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ON THE ROTATIONAL SYMMETRY OF 3-DIMENSIONAL
k~-SOLUTIONS

RICHARD H. BAMLER AND BRUCE KLEINER

ABSTRACT. In a recent paper, Brendle showed the uniqueness of the Bryant soliton
among 3-dimensional k-solutions. In this paper, we present an alternative proof for
this fact and show that compact x-solutions are rotational symmetric. Our proof
arose from independent work relating to our Strong Stability Theorem for singular
Ricci flows.
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1. INTRODUCTION

In his celebrated paper [Per(2], Perelman characterized the singularity formation
of 3-dimensional Ricci flows. More specifically, he proved that singularities are always
modeled on k-solutions, which he classified in a qualitative way. Roughly speaking,
such solutions are either quotients of the round shrinking sphere or cylinder or they
are diffeomorphic to R3, S or RP? and contain large regions that are asymptotically
cylindrical. A prominent example in the R3-case is the Bryant soliton, which is
rotationally symmetric. In [Per02], Perelman conjectured that the Bryant soliton is
the only k-solution on R3.
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In a series of papers [Brel3, [Brel8], Brendle proved this conjecture (see also related
results on the mean curvature flow of Brendle and Choi [BC17, BC18]). First, in
[Brel3] he proved uniqueness of the Bryant soliton under the additional assumption
that the x-solution is a soliton. Second, in [Brel§| he showed the following two
theorems, which imply Perelman’s conjecture.

Theorem 1.1. Any rotationally symmetric k-solution on R3 is homothetic to the
Bryant soliton.

Theorem 1.2. Any k-solution on R? is rotationally symmetric.

Here rotationally symmetric means that the solution admits an isometric O(3)-
action whose principal orbits are 2-spheres. The proof of Theorem [[.2] relies on the
earlier uniqueness theorem from [Brel3|] and on Theorem [Tl

In the same paper, Brendle remarks that the techniques in his paper can be adapted
to the compact case, thereby proving:

Theorem 1.3. Any 3-dimensional k-solution is either rotationally symmetric or ho-
mothetic to a quotient of the round shrinking sphere.

In this paper we offer an alternative proof of Theorem [[.3l This proof arose from
independent work on questions relating to singular Ricci flows and their strong sta-
bility properties. Our primary motivation is to share this different approach with the
community since the ideas may be useful in other contexts. We also want to provide a
detailed argument covering both the compact and noncompact cases. We emphasize
that we acknowledge Brendle’s prior solution to this problem and note, moreover,
that our argument relies on Brendle’s Theorem [I.1]

We now give a brief sketch of our argument. Like Brendle’s proof, our proof relies
on a stability result that states that the degree of rotational symmetry improves as we
move forward in time. We establish this stability property in two steps. In Section [3]
we first consider the linearized problem and show that rotational symmetry is stable
under the flow modulo a few modes, which can be removed by reparameterization. In
Section [, we use a limit argument and the Strong Stability Theorem for Ricci flow
spacetimes from our paper [BK17] to reduce the non-linear case to the linear case.

Both steps of our proof are different from Brendle’s approach. For example, we
employ a different iteration scheme that allows us to avoid having to localize sev-
eral estimates in the linear and non-linear cases. As a result we don’t have to deal
with error terms arising from the boundary. In addition, we use of the Strong Sta-
bility Theorem to directly compare metrics with rotationally symmetric ones. This
approach replaces Brendle’s analysis of approximate Killing fields.

2. PRELIMINARIES

2.1. The Ricci-DeTurck equation and its linearization. We briefly recall the
Ricci-DeTurck equation. For more details we refer to [BK17, Appendix A] (where the
same notation is used) or [Top06]. Let (g¢)ict o] and (g;)sejt 1) be Ricci flows on a
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manifolds M, M’, respectively and consider a family of diffeomorphisms (y; : M’ —
M )ieft, 2], evolving by the harmonic map heat flow

n

Oxe = DX = D (Ve dxaled) = dx(Veier)),

i=1
where {e;}"_; is a local frame field on M’ that is orthonormal with respect to g;. Then
the pullback

ge+he = (") g — g
satisfies the Ricci-DeTurck equation
(2.1) 9(ge + In) = —2Ric(gr + he) — Lx,, (gi+he) (e + ),
where the vector field X, (g; + h¢) is defined by

n

Xg(g*) = Ag*,g idy = Z (V‘Ziei — Vg:ei),

i=1
for a local frame {e;}!_; that is orthonormal with respect to g*. The Ricci-DeTurck
equation has the following analytical structure

(22) V{)t ht = Agtht + 2 R,I'Ilgt (ht) + Qgt [ht],
where the left-hand side uses Uhlenbeck’s trick
1
(Vatht)ij = (&tht)ij - §9pq (hpj&tgqi + hz’p&tgqj)a

(Rmg, (7e))ij = g™ R,y hau
and the last term has the structure
Qu el = ((g+h) " —g7 ") * (VI 2h+Rmy, #hy) + (g+h) " (g+h) "'« VIhx VA,
The linearization of (2.2)) is called the linearized Ricci-DeTurck equation
(23) Vatht = Agtht + 2 ngt(h't)-

The following fact, which has also been used in [Brel3, Brel8], will be important for
us.

Lemma 2.1. Ifw : M X [t1,t3] = R solves the heat equation Oyw = Agw on a Ricci
flow background (M, (g¢)ieft, +2)), then its Hessian hy := V?w; solves (2:3) on the same
Ricci flow background.

Proof. Let (Xy)iep, 15) be a time dependent vector field that evolves by the heat equa-
tion

(2.4) Vo, X = A, X.
Then in any orthonormal frame
Vo, ViX? =V, Vy, X? =19 X¥ + Ry V. X7 + VR X*
= ViR X" + VR X* + Ry Vi X7,
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e AV X7 =V AXT = 2R Vi X' + Ry, Vi X7 — V Ry X*.
Combining both equations and applying the second Bianchi identity yields
Vo ViX! — AV X7 = —2Rip; Vi X'
So h; := Lx,g; solves (2.3]). Lastly, observe that by the Bianchi identity X := %Vgtw
solves (2.4). So h; = %ﬁvw g: = V?w; solves ([2.3). O

2.2. Linearized Ricci-DeTurck flow on the round cylinder. We now show that
bounded ancient solutions to the linearized Ricci-DeTurck flow on the round cylinder
must be Hessians of a very special form. This will be used in the proof of Propo-
sition Bl We remark that the following results are similar to [Brel8, Proposition
6.1].

In order to facilitate the proof of decay using eigenspace decompositions, we will
make use of appropriate L2-type norms.

Definition 2.2 (Fiberwise L?-norm). Let (S* XR, (g¢)te(—o0,0)) be the shrinking round
cylinder, and suppose (hy)ier is a 2-tensor field defined on a time interval I. Then
fort € I, the (normalized) fiberwise L?-norm of h; atr € R is

1
|hell2(s2x ey = <7
EEEAED 182 % (7Y Jsowgn

where dV and |h| denotes the Riemannian measure and Riemannian norm induced
by g;, respectively.

|y |? dV)

Lemma 2.3 (Partial vanishing on the cylinder). Let (hy)ie; be a linearized Ricci-
DeTurck flow on a shrinking round cylinder (S? X R, (g¢)te(—o000)), With g = dr* +
2|t|gs2. Assume that the average of h under the standard O(3)-action vanishes. Then

(a) sup,cg ||Pellr2(s2xqr}) s @ non-increasing function of t.
(b) If inf I = —o0 and sup, yerxy [|htl|22(s2x (r}) < 00, then

h = (a1uy + asus + asus) gs2,
where uy, us, us are the coordinate functions on S* C R3 and ay, as, as € R.

Proof. This follows from separation of variables and the maximum principle.
The linearized Ricci-DeTurck equation has the form

Vohe = Achy + Rmy(hy) = AP hy + V2, hy + Rmy(h)
= V3 o.he + [t (AT by + Rm_y ().
We have two decompositions of the space I'(s*T*(S? x R)) of symmetric 2-tensor
fields: the decomposition
[(s*T*(S? x R)) = I'(s’R*) @ I'(s*(T*S?)) @ T(T*(S*) ® T*R)
induced by the bundle decomposition s?(T*(S5% x R)) ~ s’R* @ s*(T*S5?) @ (T*(S?) ®
T*R), and the decomposition h = Zj h; induced by the eigenspace decomposition

(2.5)
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for the fiber Laplacian A*EQI. Straightforward computation shows that these decom-
positions are compatible with one another, and also with both the linearized Ricci-
DeTurck flow and the fiberwise L2-metric. So it suffices to verify the lemma when h
lies in a single summand of each of the decompositions.

Case 1. h € T(s2T*R) @ T(T*S% ® T*R) belongs to the A-eigenspace of AS7.
Then Rm(h) = 0 because ig, Rm = 0, and A > 0 since the zero eigenspace of Aﬁzl
intersects ['(s*T*R) & T'(T*S? ® T*R) in the rotationally symmetric tensors, which
vanish by assumption. The maximum principle applied to (2.5) now gives assertion
(a), and if I = (—o0,tg) then h = 0.

Case 2. h € T'(s*(T*S?)) belongs to the \-eigenspace of AS7. Then h further
decomposes as h = hslar 4 ptraceless whepe pscalar — ggoo and AUl g traceless.
Furthermore, this decomposition is invariant under linearized Ricci-DeTurck flow. If

h = hraceless then Rm(h) = —3h, so applying the maximum principle as in Case 1
we are done. If h = h*@" then Rm(h) = h. If A < —1, then we are done by the
maximum principle. If A > —1, then A = —1, because the case A = 0 is excluded

by the fact that the O(3)-average of h vanishes. Hence (Z3]) reduces to the direct
sum of three copies of the standard heat equation. Now assertion (a) follows from
the maximum principle, while if I = (—o0,tg), then Vg h = d;h = 0 by a gradient
estimate. U

2.3. A semilocal maximum principle. In this subsection we restate the semilocal
maximum principle from [BK17, Proposition 9.1} in a slightly different form for the
case in which the background flow is a k-solution and the perturbation h evolves by
the linearized Ricci-DeTurck flow.

Proposition 2.4 (Semilocal maximum principle). For any E > 1 there are constants
L=L(E),H=H(FE),C=C(F) < oo such that the following holds.

Let (M, (gt)i<0) be a r-solution, T < 0 and (xo,ty) € M x [=T,0]. Consider the
parabolic neighborhood Pr(zg,to) = P(wo,to, LR™Y?(x0,t0)) and let (hy)ici-10) be a
solution to the linearized Ricci-DeTurck flow equation (2.3) on Pr(xo, to)NM x [T, 0].
Then for any a > 0 we have

. : |
2.6 e_Hat|7) To,ty) < —= sup €_Hat7
(2.6) ( RE + aF ( ) 100 py (wo to)nMx[~T,0] RE + aF
- Al
+ C sup e Hati.
Pr(zo,to)NM x{-T} RE 1+ oF

[ Pr(zo,to) N M x {=T} =0, then the last term can be omitted.

Proof. The proof is similar to that of [BK17, Proposition 9.1] and essentially follows
by rescaling the factor a. For convenience of the reader we provide a proof here.
After applying a time-shift and parabolic rescaling we may assume without loss of
generality that to = 0 and R(x¢,0) = 1. Fix ¥ > 1 and L;, H;, C; — oo and consider
a sequence of counterexamples (h;¢)ici—1,0, (M, (git)i<o), (7:,0) € M; x [=1T;,0],
a; > 0 with R(x;,0) = 1. After multiplying (h;)tc[—7;,0) Dy a scalar, we may assume
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that
(2.7) |hi|(x;,0) = 1.

Next, we may assume that the (M;, (g;+)i<0) are k-solutions for some uniform x > 0,
because otherwise the flows (M*, (g;)i<o would be quotients of the round shrinking
sphere for large i (see [BK17, Lemma C.1(a)]) and we could pass to the univer-
sal covers. So, after passing to a subsequence, we may assume that the pointed
flows (M;, (gi+)i<o, x;) smoothly converge to a pointed x-solution (Ms, (Goo.t)t<0; Too)-
Lastly, after passing to a subsequence, we may assume that the limits a, := lim;_, a; €
[0, 00] and T, := lim;_,, T; € [0, 00| exist.

The assumption that the tensor fields (hi¢)ic(-7,,0) are counterexamples to (2.6])
implies

—H;a;t |h7z|
sup e <
Pr, (2:,00NM; x[~T;,0] RE + aF 1+af
sup 6—Hiait ‘hl‘ '—1 1
Pr, (ws,0)nMix {~T}} RE+af — 7" 1+4+dF

We can now argue as in the proof of [BK17, Proposition 9.1] that T, = oo and that,
after passing to a subsequence, the tensor fields (h;)ic|-1,0) converge to a solution
(Moo, )te(—oo,0) Of the linearized Ricci-DeTurck equation on (Mae, (goo,t)it<0). If oo > 0,
then lim, ., e %t = 0 for all + < 0 and therefore ho, = 0, which contradicts (2.7]).
On the other hand, if as, = 0, then ([Z7) implies |ho| < C'R¥ for some ' < oc.
Together with the Vanishing Theorem [BK17, Theorem 9.8], this implies hy = 0,
again contradicting (2.7). O

Corollary 2.5. For every 1 < E < oo, § > 0 there is an L' < oo such that if
(M, (gt)i<0) is a k-solution, (h:) is a linearized Ricci-DeTurck flow on the parabolic
ball PL(ZL’(),tQ) = P(l’o,to,LR_l/2(£L'0,t0)), then

R7E|n|(wo,t0) <6 sup R F|h|.

Pr(zo,to)

Proof. This follows by iterating Proposition 2.4] with a = 0. O

3. A PARTIAL VANISHING THEOREM FOR THE LINEARIZED Riccl-DETURCK
FLOW ON K-SOLUTIONS

In the following we will consider 3-dimensional rotationally symmetric s-solutions
(M, (g¢)i<0), i.e. solutions that are invariant under an O(3)-action whose principal
orbits are 2-spheres. Our goal will be to analyze the linearized Ricci-DeTurck flow on
these solutions and to deduce that this flow decays modulo certain well-understood
modes.

As (M, (g¢)i<0) is assumed to be rotationally symmetric, the possible topological
types of M are S? x R,R3, S3, RP3. In this section, we will only focus on the non-
compact cases, i.e. the cases M ~ R3 or S? x R. Here we equip R? and S? x R with
the standard O(3)-action. It is a well known fact that in the case M ~ S? x R, the
flow is homothetic to the round shrinking cylindrical flow g; = dr? + 2|t|ggs>.
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We can express g; as a warped product of the following form, away from the center
of rotation if M ~ R3:

(3.1) g = pz(r, t)dr2 + q2(7’, t)gse.

The symmetric (0, 2)-tensors h that are invariant under the O(3)-action always take
the similar form

h = p(r)dr® + 3(r)gs>-

We will refer to such tensors from now on as rotationally invariant. In the following we
will also consider the three coordinate functions wy, us, uz € C*(S?) for the standard
embedding S? C R3. We will often view these functions as smooth functions on S% xR
or R*\ {0}. So uy, us, us are constant in time and along radial geodesics.

The following proposition is the main result of this section. It is similar to the
Vanishing Theorem [BK17, Theorem 9.8]. The main difference is that we only assume
uniform bounds on A on the initial time-slice, without any weight. As a result, we
can only control h at later times modulo certain modes, which are either rotationally
invariant or can be expressed as the Hessian of a scalar function.

Proposition 3.1. Let (M, (g:)i<0) be a rotationally symmetric k-solution diffeomor-
phic to R? or S? xR and let m € Z, n > 0 and C, D < oo. Then there is a constant
T =T(m,n,C,D,(g:)) < oo such that the following holds.

Let (ht)iej-1,0) be a uniformly bounded solution to the linearized Ricci-DeTurck flow
(Z3) on (M, (gt)i<0) and assume that R(x,0) = 1 for some x € M . Assume that
IV™h_p| < CR™? on M for allm =0,...,3. Then on B(x,0, D) we have a decom-
position of the form

ho = it + V2 (fi(r)us + fa(r)us + f3(r)us) + hp,
where:

(a) hi?t is rotationally invariant.

(b) fi(r)us+ fo(r)us+ f3(r)us is smooth on B(x,0, D). This implies in particular
that fi(r), fa(r), fs(r) vanish at the origin in the R3-case.

(c) |hollem(B@o,p)) < N

The proof of Proposition [3.1] uses the following fact:
(3.2) lim [tjmaxR(-,t) =00 if M ~R>.
t——o00 M

This fact holds due to Theorem [I.I, which is due to Brendle. We remark that with
some extra work it is possible to remove the dependence on (3.2), hence making the
proof of Theorem independent of Theorem [l

Before carrying out the proof of Proposition 3.1l we first introduce some general ter-
minology and establish some preliminary lemmas. For the remainder of this section,
we will always assume that we are in the setting of Proposition Bl

Averaging via the isometric O(3)-action yields a decomposition

ht — hiot + hgsc’
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where h°" is rotationally invariant and the average of h¢* under the O(3)-action
vanishes. Both components still solve the linearized Ricci DeTurck flow equation. It
therefore remains to prove Proposition B.1] in the case in which h; = h*°; with the
additional assertion that h{’* = 0.

Next, we find a decomposition of h; of the form

Here the first three terms describe the component of h*° corresponding to the 3-
dimensional representation of O(3). More specifically, assume that the O(3)-action
on M is described by the family of diffeomorphisms (¢4 : M — M)aco). Then for

j=1,2,3 we define hi’d’j to be the image of h; under the projection
1

3.4 hn—>7/ Aé;,e;) oyhdA,

( ) |O(3)‘ 0(3)< J j> A

where we integrate with respect to a bi-invariant measure on O(3). We also set
Ryt = hy — Z?Zl R34 Then h¥* and hI*t solve the linearized Ricci-DeTurck
equation and the image of h[*' under the projections (B3.4]) vanishes. Due to the
decomposition (B.3)) it suffices to prove Proposition B.1] separately for the following
two cases:

(A) Rt =0 and b, = h¥* for some j = 1,2, 3.

(B) h;°* =0 and hy = h}™".

So let us assume without loss of generality that case (A) or (B) holds. Case (A) will
be more subtle and we will mostly focus on this case. Case (B) will follow along
the lines with small modifications and omissions of several technical details. We will
point out these differences in the course of the proof.

Let us now consider Case (A). We first need to analyze the structure of the com-
ponents of h; = ki more carefully. For this purpose, fix some t € [—T,0] and
reparameterize the radial parameter r such that the representation (3.1) simplifies to
g = dr* + ¢*(r)gs2. Let p; := qdu; and v; := ¢ (*du,), where the star operator is
taken fiberwise with respect to the standard metric on S?. Note that the maximum
of |ujlg, = |vjlg on each cross-sectional 2-sphere is equal to 1.

Lemma 3.2. We have on S* x R or R?\ {0}
(3.5) hy = hi’d’j = a;(r)u; dr2+bj(r)uj gs2+¢;(r) (p; dr—+dr p;)+d;(r) (v; dr+drv;),

for some smooth radial functions a;(r),b;(r),c;(r), d;(r), which extend to smooth odd
functions across the origin if M ~ R3.

Proof. In the following, we will omit the index t. It suffices to verify the char-
acterization (3.5) along a single S%fiber. Along such a fiber we can write h =
fdr? + (&dr + dr&) + bl where f € C=(S?), € is a 1-form and Al is a symmet-
ric 2-tensor on S2. Note that f, € and Al are contained in the image of the projection
([3.4), where ¢4 denotes the standard action on S? and the pullback has to be taken
within the appropriate category. It remains to prove that f is a multiple of u;,
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¢ € span{y;,v;} and Rl is a multiple of ujgsz2. This follows from standard represen-
tation theory.

More specifically, consider a 3-dimensional representation of O(3) of the form
span{7i, T2, 73}, where 7; are tensor fields on S? of arbitrary degree. Assume that
the 7; are chosen so that there is an equivariant map span{7, 7,73} — R3 with
7; — €;, where O(3) acts on R? in the standard way. Then 7; must be invariant by
rotations along the Re;-axis and 7; restricted to any great circle passing through +e;
must satisfy the ODE 7/ = —7;. If 7; is a scalar function or a symmetric 2-tensor,
then restricted to any great circle passing through £7; it must be even across te;. If
7; is a 1-form, then it must be odd. These properties uniquely determine 7; up to a
multiplicative constant. U

Given the coefficient functions a;(r), b;(r),c;(r), d;(r), we define
(0:9)q°c; — b,
1—(9:9*

Note that F; is a zeroth order linear operator on S? x R or R?\ {0}, respectively and
Fjh: is a smooth radial function where defined.

fjht:

Lemma 3.3. The product (F;h;)u; extends to a smooth radial function on M.

Proof. If M ~ R3?, then b;(r) is an odd function that vanishes to at least second
order. Moreover, since (M, g;) has strictly positive sectional curvature, 92¢(0) # 0. It
follows that F;h; extends to a smooth odd function across the origin, which implies
the statement of the lemma. O

Lemma 3.4. For any smooth radial function f(r) that extends to a smooth odd
function across the origin when M =~ R3, the Hessian V?*(fu;) is of the form (3.3)

and we have
Fi(V2(fuy)) = f.
Proof. An elementary computation shows that
V2(fuj) = (92 f)u;dr* + (= fq > + (0,q)qg 0. f)q* ujgs
+ (O fat = f(Ora)a™) (pj dr +drp;). O

Motivated by the previous lemma, we define in Case (A)

alhe] == |hy — V2((Fhi)uy) ‘

So a[h;] measures the deviation of h; from being a Hessian of a specific form. In Case
(B), we simply set afh:] := |hql.

Lemma 3.5. Assume that we are in Case (A) and assume that alhy] is uniformly
bounded for some t* € [=T,0]. Then (Fjhy)u; is a smooth scalar function on M
that grows at most quadratically at infinity. Let (wy)iep-) be the solution to the heat
equation with initial condition wy = (Fjhu)uj. Then

’Et = ht — V2wt
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is a uniformly bounded solution to the linearized Ricci-DeTurck flow with alh] = a[h]
on M x [t*,0] and |hy| = afhy].

Proof. The fact that wy = (F;hp+)u; is smooth follows from Lemma B.3] Next, note
that | V2w | < |he|+alhy] is uniformly bounded. So wy+ grows at most quadratically
at infinity and |V?w| remains uniformly bounded on M x [t*,0]. Lemma 2] implies
that hy — V2w, solves the linearized Ricci-DeTurck flow. Next, Lemma 3.4 yields

(Fihauy = (Fj(he = VPwp))uy = (Fiho)u; — w,

which implies that a[h] = |hy — V2((F;h)u;) + V2w, = afh]. The last statement
follows by definition of «. U

Lemma 3.6. For every § > 0 there is a © = ©(0) < oo such that if (h)ic-0,0] 5 @

bounded linearized Ricci-DeTurck flow on the shrinking round cylinder (S* xR, (g¢)i<0)
with R(-,0) = 1 and h™* =0, then alh](z,0) < dsup,, |h_o|.

Proof. Suppose not. Then for some § > 0, there is a sequence ©; — oo and for
every i a linearized Ricci-DeTurck flow (h4)ic—e,0 such that a[h](x,0) > ¢ and
sup,; |hi—e,| < 1. Using the fiberwise L?-norm (see Definition 2.2]), we have

(36) sup ’|hi7—9i

reR

r2(s2x{ry) < sup |hi—e,| <1,
SZxR

so by assertion (a) of Lemma 2.3 we have sup(, yerx(—e,0 [[Pitllz2(s2xryy < 1. By
(B.6) we may extract a limiting linearized Ricci-DeTurck flow (oo t)i<o such that
(3.7) alhoo)(2,0) > 6 and sup oo il L2(s52xgr) < 1

(r,t)ERX (—00,0]
By assertion (b) of Lemma[2.3]and Lemma[3.4] we would have V2(Z§:1(]-"jhoo7o)uj) =
heo, and hence alhy o] = 0, contradicting (B.7). O

The following lemma will reduce the proof of Proposition B.I] to two elementary
bounds on «lh].

Lemma 3.7. For anym € N, n > 0 and D,C" < oo thereis a § = 6(m,n, D,C") >0
such that the following holds: If a[h](-,—1) < C" on M and alh](-,—1) < 6 on
{6 < R(-,—1) < 671}, then the conclusion of Proposition[31 holds.

Proof. As discussed earlier, we may assume that we are either in Case (A) or in

Case (B). Assume that the lemma was wrong for some fixed m,n, D,C" and pick
a sequence of counterexamples (h;)ic[—1,0 for a sequence §; — 0. In Case (A) set

hiy := hiy — Vw;y, where (w;4)ie[—1,0) is a solution to the heat equation with initial
condition w; _; = (F;h; _1)u;, as explained in Lemma In Case (B) set 7%-7_1 =
hi —1. Then \ﬁi,_l\ < C" on M and \ﬁi,_l\ < ¢ on {6 < R(-,—1) < §7'}. Tt now
follows from a standard limit argument that %i,O — 0 locally uniformly in C™, which
implies assertion (c) of Proposition B1] for h{ = Em for large 7, in contradiction to
our assumption. 0

Due to Lemma [3.7] Proposition 3.1l is a consequence of the following lemma.
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Lemma 3.8. Let (M, (g:)i<0) be a rotationally symmetric k-solution diffeomorphic to
R? or S? xR and let 6 > 0. Then there are constants C' = C'(g;), T = T(4, (g;)) < o0
such that the following holds. Suppose that (hi)ic(—1,0) i @ uniformly bounded solution
to the linearized Ricci-DeTurck flow with [N™h_p| < R™? for all m = 0,...,3.
Assume that the assumptions of Case (A) or (B) hold. Then

afh](-,0) < C" on M and  afh](-,0) <6 on {§<R(-,0)<é '}

Proof. Note that in the cylindrical case, the lemma is a direct consequence of Lemma
B.6l So it suffices to consider the case M ~ R3.

Fix 0 and (M, (g¢)i<o) for the remainder of the proof. The constant 7" will be
determined in the end of this proof. Assume that (h¢)icj—7,g is given and consider
the isometric O(3)-action on (M, (g¢)i<o)-

Claim 1. For any © < oo there is a constant C* = C*(0) < oo such that for all
(z,t) € M x [=T,0] with t — OR™Y(x,t) < =T we have alh](z,t) < C*.

Proof. Fix some E' > 1 and choose H = H(E') according to Proposition 2.4l Let
a = R(z,t) and consider the quantity Q' := e‘H“tRE,‘#Jr'aE,. Choose (y,s) € M x[-T,0]

such that 2Q'(y,s) > S := sup;_1 €'- Then, by Proposition 2.4l we have

2
S < 2Q/(y7 S) <—85+4+ QCSUP Ql('v _T)v
100 M
where C' = C(E'). So S < 4Csup,, Q'(-,—T). This implies that for any (2/,t') €
M x [-T,t]
|A| (2, 7') o 1

< 4Ce"" ————

ORE(w, ) =~ C " RE(x.t)
So |h| < 8Cef™® on M x [~T.,t]. Using the derivative bounds of h at time —7T and
standard local derivative estimates (see for example [BK17, Lemma A.14]), we can

upgrade this bound to a derivative bound at time ¢ and therefore, we obtain a bound
on alh|(z,t). O

Fix some arbitrary constant £ > 1 and let A < oo be a constant that will be
determined in the following claim. Consider the following quantity on M x [—T', 0]

_ a[h]
Q= (| + AR)E +1°

Claim 2. There are constants © = O(E), A= A(E) < oo and ¢ =¢(FE) > 0 such for
any (z,t) € M x [=T,0] with t* :==t — OR ! (x,t) > =T and c € [0,¢] we have

(3.8) (QR)(a1) < 15 sup( QR 1)

Proof. The constant © < oo will determined in the end of the proof, depending only
on E. The constant ¢ will be determined in the course of the proof, depending only
on I/ and ©. Assume that the statement was wrong for fixed ©, choose A; — oo and
consider solutions (h;¢)¢c[—7;,0) to the linearized Ricci-DeTurck flow, as well as points
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(xi,t;) € M x [=T;,0] where (8.8) is violated. By linearity we may assume without
loss of generality that
Set K;:= R(x;,t;) and t; :=t; — OK,; ' > —T;. In Case (A) set

hi,t = hi,t - Vzwi,tu
where (w,-7t)t€[t;,0] is a solution to the heat equation with initial condition Wipr =
(Fjhi)uj, as explained in Lemmaf3.5l In Case (B) set hy;; := h; ;. Then a[h](z;,t;) =
alh](z;, t;) = 1. So, since (B.8)) is violated at (z;,t;), we have

.
Pz | < e 10

K; .
(51 +ADRC )+ 17 0 ([l + A)EG)E + 1
Choose H = H(FE),L = L(E) < oo according to Proposition [2.4] and set

(3.10) Re(-, 1Y)

f; = RC . e~ Bt 1+ A) T (t=17) |7
((|tr] + 4)R)F +1

[
RE + (Jt;] + Ay~

Assume in the following that ¢ < (O, L(F)) is small enough such that by bounded
curvature at bounded distance we have for every (y,s) € M x (—o0, 0],

(3.11) R® <10R(y, s) on  P(y,s,LR™Y*(y,s)).
Let (yi,s;) € M x [t;, ;] be a point such that S; := supy;, =) fi < 2fi(ys, 8i). Then
by Proposition 24 (for a = (|t;| + A;)~') and (BIT))
Si < 2fi(yir 55) < 2-10(555: + C'sup fil-,17)),
M

— Rt + A)F - e U A) T (8)

for some C = C(E) < oo. After combining this with (8I0) and replacing C' by
1000e”C, we obtain that on M x [t} t;]

il < K¢ ¢
(1 +A)R)P +1 7 ([t + A K) P + 1
So on M x [tF, t;] we have
7 K; ¢ t; K-_l Az E41
i< o ) W01+ A+
R ((Jt:| + Ai) Ki)F +1
B C(&)C((m + A)R+OK, 'R)F +1
B R (It + A) K3)F + 1
_ C(ﬁ)c((itil +A)Ki - K7'R+OK'R)” +1
- \R (It + A)K;)P + 1 ’
After passing to a subsequence, we may assume that the limit Z := lim; . (|t;| +
A)K,; € [0,00] exists or is infinite. Let us now consider the parabolically rescaled

RC

(3.12)
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pointed flows (M, (g := K;g, , —1,)i<0, Ti). By the compactness theory of x-solutions
and after passing to a subsequence, we may assume that these pointed flows smoothly
converge to a pointed r-solution (Myo, (goot)t<0s Too) With R(2,0) = 1. By (B.12),

the correspondingly rescaled flows (TL;t 1= Kby, k-1,)ie(—0,0) satisfy a bound of the
form

< o]+ A)K Ry OR) 4
(e + AVKP + 1
Here the scalar curvature is taken with respect to the rescaled metrics. Since the right-
hand side converges to a finite limit, the sequence A is locally uniformly bounded,

so after passing to a subsequence, we may assume that it smoothly converges to a
linearized Ricci-DeTurck flow (hog)ie(—0,0 on Mo % (=0, 0] with

(3.13) Iz

(3.14) afheo) (200, 0) = 1.

Case 1: Z = lim;_,(|t;| + A;)) K; = oc. Then passing ([B.13) to the limit, we
get that
|heo| < CR™°RF

on My x (—0,0]. Assume that 2¢ < E — 1. For every ¢’ > 0, if © > O(¢, E), we
may apply Corollary with E replaced by E — ¢ to obtain that

heo| <FCRR®  on  P(s,0,1), m=0,..., (8"

When ¢’ smaller than some constant depending only on C' = C(E) and E, we may
deduce bounds on |V™h*|(z,0) that contradict (3.14)).

Case 2: Z = lim;_,o(|t;| + A)K; < oc. We claim that in this case (M,
(goo.t)t<0, Too) must be isometric to the standard round shrinking cylinder with R(-,t) =
(1 + 2|¢[)~!. Assume not. Then sup,, R(-,;)/K; would be uniformly bounded and
therefore (|t;| + A;) sup,, R(+,t;) would be uniformly bounded as well. By (3.2]) this
would imply that |¢;| remains bounded. However, since A; — 0o, we also must have
supy; R(+,t;) — 0, contradicting the fact that |¢;| remains bounded.

Passing (B.13) to the limit, we get that

((Z+©)R)F +1 JZ+O)(1+2t) )P +1
ZE +1 ZE +1 '
Assume in the following that ¢ < ¢(©) such that (14 20)¢ < 2. Then

|heo| < CR™€ = C(1+2/t])

J(Z+0)1+20)HF +1

lim sup |heo| < C(1 4 20)

tN—6 ZE 4+ 1
(Z+1)E+1 2BZE 4 28 +1 5
<2C <2C <2C(2 1).
- ZE+1 = ZE +1 S 20027 +1)

By Lemma B0 if © is larger than some constant depending on C' = C(E), then
o[hoo)(,0) < 3, contradicting (B14). O
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By combining Claim 1 with Claim 2 for ¢ = 0 and observing that @ < «[h], we
obtain that @ < C* on M x [T, 0]. Therefore, we have

Oé[h](, 0) < C*((AR(’ O))E + 1)>

which implies the first bound of the lemma for some C' = C’(E), since R is uniformly
bounded. In order to prove the second bound, it suffices to show that () can be
made arbitrarily small on {§ < R(-,0) < §~'} if T is chosen sufficiently large. To
see this choose zy € {6 < R(-,0) < 67!} and assume that Q(z,0) > ¢ > 0. We
can inductively construct a sequence of points (zg,ty) = (z0,0), (z1,%1),... by the
following algorithm: If ¢;,; = t; — OR™Y(x;,t;) < T, then stop the algorithm at
(x;,t;). Otherwise, use Claim 2 with ¢ = ¢ to find a point x;,1 € M with

(RQ)(wiv1, tiv1) = 10(R°Q) (i, ti).
So if (x;,t;) is defined, then (R°Q)(x;,t;) > ¢’ and
(R°Q)(x0,0) < 107(RQ)(zs,t;) < 107" max ]RCC’*.

M X (—00,0
It remains to show that the sequence (x;,t;) exist for large enough ¢ if 7" is chosen
sufficiently large. To see this, note that whenever (x;,t;) is defined, we have

_ op-1 Qx4 t;) 1/ C\ Ve
ti—tiy1 = OR (23, t;) < @<W) < @(7) )

So for fixed ¢ and sufficiently large T', we have t;,1 > —T and the algorithm can be
continued. U

4. THE MAIN ARGUMENT

4.1. Choice of constants and terminology. In the following, we will define the
scale of a point x by p(x) := |Rm|~/?(z) € (0, 00).

We will first fix some constants, which we will use throughout this section. Let
E < oo be the constant from [BK17, Theorem 1.7] (Strong Stability of Ricci flow
Spacetimes) and fix F > E. Based on this choice, let €can = €can(E) > 0, again
according to [BK17, Theorem 1.7].

We will now fix a constant m.., € N according to the following (trivial) Lemma.

Lemma 4.1. There are constants De,, < 00, Mean € N and €., > 0 s%h that the
following holds. Let (M, g,z) be a pointed Riemannian manifold and (M,q,T) the
pointed final time-slice of a k-solution. Assume that there is a diffeomorphism onto
1ts 1mage

Y1 BM(T, Dean) — M
such that ¢¥(T) = = and such that for X := p(x)

H)‘_2¢*9 - ch"Lcan(BW(f,Dcan)) < Ecan-

Then (M, g) satisfies the €can-canonical neighborhood assumption at x.
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Let D be a constant, whose value will be determined later in Lemma L3 Using
this constant and the constant me,, € N, we now define a quantity S that measures
the degree to which a metric is locally O(3)-invariant.

Definition 4.2 (Pointed roundness). Let (M, g, x) be a complete, pointed Riemannian
manifold. We define S(x) to be the infimum over all ' > 0 with the following
property: There is a pointed Riemannian manifold (M,q,T) that admits an isometric

O(3)-action whose generic orbits are 2-spheres, and such that BM(Z, D) is relatively
compact, as well as a diffeomorphism onto its image

v BM(%,D) — M
such that ¢¥(T) = = and such that for X := p(x)
H)‘_2w*g - y‘ Cmean+100( BN (3, D)) < ﬁ/'
If (M, g) is the time-t-slice of a Ricci flow, then we will write B(x,t) instead of B(x).

Note that 8 is an upper semi-continuous function. A standard limit argument
yields

Lemma 4.3. If § = 0 on M, then (M, g) admits an isometric O(3)-action whose
generic orbits are 2-spheres.

We will moreover use the following asymptotic roundness property of k-solutions.

Lemma 4.4. Let (M, (g;)i<0) be a k-solution on R® or S®. In the case M ~ S3, we
additionally assume that Theorem [L3 already holds for any k-solution on R3.
Then there is a sequence t; N\, —oo such that sup,, 5(-,t;) — 0.

This lemma is the same as [Brel8| Lemma 2.7].

Proof. The case M ~ R? is a consequence of the rigidity discussion of Hamilton’s
Harnack inequality [Ham93] and Brendle’s uniqueness result of the Bryant soliton
among k-solutions that are solitons [Brel3]. The proof is the same as in [Brel§], so
we omit it here.

The case M =~ S? follows from the fact that the flow is either homothetic to the
shrinking round sphere or any rescaling limit for £ \, —oo is a shrinking round cylinder
or is diffeomorphic to R? and therefore rotationally symmetric by assumption. U

Lastly, we will also use

Lemma 4.5. There are universal constants D, Cy < oo with the following property.
Let (M,g) be complete and sup,; o < B* < Cy'. Then there is a complete O(3)-
invariant metric ¢ on M whose generic orbits are 2-spheres such that for all m =
0,...,Mcan + 90

PV (g~ g)] < CoB".
Proof. Standard gluing argument. O
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4.2. The main stability estimate. Our main estimate will be the following propo-
sition.
Proposition 4.6. Given any r-solution (M, (g:)i<o) that is not a constant curvature

space form, we can find constants B > 0, A < oo such that the following holds for
any (x,t) € M x (—oo,—A]. If 3< 8 on M x [t — AR™'(x,t),t], then

By <— s B
10 Arxft— AR (1)1
Proof. Fix (M, (g¢)i<0) and choose §; — 0, A; — co. Assume that the statement of
the proposition was wrong and choose a sequence of counterexamples (x;,t;) € M x
(—o0, —A;] such that B < min{3;,108(z;, t;)} on M x [t — A, R~ (x;,t;), ;). Let g;y =
R(,t)9t,+r1(z;4,)¢ De the parabolically rescaled flow on which R(x;,0) = 1. We
will only work with the pointed sequence of x-solutions (M, (g; +)i<o, ;) from now on.
After passing to a subsequence, we may assume that the pointed flows (M, (g;.+)t<0, %)
smoothly converge to some limiting pointed s-solution (Muo, (goot)t<0, Too). This
limit is non-compact since t; < —A; N\, —oo and (M, (g+)i<o) was assumed not to
have constant sectional curvature. Moreover, (Me, (Goot)i<0, Too) is O(3)-invariant,
because 3; — 0.

For each i let

B = sup By < BZ — 0.
MX[—Ai,O]

Let T > 0 be a constant whose value we will determine later. By Lemma [4.5]
we can find for large i a complete O(3)-invariant metric g; . on M such that for
m=0,...,Mecan + 90

(4.1) }Pm('v _T)Vm(gg,—T - gi,—T)‘ < CoB;

Recall that Cj is a universal constant. Let M be the Ricci flow spacetime with initial
condition (M, g; ) on the time-interval [~T',0]. More specifically, we require M;
to be 0-complete and satisfy the &’-canonical neighborhood assumption below some
small enough scale for any & > 0. The existence of M/ is guaranteed by [KL17].

We will now compare (M, (¢;.¢)te[—1,0)) With M and express M as a Ricci-DeTurck
flow on the background (g;)ic[—7,0), after modification by a family of diffeomorphisms.
Unfortunately, both flows may a priori differ significantly far away from x;, so we will
only be able to express M. as a Ricci-DeTurck flow in a large parabolic neighborhood
around ;.

In the following, we will apply the Strong Stability Theorem [BK17, Theorem 1.7]
to compare (M, (g;)) with the Ricci flow spacetime M. Note that the former can be
viewed as a Ricci flow spacetime, as explained in [BK17, sec 5]. Fix some arbitrary
number 6 > 0 and choose € = €(6,T, E), where T is the constant from this proof.
Then we can find a sequence of scales r; — 0 such that

C()ﬂl* = ET?E.
Set (with respect to g; _r)
U = {|Rmy,|(-, =T) < (er;) %} € M.
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Then on U;

* E
|gi,—T - g;,—T| < COBZ = 6Ti2E < grz'zE(|R‘mgi ('7 _T) + 1) :

For each ¢ choose tf € [T, 0] maximal such that M. restricted to the time-interval
[—T,t7) satisfies the ecap-canonical neighborhood assumption at scales < 1. Set
tr := =T, if no such maximum exists. Note that, since (M, (g;¢)) is a k-solution,
it satisfies the e..,-canonical neighborhood assumption at all scales by definition. So
all assumptions of the Strong Stability Theorem hold on the time-interval [T, t)
for ¢ = idy. By the Strong Stability Theorem, we then obtain for each ¢ a subset
Ui C M x [=T,t}) such that |[Rm,,| > 772 on M x [=T,t;)\ U; and a time-preserving
diffeomorphism QAS, U — M such that

o~

hz’,t = Qﬁ,tg;,t — it
evolves by Ricci-DeTurck flow on M x [—T,tf) and such that

_iGy

(4.2) il < 0rfF(|Rmg,| +1)% = — - B (IRmy, +1)".

Case 1: t7 =0 for large i. After passing to a subsequence, h;./f; converges to a

linearized Ricci-DeTurck flow (oo t)ic[—1,0) 00 the background flow (M, (goo,t)t<0, Too),
which is uniformly bounded due to (4.2]). By standard local parabolic derivative es-
timates (see for example [BK17, Lemma A.14]) and Arzela-Ascoli, we may assume
that the convergence h; /8] — hooy is locally smooth on M, x (=T, 0] and is locally
Cmeant80 on M, x [T, 0]. Moreover, by (£I)) we have for m = 0, ... M + 80

pm(-, —T)}Vmﬁoo,_cp‘ S C().

Let n > 0 be a constant whose value will be determined later and apply Proposi-
tion 3], assuming that 7T is large enough depending on 7, D, mean, Co. This yields
the following decomposition on B(z.,0,2D)

%0070 — hBOt 4 V2f + h/

00,07

where h{* is rotationally symmetric with respect to the standard O(3)-action on
(M, 9oo0), | € CF(B(2o,0,2D)) and [|h ol cmcan+100( 520,020y < 17
Define the maps x; : B(%,0,2D) — My by x(z) := exp.(8; - 5V f.). Since

B; — 0, the restrictions X;|p(s...0,1.0p) are diffeomorphisms onto their images for large
1, which smoothly converge to the identity. Define the metrics

9 = Xi (gso0 + BT 1)
on B(x4,0,1.9D). Then, as i — oo

1 * * 1.TO 1 * * 1. TO ro
E(gi — (9o + BiRG")) = ﬁ(XiQO0,0 — goop) T Xihg" — hyt —> L1900 = V3.
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It follows that

I~ / * 1 n % 7.TO 1 * * 7.TO
%(Cﬂ,ogw - gi) = ﬁ (gbi,ng{,O - (90070 + B hy t)) - ﬁ (gi - (goo,O + Bih t))
= b = B = VAL — by

So, assuming that 7 is smaller than some universal constant, we obtain that §(x;,0) <
1—10 B for sufficiently large 7, in contradiction to our choice of z;.

Case 2: After passing to a subsequence tf < 0 for all i. Recall that for each i
the flow M satisfies the e.ay-canonical neighborhood assumption below some positive
scale 1 > 0. So by the maximality of ¢; and an openness argument, we can find a
point y; € M;'vt? of scale p(y;) < 2 in the time-t!-slice that violates the e.,, /2-canonical

neighborhood assumption. After rescaling the flow M/ parabolically by p~2(y;) and
applying a time-shift so that the point y; is contained in the time-0-slice and has scale
1, we obtain a sequence of singular flows M/ on time-intervals of the form [T}, 0]
that satisfy the ecu,-canonical neighborhood assumption at scales < 2/p;.

Case 2a: After passing to a subsequence, Tk := lim; o, T exists. Sim-
ilarly as in Case 1, we can apply the Strong Stability Theorem to compare the
each flow M with the correspondingly parabolically rescaled and time-shifted flow
(M, (07 9; 4+ 420 )te~1+.0))- Since [@I]) remains preserved under rescaling and 3 — 0,
the Stroné S}cability Theorem yields that a larger and larger neighborhood of y; in

7o becomes closer and closer to an open subset in (M, p7g; ¢) in the C™<n+80-gense.
Since (M, pfgi,t;) is a time-slice of a k-solution, this contradicts the choice of y; for
large ¢ via Lemma (.11

Case 2b: T} — oo. In this case we must have lim; .., p; = 0. Assuming that
Ecan 18 smaller than some universal constant, we can argue as in [Per02, 12.1] to show
that, after passing to a subsequence, the pointed flows (M7, y;) smoothly converge to
a pointed ancient non-singular flow (M7, (9%, ;)i<0, ¥so) With non-negative sectional
curvature that satisfies the 2e.,,-canonical neighborhood assumption at all scales.
Therefore (M7, (9% .¢)i<0, Yso) is @ k-solution, in contradiction to the choice of y; for
large 1. O

4.3. Proof of Theorem 1.3l

Proof of Theorem[1.3. Tt suffices to consider the case in which (M, (g;)i<o) is not the
quotient of a round sphere or a round cylinder. Therefore M is must be diffeomorphic
to R3, S? or RP3. By passing to the double cover, the case RP? can be reduced to the
case S3. So, we only need to consider the case in which (M, (g;):<o) is diffeomorphic
to R3 or S3, but not the shrinking round sphere. By proving the theorem first in the
R3-case, we may moreover assume that the theorem is already true in this case when
proving the case M =~ S®. Thus Lemma E.4] will be applicable in both cases.

Define 3 : M x (—00,0] — R as in Definition @2 and let 3, A be the constants from
Proposition



ON THE ROTATIONAL SYMMETRY OF 3-DIMENSIONAL x-SOLUTIONS 19

Choose 3" € (0,3]. We will show in the following that 3 < ' on M x (—o0,0].
By letting 5" — 0, this will imply that § = 0, which implies rotational symmetry by
Lemma [4.3]

By Lemma [4.4] there is a sequence t; \, —oo such that

(4.3) sup B(-,t;) — 0.
M

Fix some large i for which sup,, 5(-,t;) < ' and choose t; > t; maximal such that
B < B on M x[t;,t]).

If tf = 0 for infinitely many 4, then 8 < ' everywhere and we are done. So assume
that ¢7 < 0 for large 7. In the following we will only consider such indices i. By
maximal choice of ¢; and the upper semi-continuity of 3, there is a point y; € M such
that B(yi, 1) > /2.

Next, we argue that

t;k —1; < AR_l(yi,ti).

In fact, if the opposite inequality were true, then we could apply Proposition
(recall that ' < ) and conclude that B(y,t) < 3'/10, in contradiction to the choice
of y;.

Let now Q; := R(y;,t7). After passing to a subsequence, we may assume that
T = lim; o (t5 — t;)Q; exists and that the pointed and parabolically rescaled flows
(M, (Qigt;+Q;1t)t§0, y;) converge to a pointed x-solution (Moo, (goo t)i<0, Yoo). By (£3)
we obtain that g _r is rotational symmetric. So g o must be rotational symmetric

as well, in contradiction to the choice of y; for large i. O
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