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“Like leaves on trees the race of man is found,

Now green in youth, now withering on the ground;
Another race the following spring supplies;

They fall successive, and successive rise:

So generations in their course decay;

So flourish these, when those are pass’d away.”

— Homer, The Iliad (6:171), tr. Alexander Pope.
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Preface

On June 4, 2019, at a conference hosted by the ETH Ziirich on geo-
metric analysis and general relativity in honour of Gerhard Huisken'’s
6oth birthday, Richard Hamilton presented a lecture enigmatically en-
titled “Fraternal Twins”. In this lecture, he presented an overview
of the key historical and mathematical developments in the study of
the mean curvature and Ricci flows, emphasizing the striking similar-
ities which consistently occur at a superficial level, but also pointing
out the imperfection of these similarities, and some of the analytical
differences which lie behind them—much like fraternal twins, the two
flows appear very alike at first sight, even though they are by no means
identical.

Recognition of the likeness of the two flows goes back much further,
of course. Indeed, the drawing of parallels between the two flows is
now customary amongst experts; it is often exclaimed, for instance,
that “Ricci flow is the extrinsic analogue of mean curvature flow”, or
that “mean curvature flow in n-dimensions behaves like Ricci flow
in 2n-dimensions”, or “since P holds for mean curvature flow/Ricci
flow, P must be true for Ricci flow /mean curvature flow".! And the
comparison is more than superficial: despite the fact that the two flows
continue to be treated independently, often with quite different tools,
Hamilton’s analogy continues to be vindicated.

The aim of this book is to provide an introduction to geometric
evolution equations through a study of these twin flows. It contains
two parts: the first is dedicated to the mean curvature flow and the
second to the Ricci flow, though the order does not matter much: each
part may be treated entirely independently of the other. On the other
hand, once the reader has gained some familiarity with one twin, they
will feel at once an uncanny familiarity with the other.

We do not attempt to provide a comprehensive treatment® of our
twin subjects but rather offer the reader an enticing aperitif, which
we hope may whet their appetite for the subject.3 Each part begins
with The fundamentals, introducing the reader to each twin, followed
by a technical chapter which lays The groundwork for further analysis.
This second chapter could be skipped on first reading, and referred

*Some brave souls even speculate that
there is a hidden canonical correspon-
dence between the two; but no such cor-
respondence is yet to be observed.

2 This would take up many volumes, and
has already been achieved, to a large de-
gree, by others.

3 Incidentally, we heartily recommend a
glass of Glenlivet (Founder's Reserve) to
accompany this text, not least because
“Glenlivet” may be translated as “Valley
of the smooth flow".



viii

back to as needed in the later chapters; on the other hand, the pa-
tient reader will certainly benefit in the long run from any effort put
into the groundwork. The third chapter of each part is concerned
with curvature Pinching and its consequences, with a focus on the first
major milestone in each of our twin subjects—Huisken’s theorem on
the contraction of convex hypersurfaces to round points under mean
curvature flow and Hamilton’s theorem on the contraction of three-
manifolds of positive Ricci curvature to round points under Ricci flow,
respectively. We then study each flow in its smallest nontrivial di-
mension, where the behaviour is particularly nice. The fifth chapter
introduces the reader to a selection of tools and results pertaining to
Singularities and their analysis for the respective flow (in higher dimen-
sions). We conclude by surveying some of the recent progress Towards
a classification of ancient solutions to each flow.

Each chapter ends with a selection of exercises, and the book would
be well-suited to a one or two semester graduate course in geometry,
or even an undergraduate “special topics” course. For a one semester
course, one could plausibly cover, e.g., Chapters 1-5, or Chapters 7-11,
or selected parts of Chapters 1-4 and 7-10%.

The project grew out of notes for a minicourse on the Ricci flow
which I presented in a series of lectures at the summer school “Geo-
metric Flows and Relativity" hosted by the Centro de Matemadtica of
the Universidad de la Reptblica in Montevideo, Uruguay, in March
2024, which were subsequently used in a special topics course on both
the mean curvature and Ricci flows aimed at advanced undergraduate
and beginning graduate students at The Australian National Univer-
sity. I am grateful to Theodora Bourni and Martin Reiris for the invi-
tation to speak at the CMAT summer school, and to the outstanding
cohort of students who attended my lectures, keeping me on my toes
each morning; I am equally grateful to my wife, Kirsty, who—heavily
pregnant with our second child—encouraged me to go!

Many individuals have contributed to this book through useful dis-
cussions, particularly Ben Andrews, Theodora Bourni, Tim Buttsworth,
Bennett Chow, Apostolos Damialis, Ramiro Lafuente, Stephen Lynch,
Martin Reiris and Jonathan Zhu.

I do not claim priority for any of the mathematical results presented
herein, and have endeavoured to provide appropriate bibliographic in-
formation throughout. The manuscript was compiled on Overleaf in
Tufte-IATEX and the cover was designed using Adobe Illustrator and
Adobe Express. Illustrations were created using GeoGebra and Math-
ematica. No Al tools were used in any stage of the preparation.

Mat Langford
Canberra, August 16, 2025

4 A great deal of material can be covered
by adopting an alternating structure—
1,7,2,8,3,9,..—due to much constructive
approximate redundancy arising from the
fraternal resemblance of the two sub-
jects.



PART |

MEAN CURVATURE FLOW






Make a soap bubble and observe it;
you could spend a whole life studying it.

— Sir William Thomson, Lord Kelvin

The next time you stare into a beer,
contemplate the bubbles.

— Kenneth Chang, In Bubbles and Metal, the Art of Shape-Shifting






Preamble to Part I

In 1952, in a short discussion appearing in an appendix to a paper
by Cyril S. Smith,> John von Neumann arrived at a mean curvature
driven motion for the dynamics of bubbles in a foam as a result of
surface tension and the diffusion of gas between neighbouring bub-
bles. Four years later, William W. Mullins derived the same curva-
ture driven motion for the dynamics of grain boundaries in annealing
metals, a process which also seems to be governed by surface tension
and interfacial diffusion.® These appear to be the earliest appearances
of the mean curvature flow in the scientific literature. This is a re-
markable fact given that the mean curvature flow has a very natural
interpretation as “the heat equation for submanifolds”, and its steady
state equation—the minimal surface equation—had been introduced
and studied by Lagrange already in 1762!7

A systematic mathematical analysis of the mean curvature flow had
to wait even longer. It wasn’t until 1984 that Gerhard Huisken (in-
spired in no small part by Hamilton’s 1982 introduction of the Ricci
flow of Riemannian metrics) brought the full arsenal of differential
geometry and partial differential equations to bear on the problem,
proving the well-known theorem now carrying his name.?

Since that time, our understanding of this beautiful equation has
developed rapidly, and several new applications have emerged (for in-
stance in image processing, geometry and topology, and general rela-
tivity). Applications aside, the mean curvature flow gives rise to many
remarkable and beautiful geometric structures (e.g. solitons, ancient
solutions) and analytic features (e.g. differential Harnack inequalities,
pseudolocality, gradient structures) and as such is a fascinating area of
study for topologists, geometers, and analysts alike.

We shall present here an introduction to the mean curvature flow
leading up to the foundations of some modern developments.? We
assume the reader has some basic familiarity with partial differential
equations and the geometry of Euclidean submanifolds. For back-
ground, the reader may refer, for instance, to the books of Olver’ and
Kiihnel.™*

5 Smith, “Shape of metal grains”.

¢ Mullins, “Two-dimensional motion of
idealized grain boundaries”.

7By comparison, the heat equation had
been introduced by Fourier, in 1822, a
mere 40 years after Laplace had devel-
oped his eponymous equation.

8 Although it must be noted that, in an-
other fascinating historical peculiarity,
geometric measure theoretic weak solu-
tions to the mean curvature flow were
actually studied a little earlier, in 1979,
by Brakke, The motion of a surface by its
mean curvature. A good introduction to
these “Brakke flows” can be found in
Ecker, Regularity theory for mean curvature
flow and Tonegawa, Brakke’s mean curva-
ture flow; we shall not study them here.

9 There are now a number of texts on the
subject, including the excellent lectures
of Mantegazza, Lecture notes on mean cur-
vature flow, the beautiful book of Ecker,
Regularity theory for mean curvature flow
and the more recent tome of Andrews,
Chow, et al., Extrinsic geometric flows,
each of which this part has drawn upon
to some degree.

° Olver, Introduction to partial differential
equations.

** Kiihnel, Differential geometry.






1
The fundamentals

A smooth one-parameter family {X;};c; of smooth immersions X; :
M" — R"k of a smooth! n-manifold M" into Euclidean space? Rtk
EVOLVES BY/SATISFIES/IS A MEAN CURVATURE FLOWS3 if

axy =
ar Hx,, (1.1)

where (upon identifying tangent spaces to R"” with IR” in the canonical
way) th is the MEAN CURVATURE VECTOR associated to X; and the
time derivative is understood in the usual sense: for any x € M",

aXe .o Xppn(x) — Xi(x)
ar ¥) = fim 7 :

If we represent X;(x) and Hy, (x) with respect to the canonical basis
{ea}"*] for R"*1 as

Xi(x) = X*(x,t)e, and Hy,(x) = H*(x, t)eq

and introduce local coordinates {x' : U — R}? , in some region U C
M?", then for each x € U we see that4

X
o —H
= gijﬁ?;- (1.2)
= ofl 0?X" — okt 02 xP oxX7 oX* (1.3)
8 \oxiod & °PToxion oxl oxk )’ '

where ¢i(-, t) are the dual components (matrix inverse) of the induced
metric gx,, whose components are given by

aX* oXP
8if = oup 5 7 5

The equation (1.2) is thus a system of nonlinear second order partial
differential equations. Unappealing, certainly, but it does have the
redeeming feature that it is weakly parabolic.

* Henceforth, we shall stop using the
qualifier “smooth” so irritatingly often,
leaving it for the most part to the reader
to decide how regular they wish a given
object to be in order to make sense of a
given statement.

* The interested reader may wish to con-
sider the question of how to proceed
when R"*¥ is replaced by a general Rie-
mannian manifold (N"*%, k). We will
be mostly concerned here with the case
k=1

3 In fact, we shall soon replace this by a
more abstract definition, which may ap-
pear more complicated at first but has
many advantages. The two definitions
are equivalent in the sense that there is
a canonical bijection between their solu-
tions.

4Note that we follow the convention
Dyxu(dXV) = dXVyV +1i(U, V) for
the SECOND FUNDAMENTAL FORM I,
where dX : TM" — TR"k denotes the
differential of X : M" — R"*k,



Observe that, with respect to ¢x,-normal coordinates for M" about
a point x, the mean curvature flow system takes the form

IX™ n BZX“
o = oxkaxk

(1.4)

at (x,t). Even though this equation only holds at the point x and the
time t, it suggests that we should view the mean curvature flow as
a kind of geometric heat equation for immersions>. We shall soon
see that it is quite right to do so, but before pursuing this further,
let us first establish some additional useful intuition, this time more
geometric.

1.1 Invariance properties

The mean curvature flow is invariant under certain canonical opera-
tions®, in the sense that these operations take one solution and produce
another.

1.1.1  Pullback by diffeomorphisms

If {X;: M" — R"K},c] is a mean curvature flow and ¢ : N" — M" is
a diffeomorphism, then (since the mean curvature vector is invariant
under diffeomorphisms)

XD (1) = Xt (9(x)) = Fly, (9(x)) = Fixop ().
That is, {X;0¢ : N* — R"* } .| is a mean curvature flow on N". This
is not at all surprising.
On the other hand, if we allow the diffeomorphism to change with
time7, then we pick up an extra term due to the chain rule:
d(Xt 9] (Pt)
dt
where V is the vector field on M" defined by

= ITIX,O(P, + (dXt)XtO(Pt V(Pf/

. d
V(gr(x)) = 7 (t = ¢e(x)).
The converse of this statement is that if X; satisfies the equation

Xy =
— =H ax;v
IF X, T dXt
for some vector field V, then the family of immersions X;o¢_; : M" —

R"** satisfies mean curvature flow, where ¢: is the flow of V.

1.1.2 Time translations

If {X; : M" — R""¥},; is a mean curvature flow and T € R, then
clearly {X¢¢: M" — ]R”*k}te [—r is @ mean curvature flow.

5In fact, there is a very natural way to
view the mean curvature flow as a lit-
eral (albeit abstract) heat equation: iden-
tifying the differential dX of the position
vector X with a section of the bundle
T*M ® X*TR"**, which we equip with
the metric and connection canonically
induced by those on T*M and X*TR"*%,
the mean curvature vector may be rec-
ognized as the divergence of dX—the
“Laplacian” of X.

¢ The following list is not intended to be
exhaustive.

7We shall always assume the group
property ¢y, o ¢y, = ¢y 41, for one-
parameter families of diffeomorphisms

Pt



1.1.3 Ambient isometries

If {X; : M" — R"" },; is a mean curvature flow and v € R"*1,
O € O(n+k), then {x € M" — X;(x) +v € R**},.;and {x € M" —
OX;(x) € R },c; are mean curvature flows.

1.1.4 Parabolic rescaling
If {X;: M" — R"k},} is a mean curvature flow and A > 0, then

d(/\X/\—Zt)

15 =
dt (x) =A HX/\,zf = HAXA,zt/

0 {AX)—2; : M" — R"*k}, 15, is a mean curvature flow.

1.1.5 Orthogonal sums with flat factors

If {X; : M" — R""*},c; is a mean curvature flow on M" and ¢ €
N, then {(x,y) € M" x RY — (X;(x),y) € R"* x R‘};¢; is a mean
curvature flow.

1.1.6  Quotients and lifts

Let g : N* - M" = N"/G be a quotient map (induced by a proper
and free action of a Lie group G on N"). If {X; : M" — R"k},
evolves by mean curvature, then so does its lift to N”*. Conversely, if
{X; : N" — R""k},¢; is a mean curvature flow which is constant on
the fibres of the quotient, then it descends to M" and evolves by mean
curvature.

Nt 1 N"/G

),{t\‘ lXt

Rn+k

1.2 Invariant solutions (a.k.a. self-similar solutions/solitons)

The continuous symmetries of mean curvature flow (domain diffeo-
morphism, time translation, scaling and orientation preserving ambi-
ent isometry) give rise to special types of solutions: those that evolve
purely by some combination of these symmetries. There are four pri-
mary types (but more generally one might consider combinations of
these motions).

1.2.1  Translating self-similar solutions

A solution {X; : M" — R"™*},_r to mean curvature flow is called
a TRANSLATING SELF-SIMILAR SOLUTION if there is a one-parameter

THE FUNDAMENTALS

9
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family of diffeomorphisms {¢;};cr of M" such that
Xi_e0 (Pg +ev =Xy

for all £ and t. Differentiating with respect to ¢ at ¢ = 0, we find that
such a solution must satisfy the equation

~Hy, +dX; V+0=0

for all ¢, where V is the vector field tangent to t +— ¢;. Resolving
tangential and normal components yields

FIX =o't and dX;V = —0'.

t

An immersion X : M" — R"*¥ satisfying
FIX = UJ‘

for some v € R"** is called a TRANSLATOR.

Conversely, if X : M" — R"** is a translator, then the family of im-
mersions X; = X o ¢s + tv, t € R, where ¢ is the flow of —(dX)’lvT,
satisfies

aX; o

W:dXVqu:—vTJrv:vl:HX

I

1.2.2  Rotating self-similar solutions

A solution {X; : M" — R"**},.r to mean curvature flow is called a
ROTATING SELF-SIMILAR SOLUTION if there is a one-parameter family
of diffeomorphisms {¢:};cr of M" such that

egAths ope = Xy

for all € and t for some A € so(n + k). Differentiating with respect to €
at e = 0, we find that such a solution must satisfy the equation

—Hy, +dX; V+AX =0

for all t, where V is the vector field tangent to t — ¢;. Resolving
tangential and normal components yields

Hy, = (AX)* and dX;V = —(AX)".
An immersion X : M" — R"*¥ satisfying
Hx = (AX)*

for some A € so(n + k) is called a ROTATOR.

Conversely, if X : M" — Rtk is a rotator, then the family of
immersions X; = ef4X o ¢t, t € R, where ¢; is the flow of V =
—(dX)"Y(AX)T, satisfies

dX;

= e'H(dXV + AX) = e (AX)! = ' Hy = Hy, .



1.2.3 Shrinking/expanding self-similar solutions

A solution {X; : M" — R""¥},; to mean curvature flow is called
a HOMOTHETIC SELE-SIMILAR SOLUTION if there is a one-parameter
family of diffeomorphisms {¢; };c; of M" such that

eg(P:Xe*zst = Xi

for all t € I and e such that e =%t € I. Differentiating with respect to e
at e = 0, we find that such a solution must satisfy the equation

X; +dX;V —2tHy, =0

for all t € I. There are two cases: if | = (—o0,0), then {X; : M" —
]R"Jrk}te(,oo,o) is called a SHRINKING SELF-SIMILAR SOLUTION. If | =
(0,00), then {X; : M" — Rn+k}t€(0,oo) is called an EXPANDING SELF-
SIMILAR SOLUTION.

Resolving tangential and normal components, we find that

Xi- = 2tHy, and X, = —dX;V.

An immersion X : M" — R"*¥ satisfying
_, 1 ~ 1
Hx = —EXJ‘ resp. Hx = EXJ_'

is called a SHRINKER resp. EXPANDER.

Conversely, if X : M" — R"*¥ is a shrinker resp. an expander,
then the family {X; = \/ft(pl*og ﬁX}t@R resp. {X; = \ﬁgbl*og \/;X}te]R
satisfies

ax;

A
dt X

1.2.4 Examples generated by minimal immersions

Recall that an immersion X : M" — R"* is MmiNtMAL if

H=0.

Minimal immersions provide (rather dull) examples of mean curvature
flows via {x € M" — X(x) € R"™}, ). These may also be
viewed as (trivial) translating mean curvature flows (by taking v = 0).

Minimal immersions also generate slightly less trivial translating
mean curvature flows: given any v € {0} x R’, the product {(x,y) €
M" x RY — (X(x),y) € Rk x ]I{é}t€<7oo,oo) is still minimal (and
hence static under mean curvature flow), but also invariant under
translation in the v direction, and may thus be viewed as a translating
mean curvature flow with nontrivial bulk velocity v. In particular, we
may view static affine subsbaces as translating mean curvature flows
with respect to parallel translation vectors.

Analogously, minimal cones (including linear subspaces) may be
viewed as nontrivial shrinking or expanding mean curvature flows.

THE FUNDAMENTALS
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1.3 Explicit solutions

Certain “explicit” solutions can be constructed “by hand” by impos-
ing suitable symmetry or other algebraic ansédtze. We present three
examples here, but there are many more examples which have been
discovered by analogous methods.

By imposing a large enough symmetry group, the mean curvature
flow equation may be reduced to a (possibly complicated) system of
ordinary differential equations.

Example 1 (The shrinking sphere). We seek a solution to mean cur-
vature flow starting from a round sphere, Xo(M") = S} in R
Since we expect roundness to be preserved, we suppose a priori that the
timeslices are always round,

The mean curvature vector of X; is then

= n Xp
Hyx, = ——=—
r(t) ro
while the time derivative is
dXy ' Xo
— =1 —.
dt 70
Equating the two yields 7’ = —n, and hence

2
rA(t) =15 —2nt, t € (—oo, ).

When ry = 0, this solution is called the (standard) SHRINKING SPHERE.
|

We can play a similar game with self-similar solutions, though in
this case—since the time evolution is already trivial—we may relax
the symmetry by one degree of freedom. In particular, in one space
dimension, no symmetry conditions are required.

Example 2 (The Grim Reaper). We seek a nontrivial one-dimensional
translator in the plane. Le. a curve 7 : M! — R? which satisfies

x=—(N, v)

for some I'lOI'lZE!I'O8

vector v € R?, where N is a choice of unit nor-
mal field and « is the corresponding choice of curvature function. To
this end, assume that v is clockwise oriented and parametrized by ar-
clength s (so that T = 7s = JN, where ] denotes counterclockwise

rotation through angle 7) and define

x(s)=(N,e) and y(s) =(T,e),

Vanishing like a
Sigh and slowly
Disappear
Disappear
Vanish

Vanish

Into the air
Slowly disappear
Never really here.

— A Perfect Circle, “Vanish-

”

ing

8 The solutions corresponding to v = 0

are not so interesting.



where e = % By the Frenet-Serret equations,

X / 0 1| |x
= K ,
L/ ] [1 O] M
we are led to consider the system
x| |—xy
v, ¥
x(0)| _ [xo
y(0) Yo
subject to the geometric constraint x3 +y3 = 1. If xo = 0, then the

unique solution is (x,y) = (0,1), which integrates to one of the (par-
allel) straight lines

v(s) = v(0) +se, p e R%

In particular, if xy # 0, then it must remain nonzero. Consider, then,
the curve parameter

0(s) = — /Osx(a) do.

Observe that

and hence
(x,y) = (cos(8 4 6p),sin(0 + 6p)),

where (xo,10) = (cos by, sinfp). Setting e = ﬁ, we have
T = xJe+ye

and we conclude that
S S
Y(s) —(0) = ]6/ cos(6 + 6p) ds + e/ sin(6 + 6) ds
0 0

6(s) 0(s)
:]6/0 d9+e/0 tan(6 + 6p) do
= (0(s) — 6p)Je —log cos(6(s) — bp)e.

When v = ¢, ¥(0) = 0 and 6y = 0, this solution is called the (standard)
GRIM ReAPER. For general initial parameter values, the solution is
obtained from the standard Grim Reaper by translation, rotation and
scaling. u

Observe that the computations of Example 2 actually yield the fol-
lowing elementary but important theorem.

THE FUNDAMENTALS
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Theorem 1.1. The straight lines and the Grim Reapers are the only one-
dimensional translators.

In higher dimensions, we have the following examples.

Example 3 (The radio-dish soliton). For each n > 2, there exists a
(unique modulo rigid motions and scaling) convex, axially symmetric
translator in R"*1. It is the graph of a (convex) function u : R” — R
satisfying u(x) = ¢(|x|) with

72

¢(r) = 2n—1)

—logr+0(r 1Y) as r — co.

This is proved by seeking axially symmetric solutions u(x) = ¢(|x|) to
the graphical® translator equation

Du 1
v («/1+ |Du|2> - 1+ |Duf?’ 5)

The axial symmetry ensures that ¢ satisfies the equation

(PT’I’ ¢r_
1+¢%+(n—1)7_1

and hence ® = ¢, satisfies the equation

b, b
—-1)— =1.
l+<I>2+(n )r

Local existence and uniqueness of a solution ® : [rp,o0) — R upon
prescribing ®(rp) is a consequence of the Picard-Lindel6f theorem and
a straightforward barrier construction, so long as ry > 0. The asymp-
totics are established in™® by barrier and bootstrapping arguments. By
a barrier argument and the Arzela—Ascoli theorem, the desired solu-
tion can then be obtained by taking a limit of solutions & : [%,oo)
arising from initial conditions @k(%) = % (see, for instance'). Al-
ternatively, one may apply standard elliptic PDE methods to solve the
graphical translator equation (1.5) in a ball about the origin with zero
Dirichlet data on the boundary (producing an axially symmetric so-
lution due to the maximum principle), and then extend to all of R"
using the above ODE arguments.'? n

Example 4 (Shrinking doughnuts'3). For each n > 2, there exists an
axially symmetric shrinker in R"*! which is obtained by rotating about
the x-axis an embedding of S! which lies in the upper half-plane ¥ =
{(x,r) : ¥ > 0}. (The resulting surface is therefore topologically a
handle S! x §"~1.)

Indeed, a curve in X generates an axially symmetric shrinker in
R"*1 if and only if it is a geodesic in the metric'4

9 (Mean) convexity guarantees graphical-
ity via the translator equation.

1 Clutterbuck, Schniirer, and Schulze,
“Stability of translating solutions to
mean curvature flow”.

" Rengaswami, “Classification of bowl-
type translators to fully nonlinear curva-
ture flows”.

2 See, for example, Andrews, Chow, et
al., Extrinsic geometric flows, §13.8.

B Sigurd B. Angenent, “Shrinking
doughnuts”

4 See Exercise 5.2.



Xz 72
o= 2D~ (dx® +dr?).

The geodesic equation for (X,0) can always be solved locally for pre-
scribed initial data (p,v) € TZ. However, most of these geodesics will
neither remain embedded nor close up. By a “shooting” argument, it
is possible to pinpoint a geodesic arc which meets the r-axis orthogo-
nally at both endpoints, hence defining the desired closed geodesic in
% upon reflection about the r-axis. |

1.4 Uniqueness and (short-time) existence of solutions

We would like to exhibit the mean curvature flow equation as an equa-
tion or system of equations for which known methods from the theory
of partial differential equations may be applied. There is indeed a
general short-time existence theory which applies to strictly parabolic
second order partial differential equations for maps between mani-
folds (with compact domain). Unfortunately, this theory cannot be
directly applied to the mean curvature flow due to the lack of strict
parabolicity.

For nonlinear equations, parabolicity is determined by the lineariza-
tion.

Lemma 1.2 (Linearization of the mean curvature flow). Suppose that the
two parameter family of immersions X5 : M" — R"T1, t € I, e € (—ep, g9),
forms a one-parameter family of mean curvature flows {X§ : M" — R"*1},¢;
about Xy = XV. The variation field Y; = d% Lio X§ satisfies, in any local co-

ordinate chart,

vt < " 9*YP oaxF ax®
ot dxi9x)  9x1dx/ dxk 9xt

) + lower order terms,  (1.6)

where g' (-, t) are the dual components of the metric g; induced by X;.
Proof. We leave the proof as an exercise. O

The equation (1.6) is weakly but not strictly parabolic. The lack of
strict parabolicity is due to the identity ndXt(TM)ﬁXt = 0, which guar-
antees that ndXt(TM)% = 0. Treating this equation as a constraint,
Gage and Hamilton'> are able to prove short-time existence using di-
rect methods (in particular, the Nash—Moser implicit function theo-
rem) following Hamilton’s earlier work on the Ricci flow.™® Soon after,
de Turck found a way to relate the mean curvature flow to a strictly
parabolic equation, to which the standard theory may be more read-
ily applied. We will present yet another proof, due to Huisken and
Polden'” (see also).
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Figure 1.1: Some geodesics in (X,0)
(profiles of the shrinking sphere, shrink-
ing cylinder and shrinking doughnut
among them). Cf. ibid., Figure 3a.

“Gage and R. S. Hamilton, “The
heat equation shrinking convex plane
curves”.

®Richard S. Hamilton, “Three-
manifolds with positive Ricci curva-
ture”.

7 Huisken and Polden, “Geometric evo-
lution equations for hypersurfaces”.

8 Mantegazza, Lecture notes on mean cur-
vature flow.
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Theorem 1.3 (Short time existence and uniqueness). Let M" be a com-
pact manifold. Given any immersion Xo : M" — R"*1, there exists § > 0
and a mean curvature flow {X; : M" — R"™ '}, 5 such that X; con-
verges uniformly to Xo as t — 0 (in the smooth sense if Xq is smooth).
Moreover, any other mean curvature flow starting from Xq agrees with X;
on their common interval of existence. Finally, the mean curvature flow
{Xy : M" — ]R”“}te((),&) depends continuously on Xy (in the smooth sense
if Xo is smooth).

Sketch of the Huisken—Polden arqument. Let Xy : M" — R"*! be an
immersion of a compact manifold M". Given a smooth function u :
M" x [0, T) — R"*!, we can form a family of smooth maps X; : M" —
R"*! by setting X;(x) = Xo(x) + u(x,t) No(x). If u(x,0) = 0, then
X¢|t—o agrees with our initial immersion X,. Moreover, by smoothness
of u and compactness of M", X; is an immersion for sufficiently small
times. By a somewhat involved calculation, this family of immersions

aX;
<dt' Nxt> = _HXf

if and only if u satisfies an equation of the form

will satisfy

ug(x,t) = Axu(x,t) + P(Vu(x, t),u(x,t),x),

where Ay, is the Laplacian induced by X;. But since this equation
is strictly parabolic (and M" is compact), it admits a unique solution
with zero initial condition. Existence of our mean curvature flow now
follows by composing the corresponding family of normal graphs with
a (unique) time-dependent diffeomorphism.

Uniqueness and continuous dependence also follow from this argu-
ment since, due to compactness of M", any small perturbation of X
may be represented as a normal graph over Xp. O

1.5 The time-dependent geometric formalism

A one-parameter family {X;};c; of immersions X; : M" — R"*k may
(perhaps more properly) be viewed as a map X : M" x [ — R"** via
(x,t) — X(x,t) = Xi(x); we call such a map a TIME-DEPENDENT
IMMERSION. We may exhibit the time derivative % as a section
(x,t) — %(x) of the PULLBACK BUNDLE?® X*TR"k — M" x I. In-

deed,

aX

T;(x) = dX(x,1) Ot (x)
where the CANONICAL VECTOR FIELD d; € T'(T(M" x I)) is defined
by

3f(x 1) = %  flat) for £ CUMY ),

 We only present the argument in the
setting of hypersurfaces, but it can ac-
tually be generalized to any codimen-
sion, due to suitable existence theory for
strictly parabolic systems.

2 This is the “obvious” vector bundle
over M" x I whose fibre at (x,t) is
TX(x,t)Rn+k'



Denoting 9;X = dX9; and identifying Hy, with a section (x,t)
H(x,t) = Hy, (x) of X*TR"*K, the mean curvature flow may be recast
as the equation

9;X = H. (1.7)

Now, this may seem like abstract nonsense (and it is), but it does have
a more pragmatic purpose: any time-dependent immersion X : M" X
I — R"** induces a natural (and computationally convenient) “time-
dependent” extrinsic geometric formalism on M", which is entirely
analogous to the extrinsic geometric formalism induced by a (time-
independent) immersion. This geometry is exhibited on the sPATIAL
TANGENT BUNDLE?'

G ={feT(MxI):dtf) =0}

of M x I through the assignment of a (canonical) metric and connec-
tion. The TIME-DEPENDENT METRIC § € I'(6* ® &) is defined by

8(xp(w,0) = <dX(x,t)u, dX(x,t)v> for u,v € & p

and the TIME-DEPENDENT CONNECTION V : T(M X I) xI'(&) — &
is defined by

dXVel = (Dyxe(dXU))" for € T(M xI),U €T(S).
The time-dependent metric induces the orthogonal splitting
X*TR"* = dX(6) @t <.

The vector bundle 9t — M" x I defined by this splitting is called the
NORMAL BUNDLE of X. Since the time-dependent metric coincides at
each time t with the metric induced by X;, the fibre of 9 at (x, t) is the
fibre of the normal bundle to X; at x. Projecting the ambient connec-
tion onto 9 produces the TIME-DEPENDENT SECOND FUNDAMENTAL
ForM Il € T(T*(M x I) @ &* @ N):

(& U) = Dyxz(dXU) —dX(Vel) for € T(Mx 1), U€eTI(S).
Note that & induces a canonical splitting
T(Mx I) = & ®R,.

With respect to this splitting, the restriction of the time-dependent con-
nection and second fundamental form to & may at any fixed time  be
identified with the (Levi-Civita) connection and second fundamental
form induced by X;. In particular, H = trg(Ti| g ).

The time-dependent connection provides a natural notion of differ-
entiation in the time direction of TIME-DEPENDENT VECTOR FIELDS
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*Here, t : M x I — R denotes the pro-
jection onto the second factor.

Note that the fibres of G are canoni-
cally identified with those of TM; how-
ever, G is a bundle over M" x I (not M"),
which means that its sections are “time-
dependent”.
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(sections of &). The upshot is that this notion is computationally very
convenient, as it is compatible with the time-dependent metric:

0:(g(U,V)) =0 (dXU, dXV)
= (Dyxp,(dXU), dXV) + (dXU, Dyx,,(dXV))
=¢(ViU, V) +¢(U,VV)

for U,V € T (&), where we are denoting V; = V,,.
Observe that

g(VelU, V) = <Danf (dxu), dXV>
= (Dyxy(dXa;) + [dXa;, dX U], dX V)

- <Ddxu((dX8t)T + (dX3)L) + [dX, dX U], dXV>
= <dX Vu(@:X)T +dXW@X)" () + dX[9, U], dX V>
=g (10, U+ Vu(@X) T + WX (), V), (1.8)

where the TIME-DEPENDENT WEINGARTEN MAP WV € T(6* ® &)
associated with the normal field N € T'(0M) is defined for any ¢ € &

by22 > Note that the normal projection
N . T
dXW¥(¢) = (DaxeN) . VN = (DaxeN)* (1.9)
Returning to (1.8), we have established that defines a (TIME-DEPENDENT) CONNEC-

TION V : T(M" x I) x T'(M) — N on the
normal bundle 1.

Vil = [0, U] + Vg (3:X) T + WEx)* u). (1.10)
In particular, for mean curvature flow,
Vil = [0, U] + WH(U). (1.11)

Note that Equation (1.10) is sufficient to determine V, since VU is
given by the Levi-Civita formula when ¢ € G.

In the sequel, when it is clear that we are working in the “time-
dependent” setting, we shall conflate & with TM" and write NM" for
N.

1.6 Exercises It takes two, it’s up to me and
you, to prove it.
— Gossip, “Heavy Cross”

Exercise 1.1. Suppose that the family of graphs M} = graphu(-,t) in-
duced by a function u : QO x I — R, Q) C R", evolve by mean curvature
flow, in the sense that the parametrizations X;(x) = (x, u(x, t)) satisfy

ax,\* -
(dt) = Hx-



Show that u satisfies

Du
o = +/1+|Dul?div | — | .
=i (2 )

Exercise 1.2. Suppose that the family of level sets M} = {X € Q :
u(X) = t} of a nondegenerate function u : QO — R, Q C R"*1, evolve
by mean curvature flow, in the sense that there exist local parametriza-
tions X; : U — R""! satisfying

aXy =
g &
dt Xi
Show that u satisfies
—1 = |Du|div (@ZO : (1.12)

Exercise 1.3. (a) Show that the induced connections, V¢, of a one-
parameter family of immersions X, : M" — R"*! satisfy

d
2<de _

V£> u,v,w) (1.13)
e=0

= V$, STy (V, W) + V& STIx (U, W) — V&, STix (U, V)
+ S (V5 x(V, W) + V5, Tk (U, W) — Vi Tk (U, V).

WhereXiXO,S#—(d%

L3
de

(b) Deduce that, under mean curvature flow,

AvXe
dt
= ViHy, Iy, (V, W) + Vi Hy, Iy, (U, W) — Vi Hy, Iy, (U, V)

+Hy, (V3 T, (V, W) + Vi T (U, W) = Vi T, (U, V),

o Xg) -Nx, and

e=|

VS) (U, V, W) = dX (d v€> (U, V) - dXW.
e=0 de e=0

(u,v,w) (1.14)

Exercise 1.4. Let X : M" x [ — R"*! be a time-dependent immersion.
Suppose that 9;X € IT'(9N). Choosing a (local) unit normal vector field
N, write 0: X = —F N. Show that

wN(9;) = VF.

Hint: This an extension of the first Weingarten identity (for time-independent
immersions) to the extra time direction.

Exercise 1.5. Let X : M" x [ — R"*! be a time-dependent immersion.
Suppose that 9;X € I'(MN). Choosing a (local) unit normal vector field
N, write 0: X = —F N. Show that

VIl =V?F+FIP.

THE FUNDAMENTALS
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Hint: This is an extension of the Codazzi identity (for time-independent im-
mersions) to the extra time direction.

Exercise 1.6. Let X : M" — R"*! be a hypersurface. Use the Gauss,
Codazzi and Weingarten equations to obtain SIMONS’ IDENTITY

VuVoll(w,z) =V, V5 II(1,0)
= II(u, v)I?(w, z) — I(w, z)I%(u,0), (1.15)

where the brackets indicate symmetrization.
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The groundwork

2.1 The maximum principle

The maximum principle is a fundamental tool in the analysis of partial
differential equations of parabolic type, and the mean curvature flow
is no exception.

2.1.1  Maximum principle for scalars

Proposition 2.1. Let X : M" x [0,T) — R™*! be a mean curvature flow
on a compact manifold M". Suppose that u € C®(M" x (0,T)) N CO(M" x
[0, T)) satisfies

(at—A—Vb—c)uSO
for some time-dependent vector field b and some locally bounded function

c: M"x[0,T) — R, where the Laplacian A is taken with respect to the
induced time-dependent metric. If maxyn (o) < 0, then

<0 Il telo,T]. .
Mr?f?t} u<0 fora [0, T] (2.1)
Ifc =0, then
max # = max Uu. (2.2)
M"x[0,T] Mm% {0}

Proof. Giveno € (0,T) and € > 0, consider the modification ug¢(x, t) =
u(x, t) — eelCHD1

M" x [0,0]. Suppose, to the contrary, that ug(xo, ) > 0 for some

, where C == maxyn o] ¢. We claim that uye < 0 in

point (xp,tp) € M" x [0,0]. Since us¢(-,0) < 0, there exists a positive
earliest such time, which we take to be tg, in which case 1, ¢ (xg, tg) = 0.
At the point (xo, to),
0< (3 —A—Vyige < cu —e(C +1)elCHD!
= eelCHDlc —g(C +1)e(CHD!
< _Se(CH)t

<0,
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which is absurd. We conclude that u,, < 0in M" x [0,c]. Bute > 0
and o € (0, T) were arbitrary. Taking ¢ — 0 and then ¢ — T yields the
claim. O

Of course, the same argument applies with the inequalities reversed,
leading to a minimum principle.

The following ODE COMPARISON PRINCIPLE is an immediate con-
sequence of the maximum principle.

Proposition 2.2 (ODE comparison principle). Let X : M" x [0,T) —
R"*! be a mean curvature flow on a compact manifold M". Suppose that
u € C®(M" x (0,T))NCO(M" x [0, T)) satisfies

(0 —A—Vy)u <F(u), (23)

for some time-dependent vector field b and some locally Lipschitz function
F : R — IR, where the Laplacian A and covariant derivative V are taken
with respect to the induced time-dependent metric. If u < ¢g at t = 0 for
some ¢g € R, then u (x,t) < ¢ (t) forall x € M" and 0 < t < T, where ¢
is the solution to the ODE

{ W _F@) D),
¢ (0) = ¢o.

(2.4)

Proof. Fix s € (0,T). Since F is locally Lipschitz, there exists some
L < oo such that

(3 — A — V) (u—¢) < F(u) — F(9)
< Llu — ¢| = Lsign(u — ¢)(u — ¢)

in M" x (0,s], where sign(u — ¢) is the sign of the expression u — ¢.
The claim now follows, within M" X [0,s], from Theorem 9.1. Taking
s — T completes the proof. O

Again, one can reverse the inequalities to obtain the corresponding
ODE comparison from below.
The strong maximum principle also passes to the geometric setting.

Proposition 2.3. Let X : M" x (0, T) — R"*! be a mean curvature flow on
a connected manifold M". Suppose that u € C®(M" x (0, T)) is nonpositive
and satisfies

(0t —A—=V—c)u<0 (2.5)

for some time-dependent vector field b and some function ¢ : M" x (0,T) —
R, where the Laplacian A and covariant derivative V are taken with respect
to the induced time-dependent metric. If u(xg,ty) = 0 for some (xg,ty) €
M" x (0,T), then u(x,t) = 0 for all (x,t) € M" x (0, to].



Proof. In local coordinates {x"}?:1 for a connected coordinate patch
U C M" about xq, u satisfies

e < g+ (b* + ¢T3 Yy + cu.

The classical strong maximum principle then implies that # = 0 in
U x (0, tp]. Since M" is connected, the claim follows from a standard
‘open-closed” argument. O

2.1.2 A maximum principle for symmetric bilinear forms

There is also an extremely useful incarnation of the maximum princi-
ple which applies to symmetric bilinear forms.

Proposition 2.4 (Tensor maximum principle). Let X : M" x [0,T) —
R"* be mean curvature flow on a compact manifold M". Suppose that
S e T(T*M" ® T*M") satisfies

(Vi—=A=Vp)S(p(v,0) = F(x,t,S(x 1)) (v,0) forall (x,t,0) € TM"

for some time-dependent vector field b € T' (T M) and some TIME-DEPENDENT
VERTICAL VECTOR FIELD—u (time-dependent) section F of m*(T*M" ®
T*M"™)—which is Lipschitz in the fibre and satisfies the NULL EIGENVEC-
TOR CONDITION:

F(x,t, Ty ) (v,0) > 0 whenever T(,y >0 and T, (v) =0,

where V and A are the time-dependent connection and (spatial) Laplacian
induced by the time-dependent metric induced by X. If S,y = 0 for all
x € M", then S(y ) > 0 for all (x,t) € M" x [0, T).

Proof. Fix o € (0,T) and ¢ > 0. Setting C = max  LipF(x,t, ),

we will show that the tensor (xt) €M x[0,]

GuE ERYNE ge(C-i-l)tgl

is positive definite in M" x [0,¢]. By hypothesis, S‘(ffo) > 0 for all
x € M". So suppose, contrary to the claim, that there exist xo € M",
to € (0,0] and Vp € Ty, M™ \ {0} such that S‘& y > 0 for each (x,t) €

M" x [0,ty) but S‘(Z‘; tg)(VO’ Vo) = 0. Extend Vj locally in space by

solving
V'Y’ V =0

along radial g;,-geodesics v emanating from xg and then extend the
resulting local vector field in the time direction by solving

VtV =0.

Then VV (xq,ty) = 0 and VV(xg,to) = 0. We claim that we also have
AV (xo,tg) = 0. To see this, let {¢;}! ; be an orthonormal frame at
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xo and parallel translate it along geodesics emanating from xp, all of
this respect to g;,. We then may compute using e; = «y/ along -y; with
7:(0) = ¢; that

n

X(), f() Z (Vgl Ve, VVL,I_EI,V) (X(), f()) =0.

i=1

Now set
soe(x,8) = S50 (Vien Vi)
for (x,t) near (xo, tp). Then sy ¢(x,t) > 0 for (x,t) in a small parabolic
neighborhood B, (xq,to) % (tg — 1%,tg] of (xo,to) and sy e(x0,tg) = 0,
and hence

> (0t — A — Vp)sael (xot)

= (Vi =8 = V)7 (1o1) (Vo, Vo)

> F(x0, t0, S(xp 1)) (Vo, Vo) +€(C + 1)el g (Vo, Vo)

> F(xo,t0, 57y 1) (Vo, Vo) = C(S(3 1) = Stxote)) (Vo, Vo)
+e(C+1)elCVig o (Vo, Vo)

> eelC g (Vo, Vo)

>0,

which is absurd. So $7# indeed remains positive definite in [0,¢]. The
claim follows since ¢ € (0, T) and ¢ > 0 are arbitrary. O

2.2 Evolution of geometry under mean curvature flow

The mean curvature flow equation induces diffusion equations of vari-
ous types for the various geometric attributes of the evolving interface.

2.2.1 Displacement estimates

If X : M" xI — R evolves by mean curvature flow, then, for any
basepoint (po,tg) € R""! x R, a short calculation reveals that the
squared parabolic distance function |X — pg|? + 2n(t — t;) satisfies the
heat equation induced by X:

(0 — A) (X = pol* +2n(t — tg)) = 0.

When M" is compact, the maximum principle then ensures that upper
and lower bounds for | X — po|? +2n(t — to) are preserved. In particu-
lar, we obtain the following extrinsic distance estimates.

Proposition 2.5. Let X : M" x I — R be a mean curvature flow. If tg € I
and X(M", ty) is disjoint from the sphere 9B, (po), then X(M", t) is disjoint
from the sphere aBm(po)for all t € TN [t, 0).



In particular, if the initial hypersurface lies inside the ball B,(py),
then' the hypersurface X(M",t) must lie inside the ball B 5—_-(po).
What happens as t — %? We can only conclude that the solution

simply does not exist long enough to find out.

Corollary 2.6. If M" is compact and X : M" x [0, T) — R"*! evolves by
mean curvature, then
T<

_znl

where 1y is the circumradius of X (M",0).

Note that* the boundary of the ball B - = to)(po) evolves by
mean curvature; so Proposition 2.5 says that the mean curvature evo-
lution of a compact hypersurface and a sphere which is disjoint from
it must “avoid” each other in their common interval of existence. This
turns out to be true for any pair of proper mean curvature flows, so
long as at least one of them is compact.

Proposition 2.7 (The avoidance principle). Let X; : M7 X [0,T;) —
R"1, j = 1,2, be a pair of proper mean curvature flows, with at least
one of the domains M compact. If X1(My,0) N X5(M3,0) = @, then
Xi(M}, )N Xo (M5, t) = D forall t € [0,Ty) N[0, T>). In fact, the distance
Ny ) e M < My d(x,y,t) between the two solutions is nondecreasing.

Proof. Note first that the infimum inf(, ,
tained at each time f (since one of the two spatial domains is compact

yemrxmy d(x, Y, t) is indeed at-

and the other flow is proper). Given ¢ > 0, consider the function
de(x,y,t) = €D d(x,y,t). Note that d(x,y,0) > mMin o vy da(-,-,0).
Suppose then that, for some ¢ > 0, d¢(x,y,t) does not remain strictly
greater than minyg .y d (,-,0). Then there must be some positive
time ¢y and some pair of points (xp, o) € My x M} such that de(-,-,t) >
do for t < tg but d¢(x0,y0,tp) = do. At this point,

dide <0, Vde =0, and V2d, >0, (2.6)

where V is the product connection on M x Mj induced by those on
MY and M3

Given U,V € TeM] = (dX1)(y(TxM{) and W,Y € TyM} =
(dX2) (2 (TyM3), we have

U(d) = — (U, w) (2.7)

and
W(d) = (W,w), (2.8)

where

(2.9)
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' By the Jordan-Schoenflies theorem, for
example.

2 Recall Example 1.
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Observe that

Dyw = —% (V—(V,w)w) and Dyw = % (Y= (Y, w)w).

Extending U, V to vector fields in a neighborhood of x and extending
W, Y to vector fields in a neighborhood of y, we compute

V (U(d)) = — (DyU, w) — (U, Dyw)
= —(VyU,w) + 11 (V,U) (N, w) + <u; (V —(V,w) w)>

since DyU = VyU —1II; (V,U) N; for any vector field U tangent to
MY near x. Thus, for U,V € T:My,

1
(V2d> (V,u) =1, (V,U) (N1, w) + 7 (U, v)y — (U, w) (V,w)).
Taking the trace then yields

A]d = H1 <N1,w> + % (7’1 - ‘ZUTI

2
) , (2.10)

where w1 denotes the projection of w onto (dX1) (30 Tx M.
Similarly, for W,Y € T, My,

and

(V24) (¥, W) = L (¥, W) (N, w) + % (W, Y) — (W, w) (Y, w)),
Azd = —H2 <N2,ZU> + 1 (1’1 — ‘ZUTZ

2
¥ ) , (2.11)

where w "2 denotes the projection of w onto (dX2) (1) TyMa.

By (2.7) and (2.8), w'' = 0 and w'2 = 0 at (x0,y0,tp). We may
choose the orientation of the normals at this point so that Ny = N, = w,
which yields (at(xo, yo, o))

Md =H; +g and Ayd = —Hy +g.
Next we compute, for U € TyM; and W € Ty My, the “cross-term”

(v2d) (U, W) = U (W(d)) (2.12)

= <W, Duw>
1

=7 (W, U — (U, w) w)

1
T4

Since the tangent planes at X(xo, to) and Y (yo, tp) are parallel, and or-

(W, U) = (U,w) (W, w) ).

thogonal to w(xo, yo, tp), we can trace this with respect to an orthonor-
mal basis {e;}__; for the subspace (dX1) y, ) TxyM1 = w (x0,y0,t0) =

(dX2) (yot0) TyoMa to obtain

Xo,to

(yoto



We thus find, at the point (xo, Yo, to),

1

n n
(el +6) (e} +eh)d) = dd+ Mpd +2) el (2d)  (213)
=1 i=1

=H,-H,.

On the other hand,

1
did (X,y, t) = E <X1(x, t) — Xz(y, t), —H; Ny +H; N2> (2.14)
= (w,—H1 N +H2N2>.
=H; —H; (2.15)

with the final inequality holding at the point (xo, yo, ty). We conclude
that

0> 0 (e€(1+t)d) |(x0,y0,t0) (2.16)
= gef(1+t0) g 4 e(1+t0) (w, — Hy Ny + Hy Ny)
= get(1+h0) g 4 ge(1+t0) (H; — Hy)
> €d0
at the point (xo, yo, to), which is absurd. 0

This argument can also be used to prevent a solitary mean curvature
flow from forming self-intersections through the coming together of
points at a large intrinsic distance, though an additional argument is
required to prevent cusps from appearing out of a single point.

Lemma 2.8. If X : M" — R"*! is an immersion of a compact manifold M",
and maxyp |II| < K, then

[ X(y) — X(x)| = %Sin (W) (2.17)

for all x,y with £(x,y) < %, where £(x,y) is the intrinsic distance on M"
from x toy.

Proof. Let x and y be two points of M", joined by a unit speed, min-
imizing geodesic segment v : [—{/2,(/2] — M" of intrinsic length
¢ < %, and let 6(s) denote the angle between (X o )'(s) and To =
(X 07)(0). Observe that

L (Xoq)(5) Ty

= [ (7). 7 () N(1(5)) - To|
<K

and hence,
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Thus,

2 . (KL
= g sin <2> . O
Applying the argument of Proposition 2.7 outside neighbourhood
of the diagonal in which Lemma 2.8 applies, yields the following.

Proposition 2.9 (Embeddedness is preserved). Let X : M" x [0, T) —
R"*! be a mean curvature flow on a compact domain M". If X(-,0) is an
embedding, then so is X(-,t) for each t € [0, T).

2.2.2  The first variation of area

Recall that, on any submanifold X : M" — R"*1, the area of any
compact subset K C M" is defined by

area(K, X) = /K dy = 2/ w )(xo?l)*(sz\/@) dx,
o S XUy

where {(Uy, x1) }« is any locally finite covering of K, {pa }« is any sub-
ordinate partition of unity, dx is the Lebesgue measure on R”, and g,
is the component matrix of the induced metric g with respect to the
a-th coordinate chart. If {Xe}oc(—¢)e)

immersions of M" with Xy = X and %’ OX,g =Fe ['(NM"), then,

is a one-parameter family of

with respect to any coordinate chart,

d d 1z ~ o

de ezogfj = % (9;Xe, 9;Xe) = 2<Vi E, an> -2 <F, IZ]>,
and hence

- \/detg :1\/detgtr i ¢ :_@<1—5 I_—i>

de e=0 ‘ 2 8 de =0 4 :

We thus obtain the FIRST VARIATION FORMULA (FOR AREA):

de

- area(K, X;) = — /K <ﬁ, ﬁ> du.

We conclude that,
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Proposition 2.10. along a mean curvature flow3 X : M" x I — R"*1, 3 We invite the reader to verify that this
formula holds in any codimension and
in any ambient space.

iarea(K,J = —/ |H % du (2.18)
dt K

for any compact K C M", where area(K, t) = area(K, X¢).

In particular, the area of a compact hypersurface is nonincreasing
under mean curvature flow.

2.2.3  Evolution of the normal
By Exercise 1.4,

Proposition 2.11. if X : M" x I — R"*! evolves by mean curvature, then,
for any (local) choice of unit normal N,

D¢N = VH.

2.2.4 The first variation of volume

If our hypersurface is the boundary 0Q) of a bounded open subset
Q C R™1, then the divergence theorem ensures that

1
n+1

, !
/lev}(dﬁ—m o (X, N)du,

volume(Q)) :/ ac =
Q

where £ is the Lebesgue measure on R"t1 X is the position vector-
field on R"*1, and N is the outward unit normal field to 9Q. Thus,
if {0Q) }ecs are a one-parameter family of (bounded) boundaries with
Oy = Q and normal variation field E = —FN, then (expressing the
integral with respect to a covering by coordinate charts dominating a
partition of unity) we find that

1 d
del_, volume(Q);) = nr 1 dl, /a()g (X, N)du
1
= — F—{(X,VF X,NYHF) du.
o (P (X VR + (X, N HE) dy

With the divergence theorem in mind, we rewrite
(X, VF) = <XT , VF>
= div(FX") — FdivX'.
Since

FdivX" = Ftrragn D(X — (X, N)N)
= F(n— (X, N)H),
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we arrive at the FIRST VARIATION FORMULA (FOR ENCLOSED VOL-
UME):

a volume(Q)) = —/ Fdu.

In particular,
Proposition 2.12. if K C R" is compact and {Q}sc| are a family of open

sets for which the hypersurfaces {dQ N K} evolve by mean curvature, then

4 volume((); NK) = — / H dpu. (2.19)
dt 30,NK

2.2.5 The Jacobi equation

An important equation related to the mean curvature flow is the linear
equation

(9 — A)u = |11 u. (2.20)

We will refer to (2.20) as the JACOBI EQUATION (for mean curvature
flow). It arises as the equation satisfied by the normal variation of a
smooth family of solutions to mean curvature flow.

Lemma 2.13. Let X : M" x I — R"*! be a mean curvature flow and
{Xe  MxI— ]R”H}Ee(_golgo) a one-parameter family of mean curvature
flows with Xog = X. The normal component,

v%<d XS,N>,
de e=0

of the variation field % L:O X is a solution to the Jacobi equation (2.20).

2.2.6  Evolution of the mean curvature

Given a mean curvature flow X : M" x I — R"*1 consider the one-
parameter family of mean curvature flows {X, : M" x [ — R""1} .o}
defined by X¢(x,t) = X(x,t — ¢). The normal component of the varia-

4
de|,._

XS,N>—H.
e=0

tion field is

We thus obtain:
Proposition 2.14. If X : M" x I — R™*! evolves by mean curvature, then
(0; —A)H = |II]*H. (2.21)
The maximum principle then immediately implies the following.

Corollary 2.15. Let X : M" x [0,T) — R"*! be a mean curvature with
M" compact. If H(-,0) > 0, then H > 0. In fact, H(-,t) > 0 for all t > 0.4

4Indeed, any connected (possibly non-
compact) mean curvature flow satisfying
H > 0, must satisfy either H > 0 at inte-
rior times, or H = 0.



2.2.7 Evolution of the second fundamental form

By Exercise 1.5,
Vil = V>H+HIP.

Tracing Simons’ commutation formula (1.15) yields
VZH = AIl + |IIJIl - TI*H..

We thus obtain the following evolution equation for the second funda-
mental form.

Proposition 2.16. If X : M" x [ — R"*! evolves by mean curvature, then

(Vi — M) = |T1J2I0. (2.22)

2.3 Global-in-space Bernstein estimates and long-time existence

The evolution equation for II immediately yields®> an evolution equa-
tion for |I1|%:
(0 — A)[T1)? = 2¢((V; — A)ILII) — 2| VII[?
= 2|I* — 2|VII|.

In order to establish evolution equations for derivatives of II, we
shall need to commute the heat operator with the covariant differential.
Since only “rough” evolution equations will be required, the following
lemma will be sufficient.

Let us denote by S * T any tensor which is a linear combination of
metric contractions of the tensor product of S and T (of the same type).

Lemma 2.17. Along a mean curvature flow X : M" x [ — R"1,
[Vi—AV|T=1«I« VT + 1% VII*T.
From this, we find that

(3 — A)|VII|? = 2¢((V; — A)VII, VII) — 2| V2I[?
= 2¢(V(Vy — AL+ I % 1L % VII 4 I % VII, VII)
— 2| VI
= I+ I % VI« VII — 2| V2II|?.

If |II| remains bounded on the time interval [0, T], then we can estimate
(9 — A)|VII]2 < C|VII?,

where C depends only on 7 and the bound for |II|. The oDE compari-
son principle then implies that |VII|? grows at most exponentially on
[0, T]:

|VII? < max |VII%eCT.
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5 The ease with which this equation is es-
tablished is a return on our investment
in constructing the time-dependent con-
nection. If you are skeptical, try Exercise
2.1.
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This estimate takes a more natural form if we exploit its scale invari-
ance: since |II| scales (under parabolic rescaling of our mean curvature
flow) like the inverse square of distance, whereas t scales as distance
squared, the constant CT will be scale invariant. If we introduce the
scale parameter 7 = /T and assume that |II| < Kr~! for t € [0,7?] (a
scale-invarant assumption), then the estimate becomes

|VII? < G max |vII|?,

where C; depends only on K and n.
We can also obtain a time-interior version of this estimate: consider,
for some to-be-determined constant 4, the combination

Q = 2t|VII|? + a|11).
Observe that
(3 — A)Q = 2| VII|2 +2t(; — A)|VII|2 4 a(2; — A)|TI[?
< 2|V 4 2tCy T2 VII? + a(Co [T — 2| VII[?)
= 2(1 4 Ci#|I1)? — a)|VII|? + aCo|T1|*.
If we know that [II| is bounded by Kr=2 on M x [0,72], then
(0 —A)Q < 2(1 + C1K — a)|VII|? + aCoK3r—*

Thus, if we choose 2 = 1 + C;K, then the ODE comparison principle
yields

HVII? < Q< max Q + aCoK3r*t < ak*(1 + CoK)r 2.

That is,

Dr1

VS

where D? = aK?(1 4 CyK). This is another manifestation of the diffu-
sive nature of the mean curvature flow: even if the curvature is arbi-

v <

trarily rough at the initial time, it becomes much more regular only a
short-time later.

An inductive extension of this argument yields the following esti-
mates.

Proposition 2.18 ((Global-in-space) Bernstein estimates®). For everyn €
N, K < coand m € IN, there exists Cy, < oo with the following property. Let
X : M" x [0,T) — R"™! be a mean curvature flow on a compact manifold
M".If

My < Kr=! forall (x,t) € M" x [0,7%],

then

V" (35| < Ci max, |V™I| forall (x,t) € M" x [0,7?]

¢ Ecker and Huisken, “Mean curvature
evolution of entire graphs”.



and

Cmr_l n 2
P2 forall (x,t) € M" x [0,r7].

[V (| <

A fundamental application of the global-in-space Bernstein esti-
mates is the following characterization of finite time singularities.

Theorem 2.19 (Long-time existence). Let X : M" x [0,T) — R"*! bea
MAXIMAL? mean curvature flow on a compact manifold M". If T < oo, then

limsup max |II| = co.
t—T  Mx{t}
Sketch of the proof. Let X : M" x [0, T) — R"*! with T < oo be a max-
imal mean curvature flow on a compact manifold M" and suppose,
contrary to the claim, that

I <K on M" x [0,T).

By the Bernstein estimates, we also have bounds on M" x [0,T) for
V™I for all m. These geometric estimates can be converted, by an
inductive argument, to estimates in C¥ for the immersions X; in any
local coordinate chart. The only subtlety is the k = 0 and k = 1
cases; to control these terms, we observe that, for any x € M" and
any v € T,M",

2HII(y 4 (v, v)

<C.
8(x,1)(v,0)

d
77108 (8 (v,0)) ‘ =

Integrating, we find that g(, ;) remains uniformly equivalent to g(, )
under the evolution. This gives a uniform estimate in C! and also a
uniform lower bound for |dX|. A displacement estimate is obtained by
integrating the flow equation:

IX(x, 1) — X(x,0)] = /OtatX(x, 1) dr
/thI(x, T)dt
0

t
/ IH(x, 7)| dr
0
< Kt < KT.

IN

Now cover M" by finitely many compact sets K, which each lie to
the interior of some coordinate chart ¢, : Uy — R”. Due to the uni-
form estimates in C¥ for each k, the Arzela—Ascoli theorem implies
that, for any sequence of times tj — T, we can find, for each com-
pact set K, a subsequence of times such that the restriction of X to the
domain of the chart ¢, converges uniformly on K, in the smooth topol-
ogy to some limit. Taking appropriate subsequences, we can find limits
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71e. there is no mean curvature flow X' :
M" x [0,T") — R""! with T" > T such
that X' (x,t) = X(x,t) forall t < T.
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along the same sequence of times which agree on overlaps. Due to the
uniform lower bound for dX, these limits thus define a global smooth
immersion of M" into R"*!, which we now evolve by the mean cur-
vature flow using our short-time existence theorem. The so extended
family of immersions is smooth at each time and it is also smooth in
time across the jump time T since time derivatives of X are related to
spatial derivatives via the mean curvature flow equation. But this is
impossible since our original mean curvature flow was assumed to be
maximal. O

Proposition 2.20. Let X : M" x [0,T) — R"*! be the maximal mean
curvature flow on a compact manifold M". If T < oo, then
C

max |II| > ,
M x{t} T—t

where C depends only on n.

Proof. Since im sup; » maxyp (4 [II| = oo and
(0 — A)I]> < c(m)|TI*,

the claim follows from the oDE comparison principle. O

2.4 Local-in-space Bernstein estimates and the compactness the-
orem

By introducing spatial cutoff functions into the above argument, one
may derive the following local-in-space estimates.

Proposition 2.21 (Fully local Bernstein estimates®). For every n € NN,
K < oo and m € IN, there exists Cy, < oo with the following property.
Let X : M" x I — R"™1 be a mean curvature flow on a manifold M". If
[t —12,t] C I, X; is proper with respect to the ambient ball B,(p) for each
se[t— 2, t], and SUPR,(p) x [t—r2,1 o) < Kr=2, then

|vaI(X,t)‘ S Cmr_m_l .

Combining these estimates with the Cheeger-Gromov compactness
theorem for Riemannian manifolds with bounded geometry yields the
following compactness theorem for mean curvature flows under mod-
est geometric assumptions.

Theorem 2.22 (Compactness of the space of mean curvature flows with
bounded geometry). Let {(Xj : My x I — R"1, x;) }ren be a sequence
of pointed mean curvature flows and (o,tq) a point in spacetime R"+1 x R.
Suppose that the following conditions hold for every k:

8 Ecker and Huisken, “Interior estimates
for hypersurfaces moving by mean cur-
vature”.



1. Xp(xg, to) = o0, tg € I = [a,w]| C Iy and Xy (-, t) is proper with respect
to the ambient ball B, (o).

2. maXEr(Ok)XI ‘IIXk| S C < 00,

There exists a pointed mean curvature flow (X : M" x I — R™ 1, xq) with
X(x,t9) = 0 such that, after passing to a subsequence, the mean curva-

ture flows flows (Xilg—7—

: n+1
By (opa) x 1 Bg(ok,“) X Iy — R"™1,0p) converge

uniformly in the smooth sense to the mean curvature flow (X |mX I
5 (0,

N /. AN n+1 . . . .
B, (0,0) x I — R™1,0). That is, there exists a sequence of diffeomorphisms

¢r : By (0,0) = My with ¢y (0) = ok such that ¢; X — X uniformly in the
smooth topology.9

By taking limits along diagonal subsequences, one can obtain a
complete limit under global bounds on the curvature. Note though
that the limit can lose or gain topology, and different subsequences
can take different limits. Compact limits are better behaved, however

(as in this case the convergence is necessarily uniform).

2.5 Estimates for the curvature

Theorems 9.15 and 9.18 provide estimates to all orders for as long as
the curvature remains bounded. In some situations, the curvature it-
self can be bounded in terms of lower order data. The following clever
argument, due to Chou,' provides bounds for the mean curvature
under a uniform “starshapedness” condition.™”

Proposition 2.23. If a compact mean curvature flow X : M" x [0,T] —
R™*1 satisfies
< (X—p)-N<O,

then it also satisfies

[H| < max {219_16) max |H|,8nl9_2®}
Mnx{0}

and o
[H| < max {,87119_1} :
2t

Proof. The key observation is that the reaction term in the evolution
equation

(8 — A)(X ~ p)-N = [IP(X — p)-N —2H
can be used to absorb that in

(0; — A)H = |II|*H,
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9 This is an “intrinsic” notion of conver-
gence, as we only consider neighbour-
hoods of points in the domain space. It
has the advantage of providing informa-
tion even when the flows are only im-
mersed, or lose embeddedness in the
limit, but the disadvantage that it loses
extrinsic information (e.g. discarding
extrinsically nearby components). Un-
der additional conditions (anything suf-
ficient to ensure that the evolving hyper-
surfaces along the sequence bound re-
gions which do not degenerate in the
limit), a similar compactness statement
can be made with convergence holding
in the “extrinsic sense” (where neigh-
bourhoods of points in the farget space
are considered).

*Tso (Chou), “Deforming a hypersur-
face by its Gauss—Kronecker curvature”.

11 Cf. Ecker and Huisken, “Mean curva-
ture evolution of entire graphs”.
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with a fortuitously good term, —2H, to spare. Indeed, wherever v =
(X —p)-N>9>0, we have

H 1 H
(8t — A) T 3 ((Bt — A)H— 3 (at — A)U)
U—j U_j U_E
+2V Hﬁ- Wﬁ
—_— = 0_7
2 2
H H 12 H
= 0(2 ﬂ‘g||0>+zv v VU&'
U—j v—j U—j U—j v—j

Estimating |II|?> > %HZ, we find, at any positive interior maximum of

H
—y that

5 (2.23)
2
and hence, at such a point,

3 §8m9_2.
v—3

At a nonpositive interior minimum, we still obtain (2.23), which

now implies H > 0.
On the other hand, if no new minima or maxima of U‘i‘& form, then
-2

H H
[H| < max H] <29°! max [HJ.

O 'H < —5 < 5
v—5 Mx{0}v—3 M x{0}

The first claim is proved.
To establish the second claim, we instead consider instead the func-

tion Ut—HL,, which at a positive interior maximum satisfies
-2
tH H H
Og(at—A) ﬂzf(at—A) 19+719
V-3 v—5 V-5
H tH HIIJ?
= A % | ‘19 +1
v—5 \ V-3 v— 73
and hence )
¢ tH tH
T SZH—I—I. (2.24)
2 2
If H > 8nd~!, then we may conclude that
tHl9 < 1
U — 5 2

At a negative interior minimum, we still obtain the inequality (2.24),
which now yields

tng > _1.
v—%5 2
Since maxypn {0} ;‘ill = 0, the second claim is proved. O
2



Introducing a cut-off function yields the following local-in-space es-
timates, which we state in a streamlined and scale invariant form.*?

Proposition 2.24. Suppose that the mean curvature flow X : M" x I —
R"*1 is properly defined'3 in By, (p) x (w — A2K?r?, w). If

(X—p)-N>08r >0 in B (p) x (w— A*K*?,w],

then
sup [H| < C(n, 19,A,L)r_1, (2.25)
B, (p) x (w—K2r2,w]
where L = SUPB,, (p) x {w—4K2P2} |H|, and
sup [H| < C(n,8,A,K)r L. (2.26)

B, (p) x (w—K?r2,w]

Proof. Without loss of generality, we may assume that r = 1, p = 0
and w = 0. We introduce the cut-off function

n=1-|XP
and consider, in By,
H 1 H
(0 — A) U 5 = 3 <17(8t—A)H+H(at—A)77— 1 19(a,e—A)v>
v—-5 v—3 v—5
-VH H
VI Vﬂ +2v1—. Vvl?.
v—5 v—-5 v—%5
At a positive interior maximum of :—Hw we find that
-z

IN

H m\ |X)?
} (H 1l L)' 2
v— 3 v— 3 )

Since

we deduce that
e P I
4 ¢ — 2 o4
(v—%5)2 v—35

2
2H 11
TH | ong 2 (24 10 xp
-2 v

<2

0

2 2
H i

'7—19+2'7| L+2(n+2)
v—5 v—%

<2
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> Estimates which are stronger at large
scales were established by Lynch, “Con-
vexity and gradient estimates for fully
nonlinear curvature flows”, Theorem
43

BLe. the map (X,t) : (xf) —
(X(x,t),t) € R*™! x R is PROPER with
respect to By, (p) X (w — 4K?r?, w], in the
sense that (X,t)71(K) € M" x I for ev-
ery compact subset K C By, (p) x (w —
4K?7?, w).
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at such a point. Rearranging, we obtain

II II H

LL (‘942 1 L 2) SZL@+2(11+2). (2.27)

v— % v—% v— %
2 2 2

If, at this point, ?:7_—% > 8y/n(1+2y/n)92, then
2
ML 17|11L (1942 ;7|11!9 _2>
vt—2 V73 v—2

<21 o2

IA

9
v—2
and hence H
L g Sn+2.
v—3
At a nonpositive interior minimum, we still obtain (2.27). If, at this
point, :—% < —8y/n(1+2y/n)872, then (2.27) implies that
-2
H
172> —(n+2).
v—2

The first claim is proved. To establish the second, apply the above
. tn H
argument to the function e O

2
These estimates show that, along a mean curvature flow, uniform
starshapedness in some parabolic region implies a uniform bound for
its curvature in any smaller region. This is particularly useful when
the evolving hypersurfaces are convex™, since the conditions

< (X—-p)-N<O

are automatically satisfied (at all times) whenever the ball By(p) is
enclosed by the final timeslice and the ball Bg(p) encloses the initial
timeslice, respectively. We thus obtain, in particular, the following
rather remarkable estimate.

Proposition 2.25. Suppose that the boundaries {0Q) }1e1 of the convex re-
gions Qp C R are properly defined and evolve by mean curvature flow in
Ba,(p) x (w — A2K?r?, w]. If Bs,(p) C O, then
sup H < C(n,8,AK)r . (2.28)
B:(p) x (w—K2r2,w)]

Note that this estimate immediately yields regularity estimates to
all orders, via the Bernstein estimates, since the inequality |II|2 < H?
holds whenever II > 0. As a consequence, we find that any sequence of
convex mean curvature flows which are properly defined in By, x (—4r2,0]
and whose final timeslices pass through the origin and enclose a ball of uni-
form size has a subsequence which converges, in B, x (—2,0], uniformly in
the smooth topology.

In fact, an estimate of the form (2.28) also holds when the evolving
hypersurfaces are only almost convex.">

4 We shall see in Chapter 3 that convex-
ity is preserved under the flow.

> This estimate is not particularly use-
ful, however, as (nonzero) lower bounds
for the principal curvatures are not pre-
served by the flow. We will substantially
improve it in §5.5.1.



Proposition 2.26. Suppose that the boundaries {0Q}e of the regions
Qr C R" 1 are properly defined and evolve by mean curvature flow in
Ba,(p) % (w —4A%K?r?, w), and that the regions O N B, (p) are connected
forall t € (w — 4AN*K*12,w). If

k1 > —0r~ Y in Ba,(p) x (w — A2K*r?,w)] and Bg,(p) C Qu

forsome ¥ <1< Aandé < ﬁﬁ/\y then
sup IH| < C(n,0,A,K)r 1.
B, (p) x (w—K2r2,w]

(2.29)

Proof. We claim that the flow is uniformly starshaped in Bp,(p) X (w —
A?K?r?,w], with a (scale normalized) constant depending only on 9,
A and ¢ (in which case the claim follows from Proposition (2.24)). To
do this, we introduce the (standard) e-TRUMPET® Te(p, x,7), which is
the locus of points reached by a rigid circular arc that joins the point
x to the circle in p + (x — p)* of radius r about p, and whose tangent
line at x intersects the radius of this circle at a distance er from p.

Note that the portion of the boundary 0Q); lying in By, (p) is star-
sphaped about the point p precisely when the segments T:(p, x,0)
are contained in () for all x € 9() N Bp,(p). Now, if the trumpet
T:(p, x,9r) happens to be contained in (); for some x € 90} N B, (p),
then, setting d = |x — p|, we may estimate

LXTP S TP
N<x/t) |x_p| = NTg(p,x,ﬂr)(x) |x—p\
edr

Vd? 4 29212
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So such points are uniformly starshaped about p (relative to the scale
el

VOZAZ4e2

On the other hand, if some trumpet T¢(p, x, 97), x € 0% N Ba,(p), is

not contained in (), then we can find'7 some other trumpet T;(p, y, 97),
y € 00 N Ba,(p), which makes first order contact with 0Q); N B, (p)
at some interior point x’, at which

r) with constant

K1 (x// t) < (Kl)Tg(p,y,ﬁr) (x// t)
20r (1—e)d
22+ 2 S22+ 2
1 20 1—¢

_;192+A2,/1+€2192'

This is in contradiction with our hypothesis if ¢ < &g = g9(8, A, ). We
conclude that T, (x, p, 9r) C Q) for all x € 0, as desired. O
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®The MOUTHPIECE is located at the
point x and the BELL bounds a disk of
radius r centred at p. The aperture of the
mouthpiece (equivalently, the outward
curvature) is determined by the parame-
ter e.

N _\- S
Lumm‘n{r @uc\u_-‘:nmn_ﬂmv@;g apaiee "ml,mﬁ‘“?mph les

e o [t NS oo et
E" /m? w::lfyn\klt ¢ Samtpeic-pou lw cxpofee fi fortune J
Figure 2.2: Buisine player and religious
figure. Unknown Illustrator, Manuscript
of Saint-Esprit.

7See Lynch, “Convexity and gradient
estimates for fully nonlinear curvature
flows”, Lemma 4.6.
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2.6 Exercises

Exercise 2.1. Suppose that {X; : M" — R"*1},.; evolves by mean
curvature. Given some coordinate chart {x' : U — R}? , for M",
consider the components

oxioxs’

of the metric gx, and second fundamental form IIx, of X;, where Nx,

92X,
gl](’t) = <aith a]Xt> and IIl](, t) = — NXt

is a local choice of unit normal field, and the components g/ (-, ) of
the dual metric.

(a) Show that
d d _,
0= Nth ENXt and 0= ( 9;X;, %Nxt +<D31XtHXH Nxt> .

(b) Deduce that
d

dt
where H is defined by ﬁXt = —H(-,t)Ny,.

Ny, = VH(-, t),

(c) Show that
3¢ 1l = V;V;H— HgM I 11, .

(d) Deduce from Simons’ identity that
(9 — A) I; = |TI[*T0; —2 H gF 0, 10y .
(e) Show that
atgl-]- = 72HHij .
(f) Show that
0ig"1 = 2H g% 1, .
(g) Writing |II|> = g’ ¢/ I1;; 11, deduce that
(9 — A)|I1)? = 2[T1* — 2| VT[>
Exercise 2.2. Let X : M" x [ — R"*! be a mean curvature flow on a

manifold M". Suppose that B,(xo) x (to — %, tg] € M" x I and that
S eT(T*M" © T*M") satisfies

(Vt —A— Vb)S(x,t)(v, ?)) > F(x, t,S(xrt))(U, U) and S(x,t) (U, U) >0

for all (x,t) € B(xg) x (to — 1% ty] and v € T'B,(xg) for some time-
dependent vector field b € T(TM") and some time-dependent vertical
section F of r*(T*M" ® T*M") which is Lipschitz in the fibre and sat-
isties the null eigenvector condition. Prove that minj,_; S (v,v) =0
for all (x,t) € By(xg) X (to — %, to] if S(y, ) (v0,v0) = O for some
nonzero vy € Ty, M".



Exercise 2.3. Show that the oDE comparison principle does indeed
prove Proposition 2.20.

Exercise 2.4. Givenany r > 0, p # x € R"t! and ¢ > 0, consider the
trumpet Te(p, x, 7).

(a) Show that the aperture of T¢(p, x,r) is given by
x—p er

B e I Pl

(b) Show that the smallest principal curvature of T¢(p, x, 1) is constant
and equal to

2r (1—¢)|x—p]

TP R

Exercise 2.5. Show that the evolution {00}, (o ) by mean curvature
of a bounded, convex, locally uniformly convex hypersurface, 9C), may

K1 =

be continued (smoothly) until either
1. the smallest principal curvature of 9Q); tends to zero'®, or
2. the inradius of O); tends to zero.

Hint: Use Proposition 2.25.
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8 We shall see in Chapter 3 that this will
never occur.






3
Pinching and its consequences

We have seen that positivity of the mean curvature is preserved under
the mean curvature flow, by applying the (scalar) maximum principle
to the reaction-diffusion equation for the mean curvature. The reaction
terms in the evolution equation for the second fundamental form enjoy
a richer algebraic structure. Understanding this structure (in relation
to the tensor maximum principle) is a crucial step in understanding
the long term behaviour of the mean curvature flow. We will explore
this paradigm in this chapter.

3.1 Contraction of convex hypersurfaces to round points

The tensor maximum principle guarantees that positivity of the second
fundamental form is preserved.

Proposition 3.1. Let X : M" x [0,T) — R"*! be a mean curvature flow
on a compact manifold M". If, for some « > 0, I1|;—¢ > ag, then Il > ag for
allt >0

Proof. Recalling (2.22), we see that the tensor S = II —ag satisfies
(Vi—A)S=|S+agl*(S+ag).

Since « > 0, the reaction term F(-,T) = |T + ag|>(T + ag) is clearly
nonnegative in the direction of any null eigenvector v of T. The tensor
maximum principle implies that II > 0 at all points and times. Since
M" is compact, no connected component can split off a line, and we
conclude from Proposition 3.2 and a straightforward covering argu-
ment that II > 0 at positive times. O

The strong maximum principle provides a useful rigidity statement
for nonnegative curvature.

Proposition 3.2. Let X : M" x I — R"*! be a mean curvature flow sat-
isfying 1L > 0. If I, ,y(vo,00) = O at some (xo,to,vo) € TM", then
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X SPLITS OFF A FLAT FACTOR: there exist r > 0, m € {1,...,n}, an
m-dimensional linear subspace L C R™*1, and a family of submanifolds
" C L+, t € (tg — 1, to), such that

- dX(kel‘H(xrt)) = L™ for all (x,t) € By(xp,t0) X (to — 2, to]

— Xy embeds (B,(xo,t0),8t) isometrically into L™ x -+ Xy for each t €
(to — 12, to]

— the family {E{"™"}yc (4 _2,4,] €volves by mean curvature flow.

Proof. The strong maximum principle implies® that the smallest prin-
cipal curvature & (x,t) = min,—; Iy ;(v,v) vanishes identically in
B, (x0) x (to — 1%, ty] whenever B, (xq) x (to — 2, tg] € M" x I. In what
follows, we restrict attention to such a parabolic cylinder.

Consider the (time-dependent) subbundles kerIl and (kerII)* of
TM". Given any V € T'(kerIl) and W € T(TM"),

0=VywI(V)) = VwI(V) +I(VwV) (3.1)
and hence, for any U € T'(kerII),
0= VIV, U) + I(VyV,U) = Vi I(V, U).

By the Codazzi identity and the freedom to choose any W, we find
that

Vull(V) =0
for all U,V € I'(kerll). Taking W = U in the gradient identity (3.1)
then yields

I(VyV) =0.
That is, Vi;V € T'(kerIl). Since V is torsion free, we conclude that
(U, V] € T'(kerIl). That is, ker Il is involutive, and hence, by Frobenius’

theorem, integrable.
Next observe that, for any V € I'(kerIl),

0= AI(V) +2tr (V.II(V.V)) +II(AV).

Since ViV € T'(kerIl) whenever U € T'(kerIl) and Vi II(W) = 0
whenever U,W € T(kerIl), the kerIl components of the trace term
vanish.

So

0= V(I(V)) = V,II(V) - TI(V;V)
= ALI(V) —1I(V;V)
= —2trH (V.I(V.V)) +1I((Vi — A)V),

' See Exercise 2.2.
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where tr' indicates the trace over (kerIl)*. Contracting this iden-
tity against V and applying the Codazzi identity and the first identity
above yields

0= tr (V.I(V.V,V))
= trl ¢ (V.1(V),V.V)
= —trt1I(V.V,V.V)

for any V € T'(kerII). Since II > 0 on (kerII)*, we conclude from this
that ViyV € T(kerIl) whenever W € T((kerIl)'). This means that
kerII is invariant under parallel translation in space at each time. We
also find, for any U € T'(kerIl), W € T'((kerIl)*) and Y € T(TM"),
that

0=Yg(UW) =g(VyU W)+ g(U, VyW) = g(U, VyW)

and hence VyW € (kerIl)*. So (kerI)* is also integrable (at each
time) and invariant under spatial parallel transport.
Returning to (3.1), we now conclude, for any V € I'(kerII), that

VV II= 0,
and hence
trt (V.I(V.V)) = 0.
Since AV € T'(kerll), we find that

0= V,(II(V)) = II(V,V).

So kerlI is also parallel in the time direction. But then so is (kerII)*,
since

0=0ig(U,W) =g(Viu, W) +g(U, ViW)

for any U € T'(kerIl) and W € T'((kerII)).

We now convert this into information about the parametrizations.
First observe that dX(kerlIl) is parallel in space with respect to the
pullback connection XD. Indeed, given any V € T(kerIl) and any
uer(TmMm"),

XDy (dX(V)) = dXVyV —I(U, V)N = dXVV € dX(kerII).

Since VyH = tr Vi II = 0 for any V € I'(kerII), we similarly find that
dX (kerll) is parallel in time with respect to the pullback connection
Xn.

D:

XDi(dX(V)) = VyHN +dX(V;V) = dX(V;V) € dX (kerlI).

We conclude that dX(kerIl) is a constant subspace of R"*! (after
canonically identifying the spaces T,R"*! = R"!). In particular, the
nullity m € {1,...,n} of Il is constant.
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Now consider any geodesic y(—sg,s9) — M" of the metric at time
t, with initial data (7(0),7/(0)) € kerIl(, ;. Since kerll is invariant
under parallel translation, 7/ (s) € ker I, (s)) for all s, and hence

XDs(dX (7)) = dX(Vsy') —TI(v',7")N = 0.

That is, X o 7 is geodesic in R"*1.

By Sard’s theorem, we can find ' > 0 (arbitrarily close to r) and x|,
(arbitrarily close to x() such that the section X'~ = X;(B,/(xo, to)) N
I1"~"*1 is a smoothly embedded (1 — m)-manifold for each t € (tg —
()2, tg], where TI"""1 = X(x{,t9) + (dX(kerH(x(fyto)))L. The re-
maining claims follow. O

Since local convexity guarantees that [II|?> < H?, the oDE compari-
son principle yields the following growth estimates for the mean cur-
vature.

Proposition 3.3. Let X : M" x [0,T) — R"*! be a maximal, compact?,
locally uniformly convex3 mean curvature flow.

min ——H < # < max H.
Mx{t} VI 2(T —t) ~ Mx{t}

Proof. Since II > 0, we may estimate |H|2 < H?, and hence
13 < (8, —A)H < 3.

Since limsup, ,rmaxym, ( H = oo, the ODE comparison principle
yields the claims. O

We next observe that any uniform lower pinching is preserved under
mean curvature flow.

Proposition 3.4 (Pinching is preserved). Let X : M" x [0, T) — R"*! be
a compact, locally uniformly convex mean curvature flow. There exists &« > 0
such that

oI>aHg >0

at all times.

Proof. Since M" is compact and II > 0, a constant « > 0 may be found
such that the inequality holds at the initial time. Given such a constant,
consider the tensor S = II — aHg. Recalling (2.22) and (2.21), observe
that

(Vt - A)S = (Vt - A)H - Dc(at - A)Hg
= |11)?S.

So the claim follows from the tensor maximum principle. O

*L.e. M" is compact.

3 Le. the time-slices X; : M" — R"*! are
locally uniformly convex: II > 0.
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Consider now the ratio [IT|2/ H?, where IT = I1 —1 1 H ¢ denotes the
trace-free part of II. Since IT vanishes precisely at umb111c points, this
ratio is a scale invariant pointwise measure of the “roundness” of our
hypersurface. We will show that this measure of roundness becomes
optimal in regions of very large curvature. Observe first that it does
not decay.

Proposition 3.5 (Roundness is preserved). Along any compact, locally
uniformly convex mean curvature flow X : M" x [0, T) — R"+1,

|H|2 112
maX —-—~.
u: - M"X{O} H?

Proof. Since

T2 = Jio? — 512,
we find that
it 1|
o — o —A
- a) o = @ - ) o
II I II
(Vi—A)I I II I
= ——— —(+—A)H 2
g( H (0 ) H2+ VVHHH
II
e
b 1 |2
= ZVVH o VH
12 1|
=2V vH |H| -2 ‘VH
112
< ZVVH|I_17|2.
So the claim follows from the maximum principle. O

We now show that roundness improves at the onset of a singularity.

Proposition 3.6 (Roundness improves). Let X : M" x [0, T) — R"**! be
a compact, locally uniformly convex mean curvature flow. For every € > 0,
there exists Cg¢ < oo (which depends only on € and the initial hypersurface)
such that

1112 < eH? + Ce (3.2)

at all times.

1|2
Proof. Given ¢ and ¢ > 0, consider the function H” % — s). We aim
to show that this function is bounded uniformly in time for some (very

small but positive) o. The claim then follows from Young’s inequality.
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We compute

112
oo (1| -]
112 I1/2 112
=H(3; — A)|H—|2 —2¢ <VH‘7,V|H|2> + ('HL — s) (9 — A)H"
(2 2
=H"(9; - A)'%'z —20H%g (VH V& il )

+ ocH? <|II;I|22 —g> |:(at_I_IA)I_I + (1 _0.) |VH|2]

H2

12 1|2 I |?
=H |o L%, 1% +2(1— )VVH|| V—
H H2
11)2 VH|?
et () 128
Since
[ 1712 1 o2 2 2
Vo (1 [ ] ) —gpae (M2 ) IVHE o U2
H H | H H?2 H?2

we arrive at
a2 ]
(at_A) <Hg 72 — &
) - 2 2 2
|H| |VH]|
—| —0o(1—
c(l—o0) ( > —¢€ 5

o2
+2(1 —U)V% <H‘7 [|II_II|2 —s]) . (3-3)

712
Unfortunately, the reaction term, cH? (% —

s) |TI|?, is an obstruction
to applying the maximum principle (the other terms are either nega-
tive or gradient terms). Instead, we shall exploit the diffusion term to
obtain good integral estimates, which can be bootstrapped to an L*
estimate. Before doing this, let us discard some junk that won’t be
needed. We first estimate

I |?
V—:

| V1|2
2

I
2 _u >
VII H®VH’

for some y = 7(n,a) > 0, where « is any measure of the initial pinch-
ing. This is a consequence of the Codazzi identity and the following
purely algebraic statement.

Claim 3.7. Given a > 0 and n > 2, there exists a constant v = y(n,a) > 0
such that

B 2
- >
T tr(B)®tr(T) > |T|
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for any symmetric B € R" ® R" satisfying B > a tr(B)I > 0 and any totally
symmetric T € R" ® R" ® R".

Proof of Claim 3.7. It suffices to establish the inequality when |B| =
|T| = 1, due to homogeneity. In fact, since K = {(B,T) : |B| = |T| =
1,B > atr(B)I} is compact, it suffices to show that

B
min |T — —— ®tr(T)| > 0.
(B,T)ek tr(B) (T)
Suppose, then, that this is not the case. Then we can find (B,T) € K
such that
B
T=—xHr T).
wpy 200
Tracing both sides appropriately, we find that tr(T) is an eigenvector
of B with eigenvalue tr(B). But this is impossible when n > 2 as B is
positive definite. O

Since |VH|?> < n|VII|? and |11|?> < H?, discarding the second nega-
tive term in (3.3) (whose coefficient o(1 — o) will prove too small to be
of use) and applying Young’s inequality to the final (gradient) term,
we may estimate, wherever || > 0,

712 712 2

(0; — A) (H" HII'Z —¢ ) <H (Ez —s) <a|11|2 _7|VHI£|>
o [IH2 T\
L[ ([ o)

e ( \%l; - 8) (3-4)

+

for some (smaller than before) v = y(n,a) > 0.
Consider now, for large p (at least 10, say), the function

where f, denotes the positive part, max{0, f}, of a function f. If p is
large enough, and ¢ small enough, we shall be able to establish an L?
estimate for v, which can be bootstrapped to the desired L™ estimate
by STAMPACCHIA ITERATION. To that end, observe that

wop g2 |V (1 [ ][

SR T
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wherever v > 0. Applying (3.4), we may thus estimate

(0 — A)v?
(@ — A) (1o [HE :
alid HE{) D‘“’“l)V(H”lgf”D‘

VII|2
(mﬂ gt ) 2|V

for some y = y(n,a) > 0,s0long as p > L = L(n,a).
The divergence theorem then yields

;t/v du —/(atvz—vsz)dy
<op [ |I*?du — [ VII? +2|Vo|> +v*H? ) du. (3.5)
<op Z TP ol"+o po (35

Simons’ identity allows us to absorb the bad term.

Claim 3.8. There exists C = C(n,a) < oo with the following property. If
X : M" — R"* is a compact hypersurface satisfying 11 > a H g, then any
sufficiently smooth, nonnegative function u : M" — R satisfies

2
/\II\zuzdy < c/( A W;' Wu”') W dy.

Proof of Claim 3.8. Recall Simons’ identity:

V(,V]) Iy —V(kVZ) Hi]' =: Sijké = C,‘jkg = H,’j Hiﬁ — Iy le]' .
Observe that

IC|2 = ZKEKZ Ki — )% > CUHA I
ik=1

for some C = C(n,a) < oo. Thus,

. _ I
/|II|2u2dy < C/g(S,C)H Yutdy = C/Vzll*ﬁuzdy.
Integrating by parts and estimating crudely then yields the claim. [J

Since |[T|> > eH? > ¢|II|> wherever v > 0, applying Claim 3.8 to
(3.5) and exploiting Young’s inequality yields

d
<
dt/vdy 0

/vzdy <O = /UZdy

and hence

(3.6)
t=0
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so long as p > L and 0’]9% < { for some constants L = L(n,a,¢&) < oo
and ¢ = {(n,a,¢) > 0. This is our L? estimate.

In order to extract an L*™ estimate, consider, for each k > ky ==
maxy (o3 H’, the truncated function

and its support
A (1) = {(x,t) M" x [0, T) : v (x,t) > 0} .

Set also

u(k) i//v,%dydt and a(k) #/A dudt.

We want to show that A has measure zero for a suitably large value
of k (depending only on ¢ and initial data). Observe that, for any
h>k>0,

(h=k)"a(h) < u(k). (37)
In order to estimate u(k), we observe first that the same arguments
which led to (3.5) yield

d
E/v%dy—i—/(WkaF—!—v%Hz) du Sap/ 1?0} du,
Ak

solongasp>L=L(nu«a).
We next apply the Sobolev inequality of Michael and Simon?* in
conjunction with Holder’s inequality to estimate

1 1
* 2% z
</v% dy)z <C (/ (|V0k|2+viH2) dy) ,

where 2% = % — % and C = C(n) when n > 3; when n = 2, we may take
2* to be any number greater than one half and C = C (n,2*)|Ak|2L* <
C(n,Z*)y(M”)zi* < C(n,2*)‘uo(M”)2i* = C(n,2*,Xp). We thereby ob-

tain
—d vdu+C ! v? d

where (upon fixing 2* > %) C depends at worst on n and the initial
data. Since |[T|> < |II|> < H? and, without loss of generality, C > 1,
integrating in time yields

BN

<op [ Py,
Ag

T . Z
sup vid;t—k/ (/vi dy)
te(0,T) 0

for k > k.

T
SC(rp/O/A szgd]/t (3.8)
k

4On any submanifold M" — R"*k, ev-
ery u € Wh1(M") satisfies

1
X 5 i —
()™ < [(1u+ pulFi) d,

where & = 1—% and C is a con-
stant which depends only on 7, Michael
and L. M. Simon, “Sobolev and mean-
value inequalities on generalized sub-
manifolds of R"”.



52

We now use the interpolation inequality for LP spaces® to estimate

. pr=1
[ s ([, ) (], o)
Ax Ag Ax

where p* = 2 — 2%, which is equal to ”TJ”Z when n > 3. We then

2
5%

conclude, using Young’s inequality, that

()

1 1 1
*

1-—
(sup /vip*dy>
telo,T) / Ax

IN

_7 . l* 7
(/(/v%dy) dt)
Ag
T . &
sup [ v? dy—l—/ (/U% dy) dt. (3.9)
te[0,T) 0

Returning to (3.8), we use Holder’s inequality and the L? estimate

IN

(3.6) to estimate (for some r > 1 to be chosen momentarily)
T 1
/ H2 o du < a(k)!™r // H zrdy
0J A Ag
1
o2 pr T
// (7+2 |H|2 _¢ d‘lzl
Ap H

< Ca(k)'~ ; (3.10)

w\»—\

so long as pr > L and (0 + %)p% < ¢, where C depends on n, the
initial data, o, p and r.
Putting together the estimates (3.7)-(3.10), we arrive at the estimate

Ca(k)”

a(h) < m

for any h > k > ko, where v = 2 — i — <, where C depends on #,

the initial data, o, p and r. We may f1x rin such a way that r > * P —,
guaranteeing that v > 1. By a simple iteration argument, this rate of
decay actually ensures that a reaches zero after a (quantifiably) finite
number of steps.

Claim 3.9 (Stampacchia’s Lemma®). Let ¢ : [ko, o) — R be a nonnega-
tive, nonincreasing function. If

C
W< — k)P .
when h > k > kg for some constants C > 0, a > 0 and B > 1, then
¢ (ko+d) =0,

where d* = C @ (ko)P~1 208/ (B=1),

51e.

lulle 4 10 < < fuliplully™
1]

forany ¢ € [0,1] and p,q > 1.

¢ Kinderlehrer and Stampacchia, An in-
troduction to wvariational inequalities and
their applications, Chapter II, Appendix B
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Proof of Stampacchia’s Lemma. Consider the sequence of numbers k;, pre-
scribed by

d
k=ko+d—5, r=012....

By assumption,

2(r+1)4x
gkr1) < C=— p(k,)P forall r=0,1,.... (3.12)
We will prove by induction that
¢(kr) < ¢(ko)2~"" (3.13)

for all r € IN, where y = ﬁ > 0. Clearly (3.13) holds trivially for
r = 0. Supposing (3.13) holds up to some integer r, we find by (3.12)
and the definition of d that

2(r+1)a ., (1)
olkr1) < C—— (k)27 = g(ko)2~ 1.

The claim (3.13) follows. Now, by the monotonicity assumption,
0<¢ko+d) <e¢(k) forall r=0,1,....
But, by (3.13), ¢(k;) — 0 as r — oo. O

Applying Stampacchia’s Lemma, we conclude that

112
HY (HZ—£> <C

for suitable p and ¢ (depending only on 1, « and ¢), which we now

fix, where, having fixed such p and o, C depends only on #, initial
data, and ¢. The proposition now follows from a simple application of
Young’s inequality. O

Proposition 3.6 ensures, when n > 2, that the evolving hypersurface
is becoming round at any point where the curvature is becoming large,
in the sense that the scale invariant ratio |IT|/H is becoming small. We

already know that maxH > 2(1T_t) is blowing up at the final time;

we thus need to show that min H blows up at the same rate. So we

should try to control the gradient of II. In order to do this, we need
to compare |VII|? to some function (of curvature) whose evolution
equation can overcome the bad reaction terms I« I +V I« V II in the
evolution equation for |VII|>. We can exploit the estimate (3.2) in this
regard.

Proposition 3.10. Let X : M" x [0,T) — R"™, n > 2 bea compact,
locally uniformly convex mean curvature flow. For any € > 0, there exists
Ce < oo (which depends only on e and the initial data) such that

|VII|? < eH* 4 Ce.
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Proof. Recall that
(9 — A)|VII|2 < |12 VII|? — 2| V1%
Given ¢ > 0, choose C; (as permitted by Proposition 10.5) so that
112 < eH? + Ce
and consider, for suitable C, < oo, the function
Ge = 2C: 4 eH? — || > C. > 0.
Consider also, for suitable Cy < oo,

Go = 2Co + 3 H — [ 2 Co + i H? > 0.

The coefficient of H? is chosen with KATO’S INEQUALITY in mind:
Claim 3.11. On any hypersurface M" — R™**1, |VII|? > H%FZ|VH|2.
Proof of Claim 3.11. Decomposing VII = E + F into its trace and trace-
free parts
Eijk = w42 (Vngjk + ViHgy + Vngij>

and F = VII — E, respectively, we find that

VI = |E]* + [F* > |E]* = 53| VH”. -

Applying Claim 3.11, we find that

(3 — 8)Go = 2(| VI — 335 VHI?) +2(53,H? — [I?) |1
> 2|11*(Gp — 2Co)

> —2|11%Gy.

Similarly,

(8 = 8)Ge =2 (1 +¢) MPH2 — [0*) +2 (VI — (1 +¢) [VH?)
> 2IA(Ge —2Ce) +2 (1 - 52(% +¢)) [VIIP2
> —2[I]G, + VI,

1
SO long as € S m, say.
| VI

.dWe aim to preserve upper bounds for the function ‘7-z-. So con-
sider

(31— A) VL2 (@ —A)|VIP?  |vIIP ((Eh ~ NGy (o A)Gs)

GoGe GoGe GoGe G G
| V112 V(GOGE)) +2|v11|2g<vco VGS)'

GoGe ' GoGe GoG:° \ Gp ' Ge

+2¢ <V
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We estimate the terms on the first line as above. To control the terms

2
on the second line, observe that, at a new local maximum of |go I(I;‘s ,

0— v Vi 2g(VkVH, Vi)  |VI? (vaO N vkcg)
K GoGe GoGe GoG: \ Gy Ge
and hence
2 2 2 21712
4|VII| VGO, VG, < |[VIL|= | VG n VG: < 4|V 1] '
GO GE GO Gg GO Gg GO Gg G[) Gg
Thus, at such a point,
|VII)2 _ |VII? 2 |vI?
< —AN)—r < — 4y — _1
0= (at ) GOGe o Gs (C+ ) G0 2 GOGS
and hence
viP _ 2(C+4)@ <2 (c 4 4) 105D
GoG: — Gy — ntl

We conclude that

|VII|? . { n(n+4) V112 }
<C= 2(c+4 ,
GoGe = Cmmax(2(e+4) Sar, max =

and hence
|VII]> < C(2C + 725 H?)(2C, + e H?),

at which point the claim is a straightforward application of Young's
inequality. O

We can exploit the gradient estimate in conjunction with Myers’
theorem to establish the desired blow-up rate for the mean curvature.

Proposition 3.12. Let X : M" x [0,T) — Rt 1 > 2, be the maximal
mean curvature flow of a compact, locally uniformly convex initial hypersur-
face.

Hmax(t)
Hm'm(t)

where Hppax = %a}qx H and Hyin = n}\}ll? H.

— 1 and diam(M",g(.y) =0 as t =T, (3.14)

Proof. By the gradient estimate (Proposition 3.10), for every > 0
there is a constant C; < oo such that

|VH| < 1*H? + Cy.

Since Hmax(t) — o0 as t — T, there is, for every # > 0, some point
(xy,ty) € M" x [0,T) such that

Hj = H?(xy, t) = Hi(ty) > 2C, /1
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and hence
[VH|(x, t;) < 172H2(x,7,t,7)

for all x € M. Now let v be a unit speed g(,,tq)-geodesic through

7(0) = x;. Foreach s < L = 17’1H,71, the mean value theorem pro-
vides some sy € (0,s) such that

H((s),ty) = Hy + sV 5 H(7(s0), ty) > Hy(1 = 7). (3.15)

Applying the preserved pinching estimate II > aHg and the trace
Gauss equation Re = HII — 112, we may estimate

Re(y,v") > (n—1)a’H2 > (1—5)(n — 1)042H%
fors<L.Ify < %,then
Re(v',7") = (n —1)Kg,

where K = ”‘;H,z] Choosing further 172 < %, we obtain L > nK_%.

Myers’ theorem then implies that every point of M" is reached by a
8(t,)-8eodesic of length at most L and we conclude from (3.15) that

Humin (ty) = (1 = 17)Hmax(ty)-
Since Hpin is nondecreasing, we then have
Hiax(t) = (1= 5)*Hpo(ty) > $H; forall t>t,,

so that the above arguments hold for all ¢ > t;,. We now conclude that,
given any 17 < min{\/%, 1}, there is some time #, € [0, T) such that

1
di < — d Hpn(t) > (1—7n)H t
1am(M,g(.,t)) = Y Hmax () an min(t) > (1 —#7)Hmax ()
for all t > t,. The proposition follows since Hmax(t) > 2(T17 ik O

It follows that the (extrinsic) diameters of the rescaled hypersurfaces
ﬁ}(t remain bounded, and their mean curvature converges uni-
(T
formly to a constant as t — T. Bootstrapping arguments (cf. Theorem

2.19) then yield smooth convergence to a round sphere.

Theorem 3.13 (Huisken’s theorem?). Let X : M" x [0,T) — R"*1,
n > 2, be the maximal mean curvature flow starting from a smooth, compact,
locally uniformly convex hypersurface Xo : M" — R"*1. There exists p €
R"*1 such that

XtH-r %

2n(T —t)

uniformly in the smooth topology as t — T, where X : M" — R"*1 is an
embedding whose image is the unit sphere.

7 Huisken, “Flow by mean curvature of
convex surfaces into spheres”
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3.2 Pinched hypersurfaces are compact

Huisken’s theorem shows that a compact hypersurface of R"*!, n > 2,
which is PINCHED, in the sense that II > 0 and

K1 > ak, for some a > 0,

contracts to a round point under mean curvature flow. The follow-
ing theorem of Hamilton® shows that the compactness hypothesis is
superfluous, unless the hypersurface is a hyperplane.

Theorem 3.14. Any pinched, proper hypersurface of R"*1 is either flat, or
compact.

In fact, it is possible to prove Theorem 3.14 using the mean curva-
ture flow, at least under the assmption sup |II| < co. Here is an outline:

Sketch of the proof of Theorem 3.14 (assuming sup |II| < c0). Suppose, to
the contrary, that there exists a non-flat, pinched proper hypersur-
face (with bounded curvature) which is not compact. Evolve it by
mean curvature (one can take a limit of flows of compact hypersur-
faces which approximate the noncompact initial hypersurface). The
curvature bound ensures that the maximum principle may be applied
in order to preserve the pinching condition. It is possible to local-
ize Huisken’s “roundness improves” estimate by introducing suitable
cut-off functions. Thus, if the evolving hypersurface becomes singu-
lar in finite time, then we can perform a blow-up procedure to obtain
a shrinking sphere solution, violating the noncompactness. Else, the
flow exists for all time. In that case, it is possible to perform a blow-up
at time infinity to obtain a non-flat, pinched (translating or expanding)
soliton solution.? But these may be ruled out by direct arguments. [J

3.3 Deforming locally convex hypersurfaces by curvature in
Riemannian ambient spaces and the quarter-pinched sphere
theorem

One immediate consequence of Huisken’s Theorem (Theorem 3.13)
is that compact, locally uniformly convex hypersurfaces in R"*! are
smooth spheres and bound smooth balls when n > 2. But this is quite
easy to show without using the mean curvature flow since, by Sack-

steder’s theorem,*°®

such hypersurfaces are globally convex. On the
other hand, the relationship between local and global convexity for
hypersurfaces in general Riemannian ambient spaces is far more sub-
tle. Now, the mean curvature flow may also be employed to deform
hypersurfaces in general Riemannian ambient spaces; however, due

to the more complex evolution equation for the second fundamental

8 Richard S. Hamilton, “Convex hyper-
surfaces with pinched second funda-
mental form”.

9 This step makes use of the differential
Harnack inequality, which we will discuss
in Chapter 5.

'© Sacksteder, “On hypersurfaces with no
negative sectional curvatures”.
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form, local uniform convexity is no longer a preserved condition in
general. On the other hand, mean convexity (i.e. H > 0) is seen to be a
preserved condition due to the evolution equation

(0 —A)H = (|11|2 +Re(N, N)) H,

where Rc is the ambient Ricci curvature. Similar considerations hold
for normal deformations by other functions F = f(xy,...,x;,) of cur-
vature: while the evolution of the second fundamental form is quite
complicated, and does not generally lend itself to straightforward ten-
sor maximum principle arguments, the evolution of the speed F is
relatively simple: with respect to any orthonormal frame'?,

_ OoF 2 :
oF = 5 (ViViF+ [I2+Rm(N,e;N,¢)| F) ;  (3.16)

so the scalar maximum principle certainly ensures that positivity of
the speed is a preserved condition, so long as the coefficients %ﬁj are
positive definite’. Andrews exploited this fact to construct a deforma-
tion which does indeed contract suitably locally convex hypersurfaces
to round points.

Theorem 3.15 (Andrews'3). Let (N"*1, 1) be a Riemannian manifold sat-
isfying supy [Rm| < oo, supy |VRm| < oo, and

sec > —K, K€ [0,00).
Let Xo : M" — N"*1, n > 2, be a compact hypersurface satisfying
> VKg.

There exists a unique maximal solution X : M" x [0, T) — N"*1 to the flow

1 1 -1
WX=—-(——"—+--4+—— ) N .
=~ F e 017

by the harmonic mean of the shifted principal curvatures x; — /K. The max-
imal time T is finite and there exists p € N"1 such that X; — past — T.
After rescaling an ambient neighbourhood of p by (2n(T — t))*%, the result-
ing rescaled hypersurfaces converge uniformly in the smooth topology to an
embedding of the unit sphere in Euclidean space. In particular, Xo(M") is a
smooth n-sphere and bounds in N"*1 a smooth (n + 1)-ball.

Sketch of the proof. Since the speed function

- (1 e 1) -
A\ - VK xn — VK
satisfies %{j > 0 on any hypersurface satisfying I > 1/Kg, an analo-

gous argument to that of Theorem 1.3 shows that any compact hyper-
surface satisfying I > /K¢ may be evolved for a short time according

" A smooth function of the eigenvalues
of a matrix which is symmetric under
permutations induces a smooth function
of the matrix coefficients which is sym-
metric under conjugation by orthogonal
matrices, and vice versa. See Ball, “Differ-
entiability properties of symmetric and
isotropic functions”.

»This is also a requirement for the
short-time existence of solutions, since
these coefficients determine the parabol-
icity of the linearization of the flow.

 Andrews, “Contraction of convex hy-
persurfaces in Riemannian spaces”
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to (3.17). These hypersurfaces necessarily satisfy I > +/Kg. In fact,
since

ol oIl

oF
BKZ

zgfi(f—K)F
0

F F
(at — a”VZ-V]) J (112 +Rm(N,6i N,Ej)) F
]

(;c +Rm(N,¢;N, el)> F

the maximum principle ensures that lower bounds for F are preserved.
Since x; — VK > F, we find that an inequality of the form IT —/Kg >
«g, &« > 0, is preserved. In fact, estimating x; + VK > F+2VK > F,
we may estimate

<at aa vv) gp (K 7K>F

%

81(

ai( 2
=r

(Ki—‘r\/R)F
F

)
)

%

due to Euler’s theorem for homogeneous functions. The oDE com-

parison principle then ensures that miny, (1, F grows at least like
1 . . . -

(C — t)~ 2, which also ensures that the existence time must be finite.

- |m-vKg fgl

By a more involved calculation, the ratio Q = can be seen

oF VF
(at aHij i ]) Q<2 < Y Q)

where C depends only on the initial and ambient data (including
bounds for the ambient curvature and its derivative). So the oDE com-

to satisfy

parison principle ensures that the maximum of % grows at most
linearly in time, and hence remains bounded along the flow (as the
maximal time is finite). Since F < x; — VK, this guarantees that the
shifted principal curvatures remain uniformly pinched during the evo-
lution. One consequence of this is that the coefficient matrix %’;_ re-
mains uniformly bounded from above and below (in the sense of b]ilin—
ear forms), which ensures that the flow remains uniformly parabolic.
Regularity estimates for fully nonlinear parabolic PDE (applied to local
graph parametrizations) then guarantee that the second fundamental

form blows-up at the final time (cf. Theorem 2.19).
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To analyze what happens as the singularity forms, we perform a
BLOW-UP procedure: consider a sequence of points x; and times t;
along which A; = |II(letj)\ = MaXypny[o,f] 1I]. Translating time by t;,
rescaling the ambient metric by )\]2 and the translated time parameter

n+1
X]',tj)N
via the inverse of the exponential map, we obtain, by choosing a se-

by /\j_z, and mapping neighbourhoods of X(xj,t;) into T

quence of identifications TX(x],/tj)N”+1 =~ R"1, a sequence of time-
dependent immersions X; : U; X [; — R™*! of neighbourhoods U x I
of (xj,0) into R"*! which are properly defined in parabolic cylinders
Bg,(0) x (—RJZ-,O] of radius R; ~ /\j_1 and satisfy X;(x;,0) = 0. Since
Aj — oo, X; is eventually properly defined in any ambient parabolic
cylinder Bg x (—R?,0]. Since A; = SUP i [0, |I| and the ambient
geometry is bounded, the curvature of X; is maximized at the space-
time origin up to small error which tends to zero as j — co. Similarly,

K]*\/K

Kn—
uniformly pinched (without shift), up to an error which tends to zero.

since the ratio

is scale invariant, the sequence will eventually be

By the PDE bootstrapping estimates employed above, bounds for X; to
all orders follow, so we obtain a convergent subsequence (cf. Theorem
2.22) to a complete limit X : M x (—o0,0] — R"*!, which evolves
by the harmonic mean of the (unshifted) principal curvatures. By ap-
plying the Krylov-Safanov Harnack inequality to the scalar parabolic
PDE satisfied by local graphical parametrizations, one also obtains a
uniform bound for the second fundamental form from below along
the rescaled sequence, which guarantees that the limit is not flat. Since
the limit will be uniformly pinched, it must then be compact by The-

L}_@ is bounded,

orem 3.14. Since the maximum of the ratio Q =
the limiting process forces it to be constant in time on the limit flow.
But then the strong maximum principle ensures that it is constant in
space as well, and an analysis of the gradient terms in its evolution
equation (which must vanish) then implies that the limit is a shrink-
ing round sphere (cf. the proof of Proposition 3.2). So the solution is
asymptotically round after rescaling, at least along some sequence of
times.

This information can now be pulled back to the original flow, and
bootstrapped to conclude that the hypersurfaces contract to round

points. See'# for further details. O

Combining this with an idea of Gromov'4 yields a simple proof
of the classical quarter pinched sphere theorem of Rauch, Berger and
Klingenberg?>. In fact, it yields something slightly stronger.

Theorem 3.16 (Quarter-pinched “twisted” sphere theorem?®). Let N",
n > 3, be a compact, simply connected Riemannian manifold. If % <sec<1,
then N is diffeomorphic to a TWISTED SPHERE (a quotient of the union of

*# Andrews, “Contraction of convex hy-
persurfaces in Euclidean space”, “Con-
traction of convex hypersurfaces in Rie-
mannian spaces”.

4 See Eschenburg, “Local convexity and
nonnegative curvature—Gromov’s proof
of the sphere theorem”.

> Berger, “Les variétés riemanniennes
(1/4)-pincées”; Klingenberg, “Uber Rie-
mannsche Mannigfaltigkeiten mit pos-
itiver Kritimmung”; Rauch, “A contri-
bution to differential geometry in the
large”.

16 Andrews, “Contraction of convex hy-
persurfaces in Riemannian spaces”.
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two discs by a diffeomorphism of their boundaries).

Proof. Choose a point 0 € N" and denote by S"~! the unit sphere
in T,N". Consider the family of “exponential spheres” X : sl x
(0,00) — N" defined by X(z,t) = exp,(tz). These spheres are dynam-
ically related through the equation

X =N.

For small values of t, the maps X; = X(-,t) are smooth embeddings
and their images bound a disk. As t varies, the induced metric g and
second fundamental form II deform according to

0:g =211 (3.18a)
Vil = —1I> —Rm(-,N,-,N). (3.18b)

Using the bounds on the ambient curvature, (3.18b) yields
cott <x; < %cot(%t). (3.19)

which by (3.18a) ensures that the spheres are nondegenerate for any
t < 7. The strict inequality from above in (3.19) implies that there is
some distance ¢ < 7 for which 0 > x; > —oo for each i, which means
that the corresponding exponential sphere is strictly convex in the out-
ward direction. But then Theorem 3.15 guarantees that this sphere
bounds a disc in N". This gives an expression for N" as a quotient of
the union of two discs along a diffeomorphism of their boundaries. [J

Since the second part of the proof Theorem 3.16 (application of The-
orem 3.15) does not require the pinching assumption, the argument
actually yields the following quantitative refinement.

Theorem 3.17 (Dented sphere theorem'?). Let N", n > 3, be a compact,
simply connected Riemannian manifold with sectional curvatures bounded
from below by —K for some K > 0. Choose ¢ > 0 such that €cot(emr) <
—VK, and p € [%, ) such that ecot(ep) = —v/K. If there is a point
0 € N" such that e < sec < 1 on the ball B,(0), then N" is diffeomorphic to
a twisted sphere.

3.4 Contraction of quadratically pinched submanifolds to round
points

The notion of (local uniform) convexity does not generalize to higher
codimension (since the second fundamental form is vector valued).
Nonetheless, there have been attempts to find a satisfying generaliza-
tion of Huisken’s theorem. The following result is due to Andrews
and Baker.'®

17 ibid.

8 Andrews and Baker, “Mean curva-
ture flow of pinched submanifolds to
spheres”.
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Theorem 3.18. Let X : M" x [0,T) — R"k, n > 2, be the maximal
mean curvature flow starting from a smooth, compact immersed submanifold
Xo : M" — R™ satisfying the inequalities

[H| >0 and [Ti|? < c,|H[?

at all points, where

There exists p € R"** and an (n + 1)-dimensional subspace L+ of R" ¥
such that

2n(T —1t)

uniformly in the smooth topology as t — T, where X : M" — R"*! is an
embedding whose image is the unit sphere in L"*1,

Note that the pinching condition is sharp in dimensions n > 4, in
the sense that, for any ¢ > 0, there exist, for each n > 2 and k > 2,
aspherical #-dimensional submanifolds of R" ¥ which satisfy |Ti|? <
(15 +e) |H|? (consider products of round spheres).

Sketch of the proof of Theorem 3.18. The argument is similar, in princi-
ple, to that of Huisken’s theorem: one first shows that the pinching

condition is preserved, by applying the scalar maximum principle to
11T

HP2"
the trace free part of II by applying a Stampacchia iteration argument

_, i P
to the function (|H|‘7 {% — 1 SD for suitable ¢ and p (cf. Propo-

sition 3.5). A bound for the derivative of Il may then be established

the evolution equation for™® One then establishes an a bound for

using the maximum principle (cf. Proposition 3.10), and this provides
a uniform blow-up rate for the curvature by way of Myers’ theorem,
just as in Proposition 3.12. This is enough to establish convergence to a
sphere in the C° topology. Bootstrapping arguments then give higher
order convergence. O

A stronger result has been established by Baker and Nguyen®® when
both the dimension and codimension are equal to two.

3.5 Exercises

Exercise 3.1. Provide details for the proof of Proposition 3.3.

Exercise 3.2. Theorem 3.13 asserts, in particular, the existence of a

point p such that X; — p. Prove this by integrating the mean curvature
C
Tt

flow evolution equation and applying the estimate H <

“In low dimensions, the suboptimal
pinching condition must be imposed
here in order to control terms involving
derivatives of curvature using the Kato

inequality |VIi|? > ﬁ\VI:‘I\Z

* Baker and Huy The Nguyen, “Codi-
mension two surfaces pinched by nor-
mal curvature evolving by mean curva-
ture flow”.
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Curve shortening flow

A key step in the proof of Huisken’s theorem on the convergence
of convex hypersurfaces to round points was the observation that
“roundness” improves as the curvature blows-up. No such estimate
is possible for evolving curves, as, in that case, the second fundamen-
tal form has only one component! Fortunately, the planar mean cur-
vature flow, more commonly referred to as the CURVE SHORTENING
FLOW, enjoys some additional structure, which actually allows us to
prove something far stronger.

4.1 Special properties of mean curvature flow in one space di-
mension

In one space dimension, the mean curvature and second fundamental
form coincide, so the mean curvature flow takes the form

X =K, (4.1)

where ¥ is the CURVATURE VECTOR of the curve, which upon choos-
ing® a (local) unit normal field N, may be expressed in terms of the
CURVATURE k as ¥ = —«x N. This equation is also the one-dimensional
special case of a number of other higher dimensional flows (e.g. the
Gauss curvature flow and the harmonic mean curvature flow). With
this in mind, it is perhaps not surprising that (4.1) displays properties
of these higher dimensional flows that are not necessarily shared by
the mean curvature flow in higher dimensions.

4.1.1 A simple formula for the enclosed area

By the theorem of turning tangents and the first variation of enclosed
area, 2.19, the area enclosed by a closed, embedded curve shortening
flow changes at a precise rate: —27. Integrating this yields

area(M',t) = area(M',0) — 27tt, (4-2)

a remarkably simple—and useful—formula.

*When a choice of convention is re-
quired, the unit tangent and normal vec-
tors T and N will satisfy N = —JT,
where | denotes counterclockwise rota-
tion by go degrees, and, whenever the
curve is understood as the boundary
of a region, N will agree with the out-
ward pointing unit normal. Unless ex-
plicitly stated otherwise, a closed, em-
bedded curve will be understood as the
boundary of the bounded region which
the Jordan-Schoenflies theorem guaran-
tees that it bounds (rather than the un-
bounded region); in other words, such a
curve will be traversed in a counterclock-
wise manner.
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4.1.2  The turning angle parametrization

Recall that the TURNING ANGLE of a planar curve v : M! — R? is the
angle 6 : M! — R/27Z that its unit tangent vector T = ' /|7/| makes
with the x-axis. Le.

T = (cos0,sinb).

Differentiating this equation with respect to arclength yields
—xkN = (—sinf,cos0)0; = —0; N .

That is,

s = «. (4-3)
In particular, for a convex, locally uniformly convex curve I' = dQ),
6 :T — R/2nZ is a diffeomorphism onto the Gauss 1mAGE?, 6(T).
The diffeomorphism provides a convenient reparametrization of the
curve, yo0 071 : R/27Z — R? (which we shall also simply denote by
), called the TURNING ANGLE PARAMETRIZATION.

Now, if some family of convex, locally uniformly convex curves 7 :
M! x I — R? evolves by curve shortening flow, then, differentiating the
equation

N = (sin6, — cos )

with respect to t yields
Vi = (cos6,sin6)6; ;

that is,

0y = Ks. (4-4)
Combining (4.3) and (4.4), we find that, with respect to the turning
angle parametrization,

Y =% —x Vk.
Similarly, the curvature (expressed in the turning angle parametriza-
tion) satisfies
2
K = 1 (Kgp + 1) 4-5)
under locally uniformly convex curve shortening flow.

Now, by Equation (4.3), any locally uniformly convex curve can be
reconstructed from its curvature function via the formula

0 0 o
<x<9>,y<e>>—<xo+ | o+ [ 51“9d9>. +6)

K

This reduces (closed) convex, locally uniformly convex curve shorten-
ing flow to the equation (4.5) for the curvature function—a quasilinear,
strictly parabolic scalar partial differential equation in one space vari-
able (and periodic boundary condition).

2Note that 6(T) = R/2nZ if Q is
bounded, while |6(T)| < 7 if Q) is un-
bounded.



Recall next that the sUPPORT FUNCTION ¢ : R/27nZ — R of a
convex subset ) C R? is defined by

o(6) =supx- (sinf, —cosh),
xeQ)

which is just the distance3 from the origin to the boundary of the
supporting half-space whose outer unit normal is (sin 6, — cos 6).
Observe that a convex, locally uniformly convex curve I' = 9() can
be reconstructed from its support function via the TURNING ANGLE
PARAMETRIZATION# 7 : §(T) — R?, which is given by

Y=0N+40yT,

where N(6) = (sin6, — cosf) and T(6) = (cos#6,sin0). Differentiating
this equation with respect to s yields

T=9s=(opg +0)xT,
and hence
K= (oge+0) " (47)

Now, if some family of convex, locally uniformly convex planar
curves {I'y = 00} evolves by curve shortening flow, then, under the
(time-dependent) turning angle parametrization,

YN = —x,
from which we find
o = — (g +0) " (4-8)

This reduces the study of (closed) locally uniformly convex curve short-
ening flow to a strictly parabolic scalar partial differential equation in
one space variable (with periodic boundary condition).>

4.1.3 Entropy formulae

The GAGE-HAMILTON ENTROPY® of a convex, locally uniformly con-
vex planar curve I' = d() is defined to be

&(T) = (arejr(m)%exp (;ﬂ/rxlogxds> : (4.9)

Proposition 4.1 (Monotonicity of the Gage-Hamilton entropy). If the
convex, locally uniformly convex curves {I'+ = QO }se; are bounded and
evolve by curve shortening, then

d
— <
T &) <0

at all times, with strict inequality unless it is constant in 6.
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Q

3Which could be infinite if Q) is un-
bounded.

Figure 4.1: For a smooth, strictly convex
region (), 0(z) = x - Ny, where x is the
unique point on () satisfying Ny, = z.
4See Exercise 4.1.

5These phenomena are not, strictly
speaking, specific to curve shortening
flow: on a locally uniformly convex
hypersurface, the unit normal vector
provides a local diffeomorphism into
the sphere, which is global if the hy-
persurface is convex; the inverse then
provides a nice parametrization (the
GAUSS MAP PARAMETRIZATION), with
respect to which the curvature and sup-
port functions satisfy analogous scalar
parabolic partial differential equations
under mean curvature flow, albeit on
on §". The curve case does have some
unique advantages, however: first, S 2
R/27tZ, so the relevant partial differen-
tial equations can be interpreted classi-
cally; 2. due to (4.3), every smooth curve
can be decomposed into flat and locally
uniformly convex pieces, so the local de-
scription of a smooth curve by turning
angle is essentially general; and 3. in the
context of solitons, for example, the par-
tial differential equations for the curva-
ture and support function reduce to or-
dinary differential equations.

¢ Compare this to the NASH ENTROPY,
— [ulogu, of a positive function u, in-
troduced by Nash, “Continuity of so-
lutions of parabolic and elliptic equa-
tions”.
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Proof. In the turning angle parametrization, v : R/27Z x [ — R?,
ke = 0 (0pg + )
= — (009 + 0) (0100 + 1)

= Kz(Kee +x),

and
ds = xdf.
Thus,
il i,
— xlogxds = — log x d6
dt Jr, 8 dt JrR/2nz 8
- / Kt g,
R/27Z K
Since

at% = 0 (x (x99 + x))

= i (Kgp + K) + K (K100 + K1)
= () #r (), e
=2 (%)2 + 12 (%)99 + 2xg (%)9 (4.10)

=2 () (2 (%),
we find that

2
liz/rtxlogkds= /M”Z [2 (%)2+ G (’:;)9)9] 46
2 (%
R/2rnZ N K

Applying Holder’s inequality and the theorem of turning tangents, we

arrive at ) )
d 1/d
— > — | = . .
T /rtxlongs - (dt /I“tKlongS> (4.11)

On the other hand, recalling (4.2), we see that the function

(f) = 22 T
Plt) = area(Q))  area(Qo) _
27
satisfies the corresponding ODE
dp _ 1 0
ar — 7

Moreover, by Proposition 2.25 (see Exercise 2.5), the flow may be con-

tinued until the enclosed area tends to zero; i.e. (by (4.2)) until time

T = %STQO) This means that

p(t) >0 as t > T,



and we may thereby deduce, by 0DE comparison, that

d 272
- < =
dt /rtxlongs — area(())

d
LT log area(Q);).

Rearranging, we conclude that
it Og t) =~ VY.

Now, if the inequality is saturated at some time t), then we may
deduce from (4.11) that is saturated for all t+ < f;. But this guaran-
tees that the Holder inequality is saturated, which ensures that %t is
constant with respect to 6 for t < t. O

The FIREY ENTROPY of a convex, locally uniformly convex planar
curve I' = dQ) is defined to be

. 7T 2 1
F(T) = (area(Q)) exp (27_[ /]R/ZT[Z logad(9> . (4.12)

Proposition 4.2 (Monotonicity of the Firey entropy). If the convex, lo-
cally uniformly convex curves {I'y = 0Q) }4c1 are bounded, enclose the ori-
gin, and evolve by curve shortening, then

d
a <
dty(l"t) <0

at all times, with strict inequality unless 7 is constant with respect to 6.

Proof. Observe that

d d 1 1d
%logf?(t) = Jion /IR/znz log o do — Ealogarea(ﬂt)
1 K T

27 Jrjonz 0 - area(();)

. f]R/ZnZ do o f]R/ZTL’Z gde

Rz [Ry2nz 40

 Jry2nz 90 IR j277 89 = IR 2722790 [Rj2r7 & 0

B IR/272.7 0 [ 27z 40

 Iry2nz JRj2mz (0(0) — q(w)) (9710) — g Hw)) do dw
a JRy27727 0 JR j2r7 40

7

where
K

1= 5
The claims follow, since the integrand in the numerator is manifestly
nonpositive, and vanishes only if 7 is constant with respect to 6. [

CURVE SHORTENING FLOW 67



68

4.1.4 Zero counting

For parabolic equations in one space variable, the maximum principle
has the following powerful refinement (whose proof is nontrivial).

Theorem 4.3 (Sturmian Theorem?). Let u : [0,L] x [0,T] — R be a
non-constant solution to the equation

U = Allyy + buy + cu

satisfying either Dirichlet (u(&,t) = 0), Neumann (uy(g,t) = 0) or inho-
mogeneous (u(¢,t) # 0) boundary conditions on 9[0, L] (possibly mixed), or
the periodic boundary condition (1(0,t) = u(L,t) and ux(0,t) = ux(L,t)).
Suppose that the coefficients (each a function of space and time) satisfy

a>0 and a,a"Y, as, ay, agye, b, by, by, c € L%;

in the case of Neumann conditions, assume also that a = 1 and b = 0.

If t € (0,T), then the zero set {x € [0,L] : u(x,t) = 0} is finite, and

its magnitude strictly decreases across any time t € (0,T) at which u(-,t)
) =0).

admits a degenerate zero x (i.e. u(x,t) = 0 and uy(x,t

One application of this to curve shortening flow is the following
“de-intersection” principle, due to Angenent.3

Proposition 4.4. Forj = 1,2, let 7; : M]1 x [0, Tj) — R? be a pair of proper
curve shortening flows with M} = S, Set F{ = 'yj(M},t) for t € [0,Tj).
Unless y1|jo,r) = 72l(0,1), where T = min{Ty, T»}, the intersection points
T} N T? are finite in number for t € (0, T) and strictly decrease in number
at each time t € (0, T) there is a degenerate intersection (i.e. a point of first
order contact).

Proof. 1f Ty = I'3, then M} = S! and we may conclude that I} = I'?
for all t € [0, T) by uniqueness of solutions to curve shortening flow
(on compact manifolds). Suppose that Iy N3 is nonempty and let
p € T{NT3 be an intersection point such that B,(p) contains points
of non-intersection, g € (T3 \ T}) U (I} \ T3), for all r > 0. Choose
xp € 71(+,0)"1(p) (there are finitely many) and set L = dyq (-, )T, S".
By the implicit function theorem, we can find some J > 0 and smooth
functions u; : L x [0,00) — R such that graphu;(-,t) N Bs(p) C T} for
all t € [0,6) for each j, where graphu;(-,t) = {p + uj(x,t) N;(x0,0) :
x € L}. Since the curves evolve by curve shortening, the height func-
tions u; satisfy

(”j )xx

(”j)t = W

in a neighbourhood [—r,7] x [0,72) of (0,0). But then the difference,

7Sigurd B. Angenent, “The zero set of a
solution of a parabolic equation”

8 Sigurd B. Angenent, “Nodal properties
of solutions of parabolic equations”.



v = up — uq, satisfies

(uz)xx . (ul)xx
T+ (2)3 1+ (u1)?
g (sup + (1 —s)up)xx

Ut =

o AT (sia+ (1 —s)u 2 8
= AUyy + bvy,
where
1 ds
“?/o 1+ (s + (1= s)u1 )3
and

N U (suy + (1 = s)ug)xx(sup + (1 — s)uq)2
bf_z/o 1+ (sup + (1 —s)up)2 ds.

Since, at least for some short time, v must satisfy either Dirichlet-
inhomogeneous or inhomogeneous-inhomogeneous boundary condi-
tions at the boundary of [—r, |, we conclude from Theorem 4.3 that the
zero set of v becomes finite in a neighbourhood of 0, and remains so,
at least for a short time. By compactness, we conclude that I? N T} is a
finite set for small, positive times. The same localization, applied now
in a neighbourhood of a time-interior intersection point, then shows
that the number of intersection points is nonincreasing (and strictly
decreases each time there is a degenerate intersection). O

Along a curve shortening flow v : M! x [0, T] — R?, M! 2 R/2rZ,
the evolution equation for the curvature, x, may be expressed with
respect to a local (time-independent) coordinate x as

Kt = aKyy + by + cx,

where

2

|*2, b= —\7x|*4'yxx-'yx, and ¢ = «*°.

a=|vx

Differentiating then yields
(Kx)t = a(Kx)xx + (ﬂx + b) (Kx)x + (bx + 3C)Kx.

We thereby obtain the following nodal properties of the curvature (also
due to Angenent?).

Proposition 4.5. Let v : M! x [0, T) — IR? be a curve shortening flow on
M =2 S'. Unless «y is a shrinking circle, the inflection points {x € M :
k(x,t) = 0} and vertices {x € M' : xs(x,t) = 0} are finite in number
for all t > 0. The number of inflection points is nonincreasing, and strictly
decreases each time (-, t) admits a degenerate inflection point.
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9 Sigurd B. Angenent, “On the formation
of singularities in the curve shortening
flow”.
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4.1.5 Monotonicity of the total curvature

Denote the total curvature of a planar curve 7 : M! — R? by

%#/ |xc| ds.
M1

Altschuler established the following monotonicity formula for JZ un-
der curve shortening flow.™®

Lemma 4.6 (Total curvature monotonicity formula). On any curve short-
ening flow v : M' x I — R with M' = S1,

ax
= 2 Y Vi, (4.13)

{peMt:x(p,)=0}
except possibly at finitely many times. In particular, X is nonincreasing
under curve shortening flow, and strictly decreases unless x has a consistent
sign.

Proof. By Proposition 4.5, either the solution is a shrinking circle (in
which case the claim holds trivially), or the inflection points are finite
in number and nondegenerate, except possibly at a finite set of times
(at which their number strictly decreases). Away from these times, we
may split I'; = y (M, t) into a finite, locally constant number N = N(t)
of segments, {F]t}]-z\il, with boundaries {a;_1,4;}} |, ay = ap, on which
x is nonzero and alternates sign, so that, for an appropriate choice of
arclength parameter,

d N -, d
- - _1)y-12
& /rt|;<| Y (e /r]t,xds

The claim follows since (—1)ixs(a;) > 0 for each i. O

4.2 Self-similar solutions

Recall that a planar curve ¢ : M! — R? generates a self-similar curve
shortening flow if
R+ (r'V)= =0 (4.14)

©S. J. Altschuler, “Singularities of the
curve shrinking flow for space curves”.



for some planar vector field V of the form

V(x) = 5x+plx —v (4.15)

for some parameters'’ A € R, u € R and v € R?.
Observe that, when y = 0, we may express the soliton vector field
V as the gradient,
V = Df, (4.16)

of a POTENTIAL FUNCTION f : R? — R, which is given (modulo an
additive constant) by

fx) = gl —x-0. (4-17)
Observe that we may rewrite (4.14) as the scalar equation
K:%7~N—y'y-T—v-N. (4.18)

On a locally uniformly convex shrinker parametrized by turning angle,
this becomes
K =

Nl

g,
from which we deduce that

Proposition 4.7. the monotonicity formula for the Firey entropy (Proposition
4.2) is saturated precisely on the bounded, convex, self-similarly shrinking
solutions.

We have already seen that the straight lines and Grim Reapers are
the only self-similarly translating (planar) curve shortening flows. This
is complemented by the following result for shrinkers.’

Theorem 4.8. The shrinking circles are the only bounded, convex, self-
similarly shrinking curve shortening flows.

Sketch of the proof. We may assume that v = 0 (this may be arranged
by a translation in space), in which case (4.18) becomes

(oo +0) " =40 (4.19)

subject to the periodic boundary condition § € R/27Z.
Observe that

B<092 —i-(rz) —logaﬂg =0y (‘799 +o— %071)
=0.

That is,

(03+0?)

[¢)
NI—
|

BN

Q
>N

(4.20)

for some A > 0.
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" The parameter A generates dilations,
while 1] generates rotations and v gen-
erates translations.

> A complete classification of shrinkers
was given by Abresch and Langer, “The
normalized curve shortening flow and
homothetic solutions” and Epstein and
Weinstein, “A stable manifold theo-
rem for the curve shortening equation”
(cf. Andrews, “Classification of limit-
ing shapes for isotropic curve flows”).
The expanding case was treated by Ur-
bas, “Complete noncompact self-similar
solutions of Gauss curvature flows. II
Negative powers”. The general case was
treated by Halldorsson, “Self-similar so-
lutions to the curve shortening flow”.



72

In particular, at any critical point of o,
2
e2” = Agi. (4.21)

For fixed A, this equation can have zero, one or two solutions in the
domain ¢ € (0,00), depending on the value of A. Denote by A the
critical value of A (i.e. the value for which the equation admits one
solution). If A < Ay, then (4.21) admits no solutions, which is impos-
sible since, by the four vertex theorem, o = %K admits at least four
critical points. If A = A, then, since (4.21) admits only one solution,
the value of ¢ at all critical points (including its maximum and mini-
mum) must agree, which means that ¢ is constant and the solution is
a circle. In case A > Ag, denote by o_ and ¢ the two solutions to
(4.21), with o_ < (T+ Since oy is nonzero between ¢_ and o, we may
solve (4.20) for 4 d ; in [0_,0,]. Integrating, we find that the difference
in the turning angle between these points is given by

os L[ do
V2o \/logAJrlogU% — 102

/ 2_1 ’

\/lo’grm logpt — (p? 1)

where r = (££ )7
0 at p = 1. Now, since equation (4.19) is invariant under orientation
reversal, the portion of the curve for 6 € [®,20)] is congruent to the
portion corresponding to 6 € [0,0], and so on. Since ¢ admits at

By a rotation of the plane, we may arrange that 6 =

least four critical points, we require at least four of these pieces to

complete the curve. But @ > 7 when r > 1 (since ® is monotone

decreasing with respect to r and tends to 7 as r — co'3), violating 27t

periodicity. O
Differentiating (4.14), we find that
Vi =xV' — uT. (4.22)
Differentiating (4.22) and applying (4.14) and (4.22) then yields
—Ax = =V 1K+ I %K. (4.23)
In fact, the converse is true.

Proposition 4.9. If a locally uniformly convex curve y : M' — R? satisfies
(4.23) for some A € R, with VT given by (4.22) for some u € R, then (4.14)
holds with V given by (4.15) for some v € R?.

Proof. Consider the ambient vector field

LI#VT—K—%W—]J]%

3 This may be established by performing
the coordinate transformation
B — 1 rﬁ + 1

p_T _=

P ) x:
which expresses ©® as an mtegral in
z over a fixed domain; see Andrews,
“Classification of limiting shapes for
isotropic curve flows”, Section 5.




Differentiating U and applying (4.22) and (4.23) yields
VsU = 0.
So U is constant along . That is,
R+5rv+uy—V =79
for some v € R2. This is just another way of writing
R+ (V) =0,
where V = %x + uJx —v. O

On a convex, locally uniformly convex solution to (4.14) which is
parametrized by turning angle, equations (4.22) and (4.23) become

K(Kgo +K) = 5. (4-24)
In particular,

Proposition 4.10. the monotonicity formula for the Gage—Hamilton entropy
(Proposition 4.1) is saturated precisely on the bounded, convex, self-similarly
shrinking solutions.

Given a curve 7 : M! — R, consider the weighted area functional
G(y) = / e " fds,
M1

where f : R — R is the gradient soliton potential (for some choice
of v € R> and A € R). The gradient soliton equation (4.14) (with
V = Df) is the Euler-Lagrange equation for G.

Proposition g4.11. If M" is compact and {ye : M' = R}oe(_gpey) i5 @
smooth variation of v = 7y, then

a
de

Gy =~ [ (&+7'Df)-Fe 7 as,
e=0 M!

where F is the variation field. Thus, vy is a stationary point of G if and only if
it satisfies (4.14) with V = Df.

Proof. This as an easy consequence of the first variation formula for
the length element. O

Consider now, for some shrinker 7 : M?! — R?, the associated self-
similarly shrinking curve shortening flow \/—t(pl*og V=1t This curve

shortening flow will satisfy

- A
Ky + (Tt)')’t‘l =0,
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where A(t) = %t So the potential function (after adding a normalizing
constant) is given by

Flat) = A0 B +1og(am) = L +log(am).

Observe that the density function

is then the fundamental solution to the planar CONJUGATE HEAT EQUA-
TION4
(0 —A)'v=0

on R?, where
(0r —A)* = —(0:r +A)

is the CONJUGATE HEAT OPERATOR.

4.3 The differential Harnack inequality

The classical heat equation exhibits a remarkable property, known as
the (matrix) DIFFERENTIAL HARNACK INEQUALITY, which states that
any positive solution u : R” x (0,00) — R must satisfy

I
VZlogu + % > 0. (4.25)

In fact, the inequality must be strict, unless u is a constant multiple of

X—X, 2
the (self-similar) fundamental solution, p(x,t) = (47‘[1’)7%6_% for

some xg. Integrating the trace of (4.25) along spacetime curves of the
form t — (7(t),t), with 7 a geodesic joining points x; and x,, yields
the classical HARNACK INEQUALITY:

_|952*961\2

47t %ux,t > (47t %ux,t —_—
(47ttz)2 u(xg, ta) > (47tt1) 2 u(xy 1)eXP( Kt—h)

) . (426)

for any x,,x1 and any tp > t;.
For an ANCIENT SOLUTION™ 1 : R" X (—00,00) — R, performing a
series of time-translations yields the stronger inequality

VZlogu > 0.

Again, we have strict inequality, except in the exceptional circumstance
that V2 log u = 0; that is, u is a constant multiple of the travelling wave
solution, u(x,t) = e %)% for some v € R™.

Observe that, by (4.22) and (4.23), a locally uniformly convex, self-
similarly expanding curve shortening flow must satisfy

K |V 1

K 12 2t

4 So named because a smooth function u
satisfies the heat equation in Q) x (a,b) C
R? x R if and only if

b
// u(or — A)*pdLdt=0
a/JQ

for every smooth function ¢ which is
compactly supported in Q) x (a,b).

> Le. a solution whose temporal domain
I has an infinite past: [ = (—oo,w), w <
00,



while a locally uniformly convex, self-similarly translating curve short-
ening flow must satisfy

K |V
x K2
Theorem 4.12 (Differential Harnack inequality®®). Along any locally
uniformly convex curve shortening flow « : M' x [0, T) — IR? on a compact
one-manifold,
2
at?K - |VK’2{| +21t > 0. (4-27)
Moreover, if (4.27) holds along a (not necessarily compact) proper, locally

uniformly convex curve shortening flow v : M! x [0,T) — R?, then it
holds with strict inequality, unless -y : M' x [0, T) — R? is a self-similarly
expanding solution.

Along any locally uniformly convex, ANCIENT' curve shortening flow
v : M x (—00, T) — R? on a compact one-manifold,

ok |Vk|?
K K2

>0. (4.28)

Moreover, if (4.28) holds along a (not necessarily compact) proper, locally
uniformly convex, ancient curve shortening flow v : M' x (—co,T) — R?,
then it holds with strict inequality, unless -y : M x (=00, T) — R2 is g
self-similarly translating solution.

Proof. Consider the functions
Q= dtlogx — |Vlogk|* and P = 2t(d;logx — |Vlogx|?) +1.

Note that P = 0 if and only if 7 : M! x I — RR? is a self-similarly
expanding solution and Q = 0 if and only if v : M! x I — R? is a
self-similarly translating solution.

Observe that, with respect to the turning angle parametrization's,

Q =odtlogx and P = 2td;logx + 1.
Recalling the computation (4.10), we find that

9+Q = x*Qpp + 2xKQp +2Q%,

and hence
9P = x%Pyy + 2xKpPy + 2QP.

Since P|;—g = 1 > 0, the maximum principle implies that P > 0 for
positive times, which yields (4.27). The rigidity case is a consequence
of the strong maximum principle (which implies P = 0, i.e. dx =
V¥logxk + %K) and Proposition 4.9.

The inequality (4.28) now follows by time-translating (4.27) for a
sequence of times approaching minus infinity, and the rigidity case is
again a consequence of the strong maximum principle (which implies
Q=0,ie. dix = Vv]ogKK) and Proposition 4.9. O

CURVE SHORTENING FLOW 75

% Andrews, “Harnack inequalities for
evolving hypersurfaces”; Richard S.
Hamilton, “Harnack estimate for the
mean curvature flow”

7 Le. one having an infinite past.

®Gince 0; = x and 0; = «, the chain rule
implies that

Y(fo0) = fit fors = fit fi'y-
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Note that, by continuity, smooth limits of curve shortening flows on
compact one-manifolds satisfy the differential Harnack inequality.

Corollary 4.13 ((Integral) Harnack inequality). Along any locally uni-
formly convex curve shortening flow v : M x [0,T) — R? on a compact
one-manifold,

d2(x1, x0, t
Vil ) 2 Vit r)esp (£0120L)
—4(ta — 1)
forany x1,xp € M? and any 0 < t; < t, < T.

Proof. If «y : [t,t2] — M" is a minimizing g, -geodesic joining x; =
x1,%,t)

(1) to x2 = (t2), then |¢/| = 12
inequality (4.27) and Young’s inequality yield

, so the differential Harnack

d Kt vy/K
T logr(y(t), 1) = =+
2
> l + |VK‘ _ |VK| d(x11x2/t1)
T2t x2 K th —t1
1 dn,xnh)
“2 T A -h)?
Integrating from time 1 to ¢, yields the claim. ]

4.4 The monotonicity formula for Huisken’s functional
Given a planar curve shortening flow 7 : M! x T — R2, M! = S, the
HUISKEN FUNCTIONAL ¥ is defined by

| (x.t)—pol?

e ) ds(x). (4-29)

9 )(Ml

t) = ;/
T \/47T(t0—t) M!
1

V2(to—1)

sition 4.11 (in the shrinking case), evaluated along the curve shorten-

po.to

Observe that this is simply times the functional G from Propo-

ing flow. Observe that ¢ is invariant under parabolic rescaling about
(po, to), and is thus constant in time along a self-similarly shrinking
curve shortening flow which is centred at (po, to).

Define the density

(x.5) 1 \w(:(,w—p)owz
b4 X, 1) = ——e
(posto) 4r(ty — 1)
= \/47(to — 1) DP(py 1) (V(x, 1), 1),
where
lp—pol?

a(i—ty)

(D(POrtO)(p’t) = 47-((1}0 _ t)e

is the fundamental solution to the planar conjugate heat equation based
at (XO ,to ) .



Proposition 4.14 (Monotonicity formula for Huisken’s functional®).
Given any (po, ty) € R?> x R and any planar curve shortening flow v :
M x I - R?, M! = 81,

2

d - (r=po)"
— ML) = — —
at (ot (M, 1) /Ml A

forall t € IN(—co,ty). In particular, %(po,ta)(Ml,t) is nonincreasing
over I N (—oo, ty), and strictly decreases unless vy is self-similarly shrinking
about®° (po, to).

‘F(Po,to) ds (4.30)

Proof. Without loss of generality, we may take (pg,t9) = (0,0). Set
D = P, ¥ = Y0 and ¥ = (o). Note that P satisfies the
conjugate planar heat equation

We claim that

— (0 +A—K)Y = |k + j—; Z‘I’. (4.31)
Indeed,
Tpxﬁ%¢+¢:ﬁﬂ®+D®qg
= L&+ /—4nt (P — kDNP)
and
AY =¥,
= V-4t (D1®),
::VCZEE(D%buzT)—KDN¢>
=V —ant (Achb — D2®(N,N) — KDNq>> .
So

(&A%AY¥::%TE—M44nt(DAD@LN)+2KDN®).

Since & satisfies

I v-N
2 = — = —
D7 log® = o and Dy log® TR
this becomes
¥ ® (DnD)?
@+ = - (2 PO by
2t 2t )
(Dn®)? Dn®
= ‘I’< o2 + 2k o
D)L ?
#T—Tﬁ—( )
12
2 >,
K X+ 57| -
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9 Huisken, “Asymptotic behavior for
singularities of the mean -curvature

flow”
*Le. the spacetime translated solu-

tion §(x,t) = y(x,t+ty) — po is a self-
similarly shrinking solution.
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which is Equation (4.31). We conclude, using the divergence theorem
and the area evolution, that

E%Mﬂ:/(%%Wm
dt M1

:/’@+A—#W%
e

as claimed. O

4.5 Noncollapsing

Roughly speaking, a sequence of embedded curves I'; = 9Q);, Q; C

open
R?, is said to corLLAPsSE if, modulo translation and scaling, their inte-
rior regions (); degenerate as j — oo, with their curvature remaining
bounded. One precise way to quantify this is to ask for a sequence of
points x; € I'; such that

7i(x;) sup x| <j P, (4.32)
By (%)

where 7(x) denotes the INSCRIBED RADIUS of d() at x € dQ)—the ra-
dius of the largest disc contained in (2 whose boundary passes through
the boundary point x.

Note that 7x is scale invariant. Thus, if (4.32) holds, then, at the
scale of the curvature, the inscribed radius degenerates to zero. Since
x < 7!, with strict inequality only if the boundary of the disc BZ(x —
7N(x)) meets 0Q) at some other point y € dQ\ {x}, this means that two
(intrinsically distant) portions of the boundaries are coming together.
On the other hand, at the scale of the inscribed radius, the curvature is
tending towards zero in arbitrarily large regions, and at this scale the
regions converge to a strip of width two.

Example 5. Consider the constant sequence I'; = I', where
I' = graph(x — logsecx)
is the Grim Reaper curve. If (x;,y; = logsecx;) € I is a sequence of

points with xj — +7, then, on the one hand, rj = ?(x]-,y]-) — T as
j — 0. On the other hand, since cosx; — 0 as j — oo, we may pass to

Figure 4.2: On an Archimedean spiral,
7 ~ 1butx ~ %, where d is the dis-
tance to the origin. Thus, far from the
origin, 7k ~ 0, and hence (4.32) holds, af-
ter passing to a subsequence, along any
sequence of points x; tending to infinity.

Figure 4.3: At the scale of the curvature
of a point very far from the origin, the in-
scribed radius is very small but the cur-
vature is ~ 1 at distance ~ 1 from the
origin.



a subsequence so that cos(x;) = 0(e7/%), and hence

sup x <
3]2,], (xj7)

sup «
B2, (xi,y;
]%( ]3/])

IN

sup K
[xj—i 5 %+ 7} =i T ¥+iT
T
= x(arccos(e/2 cos x))
i
= e/2 cos x;

=0(1) as j— oo.

So the sequence is collapsing. |

4.5.1  The inscribed and exscribed curvature estimates

Andrews proved that the inscribed radius is pointwise nondecreasing,
relative to the scale of the curvature, under curve shortening flow.

Proposition 4.15 (Interior noncollapsing®'). Along any convex, locally

uniformly convex curve shortening flow {I'y = 0Q4 }1e(o, 1), O C
’ bounded, convex

IR?, the INSCRIBED CURVATURE k = 7~ ! satisfies
(at — A)E < KZE

in the visCOSITY SENSE>?. In particular,

k < Kx, where K = max —.
Iy

Equivalently,

7> 0k~ L, where 6 = n}il‘l?K.

0

Proof. According to the definition of the inscribed radius (of some
boundary I = 9Q) 7, the value taken by the inscribed curvature k
at a point x € d() is equal to the infimum of the curvatures of discs
which are contained in ) and touch dQ) at x. Observe that this is
equivalent to the supremum over all points y € T'\ {x} of the curva-
ture of the unique disc which touches I" at x and passes through y. A
short planar geometry exercise reveals this to be

k(x) = sup k(x,y),

yel\{x}
where the function k is defined on T x '\ D, D = {(x,x) : x € '}, by
. 2(x—y) -N(x)
k(x,y) = =———>——"~.
(x,y) Ty
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* Andrews, “Noncollapsing in mean-
convex mean curvature flow”

> This is a weak formulation of the dif-
ferential inequality (3; — A)u < x%u
which applies to any continuous func-
tion. It asserts that, at any point
(xo,to) € M! x (0,T), any smooth func-
tion ¢ : M! x [0,T) — R which touches
k from above at (xo, ), in the sense that
@ > k on a backward spacetime neigh-
bourhood U x (ty — 6, to] of (xo, tg) with
equality at (xo, to), satisfies

(0r—A)gp < chp at (xo, to)-

)
Figure 4.4: Equating r*> = |x — r Ny —y|?

. _ -1 _ 2(x=y)-Nx
yields k(x,y) =r~! = e




8o

Given a parametrization ¢ : M! x [0, T) — R? for our curve short-
ening flow, we define

2(y(xt) = 7(y, ) - N(x, 1)
v () = (v, 1)?
so that the inscribed curvature at a point y(x,t) € I'; is given by

k(x,y,t) =

7

k(x,t) = sup k(x,y,t).
yeM\{x}

Note that (see Exercise 4.6)

k(x,t) > ;gi}ck(x,y,t) =x(x,1t).

We claimed that k satisfies the differential inequality
(0 — Ak < %k (4-33)

in the viscosity sense. To see this, let ¢ : M! x [0, T) — R be a smooth
function which touches k from above at a point (xg,tg) € M' x (0, T).
There are two cases to consider. Assume first that k(xq, tg) = x(xo, to)-
In that case, ¢ touches « from above at (x, f), and hence, at that point,

0> (3 —A)p—x)=0r—A)g—1>> (0 —A)g — K¢

as claimed.

Suppose then that k(xo,tp) > x(xo,tp). Then we can find yo €
M! such that k(xo,tg) = k(xo,yo,t0). It follows that the function
(x0,Y0,t0) — @(x0,t9) touches k from above at (xo, yo, tp), and hence,
at that point,

0> (3 — (2 + A8y)2) (9 — K) = (3 — A)gp — (31 — (8 + 2D, )k
for any choice of A € R, where, for a smooth function u defined
on a neighbourhood in M! x M! x [0,T) of the point (xo, Yo, to), Ox
and 9, denote (counterclockwise oriented) arclength derivatives in the
corresponding variable.

Using the subscript x or y to denote projection onto the correspond-
ing factor, and setting d = |yy — | and w = (7yx — yy)/d, consider

2
otk = — ((—xx Ny +x, Ny) - (Nx —kdw) + Vi, - (dw)) ,

— ((Tx =ATy, Ny —kdw) + &y Ty - (dw))

2
(8 + 10y %k = = ((—Kx Ny +A2k, Ny) - (Nx —kdw)
(Tx —ATy) - (ke Ty —k(T —ATy))
(Ve —k2Ny) - (dw) + 1, Ty -(Ty —ATy)
— (T —AT,) - (dw)(d; + Aay)k) .
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Since k(xo, -, tp) is maximized at yyo,

2

at (Xo,yo, to).
Since
INy — kdw|? =1 — 2k(dw) - Ny +d%k> =1,

we find that N, = £(N, —kdw) at (xo, Yo, tp). We claim that
Ny = Ny —kdw.

Indeed, at (xg, yo,to), the ball of radius % centred at x — % N,, which
touches I' from the interior at x, also touches I' from the interior at y
(see Figure 4.5), so that

y—kilNy:x—klex.

Rearranging yields the claim.
Observe also that the tangent line at y is the reflection of the tan-
gent line at xg across the perpendicular bisector of the line Rw. Thus,

=Ty =Ty =2(Tyx -w)w,

and hence

2(Ty - w)(Tyw) = Ty Ty +1.

Figure 4.5: If k(x) = k(x,y), then the
inscribed ball at x of radius k=1 (x) also
makes first order contact with 9Q) at y.

Recalling the gradient identities, we thus obtain, at (xg, yo, to),

(8~ A)p < (3 — (0 + A3y)2)k
(0:k)2

k—xy

2
+E<Knyx+k7Kx+2A(kax)fAz(kay)).

=2k -2

Taking A = —1 then yields

Vo)?
AV < 2 VP
(0t —A)p <x°¢ 2(P—K

<x*¢

as claimed.

The Proposition now follows from the maximum principle (albeit in
the context of viscosity solutions): it suffices to prove that the inequal-
ity

k— Kx —eelCtDt < 0

holds on M! x [0, 0] for any ¢ > 0 and ¢ € (0, T), where

K= max -
Mx{0} K
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and Co = maxygi, (o] k2. Suppose then, to the contrary, that there
exist for some ¢ > 0 and ¢ € (0,T) some (xq,ty) € M! x [0,0] such
that

k(xo, to) — Ki(xq, tg) — ee(Ce Dt — 0.

Since the inequality is strict at the initial time, we may take ty > 0 to
be the first time that equality is attained. But then the smooth function

¢ = K + gelCot Dt
touches k from above at (xg, ty), and must therefore satisfy, at (xo, tp),
0> (0t —A)g— qu)
= K(3r — A)x + &(Cy + 1)e(CetDt 2 (KK + ee(c‘7+1)t)
— ¢(Cy + 1)e(Cet Dt _ g2e(Cot1)t
> ee(Cott
>0,
which is absurd. We conclude that
k < Kx,

which is equivalent to the claim. O

In fact, reversing the orientation of the curves in the preceding proof
yields a corresponding exterior noncollapsing estimate: if we define the
CIRCUMSCRIBED RADIUS r to be the radius of the smallest disc which

encloses®3 () and touches d() at x, then we obtain the following. » Equivalently, the radius of the largest
disc-complement which lies in R? \ Q
Proposition 4.16 (Exterior noncollapsing®*). Along any convex, locally and touches 9Q at x.
uniformly convex curve shortening flow, {Ty = 00} Q C  Andrews, "Noncollapsing ‘i mean-
Yy g st treelo,T), = convex mean curvature flow”

bounded, convex
R?, the EXSCRIBED CURVATURE k = 1 satisfies

(3r — Ak > x%k

in the viscosity sense. In particular,

k > 6k, where (5$min§.
Ty,

Equivalently,
r < Dx~', where D = maxrk.

Observe that, on any round circle of radius r, the chord-distance d and

4.5.2  The chord-arc estimate

arc-length ¢ are related by

Z =sin (27,> Figure 4.6: On a round circle of radius r,

d _ o L _
5 =rsin® and 5 = rd.



or, equivalently,

in mt rd (4-34)
S L L 4 4'34

where L = 277 is the total length.
Define the CHORD-ARC CONSTANT of a regular Jordan curve I' =
90 C R? to be

C(T) =sup %sin (ZE) ,

where the supremum is taken over all “off-diagonal” pairs (x,y) €
I'<T;ie x #y.

Obviously, the chord-arc constant of a round circle is one. Moreover,
since

C(T') is always at least one. In fact, C(I') > 1 unless I is a round
circle.?>

Huisken proved that the chord-arc constant does not increase under
curve shortening flow.2°

Proposition 4.17. Along any curve shortening flow «y : M' x [0, T) — R?
of simple, closed, planar curves T'y = y(ML, 1),

d
— <
T C(T) <0

in the viscosity sense®7 whenever C(I'y) > 1. In particular,
C(I't) < C(To)
forallt €[0,T).?8

Proof. Set L(t) = length(T;) and define a function Z : (M! x M') \
D — R, where D = {(x,x) : x € M'}, by

. L) . [ ml(x,y,t)
2000+ o (Fo )

If C(Ty,) < 1, then we can find (xo,y0) € (M! x M)\ D such that
C(Tty) = Z(x0,Y0,tp). Since  +— sin() is even about § = 7 and Z

is symmetric in x and y, we may arrange that ¢(xo, yo, to) < L(ztO), and

that 9,/ = —1and d,¢ = +1, where d, and dy, denote counterclockwise
oriented arclength derivatives in the respective factors. Thus, if ¢ is an
upper barrier for C(I'¢) at t, then
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5 See, for example, Andrews, Chow, et
al., Extrinsic geometric flows, Lemma 3.9.

*%Huisken, “A distance comparison
principle for evolving curves”.

7 This is a weak formulation of the dif-
ferential inequality % < 0 which ap-
plies to any continuous function. It as-
serts, for every ty € (0,T), that every
smooth function ¢ : [0,T) — R which
touches u from above at ty, in the sense
that u < ¢ for t in a backward neigh-
bourhood (ty — J,t] of ty with equality

at to, satisfies 'fi—‘f(tg) <0.

# A sharp version of this estimate was
established by Andrews and Bryan,
“Curvature bound for curve shortening
flow via distance comparison and a di-
rect proof of Grayson’s theorem” by re-
placing the sine function in the defini-
tion of C with a certain modulus which
improves with time. The resulting esti-
mate is sharp enough to establish precise
control on the geometry of the evolv-
ing curves as the maximal time is ap-
proached.
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for t < tpand (x,y) € (M! x M)\ D, with equality at (xo, yo, to), and
hence, at that point,

atQJ S atZ
Ly L 7l 14 V94 1
—L<mﬁm<L>‘d“”<L)>‘dZ”“%M—WNﬂ
ft 7l
+ 5 cos <L> , (4-35)

where w = 1(y — x). Since (xo,1o) is a critical point of Z(-,, ty), we

also have
1 l
0=10,Z = 7 <Z(w~Tx) — cos <L>>
and
1 il
0=09,Z = 3 <Z(w.Ty)—cos (L)) ,
and hence

Z(w-Ty) = cos <7££> =Z(w-Ty) (4-36)

at (xo, Yo, to). It follows that, at this point, either Ty = Ty or the line in

the direction of w bisects the angle between T, and T,; i.e. Q
Ty =2(w- Ty)w—Ty. (4-37)
We claim that the latter must be the case. Indeed, if T, = Ty at
(%0, Yo, to), then the curve I';) must intersect the chord joining 7 (xo, fo)
and ’)/(yo, to) in a third point, ’)/(Llo, to). But then, since Z(~, ., to) is Figure 4.7: If a pair of points with par-
maximized at (xo,y9) and ¢ — sin(¢) is even about ¢ = 7/2 and allel tangent vectors can be found, then

their chord must intersect the curve in a

strictly concave for ¢ € (=%, %), third point.

(dZ)(x0,y0,t0) = (d(xo, o, to) + d(uo, Yo, to)) Z(x0, Yo, to)
(dZ)(xo, uo, to) + (dZ) (o, Yo, to)

7T . 7'(6(3(0,1/{0, to) . ﬂf(uo,]/o, f())
um>Fm( L(to) )*Sm( L(to) >}
7T sin (ﬂ(f(xo,uo, to) —O—Z(Z/lo,yo,to)))
L(to) L(to)
T (nf(xo,yo, t0)>

L(tg) L(to)
= (dZ)(x0, Y0, t0),

Vv

\%

which is absurd. This establishes (4.37).



Next, consider the second variation coefficients

1 1 o 194
027 = — EZw- (1x Ny) — ﬁZ(l —(w- Tx)z) — g sin <L> ,
1 T 7l
0x0yZ = ?Z (Te Ty —(w-Tx)(w-Ty)) + el T
and

1 1 w . [l
a;z = JZw- (ky Ny) — EZ(l —(w-Ty)?) — - sin (L) .

Since (xp, o) is a local maximum of*9 Z(-, -, ty),
0> (9y —9y)*Z
1 4 ([l
= — EZw. (rex Ny =1y Ny) — —p sin (L) , (4-38)

due to some cancellation of terms upon applying (4.37). Putting (4.35)
and (4.38) together, we find that

1 /. (nl ol Ul 5
< S I i
orp < nd(sm<L> Lcos<L))/de
+4—7Isin ZZ —lcos n—g /yKZdS
dL L d L X

Since ¢ < %, the trigonometric terms are all nonnegative and

sin ﬂ—g >n—€cos ﬂ—g
L)~ L L/

Holder’s theorem, in the form

2
472 = (/1~de) S/lds/K2ds:L/K2ds,

then implies that

< = === =.
orp g( 5 Z/des)cos(L>

If we denote by @ the angle between T, and Ty, then, since w bisects
Ty and Ty, (4.36) implies that

7l 4
cos (L) = Z cos <2>
7T

at (xo, Yo, to). Since ¢ — cos¢ is monotone decreasing for & € [0, 5]
and, by hypothesis, Z(xo, yo,tp) < 1, we find that

2t

19>L
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* Observe that the variation 9y — 9y
keeps the vector w (which bisects T, and
T,) constant, producing an optimal sec-
ond variation.
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at (XO,]/(), to).
On the other hand, applying Holder’s inequality similarly as above
we find that

y 2 y y y
— (/ 1-de) g/ 1ds/ szs:f/ K2 ds.
X X X X

We conclude that

Zo<
a? <0

at (xo, Yo, to), which establishes the first claim.
To prove the second claim, it suffices to establish that

C(Ty) —C(Ty) —e(1+1t) <0

for all t € [0,T) for any ¢ > 0. Note that the inequality holds strictly
at time t = 0 for any positive . Suppose then that some ¢ > 0 and
to € (0,T) can be found such that

C(Ty) —C(Ty) —e(1+4) <0
for all t < ty, but with equality at time ¢ = t;. But then the function
p(t) =C(Tp) +e(1+1t)

is an upper support for C at time t = ty, and hence
d
> — =
0> dtgo e>0,

which is absurd. O

4.5.3 The isoperimetric estimate

Define the RELATIVE ISOPERIMETRIC CONSTANT of a regular3® Jordan
curve T =90, QO C R? to be

open

Z(r) = in relength(A),

where the infimum is taken over all SEPARATING ARCS A—simple,
regular embeddings of [0,1] into ) with boundary on I' = 9Q and
interior in () which separate () into two regions3', (; and (y—and
the RELATIVE LENGTH of a separating arc A is defined by

_ length(A)

relength(A) = m ,

where the COMPARISON ARC, A, is the (unique up to rigid motion)
shortest arc which separates the disc Q of the same area as () into
regions ()1 and O); of the same areas as ()1 and (), respectively.

3 Of class at least C1.

3 Necessarily, by the Schoenflies theo-
rem.



Obviously, the relative isoperimetric constant of a round circle is
one. Moreover, since

relength(A) — 1 as length(A) — 0,

relative isoperimetric constant cannot exceed one on any regular Jor-
dan curve T. In fact, Z(T') < 1 unless T is a round circle.

Hamilton proved that the relative isoperimetric constant of a regular
Jordan curve does not decrease under curve shortening flow.3*

=00

Proposition 4.18. Along any curve shortening flow v : M' x [0, T) — R?
of simple, closed, planar curves T'y = fy(Ml, £),

d
— >
7 Z(Ty) >0

in the viscosity sense33 whenever Z(T'y) < 1. In particular,
Z(T}) > Z(To)
forallt € [0,T).34

Sketch of the proof. First note that, given any separating arc A for a do-
main (), the first variation formula for the length of a separating arc in
the comparison domain (), subject to the area constraint, guarantees
that any comparison arc A has constant curvature and meets the circle
9Q) orthogonally.

Now, if Z(T') < 1, then (since relength(A) — 1 as length(A) —
0) a minimizing sequence of separating arcs A; (i.e. relength(A;) —
Z(T)) will have lengths bounded uniformly from below. It is then
possible to extract a suitable weak limit arc, A. Though this limiting
arc may not be smooth a priori, the vanishing of the first variation of
the relative length at A ensures that A has constant curvature and
meets the boundary I' = Q) orthogonally in the corresponding weak
sense, which guarantees that it is smooth (and connected, else a better
constant is given by one of the components).

Vanishing of the first variation of relength at A also yields

iyl

k
L

CURVE SHORTENING FLOW 87

Figure 4.8: Given an arc, A, separating ()
into regions, ()1 and (), the comparison
arc, A, is the shortest arc separating the
disc of the same area as () into regions
07 and ), of the same areas as () and

(), respectively.

3 Richard S. Hamilton, “Isoperimetric
estimates for the curve shrinking flow in
the plane”.

3 This is a weak formulation of the dif-
ferential inequality 71—’; > 0 which ap-
plies to any continuous function. It as-
serts, for every ty € (0,T), that every
smooth function ¢ : [0,T) — R which
touches u from below at f(, in the sense
that u < ¢ for t in a backward neigh-
bourhood (ty — 6, to] of tp with equality
at to, satisfies L;—‘f (to) > 0.

34 A sharp version of this estimate was
established by Andrews and Bryan, “A
comparison theorem for the isoperimet-
ric profile under curve-shortening flow”,
sharp enough indeed to establish di-
rect control and on the geometry of the
evolving curves as the maximal time is
approached.
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where k and k are the (constant) curvatures of A and A, respectively,
and L and L are the lengths of A and A, respectively.

The nonnegativity of the second variation of the relative length at
the minimizing arc guarantees that

A <A and <

7

K
k

=1 =

where A and A are the total turning angles of A and A, respectively,
and K and K are the respective averages of the curvatures of the bound-
aries Q) and Q) at the boundary points of A and A.

Now suppose that the boundaries {T; = 0}, (o 1) evolve by curve
shortening. Given ty € (0,T), if Z(T4,) < 1, then we can find some
minimizing arc, Ay, as above. Given any variation {At}c (-4, Of
Ay,, the inequality relength(A;) > Z(T't) holds for t € (tg — 4, to], with
equality at time fg. Thus, if ¢ is a lower support for Z(I';) at time t,
then ¢(t) < relength(A;) with equality at time tp, and hence, at time
fo,

d d
0> — .
tq) ; relength(Ay¢)

If we construct the variation so that35
0tYa, = — Kk, Np, in the interior of Ay
NAt . Nrt =0 at aAt
at time ¢ = f(, then it can be shown that
d d N
gilength(A;)  Flength(A¢)

d
— logrelength(A¢) = - At
7 logreleng (Ar) length(A¢) length(A¢)

<K+kA K+H>

-2 -

L L

k (K k(K =
()£ (5+7)

at t = tg, which is nonpositive due to the second variation inequalities

= -2

for the relative length described above. This establishes the first claim.
To prove the second claim, it suffices to establish that

I(rt) —I(ro) +€(1 + t) >0

forall t € [0,T) for any ¢ > 0. Note that the inequality holds strictly
at time f = 0 for any positive e. Suppose then that some ¢ > 0 and
tp € (0, T) can be found such that

I(Ty) —Z(Tp) +e(1+t) >0
for all t < ty, but with equality at time ¢ = t;. But then the function

p(t) =I(To) —e(1+1)

3% This boundary value problem is
known as the FREE BOUNDARY CURVE
SHORTENING FLOW. Note that we only
require it to hold at time t = tp, however.
(So we do not need to solve a backwards
heat equation to arrange it!)



is a lower support for 7 at time ¢ = t;, and hence

0< -p=—-e<0,

SIS

which is absurd. O

4.6 Uniformization of Jordan curves by curve shortening flow

We now have in place all of the ingredients needed to prove that
regular Jordan curves shrink to round points under curve shortening
flow.36

4.6.1  Deforming convex curves to round points
We consider first the case of convex initial curves.37

Theorem 4.19 (Gage-Hamilton3®). Given any convex, locally uniformly
convex curve vy : M — R?, M = S!, the maximal curve shortening flow
v M x [0,T) — R? starting at o deforms vy through a family of convex
curves, ¢ : M — R2, which converge to a point p € R? after a finite time

T, with
T"—Pp
2(T—1t)

uniformly in the smooth topology, where 7 is an embedding whose image is

— Y as t—=T

the unit circle.39

Sketch of the proof. We have already seen that convexity is preserved4°
and that T < oo (Proposition 2.6), so that (by Theorem 2.19)

limsup max |x| = oo.

t—T  Mix{t}
We shall perform a “blow-up” at the final time to establish the claims.
To that end, choose a sequence of times t; — T and points x; € M!
such that

K(x;,t;) = max «

(xj:t;) MIX[0t]

and consider the rescaled curve shortening flows 7; : M x I — R?
defined by

v t) = (it t) =y (xg,t)), L= [ 2 A (T - ),

1

where ro= x(x;,t;). Passing to a subsequence, we may arrange that

rj*z(T— tj) = w € [0,00] as j — oo. In fact, w > 0 since (by ap-
plying the oDE comparison principle to the evolution equation for

K) maxy, K 2> By construction, the curvature «; of the

1
2(T—t)
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36 In fact, the tools we have established
provide a great many routes to this the-
orem; here, we outline just one.

371t suffices to consider smooth, locally
uniformly convex initial data, as the es-
timate of Proposition 2.25 guarantees,
by an approximation argument, that the
boundary of any bounded, convex set
can be evolved continuously by curve
shortening flow, becoming immediately
smooth and locally uniformly convex at
positive times.

3 Gage and R. S. Hamilton, “The heat
equation shrinking convex plane curves”

3 Observe that, in contrast to the proof
of Huisken’s theorem (Theorem 3.13),
the argument presented here does not
provide a rate of convergence of the
rescaled curves to the shrinking circle.
This may be remedied by a stability ar-
gument; see Exercise 4.8.

4 This may be viewed as a consequence
of Proposition 2.9 and Corollary 2.15. It
is also a consequence of uniqueness of
solutions and the continued existence of
a solution to the PDE (4.8) for the support
function whilever |x| < oo.
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rescaled flow is bounded by 1 for times t < 0, with equality at the
origin at time zero. Since this ensures, by the exterior noncollaps-
ing estimate (Proposition 4.16) and the scale invariance of rx, that the
exscribed radius at the spacetime origin is bounded, we can now de-
duce from the Bernstein estimates (Proposition 2.18) and the Arzela-
Ascoli Theorem that some subsequence of these rescaled flows con-
verges uniformly in the smooth sense to a limit ancient curve shorten-
ing flow, Yoo : M! x (—00,0] — R2.

Next, we observe that the Firey entropy#', .#, is constant on the
limit flow. Indeed, since .# is nonincreasing on the original flow, it
must take a limit as t — T. Now, since .Z is scale invariant, we have,
foranya <b € (—c0,0],

Fi(b) — Fi(a) = ﬁ(r]zb +1) — 35(7*]201 + )

for all j sufficiently large. But both rjza +t; and r]Za +tj tend to T as
j — oo, so the right hand side tends to zero, and we conclude that .#
is indeed constant on the limit flow.

It follows from Proposition 4.2 that the limit is a self-similarly shrink-
ing solution, which must be the shrinking circle by Theorem 4.8. We
conclude that the flow does indeed approach a shrinking circle af-
ter rescaling by the maximum of the curvature, at least along some
sequence of times t; — T (and after performing some sequence of
translations). Note that we must then have x ~ 1/./2(T —t) since
minx < 1/+/2(T —t) < maxxk. At this point, the full statement of
the theorem may be established via a series of bootstrapping argu-
ments. O

Corollary 4.20. The shrinking spheres and the static lines are the only con-
vex ancient curve shortening flows which are noncollapsing.

Sketch of the proof. Let {T't}ic(—cow), Tt = 90k, (without loss of gen-
erality, w € {0,00}) be a noncollapsing convex ancient curve short-
ening flow and consider the rescaled flows {F?}te(_w,o) defined by
T} = AT,_2;. By the local curvature estimate of Proposition 2.25 and
the interior noncollapsing hypothesis, the rescaled flows converge to
a limit ancient flow {I'7°}c(_o ), IT° = 9}, along some sequence
of scales A; \, 0. By Huisken’s monotonicity formula** and the fact
that the Gaussian length is uniformly bounded on the space of con-
vex curves, the Huisken functional is constant on {I'?°};¢(_o ), which
must therefore be a self-similarly shrinking solution (by the rigidity
case of Huisken’s monotonicity formula) and hence either a static line
or the shrinking circle, by Theorem 4.8. Now, if {T'{°};c(_ o) is a
static line, then the Huisken functional must be constant. Indeed, tak-
ing the limit as A — 00 of {A(T'y-2¢14, — P0) }re(—woy0) fOr any to < w
and pg € Iy, yields a static line. The claim follows since the Huisken

41 Alternatively, we could invoke the
Gage-Hamilton entropy and Proposition
4.1 here.

4]t is not obvious that Huisken’s mono-
tonicity formula can be legitimately ap-
plied when the flow is noncompact; but
it can (at least when the flow is convex).



functional is monotone and invariant under spacetime translation and
parabolic scaling.

We conclude that {T'+};c () is a self-similarly shrinking solution,
and hence a static line. Similarly, if {T{°};c(_«,0) is a shrinking cirlce,
then {Tt}c(_co) mMust also be a shrinking circle, since by the Gage-
Hamilton theorem we obtain the shrinking circle after blowing up at
the final time. O

4.6.2  Deforming regular Jordan curves to round points

Using the Gage-Hamilton theorem (via Corollary 4.20), we may now
prove convergence to a round point for the curve shortening flow of
any (sufficiently regular) simple closed curve.

Theorem 4.21 (Grayson#3). Given any simple, closed curve g : M' — R?,
the maximal curve shortening flow v : M' x [0, T) — R? starting at o
deforms 7y through a family of simple closed curves, v : M' — R?, which
converge to a point, p € R?, after a finite time T, with

Yt—p

NP sy ast—T
2(T— 1)

uniformly in the smooth topology, where % is an embedding whose image is
the unit circle.

Sketch of the proof. We have already seen that embeddedness is pre-
served (Proposition 2.9) and that T < co (Proposition 2.6), so that (by
Theorem 2.19)

limsup max |x| = oo.
t—»T  Mix{t}

We shall perform a “blow-up” at the final time to establish the claims.

Recall that (by the 0DE comparison principle) max, ¢4 x| > —=L

Assume first that max,p, (, [x| < (the expected rate of

C
2(T—t)
blow-up). Given any sequence of times ¢; ,/”* T, choose points x; € M!
such that

v = max |K| = |k(xj,t;
7 [xl = el )

and consider the rescaled curve shortening flows 7; : M! x I — R?
defined by

Vi(x,t) = rj_l ((x, rjzt +t) —y(xj,tj), I = [—rj_zt]-,rj_z(T —t)).

Passing to a subsequence, we may arrange that r]fz(T —t) - w e
(0,00) as j — oo. Observe that the curvature x; of the rescaled flow

2(T—t)
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4 Grayson, “The heat equation shrinks

embedded plane
points.”

curves

to

round



92

satisfies

|Kj(x,t)] = |rj;c(x, rjzt + tj)|

< CI"]'

/ 2
T—t] r].t

C

r]fz(T— tj) —t

%

ai:— ; as j — oo.

Thus, by Theorem 2.22, some subsequence of these rescaled flows con-
verges locally uniformly in the smooth sense to an ancient limit curve
shortening flow, ye : ML, % (—00,1) — R2.

We claim that the limit flow is convex. To see this, observe that
the total curvature 7 (t) is constant in the limit. Indeed, since %
is positive and nonincreasing, it must take a limit as ¢ — T (on the
original flow). But then, since ¢ is scale invariant,

H(b) — A j(a) = Ji/(r]zb—i- ti) — Ji/(rjza + )

for any a,b € (—oo,w) on the rescaled flows (for j sufficiently large).
But both r]Za +tj and rjzb +tj tend to T as j — co. So the right hand
side tends to zero, and we conclude that .# is indeed constant. But
then Lemma 4.6 implies that the limit flow has nonnegative curvature,
and hence strictly positive curvature by the strong maximum principle.
Since the turning angle is equal to 27t, we conclude that the limit flow
is indeed convex.

Since Proposition 4.1744 ensures that the limit flow is noncollapsing,
we may now conclude from Corollary 4.20 that it is the shrinking circle.
It follows that the flow does indeed approach a shrinking circle after
rescaling by r(t) = /T —t, at least along some sequence of times
t; — T (and after performing some sequence of translations). At this
point, the full statement of the theorem may be established via a series
of bootstrapping arguments.

We have not yet proved that that |«|/T — t remains bounded. Sup-
pose then that, to the contrary,

limsup max |«|VT —t = co.
t T MIx{t}

For each j, choose (x;, ;) € M x [0, T) so that

(T =)l ) = | max (T~ =Dl

and set rj_z = |x|(x;j, tj). Consider the rescaled flows 7; : M' x [w), wj) —

# O, alternatively, Proposition 4.18.
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R? defined by
1) = (vt 1) = (%),
aj,wj) = [ — r].*ztj,rjfz(T it =t).
Observe in this case that
uj — —09, wj — 00,

and

T_]‘fl_t, Wi
(D = [rhe(x, 2t )2 < i Y
|K](x )| |7’]K(x Ty + ])| = T—j*l—rjzt—i—t]' a]j—t

Figure 4.9: Flip the pages to test
o ) . . ) ) Grayson’s theorem! (Code by Anthony
which is uniformly bounded on any compact time interval for j suffi- Carapetis, Curve shortening demo. Ex-

ciently large. Thus, by Theorem 2.22, some subsequence of the pointed, plore further at a.carapetis.com/csf.)
rescaled flows 7; : M x [aj, wi) — R? must converge to an eternal
limit flow Yoo : ML x (—00,00) — R2. The above argument implies
that this limit is convex. Since it has bounded curvature on compact
time intervals, it satisfies the differential Harnack inequality. But, by

construction,
wj

x < limsup
. w; —
]—00 ]

Thus, at (X«,0), 9tk = 0 and Vi = 0, so the rigidity case of the differ-
ential Harnack inequality implies that the limit flow is a self-similarly

;= 1 =#(xc,0).

translating solution, which must therefore be the Grim Reaper by The-

orem 1.1 and the curvature normalization at (x«,0). But the Grim

Reaper violates the (scale invariant) lower bound for the relative isoperi-

metric constant4> (which passes to the limit as it is scale invariant and #0Or, alternatively, the chord-arc con-
lower semi-continuous under local uniform convergence). This com- stant.

pletes the proof. O

4.7 Exercises

Exercise 4.1. Let v : 6(M') — R? be the turning angle parametrization
for a convex, locally uniformly convex planar curve I' = 9Q).

(a) Show thaty-N =o.

(b) Deduce that - T = oy.

(c) Conclude that y =0 N+0y T.

Exercise 4.2. Let v : M' — IR? be a shrinker; i.e.
i

k=57

NI—=

Suppose that ¥ = 0 at some point xg € M!; set p = y(x0) and v =
T(xo).


http://a.carapetis.com/csf
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(a) Show that the curve 8 : R — RR? defined by

By) = po+ (v —yo)o
satisfies |p'| =1 and
k=3B
)

{(ﬁ(yo),ﬁ’(yo) = (p,0).

(b) Deduce that y(M!') C B(R). In particular, if M! is connected and
7 is proper, then B is an arclength parametrization of +.

(c) Conclude that every proper connected shrinker is either a straight
line through the origin or locally uniformly convex.

(d) Prove that the same claim is true for expanders.

Exercise 4.3. Let 7 : M' — IR? be an expander; i.e.
K= —%'yj'.

Suppose that M! is connected and v is proper.

(@) Show that M! = R.

(b) Show that 7y is an embedding.

Hint: both parts may be established using the first variation of enclosed area
under curve shortening flow.

Exercise 4.4. Let 7(M') = T = 9Q) be an embedded self-similar curve.

(a) Show that

divV=A in QO ( |
V-N=x on 9Q. +39
or, in the gradient case,
Af=A in O
(4-40)
Dnf =« on 0Q).

(b) In case Q) is bounded, deduce that A = areza7(TQ)'

Exercise 4.5. Given a gradient self-similar curve v : M! — R?, with
potential function f, set ¢ = ¥*f. Prove the following identities.

(@) VI = V.
(b) Vk =xVeg.

() Agp =% —«? (and hence % length(v) = [, k2 ds if M" is compact).



(d) 3V (& +[Ve]> —Ap) =0.

Deduce that, on the corresponding self-similar solution to curve short-
ening flow,

(e) drp = |Vol|%

0 @ +A)g+x*=|Vel2+ L.

() (0 +A8—x)yp =0 where p = A e?.

Exercise 4.6. Show that, for any embedded curve I,

lim w = K(X) .
y=r o |x =yl
Exercise 4.7. Deduce from Propositions 4.15 and 4.16 that, along any
convex curve shortening flow 7 : M! x [0,T) — R?, M! = S!,
1
t) ~/2(T—t) and k¥ ~ ————
p(t) ~ /2T~ 1) ST

ast — T, where p_(t) resp. p (t) is the inradius resp. circumradius of
Tt = y(M',t) (the radius of the largest disc enclosed by resp. smallest
disc enclosing T';).4°

Exercise 4.8. Let {I7};c o,r) be a maximal curve shortening flow of
simple, closed, planar curves I'; = 9();. According to Theorem 4.21, I;
becomes convex after some time fy € [0, T), and shrinks to a point pg €
R? as f — T with circular asymptotic shape. Consider the RESCALED
FLow {I; = aQt}te[f%log(ZT),oo) defined by

Iy =e'(T;—po), e =2(T—F).

(a) (i) Show that, for t > tqg = —4 log(2(T — f;)), the support func-
7 108 pp
tion ¢ of the rescaled flow satisfies

0;0 =F(0) =0 — (0p9 +0) L.
(ii) Show that the linearization of F about the unit circle is given

by
DF|1U = vgg + 20.

(iii) Deduce that

27T 27
;1‘/0 (0 —1)%d0 S2/0 (0 —1)((c —1)gp +2(c — 1)) db

+Clo —1|p2|lo — 1/2,.
(iv) “Solve” the linearized equation

0tV = vgg + 20.

with 27t-periodic boundary condition by separating variables.

CURVE SHORTENING FLOW Q5

#This gives a slightly different route
to the Gage-Hamilton theorem than the
one we presented.



(b) (i) Show that enclosed area is constant under the rescaled flow.

(ii) Show that the enclosed area is given by
27
area(();) = area(c) = / o (g + 0)db.
0

(iii) Show that the linearization of area about the unit circle is
given by

27T
Darea v = 2/ vd6.
0

(iv) Deduce that
27 )
/O (¢—1)d0 < Clo — 1]

(¢) (i) Show that the centre of mass, q(()) = th XdX, is always
located at the origin under the rescaled flow.

(ii) Show that g is given by

27
g(y) =q(o) = %/ (0sinB, —ocosB)go(ogg + o) db .
0

(iif) Show that the linearization of g about the unit circle is given
by

1 27
Dgl|iv = 5/ v(cos6,sinf)do.
0

(iv) Deduce that

27T
/0 (cosf,sinb)(c—1)do| < C|o — 1\2@.

(d) Writingo—1 = JAq(t)+ Y724 (Aj(t) cos(j6) + Bj(t) sin(j6)), show
that

27T
/O (c=D)[(c—Dao+2(c —1)]d0 < C (43 + A} + BY) —2/o 12,
(e) Deduce that
d 2 4 2
E|0’— 1|7, < Clo — 1[5 — 2] —1]7,.
(f) Using interpolation, estimate
lo— 1|‘é2 < Csloc—1 ‘z;‘s

for some 6 € (0,2).

(g) Conclude that |o — 1|2, decays exponentially once it becomes suf-
ficiently small.



5
Singularities and their analysis

We have seen that finite time singularities will necessarily occur under
mean curvature flow on a compact hypersurface. In one space dimen-
sion, or in higher dimensions when the initial hypersurface is convex,
we were able to deal with finite time singularities by “blowing up”
and classifying the possible blow-up limits. As a result, we saw that
the mean curvature flow deforms any simple closed curve, or any con-
vex hypersurface, to a round point. One could therefore be forgiven
for hoping that mean curvature flow might deform any (not necessar-
ily convex) embedding of a sphere to a round point. This turns out to
be a little optimistic, however.

Example 6 (A “neckpinch” singularity®). Consider an embedding of
S? into IR® which looks like two large, disjoint round spheres which
are far apart but smoothly connected by a long, thin “neck” (as in Fig-
ure 5.1, say). This is a very flexible configuration, and it can certainly
be arranged that the neck passes through the “hole” in Angenent’s
doughnut (see Example 4) while the spherical components each en-
close very large spheres on each side (of radius 100, say). Since An-
genent’s doughnut contracts to the origin under mean curvature flow
after time one, while the radii of the enclosed spheres remain positive
at this time under the flow, the hypersurface must become singular at
some earlier time, in accordance with the avoidance principle. u

Example 7 (A “degenerate neckpinch” singularity). In the above exam-
ple, we could imagine a continuous deformation of the initial surface
which shrinks one of the spherical components down to a radius com-
parable to the neck radius (as in Figure 5.2, say). In this configuration,
the small enclosed sphere is no longer a barrier, and it is not unreason-
able to expect that the small spherical component of the initial surface
is able to contract quickly enough to slip through the neck before the
shrinking doughnut pinches it, the solution thereafter becoming con-
vex and shrinking to a round point according to Huisken’s theorem.

Time is sick

Critical density

Contraction

Singularity

Everything and nothing

Life and death

- King Gizzard & The Lizard
Wizard, “Murder of the Uni-
verse”

*Such examples appear to have first
been described by Hamilton.

010
D

Figure 5.1: A “barbell” configuration. If
the “bar” is sufficiently thin compared
to the “bells”, then it will “pinch off”
before the enclosed spheres contract to
points.

o1

Figure 5.2: An asymmetric barbell con-
figuration. If one of the bells is sulffi-
ciently small, it will “pass through” the
bar before it pinches off. There is a
critical configuration at which the bar
pinches off just as the smaller bell is
passing through it.



98

But then there must be a critical stage in the deformation such that
for smaller deformations a neckpinch forms, while for larger defor-
mations there is no neckpinch. Somehow, at the critical deformation,
the smaller spherical component attempts a run through the neck, but
gets caught just as it is about to emerge from the other side. (A rigor-
ous construction of such solutions was undertaken by Angenent and
Veldzquez.?) [ |

Example 8 (A “doubly degenerate neckpinch” singularity3). Imagine
now performing this deformation in a symmetric manner, so that both
bells get caught in the neck as it collapses. In this configuration, the
hypersurface does indeed shrink to a point at the singular time, T, but
its asymptotic shape cannot be that of a round sphere: for at each time
t < T, the hypersurface is nonconvex, so the pinching ratio infx; /x;,
can be no better than zero at the singular time. |

These examples demonstrate that singularities can potentially be
quite complicated in dimensions n > 2, even in the absence of topol-
ogy. On the other hand, at a neckpinch singularity, most of the hyper-
surface remains “non-singular” and the flow appears to be performing
the opposite of a connected sum. This begs the question, “Can the flow
be continued after a singularity, while keeping track of any topologi-
cal changes at singular times?” Rather than attempting a comprehen-
sive answer to this (very difficult) question, we shall merely present
some basic results and tools which suggest that singularities are in-
deed somewhat “tamable”, at least in certain special settings.

We begin by noting the following immediate corollary of Theorem
9.19, which demonstrates the importance of ANCIENT* mean curvature
flows in the analysis of singularities.

Lemma 5.1. Let X : M" x [0, T) — R"*! be a mean curvature flow with
T < oo and {(xk, ty) }ken @ sequence of spacetime points (xi, t;) € M" x
[0, T) with ty — T. Suppose that

-2 . .
1. 1" = [y | — 00 as k — co; and

2. for every A < oo some C < oo can be found such that X is properly defined
in Bgfkl(xk, te) X (te — A2r%, ), and

sup I < Crk_2

BZT;(Xk,tk) X (tkaZI’}%,tk]
for every k.

For each k, define the rescaled mean curvature flow Xy : M" x Iy — R"*1
by

Xp(x ) =7 (X(x, ret + t) — X(x, fk)) ;= [Pt (T — 1))

*S. B. Angenent and Velazquez, “De-
generate neckpinches in mean curvature
flow”.

3S. Altschuler, Sigurd B. Angenent, and
Giga, “Mean curvature flow through sin-
gularities for surfaces of rotation”.

4 Le. having an infinite past.
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There exists a complete ancient pointed mean curvature flow Xeo : ML X
(—oo,w) — R"™1, xo, € MY such that, after passing to a subsequence, the
pointed rescaled mean curvature flows (X, xi) converge locally uniformly
in the smooth topology to (Xeo, Xeo). That is, there exists an exhaustion
{Ui}ken of Moo by precompact open sets Uy satisfying Uy C Uy, 1 and a
sequence of diffeomorphisms ¢y : Uy — M with ¢p(xeo) = xi such that
¢ Xy — Xeo uniformly in the smooth topology on any compact subset of
Moo X (—00,0].

5.1 Curvature pinching improves

We have seen that curvature pinching improves at the onset of sin-
gularities under mean curvature flow of convex hypersurfaces.> This
turns out to be a special case of a more general phenomenon.

5.1.1 Convexity estimate

Recall (from Corollary 2.15) that, in accordance with the maximum
principle, MEAN CONVEXITY, H > 0, is preserved under mean curva-
ture flow on a compact hypersurface (with strict inequality at interior
times). We also proved, using the tensor maximum principle, that the
tensor inequality II > a H g is preserved when a > 0 (Proposition 3.4).
By exactly the same argument, this inequality is also preserved for
negative pinching constants.

Proposition 5.2 (Scale invariant lower bounds for the curvature are
preserved). Let X : M" x [0,T) — R"*! be a compact, strictly mean
convex mean curvature flow. There exists « € R such that

II > aHg
at all times.

We will show that this inequality actually improves at the onset of
singularities (cf. the “improvement of roundness” of Proposition 3.6).

Proposition 5.3 (Convexity improvesé). Let X : M" x [0,T) — R™1 pe
a compact, strictly mean convex mean curvature flow. Given any € > 0, there
exists Ce = C(n, Xg, €) < oo such that

x1 > —eH—-C;
at all times.

This “improvement of convexity” ensures that singularities in mean
convex mean curvature flow of compact hypersurfaces are weakly con-
vex, at least in the sense that, along any sequence of points (xj, ;) at

5 Recall Proposition 3.6.

¢ Huisken and Sinestrari, “Mean curva-
ture flow singularities for mean convex
surfaces”
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which H(x]', t]) — o0,

K1 Cg
ﬁ(x],t]) Z —& — m for any & > 0,

and hence liminf;_,, 5 (¥}, t;) > 0.

Sketch of the proof of Proposition 5.3. The proof follows the framework
of Huisken’s improvement of roundness estimate (Proposition 3.6).
The first step is to establish an evolution equation for a suitable “pinch-
ing function”. We consider first the smallest principal curvature, which—
even though it is not necessarily smooth—satisfies

(3 — M)y > |11 xy (5.1)

in the DISTRIBUTIONAL SENSE.7’8

Next consider, for any ¢ € (0,1), the function
fe = max {—x; —e(2LH —|11|), 0} ,

where L is chosen so that |II| < LH (which can be arranged with L de-

pending only on the initial condition since upper bounds for |II|?/ H?

are preserved). The purpose of using the term LH —|II| (instead of

simply H, say) is to get our hands on the good quadratic gradient of

curvature term in the inequality

| V112
2

(0 — )fe < f. (|H|2 - 7H> (5.2

in the distributional sense, for some y = 7y(n, a, €).
Our goal is now to bound the function

for = Lm0

for some o € (0,1). To that end, we apply (5.2) and Young's inequality

to estimate

| V112
H2

~1|Vfer 2)
feo

in the distributional sense® for some ¢y = y(n,a,¢) > 0 wherever f, >
0. It follows that, for p > po(n, &, ), the function v? = (fes)"; satisfies

(at - A)fs,(r < fs,(r <U|II|2 - +y

2
= a2 < & (apnP T ) ~2/v0,

from which we obtain®®

%/vzdy+/vzH2 du Sap/v2|II|dy

2 (53)
—/('ypvzwl_g| —|—2|V02> du,

7This is a weak formulation of the dif-
ferential inequality (3; — A)u > |1IJ%u
which applies to functions which are in-
tegrable in space and locally Lipschitz in
time. It asserts, for every nonnegative
¢ € C®(M? x (0,T)), that

d
E/WPdH
g/[|II|2uq)+u(at+A7H2)(p]dy

at almost every time.

8 The inequality (5.1) also holds in the
viscosity sense.

9 Note that this is exactly the inequality
(3.4) we had for our pinching function in
the proof of the improvement of round-
ness estimate!

*° This is exactly the form of (3.5).
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Integrating Simons’ identity by parts, similarly as in the proof of Claim
3.8, we may estimate

vII?
/|II|202dy §5/VU|2d‘u+C5/ZJZ| H2| du

for any § > 0, where Cs = Cs(n, a,¢,6), and thereby conclude that

d 2
— <
dt/v ap <0,

so long as p > po(n,a,¢) and 0’;7% < op(n,a,e).

Integrating this yields an L? estimate for v, which can be boot-
strapped to an L® estimate (for some ultimately decided upon p < o
and o > 0) via Huisken-Stampacchia iteration, more or less exactly as
in the proof of the improvement of roundness estimate.

The claim then follows by way of Young's inequality. O

5.1.2  Cylindrical estimates

There is also an interesting family of preserved local convexity con-
ditions which interpolate between local uniform convexity and mean
convexity. Given any m € {1,...,n}, a hypersurface is said to be m-
CONVEX if

K1+ +xm >0

at all points.

Proposition 5.4 (Intermediate local convexity is preserved). Let X :
M" x [0, T) — R™1 be a mean curvature flow on a compact manifold M".
If the inequality k1 + - - - + xp, > 0 holds at time t = 0, then it holds for all
te[0,T).

Sketch of the proof. Since the sum, f = x1 + - - - 4 Ky, of the smallest m
principal curvatures is a concave function of the principal curvatures,
it can be shown that

(9 = A)f = [ f

in the viscosity sense. The claim is then a consequence of the maxi-
mum principle. O

The tensor maximum guarantees that scale invariant upper bounds
for the second fundamental form are preserved.

Proposition 5.5 (Scale invariant upper bounds for the curvature are
preserved). Let X : M" x [0,T) — R"*! be a compact, strictly mean
convex mean curvature flow. There exists C € IR such that

II < CHg

at all times.
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Proof. This is a straightforward application of the tensor maximum
principle (cf. Proposition 3.4). O

This inequality also improves at the onset of singularities.

Proposition 5.6 (Cylindrical estimates'). Let X : M" x [0, T) — R"*!
be a compact, strictly (m + 1)-convex mean convex mean curvature flow.
Given any € > 0, there exists C¢ = C(n, Xy, &) < oo such that

kn— ——H < eH+C;

n—m
at all times.1?

Given m € {0,...,n — 1}, the cylindrical estimate implies that sin-
gularities in (m + 1)-convex mean curvature flow of compact hyper-
surfaces are, in an asymptotic sense, either strictly m-convex, or “m-
cylindrical”. Indeed, the m-convexity estimate may be rewritten as

n m
Y. (kn—xj)— ) xj <eH+C, forany &> 0.
j=m+1 j=1
Thus, along any sequence of points (xj, t]-) at which H(x]-, t]-) — 0,

n

Kn — K; K .
' Z %(x/‘,t]') < Z ﬁl(x]',f]’) +0(1) as j — oo.
i=m+1 i=1

Since the left hand side is nonnegative, we find, in the limit'3, that

", & > 0 with strict inequality unless “241 = ... = X and (by
improvement of convexity) 0 = Kﬁl =...=1

Sketch of the proof of Proposition 5.6. Starting with the (distributional) in-
equality™#
(3 — A)ren < [k, (54)

the proof follows the framework of Propositions 3.6 and 5.3. O

5.2 Self-similar solutions

Recall that a hypersurface X : M" — R"*! generates a self-similar
mean curvature flow if

H+ (X*V)t =0 (5.5)
for some ambient vector field V of the form
V(x)=3x+Ax—v (5.6)

for some parameters’> A € R, A € so(n+1) and v € R"*1.
Observe that, when A = 0, we may express the soliton vector field
V as the gradient,

V = Df, (5.7)

1 Huisken and Sinestrari, “Mean curva-
ture flow with surgeries of two-convex
hypersurfaces”

> A natural question that might arise
from the statement of Proposition 5.6 is:

“ 1 _on .
Why the constant .——?". The inequal-
ity x, < nEm H describes the small-
est convex cone of principal curvatures

which contains the “cylindrical ray”,

Cu=1{(0,...,0r7 Y, ..,r 1) 1 r > 0}.

m-times

This ray represents the principal curva-
ture n-tuple of a shrinking cylinder with
m flat factors, which provide an obstruc-
tion to the improvement of upper cur-
vature pinching (the pinching is constant
on these examples).

At the analytical level, the presence of
cylindrical points in the support of a
function u are an obstruction to estab-
lishing the Poincaré-like inequality

/112|II|2d;4
< Py 2 2 ‘VHP d
< |Vu|* + Csu T W,

which is a key element of the L? estimate
for the modified pinching function.

On the other hand, the inequality x; +
-+ 4 Kpy41 > 0 describes the largest con-
vex cone of principal curvatures which
does not contain the cylindrical ray C,, 1.
So Propositions 3.6, 5.3, and 5.6 suggest
that the shrinking cylinders (including
the shrinking sphere) are the obstruction
to improving curvature pinching.

3 We do not assume that the limiting
values of the ratios i correspond to such
ratios of some limiting hypersurface.

4 The inequality (5.4) also holds in the
viscosity sense.

> The parameter A generates dilations,
while A generates rotations and v gen-
erates translations.
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of a POTENTIAL FUNCTION f : R"*! — R, which is given (modulo an
additive constant) by

flx)=2x?—x-0. (5.8)

Taking the normal component, we may rewrite (5.5) as the scalar
equation
H=2X-N+AX-N—ov-N. (5.9)

Differentiating (5.5), we find that
VH=I(V') - AN. (5.10)
Differentiating (5.10) and applying (5.5) and (5.10) then yields
~V*H= -V, I+HI?-41I. (5.11)
In fact, the following converse holds.

Proposition 5.7. If a strictly mean convex convex hypersurface X : M" —
R+ satisfies (5.11) for some A € R, with v given by (5.10), then (5.5)
holds with V given by (5.6).

Proof. Consider the ambient vector field
U=V'—H-4X-AX.
Differentiating U and applying (5.10) and (5.13) yields
VU =0.
So U is constant along X, which implies the claim. O
Applying Simons’ identity to (5.11), we obtain

—All= -V, T+|IPIT-41I. (5.12)
Tracing either (5.11) or (5.12), yields

~AH= -V, H+[I?PH-4H. (5.13)

Theorem 5.8 (Huisken®; Colding-Minicozzi'7). The shrinking spheres
are the only compact, embedded, mean convex, self-similarly shrinking mean
curvature flows.

Proof. We only need to consider the n > 2 case, due to Theorem 4.8.
By applying the strong maximum principle to (5.13), we may assume
that H > 0. To that end, observe (cf. Proposition 3.5) that

2 2
—eX'/ div (ex*fV|II_I1|2> = (Vy7 - A)%
B 12 1 |2
=Vt 2 VhE
1|2
< Vou I
" H

® Huisken, “Asymptotic behavior for
singularities of the mean -curvature
flow”

7 The conclusion of the theorem also
holds when the compactness hypothesis
is replaced by polynomial volume growth;
see Tobias H. Colding and Minicozzi,
“Generic mean curvature flow I: generic
singularities”, Theorem 10.1.
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2
So the maximum principle implies that % is constant, and hence (by
the above calculation)

II

HVII - VH®II).

That is,
HVII = VH®II (5.142)

Tracing this, we find that
HVH =1I(VH). (5.14b)

Suppose first that there exists some point x at which VH(x) # 0. By
(5.14b), VH is an eigenvector of II at x with eigenvalue H(x). The
Codazzi identity and (5.14a) then imply that

IVH[*1I(1) = HVyyull(x) = HV,I(VH) = HV,HVH = 0

atx forany u L VH(x). Sox;(x) =0fori=1,...,n—1and x,(x) =
H(x). It follows that ‘II_IL; = 1. Recalling the identity

divX' =n—HX-N,

integrating (5.13) yields
0= — /AH du

= _/V%XTde+/(H3—%H) du
= %/div (XT)de+/(H3—%H) du

o3 [
0

> U,

which is absurd.
We conclude that VH = 0. The identity (5.13) then implies that
H? = % We conclude from the Alexandrov theorem (or directly from

(5.14a)) that the shrinker is the round sphere of radius \/g . O

Given a hypersurface X : M" — R"*!, consider the weighted area
functional

60 = [ XV duy, (515)

where f : R"*! — R is the gradient soliton potential (for some choice
of v € R? and A € R). The gradient soliton equation (5.5) (with
V = Df) is the Euler-Lagrange equation for G.
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Proposition 5.9. If M" is compact and {Xe : M" — R}oc(_g)ep) 15 4
smooth variation of X = X, then

d * —-X*f

—| G(X;)=-| (H+X*'Df)-F dpx,

d€ =0 n

where E is the variation field. Thus, X is a stationary point of G if and only
if it satisfies (5.5) with V = Df.

Proof. This as an easy consequence of the first variation formula for
the area element. O

Consider now, for some shrinker X : M" — R"t! the associ-
ated self-similarly shrinking mean curvature flow / —tqblog ﬁX . This

mean curvature flow will satisfy
Fy, + 2 xt —o,

where A(t) = L
constant) is given by

. So the potential function (after adding a normalizing

Flat) = AL + 25 10g(am) = B 4 n51 100 (47).
Observe that the density function
e g _ s
h=A7ef = (—Ant)" "2 e -

is then the fundamental solution to the ambient CONJUGATE HEAT
18

EQUATION
(0t —A)*h=0
on R"*1 where

(0 —A)* =

is the CONJUGATE HEAT OPERATOR.

—(0r+A4)

5.3 The differential Harnack inequality

Observe that, by (5.10) and (5.13), a locally uniformly convex, self-
similarly expanding mean curvature flow must satisfy

oH _ |[VH? 1

H g 2t’

while a locally uniformly convex, self-similarly translating mean cur-
vature flow must satisfy

aH _|[VHP
H g2 -

*® So named because a smooth function u
satisfies the heat equation in Q) x (a,b) C
R"™1! x R if and only if

[y

for every smooth function ¢ which is
compactly supported in Q) x (a,b).

)V*@dLdt =0
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Theorem 5.10 (Differential Harnack inequality™). Along any locally
uniformly convex mean curvature flow X : M" x [0, T) — R"*1, M" com-
pact,

oH |VH> 1

Ak —>0. .

H P + T 0 (5.16)
Moreover, if (5.16) holds along a (not necessarily compact) proper, locally

uniformly convex mean curvature flow X : M" x [0,T) — R"*!, then
it holds with strict inequality, unless X : M" x [0,T) — R"™ ! is a self-
similarly expanding solution.

Along any locally uniformly convex, ancient mean curvature flow X :
M" x (—c0,T) — R"*1, M" compact,

4H _ |VHP
H H?

> 0. (5.17)

Moreover, if (5.17) holds along a (not necessarily compact) proper, locally uni-
formly convex, ancient mean curvature flow X : M" x (—oo, T) — R"H1,
then it holds with strict inequality, unless X : M" x (—c0,T) — R"lisa
self-similarly translating solution.

Sketch of the proof. Consider the functions
Q= d;logH — |VIogH|?> and P = 2t(d;logH — |VlogH|?) + 1.

Note that P = 0 if and only if X : M" x [ — R"*! is a self-similarly
expanding solution and Q = 0 if and only if X : M" x [ — R""lis a
self-similarly translating solution.

With respect to the Gauss map parametrization, these functions take a
simpler form:

Q =odtlogH and P =2td;logH + 1.

Using the identities
' =V% 0l

(as a tensor on S" of type (1,1)) and
atO' = — H,

where ¢ : S" x I — R is the support function of the solution, and V
and A are the covariant derivative and Laplacian with respect to the
round metric, g, it is not difficult to derive the identities

2:Q = AQ +23(VlogH,VQ) +2Q?,

and
0:P = AP +2g(V1ogH, VP) 4+ 2QP.

Since P|—g = 1 > 0, the maximum principle implies that P > 0
for positive times, which yields the first claim. The strong maximum

' Andrews, “Harnack inequalities for
evolving hypersurfaces”; Richard S.
Hamilton, “Harnack estimate for the
mean curvature flow”
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principle then yields the second. The third and fourth follow by time-
translating the estimates for a sequence of times approaching minus
infinity. O

Note that, by continuity, smooth (noncompact) limits of mean cur-
vature flows on compact manifolds satisfy the differential Harnack in-
equality. Hamilton’s argument also applies directly in the noncompact
case, so long as the solution has bounded curvature on compact time
intervals. As such,

Corollary 5.11. any eternal convex mean curvature flow which attains its
(spacetime) curvature maximum evolves by translation.

Corollary 5.12 ((Integral) Harnack inequality). Along any locally uni-
formly convex mean curvature flow X : M" x [0, T) — R"*1, M" compact,

2
VB H(xs,t) > vE H(x1, h)exp <d<xwzf1>>

—4(t2 — 1)
forany x1,x0 € M" and any 0 < ty < tp < T.

Proof. Integrate the differential Harnack inequality (5.16) along space-
time geodesics (as in Corollary 4.13). O

5.4 The monotonicity formula for Huisken’s functional

Given a mean curvature flow X : M" x [ — R"*1, M" compact, the
HUISKEN FUNCTIONAL ¥ is defined by

|X(xt)—po[?

g(po,to)(M"rf)i(47T(f0—f))77/ne R dpy(x). (5.18)

=

Observe that this is simply (47(ty —t))~2 times functional G from
Proposition 5.9 (in the shrinking case), evaluated along the mean cur-
vature flow. Observe that ¢ is invariant under parabolic rescaling
about (po, tp), and is thus constant in time along a self-similarly shrink-
ing mean curvature flow which is centred at (po, to).

Define the density

0 1XGD-pol?

T(Po,fo) (xr t) = (47'[(1’0 — t))ijeél(tfto)

- \/mcp(r’olfo)(x(x’ B.t),

2
_ 1 lp=pol

Oipor (1) = (e — 1) F T

is the fundamental solution to the ambient conjugate heat equation
based at (x, to).

where

107
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Proposition 5.13 (Monotonicity formula for Huisken’s functional®°).
Given any (po, to) € R? x R and any mean curvature flow X : M" x I —
R"1, M" compact®*

(X = po)* ’

H
HFITED

d

ag(Po/fO)(MH’ﬂ B _/ n
forall t € IN(—oo,ty). In particular, 4, ,)(M",t) is nonincreasing
over I N (—oo, ty), and strictly decreases unless X is self-similarly shrinking
about®* (po, to).

‘P(p(],to) dV (519)

Proof. As in the two dimensional case (Proposition 4.14), the claim
follows from the pointwise identity

2
o e (X —po)*
(3 + A —H)Y, = H+72(to—t)

po-to) (posto) *

5.4.1  The local regularity theorem

Given (p,t) € R™! x R and r > 0 such that t — 7> € I, the GAUSSIAN
AREA RATIO ©,(p,t) of a solution to mean curvature flow X : M" x
I — R"*1 is defined by

|X—p[?

On(p,t) =G ) (t—17) = (47) /M e dpy_p. (520

By Huisken’s monotonicity formula (Proposition 5.13), ©,(p, t) is non-
decreasing in ¥ when M" is compact.

A simple calculation reveals that ©,(p,f) = 1 on a stationary hy-
perplane solution passing through p. Conversely, the aAsymrTOoTIC
GAUSSIAN AREA RATIO

©(c0) = lim ©,(0,0)

of a proper ancient mean curvature flow is always at least one, with
equality only on a stationary hyperplane.*3

Theorem 5.14 (Local regularity theorem?#). Given n € IN, there exist
constants € > 0 and C < co with the following property: Let X : M" x I —
R"*! be a smooth mean curvature flow of embedded hypersurfaces which is
properly defined in the spacetime cylinder P,(po, to) = B,(po) % (to — %, to].
If
sup  O,(p,t) <l+e,
(pt)€Pr(posto)
where © is the Gauflian area ratio of X, then

sup || < Cr L (5.21)
Py j2(posto)

* Huisken, “Asymptotic behavior for
singularities of the mean curvature
flow”

* By introducing suitable cut-off func-
tions, the compactness hypothesis on
M" can be removed, so long as the
evolving immersions are proper, and
9 (poty) (M, ) is finite for all t € I; see
Ecker, Regularity theory for mean curva-
ture flow, Theorem 4.11. One impor-
tant situation in which these hypotheses
are guaranteed to hold arises when the
evolving hypereurfaces are convex; see
Bourni, Langford, and Tinaglia, “Con-
vex ancient solutions to mean curvature
flow”, Claim 2.2.2. A local version of the
monotonicity formula was established
by Ecker, “A local monotonicity formula
for mean curvature flow”.

> Le. the spacetime translated solution
X(x,t) = X(x,t+1tg) —po is a self-
similarly shrinking solution.

> White, “A local regularity theorem for
mean curvature flow”, Proposition 2.10.
> ibid.
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Proof. Observe that, by parabolically rescaling and translating in space
and time, it suffices to establish the claim when r = 1 and (po, tg) =
(0,0). Suppose then that the conclusion fails in this case for all ¢ > 0
and C < oo. Then for each j € IN there must exist some smooth
mean curvature flow X; : M! x [; — R"*! of embedded hypersurfaces
which is properly defined in P;(0,0) and satisfies

sup  (Ox)1(pt) <1+j1,
(pt)eP1(0,0)

but admits a point (pj, t;) € P1/2(0,0) at which

x; | (pj t) > j-

Following Haslhofer and Kleiner,?> we seek points (g;,5;) € P3/4(0,0)
such that

Aj= |IIXj|(qj,sj) > j and sup |IIX].| <24, (5.22)
Bijon; j.57)
Now, if (q?,s?) = (pj,tj) already satisfies (5.22), then it is the point
we seek. Otherwise, there is a point (q}, 5]1) € Pp0 (q?,s?) such that
j
Af = |lx|(q],5]) > 2A;. I (gf,s}) satisfies (5.22), then it is the point
we seek. Otherwise, there is a point (¢2,5%) € P;,19.1(q},8}) such that
J77i J/10A; 72

/\]2 = |IIXj\(q]1.,s]1) > 2)\]1, etc. Note that

1 j 1,1 3
§+#/\5)(1+§+1+"')<1.

Thus, since |IIX].| is finite in P;(0,0), the iteration must terminate after
a finite number of steps and the final point of the iteration will lie in
P3,4(0,0) (and satisfy (5.22)).

With our new sequence of points (g;,s;) in hand, consider the flows
)A(j : M]” X T] — R™! obtained by shifting q; to the origin and parabol-
ically rescaling by A;. This new sequence satisfies |Hf<,' 1(0,0) =1 and
SUPp, 10(0,0) |II§(]_\ < 2. Thus, by Theorem 2.22, we can pass smoothly to

a proper ancient limit flow satisfying

III](0,0) =1 and ©;(0,0) =1.
But the latter property implies that the limit is a stationary hyperplane,
contradicting the former. O
5.5 Noncollapsing

Roughly speaking, a sequence of embedded hypersurfaces M; = 9();,

Qj C R"1! is said to coLLAPSE if, modulo translation and scaling,
open

25 Haslhofer and Kleiner, “Mean cur-
vature flow of mean convex hypersur-
faces”.
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their interior regions (); degenerate as j — oo, with their curvature
remaining bounded. One precise way to quantify this is to ask for a
sequence of points x; € I'; such that

i—1
1l <j,

7i(x;) sup (5.23)

B]'l"r(lxj) (%)
where 7(x) denotes the INSCRIBED RADIUS of 9Q) at x € d()—the ra-
dius of the largest ball contained in () whose boundary passes through
the boundary point x.

Note that 7k is scale invariant. Thus, if (5.23) holds, then, at the
scale of the curvature, the inscribed radius degenerates to zero. Since
max|,|—o II(v,0) < 771, with strict inequality only if the boundary of
the ball BZ*!(x — 7N(x)) meets 9Q at some other point y € 9Q \ {x},
this means that two (intrinsically distant) portions of the boundaries
are coming together. On the other hand, at the scale of the inscribed ra-
dius, the curvature is tending towards zero in arbitrarily large regions,
and at this scale the regions converge to a slab of width two.

Andrews proved that the inscribed radius is pointwise nondecreas-
ing, relative to the scale of the mean curvature, under embedded, mean
convex mean curvature flow.

Proposition 5.15 (Interior noncollapsing?®). Along any embedded7, mean
convex mean curvature flow {My = Q4 }sejo 1), O C R bounded, the
INSCRIBED CURVATURE k = 7! satisfies

(0; — Ak < |TI|%k

in the viscosITY SENSE2S, In particular,

k < KH, where K#maxk.
My, H

Equivalently,
7> 6H !, where § = min7H.
Mo
Sketch of the proof. Using the inequality (5.4) to treat the diagonal case,
the argument proceeds much as in the one-dimensional case (Proposi-
tion 4.15). O

In fact, reversing the orientation of the hypersurfaces yields a corre-
sponding exterior noncollapsing estimate: if we define the EXSCRIBED
CURVATURE k at x € Q) to be the radius of the largest GENERALIZED
BALL (oriented region with constant extrinsic curvature?) which en-
closes Q) and touches 9} at x, then we obtain the following.

% Andrews, “Noncollapsing in mean-
convex mean curvature flow”

27 In fact, it suffices here, and in the fol-
lowin g theorem, for the evolving hy-
persurfaces to be Alexandrov immersed;
see Lambert and Mader-Baumdicker, “A
note on Alexandrov immersed mean
curvature flow”.

# This is a weak formulation of the dif-
ferential inequality (3; — A)u < |1I|%u
which applies to any continuous func-
tion. It asserts that, at any point
(x0,t0) € M" x (0, T), any smooth func-
tion ¢ : M" x [0,T) — R which touches
k from above at (xg, t), in the sense that
@ > k on a backward spacetime neigh-
bourhood U X (g — 6, to] of (xo, to) with
equality at (xo, to), satisfies

(0r—A)gp < |II|2g0 at (xo,to).

*»Le. a ball (constant positive curva-
ture), a halfspace (constant zero curva-
ture) or a ball-compliment (constant neg-
ative curvature).

3 Andrews, “Noncollapsing in mean-
convex mean curvature flow”
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Proposition 5.16 (Exterior noncollapsing3°). Along any embedded, mean
convex mean curvature flow, {My = 0Q4} (o), Qi C R"*! bounded, the
exscribed curvature satisfies

(3 — A)k > |11k
in the viscosity sense. In particular,

k> KH, where K#miné.
My, H

Thus,

— if K > 0, then the CIRCUMSCRIBED RADIUS r (at each x € 9}, the
radius of the smallest ball which encloses () and touches 0Q); at x) satisfies

r < DH, where D #Kil;

— if K < 0, then the EXSCRIBED RADIUS (af each x € 9QY, the radius of
the largest ball which lies in R" \ Q) and touches 0Q); at x) satisfies

r>6H, where § = —K 1.

5.5.1 An estimate for the curvature

Exploiting the interior noncollapsing estimate (Proposition 5.15) in
conjunction with the improvement-of-convexity estimate (Proposition
5.3), we shall establish that a compact, mean convex, embedded mean
curvature flow is uniformly starshaped about any given point, at the
scale of the curvature at that point. This yields the following local
curvature estimate (cf. §2.5).

Proposition 5.17 (An estimate for the curvature3'). Given any A > 0,
and any compact, mean convex, embedded mean curvature flow {aﬂt}te[orn,
there exist K = K(n, A, Q) < oo and C = C(n, A, Q) < oo such that

= H(x,t) > K = sup H<Ccrl.

Bar(x) x (t—A212 1]

Sketch of the proof. By the interior noncollapsing estimate (Proposition
5.15), we can find some § = 6(Q) > 0 such that, for any t € [0, T)
and any x € 9(Y, the ball of radius s H™!(x,t) centred at the point
x —H !(x,t) N(x,t) is enclosed by Q) (and hence also by 9 for all
s < t, since the flow is monotone). By Proposition 2.24, it therefore
suffices to show that, whenever r—1 = H(x, t) is sufficiently large, the
trumpet T% (%, p, 0r) about the point £ = x — rN(x,t) is contained in
Uipar(x,s), the connected component of Qs N Bypa,(x) which contains
Bs, (%), for all p € U;_x,(x,s) and all s € (t — 100A%r?,t] € [0,T) (cf.

Figure 5.3: The inscribed curvature at
x1 is positive and given by k(x;) =
k(x1,y1). The exscribed curvature at x;
is negative and given by k(x1) = xy(x1).
The inscribed curvature at x, is posi-
tive and given by k(x2) = xu(x2). The
exscribed curvature at x; is positive and
given by k(x2) = k(x2,12).

3 We present the argument of Lynch,
“Convexity and gradient estimates for
fully nonlinear curvature flows”, §4-
5, which extends ideas of Brendle and
Huisken, “A fully nonlinear flow for
two-convex hypersurfaces in Rieman-
nian manifolds”. There is also a quite
different (earlier) argument, due to Hasl-
hofer and Kleiner, “Mean curvature flow
of mean convex hypersurfaces”, which
makes use of fwo-sided noncollapsing
and the local regularity theorem.
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Proposition 2.26). Let us denote by Q(6,10A) the set of pairs (x,t)
which do satisfy this property.

Suppose then that, contrary to the claim, there is a sequence of
spacetime points (x;,¢;) with r]fl = H(xj,tj) — oo such that (xj,t;) ¢
Q(4,A). By a “point-picking” argument (cf. (5.22) above), we can
choose our sequence so that if f < t and H(x,t) > 4H(x]-, t]-), then
(x,t) € Q(J, A). Now, by assumption, we can find some time s; € (t; —
100A%r2,tj] and some point p; € Uioa,(xj,s;) such that the trumpet
T% (321, pj, (5rj) intersects BQs]. somewhere in the connected component
of ﬁsj N Bipar(x) which contains By, (£). But then, by “moving” the
mouthpiece of this trumpet, we can find another trumpet T% (%;,pj, 0r})
which does lie in the connected component of ﬁs]. N Byoar(x) which
contains B, (£) but makes contact with d()s; at some point, y; say. At
this point, we find that

) 2
MYirsi) < ~ 5 00A2 4+5zrfl ==yt

On the other hand, by mean convexity and preservation of pinching,
there is some C = C(Q)g) < oo such that

x1(yj,87) = —CH(yj, sj),

and hence
H(y;,sj) > 'yC_lrj_l.

Since rj_l = H(xj, t;) tends to infinity, this ensures that H(y;, s;) tends
to infinity as well, and the improvement-of-convexity estimate then
ensures that

Hxj ) < — 1k s) —0 as j— .

H(yj,s;) H(yj,s;)
Le. H(yj,s;) tends to infinity faster than H(x;,t;). In particular, we
eventually have H(yj, sj) > 4H(xj, tj), and hence, after passing to a
subsequence, (y;,s;) € Q(4,A) for all j. Thus (by Proposition 2.24
and the Bernstein estimates), if we rescale by (5H_1(y]-, sj) about the
spacetime points (y;,s;) and rotate so that the normal at the spacetime
origin is e,;1, we can (after passing to a subsequence) take a smooth
limit in the spacetime cylinder B;_1, (—e1) x (=6 2A2,0].

This limit flow will have nonnegative principal curvatures (by the
improvement-of-convexity estimate) and positive mean curvature (by
the strong maximum principle, since it is nonnegative by construction
and positive at the spacetime origin). Moreover, since its smallest prin-
cipal curvature will vanish at the spacetime origin, it must split off a
line (in accordance with Proposition 3.2).

Since the mean curvature at (y;,s;) dominates the mean curvature
at (xj,t;), it can be shown that the rescaled trumpets which touch the
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rescaled solutions from the inside at the spacetime origin converge
(after passing to a further subsequence) to a limit hypersurface, X,
which is either a round cone of positive aperture (in case the distance
from the origin to the vertex of the rescaled trumpet remains bounded)
or a hyperplane (in case the distance from the origin to the vertex of
the rescaled trumpet does not remain bounded), and touches the limit
flow from the inside at the spacetime origin. Note that the ray of
the cone through the origin must be a splitting direction for the limit
flow.32

So the (locally convex, strictly mean convex) limit solution both
splits off a line and touches a cone/hyperplane ¥ from the outside
at the spacetime origin. This is clearly impossible in case X is a hy-
perplane, but is not immediately a contradiction in case X is a cone
(since a small piece of a cylinder can touch a cone from the outside);
but the convergence may actually be extended along the whole ray. In-
deed, since the cross sections in the limit lie outside of corresponding
sections of the cone, Proposition 2.24 can be exploited to estimate the
curvature in a neighbourhood of the ray (in terms of the inradius of
the corresponding conic section). This results in the anticipated con-
tradiction. O

5.6 Exercises

Exercise 5.1. Let X : M" — R" n > 2 be a compact, mean convex,
self-similarly shrinking mean curvature flow.

(a) Show, using improvement of convexity (Proposition 5.3), that X :
M" — R"*1 satisfies x; > 0.

(b) Deduce, using the splitting theorem (Proposition 3.2), that X :
M" — R"*! satisfies «; > 0.

(c) Conclude, using improvement of roundness (Proposition 3.6), that
g 1mp P
X : M" — R"*! is umbilic, and hence the shrinking sphere.

Exercise 5.2. Prove that a curve in the halfplane ¥ = {(x,r) : r > 0}
generates an axially symmetric shrinker in R”*! (via rotation about
the x-axis) if and only if it is a critical point of the length functional in
the metric

XZ 72
o= 2 De= % (dx® +dr?).

Exercise 5.3. Let {aQt}te[a,w} be a compact, convex and locally uni-
formly convex mean curvature flow.

(@) (i) Show (using (5.16)) that

ot ( 2(t — zx)H> >0 (5.24)

31In case the vertex of the limit cone is
the origin, the tangent hyperplane to the
limit solution at the spacetime origin still
contains one of the rays of the limit cone.
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with respect to the Gauss map parametrization.

(ii) Deduce, or show using (5.17), that
H>0 (5.25)

(with respect to the Gauss map parametrization) if {0 }1c (4 ]
extends to an ancient solution.

(b) Denote the support function of () by (-, ).

(i) Show, using (5.24), that33 33 Compare this with Tso’s estimate
(Proposition 2.23).
o(,t)—o(-,w) w—u
H( ) < —2——"2—=11 7.
(1) < 2(w —t) + t—a

(ii) Deduce, or show using (5.25), that

o(,1) ~o(,w)
ALO <=0

if {004} 4[4, extends to an ancient solution.
(c¢) Conclude that

max H(-,t) < , (5.26)
{ZGSZZU(Z,t)7(7(2,(4})§C\/(U7t} w—t

solong ast > w — “5%, say.
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Towards a classification of ancient solutions

Let X : M" x [0,T) — R"! be a maximal mean curvature flow on
a compact manifold M". By Theorem 2.19, we know that T < oo
and limsup, »r maxyp, {7 [II[ — co. If we choose (x;, t;) so that A; =
\II(letj)| = MaXyp, [o,7—j1] TI|, then the mean curvature flows X; :
M" x Ij — R" ! defined by

Xj(x, 1) = Ay (X0 A2+ 1) = X(x;17) ), Ty = [-A24,0]
will satisfy |II] < 1 and |H(x]-,t]-)| = 1. By the compactness theorem
(Theorem 2.22), we can then find a complete ancient (subsequential)
limit flow Xe : ML x (—00,0] — R"*1, on which
1. |II] <K < oo
If the original flow is mean convex, then we will also have

2. I>0and H >0

due to Proposition 5.3 (and the fact that |II] = 1 at the spacetime
origin). But then the differential Harnack inequality®

2 oH - VHE > ¢

will also hold.

If the original flow is is mean convex and embedded, then (due to
Theorem 5.15) we can also arrange that the evolving regions bounded
by the flows converge to a limit satisfying

4. 7>6H1,6>0.

A good understanding of such solutions will thus provide a good
understanding of singularity formation in mean convex (embedded)
mean curvature flow. Confidence that this is genuine progress to-
wards an understanding of singularity formation can be taken from
the following classical theorem of Hirschman.?

Theorem 6.1 (Appell’s theorem?3). Any positive ancient solution u to the
heat equation on R" satisfying u(x,0) = e*(*) must be constant.

*Hamilton showed that the argument
sketched in Theorem 5.10 may still be
applied when M" is noncompact, so
long as the flow has bounded curvature
on compact time intervals. See Richard
S. Hamilton, “Harnack estimate for the
mean curvature flow”.

2 This is the caloric counterpart of Liou-
ville’s theorem for harmonic functions.
As for Liouville’s theorem, the hypothe-
ses are necessary—consider the solu-
tions et and |x|2 + 2nt, for exam-
ple. Note that Widder’s theorem guar-
antees that a positive solution to the heat
equation on R" X [, w) can be extended
uniquely (amongst positive solutions) to
R" x &, 00). See Widder, “Positive solu-
tions of the heat equation”.
3 Appell, “Sur 1'équation gé — g—; =0
et la Théorie de la chaleur”; Hirschman,
“A note on the heat equation”
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We will present an overview of the landscape and structure of con-
vex ancient solutions to mean curvature flow. The proofs of many of
these results are highly technical. In such cases, we either only sketch
the arguments, or omit the proof entirely.

6.1 Ancient solutions in one space dimension

So far, the only ancient mean curvature flows we have seen in one di-
mension are solitons. Namely, the static/shrinking line, the shrinking
sphere, and the Grim Reaper. There is a further (non-soliton) exam-
plet.

Example 9 (The ancient paperclip). The family 7y : R/27Z x (—o0,0) —
R? defined by

0 0
. Ccos w sinw
’)/(81 t) - (/0 K(a), t) dw/[; K((U, t) d(U) 7

, 1
K(G, t) = \/C0529+ e_2t7_1, (61)

is parametrized by turning angle and evolves by curve shortening flow.

where

Indeed, since 7 is parametrized by turning angle by construction (so
that its curvature is given by «), we only need to check that

Kt = KZ(Kee +x),

which is a straightforward exercise. Since the curvature function is
always positive and the turning number is always one, the curves I'y =
v(R/27Z,t) bound bounded convex regions ();. Note also that x
is increasing in t for fixed 6 (as it must, by the differential Harnack
inequality in the form (5.25)).

Setting a?(t) = ﬁ, observe that

0 .
x(0,t) = / LY 4w = arctan __sin6 (6.2a)
0 K(w,t) cos? 0 + a%(t)
0 o 2 2
sinw cos? 0 + a?(t) — cos
0,t) = / dw = —t+1o . (6.2b
y(6,4) 7 k(w,t) & ( 1+ a%(t) ) (6:20)
In particular,
cosx = e coshy. (6.3)

We may read off a number of properties of the solution from these
formulae.

— First, I'; is symmetric under reflection across both the x- and y-axes;
it has exactly four vertices—the points of intersection with the axes

(corresponding to 8 = 0, 7, 71, 31).

4 Discovered by Sigurd B. Angenent,
“Shrinking doughnuts”, and rediscov-
ered by Lukyanov, Vitchev, and A. B.
Zamolodchikov, “Integrable model of
boundary interaction: the paperclip”
and by Nakayama, lizuka, and Wadati,
“Curve lengthening equation and its so-
lutions”.

DM

(=

Figure 6.1: The ancient paperclip along-
side its asymptotic Grim Reapers.
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— Second, as t — —oo, the enclosed regions approach I, the vertical
strip of width two, in the sense that (); are decreasing in ¢ and
Ut<0Q)¢ = I1. In fact, the curves 9Q); approach the boundary of 9I1
locally uniformly in the smooth topology as t — —oo. (This can be
checked directly using (6.1) and its derivatives, but we only need
to check that x — 0 in any compact subset of the plane, due to the
Bernstein estimates and interpolation.)

— Third, the rescaled curves (—t)’%Ft converge to the unit circle (lo-
cally uniformly in the smooth topology) as t — 0.

— Fourth, the spacetime translated flows {Tt1s — y(5 £ 7,5) }ye(—co,—s)
converge as s — —oo (locally uniformly in the smooth topology) to
the Grim Reaper {G = graphy+ () }e(—oo,0), Where y+(x,t) =
+(logcosx — t +log2).

One plausible way to “derive” the ancient paperclip solution is as
follows: any convex curve shortening flow {9} };c; may be exhibited
as a family of level sets of a function u : 3 — R via

O = {(x,y) € R®: u(x,y) > t}.

By Exercise 1.2, the function u must satisfy the level set flow equation
(1.12), which in two dimensions may be rewritten as

uxxui + uyyui +u? + u§ = 2Uyyliylly. (6.4)
Observe that, under the Ansatz
Vu(x,y) = (F(x),G(y)), (6.5)

the equation (6.4) separates: the terms on the right hand side vanish,
and rearranging yields

Fo+1 Gy+1
2 + oz = 0.
So, up to interchanging x and y, there must be some constant A > 0
such that

Gy+1 _)\2_in+1
N
These equations admit the solution

F(x) = —A 'tan(A(x — xp)) and G(y) = A1 tanh(A(y — yo))-

Integrating then yields

u(x,y) —up = A>log ( cos(A(x = o)) > .

cosh(A(y — o))

Fixing A =1, (x0,0) = (0,0), and 1y = 0 yields the paperclip solution
(in level set form). The parameter u( corresponds to time-translations,
while (xg,10) corresponds to spatial translations and A to parabolic
dilations. |

117



118

The ancient paperclip example completes the list of convex ancient
curve shortening flows!

Theorem 6.2 (Classification of convex ancient curve shortening flows>).
Every maximal, convex ancient curve shortening flow {004 }ye(— oo ) 15 €i-
ther

— a shrinking round circle,
— a static halfplane or strip,
— a Grim Reaper, or

— an ancient paperclip.

Sketch of the proof. By the strong maximum principle, our convex an-
cient curve shortening flow {00)};c(_«,) has positive curvature ev-
erywhere unless it is flat, and hence the boundary of a static half-plane
or a strip. We may therefore assume that the curvature is everywhere
positive.

Next, we claim that {00 };c (o) satisfies the differential Harnack
inequality (4.28). We only proved this (in Proposition 4.12) in case M!
is compact, but the argument can also be applied in the noncompact
case (in all dimensions) if the solution has bounded curvature on com-
pact time intervals.®7 To prove this, fix any ty < w and consider any
sequence of points x; € dQ) such that |x;| — oo as j — co. Observe
that, by convexity of (), the sequence of translates )y, — x; subcon-
verges in the Hausdorff sense to a limit convex set which contains a
line, and hence splits off a line. This limit can only be a halfplane or a
strip. If it is a strip, then, by a straightforward application of convexity,
the strip must have half-width at least equal to the inradius r of ().
But then Proposition 2.25 can be applied to bound the curvature of
90 by ~ r~! on a backwards time interval from t; of length ~ 2. (In
fact, the Bernstein estimates and the theorem of turning tangents now
imply that the curvature tends to zero at infinity.)

By (5.26), the curvature grows at most like —— in origin centred

—t

balls of radius ~ /—t as t — —oo. It follows t}\l/z;the rescaled flows
A9 -2, have uniformly bounded curvature in any compact subset of
R"*1 x (—00,0) for A > 0 sufficiently small. If the enclosed regions do
not degenerate, then the compactness theorem (Theorem 2.22) ensures
that we can find a sequence A; — 0 and a convex ancient curve short-
ening flow {00°};c(_q ) (called a BLOW-DOWN of {00} c(— o))
such that {)L]-BQ/\fzt}te(foo,)\jgw)m(fmlo) tends to {00)° }y¢(_o00) locally
uniformly in the s]mooth topology as j — c.

Now, it can be shown that the Gaussian area functional is bounded
by a dimensional constant on the space of convex subsets of R"*!,
and this guarantees that Huisken’s functional ¢ (being monotone by

5Bourni, Langford, and Tinaglia, “Con-
vex ancient solutions to curve shorten-
ing flow”; Daskalopoulos, R. Hamilton,
and Sesum, “Classification of compact
ancient solutions to the curve shortening
flow”

6Richard S. Hamilton, “Harnack esti-
mate for the mean curvature flow”.

7In fact, a more sophisticated argument
removes even this hypothesis—the idea
is to approximate any convex mean cur-
vature flow by compact mean curva-
ture flows; see Bourni, Langford, and
Lynch, “Collapsing and noncollapsing in
convex ancient mean curvature flow”;
Daskalopoulos and Saez, “Uniqueness
of entire graphs evolving by mean cur-
vature flow”; X.-J. Wang, “Convex solu-
tions to the mean curvature flow”.
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Proposition 5.13) takes a limit along {0 };c(—co) as t — —oo. By
invariance under parabolic rescaling, we can then establish that ¢ is
constant on the limit flow (cf. the proofs of Theorems 4.19 and 4.21).
The rigidity case of the monotonicity formula then guarantees that the
limit is a self-similarly shrinking solution. If it has compact timeslices,
then it must be the shrinking circle by Theorem 4.8. In that case, the
original flow must also have compact timeslices, so that w < co and
the rescaled flows {100, 24, , }te(— o) CONVerge to the shrinking cir-
cle as A — oo, in accordance with the Gage-Hamilton theorem (The-
orem 4.19). Since ¢ is also invariant under time translation, we may
now conclude that ¢ is constant on the ancient solution {0 } ¢ (oo )/
which must then be the shrinking circle. If, instead, the blow-down is
noncompact, then it must be a stationary line (since the support func-
tion, equal to twice the curvature by the shrinker equation, tends to
zero at infinity). We now proceed as in the compact case: since we
can blow-up at any interior time to obtain a line, we again find that ¢
is constant, and thereby conclude from the rigidity case of the mono-
tonicity formula that {00 }c(_,) is a stationary line.

We still need to consider the situation in which the interiors of the
rescaled flows {100 2, };¢(_ oo, 120) degenerate as A — 0. In that case,
a technical argument of X.-J. Wang (which we shall sketch in §6.2 be-
low) shows that {00 };c(_co) must actually (remarkably!) be con-
fined to a static strip region. Up to a rotation and a parabolic rescal-
ing, we may arrange that the smallest strip enclosing {00 };¢(_co ) I8
M={(xy) eR>: —F <x< Z}.

Lett — p(t) € () be a continuous choice of “tip” for {0 };¢(—cow);
i.e. a point whose normal is either e, or —e;. Since the differential
Harnack inequality (in the form of (5.25)) ensures that the curvature
is monotone increasing in time in the turning angle parametrization,
the compactness theorem ensures that the spacetime translated flows
{0Q4+s — P(8) Fse(—oow—s) admit a limit {Tt};c(_co00) along some se-
quence of times s; — —oo. It is not hard to show that this limit must
evolve by translation and therefore be either a Grim Reaper or a sta-
tionary line. In fact, since its normal is vertical at the spacetime origin
and it is contained in a strip of width 77, {T't};c(_co,0) must be a verti-
cally translating Grim Reaper of scale at most one.

We claim that the scale of any asymptotic Grim Reaper is actually
equal to one. Indeed, if this were not the case, then the scale would
be uniformly less than one, r < 1, say. But then, due to the differential
Harnack inequality, the curvature at the tip would be uniformly more
than one—at least r~!. Integrating the differential Harnack inequality,
this implies that |p(t) — p(0)| = r~'t, which guarantees that the area
A enclosed by ) and the x-axis grows like A > —%(1+r"!)t. But
this violates the first variation of area (which imposes A ~ —rtt).

~—rlt

Area(ABq*q)
2 —5(14r)- r Yt

Figure 6.2: If the scale of the asymptotic
Grim Reaper at the lower tip is 7, then
the area enclosed by the time f slice be-
low the x-axis is 2 —Z(1+r 1)t
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This shows that our solution {00} ;c(_«,) is Very close to either
a Grim Reaper or to the paperclip solution when t ~ —co (recall
that the latter is very close to two oppositely oriented Grim Reapers
when t ~ —00). These “unique asymptotics” can be bootstrapped into
uniqueness using the maximum principle, in the form of Alexandrov’s
method of moving planes. O

6.2 The slab dichotomy and its consequences

Let {00 }4¢(—cow) be @ maximal convex ancient mean curvature flow
in R"*! and consider the limit region O_s = Ute(—oow) 2t Since the
regions {Q};c (oo, are monotone decreasing with respect to inclu-
sion, )y — _« locally uniformly in the Hausdorff sense. It fol-
lows that the mean curvature flows {00} };c(_o,s) defined by OO =
Qs+ converge locally uniformly in the Hausdorff sense to the static
flow, {00 —co}e(—co0)- But the differential Harnack inequality and
the Bernstein estimates ensure that the convergence is actually smooth,
which implies that {00)—c } ¢ (—co,00) IS @ smooth mean curvature flow.
Since it is static, we conclude that 0Q)_ is either flat or empty, and
hence ()_, is either the whole space, a half-space, or a slab (the region
between two distinct parallel hyperplanes).

Theorem 6.2 shows that all three cases are possible. But note that
the half-plane is rigid in that the only examples whose limiting set is
a half-plane are the half-planes themselves. X.-J. Wang proved that
this is true in all dimensions. His theorem is a consequence of the
following remarkable estimate.

Lemma 6.3 (Slab estimate®). There exist B = B(n) > 0and R = R(n) <
oo with the following property. Let {0 } e (—oo ) be a convex ancient mean
curvature flow in R"*1 which contains the spacetime origin; i.e. 0 < w and
0€ Q. IfQ_1NBr(0) C {x e R"™ ! : —B < x,,1 < B}, then there is a
fixed slab in R™1 which contains O for all t € (—o0,0].

Sketch of the proof. We may represent 0(); as a pair of graphs, 0(); =
graph g, (-, t) Ugraphg_(-,t), over the projection of (); onto the hy-
perplane {x,1 = 0}, with 9Q;” = graph g (-, t) lying “above” 9Q); =
graph g_(-,t). The hypothesis is then essentially that the vertical dis-
placements, max g (-, t) and —ming_ (-, t), increase by at most g ~ 0
in a ball of radius R > 0 as time moves backwards from 0 to —1.
Using the fact that planar slicings of 9(); evolve faster than curve
shortening flow, and hence exhibit superlinear enclosed area growth
in backwards time, it can be shown that the horizontal displacements
increase by at least ~ =1 >> 0 over the same backwards time interval.
Exploiting convexity of (); (which implies concavity of ¢, and —g_
in the space variable), this then ensures that (taking R > B~1) the

8X.-]. Wang, “Convex solutions to the
mean curvature flow”, Lemma 2.7
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gradients Dg. (-, t) are controlled by ~ 1 in a ball of radius ~ B! over

the backwards time interval [—1, —1].

Now, concavity of the vertical displacements g, and —g_ with
respect to the time variable (which is a consequence of the differ-
ential Harnack inequality for convex ancient solutions) implies that
g+ (-, t) —g—(-,t) at most doubles during the next unit of backwards
time; so the above arguments can be repeated with the constant 25. On
the other hand integrating the gradient bound ensures that the mean
curvature H(-, ) cannot be very large on average in a ball of radius
~ B~! during this time interval. The Fubini theorem then ensures that
we can find a point x in this ball at which the mean curvature H(x, -)
is small on average over our time interval. Since the mean curvature
controls the rate of change of the displacement, this integrates to an
improved displacement bound. When applied very carefully, the pro-
cess can be iterated (with summably decaying loss), resulting in the
desired estimate g4 (0,¢) —g—(0,¢) < O(1). O

Corollary 6.4 (Slab dichotomy?). Let {00} (oo, be a convex, locally
uniformly convex ancient mean curvature flow in R"*1. Either

- {Qt}tg(,oo/w) exhausts all of space, or
- {} te (—oo,w) is confined to a fixed slab region.

Sketch of the proof. As in the proof of Theorem 6.2, the estimate (5.26)
and the compactness theorem (Theorem 2.22) ensure that the rescaled
mean curvature flows {/\E)kat}te(,oo,,\zw) take a limit along some
subsequence A; — 0.

If the enclosed regions do not degenerate, then Huisken’s mono-
tonicity formula (Proposition 5.13) guarantees that limit will be a con-
vex self-shrinking mean curvature flow, and hence a shrinking cylinder
by Theorem 6.11 below (cf. Theorem 5.8). We readily conclude from
this that {O }/¢(_c0) exhausts all of space.

On the other hand, if the enclosed regions degenerate, then the
limit must be a hyperplane of multiplicity two, and the hypotheses of
the slab estimate can certainly be arranged for j sufficiently large. So
{A]-aﬂrzt}te(mﬂ]zw) is confined to a fixed slab for such j, and hence

{04 } e (—oo0) must also. .
A convex ancient solution whose enclosed regions exhaust all of

space is said to be ENTIRE.

6.2.1 A nontrivial example

So far, our only examples of ancient solutions are either solitons with
a high degree of symmetry (obtained by reduction to an oDE) or the

9ibid., Corollary 2.2
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ancient paperclip solution (an explicit non-soliton solution obtained
by imposing an ad hoc ansatz on the level set flow equation). White'®
provided the first truly “parabolic” (in the sense of PDE methods) con-
struction of an ancient mean curvature flow.

Theorem 6.5 (The ancient Steeden?). There exists a non-round entire
convex ancient mean curvature flow X : S? x (—o00,0) — R® on which
O(2) x O(1) acts by isometries.

Sketch of the proof. The idea is to take a limit of “very old” solutions
constructed by evolving suitable initial data. We begin by evolving a
sequence of (O(2) x O(1)-invariant) smoothly capped cylinders Cy =
S! x [k, k] of radius one and length 2k. When k = 0, the solution is
the round sphere of radius one, which shrinks to a point after time
~ 1. For other values of k, C; still shrinks to a point in time ~ 1
(the initial cylinder is an outer barrier), becoming round in the process
(in accordance with Huisken’s theorem). After translating time, we
can arrange that the final time is t = 0. Using srinking spheres as
inner barriers, it can be shown that the “perigee” and “apogee” take
a fixed amount of time to decrease by 1/2. So we can parabolically
rescale so that, for k > 1, the “eccentricity” is ~ 2 and the inradius
is ~ 1/2 at time t = —1, and that the initial time a; goes to —oo
as k — oo. Since the inscribed radius times the mean curvature is
uniformly controlled from below at the initial time, it remains so due
to Andrews’ noncollapsing estimate (Proposition 5.15). Proposition
5.17 and the Bernstein estimates then ensure that the curvature and
its derivatives are uniformly bounded along the sequence. We can
now take a limit as k — co using the compactness theorem. Since we
ensured that the eccentricity is ~ 2 at time —1 along the sequence, the
limit cannot be the shrinking sphere. O

6.2.2  Entire ancient solutions in two space dimensions

The ancient Steeden completes the list of entire convex ancient solu-
tions to mean curvature flow in IR3.

Theorem 6.6 (Angenent-Daskalopoulos-Sesum?’?, Brendle-Choi'3,
X.-J. Wang'4). Every entire convex ancient mean curvature flow in R> is
one of the following:

1. a shrinking sphere.
2. a shrinking cylinder.
3. a radio-dish soliton.

4. an ancient Steeden.

© White, “The nature of singularities in
mean curvature flow of mean-convex
sets”.

" Steeden are the producers of the
iconic Australian Rugby League football
(which is more oval than a European
football and less pointy than a North
American football). Evidently, I am
a Rugby League fan; followers of the
Rugby Union may prefer the “ancient
Gilbert”; followers of Australian Rules
Football may prefer the “ancient Sher-
rin”. Followers of American or Canadian
football should consider orbifolds.

S, Angenent, Daskalopoulos, and
Sesum, “Uniqueness of two-convex
closed ancient solutions to the mean cur-
vature flow”

3 Brendle and K. Choi, “Uniqueness of
convex ancient solutions to mean curva-
ture flow in R3”

4 X.-J. Wang, “Convex solutions to the
mean curvature flow”
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6.2.3 The structure of entire convex ancient solutions

X.-]J. Wang developed a beautiful structure theory for entire convex
ancient solutions to mean curvature flow. We will present a brief
overview of his theory.

We first observe that the interior curvature estimate of Proposition
2.25 implies the following rudimentary compactness property for the
space of convex ancient solutions.

Proposition 6.7. Let {an{}te(,wro] be a sequence of convex ancient mean
curvature flows and x; € Q{‘j, t; € (—o0,0] a sequence of points and times
such that (x;,t;) — (0,0) and

liminf H/(x;, t;) > 0.

j—o0
The following are equivalent.
1. A subsequence of{BQ{}te(,w,o] converges in C° (R"1 x (—o0,0]).

loc

2. There are constants p > 0 and C < oo such that, after passing to a
subsequence,
sup H <C
By (0)x[—p%0]

for each j.

3. The sequence {Q{) }jen subconverges in the Hausdorff topology to a con-
vex set of dimension n + 1.

4. After passing to a subsequence, there is an open ball in NjeN Q{).

Sketch of the proof. This is a straightforward consequence of the Bern-
stein estimates (Proposition 2.21) and Proposition 2.25.%5 O

The following “paraboloid estimate” is a consequence of the slab
estimate and Proposition 6.7.1°

Proposition 6.8 (Paraboloid estimate'?). There exists 1 = n(n) > 0 with
the following property. Let {00 }c(_oo,0) be an entire convex ancient mean
curvature flow. Given py € 0C),,

qu(PO) C Oy forall t <ty —H(po,to)iz.

Proof. Suppose, contrary to the claim, that there is a sequence of entire
convex ancient solutions {an;‘}te(_wro] with the following properties:

- 90} contains the origin.

— There is a sequence of times t; < — H(0,0)~2 such that

V=t dist(0,004) — 0 as i — oco.

“See, e.g., Bourni, Langford, and
Lynch, “Collapsing and noncollapsing in
convex ancient mean curvature flow”,
Proposition 2.2.

1 The terminology comes from the fact
that the inclusion B, ;—(po) C Q for
some 77 > 0 is equivalent to the existence
of a paraboloid lying below the graph of
the ARRIVAL TIME of {Q}¢(—co0—the
function u : Uje(_a0 092 — R defined

by
u(X) =t <= Xecoly.

7X.-J]. Wang, “Convex solutions to the
mean curvature flow”, Theorem 2.2
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Performing a parabolic rescaling by \/—t; for each i € IN, we may
assume that t; = —1 and Hi(0,0) > 1. Passing to a subsequence, we
may assume that ()" ; converges locally uniformly in the Hausdorff
topology to a closed convex set K.

We consider two cases. First, if K has no interior, then it lies in a
hyperplane by convexity. We are assuming 0 € Q) |, so K contains the
origin, and up to a rotation we may assume that K C {x,;1 = 0}. In
particular, given any > 0 and R < oo, for all sufficiently large ,

O NBR(0) € {lapa] < B

Choosing R sufficiently large and B sufficiently small, the slab estimate
(Lemma 6.3) ensures that aﬂi is confined to fixed a slab for all ¢t < 0,
contrary to our assumption.

Suppose instead that K contains an open ball By,. Let T be the
supremum over all times ¢t < 0 such that ()} has a subsequential Haus-
dorff limit containing B, /». The avoidance principle and the fact that
By, C K ensure that T > —1, and by Proposition 6.7, {00} }1c(—oo,7]
subconverges in Cj, to a smooth convex ancient solution {0 };¢ (—co,71-
Since 0 € O and dist(0,00)' ;) — 0, we have 0 € 9Q); for all ¢t €
[—1,T]. Applying the strong maximum principle to H shows 9(); is
stationary, and thus consists of a hyperplane or pair of parallel hyper-
planes for all + < T. In this case By, C K = Q1 implies By, C Qr,
hence there is a subsequence in i such that B, C )%, and unless T = 0
we obtain a contradiction to the maximality of T using the avoidance
principle. Thus, 90} converges in C2°

loc :
allel hyperplanes, but we rescaled to ensure H(0,0) > 1, so this is

to a hyperplane or pair of par-
impossible. O

In conjunction with the interior curvature estimate (Proposition 2.25),
the paraboloid estimate implies sequential precompactness of the space
of entire convex ancient mean curvature flows.

Theorem 6.9 (Precompactness of the space of entire convex ancient
solutions™®). Let {BQi}te(,wlo], i € IN, constitute a sequence of entire
convex ancient mean curvature flows. Suppose that 0 € 9QY for each i
and H'(0,0) — Hy € [0,00] as i — oo. After passing to a subsequence,
{80’;}%(,00,0] converges in Cf° (R"1 x (—o0,0)) to a convex ancient mean
curvature flow {00 } e (—oo ). Moreover,

1. if Hy = 0, then the convergence is in C2 (R"*! x (—o0,0]) and the limit
is a stationary hyperplane of multiplicity one;

2. if Hy € (0,00), then the convergence is in C;2 (R"*! x (—o0,0]) and the
limit {00 } e (—oo 0] S entire;

#See X.-J. Wang, “Convex solutions to
the mean curvature flow”, Corollary 2.3
or Bourni, Langford, and Lynch, “Col-
lapsing and noncollapsing in convex an-
cient mean curvature flow”, Theorem 4.6
for a proof.
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3. if Hy = oo, then the limit {00} ic(_ooy) is entire, & = Mo i
an affine subspace of R"*1, and Q splits as a product ¥ x Q- where
{OF }te(—woy0) is a family of bounded convex bodies in L.

The following short proof that entire ancient solutions to mean cur-
vature flow are noncollapsing illustrates the utility of Theorem 6.9.

Theorem 6.10. A convex ancient mean curvature flow {0 }ic (oo ) i
R"*1 is entire if and only if it is noncollapsing.™

Proof. It is easy to deduce entirety from noncollapsing.

To establish the reverse implication, suppose that there is a se-
quence of convex ancient mean curvature flows {aﬁi}te(,w,o] such
that 0 € Q) and H;(0,0) = 1, but the inscribed radius 7; at (0,0)
satisfies 7; — 0. Part (2) of Theorem 6.9 tells us that {E)Qi}te(,wlo]
subconverges in C°.(R"! x (—o0,0]) to a convex ancient mean cur-
vature flow {00 };c(_o- In particular, liminf; o 7; > 0, which is a
contradiction. O

6.3 Further examples of convex ancient solutions

There are a great many further examples®® of ancient mean curvature
flows, even under the assumption of convexity.

Example 10 (Generalized Steedens?'). White’s construction (Theorem
6.5) generalizes to spheres 5" of any dimension n > 2 and any bisym-
metry class O(k) x O(n+1—k), k = 2,...,n. These examples are
convex and entire. |

Note that, while the symmetry groups O(k) x O(n + 1 — k) and
O(f) x O(n+1— /) agree (up to a congruence of R"*!) when ¢ =
n+ 1 —k, the two corresponding examples in the above construction
are not congruent (since, for instance, the blow-down of the example
with symmetry group O(k) x O(n + 1 — k) is the shrinking cylinder

k_iz(k—l)t x R"K). This begs the question of the whereabouts of the
“missing” example: the one corresponding to the symmetry group
O(1) x O(n) (whose blow-down should be S x R"—the hyperplane
of multiplicity two).

Example 11 (The ancient pancake??). For each n > 2, there is an
O(1) x O(n)-invariant, convex ancient mean curvature flow which ex-
hausts the slab {(x1,...,x,41) € R"™ : —=Z < x; < F}. Its “height”
h(t) = o(eq,t) grows like

h(t) > 5 — O((—t)7%) forany ke N as t — —co
and its “radius” r(t) = o(ey, t) grows like

r(t) = —t+ (n—1)log(—t)+cy+o0(1) as t = —oo.

“In fact, an application of the strong
maximum principle to the evolution of
the inscribed curvature guarantees that
{04 }e(—oow) 18 collapsing no worse
than the shrinking cylinder {Si/jt} X
R"-1 (i.e. 7H > 1 at all points).

2 The below list is not exhaustive.

2t Haslhofer and Hershkovits, “Ancient
solutions of the mean curvature flow”

2 Bourni, Langford, and Tinaglia, “Col-
lapsing ancient solutions of mean cur-
vature flow”; X.-J. Wang, “Convex solu-
tions to the mean curvature flow”
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This example is constructed by rotating the time + = —R slice of the
(horizontally oriented) ancient paperclip solution about the y-axis to
obtain an O(1) x O(n)-invariant convex hypersurface, evolving this
hypersurface by mean curvature flow to obtain, after time-translation,
an “old-but-not-ancient” mean curvature flow {90f},c(_,, o) which
shrinks to a round point at time zero in accordance with Huisken'’s
theorem, and (after establishing a number of uniform-in-R estimates)
taking a limit as R — oo. |

Self-similarly shrinking and translating solutions are “trivial” exam-
ples of ancient mean curvature flows. The (mean) convex self-similarly
shrinking solutions are relatively easily classified.

Theorem 6.11 (Colding—Minicozzi*3). The shrinking cylinders Sl\(/jkt X

R"k k e {1,...,n}, are (up to ambient isometries) the only embedded,
mean convex, self-similarly shrinking mean curvature flows.

On the other hand, there are a great many convex self-similarly
translating mean curvature flows. The first nontrivial examples to be
constructed were the FLYING WINGS (so named, by Richard Hamilton,
for their resemblance to the Northrop and Grumman “flying wing”
aircraft).

Example 12 (Flying wings). For each 6 € (0, %) and n > 2, there is an
O(1) x O(n — 1)-invariant convex translator in R"*! with bulk velocity
en+1 which exhausts the slab {(xq,...,x,,1) € R*™1 : —Zsec <
x; < Zsecf}. It is asymptotic to an "2 family of Grim hyperplanes
tilted*4 through angle 6 and scaled by sec6.

These examples are obtained (after establishing suitable estimates)
by taking a limit of solutions to the Dirichlet problem for the graphical
translator PDE over suitable bounded, convex domains which tend to
the desired horizontal slab. In fact, they were originally constructed
by first performing the Legendre transform to the graphical transla-
tor PDE to obtain a certain fully nonlinear equation.”> (The upshot be-
ing that solutions to this equation are automatically convex, and are
thereby equipped with the a priori estimate [II] < H < 1 due to the
translator equation.) They may also be obtained via a barrier con-
struction and Allard’s regularity theorem?®, and there is yet a another
approach which exploits the stability of graphical translators as critical
points of the energy functional (5.15).>” (In fact, in this construction,
the principal curvatures at the tip are prescribed, rather than the slab
width.)

The downside of the two latter approaches is that convexity of the
constructed examples is unclear. But this can be established a posteriori
under the bisymmetry condition.?

That each of these constructions agrees is not obvious—it follows a

» Tobias H. Colding and Minicozzi,
“Generic mean curvature flow I: generic
singularities”, Theorem 10.1.

Figure 6.3: A “flying wing” translator.

*Recall that rotating the Grim hyper-
plane {(x,y,—logcosx +t) € R x
R x R x € (7%/ %)}te(foo,oo)
through angle 6 € [0,%) in a vertical
plane e Ae, 1, e € span{ey, e, 1}, and
parabolically rescaling by secf yields
another unit speed, vertically translating
mean curvature flow.

» X.-J. Wang, “Convex solutions to the
mean curvature flow”.

*%Bourni, Langford, and Tinaglia, “On
the existence of translating solutions of
mean curvature flow in slab regions”

* Hoffman et al., “Graphical translators
for mean curvature flow”.

#Bourni, Langford, and Tinaglia, “On
the existence of translating solutions of
mean curvature flow in slab regions”;
Spruck and Xiao, “Complete translating
solitons to the mean curvature flow in
R® with nonnegative mean curvature”.
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posteriori from the fact that each slab admits at most one convex, locally
uniformly convex translator.?d

A quite natural (and more general) construction was later found
which directly encodes the convexity and asymptotic Grim Reapers;
we will discuss this approach further below, in Example 15. n

The flying wing family interpolates between the Grim plane (6 = 0)
and the radio-dish (§ = 7). There is also a family of entire analogues
of the flying wings, for which the (k-dimensional) radio dish plays the
role of the Grim Reaper.

Example 13 (Entire wings3°). For every n > 3 and k € {2,...,n — 1},
and each pair of numbers 0 < A < y satisfying (n —k)A +ku =
1, there exists an entire, O(k) x O(n — k)-invariant convex translator
in R"*! with bulk velocity e,,; and principal curvatures given by
(A, ..., A, ..., 1) at its “tip” (the point of intersection with the x,,,1-

k-times
axis). |

There is also a family of examples which interpolate between the
generalized ancient Steedens.

Example 14 (Deformed Steedens3'). For every n > 3 and each k €
{2,...,n—1}, there exists an (n — k)-parameter family of entire convex
ancient mean curvature flows that are “only” O(k) x O(1) x - - - x O(1)-

(n+1—k)-times
invariant. The blow-down of each member of the family is the shrink-

ing cylinder Sk—_z%k—l)t x Rk, [ |

There are also a great many non-entire examples. The following
construction suggests the existence of examples which decompose into
axially congruent Grim hyperplanes in any configuration.

Example 15 (Ancient polytopes, flying hyperwings and formations of
flying (hyper)wings3?). Given any regular polytope33 P C R" (nor-
malized to circumscribe the unit sphere) there exists a convex ancient
mean curvature flow {00 }¢(_q () Whose SQUASH-DOWN

t——oo —t

is equal to P x {0} C R"*l. The solution {00 } e (—oow) exhausts
the slab {(x1,...,x,41) : =5 < xn+1<g} and inherits the dihedral
symmetries of P; it is also symmetric under reflection across R" x {0}.

If P is unbounded, then {00)};c( ) evolves by translation in
the direction of the axis of P. In particular, this provides a different
construction of the flying wings, but also generates many further ex-
amples when n > 3—"flying hyperwings”.

» Hoffman et al., “Graphical translators
for mean curvature flow”.

3 Hoffman et al., “Graphical translators
for mean curvature flow”; X.-J. Wang,
“Convex solutions to the mean curvature
flow”

% Du and Haslhofer, “On uniqueness
and nonuniqueness of ancient ovals”

% Bourni, Langford, and Tinaglia, “An-
cient mean curvature flows out of poly-
topes”

3 Note that we allow convex polytopes
to be unbounded (any intersection of
finitely many halfspaces is permissible).
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These examples are constructed by forming the intersection of the
convex regions bounded by the time —R slices of the Grim hyper-
planes whose linear factors are parallel to the facets of P, evolving
the boundary of this region by mean curvature flow to obtain, af-
ter a time-translation, an “old-but-not-ancient” mean curvature flow
{anf}te[a «,0) Which reaches the origin at time zero, and (after estab-
lishing a number of uniform-in-R estimates) taking a limit as R — co.

This construction is slightly more general; it can also be applied to
obtain ancient solutions out of any (not necessarily regular) simplex
P (including unbounded simplices, which are obtained by removing a
face from a bounded simplex). These examples are quite surprising in
that they do not, in general, admit any symmetry beyond the reflection
symmetry across R" x {0}.

It is also possible to construct examples out of the semi-frustum
(truncation) of an unbounded regular polytope. These examples re-
semble a family of flying hyperwings appearing from infinity at time
minus infinity, coalescing into a single flying hyperwing at time plus
infinity (conserving the total exterior angle). They are interesting in
that they are eternal but do not evolve by translation.34

It seems likely that there should exist examples out of any circum-
scribed convex polytope, but this remains an open problem.

Moreover, while it can be shown that, conversely, the squash-down
of any unit scale (non-entire) example must circumscribe the unit ball,
uniqueness is wide open. |

A good classification of ancient solutions is thus a very difficult
problem in general, even under the assumption of convexity. The two
dimensional case may be within reach, however.3>

6.4 Exercises

Exercise 6.1. Find all solutions to curve shortening flow satisfying the
Ansatz (6.5).

Exercise 6.2. Let {aQt}te(_m,w) be a convex, locally uniformly convex
ancient mean curvature flow in R"*! which is not entire (so that, by
Theorem 6.4, it is confined to a slab region). Show that Upc(_qo )2t is @
slab region.

: '
Figure 6.4: Grim planes are placed along
each edge of the circumscribed polytope;
the boundary of the enclosed region is
evolved by mean curvature flow, termi-
nating at the origin at time zero (after
a spacetime translation); in the limit as
R — o0, an ancient solution is obtained.

Figure 6.5: A formation of flying (hy-
per)wings appears at time —oco and
merges into a simpler formation at time
+oco, preserving width, total velocity,
and total exterior angle.

3]t is tempting to conjecture, based on
Corollary 5.11, that any convex, eternal
mean curvature flow should evolve by
translation (see, e.g. White, “The nature
of singularities in mean curvature flow
of mean-convex sets”, Conjecture 1).

35 Some very recent progress on the clas-
sification of entire convex ancient so-
lutions in R* has been announced by
K. Choi and Haslhofer, “Classification
of ancient noncollapsed flows in R*”
(building on work of K. Choi, Hasl-
hofer, and Hershkovits, “Classification
of noncollapsed translators in R*”; Du
and Haslhofer, “On uniqueness and
nonuniqueness of ancient ovals” and B.
Choi et al., “Classification of bubble-
sheet ovals in R*”). In short: we have
already described all possible examples.
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Epilogue

During the last 50 years, in view of great breakthroughs in analysis—say,
De Giorgi—Nash, or the regularity theory for harmonic maps, then min-
imal surfaces—it became possible to use these [nonlinear] structures—
minimal surfaces, harmonic maps, constant mean curvature surfaces—
to investigate structures in differential geometry that before then could
only be investigated with ODE, geodesics, measuring angles, etc. But
now nonlinear PDE are understood so well that they could be used as
a toolbox in understanding structures in differential geometry. And I
think we’ve only just started—there will be much more that can be done;
in particular, I think really elliptic and parabolic theory—Ricci flow is a
prime example—has become a fantastic tool in a new relation between
analysis and geometry.

— Gerhard Huisken, Mathmedia Interview: Prof. Gerhard Huisken
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When the dimension n is 0 or 1 there is not much to prove. The n = 2 result is
a special case of uniformization. The first modern work is Smale’s® in which he
proved PCn, n > 5... PC4 amounts to Smale’s outline with a topological
twist.*> But here the tail wags the dog. When you delve into this detail the
twist expands to fill your entire field of view... The final case (historically),
dimension 3, was proved by Perelman3 using Hamilton’s theory of Ricci flow.
It is entirely different in outline, more like Beethoven’s gth than a conventional
proof, and still stands as the greatest accomplishment of 21st century
mathematics.

— Michael H. Freedman, “Afterword: PC4 at age 40”.

*Smale, “Generalized Poincaré’s conjec-
ture in dimensions greater than four”.

*Freedman, “The topology of four-
dimensional manifolds”.

3 Perelman, “Finite extinction time for
the solutions to the Ricci flow on cer-
tain three-manifolds.”, “Ricci flow with
surgery on three-manifolds.”, “The en-
tropy formula for the Ricci flow and its
geometric applications”.






Preamble to Part 11

The Ricci flow, introduced by Richard Hamilton#5 in 1982, is a defor-
mation process for Riemannian metrics which, in a suitable “gauge”,
formally resembles the heat equation, and indeed exhibits a number
of phenomena which are shared by other diffusion processes. These
diffusive properties are highly desirable from the point of view of
geometric and topological applications—in principle, the Ricci flow
smooths out rough metrics and diffuses their curvature, driving them
towards ideal and canonical equilibrium states, thereby restricting the
possible topologies which the initial metric can carry. Alas, life is never
so straightforward: the Ricci flow equation (suitably interpreted) is de-
generate and nonlinear, and suffers singularities in finite time, all of
which prevent the direct implementation of this programme. Nonethe-
less, it has proved itself to be one of the most fruitful tools available to
the geometric analyst, leading (famously) to proofs of the Poincaré and
Thurston conjectures, amongst manifold further important advances.

These motivations aside, the Ricci flow is the canonical heat equa-
tion for Riemannian metrics, and gives rise to many remarkable and
beautiful geometric structures (e.g. solitons, ancient solutions) and
analytic features (e.g. gradient-like structures, differential Harnack in-
equalities, pseudolocality) and as such is a fascinating area of study
for topologists, geometers, and analysts alike.

We shall present here an introduction to the Ricci flow leading up
to the foundations of some modern developments.® We assume the
reader has some basic familiarity with partial differential equations
and Riemannian geometry. For background, the reader may refer, for
instance, to the books of Olver? and Chavel.®

4 Richard S. Hamilton, “Three-manifolds
with positive Ricci curvature”.

5Remarkably, the Ricci flow equation
also arises independently in the context
of quantum field theory—as the first or-
der (or “one loop”) approximation of the
renormalization group equation for non-
linear sigma models. In this context,
it was actually discovered slightly be-
fore Hamilton’s foundational work, by
Friedan, “Nonlinear models in 2 + ¢ di-
mensions”.

® There are now a number of excellent re-
sources on the Ricci flow, including (and
by no means limited to) the books of An-
drews and Hopper, The Ricci flow in Rie-
mannian geometry, Chow and Knopf, The
Ricci flow: an introduction, Chow, Lu, and
Ni, Hamilton’s Ricci flow and Morgan and
Tian, Ricci flow and the Poincaré conjecture;
the article of Kleiner and Lott, “Notes
on Perelman’s papers”; and the excellent
lectures of Richard Bamler (accessible on
Richard’s webpage at the time of writ-
ing), each of which this part has drawn
upon to some degree.

7Olver, Introduction to partial differential
equations.

8 Chavel, Riemannian geometry.
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The fundamentals

A smooth one-parameter family {g¢ }+c; of smooth Riemannian metrics
gt on a smooth® n-manifold M" EVOLVES BY/SATISFIES/IS A Riccr
FLOW? if
dgt
dt
where Ry, is the Ricci tensor associated to g¢ and the time derivative

= —2Rcy,, (8.1)

is understood fibrewise, in the usual sense: for any x € M,

@ . (8tn)x — (81)x
(dt )x = Jim 7 '

If we introduce local coordinates {x' : U — R}? ; in some region
U C M, then for each x € U we may represent (g;)x and (Rct)y as

(gt)x = gl-j(x,t)dxi ®dx/ and (Reg, )x = Rcl-]-(x,t)dx" ® dx/,
and we see that3

agij
ot

= —2RCZ']'

= —2¢"Rmy

u( Pgij | Pow P8y Pgu )
d

xkaxt " 9xigx/  9xiox!  9xkaxi

1
+ Egkégm" { (akgjn +9igkn — angkj) (0i&me + Om&ic — 9¢8im)
— (9igjn + 9j8in — ngij) 3m8k4 , (8.2)

a system of nonlinear second order partial differential equations. Un-
appealing, certainly, but it does have the redeeming feature that it is
weakly parabolic (which explains the choice of sign on the right hand
side).

We can make this a little nicer (and gain some very important intu-
ition) by being more selective in our choice of “gauge”: at any time £,
about any point x € M, the existence of a g;-HARMONIC COORDINATE

* Henceforth, we shall stop using the
qualifier “smooth” so irritatingly often,
leaving it for the most part to the reader
to decide how regular they wish a given
object to be in order to make sense of a
given statement.

2In fact, we shall soon replace this by a
more abstract definition, which may ap-
pear more complicated at first but has
many advantages. The two definitions
are equivalent in the sense that there is
a canonical bijection between their solu-
tions.

3Note that we follow the conven-
tion Rm(X,Y,Z,W) = g¢(VyVxZ —
VxVyZ — VyxZ,W) for the Riemann
curvature tensor.
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CHART can be established using standard results on the existence and
regularity of solutions to elliptic partial differential equations. These
are coordinates satisfying

Agx' =0,

where A, is the Laplace-Beltrami operator induced by g;; as such, in
gt-harmonic coordinates, the Ricci flow system can be seen to take the
form

98ij

5 = Ag, (gij) + terms of lower order (8.3)

at time ¢. This suggests that we should view the Ricci flow as a kind
of geometric heat equation for Riemannian metrics (and also pro-
vides justification for the factor of 2 on the right hand side of the
equation). We shall soon see that it is quite right to do so, but be-
fore pursuing this further, let us first establish some additional useful
intuition, this time more geometric.

8.1 Invariance properties

The Ricci flow is invariant under certain canonical operations*, in the
sense that these operations take one solution and produce another.

8.1.1 Pullback by diffeomorphisms

If {gt}1eg is a Ricci flow on M" and ¢ : N" — M" is a diffeomorphism,
then (since the Ricci curvature is invariant under diffeomorphisms)

d d

That is, {¢*gt }+e1 is a Ricci flow on N™. This is not at all surprising.
On the other hand, if we allow the diffeomorphism to change with
time>), then we pick up an extra term due to the chain rule:

d
g0t 8t = —2Regrg + Ly (i),
where V is the vector field defined by
. d
Vige(x)) = (¢ ge(x)).
The converse of this statement is that if g; satisfies the equation
d
Egt = _2cht + EVgt

for some vector field V, then the family of metrics ¢* ,g; satisfies Ricci
flow, where ¢ is the flow of V.

4 The following list is not intended to be
exhaustive.

5We shall always assume the group
property ¢, o ¢r, = ¢t 41, for one-
parameter families of diffeomorphisms

Pt



8.1.2 Time translations

If {gt}ter is a Ricci flow on M and 7 € R, then clearly {g¢41}ier—r isa
Ricci flow on M.

8.1.3 Parabolic rescaling

If {gt}ter is a Ricci flow on M and A > 0, then (since the Ricci tensor
is scale invariant)

d
(EH)\ngzt) = _Z(ch/\*zt)x = _Z(RC)\28A_2t)x'
X

That is, {A%g, 2, };e,2; is a Ricci flow on M.

8.1.4 Orthogonal sums with flat factors

If {gt}ier is a Ricci flow on M and k € N, then {g; + gR« }+er is a Ricci
flow on M x RK.

8.1.5 Quotients and lifts

Let g : N* - M" = N"/G be a quotient map (induced by a proper
and free action of a subgroup G C Diff(N")). If {g;}tcs evolves by
Ricci flow on M", then the lifts {g*g:}+c; evolve by Ricci flow on N”.
Conversely, if {gt}+c1 evolves by Ricci flow on N" and each ¢ € G is
an isometry of each g, then {g¢};c; descends to a Ricci flow on M".

8.2 Invariant solutions (a.k.a. self-similar solutions/solitons)

The continuous symmetries of Ricci flow (diffeomorphism, time trans-
lation and scaling) give rise to special types of solutions: those that
evolve purely by some combination of these symmetries. There are
three primary types (but more generally one might consider combina-
tions of these motions).

8.2.1 Steady self-similar solutions

A solution {gt}ter to Ricci flow on a manifold M is called a STEADY
SELF-SIMILAR SOLUTION if there is a one-parameter family of diffeo-
morphisms {¢: };er of M such that

Pegt—e = 8t

for all € and t. Differentiating with respect to € at ¢ = 0, we find that
such a solution must satisfy the equation

0= Re, + }ug:

THE FUNDAMENTALS
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for all ¢.
Conversely, if a Riemannian manifold (M, g) satisfies

0=Rc+ %Evg

for some vector field V, whose flow is ¢, then the family of metrics

{gt = ¢fg}icr satisfies

d d * * *

Egt = e Ogt+g =Lyg =Lyvdp;rg = Lyg = —2¢; RCg = —ZRCgt.
e=|

8.2.2  Shrinking/expanding self-similar solutions

A solution {gt}te; to Ricci flow on a manifold M is called a HOMO-
THETIC SELF-SIMILAR SOLUTION if there is a one-parameter family of
diffeomorphisms {¢;}+c; of M such that

2€ 4% _
" P o2y = 8t

for all t € I and e such that e =%t € I. Differentiating with respect to e
at e = 0, we find that such a solution must satisfy the equation

0=gr+ ZfRCgt + %Evgt

for all . There are two cases: if I = (—00,0), then {g: }1¢(_a0) is called

—00,0
a SHRINKING SELF-SIMILAR SOLUTION. If [ = (0,00), then {g:}c(0,0)
is called an EXPANDING SELF-SIMILAR SOLUTION.

Conversely, if a Riemannian manifold (M, g) satisfies
0=g=xRc+ %L’V g

for some vector field V, then the family of metrics {gt} ;¢ (0,00) defined
respectively by g; = :l:2tcp1*0g Vet satisfies

d .
Egt = iz‘Plog\/g(ng %EVg) = —2Rcg, .

8.2.3 Examples: Einstein metrics

Recall that a Riemannian manifold (M, g) is EINSTEIN if
Re= (n—1)Ag

for some A € R (A € {—1,0,1} modulo scaling). Einstein metrics pro-
vide examples of “trivial” soliton Ricci flows: if A =0, e.g. (M",g) =
(R", grn), then {gt = g}ic(—oo,0) 18 @ steady self-similar Ricci flow
(in this case staTIC), if A = —1, eg. (M",g) = (H",gun), then
{8t = 2(n — 1)tg}ic(0,00) is an expanding self-similar Ricci flow, and
ifA=1eg (M"g)= (5" gs) then {gr = —2(n — 1)tg};c(_c0) is @
shrinking self-similar Ricci flow.



Observe that the static Ricci flow t — g; = gr» on Euclidean space
R" (for example) may also be viewed, not quite trivially, as a steady
Ricci flow by pulling back along the flow ¢ of any Killing vector field
K (since Lxgr» = 0). Similarly, we may view Euclidean space as an
expanding or shrinking Ricci flow by pulling back along the flow of the
conformally Killing radial vector field X = x'9; or its negative (since

EXgIR" = ngR")-

8.3 Explicit solutions

Certain “explicit” solutions can be constructed “by hand” by imposing
suitable symmetry or algebraic ansdtze. We present three examples
here, but there are a great many more examples which have been dis-
covered by analogous methods.

By imposing a large enough symmetry group, the Ricci flow equa-
tion may be reduced to a (possibly highly complicated) system of or-
dinary differential equations.

Example 16 (The shrinking sphere). We seek a solution to Ricci flow on
S" starting from a round metric, go = r3gsn. Since we expect roundness
to be preserved, we suppose a priori that the timeslices are always
round,

gt =r*(t)gsn.

The Ricci tensor of g; is then
Reg, = Reog,, = Reg, = (n—1)gsn,

while its time derivative is

d /
8t = 2rr' gon
The Ricci flow equation is therefore equivalent to 2rr' = (n — 1), which
is solved by
2
rz(t):r%—Z(n—l)t, te (_w’ﬁ)‘ [ ]

We can play a similar game with self-similar solutions, though in
this case—since the time evolution is already trivial—we may relax
symmetry by one degree of freedom.

Example 17 (Hamilton’s cigar soliton). We seek a two dimensional
steady soliton on the plane which is circle fibred. Le. a metric on R?
which takes the form

g = dr* +¢?(r)d6?
in polar coordinates and satisfies

—Rc = lﬁvg
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for some vector field V = f(r)d,. In two dimensions, the Ricci curva-
ture is just Rc = Kg, where K is the GAUss CURVATURE, which in our

case is given by K = —%. The Lie derivative term is found to be

%Evg = fds? +f%1p2 d6?.

Equating the two, we find that

fro_ W
fov
So f = 2Cy for some constant C, and hence
Py = 2CY1;.
Equivalently,
¥y = Cy* + D.

Under the polar coordinate compatibility conditions (¢ admits a smooth
odd extension about ¥ = 0, where ¢, = 1), this is solved by

¢ = Atanh(A1r).
When A = 1, the resulting metric
g = dr? + tanh? r d6?

is called HAMILTON’s CIGAR. (The parameter A merely induces a
scaling of the “standard” cigar.)
Setting V = —2tanhrd, yields the flow equation

ds
— = —2tanh
T tanhs

s(r,0) =r,
which is solved by
sinhs(r,t) = e 2t ginhr.
So Hamilton’s cigar gives rise to the Ricci flow

2
g= M7 (42 4 tank? 7 de?).
e# +sinh”r
Cigar solutions of different scales may be obtained by parabolic
rescaling. u

Example 18 (Bryant’s radio-dish soliton). We may play the same game This body holding me reminds

in higher dimensions. We now seek an O(n)-invariant metric me of my own mortality
) ) Embrace this moment, remember
g =dr + ¢ (r)gsn—1 We are eternal, all this pain is an
illusion.

— Tool, “Parabola”



on R" (n > 3). This leads to the system

F= =DM g (=2 (1 4) =
Upon making suitable substitutions, we again are able to obtain a
global solution satisfying the required compatibility conditions (see
e.g.6). When n > 3, it behaves as

P~ as r— oo. [ |

These basic ideas have a vast generalization: recall that a HoMmoO-
GENEOUS SPACE may be regarded as a Riemannian manifold (M, g)
whose isometry group acts transitively. In short, the manifold “looks
the same from any vantage point”. This degree of symmetry guaran-
tees that the curvature tensor at any given point is determined alge-
braically by the metric at that point; if we impose the ansatz that the
isometry group is preserved, this reduces the Ricci flow to a system of
ordinary differential equations. Similar considerations apply to homo-
geneously fibred solitons (though additional compatibility conditions
may be required at any singular fibres). For a much more comprehen-
sive examination of the Ricci flow on homogeneous geometries, see.”

8.4 Uniqueness and (short-time) existence of solutions

We would like to exhibit the Ricci flow equation as an equation or sys-
tem of equations for which known methods from the theory of partial
differential equations may be applied. There is indeed a general short-
time existence theory which applies to strictly parabolic second order
partial differential equations in vector bundles over compact mani-
folds. Unfortunately, this cannot be applied to the Ricci flow due to
the lack of strict parabolicity.

For nonlinear equations, parabolicity is determined by the lineariza-
tion.

Lemma 8.1 (Linearization of the Ricci flow®). Suppose that the two pa-
rameter family of metrics g5, t € I, € € (—ep, €p), forms a one-parameter fam-
ily of Ricci flows {g5}icy about gt = ¢Y. The variation field hy = %' » <5
satisfies, in any local coordinate chart, -
ohij ke
o =g (Vnghij + Viv]'hkg — vévjhik — vkvihjg) . (8.4)
After some calculation, the equation (8.4) can be seen to be weakly,
but not strictly, parabolic?. It turns out that the lack of strict parabol-
icity is essentially due to the Bianchi identities. Treating the Bianchi
identities as a constraint, Hamilton® is able to prove short-time ex-
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istence using direct methods (in particular, the Nash-Moser implicit
function theorem). Soon after Hamilton’s work, de Turck found a way
to relate the Ricci flow to a strictly parabolic equation, to which the
standard theory may be more readily applied.

Theorem 8.2 (Short-time existence and uniqueness). Let M" be a com-
pact manifold. Given a metric go on M there exists & > 0 and a Ricci flow
{8t}teo,) on M such that g; converges uniformly to go as t — 0 (in the
smooth sense if o is smooth). Moreover, any other Ricci flow starting from
Qo agrees with g; on their common interval of existence. Finally, the Ricci
flow {gt}te(0,5) depends continuously on go (in the smooth sense if go is
smooth).

Sketch of the de Turck argument™. Fix some background metric § on M
and consider, instead of the Ricci flow, the Ricci-harmonic map flow
system

d

772t = Doz

J (85)
Egt - - 2cht’

where ®; : M — M and Ay, 7 is the map Laplacian with the domain
endowed with the metric g; and the codomain endowed with g. In
fact, don’t consider (8.5); consider instead the system
%‘Dt = Ay, 5Pt
d _ -
st = 2Reg, — E(@;])*%cbtgf'

(8.6)

which is related to (8.5) by g = ®;§:. The system (8.6) is strictly
parabolic, and hence admits a (unique) solution {(®y, gt) };c[o,6) for a
short-time (which depends continuously on gp), thereby providing the
desired Ricci flow {gr = @&t }ic(0,6)- O

8.5 The time-dependent geometric formalism

A one-parameter family {g;}+c; of metrics ¢; € I'(T*M ® T*M) may
(perhaps more properly) be viewed as a map (x,t) — g(ys) = (§t)x €
T*M ® T*M Any such map may be exhibited as a section of a bun-
dle over M x I whose fibres are those of T*M ® T*M. Indeed, if we
introduce the SPATIAL TANGENT BUNDLE"?

S ={eT(MxI):dtZ) =0}

of M x I, then any (x,t) — g( induces (canonically) a section g
of &* ® &*, which we shall refer to as a TIME-DEPENDENT METRIC.
Similarly, the Ricci tensors Rc; of the metrics g; induce a section Rc of

" For a more in-depth presentation of de
Turck’s argument, in particular its rela-
tion to the Bianchi identities, see, e.g.
Andrews and Hopper, The Ricci flow in
Riemannian geometry.

Here, t : M x I — R denotes the pro-
jection onto the second factor.

Note that the fibres of & are canoni-
cally identified with those of TM; how-
ever, G is a bundle over M" x I (not M"),
which means that its sections are “time-
dependent”.



6* ® &*. From this point of view, the Ricci flow equation becomes
L3,8 = —2Rc, (8.7)

where 9; is the CANONICAL VECTOR FIELD on I. Indeed, since the
flow of 9 is ¢s(x,t) = (x,t+5s),

d

d . d
Loty = 55| (98)wn = 35 St = 77 (8t)x-

5=0

This may seem like abstract nonsense (and it is), but it does have
a more pragmatic purpose: any time-dependent metric g induces a
natural (and computationally convenient) “time-dependent” geomet-
ric formalism on M", which is entirely analogous to the geometric
formalism induced by a (time-independent) metric. In particular, it
induces a canonical (compatible) connection.

Proposition 8.3 (The time-dependent connection). Given any metric g
on the spatial tangent bundle & of M x I there exists a unique connection®3
V:T(MxI)xT(6) — & on & which is

1. METRIC: forany U,V € T(&)and § € T(M x I),

0= Vig(U, V) = Eg(U, V) — g(Vell, V) — g(U, V)

2. SPATIALLY SYMMETRIC: forany U,V € I(6),
VuV —-VyU=[U,V],
and
3. IRROTATIONAL: the tensor S € T'(&* ® &) defined by
S(V) = ViV — [0, V]
is g-self-adjoint.
Proof. Observe that the properties (1)—(3) yield

0=0:g(UV)) —g(Vill, V) —g(U,V:V)
= L58(U, V) = g(S(U), V) = g(U,S(V))
= £3,5(U, V) ~25(U, V),
and hence
S=1Log.
We shall thus refer to S as the VARIATION TENSOR of g.

In particular, along a Ricci flow,

S = —Rc,
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and hence, for any time dependent vector field V € T'(&), we have the
formula
VtV = [at, V] — RC(V) . (88)

Since T(M x I) = & & Ro; and the properties (1) and (2) ensure that
V¢V satisfies the Levi-Civita formula when ¢ € &, this completely
determines V.

Conversely, the Levi-Civita formula combined with (8.8) defines a
connection on &. O

The time-dependent connection provides a natural notion of differ-
entiation in the time direction of TIME-DEPENDENT VECTOR FIELDS
(sections of &). The upshot is that this notion is computationally very
convenient, as it is compatible with the time-dependent metric.

In the sequel, when it is clear that we are working in the “time-
dependent” setting, we shall conflate & with TM and we will often
use the data (M x I,g) (Where g is a time-dependent metric satisfying
(8.7)) to denote a Ricci flow.

8.6 Exercises

Exercise 8.1. Consider metric on $% which takes the form
g = dr* + *(r)de?
in spherical polar coordinates.

(a) Show that the sectional curvature of g is given by

K=,
4
(b) Suppose that g satisfies
Re=g+3Lvg

for some radial vector field V = f(r)d,. Find f, and hence deter-
mine g.

Exercise 8.2. Consider a time-dependent metric g which is locally of
the form
S(x0t) = v (x,t) dx® + x> d6?

(a) Show that g satisfies
91g = —2Rc+2V2¢

for some potential function ¢ if and only if y and ¢ satisfy the

Yx
yr=x (2)
) (8.9)

%Z%-

system



(b) Find all time-independent solutions to (8.9).
(c) Which (if any) of these solutions extend to a complete metric?

Exercise 8.3. (a) Show that the Levi-Civita connections V¢ of a one-
parameter family of metrics g on a manifold M" satisfy

d
2 (4

where g = g0, h = di

(¢ pymnra((£

(b) Deduce that, under Ricci flow,

dvat 8t 8t 8t
T(X, Y, Z):VX cht (Y, Z)+VY cht (X,Z)*VZ cht (X, Y) (8.11)

Vf> (X,Y,Z) = V5h(X,Y) = Vh(Y, Z) — VER(X, Z), (8.10)
e=0

ge, and
e=0

0v€> (X, Y),Z) .

£=

Exercise 8.4. Show that the map V — S(V) of Proposition 8.3 is indeed
linear over the ring of smooth functions and takes values in I'(&) (and
hence induces a genuine tensor field S € I'(6* ® &) as claimed).

Exercise 8.5. Equip the time-dependent Riemannian manifold (M" x
I, g) with its time-dependent connection V. Given (xo,ty) € M" x I
and sufficiently small ¢, define the PARALLEL TRANSPORT maps T :
Ty M" — TyyM" by

Te(u) = Ut +¢),

where, for each u € Ty (M", t — U(t) € Ty,M" is the unique solution

to
Vil =0
U(ty) = u.
(a) Show that T; is an isometry for each e.

d
(b) Show that

0 Tﬁ(u) = S(Xo,to) (u)

e=l|

(c) Deduce that the projection of %L:o T, onto so(TyM", g,) van-

ishes.

(This justifies the term “irrotational” to describe the third defining
property of the time-dependent connection.)

Exercise 8.6. Show that, on any Riemannian manifold equipped with
its Levi—Civita connection,

(@) AVf = VAf+Rc(Vf) for any function f.

Show that, along any Ricci flow equipped with its time-dependent
connection,
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(c) ViVf=Voif+Re(Vf)and
(d) 9:Af = Ad:f +2g¢(Re, V2f) for any time-dependent function f.

Exercise 8.7. Let g be a time-dependent metric on M" x I. Equip M" x
I with its canonical time-dependent connection V. Prove that

Rm(¢, X,Y,Z) +Rm(, X, Z,Y) =0

forany { € T(M x I) and X,Y,Z € TM. Hint: The argument is the usual
one: since the time-dependent connection is metric compatible, so too is the
curvature operator: Rm(d¢, X)g = 0 for any X € TM.

Exercise 8.8 (Bianchi identities for the time-dependent connection). Let
g be a time-dependent metric on M" x I. Equip M" x I with its canon-
ical time-dependent connection V. Prove the following identities.

(@) Rm(d¢, X)Y +Rm(Y,0:)X = VxS(Y) — Vy S(X).
(b) V5,(Rm(X,Y)) = Vx(Rm(dt, Y)) — Vy(Rm(dy, X)).
Deduce from part (a) that

(©) Rm(3:,X,Y,Z) = VzS(X,Y) — VyS(Z,X).



9
The groundwork

9.1 The maximum principle

The maximum principle is a fundamental tool in the analysis of par-
tial differential equations of parabolic type, and the Ricci flow is no
exception. Indeed, in the context of Ricci flow, the maximum principle
exhibits multiple useful manifestations.

9.1.1 Maximum principle for scalars

Proposition 9.1. Let (M" x [0,T), g) be a Ricci flow on a compact manifold
M™. Suppose that u € C®(M" x (0,T)) NCY(M" x [0,T)) satisfies

(0t —A—=V,—c)u<0

for some time-dependent vector field b and some locally bounded function
c: M"x[0,T) — R, where the Laplacian A is taken with respect to the
time-dependent metric g. If maxy, oy < 0, then

max u <0 forall te€|0,T]. .1
pmax 1 <0 f [0, T] (9-1)
Ifc =0, then
max U = max Uu. (9.2)
M"x[0,T] M x {0}

Proof. Given ¢ € (0,T) and ¢ > 0, consider us¢(x,t) = u(x,t) —
eelCtDt where C = maXxyny [o,0) - We claim that uye < 0 in M" x
[0,0]. Suppose, to the contrary, that u,.(xg,t9) > 0 for some point
(x0,t0) € M" x [0,0]. Since ug(-,0) < 0, there exists a positive earli-
est such time, which we take to be fy, in which case u(xg, ty) = 0. At
the point (xo, to),

0< (0t —A—Vp)uge < cu—e(C+ 1)e(C+l)t
= ge(CJrl)tC — S(C + 1)e(C+l)t

< —eelCHDt 0,



150

which is absurd. We conclude that u,, < 0 in M" x [0,0]. But ¢ €
(0,T) and € > 0 were arbitrary. Taking ¢ — 0 and then o — T yields
the claim. O

Of course, the same argument applies with the inequalities reversed,
leading to a minimum principle.

The following ODE COMPARISON PRINCIPLE is an immediate con-
sequence of the maximum principle.

Proposition 9.2 (ODE comparison principle). Let (M" x [0,T),g) be a
Ricci flow on a compact manifold M". Suppose that u € C*(M" x (0,T)) N
CO(M" x [0, T)) satisfies

(0 —A—Vy)u < F(u), (9:3)

for some time-dependent vector field b and some locally Lipschitz function
F : R — IR, where the Laplacian A and covariant derivative V are taken
with respect to the time-dependent metric g. If u < ¢o at t = 0 for some
o € R, then u (x,t) < ¢ (t) forall x € M" and 0 < t < T, where ¢ is the
solution to the ODE

d .
{ LD _F@p) 1), (9-4)
¢

(0) = ¢o.

Proof. Fix s € (0,T). Since F is locally Lipschitz, there exists some
L < oo such that

(9 = A =Vy)(u—¢) < F(u) - F(p)
< Llu — ¢[ = Lsign(u — ¢)(u — ¢)

in M" x (0,s], where sign(u — ¢) is the sign of the expression u — ¢.
The claim now follows, within M" X [0, s], from Theorem 9.1. Taking
s — T completes the proof. O

Again, one can reverse the inequalities to obtain the corresponding
ODE comparison from below.
The strong maximum principle also passes to the geometric setting.

Proposition 9.3. Let (M" x (0,T),g) be a Ricci flow on a connected mani-
fold M™. Suppose that u € C*(M" x (0, T)) is nonpositive and satisfies

(0 —A=Vp—cu<0 (9.5)

for some time-dependent vector field b and some function ¢ : M" x (0,T) —
R, where the Laplacian A and covariant derivative V are taken with respect
to the time dependent metric g. If u(xo,to) = 0 for some (xg,tg) € M" x
(0,T), then u(x,t) = 0 for all (x,t) € M" x (0, to].



Proof. In local coordinates {x"}?:1 for a connected coordinate patch
U C M" about xq, u satisfies

dru < gijuij + (b + gijrijk)uk +cu.

The classical strong maximum principle then implies that # = 0 in
U x (0, tp]. Since M" is connected, the claim follows from a standard
‘open-closed” argument. O

9.1.2 A maximum principle for symmetric bilinear forms

Hamilton™ discovered the following beautiful maximum principle for
symmetric bilinear forms.

Proposition 9.4 (Tensor maximum principle). Let (M" x [0,T),g) be a
Ricci flow on a compact manifold M". Suppose that S € T (T*M" © T*M")
satisfies

(Vi—=A—=Vy)S( 4 (0,0) > F(x,t,5(,))(0,0) forall (x,tv) € TM"

for some time-dependent vector field b € T'(T M) and some TIME-DEPENDENT
VERTICAL VECTOR FIELD— (time-dependent) section F of 7*(T*M" ®
T*M"™)—which is Lipschitz in the fibre and satisfies the NULL EIGENVEC-
TOR CONDITION:

F(x,t, Ty ) (v,0) > 0 whenever T(yy >0 and T, (v) =0,

where V and A are the time-dependent connection and (spatial) Laplacian
induced by the time-dependent metric . If S(, ) = 0 for all x € M", then
S(xp) = 0 forall (x,t) € M" x [0, T).

Proof. Fix o € (0,T) and &€ > 0. Setting C = max  LipF(x,t, ),
(x,t)eM" x[0,0]

we will show that the function g, : TM" — R defined by

Toe(@ ) = (S + e Vign ) (1y)

is positive in TM"|jn (0 \ {0}. By hypothesis, qs,¢(x,0,y) > 0 for
ally € T.M", x € M". So suppose, contrary to the claim, that there
exist? (xo,y0,t0) € TM"|ppy (0] Such that goe(x,y,t) > 0 for each
(x,y,t) € TM"|jp o) but goe(xo,y0,t0) = 0. Without loss of gen-
erality, |yo| = 1. Choose an orthonormal basis {e;}! ; for Tx,M" con-
xotp)r With yo = eq, and let x': U — R" be
the corresponding local normal coordinate chart for M" and (x',y/ =
dxl) : =1 (U) — R" x R" the induced chart for TM". With respect to
these coordinates,

sisting of eigenvectors of S(

qU,€ — (Sl] + Se(c+1)tgl]> yly]
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>This is ensured (despite the noncom-
pactness of TM \ {0}) by the homogene-
ity of g, with respect to y.
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We thereby compute

Noe = (atsi]. +e(C+1)elCHig, + Se(c+1)tatgij) yiyl,

0 ko = (aksij + 8e(c+1)takgij) ]/iyj/
and
0,40t qoe = (akaésij + Se(c+1)takaégij> vyl
Using the normal coordinate conditions, g;; = J;; and dig;; = 0, the
vanishing condition S11 = Si]-yiyj = —¢e(C+Dt, and the gradient condi-
tion
0= (aksi]‘ + Se(C“)takgi/) vy +2 (Skj + €e(c+l)tgkj) y' = %S,
at the point (xg, yo, to), we find that
0> (3 — 0"0,49,0) qoe

= (Vi—A—V})S1 +£(C+1)e D!

> F(x0, to, S(xy ) )11 +€(C + 1)e(CHDE

> F(xo,to, 87, )11 — CeelCTVt 4 g(C +1)e(CHD!

(xo/t())
> 8e(C+1)t
>0

at (xo, Yo, fo), which is absurd. We conclude that g, does indeed re-
main positive in M" x [0,0]. The claim now follows by taking ¢ — 0
and theno — T. O

9.1.3 A maximum principle for sections of vector bundles

There is even a version of the maximum principle for sections of a
vector bundle. As the reader has likely already realized, the above
maximum principles do not depend on the condition that the time-
dependent metric g satisfies the Ricci flow equation. As such, we state
the vector bundle maximum principle without this hypothesis.

Proposition 9.5 (Vector bundle maximum principle). Let M" be a com-
pact manifold and 7w : E — M" x [0, T) a time-dependent vector bundle
over M" which is equipped with a metric h and a metric connection V, and
let 0 C E be a closed subset which is CONVEX IN THE FIBRE and IN-
VARIANT UNDER PARALLEL TRANSPORT. Given any time-dependent vec-
tor field b on M" and any TIME-DEPENDENT VERTICAL VECTOR FIELD
F € T(t*E — E) which POINTS INTO Q, any solution u € T'(E) to

(Vt A Vb)u = F(u)

satisfying u(x,0) € Q for all x € M satisfies u(x,t) € Q for all x € M and
all t € [0,T).



The conditions of Proposition 9.5 are intuitive enough: a subset ()
of the (time-dependent) vector bundle 77 : M x [0,T) — E is CONVEX
IN THE FIBRE if its fibres (), ;) = QN E(, ) are convex subsets of E(, 4,
and INVARIANT UNDER PARALLEL TRANSPORT if parallel translates of
vectors in () along curves in M x [0, T) remain in (; a vertical vector
field F € T(7*E) PoINTS INTO Q) AT (x,t,0) € 0Q if (x,t,0) +
eF(x,t,v) € Q for all small ¢ > 0 (where addition is is understood
fibrewise).

The proof of Proposition 9.5 uses tools from convex geometry, but
is very similar in nature to that of Proposition 9.4 (see e.g.3); we omit
it for the sake of brevity.

9.2 Evolution of geometry under Ricci flow

The Ricci flow equation induces diffusion equations of various types
for the various geometric attributes of the evolving metric.

9.2.1 Distance distortion estimates

Let (M x I,g) be a Ricci flow. Given any curve v : [0,L] — M in M,
d d (L.,
length(y) = 5 [ 1/e)lds

d L
_ % / /
=5 [ Vo) ds
L

:AR%ﬁﬁhgg)“'

Thus, the Ricci curvature determines the rate of change of lengths of

curves. Applying this at minimizing geodesics yields the following
elementary distance distortion estimates.

Proposition 9.6. If K¢ < Rc < Kg along a complete Ricci flow (M x
[t1,t2],8), then

Kdist(x, y, £) < —% dist(x, y, £) < Kdist(x, y, 1)

in the (forward and backward, respectively) barrier sense, and in the classical
sense almost everywhere. Furthermore,

e Klta—t) < d%st(x,y, tz) < e Klta=t),
dist(x,y,t1)

Proof. Given any two distinct points x,y € M and any time t( € [t1, t2],
we can find a distance minimizing geodesic vy : [0, L] — M with respect
to the metric at time ty which joins x and y. We may assume that
is parametrized by arclength, so that the distance d(x,y, ty) between x
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and y with respect to the metric at time ¢t is equal to L. By the above
computation and the hypotheses,

Klength(y) < —%length('y) < Klength(v).

Since length(7y) > d(x,y, -) with equality at time t = ¢y, we have found
a (forward resp. backward) barrier satisfying the inequalities. The a.e.
classical inequality then follows because t — dist(x,y, t) is Lipschitz
(and hence admits a classical derivative at a.e. time, which must be
equal to that of the barrier because of the first order contact). We may
then integrate to obtain the distance distortion estimates. O

These estimates are quite crude. The following argument (inspired
by the proof of the Bonnet-Meyers theorem) provides a much sharper
estimate on long geodesics.

Proposition 9.7. If Rc < (n — 1)Kg for some K > 0 along a complete Ricci
flow (M" X [t1,t2],8), then
d .. 1
% dist(x,y,t) < 10K2
in the barrier sense, and in the classical sense almost everywhere. Thus,

dist(x,y, tp) > dist(x,y,t1) — 10K2 (th— 1)

Proof. Given any two distinct points x,y € M and any time fg € [t1, t2],
we can find a distance minimizing geodesic 7y : [0, L] — M with respect
to the metric at time fy which joins x and y. We may assume that
is parametrized by arclength, so that the distance d(x,y, ty) between x
and y with respect to the metric at time ¢t is equal to L. By the above
computation and the hypotheses,

—% length(v,t) < Klength(+,t).

Incase L < 2K_%, we have

N—=

—% length(y, ) < 2K2 < 10K

at t = ty. The interesting case is L > 2K 2. Choose a parallel orthonor-
mal frame {E;}"_; along 7 such that E; = 7/ and let ¢ : [0,L] — R be
a smooth function satisfying

<o< 12 < 4K
0<@<L ol 1, 3y PP =4k

Fori=2,...,n, the second variation formula for length yields
L
0< /0 (IVs(9E)[2 = Rm(', 9E;, 7, 9Ey) | ds

L
= [ [197 = Ry, Eiv' )] ds
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at t = fy, since vy is minimizing at t = ty. Tracing, we obtain

L
0< [ |- Dlg'P - ¢PRe(y'y)] ds.
0
Thus,
L L
/ Re(v',7") ds = / (9Re(v,7') + (1= 9*)Re(v,7) ) ds
0 0
L
<=1 [ (1¢P+1-¢)K) as
0
—o-n [ (1P - gPK) ds
[0,K 2)U[d—K "2 d]
<10(n — 1)K2.

The claims now follow as before. O

9.2.2  The first variation of volume

Recall that, on any Riemannian manifold (M",g), the Riemannian
measure of any compact subset K C M is defined by

volume(K, g) = /K du = Z/ w )(x,;l)*(Pa\/M) dx,
o J XUy

where {(Uy, xx)}a is any locally finite covering of K, {pa}« is any
subordinate partition of unity, dx is the Lebesgue measure on R”,
and g, is the component matrix of g induced by the a-th chart. If
{8e}ec(—epeo) 18 @ One-parameter family of metrics on M" with go = ¢

and % L:O ge = h, then, with respect to any coordinate chart,

de

\/detge = %\/detgtrgh. (9.6)
=0

€

We thus obtain the FIRST VARIATION FORMULA:

de

volume(K, g¢) = —1/ trg hdp. (9-7)
e=0 2 Jk

In particular,

Proposition 9.8. along a Ricci flow (M x I, ),

ivolume(K, ) =— / Rdu (9.8)
dt K

for any compact K C M, where volume (K, t) = volume(K, g;).
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9.2.3 Evolution of the Ricci and scalar curvatures

Given a Ricci flow {g}+e1, applying Lemma 8.1 to the one parameter
family {gf = gt+e}trecs Of time translated Ricci flows yields

%Rcij =" (VngRCij + ViVijRey — Vi ViRej — vkviRCﬂ)
= ARc;; + Qij,
where
Qj = g" (ViVjRCkﬂ — VkVjRei — vkviRCﬂ*)
= §g" (ViViRmyg — ViV Rmypeg — ViViRmjpy, )

We can write this in a more natural way by applying the Bianchi iden-
tities and making use of the time-dependent connection.

Proposition 9.9. Along a Ricci flow (M" x I,g),

(Vi = A)Re = Q(Re), 9.9)
where, with respect to any local basis,

Q(Re);j = 2Rmyj R

Proof. With respect to (time-independent) local coordinates about a
given point of M", the second Bianchi identity and the definition and
symmetries of curvature yield

88"V, V Ry = — gg" (V, ViRm0, + VY Ry, )
= — g (Vi ViRmy i + Vi ViRmjpq )
= —2g¢"gPV,;ViRm, i,

_ g gm (VkViRmpqu + (RmkiRm)p]-gq)
jplq

= ng[gpq (VleRm + (RmikRm)p]-gq)

The second and first Bianchi identities then yield
Qi = gMg" (2(RmikRm)pj£q + Vi ViRm;pg, — VijRmipeq)
= ¢t (2(RmikRm)pjeq - VkVpRmije‘q)
= gkl opa (Z(RmikRm)pqu + ViV Rmygjp — vkvaqu)
= — ngf(Rmich)jg —|—gk£g”‘7 (VkVpRmiq]-g — VkaRmiW)
= 2Rm R — 2R} + ¢ g7 (RmyRm) .

Observe that4

4There is an easier way to see
that this term vanishes: since
the terms Q; (% — A)Rg;j and
Z(Rm,kam)pjérq = 2Rm1‘kj[RCké - ZRCIZJ
are symmetric, so must be the remain-
der, gkzgpq(VkV,-Rm]-pgq - VijRmipM).
But this term is clearly skew-symmetric.



THE GROUNDWORK

g 8P (RmyRm); 0 = — gMgPig™" (RmpkimRmnqu, + Rm g, R0
+Rmypjp Rmg,0 + RmpkemRmian>
= gMgrig (RmkpimRmnqu — Rmyy 50 RM gy
Ry p R0 — Rmpkngmian>
=0.

So the claim follows upon applying the identity

ViRejj = %Rc,»j + 2Rc;4'j. O
Taking the trace of (9.9), we find that
Corollary 9.10. along a Ricci flow (M" x 1,g),
(9t — A)R = 2|Rc|*. (9.10)

Applying the maximum principle to these equations yields useful
information about the behaviour of curvature under Ricci flow.

Proposition 9.11 (Scalar curvature tends towards positive). Let {gt }tc(a,)
be a Ricci flow on a compact manifold M.

1. If miny, 14y R = 0 then either Re=00r R > 0 for t € (a,w).

2. IfminMx{zx} R= 1’1(1’1 - 1)7’_2 > 0, then w < & + %rz and

. n(n—1)
AR e =D —a)

fort € (a,w).

3. Ifminyg, 3 R = —n(n — 1)r=2 <0, then

. n(n—1)
>
Y |

fort € (a,w).

Proof. In the first case, the maximum principle ensures that R remains
nonnegative due to (9.10). The strong maximum principle then guar-
antees that either R > 0 at interior times, or R = 0. But in the latter
case, (9.10) implies |Rc| = 0.
Now, since
|Re[* > 1R?,

we may estimate
R > AR+ 2R%.

The oDE comparison principle then yields the remaining claims. O
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Proposition 9.11 tells us two important facts. First, a Ricci flow with
positive scalar curvature on a compact manifold must become singular
in finite time. Second if a Ricci flow on a compact manifold happens to
exist on a very large time interval, then the scalar curvature is almost
nonnegative at the end time. In particular, if the flow has an infinite
past, then the scalar curvature is nonnegative in the present.

Corollary 9.12. For any ANCIENT? Ricci flow (M" x (—oo,w),g) on a
compact manifold M", either R > 0 or Rc = 0.

9.2.4 Evolution of the curvature operator

It is also possible to derive an evolution equation for the full curvature
tensor Rm.

Proposition 9.13. Along a Ricci flow (M" x 1,g),
(Vi — A)Rm = 2(Rm? + Rm"), (9.11)

where, as operators on vector fields,

Rm*(X,Y) = 1 trRm(Rm(X, Y)-, ")
and

Rm*(X,Y) = tr Rm(X,-),Rm(Y,-)],
or, with respect to a local orthonormal frame,

Ry, = 3RmjjpRmygpg

and

Rmf}k[ = (Rm;prsRm; Rm

jplg — Rmjjyiq ).

iplg

Sketch of the proof®. On the one hand, the Bianchi identities can be ex-
ploited to write the Laplacian of the curvature tensor as

ARm(X,Y,Z,W) = VxVzRe(Y,W) — VxVyRe(Y, Z)
— VyVzRe(X, W) + VyVyRe(X, Z)
—Rm(Re(X),Y,Z, W) +Rm(X,Re(Y), Z, W)
—2(B(X,Y,Z,W) - B(X,Y,W, Z)
+B(X,Z,Y,W)—B(X,W,Y,Z)),
where the tensor B is defined by

B(X,Y,Z,W) = g(Rm(X, -, Y, *),Rm(Z,-, W, «)).

On the other hand, the “time-dependent Bianchi identities” of Exer-
cise 8.8 can be exploited to write the covariant time-derivative of the

5I.e. having an infinite past.

©See Exercise 9.3 or, e.g., Andrews and
Hopper, The Ricci flow in Riemannian ge-
ometry; Chow and Knopf, The Ricci flow:
an introduction; Chow, Lu, and Ni, Hamil-
ton’s Ricci flow.



curvature tensor as

V:Rm(X,Y,Z, W) = VxVzRe(Y, W) — VxViwRe(Y, Z)
— VyVZRC(X, W) + VwaRC(X, Z)
—Rm(Re(X),Y,Z, W) +Rm(X,Re(Y),Z,W).

The claim then follows upon recognizing that

(Rm? +Rm*)(X,Y,Z,W) = B(X,Y,Z,W) — B(X,Y, W, Z)
+B(X,Z,Y,W)—-B(X,W,Y,Z). O
The terms on the right hand side of (9.11) have a natural algebraic
interpretation. Indeed, the term Rm? is at each point the square of
Rm as an endomorphism of A%(TM), while Rm* is the “Lie algebra
square” of Rm (where at each point A?(TM) is identified with so(n)).

Le.
Rm” = ad oRm A Rm o ad*,

where
ad : A%(so(n)) — so(n)

is the adjoint representation.

9.3  Global-in-space Bernstein estimates and long-time existence

The evolution equation for Rm immediately yields an evolution equa-
tion for [Rm|?:

(3 — A)|Rm|? = 2¢((V; — A)Rm,Rm) — 2| VRm|?

= 2¢(Rm? + Rm*,Rm) — 2| VRm|*.

The first term is formed from the metric contraction of a linear com-
bination of terms which are cubic tensor products of Rm. In partic-
ular, by Young’s inequality, we may estimate 2¢(Rm? 4+ Rm*, Rm) <
C|Rm|?, where the constant C depends only on 7.

Let us denote by S * T any tensor which is a linear combination of
metric contractions of the tensor product of S and T (of the same type).

Lemma 9.14. Along a Ricci flow (M" x 1,9),
[Vi—AV]T=Rm*VT+ VRmx*T.
From this, we find that

(9t — A)|VRm|? = 2¢((V; — A)VRm, VRm) — 2| V?Rm >
=2¢(V(Vi — A)Rm + Rm*VRm + VRm*Rm, VRm)
—2|V2Rm?
= Rm * VRm * VRm — 2| V?Rm|?.

THE GROUNDWORK

159



160

If |Rm| remains bounded on the time interval [0, T|, then we can esti-
mate
(9 — A)|[VRm|? < C|[VRm|?,

where C depends only on 7 and the bound for |Rm|. The oDE compar-
ison principle then implies that |VRm|? grows at most exponentially
on [0, T]:

|[VRm|? < max |VRm|2e“T.

This estimate takes a more natural form if we exploit its scale in-
variance: since |Rm| scales (under parabolic rescaling of our Ricci
flow) like the inverse square of distance, whereas t scales as distance
squared, the constant CT will be scale invariant. If we introduce the
scale parameter 7 = /T and assume that |[Rm| < Kr—2 for t € [0,7?] (a
scale-invarant assumption), then the estimate becomes

|[VRm|* < C; max |VRm|?,

where C; depends only on K and #.
We can also obtain a time-interior version of this estimate: consider,
for some to-be-determined constant g, the combination

Q = 2t{VRm|? 4 a|Rm|%.
Observe that

(9t — A)Q = 2|VRm|? + 2t(3; — A)[VRm|? 4 a(d; — A)|Rm|?
< 2|VRm|? + 2tC;|Rm||VRm|? + a(Co|Rm|> — 2| VRm|?)
= 2(1+4 C1t|Rm| — a)|VRm|* + aCy|Rm?.

If we know that |Rm| is bounded by Kr~2 on M x [0,72], then
(9 —A)Q < 2(1 + C1K — a)|VRm|* + aCoK3r—®

Thus, if we choose a = 14 C;K, then the oDE comparison principle
yields

t{VRm> < Q < maxQ + aCoK3r=t < ak®(1 + CoK)r*.

That is,
Dr—2
|VRm| < ——,
Vi

where D? = aK?(1 4 CyK). This is another manifestation of the diffu-
sive nature of the Ricci flow: even if the curvature is arbitrarily rough
at the initial time, it becomes much more regular only a short-time
later.

An inductive extension of this argument yields the following esti-
mates.



THE GROUNDWORK 161

Theorem 9.15 ((Global-in-space) Bernstein estimates?). For every n € 7 Bando, “Real analyticity of solutions of
Hamilton’s equation”.

IN, K < coand m € IN, there exists Cy, < oo with the following property.
Let (M" x [0,T), g) be a Ricci flow on a compact manifold M". If

|Rm(x,t)| < Kr72 forall (x,t) € M" x [0,77],
then

|VmRm(x,t)

< Cp max |V™Rm| forall (x,t) € M" x [0,7]
Mx{0}

and

Cmr_z n 2
STforall (x,t) € M" x [0,77].
Vi

|VmRm<x/t)

A fundamental application of the global-in-space Bernstein esti-
mates is the following characterization of finite time singularities.

Theorem 9.16 (Long-time existence). Let (M" x [0,T),g) be a MAXI-

maL® Ricci flow on a compact manifold M". If T < oo, then ®le. there is no Ricci flow (M" x
[0,T"),¢") with T' > T such that gzu) =
limsup max |Rm| = co. (s forall t < T.
t=T  Mx{t}

Sketch of the proof. Let (M" x [0,T),g) with T < co be a maximal Ricci
flow on a compact manifold M" and suppose, contrary to the claim,
that

IRm| < K on M" x[0,T).

By the Bernstein estimates, we also have bounds on M" x [0,T) for
V""Rm for all m. These geometric estimates can be converted, by an
inductive argument, to estimates in Ck for the metric coefficients in
any local coordinate chart. The only subtlety is the k = 0 and k =1
cases; to control these terms, we observe that, for any x € M" and any
veT,M",

d

2Rc(y gy (0, 0)
Elog (g(xrt)(v,v))’ B S 7 At

8(xt) (0,0)

Integrating, we find that g(, ;) remains uniformly equivalent to g,
under the evolution. (The first derivatives are then bounded due to
the interpolation inequality.)

Cover M" by finitely many compact sets K, which each lie to the
interior of some coordinate chart ¢, : Uy, — R". The Arzeld-Ascoli
theorem now implies that, for any sequence of times t; — T, we can
find, for each compact set K,, a subsequence of times such that the
metric coefficients in the chart ¢, converge uniformly on K, in the
smooth topology to some limit. Taking appropriate subsequences, we
can find limits along the same sequence of times which agree on over-
laps. These limits thus define a global smooth metric on M", which we
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now evolve by the Ricci flow using our short-time existence theorem.
The so extended family of metrics is smooth at each time and it is also
smooth in time across the jump time T since time derivatives of g are
related to spatial derivatives by the Ricci flow equation. But this is im-
possible since our original Ricci flow was assumed to be maximal. O

Proposition 9.17. Let (M" x [0,T), g) be the maximal Ricci flow of a com-
pact Riemannian manifold (M", Qo). If T < oo, then

max |Rm| > ——
M”><{t}| 'z T—t

where C depends only on n.
Proof. Since lim sup, »r maXypn (1} |IRm| = o0 and
(3t — A)|[Rm|? < ¢(n)|Rm|?,

the claim follows from the oDE comparison principle. O

9.4 Local-in-space Bernstein estimates and the compactness the-
orem

By introducing spatial cutoff functions into the above argument, one
may derive the following local-in-space estimates.

Theorem 9.18 (Fully local Bernstein estimates?). For every n € IN, K <
oo and m € IN, there exists Cy, < oo with the following property. Let
(M" x I, g) be a Ricci flow on a manifold M". If B,(x, t) has compact closure
in M", [t —r2,t] C I and SUPR, (x,) x[t—12,1 |Rm| < Kr~2, then

|VmM(x,t)| S Cmi’_m_z.

Combining these estimates with the Cheeger-Gromov compactness
theorem for Riemannian manifolds with bounded geometry yields the
following compactness theorem for Ricci flows under modest geomet-
ric assumptions.

Theorem 9.19 (Compactness of the space of Ricci flows with bounded
geometry). Let {( My x Iy, 0k, k) } ke e a sequence of pointed Ricci flows.
Suppose the following conditions hold

1. B,(o, &) @ My and I = [a, w] C I for all k.
2. MAXE (5 4«1 |Rmy, | < C < oo for all k.

3. injgk(ok,a) > 6> 0forall k.

9Shi, “Deforming the metric on com-
plete Riemannian manifolds”.



There exists a pointed Ricci flow (M x 1,0,g) such that, after passing to a

subsequence, the Ricci flows (By (ok, &) X I, 0k, gx) converge uniformly in

the smooth sense to the Ricci flow (By (0,0) x I,0,g). That is, there exists a

sequence of diffeomorphisms ¢ : By (0,0) — My with ¢r(0) = oy such that
¢igx — g uniformly in the smooth topology.

By taking limits along diagonal subsequences, one can obtain a
complete limit under global bounds on the curvature and injectivity
radius. Note though that the limit can lose or gain topology, and
different subsequences can take different limits. Compact limits are
better behaved, however (as in this case the convergence is necessarily

uniform).

9.5 An estimate for the curvature

By Klingenberg’s lemma, lower injectivity radius bounds are equiva-
lent to lower volume bounds under the assumption of bounded cur-
vature.

Proposition 9.20. Given x > 0 and K < oo, there exists 6 > 0 with the
following property. Let (M", g) be a Riemannian manifold. If

1. Supg () |Rm| < Kr=2 and
2. volume(B,(xp)) > xr",

then
inj(xo) > or.

Proof. See e.g.™®. O

So the lower injectivity radius bound in the compactness theorem
may be replaced by lower volume bounds for geodesic balls.

On the other hand, if the volume of a geodesic ball is bounded from
below for some time under Ricci flow, then the curvature at the centre
is bounded from above.

Theorem 9.21 (Perelman''). For any n > 2 and any x > 0, there exists
C < co with the following property. Let (M" x I,g) be a Ricci flow. Suppose
that B,(x,t) x (t —r%,t] € M" x L. If

Rm > —r2gin B,(x,t) x (t —1%,t] and volume(B,(x,t),t) > «kr",

then
|Rm(x’t)| S C7’72.

Sketch of the proof. Suppose, to the contrary, that we can find ¥ > 0,
a sequence {(M]” x Ij,gi) }jen of Ricci flows (MJ' x Ij, gj) containing
points (xj,t;) € M]’.z x I}, and a sequence of scales r; such that
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 Chow and Knopf, The Ricci flow: an in-
troduction; Chow, Lu, and Ni, Hamilton’s
Ricci flow.

" Perelman, “The entropy formula for
the Ricci flow and its geometric appli-
cations”
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- Rm]' > —rj’zgj in B,j(xj, i’]) X (i’] — 7’]2, i’]] and

- Volume(Brj(xj, tj), tj) > Kr}“, but nonetheless
2 -2

= [(Rmy) (1| > 177

Set Qj(x,t) = [(Rm;)(y ;|- We claim that points (X}, ;) € Mf x Ij can
be found with the following properties (see Lemma 9.22 below):

_ - 42
1. (X;, ) €B o (xi,t:) X (£ — =—t].
(1) Qﬂiﬁ-/t}-)(} i Qi (xjty) j
2. QJ(Y],E]) > Q](x], i’])
— — — 2 —
. Q;<20:(x;,t)in B ; (%, f) x (£ — =L—1].
3 Q]_ Q](] ]) Qv(;,?)(] ]) (] Qj?(x]-,t]-) ]]

i
Set 7]' = Q;l(f],f]
a sequence of pointed Ricci in flows with curvature bounded by two
on Bj(x;,0) x (—42,0] and volume(B;(x;,0),0) > x. By the compact-
ness theorem (Theorem 9.19), a subsequence converges to a complete

). After parabolically rescaling by ?;1, we obtain

ancient Ricci flow with nonnegative curvature operator and curvature
bounded from above by two, which has positive asymptotic volume ratio,

V(ML go) = lim YOIume(Br (xes, 0),0)

> 0.
r—00 rn

It turns out that this final condition is incompatible with the others.
(See Theorem 13.7 in Chapter 13.) O

In the proof of Theorem 9.21, we used the following “point picking”
trick.

Lemma 9.22 (Point picking lemma). Let (M" x I, g) be a Ricci flow and
f i M"x I — (0,00) a continuous function. Given (x,t) € M" x I and
any d > 0 such that B_ 1 (x,t) x (t — AL t) € M" x I, there exists

i) flxt)
(y,s) € B_ag (x,t) x (t— f%zzt),t) such that f(y,s) > f(x,t) and f <
flxh) ’
. 2
405 inB_s_(5,5) (s 7iogy9)

Proof. Set (yo,s0) = (x,t). If (y,s) = (yo,50) satisfies the conclusion,
we are done. Else there exists (y1,51) € B_ 4 (x,t) x (t — ﬁzt),t)

flxt)
such that f(y1,s1) > 4f(yo,s0)- If (y1,51) satisfies the conclusion, we're

done. Else, we continue choosing points (y;,s;) in the same way. Since

the radii form a geometric series, the points (y;,s;) never leave the ball

B o (x,1) x(t— J%Zt), t). Since f admits some finite bound within
flxh) ’

B a1 (x,t) x (t— f%%zt),t), the process must terminate after finitely
flxh) ’

many steps. O



While the estimates for derivatives of curvature (under the assump-
tion of bounded curvature) rely entirely on the maximum principle,
inspired by a classical argument of Bernstein, the estimate of Theorem
9.21 requires a number of new ideas. We will touch on these ideas in
Chapter 12.

9.6 Exercises

Exercise 9.1. Let (M",g) be a Riemannian manifold equipped with
its Levi-Civita connection V. Assuming f € C%2(M") attains a local
maximum at xg € M", show that

0= Vf(xg) and V?f(xg) <O0.

Exercise 9.2. Let {ge}.c be a one-parameter family of metrics on

—£0,£0)

a manifold M" with gy = g and d%‘ Og‘g =h.
e=
(a) Show that

d

I Rg, = —¢(Re, h) — Atrh +divdivh, (9.12)

e=0

where the Ricci curvature, trace, Laplacian and divergence are all
with respect to the metric g.

(b) Deduce that
(0 — A)R = 2|Rc|?

under Ricci flow.

Exercise 9.3. Let ¢ be a time-dependent metric on M" x I which evolves
by Ricci flow.

(a) Using parts (b) and (c) from Exercise 8.8, show that

ViRm(X,Y,Z, W) = VxVzRe(Y, W) — VyxVyyRe(Y, Z)
—VyVzRc(X, W) + VyVWRC(X,Z)
—Rm(Re(X),Y,Z, W) +Rm(X,Re(Y),Z, W),

where
B(X,Y,Z,W) = ¢(Rm(X,-,Y,*),Rm(Z,-, W, %))
(b) Show that

ARm(X,Y,Z,W) = VxVzRc(Y,W) — VxVwRe(Y, Z)
— VyVzRc(X, W) + VyVwRe(X, Z)
—Rm(Re(X),Y,Z, W)+ Rm(X,Re(Y),Z,W)

- Z(B(X,Y,Z, W) — B(X,Y, W, Z)

+B(X,Z,Y,W) — B(X,W, Y,Z)) .
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(c) Deduce that
(Vi—A)Rm = Z(B(X, Y,Z, W) —B(X,Y,W,Z)
+B(X,Z,Y,W) - B(X,W, Y,Z)) .
Exercise 9.4. Show that any ETERNAL Ricci flow (M" x (—o0,00), g) on
a compact manifold M" is Ricci flat.
Exercise 9.5. Show (using the ODE comparison principle) that, along

any Ricci flow (M" x [0,T), g) on a compact manifold M",

1
max |Rm| < , (9.13)

M"X{t} (maXMnX{O} |Rm‘)_1+C(Tl)t

where c(n) is a constant which depends only on the dimension 7.



10
Pinching and its consequences

We have seen that positivity of scalar curvature is preserved under the
Ricci flow, by applying the (scalar) maximum principle to the reaction-
diffusion equation for the scalar curvature. The reaction terms in the
evolution equation for the Riemann tensor enjoy a far richer algebraic
structure. Understanding this structure (in relation to the tensor and
vector bundle maximum principles) is a crucial step in understand-
ing the long term behaviour of the Ricci flow. We will explore this
paradigm in this chapter.

10.1  Contraction of compact three-manifolds with positive Ricci
curvature to round points

In three dimensions, the trace-free part of the Riemann curvature ten-
sor (the Weyl tensor) necessarily vanishes, so the curvature is entirely
determined by the Ricci tensor.*

Moreover, the inequality Rc > 0 implies the inequality Rm > 0.
The tensor maximum principle guarantees that these inequalities are
preserved.

Proposition 10.1. Let (M" x [0,T),g) be Ricci flow on a compact three
manifold M3. If Re|j—g > 0, then either

1. Re > 0forallt >0,
2. (M3,g) is flat, or

3. (M3 x 1,g) is an isometric quotient of (M? x R x I, h + dr?) for some
two-dimensional Ricci flow (M? x I, h).

Proof. Recall that
(Vt — A)RCU = Rmikngckg.

With the tensor maximum principle in mind, consider, for any non-
negative definite symmetric two-tensor S, the reaction term? N(S);; =

*Indeed, in general, in dimensions n >
3, the Riemann curvature tensor admits
the decomposition

Rm = Wy +ScPg, (10.1)

where the SCHOUTEN TENSOR, Sc, is de-
fined by

Sc= 15 (Rc—ﬁRg) ,

the KULKARNI-NOMIZU PRODUCT, (B,
of two symmetric (0,2) tensors S and T
is defined by

(SO T)(u,0,w,z)
=S(u,w)T(v,z) — S(v,w)T(u,z)
+S(v,z)T(u,w) — S(u,z)T(v,w),
and the WEYL TENSOR, Wy, which may

be taken to be defined by the formula
(10.1), is totally trace-free.

2We may write Rm(S) explicitly using
the formula

Rm(S) = ( - %tr(S)g) Ds§-

But it will suffice to know that Rm(S)
has the (algebraic) symmetries of the
Riemann tensor and its trace is S.
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Rm(S )ikj[Skf. Given any null eigenvector v of S, we claim that
N(8)(v,0) = Rm(s)ikaskzvivj > 0.

To see this, let {e; = v/|v|, ez, e3} be an orthonormal frame of eigen-
vectors, with corresponding eigenvalues 0 = p; < pp < p3. Since

01 o012 + 013
o2 = |o12+023] ,
03 013 + 023

where 0j; = Rm(S);j;j, we may express

023 1 P2 +p03—pP1
3| = 5 p1+p03—p2|
012 01+ p02—p3

and hence

N(S)(v,v) = 2Rm(S)1x1x ok

= 201202 + 201303

= (02 — p3)p2 + (03 — p2)p3
= (03 — p2)*

> 0.

So the tensor maximum principle indeed implies that Rc > 0.
In fact, the strong maximum principle implies that either Rc > 0 or

min Re(v,v) =0,
[v]=1

and hence Rc admits a null eigenvector v (at every point). Now, start-
ing at some point (x, t), parallel transport v along radial geodesics to
form a vector field, and then extend this vector field in time to form
a time dependent vector field V by solving V;V = 0. Note that this
vectorfield will satisfy VV = 0 and AV = 0 at the point (x,t). Thus,
since Re(V, V) > 0 with equality at (x,t), we find at (x,¢) that

VRc(V,V) = V(Re(V,V)) =0,
ARc(V, V) = A(Re(V, V) >0,
and
0 =0¢(Re(V,V)) = V;Re(V, V) = ARc(V, V) + Q(Ro),

and hence both terms on the right (being each nonnegative) must van-
ish. In an eigenframe {ej,ep,e3} for Rc at (x,t) with e; = v/|v| and
corresponding eigenvalues 0 = p; < p2 < p3,

0= Q(Rc) = 2sec(e; A e]-)pj = (p3 — Pz)Z,
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and hence p, = p3. So Rc has eigenvalues {0,p(x,t),p(x,t)} at each
point (x, t). If p vanishes at some (x, t), then so does R, and the strong
maximum principle implies that 2p = R = 0, and hence Rc = 0. So
we may assume that p > 0 everywhere. This guarantees that there is a
smooth null eigenvector field, U. Computing as above, we find that

0 > Re(VU, VU) = p?|VU|?
and hence U is parallel in space. It then follows that
ARc(U) =0
and hence
Re([0t, U]) = Re(ViU) = Vi(Re(U)) — ViRe(U) = 0.

The claim now follows from the Frobenius theorem (consider the dis-
tribution U = ker Rc). O

When Rc > 0, we may estimate |Rc|2 < R?, so the ODE comparison
principle give the following blow-up estimates for the scalar curvature.

Proposition 10.2. Let (M3 x [0,T),g) be Ricci flow on a compact three

manifold M3 with positive Ricci curvature.

1
1
min :R < ————— < max R.
Mx{t} 3 = 2(T —t) = Mx{t)

Proof. Since Rc > 0, we may estimate |Rc\2 < R?, and hence

IR? < (9; — A)R < 2R?.
Since limsup,_,rmaxyps, ;3 R = oo, the ODE comparison principle
yields the claims. O

The tensor maximum principle can also be used to show that any
uniform positive pinching of the Ricci tensor is preserved.

Proposition 10.3 (Pinching is preserved). Let (M3 x [0,T), g) be a Ricci
flow on a compact manifold M such that Rc > 0 at the initial time. There
exists & > 0 such that

Rc > aRg >0

at all times.

Proof. Since M? is compact and Rc > 0, a constant « > 0 may be found
such that the inequality holds at the initial time. Given such a constant,
consider the tensor S = Rc — aRg. Observe that

(Vt - A)Sij = (Vt - A)Rci]- - Oc(at - A)Rgi]'
= 2le-k][Rck£ - 2a|RC|2gij.

169



170

If v is a null eigenvector of S, then v is an eigenvector of Rc with
eigenvalue p; = aR. Consider an orthonormal basis {e; = v,e;,e3}
which diagonalizes Re. With respect to this basis,

(Rmik][RCké - 0(|RC|2gl']') 0jvj = (leklé - O(RCkl) RCké

= (o1 — apx) Pk
— ap? + (012 — ap2)p2 + (013 — ap3)p3,

where 0;; = sec(e; A ej) (= pi +pj — %R). Since

012 — apy + 013 —ap3 = p1 — (P2 + p3) = a(R—p2 — p3) = ap1 >0,

we have

max{cy2 — &p, 013 — ap3} >0

and hence

(012 — ap2)p2 + (713 — ap3)p3 > ((012 — ap2) + (013 — ap3)) min{py, p3}

= ap; min{py, p3}
> api.

So the claim follows from the tensor maximum principle.3 O 3In fact, our argument is not quite rig-
orous. It may be easily made so by ex-
pressing Rm, Rc and R algebraically in
terms of the tensor S.

Consider now the ratio [Rc|?/ R?, where Rc = Rc —1Rg denotes the
trace-free part of Re. Since Rc vanishes precisely at Einstein points, this
ratio is a scale invariant pointwise measure of the “roundness” of our
hypersurface. We will show that this measure of roundness becomes
optimal in regions of very large curvature. First, observe that it does
not decay.

Proposition 10.4 (Roundness is preserved). Let (M3 x [0,T),g) be a
Ricci flow on a compact manifold M® such that Rc > 0 at the initial time.

Proof. Since
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we find that

|Re|? |Re|?
(ai - A) R2 - (at - A) R2
Rc Rc Rel?
(Vi —A)Rc Re Rc Re
=2 - AR— +2 —, =
( R (9 = ARz + 2V v )
Rel?
N | visad
v
RmikjeRCij Rt |Ref* Re |2 Re |2
=4 —4 2 —| —2|V—
&2 2 + V% R ’V R
i o 12
Rm;pjoRe” Rt |Ref* Rc Re |2
=4 —4 2 = —2|lv=
R? R3 T2V R ’V R
Observe that, with respect to an eigenframe for Rc,
2
RRmikngcinckg — |Re|* = Y Rsec(e; Ae)pipk — (Zp?)
ik i
2
= Y R(p; + px — 3R)pipx — (ZP%) -
iZk i
Since, by Exercise 10.1, this is nonpositive, we find that
. . 12
|Rc|? Rc
_ < e
(0t —A) RS ZV%
So the claim follows from the maximum principle. O

By taking a little more care in estimating the reaction terms, we are
able to show that roundness improves at the onset of a singularity.

Proposition 10.5 (Roundness improves). Let (M3 x [0,T), ) be a Ricci
flow on a compact manifold M3 such that Rc > 0 at the initial time. For
every € > 0, there exists C; < oo (which depends only on € and the initial
data) such that

IRc|* < eR% + C.. (10.2)

Proof. Given o, consider the function R”'i—%'z. We aim to show, using
the maximum principle, that an initial upper bound for this function
is preserved, for some ¢ > 0 (which will depend on the preserved
pinching constant «). The claim then follows from Young’s inequality.
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Observe that

Rc|?
[Ref* | |Re]?

|Re[?
:R‘T(at—A) R2 + RZ (at—A)R‘T—Zg <VRU,V R2

IRc|? IRc|? [(3; — AR |VR|?
=R7(d; — A) R +oR” R R +(1-0) 2
VR _ |Rc|]?
—ZO'RUg (R,V R2
RmyjRc/Re IRc|2 |Rc|?2 | |Rc|*
=R’ |4 > + 20 R —4 R
|Rc|? Rel? IRc|? [VR?
+2(1—¢7)V% R -2 Vi +o(l—o0) 2 R’
Since
Rc|? VR|? [Rc|? Rc|?
Vﬂ R17| 2| — O,R17| 2| | 2| +RUVE | 2| ,
R R R R R R
we arrive at
|Re|?
(a[ —A) (RUI{2
Rm;jyRc/Rck IRc|2 [Re2 |Ref* Re |?
—R" [4—L 2 —4 —2lv=
5 + 20 2 R ¥ ‘VR
[Re|? |VR]? o [Rc|?
c(1-o0) 2 R +2(1 U)V% R 2

o RC|2 |R°c|2 |R°c\2
< 1+0 | o
4R (Z—i— 5 5 +2(1—0)§7VRR R 5 ,

where

. Rmik]'gRCinCké |Rc|4

Z= R TR
By Exercise 10.1, this expression is nonpositive, with equality only if at
least one of the eigenvalues is zero. It follows that the homogeneous
expression Z (as an algebraic function of the Ricci eigenvalues) takes
a negative maximum, —(,, on the cone described by the condition
Re > aR. Since |Re| < |Rc| < R on the positive cone, we may take ¢ to
be twice {, to obtain

|Rel? |Re|?
(0 — A) (RURZ <2(1-0)Vr R”? ,

at which point the claim follows from the maximum principle. O
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Proposition 10.5 ensures that the metric is becoming round at any
point where the curvature is becoming large, in the sense that the

scale invariant ratio |Rc|/R is becoming small. We already know that
1

2(T—1)

that minR blows up at the same rate. So we should try to control

maxR > is blowing up at the final time. We thus need to show

the gradient of Rc. In order to do this, we need to compare |VRc|? to
some function (of curvature) whose evolution equation can overcome
the bad reaction terms Rc*VRc * VRc in the evolution equation for
| VRc|?. We can exploit the estimate (10.2) in this regard.

Proposition 10.6. Let (M3 x [0,T),g) be a Ricci flow on a compact mani-
fold M3 such that Rc > aR at the initial time. For any e > 0, there exists
Ce < oo such that

|VRc|? < eR® + C;

at all times.
Proof. Recall that
(3: — A)|VRe|* < ¢|Rc||VRe[?> — 2| VZRe|?.
Given ¢ > 0, choose C; (as permitted by Proposition 10.5) so that
\Roc|2 < eR*+ G,
and consider, for suitable C, < oo, the function
Ge = 2C; + €R? — |Re|? > C; > 0.

Estimating Z > 0, |Rc| < R, and (see Exercise 10.2) |VRc|? > %\VR\Z,
we find that
(0 — A)Ge = 4 ((% + e) R|Rc|? — Rm(Rc,Rc))
+2(|VRe]? - (1 +¢) [VR]?)
> 4%(& —2C¢) 4 x| VRc|?

> — 4|Rc|G; + x| VRc|?,

= 1 1
where k = 57, say, so long as ¢ < 135.

We aim to preserve upper bounds for the function %. So con-
sider
|VRc|?
o —A
9 =8 ge,
_ (3 —=A)|VRe* |VRc]* (3 —A)R (3t — A)G;
- RGS RGS R GS

|VRc|?

+2¢ (V

2
,v1og(RG€)> 1olVRdl (VR VGE).

RG; R’ G
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We estimate the terms on the first line as above. To control the teirms
on the second line, observe that, at a new local maximum of %,

|VRc|? ¢(ViVRc, VRe)  |VRc|? (ViR = VG,
0=Vy =2 - +
RGs RGg RGE R Gg
and hence
2 2 2 2R |2
4|VRC\ B, VG, < |VRc|” | VR n VG, < 4:|V Rc| .
RG; R’ G RG: | R Ge RGe
Thus, at such a point,
|VRc|?> _ |VRc|? IRc| |Rc|? |VRc|?
<(@—A < H=l 49 _
0=@-M%e =76 (TR 7 ke
and hence
o[V (c+a)/Rel LolRe g
RG: — R RZ — ’
We conclude that
|VRc|? . c+6 |VRc|?
< C = max , max .
RG: — Kk "mx{0} RGe
The claim now follows from Young’s inequality. O

Proposition 10.7. Let (M3 x [0,T), ) be the maximal Ricci flow of a com-
pact Riemannian three-manifold (M3, g) with positive Ricci curvature.

Rmax ()
Rmin (t)

where Rmax = max R and Ry, = minR.
M3 M3

— 1 and diam(M3,g(_,t)) —0as t—>T, (10.3)

Proof. By the gradient estimate (Proposition 10.6), for every > 0
there is a constant C; < oo such that

IVR| < 1#R? 4+ C,.

Since Rmax(f) — o0 as t — T, there is, for every 1 > 0, some point
(xy,ty) € M3 x [0,T) such that

= Njw

R} = R3 (2, ty) = Riax(ty) > 8C, /172
and hence
IVRI(x, ) < 37RE (i, 1y)
for all x € M. Now let v be a unit speed g(,,tq)—geodesic through

_1
7(0) = x;. For each s < L = 1R, 2, the mean value theorem pro-
vides some sy € (0,s) such that

R(v(s),ty) =Ry 4+ V() R(7(s0), ty) = Ry (1 —17). (10.4)
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Applying the preserved pinching estimate Rc > a#Rg, we may estimate
Re(7,v) = aR > aR, (1 —17)

fors < L. Ify < %,then

Re(v,9') > 2Kg,

where K = R;. Choosing further < 7=, we obtain L > K1,
Myers’ theorem then implies that every point of M? is reached by a
g(.,tq)-geodesic of length at most L and we conclude from (3.15) that

Runin(ty) > (1 = 17)Rmax(ty)-
Since Ry is nondecreasing, we then have
1
RZ_.(t) > (1- n)zRfrlaX(tﬂ) > ZR% forall t>t,,
so that the above arguments hold for all ¢ > t;,. We now conclude that,
given any 77 < min{%, 1}, there is some time t, € [0, T) such that

diam(M,g(_/t)) < and  Rmin(t) > (1 —7)Rmax(t)

= Rmax(t)

for all t > t,. The proposition follows since Rmax(t) > 2(T17 ok O

It follows that the diameter of the rescaled metrics ———— (.4

2—1)(T—H) S ()

remains bounded, and their scalar curvature converges uniformly to

a constant as t — T. Bootstrapping arguments then yield smooth
convergence to a round metric.

Theorem 10.8 (Hamilton#). Let (M3, go) be a compact Riemannian three +Richard S. Hamilton, “Three-manifolds
manifold with positive Ricci curvature. The maximal Ricci flow (M3 x with positive Ricci curvature”

[0,T),g) of (M3,g0) satisfies

1 _
m&,t) — 8§

uniformly in the smooth topology as t — T, where g is a metric of constant
sectional curvature one. In particular, M3 is a quotient of S°.

10.2  Manifolds with positive curvature operator

In higher dimensions, Bohm and Wilking> were able to exploit the al- 5Bohm and Wilking, “Manifolds with
gebraic structure of the reaction terms in the evolution equation for the lfaosm‘,’,e curvature operators are space
orms .

curvature tensor to prove (using the vector bundle maximum princi-
ple) that pinching of the curvature operator is preserved and improves
under Ricci flow in all dimensions. As a result, they obtained the fol-
lowing higher dimensional analogue of Hamilton’s theorem.
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Theorem 10.9. Let (M", go) be a compact Riemannian manifold with posi-
tive curvature operator. The maximal Ricci flow (M" x [0,T), g) of (M", o)
satisfies
1
2(n—1)(T — 1)3tH)
uniformly in the smooth topology as t — T, where g is a metric of constant
sectional curvature one. In particular, M" is a quotient of S".

-8

10.3 Positive isotropic curvature and the quarter-pinched dif-
ferentiable sphere theorem

The quarter pinched sphere theorem of Rauch-Klingenberg-Berger
states that a simply connected, complete Riemannian manifold whose
sectional curvature satisfies % < sec < 1 must be homeomorphic to a
sphere.®

Micallef and Moore? later showed that every manifold of POSITIVE
ISOTROPIC CURVATURE is homeomorphic to a sphere. This condition
states that the curvature operator takes only positive values when act-
ing on totally isotropic two planes. Since, by Berger’s lemma, any
manifold whose curvature is pointwise quarter pinched has positive
isotropic curvature, this generalizes the quarter pinched sphere theo-
rem.

It is natural to expect that these results also hold within the smooth
category (i.e. such a manifold should be diffeomorphic to the sphere) but
attempts to prove this failed for almost fifty years, with the problem
becoming known as the QUARTER PINCHED DIFFERENTIABLE SPHERE
CONJECTURE. The conjecture was finally resolved in 2009 by Brendle
and Schoen® using the Ricci flow.

Theorem 10.10. Let (M",go) be a compact Riemannian manifold. If g
has positive isotropic curvature, then the unique Ricci flow starting from g
deforms go through a family of metrics {gt}cpo,r), T < oo, each having
positive isotropic curvature. Moreover,

1 _
2(n—1)(T-ns '8

uniformly in the smooth topology as t — T, where g is a metric of constant
curvature one. In particular, M" is diffeomorphic to S™.

Corollary 10.11 (Quarter pinched differentiable sphere theorem). Let
(M",g) be a compact Riemannian manifold. If 1 < sec < 1, then M" is
diffeomorphic to S".

A key ingredient is the observation (following Bohm and Wilking)
that nonnegative isotropic curvature is preserved by Ricci flow (estab-
lished independently by Nguyen?).

® The hypothesis is optimal since the sec-
tional curvatures of the Fubini-Study
metric on CP" take values between 1/4
and 1 inclusive.

7Micallef and Moore, “Minimal two-
spheres and the topology of mani-
folds with positive curvature on totally
isotropic two-planes”.

8Brendle and Schoen, “Manifolds with
1/4-pinched curvature are space forms”.

Huy T. Nguyen, “Isotropic curvature
and the Ricci flow”.
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10.4 Pinched manifolds are compact

By establishing local versions of Hamilton’s arguments, it becomes
possible to apply them in the noncompact setting.

Theorem 10.12 (Ricci pinched three-manifolds are compact™). Ifa com-
plete Riemannian three-manifold (M3, g) satisfies R > 0 and

Rc > aRg
for some o > 0, then M3 is compact (indeed, M3 =2 83/T).

The idea is to flow the metric by Ricci flow, preserving and improv-
ing the pinching condition until it converges to a round point in finite
time. Note, though, that this is much harder to achieve in the (a priori)
absence of compactness!

Theorem 10.12 should be compared with the Bonnet-Myers the-
orem (which guarantees that a complete Riemannian manifold with
uniformly positive Ricci curvature, Rc > ag > 0, is compact).

There are higher dimensional versions of Theorem 10.12 which hold
under stronger conditions.™”

10.5 Exercises
Exercise 10.1. Given nonnegative numbers pq, o2 and p3, show that
2
Y R(pi +px — 3R)pipx — (ZP?) <0
ik i

with equality only if at least one of the numbers p; vanish, where
R =p1 + 02+ 3.

Exercise 10.2. Show that, on any Riemannian three-manifold (M3, Q),
|VRc|]* > Z|VR|?.

Hint: Split VRc into its trace and trace-free components.

1° Deruelle, Schulze, and M. Simon, “Ini-
tial stability estimates for Ricci flow and
three dimensional Ricci-pinched mani-
folds.”; Lee and P. Topping, “Three-
manifolds with non-negatively pinched
Ricci curvature”; Lott, “On 3-manifolds
with pointwise pinched nonnegative
Ricci curvature”

"B.-L. Chen and Zhu, “Complete
Riemannian manifolds with pointwise
pinched curvature”; Lee and P. Topping,
“Manifolds with PIC1 pinched curva-
ture”; Ni and Wu, “Complete manifolds
with nonnegative curvature operator”.
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Conformal flow of surfaces by curvature

A key step in the proof of Hamilton’s theorem on the convergence of
three-manifolds of positive Ricci curvature (and its higher dimensional
analogues) was the improvement of pinching of the eigenvalues of the
Ricci curvature (or curvature operator). No such estimate is possible in
the two-dimensional setting as, in that case, the curvature operator has
only one component! Fortunately, in two-dimensions, the Ricci flow
enjoys some additional structure, which actually allows us to prove
something far stronger.

11.1  Special properties of the Ricci flow in two space dimen-
sions

Since in two dimensions the Ricci tensor is in proportion to the metric?,
the Ricci flow takes the form

Jig = —2Kg, (11.1)

where the scalar of proportion, K, is called the GAUSS CURVATURE.
This equation is also the two-dimensional special case of a number of
other higher dimensional flows (e.g. the Kahler Ricci flow, the Yamabe
flow, and conformal flows by functions of the Schouten tensor). With
this in mind, it is perhaps not surprising that (11.1) displays properties
of these higher dimensional flows that are not necessarily shared by
the Ricci flow in higher dimensions.

11.1.1  The logarithmic fast diffusion equation and conformal invari-
ance

Two dimensional Ricci flow (M? x I,g) of a compact manifold M?
is actually a cONFORMAL FLOW; that is, we can find a function u €
C*®(M? x I) such that

2u(x,t)

8(xt) =€ 8(x,0)- (11.2)

*This is a straightforward consequence
of the algebraic symmetry properties of
the Riemann curvature tensor.
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To prove this, observe that a time-dependent metric of the form (11.2)
satisfies Ricci flow if and only if

1
orug = —Eﬁa[g = Rc = Kg.

That is,
atu =K.

By Exercise 11.1,
K(x,t) = @) (Agu(x, t) + Ko(x)),

where Ap and K are the Laplace-Beltrami operator and sectional cur-

vature of gg, so we conclude that e 2"

if

8o satisfies Ricci flow if and only

o = e (Agu +Kp). (11.3)

But this is a parabolic equation, and hence admits a (unique) solution
u for a short-time, given the initial condition u¢ = 0. By uniqueness of
solutions to Ricci flow on compact manifolds, § = e ?"go must be the
unique Ricci flow starting from gy.
We note that (11.3) is equivalent to the LOGARITHMIC FAST DIFFU-
SION EQUATION
9rv = Aglogv — 2Ky (11.4)

on (M?,g) for the conformal factor v = e 2.

11.1.2  Preservation of negative curvature

Since Rc = Kg, the Gauss curvature (which is half the scalar curvature)
evolves according to
(9 — A)K = 2K2. (11.5)

This means that negativity of curvature is preserved in two dimen-
sions (recall that positivity of the scalar curvature is preserved in all
dimensions). We also obtain an analogue of Proposition 9.11:

Proposition 11.1. Let (M? x [0,T),g) be a Ricci flow on a compact two-
manifold M?.

1. If maxyp, oy K = 0 then either K= 0 or K < 0 for t € (&, w).

2. Ifmaxyp, ) K= —r72 <0, then

max K< —————
M2x{ty  — r24+2(t—a)

fort € (a,w).
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3. If maxyp, (o K =772 >0, then

max K< ———
M2x{ry  — r2—=2(t—a)

fort € (a,w).
In fact, we can do better by making use of the Gauss-Bonnet theo-

rem.

11.1.3 A simple formula for the area

By the Gauss—-Bonnet theorem and the first variation of area, the area
of a two-dimensional Ricci flow changes at a precise rate:

4 area(t) = —2/ Kdy = —4mx(M?), (11.6)
dt M2

where y(M?) is the Euler characteristic of M?. Integrating yields
area(M?,t) = area(M?,0) — 4ty (M>)t, (11.7)

a remarkably simple—and useful—formula. Indeed, consider the av-
erage Gauss curvature

L e Kdp  2mx(M?) 27y (M?)
" [ypdu  area(M?,t)  area(M?2,0) —4mx(M?)t’

©(t)

By (11.6) (or (11.7)),

d  2nx(M?) d 22
5= 7area2(M2,t)$area(M 1) = 2K”.

Recalling (11.5), we thus find that

47ty (M2
(0t —A)(K—x) =2(K—x) (K — K+ area(MZ,%Q)C(— 47)rX(M2)t)

and hence, if we normalize so that area(Mz, 0) =4,

in K> .8
i K2 @19

for t € [0, T), where ¢ is the solution to the problem

de (M?)
it =2 (0 5y

$(0) = ¢o = Mlglxi%}(K —K);
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that is (note that ¢y < 0),

o
X(M2)t)(1 = x(M?)t — 2¢ot)
1

g as t — oo if x(M?) <0

#(0) = =

1
~ 7 as t — oo if x(M?) =0

as t —

T ) x(;/fz) if x(M?) > 0.

In particular, T < ﬁ if x(M?) > 0.

An analogous argument may be carried out to establish an upper
bound for max, ., (4 K, but that estimate will prove of little utility. We
will obtain a congruous estimate from above by a different argument,

which is strongly informed by the behaviour of solitons.

11.1.4 The Chow-Hamilton entropy

The CHOW-HAMILTON ENTROPY? of a Riemannian surface (M?, g)of
positive curvature is defined to be

2
E(M?,g) = ari?((]]\\/l/lz)'g) exp ()((11/12) /M2 KlogK dy) . (11.9)

Proposition 11.2 (Monotonicity of the Chow-Hamilton entropy3). Along

any Ricci flow with positive curvature (M? x 1,¢) on a compact surface M?,

d 2
—_ <
téa(M,gt) 0

at all times, with strict inequality unless 9 log K — |V log K|? is constant in
space.

Proof. To make the calculations slightly simpler, we assume that M? =
S? but the general case is the same. Using the evolution equations for
curvature (11.5) and area (9.8), we find that

d - oK |VK|?
ﬁ/MzKlongyf /M2 ( K e Kdu.

Q = 9;logK —|VlogK |2.

Set

Using the formulae
[V,Alf = =KVf, ViVf=Voif +KVf and [9;, Alf =2KA

(and a little elbow grease) we find that

2
(0 —A)Q =2¢(V1ogK,VQ) +2|VlogK +Kg| . (11.10)

>Compare this to the NAsH ENTROPY,
— [ulogu, of a positive function u, in-
troduced by Nash, “Continuity of so-
lutions of parabolic and elliptic equa-
tions”.

3The stated result was established by
Richard S. Hamilton, “The Ricci flow on
surfaces”. A modified version which al-
lows the curvature to change sign was
established by Chow, “The Ricci flow on
the 2-sphere”.
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We thus find that
2

d d
ﬁ/MzKlogK dy = E/Mz QKdpu

:/ (K2:Q + QAK) dy
M2
2
= /2 (A(KQ)+2K’VzlogK+Kg‘ ) du
M
2
:2/ |V210g K +Kg| K.
M2
Estimating

2 2
V210gK+Kg‘ = ‘V“ogK—%AlogKg—i— 1 (AlogK+2K) g

|V2logK—}AlogK "1l 2
gK—5AlogKg| + ;5 (AlogK+2K)

v

1 (AlogK +2K)?
Q?, (11.11)

NI NI

this becomes )
d 2
dtz/MZKbngy_/MZQ K d

Applying Holder’s inequality and the Gauss—Bonnet theorem, we ar-
rive at

dz/Klo de>i i/Klo de2 (11.12)
dt? T & T 4 \ dt iV & ' '

On the other hand, recalling (4.2), we see that the function

. 3r? 4
‘P(t) = o) = 2
area(M?, g) area(éVI 80) g
Vs

satisfies the corresponding oDE

dgb_L
ar -~ amd

Moreover, by Perelman’s curvature estimate (Theorem 9.21), the flow

may be continued until the area tends to zero#; i.e. (by (9.8)) until time

2
T = %. This means that

p(t) >0 as t = T,

and we may thereby deduce, by 0DE comparison, that

d 3272
el < et
dt /Mz KlogK dp < area(M?, g;)

= — 47‘(% logarea(M?, gt).

+We shall present an alternative argu-
ment for this below.
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i [_ g t) > N

Now, if the inequality is saturated at some time fj, then we may
deduce from (11.12) that is saturated for all + < ty. But this guaran-
tees that the Holder inequality is saturated, which ensures that Q is
constant in space for t < fg. O

11.2  Self-similar solutions

Recall that a metric ¢ on a two-manifold M? generates a self-similarly
expanding, steady or shrinking Ricci flow if there are a constant A € R
and a vector field V such that

Rc=Ag— %ﬁvg. (11.130)

An important special class of solutions are those with V' = grad f for
some POTENTIAL FUNCTION f, in which case,

Rc = Ag — V. (11.13b)

Theorem 11.3. Every compact, two-dimensional gradient Ricci soliton has
constant curvature.

Proof. Let (M?,g,f) be a gradient Ricci soliton on a compact two-
manifold. By Exercise 11.2, the vector field K = J(V f) is Killing. Since
M? is compact, there must be some 0 € M? such that Vf(0) = 0 and
hence K(0) = 0. It follows that K generates rotations, and hence we can
find coordinates (r,6) € (0,R) x R/27Z such that g = dr? + ¢ (r)d6>.
The claim now follows from the result of Exercise 8.1. O

Essentially the same argument yields the following.

Theorem 11.4. The cigar is the only steady two-dimensional gradient Ricci
soliton with positive curvature.

Sketch of the proof. By Theorem 11.3, M? cannot be compact. It follows
from Theorem 9.21 (though indirectly; see Theorem 13.2 below) that
K — 0 as the distance to any fixed point x of M? goes to infinity. But
then K attains a (positive) maximum at some point, at which Vf =
VK/K = 0. The claim now follows as in the previous theorem and
Example 17. O

By manipulating the (gradient) soliton equation, we shall establish
a suite of identities for two-dimensional (gradient) Ricci solitons.

First observe that taking the trace of (11.13a) yields (note that, for
any vector field V, %EV g is equal to the symmetric part of VV)

K=A- % divV, (11.14a)
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—Af =2(K—x). (11.14Db)
From this, we see that (11.13a) is equivalent to
Lyg—divVg=0. (11.152)
or, in the gradient case,
V2 f — %Afg =0. (11.15b)
Moreover, in case M? is compact,
0=— diVdeIZ/ (K—A) du
M2 M2
and hence ;
K
A=K = M
Jo dp
Taking the divergence of (11.15a), we find that
AV +Re(V) =0 (11.16a)
which, on a gradient Ricci soliton becomes
VK-KVf =0. (11.16b)

Next observe that taking the divergence of (11.16b) yields, in the

gradient case,

AK — VK +2K(K —A) = 0.

We may also rewrite (11.16b), using (11.15b), as

0= VK- (K-A\)Vf—AVf

= VK+ 3AfVf—AVf
= VK+ VyfVf—AVf

=V (K+ LvgP —/\f) .

Thus, in the gradient case,

K+3IVF2—Af=C

for some constant C € R. Equivalently (by (11.14b)),

—Af + 3 Vf? —K-Af =C—2A.

(11.17)

(11.18)

Remarkably, this is the Euler-Lagrange equation for a certain con-

strained energy functional.
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Proposition 11.5. Given any compact Riemannian surface (M?,g) and any
A € R, define, for any smooth function f,

E(f) = /MZ <%|Vf|2+K—0—)\f) e fdy. (11.19)

If {fe}ee(—cqep) 15 @ smooth variation of f = fo which satisfies the weighted

volume constraint p
— fedu=0
de /Mz ¢ K ’

then
d

de

Ff) == [ (8F = HIVSR+K+Af)he dy,
e=0 M

where h == d% |le=0fe. In particular, if f is a stationary point of the action with
respect to constrained variations, then —Af + %|V f|> — K —Af is constant.

Proof. Since the weighted volume constraint guarantees that

d / e fedy = / he=f dy,
e=0 M2 MZ

0:—%

we find that
d

de

Ff) = [ (89,0 + M= [397P +Ks]) e d

— [ (A= MR+ KAS) e

e=0

This is the first claim. The second claim follows since any function h
which is L2(e™f du)-orthogonal to the constant functions gives rise to
an admissible variation. O

Theorem 11.6. All compact, two-dimensional shrinking Ricci solitons are
gradient.

Sketch of the proof. We will prove this statement in all dimensions in
§12.2. The idea is to find a minimizer f for the functional F (using
classical methods from the calculus of variations). If Ag — Rc = %Eyg
for some vectorfield V (the Ricci soliton equation), then this minimizer
will satisfy Ag — Rc = V2f (the gradient Ricci soliton equation). (Note
that this does not necessarily mean that the original soliton vector field
V is given by V = V f—the two could differ by a Killing vector field).

O

Combined with Theorem 11.3, we find that

Corollary 11.7. every compact, two-dimensional shrinking Ricci soliton has
constant curvature.
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Consider now, for some gradient Ricci soliton (MZ, g, f), the corre-
sponding self-similar Ricci flow ¢*g, ¢ being the flow of V f. This Ricci
flow will satisfy the soliton equation with

—LZt for t € (—o0,0) (shrinking case)
Alt) = 0 for t € (—oo,00) (steady case)

% for t € (0,00) (expanding case).

Thus, by (11.18),

otf =Vysf
=|VfI?
= —2K+2Af +C
= —2(K—-A) =21 4+2Af+C
=Af+2Mf +C—2A.
Since we are free to modify the potential function, at each time, by
addition of a constant, some choice of potential function will satisfy

the heat equation
(0r —A)f =2Af. (11.20)

Alternatively, since —Af = 2(K —A), we may exhibit f as a solution
to the backwards heat equation

(O +A)f +2K =2Af +2Af +C+2(K—A)
— _2(K-A)+2Af+C
= |Vf|> +2A. (11.21)

Remarkably, this means that the function & = Ae~/ satisfies the con-
JUGATE HEAT EQUATION:

—(at+A—2K)h =0.

The name comes from the fact that, along any two-dimensional Ricci
flow (M2 x 1,g),

d
—/ u(pdy:/ (0uq + udrp — 2Kug) dp
dt M2

M2
= /M2 ((0r — Dyug +u(d; + A - 2K)g) dp.

so long as ¢(-, t) is compactly supported. In particular, a smooth func-
tion u : M? x (a,b) — R satisfies the heat equation if and only if every
smooth function ¢ : M? x (a,b) — R which is compactly supported in
M? x (a,b) satisfies

b
// u(or —A)*pdudt =0.
a JM?

187



188

where
(9 — A)* = —(9r + A — 2K)

is the CONJUGATE HEAT OPERATOR.

11.3 The differential Harnack inequality

The classical heat equation exhibits a remarkable property, known as
the (matrix) DIFFERENTIAL HARNACK INEQUALITY, which states that
any positive solution # : R” x (0,00) — R must satisfy

v? logu + 2% > 0. (11.22)

In fact, the inequality must be strict, unless u is a constant multiple of
lr—xg

the (self-similar) fundamental solution, p(x,t) = (47tt)"2e~ & — for
some xg. Integrating the trace of (11.22) along spacetime curves of the
form t — (7(t),t), with 7 a geodesic joining points x; and x,, yields
the classical HARNACK INEQUALITY:

_\962—961|2

A7tt)) 3 u(xa, t2) > (A7) 3 u(xy, t L T T
(i) oy ta) = ()l ) exp (- 200

) ,  (11.23)

for any xp, x1 and any tp > 1.
For an ANCIENT?® solution u : R" x (—o0,00) — R, performing a
series of time-translations yields the stronger inequality

& logu > 0.

Again, we have strict inequality, except in the exceptional circumstance
that V2log u = 0; that is, u is a constant multiple of the travelling wave
solution, u(x,t) = e )¢ for some v € R™.

Observe that, by (11.16b) and (11.17), a two-dimensional expanding
gradient self-similar Ricci flow must satisfy

VK2 K
K = AK +oKk2 = [VKIE K
t + K 7
while a two-dimensional steady gradient self-similar Ricci flow must
satisfy
K2
9;K = AK 4 2K? = %.

Theorem 11.8 (Differential Harnack inequality®). Along any Ricci flow
(M? x [0,T), g) with positive curvature on a compact two-manifold,

aK _|VKP
K K2

1
+o >0 for t€(0,T). (11.24)

Moreover, if (11.24) holds along a Ricci flow (M? x (0,T), g) on a (not nec-
essarily compact) connected two manifold, then it holds with strict inequality,
unless (M? x (0,T),g) is an expanding self-similar solution.

5Le. having an infinite past.

¢ Richard S. Hamilton, “The Ricci flow
on surfaces”. Cf. Chow, “The Ricci flow
on the 2-sphere”
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On any non-flat ancient two-dimensional Ricci flow (M? x (—o0,T),g),

aK _|VKP
K K2 =

0. (11.25)

Moreover, if (11.25) holds along Ricci flow (M? x (—o0, T), g) on a (not nec-
essarily compact) connected two manifold, then it holds with strict inequality,
unless (M? x (—oo,T),g) is a steady self-similar solution.

Proof. Consider the functions
Q = 3 logK — |VIogK?

and
P = t(3;logK — |V logK|?) + 1.

Note that P = 0 if and only if (M" x I,g) is an expanding self-similar
solution and Q = 0 if and only if (M" X I,g) is a steady self-similar
solution.

Recalling (11.10), we have

2
(3 —A)Q =2¢(V1ogK,VQ) +2|V*logK+Kg| .
Applying (11.11), we thus find that
(0t —A)P >2¢(V1ogK,VP) + QP.

Since P|;—p = 1 > 0, the maximum principle implies that P > 0 for
positive times, and either P > 0 or P = 0. The claims follow. O

Note that, by continuity, smooth limits of Ricci flows on compact
surfaces satisfy the differential Harnack inequality (and hence also the
rigidity case by the strong maximum principle).

Corollary 11.9 ((Integral) Harnack inequality). Along any Ricci flow
(M? x [0,T), g) with positive curvature on a compact two-manifold,

K(xy, ta) [tz o (cﬂ(xl,xz,tl))]‘l

ex
K(xl,tl) “h 4(t2 — tl)

for any x1,x, € M? and any 0 < t; < tp < T, with strict inequality unless
(M2 x [0,T),g) is an expanding self-similar solution.

Proof. Integrate the differential Harnack inequality along curves of the
form t — (t,v(t)). O

In fact, Theorem 11.8 is the trace version of the following more gen-
eral “matrix Harnack inequality”.

189



190

Theorem 11.10 (Matrix differential Harnack inequality?). Along any 7 Richard S. Hamilton. “The Harnack es-
Ricci flow (M? x [0, T), ) with positive curvature on a compact two-manifold timate for the Ricci flow”
M?,

<8tK K2+ 1K> IW|? = ViwViwK +2¢(VK AW, U) +K|U|? >0
(11.26)

for every time-dependent vector field W and two-form U. Moreover, if (11.26)
holds along a Ricci flow (M? x (0,T),g) on a (not necessarily compact)
connected two manifold, then it holds with strict inequality, unless (M? x
(0,T),g) is an expanding self-similar solution.

Along any ancient Ricci flow (M? x (—oo,T), g) with positive curvature
on a compact two-manifold M2,

(atK - KZ) W2 = Viy VK + 2g(VK AW, U) + KU > 0 (11.27)

for every time-dependent vector field W and two-form U. Moreover, if (11.27)
holds along a Ricci flow (M? x (—o0,T),g) on a (not necessarily compact)
connected two manifold, then it holds with strict inequality, unless (M? x
(—oo,T),g) is a steady self-similar solution.

Proof. Motivated by various identities which hold on expanding (and
steady) solitons, one considers the forms

QU, W) = (atK - KZ) (W, W) — Viy VK + 2¢(VK A W, U)
+Kg(U, U)

and
P(U,W)=tQ(U,W)+Kg(W,W).

After some arduous computations (motivated by various identities
which hold on solitons), it is possible to obtain a suitable differential
inequality for P. O

11.4 The monotonicity formula for Perelman’s functional

Given a Ricci flow (M? x I,¢) on a compact surface M?, define, for
any f: M?> x I - Rand 7: I — R, the functional

P(f,8,1) = /M2 [T (|Vf|2 +2K) —i—f—Z} (4rt) e fdu. (11.28)

Observe that, when T is identified with backwards time, PERELMAN’S
FUNCTIONAL & is just a multiple of the functional F of (11.19) in the
shrinking case, A > 0 (with f replaced by f — 2).
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Now, on a self-similarly shrinking Ricci flow (M? x (—o0,0), g) with
potential function f and 7 taken to be negative time,
P(f,g7T) = / [T (\Vf|2 —|—2K) +f- 2} (4rct)te fdu
M2

1
_27'[ M2

1
— -f
ﬂ/z/\fe du

due to (11.18) (and the choice of normalization of f). Since (by (11.21))

3V +K+A(f-2)) e ap

Ae~/ satisfies the conjugate heat equation, we find that
L (5 T)—l/ (3 — &) fret d
dt '8 o 7T J M2 f #

i)
=0.

The following remarkable inequality holds along a general Ricci flow
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on a compact surface.® 8 We omit the proof, as we will establish
a generalization of the formula to all di-

Theorem 11.11 (Perelman’s monotonicity formula%). Let (M? x I,g) be mensions in §12.4.
a Ricci flow on a compact surface M?. If f and T satisfy

{(at+A+2K)f: ‘Vf|2_|_%, cations”
dt
ar -
then
a 2(f,87)= 2T/ [Re + V2f — zlg|2e_f du (11.29)
dt MZ T

so long as T > 0. In particular, the PERELMAN ENTROPY
1
2 —F) =i ) -f =
u(M?=,gt, kg — t) = mf{gz(gt,f,to f): yrer oy /Mze due 1}

is nondecreasing for t < to (strictly, unless (M2, gy,+¢) is a gradient shrink-
ing soliton with potential f(-,ty + t)).

11.5 Noncollapsing

Roughly speaking, a sequence of Riemannian surfaces (sz, gj) is said
to coLLAPSE if some sequence of neighbourhoods U; C M]2 and scales
Aj can be found such that (Uj, A;g;) resemble a one-dimensional mani-
fold as j — oco. One precise way to quantify this is to ask for a sequence
of points p; € M; such that

o 1 .
injg (p)  sup  [K[Z <7, (11.30)

Biinig, (o) ()

9 Perelman, “The entropy formula for
the Ricci flow and its geometric appli-



192

where inj (p) denotes the INJECTIVITY RADIUS of (M?,g) at p—the
radius of the largest ball in (T,M?,g,) on which the exponential map
is a diffeomorphism.

Note that injg \K|% is scale invariant. Thus, if (11.30) holds, then,
at the scale of the curvature, the injectivity radius degenerates to zero.
On the other hand, at the scale of the injectivity radius, the curvature is
tending towards zero in arbitrarily large regions, and at this scale the
regions converge to a flat surface.

Example 19. Consider the constant sequence (MJZ, gj) = (]Rz, gdgar),
where, in polar coordinates

Seigar = dr® + tanh? rd6?

is the cigar metric. If p; are a sequence of points with r; — oo, then,
on the one hand, inj;(p;) — 7 as j — co. On the other hand, since
rj — o0 as j — oo, we may arrange, by passing to a subsequence, that
rj — jrt — oo, and hence (recalling that K = 2sech?r)

sup K< sup K
B]m]/(p])(p]) B;n(P;)
< sup K
rj—jm<r<rj+jm
= K(rj +jm))
= 25ech2(rj —jm)
=0(1) as j— oo.

So the sequence is collapsing. |

11.5.1 The isoperimetric estimate

The RELATIVE ISOPERIMETRIC CONSTANT of a Riemannian two-sphere
(M? = §2,¢) is defined to be

I(M?%g) = iII}f relength(T, g),

where the infimum is taken over all SEPARATING CURVEs—regular Jor-
dan curves I' C M? which® separate M? into two topological disks, ()
and ()y—and the RELATIVE LENGTH of a separating curve is defined
by

. length(T, g)

relength(T, g) = length(T,3)’

where the coMPARISON ARC T is the (unique up to isometry) shortest
Jordan curve which separates the round sphere (S2,3) of the same
area as (M?,g) into regions Q1 and ) of the same areas as (; and
), respectively.

© Necessarily, by the Schoenflies theo-
rem.
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Obviously, the relative isoperimetric constant of a round sphere is
one. Moreover, since

relength(T,g) = 1 as length(T,g) — 0,

the relative isoperimetric constant cannot exceed one on any two-
sphere (M?,¢). In fact, Z(M?,¢) < 1 unless (M?,¢) is isometric to
a round sphere.

Hamilton proved that the isoperimetric constant of a Riemannian
sphere does not decrease under Ricci flow.

Proposition 11.12. Let (M? x [0,T), g) be a Ricci flow on a surface M? =
S,

4 T(M?,g1) >0
it /8t) 2

in the viscosity sense'* whenever Z(M?,g;) < 1. In particular,
Z(M?,gt) = Z(M?, o).

Sketch of the proof. First note that, given any separating curve I' for a
surface (M?,g), the first variation formula for the length of a sep-
arating curve in the comparison surface (M?,3), subject to the area
constraint, guarantees that any comparison curve I has constant cur-
vature. For such curves, we have the formula

47 1 1
+

length?(T, 3)

7

area(Q);,g) area((),,3)

where ()1 and Q); are the two regions bounded by T, which gives the
formula

1

_ length(T, g) 1 1 2
relength(I’ g) = Var area(Qy,9) + area(()p,9))

where () and (), are the regions bounded by I'.

Recall now that the length and area of a variation {Te}.¢( of

—£0,£0)
I' =Ty vary according to

length(T,) = */g(K, V)ds,
e=0 T

Figure 11.1: Given a curve, I, separat-
ing a surface (M? 2 S2,¢), into regions
0 and (), the comparison curve, T,
is the shortest curve separating M? into
regions Q1 and (), which when mea-
sured in the round geometry on M? of
the same area as g have the same areas
as 01 and ), respectively, as measured
in the original geometry.

" This is a weak formulation of the dif-
ferential inequality ‘;—1; > 0 which ap-
plies to any continuous function. It as-
serts, for every tp € (0,T), that every
smooth function ¢ : [0,T) — R which
touches u from below at f(, in the sense
that u < ¢ for t in a backward neigh-
bourhood (ty — J,t] of ty with equality
at t, satisfies % (tp) > 0.
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and

area(Q)) :/g(N,V) ds,
dS e=0 T

where V is the variation field and N is the outward unit normal corre-
sponding to the choice of bounded region, (). It follows that

Jreg(N,V)ds 1 0 1 B 1
Jrg(N,V)ds 2 length(I’, g) (area(Q,g) area(M?2\ Q,g))

at a minimizer of the relative length for any (nontrivial) variation V.

From this we may conclude that a miminizer has constant curvature,

1 1 1
=2 length(T’ g) (area(Q,g)  area(M2\ Q,g)) ’ (11.31)

Consider now the constant distance variation, I's = {expp eNp:pe
I'}. The second variation identities, along this variation, are given by

2
—_— length (T’ :—/de
d€2 0 g ( 8) T
and
2
|, area(Q),) = /rde.

(The first of these is established by differentiating the Gauss—Bonnet
formula, [ K du + [r xeds = 27 while the second follows from the
identity % area((), g) = length(T, g).) Combining these and recalling
(11.31), we conclude that

length®(T, g)
< .
/rK ds < area((, g) area(M?\ (), g) (11.32)

at a minimizer I of the relative length.

Now, if Z(M?,g) < 1, then (since relength(T,g) approaches 1 as
length(T, ) approaches 0) a minimizing sequence'? of separating curves  'Le. relength(T;,g) — Z(M?,g) as j —
I'; will have lengths bounded uniformly from below. It is then pos- o
sible to extract a suitable weak limit curve, I. Though this limiting
curve may not be smooth a priori, the vanishing of the first variation
of the relative length at I ensures that I' has constant curvature in the
corresponding weak sense, which guarantees that it is smooth (and
connected, else a better constant is given by one of the components).

Now suppose that the metrics {g¢},[,7) on M? evolve by Ricci flow.
Given ty € (0,T), if Z(M?,gt,) < 1, then we can find some minimiz-
ing curve, I'y;, as above. Given any variation {rt}te(to—é,to] of I't,, the
inequality relength (T, g¢) > Z(M?,¢) holds for t € (ty — &, to], with
equality at time to. Thus, if ¢ is a lower support for Z(M?, ¢;) at time
to, then @(t) < relength(T, ;) with equality at time f(, and hence, at

time t,

d d
— 0 > — .
dtq) Z o relength(Ty, g¢)
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If we take {T't};c(4y—s4,) to be the constant distance variation (in the
outwards dlrectlon with respect to a choice of bounded domain (),

then y
— length(Ty, g¢) = / (x —K) ds,
dt T,
d
—area(Q, gt) = length(Ty, g¢) — 2/ K du
dt Q
= length(Ty, gt) + 2/ kdyu —4r
Iy
and

% area(M?\ O, g;) = — length (T}, ) — 2/ xdu —4r,
I

where I'; = d(); is either choice of orientation. Thus,

% relength(Ty, g¢)
relength(T, g¢)
— frt(K
length(T, g¢)
N 27t (area(Q), gt) + area®(M?\ O, g1))
area(Qt,gt) area(M?2\ ), g;) (area((Y, g¢) + area(M?2 \ O, gt))

1
<length(Tt,gt + 2 )(area (O, 8:) area(M2\ O, ;) ) '

Recalling (11.31) and (11.32), we find, at time t = tj, that

d d
— >
pr Ing > r Inrelength(T¢, g¢)

27| area?(Q), gt) + area?(M?2 \ Q, g1)] (1 — relength? (T, gt))
~ area((), g¢) area(M? \ Q, g;) [ area(Q)y, g¢) + area(M? \ Q, g1)]

The first claim follows.

To prove the second claim, it suffices to establish that
I(Tt) —I(Ip) +e(1+t) >0

forall t € [0,T) for any ¢ > 0. Note that the inequality holds strictly
at time f = 0 for any positive e. Suppose then that some ¢ > 0 and
tp € (0, T) can be found such that

Z(Ty) = Z(To) +e(1+t) >0
for all t < ty, but with equality at time ¢ = ;. But then the function
¢(t) = Z(To) —e(1+1)
is a lower support for 7 at time t = ty, and hence

0< -p=—-e<0,

SRS

which is absurd. O
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Combining this with Klingenberg’s lemma yields the following lower
bound for the injectivity radius.

Corollary 11.13. Let (M? x [0, T), g) be a Ricci flow on a surface M? = S2.

2

= Zm (11.33)

11.5.2 A lower bound for area at the scale of the curvature

Recall, from Theorem 11.11, that, for any choice of backwards time
T(t) =ty — t, Perelman’s entropy

(e g, 7(6) = int { 21 £, 70) e | e de =1}

is nondecreasing along a Ricci flow (M? x [0, T), g) whilever t(t) > 0.
Given tg € [0,T), set T = to+r> —t and consider the test function
u(-,tg) = (4mr?)~2e~f(h) with e~ /() = AXB, (xo 1) Observe that, in
order to satisfy the constraint

/ u('/to)d,uto - 1/
M2

we should take A ~ w Monotonicity of the entropy then
implies
(M2, g0, to +1%) < (M2, g1, 1%)
< 2(8,f(to), 1)

- /M2 2 (IVf12 +2K) + f 2] (47%) e Fap

x0,t0)

area(B,(xg, to), to)
r2 ’

<r* max K(-,t)+In
Br’(xO/tU)

Thus, if K(-,ty) < r~2, then we obtain the lower area bound

area (B, (xo, to), to)
rn

> K(M2,g0, T).

Le. areas are bounded uniformly from below at the scale of the cur-
vature. By Proposition 9.20, this yields a uniform lower bound for the
injectivity radius at the scale of the curvature, so the flow is noncol-
lapsing.

Note though, that this argument is not quite rigorous, as the test
function is not smooth (we took the gradient term to be zero), but it
can easily be made so by introducing a cut-off function.’3

Theorem 11.14. 4 Let (M? x [0, T), g) be a Ricci flow on a compact surface
M?. Given (x,t) € M?> x [0,T), if K| < r~2on B,(x,t), r <1, then

area(B,(x,t),t) > «r?,

where k = x(M?, g0, T).

3 We omit the proof as we shall carry it
out in general dimensions in §12.4.

4 Perelman, “The entropy formula for
the Ricci flow and its geometric appli-
cations”.
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11.6  Uniformization of surfaces by Ricci flow

Recall the lower curvature bound

—= as t— o0 if y(M?) <0
K—x 2> 7 as t — oo if y(M?) =0
1
——— t— ——— if 2 .
T XM as t — M) if x(M?) >0
from (11.8). We shall obtain a complimentary upper bound by seeking

an estimate which is saturated by soliton solutions. Recall that, on a
gradient Ricci soliton, the potential function f satisfies

—Af =2(K—x). (11.34)

On the other hand, since its right hand side has zero average, the
equation (11.34) admits a solution f on any compact two-dimensional
Ricci flow. Moreover, by the maximum principle, the solution f is
unique up to the addition of a function of time.

Lemma 11.15. Every Ricci flow (M? x [0, T), g) on a compact two-manifold
M2 admits a curvature potential function satisfying

(0r — A)f =2kf
and hence, assuming area(M?,0) = 4,
minyp, 1) f maxyp, (o} f

=y = ST 0e (11.35)

Proof. Since, for any function u,
otAu = Adyu + 2KAu,
we find that
Aosf = oA f —2KAf
= —20;(K—x) +4K(K —«)
= —2A(K —x) — 4(K? — x?) + 4K(K — )
= AANf +2kAf
= A(Af +2xf).
That is,
A(oif — Af —2xf) = 0.
So d¢f — Af —2xf is a function of f only. By exploiting the freedom to
add a function of t to f, we can easily guarantee that
(0t —A)f—2kf =0
as claimed. The second claim then follows from the maximum princi-

X(Mz) O

ple, since, under the area normalization, x = T (M)

197
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Recall from (11.18) that, on a two-dimensional Ricci soliton,
0=V (K+3|Vf2~xf) .

That is, K+ 3|V f|?> — xf is a function of time only. Consider then, on
a general (compact) two dimensional Ricci flow, the function

F =K+ 3|Vf* —xf
where f is a curvature potential satisfying Lemma 11.15.

Proposition 11.16. The function F satisfies
(3 — A)F = 2«F —2|V2f — 1A fgl? (11.36)

and hence
max,p, (o) F

= W (11.37)

with strict inequality unless (M? x 1,¢) is a soliton.

Proof. We leave the verification of (11.36) as an exercise. The inequal-
ity (11.37) follows from the maximum principle, with strict inequal-
ity unless it holds identically. But in that case (11.36) implies that
V2f — 3Afg = 0. The final claim follows. O

This is an extremely useful estimate. For instance, we immediately
obtain precise control on the maximal time of existence.

Corollary 11.17. Let (M? x [0,T), g) be the maximal Ricci flow of a compact
Riemannian surface (M?,go). If x(M?) < 0, then T = oo. If x(M?) > 0,
then T = ——.
x(M?)

Proof. By (11.35) and (11.37), there is a constant C < oo such that

C x(M?)
< o (1 ) (138

So the claim follows from the long-time existence theorem (Theorem
9.16). O

In fact, the estimate (11.37) in conjunction with the lower bound
(11.8) will be sufficient to establish infinite time existence and conver-
gence of the flow in case x(M?) < 0. The case x(M?) > 0 is somewhat
trickier due to the finite time singularity. In that case, we analyze the
singularity by rescaling and applying Theorem g.19. The rescaling nor-
malizes the curvature, but we still need to establish lower bounds for
the injectivity radius. Note that, in the elliptic case, x(Mz) > 0, the
universal cover is $? (which is compact); so it suffices to work on s?,
in which case Corollary 11.13 yields the desired bound.
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Theorem 11.18 (Chow and Hamilton'>). Given a compact Riemannian
surface (M?, o), let (M x [0,T),g) be the maximal Ricci flow starting at

— If x(M?) > 0, then T < co and Z(legt converges uniformly in the
smooth topology to a metric of constant curvature K = +1ast — T.

— If x(M?) = 0, then T = oo and g; converges uniformly in the smooth
topology to a metric of constant curvature K = 0 as t — T.16

— If x(M?) < 0, then T = oo and % gt converges uniformly in the smooth
topology to a metric of constant curvature K = —1as t — oo.

Sketch of the proof. Consider first the case x(M?) = 0. In this case,
x = 0, and (11.8) becomes

1
K>-——.
- 2t
The uniform upper bound for K of (11.38) then implies a uniform
bound for VK via the Bernstein estimates. Since the average of K is
zero, we are then able to conclude that K — 0 as t — co. Convergence
of g; to a limit metric then follows from the Ricci flow equation via the

identity ;
— 21088 (1) (0,0) = 2K(x, 1) (11.30)

for any x € M? and any v € TyM?. The limit metric is flat and the
convergence is smooth, since the higher order Bernstein estimates and
the interpolation inequality yield K — 0 to all orders as t — oo.

The hyperbolic case, x(M?) < 0, may be treated similarly as the flat
case, x(M?) = 0. We omit the details.

The elliptic case, x(M?) > 0, is more difficult. But at least we
may work on the universal cover, S? (since it is compact). The lower
bound (11.33) for the injectivity radius allows us to blow-up at the fi-
nal time, T < oo, to obtain an ancient limit Ricci flow. Note that (by the
ODE comparison principle) max,p, (, K > 2(T174) Assume first that
max g, (1 K < C(T — t)~1 (the expected rate of blow-up). Choose any
sequence of times t; /T and points x; € M? such that

-2 . —
T Mgrla[éftj] = Regn)
and consider the pointed rescaled Ricci flows (M? x I;, xj, gj), where
I; = [—r]._zt]-, rj_z(T —t;)) and (gj)(xs) = rj_zg(x, r]zt +t;). Observe that
the curvature K; of the rescaled Ricci flow satisfies

e C . ¢
T—tj—rit 7 2(T—t)—t  1-2

2 2
K;j(x,t) = riK(x, rit + t;) <

15Chow, “The Ricci flow on the 2-
sphere”; Richard S. Hamilton, “The Ricci
flow on surfaces”

 Observe that, in contrast to the proof
of Hamilton’s theorem (Theorem 10.8),
the argument presented here does not
provide a rate of convergence of the
rescaled curves to the shrinking sphere.
This may be remedied by a stability argu-
ment (cf. Exercise 4.8).
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Since, by Corollary 11.13,

inj(M2, () > Y LML80),

some subsequence of the pointed rescaled Ricci flows (M? x I i, Xi,8j)
converges locally uniformly in the smooth sense to a limit ancient Ricci
flow (M2, x (—00,1),ge0). Since area(M?,g;) — 0 as t — T, Proposi-
tion 11.12 implies that diam(M?, g;) — 0 as well. Proposition 9.7 then
implies that

diam(M?, (8i)t) = Tfl diam(Mzrgr]ZHtj)
<1077 — t; — r21)
< C(1-2t).

So the limit is compact, and hence M2, = M? = 2.
Next, we claim that maxp, (), F/x is constant on the limit flow.
Recall that maxp, ;) F/x is nonincreasing on the original flow since
F 2
(9 —A)— = =2|V2f - 3Afg| .
In particular, maxyp, ;) F/« takes a limit as £ — T. Now, since both

numerator and denominator scale like curvature, we have, for any
a<be(—oo,1),

max — — max — = max - — max —
M2x{b} Kj  M2x{a} K M2><{r]2b+tj} K sz{r/zathj} K

for all j sufficiently large. But both rjza +t; and rjza +t; tend to T,
so the right hand side tends to zero. So maxpp, 4y F/x is indeed
constant on the limit flow. But then % must be constant, due to the
strong maximum principle. We conclude that

Vi~ 3Afg=0

on the limit flow, which must therefore be a gradient Ricci soliton'7,
and hence the shrinking sphere by Theorem 11.3. The theorem now
follows from bootstrapping arguments.

It remains to prove that K(T — t) remains bounded. Suppose then
that, to the contrary,

limsup max K(T —t) = co.
tT M2x{t}

For each j, choose (x]-, t]-) € M? x [0, T) so that

T—j ' —t)K(xj,t;) = T—j!'-HK
(T—j = 5)K(x; ) szrf(}%’ij—q( =)

7 Alternatively, we could have invoked
the Chow—Hamilton entropy and Propo-
sition 11.2 here, since non-flat compact
ancient Ricci flows on surfaces have pos-
itive curvature (by Corollary 9.12).
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and set r;z = K(xj,t;). Consider the pointed rescaled Ricci flows

(M? x [aj, wj), xj,8j), where a; = —r;th, wj = r;z(T —j - t;) and

(&) (xp) = r]fzg(x/r]gtﬂj). Observe in this case that
o — —09, w;j — 00,
and

1
T—j —f]' Wi

. 2 - L 7

T—j 1—r].t+t]- wj —t

Kj(x,t) = K (x, 17t + tj) <
which is uniformly bounded on any compact time interval for j suffi-
ciently large. Since, by Proposition 11.13, the injectivity radii remain
uniformly bounded from below after rescaling, some subsequence of
the pointed, rescaled Ricci flows (M? x ), wj), xj, gj) must converge to
an eternal limit pointed Ricci flow (M2, x (—09,0), Xco, go0 ). Since this
Ricci flow is the limit of compact Ricci flows, it satisfies the differential
Harnack inequality. But, by construction,

wj

K < limsup =1=K(x,0).

j—oo (,()] —t

Thus, at (X, 0), 9:K = 0 and VK = 0, and hence the rigidity case of
the differential Harnack inequality implies that (M2 x (—00,00), gco)
is a steady soliton, which must be a cigar by Theorem 11.4 and the
curvature normalization at (x«,0). But the cigar violates the (scale
invariant) lower bound for the isoperimetric constant (which passes to
the limit as it is scale invariant and lower semi-continuous under local
uniform convergence). This completes the proof. O

The original argument of Hamilton and Chow made use of the

Kazdan-Warner identity—which relies on the uniformization theorem—

to establish Theorem 11.3. The argument presented here for Theorem
11.3 (Which does not require the uniformization theorem) was pointed
out by Chen-Lu-Tian.™®

A different proof of Theorem 11.18 was later found by Andrews-
Bryan'9 and Bryan° (following Hamilton?"). They were able to obtain
a very sharp estimate for the isoperimetric profile under Ricci flow, sharp
enough indeed to obtain sharp control on the curvature (which ap-
pears in the second variation of the isoperimetric profile), and thereby
obtain convergence directly.

11.7 Exercises

Exercise 11.1. Suppose that the two metrics ¢ and gy on a surface M?
are related by ¢ = e~2“g for some function #. Show that the respective

¥ X. Chen, Lu, and Tian, “A note on uni-
formization of Riemann surfaces by Ricci
flow”.

9 Andrews and Bryan, “Curvature
bounds by isoperimetric comparison
for normalized Ricci flow on the
two-sphere”.

* Bryan, “Curvature bounds via an
isoperimetric comparison for Ricci flow
on surfaces”.

' Richard S. Hamilton, “An isoperimet-
ric estimate for the Ricci flow on the two-
sphere”.
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sectional curvatures K and Ky are related by
K = e®(Agu +Ky),
where A is the Laplace-Beltrami operator induced by go.

Exercise 11.2. Let (M?,g, f) be a two-dimensional gradient Ricci soli-
ton. Show that

K=J(Vf)

is a Killing vector field, where ] : TM? — TM? denotes counterclock-
wise rotation in the fibres through go degrees. HINT: first show that ]
is parallel.

Exercise 11.3. Show that a solution to the heat equation u : R" x
(0,00) — R satisfies
n
V21 — =0.
ogu+ T

if and only if it is a fundamental solution.

Exercise 11.4. Prove that
Alogu + 1 >0
BHT o =

for any positive periodic solution u : T" x [0,00) — R to the heat
equation. HINT: Consider the function P = 2tAlogu + 1.

Exercise 11.5. Prove that
V2logu+ A >0
BHT o =

for any positive periodic solution u : T" x [0,00) — R to the heat
equation, where I is the Euclidean inner product. HinT: Consider the
function P = 2tVy Vy logu + I for any fixed vector V € §".

Exercise 11.6. Set U = V A W in (11.26) and trace with respect to W,
and then optimize with respect to V' to obtain (11.24).

Exercise 11.7. ANDREWS’ INEQUALITY>? states that

%/ fPZduS/ IF\2+/ Re ! (Vo —divF, Vo — div F)dp
Mn Mn M"

on any compact Riemannian manifold (M", g) with positive Ricci cur-
vature for every zero-average smooth function ¢ and every trace-free,
symmetric, smooth two-tensor F, with equality only if

_n74p: v2f—%Afg and %divl—“z %V?-RC(Vf)

for some (any) potential function f for ¢ (solution to —Af = ¢).

22 Gee Chow, Lu, and Ni, Hamilton’s Ricci
flow, Theorem B.18 for a proof.
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(a) Using Andrews’ inequality, show that, on any compact Rieman-
nian manifold (M", g) with positive Ricci curvature,

s 12
2| (R—p)?du gaQ/ |Re|"du
M M
2
+(1-2(1-1) / Rc™1(VR, VR)dy
for any « € R, with equality only if
—1-14Re = V2f — 1Afg and (}+ 1)VR = -2 Re(Vf)

for some (any) scalar curvature potential function f (solution to
—Af = R —p), where p denotes the average scalar curvature.

(b) (HAMILTON’S INEQUALITY) Deduce (or otherwise prove) that, on
any compact Riemannian surface (M?, ¢) with positive curvature,

1 VK2
/MZ(K—K)ZdV < §/Mz | K' dy (11.40)

with equality only if

V2f—1Afg=0 and VK=KVf

for some (any) curvature potential function f (solution to —Af =
2(K —x)).

Exercise 11.8. Use Hamilton’s inequality to establish the monotonicity
formula for the Chow—Hamilton entropy (Proposition 11.2).






12
Singularities and their analysis

We have seen that finite time singularities will necessarily occur un-
der Ricci flow if the scalar curvature is initially positive. Under Ricci
flow on the two-sphere, or in higher dimensions when the Ricci cur-
vature is positive, we were able to deal with finite time singularities
by “blowing up” and classifying the possible blow-up limits. As a re-
sult, we saw that the Ricci flow “uniformizes” compact surfaces, and
positively curved manifolds in any dimension. One could therefore be
forgiven for hoping that Ricci flow might deform any (not necessarily
positively curved) Riemannian sphere to a round metric. This turns
out to be too optimistic, however.

Example 20 (A “neckpinch” singularity’). Consider a Riemannian three-

sphere which looks like two large, round three-spheres which are far
apart but smoothly connected by a long, thin “neck” (as in Figure 12.1,
say). If the neck is sufficiently thin compared to the spheres, then its
curvature will be much larger, and it will contract much more quickly
under the flow, and it seems likely that it should “pinch off” while the
spherical components remain large. Configurations in which this be-
haviour is indeed exhibited were rigorously constructed by Angenent
and Knopf.? |

Example 21 (A “degenerate neckpinch” singularity). In the above ex-
ample, we could imagine a continuous deformation of the initial con-
figuration which shrinks one of the spherical components down to
a radius comparable to the neck radius (as in Figure 12.2, say). In
this configuration, we expect that the small spherical component of
the initial manifold is able to contract quickly enough to slip through
the neck before it pinches, the solution thereafter becoming positively
curved and shrinking to a round point according to Hamilton’s theo-
rem. But then there must be a critical stage in the deformation such
that for smaller deformations a neckpinch forms, while for larger de-
formations there is no neckpinch. Somehow, at the critical deforma-
tion, the smaller spherical component attempts a run through the neck,

There’s only you

Nothing before you

Only you

Nothing beyond you

So now I'm without you

— Puscifer, “A Singularity”

*Such examples appear to have first
been described by Hamilton.

Figure 12.1: A “barbell” configuration.
If the “bar” is sufficiently thin compared
to the “bells”, then it will “pinch off” be-
fore the bells disappear.

*S. Angenent and Knopf, “An example
of neckpinching for Ricci flow on S"+1”.

-

Figure 12.2: An asymmetric barbell con-
figuration. If one of the bells is sulffi-
ciently small, it will “pass through” the
bar before it pinches off. There is a
critical configuration at which the bar
pinches off just as the smaller bell is
passing through it.

N
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but gets caught just as it is about to emerge from the other side. Con-
figurations in which this behaviour is indeed exhibited were rigorously
constructed by Angenent, Isenberg and Knopf.3 |

Example 22 (A “doubly degenerate neckpinch” singularity). Imagine
now performing this deformation in a symmetric manner, so that both
bells get caught in the neck as it collapses. In this configuration, the
metric does indeed shrink to a point at the singular time, T, but its
asymptotic shape cannot be that of a round sphere: for at each time
t < T, the Ricci tensor is not positive at the neck, so the pinching ratio
inf p1/p, can be no better than zero at the singular time. u

These examples demonstrate that singularities can potentially be
quite complicated in dimensions n > 3, even in the absence of topol-
ogy. On the other hand, at a neckpinch singularity, most of the man-
ifold remains “non-singular” and the flow appears to be performing
the opposite of a connected sum. This begs the question, “Can the flow
be continued after a singularity, while keeping track of any topologi-
cal changes at singular times?” Rather than attempting a comprehen-
sive answer to this (very difficult) question, we shall merely present
some basic results and tools which suggest that singularities are in-
deed somewhat “tamable”, at least in certain special settings.

We begin by noting the following immediate corollary of Theorem
9.19, which demonstrates the importance of ancient Ricci flows in the
analysis of singularities.

Lemma 12.1. Let (M" % [0,T),g), T < oo, bea Ricci flow and { (xy, t) txeN
a sequence of spacetime points (xi, ty) € M" x [0, T) with ty — T. Suppose
that

1. r;zi\Rm( )| = coask — oo;

Xtk

2. for every A < oo some C < oo can be found such that By, (xy, t) ¥ (t —
A2, 4] € M" x [0,T) and

sup IRm| < Cr 2

Bar, (xpti) X (= A2 1]
for every k; and
3. there exists x > 0 such that
volume (B 4y, (Xx, ti), tx) > &1y
for every k.

For each k, define the rescaled Ricci flow (M" x [—rk_ztk,rk_z(T — 1)), 8k)
by
(8k)(x,t) = ”k_zg(x,rgwrtk)'

3Sigurd B. Angenent, Isenberg, and
Knopf, “Degenerate neckpinches in Ricci
flow”.
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There exists a complete pointed ancient Ricci flow (M" X (—00,w), Xeo, §oo)
such that, after passing to a subsequence, the pointed rescaled Ricci flows
(M" x (—r2ty, 0], xi, ) converge locally uniformly in the smooth topology
to (M" x (—00,0], X0, §oo ). That is, there exists an exhaustion {Uy }reN Of
Mo by precompact open sets Uy satisfying Uy C U1 and a sequence of
diffeomorphisms ¢y : Uy — M with ¢(xeo) = Xy such that ¢ig — oo
uniformly in the smooth topology on any compact subset of Moo X (—00,0].

12.1  Curvature pinching improves

Recall that the Ricci flow forces scalar curvature towards the positive#:
if minyg, (o R > n(n — 1)r=2, then

min RZ—in(n_l) .
M7 x {t} r24+2(n—1)t

For three dimensional Ricci flow, a similar phenomenon holds for the
full curvature operator.

Theorem 12.2 (Ellipticity improves®). Let (M3 x [0, T), g) be a Ricci flow
on a compact three-manifold M>. Denote by A1 < Ay < A3 the eigenvalues
of the curvature operator. If Ay (-,0) > —r~2, then

—2A1(log(—Aq) +log(r? +4t) —3) <R (12.1)
forall t € [0, T) wherever A, < 0.

Sketch of the proof. Note that the hypotheses ensure that the claim is
true at the initial time, since

IR+ A (log(=72A1) —3) = Ay + Ag + Az + Aq (log(—12A1) — 3)
Z )Ll log(—rz)\l),

which is nonnegative wherever —r~2 < Ay < 0. We will establish
the claim using the vector bundle maximum principle. After passing
to the orientation cover in case M3 is not orientable, we can make
life easier by identifying the bundle of two-planes with the tangent
bundle via the Hodge star operator, * : TM3 — TM3 A TM?3, which is
characterized by

*e1 = ey Ne3, *xep =e3/N\e3, *xe3 =e1/\ep

on any orthonormal frame, {ej};’zl. This identifies Rm with a self-

adjoint endomorphism/symmetric bilinear form on TM? via
Rm(u,v) = Rm(*u, *v).

Under this identification, the Lie algebra square becomes the usual co-
factor operator®. In particular, in an orthonormal frame that diagonal-

4 See Proposition 9.11.

5Richard S. Hamilton, “Non-singular
solutions of the Ricci flow on three-
manifolds”; Ivey, “Ricci solitons on com-
pact three-manifolds”

©See, e.g., Andrews and Hopper, The
Ricci flow in Riemannian geometry, Claim
12.15
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izes an algebraic curvature operator S = diag(A1, A2, A3), the reaction
term in the evolution equation for Rm becomes?”

Q(S) = 2(8* + S*) = 2diag(A3 + A2A3, A3 + A3y, A3 4 A A)).
So set
(A1, A, Az, ) = Ay 4 Ax + Az + Ay (log(—Aq) + log(r? + 4t) — 3)

and consider the subset K of algebraic curvature operators defined by
imposing either the inequality

_ 1
1. T <A <0,

or the inequalities
2. (a) M +A2+A3> — 25 and
(b) ¥(A1,A2,A3,t) > 0.

This set is clearly invariant under parallel translation (a direct con-
sequence of the fact that an orthonormal frame remains orthonormal
under parallel translation). We shall omit the proof that K is convex in
the fibre.3

Observe now that the second inequality is preserved under the flow,
while the claim automatically holds under first (which implies the sec-
ond). This reduces our task to showing that the algebraic curvature op-
erator diag(A? + AA3, A3 + A3Aq, A3 + A11;) points into K at a bound-
ary point diag(A1,A2,A3) € 0K,y on the {p = 0} N{A; <
component. Now, at such a point,

1
N r2+4t}

A+ Ax 4+ Az + A1 (log(—Aq) +log(3r* +2t) —3) =0,
so that the boundary gradient takes the form
Dylia apy) = (24 l0g(—A1) +log(r? +41) —3,1,1)

= (2_|_)\1+/\2+/\3,1,1)
M

(1+M,1,1> .
-\

We thus find that

Dl ags) - (A + A2A3, A + A3A1, A3 + A1A2)

A2A3 (A2 + A3)

=M+ A3+ A+ A+ 5
-1

This is clearly nonnegative if A, > 0. To see that it is nonnegative
when A, < 0, we rewrite

MAs(As + A A A=
/\§+A§+A2A3+%+3):A—Z+%(A§+A§+A2A3),
-1 1 -]

and estimate ApAz > —%(/\% + A3). O

7 Ignoring the diffusion term in the evo-
lution equation for Rm then yields the
system

M
i
A3

In the rotationally symmetric setting
(as in the dumbell example described
above), A; = A, which reduces this sys-
tem to

)\% + AxA3
A3+ Ashq
A2+ AiAy

1A1:2ﬁ+MM
dt | A3 A+ A2

This system may be reformulated as

dAr A(Ar 4 A3)

s A2 A

which admits the implicit solution

Y M
log(—A1) = A +2log </\3 _/\1>+C
in the region A; < 0. This solution ex-
hibits the behaviour

IR ~ A3 > —Aqlog(—Aq) as Ay — —oo,

which provides some inspiration for the
curvature terms in the inequality (12.1).
See e.g. Chow, Lu, and Ni, Hamilton’s
Ricci flow, §6.5.

8See, e.g., Chow and Knopf, The Ricci
flow: an introduction, Lemma 9.5.
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Since R > 0 on any compact ancient Ricci flow, replacing ¢t by t — a
and taking & — —oo, it follows immediately from Theorem 12.2 that

Corollary 12.3. any ancient Ricci flow (M x (—o0,w),g) on a compact
three-manifold has nonnegative curvature operator.

Observe, moreover, that any sequence of eigenvalues /\]1 < )\]3 < /\]3
such that

- M4+, + AL > =372,
- )\]1' — —o00, and
— M (log(—A}) +log(r +4T) = 3) < A, + A} + A
satisfies
Py
-d< : 3 — 0 as j — oo.
Ay log(—A,) + log(r2 +4T) — 3

It therefore follows from Theorem 12.2 that any (not necessarily com-
pact) blow-up limit (i.e. an ancient Ricci flow obtained as in Lemma
12.1) about a finite time singularity of a Ricci flow on a compact three-
manifold has nonnegative curvature.

12.2  Self-similar solutions

Recall that a triple (M", g, V) is a Ricci soliton if
Rc=Ag— %Evg (12.2a)

for some A € R. When V = V, the triple (M", g, f) is a gradient Ricci
soliton, and

Rc = Ag — V1. (12.2b)

As in the two dimensional case (gradient) Ricci solitons satisfy a
number of informative identities. Indeed, tracing the soliton equation
yields

R=nA—-divV (12.3a)

which for a gradient soliton becomes
R =nA — Af. (12.3b)

Taking the divergence of the soliton equation and applying the con-
tracted second Bianchi identity then yields

AV +Rc(V) =0, (12.4a)
which for a gradient soliton becomes

IVR—Re(Vf) =0 (12.4b)

209
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Contracting the gradient soliton equation with V f and applying (12.4b)
yields
R+ |Vf2-2Af=C, (12.5a)

where C is constant. Applying (12.3b) then yields
—Af +|Vf2+nr—2Af =C (12.5b)
Taking the difference between (12.5b) and half of (12.5a) yields
—Af+3VF? = IR—Af =C—nA. (12.5¢)

As in the two-dimensional setting, (12.5¢) is the Euler-Lagrange
equation for a certain constrained energy functional. (The proof is
the same as that of Proposition 11.5).

Proposition 12.4. Given any compact Riemannian manifold (M",g) and
any A € R, define, for any smooth function f,

F(f) = /M" (%[|Vf|2—|—R} +/\f) e fdyu. (12.6)

If {fe}ec(—eq ) 15 @ smooth variation of f = fo which satisfies the weighted

volume constraint p
— fedu=0
df /1;/171 ¢ ‘u ’

then
d

de

F(fe) = —/ (Af = 3IVF>+ 3R+Af)he  dp,
e=0 M

where h = %|£:0 fe. In particular, if f is a stationary point of the action
with respect to constrained variations, then —Af + %|V > - %R—/\ f is
constant.

Theorem 12.5. All compact shrinking Ricci solitons are gradient.

Proof. Let (M",g,V) be a compact shrinking Ricci soliton. We seek a
solution f to the equation®

3Lvg = V2f.
Equivalently, we seek a function f such that the tensor
S=Rc+V?f—Ag
vanishes identically. Observe that
divS = 1VR+ VAf + Re(VF)

and
S(Vf) = Re(Vf) + 1V|Vf2 —AVf

9Rather than the equation Vf =
V, which may not be possible since
(M",g,V +K) is also a shrinking Ricci
soliton for any Killing vector field K.
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and hence
v (%R—kAf— LvrP +Af) = divS — S(Vf),
which we may rewrite as
V(%R+Af—%Vﬂ2+Aﬁe7f:dw@f@)
Thus,
[ Isie dy
Mﬂ
— [ s(V(Vf V)5 dy
Mn
— [ 8(vF-v.divie!s)) du
MVI
= —/ $(VF=V,V (JR+Af = JVFP+Af) )e dp.
Mn

So it suffices to find a constant C and a function f satisfying

IR+Af-L|IVFP+Af=C (12.7a)
or equivalently, a function i = e’ satisfying
Ah — %Rh + Ahlogh = —%Ch. (12.7b)

The equations (12.7a) and (12.7b) are the Euler-Lagrange equations for
the constrained functionals

F(f) = [ (A0FP+R] +Af) e au

M (12.8a)

subject to / e/ dy = const.
M‘Vl

and

G(h) = 2/ (IVhP + RI? — AR log ) dp

M (12.8b)

subject to / h? dy = const.
Mn

respectively. We have thus reduced the problem to finding a mini-
mizer for (12.8b). This is fairly classical: first observe that, by Jensen’s
inequality, interpolation and the Poincaré-Sobolev inequality, we may
estimate, for any € > 0,

1

5 :
hzloghdyge(/ |Vh|2dy> +cg</ hzdy> :
Mn M Mn

Choosing ¢ sufficiently small, we find that

G(h) > / |Vh|*du — C.
Mn
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From this we deduce two things: first that G is bounded from be-
low, and second that the H! norm is uniformly bounded along any
infimizing sequence {/;};cN. Since i — h?logh is continuous in H',
it follows that a minimizer exists in H!. Smoothness of the minimizer
may be established using the de Giorgi-Nash-Moser and Schauder
estimates.

Alternatively, we may exploit the gradient flow

ouf = div (e (Vf=V)) = Af + Vyf = |Vf2+R—nA.

Indeed, under this equation,

L 24-f da —f 4y —
th(f)— /Mn|5|e dy and dt/Mne du =0.

So the energy decreases (strictly unless u is a stationary point of E) and
the constraint is maintained. Since the equation is parabolic, we obtain
short-time existence from any smooth (say) initial condition. Longtime
existence and smooth convergence to a stationary point of F (a min-
imizer if the initial energy is sufficiently close to the minimum) may
be obtained by exploiting estimates for the (divergence form) linear
equation
o1 = Au+ Vyu+ (R—nA)u

satisfied by u = e/, O

Observe now that, on the self-similarly shrinking Ricci flow (M" x
(—00,0),¢*g), ‘;—(f = ¢*V f, corresponding to a gradient shrinking Ricci
soliton (M", g, f),

of =Vysf
= |Vf[?

n
= —Af+|Vf|2—R+_—2t

due to (12.3b). Writing & = (—2t)~Ze/, we find that
—(0¢t+A—-R)h=0.

Just as in the two-dimensional setting, this is the CONJUGATE HEAT
EQUATION (and (d; — A)* = —(d; + A — R) is the CONJUGATE HEAT
OPERATOR).

12.3  The differential Harnack inequality

The differential Harnack inequalities for two-dimensional Ricci flow
(Theorems 11.8 and 11.10) have the following higher dimensional gen-
eralization.
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Theorem 12.6 (Matrix differential Harnack inequality™®). Along any
Ricci flow (M" x [0,T),g) with positive curvature operator on a compact
manifold M",

1
MijWiVVj + 2Pi]‘kuijwk + Rmikjl Uikujl + ERCI']'WI'W]' >0 (12.9)
for every time-dependent vector field W and two-form U, where
Mij = ARCij + 2Rm,»kj,Rckl — % (V,V]R + 2RC12j>
and
Pijk = ViRCjk — V]‘RCik.

The inequality (12.9) is strict unless (M" x [0, T), g) is an expanding soliton.
Along any ancient Ricci flow (M" x (—o0,0), g) with positive curvature
operator on a compact manifold M",

Mi]'Win + 2Pijkul-]-Wk + Rmikﬂ Ul'ku]‘I >0 (12.10)

for every time-dependent vector field W and two-form U, with strict inequal-
ity unless (M" x [0,T), g) is a steady soliton.

Sketch of the proof. Motivated by various identities which hold on ex-
panding (and steady) solitons, one considers the forms

Q(U, W) = M(W, W) + 2P(U, W) + Rm(U, U)

and
P(U,W) =2tQ(U, W) + Re(W,W).

After many arduous computations (motivated by various identities
which hold on solitons), it is possible to obtain a suitable differential
inequality for P. O

Theorem 12.7 (Trace differential Harnack inequality). Along any Ricci
flow (M" x [0, T), g) with positive curvature operator on a compact manifold
M",

R+ 2VyR +2Rc¢(V, V) + %R >0 (12.11)
for every time-dependent vector field V, with strict inequality unless (M" x
[0,T),g) is an expanding soliton.

Along any ancient Ricci flow (M" x (—o0,0),g) with positive curvature
operator on a compact manifold M",

0tR+2VyR +2Rc(V,V) >0 (12.12)

for every time-dependent vector field V, with strict inequality unless (M" x
[0,T),g) is a steady soliton.

1o Richard S. Hamilton, “The Harnack es-
timate for the Ricci flow”
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Proof. Take the trace of (12.9) and (12.10). O

Note that, by continuity, smooth limits of Ricci flows on compact
manifolds satisfy the differential Harnack inequality (and hence also
the rigidity case by the strong maximum principle).

Corollary 12.8 ((Integral) Harnack inequality). Along any Ricci flow
(M" % [0,T),g) with positive curvature on a compact two-manifold,

Rzl [ (4 frztt) )

forany x1,xp € M" and any 0 < ty < tp < T, with strict inequality unless
(M" % [0,T),g) is an expanding self-similar solution.

-1

Proof. Integrate the trace differential Harnack inequality along curves
of the form ¢ — (t,y(¢)). O

When Rc > 0, the differential Harnack inequality (12.12) is opti-
mized by the vector field V = —iRc™!(VR), giving

oR > %Rcfl(VR, VR). (12.13)

Equivalently, R(¢7(, t),t + T) is pointwise monotone nondecreasing
with respect to t for each T < 0, where ¢" is the solution to

{ df (3,8) = V(¢™(x, ), T + 1)
$"(x,0) = x.

Thus, the scalar curvature R” of the reparametrized flow {gf }1c(_co —1),

where ¢f = ¢7(-,t)*gt+1, is uniformly bounded on any time interval
of the form (—oo, T], and hence, in any (pointed) limit as Tj — —oo, we
obtain a Ricci flow (plus Lie derivative term) for which R is constant
in t—a steady soliton!

Corollary 12.9 (Ancient solutions decompose into steady solutions).
Let (M" x (—00,0),g) be an ancient Ricci flow on a compact manifold
M". Given any point o € M" and any sequence of times tj — —oo,
some subsequence of the pointed Ricci flows (M" x (—00,0),0,8'), where
g/(x,t) = g(x,t +t;), converges locally uniformly in the smooth topology to a
steady Ricci flow.

12.4 Perelman’s functional, noncollapsing, and the pointed Nash
entropy

12.4.1 Perelman’s functional

Given a compact Ricci flow (M" x [0,T), g), define the functional

P(f,8,T) = /M” [T (|Vf|2 —l—R) +f- n} (4mt)"2e fdu.  (12.14)
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Observe that, when T is identified with backwards time, PERELMAN’S
FUNCTIONAL & is just a multiple of the functional F of (12.6) in the
shrinking case, A > 0 (with f replaced by f — n).

Just as in the two-dimensional setting, we find that Z(f,g, 7) is
constant in time along a gradient self-similarly shrinking Ricci flow
(M, g) with f taken to be the potential function and 7 taken to be
backwards time.""

Theorem 12.10 (Perelman’s monotonicity formula®?). Let (M" x I, g)
be a Ricci flow on a compact manifold M". If f and T satisfy

@ +A)f = Vf? ~R+4,

then

d _
pr 2(f,8,7) = ZT/Mn [Re + V2f — %g!ze fdu (12.15)

so long as T > 0. In particular, the PERELMAN ENTROPY

1
n ) = A S —f —
u(M", g, tg — t) = Hlf{«@(gt/f,fo t): Tl = 1) /We dpt 1}

is nondecreasing for t < tq (strictly, unless (M", g4,++) is a gradient shrink-
ing soliton with potential f(-,ty + t)).

Proof. Observe first that the function ® = (4777) Ze / satisfies the
conjugate heat equation

0= (0 —A)"®=—(dt+A—R)D.
Note also that

div(®Vf) = (Af — |Vf*)@
= (Af = 3IVF? = 3IVfP)®.

Thus, after an integration by parts,

2(f,87) = [ (2t [8f = YIVFP +4R] +f —n) D,
So consider the function
u =2t [Af— %|Vf\2+%R} +f—n.
By the commutation formulae

ViVov = Vo;v+Re(Vo) and 9;Av = Adyv + 2g(Re, V20),

" A Riemannian analogue of Perelman’s
functional was introduced by Tobias
Holck Colding, “New monotonicity for-
mulas for Ricci curvature and appli-
cations. 1”7, and used to study Ricci
flat manifolds. The connection between
the two functionals was developed fur-
ther by Bustamante and Martin, “Deriv-
ing Perelman’s entropy from Colding’s
monotonic volume”.

> Perelman, “The entropy formula for
the Ricci flow and its geometric appli-
cations”
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we find that
ot = 0tf —2 (Af— VAP + %R)
21 (Aatf +2¢(Re, V2f) — Re(Vf, V) — g(Varf, V) + %atR).
By the commutation formula®3 13 Recall Exercise 8.6.
AVv = VAv + Re(Vo),
we find that
Au =27 (AAf — [V2f[2 = g(VAS, Vf) = Re(Vf, V) + }AR) + Af.
Recalling the evolution equation (9.10) for R, we thus obtain
@ —A)u = (3 —A)f —2 (Af— LvFPR+ %R)
+27 (A0 — 8)f — (V@ — A)f, Vf)
+|Re[? +28(Re, V2f) + [V2£?)
= —2(0f = |VfI?) + 3 —2(Af +R)

+21 (div(@vgt —2)f) + |Re + V2f|2)

div (@[ V(2 — 8- 1)f])
o

=27

+[Re+ V2f — Le|*|.

We conclude that
d d
7 P(f,81) = ﬁ/mbdy
= / [®(0r — A)u —u(9r — A)*P| dp

:21’/|Rc+V2f—%g|2d>dy. O

12.4.2  Noncollapsing of volume at the scale of the curvature

Roughly speaking, a sequence of Riemannian manifolds (M;?,gj) is
said to COLLAPSE if some sequence of neighbourhoods U; C M/ and
scales A; can be found such that (Uj, A;g;) resemble a lower dimen-
sional manifold as j — c0. One precise way to quantify this is to ask
for a sequence of points p; € M]” such that

o 1 .
injg (p)  sup  [Rm|2 <j77, (12.16)
Biinig, (o) ()

where injg(p) denotes the INJECTIVITY RADIUS of (M",g) at p—the
radius of the largest ball in (T,M", g,,) on which the exponential map
is a diffeomorphism.
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Note that injg |Rm|% is scale invariant. Thus, if (12.16) holds, then,
at the scale of the curvature, the injectivity radius degenerates to zero.
On the other hand, at the scale of the injectivity radius, the curvature is
tending towards zero in arbitrarily large regions, and at this scale the
regions converge to a flat space.

Perelman’s monotonicity formula yields a lower bound for volumes
at the scale of the curvature under Ricci flow.

Theorem 12.11. Let (M" % [0,T),g) be a Ricci flow on a compact manifold
M". Given (x,t) € M" x [0,T) and r < 1, if |Rm|?> < r=2 at time t on
By(x,t), then

volume(B,(x,t),t) > xr",
where k = k(M", g0, T).

Proof. SetT =ty+r*—tandlet¢ : [0,00) — [0,1] be any fixed smooth

function satisfying 4>|[0’ = L ¢l(1,00) = 0, and % < C. Define

Flxto) = A —log (¢ (dt(oto)))

r

and

u(x, to) = (4mr?) " 2ef

_ (47_”’2)_%4) <dist(x0,x, to)) e_A,

r

where A is chosen so that

/ﬂ (-, to) dyigy = 1.
Note that

A = log ((47rr2)3/ ¢ (d(x0,~,t0)> dyt0>
Br(x()/to) r

< log <(4n)gvolume(3rr§xo, to),t0)> .

Thus, upper bounds for u will imply lower bounds for the volume
ratio.
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Observe that
P (810, f (- 10),77)
= [ (P VAR + ) udp
BV(xO/tO)

ofn C\ dist(xo, x, to) B
<2 7)o (o)) a4

Br(xOrtO) r

dist(xg,x, di X,
fBr(xo,to) log (4, ( t(x;) xto))> ( st(?rfo xtp)) dps,

—C+A- -
dist(xg,-t
JB(xo0) w dpitg
lume(B, (xo, to), to)
<C A C/ VO r ’
strat volume(B%(xolto)/to)
S C,,+A

due to the Bishop-Gromov inequality. The claim follows since, by the
monotonicity of yu,

u(M", g0, to + 1) < u(M", g1, 1) < P (81, f (-, t0), 1)

and tg +r* < T. O

12.4.3 The heat kernel

Recall that the (classical) n-dimensional HEAT KERNEL K is given (for
x,y € R" and t > s) by

K(x/ tryrs) = (47T(t — S))_Te 4(t=s)

It satisfies the heat equation in the (x,t) variables for fixed (y,s) and
the conjugate heat equation in the (y,s) variables for fixed (x,t); it
converges in the distributional sense as t ™\ s to the Dirac distribution
centred at y, when y is fixed, and as s " t to the Dirac distribution cen-
tred at x, when x is fixed. As such, it provides the REPRESENTATION
FORMULAE

u(x,t) = / K(x,t,y,s)u(y,s)dL(y) for t >s

R"
for any distributional solution u to the heat equation, and
v(y,s) :/ v(x, )K(x,t,y,s)dL(x) for s <t

R”

for any distributional solution v to the conjugate heat equation. In
particular, the heat kernel satisfies the REPRODUCTION FORMULA

K(x, t,y,s) = /]Rn K(x,t,¢,7)K(¢, 1,y,5)dL(E) for t > T >s.

PN

Figure 12.3: Euclidean heat kernel dif-
fusing heat away from (xo,fp), via
t) — K(X,t,xO,to), and into (yo,So),
via (y,s) — K(yo, s0,Y,5)-

—
Ry
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It turns out that the heat equation also admits a kernel on any com-
pact Riemannian manifold,’ and, in fact, along any compact Ricci
flow.

Theorem 12.12 (The heat kernel along a Ricci flow'>). Associated to any
compact Ricci flow (M" x 1,g) is a unique function K (of pairs of spacetime
points (x,t) and (y,s) subject to t > s) satisfying the following properties:

1. Forany (y,s) € M" x I,
(a) the function (x,t) — K(x,t,y,s) satisfies the heat equation,

(b) K(-,t,y,s) — 0y in the distributional sense as t ™\ s.

2. For any x,y € Mn x £, ]/, an X, t/é/ T)K(CIT/y/S) d.”gr(‘:z-)
fort > T >s.

3. Forany (x,t) € M" x I,

(a) the function (y,s)— K(x,t,y,s) satisfies the conjugate heat equation,
(b) K(x,t,-,8) — Oy in the distributional sense as s / t.

4. [K(x,t,y,5)dug,(y) =1 forall x, t and s.
In particular, K provides the representation formulae

s.ou(x, t) = [imK(x, t,y,s)u(y,s)dug, (y) for all t > s for any distribu-
tional solutzon u to the heat equation, and

6. v(y,s) = [ym0(x,t)K(x,t,y,5) dug, (x) for all s < t for any distribu-
tional solution v to the conjugate heat equation.

Due to the fourth property, it is natural to introduce the probability
measures

dv(xo,to),f = K(x(]/ tO/ 'y t) d]/lgt .

12.4.4 The pointed Nash entropy of Hein and Naber

Given any (xo,t9) € M" x R, we define the POINTED NASH EN-
TROPY'® for t < ty by

n
N (o 0) (1) = (47(tg — 1)) /f (xo,to) St )d}lgt 5 (12.17)

where f( ;) is the LOGARITHMIC FUNDAMENTAL SOLUTION TO THE
CONJUGATE HEAT EQUATION based at (x, fg); Le.,

K(xo, to, x,t) = (47t(ty — t))~ Fe~fiot ()

This definition is natural in view of the Euclidean asymptotics’”

4 Chavel, Eigenvalues in Riemannian ge-
ometry.

15 Guenther, “The fundamental solution
on manifolds with time-dependent met-
rics”

®Hein and Naber, “New logarithmic
Sobolev inequalities and an e-regularity
theorem for the Ricci flow”.

7 See, e.g. Chow, S.-C. Chu, et al., The
Ricci flow: techniques and applications. Part
III. Geometric-analytic aspects.



220

dz(xo, X, to)
f(XO to) (xl t) 4(t0 — t) P
2 dz(x()/ X, tO)
|Vf(x0,t0) (X, t) | ~ m , (12.18)
n

as (x, t) — (XO, i’o).

Theorem 12.13. Along any Ricci flow (M" x 1, g), for any (xo,ty) € M" x
R,

d
— 2 (=D (1) (1) = P (Frayae) 81rto — 1) (12.19)
for t < to. Thus,
42
ar? ((to —1) ‘/V(Xorfo)(t)) <0 (12.20)
for t < ty. Moreover,
N (o) (£) = 0 as t — to. (12.21)
It follows that
N (xoo) () = Pt t0 — £). (12.22)

Sketch of the proof. Since (47t(tg — t))*%e_f (010 gatisfies the conju-
gate heat equation,

d
i Gono) = / (9 = A) flxoto) Wioto)

2 n
= / <2Af(xo,to)_|vf(m,fo) +R—2(to_t)> (o t)

n

2
- / (IVf(xo,to)\ +R> Wixoto) ~ 3= 1)

Thus,

d n
_% ((t() - t) '/V(X(),t(])) = (t() - t) / (|vf(xo,t0)|2 + R) dV(X(),fo) - E
n
+ /f(XOItO) dv(x()/to) B E
= P(f(xoty) 8trto — 1).

This proves (12.19). The inequality (12.20) then follows from Perel-
man’s monotonicity formula (12.15). The limit (12.21) follows from the
aforementioned asymptotics for the logarithmic fundamental solutions
to the conjugate heat equation. We may now conclude that

N (xote) ) = P (fixote) 8trto — 1)

The inequality (12.22) follows. O
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12.5 Perelman’s L-geometry

In this final (singularly voluminous) section of the chapter, we shall
present a parabolic comparison-geometric perspective to Ricci flow,™
which is due to Perelman.™ It arises naturally out of the consideration
of Perelman’s functional, and replaces the Riemannian length func-
tional/distance with a kind of spacetime length functional/distance.

12.5.1 A Harnack inequality for the conjugate heat equation
The function
u =27 [Af—%|Vf\2+%R} +f—n
=27 [~0:f + }Vf2— 3R] + f

which appears (after an integration by parts) in Perelman’s functional
is reminiscent of the terms which appear in the differential Harnack
inequality for the heat equation.*®

Theorem 12.14. Along a Ricci flow (M" x I,g), forany (xo,tg) € M" X R,

the logarithmic fundamental solution to the conjugate heat equation based at
(xo, to) satisfies, for T =tg —t > 0,

27 (0t f(xy o) + 3 |R=IV fisu))?| ) = f = 0. (12.23)

) (x0t0) T 2 (x0.t0) = 3

In particular,

(0 — A) (T [f(mto) - %D > 0. (12.24)

Sketch of the proof. Define
w = 2T (Af(XQ,to) + % |:R _’Vf(XQ,to) |2:|) _'_f —n.

Since v = (477) " %e /o) satisfies the conjugate heat equation, the
product vw can be shown to satisfy the inequality>*

2
(0 — A)*(vw) = —21 ‘RC +V2f(x0,to) - %g‘ v.

The claim then follows from the maximum principle (applied in
backwards time) since

vw — 0 as t — ty,

which is a consequence of the heat kernel asymptotics (12.18). O

Integrating the differential Harnack inequality along spacetime curves

yields a Harnack inequality.

#1In fact, the framework can be applied,
to some extent, to more general metric
deformations, and one can sometimes
think of the suPErR Ricci FLow condi-
tion
% +2Req, >0

introduced by McCann and P. M. Top-
ping, “Ricci flow, entropy and optimal
transportation” as playing the role of
Ricci curvature lower bounds in Rieman-
nian comparison geometry.

9 Perelman, “The entropy formula for
the Ricci flow and its geometric appli-
cations”.

** See Exercise 12.4.

> Cf. the proof of Theorem 12.10.
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Corollary 12.15. Along a Ricci flow (M" x 1,g), for any (xo,ty) € M" x
R, the logarithmic fundamental solution to the conjugate heat equation based
at (xo, to) satisfies, for any tp < t; < tg

20/ T(t2) f (2o t9) (X2, t2) — 24/ T(t1) fixy 1) (X1, E1)

T(tz) dr)/ 2
< inf VT R(y(1),to—7T) + ‘(T) dt, (12.25)
Y T(tl) dt Stg-t
where T(t) = to —t and the infimum is taken over regular curves 7 :

[t(t1), T(t2)] = M" with y(t(t1)) = x1 and y(t(t2)) = x2.

Proof. Given a spacetime curve v : I — M with y(7y) = x; and
Y(12) = xp, the Cauchy-Schwarz inequality and the differential Har-
nack inequality (12.23) yield

d
E (\/%f(xorl‘o)(’)’(f), to — T))
1 .
vr <Tf(x0't0> + 2g(vf(xoffo)' ¥) — Zatf(xo,to)>

(r(T).to—1)

1 .
<VT <Tf(x0,t0) + 1V f(xo.t0) 2+ 15 - zaff(XU/to)>

(r(7).to—1)

< VT (1), RO~ 1)),

where ¢ = Z%‘ Integrating yields

20/ T(t2) flxo o) (X2, t2) — 24/ T(t1) fixg 1) (X1, E1)

7(t2)
< VT (RO (), o = 1) + 3(D)2, ) dr.

T(t1)

Optimizing with respect to 7y yields the claim. O

12.5.2  The L-functional

Given tg € R, we are led to consider the functional

(" dy
£ = | ﬁ(dT

2

(12.26)

1

+R(v, to— T)) dt,

gtof'r

which is reminiscent of the Dirichlet energy functional.>> The resem-
blance is even more apparent if we parametrize by the distance-like
parameter r = /7, for then

([ 1]dy
/lto(’Y)—/rl 517

where ri = /T

2
+ 272 R(7y,to — r2) dr,

gto,rz

(12.27)

22 Recall that the DIRICHLET ENERGY of
a curve v : I — M" in a Riemannian
manifold is given by

TOREY N

The critical points of E are arclength
parametrized geodesics; indeed,

2y length®(7) < E(7)

2

d—’y dr.

dr

with equality precisely when the
parametrization is proportional to ar-
clength. See, for example, Klingenberg,
Lectures on closed geodesics.
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Continuing the analogy, the L£-GEoDEsIcs—critical points of the
functional £ amongst variations with fixed endpoints—should play a
role in a “Ricci flow spacetime” akin to that of geodesics in a Rieman-
nian manifold. If ¢ < tj, then the infimum

L(Xo,to) (x, i’) = ll:ylfﬁto (’y)

of L,(y) amongst regular curves v : [0, tg — t] — M" joining points
7(0) = xo and y(t9 — t) = x should provide a kind of distance be-
tween the “events” (xg, to) and (x, t) after division by twice the square
root of backward time. This quantity,

gxofo :Z\f (x0,t0)”

is called the REDUCED DISTANCE.

Example 23. On the static Ricci flow (R" x (—0c0,00), grn), for any
tg € (—oo,00) and 7y : [0, T] — R",
T d’)/ 1 ﬁ
Lig(7) = / VT || dr=7 /
tO( ) 0 d 2 0
is just the usual Dirichlet energy. So the £-geodesics are the parametrized

straight lines: 7(7) = xo + /70, |[6] # 0. Along such a curve,
Liy(v) = l\/ﬂ?}\z and @ = &\F;"O, so

ﬁZ

Ir dr

|x — xo?
4(tg—t) "

[x —xo” x0|2
24/t —

Note that Corollary 12.15 implies that

L(xﬂltﬂ)(x't) and g xO,to)(x/t) =

f(xo,to) < Z(Jfofto)’

where f(, ;) is the logarithmic fundamental solution to the conjugate

heat equation based at (x, tg). This yields the heat kernel estimate®3 » Compare this with the heat kernel esti-
., mate on compact Riemannian manifolds
K(xo to ) > (47‘[(t0 _ t)) *Ze—z(xo,to) ) of Li and Yau, “On the parabolic kernel

of the Schrodinger operator”.

Example 23 shows that equality holds on static Euclidean space.

12.5.3 First variation of L

Proposition 12.16 (First variation of £). Given any ty € (x,w), let 7y :
1, 2] = M", 0 <1 <1 < ty—a, be a spacetime curve along a Ricci
flow (M" x (a,w), g). For any variation {7e}ec(—¢pe0) Of 70 =7,

d 1 dy ©
% g:OEtO (75) (’y(T Ho—T) (2\/* dt’ V> . (12.28&)
L) dvy 1 dy <d7> 1 )
[ 1, L 2 ore (2L) —ZVR,V dr.
/Tl v ( fdt | 2rdr dv) 2 o)



224

. d
where V = T

e=0 Te

Equivalently (after reparametrizing by r = \/7),

]

d

I (12.28b)

dy
‘C(’)’E) = 8(y(r).to—12) (d?’,v>

e=0 r1

2 dy dy 5
_ o 2L “ry
/r1 g( vrdr + 4rRc (dr) 2r VR,V>

Proof. 1If we define w : (r1,72) X (—¢ep,€9) — M" by w(r,e) = 7.(r),
then

dr.
(v(r),to—7?)

dw dw
Viear ~ Vi

and

d
=80 (V7)) = 4rRey_a (V7)) + 8y (V1V,7)

+ Eto—12 (V' 7v"')//) ’
where ¢/ = ‘;—j and 7V denotes the pullback connection. Thus,

d

de

L(7e)

e=0
/'2 1 dw
e=0Jr \2 dr

= /2(g ("V.V, %) +2rVy R)) dr

1

a
de

2
+ 22 R) dr

/ Z(Br g (V.,7")] —g(V,"Vy') —4rRe(V,7') + 22V R) dr

1

12
¢(V,9)) ]:f —/ (g(V,”’Vr'y’) +4rRe(V, ') — 2r*Vy R)) dr,
r

where we have suppressed the fact that the calculations are carried out
along the spacetime curve r + (y(r),tg — r?). The equation (12.28b)
follows. A straightforward change of variables then yields (12.28a). O

So the £-geodesics are characterized by the differential equation

dy 1dy dy _1lg
N _ L - - A —
Ydt ' 2tdt 2Regy— (dr) 2 Rz =0 (12.292)

or, equivalently, the equation

d d
"YVrd—Z +4rRe; 2 <d’ry) - ZFZVRtO,rz =0. (12.29b)

Note that, even though the equation (12.29a) is singular at T = 0,
the equation (12.29b) is not. So we can always find a (unique) Ly -
geodesic y emanating from (xo, tp) if we prescribe the initial velocity
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%(0) = lim;_,g ZﬁZ—Z, and <y will depend continuously on the data

(xOI tO/ U) .
Observe that

d1l dy dy\ _ dy dvy dy dy
dr 2807 (dr' dr) = 8i-r2 (Vfdr' ar ) TR g ar
dy dvy
= Zrzv% Rto—r2 _erCtO—rZ (dl” d?‘) .
Thus, if M" is compact and the Ricci flow defined on [, ty], then the
geodesic may be extended until 7> = T reaches to — a. Accordingly, we
define the L-EXPONENTIAL MAP AT (x,t) for T < ty — a by*4

Eexpfx,t) U= ’Y(T)/

where v is the unique solution to (12.29a) satisfying 7(0) = x and
lim,_, ﬁZ—Z(T) =.

Observe that, as r — 0, the L;,-geodesic equation (12.29b) tends
to the geodesic equation for the metric g;,. Thus, by the continuous
dependence of solutions to (12.29b) on the coefficients of the equation,

T

Lexp )5 exp v
(x0.t0) Zﬁ (xo,t0)

and
Z\EL(XO,tO)(x, to— 1) — distéto (x,x0) (12.30)

as T — 0.

By adapting the Riemannian theory, one may establish properties
of L-geodesics which are analogous to properties of their Riemannian
counterparts.?> In particular, given any (xo, tp), (x1,t1) € M" x I with
t1 < tp, a minimizing L;,-geodesic can be found joining xo = (0) to
x1 = y(to — t1).2°

We also have the following analogue of the Riemannian identity
|Vr| = 1 for distance functions r(x) = dist(x,xy) (which should be
compared with the differential Harnack inequality (12.23) for the con-
jugate heat kernel).

Proposition 12.17. Along a Ricci flow (M" x 1, g) on a compact manifold
M", for any (xo,tp) € M" x I,

1
9tL(xt9) m|VL(xO,tO)|2 —vTR >0, (12.31)
and hence
27 (el sy ) — & [R=1V 000 2] ) + Lisote) 2 0, (12.32)

in the viscosity sense for T > 0.

* We may interpret Lexp® as a map on
the spatial tangent bundle via (x,t,v) —
L expfx b -

> The analogy is not perfect, however;
as an example, observe that Eexp(Tx/t)
may not map the zero vector to x, due
to the inhomogeneous term 1V R, ,, in
(12.29a)—diffusion causes the base point
to move, unless it is a critical point of
R(:,t).

* See, e.g. Kleiner and Lott, “Notes on
Perelman’s papers”, §17; cf. e.g. Chavel,
Riemannian geometry, §1.6-L7.
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Proof. Given any (x,t) € M" x I with t < tj, we can find a minimizing
Li,-geodesic 7 joining xg = 7(0) to x = y(typ —t). Given any v €
TxM", let {7Ve}ec(—¢ye,) b€ @ variation of yg = 7 with 7¢(0) = xo and
%]SZO%(T) = v. If ¢(x,t) is a smooth function that satisfies ¢ <
L(xyty) in @ small forwards®” neighbourhood of (x,t) with equality at
(x,t), then

(P(')’S(to - t)/ t) (xo to) (’)’8( 0~ t)/ t) < Eto(’)’e),
with equality when & = 0, and hence, by (12.28b),

d

0= Te (p(re(to —t),t) — Lty (7))
e=0

= Vop(x,t) — gt (7, 0)

where ¢/ = Z—j. Since v may be freely chosen, we conclude that

Vo(x,t) =o' (Vo —t) =2Vt — ty(to — ), (12.33)
where 7 = d—;’ On the other hand, if we set y.(T) = 7( toto tfrg ), then
C‘fs eoYe =7 and hence, for small ¢ > 0,

@(x,t+€) < Liyy ) (x, )
to—t— dv. |2
< NG ( el L R(yeto - r)) d,
0 dt g
0T
and hence
to—t—e 2
0> 4 go(x,t—l—s)—/ VT a7e +R(7e, to—7) | dt
de|,_ 0 at -

= dp(x, ) + Vo — F (1717, +R(x, t))
to—t

-2 0 f(gto T(VT'Y/ )+ vrthO T) dr.

(12.34)

Since, by the £-geodesic equation,
Bc [Vgo—r (1,1)] = VT (F80—c (3,9)
+ 2Reqyr (1,7) + 281« (Vo) )
= V7 (81—t ("Vet, 1) + 1 V4R )
we conclude that
drp(x,t) < \/7< e )|Vq)(x B R(x,t)) .

The inequality (12.31) follows. The inequality (12.43) then follows from
the fact that any lower support ¢ for £, , induces a lower support

Q= 2\/?1,0 for L(XO/tO)' ]

%7 Le. backwards with respect to .
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12.5.4 Second variation of L

We next consider the second variation of £, and its consequences.
Proposition 12.18 (Second variation of £). Given any ty € (a,w), let
v : [, 2] = M" be an Ly,-geodesic along a Ricci flow (M" x (a,w),g).
For any variation {7Ye}ec(—¢pe0) Of 70 =7,

d2
|, Ly (ve) (12.35a)

©
= g-r (VTR W2+ [ 2VF[TVLVE —Rm(3,V, 9, V)
T
+ V;5Re(V, V) — 2VyRe(, V) + %VVVVR] ‘ dr.

(r().to—1)

.o dy - d = d7e
where Y= g7 V= de £:Or)’e and W = V€T£|e:0'

Equivalently (after reparametrizing by r = \/T)
42

FEs E:OE(%) (12.35b)

2
%) r
= g1 (V. W)| 7+ / "V V]2 =Rm(',V, 7, V)
"
+2rV.Re(V, V) — 4rVyRe(y, V) + ZrZVVVVR} ‘ dr,
(Y(r)to—2)

where o = ‘Z—j.

Proof. As in the proof of Proposition 12.16, we define w : (r1,72) X
(—eo,€0) = M" by w(r,e) = 7¢(r) and work with the pullback con-
nection “V. We begin with

d (" wo dw dw 2
%E(,)/e) - /r] |:g< VVE/ d?’) +27 VSR:| dr.

Thus,
d2 B [§) w w dw dw w dew @ de
= S:g(%) = /r1 {g< Vg( Vrds) 'dr> +g< VrEr Vedr)
2
#27 (V4R + Vo R || _

12
:/ {Rm(y’,V,V,’y’)+g(7VrV,7VrV)

1

+8 ("V,W,7) +22 (VyVyR + VyR) | dr.
Recalling Exercise 8.3, we have

als(nn)] - ot 5]

=4rRe (W,9') +4rVyRe (V,7') —2rV., Re(V,V)
+g("V:W, )+ g (W,7V,').

227
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Applying the £-geodesic equation then yields

4 [g(W, 7’)} — 22V R+ 4rVy Re (V,7) — 2rV., Re (V, V)

dr
+g("V,W, 7).

Putting this together yields (12.35b). The equation (12.35a) then
follows by changing variables. O

Observe that some of the terms which appear in (12.35a) also appear
in the matrix Harnack inequality (12.9). We should try to make the
relationship more exact. To that end, we use the identity

% [2V/TRe(V, V)] = 2\5(% Re(V, V)
+ V5 Re(V, V) + Vi Re(V, V) +2Re("V,V, V))

to rewrite (12.35a) as

d2
|, Liy(ve)
= 8- 2VTY,W)|Z = 2v/T Rey—c (V, V)|
1%
+ [ C2vE[ VeV +Re(V) P - R(4,V,3,V)
T
+2V4Re(V, V) = 29yRe(1,V) + 4 (Vv VyR+2RE(V, V)
L Re(V,V Re(V,V dr.
+ 27 Re( ) + Vz Re( )} ‘(W(T)Jo*f) T
= 8-t VTV, W) |2 = 2V/T 81y (V, V) |2
L) ) (12.36)
+/ 2V [V + Re(V) P~ H(3, V)] .
- (1) to—T)
where

H(U,V) = V;Re(V,V) — } (VVVVR+ 2RA(V, V))
+2VyRe(U, V) — 2VyRe(V, V) + Rm(U, V, U, V)

— ch(V,V).

These terms are almost identical to the (suitably contracted) left hand
side of the matrix differential Harnack inequality (12.9), differing only
in that the coefficient of the final term is centred at the final time, f,
rather than the initial time.

The second variation of Ly, leads to an inequality for the Hessian
of L(Xo,to)' which can be combined with the first variation identities to
obtain the following analogue of the Laplacian comparison theorem
from Riemannian geometry.
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Proposition 12.19. Along a Ricci flow (M" x 1,g) on a compact manifold
M", for any (xo,ty) € M" x I,
(0 — A)* [(47‘((t0 - t))*%e—‘%xo»oﬂ <0 (12.37)
and
(@ =) ((to =) [C(ap i) — 51) 20

in the viscosity sense®8 for existence times t < tg.

(12.38)

Proof. Given any (x,t) € M" x I with t < ty, we can find a mini-
mizing Ly,-geodesic joining xg = 7(0) to x = y(typ —t). Given any
v € TeM", let {7Vetec(—¢ye,) be @ variation of 7o = 7 with 7.(0) = xo
and % |S:O')/€(t0 —t) = v. If ¢(x,t) is a smooth function that satisfies
@ < L(y,1,) in a small backwards neighbourhood of (x, t) with equality
at (x,t), then

@(ve(to —1),t) < Lixy ) (ve(to — £),£) < Lo (7e),
with equality when ¢ = 0, and hence, by (12.36),

d2
02 3| (90l =1, = Ly(3)

= (VyVve + VW(P)|(M) — 8- (2VTY, W)\§+2\/¥ Rery—(V, V)5

/TZ\E[|7VTV+RC(V)|2H(')?, v)” dt,

12.
0 (1(T) =) (12.39)

where § = Z%' Recalling (12.33), we may equate

Viweo(x,t) = gr—1 (217, W)E

Now, given any g¢-orthonormal basis {v; i, for TyM", we can find
variation fields {V;(7)}"_, by solving
TV V; = £ V; —Re(V;) for 7€ [0,7]
N (12.40)
Vi(T) = v;.
— n
This yields the orthonormal frame {\/g Vi(7) } ) along (y(7),t0 — 7).
i=
(In particular, V;(0) = 0). Applying (12.39) to variations generated by
these fields and summing the result then yields

Ag(x,t) < —2VTR(x,t) + % (12.41)
+1/T73 (aTR+ 1R 4+2V4R — 2Rc( 7))‘ dr.
T Jo ‘ ! ' (1(0)to—1)

On the other hand, recalling (12.33) and (12.34), we have (see Exercise

12.9)
IVo(x,t)|*> = — 4TR(x, t) + \%qo(x,t) (12.42)

4 T 5
— 2(9:R+ LR+ 2V.R — 2Rc(4, 5 d
+ﬁ/oﬂ( Rt 2R +2Vy Cw’w)’m(r),to—r)T

#We would be remiss not to be a bit
more precise about this. To wit: every
smooth ¢ which supports £, ) from
below at (x,t) in a forwards parabolic
neighbourhood of (x,f) € M" xInN
(—o0,tp) (backwards with respect to T)
satisfies

(@ —8)" [(a7(t— 1) Ee?| <0

at (x,t), and every smooth ¢ which
supports {(y, ;) from below at (x,) in
a backwards parabolic neighbourhood of
(x,t) € M" x I N (—o0,t)] satisfies

@ =) ((to =) [lixpr) — 3]) 20

at (x,t).
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and

drp(x,t) < —2VTR(x, 1) + L o(x,t) (12.43)

1 /% 3
= 2 (0:R+ iR +2V.R — 2Rc(+, 5 dr.
+?/o ! ( TR+ 2Vy C(%v)) ’mr),to—r) ’

Putting these together yields the inequality

2
(8 +2) (3279) < |V(zkz0)| —R+2£

at (x,t). The first claim follows, since any upper support, ¢, for
(47r7)~2e~! induces a lower support, ¢, for L via

p o1
P = (4nrr)"2e 7Y,

The second claim may be established similarly, since (12.43) holds
with the opposite inequality for backwards lower supporting func-
tions. O

Applying the trace differential Harnack inequality to (12.42) yields
the following useful estimate for Ricci flows with positive curvature.

Proposition 12.20. Let (M" x I,g) be a Ricci flow with positive curvature
operator on a compact manifold M". Given any (xo,tg) € M" x I and any
T such that ty — 1y € 1, the inequality

10€(x0rt0)

2
‘VZ(XOJO” +R < to —t

(12.44)

holds in the viscosity sense for t € [tg — 2, to].

Proof. Let ¢ be a smooth function which supports £, ;) from below

Xo,to

NI

at (x,t). Applying the trace differential Harnack inequality (12.11) to
1 1 [
2
R-—p< —
Vol 4R o< [

(12.42) yields, at (x,t),
( L + 1) Rdo
TH—0 O
2 T

< = o2 Rdo

IN
S—
e
g
i
N
_|_
=
N—
U
S

The claim follows. ]

Dropping the gradient term in (12.44), we see that (fp —t)R is

bounded by*? £ On the other hand, dropping the scalar cur-

xg,t0)*

% This is not immediately obvious, since
(12.44) only holds (globally) in a weak
sense. It can nonetheless be deduced
from the viscosity sense. In any case,
we will restrict to regions where £
is smooth here.

x0,t0)
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vature term, integrating (12.44) yields a bound for £, ;) in terms
of distance to xp and time until fo, at least in regions where £,
is smooth. Indeed, if £(, (-, t) is smooth along a minimizing g;-
geodesic3® « : [0, 7] - M", T = tp — t joining y(0) = y and (1) = x
then, under the assumption R > 0 (so that ¢ (xoto) > 0), the function

1
flo)=¢ (ZxO fo) (7(0),t) is smooth for t < tp, and we may estimate

pol Vorlisoto) o)

2 1
(XO tO) (/Y/ t)
1 | (x0,t0) | (v.t) |
< §|’7/|gt%—gt
g(xo,to) (r)// t)
2l
i ﬁ

Since |7/|q, = d(tg’l/'tt), we find that

1 2d(x,y,t) 2
Lty (1) < (‘fxo,t[))(y't) " W)

a2 (x,y,t
S 5 <£(x0,t0)(y/ t) + (y)> :

to —t

We conclude that

sup | L(syi) (1) + (o= HR(, )| < Cp, 1) (12.45)
dzt(x/y{t) <p2
&

for all t € [ty — @, to] and all y € M" such that £, ;) (y,t) < A% and
Cixotg) (-, 1) is smooth in B, 5= (y, t).

Note that the requirement £, ,(y,t) < A? in the estimate (12.45)
is not vacuous.

Lemma 12.21. Let (M" x I, g) be a Ricci flow with on a compact manifold
M". Given ty € I, there exists, for any t € I N (—oo,ty), some x € M" such
that é(xo/to) (x, t) S 7

Proof. If £(y, ;y(x,t) > 3 for all x € M" for some t, € 1N (—o9,tp),
then we can find ¢ > 0 such that (fo — £x) (€(xy 1) (¥, £) — §) > € for
all x € M". But then (12.38) ensures that (to — ) (£(y,, to)( t)—5) >«
(and in particular (fo — )¢y, 1) (%, t) > ¢) for all x € M" and t €
[t+, Ig). But this violates (12.30). O

°Tt will be sufficient that

ix,t0) (7(0), 1) be piecewise cl.

231
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12.5.5 L-]Jacobi fields and the L-cut locus

Next, we wish to relate the bilinear form
™

Q(V, V)= / 2\E[|WTV|2 —Rm(%,V,v,V)

T

+V4Re(V, V) —2VyRe(, V) + %VVVVR] ’ dr.
(1) to =)

acting on vector fields V € I'(y*TM) along 7 to an L2-self-adjoint R-
linear map T : T'(y*TM) — I'(v*TM). To that end (recalling Exercise
8.3) we apply the identity

d
—[2VTg('VV, V)] = 2\/?{217g(7vrv, V) +2Rc("V.V, V)

+V5Re(V, V) +g(TV (VL V), V) + |VVTV\2},

to write
T
QV, V) = 27 giyr (TVV, V)| / 2\/7g(TV, V)dx,
L5

where
TV ="V("ViV) + £7VcV +2VyRe(7) + 2Re("VV)
+Rm(7, V)7 — AVy(VR).

We conclude that, for any vector field V along < satisfying symmetric
boundary conditions3’,

QV,V) = —=(TV, V)22 /zar)-
The operator T : T'(y*TM) — T'(y*TM) is called the £-JAcoBI
OPERATOR. A solution V € T(y*TM) to the £L-JACOBI EQUATION
-TV =0

along an £-geodesic v is called an £-JacoBI FIELD (along 7).
Observe that L£-Jacobi fields correspond to variation fields of L£-

geodesic variations. Indeed, if {7¢}ee ) is a variation of the £-

—£0,€0

geodesic ¢y = 7o through L-geodesics ., then, by the L-geodesic
equation (12.29a), the variation field V = % ]S:O'yg satisfies
"Ve("VeV) ="V ("Vy5)
= Vv ("Viy) —=Rm(%, V)7
= Vv (JVR— L4 = 2Re(4)) = Rm(%, V)5
= 3Vv(VR) = 2 Vv¥ — 2VyRe(¥) — 2Re(Vv)
~Rm(}, V)¥
=1Vy(VR) — £7V,V —2VyRe(¥) —2Re("VV)
—Rm(7, V)7.

3* Meaning that
2V gty (TVLV, V)2 = 0.
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We may therefore (again mirroring the Riemannian setting) charac-
terize the derivative of the £-exponential map in terms of the £-Jacobi
fields. To achieve this, we set up a geodesic variation {7e}ec(e),c.) a5
follows: start with a minimizing L -geodesic y(7) = £ exply,, b)Y
joining ¢ (0) = xg to 7(T) = x. Given any v € Ty,M", we can find
a (short) g¢-geodesic {€ — x(€) }ec(—¢y,e,) Dy sOlVing the g¢-geodesic
equation with initial data (x,v); ie. x(¢) = exp, ;) €v. If 7 is min-
imizing on [0, 7T + J) for some § > 0, then ¢y may be chosen small
enough that a unique minimizing £ -geodesic ¢ : [0, T¢] = M" join-
ing v¢(0) = xg to 7:(T¢) = x(€) may be found for each ¢ € (—¢y, €).
But then 7.(7) = [,expfxO,tO) ue for some variation {ue}ec(—¢; )
of ug = u. Since the kernel of the linear map T : T'(y*TM") —
I'(y*TM") is 2n-dimensional, we conclude that

4
u de

d
V(t) = Te . Ye(T) =dL eXP(TxO,tO) Ue (12.46)
e=

e=0

is the unique L£-Jacobi field along v satisfying V(0) = 0 and V(T) =

v. Since Ty (Tx,M") and T, 7)M" have the same dimension, we also
find that d£ exp(?x i

0s 0) u

Denote by DT the set of tangent vectors v € Ty, M" which de-

(x0.t0)
fine Ly,-geodesics o — L exp‘(fx0 i) ¢ that are minimizing up to some

is an isomorphism.

value of ¢ which exceeds T. By smoothness of minimizers of L¢,, such
geodesics uniquely minimize L, up to 7, and we may thus conclude
that the restriction of £ epoxO ) tO D(xO ) is a diffeomorphism onto
oo T 4 . n
its 1rna.ge undel.r L exp (x0.t0) (‘f\/hld’.l we denote by Dy, t) © M™).

As in the Riemannian setting, it can be shown3? that the £-cuT

Locus, M" \ D(Tx0 o)’ has measure zero in M".

12.5.6  The reduced volume and noncollapsing

Define the REDUCED VOLUME V along a Ricci flow (M" x I, ¢) by

Viso o) (T) = /M», (4m) e o) 0D gy

for any basepoint (xg,tg) € M" x I and tg — T € I. Inspired by
the Bishop—Gromov volume comparison theorem33, we find that the
reduced volume is monotone in T.

Proposition 12.22. Along any Ricci flow (M" x I,g) on a compact manifold
M",

iy <

EV(Xo,to) (T) — O

for any basepoint (xo, to) € M" x I, with strict inequality unless

T

Re +V2€( =4gin Diyoto)-

xo,t0)

3 See, e.g. Kleiner and Lott, “Notes on
Perelman’s papers”, §17; cf. e.g. Chavel,
Riemannian geometry, §I11.3.

% See, e.g., ibid., Proposition III.4.1.
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Proof. Since Eexp(Tx0 fo) is a diffeomorphism from D( w) t© D(X0 fo)
and M" \ DEXG o) has measure zero in M", we may compute the re-
duced volume by pulling back to Ty, M" using L epoxO )" Indeed,

Vs (7) = [ (4mr)~Ee oo OO0 7 o, ) dim (),
(x0-t0)

where v,(7) = EexpfxO,tO) u, J(u,7) is the Jacobian determinant of
the coordinate change £ exp?xo,to) at u, and dm denotes the Lebesgue
measure on Ty M". By (12.46), J 2(u, T) is equal to the determinant of
the matrix whose entries are g;,—(Vi(7), Vj(1)), where {V]}]”:1 are a
basis for the £-Jacobi fields along vy, which vanish at 0. Thus,

d 2
d—logj(ur 2dTZ| 14

(RC Vi, v;) -I—g(%‘VTVj,Vj))

n

' 1_y2p
2 (Rc Vi Vi)t 30V Lisa) (Vi Vi) ) -
We may arrange that the basis {V; }” 1 is orthonormal at a given choice

of 7, yielding

d

—1 =R+A
77 108 J +A/L
at that point. If we write

(u)dm(u),

where xor, is the characteristic function of D(Tx o)’ then, recalling
Xt

dri(u) = (47r)~Fe o0 OO0 (0, oy
XO' 0

(12.34) and observing that T — xpr  (u) is nonincreasing, we con-

(x0.tp)
clude that

d d ~
31 Vo) (T) = /T o dm

2
> —/TYOMn((atJFA)g o)~ Ve 2+ R~ £2) i

[ @= ) (it — ) te 0w

0
>0

due to Proposition 12.19 (where it is understood that the integrands are
pulled back to Ty,M" via Lexp). In fact, the inequality is strict unless
the test vector fields (solutions to (12.40) along v, with v; = V;(T))
coincide with the £-Jacobi fields V; for each u. But then |V;|? = L, and
hence

1 d

2T dt

1
SV = (Re(Vi, Vi) + 920 3,1) (Vi V1))

T=T

T=T
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The rigidity claim follows since u and T are arbitrary and {V;(T)}!
is a basis for T, ) M". O

The monotonicity of reduced volume yields, for admissible T < 19,
Vizoto) (T) 2 Vigg 1) (10)
= (47'”—0)7% / n e_Z(IOJO)('JO_TO)dVl‘o—To
> K,
so long as £(y ;) (*,fo — To) can be suitably bounded from above (at

least on a set of fixed g, ,-size).

2

On the other hand, setting T = r°, we can write

~ n — B ——
Vi) (T) = (4) 27 e o)t gy, o 4 8(T),
BY(XO/tO)
where the “error term” is given by

£(7) = / (4r7) Se
M\ B (i o)

Now, if R Z —r2in Br(XQ,f()) X [t() - 1’2,1'0], then é(xo,fo) 2 —1in
B, (xo,ty) X [to — 12, to], and hence

g tg) (t0—T) dptsy <.

volume (Br(xO/ tO)/gto—rZ)

r}’l

+&(7).

V(XO,to) (T) 5
Moreover, if R < 72 in B,(xq, ty) X [to — 12, to], then

—% log volume(B;(xg, tg),t) <72

and we may therefore relate
volume (By(xo, o), &,—r2) < volume (By(xo, to), &t,) -

If the error term can be absorbed, then we will obtain a volume non-
collapsing estimate.

Theorem 12.23. Let (M" x [0,T),g) be a Ricci flow on a compact manifold
M". Given (x,t) € M" x [0,T) and > < t, if [Rm|?> < r=2 on By(x,t) x
[t —12,t], then

volume(B,(x,t),t) > xr",

where k = k(M", g0, T).

Proof. Proceeding as above, we may estimate

Viws) (1) > (4nT) 72 / e w0 dy,.

n
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To estimate the integral from below, it suffices to estimate £, (-, 0)
from above on some set of nontrivial gg-measure. To that end, choose
(in accordance with (9.13)) a time t. =t (1, maxym (o [Rm[) such
that maxypn[o,r,] |Rm| < % and (in accordance with Lemma 12.21) a
point x, € M" such that £(, ;) (xs,t:) < 5. Leta : [0,t —t.] - M" be a
minimizing £;-geodesic joining a(0) = x to a(f — f,) = x4 and, given
any y € B g (xits), let By ¢ [t —t,t] — M" be a minimizing g,-
geodesic joining B, (t — t«) = x« to By(t) = y. Taking y : [0,{] — M"
to be the curve joining v(0) = x to y(t) = y via the concatenation of «
and By, we find that

Lixp(v,0) < Li(7)
t
— i@+ [ V(B R0, T)) dr

tog
<nvi—h+n?vi| &

t—t, b
< C(n)Vt,
from which we deduce that
Lixpy(+,0) < C(n) in By, (x4, t),

where 7, = v/f.. Since [Rm| < % for t < t,, Proposition 9.6 ensures
that
B jc(x+,1) C By, (xs,ts),

where C = C(n, M", gp), at which point may conclude that
V(t) > x(n,M", g0, T).
On the other hand, proceeding as above, we may estimate

. 1 Bp(x,t),
V() < cvo ume (Bp(x,t),8t) +E(7)

for any T = p? < r?, where the constant C = C(n) depends only on the
dimension 7. To estimate the error term, note first that, for any given

rh

D > 0, the image under £ exp(Tx,t) of Bp = Bp(0,t) (the origin centred
8(xp-ball in TxM" of radius D) will be contained in B,(x,t) when T
is sufficiently small34 (less than tp = Jr? for some 6 = 6(n, D) > 0).
Monotonicity of the integrand in the L£-exponential coordinates then
yields

IN

£ /W\B (4rrr)~Fe~ e D40 7 (4, 1) ()
X D

Yo, TM\B (470)~Fe 01D 7 (u, ) dm(u)
x D

n ul?
/ (4m)~te "t dm(u).
TM"\Bp

IN

#This is a consequence of continu-
ous dependence of solutions to the L-
geodesic equation (12.29b) on the equa-
tion data. (Note that | VR;_+| is bounded
by C(n)r=3 in B.(x,t) for T < r* due
to the assumed curvature bound and the
Bernstein estimates.
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Taking D suitably large, we may then conclude that
volume (B,(x,t), 8:)
p?l

where ¥ = x(n, M",go,T), so long as p2 =1 < 1p = 612 Taking

K,

T = Tp, we now find that

volume (B (x,t),8;) > volume (B,(x,t),g:)
> Kp"
= k521",
which completes the proof. O

Observe that the hypothesis of Theorem 12.23 is stronger than that
of Theorem 12.11 in that the curvature bound is assumed on the whole
parabolic cylinder B,(x,t) x [t — r%,t], rather than only at the final
time. This is no detriment in practice, as such curvature bounds are
already needed in order to obtain convergence of rescaled flows. On
the other hand, it turns out that the argument of Theorem 12.23 can be
localized. This is crucial for controlling Perelman’s Ricci FLOW WITH
SURGERY?.

12.6 Exercises

Exercise 12.1. Verify the soliton identities (12.4a), (12.4b) and (12.5a).

Exercise 12.2. Show that the triple (R", grn, 3A|x|?) defines a shrink-
ing/steady/expanding soliton according to the sign of A.

Exercise 12.3. Let (M",g) be a compact Riemannian manifold of di-
mension n > 3. Suppose that

W2 du =1.
Mn

1. Using Jensen’s inequality, show for any 7 > 0 that

/ W loghdu < l1og </ hzﬂdy) :
n Y M

2. Using the interpolation inequality for Lebesgue spaces, Young's
inequality, and Holder’s inequality show, for a suitable choice of
¥ =v(n) >0, that

1

1
= . *
(/ hzﬂdy) ”gs( n? dy)z +C
n MV’

for any any e > 0, where 2* = -2 is the Sobolev conjugate of 2 and

C. depends on n, volume(M") and e.

35See Perelman, “Finite extinction time
for the solutions to the Ricci flow on cer-
tain three-manifolds.”, “Ricci flow with
surgery on three-manifolds.” or, e.g.,
Kleiner and Lott, “Notes on Perelman’s
papers”; Morgan and Tian, Ricci flow and
the Poincaré conjecture.



238

3. Deduce from the Sobolev inequality that

1

2
/hzloghdy§s</ |Vh|2dy> + Ce
M" M"

for any € > 0, where C; depends on n, volume(M") and e.

Exercise 12.4. Let v = ( —47(to — t))_%e_f :R" x (—o0,tg] =+ Rbea
solution to the conjugate heat equation. Show that

2t (Af = JIVfR) +f=n <0,

or, equivalently,
2t (af = JIVFP) —f 20,

where T = tg — t.

Exercise 12.5. It is well known that, in dimensions n > 3, the critical
points of the EINSTEIN-HILBERT FUNCTIONAL

H(g) #/HRdy

for Riemannian metrics g on a manifold M" are the EINSTEIN MET-
RICS; i.e., those metrics satisfying

Rc=0.

is a one-parameter family of metrics on M"

Indeed, if {ge}ee(
with go = g and % L:O ge = h, then (by (9.6) and (9.12))

—£€0,€0

d

de

Hge) = —/ g (Re=4Rg ) d.

e=0 M

But, in dimensions n > 3, the EINSTEIN TENSOR Rc —% Rg can only
vanish if Rc vanishes.

(a) Prove that, on any differentiable manifold of dimension at least
three, any metric whose Einstein tensor vanishes is Ricci flat.

All of this is to say that, while the Ricci flat metrics are the critical
points of H, the gradient flow of A is not the Ricci flow.3°

The problem term, 1Rg, arises from the variation of the measure.
So consider, instead of the Einstein—Hilbert functional, the functional

Flg) = / R,

where v is now some fixed measure. We may write dv = e~/ ¢dug, for
some family of functions f;. Set f = fo.

3% S0, instead of Ricci flow, we should
consider the EINSTEIN FLOW,

d
Egt = (cht _%Rgt gf)’

right? Wrong: this flow is not parabolic
(not even weakly), so it’s not clear where
to begin! (Changing the sign does not
help either, so don’t even bother!)
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(b) Show that

4
de

760 = [ s (Rer v ) mor 9
+ (1977 = Af) trg()] e/ an.

The cost of eliminating the scalar curvature term is four new terms
involving derivatives of f! This does not seem like much of an im-
provement but, on the upside, we do know the variation of f:

(c) Show that

d
% gzofg - %trg<h)

The term

/nAftrg(h)e_fdy—Z/MnAfddg

fedv
e=0

is reminiscent of the first variation of the Dirichlet energy. So consider

£(u) :%/M Vul2dv.

(d) Show that

%l e =5 [ (19 - ar) trg) - m(v £, V)] e .

e=0

Set
Firg) = [ (VIP+R) e dp.
MI’I
(e) Deduce that

4
de

F(ferge) :/ g(Re+V2f,h)e fdyu.
e=0 Mn

if (fo,0) = (f,8) and | (fe,8e) = (3 trg(h), h).
(f) Conclude that a solution (f, g) to the system

{ﬁatg = —2(Rc+ V?f)
of = — (R+Af)

e=|

(12.47)

will satisfy
d _
ZF(f9) :—/ Re+ V2f| e~/ du.
Mn

So the system (12.47) is the (formal) gradient flow of the functional F
(subject to the constant mass constraint).

Note that the gradient flow system (12.47) is geometrically equiva-
lent to Ricci flow coupled with a (logarithmic) conjugate heat flow.

239



240

(g) Show that, after pulling back by the flow of Vf, the gradient flow
system (12.47) becomes

L:atg: —2Rc
(at — A)*e*f =0.

Define the NasH ENTROPY of a pair (f,g) by

N == [ fav.

(h) Show that, along a solution (f,g) to the gradient flow system
(12.47),

IN(f,8) = F(f.9).

Exercise 12.6. Consider the gradient self-similarly shrinking Ricci flow

(R" x (—00,0),g, f), where ¢; = ¢rn is the static Euclidean metric and
x,t) = ‘f—lz is the Gaussian potential. Set T(t) = —t.
1 P

(a) Show that 2t(Af — 3|Vf?)+ f—n=0.
(b) Deduce that Z(f,g,7) =0.

(c) Deduce that 4, o)(t) = 0 for all (xo,fp) € R" x (—c0,c0) and
t < fp.

Exercise 12.7 (Gaussian L?-Poincaré inequality37). Consider the gra-

dient self-similarly shrinking Ricci flow (R" x (—o0,0),g, f), where

2
gt = gRro is the static Euclidean metric and f(x,t) = ‘_X—JH is the Gaus-

sian potential, and let u be a solution to the heat equation along the
flow satisfying

/ u(-,—1)dv_1 =0,
where dv; = K(0,0, -, t)dpg, is the heat kernel measure based at (0,0).

(a) Show that
1(0,0) = 0.

(b) Deduce that

0
/ w? (-, —1)dv_y —2/ / |Vul?(-, —1)dv; = 0.
R" —1JRr

(c) Deduce that

/uz(-,—l)dv_lgz/ IVul2(, —1)dv_y.
n R"

% Hein and Naber, “New logarithmic
Sobolev inequalities and an e-regularity
theorem for the Ricci flow”
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(d) Conclude that any (sufficiently smooth) function u# on IR” which

/ udv =0,
/ u?dv < 2/ |Vul*dv,
n IRI’I

|x[2

_n _ .
where dv = (47t) " 2e” 4 is the GAUSSTAN MEASURE.

satisfies

satisfies

Exercise 12.8 (Gaussian L2-log-Sobolev inequality3®). Consider the gra- 38 ibid.
dient self-similarly shrinking Ricci flow (R" x (—0,0),g, f), where

g+ = gRn is the static Euclidean metric and f(x,t) = ‘f—!lt is the Gaus-

sian potential, and let u be a positive solution to the heat equation
along the flow satisfying

/ u(-,—1)dv_, =1,
where dv; = K(0,0, -, t)dpg, is the heat kernel measure based at (0,0).

(a) Show that
logu(0,0) = 0.

(b) Deduce that

0 2
/ ulogu(~,—1)dv_1—/ / |V;| (,—1)dv; = 0.
n 71 n

(c) Deduce that

2
/ulogu(~,—1)dv,1§/ M(~,—1)d1/,1.
Rl’l

R” u

(d) Conclude that any (sufficiently smooth) function u on IR” which

/ udv =1,

2
/ulogudvﬁZ/ @dv,

satisfies

satisfies

_n P .
where dv = (471) " 2e” % is the Gaussian measure.

Exercise 12.9. Given ty € I, let ¢ : [0,T] — M" be a minimizing Ly,-
geodesic along a Ricci flow (M" x I,g) joining y(0) = x¢ to some
arbitrary point y(ty —t) = x.

(a) Show that

d

- 3 (R+1912)] = 7% (3:R+ LR +2V;R — 2Re(4,7) )
— ER+TP),

where all quantities are evaluated along (y(7), o — T).
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(b) Deduce that
T
72 <R+ \7’(?)|2) +1lL= / T2 (aTR+ IR +2V4R— 2Rc("y,"y)) dr,
0

where L denotes the L-distance from (xo, to) and the left hand side
is evaluated at (x, t).

(c) Conclude that every smooth lower support ¢ for L at (x, t) satisfies
2 — 2 4 T 3 1 L.
V|~ +47TR — =o= 7= T2 (aTR—i- ;R+2V7R—2RC(7,7)) dt
and
Y+ 2FR— g < 1/TT% (3R + IR +2V4R — 2Re(, ) )t
tp 2\/%(1)— \/% 0 T T ¥ Yy ’

where, again, the left hand sides are evaluated at (x, f).
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Towards a classification of ancient solutions

Let (M" x [0,T),g) be a maximal Ricci flow on a compact manifold
M". Suppose that T < oo, so that limsup; »r maxygn (¢ [Rm| — co. If
we choose (x/, ;) so that AJZ. = |Rm(x],,tl,)\ = MaXy [0, 7—j1] |[Rm|, then
the pointed Ricci flows (M" x I;, g, x;) defined by

= 22 . 2
(&) n = )‘jg(x,)\/fztﬂj)' lj = [=2jt;,0]
will satisfy |[Rm| < 1 and |Rm(x],,tj)\ = 1. Moreover, by Theorem 12.11,
volume(B,(x,t),t) > xr" whenever |[Rm| < r~! in B,(x,t) and r < Aj.

By the compactness theorem (Theorem 9.19), we can then find a com-
plete ancient (subsequential) limit flow (M" x (—o0,0], g,0), on which

1. |[Rm| < K < o0;

2. If [Rm| < r~lin B,(x,t), then volume(B,(x,t),t) > kr".
In dimensions two and three, we will also have

3. Rm>0and R >0

due to Proposition 9.11 and Theorem 12.2 (and the fact that |[Rm| = 1
at (0,0)). But then the differential Harnack inequality will also hold™:

4. (@) Mjjw;w;+ 2P;ju;iwi + Rmyuuy > 0 forallw € TM and u €
AZ(TM), where Mij = ARCi]‘ + 2RmikleCkl — %(VZV]R + 2RC12j)
and Pijk = Vichk — V]'RCik;

in particular,

(b) 9tR+2V,R+2Rc(v,v) > 0 for all v € TM.

A good understanding of such solutions will thus provide a good
understanding of singularity formation in three-dimensional Ricci flow
on compact manifolds. Confidence that this is genuine progress to-
wards an understanding of singularity formation can be taken from
the following classical theorem of Hirschman.®

Theorem 13.1 (Appell’s theorem?). Any positive ancient solution u to the
heat equation on R" satisfying u(x,0) = e(*) must be constant.

* Hamilton showed that the argument
sketched in Theorem 12.6 may still be
applied when M" is noncompact, so
long as the flow has bounded curvature
on compact time intervals. See Richard
S. Hamilton, “The Harnack estimate for
the Ricci flow”.

* This is the caloric counterpart of Liou-
ville’s theorem for harmonic functions.
As for Liouville’s theorem, the hypothe-
ses are necessary—consider the solu-
tions e*1*! and |x|? + 2nt, for exam-
ple. Note that Widder’s theorem guar-
antees that a positive solution to the heat
equation on R" X [, w) can be extended
uniquely (amongst positive solutions) to
R" x [«, 00). See Widder, “Positive solu-
tions of the heat equation”.

 Appell, “Sur 1'équation 9z _ 0z —

a2 9y
et la Théorie de la chaleur”; Hirschman,

“A note on the heat equation”
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We will present an overview of the landscape and structure of pos-
itively curved ancient solutions to Ricci flow. The proofs of many of
these results are highly technical. In such cases, we either only sketch
the arguments, or omit the proof entirely.

13.1  Ancient solutions in two space dimensions

So far, the only ancient Ricci flows we have seen in two dimensions are
(highly symmetric) solitons. Namely, the static/shrinking plane, the
shrinking sphere, and the cigar soliton (modulo quotients). There is
a further (non-soliton) example, which was discovered independently
by Fateev—Onofri—-Zamolodchikov,3 King4 and Rosenau.>

Example 24 (The ancient sausage solution). The time-dependent met-

ric
g = x*dr* +y*d?, (13.1a)
where
(r,t) = tanh(—2¢) and 2(r,t) = cos® rx(r,t), (13.1b)

1 — sin? r tanh?(—2t)

extends to a (time-dependent) metric on $% and evolves by Ricci flow.
Indeed, v is smoothly odd at r = j:g and, introducing the arclength
coordinate

.
st = [ xtot)d,
we find that

K= Pss -1 1—|—sin2rtanh2(—2t) _ Xt _ ¥

¢ sinh(—2f)cosh(—2f) 1 —sin?rtanh®(—2t) X ¢

So (5% x (—00,0),¢) indeed satisfies Ricci flow. We also see that its
curvature is positive everywhere at all times.
w 7T)

Observe that, for any fixed r € (=7, 5
s(r,t) — 2arctanh(tan %) and ¢(r,t) — 1

as t — —oo. So, away from the poles, the solution looks like a flat
cylinder of radius one when t ~ —oo. (In fact, since the curvature
converges to zero away from the poles, the Bernstein estimates and
interpolation can be exploited to obtain local uniform convergence in
the smooth topology.)

On the other hand, near each pole, the sausage resembles a cigar
soliton of the same scale as the asymptotic cylinder. There are various
ways to see this; for instance, one may apply the rigidity case of the
differential Harnack inequality to obtain an asymptotic steady soliton
as explained in §12.3; this soliton will be rotationally symmetric with

3 Fateev, Onofri, and Al. B. Zamolod-
chikov, “Integrable deformations of the
O(3) sigma model. The sausage model”.
+King, “Exact polynomial solutions to
some nonlinear diffusion equations”.
5Rosenau, “On fast and super-fast diffu-
sion”.
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curvature lim;_, _ K(j:%, t) = 2 at the centre of symmetry, and must
therefore be the (unit scale) cigar (see Example 17).

One way to “derive” the ancient sausage is as follows:® recall that
solutions u : S* x I — R to the logarithmic fast diffusion equation

ur = Agp logu —2 (13.2)

give rise to Ricci flows via ¢ = uggs. We seek a solution to (13.2)
which is rotationally symmetric. So suppose that u(r,0,t) = u(r,t),
where (r,6) are standard polar coordinates on S?. In that case, (13.2)
becomes

up = COSr(cosr(log u)), =2
1
= cos2r (logu)ez =2,

where dz = cosrd,. Setting” v = cos? ru (and ¢ = 2arctanh tan 3), we
find that v must satisfy

vt = (logv)ee, (13.3)

the one-dimensional logarithmic fast diffusion equation! Observe now
that any antiderivative, say V (¢, ) = fog v(x,t)dx, of a solution v to
(13.3) satisfies the equation

Vi = (log Vg); = C (13.4)

for some function C of t only. This does not seem much of an im-
provement, but consider the following remarkable fact (which is read-
ily verified): if (&, t) — X(& + At) and (&, t) — Y(& — At) are similarity
solutions to (13.4), then their sum is also a solution (even though (13.4)
is nonlinear!) Consider, then, the ansatz

V(& t) = F(E+ At) — F(E — At)

for some univariate function F. This will solve (13.4) if and only if
f = F satisfies
f'=Af*+Cf+D

for some constants C, D € R. The solutions are given by
f(z) = a — ptanh(Ap(z — 2))
for a, B,zg € R, which yields the solution
0(¢,t) = Btanh (BA(Z — A(t — ty))) — Btanh (BA(Z + A(t — to)))

to (13.3). Smooth extensibility to the sphere demands that § = A~1.
The constants A and t; then correspond to parabolic dilations and

¢ Ibid.

7The map (r,0) — (&,0) is an isometry
from ((—%,%) x SY,u(dr? + cos? rd6?))
to (R x S¥, 0(d? + d6%)).
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time-translations, respectively. Taking tp = 0 and A = 2, we arrive
at

tanh (¢ — 2t)) — tanh (¢ +21))

g= > (dg? + d6%)
_ tanh (2(arctanh tan § — t)) — tanh (2(arctanh tan 5 + t))
- 2cos?r

-(dr? 4 cos? rd6?).
Applying the addition law

tanh x + tanh y
1+ tanh x tanhy

tanh(x +y) =

recovers (13.1).
Consider now the time-dependent diffeomorphisms ¢+ (-, f) : R X
S! — R x S? defined by ¢+ (&,6,t) = (& 4+2t,6). Observe that

¢+ (1) (0,0 — U (1) (dE? + d6?)

pointwise as T — —oo, where

we(@t) = 3 (tanh(+ ~20) +1).

For each t € IR, this extends to a metric on the plane ({ = Fco cor-
responding to the origin) and the convergence can be bootstrapped to
smooth convergence on compact subsets of R? x (—o0,00). We leave
it to the reader to verify that the metrics g1 = u (d&? + d6?) are both
isometric to the unit scale cigar solution. (Indeed they must be, since
they are rotationally symmetric steady Ricci flows on the plane with
“asymptotic radius” limg 100 u = 1.) |

The ancient sausage example completes the list of two-dimensional
ancient Ricci flows!

Theorem 13.2 (Classification of ancient Ricci flows in two-dimensions®).

Every maximal, complete ancient Ricci flow (M? x (—oo,w),g) on a con-
nected surface M? is either

— a shrinking round sphere,
— a static flat plane,

— a cigar solution,

— an ancient sausage, or

— an isometric quotient of one of the above examples.

85, Chu, “Type II ancient solutions to
the Ricci flow on surfaces”; Daskalopou-
los and Richard S. Hamilton, “Geometric
estimates for the logarithmic fast diffu-
sion equation”; Daskalopoulos, Richard
S. Hamilton, and Sesum, “Classification
of ancient compact solutions to the Ricci
flow on surfaces”; Daskalopoulos and
Sesum, “Eternal solutions to the Ricci
flow on R?”
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Sketch of the proof. Even though we consider potentially noncompact
surfaces, it can be shown that our ancient Ricci flow (M? x (—o0,w), g)
has nonnegative curvature, and thus positive curvature everywhere
unless it is flat.9 Moreover, if M2 is not compact, then the timeslices
of (M? x (—o0,w),g) must have curvature tending to zero at infinity.
Indeed, for any g and any sequence of points x; such that d(x;, 0, to) —
oo, the sequence (M",x;j,gt,) subconverges in the pointed Gromov—
Hausdorff sense to a limit space which contains a line, and hence splits
off a line. But in two-dimensions, this limit must be locally isometric to
R2. Thus, for j sufficiently large, B,(xj, tg) is close to a Euclidean ball
in the Gromov-Hausdorff sense after passing to the universal cover.
In particular, its volume (in the universal cover) is close to 7tr%. So
Perelman’s curvature estimate implies that K(x]-, ty) < Cr~2, and we
conclude that K(x;,t9) — 0.

Bounded curvature at infinity is sufficient to establish the differen-
tial Harnack inequality. By exploiting the differential Harnack inequal-
ity and a type-I vs type-II analysis, Chu and Daskalopoulos-Sesum
were able to show that the cigar is the only possibility in the noncom-
pact case.

The compact examples were classified by Daskalopoulos-Hamilton—
Sesum. The key ideas are a monotonicity formula,

d |Vszv\2
— - <
at /52 < - 4v d;l/lsz < 0,

for the PRESSURE FUNCTION 0 = u~ ! of ¢ = ugq, and an analysis of
the backwards limits of solutions to the equation

v = v* (A2 logv +2). O

13.2  Noncollapsing ancient solutions with positive curvature
operator

Let us refer to an ancient solution to Ricci flow satisfying properties
1.—4. at the beginning of this chapter as a x-sOLUTION.

13.2.1 A nontrivial example

So far, our only examples of ancient solutions are either solitons with
a high degree of symmetry (obtained by reduction to an oDE) or the
ancient sausage solution (an explicit non-soliton solution obtained by
imposing an ad hoc ansatz on the logarithmic fast diffusion equation).
Perelman provided the first truly “parabolic” (in the sense of PDE
methods) construction of an ancient Ricci flow.°

9B.-L. Chen, Xu, and Zhang, “Local
pinching estimates in 3-dim Ricci flow”.

° Perelman, “Ricci flow with surgery on
three-manifolds.”
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Theorem 13.3 (The ancient Steeden''). There exists a non-round ancient
Ricci flow (S x (—00,0),g) which has positive curvature and on which
O(3) x O(1) acts by isometries.

Sketch of the proof. The idea is to take a limit of “very old” solutions
constructed by evolving suitable initial data. We begin by evolving a
sequence of (O(3) x O(1)-invariant) smoothly capped cylinders Cy =
S? x [k, k] of radius one and length 2k. When k = 0, the solution is
the round sphere of radius one, which shrinks to a point after time
~ 1. For other values of k, Cy still shrinks to a point in time ~ 1
(since R ~ 1 at the initial time), becoming round in the process (in
accordance with Hamilton’s theorem). After translating time, we can
arrange that the final time is t = 0. By the trace Harnack inequality
(Theorem 12.7) and the linear distance distortion estimate (Proposition
9.7), it can be shown that the “perigee” and “apogee” take a fixed time
to decrease by 1/2. So we can parabolically rescale so that, for k > 1,
the “eccentricity” is ~ 2 and the diameter is ~ 1/2 at time t = —1,
and that the initial time a; goes to —oo as k — oo. Since the volumes
are uniformly controlled from below, Perelman’s curvature estimate
(Theorem 9.21) and the Bernstein estimates ensure that the curvature
and its derivatives are uniformly bounded along the sequence. We can
now take a limit using the compactness theorem. Since we ensured
that the eccentricity is ~ 2 at time —1, the limit cannot be the shrinking
sphere. O
13.2.2  Structure of noncollapsing ancient solutions with positive cur-
vature

The following two theorems, established by Perelman,’* are key tools
in the analysis of x-solutions.

Theorem 13.4. Let (M" x (—o0,0],g) be a x-solution. If M" is noncom-
pact, then the ASYMPTOTIC CURVATURE RATIO!3

R(M",g0) = limsup R(x,0)dist*(x, xo,0)

dist(x,x,0)—oc0
is infinite.

Sketch of the proof. Suppose, contrary to the claim, that R(M",gp) <
0. Consider the rescaled flow (M" x (—o0,0],A%g,2,). Note that at
time zero, the rescaled metrics (M", A2gg) always limit to some metric
cone (C,d,0) as A \ 0 in the Gromov-Hausdorff sense. Due to the
curvature bound (and noncollapsing) the limit and the convergence
will be smooth away from the tip, 0. But since the radial direction
must be a null eigenvalue of Rc, we deduce (as before) that the limit

" Steeden are the producers of the
iconic Australian Rugby League football
(which is more oval than a European
football and less pointy than a North
American football). Evidently, I am
a Rugby League fan; followers of the
Rugby Union may prefer the “ancient
Gilbert”; followers of Australian Rules
Football may prefer the “ancient Sher-
rin”. Followers of American or Canadian
football should consider orbifolds.

> Perelman, “The entropy formula for
the Ricci flow and its geometric appli-
cations”.

3 This number is independent of the
choice of point x.
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splits off a line. But this is only possible if the limit cone is flat, and
this violates positive curvature on the original flow (by Toponogov’s
theorem). O

Corollary 13.5. Let (M" x (—o0,0],g) be a x-solution. If M" is non-
compact, then there are points x; € M" and scales \; such that (M" x
(—00,0],x},8), (8) (x) = /\]2 8, A2 converges to a k-solution which splits

off a line.

Sketch of the proof. Since the asymptotic curvature ratio is infinite, we
can find points x; € M" such that

d? = 10R(x;, 0) dist*(x;, X0, 0) — co.

In particular, distz(x]-, x0,0) — oo. By point-picking, we can find
yj € B2dj/m(xj’0) that R(y;,0) > R(x;,0) and R < 2R(x;,0) in
B 4,/ m(yj,O). Since d; — oo, the pointed rescaled flows (M" x
(—00,0],yj, Q]-g(.,ijl t)) converge locally smoothly to a limit x-solution.
But (since y; — o0) this solution must contain a line, and hence split
off a line. O

In particular,
Corollary 13.6. all two-dimensional x-solutions are compact.

This fact of course agrees with the classification of two-dimensional
ancient solutions described above.

Perelman’s second key observation is the vanishing of the asymptotic
volume ratio.

Theorem 13.7. Let (M" X (—00,0],g) be a x-solution. The ASYMPTOTIC
VOLUME RATIO™

V(Mn/go) = lim Sup VOlume(Br(xO/ 0))

n
r—00 r

is zero.

Sketch of the proof. If n = 2, then M" is compact, and the claim is true.
So suppose that the claim is true for some dimension n > 2 and let
(M™+1 x (—00,0],¢) be a noncompact x-solution. By Corollary (13.5),
(M™1 x (—0,0],¢) splits off a line at infinity after rescaling. The
claim then follows from the inductive hypothesis, since, by the Bishop-
Gromov volume comparison theorem, volume(B,(x)) > Vr"*1, which
is invariant under rescaling, and hence passes to the limit. O

One consequence of Theorem 13.7 is that, in a x-solution, the curva-
ture and the normalized volume control each other. Using this fact, in
conjunction with Theorem 13.7, the following precompactness prop-
erty is established by a contradiction argument.

4 This number is independent of the
choice of point x.
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Theorem 13.8 (Precompactness of the space of three-dimensional non-

compact x-solutions'>). Given any x > 0, the space of three-dimensional

noncompact k-solutions is compact modulo scaling: if (My x (—o0,0], gk, Px)

is a sequence of pointed three-dimensional noncompact x-solutions and Ay =

V' Ri(pk, 0), then a subsequence of the sequence of pointed, rescaled x-solutions
(My x (—00,0], &, px), where ()t = A%(8k) -2, converges locally uni-

formly in the smooth topology to a x-solution. ‘

13.2.3 Noncollapsing ancient solutions in three space dimensions

Perelman established the following characterization of x-solutions in
three dimensions'® by an intricate contradiction argument.

Theorem 13.9. Every connected oriented three-dimensional x-solution is one
of the following.

1. A shrinking round spherical space form;
2. A shrinking round cylinder or finite quotient;

3. A C-component: an S3 or RP3 whose diameter, curvature and volume are
all bounded uniformly (between C~' and C) after rescaling to normalize
any one of them;

4. A C-capped e-tube (after removing one C-cap and rescaling, it is € close to
a unit round cylinder of length e~1); or

5. A doubly C-capped e-tube.

Sketch of the proof. After BLOWING DOWN (taking the limit of /\zg(y A-24)
as A ™\, 0 about points x.(t) of bounded ¢, ¢ (-, t)-distance to a fixed
xp using (12.45)) we see an “asymptotic shrinker” (since the reduced
volume will be constant on the limit).'7

The only asymptotic shrinking solitons are finite quotients of shrink-
ing round spheres or cylinders, so every solution of sufficiently large
normalized diameter is made up of e-tubes and regions of uniformly
bounded diameter.

Any example which is not a shrinking cylinder or quotient must
satisfy Rm > 0. By the soul theorem, such examples must be either
compact or diffeomorphic to IR3; using the compactness of the space of
x-solutions, it can be shown that a noncompact example with Rm > 0
must be C-capped.

A similar argument shows that a compact example either has uni-
formly bounded diameter, or is a doubly-capped e-tube. In every case
Rm > 0, so Hamilton’s theorem implies that the manifold is diffeo-
morphic to a spherical space form. The uniformly bounded diameter
components are either round or C-components. O

5 Perelman, “The entropy formula for
the Ricci flow and its geometric applica-
tions”. See also Kleiner and Lott, “Notes
on Perelman’s papers”, §46.

6 Perelman, “The entropy formula for
the Ricci flow and its geometric appli-
cations”.

7See Perelman, “The entropy formula
for the Ricci flow and its geometric ap-
plications”, Proposition 11.2 or Kleiner
and Lott, “Notes on Perelman’s papers”,
Proposition 39.1.
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In fact, there is now a complete list of such solutions.

Theorem 13.10 (Angenent-Brendle-Daskalopoulos-Sesum'®). Every - S, Angenent, Brendle, et al, “Unique

solution in three dimensions is one of the following: asymptotics of compact ancient solu-
tions to three-dimensional Ricci flow”;
Brendle, “Ancient solutions to the
Ricci flow in dimension 3”; Brendle,
Daskalopoulos, and Sesum, “Unique-
2. a shrinking sphere. ness of compact ancient solutions to
three-dimensional Ricci flow”

1. a static/shrinking R3.

3. a shrinking cylinder.
4. a radio-dish soliton.
5. an ancient Steeden.

6. an isometric quotient of one of the above.

13.3 Further examples of ancient solutions with positive cur-
vature operator

There are a great many further examples' of ancient Ricci flows, even  The below list is not exhaustive.
under the assumption of positive curvature.

Example 25 (The ancient hypersausage®®). The time-dependent metric * Fateev, “The duality between two-

dimensional integrable field theories

g = XZ(V/ f) ar? + lPZ (1,, t) 462 + 4)2(],/ t) de? and sigma models”
defined on (r,6,w) € (0, %) x S* x S! for t € (—0,0) by

cosh(—4t) sinh(—4t)
[cos? 7 + sin? r cosh(—4t)][sin? r + cos? r cosh(—4t)]
2 .

5 ) cos” rsinh(—4t)

rt) = 13.5b
A sin? r + cos? r cosh (—4t) (13.50)

sin? r sinh (—4t)

cos? r + sin® r cosh(—4t)

X2(rt) = (13.50)

P> (r,t) = (13.5¢)

extends to S® and satisfies Ricci flow. Mapping (0, Z) x S! x S! into
$3 ¢ R* = C x C via the Hopf map (7,6, w) ~ (cosre’
we see that ¢ is invariant under the induced action of U(1) x U(1). It

,sinrel? ),
admits a further nontrivial isometric Z-action induced by
(r,0,w) = (5 —1,w,0).

Introducing the orthonormal basis e; = x 10, en = 1p*189, ez =
¢ 19, the curvature operator is diagonalized, with diagonal compo-
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nents
IPSS
sec(ey Nep) = — =
¥
2 .2 _
_ 1 2c?)s2 7 + sin” r cosh(—4t) B 1 (13.60)
sinh(—4t) \ "sin?r 4 cos?rcosh(—4t)  cosh(—4t)
Pss
sec(eg Ne3) = — =
P
2 2 _
_ 1 , Sin r+c?szrcosh( at) (13.6b)
sinh(—4t) \ cos?r +sin®rcosh(—4t)  cosh(—4t)
sec(ex Ae3) = _Wsfs ! (13.60)

¢y  cosh(—4t)sinh(—4t)’
where ,

s(r,t)#/o x(p, t)dp.
Since the function

cos? r + sin? r cosh(—4t)
sin? r + cos? r cosh(—4t)

is nondecreasing for r € [0, 5|, we find that

1
cosh(—4t) sinh(—4t)

sec(e; Aej) >

for each i # j. In particular, ¢ has positive curvature. Since it is not on
the list from Theorem 13.10, its volume must collapse (relative to the
scale of the curvature) as t — —oo. Indeed, as t — —oo,

1

m, w(i’,t) — 1 and q)(?’,t) —1

x(r,t) —
for any r € (0, %) and hence, for any point o on, say, the Clifford torus

{res:r(p)=F}={

we have

e?, Lelwy. (9,w) e S x S},
V2

S

rrkax) R(-,t) ~ 0 but volume(B,(o,t),t) ~ 87%r
By (o,t

as t — —oo for any large r.
Finally, let us rewrite the hypersausage as

, dr? + cos? r d6? dr? 4 sin? r dw?
g = sinh(—4t)| — —
sin”r + cos? r cosh(—4t) ~ cos?r + sin” r cosh(—4t)

Consider the new coordinate ¢ defined in (27, 00) for a given 7 < 0 by

tanh % = tan %
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Under this transformation, the hypersausage metric at time t + 7 is
given by
dg? + de?
sinh?(& — 27) + cosh(—4(t + 7))
dE2 + sinh?(& — 27) dw? )

Qt+r = sinh(—4(t+ 1)) <

1+ sinh?(¢ — 27) cosh(—4(t + 1))

Observe that, as T — —oo,

sinh(—4(t + 1)) B tanh(—4(t + 7))
1+ sinh?(& — 27) cosh(—4(t + 7)) m + sinh?(¢ — 27)
— 0,
L —1

1+ sinh?(& — 27) cosh(—4(t + 7))

and?? ** Recall the hyperbolic “angle sum” for-

mulae

sinh(—4(t+ 1))
sinh?(& — 27) + cosh(—4(t + 1))

sinh(2T) = 2sinh(T) cosh(T),

2 tanh(—2(t + 7)) cosh(2T) = cosh?(T) + sinh?(T),
~ [Sinh(Z + 26) + tanh(—2(t + T)cosh(¢ 1 202+ 1 + tanbd—2(t 1 1))
) sinh (X +T)
— = sinh(X) cosh cosh(X) sin .
[sinh(Z 4 2¢) + cosh(& + 2t)]* +2 (X) cosh(T) = cosh(X) sinh(T)

1
1 + %62((§+2t) )

We conclude that

dg? + de?

_5 TPY 4l
S+t — 1+%e2(§+2t) +dw

as T — —oo (locally uniformly in the smooth topology since the cur-
vature is bounded on compact time intervals), which we recognize as
a fixed time-translation of the standard cigar metric.

Similarly (or by the isometric Z; action),

dn? + dw?

@y rew 2
14+ %e2(17+2t) +df

Sttt —

locally uniformly in the smooth topology, where for a given T < 0
1 € (—21,00) is defined by

el727 = tan 5. [ ]

In fact, the hypersausage is part of a one-parameter family of (geo-
metrically distinct) ancient Ricci flows on S°.
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Example 26 (Twisted ancient hypersausages®?). For each k € (—1,1)
and A > 0, define a function ¢ : (—o0,0) — R by

_ k cosh ¢ + ksinh
—4A 21— k(A + k)t =& — Elogw.

The time-dependent metric*3
g = x2(r,t)dr* + ¢*(r,t) d6® + ¢*(r,t) dw? + 20(r, t)d6 dw

defined in Hopf coordinates (,6,w) € (0, %) x S! x Sl for t € (—c0,0)
by

X2, t) = W
WA(r,t) = M cos”rtanhg (Sinz rcosh? ¢ + cos? r\/ cosh? & — k2 sinh? 5)
o A, OB,

) A sinzrtanhé’<c052 reosh? & 4 sin? r \/cosh2 e C)

o (r,t) = G PET
2 c0s2 7 sin2 -y

o(r,b) = kA COSA;; :/12) ];’ (tirg;é sinh” ¢ ’

where

A(r,&) = cos®r + sin? r\/cosh2 & — k2sinh? &

B(r,&) = sin’r + cos’ r\/cosh2 & — k2sinh? g,

extends to S® and satisfies Ricci flow.

The parameter A corresponds to parabolic rescaling. Taking A =
1, the solution corresponding to k = 0 is the ancient hypersausage
described in the previous example. For each k # 0, the examples
corresponding to £k are isometric, but otherwise the members of the
family are all geometrically distinct. Indeed, as t — —oo, the restriction
of g to the principal domain converges to

_ 1 a6 4 de? — 2Kd6 de
S =1 2 sin? rcos2 r !

which is isometric to the standard metric on R X S% xSt . ]
V1-k2

Maximally twisting the ancient hypersausage yields a further ex-

ample.

Example 27 (The ancient Hopf fibration®#). Setting A = 1 and taking
k — 1 in the hypersausage family yields another ancient solution on

> Bakas, Kong, and Ni, “Ancient solu-
tions of Ricci flow on spheres and gener-
alized Hopf fibrations”

» Juxtaposition of forms denotes the
symmetric tensor product.

24 ibid.
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S3. Noting that & — —8t as k — 1, we see that the limit metric takes
the form

g = X2(r,t)dr* + ¢2(r,t) d0* + ¢*(r,t) dw?* + 20(r, t)d0 dw

with
x2(r,t) = sinh(—8t) cosh(—8t) (13.7a)
$?(r,t) = cos® rsinh(—8t) cosh(—8t) (1 — cos? rtanhz(—St)) (13.7b)
@*(r,t) = sin? rsinh(—8t) cosh(—8t) (1 - sinzrtanhz(—St)) (13.70)
v(r,t) = — cos? rsin? r sinh(—8t) cosh(—8t) tanh?(—8t). (13.7d)

This example is related to the Hopf fibration S' < S*> — S2. To see
this, we introduce the coordinates

R=2r, O=0+w, QO=0—w,
with respect to which the Hopf map is given by
(cos % ei%io, sin % ei%) — (sin R ez’n, cos R) ;
so the fibres are parametrized by ®. Defining the one-forms

X = sin®dR — sinRcos © dQ),
Y = cos®dR + sin Rsin® dQ),
Z =dO + cos RdQ),

the ancient Hopf fibration may be expressed as

g= i (sinh(—St) cosh(—8t) (Xz + Y2) +tanh(—8t)Z2) .

The first term arises from the standard metric on the base space, S:
X* 4+ Y? = dR? + sin® RdOQ?,

while the second term may be viewed as a connection one-form on the
total space, since
dZ = -XNY.

Note that the fibres all have the same length, 27t tanh(—8¢), and
collapse at the scale of the curvature as t — —oo. u

The ancient Hopf fibration generalizes®> to a family of “explicit”
ancient Ricci flows on the total spaces S?"*1 of the higher dimensional
Hopf fibrations S! — $?"+1 — CP™. Further analogous “fibration-
compatible” examples exist on the total spaces of the quaternionic and
octonionic Hopf fibrations S3 «— S#'*1 — HP" and §7 — S — S8,

5 Bakas, Kong, and Ni, “Ancient solu-
tions of Ricci flow on spheres and gener-
alized Hopf fibrations”.
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respectively. More generally, it is known that a compact homogeneous
space admits a collapsing ancient homogeneous Ricci flow if and only
if it is the total space of a homogeneous torus bundle. All known ho-
mogeneous examples are invariant under a corresponding torus action
(this is known to be necessary under certain assumptions) and, after
appropriately rescaling, collapse the torus fibres as time tends to mi-
nus infinity and Gromov-Hausdorff converge to an Einstein metric on
the base.?®

The ancient hypersausage may be viewed as a three-dimensional
analogue of the ancient sausage solution on S?; it is not known at
present whether or not there exist ancient hypersausages on higher
dimensional spheres (i.e. positively curved ancient solutions on S"
which collapse a 7" 1).

The following pair of examples do not arise from “cohomogeneity
one” structures and provide a different generalization of the ancient
sausage.

Example 28 (Generalized Steedens®7). Perelman’s construction gener-
alizes to spheres S” of any dimension # > 3 and any bisymmetry class
O(k) x O(n+1—k), k=3,...,n. These examples have positive curva-
ture and their volume does not collapse at any scaleas t - —cc. W

Note that, while the symmetry groups O(k) x O(n + 1 — k) and
O(f) x O(n+1—{) agree (up to a congruence of S" C R"*!) when
¢ =n+1—k, the two corresponding examples in the above construc-
tion are not congruent (since, for instance, the blow-down of the exam-
ple with symmetry group O(k) x O(n + 1 — k) is the shrinking cylin-
der (S¥1 x R" K x (—00,0), —2(k — 2)tgsi—1 @ ggn—k))- This begs the
question of the whereabouts of the “missing” example: the one corre-
sponding to the symmetry group O(2) x O(n — 1) (whose blow-down
should be {pt} x R"~1).

Example 29 (The ancient pancakezs). For each n > 3, there is an
O(2) x O(n — 1) invariant ancient Ricci flow

g = X2(r, t)dr* + ¢*(r,t)d6* + @*(r,t)ggn2

on (—%,Z) x S! x §"~2 which extends to a Ricci flow on S" with
positive curvature (where O(2) x O(n — 1) acts in the standard way).
This example is not the shrinking sphere. Indeed, its “girth” h(t) =
2tmax (-, t) satisfies h(t) = 1 —o(1) as t — —oco. Nor is g con-
gruent to the ancient hypersausage in case n = 3, since its “radius”
r(t) = max (-, t) satisfies r(t) = —2t + o(—t) as t — —oo.

This example is constructed by extending the time t = —R slice
of the (O(2) x O(1)-invariant) ancient sausage solution on S? to an
O(2) x O(n — 1)-invariant metric on S", evolving this metric by Ricci

*%Buzano, “Ricci flow on homoge-
neous spaces with two isotropy sum-
mands”; Cao and Saloff-Coste, “Back-
ward Ricci flow on locally homogeneous
3-manifolds”; Krishnan, Pediconi, and
Sbiti, “Toral symmetries of collapsed an-
cient solutions to the homogeneous Ricci
flow”; Pediconi and Sbiti, “Collapsed an-
cient solutions of the Ricci flow on com-
pact homogeneous spaces”; Sbiti, “On
the Ricci flow of homogeneous metrics
on spheres”.

27 The four dimensional case is treated
explicitly by Buttsworth, “SO(2) x
SO(3)-invariant Ricci solitons and an-
cient flows on 5*”.

B Bourni, Buttsworth, et al., “Ancient
Ricci flows of bounded girth.”
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flow to obtain, after time-translation, an “old-but-not-ancient” Ricci
flow (S" x [—a,,0),g) which shrinks to a round point at time zero in
accordance with Hamilton’s theorem, and (after establishing a number
of uniform-in-R estimates) taking a limit as R — co. ]

Shrinking and steady solitons are “trivial” examples of ancient Ricci
flows. The gradient shrinking solitons with nonnegative curvature op-
erator are relatively easily classified.

Theorem 13.11 (Munteanu-Wang?9). Every n-dimensional gradient shrink-

ing soliton with nonnegative curvature operator is either:
1. aflat R",
2. a compact symmetric space,

3. an orthogonal product of a k-dimensional compact symmetric space with
]R”’kforsomek =2,...,n—1,0r

4. an admissible3° isometric quotient of one of these.

In dimension three, there are only the “obvious” ones: the shrinking
sphere, the shrinking cylinder, shrinking Euclidean space, and admis-
sible quotients.

On the other hand, there are a great many steady soliton examples.
An important family of examples in the positive curvature setting are
the FLYING WINGS.3!

Example 30 (Flying wings3?). For every n > 3 and each 6 € (0, %),
there is an O(2) x O(n — 2) invariant steady soliton on R” which has
positive curvature and girth ~ 27. It is asymptotic to an $"~3 family of
cigar hyperplanes “tilted through angle 6” (in the sense that the metric
cone at infinity is the round cone of dimension n — 1 with exterior
angle 20). n

TRIM FLAP

~DORSAL FINS

The flying wing family interpolates between a hyperplane of cigars
(8 = 0) and the radio-dish (f = 7). There is also a family of entire
analogues of the flying wings, for which the radio dish plays the role
of the cigar.

* Munteanu and J. Wang, “Positively
curved shrinking Ricci solitons are com-
pact”

*Le. compatible with the shrinker po-
tential.

3 So named, by Richard Hamilton, for
their resemblance to the Northrop and
Grumman “Flying Wing” aircraft.

3 Lai, “A family of 3D steady gradient
solitons that are flying wings”

Figure 13.1: Northrop-Grumman YB-49
“flying wing”. United States Air Force,
USAF Series YB-35, YB-35A, and YB-49
Aircraft, AN o1-15EAA-4.
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Example 31 (Noncollapsing wings33). For every n > 4 and each pair
of numbers 0 < A < pu satisfying A + (n —1)u = 1, there is an
O(n —1) x O(1) invariant gradient steady soliton on R” which is non-
collapsed with positive curvature operator, and has Ricci curvature
equal to diag(A, u, ..., u) atits “tip” (critical point of its potential func-
tion). |

A more thorough investigation of Ricci solitons in low dimensions
may be found in Chow, Ricci solitons in low dimensions.

There is also a family of examples which interpolate between the
generalized ancient Steedens, constructed by Haslhofer.

Example 32 (Deformed Steedens34). There exists a one-parameter fam-
ily of noncollapsing ancient Ricci flows on S* with positive curvature
operator that are “only” O(3) x O(1) x O(1)-invariant. The blow-
down of each member of the family is the shrinking cylinder (S? x
R? x (—00,0), —2tgs> @ gr2)- These examples are produced by a care-
ful modification of Perelman’s construction, and conjecturally com-
plete the list of x-solutions in dimension four.3> u

A good classification of ancient solutions is thus a very difficult
problem in general, even under the assumption of positive curvature.
The three dimensional case may be within reach, however.

13.4 Exercises

Exercise 13.1. Suppose that (¢, t) — X(¢ + At) and (¢, t) — Y(& + At)
are solutions to (13.4). Show that (&, t) — X(& + At) + Y(& + At) is also
a solution to (13.4).

Exercise 13.2. Given A,C,D € R, find all solutions to the equation
f'=Af+Cf+D
by separating variables.

Exercise 13.3. Show that the eternal time-dependent metric on R x S!
defined by

8(ep) = 3(tanh(& —2t) +1)(dg> + d6?)
extends to IR? (upon identifying {¢ = —oo} with a point) and is iso-
metric to the standard cigar. Hint: consider the variable r = arcsinh e’.

Exercise 13.4. Verify equations (13.6). Deduce that the metric defined
by (13.5) does indeed satisfy Ricci flow and has positive curvature op-
erator.

Exercise 13.5. Prove that the only shrinking soliton metrics on S”,

n > 2, with nonnegative curvature operator are the shrinking round

; 1
metrics, t — 2w-n8s"

3 Lai, “A family of 3D steady gradient
solitons that are flying wings”

34 Haslhofer, “On x-solutions and canon-
ical neighborhoods in 4d Ricci flow”

% See ibid., Conjecture 1.3.



Epilogue

And how did I get onto the Ricci flow? Well, that has to do with Jimmy
Carter and the oil crisis. I had bought a nice water ski boat on Lake
Cayuga, but it was taking all this money to fill the gas tank. So I had to
get something going for my NSF [research proposal] and started think-
ing about the Ricci flow; I thought about it for a while and it sounded
like it might go somewhere. So, I sent that in for my NSF proposal and
this was the first time I got rejected. And I think I know why—because
after Yau talked to me; he said: “Oh, when I first heard your idea about
the Ricci flow, I thought you were a madman.” I thought that was the
nicest compliment I ever had!

I didn’t know much geometry at the time, and I was trying to imitate
Eells-Sampson where they have a Dirichlet energy. So, I wanted to take
an integral of the first derivative of the metric squared and minimize
that. And that wasn’t working because I finally found out that in any
sort of invariant sense, the first derivative of the metric was zero (the
covariant derivative). But then one day I had this bright idea—what if
there were such a thing? What would I do next? And I figured I'd in-
tegrate by parts and get the d/dt of the metric is something that would
be two derivatives of the metric. And I say, “Oh, the only thing that’s
intrinsic about two derivatives in metric is the curvature.” And then I
thought, “Well, which curvature?” You got scalar curvature, Ricci cur-
vature, Riemannian curvature... the scalar curvature didn’t have enough
indices, the Riemannian curvature had too many, and the Ricci curva-
ture was just right. It looked like the metric. So, I wrote down d/dt of
the metric is the Ricci curvature. I computed out the evolution of the
Riemannian curvature, and I realized it was a backwards parabolic equa-
tion. So, I thought, “Okay, I'll just put in d/dt of the metric is minus the
Ricci curvature.” And then I put a two in to get rid of the unpleasant
one half and started working on that.

And then I knew that the Riemannian curvature was evolving via a
nice parabolic type equation, and the Ricci curvature [too], and I made
a curious decision to start working on three dimensions instead of two.
One person was to say, “Well, you should start on two and if you can’t
do that, you should give up.” But see, I was always quite vain, and I
thought, well, I should do something better than just reprove the 100-
year-old [uniformization] theorem. So, I had read this thing in Eisenhart
that said that in three dimensions you can capture all the curvature from
the Ricci curvature, and I thought, “Oh, well, that sounds like a good
place to start.” Which turned out to be a lucky guess, because positive
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Ricci curvature in three dimensions is in some ways stronger than posi-
tive scalar in two dimensions. It kind of has more constraints to it. So,
then I started working on it and the real breakthrough came one day
when I had a girlfriend who was teaching at Gettysburg College; the
only thing to do in Gettysburg was to walk around the cemeteries—and
I think it was raining that day and you couldn’t even do that! So, I just
cranked on and I got two good estimates and came up with that good
theorem and I kind of got it started. I mean, back then it seemed nearly
impossible that you could actually do Poincaré with it. But, you know, a
lot of success in math is being lucky, being in the right place at the right
time, and trying the right thing.

— R. Hamilton, And Quiet Goes the Ricci Flow: A Conversation with
Richard Hamilton.
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Appell’s theorem, 115, 243
arrival time, 123

asymptotic curvature ratio, 248
asymptotic GaufSian area ratio,

108
asymptotic volume ratio, 249
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curvature vector, 63

curve shortening flow, 63

Dirichlet Energy, 222

Einstein
flow, 238
manifold, 140
metric, 238
tensor, 238
Einstein—Hilbert functional,
238
entire (convex ancient mean
curvature flow), 121
entropy
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linearized, 143 metric, 17, 144
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second fundamental form, 7 field, 23, 151
self-similar solution translator, 10
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shrinking, 11, 140 twisted sphere, 60
steady, 139 theorem, 60

translating, 9
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