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Abstract of the Dissertation

On the collapsing and convergence of Ricci flows and solitons
by
Shaosai Huang
Doctor of Philosophy
in

Mathematics

Stony Brook University

2018

Perelman’s no local collapsing theorem [/8] says that at a finite time singu-
larity of a Ricci flow on a fixed closed manifold, there will be no collapsing with
bounded curvature, and therefore the blow-up limit at the singular time — a gradi-
ent shrinking soliton — is non-collapsing. However, this may not be the situation
when considering a family of Ricci flows with collapsing initial data, and this is the
direction in which the current thesis explores. We present two results, of different
flavors: one concerning the existence of a weak limit — a metric space whose metric
is determined by the Ricci flows; the other on the regularity of the limit space.

Our first result is in general dimensions. We prove a distance distortion estimate
for a family of Ricci flows whose initial data may collapse in a controlled way,
generalizing a similar estimate of Bamler-Zhang [61], which, as the best known
result to date, requires uniform non-collapsing initial data.

The second result is in dimension four. We prove an e-regularity theorem for
complete non-compact gradient shrinking Ricci solitons, and establish a compact-
ness theorem in the generalized Cheeger-Gromov sense. This confirms a decade-
long conjecture of Cheeger-Tian [20].
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List of Notations
Throughout this paper the following notations are employed:

1. py € M denotes the base point of M; also use p? € M; for a sequence {M;}.

2. Rm,, Rc, and R, denote the Riemannian curvature, the Ricci curvature, and
the scalar curvature of a given Riemannian metric g, respectively. For the
sake of simplicity, we will write Rm, Rc and R when there is no confusion.

3. Forany E C M and r > 0, define
B(E,r):={xeM: dyeE, dx,y)<r}.
Forany £ € M and 0 < ry < r, define
A(E;r,n)={xeM:VyeE, dx,y)>r, and Az € E, d(x,z) < rp}.

Especially, B(x, r) is the geodesic ball of radius r around x € M and A(x; ry, 1)
is the geodesic annulus around x € M, with inner and outer radii specified by
ry and r, respectively.

4. Y(a,pB | a,b,c) will denote some positive function depending on «, 3,4, b, ¢
such that for any fixed a, b, c,

al,gilo Y(a,B|a,b,c) = 0.

Notice that the specific value of ¥ may change from line to line.

5. We will use bold-face letter to denote a vector in R, e.g. the origin is denoted
by 0 and a vector is denoted by v.
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Chapter 1

Introduction

1.1 Background

The study of Ricci flow starts from Richard Hamilton’s seminal paper [36] in 1982,
where he defines a Ricci flow on a closed Riemannian manifold (M, g) to be a family
of Riemannian metrics g(¢) on M satisfying the tensorial equation:

8,8(t) = —2Rcy (1.1)

with initial data g(0) = g. Hamilton first showed the short time existence and then
applied this flow to the study of 3-manifolds equipped with an initial metric of
non-netative and non-vanishing Ricci curvature. He has shown that strikingly, the
normalized Ricci flow, evolves any such metric on a 3-manifold to the round sphere.

The approach of deforming geometric quantities using a non-linear heat flow is
not new — before the invention of Ricci flows, there have been a large amount of
literatures in the study of harmonic map heat flow, and of the mean curvature flow.
The Ricci flow, as an intrinsic heat flow, is more difficult to study, but it looked
promising through the work of Hamilton: if one could remove the assumption on
the initial curvature, evolution of the normalized Ricci flow would lead to a resolu-
tion of the long-standing Poincaré conjecture for 3-manifolds.

A program toward solving the 3-dimensional Poincaré conjecture was indeed
initiated by Richard Hamilton, but as pointed out in [37/], a bottleneck is the pos-
sible collapsing with locally bounded curvature at finite time singularities of the
Ricci flow. About a decade later, Grisha Perelman made a breakthrough by ruling
out the above mentioned possibility in [[78], and consequently succeeded in proving
Thurston’s geometrization conjecture, having the Poincaré conjecture as an essen-
tial piece.

Major tools, introduced in [78]], that enable Perelman to prove his no local col-
lapsing theorem, are the 7 - and “W-functionals, which have the Ricci flow as their

1



gradient flow, and are thus monotone under the evolution of the Ricci flow. Perel-
man’s no local collapsing theorem enabled us to classify the finite time singularity
models of 3-dimensional Ricci flows, and perform surgeries to continue the Ricci
flow.

Besides the long-time existence issue, which is settled in many interesting cases,
e.g. Kihler Ricci flows starting from a nef metric, one would like to understand the
limiting behavior of immortal Ricci flows — remember, our ultimate goal is to
evolve the Riemannian metric along the Ricci flow to a canonical one.

The 3-dimensional picture is completed following Perelman’s work, see [77].
In contrast to the finite time singularities, collapsing may occur for the large-time
behavior. Therefore, it is necessary to investigate the collapsing phenomenon in the
setting of Ricci flows.

In general dimensions, the above mentioned goal is far from being reached; a
more realistic goal would be constructing and studying the limit of a sequence of
Ricci flows {(M, g;(1))}, with g;(¢) := g(t + t;) (or gi(t) := ti‘]g(t + t;) depending on
the scenario) as #; — oo.

This limit may not exist in the strongest sense, i.e. smooth convergence to a
smooth Ricci flow (compare [38]]), but a weak limit as a metric space may exist for
some sequences t; — oo.

This weak limit, once in existence, may also acquire a nicer structure, e.g. it
may be smooth away from a small set of singularities, since it is resulted from the
evolution of a Ricci flow.

In this thesis, we make efforts towards these directions, by proving a uniform
distance distortion estimate in any dimension, and then establishing an e-regularity
theorem for gradient shrinking Ricci solitons in dimension 4.

We emphasize again that a key difference between the finite time singularities
and the infinite time singularity is, as t — oo, the no local collapsing result fails to
hold in general. Therefore, a key feature of our results is that we have to deal with
the lack of a uniform volume ratio lower bound, which adds much more complexi-
ties into our study.

1.2 Distance distortion estimate

For a fixed Ricci flow, a fundamental question of Richard Hamilton (see Section 17
of [37]) is to obtain a uniform distance distortion estimate depending on a minimal
requirement of the space-time curvature bound. A natural and non-trivial condition
is to assume a uniform bound of the scalar curvature in space-time, as evidenced
by Kéhler-Ricci flows on Fano manifolds. The distance distortion problem in this
case is completely settled by Chen-Wang in [22], and again in [24] as an important



intermediate step towards their main result. The Kiher condition was then dropped
by Bamler-Zhang in [61]. See also the previous works of Richard Hamilton [37]],
Miles Simon [353] and Tian-Wang [54] for several important partial results. How-
ever, all these estimates, including the ones of Chen-Wang and Bamler-Zhang, rely
on the uniform lower bound of the initial u-entropy, a crucial condition that we will
relax in this note.

As a second motivation, in studying the uniform behavior of all Ricci flows, one
may have to encounter a family of Ricci flows without a uniform lower bound for
the initial pu-entropy. A very common situation is when the family of initial data
have their diameter uniformly bounded, but volume degenerating to 0, causing the
initial p-entropy to approach negative infinity. A natural question would then be
whether there is a limiting metric space whose metric evolves in a way determined
by the Ricci flows. Here we make efforts towards constructing such limiting metric
spaces by uniformlly estimating the distance distortion along the Ricci flows:

Theorem 1.2.1. Let (M, g(t)) be a complete Ricci flow solution on [0, T'| with initial
diameter Dy and initial volume V, and assume the following conditions:

1. (M, g(0)), as a closed Riemannian manifold, has its doubling constant uni-
formly bounded above by Cp, and its L*-Poincaré constant by Cp, and

2. the scalar curvature is uniformly bounded in space-time: sup o1 Rem| <
Co.

There exist two positive constants a = a(6 | Cp, Cp, Cy, Do, n, T) < 1 with

gﬁé a(@|Cp,Cp,Cy,Dy,n,T) =0,

and v = v(Cp, Cp, Cy,n) < 1, such that whenever VD" < vw,, for fixed t € [0,T]
and r € (0, V1), if we set 0 := min{1, r/ Dy}, then

2

Vx,y € M with dy,(x,y)>r, and Vse€ (t—ar ,mn{T,t+ ar?)),

we have

W(O)dyi(x,y) < dygi(x,y) < @(O) dygin(x, ). (1.2)

Remark 1.2.2. The requirement that VD" < vw, indicates that the initial data
is volume collapsing with bounded diameter. Notice that with w, being the vol-
ume of the n-dimensional Euclidean unit ball, vw, is a dimensional constant only
depending on Cp,Cp and C,.



In the statement of the theorem, @ refers to the relative size of the scale on which
we consider distance distortion compared to the initial diameter, and @ ~ GBre=07",
The bound @ becomes worse as the scale on which we observe becomes smaller
compared to the initial diameter.

This is reasonable, as demonstrated in the case of collapsing initial data with
bounded curvature and diameter: there will be no uniform estimate of the dis-
tance distortion in the fiber directions. However, we notice that such estimate is
not needed for providing a rough metric structure on the collapsing limit, since
eventually it is the estimates in the base directions that we will need. Therefore,
regardless of how small the relative scale we are considering, a uniform estimate,
even though depending on such scale, is indeed what we need.

The previous distance distortion estimates are based on the estimates of the
volume ratio change along the Ricci flow: with uniformly bounded scalar curvature
and initial entropy, the volume ratio at a point can neither suddenly decrease (no
local collapsing theorem of Perelman [78]]), nor suddenly increase (non-inflation
property due to Chen-Wang [67]] and Qi S. Zhang [85]]). Discretizing the geodesic
distance by the number of fix-sized geodesic balls that suitably cover the minimal
geodesic, these non-collapsing and non-inflation properties together provide the
desired control of the distance distortion. This type of “ball containment” argument
is succinctly discribed in the third section of Chen-Wang [235].

In order to obtain uniform estimates of the change of volume ratio along the
Ricci flow, in the Kidhler case Chen-Wang [24] studied the Bergman kernel, while
in the Riemannian case, Bamler-Zhang [61]] relies on Qi S. Zhang’s heat kernel
estimates in [85]].

Our theorem is proven along the same paths that lead to such estimates. How-
ever, we need to start from scratch: underlying the estimates of the heat kernel, a
corner stone is the expression of the log-Sobolev constant in terms of the initial
u-entropy (see [81] and [83]]), which, in the current note, will be replaced by a
renormalized version involving the initial global volume ratio VD;".

Heuristically speaking, collapsing is a geometric phenomenon, while the be-
havior of the heat kernel (which reflects the volume ratio) is analytic in nature.
The monotonicity of Perelman’s functionals along the Ricci flow is another in-
stance where a geometric deformation bears an analytic meaning. A basic principle
in dealing with the analytic information associated with collapsing, especially the
Dirichlet energy and related objects, is making a correct renormalization. This was
first noticed by Kenji Fukaya [72] in the setting of collapsing with bounded cur-
vature and diameter, and then strengthened through a series of work by Cheeger-
Colding (see [64], [63], [65] and [66]) to the case with only Ricci curvature lower
bound.

Another motivation of proving this estimate is therefore to demonstrate the ne-
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cessity of the above renormalization principle in the setting of Ricci flows with col-
lapsing initial data: the initial collapsing is a geometric phenomenon, yet in order
to obtain the distance distortion estimate, we need to control the analytic quantities
— the heat kernel bounds — which could only be made possible through a correct
renormalization.

We now outline the series of estimates of the renormalized quantities that lead
to the uniform distance distortion estimate. We emphasize that these inequalities
are invariant under the parabolic rescaling of the Ricci flow, a crucial point for
them to work in a geometric setting. Also notice that the constants involved are
determined by Cp, Cp, Cy, Dy, n, but we only write explicitly their dependence on
T. Our starting point is a renormalized L>-Sobolev inequality (see [1]] and [79]):

n=2
n

Vu e H'(M, g(0)), ( f us dVg«») < Cs(VDy') f VuP + D3 AV,
M M

(1.3)

where D, is the initial diameter and V := f L, 1 AV is the initial volume.
Following classical arguments and the definition of the ‘W-functional, this gives
a lower bound of the initial entropy (3.3)): for any 7 > 0,

11((0),7) > log VD" — (CoDR + Dy?)t — g log(8nmeCy).

Here we would like to raise the readers’ attention that it is not just the initial total
volume V/, but the initial global volume ratio VD;", that controls the lower bound of
the entropy. This quantity not only technically makes the inequality scaling-correct,
but also conceptually reveals the meaning of collapsing initial data — volume col-
lapsing with bounded diameter.

Following Perelman’s classical argument [[/8], we could deduce the lower bound
of the renormalized volume ratio (see Proposition: there is a uniform Cj,(T) >

0, such that
Vt € (0,T], Yre (0, Vil, (VDy") '|Bi(x,r)| = Cyp(T)r".

Here we start seeing the effect of the correct renormalization: even if the volume
ratio fails to have a uniform lower bound, once renormalized by (VDa”)‘l, it is
indeed bounded below by Cj,(T).

Further exploring the definition and monotonicity of the ‘W-functional, and fol-
lowing Qi S. Zhang’s application [85] of the method of Edward Davies [70], we
obtain the following rough upper bound of the renormalized heat kernel (see Propo-
sition [3.3.1): there is a uniform C;,(T) > 0 such that

Vi€ (0,T], Vs € (0,1), Vx,y € M, VDy"G(x,s:y,1) < Ci(T)(t — s)"2.



For the definition of G(x, s;y, f) see Subsection 2.3. Here we see the duality between
the heat and the volume of a Riemannian manifold. Intuitively, the collapsing is an
intrinsic geometric procedure, and it should not cause the addition or loss of the
total heat. Therefore, if the global volume ratio behavies like VD" — 0, then the
heat density should in general behave like (VD(;”)‘1 — 00,

Up to this stage it is basically just the interplay between the Sobolev inequality
and the ‘W-functional: purely analytic in nature. In order to estimate the distance
distortion, we still need a lower bound of the renormalized heat kernel. The origi-
nal argument of Chen-Wang [67]] and Qi S. Zhang [85]], however, will not give us
the desired bound: their argument, based on the estimate of the reduced length of
a space-constant curve at the base point of the heat kernel, is valid regardless of
scales; but in our setting there is a drastic difference between the very small scales,
which resemble the locally n-dimensional Euclidean property of the manifold, and
the large scales, on which the collapsing to a lower dimensional space is observed.

We will overcome this difficulty by obtaining a positive-time diameter bound in
terms of the initial diameter, and stick to our principle of keeping the heat-volume
duality. The following diameter bound is deduced following an argument of Peter
Topping in [80] (see Proposition [3.2.4): there exists a uniform constant Cjgn > 0
such that if the initial global volume ratio is sufficiently small, i.e. VD" < vw, for
some uniform v € (0, 1], then

Vte (0,T], diam(M,g(t)) < Cuiame’“* Dy.

This diameter bound is of great technical importance for us, since we will soon use
it to deduce an on-diagonal lower bound of the renormalized heat kernel. Concep-
tually, this bound tells that scales that are comparable to the initial diameter, remain
comparable to the diameter at a positive time, up to a uniform factor depending on
the time elapsed.

With the help of the diameter bound above, we have the following lower bound
of the renormalized heat kernel (see Lemma|[3.3.2): there exists a uniform constant
C(T) > 0 and a positive function ¥(8 | T) with limg_,o ¥(6 | T) = 0, such that if
VD" < vw,,

Vi€ (0,T], Vs € (0,0, Vxe M, VD;'G(x,s;x,t) > Cpp(T)¥O(s) T)(t - )2

Here we see that the effect of scales enters into the picture via the factor W(6 | T):
for any ¢ € (0, 7] and any s € (0, 1), 6(s) := Vt — s/Dy is the ratio of the (parabolic)
scale under consideration compared to the initial diameter; when the scale that we
observe approaches 0, relative to the initial diameter, then the lower bound of the
renormalized heat kernel will also approach 0. (Rigorously speaking, we actually
have 8 = vt — s/ diam(M, g(¢)) in our mind, but the diameter bound above allows us
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to compare r directly with D, making the definition more canonical.) This estimate
naturally leads to a Gaussian type lower bound of the renormalized heat kernel, as
well as the non-inflation property of the renormalized volume ratio.

The bounds of the renormalized heat kernel, together with the previous lower
bound of the renormalized volume ratio, are enough to prove the desired distance
distortion estimate, in view of the arguments in proving Theorem 1.1 of [61].

1.3 &-Regularity for 4-D Ricci shrinkers

A four dimensional gradient shrinking Ricci soliton (a.k.a. 4-D Ricci shrinker) is a
four dimensional Riemannian manifold (M*, g) equipped with a potential function
f satisfying the defining equation (with a fixed scaling)

1
Re,+ V2 = 3, (1.4)

where Rc, denotes the Ricci curvature of the Riemannian metric g.

We intend to study uniform behaviors of complete non-compact 4-d Ricci shrinkers
through their moduli spaces, whose compactification is of foundamental impor-
tance. Poineered by the work of Cao-Sesum [J5], Xi Zhang [59]], Brian Weber [56],
Chen-Wang [22] and Zhenlei Zhang [60]] in this direction, the most satisfactory
compactness results to date, obtained by Robert Haslhofer and Reto Miiller (né
Buzano) [39] [40], assume a uniform entropy lower bound. In fact, Bing Wang has
conjectured that a 4-d Ricci shrinker should have an a priori entropy lower bound,
depending solely on some topological restrictions. To verify this, however, we need
to study the degeneration of the metrics along sequences of 4-d Ricci shrinkers
without uniform entropy lower bound, and then use contradiction arguments to rule
out the potential occurrence of such a situation. (For the relation between entropy
lower bound and no local collapsing property, see [78] and [/7].)

The obvious analogy between Ricci solitons and Einstein manifolds brings us
the foundational work of Cheeger-Tian [20], which, built on Anderson’s e-regularity
with respect to collapsing [[1], obtains a new e-regularity theorem for any four di-
mensional Einstein manifolds. Cheeger-Tian conjectured (in Section 11 of [20])
that a similar result should hold for four dimensional Ricci solitons, moreover:

“Of particular interest is the case of shrinking Ricci solitons.”

Our first theorem confirms their conjecture for 4-D Ricci shrinkers:

Theorem 1.3.1 (s-regularity for 4-D Ricci shrinkers). Let (M*, g, ) be a complete
non-compact four dimensional shriking Ricci soliton and fix R > 0. Then there
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existsrg > 0, eg > 0and Cg > 0, such that for any r € (0, rg) and B(p, r) C B(po, R),
the weighted local L?-curvature control

f |Rm,|* e/dV, < eg
B(p.r)

implies the local boundedness of curvature

sup [Rm,| < Cp r 2.
B(p.37r)

Here p, € M is a minimum point of f, see Lemma[2.2.2]for more details.

In order to further motivate our theorem, we notice that Cheeger-Tian’s e-regularity
theorem could be viewed as a non-trivial localization of the fact that for a closed
four dimensional Einstein manifold (M, g), its Euler characteristic can be computed
as

1
X(M):g fM |Rm,|* dV,.

If ||[Rmyll12(ar) 1s sufficiently small, then the integrity of y(M) will force y(M) = 0,
whence the flatness of (M, g).
Similarly, on a closed four dimensional Ricci soliton (M, g, f), we have

1 0
X0 = o [ (R = Re) v,

where f%cg is the traceless Ricci tensor. Now if ||Rmyl|;2a) < 7, as |7°€cg|2 < ZIngIZ,
we must have —1 < y(M) < 1, and thus y(M) = 0. It follows that (M, g, f) must
be a steady or an expanding Ricci soliton: otherwise, were (M, g, f) a 4-D Ricci
shrinker, 7;(M) must be finite by [57], leading to (M) > 2 that contradicts the
vanishing of y(M). But a closed steady or expanding four dimensional Ricci soliton
must be Einstein, so [Re| < [V2f] = 0 by , and IInglliz(M) = 87 ¢(M) = 0,
which means that (M, g) must be flat.

So our e-regularity theorem for 4-D Ricci shrinkers is a localization of the above
rigidity of closed four dimensional Ricci solitons, and particularly suits the study of
non-compact ones. Notice however, as pointed out in [39], that “most interesting
singularity models are non-compact, the cylinder being the most basic example”.

We also need to notice that the dependence of the constants in our e-regularity
theorem is a new feature caused by the presence of the potential function: the al-
lowence of the existence of non-compact Ricci shrinkers — in fact, they strongly
resemble positive Einstein manifolds, which are compact, scaling rigid, and which,
may only admit families of metrics that are either collapsing everywhere, or else

8



nowhere. Similar phenomenon occuring for geodesic balls of fixed size centered at
the base point in a non-compact 4-D Ricci shrinker, our e-regularity theorem only
applies within a fixed distance from the base point. Moreover, in our future presen-
tations, we will fix such a distance and do not elaborate on writing down scaling
invariant formulae.

The proof of Theorem [1.3.1| is based on the recent advances in the study of
shrinking Ricci solitons, and the comparison geometry of Bakry-Emery Ricci cur-
vature lower bound (see, among others, [39] [40], [4], [21], [45], [47], [S7] and [S8]],
etc.). Here we briefly outline the proof of Theorem|[I.3.1] which follows the strategy
of Cheeger-Tian [20] in the Einstein case. We will indicate the necessary improve-
ments in order to deal with the lack of the Einstein’s equation.

Starting point

Our starting point is a 4-D Ricci shrinker version of Anderson’s e-regularity with re-
spect to collapsing [1]], see Proposition [2.4.6] For any r < 1 and B(p, r) € B(p, R),
let the renormalized energy of B(p, r) be defined as (see Definition [2.4.7/)

(. f) = Ar(r)
Rm(p f) :uf(B(pa I’)) B(p,r)

where dy; := e/dV, and we will denote p(U) = fU 1 duy for any U c M. We no-
tice that it is continuously increasing in r. Anderson’s theorem asserts the existence
of positive constants £4(R) and C4(R), such that

(Rml? duy.

Fo(p1) < ea® = sup Rl < Cal®) 1L, ().

’2
However, the input of our e-regularity theorem seems to be quite far from fulfill-
ing the smallness of Ilﬂ;ml(p, r) required by this theorem: when collapsing happens,
the smallness of the energy fB(W) |[Rm|* du; may be caused by the smallness of
1r(B(p,r)). This difficulty is overcome in two steps: firstly the key estimate guar-
antees a uniform bound of Iléml(p,Zr) from the smallness of fB(p’r) |Rm|* duy, as
assumed in Theorem [I.3.1} then the fast decay proposition guarantees that after
a definite number, say jr times, of bisecting the given scale r, I|§€m|(p’2l_er) is
small enough so that Anderson’s theorem applies. Throughout the introduction we
will let B(U, s) denote the s-tubular neighborhood around any set U C M, and
A(U;s,r) = B(U,nH\B(U, s) forr > s > 0.

Key estimate

The key estimate (Proposition |4.4.5]) follows from an interation argument, in each
step of which, the energy over a domain U is roughly bounded by the %—power of

9



the energy on some s-tubular neighborhood of U, with some carefully chosen small
s € (0,r):

2 4 57 2 :
fUl‘le dus < C(R) us(B(U, s)){s +(,u—f(B(U, ) ‘fB(U,S) |Rm| d,uf) ], (1.5)

see also the estimates (.23)) and (4.24). Now we briefly explain how to obtain this
estimate.

If U is collapsing with locally bounded curvature (see Definitiond.1.10)), Cheeger-
Tian proved in Section 2 of [20] that a slightly larger neighborhood U’ of U acquires
a nilpotent structure, which implies the vanishing of the Euler characteristic of U’:

0= x(U) = fsz + | T, (1.6)
v

ou’

For 4-D Ricci shrinkers, 87°P, = (|Rm[> - [V2fI?) dV, since Re, = V2f by the
defining equation (I.4); and 7%, is a three form on U’ with coefficients deter-
mined by Rm,|syr and 11y, the second fundamental form of 0U’, see . The
integral of |[Rm|>—|V2f|? over U’, using (1.6)), is then pushed to the boundary integral
Jop TPy

The control of fa o TPy relies on the equivariant good chopping theorem, (stated
and used in Theorem 3.1 of [20], also see Appendix A for a detailed proof,) which
enables us to choose U’ so that U’ is saturated by the nilpotent structure, and es-
sentially bounds |I1;y/| by [Rmlz. It follows that [7®, ] is then controlled by [Rm|?,
which, via lb improves the integration of |Rm|?> over U’ to integrating |Rm|% over
0U’. Averaging on a tubular neighborhood of AU and using a maximal function ar-
gument, Cheeger-Tian then obtained:

f X
ou
(1.;)

Invoking , we obtain a control of ﬁ] [Rm|* — [V2f|> du; by the right-hand side
of the above estimate, since du is comparable to dV, in B(py, R) in a uniform way.

In the Einstein case, since [V2f] = 0, the above dominating term on the right-
hand side suffices to provide the desired control of fU |Rm|* dy in (1.5). For 4-D

Ricci shrinkers, however, [V2f]? does not vanish and the control of fU IV2F1? duy
relies on the gradient estimate |Vf| < R/2 + \2 (see Lemma [2.2.3)), as well as

EN[R)

. -4 | s> 2
< C(R)us(AU;0, 5)) [s + (/Jf(A(U; 0.5) L(U;js,is) |Rm| dVg)

[SSTEN
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Cheeger-Colding’s cut-off function (see Lemma|2.3.3):

fU IV fP duy < C(R) up(B(U, 5)) 572, (1.8)

see Lemma When s > 0 is very small, the right-hand side of this estimate

is dominated by p(B(U, s)) s™, so replacing u(A(U; 0, s)) by u(B(U, s)) in (1.7),
we could obtain the desired energy estimate (I.5]) for the iteration argument.

Fast decay

The fast decay proposition (Proposition 4.4.7) asserts the existence of some gap
ng € (0, 1), such that if the energy fB(p 5 |Rm|* du ¢ and volume u¢(B(p, r)) of a ball
B(p, r) is sufficiently small, then

I, (p.r/2) < (1=mp) I, (p. 7).

This is proved by a contradiction argument. Suppose on the contrary, for posi-
tive n — 0, there are counterexamples B(p, r) C B(py, R) of vanishing us-volume
urB(p,r) — 0 and

L (p.r/2) > (1 =) 1, (p, 1),

we could use volume comparison to see that A(p;r/2,r) is an almost u¢-volume
annulus (.40). By the theory of Cheeger-Colding (Lemma|2.3.4), this property im-
plies that a slightly smaller annular region in A(p; r/2, r) is an almost metric cone,
whose radial distance approximated by some smooth function iz. The approxima-
tion is in the C%-sense, as well as the average H>-sense, see — (@.43).

Moreover, the key estimate implies the almost vanishing (4.38)) and regularity
(@.39) of the curvature on the annulus A(p; r/2,r), and all derivative controls of i,
see (4.44).

Let W = B(x,3r/2) U ii"'(r/2, a) for some regular value a € (3r/4,r) of ii. On
the one hand, fw |[Rm|* dV is positive but very small (as assumed by the e-regularity
theorem), say

1
0 < fllez dv, < —;
W 4

on the other hand, W = ii~!(a) smoothly approximates the outer boundary of an
annulus A, in a flat cone. Intuitively, since the cone is flat, we know that the sec-
ond fundamental form of its outer boundary, /1, 4_, is positive, and its boundary
Gauss-Bonnet-Chern term |7, |sa..| = 1. Thus the smoothness of the approxima-
tion i '(a) — 8,A. together with the vanishing of curvature will imply the

11



positivity of coeflicients of 7P, low = T P, la-1), and the collapsing implies the
smallness of its integral, say

1
O<f TP, < —. (1.9)
ow 4

In this way, for Einstein manifolds, we have obtained a smooth bounded domain W
whose Euler characteristic y(W) satisfies

1 1

This is impossible.

More specifically, in the Einstein case, Cheeger-Tian appealed to the theory
of Cheeger-Colding-Tian (see Theorem 3.7 of [13]]), which controls the average
error [[1;-1,) — 15,4, | on the level set ii'(a), see (8.14) — (8.19) of [20]. This was
implemented by lifting to a local covering, which is non-collapsing, and where,
since and are estimates of the average, similar estimates and

@33) hold.

In the case of 4-D Ricci shrinkers, the control of fW |Rm|* dps does not impose a

control of fW P, directly, due to the presence of the term Wz fI>. However, we could

further assume Iqu;ml(p, r/2) > €4(R), since otherwise there is no need of proving the

proposition. This assumption gives us a lower bound of fW |Rm|* du, proportional
to iy(B(p, r)) r~*. On the other hand, recall that we have the estimate of V2 £,
with s = 4 and U = B(p, r). Thus whenever r is sufficiently small, fW IV2f? duy is
dominated by the energy fW |Rm|* duy, so

1 2 52 12
0<@fw|7zm| — V2] dvg:fWPX.

This mainly accounts for the bound of scale rg in the statement of Theorem [I.3.1]
The small upper bound of fW P, follows easily from the assumption of the &-
regularity theorem.

In controlling the boundary Gauss-Bonnet-Chern integral faW T%P,, we notice
that the theory of Cheeger-Colding-Tian [[13]] is not available for 4-D Ricci shrinkers.
(Though we expect a version of this theory to hold in the case of Bakry-Emery Ricci
curvature bounded below.) We turn to the regularity (4.44) of &: we could find a
fine enough net {x;} in a slightly smaller annulus contained in A(p; r/2, ), such that
at each point of the net we have

1
Ll (x7) > 513,

12



where /3 is the 3 X 3-identity matrix; by the regularity of i (4.44)) and the closeness
of points in the net, we could then obtain a bound

1
VYa € (0.77’,0.87‘), Ilag—l(a) > Z L.

This, together with the vanishing of the curvature (4.38)), give the desired point-wise
positivity and upper bound of coefficients of 7P, |sz-1(4), for any a € (0.7r,0.8r). In-
tegrating over dii"'(a) (for some a € (0.7r,0.8r)) and using the volume collapsing

of 0ii™'(a), we could obtain the desired bound (1.9), see (4.57) — (4.62)), thus con-
cluding the proof of the fast decay proposition.

Our e-regularity theorem sees a few applications in understanding the moduli
space of complete non-compact 4-D Ricci shrinkers. Our second theorem is in this
direction:

Theorem 1.3.2. Let (M,, g, f), be a sequence of complete non-compact 4-D Ricci
shrinkers with Ry, < § and |y(M;)| < E, then there exist positive numbers R = R(S)
and J = J(E, S) together with the following data:

1. a subsequence, still denoted by (M;, g, [,
2. marked points {p},--- , p/} ¢ B(p?,R) with J < J, and
3. alength space (X, d..) with marked points {x.,,--- , x_},

such that (M;, g, ;.- -+ ,p}) = (X,dw, XL, ,x1) in the sense of strong multi-
pointed Gromov-Hausdorff convergence.

Here we notice that f has a global minimum point p, (see [6] and [39]), which
will be our designated base point. For more details about the “strong multi-pointed
Gromov-Hausdorff convergence”, see Definition Notice that once we are
given a global upper bound of scalar curvature, then as we will show later, y(M) is
a finite number, so our consideration is well-posed. The condition on bounded Euler
characteristic is topological in nature, while the assumption on the scalar curvature,
although being natural in the Kdhler setting, is technical and we hope to remove in
our future work.

13



Chapter 2

Preliminaries

2.1 Ricci flow

2.1.1 Heat equation solutions coupled with the Ricci flow

In this subsection we collect some point-wise estimates of heat equation solutions
coupled with the Ricci flow. For any x,y € M and 0 < s <t < T, we will let
G(x, s;y,t) denote the heat kernel coupled with the Ricci flow based at (x, ), i.e.
fixing (x, s) € M x [0, T), we have

(0; — Agy)G(x, 53—,—) = 0, and 1iPlG(X, §5=,=) = O(xs)» 2.1)
tls

where d, ) 1s the space-time Dirac delta function at (x, s) € M X[0, T). On the other
hand, fixing (y,t) € M x (0, T) and setting (x, s) free, this same function satisfies

(as + Ag(s) + Rg(s))G(_, =Y t) = 0’ and I%Tr? G(_’ =Y, t) = 6(y,t)’ (22)

ie. G(—,—;y,t) is the conjugate heat kernel coupled with the Ricci flow based at
o, 0.

Our heat kernel lower bound of Gaussian type will be base on the following key
gradient estimate due to Qi S. Zhang, see Theorem 3.3 in [82]:

Proposition 2.1.1 (Gradient estimate). Let (M, g(t)) be a Ricci flow on a complete
n-manifold M over time [0, T) and let u € C*(M x [0, T)) be a positive solution to
the heat equation (0, — A)u = 0, u(-,0) = ug coupled with the Ricci flow. Then there
is a constant B < oo depending only on n, such that ifu < a on M X [0, T] for some
constant a > 0, then ¥(x,t) € M x (0,T],

]
[Vu|(x, 1) 1 a
u(x, t) =\7 Vlog u(x, 1)’ -

14




Note that this inequality also reads

‘V, /10g a
u
for any (x,1) € M x (0, T].

Now for any fixed (x, t)) € M X[O0, T), let G(x, ty; —, —) be the coupled heat kernel
described above. Viewing u(y, s) = G(x, fo;y, s) as a coupled heat equation solution
on M X [%, t], and integrating the above inequality along minimal geodesics, we
could get a Harnack inequality for heat equation solutions coupled with the Ricci

flow, also see inequality (3.44) of [82]:

(x,1) < L\/—t

Corollary 2.1.2. We have ¥(y,1),(y',t) € M X (ty, T],

2 1 ’ N2 (4
G(x,tg;y,1) < H(n)( sup G(x,to;—,—)) G(x, to; ), )z MU0/ =0)
MX[(tg+1)/2,t]

2.4
where H(n) and H'(n) are dimensional constants.

In order to estimate the distance distortion we also need a time derivative bound
of the coupled heat kernel. This is achieved by the following estimate, which is
Lemma 3.1(a) in [61]]:

Proposition 2.1.3. Let (M, g(t)) be a Ricci flow on a closed n-manifold M over
time [0,T] and let u € C*(M X [0,T]) be a positive solution to the heat equation
@, — AMu = 0, u(-,0) = ug coupled with the Ricci flow. Then there is a constant
B < oo depending only on n, such that if u < a on M X [0, T] for some constant
a>0,then¥Y(x,t) e M x(0,T],

[Vu? - aR) (x,1) < aBt(n).

(IAuI +

Again, setting u(y,t) = G(x,t9;y,t) for t > ty, and considering it as a coupled

heat equation solution on M X (5%, 1), we immediately obtain

IV,G(x, to; y, 1)|*
G(x,t9;y,1)

10:G(x, 10y, D] +

(2.5)
B(n)
< sup  G(x,t0;—, =) [Ren(x, 05y, 1) +

MX[(tg+1)/2,] 13
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2.1.2 Perelman’s W-functional

As mentioned in the introduction, the monotonicity of Perelman’s “W-functional
along the Ricci flow is an instance where a geometric deformation bears an analytic
meaning. This connection is the foundation of the current note. We now recall
Perelman’s ‘W-functional [78]): for any 7 € (0,T], any v* € CY(M, g(?)) and any
7> 0,

Wigd V1) = f

1
T (4|Vv|2 + Rg@vz) - log v —n (1 + > log(4m')) vzdvg@.
M

(2.6)

If we require fM V2 dV,5 = 1, let T solve 7/(7) = —1, and let u(z) solve the conjugate
heat equation along the Ricci flow: (9; + A — R)u = 0 with the prescribed final data
u(?) := v*, then we have the monotone increasing property of the ‘W-functional:

d
3 We®,u,7) 2 0.
The p-entropy is defined as
(g, 7) == inf  W(gn),», 1),

[y v Ve =1
and letting the data varying similarly as in the “W-functional, we also obtain the
monotone increasing property of the u-entropy.

A major difficulty blocking Hamilton’s program in solving the Poincaré con-
jecture via the Ricci flow approach lies in the understanding of the finite time sin-
gularities under the evolution of Ricci flows, the core problem of which being the
possible collapsing with bounded curvature at small scales. Perelman’s first ma-
jor contribution in this direction is therefore his celebrated “No local collapsing
theorem”, which rules out the possibility of volume degeneration under bounded
curvature, when approaching a singular time (finite!) slice. Perelman’s main tool is
the monotonicity of the ‘W-functional, which proves even stronger statements than
just locally volume non-collapsing with respect to the full curvature bound — the
volme ratio is in fact bounded in terms of a scalar curvature upper bound!

Here we present Perelman’s no local collapsing theorem:

Theorem 2.1.4 (No local collapsing). Let (M, g(t)) be a Ricci flow solution on
[0,T). Assume that the scalar curvature is uniformly bounded from above by C
in space-time, then there is a constant Cy(T) depending only on u(g(T),0) such
that for any time t € [0, T) and any scale r such that r? € (0,1],
1By (x, 1)l
rn

> Cy(T). 2.7)
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2.2 Gradient shrinking Ricci soliton

Given a 4-D Ricci shrinker (M, g, f), in this section we record those properties
needed later in the thesis. The results, except for the equations concerning the
Euler characteristic, are valid in general dimensions, but we present them in the
four dimensional setting for the sake of simplicity. A good overall reference on
topics covered here is Huai-Dong Cao’s Lecture notes [4].

2.2.1 Equations of the potential

We start with taking trace of the defining equation (1.4) to get
R+Af=2. (2.8)

We also notice the fundamental observation due to Hamilton [37]] states that the
quantity R + |Vf]*> — f is a constant on M, and in this paper we will make the
following normalization for the potential function:

R+I|VfP* = f. (2.9)

Subtracting (2.9) from (2.8), we will get an elliptic equation of f that does not
involve any curvature term:

Af-|VfP=2-F. (2.10)

This equation is of fundamental importance for our argument to obtain various es-
timates in later sections, since it gives a the Weitzenbock formula of f:

NIVFE = 2V fP -V fT, (2.11)
where the drifted Laplacian A/ := A — Vf -V, and we used the defining equa-
tion (1.4), the elliptic equation (2.10), together with the equality V|Vf|* - Vf =
2V2F(VE V1),

2.2.2 Equations of the curvature

On the other hand, the curvature satisfies the following elliptic equations (see [50]):

AR-Vf-VR = R-2|Rc|, (2.12)
ARc —Vf-VRc = Re —2Rm * Re, and (2.13)
ARm —Vf-VRm = Rm + Rm = Rm. (2.14)

By the maximum principle applied to (2.12), it was observed in [21]:
Lemma 2.2.1. R > 0 unless (M, g) is flat.

Also see [43]] for a uniform lower bound only depending on the entropy.
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2.2.3 Equations of the Euler characteristic

Moreover, on the topological side, the 4-Dimensional Riemannian manifold (M, g)
has the localized Euler characteristic of any open subset U C M expressed as

X(U):fPX+f TP, (2.15)
U ou

provided that the integrals are defined. Here the Pfaffian 4-form #, is given by

2

1 1o 2 R 1 on 12
|(W|2—§|72c| +2—)dVg:Q(IRmI2—|V2f| )dVg, (2.16)

P ge

4
where W is the Weyl tensor of Rm, V2 f=Vf - %fg is the traceless Hessian
of f, and we have used the defining equation (1.4) in the second equality. For
the boundary 3-form 7%, if we denote the area form of AU by do, and let {e;}
(i = 1,2,3) be an orthonormal local frame tangent to U diagonalizing its second
fundamental form /75, then we have

1
TPX = 4—7‘_2 (2k1k2k3 - k17(23 - k27(13 - k37(12) dO', (217)

where for i, j = 1,2,3, K;; = Rm(e;, e}, ej,¢;) is the sectional curvature along the
tangent plane spanned by e¢; and e}, and k; = I15y(e;, e;) is the principal curvature of
oU, see [39].

2.2.4 Potential and volume growth

The potential function f obeys a very nice growth control by distance function both
from below and above. This was first proved by Cao-Zhou [6]. Here, we shall need
the improved version by Haslhofer-Miiller [39]:

Lemma 2.2.2 (Potential growth). Let (M, g, f) be a 4-D Ricci shrinker such that the
normalization condition is satisfied. Then there exists a point py € M where f
attains its infimum and

2

Vx € M, %(max{d(x) 20,01 < f(x) < %(d(x) +2 \/5) (2.18)

where d(x) := d(x, pg). Moreover, all minimum points of f is contained in the
geodesic ball B (po, 10 +2 \/E)

From the normalization (2.9), the non-negativity of scalar curvature Lemma
and the above growth control of potential (2.18)), we have the following gradient es-
timate:
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Lemma 2.2.3 (Gradient estimate for potential). Let (M, g, f) be a 4-D Ricci shrinker
such that the normalization condition (2.9) is satisfied, then

IVf] < g + V2. (2.19)

Moreover, the following control of volume growth is discovered by [6] and [46]:

Lemma 2.2.4 (Volume growth). Let (M, g, f) be a complete non-compact 4-D Ricci
shrinker, then there exists some constant Ccyz > 0, such that Vr > 10,

Vol (B(po, 1)) < Cemzr”.

Moreover, if u is any function on M satisfying |u| < Ae™® for some a € [0, 41_1) and

A >0, then
f Iule_deg < 00,
M

Especially, the weighted volume of M is finite, i.e. fM e/dV, < .

2.3 Comparison geometry of Bakry-Emery Ricci cur-
vature

Compared to Einstein manifolds, one drawback of Ricci solitons comes from the
lack of a uniform Ricci curvature lower bound, whence the lack of volume ratio
monotonicity. However, Ricci solitons do satisfy the Bakry-Emery Ricci curvature
bounds. If we define Re := Re + V2f, then the defining equation becomes

1
Rey = & (2.20)

saying that the Bakry-Emery Ricci curvature of a 4-D Ricci shrinker is half the
metric tensor. This subsection explores the analogy of 4-D Ricci shrinkers and
manifolds with uniform Ricci lower bound, basic references being [45] and [S7]].

2.3.1 Weighted volume comparison

The measure compatible with the Bakry-Emery Ricci curvature is the weighted
measure du, = e¢/dV,, and according to [57], there stands a weighted volume
comparison theorem, the counterpart of the Bishop-Gromov volume comparison
for the Ricci lower bound case. For a 4-D Ricci shrinker (M, g, f) viewed as a
metric measure space (M, g,dus), we define its comparison metric measure space
as following:
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Definition 2.3.1 (Metric measure space form). For any R > 2 V2 fixed, define the
metric measure space My, := (R, ggue, diig), the four dimensional Euclidean space
equipped with the weighted measure djig. Here we define djig(x) := ef™¥dx! A - A

T
dx* for any x = (xl, x2, X3, x4) € R*. Also let the weighted volume of radius r ball
centered at the origin of My be defined as

AR(r) = f 1 dfig.
B0.7)

Moreover, define the area function [i(r) := 2r%e®'r.

We immediately notice that
wir* < ur(r) < X wyrt, (2.21)

where wy 1s the volume of the unit ball in the four dimensional Euclidean space.
The following monotonicity formula follows directly from [S7]].

Lemma 2.3.2 (Monotonicity of area and volume ratio). Let (M, g, f) be a 4-D Ricci
shrinker and fix R > 2 2. For any p € B(py, R) and any unit tangent vector v at p,
let A(v,r) be the area form of the geodesic sphere at exp ,(rv), then

Ar(v,1) - Ar(v, 5)
Fp(r)  — R(s)

Moreover, for any B(p,r;) C B(p,r,) C B(po,R) and B(p,s|) € B(p,s;) C
B(po, R),

0<s<r<dp,dB(pynR) = (2.22)

A(p; i, A(p; s1,
O<si<mand0<sy<r = MA@ A5 $) ) s

fr(r2) — fig(r1) — fgr(s2) — fg(sy)

Proof. Recall that (2.19)) implies

R
sup |[Vfl < =+ V2.

B(po.R) 2

When R > 2 V2, we have the radial derivative 9, f = —R on B(py, R). Now we can
apply (4.8) of [57] directly to obtain (2.22). See also Theorem 3.1 and (4.3) of [S7].
For (2.23)), integrate (2.22)) along geodesics gives the directional comparison

[P A nd [P Ay, de
1 S S1 . ,
e de [ de

r

and integrating the above inequality in v € § ,M gives the desired inequality. O
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Notice that the doubling property of the weighted measure follows easily from
the above monotonicity: for any R > 2 V2 fixed,

B(p,2r) C B(po,R) = ps(B(p,2r)) < Cp(R)us(B(p, 1)), (2.24)

with the doubling constant Cp(R) = 16¢X.

2.3.2 Cheeger-Colding theory

The theory of Cheeger-Colding [10] [65] provides powerful tools in studying the
structure of manifolds with uniform lower Ricci bounds. In the context of lower
bounded Bakry-Emery Ricci curvature, a similar theory has been developed in [58]],
where the study is focused on non-collapsing manifolds. Yet our major concern is
the collapsing phenomenon. Still, some of their lemmas see a few applications in
our situation.

A good cut-off function

The existence of a cut-off function with controlled gradient and Laplacian will play
a fundamental role in our local L>-Ricci curvature estimate. In [58]], such a cut-off
function on a unit ball has been constructed following [[10]. However, noticing that
the equation is not scaling invariant, we need a more careful argument when
dealing with the general case, see also [26].

Lemma 2.3.3 (Existence of good cut-off function). For any R > 10, there is a
constant C(R) > 0 such that for any r € (0, 1), and any compact K C B(py, R — r),
there is a smooth cut-off function ¢ supported on B(K,r), with ¢ = 1 on B(K, %),
¢ = 0 outside B(K, 3), and r|V| + r’|Af¢| < C(R).

Proof. Fix r € (0,0.1). When K = {xo} C B(po, R — r), the construction of such a
cut-off function originates in the work of Cheeger-Colding [10], and a Bakry-Emery
version was constructed in [38]]. For shrinking Ricci solitons, consider the rescaled
metric § = 4r72g, then Re; + V2f = %g, or the Bakry-Emery Ricci curvature
satisfies ﬂcg = %g > 0 as symmetric two tensors. Moreover, |V f] = SIVFI<R+2
since r < 1. Then we can apply Lemma 1.5 of [S8] to obtain a cut-off function ¢
supported on B(xy,2), ¢ = 1 on B(x, %) and ¢ = 0 outside B(x, %), moreover

Vol + |A¢| < C(R). (2.25)

Notice that the constant C(R) depends on the lower Bakry-Emery Ricci curvature
bound, which is 0, thus scaling invariant, and it also depends on an uniform upper
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bound of |V flon B(py, r'R), which is uniformly bounded above by R+2, regardless
of the scaling by r as long as r < 1. In the original metric, reads V| +
A | < C(R).

Now suppose K C B(po, R—r), let a maximal subset of points {x;} C B(K, 5) with
d(x;, xj) > 55. Then the maximality implies that B(K, 5) C U;B(x;, 15). Moreover, if
X € ﬂ’]‘.:]B(x,-j, %ri_/.), then by Lemma|[2.3.2] relations

B(x,r/S) c B(x;;,2r/5) c B(x,3r/5), and B(x,-j,r/40)ﬂB(xl-j,,r/40) = 0,

bound the multiplicity of the covering {B(x;, {5)} by some m(R).

Then we use the first step of the lemma on each B(x;, 5), to construct cutoff
functions ¢; supported on B(x;, ) such that QDilg(xi,%) = 1, and V| + rP|A ;] <
c(R). Let g = 3, ¢;, then 1 < ¢ < m(R) on B(K, 5), and vanishes outside B(K, ]7—6 .
Let u : [0,00) — [0, 1] be a smooth function that vanishes near zero and constantly
equals one on [1, o), then ¢ = u(®) is the desired cutoff function. i

sectionAlmost volume cone A fundamental tool of Cheeger-Colding theory is a
controlled smoothing of the distance function using solutions to the Poisson equa-
tions with prescribed Dirichlet boundary conditions given by the distance function.
In the case of Bakry-Emery Ricci curvature uniformly bounded below, similar esti-
mates were obtained in [58]]:

Lemma 2.3.4. For anyn > 0 and € > 0, let (M, g, f) be a 4-Dimensional smooth
Riemannian manifold with Re’ > 0 and |V f| < & A. Suppose that

us(0B(p, s)) H (1)
— 2> (1 -n)- ;
us(0OB(p,r)) i, (5)
and that u solves the following Poisson-Dirichlet problem
2 §2
ANu=4 onAp;rs), uloB(pr) = B and  ulypp.s) = 5

Then forr < ry <r, < s, <81 < s, denoting dg(x) :=d*(p, x) and it := V2u, then
u and @ satisfies the following estimates:

L supy ol —dyl < Y, el A 1y s,11,51);

2. o |Vii — Valp|2 duy < ¥Y(n,el|A,r,s); and

pins)

3' ﬁ(P;"ZJZ) |V2u - g|2 dluf < \}’(n’ & | A9 rsri, 12, S, 81, 52)'

Basically, this lemma states that when f is approximately a constant function,
the situation is reduced to the Ricci lower bound case and corresponding estimates
follow from the work of Cheeger-Colding [[10].
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2.4 Functional inequalities

2.4.1 The segment and Poincaré inequalities on 4-D Ricci shrinkers

Another important consequence of the monotonicity is the segment inequal-
ity, originally due to Cheeger-Colding [10] for manifolds with uniform Ricci lower
bound. We will provide a proof here as this is the first time the segment inequality
appears in the context of Bakry-Emery Ricci curvature bounded below.

Lemma 2.4.1 (Segment inequality). Let (M, g, f) be a 4-D Ricci shrinker, and fix
R > 0. For any U C B(py, R) and any non-negative u € C°(U), there is a constant
Ccnco(R) > 0 such that if a subset A of U sees almost all pairs of its points connected
by minimal geodesics contained in U, then

fA A7’u(ﬁc,y) dus(x)dus(y) < Cenco(R) puy(A) diam U f uduy, (2.26)
X U

where

(x.y)
Fu(x,y) ;= inf f u(yw (1)) dt,
v Jo

Yy

the infimum being taken over all minimal geodesics 7y, connecting x and y.

Proof. We may consider F,(x,y) = ¥,/ (x,y) + ¥, (x,y) where

d(x.y)
2

d(x,y)
Fie = int [ uonimdr ad =it [ oy

Yxy Yy 0

Since ¥, (x,y) = ¥, (y, x), by Fubini’s theorem,
T (x,y) dup(x)dus(y) = Fo (x,y) dup(x)du s (y),
AXA AXA

and so we only need to do the estimate for ¥,". For any x € A and any v € §, M
fixed, define d,y := min{z > 0 : exp(tv) € U}, also denote y,(r) = exp,(¢v). Then
Vt € (0,d.,), by the area ratio monotonicity (2.22)),

Fu ru(t/2), 74(0)) dus(yv(D)

IA

(f u(yy(s)) ds) Ap(v, t)dt

2

IA

8¢~ ( f u(yy()) AL, s)ds) dr.

2
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By the assumption on A C U, for almost every y € A, there exists some v € S M
such that y,(d(x,y)) =y, we have

IA

f Fu (x,y) dus(y) f fd Fu W (t12), yy(O)Ap(v, 1) drdv
A SxM JO

IA

8¢X" diam U f fd u(yy(5)) AV, 5) dsdv
SM JO

16¢%" diam U f u dyy.

U

IA

Finally, integrate the above inequality for x € A, we get

f f Fr(x,y) dus(dpp(x) < 16X uy(A) diam U f u duy.
A JA

U
O

Iterating the segment inequality, one easily obtains the local L*-Poincaré in-
equality, whose constants are determined by Cc¢j,c,(R):

Lemma 2.4.2 (Poincaré inequality). Let (M, g, f) be a 4-D Ricci shrinker and fix
R > 2V2. There exists a positive constant Cp(R) > 0 such that for any B(p,r) C
B(po, R) and any u € C'(B(p, r)),

f u— J[ uduy
B(p.r) B(p.r)

This Poincaré inequality could be viewed as a weighted Poincaré inequality.
See also [[/6] for a version of the Poincaré inequality on a complete non-compact
manifold with non-negative Ricci curvature and the heat kernel as a weight function.

2

dus < Cp(R) 1 f IVul* du. (2.27)

B(p.,r)

2.4.2 Sobolev inequalities

In the situation where a uniform Ricci curvature lower bound is assumed, Michael
Anderson explicitly estimated the Sobolev constant in [1] (see also [73]): for a
fixed geodesic ball B(x,r), its Sobolev constant is comparable to (|B(x, r)|r‘")‘%.
The lesson is to consider explicitly the effect of a correct renormalization, when
applying the Sobolev inequality to the study of Ricci flows.

In another direction, using methods in stochastic analysis and the Moser iter-
ation technique, Laurent Saloff-Coste has shown an even more general Sobolev
inequality in [/9], where the Sobolev constant only depends on the doubling con-
stant and the L?-Poincaré constant. This is the inequality that we will employ in
this note:
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Proposition 2.4.3 (Renormalized L>-Sobolev inequality). Let (M",g) be a Rie-
mannian manifold such that the doubling constant and the L*-Poincaré constant
are bounded from above by Cp and Cp respectively. Then there is a constant
Cs = Cs(n,Cp,Cp) such that for any B(x,r) C M and any u € H(l)(B(x, r)), the
following renormalized Sobolev inequality holds:

n=2

( f us dvg)" < Cs(Bx. ™)™ f Vul* + 172 dV. (2.28)
M

M

Remark 2.4.4. This is of course just one version of the Sobolev inequality. We call
it renormalized just to emphasize the independence of the Sobolev constant from the
volume, since eventually the volume will be sent to zero.

We also notice that inequality is just a (weaker) global version of this inequal-
ity.

If now we are on a 4-D Ricci shrinker, then the previous segment inequality and
volume comparison results provide uniform bounds on the Poincaré and dou-
bling constants of the mesure ¢™/dV, within a fixed geodesic ball B(py, R).
We therefore obtain the following local Sobolev inequality, with whose constants
are determined by Cp(R) and Cp(R) (see [S2]):

Lemma 2.4.5 (Sobolev inequality). Let (M, g, ) be a 4-D Ricci shrinker and fix
R > 22. For any B(p,r) C B(po,R) and u € C},(B(p, r),

1
2 C<(R 2
(f ut d,uf) < Lrlf (IVuI2 + r‘zuz) duy. (2.29)
B(p.r) ur(B(p,r))2 JBp.n

A natural consequence of the above Sobolev inequalities is an e-regularity with
respect to collapsing due to Mike Anderson [1]. It is the starting point of Cheeger-
Tian’s e-regularity theorem for four dimensional Einstein manifolds [20]. By the
bound on the Sobolev constant for du/y, as obtained in Lemma [2.4.5] the proof of
this theorem is by now standard using Moser iteration, see [1] and [39] for the
original work.

Proposition 2.4.6 (Weighted e-regularity with respect to collapsing). Let (M, g, f)
be a 4-D Ricci shrinker. There exist e5(R) > 0 and C4(R) > 0 such that if B(p,r) C
B(po, R), then

g (r)

— Rm|* du; < ea(R 2.30
,Uf(B(P, r)) ‘fB(p,r)| ml /lf = SA( ) ( )
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implies that

2
sup |[Rm| < Cu(R) r |Rml|* duf) .

B(p,5)

( fr(r)
ur(B(p, 1)) Jpipr)

This proposition basically says that even if a geodesic ball has no uniform vol-
ume lower bound, and consequently no uniform estimate from the Sobolov inequal-
ity, when the local energy is sufficiently small — much smaller compared to the
volume — we still have uniform curvature control. Adapted to this phenomenon,
we define the “renormalized energy” as following:

Definition 2.4.7. Fix r € (0, 1]. For any p € B(po, R), define the scale r renormal-
ized energy as

: Hr+1(r)
I’/j;m(p’ r) = o

= \Rm|* dys.
17 (B(p: 1) Jaipn !

So Proposition [2.4.6]says that for p € B(p, R),

Il (p,r) < ea(R) = Bs(upr)) [Rm| < Ca(R) r2IL, (p,1)?. (2.31)
P-3

Moreover, we immediately notice the following key properties of the renormalized
energy:

1. Iqﬁm is invariant under rescaling, so is 1)

2. I;;m is continuous and monotonically non-decreasing in radius r.

2.5 Convergence and collapsing of Riemannian man-
ifolds

In this subsection, we start by introducing various convergence concepts of metric
spaces, whose canonical reference is [33], then discuss Fukaya’s structural results
about the collapsing limit under bounded curvature, see [72] and [29]. See also [31]
for a relevant result concerning the local structure of Riemannian manifolds.
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2.5.1 Weak convergence

Given a sequence of metric spaces (X, d;) with diameter bounded above by R, we
say that (X;,d;)) —¢y (Xwa,) if when i — oo, the Gromov-Hausdorff distance,
dor((X;, d), X, ds)) — 0. Recall that dgy((X;,d)), (Xw,ds)) 1s defined as the
infimum of the Hausdorft distance between X and Y in X LI Y, equipped with all
possible metrics. If (X;,d;) =¢n (Xwa.,), we could then find maps G; : X; — X
and H; : X.,, — X; such that for any & > 0, there exists some i, so that Vi > i,
Vx;, x. € X; and ¥V xo, X, € X,

1. |di(xi, x) = di(H; © Gi(x;), H; © Gi(x}))

< g, and
2. |deo(Xeo, X)) = doo(Gi © Hi(xe0), Gi 0 Hi(X,,)| < &.

Gromov’s fundamental observation says that if {(X;, d;)} has uniformly bounded
Hausdorff dimension, diameter and volume doubling property, then there exists
some metric space (X.,d.) with the same diameter bound, such that a subse-
quence Gromov-Hausdorff converges to (X, d). Notice that if (X;,d;) C B(p?, R) C
(M;, gi, f;) with d; induced by g|x,, then by the uniform doubling property for

M-

Lemma 2.5.1. Suppose {(X;,d;) € B(p?,R) C (M,, g;, )} is a sequence of uniformly
bounded domains in 4-D Ricci shrinkers, possibly with marked points, then there
exists a metric space (Xw,d) with diam,_ X, < R, such that some subsequence,
still denoted by {(X;, d;)}, Gromov-Hausdorff converges to (X, dw).

For a sequence of complete non-compact 4-D Ricci shrinkers, we may define the
multi-pointed Gromov-Hausdorff convergence to respect the specified base point,
i.e. a minimum of the potential function.

Definition 2.5.2. We say that a sequence of complete non-compact 4-D Ricci shrinkers
(Mi,gi,fl-,p?) with base points p? (a minimum of f;) and J marked points Mk; :=

{ pil, -+, pl}y multi-pointed Gromov-Hausdorff converges to a metric space (Xe, deo, x2)
with J marked points Mk., = {x.,---,x’}, if for any R > 0, B(p?,R) —GH
B(xgoi,R), and there are maps G; : M; — X, and H; : Xoo — M; such that
Gi(p)) = xl and H(xL) = p/ (j = 0,1,---,J). Moreover, for any € > 0, there
exists some i-(R) so that ¥i > i.(R),

1. VYpi, p; € B(p?,R)\Mki, |di(Pi,P;) —di(H; o Gi(pi), H;i o Gi(p)))| < & and

2. VXeo, Xy € B(x%, R)\Mk.,,

oo (X0, X.) = deo(Gi 0 Hi(%0), G 0 Hi(xl)| < &

For convenience we will also use the notation X; — 6y Xo and Mk; —¢y Mk, for
such type of convergence. Also notice, it is possible that p? € Mk;.
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2.5.2 Strong convergence

Gromov’s compactness result provides a weak limit in the category of metric spaces.
In order to extract information from a convergent sequence, we need to consider
stronger convergence. For a sequence of 4-D Ricci shrinkers {M,, g;, fi}, suppose
{(X;,d;) c (M, gi, f;)} multi-pointed Gromov-Hausdorff converges to a limit space
(Xo, dw), with marked points Mk; —gy Mk.. According to (a trivial generalization
of) the work of [64] and [26], X.,\Mk. = R(Xs) U S(X.), with dimy(R(X.)) < 4,
and dimy(S(Xs)) < dimy(R(X.)). We define the strong convergence as following:

Definition 2.5.3 (Strong convergence). Let (M, g, f;) be a sequence of 4-D Ricci
shrinkers, whose subsets (X;,d;) = ,6a (Xw,dx), with J marked points Mk; —gu
Mk.,. We say that the convergence is strong if there is an exhaustion of X.,\Mk., by
compact subsets K; (j =1,2,3,---), such that for each j, there is an i; > 0 and for
alli > ij,
1. if dimy (R(Xw)) = 4, then S(X.) = 0, X is a smooth 4-manifold, and each
Hilk, can be chosen as a diffeomorphism onto its image, with H{g; — g
smoothly as symmetric 2-tensor fields; or else,

2. ifdimy (R(X»)) < 4, then each Gi‘l(K ;) has uniformly bounded curvature C|,
and Gi‘l(K ) —cu K is collapsing with bounded curvature, in the sense of
Cheeger-Fukaya-Gromov [|14].

We notice that the two cases in the above definition are alternatives. Case (1)
above is guaranteed to happen if a sequence has uniformly locally bounded curva-
ture and uniform volume ratio lower bound, through the work of [8]. See Theo-
rem [4.2.2)for a more detailed description of case (2).

2.5.3 Collapsing with bounded curvature

When collapsing with bounded curvature, i.e. case (2) in Definition [2.5.3] happens,
there is a rich structural theory about the Riemannian metric, mainly developed by
Cheeger, Fukaya and Gromov, see [34], [S1], [171, [18], [27], [29] and [14]. The
following proposition gives a full account of Fukaya’s results in [[/2] and [29]] that
are relevant to our argument in the following subsections:

Proposition 2.5.4 (Structure of collapsing limit). Let X; C (M!,g;) be bounded
domains in a sequence of n-dimensional Riemannian manifolds such that

IV*Rm,,| < Cy (k=0,1,2,3,---) on X

Suppose X; =cy X for some metric space (X, ds), with dimy X, = m < n, then
there is a regular-singular decomposition X., = R(Xw) U S(Xw), such that
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1. (R Xw),ds) = (R(Xw), &), a smooth m-dimensional Riemannian manifold,
such that
sup [Rmy_ | < Co;
R(Xe0)
2. S(X) is a closed subset of X, with dimy(S(X)) =m' <m - 1;

3. there is a stratification ) C So C S C --- C S,y = S(Xw), each strata S; is
by itself a j-dimensional smooth Riemannian manifold;

4. there exists some 1y, > 0 suchthat injgix y x = minfty,,, de(x, S(X))}, for
any x € R(Xw).

For all i sufficiently large, the Gromov-Hausdor{f approximation G; : X; = X
can be chosen such that on U; := G;I(R(Xoo)),

Gl’ . Ul' i R(Xoo)

is an almost Riemannian submersion, and for each x € R(X), Gl._l(x) is diffeomor-
phic to N, an infranil-manifold.
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Chapter 3

Distance distortion estimate

3.1 A uniform renormalized Sobolev inequality along
the Ricci flow

A uniform Sobolev inequality along Ricci flows will enable us to do analysis on
positive time slices. Notice that the lower bound of the p-entropy reflects the upper
bound of the log-Sobolev constant, and the monotone increasing property of the
p-entropy will further preserve, rather than destroying, the log-Sobolev constant. In
this section, we will see that the information of initial global volume ratio is encoded
in the initial y-entropy via a log-Sobolev inequality, deduced following a classical
argument, but with the renormalized Sobolev inequality as our starting point.
We will also deduce a uniform renormalized Sobolev inequality along the Ricci
flow, which clearly shows how the initial global volume ratio affects the Sobolev
constants on positive time slices. For previous results we refer the readers to the
works of Rugang Ye [81] and Qi S. Zhang [83], [?], [?].

3.1.1 Lower bound of initial entropy via the renormalized Sobolev
inequality
From li we see that if fM vdeg(O) = 1, then

n=2

( f v,f'zdvg@) <4Cs V7 (D% f Vv dVg<o>+1)-
M M

Due to the uniform bound of the scalar curvature, we could further obtain

n=2

(f V”zTn2 dVg(O)) < 4CS V_% (D(Z)f (4|VV|2 + Rg(())vz) dVg(()) + C()D%) + 1) .
M M
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Since the logarithm function is concave, and since v*dV,, defines a probability
measure on M, by Jensen’s inequality, we have

Yu € L'(M,v*dVyq)), f (log [ul) v’ dVy(, < log f |ul vd V).
M M

With u = v772 with g = nZT”z (notice that qu = 2), the above inequality gives

2
f V2 IOg V2 dVg(o f 10g Vq—Z) V2dVg(0)
M mq—2
2

q Y logf v dVg(()),

which is exactly 7 log IIvII? Loy furthermore,

n

) log ”V”%q(M)

< glog (Dé f (4|Vv|2 + Rg(o)\;?) AV + CoDj + 1) —logV + glog 4Cs.
M

Now applying the elementary inequality logu < au — 1 — loga for all @ > O to the
first term in the right-hand side of this last inequality, we obtain

f v logv? dVy) < glog (Dg f (4|Vv|2 + Rg(o)vz) AV + CoDj + 1)
M M

—logV + glog4C5
(3.1)
an
< — (Dg f (419V + Ryov?) Vo) + CoDf + 1)
2 M

—logV + g(log4Cs - 1-loga).

Recalling the definition of the “W-functional li , and taking « = n%(z) in |i
we immediately see

Wi(g(0), Vi) > log VD," - (CODS + D(_)z)‘l' - g log(8nmeCy). (3.2)

Here 7, as a multiple of @, could be any positive number. Since this is valid for any
function v on M with unit L?>-norm, we have, for any 7 € [T, 2T],

u(g(0),7) > log VDy" — (CoDj + Dy*)t — g log(8nmeCs). (3.3)

Here we notice that both sides of the inequalities above are invariant under a parabolic
rescaling.
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Remark 3.1.1. It is well-know that collapsing initial data implies that there is no
uniform lower bound of the ‘W-entropy, and here we give an explicit lower bound
in terms of the initial global volume ratio.

Now suppose we evolve v at some 7-slice backward by the conjugate heat equa-
tion, i.e. we consider a function u such that

w@ = v O+ Dy — R =0 dig = —2Rey,

then W(g(t), u(t), 7(¢)) is increasing in t where v = —1. Therefore, for any *
with unit L'(g(f))-norm, we have, by the monotone increasing property of the W-
functional, that

WDV, 7(D) = W(g0),u(0), 7(7) + 1)
> log VDy" = (Co + DA)(x(?) + 1) — g log(8nmeCs),

or in the form of the log-Sobolev inequality,

n

T \2 _
—2) — (Co + Dy*)(t + 1) = Cis,

f 7@V + Ryv?) — v logv? dV,q > log v(
M DO
(3.4)

where Cjs := 5 log(2ne~'Cys) and 7 is any positive number.

3.1.2 Uniform renormalized Sobolev inequality along the Ricci
flow

In this subsection, we establish a uniform renormalized Sobolev inequality along
the Ricci flow. We will follow the exposition of [84], which is based on the argu-
ment of Edward Davies [[70] in the case of a fixed Riemannian manifold. The result
of this subsection will not be needed in our estimate of the distance distortion, yet
we still include it here because we will later use a similar argument to prove a rough
upper bound of the renormalized heat kernel in Section 5.1.

The first step would be using the uniform log-Sobolev inequality to obtain
an upper bound of the heat kernel on a fixed future time slice (M, g(t)). Now let u
be any solution to the equation

(0 = Agiy + Rea)u = 0

on the fixed Riemannian manifold (M, g(f)). Consider for any fixed ¢+ > 0, the
exponent p(s) := ﬁ for s € [0, f]. We immediately see that p’(s) = #(t — s)™2 > 0,
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moreover,

0 < p(s)(_)l _ St=s) < é—tl
p'(s t
! 3.5
p(s) 1 o)
and = -
p(s)
We also let
p(s) PG
v(x,s) = u(x,s) |ju? ”LZI(M,g(D)’

so that |[v||;2(me7) = 1. Routine computations give
PZ(S)as log ||M||Lp<s>(M,g(f))
= p’(s)f v log v Vg — 4(p(s) — l)f IVv* AV — pz(s)f RV dVyip
M M M

, (p(s) - 1 3t
< p'(s) ( f P log AV, - 29— D f AP + Ryv? AV + —Co).
M P'(s) M 4

Thus if we plug 7 = 220 into 1b then the above computation, together with

'(5)
(3.5) give o

av log ||u”LP(5>(M,g(f))
< 1(—E log 2

S\ 2

_ t— 3t
- lOg VDan + (CO + Daz) (t + S( p S)) + Cig + ZCO) .

Notice that p(0) = 1 and p(f) = oo, we integrate the above inequality (with respect
to s) from O to ¢ to obtain for any ¢ > 0,

(=, Dl w07 -

) logt —log VD" + (Cy — D)t + Cy (D), (3.6)
8 o=, DIl (v, 2 s SV ° 0 "

where Cy(7) = 2(7+ 1)(Cy + Daz) + Cjs +n. Now let Gi(x, t, y) be the heat kernel of
(M, g(1)) centered at x € M, then

u(x, ) = f Gl 1, u(y, 0) Vi (),
M (3.7)

and  [ju(—, Dl gy = f u(y, ) dVyn(»),
M
we conclude that

(VDy"Gix,1,y) < eCrdCCoDn5, (3.8)
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Now consider Gi(—, 1,—) = e PG~ 1, ), then G; is the fundamental
solution to the equation

(6 = Ar + Ry + (2Co + D)) u = 0,
and by(3.8) we have the control
Vi>0, Gi—,t,-) < Ca(D(VDy") 't 2.

Notice that Cy (%) = 2#C, +D62) +Cjs +nis independent of time and space variables
on the fixed manifold (M, g(7)); also notice that it is invariant under the parabolic
rescaling.

Now we can conclude that the operator of integrating against the kernel G; is a
contraction, and standard argument gives the L>-Sobolev inequality on (M, g(f)):

_2 _

IR sy, S CoOV DY (9 g, + 2C0+ DO ) B9)
where Cg,,(1) = 2(t + 1)(Cy + Daz) + Cig + n)% is uniformly bounded for bounded
t, independent of V and the flow.

3.2 Estimating the geometric quantities along the Ricci
flow

In this section we give a lower bound of the renormalized volume ratio on any
scale, and a scaling invariant upper bound of the diameter along the Ricci flow. The
estimates only depend on the initial doubling constant Cp, the initial L>-Poincaré
constant Cp, the initial diameter Dy, the space-time scalar curvature bound C, and
the time elapsed from the beginning.

Both estimates are based on the idea that the ‘W-functional, when tested against
a suitable spacial cut-off function, bounds from below the volume ratio at the given
time slice, and then the monotone increasing property of the ‘W-functional further
provides the desired renormalization by the initial total volume, as shown in (3.2).

More specifically, throughout this section, we fix a time slice 7 € (0,7] and a
scale r such that r* € (0, 7]. For any fixed x € M, we could define a spacial cut-off
function as

R() = e*@m) i (rdi(x,y),

with 17 being a smooth cut-off function supported on [0, 1), constantly equal to 1 on
[0,4]and =2 <7’ < 0 on (3, 1). Moreover, A is chosen so that fM h? dV,s = 1, and
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we immediately see

_ r 2 _ldt_ s f
Bl fw |Br(x, 1 (3.10)
M

n n dV S n *
(42 (42} Uy

Recall that the W-functional for (M, g(f, h?) is defined as
W(g(®,h* 1) = f 4P \VA?* + rPRyph* — h* log h* AV — glog(47rr2) —n.
M

We now roughly estimate some terms of the right-hand side of this inequality:
Since [Vd;| < 1, we have

16r%e™8 [ Vdi(x, y)|*
fM 4P \Vh] AV, < fB » (47”2)%;2 AV, )
< w (3.11)
eA(4nr?):
< 64|Bi(x, r)|
|Bi(x, %)

where we have used 1} moreover, since h? is supported in Bi(x, r), and since
the mapping o — —o logo is concave, we apply this to o = h? and use Jensen’s
inequality see
2 2 n 2
f —h"logh” AV, — s logdnr™ —n
M 2
- f W dV,q (log f W dvg@) - glog dnrt—n  (3.12)
Bix.r) Bi(x,r)

log (|Bi(x, r)|r™") — glog 4re’.

IA

3.2.1 Lower bound of the renormalized volume ratio

It is well known, as Perelman’s no local collapsing theorem tells, that the lower
bound of the initial u-entropy and the upper bound of the scalar curvature together
give a lower bound of the volume ratio, see [78] and [77]. Following this classical
argument, but with the more explicit lower bound of the initial y-entropy, we
obtain a generalized lower bound of the renormalized volume ratio. We begin with
the following lemma:
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Lemma 3.2.1. For the fixed time slice T and any positive r < Vi, suppose the
doubling property

r -n
|B(x, i)l > 37" |Bi(x, )| (3.13)
holds, then there is a constant Cygr(T) = Cyr(T)(Cy, Cs, Do, T) such that
B_
B0l eV (3.14)
rn

Proof. We examine the upper bound of ‘W(g(?), h?, r*) with the help of (3.13).
Since sup 0071 [Ren| < Co, we have

f rP*Reph® AV < 2CoT; (3.15)
M
moreover, from (3.11)) and (3.13]) we have

f 47 \VA* AV, < 3"

M

These estimates, together with (3.12)) give
|Bi(x, 1)

rn

W(g(®,h*,r*) < log

+2C,T + 3™ - glog 4ré®. (3.16)

On the other hand, since ||Al[;2pgm) = 1, we could evolve h? by the conjugate
heat equation along the Ricci flow d,g(f) = —2Rc, ), i.e. we solve (0, +A—-Ru =0
with final value u(?) = h>.

By the monotone increasing property of W(g(?), u(t), ) in t (with 7/(¢) = —1),
we may apply the initial lower bound (3.2)) to see

W(g@), 1, 1) = W(g(0),u(0),7+r%)

CoD? + 1
> log VD" - (‘)D+)(f+ ) — glog(SnﬂeCS D}),

0

therefore by (3.16), we have the following lower bound of the log volume ratio:

IBi(x, )| _TQCDE+Y) o )
log t,,n > log VD," - D%O — 3 _ Elog(2ne 'CyD}),
which is
Bi(x,
1Bl 1) > Cyr(T)(Cy, Dy, T)VD,", (3.17)

rn
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where Cyg(T) := (2ne™'Cs)™2 expT(2Co + Dy?) — 3™*%), which ultimately also
depends on the L?-Poincaré constant Cp and the doubling constant Cp, of the initial
metric, as encoded in Cy. Again, Cyg(T) is invariant under the parabolic rescaling
of the Ricci flow. O

We now prove the local volume doubling property (3.13), which follows directly
from the original contradiction argument due to Perelman, if we notice that the
constant Cyg(T) is independent of 7 and 7> as long as f < T and r* < f.

Now suppose fails for some scale r € (0, V7) at time 7 < T and a point
x € M, then must fail for this r, and it will also fail at scale g: otherwise, the
above argument applied to the 5-ball around x € M will produce

-
|Bi(x, E)l > 27"Cyr(T)(Co, Dy, T)VT"
> 27"|Bi(x, 1)l

where we have used the converse of (3.14)), but contradicts the failure of (3.13).
Therefore, if the converse of (3.13) is observed at any point and scale, then it will
pass down to all smaller scales at that point, i.e. the converse of (3.13) implies for
any k > 1,

|Bi(x,27%r)| < 37|Bi(x, r),

which is impossible for k sufficiently large, since (M, g(f)) is locally Euclidean.
Therefore, we have the following

Proposition 3.2.2 (Lower bound of renormalized volume ratio). Let (M, g(t)) be a
Ricci flow solution on [0, T with initial diameter Dy and initial volume V. Assume
that the scalar curvature is uniformly bounded by Cy in space-time, then there is
a constant Cyg(T) depending on the initial doubling constant Cp, the initial L*-
Poincaré constant Cp, the initial diameter Dy, the scalar curvature bound Cy and
T, such that for any time t € [0, T] and any scale r such that r* € (0, t],

|Bi(x, 1)l

r}’l

> Cip(T)VDy". (3.18)

Moreover, C|,x(T) is invariant under the parabolic rescaling of the Ricci flow.

3.2.2 Diameter upper bound

In the same vein, but with the straightforward estimate (3.15) replaced by a more
delicate maximal function argument, Peter Topping [80] proved a diameter upper
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bound in terms of the integral of the scalar curvature (see also [86]). When the
scalar curvature is uniformly bounded in space-time, we notice that Topping’s esti-
mates depend on the initial volume, a factor that we hope to avoid in our estimates.
However, once the quantities involved are correctly renormalized and the initial en-
tropy lower bound (3.2)) is used, Topping’s argument still leads to a diameter upper
bound which is independent of the initial volume. In the current subsection we
discuss this in detail.
To begin with, we recall that the total volume changes as following:

V@) = [Mlyy = Ve b JuReodveodt < yeCor (3.19)

Moreover, as discussed above, we evolve the cut-off function 42 backward by the
conjugate heat equation along the Ricci flow. From (3.2)), (3.10), (3.11) and (3.12)
we get

log VD," + Ci(T)
) 2
< 64|B,(x;r)| N r :
|Bl_(-x’ _)l |Bt_(~x’ _)l Bi(x,r)
where C(T) := -2T(Cy + Daz) -3 log(2ne™'Cy), a constant only depending on the
initial doubling and L2-Poincaré constants, the initial diameter and the space-time

scalar curvature bound; especially it is independent of the initial volume.
Now we define the maximal function of the scalar curvature following [80]:

|Bs(x, r)| (3.20)
[Re| AV + 10g( x.7) )

rl’l

n=1

|Bi(x, 5)| :
MR(x,r, ) := sup ———= 1Rl AV | - (3.21)
5€(0,r] S Bi(x,5)
We also define C, = min {“’;—35, eC1(D-2 }, where w,, is the volume of n-dimensional

Euclidean unit ball. Notice that since we are dealing with the case as V — 0, the
constant C is in fact independent of V, and we put it here just for the convenient of
statement.

The key property of MR(x,r,), as described in [80], is that “we cannot si-
multaneously have small curvature and small volume ratio”, but in our context we
should consider the renormalized volume ratio instead, and this is described in the
following proposition:

Lemma 3.2.3. Let (M, g(t)) be a Ricci flow solution on [0, T] with initial diameter
Dy and initial volume V. Assume that the scalar curvature is uniformly bounded by
Cy in space-time, then for any t € (0,T] and r > 0 such that r* < f, we have

IB;(x,r)I < CQVDgnFn = Mﬂ(x, I’,D > CzVD_n,

where the constant C, is defined as above.
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Proof (following [80]). We first claim that if MR(x,r,f) < C,VD;" then for any
s €(0,r],

Bix.9)] < CVD's" = |Bix.5) < 2"CVDy"S"

Suppose otherwise, then we could fix some s € (0, r] that contradicts the claim,
1.e.

s SN2 2 n=3
IBf(x,E)I > (CLVD,")m=127" 51| By(x, s)["T,
so that we have
2 2 n=3
f Rl dViy < (MR(x, r, D)2 575 B, 5)|5
Bi(x,s)

< (CVD")FT 57T |By(x, )|
< 2"57|Bi(x, %)|,

By (3.20), we could further deduce

i 64B(x.5)| S B, )
log VDy" + C(T) < A Y [Re(o] AV + 10
B T = B Dl T B Dl S 0T T
641B(x. 5) i
<——+2"+1ogVD," + log C,,
Bi(x. 3) B TeeR
(3.22)

so that |Bi(x, s)| > 2"|Bi(x, 5)| by the choice of C,, whence the claim.

Now by the claim, if there were any x € M that has some scale s € (0, r]
contradicting the statement of the proposition, i.e. [Bi(x, s)| < C,VD;"s" and simul-
taneously MR(x, s, 7) < C,VDy", then for any m € N, we have, by the choice of C,
that

" 2—m n
IBi(x,27"s)| < 27"S"C,VDy" < %
which is impossible for all m sufficiently large, since as a smooth Riemannian man-
ifold, (M, g(7)) is locally Euclidean of dimension n. O

Now we define v := min{(ne"'Cs)?,1}. Notice that v only depends on the
initial data: the initial doubling and L?-Poincaré constants. We prove the following
diameter bound:
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Proposition 3.2.4. Let (M, g(t)) be a Ricci flow solution on [0, T] with initial di-
ameter Dy and initial volume V, and assume that the scalar curvature is uniformly
bounded by Cy in space-time.

Then there is a constant Cign > 0 such that if VD" < vw,, then

Vte[0,T], diam(M, g(1)) < Caiane®*" Dy, (3.23)

where the constants only depend on Cp,Cp,Cy, Dy and are invariant under the
parabolic rescaling of the Ricci flow.

Proof (following [80]). By the assumption on V, we have, by its definition, C, =
12" For fixed 7 € [0,T], let y be a minimal geodesic in M with |ylyq
diam(M, g(7)), and let {x;} be a maximal set of points on y such that

1. Bi(x;, Dy/10) are mutually disjoint; and
2. |Bi(x;, Dy/10)| > 10"C,V for each i.

Let N := [{x;}], then clearly N < V(7)/(10"C,V) < e“'/C,.

Now the set y\ Uf\i \ Bi(xi, Dy /5) has at most N + 1 connected components, and let
o be one of these components with largest length. We either have diam(M, g(7)) =
IVle® = loleq if N = 0; or else, if N > 1, we then have

diam(M, g(7)) < (N + D|olym + 2NDy/5
< 2N(lolg + Do/5) (3.24)
< 2C;" e (|oly) + Do/5).

In any case, we will need to estimate |o|4; in terms of the initial diameter Dy:
For any x € Im(o), the maximality of {x;} guarantees that |Bi(x, Dy/10)| <
10"C,V. Now by Lemma[3.2.3] we know that

Vx e lIm(o), MR(x,Dy/10,f) > C,VD,".

Therefore we could find some s(x) € (0, Dy/10] such that

n—1
—n _ |Bi(x, 9)| =
C2VD0 < t |Rg(f)| dVg(ﬂ
S Bi(x,5)
1 n=1
<~ [Repl = dVeip-
N Bi(x,s)
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Now we could apply Lemma 5.2 of [80] to pick a set of points {y;} C Im(c) such
that {Bx(y;, s(y;))} are mutually disjoint, and that |o| < 6 }; s(y;). We could now
estimate

Dn n—1
|0y <6 —Of R dV,
8@ Z C,V B, g(D) g
6D" - (3.25)
0 n-1
<oV M|Rg®| > dVya

- n=1
<6C;' e DC,7 .
Putting the estimates (3.24) and (3.25)) together we obtain

diam(M’ g(i)) < Cdiam62C0t_D0a

n—1

where, recalling the definition of C,, we have Cyign = 4™*D}7'C,7 .
We notice that Cy,, 1s invariant under the parabolic rescaling of the Ricci flow,
and is independent of time. O

Remark 3.2.5. When the scalar curvature is uniformly bounded, the previous renor-
malized volume ratio lower bound, and the upper bound of the total volume, actu-
ally provide a diameter upper bound. This naive estimate, however, fails to provide
constants that are invariant under the parabolic rescaling of the Ricci flow.

3.2.3 A weak compactness result

We now state a proposition that corresponds to our second motivation of the paper:
to constuct, from a sequence of Ricci flows with collapsing initial data, Gromov-
Hausdorf limits of the positive time-slices. Compare also a result of Chen-Yuan [68),
Theorem 1] where lower bounds of the Ricci curvature and the unit ball volume,
uniform in space-time, are assumed.

Proposition 3.2.6 (Weak compactness for positive time slices). Let {(M;, gi(t))} be
a sequence of Ricci flows defined for t € [0,T], such that they satisfy the same
assumptions as in Theorem[1.3.1]

Then for each t € (0,T), there is a subsequence of {(M;, gi(t))}, a compact
metric space (X;,d,), to which the subsequence converges in the Gromov-Hausdorff

topology.

Proof. This is a simple consequences of the estimates we proved previously in
this section. Recall that in [/4, Chapter 5, A] a quantity N(e, R, X) is defined for
each complete metric space X, to denote the maximal number of disjoint &-balls
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that could be possibly fitted into an R-ball in the metric space X. As shown in
[74) Proposition 5.2], as long as N(e, R, X;) is uniformly bound for all € € (0, R),
R € (0,diam X;) and X;, the sequence {X;} is precompact in the pointed-Gromov-
Hausdorff topology.

In our situation, V¢ € (0,7), since we have a uniform diameter upper bound
3.23), we only need to control N (s, Ciame* ' Do, (M, g,»(t))). In fact, we could
easily see that Ve € (0, Ciame* %' D), the total volume upper bound together
with the lower bound of renormalized volume ratio gives: denoting V; :=
Vol(M;, g;(0)), we have

V~€CRt eCRt
N (£, Caiane® ¥ Do, (My, g:(1))) < LS (
( ) Cin(T)ViDy"s"  Ci

DO )n
=)
This bound is uniform on the sequence {(M;, g;(¢))} and therefore there is a metric

space (X}, d;) to which the sequence subconverges in the Gromov-Hausdorff sense.
Clearly, diam(X;, d;) < Cgiam o2Crt .

Remark 3.2.7. Especially, we may assume lim;_,., V:D" = 0, and this justifies us
calling “collapsing initial data”.

3.3 [Estimating the analytic quantities along the Ricci
flow

In this section we prvide a rough upper bound of the renormalized heat kernel, fol-
lowing Davies’ argument as discussed in Qi S. Zhang’s book and paper; we then
apply this rough upper bound, the Harnack inequality (2.4), and the diameter upper
bound to obtain an on-diagonal lower bound lower bound of the renormal-
ized heat kernel, when the initial global volume ratio is sufficiently small. As con-
sequences, we also deduce a Gaussian type lower bound of the renormalized heat
kernel, as well as the non-inflation property for the renormalized volume ratio.

3.3.1 Rough upper bound of the renormalized heat kernel in
space time

The technique used to show the uniform Sobolev inquality in Subsection 3.2, i.e.
the method of Davies, could be further applied to obatin a rough upper bound of
the heat kernel coupled with the Ricci flow. This was first noticed by Qi S. Zhang
in [85] and we will follow the exposition there. Notice that recently, Meng Zhu
also extended Davies’ method to Ricci flows with a uniform Ricci curvature lower
bound in space-time, see [?].
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We fix (xo, o) € M X[0, T), and consider the heat kernel based at (xo, ty), coupled
with the Ricci flow, as introduced in Subsection 2.3. More specifically, we denote
the heat kernel by

K(x,1) = G(xo, ty; x, 1),

i.e. forany (x,1) € M X (1, T1, (0; — Ag))K(x,2) = 0, and lim, ) K(x,1) = 0,,(x).
Now fix any t € (ty, T, let p(s) := (t—ty)/(t — s) for s € (¢, t]. Besides p(#y) = 1
and lim,y, p(s) = oo, we also notice the following relations:

ps) -1  (s—1){t—s)

= < t—1,
p'(s) t—to ’
1 t — to)?
0< = (=) <t
p'(s) t
’ -2 1
and  p'(s)p~(s) = :
r—1
Defining for any (x, s) € M X (ty, t],
p(s) &
V(x, S) K(x S) 2 ”K ||L2(Mg(s))’
we could compute as before to obtain
P'(s) 2o 4pls) - 1) (S) >
0 log || K||rs ) = 5 < v-logv® — —|VV| oV AV
g MNP (M g(s) 22(5) Jus g ,(S) (s) Rais) 8(s)
pz( $) 10g V2 _ p(S’) (4|VV|2 + Rg(s)v ) dVg(s) + Cy.
(s) p'(s)
_ pls)-1
We now plug 7 = ) and 7 = s into the uniform log-Sobolev inequality (3

(a bit abusing of notation), and obtain from the above calculations:

0, 10g ||K || o (ag(5))

p '(s) ( p(s) —
—1lo

P(s) p’<S>

Integrating s from £, to ¢, we see that

1K (=, Oll =607
1K (=, 20|21 (m,g(10))

ps)—1
p'(s)

lOg VD_n +(C0 +D0 )( ) +C15)+C().

< —log VDy"(t — t5)? + 2(Co + Dy?) + Co(t — to) + Cis + n.

Since the K(—, s) acquires the Delta function property as s descends to 7y, we clearly
have

K (=, o)l Mgy = 1
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Therefore, exponentiating both sides of the above estimate we obtain
VDy"G(xo, o3 x,1) < CH(T)(t = 10) 2,

where C},(T) = exp(2T (Cy +D62)+C0T+C ;s +n) 1s a universal constant independent
of t — 1y, and is invariant under the parabolic rescaling of the Ricci flow. We collect
the result in the following

Proposition 3.3.1 (Rough upper bound of the renormalized heat kernel). Let (M, g(1))
be a Ricci flow solution on [0, T'| with initial diameter Dy and initial volume V, and
assume that the scalar curvature is uniformly bounded by C in space-time.

Then there is a constant C}(T) = C.(Cp,Cp,Co, Dy,n,T) such that for any
(v,t) € M x (0,T], the conjugate heat kernel G(—,—;y,t) based at (y,t) obeys the
following estimate:

Vxe M, Vse (0,0, VDy"G(x,s;y,t) < Ci(T)(t—s)2. (3.26)

3.3.2 Gaussian type lower bound of the renormalized heat ker-
nel

In [67] and [85], the non-inflation property of volume ratio was proven based on an
on-diagonal heat kernel lower bound, which was obtained by estimating the reduced
length of a constant curve in space, and Perelman’s estimate. Such on-diagonal heat
kernel lower bound, together with the gradient estimate Theorem[2.1.1] then gives a
Gaussian lower bound of the heat kernel. This lower bound is essential in Bamler-
Zhang’s estimate of the distance distortion.

We notice that this lower bound, however, could be not applied in the case of
collapsing initial data, basically because of the lack of a correct renormalization. In
this subsection, our major task is then to obtain a Gaussian type lower bound of the
renormalized heat kernel. We will start similarly with an on-diagonal lower bound,
and then apply the gradient estimate to obtain the desired Gaussian lower bound of
the renormalized heat kernel.

First let us recall the volume upper bound:

V() 1= My = Ve b JuRodVandt < 7o Cor (3.27)
We also recall the bound of the total heat on the whole manifold: for any x,y € M

and any 0 < s < t < T, recall that G(x, 53y, t) satisfies the heat equation in the
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variable (y, t), and it satisfies the conjugate heat equation in the variable (x, s); fixing
(x, s) and integrating y € M we have V¢’ <t < T,

'8, f G(x,t';y,1) dVyy| = ‘ f AG(x, 15y, 1) = ReyMG(x, 5y, 1) AV ()
M M

SCofG(X,t';y,t) dVei» (),
M

therefore integrating in time we see

e~ < f G(x, 5;9,0) dVyy(y) < e, (3.28)
M

As discussed in the introduction, the collapsing procedure is an intrinsic geo-
metric phenomenon, and it should not cause the addition or loss of the total heat.
Therefore, the heat-volume duality should be preserved. If the heat kernel at a fu-
ture time fails to have a pointwise lower bound of order (VD(‘)")‘I, then the duality
between the heat and volume will be contradicted, due to the rough bound of the
renormalized heat kernel, the Harnack inequality @), and the volume and diame-
ter upper bounds of the whole manifold.

More specifically, the diameter upper bound in Proposition the rough
pointwise upper bound of G(x, s; —, —) in Propostition [3.3.1] joint with the Harnack
inequality (2.4) give, for any (y,7) € M x (5, T1],

CH(T)G(x, 5: x, z))i (H'(n)c2 e4CoTDg)

diam
(VDy")(t - 5)2 (t—s)

whenever the initial golbal volume ratio is bounded as VD{" < vw,.

Now we let 6 := vt — s/D, denote the ratio of the parabolic scale to the initial
diameter. Integrating y € M and involking the lower bound of total heat in (3.28),
we see

G(x,s;9,1) < H(n)(

e G0 < f G(x, 53y, 1) V()
M
1
CH(T)G(x, s;x,0)\? H'(n)C2, *CT
C H diam

< H(n)Ve™ ( Vo exp 7

. H' n C2_ €4C0T
= Hn)e®'072 (Ci(T)VG(x, s; x, z))iexp( ) g;”'" )

and thus

diam

92

2H (n C2 €4C0T
VG(x,5;x,1) > H(n) e % (Ci(T))™'¢" exp (— ) )
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Multiplying D" on both sides of this inequality we get
VDy"G(x, s3x,8) > Cpp(T)P@O | T)(t - 5)°2,
where
Cup(T) = H) e TCH(T)™, and WO|T) = 6" exp(-2H'(n)C,,,e* " 07%).

Especially, we notice that C,,(T') only depends on the initial diameter, the dou-
bling and L?-Poincaré constants, the space-time scalar curvatur upper bound, and
the time elapsed from the beginning. On the other hand, we notice that (8 | T')
depends, besides 6 and T, only on the initial diameter and the space-time scalar
curvature bound, especially it is independent of the initial doulbing and L?>-Poincaré
constants. We clearly see that

Lirr&‘P(HlT) = 0, (3.29)

indicating that the renormalization is only valid on scales comparable to the initial
diameter. Moreover, both constants C,,(T) and W(6 | T') are invariant under the
parabolic rescaling of the Ricci flow. Summarizing, we have the following

Lemma 3.3.2 (On-diagonal lower bound of the renormalized heat kernel). Let
(M, g(t)) be a Ricci flow solution on [0,T] with initial diameter Dy and initial
volume V, and assume that the scalar curvature is uniformly bounded by C in
space-time.

Then there are positive constants

C[_-ID(T) = C[_-[D(CD’ CP’ COa DOa n, T) and lII(H | T) = lP(Q | COa DO’ n, T)

such that for any (x,t) € M x (0, T], the conjugate heat kernel G(—, —; x, t) based at
(x, 1) obeys the following estimate: for any s € (0, 1), setting 0 := \t — s/Dy, then

VDy"G(x, 5;x,1) > Cyp(T)¥@ | T)(t - 5)%, (3.30)

whenever VD" < vw,. Moreover, the constants C,(T) and ¥(0 | T) are invariant
under the parabolic rescaling of the Ricci flow, and limy_ ¥ (6| T) = 0.

Recall that the positive constant v is defined right above Proposition [3.2.4]
Once this on-diagonal estimate is obtained, we could easily apply the Harnack
inequality (2.4)) again to obtain a Gaussian lower bound:
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Proposition 3.3.3 (Gaussian type lower bound of the renormalized heat kernel).
Let (M, g(t)) be a Ricci flow solution on [0, T| with initial diameter D, and initial
volume V, and assume that the scalar curvature is uniformly bounded by Cy in
space-time.

Then there are positive constants

Cy(T)=Cy(Cp,Cp,Co,Dy,n, T) and Y@|T)="Y@O|Co,Do,n,T)

such that for any (y,t) € M X (0, T], the conjugate heat kernel G(—, —;y,t) based at
(v, t) obeys the following estimate: for any s € (0,t), setting 6 := \t — s/ Dy, then

dt( y) )

VD;'G(x, s;y,1) > Cy(T)W(O | T) (1 —5)°2 exp( H ()=, (3.31)

whenever VD" < vw,. Moreover, the constants C,(T) and ¥Y(0 | T) are invariant
under the parabolic rescaling of the Ricci flow, and limy_o ¥ (@ | T) =

Here the constant is defined as C,(T) := (Cy,,(T))*(H(n)*C1(T))™".
As a direct geometric consequence, we could also deduce the non-inflation
property of the volume ratio:

Corollary 3.3.4 (Non-inflation of the renormalized volume ratio). Let (M, g(t)) be
a Ricci flow solution on [0, T| with initial diameter D, and initial volume V, and
assume that the scalar curvature is uniformly bounded by Cy in space-time.

Then there are positive constants

C\_/'R(T) = C\_/R(CD’ CP’ CO’ DOa n, T) and lP(H | T) = lP(Q | COa D09 n, T)

such that for any (x,t) € M x (0, T] and any r € (0, V1), setting 6 = r/ Dy, then

—ny—1 VR( ) r
(VDY 1B Pl < gt

whenever VD" < vw,. Moreover, the constants C,,,(T) and ¥(6 | T) are invariant
under the parabolic rescaling of the Ricci flow, and limy_ V(0 | T) =

Proof. Fix (x,f) € M x (0,T] and r € (0, V). Let G(x,t — r*; —, —) be the fun-
damental solution to the conjugate heat equation coupled with the Ricci flow on
M x (t — r*,T], based at (x,7 — r?), i.e. limy, 2 G(x,1 — r*; =, 5) = 8,2 (—). By
the Gaussian type lower bound (3.31) of the renormalized heat kernel, we have

Vy € B/(x,r), VD(_)”G(_X, f— ,,-2; ¥, ) > H(T)\I/(Q | T)Z -2H’ () =
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On the other hand, by (3.28]), we have an upper bound of the total heat. Therefore,
integrating over B,(x, r) we have

e > L G(x,t—r*;y,1) AV ()
> C,;rzf))\{'(e | T)Y2e ' ™\B,(x, H)|(VD" "),
or equivalently,
(VD" ' |Bi(x,r)| < Cyp(T¥@|T)r",
with Cyp(T) = X' +CT |C(T). O

Remark 3.3.5. Again, we see that the bound becomes worse as r/Dy becomes
smaller. However, for any fixed positive scale, we have a uniform estimate.

3.4 Estimating the distance distortion

In this section we prove the main results of our note: the distance distortion es-
timate. Once the lower bound of the renormalized volume ratio (3.14) matches
with that of the renormalized heat kernel (3.30), the classical argument of counting
geodesic balls suitably covering a minimal geodesic carries over; see Section 5.3
of [24] and Section 3 of [61]. See also Section 3 of Chen-Wang [25]] for a thorough
exposition. However, we reproduce a detailed proof here, following [61]], for the
sake of completeness and readers’ convenience.

Before the commencement of the proof, we would like to emphasize the impor-
tance of the parabolic-scaling invariance of the constants in our previous estimates:
for fixed small scales, we will dialate them to unit size and work with the rescaled
quantities.

Proof of Theorem Fix t; € (0, T], and suppose that d;, (xo,yo) = r. Let 0 = r/
D,. Then we rescale r to 1 parabolically and denote the rescaled time slice as f.
Also denote the rescaled metric as g.

Lety : [0,1] — M be a unit speed g(f)-minimal geodesic that connects x; to y,.
Let

21
K(x,t) .= G(xp,t — E;x, 1)

be a heat kernel coupled with the Ricci flow, with initial data the Delta function at
(%0, — %), recall immediately that we have the bound |i of the total heat:

_ 11
Vielf- 5.0+ 5], f K(=.1)dVg < €. (3.32)
272" Uy

48



By the renormalized heat kernel upper bound (3.26)), we have

1 _ 1
Yie[f— Z’H Z]’ (VDy"MK(—,1) < C;2" (3.33)
on the other hand, by the Gaussian type lower bound (3.31)), we have
Vse[0,1], (VDy"K(y(s),7) = Cre ™29 | T). (3.34)
Time derivative bound (2.5]) together with (3.33)) imply that
1 _ 1
Vs, € [0, 1] X7 - 7.7+ 7], 0.(VDyK(y(s), )l < C;2"(Cor’ + 4B(n));

therefore, setting

© = mi 1 Cre ™| T)?
@O = T 8 2 1€ (CoT + 4B(n)

and integrating the above time derivative bound we obtain from (3.34) that
- - 1 ’ n
V(s 1) € [0, 1] X [T = ao(0), 7+ ao(@)],  (VDy"K(y(s),1) > Ec;,e—“” W2IP(@O | T).
Now by the Harnack inequality (2.4), we could estimate
Y(s,1) € [0, 1] X [f — o, T + o], B(il(lf) 1)(VD6")K(—, n = GO |T),
[AVACYR
(3.35)

where C3(T) := C(T)e™ '™ /(4H(n)*C;(T)) is a constant only depending on the
initial diameter, the initial doubling and L>-Poincaré constants, and the space-time
scalar curvature bound. Moreover, C5(T) is invariant under the parabolic rescaling
of the Ricci flow.

Now fix any t € [f — a¢(),f + a¢(f)], and cover Im(y) C M by a minimal
number of unit g(¢)-geodesic balls {B,(y(s;), 1)},i =1,---,N. It is easily seen that
lylay < 2N. Therefore, in order to obtain an upper bound of d;(xo, yo), it suffices to
control N from above.

By the minimality of the covering, we see that the collection {B,(y(s;), 1/2)} are
pairwise disjoint. We could therefore combine the upper bound of the total
heat, the renormalized lower bound of the local heat, together with the lower
bound (3.18) of the renormalized volume ratio, to estimate:

eCor2 > fK(X,t) dVg(t)
M

N

> Zf K(.X, t) dVg(t)
i=1 vYBi(y(si)p/2)

> NC5(T)27"¥(0 | T)".
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Therefore N < 2"e“TC3(T)""\P(8 | T)™, a constant independent of specific Ricci
flow, especially its initial entropy. On the other hand, recalling that dx(xo, yo) = 1,
we get

Vie[f—ai0),7+aO)], di(xo,y0) < a1(6) d(x0, Y0, (3.36)

where

Cy(1)¥(@ | T)
@(6) := min {ao(e), %}

This proves one side of the desired distance distortion estimate. To see the
other side, we notice that the estimate (3.36) is independent of specific time slice .
Therefore, lfitting _0/(6) = %a/l (6), and applying the previous argument at the #-slice
foranyt € [t — a,f + a], we see

Vs elt—ai@),t+ai®)], dy(xo,y0) < ai(6)"di(x0, y0).

Especially, since € [t — a, t + a], plugging s = 7 into the the above inequality we
get the desired estimate (1.2) with (6) in place of «(6). m|

Here we emphasize again that a() — 0 as 8 — 0, reflecting the fact that when
we look at smaller scales compared to the initial diameter, the estimate will be less
effective.

We could also enhance the above distance distortion estimate in the following

Corollary 3.4.1. Let (M, g(t)) be a complete Ricci flow solution on [0, T with initial
diameter D and initial volume V, and assume the following conditions:

1. (M, g(0)), as a closed Riemannian manifold, has its doubling constant uni-
formly bounded above by Cp, and its L*-Poincaré constant by Cp, and

2. the scalar curvature is uniformly bounded in space-time: sup .o Ren| <
Co.

There exist two positive constants @ = a(60 | Cp,Cp, Cy, Dy, n,T) < 1 with
1}1_13 a0 | Cp,Cp,Cy,Dy,n,T) =0,
and v = v(Cp, Cp, Cy,n) < 1, such that whenever VD" < vw,, we have,
Vee[0,T], VYx,ye Mwithd(x,y)=:1r< Vt
and Vs e [, T]with|s—1| < a(f) min{Cal, )+ r?,
the following estimate:
dy(x,y)* < a(0)'(d(x,y)* + s = 1)).

The proof is identical to that of Corollary 1.2 of [61]], and we will omit it here.
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Chapter 4

Regularity and convergence 4-D
Ricci shrinkers

4.1 Collapsing and local scales

The collapsing of Riemannian manifolds could mean different things in different
contexts. Our original concern (as stated in introduction) is about volume collaps-
ing, i.e. the manifold admitting a family of Riemannian metrics under which the
volume of fix-sized metric balls approaches zero. If we assume uniformly bounded
Riemannian curvature, then the volume collapsing is equivalent to collapsing with
uniformly bounded curvature, meaning that the injectivity radius of each point, un-
der the family of metrics, approaches zero. When collapsing with bounded curva-
ture happens, the structure theory of Cheeger-Fukaya-Gromov [14] will be of great
help in studying the underlying manifold.

4.1.1 Curvature scale

In general, however, no a priori uniform curvature bound could be assumed. One
then realizes that the above mentioned structural theory about collapsing with uni-
formly bounded curvature could be localized if the metrics in consideration are
regular. This is because the curvature scale, is locally 1-Lipschitz. See Section 3
for a detailed discussion about Cheeger-Tian’s localization adopted to the 4-D Ricci
shrinkers, and here we will focus on the basic properties of the curvature scale. See
also [9] for an exposition of the theory of locally bounded curvature and the curva-
ture scale.
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Definition 4.1.1 (Curvature scale). For any p € M, define

rrm(p) 1= sup {r > 0 : B(p, s) has compact closure in B(p,r), and sup |Rm| < s‘z} .
B(p,s)

Equivalently, rg,,(p) is the maximal scale such that if one rescales the metric to
make it unit size, then the rescaled curvature will have its norm uniformly bounded
by 1 on the resulting unit ball around p € M.

In fact, Vx € B(p, rg.(p)), we have B (x, rg,,(p) — d(p, x)) C B(p, rg.(p)), so

sup  |Rm| < rpa(p) < (rrm(p) = d(p, 0)) 2, 4.1)
B(x,rgm(p)—d(p.,x))

and thus d(x, p) < rg,(p) implies that rg,,(x) > rg,(p) — d(p, x). Reversing the
role of x and p, we have shown that the curvature scale is locally 1-Lipschitz as
mentioned above:

Lemma 4.1.2. Either rg,, = co and Rm = 0, or rg,, is locally Lipschitz with

Lip rg, < 1. “4.2)

In order to facilitate our local arguments, it is also convenient to truncate the
curvature scale:

Definition 4.1.3 (Truncated curvature scale). For any fixed 0 < r < 1, we put
l, := min{rg,, a}.

Clearly [, is locally 1-Lipschitz.

4.1.2 Elliptic regularity at the curvature scale

Besides the fact that rg,, is locally Lipschitz, another key ingredient in Cheeger-
Tian’s localization is that the higher regularities of Einstein metrics follow directly
from local curvature bounds. This essentially follows from elliptic regularity theory
and is independent of non-collapsing assumptions.

In the case of 4-D Ricci shrinkers, equations (2.8) and (2.14) form an elliptic
system, which could be bootstrapped to give higher regularities of both the metric
and the potential function, once a local curvature bound assumed. Also notice that
according to and , we already have a local C!-bound of the potential
function f.
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Lemma 4.1.4. (Local elliptic regularity) Let p € B(py, R), then there exists Ci(R), Dy(R)
such that

sup  |V*Rm| < Ci(R)L(p)**, and  sup |V*f] < DiR)L(p)"™,
B(p.11.(p)) B(p.i1(p)

(4.3)
fork=0,1,2,3,---.

Proof. Fix p € B(po,R), then B(p,l,(p)) € B(py,R + 1). Since SUPE(» 1) |Rm| <
1,(p)~2, the conjugate radius Teonj has a definite lower bound on B(p, [,(p)):

inf reon = wl(p).
sy i = lalP)
This means that the exponential map exp, : B(0,1,(p)) — B(p,r.p)) is well-
defined and has no singularity. We can pull the manifold metric back to B(0, /,(p)) C
R*, denote g := exp, g and f = exp® f. Then the pull-back metric and potential
function still satisfy the defining equation (1.4

1
RCg‘FVZf:Eg,

understood as matrix equations on an open subset of R*, with V2 the Hessian defined
by the metric §. Notice that the equations (2.8)) and (2.14) now become the elliptic
system

Af =2- Rg and Ang = 6]? * RWIg + ng + ng * ng, (44)

defined on an open subset of R?*, as equations of functions and of 4-tensors, re-
spectively. Here V is the gradient under g and A := trgﬁz is the Laplacian of g.
Moreover, since exp, is an isometry, the local C'-bounds (2.18) and (2.19) of f
translates as || fllci o,y < R+ 12
On the other hand, as in [33] and [2], on B(0,l,(p)) < R* we can use har-
monic coordinates to deduce that [Rmyg| < I,(p)~% implies ||2|lcte < Cly(p)~! on
B(0, Cl,(p)/2).
Then we can bootstrap to get that || f llcke < Di(R),(p)~'7* and IRmgllcre <
Ci(R)l,(p)~>"* under harmonic coordinates. Since exp,, : (B(0,1,(p)), ) = (B(p,l(p)). g)
is an isometry, these estimates prove (4.3). o

Remark 4.1.5. As explained in [2)], given the results of [[7], the passage from a
lower bound on the harmonic radius to a corresponding compactness theorem is
immediate.
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It is straightforward to obtain the following elliptic regularity under rescaling:

Lemma 4.1.6 (Rescaling). Given A € (0, 1). The rescaling g — g := A72g gives the
2
equation Rcy + V2 f = %g. Moreover, rgm, = ﬁ_ermg and ¥ p € B(py, R) we have:

la<p))‘”‘

-2-k
sup  [VERmgl, < Ck(R)(l”(p)) and sup  [V¥fl; < Dk(R)( ;

B(p 1) A B(p b))

Moreover, for a general function solving the Poisson equation on a 4-D Ricci
shrinker, we can argue similarly and obtain the following interior estimates under
locally bounded curvature:

Lemma 4.1.7. Suppose u € C*(B(p,l,(p))) € B(poy,R) solves AMu = c for some
constant c, then there are constants C}/(R, c) fork = 1,2,3,-- -, such that

sup  |V¥ul < CY(R,0) L(p)™ .
B(p.1.(p)

4.1.3 Energy scale

Associated to Anderson’s theorem (Proposition [2.4.6) is another local scale, called
the energy scale. This scale is particularly well-adapted to the analytical side of the
problem, and its interaction with the curvature scale, responsible for the geometric
side of the problem, consists of the technical core of Cheeger-Tian’s argument.

Definition 4.1.8. The energy scale p¢(p) is defined by

ps(p) := min{sup {r € (0,R) : I, (p.r) < ex(R)}, 1}

Moreover, we could assume g4(R) < 4C4(R)? in Anderson’s theorem (Proposi-
tion , so that I;;m(p, ps(p)) < €4(R), and Proposition tells that

pr(p) < 2rgu(p), 4.5)
since

1 -2
sup IRmISCA(R)gA(R)pf(P)_ZS(EP]‘(P)) :

B(p.3ps(p))
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4.1.4 Volume collapsing and collapsing with locally bounded cur-
vature

As mentioned above, we are concerned with the phenomenon of volume collapsing

defined as:

Definition 4.1.9 (6-volume collapsing). U C B(po, R) is 0-volume collapsing if
Vpe U, u(B(p,1)) <o.

However, volume collapsing does not give much information of the underlying
geometry. The concept associated to localizing the structural theory of Cheeger-
Fukaya-Gromov in [14] is (9, a)-collapsing with locally bounded curvature:

Definition 4.1.10 ((5, a)-collapsing with locally bounded curvature). U C B(py, R)
is (0, a)-collapsing with locally bounded curvature if Vp € U, us(B(p,l.(p))) <
S L(p)*.
Anderson’s e-regularity with respect to collapsing bridges these two concepts:
Lemma 4.1.11. Suppose for some 6 € (0,1), andVp € U C B(py,R) C M,
) ea(R) 6
uiBp. ) < 1 and [ R day < A0S
! 16fix(1) B "= T6pR(D)

then U is (6, a)-collapsed with locally bounded curvature, i.e. Vp € U
py (B(p, L(p)) < 6 L(p)*. (4.6)

Proof (following Cheeger-Tian). Without loss of generality we only need to con-

sider points with rg,, < 1. If p¢(p) = 1, then

16 (B(p, 1))iar(rrm(p)) < 0 far(rrm(p))
ar(1) T pg(1)?

ur(B(p, rem(p))) < pr(B(p, 2rrm(p))) <
. rem(p)*
fgr(1)

Otherwise, if p¢(p) < 1, and by continuity of I,’;m(p, ryinr, I;:m(p,pf(p)) = g4(R),
and we can estimate

< 0 "Rm(P)4-

1641 (B(p, pr(P))ir(rrm(P))

,Uj(B(P’ ”Rm(P)))

B Ar(pr(p))
16fr(rgm
_ #R(”y}ze (p) |Rm|2 d,uf
£a(R) B(pos(p)
0 ar(rrm
< /"R_(rR (P) < 6 ren(p)’,
Ar(1)
in the case rg,(p) < a, and a similar argument for rg,,(p) > a implies (4.6). O
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This lemma says that if we have sufficiently small energy, local volume collaps-
ing of a region does imply collapsing with locally bounded curvature.

4.2 Nilpotent structure and locally bounded curva-
ture

When collapsing with bounded curvature happens, Cheeger-Fukaya-Gromov [14]
gives a complete structural theory of the underlying manifold, one important conse-
quence being the vanishing of the Euler characteristics. When the metric is locally
regular, a similar structural theory could be obtained when collapsing with only
locally bounded curvature happens on a domain. This observation was essentially
discovered in [[18]], in the context of F-structures, and was made of full use in [20].
The vanishing of the Euler characteristic of the domain and then help ob-
tain an improved energy bound (Proposition 4.4.1]), which will be crucial for the
iteration argument for the key estimate (Proposition [4.4.5)) later. In this section we
will follow the expositions of Sections 2 and 3 of Cheeger-Tian [20] to see why
their theory also works for 4-D Ricci shrinkers. The equivariant good chopping for
sets collapsing with locally bounded curvatre (Theorem [4.3.1)), which is the main
theorem of Section 3 in [20], is proved in the next section.

In this subsection, we will discuss why the main theorems of Sections 2 and 3
of [20]] also work for 4-D Ricci shrinkers.

We start with constructing a good covering, which sees a nice partition into
sub-collections that makes the gluing arguments in [[14] and [[19] possible:

Lemma 4.2.1 (Existence of a good covering). Fixa < 1. There is a covering of E C
M by geodesic balls with radius being a uniform multiple of the curvature scale,
such that it can be partitioned into at most N sub-collections S; (j = 1,--- ,N) of
mutually disjoint balls in the covering, with any ball in a sub-collection intersecting
at most one ball from another.

Proof. Let{p;} (i =1,2,3,---) be a maximal subset of E satisfying

d(pi,py) 2 {min{ly(pi), la(p )}, 4.7

then for suitably chosen ¢ € (0, 1), {B(p;, 2{1,(p;)} is a locally finite covering with
uniformly bounded multiplicity. If B(p;, 2{1.(p;)) N B(pj,2{l.(p;)) # 0, then

d(pi, pj) < 4 max{l,(p:), l.(p))}-
Assuming < 1 then as done in lb

min{ly(p), la(pp)} < max{le(pi), lo(p)} < min{la(py), l(p))} + d(pi p)),
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so we can estimate the distance

4
d(pip)) < 1_—52§min{za(p,~>, L)), .8)

and thus

1+2
min{ly(p), la(p)} < max{ly(pi), lu(p))} < lt—zgmin{la(pi), l(pp).  (49)

Now if B(piy, 2¢1.(piy)) N B(pi;» 2¢L(pi;)) # O for j=1,---, N(iy), then by
and (4.9),

47 1-2¢
igs Pij S—a i d la 'Z—Za in/»
d(piy> Di;) 1_251 (pi,) an 02D) 720 (Piy)
and thus we have the following containment relations: Vj = 1,--- , N(i),
5( -2 9 -2

B (piys ¢l(piy)) C B(Pi,, la(pio)) cB (pio, la(Pio)), (4.10)

1-2¢ 1-2¢

while for 1 < j; < j» < N(ip), @7) gives

¢ -24) L(1-20) _
B (Pjn mla(l?io)) ﬂ B (sz, mla@i@)) = 0. “4.11)

Let{ < 21—0, and do the rescaling g — [,(p;,)>g =: &, then since a < 1,

sup |Rmgl; < 1.
B(piy 757)

Now apply (4.10), (4.11) and volume comparison on B(p;,, 10{) we get

1 W L 50-202
NGio) jZA Vol (B (p Y ))

1 5; - 22 {1 -2p\" o 9 -2
< st (i ) () vl =)
(sg— 242) (94—2&) (g(l - 247))‘1 Volg (B (piy.0))
< A -1 Ay —>
1-2¢ 1-2¢ 2(1+20) A-1({) N(ip)

where A_i(r) is the volume of radius r ball in a space form of constant curvature
—1, and thus N(iyp) < N’, a dimensional constant once we fix £ € (0, zio).

Vol (B (Pio» 5)) <
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Now start with a maximal subset of {p;} with d(p;, p;) > 10{ max{l,(p;), l.(p;)}
denoted by S ; then choose S, as a maximal subset of {p;}\S 1, etc. In this way we
could obtain §y,- -+, S y. Notice that for k = 1, 2, if there exist p; € S;and p; € §;

satisfying B(p;,, 2{1.(p;,)) N B(p;, 2¢1.(p))) # 0, then by (#.8) we have

8
102 max{la(ps ), L(p)) < d(piys pi) < 1_—525max{za<pil>, L(p),

impossible for { < %. Thus the ball centered at any element of S ; can intersect
with at most one ball centered at some element of a different .S ;.

On the other hand, by the maximality of each §; (j = 1,--- ,N),if p;; ¢ §, U
---U Sy, then as observed in [[15]], there exist pi, €S for each j=1,---,N (note
that there may be more than one p;, from a single § ;, but we just pick one of them),

such that

d(piy» pi,) < 10¢ max{l,(p;,), lu(pi;)} (compare (4.8))

implying as before, since { < %, that

min{ly(py,), la(pi;)} 10¢
- )} < : s Di) < ———L1.(pi).
max{lo(pi), la(pi))} < =107 and  d(piy, pi;)) < l_mgla(p,o)
So we have the following containment relations
112 - 1022 217 — 1022
B ip» la i B i"—la i B ia—la i ’
(Pip» Sla(piy)) C (p, =10 (po)) - (po T (Pio)

and by , the mutual disjointness of B(pij, e - 10{)la(p,-0)) for j=1,---,N.
Now we fix some ¢ € (0, %), and do the same rescaling as before g — 1,(p;,)"g.
The unit curvature bound on the rescaled unit ball around p;,, the containment rela-
tions and mutual disjointness, together with the multiplicity estimate, give a dimen-
sional bound on N, as argued by volume comparison within B(p;,, 1) above. O

The fact that the number of partitions of the covering is independent of specific
manifold, together with the elliptic regularity (4.3)), ensure that the work of Cheeger-
Fukaya-Gromov [14] go through. Thus we have arrived at

Theorem 4.2.2 (Cheeger-Fukaya-Gromov [14], Cheeger-Tian [20]). For any € > 0
and r € (0, 1), there exists a 6crcr(€) > 0 and g,k > 0, such if U C M is (6, a)-
collapsing with locally bounded curvature, for some 6 < dcpgr, then there is an
approximating metric g° on some open subset W with U ¢ W C B(U, %), together
with an a-standard N-structure on W, such that:
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1. g% is (g l,, k)-round in the sense of (1.1.1)-(1.1.6) of [14];
2. the approximation satisfies

e g > < g< g P,
IVE-V¢| < eI,
and |V*Rmge—V*Rm,| < W(e|k) ;>

3. g% is invariant under the local nilpotent actions of the N-structure;
4. Yx € W, its orbit, N(x) is compact with diamg N(x) < € l,(x); and

5. W =U,wN(), i.e. W is saturated.

We immediately have:

Corollary 4.2.3 (Vanishing Euler characteristics). If U C B(py, R) is (0, a)-collapsing
with locally bounded curvature, then y(W) = 0.

Proof. By the existence of an a-standard N-structure of positive rank over W, we
have a topological fibration S' < W — B where B is the collection of all orbits
of the S' action, induced by the action associated to the N-structure. Thus y(W) =

x(SHy(B) = 0. O

The construction of the N-structure and approximating metric g° starts on geodesic
balls of scale [,. Once we do the rescaling g +— [,(p)~2g, we can carry out the con-
structions of Section 2 and 5 of [14] to obtain local fibrations. In order to glue
the local fibration and group actions, as done in Section 6 and 7 of [14], we need
Lemma.2. T|which tells, essentially, that one can carry out the gluing procedure by
adjusting within a single ball at a time. Finally, notice that once two balls intersect
non-trivially, then (4.9) is in effect, and rescaling one ball to unit curvature bound
will ensure the rescaled metric having curvature norm bounded by 2 on the union
of both balls, and Proposition A2.2 of [14] works for the gluing.

4.3 Collapsing and equivariant good chopping

The equivariant good chopping theorem when collapsing with locally bounded cur-
vature happens, as stated and used in [20], is a generalization of the original work
of Cheeger-Gromov [19] in two directions: in one direction, the global curvature
bound is relaxed to locally bounded curvature, as carried out by Cheeger-Tian in
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the proof of Theorem 3.1 of [20]; in the other, since the collapsing does not imply
the existence of an isometry group action — the action being only by a sheaf of
local isometries — more elaborations are needed to reduce the situation to the case
considered in [19]]. In this appendix, with respect to the proof given in [20], we
provide additional details that were indicated but not written out explicitly.

Fix a € (0, 1) throughout this appendix. For the sake of simplicity, we will
assume the given metric to be locally regular under curvature scale, i.e.

(R) there exist Ay >0fork=0,1,2,---, such that

sup [Rmy| < L(p)° = sup  |V*Rm,| < Ay L(p)~7~
B(p,la(p)) B(p.31a(p)

Theorem 4.3.1. Let (M, g) be an n-dimensional Riemannian manifold satisfying
property (R). There exist constants dgc > 0 and Cgc(n) > 0 such that if E C M is
(0, a)-collapsing with locally bounded curvature for some 6 < 6gc and a € (0, 1),
then there is an open subset U C B(E, %) that contains E, saturated by some a-
standard N-structure, and has a smooth boundary 0U with

oyl < Cocly'.

Fukaya’s frame bundle argument [29] enables us to overcome this difficulty.
Basically, we first lift to the frame bundle, where the collapsing can only produce
mutually diffeomorphic nilpotent orbits with controlled second fundamental form.
Then we apply the equivariant good chopping theorem of Cheeger-Gromov [19]
to obtain a good neighborhood that is both invariant under the nilpotent structure
and the O(n)-actions. Taking the quotient of this neighborhood by O(n), we get the
desired neighborhood on the original manifold, because the O(n)-action commutes
with the local actions of the nilpotent structure.

We remark that the proof of this theorem utilizes Sections 3-7 of Cheeger-
Fukaya-Gromov’s structural theory about the geometry of collapsing with bounded
curvature developed in [14]], and its generalization to the case of collapsing with
locally bounded curvature by Cheeger-Tian [20]: to begin with, we need the exis-
tence of a regular approximating metric on the frame bundle, invariant under the
nilpotent action resulted from the collapsing. See for a detailed description.

Regularity of the frame bundle

Consider the frame bundle FB(E, a), with each fiber diffeomorphic to O(n) and 7 :
FB(E,a) — B(E, a) the natural projection. We follow the conventions of Notation
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1.3 in [29]. Let g denote the Riemannian metric on FB(E, a), as defined in 1.3
of [29]. Moreover, for any object o associated to B(E, a), we will let 0 denote the
corresponding object associated to FB(E, a).

For any p € E, do the rescaling g — [,(p)g =: g,, then by (R) we can control,
for p € n1(p),

sup |Vkng,,|g,, < By(n, A, l.(p)) < Bi(n, A,
FB(p.3)

where we use A to denote Ay, - -, A;. This because for a < 1 the rescaling will
stretch the fiber metric on O(n), making it less curved. This means, in the original
metric,

(Rl) SupFB(p,%la(p)) |Vkng|g' < Bk(”’ ASk) la(p)_z_k for k = O, 17 27 3, .

Now we use Lemma to construct a good covering of B(E, %), by B; :=
B(p;,2{1,(p;)) contained in B(E, a). Clearly FB(E, 5) C U,F'B;.

Fibration and invariant metric of the frame bundle

We first assume 0 < dcrgr. Arguing as before, we notice that if B; N B; # 0, then
(4.9) ensures that the curvature of the frame bundle also satisfies fork = 0,1,2,-- -,

(1—24

2k
L 25) Bu(n, Ace) max{ly(p), Lu(p )} 2.

sup IV"‘nglg <
FB,'UFB_/'

Thus rescaling g +— L,(p;) g =: g;; on B; U B; will ensure fork = 0,1,2,---,

-2/ —2-k
sup |VARm, .. < Bi(n,Ag)|——= ,
FB,-UFF)B,- IV Rimg, s, K Ag) ( 1+ 2{,’)

so that we can think as on F'B;U F'B; there is a uniformly regular Riemannian metric
8ij-

By Lemma we notice that in each step of carrying out the procedure
of Sections 3-7, especially applying Proposition A2.2 of [14], we only need to
deal with the case of smoothing within a single F'B;. Thus the above regularity

of the metric restricted to intersecting balls is sufficient, and we can construct the
following data:

(F1) there is a global fibration f : FB(U,2a/3) — Y;

(F2) Y is a smooth Riemannian manifold of dimension m’ < dim FE;
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There is a simply connected nilpotent Lie group N of dimension n — m, and a co-
compact lattice A, such that:

(N1) N acts on U;FB; so that each orbit N(X) at some X € U;FB; is a compact
submanifold, and up to a finite covering,

N/A =~ N&X) = f(f(D);

(N2) the action of N commutes with the O(n)-action;

(N3) the action of N on FB(E, a), after taking the O(n) quotient, descends to the
a-standard N-structure on B(E, 2), as described in Theorem@

Moreover, for any positive £ which could be arbitrarily small, there is a smooth
metric g° on FB(E, a) and a constant ay = @(n, a) > 0 such that:

(G1) g°is a regular e-approximation of I,(p;)~%g| rp,; for each i, see Theoremm;
(G2) 2°is invariant under both the actions of N and of O(n);

(G3) Vx € FB;, diamg N (%) < &l,(p;) for each i.

(G4) Vx € FB;, the normal injectivity radius injgg X2 %aola(pi);

(G5) Vi€ FB,, x| < C(Bxa(n,A)) L(p)™"

Without loss of generality, we may assume that By(n,A;) > 1 and o < 1.

Here we make a simple convention: VX C FB(E,a/2), let N(X) and O(X)
denote the orbits of X under the action of N and O(n), respectively. Since both
actions are local isometries (G2), and they commute (N2), we have:

(G6) the operations N (-), O(-) and B(—, r) (with respect to g°) for r € (0,a/2) on
subsets of FB(E, a/2) commute.

We need to further notice that for € > 0 arbitrarily small, we can choose ¢
small enough so that B(E, a) being (9, a)-collapsing with locally bounded curvature
implies the existence of the approximating metric above, with the given . Notice
that as long as 6 < dcrgr, the existence of @, and the N-structure is guaranteed.
Here we fix ¢ = 107, and let ¢ < dcrgr be one that works for the fixed
e. In practice, once there exists some 6’ < dcrgr, then there exists a family of
Riemannian metrics that are (6, a)-collapsing with locally bounded curvature with
0 — 0 (see [18] and [30]), so eventually ¢ < dgc.
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Distance to orbits

Recall that we hope to smooth the boundary of E. This smoothing will be obtained
by taking certain level set of a smoothing of the distance function to N(FE). Here
for any O(n)-invariant U C U;FB;, we define the “distance to orbits of U” as fol-
lowing:

po : UiFBi — [0,00) &> dge (3 N(D)).

Notice that by (N2), N(U) is invariant under the O(n)-action:

VyeOom), yN(O)=N@uU)=N(Q).
Then py immediately satisfies the following properties:
(D1) pg is invariant under the actions of N and O(n) by (G2);
(D2) VX € U;FB;, pp(X) < dg=(%, U), and thus

p7'(10,a/4]) c B(U,a/4).

The possible non-smoothness is caused by the behavior of AU, since the distance to
a single orbit is smooth within the normal injectivity radii, by (R1), (G1) and (G4)

defining d*(X) := dg(X, N(%,)) for some fixed %, € U;FB;, then fork = 0,1,2,---,
we have

(D3) SUPp(w ). 0 1,p0) [VE@™| < Cila(pd)'™;
(D4) d* is both N-and O(n)-invariant;
(D5) py = infr ey d™.

Local parametrization of the frame bundle

For each g € FB; N FE, we start with setting A := B(N(cj), @la(pi)) and H :=
O(FIO) Notice that by (G4), the normal injectivity radius, constant on N(g), satisfies
inj; > @l «(pi). We can deduce that f(H°) is contractible and H° deformation
retracts to N(g), therefore we can find, possibly after lifting to a finite covering,
a global orthonormal frame, consisting of left invariant vector fields &,--- , &,y L

N(§), so that Vy € N, the map
. @y 70 _ 1 m < s -
exp;/_q . B (07 7111([)1)) - H > V= (V [ ) = expyq [; 1% fs('}’@)

is injective and diffeomorphic onto its image, where B (0, 27 ( pi)) cR™.
According to (G2) and the definition, we immediately notice that

63



(P1) Vy € N and Vx € H°, Image(exp};) L N();

(P2) Yy € N, (exp})'g® = (expL,)'g° on B(0; L1.(p));

(P3) Yy € Nand VX € A, Alv; € B(0, %1,(p,)) such that p(y%) = po(exps(vy)).
We can consider the pull-back metric h; := (exp;)"8® on B (0, “—Ola(pi)), as a positive
definite 2-tensor field, so that:

(P4) according to (G1) and (G2), for any multi-index I with |[I[| =k =0,1,2,---,

M

whi < Cela(p)™;

P5) B (0, “—Ola(p,-)) is geodesically convex under the metric dj, defined by A;;
(P6) Vv € B0, 31,(p)), dy,(v,0) = di(exp; (V).

Local smoothing and chopping

In order to smooth p;, we mollify it by a smooth cut-off function within the normal
injectivity radius of g, following [16]. Let 0 < ¢; < 1 be a smooth function such
that for some ¢’ > 0 to be determined later,

: o — Lo .
(S1) ¢; is supported on [0, 55 L.(pi)) and ¢;(2) = 1 for t € [0, 555 L(p)];

(S2) () < CLt)lu(pi) ™ fork =0,1,2,--- and € [0, £, (p))).

» 100
Now we focus on an O(n)-invariant U c H°, and define on H?:

1 _
pho=— [ Po@e(d (@) dVe @),
Hi(X) B(N(B), R1u(p))

where

Hi(X) = f @i(d*(2)) AV (2).
B(N @), 1u(pi))

Notice that in the definition of p’g we have taken average by dividing p;(X), thus the

numerical value of ,5’2_] is not affected if we lift the original neighborhood to a finite
covering.

By the invariance of py and that exp; being a diffeomorphism onto its image,
we can reduce /5‘?7 to a function [)3_] on B (0, D1 p,-)):

Pv) = Pylexpy(v)).

The most important property of f)% is:
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(83)  IVEALI® = IV'Eyl(expy) (@) fork=0,1,2,3,--.

Then by Fubini’s theorem and the invariance of p; under the N-action,
- 1 _
phv) = — f pu(expz (Wi (d, (v, W) (W) AV, (w),
(V) B(0.%21.(pi))

where

UW) = Vol N@xBy) and w0 = [y (vew) ) dV ).

B(0,21,(p))

The smoothness of ﬁ%(v) then follows from differentiating ¢; (d),, (v, w)) with respect
toveRB (0, @la(pi)), and the derivative bounds are guaranteed by (S2) and (P4):
(84) SupB(O,(%Ola(pi)) |Vkﬁ§7| < Ckla(pi)l_k for k = 17 2, 35 .

Now we can apply Yomdin’s quantitative Morse Lemma (see [3]] and [44] for
proofs) to the function [)g_], to find, for small > 0, some interval J; C [0, 22L,(p;)]
of length |Jg| = Yyu(a, n,n)l,(p;) > 0 such that

Viedy, VPl > n on (Bp)(0).

Here we may assume the definite constant Wy, (a, n,n) < 1072.
By the definition of ﬁ% and (S3), we then have

(YD Veedy, IV = IV phl >0 on ().
Let W), := @%)—1([0, t]) for some ¢ € J;. We then have

(CDH V_V[QJ is invariant under the actions of N, by (A3.1) above, and O(n) acts as
local isometry on WY,

(C2) UNnH" c W?_] C B(U, 21.(p));

Define £ = expg ((ﬁ%)‘l([o, ti])), then V_Vg = N(Z7). We immediately have the
bound
V25 |

(©3) syl <

< Cla(p)™".

This, together with [I1yz)| < Cl,(p))~", and the fact that Vy € N, X5 — yXy is an
isometry, give
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(C4) ol < CoDlu(p)™".

We notice that the function pgj is locally O(n)-invariant, therefore it extends

smoothly from H° to yH® for any ¥ € O(n). Thus we see that Wy := O(W?)
has a smooth boundary on H = O(H"), whence an O(n)-invariant neighborhood of
U c H. Moreover, since each y € O(n) acts as an isometry, we have

(C5)  aw,| = yanl < CONla(p)™.

A refined good covering of the frame bundle

We start with fixing £ = 1072 (see Lemma/4.2.1)) and
= min{0.1, ¢/ ay}.

Choose a maximal set of points {g;} C E, such that
dy(q;,q;) > {'aomin{l(p;), L(pi,)},

and obtain a covering of E by {B (q 20 ’aola(pij))} (with respect to the original
metric g on M). Here for each g;, p;; is chosen as any B; containing g;. Then by
Lemma , we can find a finite number of sub-collections S ; (j=1,---,N),
such that E ;. := B(qx, 2{'aolu(p;,,)) is disjoint from any Ej;., and intersects with
at most one Ej y for j* # j.

Now the sets E;; = n~'(E ;) cover FE, and each E ;. is obviously O(n) invari-
ant. Fix g € g ;) for each (j, k). Since by (G1), g° is a regular £ approximation
of the original metric on FB(E, a), with £ < 107" as defined, we can redefine

Ejx = O(B(gjx 20 aolu(pi,))) € FB(E, a),

so that the covering property and the partition into finitely many sub-collections are
still satisfied.
We further define D?,k := N(E ), then by (G6) and (G3), we have

I+ a
101 - &)

therefore {D? } still forms a covering, and could be divided into finitely many sub-
collections S7, -+, S as obtained above.
The pomt of constructing this new covering is that the original covering is with
respect to the original metric g, and we need to refinish it so that each open set of
the new covering is saturated by the nilpotent and orthogonal group actions, yet the

DY = O(B(N(@w)-20 aolu(pi,))) © B(EJk, ~ 570 (o)
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whole collection of open sets could still be divided into N disjoint sub-collections,
a necessity for our future step-by-step gluing to obtain the global chopping.

Now we define D’" = B(N(q,k) r k), with r’" =(2+4 s’ al, (p,jk) for each
me{0,1,2,3,4,5, 6} We need this fattemng of open sets in the covering since later
we will need to “glue” the local smoothings, see the forthcoming claim.

Global chopping

We now do the final step, the global chopping. The method we follow is briefly
given in [19], where the curvature is assumed to be uniformly bounded, here we
take the (changing) truncated curvature scale into consideration.

For the collections S',---, S, we first do the above local chopping for each
FEN Djk to obtain ij w1th tix = 27 "Wy p(a, n, ), (pi,,), and define U, := U Wi,
as an open subset of U;F'B,.

For the second step, we modify members of §’. Notice that if some D, inter-
sects some W, & non-trivially, then we have the estimates of the truncated curvature
scales as before

HD)  min{l(pi, ), la(pin )} < max{la(pi, ), la(pi )} < i+§ min{ly(pi, ), la(Pir,)}-
Renormalizing g — la(pizyk)‘zg =: g»4 will ensure that

1+

sup |Rm§z,k|§2,k < Cl _
WLk’UD;k (

with corresponding bounds on [V*Rmg, |z, .

Now we can chop locally within Dg’k (see [19]): first chop Zy; := (Wi U
D} ) N D;, to obtain some O, then choose a smooth interpolation to glue the
newly chopped piece to the previously chopped ones. More specifically, we have
the following

Claim 4.3.2 (Gluing the local choppings). There is a smooth interpolation between
the boundaries dWy - 0 (D3 ,\D;3 ) and Q3 , N (D3 ,\D} ), so that we could obtain

some R}, C D3, with the property

50 _ O 4 50 _ A0 )
Rz,k = W?,k, on Dk\DZk, and Rz,k = Qz,k on Dz,k-

Proof of claim. By the proof of the local smoothing, within Dg o

smoothed distance to N(Zy), and 0, = (pﬁZZk)‘l([O, t2x]) for some 1o € I, with

we have pﬁzz . as the
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tox = 27%¥yu(a,n,n) L(p,). In addition, we could set Z} , := W1 & N (D3, \DJ)),
with the smoothing of the distance to the orbit of which being pZ, . Notice that
2,k

ﬁZz,k = f_)Zék on Dzk\DQka
therefore
_ = 2
PﬁZZk = Pﬂzék on  D3,\D,,.

and thus
05, N(D3\DYy) = (75, )7 ([0.24]) = (@, )7 (0. 124).

On the other hand,
Wi N (D5, \D3,) = (P )_1(0),

and now the existence of a controlled interpolation required above is easily seen:
choose a smooth cut-off function A, : [r; & r‘z‘ ] = [0, 1] with controlled deriva-
tives, such that A, kl[r 2= =t and A, kl[, Ad = = 0, and the desired region R2 X is
defined as
-1
PO ._ (P2 A0 ~ff G2 1 .4
R, = (DR 0%,) U (o, (axt@™)) (rhprdD.
O

Clearly Rg’ . is N-invariant and has the expected smooth boundary whose second
fundamental form has control |H<9ng| <C la(piz,k)_l-

Let Ry = O(RY,), then the isometric action of O(n) and the invariance of

ﬁﬁz“’ [)ﬁz, under such actions ensure that R, is smooth with controlled second
K 2.k

fundamental form |I1z,,| < C l,(p;,,)”". Do such adjustments for each D(Z),k €S,
and let U, := U; U (UyR,), we have finished the second step.

Iterate the above procedure for N steps. At the j-th step (j > 2), we modify
members of S j with tj; = 27 Wyp(a,n,n) l.(pi;,) for each k. By the Harnack in-
equality of (H1) for intersecting balls, we could produce a neighborhood U; of FE,
which is contained in FB(E, %), invariant under both N- and O(n)-actions, and has
a smooth, controlled boundary

Uy, < C L,

By (N3) and the invariance of Uy under the O(n)-action, define U := Uy/O(n),
then E C U C B(E, %), and U is saturated by the a-standard N-structure on B(E, %),
with a smooth and controlled boundary

;0] < Coe L.
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4.4 Proof of the e-regularity theorem for 4-D Ricci
shrinkers

The foundation of the proof is Anderson’s e-regularity with respect to collapsing,
which basically asserts that the smallness of the renormalized energy Iém (see Def-
inition at certain scale guarantees the uniform curvature bound at half of that
scale. However, the (more natural) input of our theorem is the smallness of the local
energy

E(p,r) ::f |Rm|? dus < ¢,
B(p,r)

which, when collapsing happens, may well be caused by the smallness of 1 +(B(p, r)),
and it is not obvious at all that small local energy implies the smallness of the renor-

malized energy. However, we will follow the strategy of Cheeger-Tian [20] to find

that for 4-D Ricci shrinkers, the above smallness of energy indeed implies the small-

ness of the renormalized energy, at a much smaller, but definite scale.

4.4.1 The key estimate for 4-d Ricci shrinkers

Combining the above propositions, Cheeger-Tian [20] obtain the following esti-
mates of the boundary Gauss-Bonnet-Chern term:

Proposition 4.4.1. Let (M, g, f) be a 4-D Ricci shrinker and fix a € (0,1). There
exist positive constants dct(R) < 0gc(R) and Cer(R) > 0 such that for any K C
B(po, R — a) with B(K, a) being (6, a)-collapsing with locally bounded curvature for
some & < Ocr(R), then there exists an open subset Z, saturated with respect to the
associated N-structure of an approximating metric, such that

1. B(K,3a) ¢ Z c B(K,z3a),
2. |y < CCT(R)(a‘l +I’7_€,1n), and

3.|[, 7P| < Cor® a™! Skt (a2 + 1) dv,.

The proof of this proposition only used, in addition to the previous propositions,
the volume comparison, and this is available within B(py, R) by Lemma[2.3.2]
Recall that the curvature can be controlled by

(Rmf? < 82P,| + V2 fP.

The main task is to obtain an average control of |#,|. This is done by an induction
process, which is based on Proposition and the vanishing of the Euler char-
acteristics on subsets that are (9, a)-collapsing with locally bounded curvature. In
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order to better extract information from Proposition 4.4.1] we start with a maximal
function argument.
For each u € L'(M, g, dus), we can define

1
M{:(x, §) := sup

_— udug.
ves 1y (B $)) Jpwy

Recall the volume doubling property (2.24) and applying Lemma 4.1 of [20], we
get

Lemma 4.4.2. There is a constant C4 (R, @) > 0, for each R, > 0, such that for
any dug-measurable subset W C B(py, R),

1
1 f ©  CuaR@)
— | M/(x,s)" du ) < —f |u| dus. (4.12)
(w w ! (W) B(W,65) !

From Proposition 4.4.1] we can estimate:

Lemma 4.4.3. Fixr € (0,1) and 6 < min{dcrgr,0cc}. There exists a C4,(R) > 0,
such that if some compact set K C B(py, R—r) has its r-neighborhood B(K, r) being
(0, r)-collapsing with locally bounded curvature, then we have some saturated open
set Z C B(K, %r) with smooth boundary, containing B(K, J—lr) such that

L7
Z
Proof. By the measure equivalence (2.21]) and Proposition 4.4.1} we get

[ 7,
oz

1

%
— o [Rm|* d, ] .
qu(A(K; 0,r) AK:Lr 2 Hf

(4.13)

< Ca(R)us(A(K; 0, r))r™! (ﬁ + [

IA

Cer(R)r™! fA o )(s_3 +71g0) dV, (4.14)
,gr,gr

IA

Cer(R)e® ¥ 7! f (s +rg)dup. (4.15)

AK:4r3r)
Now we notice that for s € (0, 1],
pr(p)" < cana(Rymax (M .(p, )%, 57"}
This is because if p¢(p) < s < 1, then

Ar(ps(P))

|RI’}’Z|2 d/l =& (R)’
ur(B(p,pr(p))) B(p.pr(p)) ! !
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which gives

1
,uf(B(P,,Of(P))) B(p.ps(p))
 a® N e~ R VDg (R)
 Er(og(p) T (1)

[Rm|* dy (4.16)

Mlj;qm‘z (p’ S) 2

pr(p)*, 4.17)
and thus 1
pr(p)™ < C4.2.2(R)Mifﬂm‘z(P, 5)*,

where ¢422(R) := (e~ Dg, (R)/fi(1))%.
Now for s < r < 1 we have

P < 80P < s B (57 4 (M o(p9)'). (A18)
with ¢423(R) := 8 max{1, cs22(R)*}.

Now we can choose s = £ and apply Lemma to the function |Rm/|*> with
@ = 3 to obtain

3

3 C4.1(R7 §) :

ML o) duy < (A(K;O,r))(—4 f |Rm|* d ) )
fA(K;;r,gr)( Rk ) s Hr(ACK;0,7) Jai:1r3n H

(4.19)

Then the estimates (@.13)), (4.18) and (.19) together give

[,
0z

Since there exists an r-standard N-structure on Z, y(Z) = 0, and we can employ
the Gauss-Bonnet-Chern formula on Z to finish the proof, i.e. fz P, = - faz TPy
]

< Ca2(R)us(A(K;0,7))

_4 4

- +( . re |Rmf* d ) :
Hy(AK;0,1) Jai:irin H

(4.20)

Recall that our purpose is to use (4.13)) together with the special relation (2.16))
between #, and |Rm|*> in dimension four to estimate ||7€m||le . In the Einstein

case Re = 0 but for non-trivial 4-D Ricci shrinkers, Re = V2 f does not vanish
identically. However, we could employ the good cut-off function constructed in
Lemmato obtain a local L*-control of the full Hessian of f by its energy. This
is the content of the following lemma:
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Lemma 4.4.4. Given K C B(po, R — r), we have estimate for the potential
function f.

Proof. By Lemma[2.3.3] we have a cut-off function ¢ such that 0 < ¢ < 1, supp ¢ C
B(K,r), ¢ = 1 on B(K,r/4) and r|Vy| + r*|A | < C,19(R), then we can use the
Weitzenbock formula (2.11) to compute

f AV duy f 261V 12 dy
B(K.Ar) B(K.r)

= f o (A IVF1 +IVFP) duy
B(K,r)

f A7 AV £ dey + f VAP ds
A(K;0,r) B(K,r)
< ¢(R) (2R + \6)2 r2u(A(K;0,7) + 2R + V2 us(B(K, ),

IA

IA

and thus
f 2AV2 P AV, < Caa(R) (2R + V2) eV (1720 (AK: 0,) + s (BK: 7).
B(K;3r)
(4.21)
]

From now on, we fix dgg := %{5CFGT, dgc}. Now we can generalize the follow-
ing key estimate of [20] to 4-D Ricci shrinkers:

Proposition 4.4.5 (Key estimate). Fix r € (0,1) and R > 0. There exist constants
exe(R) > 0 Cgg(R) > 0, such that any B(E,r) C B(pg, R) which is 6-volume col-
lapsing for any 6 < 6k sufficiently small, and with

f [Rml* duy < exe(R), (4.22)
B(E.r)

has the estimate
f [(Rm|* duy < Cxrp(R)up(B(E;r)) r.
E

Proof. The estimates (4.20) and (@.21)) (with (2.16)) show that YK c B(po,R — )

that is (9, s)-collapsing with locally bounded curvature (assume s € (0, 1)),

Rm|> dur < Car(R)u(AK;0, s s_4+(s_—3 Rml|* d )
fB o R Ay < Coaua ))[ R e, T
+ C43(R)ps(B(K, ).
(4.23)
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Here the point is that even in practice we have 6 — 0, but the threshold, 6xg, for the
theory developed in Section 3 to be applied to obtain (4.20)), is universal.
Define E, := B(E,r);fori=2,3,4,---,setE; := A(E;27'r,r — 27'r),

D;:={x€E; : rgm(x) <27V}, and F;:= E\D..
Clearly B(D;,2"Yr) c E;,, and in fact we have:

Claim 4.4.6. B(D;,27“VYp) is (6xg, 27 Vr)-collapsing with locally bounded cur-
vature.

Proof of claim. If x € B(D;,2"“Vr) has rg,(x) < 27D then this follows from
Lemmal4.1.11} if we assume exg(R) < %.
Otherwise, if x € B(D;,2""Vr) has rg,(x) > 270*VDr, then since Lip rg, < 1

and supp, -,y 'rm < 27'r, we have py(x) < 27 Vr, and

i+ - Ky (B(x, pr(x))ir(1)
ur(B(x, 27 V) < up(B(x, 27 Vr)) < fir(p (0)2% D
fir(1) 1

ar(1) 2
- MR Rl dpy < T Rl dye
ea(R)240-1 \L:(x,pf(x)) 1= eu(R)24-D B(x.r) !

< Sgp2 MDA
provided sxg(R) < S50 O
Here we could clearly see how the energy threshold exz(R) is determined by dgg.
Now we can apply (4.23) to K = D;, s = 27D to obtain
3

1 24 D 1 #
_ [Rml* duy < cR)| = + = (— f [Rml* du ) :
1y (B(E, 1)) Jpip,2-oom) ! P\ BE M) g, !

(4.24)

where we need to notice that
A(Dy; /273,312 € A(D;; 0,27y ¢ B(D;, 27" Vp) c Ejyy.

On F;, we have [Rm| < 41772 so fF IRm|* duy < c(R)2*Dru,(A(E; 0, 1)).
Now we can estimate

f [Rm|* duy < f |Rm|* dus + f IRm|* dy s
E; D; Fi

f [Rm|* duy + c(RY2**Vr*u(B(E, r))
B(D;,2-(+3)p)

IA

3

24 D 1 4
.0 5+ gty [ o) |

IA
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Similarly, (4.23)) directly implies that

1 3
fE | |Rm|* du; < c(R)us(B(E, r))[16r-4+2r-‘ (m fE 2 |Rm|* duf)

e A ~1ni — 1 2

Therefore, we could set a; := ¢(R)r*16', b; := c(R)r~'2', and x; := BED) fEi |Rm|~ du s
fori=1,2,3,---, then a;, b;, x; satisfy the relations
3 . (é)i

xi <a;+bix! and limsupx;*" = 1.

i+1° .
I—00

Notice that 77, (%)j =4, we can apply Lemma 5.1 of [20] to obtain

1
mL|Rm|2 d/Jf = x; < CKE(R)}’_4.

O

As mentioned in the Introduction, (4.21)) gives a bound that blows up in the
induction process. However, the blow up rate is of second order in the inductive
scale, which is absorbed by the controlling terms, i.e. the right-hand side of (.23,
blowing up of fourth order in the same scale. This observation will also be crucial
for our arguments in the next ub-section.

4.4.2 The fast decay proposition.

As the key estimate tells, as long as the energy is sufficiently small at a given scale,
the renormalized energy at that scale is bounded. In order to find a uniform scale,
reducing to which the renormalized energy is small enough to apply Anderson’s
e-regularity theorem, we need the following proposition:

Proposition 4.4.7. Let (M, g, f) be a 4-D Ricci shrinker and fix R > 2V2. There
exists some rpp(R) > 0, epp(R) > 0, 0pp(R) > 0 and ng > 0, such that for B(p, 2r) C
B(po, R) with r < rep(R), if

HBW-D) s R, (4.25)
Ar(r)
and
[ ol day < eroi, (4.26)
B(p,2r)
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then

/Jf(B(P, 2r)) B(p,2r)

g (r)

— < 2
1, (B(p. 1) (Rmf dyy.  (4.27)

f RmP duy < (1 - )
B(p,r)

Remark 4.4.8. Abusing notations, we will always denote a possible subsequence
by the original one.

In this subsection we will take several steps to prove this proposition. Essen-
tially, the proof reduces the problem, by blowing up the radius r, to a situation
similar to the Einstein case. But this principle works on two levels: on the level
of |V f], its smallness after rescaling will directly give a comparison geometry pic-
ture similar to the Einstein case; however, on the level of |V? f1, we notice that
fB(p’r) V2 f1* duy is scaling invariant, and we need to use the Weitzenbdck formula

2.11)) to give it a local L>-control of order lower than that of o) |Rm|* du,. This
is in the same spirit as Lemma4.4.4] ’

Moreover, our argument avoids appealing to the theory of Cheeger-Colding-
Tian, see Theorem 3.7 of [13]]. This is unavailable in the context of shrinking Ricci
solitons since the Ricci curvature lower bound is not satisfied. However, we expect
there to be a version of Cheeger-Colding-Tian’s theory for manifolds with Bakry-
Emery Ricci curvature bounded below.

We wish to point out that our argument is under the framework of Cheeger-
Tian’s in [20], whose key observation is that the estimates - of the
approximating functions are in the average sense. Our new input is the elliptic reg-
ularity (4.44)) of the approximating functions that produces smooth annuli where we
have global point-wise derivative control, see Sub-sub-section (4.3.10). We would
also like to thank Jeff Cheeger for pointing out the paper [42] for an alternative
treatment in a different context.

Control of Pfaffian form.

In fact, we can assume

uyp(B(p,r))
eRwyrt’

f |Rm|* AV, > ea(R) (4.28)
B(p.r)

because otherwise we could have directly applied Anderson’s e-regularity theorem
to obtain the desired curvature bound, and there is no need to prove this proposition.
Now we use Lemma to obtain a cut-off function ¢ supported on B(p,2r),
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constantly equal to 1 on B(p, 1.6r), and having uniform control r{V| + r*|Af¢| <
C,.12(R). Then we could estimate as in Lemma 4.4.4

RZ
f Vv, < S [ aaTel+ DIV dy
B(p,1.6r) 2 B(p,2r)
< CRW,(B(p, 1) 1™,

As long as r < \/%, for any open set B(p,r) ¢ U C B(p, 1.6r) with smooth
boundary, the expression of Pfaffian (2.16) gives

872 f P, > f [Rm|* AV, — f V22 dV, > 0.
U B(p.r) B(p,1.6r)

Let erp(R) < n%e~®’, then the above inequality, together with (4.26)) , gives
3eR erp(R) 1
0< | P S——F— < = 4.29
fU o 8n2 2 (4.29)
for any open subset U with smooth boundary such that B(p,r) c U C B(p, 1.6r).

Setting up a contradiction argument.

We prove the proposition by a contradiction argument. Were the proposition false,
then there exist 4-d Ricci shrinkers (M, g;, f;), sequences r; — 0,6, — Oandn; — 0
as i — oo, such that for some B(p;,4r;) C B(p?,R) (p? denoting the base point of
M;),

[ Ry < oo (4.30)

B(pi,2ri)

and HEB@R2I) o 4.31)
Hr(2r;)

but is violated for each i.
We will find, for each i large enough, some open subset U; with smooth bound-

ary such that B(p;, r;) € U; C B(p;,2r;) and that
1
0< TP, < =. (4.32)
oU; 2

Since r; — 0, (#.29) holds for all i sufficiently large, so adding (.29) and (.32
gives

0<xyU) <1,
contradicting the integrality of y(U;).
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Rescaling.
Consider the rescaled sequence (M, r; 2g:, f)). Denote g, := ry 2g;, then the scaling
invariance of the energy and (4.26) implies that for each i,
f Ry, dfi; < erp(R). (4.33)
B(pi,2)

where we add a tilde to an object to denote its rescaled correspondence. Moreover,
the scaling invariance of volume ratio and the converse of implies that

/:‘f,-(B(Pi, 2)) JBpi2)

Arir(1)

— [Rmg > iy > (1-m;)
,Uf,(B(p,,l)) B(pi,1) #

[Rmg,|” dii .
(4.34)

These two inequalities will be the starting point of our future arguments. Moreover,
the rescaled metrics and potential functions satisfy

2
i

~ r
Reg, + V2 fi = 3gi, (4.35)

which implies the non-negativity of the rescaled Bakry-Emery-Ricci curvature

7‘2

fi = iz
chi = Eg, > 0, (436)

and the potential function has the gradient estimates

IVfile < riR. (4.37)

Finally, we denote the distance to the given point p; by d,,(x) := d(p;, x), then its
rescaled version is denoted by d; := r;'d,,.

Regularity on annuli.

On the one hand, since

frr(Di(B(pi, 2)) <1
BrQf(B(pi 1)~
by (2.23), we have

- ni -
f (Rmg* dity, < —— | [Rmg " djig,.
A(pis1.2) i JBpi»
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Let erp(R) > 0 be sufficiently small (and fixed from now on), so that we can apply
the key estimate (notice the correct order of the scaling there) to obtain

f [Rmg > dit < (R (B(pin2)),
B(pi,1)

and it follows that

»2)).

. c(R)n; _
\Rmg |* dji; <
jAj(pi;l,Z) ¢ . 1 —n

Now for any x € A(p;; 1.1,1.9), B(x,0.1) € A(p;; 1,2) € B(x,4) and

_ ( i c(R); i (B(x,0.1)) _
Rm, |* dit, < —2Lf.(B(x, 4
f:(xm)l " dfy < TI'U #(B(x.4)) < I=mn  @.r0.1)

r,R( )

so by the scaling invariance of the renormalized energy, we have

c(R)n;
1- 1 .

I, (x,0.1) <
For all i sufficiently large, Anderson’s e-regularity theorem gives Ingilgi(x) <
c(R)n;, thus

sup Ingi@[ <c(R)ny; -0 asi— oo. (4.38)
A(pi1.1,1.9)

Notice that the above curvature estimate enables us to apply Lemma [4.1.6] and ob-
tain uniform bounds for each k > 0:

sup  [V*Rmg|;, < c(k,R), and  sup |[V*fils, < (K, R). (4.39)

A(piz1.2,1.8) A(pi31.2,1.8)

Almost volume annulus and smoothing distance function.

On the other hand, since

2 1~ 2 1~
f (R diy, < f (Ron I i
B(pi,1) B(pi,2)

then (4.34) implies that

_ ﬁfR(l) > (1 _ 77i)~ ﬁ:,R(z) ’
A (B(pi, 1) as(B(pi,2))
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i.e. A(p;;1,2) is an annulus in an almost fi-weighted volume cone for i sufficiently
large. By weighted volume comparison (2.23)), for any r € (1.05, 1, 95),

fi;(3B(pi, 1)) > (1 - r))ﬂf,-(B(Pi,r))

, 4.40
/'_lrl.R(r) lariR(r) ( )

where W(7,| r) denotes some positive function that approaches Oasn; — 0.

Now we smooth the square of the distance functlon . For each i, we will solve
the Dirichlet problem

d?
?.

In view of - and ( i we can estimate u; and i&I; := V2u; by
applying Lemma@

sup |it; —di| < Y, ri|R); (4.41)
A(pi;1.2,1.8)
JC \Vii, — Vd,|* djiy, < Yy, ri | R); (4.42)
A(pi;1.1,1.9)
J[ IVZu; — 8> dit; < P, 1i | R). (4.43)
A(pi:1.3,1.7)

Moreover, the elliptic regularity Lemma estimates and the C°
bound (4.41) ensures that each i, and u; are regular.

sup  |[VE| + Ve < ¢ (k;R). (4.44)
A(p;;].3,1.7)

The collapsing limit

According to Proposition A(pi; 1.2,1.8) =gy (X, ds) (after passing to a sub-
sequence), with X = R(X) U S(X). Here R(X) is a lower dimensional Riemannian
manifold equipped with a smooth Riemannian metric g, with bounded curvature
(invoking (4.39)), such that du|gcx) is induced by g... S(X) is a stratified collec-
tion of subsets of X, each strata of S(X) by itself being a Riemannian manifold of
dimension even lower than that of R(X). There is a constant ¢y > O such that

VXxeo € R(X), 1nj Xoo = Min {de(Xeo, S(X)), doo(Xeo, 0X), tx} .
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Local average control of u;

We will study the behavior of u; at each point of A(p;; 1.3, 1.7) by taking limit. Fix
Xo € R(X) such that x; —»sy X, for some sequence x; € A(p;;1.3,1.7). Fix a scale
a = a(x,) < min{0.001, %d(x,(xoo, S(X)), tx}, we have, by volume comparison,

A (B(x;, @) S (@)

= > = . (4.45)
fg(A(pi; 1.3,1.7)) Arr(4)
Now we can localize the estimates (4.42) and (4.43):
JC \Vii; — VdiI* dias, < Y, ri | R, @); (4.46)
B(xi,a)
JC IVZu; — gl diiy, < Y, 1i | R, ). (4.47)
B(xi.a)

Limit local covering geometry

Let ; : B; — B(x;, @) be the universal covering of B(x;, @), with lifted base point
X; and deck transformation group I';. Recall that the scale @ = a(x.) is chosen so
that B(x., @) is away from S(X) and simply connected. This means, by Fukaya’s
fibration theorem, that for all i sufficiently large, B(x;, @) is topologically a torus
bundle over B(x., @), whence topologically

B; ~ R¥ImiX 5 B(x., @). (4.48)

We equip B; with the pull-back metric h; := m;g; and potential function fi= 7} fi.
Clearly (B(X;, @), h;) is non-collapsing, and on B(%;, @), estimates (4.38)) and (4.39))
hold for Rmy, and f.. This ensures that {B(%;, @)} converges, after passing to a sub-
sequence, to B(X.,a), a 4-Dimensional Riemannian manifold with limiting Rie-
mannian metric h.,. Moreover, by (.38), possibly passing to a subsequence, A;
smoothly converges to the flat metric h,, = gg, on B(X, ). We will denote the
pull-back measure by v; := n7(dfi), and by d; = rid;.

Recall that by @.37), IVfil, = |Vfly < R — 0asi — co, and that {f}}
has uniform derivative control (4.39), the drifted Laplace operators Af converge

smoothly to A = Z‘}: 1 0,0, the standard Laplace operator for R?, gEuc)-
Moreover, each pull-back smooth function v; := xii; satisfies the elliptic equa-
tion

Ai:vl2 = 8.
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The smooth convergence of the drifted Laplace operators Af further gives, for i
large enough, uniform elliptic estimates

sup [V, < ¢”(k,R). (4.49)
B(%,0.09)

The uniform boundedness (@.41)) and the regularity estimates (4.49) ensure that
Vi = Vo In C¥(B(X,0.9) (after possibly passing to a further subsequence), the
limiting equation being

AV, = 8 on B(iw,0.9). (4.50)

To summarize, when i — oo and after passing to subsequences, we have smooth
convergence on B(X.,0.9), of the sequence of metrics #; — gg,., of the sequence
of potential functions f, — ¢(R) (whence the smooth convergence of the elliptic
operators L; — A) and of the sequence of Poisson solutions v; = v,.

Local point-wise control of u;

Now we will discuss the effect of the estimates (4.46)) and on the local cov-
erings. Let B; 3 &; be a fundamental domain of B, then for each sufficiently large i,
in view of (4.48)), we have B(%;, @) ¢ U; ¢ B(&;, 2a) where

U; .= U{’}/B, LYy € F,-,)/B,- N B(fc, Cl’) * @} (451)

Notice that estimates (4.46)) and (4.47) on the local covering, for each y € I';, read
f IVvi = Vdi* dvi < ¥(ni, i | R, @)vi(yB));
YBi

|VVI' — ]’lilz dV,'

YBi

IA

Y@, ri | R, @)vi(yB;).

Then by Bishop-Gromov volume comparison on B;, we have

f IVv; — Vdi|* dv; f IVv; — Vdi|* dv;
B(%;,a) U;

|Vv; — Vd,* dv;
yBiNB(X;,a)#0 ¥Bi
Y, 1 | R, @) Z vi(yB;)
yBiNB(%;,a)#0

Y, ri | R, @)vi(B(X;, 2a));

IA

IA

IA

IA
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whence
f( )|Vv,~—VcZ|2 dv; < Y@, 71| R, @), (4.52)
B(X;,a
and similarly,
f )|V2v$—hi|2 dv; < ¥, ri | R, ). (4.53)
B(X;,a

When passing to the limit, these estimates, together with the regularity (4.49)
give

Vvl = 1 and VA% = 2gpe  in B(Fw,0.7a). (4.54)

Thinking of B(%.,0.7a) as a region in R* with %,, = 0, we see that v2,(x) = [x — x|?
for x € B(0,0.7a) and some X, € R*. Moreover, v (0) = lim;_,« it;(X;).

For any i > i,_, since the local covering is equipped with the pull-back metric,
the smoothness of the convergence (4.49) then gives

Vi) > 1-107" and |VPu; -] < 107'° in  B(x;,0.60). (4.55)
Now we consider the second fundamental form of 121.‘1 (1;(x;)): since at x;,

Vzvl- 1
lim (%) =
e = G

(ggue — Vrea Vr), (4.56)

where r is the Euclidean distance function to the origin, we have, especially, the
principal curvatures of ﬁi“ (1;(x))) at x;, satisfies

K (x;) = < 107" foralli>i,. (4.57)

i (x;)

This further implies a control of the boundary Gauss-Bonnet-Chern term for ﬁi‘l (11;(x;))
at x;: since

1 A
TP (x) = R [2 1_[ Kf'((xi) - Z Kf(xi)(](glfi(xi)] do'a;l(ai(x,-))’
k=123 k=123
where & is a pair of numbers in {1,2, 3} not containing k, we have, by (4.38) and
{4.57), foralli > i,_,

'TPX(x,-) -~ < 1071, (4.58)

2
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Global point-wise control of u;

Notice that (4.55) and are actually point-wise controls, since the scale «
depends on specific x., = limgy x; € R(X); especially, from the argument above
we could not obtain any control as we approach S(X). Luckily, u; has very nice
regularity (4.44)), so that we can choose a uniform scale a;, > 0 sufficiently small
such that for any x’, x” € A(p;; 1.3, 1.7), and Kf(x) being the k-th principal vector of

fi; ! (#;(x)),

d(x',x") < 3ay = ||Vi|(x) = [Vig|(x")] + Z k() = ()] < 1071

k=123

(4.59)

Now let {x],} ¢ R(X) be a minimal ag-net of R(X), and {x/} ¢ A(p;;1.3,1.7)
such that x/ =gy x%. Obviously j < J for some absolute constant J. For large
enough i, {B(x/,2a0)} covers A(p;;1.3,1.7). Then (4.55), (4.57) and (4.58) work

for each x{, when i > ip := max{ixgo . j=1,---,J} is large enough. We could
further estimate, by (4.38)) and (4.59), that

Klf—~—

1 ul

inf |Vi] > 1-107 and  sup < 107, (4.60)

B(x} 2a0) B(x] 200) k=12,3

whence the same estimate globally on A( pi; 1.3, 1.7), for all i > J sufficiently large.

Especially, since (1.4,1.6) C Image(ii;) by , this implies that Etl.‘l(a) is
a smooth hyper-surface in A(p;;1.3,1.7), for all a € (1.4,1.6) and large enough
i. Furthermore, we can control the boundary Gauss-Bonnet-Chern form of ;' by

#.38), (4.39), (#.44) and @.60): for all i > iy large enough and a € (1.4, 1.6),

TP, < 1074, (4.61)

— —271.2613 do-u;l(a)

since |[VTP,| < C(R).
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Level sets of u;

From the co-area formula, (4.42) and the scaling invariance of (4.30]), we can esti-
mate

1.6 . __
f“ﬁ AR ) | B () ds
_— S <
14 2ms? f]if 21253 ds
- CRR )f s ep Vi i
Arr(1.6) — firr(1.4)
fi(A(pis 1.1, 1.9)(1 + (i, 1 | R))

R
= T8 )
< cRMBPD) gy,
#r,'R(z)

Thus for all i > i, sufficiently large, by (4.44) and (.60), there is some a; €
(1.4,1.6) such that

ljﬁ(ﬁl—l(al)) 1 _R2_rR
_ — i 4.62
2n%a; < 5° (4.62)

whenever i is large enough (so that §; < %e‘szC (R)7H).

The contradiction

We fix any i > i, sufficiently large, and set U; := B(pi,1.4)U ﬁi‘l(l.3, a;), and notice
the smoothness of dU; = L“t.‘l(cr) by @ Moreover, we have

_ 3Voly@U)
0 < f TP, : (4.63)

4n’a’}
by (@.61), but then by (4.62]
3v01g,.<aU,-) .3 B (@) L
4n’a} 2 2n%a; 4
Further notice that fau TP, is a topological constant, invariant under rescaling, so
the above two estimates confirm (4.32).

Remark 4.4.9. As kindly pointed out by Ruobing Zhang, and the estimates
that follow do not require the specific topological structure, thus we don’t have
to work within the injectivity radii at regular points, but instead, estimates ({.52))
and work for balls centered at any point. We wrote the estimates and

only at the scale of injectivity radii because gives a more intuitive
explanation.
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4.4.3 Conclusion of the proof

With the help of the key estimate (Proposition and the fast decay of renor-
malized energy (Proposition [4.4.7), we can now prove Theorem [I.3.1}

Proof of Theorem[1.3.1} Let rg := ]I—OrFD(R) and let e = min{exe(R), erp(R)}. Fix
some r < rg, and assume that B(p, r) C B(po, R) has small energy fB(p’r) |Rm|* dus <
gg. It then follows from Proposition that Iqém(p, r) < Cge(R). If Iém(p, r) <
£4(R) we can apply Anderson’s e-regularity theorem directly, or if
uy(B(p,r/2))
Ar(r/2)

we are reduced to the known non-collapsing case, see [39]. Otherwise, we can
apply Proposition so that Ivfem( p,r/2) < (1 —=ngr)Cke(R). Performing the same

> 0ke(R),

process at most kg := log,_, 22221&) many times, we will have I;;m(p, 27kepy <
£4(R), whence
sup  [Rm| < Ca(R)A*r 2L, (p,27%r)3. (4.64)

B(p.2r-1y)
Now cover B(p, r/4) by balls of radius 27!, we have

Bp.r/4 ¢ | ) B@2™'nc | Blgr2 c Bp»,
q€B(p.r/4) q€B(p.r/4)

applying the argument above for each g € B(p, r/4), we obtain by (4.64),

sup [Rm| < Cgr?,
B(p,i7)

with Cg := Cu(R) VEa(R) 4%+, O

4.5 Strong convergence of 4-D Ricci shrinkers

In this section we will apply our e-regularity theorem to obtain structural results
concerning the convergence and degeneration of the soliton metrics. We first have
a straightforward application of Theorem1.3.1

Proposition 4.5.1. Let {(M,, g, f;)} be a sequence of complete non-compact 4-D
Ricci shrinkers. Suppose

f |Rmg|* du; < C(R). (4.65)
B(p).R)
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Then for each R > 0 fixed, it sub-converges to some length space (Xg,d) in the
strong multi-pointed Gromov-Hausdor{f sense (see Definition , with J < J(R)
marked points.

Proof. Fix any R > 0. By the assumption (4.65)), there are only finitely many points
pl.l, cee pl.JR € B(p?, R), around which there is a curvature concentration

f Ry duy > e, (4.66)
B(pl.r)

with r;, > 0 and jz < C(R+ 1)81;}r ;- On the other hand, for any g € B(p?,R) outside
U;LB(P,-I’ 2r;), we have
|Rmyg,|(q) < CR+17’1'_2-
By Lemma [2.3.2] and Gromov’s compactness [35], there is a compact length
space (X, d) such that after passing to a subsequence, (B(p?,R), gi) —ou (X, dy).

Clearly diam, X < R. Moreover, by compactness of B(p?,R), possibly passing

to a further subsequence, the set of points { p}, cee pl.jR } also Gromov-Hausdorff
converge to a set of marked points {x! ,--- , xﬁ‘} c X.
Now fix x € X\{xL,---, xfff} and assume B(p?,R) 3 p; —¢gu X. Fix
d, := min d.(x,x.),
1<j<Jg
then for any i sufficiently large, d, > 10r; (j = 1,--- , Jg), and we can conclude as
above

-2
sup [Rmyg| < Crad.”,
B(pi.3dx)

a uniform constant for the sequence {B(p?,R)}. Thus the Gromov-Hausdorff con-

vergence to any x # xl ( j = 1,---,Jg) 1s improved to strong convergence in
Definition 2.3.3 i

Presumably, as R — oo, jg — oo and the selection of the subsequence of
{M,, g;, f;} depends on R. This is a feature of Ricci solitons different from the Ein-
stein case. However, assuming weighted L>-bound of curvature is much more re-
alistic for non-compact 4-D Ricci shrinkers, compared to non-compact Ricci flat
manifolds. For instance, as we will see in the following proof of Theorem (1.3.2
a global weighted L-curvature bound by the Euler characteristics could be eas-
ily obtained if we further assume a uniform scalar curvature bound, see also [39]
and [47].

From (2.18)) and (2.19), we notice that a uniform bound on the scalar curvature,
eliminates singularities of f outside a definite ball. It will then be convenient to use
(sub-)level sets of f instead of geodesic balls centered at py. Therefore we use the
following notations:
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Definition 4.5.2. Let (M, g, f) be a 4-D Ricci shrinker such that the normalization
condition is satisfied, and fix R > 0, we define

DR):={xeM: f(x) <R} and Z(R):={xeM: f(x) =R} =0D(R).

Proof of Theorem[I.3.2] Fix R, > 1 so that there is no critical value of f outside
D(R).

Curvature bound outside some D(R,;y). We will start by examining the work of
Munteanu-Wang [4/]] carefully, and obtain a uniform curvature control outside a
fixed sized ball around the base point. (We cannot directly quote their results be-
cause their estimates involve the curvature of specific manifolds, but we need uni-
form estimates.) After a detailed study of the level sets £(R), Munteanu-Wang
observed, in Proposition 1.1 of [47], the following fundamental estimate for 4-D
Ricci shrinkers: there is an absolute constant ¢ o such that

VR Rel> +1
crofRm| < YR L IRAEHT

Vi f
outside D(R;). This estimate then enables them to obtain an elliptic inequality
about the positive function u := |[Rc|*R™* for some a € (0,1) (see Lemma 1.2
of [47]]): there exists some absolute constant ¢; ; > 0 such that

R 3 4

Apu > (2a — fila?) wWR! - cl,lu%ﬁ’%f — iU

outside D(R; ;). For any R > 2 max{R, R, o, R;.1}, as done in Proposition 1.3 of [47],
one can construct a cut off function ¢ supported on D(3R)\D(R/2) such that ¢ = 1
on D2R)\D(R) and |V¢| + |Af¢| < ¢i5 (c12 > 0 being some absolute constant,

especially independent of R). Now choose Ry, > R and a € (0, 1) such that

outside D(R), for any R > R;,, then a becomes an absolute constant. We then
obtain inequality (1.14) of [47]:

GPAG > STIG? - ¢15G - ¢,5G + 2VG - V&2,

where G := ug?. Applying maximum principle to this inequality we see G < ¢ 4,
ie. |Re|l € c14R* < ¢15 on D(2R)\D(R), for any R > R;,. Munteanu-Wang then
applied the cut off function and maximum principle to the elliptic inequality (see
(1.17) and (1.18) of [47])

1
Ar((Rm| + [Rel) = |Rmf* = ¢ 6 = 5 (Rm| + [Rel’)? = 17,
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whence

sup  |Rm| + [Rel* < Cyw, (4.67)
M\D(Ryw)

for some absolute constants Ry > 1000 and Cpy > 0, depending only on S.
From this estimate, we notice (as pointed out in [47]), that under the assumption of
uniform scalar curvature bound, the main concern of controlled geometry is about
a bounded region D(R,;y) around the base point.
Global weighted 1*-curvature bound. By the non-degeneration of f outside D(R)
for any R > Ry w, we see that D(R) is a smooth retraction of M, hence y(M) =
X(D(R)) as the Euler characteristic is a homotopy invariant. Recall that for Z(R),
the boundary Gauss-Bonnet-Chern term can be estimated as

1 [2|detV2f| IV2£] )

7P| < ) +3 [Rm|

IVfP VA
since |V f| > 1 and |Rm| < Cyw outside D(Ryw), we then have

f [Rm|* du; < E +cap (V2£P + [V2f)) dos). (4.68)

D(R) Z(R)
The defining equation (I.4)) then gives
f IV2f + V2 fl dosg) < ¢ f IRc]® + |Rc| dosry < c22VOI(Z(R)).
2(R) I(R)
On the other hand, (2.18) and Lemma gives control
Vol(DBRyw)) — Vol(DQ2Ryw)) < c23R .

For some R, € [2Ryw,3Ruw] such that Vol(Z(R,)) = mingg,,,<r<3r,, VOIZ(R)),

we can apply the coarea formula and (2.19) to estimate

1 3
Vol(Z(R,)) < —— IV dV < 62,4R;,[W.
Ruw JDGRyw)\D@Ryw)

These inequalities together give:

f [Rm|* dy f |Rm|* dV + C3,y f 1 dus
M D(R>) M\D(R>)

[>9)

X(D(R)) + 22VOI(E(R) + 25 ) e > P ghRY
k=1

IA

IA

3
X(M) + c25R},y, + Cas
C(E,S),
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since all the constants involved are solely determined by E and S. Here we recall
that £ > 0 and § > 0 are the prescribed upper bounds of the Euler characteristics
(in absolute value) and the scalar curvature, respectively.

With this bound at one hand, we can apply Proposition 4.5.1] to {D;(2Ryw) C
M;} and obtain a convergent subsequence, to some metric space (Xo(2Ryw), dw)
with marked points {x!,---,x)} and J < J(2Ryw). On the other hand, we have
a uniform curvature bound outside D;(2R,w), whence a non-compact length space
(Xo, dw) as the Gromov-Hausdorff limit. The convergence will preserve the finitely
many marked points, and away from these points, the Gromov-Hausdorff conver-
gence is improved, by the locally uniform curvature bound, to strong multi-pointed
Gromov-Hausdorff convergence in the sense of Definition O
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