.t) —
Clzrlznll(p, )|t — s|). To verify this, note that, again using (2.3), we can estimate

Ciral(p, Ot —s| < C1y/It — 5]

and therefore
Rm(p. 1) = Crgy(p. DIt =] > rRm(p. 1) — C1y/|t —s| =r.
This finishes the proof of Step 2.
Step 3: Finishing the proof of Theorem 2.2 is now straight-forward: From the above two
steps, an easy application of the triangle inequality both in space and time yields (2.2) for

Cy = 22/3/n — 1. O

A first corollary of this theorem gives upper and lower bounds for rl;nzl

cylinder in terms of its value at the center of this cylinder.

on a parabolic

Corollary 2.3 (Local Harnack-Type Inequality) Suppose (M, g(t)) is a complete n-dimensional
Ricci flow defined on [0, T), and let (p,t) € M x (0, T). Then there exists a constant
a; = aj(n) € (0, 1) such that

1 _ _ _
Z’Rrﬁ(”’ 1) < gl ) < 4rgl(p.1) onP(p,t,a rrm(p, 1)) 2.5)

Proof Let (¢q,s) € P(p,t,ai rrm), Where a; < 1 will be determined later. We deduce from
Theorem 2.2 that

IrRm (P, 1) = rRm(q, $)| < dg(ry(p, q) + Cilt — 512 < ar rrm(p. 1) + Cra rrm(p. 1),
Rearranging this inequality as
(I +ai +a1Corrm(p, 1) = rrm(q, 5)
we see that the first inequality in (4.9) is implied by

1 C 22 < .
+a;+aC) < al_l—i—Cl

Similarly, rearranging differently, we see that
(I —ar —aiCrrm(p, 1) < rrm(q. $),

therefore for the second inequality in (4.9) it is sufficient to impose

1

1
l—a —a)C; > - <
amatizs = A=5070)

The claim hence follows by setting a; := with C; as above. O

1
2(1+Cy)

We are now ready to prove Theorem 1.4. Maybe slightly paradoxically, the most subtle
argument is actually needed in the proof of Part i), because the definition of singular and
regular points is not set in a parabolic way. Proving the other two statements instead is easier
as our definitions of Type I and Type II singular points are already in terms of parabolic
neighbourhoods.

Proof of Theorem 1.4 Let (M, g(t)) be a Ricci flow defined on [0, T), T < oo satisfying
(1.3) (possibly incomplete) and let p € M.
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®

(i)

We prove the following equivalent statement to the claim in the theorem: p is singular if
and only if liminf; »7 rrim(p, t) = 0.

To this end, suppose first that p is regular, and let U be a neighbourhood of p and C > 0 a
constant such that [Rm| < Con U x [0, T). Letry > 0 be such that B, (p, ro) CC U.
The standard multiplicative distance distortion estimate gives the containment

B0y (P, 70) 2 Be(ry(p, roe” "V D By (p, 1), (2.6)

where r| := rge~®~DET > 0. From this we deduce rgm (p, t) > min{C~ /2, r(} > 0.
For the converse statement, suppose that there exists some constant § > 0 such that
liminf; ~7 rRm(p,t) > §. By the curvature boundedness assumption, we can choose
this § so that we have rry(p, t) > 8 for every ¢t € [0, T'); by definition this means that
for every t € [8%, T) we have [Rm| < 82 on P(p. t, rrm) 2 P(p, t, 8). Fixing any 7 in
this range, we claim that there exists a constant 7, = r»(§, n, T') such that

Bg(,)(p,ﬁ) 2 Bg(BZ)(p,}'Q). (27)

In particular, if this claim holds, we have found a (fixed) neighbourhood of p on which
the curvature remains bounded (by 872), and we can conclude the proof. Hence it remains
to prove the claim. In order to do so, for the ¢ we fixed above, we set kg = ko(#) to be
the smallest integer such that t — (ko + 1)8% < 0. Notice that kg < T'/82. We are going
to implement an iterative scheme of inclusions using the distance distortion estimates in
any of the cylinders considered. From the bound on the curvature we obtain

—(n—1)872.8 (-1
Be)(P.8) 2 Bys2) (p. 8™ "1 ") = By (p. 87" 7Y)
—(n=1)y2 —2(n—1
D By (P, 8(e™""V)?) = By_osy (p, 8e720 D)
—(ko—1)(n—1
2D Byy_agysty (p, Se R0~V
~= Dtk =152~ ho= D=5

U

V)

Bg(éz)(l’v de
—ko(n—1 —(n=1)(T /82
2 Bg(52)(p, de ol )) ) Bg(62)(p’ Se (n=1)(T/ ))’
and (2.7) follows by defining rp := Se—(1=D(T /5%

Let us first assume the lower bound in (1.6) and let #; /' T be a sequence realising the
lim sup. Then, setting » := max{r;, 1/,/c}, we have for sufficiently large i

1 cy

5 < < sup [Rm| < sup [Rm].
T =) T T =t p(pryT=0) P(puti.rJT=E)

This means that we must have rr (p, t;) < r+/T — t; for all sufficiently large i, because
if it was rrm(p, tj) > r/T —t; =: r’ for some j large enough for the above inequality
to hold, we would obtain

1 1 1

——— < sup |Rm| < = )
r2(T — tj) ’P(p,t,-,r’) (l"/)2 VZ(T — [])

a contradiction. We therefore conclude that

rRm (P, 1)/ T — ti < max{ry, 1//cr},
or equivalently

(T — ti)rp i (p, ti) > min{r; %, ¢/} =: ¢ > 0, (2.8)
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which gives the lower bound we claimed. Supposing instead the upper bound of (1.6), for
e > 0,letus setr := min{ry, 1/4/C; + €}, so that we can compute for any 7 sufficiently
close to T that

1 Cr+e
> >

3 > > sup [Rm| > sup |[Rm],
T =D T =1 T Ppt.rJT1)

so by definition we have rry (p, t) > r+/T — t. In particular, letting & N\ 0, we conclude
that

lin}i;lerm(p’ D/NT —t = min{r;, 1/y/Cr},
t

or equivalently

limsup(T — )rg(p, 1) < max{r; 2, C} =: Cy. (2.9)
t T

To prove the converse statement, assume now that ¢; < lim sup, o (T — t)rl;ri( p,t) for
some constant 0 < ¢;. Setr; 1= (31)’% and ¢; := ¢;. We claim that for this choice, the
lower bound in (1.6) must hold. If not, then we have
lim sup sup [Rmg, |3, < cy,
t7T By (prnx(=rfrd)

that is, we have an upper bound as in (1.6), but with C; now replaced by c;. By what we
have just proved above, we thus get the analogue of (2.9), namely

lim sup(T — t)rlgn%(p, 1) < max{r;Z, cr} =7y,

t ST

which is the desired contradiction. Finally, for the last remaining statement, assume that
limsup, 7 (T — t)rlgnz1 (p,t) < Cy.Then given any &, we have for every ¢ close enough
to T that

T —
Rm(p, 1) > .| = =r
m (P Cr+e

The definition of the Riemann scale thus implies
2 6[ + &

sup [Rm| < sup [Rm|=rpo(p.t) <7 ° = : (2.10)
P(p.i.r) P(p.t.rRm) T—t

which for ¢ N\ 0 and after rescaling parabolically gives the upper bound in (1.6) with
r; = (Cp)~2 and C; := C.
(iii) The argument used in the first paragraph of the proof of Part ii) also works with Type II
points, that is verifying (1.7), and one shows that for every r > 0 and every ¢; > O the
analogue of (2.8) holds, namely there exists a sequence of #; /' T such that

(T — tj)rg 2 (p, ;) > min{r =2, ¢/}

We can thereforeletr N\ Oandc; ' ootoconclude thatlim sup; (T—t)rlgrf1 (p,t) =
Q.

Conversely, suppose we have lim sup, a7 (T — t)rgri(p, t) = oo. If (1.7) does not
hold for all » > 0, then there exists some r; > 0 and some constant C; such that the
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upper bound in (1.6) holds. But we have just proven that this implies lim sup, -7 (T —
t)rl{nzl (p,t) < c 1, a contradiction. This finishes the proof of the theorem. O

With a slight modification of Part i) of Theorem 1.4 we obtain a non-oscillation result
which in particular, says that, to a certain extent, the curvature of a Ricci flow cannot oscillate
between a Type I rate and a lower rate arbitrarily close to the singular time.

Corollary 2.4 (Type I non-Oscillation) Suppose (M, g(t)) is a Ricci flow defined on a finite
time interval [0, T), satisfying either the bounded curvature condition (1.3) or having com-
plete time slices for all t € [0, T). Then p € X if and only if

1
re2(p, 1) > T Vel Q.11

Proof If (2.11) holds, then by Part i) of Theorem 1.4 the point p must be singular. Conversely,
assume towards a contradiction that p € X, but that

80 :=rrm(p. to) = /T —t9, forsomerty e [0,T).
By definition of the Riemann scale, this means in particular that
IRm| < 8,2, on P(p. 10, 80) 2 By (P 0) x [to. T). 2.12)

Set U := Bg(1)(p, 80). If the flow has bounded curvature, we can choose § < §y such that
[Rm| < § % on U x [0, to]. Otherwise, by the completeness assumption, the continuous
function |Rm)| is less than or equal to § 2 for some 8 < 8y on the compact set U x [0, fo].
Hence in any case, combining this with (2.12), |Rm| < § ~Zon U x [0, T) and therefore by
definition p € fReg, yielding the desired contradiction. |

The decomposition of the singular set given by Theorem 1.2 follows very easily now.
Proof of Theorem 1.2 From the equivalent definitions of Type I and Type II singular points

given by Theorem 1.4, it is clear that if p € X; U X;; then p € X.
Conversely, if p € X, then by Corollary 2.4 we have

1
2
rrm (D5 1) > T_1 Vi e[0,7),

and therefore in particular

lim sup (T — t)rlzli(p, t)y>1>0.
t /T

By Theorem 1.4, we therefore have p € ¥ U ¥;. ]

As an immediate consequence of Theorem 1.2, we find the following corollary which is
equivalent to Theorem 3.2 in [20].

Corollary 2.5 Let (M, g(t)) be a Type I Ricci flow on [0, T), T < +o00. Then ¥ = Xj.
Next, we give some evidence for the following conjecture.

Conjecture 2.6 In Theorem 1.4, we can replace each instance of lim sup, »p withliminf; 7.
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A full proof of this conjecture would require ruling out significant oscillations of the
curvature between Type I and Type II rates. Intuitively, such an oscillatory behaviour would
be in extreme contrast with the parabolic nature of the Ricci flow; nevertheless, it is not
clear to the authors how to prevent it using only the differential inequalities on the curvature
tensor given by Shi’s estimates and even the Holder continuity proved for the Riemannian
scale is not strong enough to rule this out completely. The following result is the best we
can currently prove in this direction. It studies the convergence rates of an essential blow-up
sequence (p;, t;) along which the curvature blows up at a Type I rate but which converges to
a Type II singular point.

Proposition 2.7 Let (M, g(t)) be a complete Ricci flow on [0, T), T < oo, satisfying (1.1)
and (1.3). Suppose p € Xy, and let (p;, t;) be an essential blow-up sequence, with p; — p
in the topology of (M, g(0)), t; /' T, and such that rlgnzl blows up at a Type I rate along
(pi, 1), Le.

R (Pist]) < —5
" ~ mA(T — 1)
for some m € (0, 1). Then there exists § = §(n, m) > 0 such that

2
T —ti_ dy iy (P> Pi)
lim sup ! 121+8 or limsulez(S
i—00 — I i—> o0 T —t;
Proof Suppose instead that
2
T —ti- 43 (P> Pi)
lim sup “ 0l and  lim sup —g) 7

—0. 2.13)
i—+4o00 T—1 i—+o0 T —1i

Since by hypothesis rl%m (pi, t;) > mz(T —t;), we infer

U (ti — ay g (i 1), ti + a1 Mg (Pis 1)) 2 U (ti — m*ai (T — t;), t; + m*ai (T —1;)).
ieN ieN

We first check that the set on the right hand side contains (#;,, 7') for some i;. Indeed, the
intervals in consideration overlap definitively as

1 + m2a?
tici +m?af(T —tiq) > t; —m?ai(T — ;) &= T —t;_1 < 17m2a§(T — 1),
- 1

which is satisfied by (2.13) for any i large enough. On the other hand, we also have
By (pi> a1 rRm (P, 1)) 2 By (pi-aimy/T — ;) 2 p

for i large enough by (2.13). Therefore, for any sequence &; ' T and for every j large
enough, there exists i = i(j) such that
(p.&j) € P(pi,ti, a1 rRm(pi» ;).

We can therefore appeal to the local Harnack inequality of Corollary 2.3 to compare the
values rI%m (p,§j) to rl%m (pi, t;), where i depends on ;.

Since p € Xy, by Theorem 1.4 we can pick a sequence of times &; , T such that
rém (p,&j) = o(T — &;). From the discussion above we can apply Corollary 2.3 to obtain

2
2 2 2 m
o(T = §j) = 4rgm (P, §j) = rRm (Pi» ti(jy) =2 m™(T = ti(j)) =2 ————= (T = §)),
1+ m=aj
(2.14)

which gives a contradiction for j large enough. O
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Remark 2.8 The proposition above ensures in particular that for a point p € X;;, the existence
of asequencet; /' T along which riri (p. t;) blows up at a Type I rate forces the convergence
to be exponential. We think that this property is in contrast to the Lipschitz continuity of
rRm (P, -). It could be instructive to notice that the same is a priori not true if we swap the
roles of Type I and Type II. Indeed, consider the function

f@) = (T —1)> + (T — t)|sin(In(T —1))|. (2.15)

This is a Lipschitz function, such that f(t) = (T — wWiony =T — exp(—km), and
f@t) ~T —telsewhereast ~ T.

From a more optimistic point of view, if Conjecture 2.6 holds, it is natural to ask whether
we must have

lim inf rg 2 (p, (T — 1) = limsup rg 2 (p, (T — 1),
t /T ‘T

at any singular point p € 2. This would be coherent with the examples in the literature.

For completeness, let us also study the convergence of an essential blow-up sequences
along which the curvature blows up at a Type II rate but which converges to a Type I singular
point p. From Definition 1.1, it is clear that this convergence cannot be too fast. The following
proposition makes this more precise, giving an explicit relation between the blow-up rate of
rl;ri (p, -) and the convergence rate.

Proposition 2.9 Let (M, g(t)) be acomplete Ricciflowon [0, T), T < oo, satisfying (1.1) and
(1.3). Let p € X, meaning in particular that there exists m € (0, 1) such that rlzr%l(p, 1) <
m forall t € [0, T). Suppose further that (p;, t;) is an essential blow-up sequence,

with p; — p in the topology of (M, g(0)), t; /' T, and such that rl{i blows up at a Type 11
rate along (p;, t;), i.e.

ram(pis 1)) = o(T — 1;).
Then we obtain

2
dguy PP 5 5

lim sup > m-ay,

i—00 T —y
where a) = ay(n) is the constant from Corollary 2.3.

Proof Suppose by contradiction that

2
dg(,[)(l’,l’i) - 2 0

lim sup m-ay,

isoo T =1
so that we obtain
By (p. a1 rrm(p. 1)) 2 By(y(p.axmy/T —1;) 3 p;
for i large enough. This means in particular that
(pisti) € P(p, ti, a1 rrm(p, 1)),

for i large enough and we can therefore use the local Harnack-type inequality of Corollary 2.3
to compare the values r]%m( pi,ti) to rém (p, t;) to obtain

o(T — ;) = 4rg (pir 1) = 1 (P 1) = m>(T —1;)

which gives a contradiction for i large enough. O
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We conclude this section by establishing a link between the two different Riemann scales
defined in Definition 1.3. As already said, these two scales are equivalent for bounded scalar
curvature Ricci flows in view of the pseudolocality result in Proposition 3.2 of [6]. For a
general Ricci flow, one should not expect such a strong result, but a weaker infinitesimal
analogue holds true.

Proposition 2.10 (Characterisation of Singular Set using Fixed Time Slice Scale) Let
(M, g(t)) be a complete Ricci flow on [0,T), T < oo, satisfying (1.1) and (1.3). Then
p € ¥ ifand only if liminf; »7 FrRm(p, 1) = 0.

Proof The implication p € Reg = liminf; 77 TRm(p, 1) > 0 follows the exact same lines
as in the proof of Part i) of Theorem 1.4.

Conversely, assume that for a point p € M there exists some constant § > 0 such that
liminf, »7 7Rm(p, ) > §. Since the flow has bounded curvature, for a possibly smaller §
we have Frim (p, 1) > & for every ¢ € [0, T); by definition of time-slice Riemann scale, this
means that for every ¢ € [0, T) we have |[Rm| < 82 on By (p, TRm(p, 1)) 2 By (p, 6).
Thus we obtain

Rm| <872 on | Byu(p. ) x {t}.
t€(0,7T)

We claim that there exists a constant a4 = a4(n) such that for any time 7y € [0, T) we have
rRm (P, o) > a48. Once we have proven this, we infer that lim inf; ~7 rrm(p, t) > a46, and
we can conclude the proof thanks to Theorem 1.4, Part i). Using the Expanding balls Lemma
3.1in[38] with R = and r = %, the lower bound Ricg(;) > —(n — I)S_Zg(t) on the balls
Bg()(p, §) ensures

. 2
Bg(,o)(p, %) C Bey(p,9d), Vte [to, min {to + naj log(2), T])
On the other hand, the upper bound Ricg) < (n — 1)8’2g(t) on the balls Bg()(p, 8)
guarantees that we are in the hypothesis of the Shrinking balls Lemma 3.2 in [38] with our ¢
being their initial time 0, 7 = § and f = 8~1 so that we obtain
— 2
Byo) (P %) C By (ps 8 — Ci(to — )87 C Boy(p. 8), Vi e (max {0, fo — 2‘%12} to]-

Recall that their constant 8/2 is equal to our Clz. Therefore, we have obtained the inclusion

P(p. 10, a18) < | By (p, 8) x {1},
1

where the union is taken over + € (max{rg —afﬁz, 0}, min{z +a§82, T}) and where

. s log(2) 1 1 . .
as = a4(n) = min {,/ 7EF, Jc 5}. By definition of the Riemann scale, we see that
rRm (P, to) > a4d, as we wanted to prove. O

3 Integral characterisation of the singular sets

Let us start with recalling the fundamental Noncollapsing Theorem of Perelman as well as
an extension of it (see [47]). We need the following definition.
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Definition 3.1 (x-Noncollapsing at Curvature Scales) Let k > 0. We say that a Ricci flow
g(t) is k-noncollapsed on the scale o if every metric ball B, (p, r) of radius r < o that
satisfies for every (x, 1) € Bgr)(p,r) x (t — r2, t] the curvature bound [Rm(x, #)[g(;) < r2,
has volume at least «7". We say that the flow is k-noncollapsed on the scale o relative to the
scalar curvature if for every metric ball Bg()(p, r) of radius r < o that satisfies the scalar
curvature bound [R(-, #)[g(r) < n(n — Dr=% on Bg(1)(p, 1), has volume at least k.

For a complete Ricci flow (M, g(¢)) defined on a finite time interval [0, T'), satisfying (1.3)
and a lower injectivity radius bound at the initial time, Perelman’s Noncollapsing Theorem
[33] guarantees for every o the existence of a constant k = k(n, g(0), T, ¢) such that the
flow is k-noncollapsed on the scale o. Furthermore, if the flows has uniformly bounded
scalar curvature, |R| < n(n — 1)Rp on M x [0, T), it is xj-noncollapsed on the scale
0 = min{R, 1/ 2, T} relative to the scalar curvature. In fact, by Aubin’s classical result
we have bounds on the Sobolev constants of the initial metric g(0) (see [5]). These bounds
extend to later times thanks to Lemma A.3 in [52], which yields the claimed statement using
Lemma A.4 in the same paper. For another approach to these noncollapsing result see [47].
In particular, for any ry smaller than o, we have the volume bound

g0 (Betio (P, 70)) = w17 G3.1)

Here k1 depends on the dimension n, the initial metric g (0), the time 7" and the scalar curvature
bound Ry.

The Harnack-type inequality proved in Corollary 2.3 implies an integral concentration of
the curvature.

Theorem 3.2 (Integral Curvature Concentration) Let k > 0 and let («, B) be an optimal
pair of integrability exponents in the sense of Definition 1.5. Then there exist constants
Cr, = Cr(n,k,a) > 0 and C3 = C3(n) such that the following holds. Let (M, g(t)) be a
complete Ricci flow defined on [0, T), T < oo, which is k-non-local-collapsed on a scale
o in the sense of Definition 3.1. Then for a space-time point (p,t) € ¥ x (T — 0%, T), we
have the integral bounds

Co < IrgtllapP(p.tar ) < C3s (3.2)

where ay € (0, 1) is the constant from Corollary 2.3.

This can be seen as an e-regularity theorem since the lower bound in (3.2) shows that if
||r1{nzl||0[,,3,79(p,,,a1 rrm) < &€ < Cyast — T, then p must be a regular point.

Proof. Since p € %, Corollary 2.4 implies that rﬁm (p,t) < (T —t). On the one hand this
implies that rrm (p, 1) < o for large enough 7 so that we can use the «-noncollapsing property
for balls of radius r < rrp(p, t). On the other hand, it also shows that

1
t+ @ (p ) S+ @l T =0 <t (T =) <T,
1 (3.3)
t_alzrl%m(Pvf)Zl—alz(T—t)>t—§(T_t)>0.

In particular, we have

P(p,t,a1 rRm(p, 1)) = Bory(p, a1 rRm (P, 1)) X (t — afrg (p, 1), 1 + atrg, (p. 1)
3.4
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and we do not need to worry about the truncation in (1.11).

‘We now first prove the upper bound. By definition of the Riemann scale, we have a Riemann
upper bound on P(p, t, rrm), S0 after rescaling and using the Bishop-Gromov inequality we
obtain

Kg@)(Bg) (P, a1 rrm(p, 1)) < ajrgy (p, ) ikgy,, (Bayp) = aj Cu(m)rgy, (p, 1),

where By, denotes a unitary ball in the hyperbolic space, and Cy (n) = fol sinh” ! (s)ds
is its volume. Considering the evolution equation of the volume element under Ricci flow,
and using the curvature bound in the region P(p, t, rrm), We deduce that for every time
s e (t— aerm(p, 1), t+ aerm(p, 1))
n(n—Drg2 (p,0(t—s)
Mg(s)(Bgry(p, ar rrm(p, 1)) < e m gty Bery (P, a1 rRm(p, 1))
< en(nfl)a%arllCH (n)rﬁm(p’ l) (35)
= C(n)ajrgy,(p. 1).

Therefore, using the upper bound given by Corollary 2.3, we compute

5 f-‘rtl]zl’l%m 2 Ple P
”rl;m”asﬁv??(p,t,alrkm) = (/ (/ |7'1;m|°‘ dlkr) ds)
t—a%r2 Bgry(p,ai rRm(p,1))

A1 TRm
t+a|2r|%m B/ 1/8
= ( / (4“(3 (majrrm(p. t)““) ds) (3.6)
2 _
=4. 21//5C(n)1/"‘a;’/oﬂr /B g (p, 1)@ T2/ B2

=4 2Vcm)l?a? < 8C(n)a} =: C3(n).

Here we used in particular that 7 + 2 _ 2 =0 for an optimal pair.

The proof of the opposite inequality follows a similar argument. Since |[Rm| is bounded
by ”1;1121 (p,t)onP(p,t, rrm) and a; € (0, 1), we can use the k-noncollapsedness of the flow
to obtain

Mgty(Bg(y(x, a1 rrm(p, 1)) = Kk aj rgp, (p. 1).

Again, the evolution of the volume element under Ricci flow and the curvature bound in the
cylinder considered yield the inequality

— — 72 —
Lg(s)(Bg() (X, a1 rRm (p, 1)) > e "D Ra(PDE=) 1y (Bo oy (x, a1 rRm (P, 1))
> K e—n(n—])alzan rlr‘\fm(p’ ) 3.7

= c(n, K)alrg, (p, 1),

for every s € (t — a%rﬁm (p,t),t+ a%rﬁm (p, t)). Corollary 2.3 guarantees the lower bound
on the integrand "1{1121 > %rinzl( p, t) on the region P(p, t, a; rrm). We can therefore follow

(3.6), reversing all inequalities except the very last one, to obtain
- 1
il s, P gt ) = 7 2P ) at > 4c<n, ©0)Vai = Ca(n,c, ). D
The proof of Theorem 1.7 follows a very similar argument to what we have just seen.

Notice, that since the integrand considered in the definition of the singular density function
(Definition 1.6) is space-independent we simply get
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t+a?rd, 1 8 B/ 5 ., 1/B
= —_ , , 1
0B Pt ) /tl b <T _S) Mg(x)( 2t (P, a1 rRm(p ))) s

a]r
(3.8)

|+
T —s

if (r — a? rRm, t+a erm) C (0, T). We proceed with the proof.

Proof of Theorem 1.7 According to Perelman’s noncollapsing theorem [33], there exists a
constant k = k(n, g(0), T) > 0 such that the Ricci flow in consideration is x-noncollapsed
at scale p = /T . Hence, using (3.5) and (3.7), we obtain

c(n, )al rin (p. 1) < tgs)(Bey (P, a1 rrm(p. 1)) < C(m)alryy, (p, 1), (3.9

for some constants c¢(n, k) > 0and C(n) < oo, and where the lower bound requires rry, < 0.

As in the proof of the previous theorem, if p € ¥ we know from Corollary 2.4 that
rﬁm (p,t) < (T —t) and therefore (3.9) holds for sufficiently large ¢ and we also have (3.3)
and (3.4). From (3.3) we obtain in particular also

2 1

T ST ST—p (t —alra(p. 1), 1 +alrg (p.1). (3.10)

Using (3.8), we can therefore estimate

1

t+airg, 1 B Coalr (p.1) ﬁ/ad B
= —_— n)ayr t ) K
@B, P(p,t,a1 rkm) /,_ 2,2 <T —s) ( 1Rm P

HT—S

alr
el 1 B \P
< )%y rRm(P»f))'l/OI(/ ( ) ds)
t—airg, T =

2
< Co0'* (@ rrm(p, D) Qatrge (p, )P

Using that for an optimal pair («, ) we have 7 + % = 2, we thus obtain

o, B, P(p,t,ai rem) T—l‘

HT—s

It is straightforward now to deduce from Theorem 1.4 that if p € X, this is uniformly
bounded from above by 4C (n) 1/ "‘a% @)~ for every ¢ close enough to 7', whereas if p € ¥,
this gives ®(p) = 0. Analogously, the lower bounds in (3.9) and (3.10) yield

A, 1 \B ( o bla B
> —_— c(n,k)ayr , 1 ) N
@B P(pitsar Rm) /t_ 22 (T —s> ( 1k (P- 1)

ayr

HT—S

1 1
= c(n, 1)V @1 R (p. )" Qairge, (p, 1)) /ﬁm
- %c(n e "R (P- 2
-3 T —t

2 ~
If p € Xy, then ®(p) is bounded away from 0 as lim inf; 7 w > (! by Theo-
rem 1.4.
It remains to show that ® (p) = oo for regular points. For p € PReg, Theorem 1.4 ensures
the existence of a constant C > 0 such that rﬁrﬁ (p,t)y <C 2 for every t € [0, T']. Thus for
202 2,2
everyt > T —aj/C* we have t + ajrg,, > T and therefore
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ai

P(p.t.a1 rn(p. 1) 2 By (p. &) x (1. 7). (3.11)
We can appeal to Perelman’s noncollapsing theorem [33] to obtain the existence of a constant
k = k(n, g(0), T, C) > 0such that the Ricci flow in consideration is x -noncollapsed at scale
0 = C~'. Therefore, since by (3.11)

2

_ ai
Rm| < rga(p.n) < = on Byy(p. &) x (.7,

2
ar

02 .
we have for every t > T — C—'z and every s € (¢, T') the uniform bound
n

ai aj
Hg(s) (Bg(t) (p, E)) > c(n, K)a > 0.

2
Because (T —s5)F ¢ L!(t, T) forevery t > T — i we obtain

c?
1 1
| = | ;
T — s lla.g,P(p.t.a1 rrm) T — s lla,B,By(ry (p, 2)x(t.T)
. aiyval (T 7
> (c(n, /c)a) t T3P s =400,
from which we clearly see ®(p) = +o00. |

4 The Ricci singular sets

We begin this section with the definition of two different versions of Ricci scale, analogous
to the definitions of the Riemann scales given in the introduction, Definition 1.3. Note that
we always mark the fixed time-slice scales with a tilde in this article to distinguish them from
the forwards-backwards scales that are mainly used in the local singularity analysis.

Definition 4.1 (Ricci Scale) Let(M, g(¢)) be a Ricci flow defined on [0, T') and let (p, t) €
M x [0, T') be a space-time point.

(1) We define the Ricci scale rric(p, t) at (p,t) by
rRic(p. 1) := sup{r > 0 | [Ric| < ap(n)r~? on P(p, 1, r)}, 4.1)
where ag(n) = /n(n — 1) as before, or equivalently by

rric(p, 1) == sup{r > 0| —(n — Dr2g <Ric < (n — )r g on P(p, t,r)}
(4.2)

If (M, g(t)) is Ricci-flat for every ¢ € [0, T'), we set rric(p, t) = +00. Moreover, by
slight abuse of notation, we may sometimes write P(p, t, rric) for P(p, t, rric(p, 1))-

(ii) The time-slice Ricci scale at (p, t) is given by FRic(p, t) = +oc if the flow is Ricci flat,
otherwise we set

Ric(p, 1) := sup{r > 0 | |Ric| < agr~2 on Bg(y(p, 1)}, 4.3)
where ag = ag(n) := /n(n — 1).
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Remark 4.2 1t might maybe seem more natural to define the Ricci scale as
sup{r > 0| [Ric| < ™% on P(p,1,7)} 4.4)

but our normalisation is more convenient for the purpose of this article for two main reasons.
Firstly, because |[Rm| < r~2 implies

—(n—1r~%g <Ric < (n — Hr~2g, 4.5)

2

and thus |Ric| < agr™, we get the simple relation

rRic(P: 1) = rRm(p, 1) (4.6)

for any space-time point (p, t). Secondly, it is in fact exactly the property (4.5) which is used
in a variety of proofs in the local singularity analysis and hence this normalisation allows a
unified approach. (On the other hand, using (4.4) would allow to work with constants that do
not depend on the dimension 7, which could have advantages in other contexts.)

Remark 4.3 From the Pseudolocality Proposition 3.2 in [6] we see that 7Ry, and rry, are
comparable for bounded scalar curvature Ricci flows. It is not clear whether a similar relation
also holds for the Ricci scales, apart from the obvious estimate Tric(p, t) > rric(p, t) that
simply follows from the fact that the definition of rric(p, t) requires a bound on a larger set.

We first show that like the Riemann scale, also the Ricci scale is Lipschitz continuous in
space and Holder continuous in time, yielding in particular the following result.

Theorem 4.4 (Lipschitz-Holder Continuity of Ricci Scale) Suppose (M, g(t)) is a complete
n-dimensional Ricci flow defined on [0, T). Then for any couple of space-time points (p, t)
and (q, s) we have

. 1
IrRic (P, 1) — rRic(q, $)| = min{dg() (P, @), dg(s) (P, @)} + Cilt — 5|2, 4.7
where C; = 2.Y2/3/n — 1 as in Theorem 2.2.

Proof We first note that if (M, g(¢)) is a complete Ricci flow defined on [0, T'), then for any
point (p,t) € M x [0, T) we have the inclusion

Byt) (P, 1Ric(P 1) 2 Bg(s) (P, Ric(ps 1) — Crgit(p, Ols — 1)) 4.8)

forall s € (t — rﬁic (p,t), t+ rl%ic (p, t)). The proof of this inclusion is exactly the same as
the one of Lemma 2.1, since it relies only on Ricci curvature bounds of the type (4.5).

We can now deduce the Lipschitz-Holder continuity exactly as in the proof of Theorem 2.2.
In fact, the only ingredient of the proof that does not rely on elementary estimates like the
triangle inequality, is the use of (4.8) established above. O

A first corollary of this theorem gives upper and lower bounds for rﬁi on a parabolic

cylinder in terms of its value at the center of this cylinder. The proof is exactly the same as
for the Riemann scale, exploiting the continuity from Theorem 4.4 above.

Corollary 4.5 (Local Ricci Harnack-Type Inequality) Suppose (M, g(t)) is a complete Ricci
flowon |0, T),andlet (p,t) € Mx(0,T). Thenfora, = e (0, V) asin Corollary 2.3,

2(1+Cy)
we have that

1 _ _ _
ZrRii(p, 1) < rpie(, ) < drg(p. 1) onP(p,t, airgic(p, 1). 4.9)
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Similar to Definition 1.1, we can now define the following concepts of different types of
Ricci singular sets, depending only on the Ricci curvature rather than the full Riemannian
curvature tensor.

Definition 4.6 (Ricci Singular Points) Let (M, g(¢)) be a Ricci flow on [0,T), T < oo
and assume that (M, g(¢)) has bounded Ricci curvature on M x [0, ¢] for all t € [0, T).
For any fixed ¢ € [0, T'), we consider again the parabolically rescaled Ricci flow g;(s) :=
(T —1)~'g(t + (T —1)s) defined for s € [— 7, 1).

(1) We say that a point p € M is a Ricci singular point if for any neighbourhood U of p,
the Ricci curvature becomes unbounded on U as t approaches T. The Ricci singular
set TR s the set of all such points and its complement is the Ricci regular set FegRic,

(i) We say that a point p € M is a Type I Ricci singular point if there exist constants
cr, Cr, rr > 0 such that we have

apcy < limsup sup [Ricg, |3, < aoCy. (4.10)
17T By (pri)x(—r.r?)

We denote the set of such points by Zlfic and call it the Type I Ricci singular set.
(iii) We say that a point p is a Type II Ricci singular point if for any r > 0 we have

lim sup sup [Ricg, |3, = oc. 4.11)
t /T Bg,(o)(p,r)x(frz,rz)

We denote the set of such points by Z];}C and call it the Type II Ricci singular set.

We note that the upper bound in (4.10) is directly implied by the upper bound in (1.6).
Obviously this is not true for the respective lower bounds.

We immediately obtain the following alternative characterisations of the different Ricci
singular sets which should be compared to their Riemann counterparts in Theorem 1.4.

Theorem 4.7 (Alternative Characterisation of Ricci Singular Sets) Let (M, g(t)) be a Ricci
ﬂow_/ on [Q, T, T < 400 with bounded Ricci curvature on M x [0, t] forallt € [0, T). Let
»Ric ER‘C, and E?I'C be given by Definition 4.6. Then

(i) p € =R ifand only if lim sup, 7 er(p t) =
(ii) pe )]R’C ifand only if for some 0 < ¢y, C; wehavecl < limsup, -7 (T— t)rRlC(p, 1) <
Cr.
(iii) p € ER’C if and only if lim sup, 7 (T — t)rlgi%(p, 1) =00

Proof The first part of the Theorem follows the same way as for the Riemann scale. The main
point why this goes through is again that the proof relies on various applications of distance
distortion estimates that only depend on the Ricci curvature bounds and not full Riemann
bounds. The other parts of the proof can also be adopted almost verbatim, including the
choices of all the constants — for instance (4.10) implies

0 <& :=min{r; %, ¢/} < (T — t)rge(p, ;) < max{r; %, C;} = C;.  (4.12)
This works because our normalisations in (4.1) and (4.10) agree. O

This then implies a non-oscillation result for the Ricci curvature along a Ricci flow, stating
that it cannot oscillate between a Type I rate and a lower rate arbitrarily close to the singular
time. Once again, the proof is exactly the same as for the Riemann scale.
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Corollary 4.8 (Type I non-Oscillation of Ricci scale) Suppose (M, g(t)) is a Ricci flow defined
on a finite time interval [0, T), with either bounded Ricci curvature on M x [0, t] for all
t € [0, T) or complete time slices for all t € [0, T). Then p € R if and only if

1
rre(p, ) > 7 VI elo). (4.13)

Remark 4.9 This result may not yet be an improvement over Theorem 1 in [45], but it is its
combination with Theorem 1.9 that gives a clear improvement from a global gap to a local
one.

As for the Riemann scale, combining Theorem 4.7 with Corollary 4.8, we obtain the
following decomposition of the Ricci singular set.

Corollary 4.10 (Decomposition of the Ricci Singular Set) Let (M, g(t)) be a Ricci flow on
[0,T), T < +oo, with bounded Ricci curvature on M x [0, t] for every t in [0, T). Then
ERiC _ zRiC U ERiC

=4 Il

As an immediate consequence of Corollary 4.10, we also find the following result.

Corollary 4.11 Let (M, g(t)) be a Ricci flow on [0, T), T < +00. Suppose the Ricci tensor
satisfies a Type I bound. Then TR = E}{IC.

We can now also prove the following e-regularity type result.

Theorem 4.12 (Integral Ricci Curvature Concentration) Let k > 0 and let («, B) be an
optimal pair of integrability exponents in the sense of Definition 1.5. Then there exist constants
Cr, = Co(n,k,a) > 0 and C3 = C3(n) such that the following holds. Let (M, g(t)) be a
complete Ricci flow defined on [0, T), T < 0o, which is k-non-local-collapsed on a scale o
relative to the scalar curvature. Then for a space-time point (p, 1) € & x (T — 0%, T), we
have the integral bounds

C2 < lrgilla.p.P(ptar i) < C3s (4.14)

where ay € (0, 1) is the constant from Corollary 2.3.

Proof We note that, in addition to elementary estimates, the proof of Theorem 3.2 relies
on the local Harnack type inequality for the Riemann scale (which holds with the same
constants also for the Ricci scale), as well as distance and volume distortion estimates and
the Bishop-Gromov inequality (all of which only rely on Ricci rather than full Riemann
curvature bounds). Hence the proof can be adopted verbatim, simply changing every instance
of rrm to rRic. We leave it to the reader to check the details. O

In the remainder of this section, we focus on a localisation of the Sesum and Wang results,
proving Theorem 1.9. Our proof adapts some arguments from Theorem 2 in Sesum [35] as
well as ideas from Proposition 5.2 in Hein-Naber [27], combined with Theorem 4.7 above.

Proof of Theorem 1.9 First of all, the inequality (4.6) clearly implies, together with Theo-
rem 4.7, that =Ri® C 3, so we only need to prove the opposite inclusion. In order to do so, we
argue by contradiction and assume that there exists a point p € X such that p ¢ £Ri® Using
again Theorem 4.7, there exists a constant § > O such that rric(p, t) > 8§ forevery ¢ € [0, T']
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while by Theorem 1.4 there exists a sequence of times #; /' T so that rrm (p, t;) < I o

]
For any i € N, let ¢; be a minimiser of the function w; defined by

rRm(q, ;)
dgi)(q, 0Bga)(p, 8))’

on the set Bg(;)(p, §). We clearly have w;(g;) < w;(p) = rrm(p,%)/8 < @8~ ! Asa
consequence of the bounded curvature of the time-slices, we must also have that for every i,
rRm(gi, i) > 0, and therefore w;(g;) > 0.

Set r; := rrm(qi,t;) and consider the sequence of pointed rescaled Ricci flows
(M, gi (1), ;) defined by g; (1) := r; >g(t; +r?t) on M x [—r; *t;, r; 2(T —1;)). We first note
that by definition of ¢;, we have r; = rrm(qi, ti) < rRm(p, t;) and thus, by Corollary 2.4,
ri_z(T —t;) > 1, hence the flows g;(¢) exist at least for times t € [—1, 1). By definition,
they satisfy rrm; (¢i, 0) = 1 for every i and by the scaling properties of the distance

1 i

1
d; = 5dg;0)(qi» 0By 0)(p, 8r; 1)) = s—— > = — +o0.
i 2 gi ()i &i (0) i zw(p,O)(qi) 2

wi(q) = w(pi)(q) = (4.15)

Notice that by definition of d; we obtain By, 0)(gi, d;) S By, 0)(p, 8ri_]) = By (p, 9).
Since for every g € By, 0)(qi., d;) its g;(0)-distance to d By, 0)(p, (Sri_l) is at least d;, we
deduce from the minimising property of ¢; that

1
= 7Rm;(q,0) > =

: "Rm; (¢, 0)
— =W () < Wi (g) < — -1

2d; d;
Perelman’s non local-collapsing theorem [33] applied to any of the cylinders P(q, 0, rrm;
(g,0)) with g € By, 0)(qi, d;) as before, guarantees the existence of a uniform injectivity
radius lower bound. Therefore, we can apply Topping’s compactness theorem [42, Theorem
1.6] to extract a pointed smooth Cheeger—Gromov limit Ricci flow (Moo, 800 (t), ¢o), defined
and complete in My, X (—%, i). To do so, we just need to check that for every r > 0 there
exists (in Topping’s notation) some K (r) € N such that for every i > K (r) the curvature is
uniformly bounded by M on By, )(g;, r). But this is obviously true with M = 4 and K (r)
such that d; > r fori > K(r).

This limit flow inherits several properties. First of all, rrRm,, (¢oc. 0) = 1 and |[Rmeo| < 4
on My X (—%, %). Secondly, we deduce from the inclusion Bg; 0)(g;, di) € Bg(;)(p, ) that
|Ric;| < aorl.zﬁ_z, so the limit flow must satisfy Rico, = 0, 1.€. goo () = goo 15 a static Ricci
flat metric. We have therefore reconducted the study to a situation similar to the case treated
by Sesum [35].

For any r > 0, the smooth Cheeger-Gromov convergence ensures

Moo (Bgos (Goos 1)) lim Mg ) (Bgi0)(qi, ) lim Mg (Bg(i) (qis 1))
Wy 1" i—+00 " i—-+00 wy (rri)" '

Given § > 0 as above, there exists ig(8, r) such that rr; < & and t; + 82 > T for every
i > i, therefore we can appeal to the bound |Ric| < apé =2 to use the multiplicative distance
distortion estimates in By, (p, rri) X [tiy — 82, T) for every i > ig. For any ¢ > 0 and a
possibly even larger i1 (8, €), we have the following two conditions satisfied for all i > i}
-1
(ti — 1) < ag 8%,

and

/’Lgoo(BgDo(QCxw r)) . Mg(z,-)(Bg(t,-)(QIv i) _ £
wpr" - wp (rry)" 2"
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Using the distortion estimate we see that

_ =204 4.
Bo(i)(Gi rri) 2 By (gis rrie a0d"(ti=tiy)y o By (i) (qis rrice).

Here ¢, = ¢7® — 1 as ¢ — 0. Therefore, by the bound on the scalar curvature and the
evolution equation for the volume element we obtain

n a0572 (t 7[[1

Hg()(Bg(is)) (i rrice)) = e~ gt (Beti)) (i rrice))
> Cg/ﬁﬂg(til)(Bg(til)(qis rricg)).

‘We have arrived at

Mg (Bgoo (@oos 1)) i Meti) (Bg)(qis cerri))
> ¢y - =
wp " wy (rri)t 2

The key feature of this inequality is that the right hand side has a controllable dependence on
i. Arguing as in [35], using the fact that we have full control on the geometry of g(#;,) by the
bounded curvature assumption and Shi’s estimates as well as the fact that ; — 0, we obtain

&
et Betu @i cerr) = on(eerr) (1= 3)

for sufficiently large i > iz (¢, g;,, n). In particular, sending i to infinity, we obtain

Pano Bigoo (o0, 1)) (1 3 f)cg”ﬁ _& @.16)
w, " 2 2
We can now let ¢ go to 0 to find

Mgoo (Bgoo (qoo, 1)) -1

4.17
wpr" ( )
On the other hand, since g, is Ricci flat, by Bishop-Gromov inequality we obtain
0o (Bo ,
Mgoc( (goo(‘]oo r)) <1 (4.18)

wpr"

and hence we are in the equality case where B, (goo, ) has exactly Euclidean volume
growth. By the rigidity statement in Bishop-Gromov’s inequality, we deduce that g« is flat,
in contradiction with 7R (¢oo) = 1. This means that ¥ C sRic a5 claimed. O

It is now easy to prove Corollary 1.10.
Proof Fix a point p € EI;}C. Then by Theorem 4.7 we know that

lim sup(T — t)rgi2(p, 1) = +00, (4.19)
t T

and hence by the inequality ’1{1% (p,t) > rlzi% (p,t) also

lim sup(T' — 1)rg2(p, 1) = +o0. (4.20)
t T

Theorem 1.4 iii) guarantees that p € X;. The other inclusion is easily deduced from this
one, Theorem 1.2, Corollary 4.10, and Theorem 1.9. O

Arguing as we did in Proposition 2.10 the reader can easily verify the following result.
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Proposition 4.13 (Characterisation of Ricci Singular Set using Fixed Time Slice Scale) Let
(M, g(t)) be a complete Ricci flow on [0,T), T < oo with bounded Ricci curvature on
M x [0, t] for every t € [0, T). Then p € X if and only if lim inf, 1 TRic(p, 1) = 0.

Together with our Theorem 1.9 and Proposition 2.10 , we deduce the following corollary.

Corollary 4.14 Let (M, g(t)) be a Ricci flow defined on [0, T), T < oo, such that (M, g(t))
is complete and has bounded curvature on M x [0, t] for everyt € [0, T). Suppose the initial
time slice satisfies inj(M, g(0)) > 0. Then for any point p € M, liminf; 57 Frm(p, 1) = 0
if and only if lim inf; 7 TRic(p, ) = 0.

5 Applications to bounded scalar curvature Ricci flows

The aim of this section is to discuss applications of our local theory to Ricci flows with
bounded scalar curvature. We first recall several results from Bamler [6] and Bamler-Zhang
[7].

We first point out that in our discussion about noncollapsing relative to the scalar curvature
(see Definition 3.1 and the paragraph below), we worked with an initial injectivity radius
bound and an implicit initial Ricci curvature lower bound. Alternatively, we could have
assumed a lower bound on Perelman’s entropy of the initial metric, vy := v[g(0),27] > —A
to obtain these noncollapsing results. This is the condition present in Bamler’s work [6], but
we will rewrite the results we need from his paper using injectivity radius bounds instead;
we start by recalling his extremely powerful estimate of the volume of sublevel sets of 7rm
for Ricci flows with bounded scalar curvature.

Theorem 5.1 (Proposition 6.4 of [6]) Foranyn € N, T < 400, Ry > 0, ig > 0, ko > 0 and
d" € (0,4) there exist constant E' = E’(n, Ry, ig, ko, d") and ty = to(n, Ry, T) < T such
that the following statement holds. Let (M", g(t)) be a closed Ricci flow defined on [0, T)
and satisfying inj(M, g(0)) > io and Ricg0) > —(n — 1)kog(0). Assume that the scalar
curvature is uniformly bounded, |R| < n(n — 1)Ro. Then forany p € M, t € [tg, T) and
r,s € (0, 1), we have

tgy({p | FRm (P, 1) < 57} N Bgry(p, 7)) < E'sr". (5.1)

Bamler uses this estimate to prove a codimension four estimate of the singular set (after
passing to a weak limit). We will use it for our codimension eight result, Theorem 1.13. Let
us remark that in its original wording, Proposition 6.4 of [6] requires |[R| < 1 on a time
interval [—2, 0] (yielding typ = —1), but the result as stated above can be obtained from this
by parabolic rescaling. The proof of the above theorem is extremely involved and occupies
most of [6]. It relies on a detailed analysis on the geometry of Perelman’s reduced length,
which allows the author to improve further and further the bound on the volume of high
curvature regions. Luckily, we do not need to modify any of these estimates but manage to
use Theorem 5.1 as a “black box”.

The theorem has the following corollary.

Corollary 5.2 (Theorem 1.7 of [6]) For anyn € N, T < 400, Ry > 0, ip > 0, kg > 0 and
& > 0, there exist constants F = F(n, Ry, iy, ko, &) and ty = to(n, Ry, T) < T as in the
theorem above, such that the following statement holds. Let (M", g(t)) be a closed Ricci flow
definedon [0, T), T < +o0 and satisfying inj(M, g(0)) > ip andRicg ) > —(n—1)kog(0).
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Assume that the scalar curvature is uniformly bounded, |R| < n(n — 1)Rg. Then for every
peM, ¥ €(0,1)andt € [ty, T), we have

/ T (o ) d gy < F(r/)" 42, (5.2)
Bgry(p.1")

where o ;= 4 — 2¢.

As this result follows directly from Theorem 5.1, we give a quick sketch here in an attempt
to make this article more self-contained.

Proof For o = 4 — 2¢, setd’ := 4 — ¢ and pick E’ and 1y as in Theorem 5.1. Similar to
the noncollapsing volume bound, the assumptions on our flow ensure a noninflation result,
meaning that for some constant K| = K (n, ig, ko, Ro) we have

e)(Bgy(p, 1)) < Kqr'" (5.3)

forallt € [tg, T), see e.g. [51]. The dependency of the constant K on the initial metric g(0)
is not explicitly related to ig and ko in [51], but it is shown that it depends only on the initial
F-entropy and initial Sobolev constants bounds, which can be both bounded in terms of ig
and ko as remarked by the same author in [52], see the remark after Theorem 1.1 there.

We can therefore estimate

1(r') = / Trm (@, 1) d g (q)
Bgy(p.1")

= o0
< 1dy+/ Kiy < (q,y)dy)du 0 (q)
/I;g(ﬂ(lﬁr’) ( /(-) (r')y—« { <~"Rm (q.0} &

= (") ugwy(Be(p, 1)) + /

()~

tey(q | Frm(q, 1) < y~V*}Y N By (p, 1)) dy

00
< ki) [y ey dy
()=
00
< Kl(r/)"74+25 —I—E/(r/)"74+6./‘ yfd’/otdy
(=
— F(r/)n—4+28

where F := K| + E's/a. Here, we have used (5.1) with s := y~!/% /s and the fact that the
very last integral is equal to (+')° - ¢ /a for the choices of d” and « as above. |

As alast ingredient for our results, we recall the following lemma, essentially due to Wang
[45], though our version resembles more the one from Bamler and Zhang [7], clarifying in
which terms the square root of the Riemann curvature controls the Ricci curvature on a flow
with bounded scalar curvature.

Lemma5.3 (Lemma 6.1 in [7]) Foranyn € N, Ry > 0, ig > 0 and ko > O, there exists a
constant C4 = Ca(n, Ro, io, ko), such that the following statement holds. Let (M", g(t))
be a closed Ricci flow defined on [0,T), T < 400 and satisfying inj(M, g(0)) > ip
and Ricg) > —(m — 1)kog(0). Suppose that for some (po,ty) € M x (0,T) and
ro € (0, min{R, "%, /1o, 1}) we have By (po, 7o) CC M. If IR| < n(n — 1)Ro and
IRm| < rO_2 on the backward cylinder P~ (po, to, ro) := Bg(1)(Po, ro) X (to — rg, tol, then
we have the bound |Ric(pg, ty)| < C4a0r(;l.
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As this result is essential for our applications of the local theory to bounded scalar curvature
Ricci flows, we recall the proof here, closely following the one given in [7].

Proof By parabolically rescaling the flow with factor r; 2 we may assume |[Rm| < 1 on the
cylinder P~ (po, o, 1) and |R| < A := n(n — 1)Ror§. We need to show the existence of
a constant D(n, Ry, ig, ko) such that |Ric(po, fo)| < DA, yielding the claim for C4 =
Dy/Ry//n —1.

Using Shi’s estimates we see that for universal constants {Cj;, },,en We have
IV"Rm| < C, onP~ (xo,1, 3). (5.4)

Notice that by our assumption, we have that P~ (xo, fg, ajro) CC M x (0, T), where a;
is the constant defined in Sect. 2. Arguing as in [7] we deduce the existence of a universal
constant b; < min{ay, 1/2} such that the map exp, : B(0,b;) C R" — M given by

the g(tg)—exponential map centered at pg is injective, and the pull-back Ricci flow g(r) :=
exp, &(t) definedon B(0, b1) x[1o —b%, to] inherits smooth bounds by (5.4), with the metrics
g(r) being 2-Lipschitz equivalent to the Euclidean metric for every ¢ € [fy — b%, to]. Note
that the bounds on the curvatures are preserved by the pull-back (up to universal constants).
From now on we will focus on the metrics g(¢), and drop the tilde to simplify the notation.
Fix a cut-off function ¢ € C§°(B(0, b1)) such that ¢ € [0, 1] and ¢ = 1 on B(0, b—‘). This
can be done in such a way that |d¢|, |92¢| < E; for some universal constant E;. Therefore,
for some other universal E; we have [Ag)¢| < Ez on B(0, by) x [ty — b%, to]. Testing the
evolution equation for the scalar curvature against ¢, and integrating by parts we obtain

3;/ R(, )¢ dugr) —/ 2|RiC(-,t)|2¢dMg(t)
B(0.b) B(0,b))

= ’ —/ R('J)2¢dug(z) +/ Agry RC, D@ d g (s
B(0,b1) B(0,b)

' —/ R(, )¢ dign) +f Agiy® R(, Dd g
B(0,by) B(0,by)

The inequality |[R| < A < n(n — 1)Rg implies for every ¢ € [ty — b2, 1] the non-inflating
property fLg(r) (B(0, b1)) < Kb} := E3zforsome K| = K (n, io, ko, Ro) by [51]. Moreover,
by the discussion above, the Laplace term is controlled, so we get the upper bound for the
right-hand side

‘ —/ R(, )% d g +/ Agiy@ R(, )dig(r)
B(0,b1) B(0,b1)
< E3A2 + E3ErA < (n(n — 1)RoE3 + E2E3)A =: E4A.

The constant E4 depends only on n, ig, ko and Rp. Integrating this inequality in time we
deduce

0]
IRl p o = [ [ Rt 0P diodr
t0—b? JB©.b1)
5/ IR, 20) ¢ divg (o)
B(0,by)

[RGB ity + B EiA
B(0,b1)

<2E3A + bIE4A =: EsA.
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Recall that the Ricci tensor solves the parabolic system
(8 + Ag() — 2Rm) Ric = 0, (5.5)

which can be interpreted as linear in Ric, with coefficients universally bounded in every C"
norm. Thus, the standard parabolic theory ensures the existence of a universal constant E¢
such that, once we set b, := b /4, we have

[Ric(0, 10)| < [IRiclloo,p-(0,6y) < EclIRicll2, p-(0,5,/2) < E6v EsA =: DVA, (5.6)

concluding the proof. O

The proof above shows that one can extend the Ricci bounds to the backward cylinder
P~ (po, to, baro) for a universal constant b € (0, 1). A backward-forward analogue of this
result would be more in line with the results in the rest of this paper and it is indeed also
possible. Nevertheless, in each case, the bound obtained is not strong enough to get the
desired estimate 71%10 2 TRrm, because this would require a Ricci bound on the (bigger) scale
/7o This issue comes directly from the proof as given above, since one can appeal to linear
parabolic regularity theory only on the scale rg. A proof of a global relation 71%0 > TrRm Would
have extremely interesting consequences, for example it would imply X; = ), but without
extra assumptions, it currently seems out of reach.

Here, we overcome this difficulty by considering only points where the Ricci curvature is
almost maximal or well behaved points as defined in the introduction, so that any bound on
the Ricci curvature that we find extends naturally to a bound on the Ricci scale.

Theorem 5.4 (Quadratic Scale Comparison at Certain Points) For anyn € N, T < 400,
Ry > 0, ig > 0 and kg > O there exists a constant a3 = az(n, Ry, ig, ko, T) such that the
Jollowing holds. Let (M", g(t)) be a closed Ricci flow defined on a finite time interval [0, T),
satisfying inj(M, g(0)) > ig and Ricg) > —(n — 1)kog(0). Assume that |R| < n(n —1)Ry
on M x [0, T). Then we deduce the two properties below.

(i) Let (po,ty) € M x (0, T) be such that % sup,,[Ric| (-, 1p) < |Ric|(po, t9) =: aoro_z. If

. o=1/2 ~ ~
ro < min{Ry /2, /10, 1}, we have 7, (po. 10) = asFrm (po. 10).

(ii) Let (po,ty) € Gsyy for some § € (0,1), where Gs = Gs,;, denotes the set of well
behaved points for some t| < to, see (1.19). Then if rric(po, to) < min{Ro_l/z, Vo, 1},
we have réic(po, to) > dazrrm(po, 1o)-

Proof The proof is essentially the same for both cases.

(i) Fix any such space-time point (pg, #p) with almost maximal Ricci curvature. From the def-
inition of the time-slice Ricci scale, itis clear that agFg;> (po, f0) > |Ric|(po, o) = aory -
Moreover, since pg has almost maximal Ricci curvature, |Ric|(-, o) < 2|Ric|(po, to)
everywhere and thus a()?l{icz (pos to) < 2|Ric|(po, to) = 2apr, 2, Together, we have

1o % < Trie(po. t0) < 2rg 2. (5.7)

By definition of the time-slice Riemann scale, we have |[Rm| < 71{5 (po, to) on the
ball Bg ) (po, 7rRm (o, 10)). The Backward Pseudolocality Theorem of Bamler-Zhang
(Theorem 1.5 in [7]) applied to the scale r; := Frm(po, 0) < TRic(po,t0) < ro <
V1o yields the existence of constants & and K (without loss of generality K < £72)
depending only on n, T, igp and kg such that we have |[Rm| < Krf2 < (er)"% on
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the backwards parabolic cylinder P~ (po, t, €r1). Using Lemma 5.3, we get a constant
C4 = Cy(n, Ry, ig, ko) such that aor(;2 = |Ric|(po, tp) < Caag(er)) L or equivalently

~ _ _ 2C4 _
rRif(Po, to) < 2r, 2 <2Cy(er) ! = - ar;(Po, 1o).

The conclusion now follows for a3 < ﬁ.

(i) Fix a well behaved point (pg, tp) € G;. Denoting again |Ric|(po, o) =: aoro_z, we
obtain the following analogue of equation (5.7)

ot < ree(post0) < 87 g% (5.8)

Since rrm(po, o) < rric(po,to) < min{Ro_l/z, 1o, 1}, and we have, in particular,
IRm| < rlzna( Po, to) on the (backwards) parabolic cylinder P~ (po, fo, '/Rm), W€ can

apply again Lemma 5.3 to conclude aoro_2 = |Ric|(po, to) < Caao(rrm(po, t0))~". This
means that

) I R -1
rrie(pos t) < 87y < 87 Cargin (Po, 10)),

and hence the conclusion for a3 < C%
O

Next, we prove the following integral Ricci curvature concentration result, which is the
time-slice analogue of Theorem 4.12.

Lemma 5.5 (Time-Slice Ricci Scale Integral Concentration) Let (M", g(t)) be a closed n-
dimensional Ricci flow defined on a finite time interval [0, T) with inj(M, g(0)) > io and
Ricgg) > —(n — 1)kog(0) for some constants ig, ko > 0. Assume there exists Ry < 00
such that |R| < n(n — 1)Ryon M x [0, T), and let « > % Then for any § € (0, %), there
exists Cs = Cs(n, Ry, T, ig, ko, o, 8) > O such that for any (po,ty) € M x [0, T) with
TRic(po, 10) < min{RO_]/z, T}, we can bound

/ 3 Pl dpg(ry) = Cs > 0. (5.9)
By (1) (P0,8TRic (P0,10))
Proof We first note that while the fixed time slice scales might not satisfy nice continuity
properties in time, their spatial continuity is well understood. In fact, for any ¢ € [0, T'), the
functions 7ry, (-, #) and TRic (-, t) are 1-Lipschitz continuous with respect to the metric dg@ry.
This is proven in the exact same way as the corresponding results for the parabolic scales
Rm (-, 1) and rRic(+, ) in Theorems 2.2 and 4.4.

A straightforward consequence of the Lipschitz continuity is the following local Harnack
type inequality: if (po, fo) € M x [0, T) is a point in a Ricci flow (say not identically Ricci
flat), then

3 PRic (P, 10) < TRic < 3 TRic(P0, 10), 0N By (Po. 3 TRic(Po, 10))- (5.10)

To prove the integral concentration of the time-slice Ricci scale near singular points let then
(po, fo) be a point satisfying the assumption of the lemma and set r := 7ric(po, o). From the
discussion following Definition 3.1, we have that g 1) (Bg (1) (0. 70)) > k18" 1y, where
k1 = k1(n, ig, ko, T, Rp). Moreover, we can use (5.10) to get Ric < %ro on By (1) (po, 8ro).
Then we easily compute

20—n

/B s )7R7icza dl/Lg(tO) > /qS”r(’)’(% ro)—2a > K15n(%)2a min {RO 2 1} =:Cs5 > 0.
2(19) (P0,0T0
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In the second inequality we have used n — 2« < 0. i

We are now ready to prove the non-existence of well-behaved singularities in dimensions
less than eight.

Proof of Theorem 1.11 Without loss of generality n > 4. Fix any #; € (0, T) and § € (0, 1).
Assume towards a contradiction that there exists a blow-up sequence (p;, t;) along which
ri = rric(pi,ti) — 0 and which is §-well behaved. By the Pseudolocality Proposition
3.2 in [6] we see that Fry, and rrp, are comparable for bounded scalar curvature Ricci
flows, that is, there exists a constant C = C(n, Ry, io, ko, T) such that C7ry, < rrm for all
points (p, t) with ¢ large enough. Together with Theorem 5.4, this implies in particular that
71%10 > rl%ic > Sazrrm > C8azrrm on the ball By, (pi, V8FRic(pi, 1;)) for i large enough
so that#; > 1;.

Since we have assumed that M is closed, the initial metric satisfies inj(M, g(0)) > ip and
Ricg ) > —(n — Dkog(0), for some ig > 0, ko > 0. We can then apply Corollary 5.2 with
& < 1/8 to obtain for every i and every r/ € (0, 1)

/ T ditgy < F ()" =412, (5.11)
By (i)

where o := 4 — 2¢ and F = F(n, Ro, io, ko, €). In order to apply Lemma 5.5, notice that
o > % if and only if n < 8. Choosing rl./ := /8r; we can employ Lemma 5.5, and together

with the inequality ?Rzic > C8aszrrm, We see that
~2
0<Cs = / TRie. ditg(n)
Bg(fi)(Pi”i/)

< (C303)7“/ PR dig(ir)
B (pinr))

< (C8az) “F(N/dr;)" 42,

It is sufficient to let i go to infinity to get the desired contradiction.

To prove the second statement in the theorem, assume that the flow cannot be extended
pasttime 7" and pick a point p € X. Then by Theorem 1.9 as well as Proposition 4.13, we see
that for every t; /' T, the sequence (p, t;) is a blow-up sequence, which is §-well behaved
because M = Gy, in contradiction with what we proved above. O

We have seen in Theorem 5.4 that a point p almost maximising the Ricci curvature is well
behaved. By Shi’s estimates, also points in a sufficiently small neighbourhood of p are almost
maximising, namely on a scale comparable to its Riemann scale. It would be interesting to
see which scale one can reach, considering that any improvement of this scale might be used
(with the same argument as above) to exclude the singularity formation in low dimensions.
Under the additional assumption of an injectivity radius bound as in (1.21), we are able to
reach a sufficiently large scale, as the following proof shows.

Proof of Corollary 1.12 We can again assume without loss of generality that n > 4. Sup-
pose towards a contradiction that the flow cannot be extended past time 7 < oco. Then by
Sesum’s result in [35], there exists a sequence (p;, t;) witht; /' T such that |Ric|(p;, t;) =
SUp s« [0.1,1IRic| — o00. Set r; := TRic(pi, ;). Notice that r; — 0.

For i large enough, due to the injectivity radius bound (1.21), we can apply Lemma 1
of Chen [13] (with T = t;) to obtain the existence of some 8 = B(«) > 0 such that
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[V Ric| < ﬂrl._3. Setting § = ﬁ, this yields
. . 1 .
[Ric|(q, t;) > = IRic|(pi, ti) = = sup|Ric|(-, ;)
2 2y

for all ¢ € Bg(;)(pi, dr;). For sufficiently large i so that r; < min{RJlﬂ, Vi, 1}, we can
thus apply Part i) of Theorem 5.4 to obtain ?}%ic (9. 1) = a3frm(q, t;) on By, (pi, 8ri). We
can therefore argue as in the proof of Theorem 1.11 to obtain the desired contradiction. O

We finish this article with a proofs of Theorem 1.13. It heavily relies on our localised
version of Sesum’s result from Theorem 1.9, as well as the fact that the Ricci curvature blows
up at least at a Type I rate at any singular point.

Proof of Theorem 1.13 First of gll, by Theorem 1.9, ¥ = Ric, By Corollay 4.8, we further-
more know that p € ¥ = > Ric if and only if rric(p, 1) < /T —t for all ¢. In particular,
for any t € [0, T) we know that ¥ C {p | rric(p,t) < «/T — t}. We therefore have the
inclusion

Ys=XNGs S{p|rric(p.1) <~vT —t}NGs (5.12)

for every ¢ € [0, T'). Pick #; sufficiently large, such that /T — ¢t < min{Ro_l/Q, J/t, 1} for
all t € [t1, T). We can then appeal to Part ii) of Theorem 5.4 to get the inclusions

{1 mRic(p, 1) < VT =1} Gs S {p | rrm(p, 1) < (a38)" (T =D} N Gy

By the Pseudolocality Proposition 3.2 in [6] we see that 7Ry, and rry are comparable for
bounded scalar curvature Ricci flows, that is, there exists a constant C = C(n, Ry, io, ko, T)
such that C7ryy < rrm for all points (p, ) with 7 € [r1, T). Hence, we see that

{p I rRic(p. 1) < VT =1} N G5 S {p | Frm(p. 1) < (Cazd) (T — 1)} N G5 (5.13)

forevery ¢ € [t1, T'). Increasing ¢ possibly even further, we can then also ensure that #; > tg

(where fq is the constant from Theorem 5.1) as well as s := 2(Ca38) " (T — ) < 1. This

allows us to apply Theorem 5.1 with this s < 1 and r := % < 1, yielding for any exponent

d' € (0,4) a constant E’ such that we obtain the upper bound for every ¢ € [t1, T)

l/«g(t)(zs N Bg(r) (p, %))
< ey | FRm(p, 1) < 57} N Boy(p, 1)) < E's?r" < EWT —1)*.

Here we have set E := E'24 (Ca38)~¢". We note that d = 2d’ € (0, 8). This concludes the
proof. |
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