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Preface

A Kahler manifold is a smooth manifold capable of supporting three structures: a Riemannian
metric, a complex structure and a symplectic form. In physics, these manifolds are believed
to describe the six extra dimensions in superstring theory. Mathematically, they reside at the
intersection of algebraic geometry and differential geometry. Furthermore, Kahler manifolds
serve as a launchpad to understand more general Hermitian manifolds, which are currently
not well understood.

In the last 40 years, a new tool to study Kahler manifolds has emerged. The celebrated
Ricci flow is a geometric evolution equation that deforms a Riemannian metric according
to its Ricci curvature and resembles a heat-type equation for curvature. The flow was first
introduced by Hamilton in 1982 [Ham82a| and, since then, has found tremendous success in
proving results in geometry and topology. The most notable example is Perelman’s resolution
of the Poincare conjecture [Per02; Per03], thus completing Thurston’s geometrisation of
3-manifolds. The flow has also successfully proved the differentiable sphere theorem [Brel0]
and reproved the uniformisation theorem [CLT06]. Recently, promising developments have
appeared in the study of four-dimensional manifolds [Bam21].

Applying the Ricci flow to a Kéhler metric yields a smooth continuum of Kéahler metrics.
Such a setup was first considered by Cao in 1986 [Cao86|, where he reproved the Calabi
conjecture, demonstrating that it is indeed a powerful tool for studying Kahler structures.
In its normalised variant, the flow is given by

0 .
aw(zf) = —Ric(w(t)) — w(t),

w(0) = wo.

(1)

We call the above equation the Kahler-Ricci flow. Stationary solutions correspond to
canonical Kahler metrics, the Kahler-Einstein metrics, thus opening the possibility of constructing
these using the flow. Moreover, the flow takes a central role in the completion of the
birational classification program for Kéhler manifolds called the Analytic Minimal Model
Program proposed by Song and Tian [STO06].

Taking a discretisation of the time derivative, one obtains an equation first introduced
by Rubinstein in [Rub08]. It takes the form

{(1 + Hw(t) = wo — tRic(w(t)), )

w(0) =w

0-

X



X PREFACE

This equation may also be interpreted as the elliptic version of the Kahler-Ricci flow
and, as pointed out by La Nave and Tian in [LT16], provides an alternative to carry out
the Analytic Minimal Model program. Similar deformations have been studied in analysing
the limit of Ricci flat spaces [Tos10; GTZ13; GTZ20; Li21]. At first glance, the continuity
method is a more direct deformation than the flow; the simplicity of equation (2) immediately
ensures that solutions admit a lower Ricci curvature bound and thus, geometric comparison
theorems can be readily applied. However, the caveat is that the continuity method is not
parabolic and therefore, not smoothing.

Due to non-linearities in these equations, the Kahler-Ricci flow and the continuity method
will often develop singularities. In the absence of singularities, we expect convergence
to stationary solutions corresponding to canonical metrics. On the other hand, singular
solutions are expected to reveal the underlying topology of the manifold. Understanding
how geometric quantities such as the metric, diameter and curvature behave is essential for
this analysis. The overarching aim of this thesis is to understand how curvature behaves at
singularities.

This thesis is organised as follows. Chapters 1, 2 and 3 contain background material
on Kahler geometry, the Kahler-Ricci flow and the Continuity method. Thematically, these
three chapters describe the behaviour of curvature without singularities. The techniques
presented here are standard and can be skipped by experts. The subsequent chapters, 4, 5
and 6, are based on papers written or co-written by the author. The first shows that the
singularity type is independent of the starting metric in the Kéhler-Ricci low. The second
describes some transferable curvature estimates from one solution of the continuity method
to another. The last classifies curvature blowup rates for an example arising from algebraic
geometry. These papers share a common goal of describing the behaviour of curvature in
the presence of singularities. The appendix contains relevant preliminaries on geometry and
partial differential equations.
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Chapter 1

Kahler Geometry

This chapter briefly overviews Kahler manifolds. We begin by giving some initial definitions,
examples and basic properties. We then establish a cohomology class on Kahler manifolds,
which form a core element of our later analysis. Finally, we discuss a classification paradigm
of Kahler manifolds called the “Minimal Model Program”, which motivates the study of the
Kahler-Ricci flow and continuity method.

1.1 The Kahler Condition

There are several common definitions of Kahler manifolds. The choice comes down to which
structures you have available before ‘upgrading’ to a Kahler structure.

Definition 1.1. A Kdhler Manifold is given by a triple (X, g, J) comprising of a smooth
manifold X, a Riemannian metric g, and complex structure J, such that

w(u,v) := g(Ju,v) for all u,v € TX (1.1)

is a closed form!. We call w the Kahler form. We also refer to a Kahler manifold as a smooth
manifold that supports a Kéahler form.

The Hermitian metric has components given by
h(u,v) = g(u,v) + v —1lw(u,v) for all u,v € TX. (1.2)

One can check that Re(h) = ¢g and Im(h) = w, that is, the real and imaginary components
are Riemannian and symplectic structures respectively.
Remark 1.2. We will follow the convention of calling w, h and g Kahler metrics.

Despite the seemingly strict conditions?, we remarkably generate many examples of

Kahler manifolds.

Example 1.3. The following classes of manifolds are Kahler.

!That is, w is symplectic.
2The set of Kihler manifolds is the intersection of Riemannian complex and symplectic manifolds.

1



2 CHAPTER 1. KAHLER GEOMETRY

1. Two dimensional smooth manifolds.

2. The complex projective space equipped with the Fubini-Study metric, (CPY,wpg).

3. The complex Euclidean space equipped with the usual hermitian metric (C¥, 0:7)-
Proposition 1.4. Let (X,w) be a Kdhler manifold. Then if Y C X is a submanifold of X,
then (Y,wly) is Kdhler manifold.

We can combine this Proposition with our previous examples to observe the following.
Example 1.5. The following classes of manifolds are Kahler.

1. Smooth algebraic varieties as a submanifold of CPV.

2. Stein manifolds as submanifolds of CV.

Several important consequences arise out of (1.1). At the geometric level, we have the
following symmetry for the Hermitian metric.

Proposition 1.6. Let (X,w) be a Kahler manifold. Then in local coordinates (z;)!,, the
metric g =), g;5d2 @ dZ; satisfies

Jg;;  Oq; 095  Ogix

0z, 0z; ’ 0z 8@

(1.3)
As a result of this symmetry, the Chern connection and the Levi-Civita connection on
Kahler manifold coincide.

Corollary 1.7. The Chern connection for the Kahler metric has vanishing torsion. That
18, the Chern connection coincides with the Levi-Civita connection.

The Kahler condition also imposes some restrictions at the topological level.
Proposition 1.8. If X admits a Kahler manifold, then the odd Betti numbers must be even.

Example 1.9. The Hopf surface (diffeomorphic to S x S1) does not support a Kahler metric
since by (X) = 1.

1.2 Cohomology

From now on, we only consider compact Kahler manifold. The set of Kahler metrics live in a
cohomology class defined as follows. Recall that the complex structure J splits the tangent
bundle into two eigenspaces; the holomorphic tangent space, T, X consisting of derivations
vanishing on antiholomorphic functions and the antiholomorpic tangent space T) X consisting
of derivations that vanish on holomorphic functions.

Te, X =T,XPT)X. (1.4)
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This induces a spitting of forms
QcX = 0 X @ Q% X, (1.5)

and

X = By g QPVX, (1.6)
Projecting the exterior derivative onto each component yields the Dolbeault operator, which
is a complex variant of the exterior derivative. These operators are given by

Oa = 7PT4(da), Oa = 77 (da),

where 7P+he : QFFH(X) — QPFLe(X) and aPetl o QETH(X) — QP4TI(X) denote the
projection maps. Let C*°(X,R) be the ring of real smooth functions on X and define
the quotient

{closed real (1, 1) forms on X'}

V—190C> (X, R) '
The space H"!'(X,R) forms a finite-dimensional vector space. We define a subset of this
space containing classes with a Kahler representative.

H"(X,R) := (1.7)

Definition 1.10. The Kdhler cone Kx C HY'(X,R) is
Kx = {[a] € H"*(X,R) | [a] has a representative Kihler form}.

This set is open, convex and a cone in the sense that if [a] € Kx then for any A > 0 we
have Ma] € Kx.

Using the complex structure, we define the Ricci form from the Ricci curvature tensor as
follows.
Definition 1.11. The Ricci form, p, is given by
p(u,v) := Ric(Ju,v), Vu,veTX. (1.8)
Given holomorphic coordinates, {z;}" ;, the Ricci form has a local expression given by
p = —v/—10;0;logdet (g) . (1.9)

The class of the Ricci form takes a special role in the HY (X, R) cohomology. First, we
show that the class is independent of the metric, thus a topological invariant.

Proposition 1.12. Let w and W' be Kdhler metrics on a compact Kdhler manifold X. Then
[Ric(w)] = [Ric(w)]. (1.10)

Proof. Suppose w and w are Kéahler forms. Then using the local representation of the Ricci

form, we have
detg

det g

Ric(w) — Ric(@) = v/—199log (1.11)

detg
det g

where is a globally defined smooth function. O
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Miraculously, the class of the Ricci form corresponds to a topological class of the canonical
line bundle of the manifold. Recall that Kx = Q™% (X) defines the canonical line bundle
of X. The first Chern class of the canonical line bundle, ¢;(Kx), coincides with the class of
the Ricci form. We then defined the first Chern class of a manifold to be

c1(X) = —c1(Kx) = —[Ric(w)]. (1.12)

Furthermore, the position of the first Chern class determines if our Kéahler manifold is
algebraic.

Definition 1.13. A class [a] is numerically effective (nef) if it lies in the closure of the
Kihler cone in the H®D (X, R) cohomology, [a] € K.

The connection to algebraic varieties is made with the following definition.

Definition 1.14. A line bundle over a compact Kéhler manifold (X, w) is semiample if there
exists k > 0 such that for each point p € X, there exists a global section of L®* that does
not vanish at p.

This is to say that global sections of tensor powers of the line bundle over X generate a
holomorphic map onto a subset of complex projective space,

f: X =Y cCP". (1.13)

This map may however contain singular sets, denoted as S. Moreover, the dimension of Y
corresponds to an algebraic quantity called the Kodaira dimension and may not necessarily
equal the dimension of X.

Definition 1.15. The Kodaira dimension of X is given by

log dim H° (X, K§¢'
K(X) = limsup og dim H? (X, X).

1.14
{—00 lOgE ( )

Therefore, the map induces a fibration structure for X from which we can distinguish
three types of fibrations based on the value of .

1. The General Case. The volume of the manifold remains uniformly bounded away from
0, which is equivalent to x = n. The singularity is contained within f~1(5).

2. Calabi-Yau Case. When k = 0, the space Y is a point. This is equivalent to X being
a Calabi-Yau manifold.

3. Volume Collapsed Case. The last reaming case is the intermediate range 1 < k < n—1.
Away from the singular set, the map f is a holomorphic submersion with Calabi-Yau
fibres. The structure of the singular fibre can become quite complicated (see [Tos10;
GTZ13; GTZ20]).

Semiampleness always implies numerical effectiveness, however the converse is only conjecturally
true. This is the Kahler version of the famous abundance conjecture.

Conjecture 1.16 (Abundance Conjecture - Kéhler extension). Let X be a Kdhler manifold.
Then Kx is semiample if and only if it is numerically effective.
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Figure 1.1: Semiample fibration over base space Y with 1 < x <n — 1.

1.3 Classification

Since all two-manifolds are Kahler, the classification of Kahler manifolds of complex dimension
one is simply given by the uniformisation theorem (see Appendix A.5). Manifolds are
classified by Genus, and their relation to curvature is established through the Gauss-Bonnet
formula. Unfortunately, this fails to generalise to higher dimensions.

We can aim for a topological classification of compact Calabi-Yau manifolds, which is
particularly relevant to physics. The existence of Ricci flat metrics is provided by Yau’s
solution to the Calabi conjecture. Then grouping by dimension, we have the following
scheme. In complex dimensions one, the only examples are elliptic curves due to the
uniformisation theorem. In complex dimension two, one has the moduli space of K3 surfaces.
However, for complex dimension three, which is the relevant dimension of ten-dimensional
superstring theory, classification is an open problem and notoriously difficult.

Returning to the classification of general Kahler manifolds , a natural scheme to pursue
is to group by biholomorphisms classes. This also turns out to be an extremely difficult
problem, as highlighted by the following example.

Example 1.17. Any elliptic curve is diffeomorphic to R?/Z and hence each other. However,
there are infinitely many non-biholomorphic elliptic curves.

Instead, we can relax our classification scheme to look for the best representatives in
birational classes. This leads directly to Mori’s program, a birational classification program
for algebraic varieties. An issue that arises from considering birational classes is the existence
of blow-ups. Taking a blow-up of a smooth representative in a birational class produces a
different smooth representative. Thus, we must make some canonical choices for a representative.
To this end, we give the following definition due to Mori.
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Definition 1.18. A compact manifold (X, h) is minimal if its canonical line bundle Kx is
numerically effective.

Therefore, we can state the minimal model program as follows.

Minimal Model Program: For each bimeromorphic class, find the unique minimal manifold.



Chapter 2

The Kahler-Ricci Flow

This chapter summarises some background results and technical tools for the Kahler-Ricci
flow. We first look at the evolution of the metric in the HV (X, R) cohomology. This
provides crucial information about the flow and allows us to reduce the flow to a complex
Monge-Ampere equation from which the nonlinear partial differential equations theory can
be applied. We then study the evolution of geometric quantities under the Kahler-Ricci flow.
By utilising the maximum principle, one can obtain control of geometric quantities of the
metric under the flow, as pioneered by Hamilton for the Ricci flow [Ham82b].

2.1 Evolution of the Cohomology Class

Recall that the class of the Ricci form is the Chern class of the canonical line bundle. Taking
the class of the flow equation yields

d
L] = ~a(X) ~ (1), o)
[w(0)] = [wo]
with solutions given by
[w(t)] = e wo] = (1 = e es(X). (2.2)

The flow evolves the class of the initial metric wy towards c¢1(Kx). However, this class
may not be within the interior of the Kahler cone, and thus, the flow will reach a class
without a Kahler metric. One may conclude here that the flow must terminate due to a
singularity at this point. Indeed, this characterises the maximal time of existence.

Theorem 2.1 (Tian-Zhang [TZ06]). A solution to the Kdhler-Ricci flow can always be
extended if [w(t)] lies in the interior of the Kdhler cone. In other words, the mazximal time
T is given by

T :=sup{t > 0| [w(t)] > 0}. (2.3)

Remark 2.2. This result distinguishes the Kahler-Ricci flow from the usual Ricci flow in

which a precise characterisation does not exist. Instead, the characterisation is provided by
the blowup of curvatures [Ham82b; Ses05; Wan08; Cao10].

7



8 CHAPTER 2. THE KAHLER-RICCI FLOW

Figure 2.1: Path of the metric’s class under the Kahler-Ricci Flow

The position of —c;(X) in H (X, R) determines whether T'= oo or T' < co. Inspecting
(2.2), we observe three cases

1. If —¢;(X) € Kx, then T' = oo and no singularity develops. The convergence is to the
unique Kéhler Einstein metric in —c;(X).

2. If —c1(X) € OKx, then T = oo and an infinite time singularity forms.

3. If —¢1(X) € Kx', then T < 0o, we call this the finite time singularity case. Similar
consideration for the limiting Cohomology class predicts that

[wr] = e M wo] = (1 = e Mer (X)
fails to be Kéahler.
We can interpret the normalised Kahler-Ricci flow as an equation that seeks out Kéahler-Einstein
metrics in the manifold’s first Chern class.
If the Chern class vanishes, then we are in the setting of the Calabi conjecture (¢;(Kx) =

0). In this case, it is convenient to consider the unnormalised Kéahler-Ricci flow since the
class is static;

[w(t)] = lwo] — te1(X) = [wol. (2.4)
Consequently, Theorem 2.1 implies T' = oo, and we expect the solution to converge to the
unique Ricci flat metric in [wp]. Thus we may interpret the unnormalised Kéhler-Ricci flow
as a means to construct Calabi-Yau metrics.

Remark 2.3. It is sometimes useful to work between the unnormalised flow and normalised
flow. This is done using the following transformation:

w(s) =€y, s=e —1. (2.5)

For T' < oo, solutions to the normalised, w(t), and unnormalised flow, w(t), are equivalent.
That is, there exists a C' > 0 independent of ¢, such that

Co(t) < w(t) < Cot) (2.6)
for all t € [0,7).
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2.2 Parabolic Complex Monge-Ampeére Equation
Let w(t) be a solution to the normalised Kéhler-Ricci flow. If we choose x € —c1(X) then
wr = e twy + (1 —e )y (2.7)

is an explicit representative of the class [w(t)]. This implies that for each ¢, there exists
©(t) : X — R such that B
w(t) = wy + V—100p. (2.8)

Taking a time derivative of the above and using (1) gives
—_ (0 _
V=169 (Ff) — _Ric(w) — x — vV—100. (2.9)

Let €2 be a volume form on X such that Ric(2) = —x. By the local expression for Ricci
curvature on Kéahler manifolds, the above expression becomes

V—100 (g—f + ¢ — log (%n)) = 0. (2.10)

Harmonic forms on a compact manifold must be constant. Thus

Oy w™\
n + ¢ —log (5> =y (2.11)
Relabelling ¢(t) )+ fo s)ds + ¢(0) yields
a_(p ~ 1o (wt + —165(,0)n _
ot~ ® Q v (2.12)
©(0) = 0.

Remark 2.4. For the unnormalised flow, one can derive a similar Monge-Ampere equation,
which takes the form of (2.12) but without the —¢ term. However, extra assumptions on
the limiting metric w,, must be made regarding the choice of €.

Remark 2.5. The parabolicity of the flow can be obtained easily using the Monge-Ampere
equation. Indeed, the linearisation of the right-hand side (2.12) is the Laplacian.

Proposition 2.6. A smooth family of Kahler metrics w(t) solves the Kdhler-Ricci flow if
and only if ¢(t) defined by w(t) = w; + v/ —100p(t) solves (2.12).

Proof. Suppose ¢ solves (2.12). Taking a time derivative of w(t) = w; + /—109¢(t) yields

%w(t) = e '(x —wy) +V—190logw™ — /=199 log Q — /—100p = —Ric(w) — w

and since w(0) = wy, we have that w(t) solves the Kéhler-Ricci flow. For the other direction,
we assume w(t) solves (1). Define

ot) = e /Ot ¢* log ("J(é)n> ds
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so that
aa—f = log (w(é) ) —(t), (0)=0. (2.13)
Thus
% (w(t) — wy — V=100¢(t)) = —Ric(w(t)) — x + Ric(w(t)) — Ric(2) =0
and
(ol6) = = VIO o = 0.
so we must have w(t) — w; — v/—1909¢p(t) =0 on X x [0,T"). O

Remark 2.7. This reduction works for more general Hermitian flows, such as the Chern-Ricci
flow.

Regularity on the metric can be obtained by showing regularity on the potential function
¢ due to (2.8). In particular, bounds on the potential lead to bounds on the metric trace.

Proposition 2.8. Let ¢ be a solution to (2.12). If there exist A > 0 such that

| + %f <A (2.14)
for allt € [0,T) and —cy(X) > 0. Then there exists C' > 0 such that
Clwy < w < Cuwy (2.15)
forallt €10,T) .
Proof. From Proposition 2.18, we have
(% —A ) log tr, wy < C' + Cy try, wo (2.16)

where Cj depends on the bisectional curvature of wy. Since —c1(X) is a Kéhler class, we can
choose a representative y such that y > C~twy for some C > 0. Define

Q :=logtr,wy — Ap
for A > 0 to be chosen later. The evolution of ) is given by

(%—A )Q <O+ Cytry,wy — Atry, wy < C — try, wy

for A chosen sufficiently large enough. Then the maximum principle yields
tr,wo < C (2.17)
for all t € [0,7). From the Monge-Ampere equation (2.12), we have
Cylwp <O < W' < 010 < Cowf, (2.18)
where C7,Cy > 0 uniform of time. Combining this with the eigenvalue estimate

w
try, w < n(try, wo)”’l—n <C
“o

yields the conclusion
Clwy < w < Cuwy

for all t € [0, 7). O
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2.3 Parabolic Evolution of Tensors

As the underlying metric evolves according to the Kéhler-Ricci flow, the geometric quantities
depending on the metric evolve with it. The resulting evolution equations are nonlinear
parabolic equations, thus giving rise to some immediate estimates through the maximum
principle.

2.3.1 The Kahler-Ricci Flow as a Parabolic Evolution Equation

Due to the invariance of the Ricci flow under diffeomorphisms, the Ricci flow on a Riemannian
manifold is a weakly parabolic equation. Thus, the theory of parabolic PDEs cannot be
directly applied to obtain short-time existence and uniqueness. In the Kahler case, the
preserved invariant transformations are biholomorphisms, a much smaller gauge group than
diffeomorphisms. As a result, the Kéhler-Ricci flow is strictly parabolic.

Proposition 2.9. The Kdhler-Ricci flow is a system of strictly parabolic equations. Thus,
the flow always exists for short times.

Proof. Consider the linearisation of the Ricci tensor associated with the Ricci form. Taking

a variation of the hermitian metric g;; + ch;;, we have

(DRic)(h) = - (Ric(gy; + hy) |-

T 9e \ oz )=

w 0 0
e

where the Kéhler identities were used to swap the derivative and metric indices in the last
line. This results in the Laplace-Beltrami operator for g;; which is an elliptic operator.
Thus, the Kéhler-Ricci flow is strictly parabolic and short time existence is guaranteed (see
Theorem B.24). O

Remark 2.10. The linearisation of the Ricci tensor in the Riemannian case involves more
terms and results in a more complicated symbol from which a suitable choice of variations
hi; results in a degenerate symbol.

Remark 2.11. One can also show strict parabolicity from the Monge-Ampere equation corresponding
to the Kahler-Ricci flow.

2.3.2 Scalar Curvature and Volume

Proposition 2.12. Let w(t) be a solution to the Kdhler-Ricci flow. The scalar curvature of
w(t) evolves as

%R = A R + |[Ric(w)|? + R, (2.19)
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where |Ric(w)|% = g"g" R;Ryz.!

Remark 2.13. Equation (2.19) is a reaction-diffusion equation for scalar curvature. The
diffusion term improves regularity, while the forcing reaction terms drive singularities to
form.

Proof. The scalar curvature takes a simple form in local normal coordinates

R = —gﬁa@ log det g. (2.20)

Taking a time derivative yields

OR = o 0 o -
5 = 909 (9 ka%z) - (ag] ) 9;0;log det g
= AR+ g"¢" RiyR; + R,
which is just equation (2.19). O

A direct maximum principle leads to a general lower bound on scalar curvature.

Corollary 2.14. For Cy := —infx R(0) + n, we have
R(t) = —n+ Cpe™". (2.21)
Remark 2.15. Consequently, any blow-up of the scalar curvature must be to +oo.

Proof. The Ricci curvature tensor dominates the scalar curvature since n||Ric(w)l|;, > R®.

Then (2.19) becomes

(% - Aw) R> %R(R+ n) = %(R+ n)* = (R+n). (2.22)

Consider the quantity @ := ¢*(R + n). From (2.22), its evolution is

9
(5 - Aw> Q>0 (2.23)

This immediately produces a contradiction if the minimum of @) occurs after time ¢t > 0 (since
X is compact, the parabolic interior is simply the time slice ¢ = 0). Thus, Q(¢t) > Q(0) and
the desired inequality follows. O

It turns out that the scalar curvature plays a fundamental role in the formation of finite
time singularities. One can see this in the evolution of volume;

Proposition 2.16. The volume form evolves as

wt)" =e” Is Rls)ds—nt n (2.24)

!The norm with respect to the form w(t) of a tensor is the usual norm of a tensor contracted with
hermitian metric g;; associated to w(t). We will shorten this notation to |T'|, for ease of notation in proofs.
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Figure 2.2: Scalar Curvature of Sphere (orange), Ricci flat space (green) and the scalar
curvature lower bound (2.21) (blue) for the unnormalised Kéhler-Ricci flow.

Proof. We calculate

0 0

B In(w(t)") = tr, (aw) =—R—n,
where the trace identity tr, a = na/\:j:_l was used in the first equality. Integrating and
solving for w(t) yields (2.24) O

In the unnormalised flow (only scalar curvature appears on the right-hand side of the
above equation), the scalar curvature’s sign determines the manifold’s expansion or contraction.
If the scalar curvature blows up at time 7" < oo, we must have R(t) — oo as t — T, and
thus (2.24) implies that w(t) — 0 as t — T'. In other words, the geometry degenerates if the
scalar curvature blows up.

2.3.3 The Metric Trace

Next, we calculate the evolution of the metric trace. Considering the trace between metrics
allows us to apply scalar maximum principles to conclude bounds on the metric tensor.
These will involve comparing the solutions metric, w(t), to a fixed metric?, ©. We therefore
introduce the following notation.

Notation: We carry any symbolic modifier of the metric w* to local components Yi» as
well as the geometric quantities associated with them, V* I'*, Rm(w*), R*, etc.

2In our later analysis, we will use the refernce metric w; or another solution to the flow, w(t)
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Proposition 2.17. Let @ be a fivzed metric on X and w(t) be a solution to the Kdhler-Ricci
flow, (1). Then

0 i o S &
(5 — A ) trgw = —trgw — ngRMg” g’ gquekvigngw;gq— (2.25)

where the hat denotes operators and quantities associated with the metric .

Proof. In normal coordinates for g we calculate
A, trgw = g% 040; (ﬁﬁgﬁ)
=g (@:8 g”) 97 + 9" 5 0u0ig5; (2.26)
= ¢ Rlvgi; — 5" Rij + 579" 019,:0;91a.

and the time derivative of the trace, which is given by

0
e trpw = —g”R- —trpw. (2.27)
Combining these calculations yields equation (2.25). ]

Proposition 2.18. Let @ be a fized Kdhler metric on M and w(t) be a solution to (1). Then

there exists a constant C depending only on the lower bound of the bisectional curvature for
W such that

0 ~EEPN
(& - A > log try w < C'tr, w. (2.28)
Proof. For any positive function f: X — R,
Ayf 10f];
Aylog f = - —1
f f?
Then, by a Schwartz lemma argument
2
0 1 Tk 75ji Ptowly 5 o o O
(a - Aw) log trg w = o w <— trow — g 5955 + Ttow 7"'9% 9" Vi9piV359kg
(2.29)
By the Cauchy-Schwarz inequality, we can show in normal coordinates that
|0 trg w|§ T
o 999 VigyVigka < 0. (2.30)

In these same coordinates and using the lower bound on sectional curvature, we have

kéglj - Zg Rkkugu O ngk Zgzz - trw ) (trw @) . (231)

ki

Ek:R

Combining these two inequalities with (2.29) yields the desired inequality. O
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The inequality is reminiscent of Yau’s Schwartz inequality. It turns out that we can
derive a parabolic analogue in the form of an evolution inequality.

Proposition 2.19. Let f : M — N be a holomorphic map between compact complex
manifolds M and N of complex dimension n and k respectively. Let wy and wy be Kdhler
metrics on M and N respectively and let w = w(t) be a solution to the Kdhler-Ricci flow on
M x [0,T). Then for all points of M x [0,T) with tr,, (f*wx) positive we have

where Cy is an upper bound for the bisectional curvature of wy .

Proof. The proof follows a similar calculation done in Proposition 2.18. m

2.3.4 Third Order Estimates

We define R .
k=T - T} = ¢"Vigys (2.32)

and

S = gﬁgl_kgqp§igkq§jglﬁ- (2.33)

Although the Christoffel symbols are not tensor coefficients, the difference in Christoffel
symbols are tensorial and thus are coordinate-independent. The tensor S measures the
difference between the connections for V and V.

Proposition 2.20. The tensor S evolves along the flow by

) _ S
(E - Aw) S = —[VUP — [VU]? + [¥]2 - 2Re <gﬂgqukgvafl—)p\If§q) . (2.34)

Proof. From a direct computation, we have
AuS = g gy ((Auwh) WL, + 0l (BLW0,)) + [V + VU2
Using the commutation formula
A ol ¢ b ! bt 0qb

we rewrite the Laplacian as

A,S =2Re (gjigqukg (ALTE) \If_ﬁt]) + |V + |V

o . L __ (2.36)
+ Rﬂgquki‘l’fp‘l’?q + ngqung‘I]fp\qu - gﬂgqukZ‘Ilfp‘qu
Taking a time derivative of ¥ yields
9 ok 9 1k k
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The derivative of the curvature tensor can be rewritten in terms of W. To achieve this, we
take a derivative of (2.32) to obtain

vgwfp - 85 (Ffp - i_‘\fp) - Eigpk - Rigpkv (238)

and then a second derivative, followed by an application of the second Bianchi identity to
obtain

ALUE = gV, VUt = VPR F — ViR, (2.39)
Combining equation (2.37) and (2.39) yields
0
&qjk ATE — VPR . (2.40)
The above allows us to compute
QS =2Re (gﬁgqu 7 <A \I/k VP RE > ) + Riig® g, Uk Gl
ot ¢ o v (2.41)
+ ¢ R g UE U — g g Ry UE W+ ||
To complete the calculation, we combine (2.36) and (2.41). O

It turns out that an equivalence between a solution to the Kéhler-Ricci flow, w(t), and
some fixed metric @ is sufficient to control S.

Theorem 2.21 (Calabi’s Estimate). Let w(t) be a solution to the Kdihler-Ricci flow, for
t €[0,T) where T € (0,00]. If there ezists Cy > 0 such that

—w < w<Cyw (2.42)

for allt € [0,T), then for some C' = C(Cy,w) > 0 uniform of time, we have
S = [|Vg9ll}, < (2.43)
for all t €10,T).

Proof. The idea is to use the trace evolution and the evolution of S itself to force a favourable
sign in a maximum principle argument. We first modify the last term in (2.34) by rewriting

V in terms of V and ¥ as follows
Vgﬁilgpk = gErﬁrﬁink - ng\Pa ﬁagp - ggrqjgrﬁigak + ggrqjirﬁil;pa‘ (244)
By our assumption on the metric (2.42) and the Cauchy-Schwartz inequality, we have

‘2 Re (gﬂgqu VIRE W ) < C1(S +V5S) < 201(S +1). (2.45)

ibp ~ jq

Then (2.34) implies

0 _
(& — Aw) S <=V = |VE[2 + oS + . (2.46)
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On the other hand, the last term in the trace evolution (2.25) can be rewritten using
79" 9"V9,iV 915 > C'S,

which is an application of the Cauchy-Schwartz inequality in local normal coordinates. This
gives us

5
Now define @@ = S + Atrgzw for some A > 0 to be determined later. Combining (2.46)
and (2.47), we obtain

( 0 Aw> trpw < O — C718S. (2.47)

P
for A > 0 chosen large enough. It follows that S is bounded from above at a point where )

achieves its maximum. Since trgw is uniformly bounded, @4, is also uniformly bounded.
Therefore,

( 0 Aw) Q< —S+0Cu, (2.48)

S=0Q —Atrgw < Qnaz < C,
and the conclusion follows. [
The following Corollary will be useful in deriving curvature estimates.

Corollary 2.22. There exists C' = C'(Cy, ) such that

0 1 9 ,
- < —— . .
(at Aw) S < 2HRmejLC (2.49)

Proof. Observe that
2

- = 1
VU2 = |Ry," ~ Ri"| > 5IRmf2 = s (2.50)

g
Since S is bounded, we can obtain the desired estimate from (2.46). ]

2.3.5 Curvature Estimates

Using the Bianchi identities, one can derive the evolution of the Riemannian curvature tensor
under the flow. This expression is quite complicated and is given by

0 1
ERm = §ARRm+Rm+Rm*Rm+RC* Rm. (2.51)

Here, A« B represents a linear combination of the tensors A and B contracted by the metric
g associated with w. From the equation above, one can obtain a more manageable inequality

0 = 2
(5 — 8% ) IRl < ~ VR — Vi + ClRa? + [Ranf?, (252)
where C' > 0. Moreover, for all points of X x [0,7") where ||[Rm||, is not zero,
B coo, 1
- <= — = . .
(5~ %) IRunll, < S IRn? — SR, (253)

The above equation and Calabi estimates permit us to obtain the following Theorem.
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Theorem 2.23. Let w(t) be a solution to (1) and & be a fized Kihler metric. Assume there
exists Cy > 0 such that

1

—w < w < Cylo. (2.54)
Co

Then there ezist C' = C(Cy,w) such that
IRm(w)], < C. (2.55)

Proof. Using (2.49) and (2.53), we derive the evolution of the quantity ) = |[Rm|, + AS for
a large enough A > 0. This is given by

0 2
(E - A) Q < —|Rm[2 + ', (2.56)
applying the maximum principle gives us a uniform bound on |Rm]. ]

Once we obtain curvature bounds, a result from Hamilton gives us bounds for all derivatives
of curvature. Denoting Vg to be the covariant derivative of the Riemannian metric, we have

Theorem 2.24. If (2.55) holds, then there exist uniform constants C,, for m = 1,2,...
such that
IVERm|*> < C,.

Proof. The crux of the proof is the following evolution equation

o 1
(& — §AR> IVZRm|*> = — |V§+1Rm|2 + Z ViRm % VERm * VE'Rm (2.57)

ptq=m

which enables an inductive argument via the maximum principle for which the highest-order
derivative of curvature has a favourable sign. O]

2.3.6 Consequences

The collection of results in the previous sections provides a blueprint for proving curvature
bounds given control on the metric. In combination, we see that the results imply that
if a solution to the flow remains finite, then higher-order regularity of the metric can be.
obtained.

Theorem 2.25. Let w(t) be a solution to the Kdhler-Ricci flow for 0 <t < T € (0, 00].
Suppose there exists W a Kdhler form such that

C'0<w <0, (2.58)
for some C' > 0. Then for every m € N, there exists a constant C,, > 0 such that

HW(t)”cm(X@ < Chn. (2.59)
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Proof. Theorem 2.23 and Theorem 2.24 imply control for all derivatives of the curvature
tensor. Fixing a time ¢ € (0,7] in local holomorphic coordinates consider the Poisson
equation given by
Aggij = — Z Ryrij + Z 9" Ok GiqOrgp; = Qij- (2.60)
k

k.p.q
The higher order estimates imply HQﬁH Lo (B) is uniformly bounded for all p > 2n. By

standard elliptic estimates we have a bound on || 973“ Lr(X.g5)" Morrey’s embedding theorem

®)
gives that || gi;H o145 18 uniformly bounded for some 0 < § < 1. Since derivatives of () are

tensor contractions of covariant derivatives of Rm or m + 1 derivatives of g;; we have that
@ is uniformly bounded in C™*# if g is uniformly bounded in C™*'*#. For m = 0 we have
|Qiill o is uniformly bounded from which Shauder estimates imply H gﬁ” o2+ 18 uniformly
bounded. Applying a bootstrapping argument completes the proof.

Furthermore, these estimates can be localised.

Theorem 2.26. Let w(t) be a solution to the Kihler-Ricci flow on Ux[0,T) with0 < T < oo,
where U is an open subset of X. Assume that there exists a constant C' for such that

Then for any compact subset K CC U and for m = 1,2,..., there ezist constants C/,
depending only on w, K and U such that

lw(®)llem g < C-

Using arguments of a similar form, we can generate various well-behaved flows on a
Euclidean ball.

Theorem 2.27. Let B1(0) be the standard Euclidean unit ball and w(t) is a solution to

0 .
7Y = —Ric(w) — kw (2.61)
on B1(0) x [0,T] so that

A gen < g(t) < Agen

for some A > 1 and |k| < ko. Then for all m € N, there exist C (n,m,T, A, ky)’s such that
for allt € [%T, T} ,
sup |V™rg(t)| < C (n,m, T, A, ko).
B1/2(0)
We can produce a similar result with a perturbation in the complex structure J.

Theorem 2.28. Foralln,k,lo € Nya € (0,1) and A > 1, there are k(n,a) and C (k,n, o, A, ly) >
0 such that the following holds. Let B1(0) be the unit ball in C™ with the standard Euclidean
metric wen and J be a complex structure on By(0) such that

I/ = Jerllcramoy <& 1T = Jerlloras o) <A
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If w(t) is a family of J-Kdhler metrics satisfying
9,
ot

on Q1(0) = B1(0) x [—1,0] for some |l| < ly and

() = — Ric(w(t)) — lw(?) (2.62)

A wen < w(t) < Awen on Q1(0).

Then we have
o)l (o) < € O ATp)

In general, solutions to the Kahler-Ricci flow encounter singularities, and therefore, one
does not expect to obtain estimates such as (2.58) globally. Given suitable cutoff functions,
one can expect to obtain (2.58) away from singular sets. Furthermore, the underlying
topology and complex structure are expected to determine the singular set.



Chapter 3

The Continuity Method

The continuity method can be interpreted as the elliptic version of the Kahler-Ricci flow.
The equation was introduced by Rubinstein in [Rub08] and its application to the Analytic
Minimal model program was first suggested and studied by La Nave and Tian in [LT16].
Interestingly, the continuity method shares many characteristics with the Kahler-Ricci flow,
due to their similarity at the level of cohomology. However, unlike the flow, the continuity
method is not parabolic. Fortunately, this is compensated with a uniform lower Ricci bound
along the deformation, allowing geometric comparison techniques to be readily applied.

3.1 Complex Monge—-Ampere Equation

The reduction to a Monge-Ampere equation follows the same procedure as the flow. In
fact, we reach the evolution of the cohomology class more immediately. Using the same
H@D(X,R) cohomology defined in (1.7), the class of the continuity method is

(1 4+ Dlw(t)] = lw] — ter(X), (3.1)
We choose a representative x € —c;(X) and define a volume form © on X such that y =
vV —10010og Q). Then a representative of [w(t)] is

1 t

_ 3.9
0T (3:2)

Wt
and using [w(t)] = [w], we have

w(t) = w + V—100¢. (3.3)

The continuity method is equivalent to the following Elliptic Monge—Ampere equation.

(1+1t)p(t) =tlog (%n)
©(0) = 0.

Proposition 3.1. A smooth family w(t) solves the continuity method for t € [0,T) if and
only there exists p(t) a smooth family of functions such that w(t) = wy++/—100 ¢ satisfying
(3.4) fort € [0,T).

(3.4)

21
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Proof. Given a solution of (3.4), we define w(t) = w; + /=109y and find that it satisfies
(14 t)w(t) = wo + tx — tRic(w) + tRic(2) = wy — tRic(w).

On the other hand, given w(t) a solution to (2), we can define (t) directly according to
(3.4). Then for all ¢

w(t) — w, — V—100p(t) = —LRic(w) - LX —/—190p(t)

1+ 1+
t t
T T
=0
for all ¢ € [0, 7). O

Regularity obtained on ¢ translates to regularity on the metric. As with the Kahler-Ricci
flow, uniform bounds on the potential and a limiting Kahler class are sufficient to show full
curvature bounds on the curvature tensor and its higher order derivatives.

Proposition 3.2. Let ¢ be a solution to (2.12). If there exist A > 0 such that
o] < A, (3.5)

for allt € [0,T) and —ci(X) > 0, that is, there exists a Kdhler representative x, then there
exists C' > 0 such that
Clwy < w < Cuwy (3.6)

for allt €[0,T) .
Proof. The proof is similar to that in the flow. We have
A, logtr, wy = —C — Cytry, wy (3.7)

where Cj depends on the bisectional curvature of wy and C' > 0. Since —c1(X) is a Kéhler
class, we can choose a representative x such that y > C~lwy for some C' > 0. Then define

Q@ = logtr, wy + Ap
for A > 0 to be chosen later. Then
A,Q > —C —Cytry,wg + Atr,wy = —C + try, wy
for A chosen sufficiently large enough. Then the maximum principle yields
tr, wo < C. (3.8)
From the Monge-Ampere equation (3.4), we have
Cylwp <O < W' < 010 < Cowf, (3.9)

where (', Cy > 0 uniform of time. Combining this with the eigenvalue estimate
wn
try, w < n(tr,w)" ' — < C
Wo
yields the conclusion
Clwy < w < Cuwy

for all t € [0, 7). O
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3.2 Evolution of Tensors

Rather than having quantities evolve according to a parabolic equation with some time
derivative, the evolution is determined by the equation of the continuity method directly.
Furthermore, the appropriate operator for the continuity method is the Laplacian; thus,
many calculations carry over from the flow.

3.2.1 Scalar Curvature

Proposition 3.3. Let w(t) be a solution to the continuity method. The scalar curvature of

w(t) evolves as
n(l+1)

1
R(t) = = trom wo —

(3.10)
Proof. The result follows from taking the trace of the continuity method. O]

Corollary 3.4. The scalar curvature is bounded from below.

Remark 3.5. Therefore any blow-up of the scalar curvature must be to +oo.

3.2.2 The Metric Trace

As with the Kahler-Ricci flow, metric trace bounds allow us to conclude metric bounds using
a scalar maximum principle. The trace is derived using a Schwartz lemma calculation and
replacing the Ricci curvature with the metric according to the continuity method (2).

Proposition 3.6. Let @ be a fivzed metric on X and w be the evolving metric satisfying (2).
Then

A trow = g% Rligs — %tra wo + < ?) trow + §7 g7 % 9,9,:0; giq (3.11)
where the hat denotes operators and quantities associated with the metric .
Proof. In normal coordinates for g we calculate
A, trpw = g™%0,0; (ﬁj igij)

= g" (905" 955 + 9" T 0kDr9; (3.12)

~

= g" Rl g5 — 7' Rij + 7 9% 9" 09,505 9,
and by replacing R;; with the components of the continuity method

1 1+t
R = ;9?3 - (T) 9ijs (3.13)

equation (3.11) follows. O
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3.2.3 Third Order Estimates
With the same notation as above, we define
U =T — (D)5 = ¢ Vig;e (3.14)
and
S = g]’glkgqpvggkqvgglﬁ. (3.15)
The quantity S measures the difference between the connections for V and V°.

Proposition 3.7. The tensor S evolves along the flow by

. 141
AS = (go 979+ 996 981 — 9 gqu;?;) WG, — =S
+ 2Re <gﬂgqp9k:z (Vb(RO)sz> \Ij,qu) T3 Re (9 9 gnzm:;qjéq> (3.16)

+ VU2 + |V
Proof. Following the same calculation carried out in the Ricci flow, the laplacian is given by

AuS = 2Re (79 gy (ALWE) WT,) + (VU2 + [T 02 s
+ Rjigqukf‘ljqulgq + ngqung\pr\Ilﬁq Qﬂgqp Rkﬁqup\llgq

Each Ricci term can be rewritten using the continuity method. The second line in (3.17)

which we denote as [ is given by

1 7 i g 1 +t
I=- (go 9P+ ¢ 9 g — gquil) VAT ; —8. (3.18)
Usin

i ALTE = V(R

the first term in (3.17) involving the Laplacian is
I1:=2Re (¢ g7 gy (V'(Ro)l, ) W, ) = 2Re (7" g%gyq (ViRE) W1, ). (3.20)

To treat the second term in the above equation, we once again use the continuity equation
(2) to obtain

— ViR?, (3.19)

ibp

i 1+t .
Rl = -9 "o — ——9 " Gpr.

Here, gg is the metric associated with the form wy. Taking the covariant derivative and using
metric compatibility yields

1 .
kL ko 0
VZ-Rp = Zg Vigpf-
Hence, we can rewrite said second term of 11 as
—2Re (gﬁgqukl (ViRy) U! ) =—= Re ( ( z92[> ‘1’_20
- ——Re( ( (Vi — Vg )w_§q> (3.21)

=7 Re (g g7 gnl\I/Z,\Iléq> .
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Therefore, we have

- 2
IT =2Re (g”g‘"’gkz (V (Ro)lbp> ‘Ifi-q) + 7 Re (g g° gnl%‘l’éq) (3.22)
This leads to equation (3.16). O

The expression for the laplacian of S is quite complicated partly due to the initial metric
appearing in the calculation due to (2). We therefore can significantly simplify our terms if
the solution remains controlled by a fixed metric.

Theorem 3.8 (Calabi’s Estimate). Let w(t) be a solution to the continuity method, (2), and
suppose there exists Cy > 0 such that

1
——Wp < w < Cobdo. (323)
Co

Then there ezists a constant C = C(Cy,©) such that
S = |Vl < C. (3.24)

Proof. The idea here is to use the trace evolution and the evolution of S itself to force a
favourable sign in a maximum principle argument. We first oberve that

V (R())sz - gbav (Ro)sz

= ¢" (Vo = V9) (Ro)f;, + g"*VO(Ro)S, (3.25)

= U % Rm(wp) + gbaVO(Rg)lbp

Then using the above, (3.23) and the Cauchy-Schwartz inequality, we have
)2 Re <gﬂgqu NV (Ry)k ]q) < CU(S + V8) < 204(S + 1). (3.26)
The remaining terms in (3.16) are bounded from below by
C 2 —

AyS > ——8 =8 -201(5+1) - Zﬁ\/so + VU2 + [VO[2 (3.27)

On the other hand, the last term in the trace evolution (3.11), where § = ¢°, is bounded by
R 9" 9* V9, Vks = C7'S

which follows from the Cauchy-Schwartz inequality in local normal coordinates. For the
curvature term in (3.11) we have

kggz] Zg RO kkugn = C ngk Z gii = C’0 trwt) ) (trw WO) : (328)
The laplacian of the trace is therefore

1 1+1
A, try, w = —C (try, w) (try, “0)_; tr,, wo—l—( %) trg, w+C1 1S = —Co+Cr 'S, (3.29)
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Define @Q = S + Atr,, w for some A > 0 to be determined later. Combining (3.27) and
(3.29), we obtain
A,Q =S5 —C, (3.30)

for A > 0 chosen large enough. It follows that S is bounded from above at a point where )
achieves its maximum and since tr,, w is uniformly bounded, @, is also uniformly bounded.

Therefore,
S = Q_Atrwow < Qmaaﬂ < Ca

and the conclusion follows. ]

The following will be useful in a later calculation.
Corollary 3.9. In addition, we have that for some C' = C'(Cy,©) such that

1
A,S > §HRm||i +C. (3.31)
Proof. By expanding out the term and applying Holder’s inequality, we obtain
— 2 1
VU2 = |(Ro)s," — R, ,Z §\Rm|§ —Cs (3.32)
Since S is bounded, (3.31) follows from (3.27). O

3.2.4 Curvature Estimates

An analogous result to Theorem 2.23 can be obtained for the continuity method.

Theorem 3.10. Let w(t) be a solution to the continuity method, (2), and assume there exists
Co > 0 such that

1
— Wy g w < Cowo. (333)
Co
Then there ezist C' = C(Cy,w) such that
IRm(w)]5 < € (3.34)
Proof. From Lemma 3.2.10 in [SW13b], we have
A,Rm = V;ViR;; + Rm * Rm + Rc * Rm. (3.35)
Once again, we use (2) to rewrite the Ricci term:
1 1+t
ViViR;; = gvakg% - Tvivkgij- (3.36)

The second term vanishes due to metric compatibility. The first term, in normal coordinates
with respect to g, can be expressed as

1 0 1 o lom o
1 1 . -
= —;Rim + ;ggp(ﬁkg?q)(azgﬁg) - ;R;,-zggm
1 1 . -
= —;Rgzz; + ;gSp(ng?qugS;) - ;R;Z-zgz?m,

1 0 1 0 m . 0
= _ngl_ij + ;gnm\PZi\I/lj - ZRgzzgkm
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Thus, for any ¢ > 1, we have in normal coordinates
1 1 0 n \[m 1 m 0 :
AR = —;Rm(wo) + zgnmﬁlki\lflj = ;ngkm + Rm * Rm 4+ Rm * Ric. (3.37)
Then using (3.37), the metric trace bound, (3.33), and the bound for S, (3.24), we have for
some uniform C' > 0,
A, (Bm()[) > — C1[Rm(w)], — Co[Rm(w)[} — Cs[Rm(w)];

g g (3.38)
+ |[VRm(w)[; + [VRm(w)|7.

Set @ := |Rm(w)|? + AS, for some A > 0 to be deduced later. Equation (3.31) and (3.38)
imply
A
A,Q > —C) — Cy|Rm(w)|, + (5 — 03) [Rm(w)|?, (3.39)
for some positive constants C,Cy and C3. Choosing A > 0 large enough, we obtain some

C > 0 such that
A,Q = —C + |Rm(w)|2. (3.40)

Then by a maximum principle argument, we deduce that at a maximum point |[Rm(w)|,(po) <
C. Since S is uniformly bounded, we can conclude that

sup |[Rm(w)|, < C, (3.41)
b

for some C' > 0 independent of . O]

Once we obtain curvature bounds, an adapted calculation by Hamilton [Ham82a| gives
us bounds for all derivatives of curvature. Denoting Vg to be the covariant derivative of the
Riemannian metric, we have

Theorem 3.11. If (3.34) holds, then there exist uniform constants C,, for m = 1,2,...
such that
|VZRm|* < C,.

Proof. Using the identity
1
§Aw|VmRm|3 = |[V""Rm[2 — ) V’Rmx V'Rm * V"R, (3.42)
p+g=m

we can apply an induction argument to obtain bounds on the higher-order curvature terms.
Defining the quantity
Qm = [V™ "' Rm[? + A|V"Rm[*, (3.43)

for some A > 0 chosen large enough, we can use (3.42) to setup a maximum principle
argument. This implies that the metric and its higher derivatives are bounded ]
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Chapter 4

Independence of Singularity Type for
Long Time Kahler-Ricci Flows

Abstract: In this paper, we show that the singularity type of solutions to the Kaher-Ricci
flow on a numerically effective manifold (nef) does not depend on the initial metric. More
precisely if there exists a type III solution to the Kéhler-Ricci flow, then any other solution
starting from a different initial metric will also be Type III. This generalises a previous result
by Y. Zhang for the semi-ample case.

4.1 Introduction

The Kéhler-Ricci flow is a geometric evolution equation used to study Kahler geometry. It
has proven itself to be a powerful tool in constructing canonical metrics such as Kahler-Einstein
metrics [Cao86; PSS06; MS09; PS06; Tial2].

A primary research direction is the study of the analytic minimal model program in
birational geometry [Mat02], where the flow takes a central role in producing minimal models.
Initiated by Song and Tian in [ST06], the program proposes to emulate the procedure carried
out by Hamilton and Perelmann in resolving the Poincare conjecture. The idea is to run the
flow on algebraic manifolds and perform ‘algebraic surgeries’ such as flips and contractions
each time the flow encounters a singularity [SW13b; SW14; SY12]. After finite iterations
of this procedure, the resulting manifold would be numerically effective (nef) and hence a
minimal model. At this stage, the normalised version of the flow will evolve the metric to
a Kéahler-Einstein metric or a generalised Kahler-Einstein metric. Significant progress has
been made in this direction, see [ST12; ST16; ST17; Tial9; GSW16; FZ15; Zhal9; TWY18;
TZ16].

Let X be a compact Kahler manifold with numerically effective line bundle which corresponds
to the final step of the analytic minimal model program. A family on Kéhler metrics w(t) is

2020 Mathematics Subject Classification. Primary 53C55; Secondary 32Q15.
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said to evolve by the normalised Kahler-Ricci flow if

0 .
aw(zf) = —Ric(w(t)) — w(t),

w(0) = wp.

(4.1)

Since the flow is weakly parabolic, we have access to interior estimates which smooths
the metric for short times. In the long run, non-linearities make the metric non-positive,
forming a singularity. The precise time of singularity formation is determined by the class
of the evolving metric in the cohomology given by

 {0-closed real (1, 1)-forms }

Hy' (M,R) = = . 4.2
o (M.R) {0-exact real (1,1)-forms } (42)

The singular time, T, is characterised by Tian and the second author in [TZ06]:
T :=sup{t | [w(t)] is Kdhler} . (4.3)

By formally taking the cohomology class of (4.1) and solving the resulting ODE, we obtain
solution

[w(t)] = e wo] — (1 — e Hey(X). (4.4)

Since X is numerically effective, —cq(X) lies in the closure of the Kéhler cone, the set of
classes with a Kéahler representative, and thus the solution exists all time. Furthermore, for
any initial metric, the cohomology class converges to the first Chern class, —c;(X) in the
limit as ¢ — oco. This is independent of any starting metric wy.

The singularity formation reveals the underlying topology of the manifold and therefore
the curvature blow up should be independent of the starting metric. To describe the
curvature blow up, we utilise the following terminology traditionally used in parabolic
geometric flows such as the Ricci low and Mean Curvature flow.

Definition 4.1. We say that a long time solution to the Kahler-Ricci flow develops a type
III singularity if

sup [[Rm(w(?))l ) < +o0, (4.5)
X x[0,00)
and a type IIb singularity if
sup |[Rm(w(#))l ) = +oc. (4.6)
X x[0,00)

The precise conjecture for metric independence is stated by Tossati in [Tos15].

Conjecture 4.2 (Tosatti [Tosl5]). Let X be a compact Kdhler manifold with Kx nef, so
every solution of the Kahler-Ricci flow exists for all positive time. Then the singularity type
at infinity does not depend on the choice of the initial metric wy.

In the semi-ample case, Tossati-YG. Zhang in [TWY18] gives an almost complete classification
of singularity type based on the topology of X. More precisely, they show the following.
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Theorem 4.3 (Tosatti-YG. Zhang [TZ15]). Let X be a compact Kdihler manifold with
semi-ample Kx and consider a solution of the Kdhler-Ricci flow.

1. Suppose kod(X) = 0.

o If X s a finite quotient of a torus, then the solution is of type III.
o If X is not a finite quotient of a torus, then the solution is of type IIb.

2. Suppose kod(X) = n.

o [f Kx is ample, then the solution is of type III.
o If Kx is not ample, then the solution is of type IIb.

3. Suppose 0 < kod(X) < n.

o If X, is not a finite quotient of a torus, then the solution is of type IIb.
o If X, is a finite quotient of a torus and V =0, then the solution is of type III.

4. Suppose n =2 and kod(X) = 1, then the solution is of type III if and only if the only
singular fibres on f are of type mly, m > 1.

An alternative proof to items (1), (2) and a special case of (3) was proven by Y.
Zhang in [Zha20], where he deduces these results by setting up a comparison of some
well-behaved metric and an arbitrary metric. Moreover, he showed that for semiample
K, the singularity type does not depend on the initial metric, thereby partially confirming
Conjecture 4.2. Furthermore, Fong and Y. Zhang in [FZ20] showed that the set of singular
fibres of the semi-ample fibration on which the Riemann curvature blows up at time-infinity
is independent of the choice of the initial Kahler metric. For more results pertaining to the
curvature behaviour of semiample K&hler-Ricci flows, see [Zha09; ST16; Jia20].

In this paper, we prove Conjecture 4.2 without assuming Kx is semiample. More
precisely, we show that for numerically effective manifolds, if a solution develops a type
IIT singularity, then every other solution develops a type III singularity. Consequently, if a
solution develops a type IIb singularity, then any other solution must be type IIb.

Theorem 4.4. Let w(t) be a solution to the normalised Kdhler-Ricci flow (4.1) on a manifold
X with numerically effective K.

IRm(&(1)) 3¢ < Co- (4.7)

Then for any other solution to the Kdhler-Ricci flow, w(t), there exists a constant C' > 0
such that
C'a(t) < w(t) < Cw(t), (4.8)
for allt > 0.
IRm(w ()50 < C. (4.9)

Remark 4.5. Any solution to the Kéhler-Ricci flow on a numerically effective manifold exists
for all time. Indeed, the estimate (4.9) is impossible for finite time singularity due to Z.
Zhang’s result [Zhal0].
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The proof builds on the results in [Zha20] but the major difference is that no assumptions
on the semi-ampleness of X need to be made.

We end the introduction by outlining the structure of this paper. In Section 2, we show
a special case of Theorem 4.4 when the two initial metrics wy and wy are related by a simple
scaling factor A\g > 0. We first derive a Monge—Ampere equation where the potential function
relates the two evolving metrics under rescaling of space and time. By deriving bounds on
the potential function and because of the curvature assumption on w, we derive metric
equivalence between the known Type III metric w and the arbitrary metric w. Curvature
estimates are then obtained as done in [Zha20]. In Section 3, we utilise Lemma 4.6 to prove
Theorem 4.4. Lemma 4.6 plays a vital role in constructing “comparison” solutions to the
arbitrary solution w(t) which will be needed to obtain a favourable sign when carrying out
maximum principle arguments. As a result, a potential function bound is derived which
and used to obtain metric equivalence. With a similar argument as carried out in Section
2, curvature bounds are obtained for the general theorem. Finally, in Section 4, we utilise
Theorem 4.4 for examples from [Zha20] in the numerically effective case.

4.2 Preliminary Results

In the first part of this section, we restrict ourselves to the special case of Theorems 4.4
which will be utilised in the proof of the general theorem. More precisely, we show that if
there exists a solution to the Kahler-Ricci Flow on a numerically effective manifold X with
uniformly bounded curvature, then any scaling of the initial metric produces a solution that
also evolves with uniformly bounded curvature.

In the second part of this section, we recall the proof in [Zhal9] which allows us to derive
a bound on the curvature of a flow w(t), given that it is equivalent to a Type III flow w(¢).

4.2.1 Flow from a Scaled Initial Metric

We show the following.

Lemma 4.6. Let X be a numerically effective Kdhler manifolds such that there exists W(t)
a solution to the Kdhler-Ricci Flow with bounded curvature tensor;

IRm(&(1)) 3¢ < Co- (4.10)

Then for any Ao > 0, there exists C' > 0 such that the solution w(t) starting from w(0) =
Aow(0) satisfies
Co(t) < w(t) < Cr(t), (4.11)

and

IRm(w ()5 < C. (4.12)

for allt > 0.
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Figure 4.1: Scaling of Initial Metric

We first reduce the problem to a Monge—Ampere equation. The reduction will be slightly
different to what is usually done in the literature. Since the initial metrics are equal up to
some scaling factor, we scale the solution in space and time by A(t) and 7(t) respectively so
that

w(®)] = AB)[@(7 ()], (4.13)

for all t > 0 and wy = Agwg where Ay > 0. For any solution to the Kéhler-Ricci Flow, the
Cohomology class evolves as

[w(t)] = e wo] — (1 — e Hey (X). (4.14)
Then from (4.13), we have
e '@y — (1 —e ey (X) = A)e ™Dy — (1 — e "N () ey (X),

from which we deduce that
At)e ™ = et
At)—eTONE) =1 —e.

At)=e" (N —1) +1, (4.15)

Solving this system yields

and \
t
7(t) =t+In <Q) : (4.16)
Ao
Furthermore, we check that at ¢ = 0, the initial class satisfies [wy] = Ag[Wo].
We reduce the flow equation to a Monge-Ampere equation where the rescaled metric

takes the role of the reference metric. Using (4.13), there exists u : X — R such that

w(t) = XY@ (7(t)) + vV—100ul(t). (4.17)
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For ease of notation, we drop the ¢ dependence for 7 and A. Taking a t-time derivative,

ow s ot dw — (Ou
i N(tw(r) + )\EE + v —100 (a) :

Using '+ A =1and 7/ = A~! and (4.1) in 7, the above expression becomes

Ow L~ - — (Ou
o7 = X(0E(7) + V—=1081og &(T)" — &(7) + V=190 (E) .

On the other hand, (4.1) in ¢ is

0 _ _ _
a—j = Ric(w(t)) — w(t) = V=100 logw(t)" — (1) — v/—19du(t).
Combining the previous two equations and using A’ + A = 1 leads to
/0 _ _ _
v —100 (6%:) =v—100logw(t)" — V=100 1logw(T)" = vV —100u(t).
Integrating over the compact manifold X yields the complex Monge-Ampere equation
ou w(t)”
— =1 — —u(t),
ar 08 (w(T)") ult) (4.18)
u(0) = 0.
At t =0, we have
ou
— = nlog(A 4.19
ot o n Og( 0)7 ( )

which is independent of z € X. Since u(0) = 0, then the function u(t) is constant over X,
thus (4.18) is an ordinary differential equation and (4.17) is

w(t) = A(t)w(T). (4.20)
Proof of Lemma 4.6. Equation (4.20) implies that there exist C' > 0 such that
Co(r) < w(t) < Ca(r). (4.21)
Thus to show (4.11), we need to show that for some C' > 0
C'a(t) < w(r) < Cw(t) (4.22)
for all t > 0. To show the above, we use (4.10) to find a Cy > 0 such that
—Cyw < Ric(w) < Cow. (4.23)
This implies that (4.1) can be estimated by
ow -
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The lower bound in (4.24) implies

0 g % (e(CO-i-l)tc’D)

and the upper bound in (4.24) implies

% (6(1—00)15@) <0
for all ¢ > 0.
We now take cases. Suppose that 0 < Ay < 1 and assume that ¢ > T for T" large enough
such that 7 =t + In(\(¢)/Ao) > t. Using that e!=0)15(¢) is decreasing in ¢, we have
A(t) <

0

where C' > 0. On the other hand, e(©*1!5(#) is increasing in ¢+ which implies

(1) = eCotDEG (1) = e—<00+1>¥@(t) > C7'a(t)
0

for some C' > 0. Combining these gives us (4.22). If Ay > 1 we can derive the estimate using
the same method with 7 < ¢.

Combining (4.22) with (4.21) yields (4.11) for all t > T, for some large T' > 0. Interior
estimates imply gives (4.11) for all ¢ > 0.

The curvature bounds, (4.12), follow immediately from (4.20) and the scaling properties
of the curvature tensor. ]

4.2.2 General Result for Higher Order Estimates

Using the metric equivalence, we derive higher-order estimates for w(t) given that the
curvature tensor is bounded for . The method is identical to that by Y. Zhang in [Zha20],
for convenience we sketch the argument here. When the evolving metric, w(t), is equivalent
to a fixed metric, wp, see Song and Weinkove’s notes [SW13a].

Since we have shown the inequality (4.11), we consider the two metrics with the same
time scale ¢ and drop the dependence of the metrics on ¢ for notational convenience.

We first show the following Lemma.

Lemma 4.7. Suppose that w and @ are solutions to (4.1) and |[Rm(w)|z < C. The evolution
of the trace satisfies

0 ~ _ _ ST
<§ — Aw) tr, w < C'tr, w + C (tr, w)2 — gﬂgqubavigpgngaq. (4.25)

Proof. The time derivative is given by

0, og oG
ot @) = S 0a + 9" 50 (4.26)

ot )
= R"g;; — tr, Ric(@)
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The laplacian of the trace is given by the standard calculation carried out in [Yau78a;

Lu67].

Aty @ = R'G5 — 67 9% Rizpy + 0975V :G,5V39uq (4.27)

Combining the previous two equations yields

0 i apbae ~ o ~
(a AN ) tr, w = — tr, Ric(w) + g”g‘”’RZ;pq g”gqubavigpgngaq. (4.28)
The desired inequality follows from assumption (4.10). O

Proposition 4.8 (Ys. Zhang [Zha20]). Let &(7) be a type III solution to the normalised
Kahler-Ricci flow and w(t) be a arbitrary solution such that for some Cy > 0,

Cita(t) < w(t) < Cow(t), (4.29)
for allt > 0. Then there exists C' > 0 such that
[Bm(w ()| ) < C (4.30)
for allt > 0.

Proof. Let U = (UF) where WUF :=T% — ff] and S = |¥]2. In local coordinates, we have

S = g]Z lk qpvzgkqv]glp (431)

For the last term in (4.25), we have

gjigqugavigpéngaq = ¢ligmg (V- - ﬁ-) Gpb (V; — %) Gag

= ¢ g5 (V%) Gy (—T5,) Tue (4.32)
> CO7ls.
Hence, we have the estimate
Q—A trow < C —C7'S. (4.33)
ot Wt '

The evolution of the tensor S is given by

(0= AL) S =S = [V =[O+ (V,RE — U« Rm(@) — 6"V, R,

ibp?

), (4.34)

where (-, ), is the tensor inner product induced by the metric ¢(t) associated with w(t).
Following Hamilton’s argument in [Ham82b] (or see [SW13al), the assumption (4.10) on the
curvature tensor of w implies

HV@(t) Rm(w(t)) H&(t)
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for some C' > 0. In light of this, we estimate (4.34) by

0 2 o2

E—Aw S<OS+C— VY[, —[VY[. (4.35)
We now have all the pieces to set up a maximum principle argument. Let ) := S + Atr,w
for some sufficiently large A > 0. Using (4.33) and (4.35), there exists C' > 0 such that

9]
(5-a)es<-s+c (1.3

By a standard maximum principle argument and noting that tr,y w(t) < C, we find a
constant C' > 1 such that S < C.
The last term in (4.35) can be estimated by

_ - 2 1
Vs = |7, — B[ > g lRmw)l; - C. (4.37)
thus
0 1 5
5% A, | S<LC - §|Rm(w)|g. (4.38)
The evolution of curvature can be estimated by
0 5 1
5~ Aw | [Bmw)ly < ClRm(w)ly — 51Rm(w)ly. (4.39)
Let @ := |Rm(w)|, + AS for some large constant A > 0, we combine the previous two
estimates to obtain
0 1
5 — A, | (JRm(w)]y, + AS) < —§]Rm(w)|g+0. (4.40)

Then by the maximum principle, there exists C' > 0 such that

sup |Rm(w)|, < C. (4.41)
X x[0,00)

4.3 Proof of Theorem 4.4

Using Lemma 4.6, we scale a Type III solution w(t) twice to w™(¢) and w™(¢), such that
Wy = AgWo < Wo < A\jWp := wy. We then choose )\; small enough and \J large enough,
such that w;, < wy < wa“ . Furthermore, these solutions starting from these scaled metrics are
type III. We treat these new solutions act as reference metrics, where either w™(t) or w™(t)
is chosen to obtain a favourable sign when carrying out maximum principle arguments.
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R [wo @] )/

Figure 4.2: Scaling of Type III solutions

4.3.1 Reduction to a Monge—Ampere Equation

Let x € [ws] be a representative of the limiting class under the Kéhler-Ricci flow. Using the
usual reference metrics, we have

w(t) = e twy + (1 — e M)y + =100,
wh(t) =elw + (1 —e ) +vV—190¢", and (4.42)
w(t)=etwy + (1 —e )y +vV—=100p".
In our proof of Theorem 4.4, we require three Monge-Ampere equations relating pairs of
w(t), wt(t) and w(¢t). Taking a time derivative of w(t) and w™(t) in (4.42), and using the
flow equation, we arrive at a Monge-Ampere equation for u := ¢ — ¢~ given by

% — log ( (:’n)n> —u (4.43)

where _

w(t)=w (t) + e (wy — wy ) + V—190u. (4.44)
Equation (4.43) will be the primary Monge-Ampere utilised in the proof of the main Theorem.
Note that the construction of w, ensures w, := wy —w, > 0. Similarly for ¢ := p* — ¢~ we

have - ()
w n
— =1 — . 4.4
v = os (o) o

The function 1 relates the two evolving metrics by
wht) =w (t) + e Hwg —wy ) +V—100. (4.46)

Finally, for v := ¢ — ¢*, we have the following Monge-Ampere equation

Ov log( W )—v (4.47)

a - (w+)n

where

w(t) =w(t) + e (wo —wi) +V—100v. (4.48)
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4.3.2 Potential Estimates

Our aim is to derive potential estimates for « and its time derivative. We begin by calculating
the evolution of u and %—?. As before, we drop the ¢t dependence on the metrics and potential
functions for ease of notation. To denote geometric quantities associated with w™(¢) and
w~ (t) with their respective symbol in superscripts.

Lemma 4.9. For w, := wy —w, > 0, any solution u to (4.43) satisfies

(_8615 - Aw(t)> u= _(?);L it trow 4 ety w,, (4.49)
and
0 ou ou
— —A — =R - ic(w™) — = — T et « + 1. 4.
(815 w(t)) 5 R~ — tr, Ric(w™) T trow” —e "tryw, +n (4.50)

Proof. The first equation, (4.49) follows from (4.42);

o A 0w —w —ew) = 2 bty wm + et
— — Ay Ju=— —try(w—w —elw,) = — —n+trypw +eltr, ws.
ot ®) ot ot

Equation (4.50) is derived using (4.43);

0 ou 0 w™ 0
(a — Aw(t)> e = (a - Acu(lt)) log (w_n) - <§ - Aw(t)) u

0
= R~ —tr, Ric(w™) — 8—1: +n—tryw —e "tr, w,.

]

Lemma 4.10. Let u be a solution to (4.43). Then for 0 < n < 1/2, there exists C' > 0 such
that

—Ce " <ut) < Ce™ (4.51)
for allt > 0.

Proof. The lower bound follows from the maximum principle. Indeed, at a minimum point
of u,

D, 1\ 4 (w™(t) + e Hwp — wy ) + v/ —190u)™
En (e u) = ¢e'log ( ()

Integrating yields

) > e'log(1) = 0.

u(t) > —Ce™".

To derive an upper bound for u, we first observe that at a maximum for v in (4.47), we have

MWinax (wy + e (wo —wy )"
< 1 — Umax < ~ Umax-
81& og < (w"")" v v
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Then by the maximum principle, we deduce that v < 0. On the other hand, we have C' > 0
such that
< C (4.52)

for all ¢ > 0. Indeed, the initial metrics wq,w, and @, are scalar multiples of each other,
Lemma 4.6 and (4.45) imply

g1 -om((5) <o

for some C' > 0. Integrating the above gives us (4.52). It now follows that

ult) = p(t) — (1) = v(t) + ¥(t) < C
where C' > 0 is independent of time. n
Lemma 4.11. Let u be a solution to (4.43). Then there exists C' > 0 such that

ou

—l<c, 4,
| <C (4.53)

for allt > 0.

Proof. We first note that Lemma 4.6 implies that for some C' > 0, we have
Cot) <w (t) < Ca(t), (4.54)

and
[Rm(w™ ()] < C, (4.55)

forallt > 0. Let Q := g—z — Au, where A > 0 a constant that will be set later. By combining
(4.49) and (4.50), and using (4.55), we obtain

(% - Aw) Q=R —tr,Riclw ) —(A+1Dtrpw — (A+1)e "tr,w, — (A+ 1)% + (A+1)n

<—(A+1-Cy)tr,w — (A+1)e " tryw, — (A+ 1)% + (A+ 1+ Co)n.

We choose A = 2 + (y to obtain the estimate

0 ou
- _ < (== )
(at Aw)Q\ Cg +C

Applying the parabolic maximum principle yields the upper bound

ou
— K
T <C,

for some C' > 0.



4.3. PROOF OF THEOREM 4.4 41

For the lower bound, we instead consider the quantity

=—+A

Q at + u7

for some A > 0 to be determined later. Once again, we use (4.49), (4.50) and (4.55) to set
up a maximum principle argument:

(% — Aw) Q=R (t) —tryRic(w ) + (A= 1)tryw+ (A —1)e "tryw, + (A — 1)2—2; +n(l—A)
> (Co+1—-An+(A- 1)% +(A—=Co—1)tr,w + (A—1)e " tr, w,.

Applying a similar argument to before, we choose A = 2 4 () to obtain an estimate

0 ou

- _ > - -

<8t AW)Q/ C+C(9t+trww
ou (w™)™ "
> e RS

- O+ C% + ne~w(5i+u)

Then applying the maximum principle, using that v is uniformly bounded, shows that there
exists a C' > 0 independent of time such that

ou
oy C (4.56)

4.3.3 Proof of Theorem 4.4

We now derive a metric equivalence between the Type III solution w and the arbitrary
solution w.

Proof. From a standard calculation, using (4.55), we have for some C' > 0 and Cy > 0

<% — Aw) logtr, w™ < Cytr,w™ + C, (4.57)

for all times ¢t > 0. The uniform bound on %_1; from Lemma 4.11 implies that

0 0
(a — Aw> U= 8_1; —n+tr,w +e ttr, (wo — wo_) > —C +tryw . (4.58)

Following a similar argument as before, we define ) := log tr, w~ — Au, then using the two
inequalities, we choose A large enough such that

0
- < —_ _' .
( : Aw> Q<C—tryw (4 59)
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Applying the maximum principle, and again using Lemmas 4.10 and 4.11, we obtain some
C > 0 such that
trow” < C, (4.60)

for all t > 0. Combining the potential estimates from Lemma 4.10 and 4.11, we derive from
the Monge-Ampere equation (4.43) the volume bounds

<C, (4.61)

for some C > 0 for all ¢ > 0. Similar to before, we employ standard eigenvalue estimates to

obtain
n

w
trw—wgn(

(W)

Then the following metric equivalence follows from the two trace bounds;

> trp,w” < C.

Clw™ (t) Sw(t) < Cw (b). (4.62)

Then the above inequality and (4.54) yields (4.8). To obtain bounds on the curvature tensor,
we apply Proposition 4.8 with w™(¢) in place of w. This completes the proof of Theorem
4.4. [

4.4 Applications

Immediately, Theorem 4.4 allows us to answer Conjecture 4.2.

Theorem 4.12. Let X be a Kdhler manifold with numerically effective canonical line bundle.
Then the singularity type of solutions to the Kahler-Ricci flow is independent of the initial
metric.

Proof. Suppose a solution w is Type III. Then by Theorem 4.4, any other solution starting
from a different initial metric must also be Type III. On the other hand, if a type IIb solution
exists, then any other solution must be Type IIb as otherwise, Theorem 4.4 implies that all
solutions must be Type III, a contradiction. O

We also include some examples where an explicit solution to the normalised Kahler-Ricci
Flow is known. This allows us to deduce the singularity type for an arbitrary initial metric
for these manifolds. These examples are obtained from [Zhal9].

4.4.1 Calabi-Yau Metrics

Suppose that X admits a Calabi-Yau metric. Then under the Kéahler-Ricci flow, we check
that w(t) = e 'wey is a solution with w(0) = wey. For such solutions, the curvature evolves
as

Rm(w(®)ly) = €' IRm (woy) | (4.63)

and therefore develops a type III singularity if and only if wey is a flat metric, which is only
possible if and only if X is a finite quotient of a torus. Therefore, we conclude from Theorem

wey?
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4.4 that the Kahler-Ricci Flow develops a type I1I solution on a numerically effective manifold
X if and only if it is a finite quotient of a torus. Furthermore, this demonstrates Item (1) of
Theorem 4.3 without assuming Kx is semiample.

Remark 4.13. Ttem (2) in Theorem 4.3 assumes Kx is big. Since nef and big imply semiample,
the generalisation to nef is immediate.

4.4.2 Product Manifolds

Consider the product manifold X := B x Y where Y is a Calabi-Yau manifold. This is a
special case of item (3). Suppose that w is a K&hler-Einstein metric on B, then we check
that

W(t) =ewey + (1 — e Hws (4.64)

is a solution to the Kéhler-Ricci flow. The curvature is given by

1
IRm(w(®)150) = e IRm(wer)l, + 7=z [Rm(ws)ll;

v Y T (4.65)

wp”
Thus, we have a type III singularity if and only if wcy is flat which occurs if YV is a finite
quotient of a torus. Thus, a type III singularity develops if and only if Y is a finite quotient
of a torus. Thus, using Theorem 4.4, any initial metric wq, there exists C' > 0 such that

C_lfu(t) <w(t) < Cw(t) (4.66)
and
for all ¢ > 0.

Remark 4.14. Finally, we note that Theorem 4.4 can be interpreted as evidence for the
Kéhler extension of the abundance conjecture. Indeed, if a counter example to Theorem 4.4
could be constructed, then Y. Zhang’s result [Zha20] implies that the manifold cannot be
semiample.
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Chapter 5

Curvature Estimates for the
Continuity Method

Abstract: We obtain curvature estimates for long-time solutions of the continuity method
on compact Kéhler manifolds with semi-ample canonical line bundles. In this setting,
initiated in [LT16] and [Rub08], we adapt arguments from [FZ20] for the Kéhler-Ricci flow
to this setup. As an application, we derive curvature bounds for general metrics on product
manifolds.

5.1 Introduction

Let w(t) be a smooth family of Ké&hler metrics on a Kahler Manifold (X, wy), parameterized
by t > 0, such that

{(1 + t)w(t) = wy — tRic(w), (5.1)

w(0) = wp.

This equation, known as the continuity method, first appeared in [Rub08] by Rubinstein,
and was later reintroduced by La Nave and Tian in [LT16] as an alternative to the Kéhler-Ricci
flow for carrying out the analytic minimal model program [ST12; ST17; ST06; Tial9]. The
main advantage the continuity method has over the flow is the immediate lower bound for the
Ricci curvature along the deformation. This allows the application of geometric comparison
techniques. For the Kahler-Ricci flow, a Ricci bound is conjectured in general, but this
problem is still open (for some recent progress, see [FZ20]).

As with the Kahler-Ricci flow, the continuity method should deform any metric on a
numerically effective Kéhler manifold to its canonical metric, identified as one of Kéhler-Einstien
type. At the level of Cohomology, (5.1) deforms the initial class [wp] to the manifold’s first
Chern class —c;(X). Motivated by the abundance conjecture, we assume that the canonical
line bundle, Kx, is semi-ample. Under this assumption, Kx generates a fibre space map

f:X = X0 C CPY. (5.2)

2020 Mathematics Subject Classification. Primary 53C55; Secondary 32Q15.
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This map may contain singular fibres, thus we denote
S :={5€ Xean | Xs := f'(s) is a singular fibre}

to be the singular set resulting from f. The convergence of the family of metrics satisfying
the continuity method depends on the Kodaria dimension of X, kod(X). Geometrically,
this is the dimension of the possibly singular manifold S away from the singular set .S. The
Kodaria dimension cannot exceed the complex dimension of X, n. From this, we distinguish
the following three cases depending on kod(X):

1. We say that X is of General Type if kod(X) = n. It was shown in [LT16] (after
rescaling appropriately) that the metric weakly converges to a Kahler-Einstien metric
as t — oo.

2. If kod(X) = 0, then X is a Calabi Yau manifold. For the K&hler-Ricci flow, classical
result by Cao in [Cao86] can be carried over to the continuity method to show smooth
deformation of (1 + ¢)w(t) to the unique Ricci flat metric in the class [wy] as t — oo.

3. If 0 < kod(X) < n, then we are in the Volume Collapsed Case. For the Kéhler-Ricci
flow, the volume collapsed case has been extensively studied [STZ19; TZ21; TZ15;
Zha20; CL21; GTZ20; FZ20; GTZ13; JS21; Zhal9; TWY18]. When X admits a
Fano fibration, Gromov-Hausdorff convergence for (5.1) is obtained in [ZZ20a]. When
X is a minimal elliptic surface, similar convergence was obtained in [ZZ19]. In the
more general setting where X is a Hermitian manifold admitting an elliptic bundle
over a Riemann surface, Gromov-Hausdorff convergence and curvature estimates are

established in [SW20].

It was shown in [Zha20] that the singularity type of the Ké&hler-Ricci flow does not
depend on the choice of the initial metric, from which Y. Zhang gives an elegant proof of
some classification results by Tossati-YG. Zhang [TZ15]. The authors Fong and Y. Zhang
in [FZ20] then obtained an improved result which localizes the estimate and allows for
degenerate metric and curvature bounds. The results of this paper are inspired by results
from these two papers.

Theorem 5.1. Suppose that we are in the setup given by (5.2). Assume there exists T :
[0,00) — [1,00) and an initial metric Wy whose solution w(t) to (5.1) satisfies

Sup [Bm(W(t))[z0) < 7(1)- (5.3)

Then the solution w(t) to (5.1) starting from any other initial metric w(0) = wy satisfies
Cle 9705 (1) < w(t) < CeCTW5(1), (5.4)
for allt > 0 and for some C' > 0 uniform of t.
From the metric equivalence (5.4), we can also obtain Ricci curvature bounds for (5.1).

Corollary 5.2. In the same setting as in Theorem 5.1, there exists C' > 0 uniform of t such
that
—Cw(t) < Ric(w(t)) < Ce ™ Ouw(t). (5.5)
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Therefore, if one can find a solution with uniformly bounded curvature, then any other
solution starting from a different initial metric will be equivalent and will have bounded
Ricci curvature. For the curvature tensor, we have the following theorem.

Theorem 5.3. Suppose that we are in the setup given by (5.2). Assume there exists a family
of metrics @ solving (5.1) and functions T,0,p : [0,00) — [1,00) satisfying the following
metric bounds

o(t)'o(t) < w(t) < o(t)o(t), (5.6)

curvature bounds
sup |Rm(&(t)) |z < 7(1), (5.7)

and curvature derivative bounds

sup [V Rm(@(0)lsto < ). (5.8)

Furthermore, assume that there exists a constant B > 0, independent of time, such that for
allt >1

1 -
~ o &o > B~ >0. (5.9)

Then for any other initial metric wy with solution w(t) to (5.1), there exists C' > 0 uniform
of t such that
sup |[Rm(w(t))|o@ < Ct2o*t?p? (5.10)
X

forallt > 1.

Remark 5.4. When (5.9) is a holomorphic submersion, the assumption (5.9) is automatically
satisfied. In a note by W. Jian and Y. Zhang, the authors proved that a “twisted” scalar
curvature converges to —kod(X) away from singular fibres. As a consequence, one can
show (5.9) on compact sets away from singular fibres, thus (5.9) holds globally if (5.2) is a
holomorphic submersion.

Remark 5.5. The assumption (5.8) is serves as a substitute for Shi’s estimate in the Ké&hler-Ricci
Flow. To the author’s knowledge, there is no such analogous result for the continuity method.

The above theorems are particularly useful when considering product manifolds. Product
manifolds serve as a prototype in understanding how geometry collapses under evolution
equations such as the Kéahler-Ricci flow and (5.1). In the volume collapsed case, the manifold
X is split into a collapsing component, Y, and base component, B, so that X =Y x B.
In such cases, a product metric solution to (5.1) and the Kéhler-Ricci flow can be easily
constructed. On B, one endow a Kahler-Einstein metric, on Y, a Calabi-Yau metric.
The behaviour regarding how curvature blows up for this product metric can be directly
computed. However, the geometric behaviour is not well understood for non-product metrics.
Theorem 5.1 and Theorem 5.3 allow us to obtain curvature estimates for general solutions
to (5.1) on product manifolds.

We end the introduction with a brief description of the organization of the paper. In
Section 5.2, we recall various results from the literature on the continuity equation (5.1). In
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Section 5.3, we prove the metric equivalence result stated in Theorem 5.1. We begin Section
5.4 by obtaining C® estimates for the solution metric w(t) in terms of o (t),7(¢), p(t) - the
bounds for w(t). Using this, we can complete the proof of Theorem 5.3. The proofs are all
maximum principle-type arguments. Finally, we apply our theorems in product manifolds
in Section 5.5.

5.2 Background on the Continuity Method

To simplify our notation, we omit the ¢t dependence of the metrics; w,w, and functions; o, 7
and p. We first recall some properties of the continuity equation. Let

f:X = Xean CCPY (5.11)

be the semi-ample fibration induced by the pluricanonical system. The target manifold X,
is a kod(X)-dimensional projective variety and is called the canonical model of X. In this
setting, one obtains y, a multiple of the Fubini-Study metric on CP", such that its pullback
f*x is a smooth semi-positive representation of —2mwc;(X). From a geometric perspective,
2mc1(X) is the class that contains the Ricci form of X. Furthermore, we set 2 to be a
smooth volume form on X with v/—1991ogQ = f*x. The general strategy for studying (5.1)
is to use cohomology to reduce the continuity equation to a Monge-Ampeére equation. More
precisely, for ¢ € [0,00) we define a family of reference metrics given by

1 t
= *X- 12
@ Tt X (5:12)

This allows us to define ¢ : X x [0,00) — R through
V—=100¢ = w — w;. (5.13)

By substituting this expression into equation (5.1), we obtain the following elliptic Monge-Ampere
equation for ¢(t);

W = (1+)elT)eq, (5.14)
Here n = dim(X) and r = n — kod(X), the dimension of a generic collapsing fibre. From
the analysis carried out in [ZZ19], we have the following

Lemma 5.6 (Lemma 2.1 in [Z7Z19]). Let ©(t) be the Kdhler potential of w(t). Then there
exists C' > 0 such that
lo(t)| < C,  forallt €0, 00). (5.15)

Although the result in [ZZ19] are for elliptic surfaces, n = 2 and kod(X) = 1, one can
check that the arguments carry through for higher dimensions. As mentioned in [ZZ19], the
proof follows from the pluripotential theory of degenerate complex Monge-Ampere equation
([DP10; EGZ08]).

Using Lemma 5.6, we can show the following volume equivalence, which will be useful in
the next section.
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Lemma 5.7. Let w(t) and w(t) be solutions to the continuity method starting from different
wnitial metrics. Then there exists a uniform C > 0 such that

CTlom < wt < " (5.16)
forallt > 1.

Proof. From the Monge-Ampere equation (5.14) we have

1+t (T+t) W™ 14+t (1+t) @™
=1 AL e L, G | ALV
s og( O ) and P og( O

Combining the two equations above, we have

ﬂ(w— ¢) = log (wn> :

t an
Then, using Lemma 5.6 in the above, we obtain (5.16). O

Currently, is not known whether the scalar curvature is uniformly bounded along the
continuity method. On compact sets away from singular fibres, a twisted scalar curvature
converges to —kod(X) as a result due to Jian and Y. Zhang. This is substantially different
from the flow, where it was shown in [Jia20] that the scalar curvature converges to —kod(X)
on compact sets away from singular fibres. Furthermore, global scalar curvature bounds for
the Kéhler-Ricci flow are known, see [ST17].

Assuming that our initial metric has negative curvature, one can obtain a bound on scalar
curvature. By direct calculation, one can show

o 1 1 +1 |8trw WO‘Z
Awt w > — Jt lkRO’ 7 - 2 - T, t w —g 517
f'yWwo =z —g° g 17kl + t |w0|9 t L Wo + tr, wo ( )

Suppose that the curvature of the initial metric satisfies

R;> <—-A<0,

iijj
for some C' > 0. Then from (5.17), we have

1+1

Ay try, wo = Altr, w)? — try, wo.

Then, applying a maximum principle argument, one obtains
tr,wo < C, (5.18)

for t away from 0. For times close to 0, we can simply use that w is close to wg and thus the
above trace quantity is bounded. In fact, this shows that the solution is volume non-collapsed.
This reflects the coarse correspondence between Kodaria dimension and curvature; a negative
Kodaria dimension corresponds to positive curvature, a zero Kodaria dimension corresponds
to flatness, and a maximum Kodaria dimension (general type) corresponds to negative
curvature.
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5.3 Metric Equivalence

In this section, we give a proof for Theorem 5.1 and derive Ricci curvature estimates as
stated in Corollary 5.2.

(Proof of Theorem 5.1). For convenience of notation, we drop the time dependence for the
metrics and denote C' > 0 to be some constant which may change in each line but can be
fixed at the end of each proof. We also denote the Hermitian metric associated to w by g
and apply the same convention for w with g and wy with gy. Recall the standard identity

Ay tro@ = g9 G Ry — 97 9% Rizpq + ¢ 973 Vi3,5V 5 Gaq-

The first term can be rewritten in terms of metrics using (5.1) and the second term contains
a controlled curvature term due to (5.3). Then using the Cauchy-Schwarz inequality, we
have

~ C _ t
A, tr,w > _— tr, wo tr, @ — tr, @ — O7(tr, @)% + g”Z b“Vngijgaq, (5.19)

for all £ > 1. Since (5.3) yields a Ricci curvature bound for @ which satisfies (5.1), we have
< Cwy < Ctrw,
for some C' > 0 and for all ¢ > 1. Substituting the above inequality into (5.19) yields
A, tryo > —C1(tr,@)? — Ctr, @ + gﬁg%@“vigpl—,v;gaq. (5.20)
Then by a standard trick using the Cauchy-Schwarz inequality, we can rewrite (5.20) as
A, logtr,w > —C — Crtr,w (5.21)
We divide through by 7, noting that 7 > 1, to obtain
A, (t  ogtr, @) > —Ctryw — C. (5.22)
On the other hand, taking the trace of (5.13) for both w and w respectively yields
ALQ = tr, @ — try, Wy, (5.23)

and
Ayp =n —try, wy, (5.24)

respectively. Here we define @; to be the reference metric similarly defined as in (5.12) but
with @y in place of wy. Let A > 1 be large enough so that Awy > wp. From (5.23) and (5.24),
we have

- - 1 -
Ay(p— Ap) =tr,w — An + 1—_H(Atrww0 —tr,wo) + (A—1)

tw*.
T e /X

This gives us the following inequality

A — Ap) > tr, & — C. (5.25)
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Now, for a large enough B > 0, using (5.22) and (5.25), we derive the estimate
A, (t7M ogtr, @ + B(g — Ap)) = Ctr,w — C.

Then applying a standard maximum principle argument with the help of the uniform bounds
in Lemma 5.6, we obtain a uniform C' > 0 such that

tr, 0 < Ce™ (5.26)

holds on X for all £ > 1. This yields the lower bound in (5.4). To deduce the upper estimate,
we use

try w < n(tr, &)”_1(:)—
wn
and Lemma 5.16 to show
tryw < Ce, (5.27)
for all t > 1. The upper estimate immediately follows from the above inequality. O

From the metric equivalence in 5.1, one can immediately obtain Ricci curvature estimates
along (5.1).

(Proof of Corollary 5.2). A lower bound for the Ricci curvature always holds for the continuity

equation. Indeed,

Ric(w(t)) = %WO _ ?w(t) > —2u(t) (5.28)

for all ¢ > 1. To obtain the upper bound, we choose A > 0 large enough such that wy < Awy
and rewrite

Ric(w(t)) = %wo - #w(i)
<z, (5.29)
; .
< O1w
< C1e“"w

In the second last line, we used (5.3) to deduce that wy < Ctrw from the scalar curvature
bound. The last line follows from (5.26). From the Ricci bound, the scalar curvature bounds
immediately follow. O]

To conclude this section, we make note of an estimate which will be useful throughout
the next section. Suppose we are in the setup of Theorem 5.3. Taking the trace of (5.1), the
scalar curvature R(t) is given by

1 1+1¢
R(t) = 7 tr, wo — n% (5.30)

An upper bound for scalar curvature implies that there exists C' > 0 such that

tr, wy < Ctor, (5.31)

for all ¢t > 1.
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5.4 Curvature Estimates

We first obtain Calabi C®-bounds for the metric w in terms of the bounds for w. This will
be crucial when applying the maximum principle to obtain the curvature bound in Theorem
5.3. Define the tensor Wi := I — 'l and its norm S = |W[2 ;. In local coordinates,

S = ¢'g"* g%V 915V 30,1 (5.32)

If S and T are tensors, we write S % T for any linear combination of the products of tensors
S and T formed by contractions using the metric g.

Lemma 5.8. Let S be defined as above, the norm difference between Christoffel symbols
for the evolving metric w and a_giwen metric . We denote their corresponding geometric
quantities similarly; @, g, Ric, Rm and so on. Then

A,S > — CorS — C|U  Rm(@)|,VS — C ‘gf’“%aéﬁ—,p’f
— 207/ SoV'S + VU2 + VT2

VS
w (5.33)

Proof. The laplacian of S is given by

A,S :Rjigquk[‘yfp\yé‘q + gjqupgkl_\Dfp\Ijéq - gjigngkl'\ijqué‘q
T kN 1
+2Re (g] 97 gur (Aw\llip) @é,q)
+ VT2 + VTR
= [+ 1T+ VIS + VT2,

(5.34)

Here, we denote the terms in the first line of (5.34) by I and second line of (5.34) by I1. In
the Kahler-Ricci flow, the Ricci terms in I cancel with the time evolution. For the continuity
method, we instead use (5.1) to rewrite the Ricci terms in terms of w and wy for t > 1;

1 _'i — _'i = _'i = -7 1 +t
I=- (gé 99+ 998 9T — 9’ gqu,?z) wh — (5.35)
We apply local normal coordinates which diagonalizes wy with respect to w. Let A} be
the principle eigenvalues of go. Using the upper trace bound (5.31) in local coordinates,
N < Ctor, we obtain the estimate

2 kg Mgrgr . Lt
_[ - m\l/lp\:[jfp - T\Ij’bp\ljfp - —S
2 1+t .
> S—CorS—~1'g (5.36)
Cort? t
> —CotS

for all t > 1. Moving onto the terms in I/, we can use

AL UE = VPRE

ibp

k
~ ViRE, (5.37)
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to rewrite 11 as
1 =2Re (gﬁg@pgkl— (vgﬁgp) \If_gq) — 2Re (gﬁg@pgk; (V:RY) \IfTCI) . (5.38)
To treat the first term in (5.38), we can use

vl;ék_ _ gl_nz va Ek_

ibp ibp
— g (V= Va) B, + VR, (5.39)
= U Rm(w) + gz’aﬁaéﬁ—)p.
For the second term in (5.38), we once again use the continuity equation (5.1) to obtain

1, 1+t ,
Ry = 20" 0y = ——9" gpr-

Here, gq is the metric associated with the form wy. Taking the covariant derivative and using
metric compatibility yields

1 .
k ko 0
VZ'RP = ;g Vigpf.
Hence, we can rewrite said second term of 11 as
— S 2 o —_
% k % 0
—2Re <gJ 9?97 (VZRP) \P§q> =7 Re (g qg? (VZ- pZ> \Ifé-q>
2 . —
= -7 Re (9] 9" ((Vz - V?)92[> ‘I’éq>
2 ji gp 0 \yn gl
— z Re (g] gqunz\llip\Ijjq>

> —207’\/?0\/5

(5.40)

where ¥Y and Sy are defined by

(U0)% = T% — (To)f: and Sy = [W[2.

v

Using Cauchy-Schwarz inequality and the above, we can estimate /I from below by

IT > —C|U % Rm(®)|,VS — C ‘ 9"*VauRg,"| V'S —207/SeVS. (5.41)

Thus, combining (5.34), (5.36) and (5.41), we have (5.33). O
Using Lemma 5.8, we obtain a bound for S.

Proposition 5.9. Suppose we are in the setting of Theorem 5.3 and let S be defined as in
(5.32). There exists C' > 0 such that

S < Cto'r®p? (5.42)

forallt > 1.
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Proof. We begin by observing that the last term in (5.20) can be estimated by

997G ViG,5V G0a = 9 9" <Vz’ - @) Gy (Vj = %) Jaq
= 795" (~4) G (~5,) G (543
> o 1S,

By assumption (5.6), the remaining terms in (5.20) are controlled. Therefore,
Ao tr, @) = —C — Cro + 0 28. (5.44)
On the other hand, (5.7), (5.8) and (5.9), gives us

|V Rm(0)]w
‘gga%aéilgpk

< |V, |Rm(@)], < Co?r|¥|, and
o . 5.45
<o ‘vai,—,p’f VR F| (5.45)

5 5
<L o2 < Co2p.

w

Thus, we are left to bound the Sy term in (5.33). To this end, we make the following claim.

Claim: There exists a uniform C > 0 such that
Sy < Ct?otr? (5.46)
for all ¢t > 1.

We assume this for now and proceed with the proof of Proposition 5.9. Combining (5.45)
and (5.46) with (5.33), we obtain

A,S > —CorS — Co?rS — CoipVS — 2Cta*r2V/S + |V |2 + [V

for all t > 1. After collecting terms by their power of S, using that o,7,p,t > 1, and
discarding the norms of VW, the above inequality simplifies to

A,S > —CorS — Cta’r3pV/S.
In order to apply the maximum principle, we rewrite this as
A,(c™7718) = —~Co™25 — Cto'72pV/S. (5.47)
Let Q := o~ *771S + Ao~ tr, @ for some arbitrary A > 0. From (5.44) and (5.47), we have
AQ = (A= C)o28 — Cto~'r2pV/'5 — AC — Aro, (5.48)

for some constant C' > 0 and all ¢t > 1. We can always choose A > 2C' large enough to force
a sign on the coefficients of S. Moreover, we can assume that at the maximum of point of

Q, .
ta_lT%p\/g < 50_28.
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Otherwise, we would have S < Ct?c%73p? at this point, which would lead to (5.42). Putting
all this together, we obtain a lower estimate at the maximum of Q):

A,Q > —(7725 Aro — AC. (5.49)
Then, by the maximum principle, we obtain the estimate
S < Co'r < Ot?o*r3p? (5.50)

on all of X and for all £ > 1.
We now prove the claim. From a similar calculation leading to (5.20), we can find some
C > 0 such that

1 C 1
A, <¥ tr,, wo) > e Cot — Cto*r* + ;g tg gab\Ifd ve (5.51)

w9
for all ¢t > 1. To estimate the last term, we use (5.6) and (5.9) to obtain
Tl trywe = oty g > C oL

Applying normal coordinates for which wy is diagonalised with respect to w, we obtain

1 d \Jre 0 1 _—1
tg ‘gl gab\IJZp\I/Jq = —)\ So=C o 5. (5.52)
As a consequence, we have for some C' > 0,
A, (t_l try, wo) > —Ct ' —Cor — Cta®>r> +C o715, (5.53)

for all £ > 1. We can also compute a lower bound for A,Sy using Lemma 5.8. Here we have
¥ instead of ¥ and Rm® in place of Rm. Moreover, by (5.31) we have

|\If « Rm(wp)|w < |\If| |Rm(wo)lw < Ct20272|\11|w and

’gzaﬁaéigpk < tO’T‘VbRpr < (tor)? ‘Vlebp < Cto*r
w wo
Therefore, for some C' > 0, we have
A,Sy = —Ct0%72Sy — Ct2072\ /Sy + VU2 + [V 2, (5.54)

for all t > 1. For some A > 0, we set
Q:=t20"35 + At to g, wo.

We can then combine (5.53) and (5.54) to estimate the Laplacian of Q from below. Then,
choosing A large enough, we can force a sign on the coefficient of Sy to obtain

A,Q > Co 2718y — Co 271 /S, — Ctor, (5.55)

for some C' > 0 and for all £ > 1. We assume that Sy > 1 and apply the maximum principle

to show that at a maximum of @),
Sy < Ctor2.

This bound and the uniform bound of t~'o=177! tr,, wy establishes (5.46). O
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With the proof of Proposition 5.9 completed, we can proceed to prove Theorem 5.3.
Proof of Theorem 5.3. From Lemma 3.2.10 in [SW13b], we have

A, Rm = V;VR;; + Rm * Rm + Rec * Rm. (5.56)

Once again, we use (5.1) to rewrite the Ricci term:

1 1+t
VZV]CRZE = ;V[ng% — —V ngw (557)

The second term is zero by metric compatibility. The first term, expressed in normal
coordinates with respect to g, can be expressed as

1 0
n Gi1Ikmo

1 1
Rgl_zj + g (akgzq)(algpj) - _R]Zlgk:m’

1 1
;Vz‘vkg% = _8l_akg?j -

1 1 1

Rzlu + tggp(vkgzq)<vlgp]) - ;Rﬂlgkm’
1 n T

Rglz] + tgnmqjkzlpm - R lgkm

Thus, for any ¢t > 1, we have in normal coordinates

1 1 0
AR = —;Rm(wo) + ;ggm\lle\lfm — = ﬂlgkm 4+ Rm * Rm + Rm x* Ric. (5.58)

Denote Py :=t"1g° \IIZZ\I/’” Then, using the above and the metric trace bound (5.31), we
have

Ay (Rm(w)f) > - %\Rm(wO)!w!Rm(w)\w —[®lu|Rm(w)l — Cor|Rm(w);
— C|IRm(w)|? + [VRm(w) 2 + |[VRm(w)]|?.
In normal coordinates with respect to w, we can deduce an upper bound for ®:
|D|, = t_1|gnm\IlZZ Dl < CotSp < Ct?o’r?
Using (5.31), we also have
IRm(wp)]w < Ct?0*7%|Rm(wp)ly, < Ct?o?7?

Thus, taking ¢t > 1, using (5.46) and the previous two estimates, we deduce that for some
uniform C' > 0,

A, ([Rm(w)|?) = — Cto*r*|Rm(w)|w — Ct?0°7*|Rm(w)|, — Cor|Rm(w)[3
— C|Rm(w)[? + [VRm(w)|2 + [VRm(w)|?,

&

574\Rm(w)]w — Cor|Rm(w) 2

&

— ClRm(w)[} + |[VRm(w)[5 + [VRm(w)[;

(5.59)
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In the last inequality, we collected terms by their power of curvature using that o, 7, p,t > 1.
To simplify our notation, we set

S=t20"43p28,

which is uniformly bounded for ¢t > 1 due to (5.42). From the proof in Proposition (5.9),
there exists C' > 0 such that

ALS = —Co*r +t7 20747 3p 2 (VU2 + [VI]2), (5.60)

forallt >1
Next, for A > 0 large enough such that A — S > 1, we define the quantity

Run(w)2

C=T5

(5.61)

Since S is uniformly bounded, we can take A large enough so that the A — S is positive. We
will now set up a maximum principle argument to complete the proof for our result. Taking
the Laplacian and applying Cauchy-Schwarz, we can find some C' > 0 such that

ALQ > _Ct205T4IRm(wZIw _CUTIRm(wZIi IRm( K IVRm< )2 IVRm( )2
. A—S A—S A—S A—S A—-S
2 2

|Rm( >|w —|—t72074773p72(]v\1’|2+|v\11\ )|Rm( 2|

(A—S) (A—5)2
\8!Rm( N2l \0S\w+ [Rm(w)|2[05].

(A—5)2 (A—S)3

(5.62)
for all £ > 1. The goal here is to produce a positive fourth power curvature term to dominate
the negative curvature terms. This will come from the third-last term. To deal with the
second-last term, we use

|OIRm (w) [

ol

< 2[Rm(w)[5(|VRm(w)|:

&

+|VRm(w)[3)
in combination with Young’s inequality to obtain

|[VRm(w)|?

&

+ |[VRm(w)|?

w

o [OIRm (@)l 051, _ 4 /Rm(w >w| o312
(A— S)2 S (A Sy A-S

Furthermore, by (5.42) we have

052 =t 740 577 5p"40S 2
< 415_40_87_6;)_45 (VU2 +|VT2)
<ACt 203 2 (VU2 + [VT2).
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Putting this all together, we derive

2 3
ALQ > _Ct205T4|Rm(wZ|w B C,02T|Rm(f,u)|w B O|Rm(w)|w

= - ~ ~ ~

A-S A-3 A-S
1 o 4 5 = Rm(w)|?
Lot e 4 |W|i>ﬁ (5.63)
1 = R 2 16
+§fﬂa4f*pﬂuvmﬁ+¢vwﬁﬂ—99ﬂﬂ(1_-——:).
(A—S)2 A3

We can choose A large enough to force a sign on the last term. Then converting the
second-last term into quadratic curvature terms via

= 1
VU2 > §|Rm(w)|i — Co*r?, (5.64)

we reach

A-S
2 3
ot gttty BR@E  Rmw) 565
A-S A-S
+ lt_20_47_3 _»|Rm(w) i’
;i (A—3)

for some uniform C' > 0 and for all ¢ > 1. Observe that at the maximum point of ), we
have
[Rm(w)2 < 1y 4 3 oRm(w)l

w

Clo?r +t 277 1p2 I T -
( P age S 12 P A=y

since otherwise, there would exists C' > 0 such that |Rm(w)|, < Cto372p for all t > 1,
leading to a better bound than (5.10). Similarly, we can assume that at the maximum point

of Q,
Ct20574|Rm(W)|w < 1 —4 -3 —Q‘Rm(“’)’i

= \—t_2c7 T =,
A—5 1 P A3y

4
3

Otherwise we would obtain |[Rm(w)|, < Ct o373 ,0% for all ¢ > 1. Therefore,

3 4
70>~ 1y s o [RMW)L (5.66)
A-5 D (A_ Q)

At the maximum of (), we have
IRm(w)|. < Cta*r3p?.

Using the uniform bound for A — S, we obtain (5.10). O
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5.5 Applications and Further Remarks

The usefulness of Theorem 5.3 depends on our ability to construct well-behaved solutions to
the continuity equation. Unfortunately, it is difficult to construct solutions to the continuity
method. In certain cases, however, such as when X is Calabi-Yau or a product manifold, such
constructions can be made and thus we can use Theorem 5.3 to understand the continuity
method starting from a general initial metric. This was previously done in [Zha20] for the
Kahler-Ricci flow where several results from [TZ15] were reproved. In this section, we study
the same setups from these papers but in the context of the continuity method.
We first recall the following definition.

Definition 5.10. A long time solution w(t) of the continuity method (5.1) on X, is of
singularity type III if
lim sup (sup |Rm(w(t))|w(t)> < 00.
t—o0 X

Otherwise, we say the solution is of type IIb.

Example 5.11. Suppose that X is a Calabi-Yau Manifold. Thanks to Yau’s solution to the
Calabi conjecture, we can guarantee the existence of wey on X. One can easily check that
the solution to the continuity equation starting from w(0) = wey is

~ Wey
t) = ——. 5.67
o) = £ (5.67)
Moreover 1 L+t L+t
;tr; Wo = — truey Woy = —n 4 0ast— oo. (5.68)

Since the curvature re-scales with time as

IRm(&(t)) 5y = (1 +1)*|Rm(wey) 2y » (5.69)
the solution will be Type III if and only if wey is flat. Furthermore,
|V@(t)Rm(c~u(t))|L%(t) =(1+ t)Q‘chRm(wcy)ﬁcy =0< 1. (5.70)

Therefore, for any solution to (5.1) starting from a general metric, we can apply Theorem
5.1 and Theorem 5.3 by 7 =1 and p = 1. Thus, there exists, C' > 0 such that

IRm(w(?))|w) < CF, (5.71)
for ¢t > 1.
Example 5.12. Let X be a product manifold given by
X=YxZ

where Y is a Calabi-Yau manifold and Z is a compact manifold with ample Ky . Define the
product metric
wWx = wy + Wz, (572)
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where wy is Calabi-Yau and wy is a Kéhler-Einstein metric. We denote the corresponding
levi-civita connections by V,, and V,,, respectively. Starting from wx, the family of metrics

- 1
w(t) = T + wy (5.73)

satisfies the continuity equation. Furthermore, the product structure allows us to compute
the Riemannian Curvature tensor using

[Rm(@(t))|Z¢) = (1+t)*[Rm(wy)[Z, + [Rm(wz)[2, - (5.74)
Therefore, the metric w(t) is Type IIT if and only if wy is flat. Moreover,
[VaRm(@(1) ) = Ve, Rmur) 2, < O (5.75)

Checking our last assumption, we have

1t
— Iz W =
; 0

L dim(Y) + o(1), (5.76)

thus t~'trgwy /4 0 as t — oco. By Theorem 5.3, we conclude that any solution of the
continuity method on X with Y being a flat tori, there exists C' > 0 such that

IR (w(t))|we < CF (5.77)

forallt > 1.



Chapter 6

Calabi Symmetry and the Continuity
Method

Abstract: We study the convergence and curvature blow-up of the continuity method on a
generalised Hirzebruch surface. We show that the Gromov-Hausdorff convergence is similar
to that of the Kahler-Ricci flow and obtain curvature estimates. We also show that a general
solution to the continuity method either exists for all times or the scalar curvature blows up.
This behaviour is known to be exhibited by the Kahler-Ricci flow.

6.1 Introduction

Let (X, wp) be a compact n-dimensional Kahler manifold and w(t) be a deformation of wy
given by the continuity method

(6.1)

w(0) = wo.

{w(t) = wy — tRic(w(t)),

Metric deformation equations have become a central tool in geometric analysis in which
a family of metrics deforming to a possibly degenerate target metric is studied. This idea
appears in Yau’s solution to the Calabi conjecture [Yau78b] in which a continuity method was
employed to demonstrate that one could deform an arbitrary metric to one that is Ricci flat.
Another direction utilising this idea is in the study degenerating Ricci flat metric (see [Tos10;
GTZ13; GTZ20; Li21]) and in the study of non-positive holomorphic sectional curvatures
(see [Zha21; ZZ20b]). The study of non-positive sectional curvature has been widely studied
due to the profound relationship between holomorphic sectional curvature and the canonical
line bundle of the manifold (see [WY16; TY17; DT19]).

We can also consider deformations according to evolution with time derivatives, a famous
example being the Kéahler-Ricci flow. The success of the Kahler-Ricci flow in solving geometric
problems has generated much interest in the Kahler-Ricci flow. As a mathematical tool
the Kahler-Ricci flow is hoped to give a geometric classification of algebraic varieties. This
classification program is known as Mori’s minimal model program and aims to find a suitable

2020 Mathematics Subject Classification. Primary 53C55; Secondary 32Q15.
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simplest representative metric within every birational class. The analytic minimal model
program initiated in [ST12] proposes to achieve this by evolving a metric to this simplest
metric through the Kahler-Ricci flow.

The continuity method, given by (6.1), was introduced in [Rub08] and is proposed in
[LT16] as an alternative to the Kahler-Ricci flow in carrying out the minimal model program.
This equation can be obtained by formally discretising the Kahler Ricci flow. The main
advantage of the continuity method is that is maintains a lower Ricci bound along the
deformation and therefore comparison geometry techniques, such as Cheeger—Colding—Tian’s
compactness theory, can be readily applied. For recent developments pertaining to the
continuity method see [LTZ17; ZZ19; Zhal9; ZZ20a; FGS20; Won23a]. In the same way as
one can generalise the Kahler Ricci Flow to the Chern-Ricci Flow for non-Kéahler manifolds
(see [Gill0; TWY15; LT20; TW22]), the continuity method can analogously be generalised
to the Chern continuity method (see [SW20; LZ21]).

To understand geometric deformations such as the flow and continuity method, it is
essential to consider several prototype examples. To this end, we consider the following
n-dimensional Kahler manifold which generalises the Hirzebruch surface,

X — Xn,k — ]P(O(Cpnfl @ O(C]mel(_k)). (62)

Here we have Ocpn—1 to denote the trivial bundle over CP"~! and Ogcpn-1(—k) to be k times
tensored hyperplane bundle of CP"~!. The manifold X, s is a CP' hyperplane bundle over
CP"! and forms an interesting family of manifolds. For instance, the space of cohomology
classes for these manifolds, H'!(X,R), are spanned by just two classes of exceptional divisors,
[Do] and [D], and therefore is a two-dimensional space [SW11]. As a result, the Kahler
cone can be written explicitly as

IC:{—%[DO]+%[DOO]|O<a<b}. (6.3)

It is therefore possible to obtain a concise picture of the evolution of cohomology classes for
the continuity method and for other geometric deformations such as the Kahler Ricci Flow.

In [LT16], it was shown that the solution to the continuity method exists until the Kéhler
class leaves the Kahler cone, that is up to time

T =:sup{t| [wo] —tc1(X) > 0}. (6.4)

If the initial metric satisfies the Calabi symmetry, then the solution w(t) also satisfies
the Calabi symmetry. We aim to study the convergence of such solutions on X and the
curvature blow-up rate as the solution approaches this singular time. To describe this, we
borrow some terminology from the study of finite time K&ahler-Ricci flows.

Definition 6.1. Let w(t) be a solution to the continuity method for ¢ € [0,T). We say that
the curvature tensor norm develops a Type I singularity if

Rm(w(t)) o) < ——. 6.5
sgl(p\ mw(t)lwo < 77— (6.5)
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Otherwise, we say that the curvature tensor norm blows up at a Type Ila rate. If at a point
p € X, there exists a sequence t; — T as ¢ — 00, such that

C

WWW@Mwﬂm>sz, (6.6)

then we say that the curvature tensor norm at p blows up at an essential Type I rate.

We can also apply the above definition to the norm of the Ricci curvature and scalar
curvature.

There have been several studies of the Kéahler Ricci flow on X, ; and similar manifolds
with Calabi Symmetry. The study of Gromov Hausdorff convergence of the Kahler Ricci
flow on X, ; was done in [SW11]. Singularity and curvature analysis for manifolds exhibiting
Calabi symmetry was first derived in [Fonl14], providing the first non-trivial non-Fano Type I
solution to the Kahler-Ricci Flow. A blow-up analysis for the manifold studied in our paper
was conducted in [Son15] where it was shown that only Type I singularities can develop. For
a related manifold P (O]pn D (’)pn(—l)@(m“)), Gromov-Hausdorft convergence was studied in
[SY12]. Many arguments and calculations in this manuscript are inspired by these papers.

It will also be convenient to consider the normalised equation for (6.1)

1
Tt
w(0) = wp.

_ t
w_
L A

Ric(@(t)) 6

We now state the first main result of the theorem.

Theorem 6.2. On the manifold X, defined by (6.2), a solution to the continuity method
(6.1) with an initial metric wy satisfying the Calabi symmetry evolves as follows:

1L Ifk 2norl <k <n—1with ay(n + k) > by(n — k), then the solution exists
until T = (byg — ag)/2k and (X,x,g(t)) converges to (CP" ! argps) as t — T in
the Gromov-Hausdorff sense. The norm of the curvature tensor develops a Type I
singularity.

2. If 1 <k <n—1withay(n+k) =by(n—k), then the re-scaled equation (6.7) converges
in the Gromov-Hausdorff sense to the unique Kdahler Einstein metric wgg in the class
C1(X), given such a metric exists. The norm of the curvature tensor blows up at a
Type I rate.

3. If1 <k <n—1with ayn + k) < by(n — k), then the solution converges in the
Gromov-Hausdorff sense to a unique weakly Kdhler metric wp which is smooth outside
of a subvariety. Furthermore, the curvature blows up at the rate

C

\Rm(w)|w < m

(6.8)

Before proceeding, we would like to make some remarks regarding the Theorem above.
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Remark 6.3. The Gromov-Hausdorff result in Item 1 is a strengthened version of a general
result on Fano bundles where the solution to the continuity method converges in the Gromov-Hausdorff
sense to a unique Kahler metric on the base space.

Remark 6.4. With regards to Item 2, the question of the existence of Kahler-Einstein metric
on Fano manifolds has been extensively studied (for a survey see [Tial2]).

Remark 6.5. Item 3 falls under the finite time volume non-collapsed case in which the
Gromov-Hausdorff convergence was obtained in [LTZ17].

Theorem 6.6. Solutions to the continuity method on X, j satisfying the Calabi Symmetry
has scalar curvature bound

R(t) < Ti_t (6.9)

Moreover, the scalar curvature blow-up in Case I and II is essential in the sense that there
exists (pi,t;) such that as i — oo, t; — T and

C
T—t

R(pi, t;) > (6.10)

The behaviour of scalar curvature for the continuity method is not well understood, even
for infinite time solutions to (6.1). On the other hand, we have several results regarding
scalar curvature under the Kéahler-Ricci flow;

(1) The Kéhler-Ricci flow either the flow exists for all time, or the scalar curvature blows
up [Zhalo].

(2) Solutions to the normalised Kéhler-Ricci flow with semi-ample canonical line bundle
has bounded scalar curvature [Zha09; ST16].

(3) In the same setup as the previous point, the scalar curvature away from singular divisors
converges to —kod(X) [Jia20].

Theorem 6.6 alludes that scalar curvature must blow up for finite time singularities,
resembling the result from finite time Kéahler-Ricci flows in [Zhal0]. We show that solutions
to the continuity method (6.1) also satisfy point (1). Point (2) is currently not known
globally, however a bound can be obtained on compact sets away from singular fibres [ZZ19].
For point (3), Y. Zhang and Jian proved that the twisted scalar curvature converges to

—kod(X).

Theorem 6.7. Let w(t) be a solution to the continuity method, (6.1). Then either the
solution exists for all time, or the scalar curvature blows up;

sup R (w(t)) = +o0. (6.11)
X x[0,T)

Remark 6.8. The scalar curvature blowup must be from above since the Ricci curvature of
solutions for (6.1) is always bounded from below.
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We end the introduction with an outline of the paper. In Section 6.2, we describe the
Calabi Symmetry condition and the geometry of X, ; in more detail. This will allow us
to introduce the three cases for types of behaviour for solutions of (6.1) at the end of this
section. The next section contains three subsections where we analyse each case separately.
They will follow the same format; first convergence as the solutions approach singular time
established, then curvature estimates are obtained. In Section 6.4, we prove Theorem 6.7.

Acknowledgement: I would like to thank my advisors Zhou Zhang and Haotian Wu
for their encouragement and support. I would also like to thank the referee for their valuable
comments and feedback.

6.2 Preliminaries

In this section, we recall the Calabi Symmetry and briefly describe the geometry of X, ;.
For a detailed construction, see [Cal82] or preliminary/background sections in [SW11; SY12;
Sonl5]. As stated in the introduction, the manifold

X =P (Ocpr-1 ® Ocpn-1(—k)), (6.12)

is a CP! bundle over CP" ! obtained by blowing up CP*!. Let Dy be the exceptional
divisor of X defined by the image of the section (1,0) of Ogpn-1 @ Ogpn-1(—k) and Dy, be
the divisor of X defined by the image of the section (0, 1) of Ogpn-1 & Ogpn-1(—k). Both the
0-section Dy and the oo-section are complex hypersurfaces in X isomorphic to CP"~'. The
classes [Dy] and [Dy] span H!(X,R), and the Kahler cone is given by

K:{—%[DO]+%[DOO]|0<CL<5}. (6.13)

Using the bundle map 7 : X, , — CP"!, we can pull back the Fubini-study metric on
CP"~'. Taking its cohomology class gives the the class [Dy], which is related to [Dy] and
[Doo] by

kD] = [Doo] = [Do] (6.14)

We can then rewrite the Kahler cone in a more instructive basis

K—{b;a[Doo]+a[DH]|0<a<b}. (6.15)

To introduce the Calabi Symmetry into our analysis, we consider the standard holomorphic
coordinates (z1,...,z,) on C"\{0}, the manifold CP"! := (C"\{0})/C* is charted by n
coordinate charts Uy, ..., U, where U; is characterised by x; # 0. For fixed i, the holomorphic
coordinates are given by zgi) = x;/x;. In this coordinate system, the fibre coordinate y;y on
7~1(U;) transforms by

k
Yy = <ﬂ> Yy, on . (UZ' N Ug) , (6.16)

Z;
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where 7 : X, ; — CP"~! is the bundle map. Consider Kéhler metrics such that g;; = 9;0;u(p)

for a potential u = u(p) where
p = log (Z y:::ﬁ) : (6.17)
i=1

The metrics defined in this way are invariant under the action of
Gy =2 U(n)/Zy.
The following Lemma gives the condition for which g;; is Kéhler.

Lemma 6.9 (Calabi [Cal82]). A smooth convexr function u = u(p) defined on (—o0,o0)
generates a Kdhler metric g; = 0;0;u(p) if

1. u/'(p) >0
2. u"(p) >0
5. There exist smooth functions uip), up.. : [0,00) = R with ujp ,(0) > 0, ufy_4(0) >0
such that
uppy) (€%) = ulp) — ap, (6.18)
and
wipy (€)= u(p) — b, (6.19)
for all p € R.
The divisor Dy corresponds to p = —oo where as the D, corresponds to p = oo.

Furthermore, the coefficients a and b are the values of u/(p) at the singular divisors. Indeed,
taking the p derivative of (6.18) and (6.19) gives

a= lim u'(p) < u(p) < lim u'(p) = 0. (6.20)

p——00 p—00

In the standard holomorhpic coordinates (z;)? ; on C"\{0}, metrics under the Calabi condition
can be written locally as

95 = 0i0ju = e~"u(p)oy; + e Ty (u"(p) — v/ (p)). (6.21)
The determinant of the matrix g;; is given by
detg =" (u/(p))" " u"(p). (6.22)
Thus, the Ricci curvature R;; = —ﬁﬁj log det g is locally given by
Rij = e (p)8y; + e &, (v (p) — v'(p)) (6.23)

where
v=—logdetg=np—(n—1)logu(p) — logu"(p). (6.24)
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Using the expressions above, we rewrite the continuity method (6.1) in terms of w.
Denoting the ¢ variable as a subscript, u;(p), we obtain

u(p) = uo(p) + t(n — 1) log(uy(p)) + tlog(uz (p)) — tnp + ¢, (6.25)
where ¢; is chosen to be
¢, = —t(n — 1) logu;(0) — tlog uy (0)
to ensure u,(0) = 0 for all ¢ € [0,7"). Taking derivatives with respect to p yields

ui(p) = uo'(p) + t(n — 1)2%:((5)) Ztt((/[))))

—tn, (6.26)

and
N — o)t D) ) e ()
i) =l -t = oy M Doy e T O

For clarity of notation, we may omit the dependence of u;(p) on p and write u; = w(p). We
also denote the derivatives in terms of p with wj.

The rotational invariance simplifies many calculations since we can apply a transformation
to send any point on the manifold to coordinates x = (z1,0...,0). Under this coordinate, the
evolving metric, initial metric and Ricci curvatures take the form

{95} = e " diag {u], uj, ..., u}, (6.28)
{935} = e7" diag {ug, ug, ..., u}, (6.29)
and
Ry =" diag {v}, v}, ..., v;} (6.30)
respectively. The anticanonical line bundle is given by
(k+n) (k—n)

KJ\_/II =2[Do| = (k—n) [Dy] = [Doo] + [Do] . (6.31)

k k

The singular time can be deduced from the cohomology as seen by (6.4). The maximum
time of existence is therefore given by

T=sup{t>0]|ay+t[Kx]>0}. (6.32)
For our setup, the metric’s class deforms according to
b a by — a
ar = - [Dec] = 5~ [Do] = =—— [Dc] + s [D] (6.33)
k k k
where
by=by— (k+n)t and a =ay+ (k—n)t. (6.34)
Finally, we pick a reference for the Kahler class «;. Let
b, —
iy (p) = aip + (b — ) log (€ + 1) . (6.35)

k

Since 00p = m*wps = x € [Dy] and 2001og (e*” + 1) € 2[D], we see that the associated
form w lies in the desired class. The evolution of the cohomology class exhibits three distinct
behaviours.
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1. Case I: The coeflicient of [D..] degenerates whilst [Dy| remains positive. This occurs

when k£ > n or when 1 <k <n—1and ay(n+ k) > bp(n — k). Indeed, if the class oy
fails to be Kéhler due to the coefficient of [Dy] vanishing, that is
bt — Q¢ bo — Qg

o o 70

then
bo — Qg

T
2k
If £ > n, then a; > ag > 0, but if 1 <k < n — 1, then this uniform bound away from
0 only holds when

(6.36)

k) —bo(n — k
op = 200 FE) —bon—k) _ o (6.37)
2k
that is when with the additional condition ag(n+k) > by(n—k) holds. The Cohmology
class therefore predicts that the continuity method contracts fibres and the resulting

limiting space should be CP"!.

. Case II: Both coefficients in [D,] and [Dy] approach 0 as the same singular time T

which occurs when 1 < k < n—1 with ag(n+k) = by(n— k). As a consequence, (6.37)
yields ar = 0, and the Kéhler class is proportional to the first Chern class.

Q= (n‘ﬁ)k - t) cr (M), (6.38)

The singular time would then be
Qo

n—=~k
where we expect a volume collapsed singularity to form.

. Case III: The coefficient of [Dy] remains uniformly bounded from 0 and instead the

coefficient of [Dy] degenerates. This occurs when 1 < k < n — 1 with ag(n + k) <
bo(n — k). The coefficient, a;, of [Dy] is zero when
Qo

T = . 6.39
— (6.39)

The condition for k£ and n in this case is obtained from imposing (b; — a;)/2k > 0.

The three cases discussed above can be visualised as in Figure 6.2.

6.3 Continuity Method on X, ;

6.3.1 Analysis for Case I

Let x = m*wrg as previously defined and 6 be a semi-positive representative with Calabi
symmetry of the class [Dy]. We can rewrite the reference metric as

(b — ar)

5% 0=ax+ (T —1)0€ a. (6.40)

Lz}t = QX +
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Figure 6.1: Three distinct evolution of the cohomology class of w(t) under (6.1).

Moreover, we observe that 6 — (k —n)x € ¢1(X,x), thus we choose a form € such that

2—_13510g§2 =—0+(k—n)x. (6.41)

™

Reducing to a Monge-Ampere equation in the usual way, we obtain

p(t) = tlog ((T - t)Q> ! (6.42)
»(0) =0.

In Case I, the parameter a; remains uniformly bounded away from zero. Using this property,
we obtain the following lemmas.

Lemma 6.10. Let ©(t) be a solution to (6.42). Then there exists C' > 0 such that for all
tel0,T),
|o(t) ]z (x) < C, (6.43)

and
CHT -t)Q < W" < O(T — ). (6.44)

Proof. The form y is a pullback of a (n — 1,n — 1) form, hence x" = 0. Expanding out the
volume form using (6.40) gives

n—1
Wy = Z af (T — )" Fx* A om*.
k=0

Since a; is uniformly bounded away from 0, then for some C' > 0 independent of ¢ such that
CHT - t)Q <! <O(T — ). (6.45)

Applying the maximum principle to (6.42) yields a uniform upper bound for ¢(¢). The lower
bound follows from the pluripotential theory of degenerate complex Monge-Ampere equation
([DP10; EGZ08]). It can be observed from (6.42) that (6.43) and (6.44) are equivalent. [J
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In addition, the well known Schwartz lemma holds.

Lemma 6.11. Let w(t) be a solution to (6.1). There exists C' > 0 such that
tr, x < C, (6.46)
for allt €10,T).

Proof. These estimates are common and utilise a maximum principle argument. By a
standard identity and rewriting any Ricci terms for w = w(t) using (6.1), we obtain

Ttry,x 1
Ay logtr, x > —C, tr, - 6.47
og try, X e v (6.47)
Furthermore
Ayp=n—atr,x — (T —t)tr, 0. (6.48)

Combining the two lines above and using that € is semi-positive, we can choose A > 0 large
enough so that there exists a C' = C(A) such that

A, (logtr, x — Ap) > tr, x — C. (6.49)

Then we apply the maximum principle and since ¢ is uniformly bounded by Lemma 6.10,
we conclude (6.46). O

Lemma 6.12. The function u; = w,(p) satisfying (6.25) under the range of n,k in Case I
satisfies:

1. The derivative u,(p) remains uniformly bounded away form 0 and is controlled from

above. More precisely
ap < uy(p) < ap + 2k(T —t) (6.50)

for allt €10,T).
2. Limiting behaviour of u,(p) approaching the singular time,

lim (u(p) — arp) = 0. (6.51)

t—T

3. There exist C' = C(wy) such that

1 ekp "y ekp
¢ (1 + ekr)? (T —t) <uy(p) < Cm(T —t) (6.52)
for allt € [0,T).
4. There exist C = C(wy) such that
|Zt,,(<g)) <c (6.53)
t

for allt €[0,T).
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Proof. The proofs for (1), (2) and (3) can be readily adapted from [SW11], we include them
here for completeness. From (6.20) and the convexity of uj, we have

Qy éu; < bt-

Since k > n, a; > ap > 0, that is u; remains uniformly bounded away from 0. Using (6.36),
we rewrite b; in terms of ay;

bt =a; + Qk(T — t),

to obtain the estimate in (1). To obtain (2), we recall that u,(0) = 0 for all ¢ € [0,T), and
S0

p
wlp) —aup = [ (ui(s) - ) ds.
0
We then apply (i) which yields
|ue(p) — aep| < 2k(T —1t)|p| — 0

ast —T.
For (3), we note that Lemma 6.10 implies

det g(t) < C(T — t) det go, (6.54)
where §g is the reference metric with associated potential uy. Thus, we estimate

det go = e~ ()" i

=k (bo — ag) e (ao + (bo — a0) e_"p)"_l (

1+ ekr 1+ ekp)Q

ek

< Ce ™,

where the second equality is obtained from (6.35). Moreover, we have

detg = e (u))" " ul.

Combining the above with the previous two inequalities yields
N < 0y 6.55
(u)” uy < m(—)- (6.55)
Since u; > a; which is bounded uniformly away from 0, we obtain (6.52). Similarly, using
the lower bound in (6.52),
ekp
(1 + ekr)?

To obtain the two estimates in (4), we first rewrite (6.26) as

det(g) > C YT —t)det go > C* (T —1).

n !/ / "
u Uy — U u
Ym0 ol

uy t uy

Since uy > 0, it follows from (6.50) and (6.52) that there exists C' > 0 uniform of ¢ such that

+n.

< C. (6.56)

O
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As a consequence, we can recover the same results in [SW11] for the continuity method.
Theorem 6.13. We have

1. w(t) = ayx.

2. sup,, trg, g < C.

3. For any compact set K C M\ (D U Dy),
sup Vg1, < Crc
K
Proof. In local coordinates

gi;(t) = e Pu'by; + e Py (W — '), and x;;=e "o — e Tz (6.57)

Then it follows easily that

9;5(t) = we™” ((2- - m> = ae”” <5ij - m> = QX
k k

In local coordinates, we use (6.28) and (6.29) to compute

" !/

u u
trg, g = a—% + (n — 1)@—5. (6.58)

From Lemma 6.12, we have

/ 7 1 kp 2
If—fgﬁ and Qf—f,:—( e ) uy < C,
uy - agp gy k(by — ag) eFr
which implies (2). Furthermore,
0
9001 = e (u) — up) (T0ij + Ti0jx) + € PTiw;Ty, (w) — 3uf + 2uj). (6.59)
Away from the divisors [Ds] U [Dy], p and x; are bounded which implies (3). O

Following from Theorem 6.13, we can replicate the same argument as in [SW11] verbatim
to show Gromov Hausdorff convergence.

Theorem 6.14. (M, g(t)) converges to (CP" ', argrs) in the Gromov-Hausdorff sense as
t—T.

We now show that the norm of the curvature tensor blows up at a Type I rate. To do
this, we first prove the following proposition on the scalar curvature.

Proposition 6.15. For solution to (6.1) in Case I, there exists C' > 0 such that

R(t) < Ti_t (6.60)

for allt € [0,T). Furthermore, the blow-up is essential everywhere on X.
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Proof. We first take the trace of (6.1) which yields
1
R(t) = . (tr,wo —m).

In the coordinates given by (6.28), the trace above becomes

u uy N
R(t) =2 1) - —
0= T =V =3
Since a; is uniformly bounded from below,
/
v <a (6.61)
Uy

and using (6.50), we have for compact sets K CC X \ ([Do] U [Dw]) we have

up - C (14 eb*)uy - C
T X .
uf (T —1t) ekr T—t

(6.62)

To obtain bounds near the singular divisors, we take derivatives of both (6.18) and (6.19) to
obtain

= Bl (¢9,0) & e (6.0), (6.63)
and
= Ry (7,0) + el | (7,0) (6:64)
Thus, we have
1 kp\2, 1t 1 kp)2q,1
lim (1+ ekp) U _ k2 and  lim % = k?, (6.65)
p——00 e p—00 €

Therefore, (6.62) holds on the entire manifold X and Proposition 6.15 is proven.
Finally, we use the upper bound of «} in Lemma 6.12 to obtain
ug n C
t

> m - C, (666)

for any points away from singular fibres [Dy] U [Dy]. To extend the lower bound across the
whole manifold, we compute the limits using (6.63) and (6.64) to obtain (6.66) on the whole
of X. Thus, the Type I blow up rate is essential on every point in X. O

From scalar curvature bounds, we obtain bounds on the Riemannian curvature tensor.

Proposition 6.16. Under the continuity method, we have

C
R )w) < = 6.67
[Rm(w(t)loe < 77— (6.67)
Remark 6.17. Since we know that the scalar curvature blows up at an essential Type I rate
everywhere on X, the curvature norm must also do the same since R(t) < C'(n)|Rm(w(t))]we)

for some C depending on the dimension of X.
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Proof. The holomorphic bisectional curvature for metrics with Calabi symmetry condition
is calculated in [Ca096] (also see [Sonl5]),

Rz == (uy — uy) (6:50k + 0adi;)
+ 672’0 (3u2’ — 2’(4 — u;") (5ij5kll + 5i16kj1 + 5“51']‘1 + (Skjém)

"o, 2
+ o2 <6u;” . 11”2/ _ U£4) + GUQ + (utu—”u”) 5ijk:ll (668)
t
2 (1] — uf)?
u;

+e (5Z~ji5k11 + i1 0kj1 + Ok dijn + 5kj15¢11)

By applying a unitary transformation, we can send any point p € C"\{0} to (z1,0,...,0).
Then all the non-vanishing terms of the holomorphic bisectional curvature are given by

2
. A (u///)
Ripr=e 2 <_u§ : + #

t
Ry = 272 (up — ug) k> 1

Ri= - —2p " (U;’)2 k 1
1Tkk = € —uy + AR >

t
Rkl_cll_: €_2p (U; _Ug)Jf > 17l > 17k 7é l.

In these coordinates, by (6.28), the norm of the curvature tensor is given by

[Rm(w)[? = Z 9" 9" " 9" Ry Ry
kd=1
(4) 2\ 2 m\ 2 n ”y 2
Uy (u") L Uy Uy
— <_u2’2 +W) +(n—1)(n+3) (u_g_u_f +(n—1) i —|—u—22 :
(6.70)
On the other hand, taking the trace of the Ricci curvature using (6.28) and (6.30) yields

2(n—Dw’ nm-1) (n—1)(n—2)uf ull™ ul?

R<t> - o u! u u? u2/3 - u;/Q (6'71>
Using Lemma 6.15 and the estimates in Lemma 6.12, we obtain
"2 (4) C
oA A ! (6.72)

u o T T —t
Once again, we use the estimates in Lemma 6.12, there exists constants C; > 0, i = 2,3
such that

1 u!
t
_02 X T, T T 027
t U
and n "
U U
t t
—C5 < ot e S Cs
Uy Uy Uy

Combining the three inequalities with (6.70) give us (6.67). O
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6.3.2 Analysis for Case II

Since the continuity method evolves cohomology as
ar = (T —t) 1 (X), (6.73)

where
ag
n—=k
We apply a rescaling to obtain a normalised equation that keeps the class of the metric
constant. From (6.73) we see that the appropriate rescaling is

T —

w(t) = ;L_t)t (6.74)
from which (6.1) becomes
() = % - - 2 Ric(@(1)) (6.75)

This corresponds to a reparameterisation of the classical continuity method proposed by

Aubin (see [Aub76; Aub84; ZZ20a]). If the manifold admits a unique Kéhler-Einstein metric

wk g, then w(t) converges to this Kahler-Einstein metric in the C*° (X, wy) topology ast — T'.
Returning to (6.1), we take the reference metric based on cohomology to be

&= (T —t)((n — k)x +6). (6.76)

Thus, we expect a fully collapsed deformation. Like in Case I, we reduce the continuity
method to a Monge-Ampere equation

n

o(t) = tlog (ﬁ) with ¢(0) = 0. (6.77)
Lemma 6.18. The solution, p(t), the (6.77) satisfies
()| < C (6.78)
for some C' > 0. Furthermore
CHT —t)" <wW" < O(T —t)"Q. (6.79)
Proof. The proof is similar to that in Case I. Using that (6.76) implies
oy ~C(T —t)"Q.

Then applying a maximum principle argument yields an upper bound. From the results in
[DP10; EGZ08], we obtain a uniform lower bound. O

We aim to replicate Lemma 6.12 for Case II. However, we need to make some modifications.
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Lemma 6.19. The estimates for u = uy(p) in Lemma 6.12 hold with the following modifications
to (1) and (2);
1. Equivalence of uj(p) with a;, that is
(n—k)T —1t) <up) < (n+k)(T—1), (6.80)
for allt €10,T).
2. Limiting behaviour of u,(p) approaching the singular time,

lim u.(p) = 0.

t—=T

3. As with Case I, there exists C' > 0 such that

ekr ekr

C‘lm(T —t) < ul(p) < CW(T —1), (6.81)

and
nm

|ui” (p)]

14

ut (p)

< C. (6.82)

Remark 6.20. A key observation here is that u; is no longer uniformly bounded from below
away from 0.

Proof. The proof only requires slight modification from the proof of Lemma 6.12. Part (1)
simplify follows from a; < u; < by,since a; = (n — k)(T —t) and similarly by = (n+ k)(T —t).

Then for any p € R
p
/ uy(s)ds
0

as t — T'. To obtain (6.81), we again note that (6.52) implies

lui(p)| = < (T —1)|pl — 0,

CHT — t)"det(go) < det(g) < C(T — )™ det(go).

In terms of the potential, u;, the above inequality becomes

ek

< Ut) Uy é Cm(

T -ty

Using that u; > (n — k)(T — t) from (6.80), our desired bound for u] easily follows. The
third order estimates only rely on an upper bound for u} and thus can be derived in the
same way as before in Lemma 6.12. O]

With a lower bound for u} identical to Case I, we obtain the same Type I blow up for
scalar curvature and consequently

Proposition 6.21. In Case II, the Riemannain curvature tensor blows up at a Type I rate.
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Proof. Like in Case I, we first bound scalar curvature. This can be done in the same way
replacing (6.67) with ug/uj < C(T —¢)~'. The bound (6.62) remains unchanged along with
the limit calculations for p — 4o00. Thus the scalar curvature blows up at a Type I rate
and (6.71) holds. Furthermore, v} and uy < C(T" —t) away from singular sets. Thus, the
Type I blow-up for scalar curvature is essential everywhere. Returning to the estimate for
the curvature tensor, we use Lemma 6.19 to bound terms in (6.70) as follows. There exists
C; > 0,1 =1,2,3 uniformly of ¢ such that

G _ w W) _ G
Tt uP? u® ST —t
CQ < 1 ’U,;/ < CQ

T—t u, u?  T—t

and " "
03 Uy Uy 03
X X .
T—t wa  uP T T —t

Substituting the above estimate into (6.70) reveals a type I rate.

U
6.3.3 Analysis for Case III
In Case III, the singular time is "
T=- = o (6.83)
Here a; = (n — k)(T' —t) and b; > 0. The reference metric is given by
W =wo +t((k—n)x —0) == wy + tn. (6.84)

Since —n € C1(X), there exists a volume form ) such that %85 log? = n. One then
reduces the continuity to the following Monge-ampere equations

o(t) = tlog <%n) | (6.85)

For this equation, we also have

Lemma 6.22. The solution, ¢(t) to (6.85) satisfies
IOl oo (x) < C (6.86)

for some C' > 0, and hence,
CO<w" <O (6.87)

The proof is identical to Lemma 6.10. Furthermore, we can see that we are in the
finite time volume non-collapsed case. The Gromov-Hausdorff convergence was obtained in
[LTZ17] in which the limit space was identified to be a weakly Kéhler metric wy which is
smooth outside a subvariety Sy and satisfies

wr = wy — T Ric(wr), on M\Sx. (6.88)

Thus, we need to obtain the curvature bound. For the estimates on the potential w;(p),
we prove the following Lemma.
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Lemma 6.23. The function u = uy(p) satisfies, for all p € R,
1. Bound on u,(p),
(n—k)(T —1t) <uyp) < (n+k)(T —t)+ bo, (6.89)
for allt €]0,T).

2. Estimates on uj(p). For all p € R, there exists C > 0 such that

_ ekr Cu,
o <) < S0 (6.90)
(1 + ekr) T—t
3. There exist C' = C(wy) such that
' (p)l _ _C
< . 91
ui(p) T —t o9

Proof. The estimate in (6.89) follows from the definition of a; and b;. The lower bound of
(6.90) can be derived from the volume estimate (6.87). Similar to the previous cases,

ekr
< (ut)n 1ug

_1—
¢ (14 ebr)2 =

Since in Case III, u; < C, the lower bound for (6.90) follows. The same method however
does not seem to produce effective bounds as in Case II since the volume is non-collapsed.
Hence the lower bound for u} produces an upper bound for u” of (T — )=, To show the
upper bound to part (6.90), consider H;(p) := u}(p)/u;(p). Using (6.18) and (6.19), we note
that

2k k 2 2k k
hm}J:1m1k€%bﬂew+k6p%dwﬁ)zo (6.92)
p——00 p——00 k2ekpu/[Do}(ekp) + ay 7 .
er—kpu/ —k:p + k2€—2kpu// e—kp
lim H = lim D) (i) )zu (6.93)

p—o0 p—ro0 k2ekpuy D }( e~kr) + by

Thus, a maximum exists away from singular divisors. The derivatives of H are given by

u U
/ t t
=z
t t
and W
1", "3
u u U U
" t t t t
u Ut Uy

Using (6.27) and the expression for H’', we rewrite the previous equality as

ul u/l
H'=-"tHg>-H
t t * H

—(n+2)H(H' + H?*) + (n+ 1)H>. (6.94)



6.4. FINITE TIME SINGULARITY 79

At maximum points pg, the above equation yields

0= %H (po) — %-
Using (6.89), we obtain y .

H(po) < —z <7 (6.95)
for some C' > 0 independent of ¢t € [0,7"). Since u, is uniformly bounded, we obtain the
upper bound in (6.90). O
Proposition 6.24. The curvature tensor in Case I satisfies

Rm(w)], < ﬁ (6.96)
Proof. The scalar curvature is bounded from above by

" /

R(t):%ﬂn—l)%—%s %

and we always have a lower scalar curvature bound. From (6.71), and using Lemma 6.23,
we obtain

- < - < : (6.97)

The u; estimates also give us

and n "
_ Cs < Uy 4 Y < L
(T -2~ wu  u? = (T —1t)%
Thus, the worst blow-up term in the curvature tensor is of order (" —t)72. O

6.4 Finite Time Singularity

In this section, we prove Theorem 6.7; if the continuity method encounters a finite time
singularity, the scalar curvature must necessarily blow up. We observe this behaviour in the
analysis of Cases I and II in the previous section. Furthermore, this result holds for the
Kéhler Ricci Flow (see [Zhal0]).

We need some setup before proving Theorem 6.7. For convenience, we rescale (6.1) by

(1+s)w(s) =w(t) with s=t. (6.98)
The continuity method becomes

{(1 + w(t) = wy — tRic(w(t)),

w0) = e, (6.99)
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Choose a form w,, in the canonical class Kx. By Yau’s theorem, there exists a 2 such that
Weo = — Ric(Q). (6.100)

This allows us to define the reference metric,

1 Lt
= (03] w
T+t 11t

W -

oo (6.101)

which is obtained by formally solving the cohomology evolution of (6.99). Then (6.1) reduces

to the scalar equation
14+t w"
—(t) =log | —
;o elt) =log ( Q ) (6.102)

©(0) = 0.

The characterisation (6.4) of the maximum time of existence still applies here and a solution
to the Monge-Ampere equation above generates a solution to the continuity method.

Lemma 6.25. There exists a constant C' > 0 such that for any time t > 1

p(t) < C.
Proof. Expanding out w}', we have
3 (M) et < o 6.103
wt—z i (1+t>nw0/\woo < Cl (6.103)

k=r

Here we have used that t < T' < co. Applying the maximum principle and substituting the
above into (6.102), we obtain some C' > 0 such that

p(t) < C,
for all t € [0, 7). O
From (6.102), we immediately have
Corollary 6.26. There exists C' > 0 such that for allt € [0,T),
w(t)® < CQ. (6.104)

Proof of Theorem 6.7. Suppose that 7" < oo is the maximal time given by (6.4) and assume
by contradiction that R(t) < C for some C' > 0 independent of ¢. From taking the trace of

(6.1), we have
1 14+t
R=—-tr,wy—n (L> ,
t t

which implies
tr, wo < C. (6.105)
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To obtain a lower estimate for w(t), we use the well known eigenvalue estimate and (6.104)
to obtain a C' > 0 such that

n

try, w < (n — 1)!(tr, wo)"_lw— < C, (6.106)

n
0

for all t € [0,T). The last inequality holds from our assumption 7" < oco. Combining (6.105)
and (6.105), we conclude that there exists C' > 0 such that
C wy < w(t) < Cuwyp. (6.107)

To obtain the contradiction, we recall Demailly and Paun’s characterisation of Kahler metrics:

Theorem 6.27 (Theorem 4.2 in [DP04]). Let (X, wo) be a compact Kdihler manifold and let
[a] be a (1,1) cohomology class in HY'(X,R). Then [a] is Kdhler if and only if for every
wrreducible analytic set Y C X,dimY =n, and every t > 0,

/(a + twg)” > 0. (6.108)

However, the lower bound in (6.107) reveals that (6.108) holds for the classes [w(t)] for
all t € [0, 7). From taking the limit, we see that the class [wr] also satisfies (6.108) and thus,
the limiting class is Kahler which contradicts the maximal time of existence. O]

Alternatively, one can derive higher order estimates for w(t) using only maximum principle
arguments. These uniform higher order estimates up to the metric at the singular time T
provide a contradiction with the maximal time of existence T

Alternate Proof of Theorem 6.7. Let g,V, R be the metric, connection and curvature
tensor associated with the form w(t). We use ¢°, V?, (R?);5,7 to represent the same geometric
objects associated with wy. Define the tensor Wi = T' — (I)% and its norm S = [¥2 .
In local coordinates, o

S =" 9" 9"V 9qV 39, (6.109)

On the other hand, by a standard calculation, we have
Ay tr, wy = —Cltr, wy)? — Ctr, wy + gﬁg‘jpggaviggl;v;ggq. (6.110)

Using (6.107), the last term in (6.110) can be estimated by

7" 9" 95"V i90g = "9 96" (Vi = V%) g5 (V5 = V5) g
= Pl (W)l () o 111
>C7ls.

Using the above and (6.107) in (6.110), we can derive the estimate
A tr,wy > —C+C71S, (6.112)

We now derive a lower bound for the Laplacian of the tensor 5 using a similar calculation
by Phong-Sesum-Sturm for the Kahler-Ricci flow. The Laplacian of S yields Ricci terms.
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Using the continuity method (6.1), we can rewrite any Ricci terms as an expression involving
the initial and evolving metrics. From this, we compute (for more details see [Won23b))

ALS=1+11+|VU]2+|VY|2, (6.113)
where
L5 ap ji_ap Gioap 0\ gpkgl Lt
I=- (go 99+ 995" 9 — 9”9 gg) VWi — ——5 (6.114)
and
ﬁi — T k _— Ti _ _
11 =2Re <gﬂ L. <Vb(R0)Z.Ep> xlfg.q) —2Re <g] 9% g1z (Vi RE) %) . (6.115)

Thanks to the metric equivalence (6.107) and using that ¢t < T < oo, we can easily estimate
term [ by
I>-CS8, (6.116)

for some C' > 0. For the first term in I/, we can compute

vE<RO)k _ gl_)ava(RO)k

ibp ibp
= 9" (Va = V2) (R)5, + 9" Va(R)S, (6.117)
= U x Rm(wp) + gB“VQ(RO);?Bp.

We can rewrite the first term using the Cauchy-Schwartz inequality as

= o = E\ = ba
2 Re (gj 9P gt (Vb(RO)i5p> \Ifé-q> = —C|¥ Rm(wo)|w\/§ —C|g" VS(RO)ink " VS (6.118)
> —CS—CVS.

Throughout these estimates, we have used (6.107) to estimate g;; in terms of g% and vice
versa. For the second term in (6.115), we use the continuity equation (6.1) to obtain

1, 1+t ,
Ry = 20" 05 = ——9" gpr-

Here, gg is the metric associated with the form wy. Taking the covariant derivative and using
metric compatibility yields

1 .
k_ L ko 0
ViRp = ;g Vigpf‘
Hence, we can rewrite the second term of I1 as
Ji ,ap 0\ gl
e (g g (Vz-gpl-> \Iqu>
e (g™ (Vi = V0)g%) VT,

e (¢ g™ gl )

—2Re (gﬁg‘jpgk; (ViRI;) \I/_g(l> = —

(6.119)

I
I
~ = X

Q:‘&-I[\DHI[\DH—I[\D

WV
|
w0
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for some C' > 0. Thus, we have
ALS = —CS+ VU2 + [V 2. (6.120)

Using (6.120) and (6.112), we can obtain the estimate for the Laplacian of ) := S+ Atr, wp
to obtain, for some C' > 0, the inequality

AQ>—C+(A-C)S. (6.121)

Choosing A > 0 large enough, we can apply a maximum principle argument to deduce that
at a maximum point of @),

S<C, (6.122)

for some C' > 0. Since tr,, wy is uniformly bounded, we deduce that S < C' where C' > 0 is
uniform of time. Utilising this bound for S, we can return to (6.120) and use the estimate

— 1
VUL > S [Rm(w)P - . (6.123)

to obtain .
A,S = —C+ §]Rm(w)\i, (6.124)

for some C' > 0. The Laplacian of the curvature tensor is given by

A, (IRm(w)l;) = = CiRm(w)l, — Co| Rm(w)[§ — C5|Rm(w)[

— 6.125
+ [VRm(w) |2 + [VRm(w) 2. ( )

Using this, we can deduce that

ALRm(w)?2  |[VIRm(w)]2?
ARl = S - Rt
> —C) — Cy|Rm(w)], — C3|Rm(w)|?
N [VRm(w)[Z | [VRm(w)[Z  |[VIRm(w)[2
Rm(w)ly  [Rm(w)l 4[Rm(w)[}
> —C) — Cy|Rm(w) |, — C3|Rm(w)?,

(6.126)

where the Cauchy-Schwartz inequality is used in the last line;
¢'Vi|Rm[*V;|Rm|? < 2|Rm|* (|VRm|* 4+ [VRm|?) . (6.127)

Setting @ := |Rm(w)|? + AS, for some A > 0 to be deduced later. We can use the previous
estimates to obtain

A
A,Q > —C1 — Co|Rm(w)l, + (5 — 03) IRm(w)|?, (6.128)

for some positive constants C, Cy and C3. Choosing A > 0 large enough, we obtain

A,Q > —C+ [Rm(w)|>. (6.129)
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Then by a maximum principle argument, we deduce that at a maximum point |[Rm(w)|,(po) <
C. Since S is uniformly bounded, we can conclude that

sup |[Rm(w)|, < C, (6.130)
X
for some C' > 0 independent of . Using the identity

1
§Aw|VmRm|2 = [V""'Rm[> = ) V’Rm * VRm x V"Rm, (6.131)

pt+g=m

we can apply an induction argument to obtain bounds on the higher order curvature terms.
Defining the quantity
Q= |V Rm” + AV Rm?, (6.132)

for some A > 0 chosen large enough, we can use (6.131) to setup a maximum principle
argument. This implies that the metric and its higher derivatives are bounded at the singular
time yielding a contradiction. O



Appendix A

Geometry

Geometry is one of mathematics’s oldest fields, dating back to the ancient Greeks. The
famous treatise, ‘Euclid’s Elements’, written in 300 BC, establishes Euclidean geometry.
This framework dominated geometry until the 19th century when Nikolai Lobachevsky
modified Euclid’s fifth parallel postulate to obtain hyperbolic geometry, a geometry outside
Euclid’s paradigm. This, along with the intrinsic Euclidean geometry developed by Gauss,
established the foundations of modern geometry. Today, the modern formulation of geometry,
which captures non-Euclidean spaces, is found in many fields outside of mathematics, the
predominant example being space-time in Einstein’s theory of general relativity.

A.1 Differentiable Manifolds

A manifold is a topological space that resembles open sets of Euclidean space on a local scale
but differs significantly globally.

Definition A.1. A topological manifold, M, is a topological space that is Hausdorff, second
countable and locally Euclidean. We say that a topological space is locally Euclidean if every
point has a neighbourhood that is homeomorphic to an open ball in R™.

These properties guarantee the existence of an atlas.

Definition A.2. An atlas is a collection of pairs (U,, ¢a)aca called charts, where {U,}aeca
is an open cover of M and ¢, : U, — V, C R"™ are homeomorphic maps. Between two charts
(Us, ¢s) and (U, ¢), with Us N U, # 0, we define the transition map to be the composition

¢Bo¢;1zvﬁ—>m.

Charts of an atlas allow us to identify points on the manifold with points in Euclidean
space in a globally consistent manner. Furthermore, we can define the ring of continuous
functions by composing a function f : M — R with a chart fo ¢ ! : V, — R. To define
higher-order regularity of functions, we must impose regularity on the transition maps of the
atlas.

Definition A.3. A smooth manifold is a topological manifold that admits an atlas, (Uy, ¢ )aca
with smooth transition maps!.

IWe call such an atlas a smooth atlas.

85
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Figure A.1: Chart and transition maps of a manifold.

Remark A.4. A topological manifold may not admit a smooth atlas. For example, ES8 is a
topological manifold that cannot be charted by a smooth atlas.

Remark A.5. To remove the dependence on the choice of atlas, we define an equivalence
class of smooth atlases: Two atlases are equivalent to their union is a smooth atlas. This
equivalence class of smooth atlases may not be unique; for example, there are seven smooth
atlases for the exotic 7-sphere.

On smooth manifolds, the smooth transition maps ensure that the regularity of a given
function does not depend on a chosen chart. Thus, we have a well-defined ring of smooth
functions C*°(M), where we say that ¢ € C°°(M) if for each p € M, there exists (Uy, ¢n)
such that f o ¢_! is smooth.

If we replace R" with C" in previous definitions, we can define manifolds that support
an algebra of holomorphic functions.? We call these manifolds complex manifolds.

Definition A.6. A complex manifold is a topological manifold that admits an atlas with
holomorphic transition maps.

Remark A.7. Once again, we remove the dependence on the choice of atlas by defining
an equivalence class of holomorphic atlases: Two atlases are equivalent if their union is a
holomorphic atlas.

2If M is compact, any holomorphic function is constant by the maximum modulus principle. Therefore,
we must use sheaf theory to properly make sense of holomorphic functions on complex manifolds.
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Topological Manifolds | Smooth Manifolds | Complex Manifolds
n-simplex n-sphere Riemann sphere
E8 manifold Exotic 7-sphere

Table A.1: Examples of manifolds

We can construct new manifolds from old manifolds via a Cartesian product or by gluing
points through a quotient space.

Proposition A.8. Let M; and My be a smooth/complex manifold. Then My x My is a
smooth/complex manifold.

Proposition A.9. Let M be a manifold and I" be a discrete group acting on it. If T’
acts smoothly, freely and discontinuously, then the quotient M /T equipped with the quotient
topology is a topological manifold.

So far, we have defined functions on our manifolds. We next describe how to define vector
fields. This is relatively straightforward: if our manifold can be embedded into Euclidean
space, we simply define fields on the manifold using the vector space structure of the ambient
Euclidean space. To do this intrinsically, without an embedding, we introduce vector bundles,
which take the role of ambient Euclidean space.

Definition A.10. A real (or complex) vector bundle over a manifold M is a triple (E, 7, M)
comprising of:

1. a collection of real (or complex) vector spaces { £, },en parameterised by @ € M such
that the union F = Uyep E, is a topological manifold,

2. a continuous projection map 7 : £ — M and

3. for each open set U in a covering of M, there exists a map oy : 71 (U) — U X V that
is a homeomorphism and point-wise an isomorphism. We call ¢ a local trivialisation.

A vector bundle exhibits a local resemblance to a product vector space, yet its global
appearance is notably distinct. This echoes a recurring theme of geometry: locally Euclidean
spaces that differ globally.

Definition A.11. A section of a vector bundle (F,m, M) is a continuous map o : M — E
such that w(o(p)) = p for all p € B.

Sections assign an element of the vector space £, at each point p € M and generalise
vector fields to manifold. The regularity of a vector field is determined through local
trivialisation.

Definition A.12. A smooth vector bundle is a real vector bundle (E,p, M) such that £
and M are smooth manifolds, p: F — M is a smooth map, and the local trivialisations are
diffeomorphisms.

Definition A.13. A holomorphic vector bundle is a complex vector bundle, (E, p, M), such
that £ and M are complex manifolds, p : £ — M is a holomorphic map, and the local
trivialisations are biholomorphisms.
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1
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Figure A.2: Local trivialisation of a vector bundles over S*

There are two important examples of vector bundles: a smooth manifold’s tangent bundle
and a complex manifold’s holomorphic tangent bundle. These are defined through derivations
on the ring of functions supported by the manifold, and the coordinate charts guarantee their
existence.

Example A.14. Let M be a smooth manifold. A derivation at p € M is a R-linear map
D : C>*(M) — R that satisfies the Leibniz identity:

Vg€ C(M): D(fg) = D(f) - g(x) + f(x) - D(g). (A.1)

The tangent space at p, denoted as T),M, is the set of all derivations at a point p € M. The
tangent bundle is the disjoint union of tangent spaces

T™ = | | T,M. (A.2)

peEM

Example A.15. Let M be a complex manifold. The holomorphic tangent space, T, M,
is the set of derivations that vanish on antiholomorphic functions. Similarly, define the
antiholomorpic tangent space T))M as the set of all derivations that vanish on holomorphic
functions. Then

Te,M = T,M @ T M. (A.3)
The complex tangent bundle is the disjoint union of complex tangent spaces
TeM = | | Te,M. (A.4)
peEM

Hidden in the definition of a complex tangent space is an endomorphism of the underlying
real tangent space that takes the role of multiplication by v/—1. This endomorphism is
important when we begin with an even-dimensional smooth manifold and try to complexify
its tangent space to produce a complex manifold.
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Definition A.16. Let M be an even-dimensional manifold. An almost complex structure is
an endomorphism J : TkM — TgM such that J?> = —I. The eigenvectors of J determine
the holomorphic and antiholomorphic sub-bundle of the complexified tangent space.

Remark A.17. On an even-dimensional manifold, .J, exists pointwise. However, a globally

defined endomorphism is equivalent to the reduction of the structure group of the tangent
bundle from GL(2n,R) to GL(n,C).

However, an almost complex structure is insufficient to guarantee a complex structure,
i.e. a holomorphic atlas. The condition that dictates whether an almost complex structure
admits a complex structure is given by the Newlander—Nirenberg theorem.

Theorem A.18 (Newlander-Nirenberg). Let J be an almost complex structure on M and
Nj be the Nijenhuis tensor defined by the equation

N;(X,Y) =X, Y]+ J(JX, Y]+ [X,JY]) = [JX, JY]. (A.5)
Then (M, J) admits a complex structure if the Nijenhuis tensor vanishes.

Furthermore, in our two examples of bundles, the tangent bundle for smooth manifolds
and the holomorphic tangent bundle for complex manifolds, we define a type of differentiation
for each that allows us to make sense of Stoke’s theorem. These lead to the De Rham and
Dolbeault cohomologies.

We use the following notation for forms: Q" (M) := A.(T*M) and Q¢(M) := N (TEM).

Definition A.19. The exterior derivative is the unique R-linear mapping that maps & forms
to k + 1 forms satisfying the following properties.

1. df is the differential of f for a 0 -form f.
2. d(df) =0 for a 0 -form f.
3. d(a AN B) =daA B+ (—1)"(a Adp) where « is a r-form.

Alternatively, one can define the exterior derivative in local coordinates. Suppose we
have a local coordinate system (z',...,2"). The coordinate differentials dz?', ..., dx™ form
a basis of the space of one forms. For a multi-index I = (iy,...,4) with 1 <4, < n for

1 <r <k (and denoting dz™ A ... A dz'* with dz! ), the exterior derivative of a k-form
¢ = gde! = gdz™ ANdx A - A da

over R" is defined as 5
dp = —g.dmi A dx!
ox’
The property d* = 0 leads to the De Rham cohomology, where the exterior derivative is
a co-boundary operator.
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Definition A.20. The De Rham complex is the cochain complex of differential forms on
some smooth manifold M, with the exterior derivative as the differential:

0— QM) S Q' (M) S Q2(M) S QBF(M) = -,

where Q°(M) is the space of smooth functions on M, Q" (M) is the space of r-forms. The De
Rham cohomology is defined by

 Ha e (M) : da = 0}

HE (M) = =T (A.6)
In the complex case, the almost complex structure induces a spitting of forms.
QcM = Q"M @ Q%' M, (A7)
and
QM = By ger QPD M. (A.8)

Projecting the exterior derivative onto each component defines the Dolbeault operator.

Definition A.21. Let M be a complex manifold with exterior derivative d acting on complex
forms. We define 0 : QP¢(M) — QPTL4(M) and 0 : QP4(M) — QP91 (M) by

Oa = 7PT4(da), Oa = 77 (da),

where 7Pt o QEFL(M) — QPFLe(M) and 7Pt QEFY(M) — QPatL(M) denote the
projection maps.

We can now describe vector fields on manifolds through sections of vector bundles.
However, there is a slight problem in that each point possesses its own vector space and
therefore, there is no canonical way to compare sections at different points on the manifold.
Such a comparison is vital in calculating rates of change in the definition of the derivative.
It turns out that an artificial choice must be made by defining a connection.

Definition A.22. A connection on a smooth real vector bundle E over a smooth manifold
M is an R-linear map
V:I(TM) xT'(E) - I'(E),

satisfying the following properties.
1. VyxY = fVxY, that is, V is C°°(M)-linear in the first variable.
2. Vx(fY) =df(X)Y + fVxY, that is, V satisfies Leibniz rule in the second variable.

In the complex case, an analogous definition can stated by replacing R with C and ‘smooth’
with ‘holomorphic’.

A connection on a vector bundle induces a connection on the dual space, tensor powers
and direct sums of E.
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Proposition A.23. Let E be a vector bundle and V be a connection. Then the dual
connection V* on E* defined implicitly by

d((€, $))(X) = (Vx&,8) + (€ Vxs)

is a connection on E*. Here X € I'(T'M) is a smooth vector field, s € I'(E) is a section of
E, £ e T'(E*) a section of the dual bundle. The natural pairing between a vector space and
its dual is denoted as (-,-) and exterior differentiation is d.

Proposition A.24. Let V¥ and V¥ be connections on vector bundles E and F over M.
The product connection is given by

(VP V"), (s®t)=VE(s)®t+s® Vi(t)
18 a connection on E ® F'.

Proposition A.25. The direct sum connection defined by the equation
(VE@ V) (sat) = Vi(s) ® Vi(b),
s a connection on @ F.

The connection allows us to take a directional derivative. Any vector X € T'M defines a
map V — Vx where Vx measures the change of a section of E in the direction of X. Unlike
the canonical directional derivative in R™, the following quantities may be non-zero.

Definition A.26. Let V be a connection on the tangent bundle T'M. The torsion is defined
to be
TV(X,Y)=VxY —VyX — [X,Y] (A.9)

where X, Y € I'(T'M).

Definition A.27. Let V be a connection on the vector bundle E. The curvature is given
by the formula
R;YZ =VxVyZ - VyVxZ - VxyZ. (A.10)

where Z € I'(F) and X, Y € I'(TM).
These two quantities take a central role in geometry. A significant goal of the field is to

understand the interaction between torsion and curvature with the underlying topology and
additional geometric structures on the manifold.

A.2 Riemannian Geometry

The study of Riemannian geometry concerns the study of smooth manifolds equipped with
an additional structure defined on the tangent bundle called the Riemannian metric. The
Riemannian metric is responsible for endowing the manifold with angles and distances.
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Definition A.28. Let M be a smooth real manifold. A Riemannian metric is a smooth
section of T*M ® T*M which is symmetric and positive definite. In local coordinates, the
Riemannian metric can be written as

g= Z gijda’ @ da? (A.11)
ij=1
where g;; == g (8361.,8%.). A Riemannian manifold is a smooth manifold equipped with a

Riemannian metric (M, g).
Example A.29. 1. Euclidean space equipped with the usual inner product (R, d;;).

2. Embedded hypersurfaces in R" equipped with the metric obtained by restricting the
usual inner product on the tangent space of the hypersurface.

3. The space of normal distributions equipped with the Fisher-Rao information metric.

4. The Gibbs distribution for the grand canonical ensemble in thermodynamics equipped
with the Fisher-Rao information metric.

5. Projective space equipped with the Fubini-Study metric.

6. Grassmanians are submanifolds of projective space, thus inheriting a Riemannian
metric.

7. A Lie group with any left invariant inner product on the Lie algebra.
8. Space-time from Einstein’s theory of general relativity is a pseudo-Riemannian manifold.

A Riemannian metric can be interpreted as an inner product on the tangent space that
a smoothly varying as you move around in the base manifold. It allows us to define distance
and geodesics.

Definition A.30. Let v : I — M be a curve on (M, g). The the length of v is

il = | Vo )s. (A12)

Definition A.31. Let (M™, g) be a Riemannian manifold. We say that a curve 7 : [t, ;] —
M is a geodesic if 7 is a (local) minimum of the length functional ||-,.

The norm induces a metric space structure on the topological space M.

Definition A.32. The metric d : M X M — Ry induced by the Riemannian metric g si
give by the following formula

d(p, q) := inf{[|7|l, | v : [0,1] — M, piece wise smooth curves with v(0) = p and (1) = ¢}.

If a curve attains this infimum, it is called a segment between p and gq.
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Remark A.33. Defined as above, (M, d) becomes a metric space with an induced topology
that is equivalent to the topology of the underlying manifold (M, 7).

Definition A.34. Let (M", g) be a Riemannian manifold and p € M be a point. The
exponential map exp, : U — M is defined by sending v, € T,M to the endpoint v(1) € M
of the unique geodesic v with v(0) = p and ¥(0) = v,,.

If the exponential map can be extended to all of 7'M, then we say that the manifold is
geodesically complete. This relates to the completeness of the induced metric space through
the Hopf-Rinow theorem.

Theorem A.35 (Hopf-Rinow). Let (M, g) be a connected and smooth Riemannian manifold.
Then the following statements are equivalent:

1. The closed and bounded subsets of M are compact;
2. M 1s a complete metric space;

3. M 1is geodesically complete.

Definition A.36. Let (M, g) be a Riemannian manifold. A Levi-Civita connection is an
affine map that is:

1. Compatible with g : X (g(Y,2)) = g(VxY,Z) + g(Y,VxZ).
2. Torsion free: VxY — Vy X = [X,Y].

Theorem A.37 (Fundamental Theorem of Riemannian Geometry). Every Riemannian
manifold admits a unique Levi-Civita connection.

Let 0x := g(X,-). An equivalent way to define the Levi-Civita symbol without invoking
the fundamental theorem is the following.

Definition A.38. Let (M, g) be a Riemannian manifold. The Levi-Civita connection can
be written as

29(Vy X, Z) = (Lxg)(Y, Z) + (dOx)(Y. Z). (A.13)

The expression for the Levi-Civita connection above tells us that the connection in the X
field depends on a Lie derivative of g with respect to X and the divergence of X. Although
theoretically nice, this formula is difficult to unpack. The Kozul Formula provides a more
convenient expression of the Levi-Civita connection.

Proposition A.39 (The Koszul Formula). The Levi-Civita connection for (M, g) is given
by
29(VxY,Z) = 0x(9(Y, Z2)) + Oy (9(X, Z)) — 02(9(X,Y))
+g([X7 Y]a Z) - g([Xa Z]7Y) - g([Ya Z]aX) .

Definition A.40. The curvature tensor for the Levi-Civita connection is called the Riemannian
curvature tensor. It is sometimes more convenient to identify the curvature tensor with the
following tensor;
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Proposition A.41. The Riemannian curvature tensor satisfies the following properties.

1. Symmetry:

RM(X,Y,Z,W)=—RM(Y,X,Z,W) = —RM(X,Y,W, Z).

2. The First Bianchi Identity:

RM(X.,Y,Z,T)+ RM(Y,Z,X,T) + RM(Z,X,Y,T) =0

3. The Second Bianchi Identity

(VxRM) (Y, Z,T,W) + (VyRM) (Z,X,T,W) + (V,RM) (X,Y,T,W) = 0

There are several ways we can reformulate the curvature tensor. Due to the symmetries
in Proposition A.41, we can write the curvature tensor as a bilinear map on the alternating
space \?M.

Definition A.42. The curvature operator is a symmetric bilinear form on
R:N°M x \*M — R,
and is defined by the expression
R(XANY,ZANW)=RM(X,Y,Z,W).

We can also reformulate the curvature tensor in a way that directly generalises Gaussian
curvature.

Definition A.43. The sectional curvature is given by the expression

RM(X,Y,Y, X)
X AY]

sec(X,Y) = (A.15)

Sectional curvature is the Gaussian curvature of two planes passing through a point p.
Moreover, the sectional curvature at each point on the manifold gives sufficient information
to recover the full Riemannian curvature tensor.

The definition of the curvature tensor is quite abstract. Reading off from the definition,
the curvature tensor measures the failure of second-order covariant derivatives to commute.
The next theorem gives us a more geometric interpretation of the curvature tensor. We first
recall the following definition,

Definition A.44. We call a Riemannian manifold (M, g) locally flat if, for every p € M,
there is a neighbourhood p € Y C M and an embedding ¢ : U/ — R™ such that ¢*gy = g.

Theorem A.45. A Riemannian manifold (M, g) is locally flat if and only if its Riemann
tensor vanishes identically.
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Therefore, the Riemannian curvature tensor measures obstruction for finding coordinates
charts that are isometrically Fuclidean.

The curvature tensor contains all the information regarding the geometry of our manifold.
Working with the full tensor is unwieldy, thus it is useful to define weaker but more tractable
notions of curvature.

Definition A.46. The Ricci Curvature is defined by
Ric(X,Y) =tr(Z — R(Z, X)Y). (A.16)

Remark A.47. The Ricci curvature measures the difference in the volume of the unit ball
when compared to the unit ball in Euclidean space.

Definition A.48. The scalar curvature is defined by the equation
R = try Ric(g). (A.17)

One of the central goals of Riemannian geometry is to determine how the curvature of the
Levi-Civita connection interacts with the distance it induces and the underlying topology.
For example, a positive curvature imposes the following geometric restriction on the manifold.

Theorem A.49 (Hopf-Rinow 1931 and Myers 1932). Suppose (M, g) is complete and satisfies
sec = k > 0. Then M is compact and satisfies diam(M, g) < \/lg = diam(S}). In particular,
M has finite fundamental group.

Remark A.50. Completeness is a crucial property for this theorem and others of a similar
type. Without completeness, the curvature does not seem to impose any restrictions. For
example, Gromov showed that any noncompact Riemannian manifold that is not geodesically
complete admits metrics that display any range of sectional curvature (any open set on the
real line).

The restriction holds with a positive sign on the Ricci curvature.

Theorem A.51 (Myers 1941). Suppose (M, g) is a complete Riemannian manifold with
Ric(g) > (n—1)kg > 0. Then diam(M, g) < 7/vk and (M, g) has finite fundamental group.

Positive curvature may restrict the underlying topology in more subtle ways.
Theorem A.52 (Synge, 1936). Let M be a compact manifold with sec > 0.

1. If M is even-dimensional and orientable, then M is simply connected.

2. If M 1s odd-dimensional, then M 1is orientable.

Theorem A.53 (Berger, 1962 and Grove-Shiohama, 1977). If (M, g) is a closed Riemannian
manifold with sec > 1 and diam > 7 /2, then M is homeomorphic to a sphere.

Theorem A.54. Suppose (M, g) is simply connected of dimension n with 1 < sec < 4 + €.
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1. (Berger, 1983) If n is even, then there is €(n) > 0 such that M must be homeomorphic
to a sphere or diffeomorphic to one of the spaces CP™? HP"* CP?.

2. (Abresch-Meyer, 1994) If n is odd, then there is an € > 0, which can be chosen
independently of n, such that M is homeomorphic to a sphere.

If one relaxes the assumption of the manifold being simply connected, we get the following
classification.

Theorem A.55. (Grove-Gromoll, 1987 Wilking, 2001) Suppose (M, g) is closed and satisfies
sec > 1, diam > 5 Then one of the following cases holds:

1. M is homeomorphic to a sphere.

2. M is isometric to a finite quotient S"(1)\I', where the action of T is reducible (has an
invariant subspace).

8. M is isometric to one of CP"2 HP"* CP"?2 /7, for n =2 mod 4.
4. M is isometric to OP?.

The sphere theorems give a nice description of positively curved closed manifolds. For
manifolds with non-negative sectional curvatures, we have the famous soul theorem.

Theorem A.56. (Cheeger-Gromoll-Meyer, 1969, 1972) If (M, g) is a complete noncompact
Riemannian manifold with sec > 0, then M contains a soul S C M which is a closed totally
convex submanifold, such that M is diffeomorphic to the normal bundle over S. Moreover,
when sec > 0, the soul is a point and M is diffeomorphic to R™.

A.3 Hermitian (Geometry

The study of Hermitian geometry concerns the study of complex manifolds, connections
and their interaction with an additional structure defined on the tangent bundle called the
Hermitian metric. A Hermitian metric is smoothly varying Hermitian inner product on the
complex tangent space, which splits into real and imaginary components.

Definition A.57. Let M be a complex manifold of dimension n. A Hermitian metric on
T M is given by a positive definite inner product on the holomorphic tangent space at z € M
depending smoothly on z. In local coordinates on M, the Hermitian metric takes the form

1]

where h; ; is a smooth function is z. A Hermitian manifold is a complex manifold equipped
with a Hermitian metric (M, h).
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The real and imaginary components of the Hermitian metric induce a Riemannian metric
and a quadratic form. Using the R-linear isomorphism

TZ,RM — T;M,

we have
Reh : TR,Z(M) X TR,Z(M> — R

which is a Riemannian metric on M. We call this the induced Riemannian metric. The
imaginary component of the Hermitian metric defines an alternating quadratic form

Imh : Ty (M) @ T, (M) — R.

We can see this by writing the Hermitian metric explicitly. If (o1, ..., ¢,) is a co-frame for

ds?, we write
i =a; + V15

where o; and ¢; are real differential forms.

h= (3 (+v=18)) @ (3 (s = v=15))
:Z(ai®ai+ﬁi®/3¢)+\/—_12(—ai®5i+5i®ai),

The induced Riemannian metric is given by the formula

Reh:Z(Oéi®Oéi+5i®ﬁi)

and the associated (1,1) form of the alternating quadratic form of the Hermitian metric is
given by

w:—%Imh:Zaz/\@:gz%/\%

It follows from the last representation that given any (1,1) form w, we can construct a
Hermitian form H(,) on each tangent space T/M. The Wringer theorem highlights the
interplay between a Hermitian metric’s real and imaginary components.

Theorem A.58. For a complex submanifolds S (dimension d) of a manifold M with (1,1)

form w, we have
1
vol(S) = a/swd.

One can define various types of natural connections on Hermitian vector bundles over
complex manifolds called Hermitian connections. Given a Hermitian manifold (M, h, J), the
natural connection to study is one that is compatible with the complex structure J and
Hermitian metric h.

Definition A.59. Let (E,m, M) be a complex vector bundle over a smooth manifold equipped
with a Hermitian metric A and a complex structure J. A Hermitian connection is a connection
such that

Vh = 0. (A.18)
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Given a Hermitian vector bundle, a connection compatible with both the Hermitian and
holomorphic structure is called the Chern connection.

Definition A.60. Let (F,h) be a Hermitian vector bundle over a complex manifold M.
The Chern connection is a Hermitian connection such that for any smooth sections s of
E,my1Vs = 0gs where g ; takes the (0, 1)-component of an E-valued 1-form.

Remark A.61. There exists a unique Chern connection on every Hermitian holomorphic
vector bundle (F,h).

On the other hand, one can ask for a connection that preserves the metric and complex
structure. However, in general, one has to forfeit zero torsion.

Definition A.62. Let (M, h) be a complex Hermitian manifold. The Bismut connection is
the unique connection that satisfies the following conditions,

1. The connection, metric and complex structure satisty Vg = VJ = 0.

2. The torsion T'(X,Y) contracted with the metric, i.e. T(X,Y,Z) = g(T(X,Y), Z), is
totally skew-symmetric.

Gaudachon showed that one can generate a line of Hermitian connections in the following
way.

{vs - (1—%) VC+§vb:s ER} (A.19)
where V¢ = V? and V® = V? are the Chern and Strominger-Bismut connections.

Hermitian manifolds are far less understood than Riemannian manifolds. However, when
the Levi-Civita and Chern connection coincides, we gain access to the theorems developed in
Riemannian geometry. Such manifolds are called Kahler manifolds, and despite the strong
condition, there are many natural examples of these.

A.4 The Embedding Theorems

In this section, we mention some embedding theorems which provide a solid grounding
on the abstract definition of manifold. Each embedding theorem states that each type
of manifold can represented as a hypersurface in some canonical space RY,C" and CP".
However, the dimension N will not coincide with the manifold’s dimension and is often a
much larger quantity. We can interpret the intrinsic notion of a manifold as a more condensed
representation of a higher dimensional hypersurface.

For smooth structures, we have Whitney’s embedding theorem.

Theorem A.63 (Whitney Embedding Theorem). Let M be a smooth manifold of real
dimension n € N. There exists a smooth embedding

L: M — R™ (A.20)
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Remark A.64. The dimension of the target space is sharp.

For Riemannian structures, we have the Nash embedding theorem.

Theorem A.65 (Nash embedding theorem). Let (M, g) be a compact Riemannian manifold.
There exists an isometric embedding

LM — RN (A.21)
where RY is equipped with the standard Euclidean metric.

For compact complex manifolds, no holomorphic embedding exists into CV. This is a
consequence of the maximum modulus principle for holomorphic functions. If we instead
consider embedding into complex projective space, then we have the following theorem.

Theorem A.66 (Kodaria’s Embedding Theorem). Let M be a compact complex manifold,
and L — M be a positive line bundle. There exist integers N,m > 0 and a holomorphic
embedding

v M — CPY (A.22)

with ¢*Ocp(1) = L¥™. Moreover, the converse holds.

A.5 Classification

Now that we have defined topological manifolds and placed them on solid footing via
Whitney’s embedding theorem, we can now describe a classification theory of manifolds.
We start with defining a useful topological concept, the universal cover.

Definition A.67. A universal cover of a connected topological space M is a simply connected
space M with a map f : M — M that is a covering map; an open surjective and locally
homeomorphic map.

The following proposition dictates the existence of a universal cover.

Proposition A.68. Let M be a connected, locally simply connected topological space; then,
there exists a universal covering p: M — M.

Every manifold admits a universal cover. Indeed, every manifold is locally homeomorphic
to an open subset of R™, which implies that the manifold is locally contractible and thus
locally path connected and locally simply connected. Furthermore, we can construct manifolds
by taking quotients of simply connected spaces (see Proposition A.9). We may be able to
generate all closed manifolds using this procedure. This naturally leads to the idea of a
classification of closed surfaces through the universal cover.

Definition A.69. A model geometry is a simply connected smooth manifold M with a
transitive action of a Lie group G. A geometric structure on a manifold M is a diffeomorphism
from M to M/T' for some model geometry M, where I' is a discrete subgroup of G acting
freely on M.

It turns out that there are only three model geometries modelling all closed surfaces and
eight for 3-manifolds.
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Genus Surface Model Geometry

0 S? Spherical
1 T? Euclidean
2 T2#4T? Hyperbolic
3

T24T2#T? | Hyperbolic

Table A.2: classification of closed surfaces.

Uniformisation Theorem

We first recall the following definitions before stating the classification of closed surfaces.

Definition A.70. A connected sum of two m-dimensional manifolds is a manifold formed
by deleting a ball inside each manifold and gluing together the resulting boundary spheres.

Definition A.71. Given a triangulation of a closed surface S with vertices V', faces F' and
edges E the Euler characteristic is

X(S) = V[ = [E[ +[F]. (A.23)

Remark A.72. The Euler characteristic is independent of the triangulation.

The Euler characteristic relates to genus by
X(S) =2-2g. (A.24)

Curvature enters the picture through the Gauss-Bonnet theorem. The formula states
that

/KdS = 2mx(5) (A.25)
S

where K is the Gaussian curvature for S. If S is modelled on a smooth manifold M with
Riemannian metric g, then K coincides with the curvature of (M, g). There are three
common constant curvature geometries. These are the spherical geometry with curvature 1,
Euclidean with curvature 0 and hyperbolic geometries with curvature —1. The uniformisati
on theorem states that these are the only three model geometries needed to describe any
closed surface.

Theorem A.73 (Uniformisation Theorem). Any closed surface admits a geometric structure
modelled by the Euclidean, the hyperbolic, or the spherical space.

These geometries admit Einstein metrics, which are self-similar solutions to the Ricci
flow. Running the flow from these metrics, we see that spherical geometries shrink, Euclidean
geometries are stationary and hyperbolic geometries expand. In this light, it should not be
surprising that the Ricci flow can provide an alternative proof to the uniformisation theorem

(Chen-Lu-Tian [CLT06]).
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Figure A.3: Surfaces modelled on spherical, flat and hyperbolic spaces.

Geometrisation Theorem

The Geometrization Theorem is the three-dimensional analogue of the uniformisation theorem.
A straightforward classification does not exist in two dimensions. However, Thurston proposed
that closed 3-manifolds can be canonically decomposed into one of 8 model geometries. There
are two stages of this decomposition: prime decomposition and JSJ decomposition.

Definition A.74 (Prime Decomposition). A manifold is prime if it cannot be represented
as a connected sum of more than one manifold, none of which is the 3-sphere. A prime
decomposition of a manifold is the representation of the manifold as a connected sum of
3-prime manifolds.

Remark A.75. Every 3-manifold can be written as a unique connected sum of 3-prime
manifolds

Definition A.76 (JSJ Decomposition). Irreducible orientable closed 3-manifolds have a
unique (up to isotopy) minimal collection of disjointly embedded incompressible tori such
that each component of the 3-manifold obtained by cutting along the tori is either atoroidal
or Seifert-fibered.

Applying the prime decomposition followed by a JSJ-decomposition yields complements
that admit one of Thurston’s eight geometries. These are

—_~—

R3,S% HA,S? x R, H? x R, Sol, Nil, and SLy(R). (A.26)

Theorem A.77 (Geometerisation Theorem). Let M be a compact, orientable, prime 3-manifold.
There is a finite collection of disjoint, embedded, incompressible tori in M so that each
component of the complement admits a geometric structure modelled on one of the eight
Thurston’s geometries.

Three of the Thurston geometries are spaces as the three-dimensional versions of the
model geometries in the uniformisation theorem: R,S? and H?. In addition to these, we
have two product model geometries. The remaining three are Lie Groups. Some properties
of these spaces are listed in Table A.3. Each space is characterised by the first fundamental
group. The groups listed here are a subset of the set of all fundamental groups, and again,
we see that the most abundant model space is the hyperbolic space H?. As in the case
of surfaces, the model geometries R, S* and H? admit Einstein metrics and therefore are
self-similar solutions to the Ricci flow. Under the flow, R? is static, S® shrinks and H?
expands. Thus, given an arbitrary initial metric on these spaces, we expected the flow to
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Geometry Metric Ricci Curvature T (M)
R3 ds* = da® + dy* + d=* R;; =0 Virtually
abelian
S? ds? = da? + sin® zdy® + (dz + coszdy)? | Ry = 3gi; Finite
H3 d82 = :z:_12 (dl’Q + dy2 + dZQ) Rij = —2ng Other
S?xR ds? = da? + sin® zdy® + dz? Ry; =1, Ry =sin’x Vlrt'ually
cyclic
N am (M)
2 2 _ 1 (7.2 2 2 _ _ 1 1
H* x R ds® = P (dlL‘ + dy ) + dz R11 RQQ 22 N cyclic
_ Virtually
2 _ 2272 22 7,2 2 _
Sol ds® = e*dx” 4+ e “*dy” + dz Rz = —2 solvable
: Rip = —1 Rgp =21 Virtually
2 _ 2 2 2 11 9y 12 2
Nil ds® = dr* + dy* + (dz + xdy) Rys = L Roy = 2 nilpotent
2 _ 1 2 2 1.7.)\2 Rll—_%aRQQZ_r_z N <am (M)
SL(2,R) | ds* = & (dz® + dy?) + (dz + 2dy) Ry = Lo Ty — 1 N eyclic

Table A.3: Thurston’s eight model geometries, their Ricci curvature and fundamental groups.

converge to these Einstein metrics. In this way, the role of the Ricci flow in Thurston’s
geometerisation is clear. Hamilton initiated the use of the Ricci flow to resolve the Poincare
conjecture, [Ham82a], which was vital in completing the proof of Theorem A.77. Much

progress was made by Hamilton and others.

This led to the breakthrough by Perelman

[Per02; Per03], who introduced the analysis required to understand the singularity formation
of the Ricci flow in three dimensions. Furthermore, he extended the work of Hamilton on
the surgery of 3-manifolds, which permitted him to complete the proof of the geometrisation

conjecture.




Appendix B

The Maximum Principle

In Riemannian geometry, the underlying manifold is smooth and therefore supports a differentiable
structure. In this setting, smooth functions and derivatives are well-defined; therefore, one

can write down partial differential equations (PDEs) on the manifold. These equations

are important in modelling phenomena on non-Euclidean geometries. Moreover, partial
differential equations describe many geometric structures. Many geometric problems can be
reduced to finding solutions of partial differential equations.

B.1 Second Order Equations
Definition B.1. A scalar linear partial differential operator of order k is an operator P :
C®(M) — C*(M) of the form

Pu = Z a®0%u. (B.1)

lo| <k
where « is a multi-index and a®* : M — R.

Definition B.2. The symbol op(x,£) of P at a point x € M is a polynomial in the cotangent
bundle given by

op(r,6) = ) 0 (B.2)

laf=k

under some local trivialisation.
Second order partial differential equations are classified based on their principle symbol.

Definition B.3. Let (M, g) be a Riemannian manifold and v : M — R be a smooth function.
An elliptic equation is a partial differential equation of the form

Liul=0 (B.3)

where L is a second-order linear differential operator with a positive principle definite
principle symbol (61 (x,&) > 0 for all trivialisations (z,£) € T*M with £ # 0). We call
L an elliptic operator.

103
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Definition B.4. Let (M, g) be a Riemannian manifold and w : M x [0, 7] — R be a smooth
function on the manifold over some time interval [0,7]. A parabolic equation is a partial
differential equation of the form 5
u
e = L[u] (B.4)
L is a second-order linear differential operator with a positive principle definite principle
symbol (6 (x,&) > 0 for all trivialisations (z,&) € T*M with £ # 0).

Definition B.5. A weakly parabolic equation is defined in the same way as parabolic
equation, but allow 6 (z,£) = 0 for some x € M and £ # 0.

Example B.6. Let (M, g) be a Riemannian manifold and A, be the laplace-beltrami oprator
associated with g. The heat equation

ou

is a parabolic equation on (M, g).

Example B.7. Let (M, g) be a Riemannian manifold with scalar curvature R and A, be
the laplace-beltrami oprator associated with g. The backwards heat equation

ou

e =Aju+R (B.6)

is a parabolic equation on (M, g).

Linear operators exhibit nice behaviours but are rare, especially in geometry. Instead,
partial differential equation in geometry tend to be nonlinear.

Definition B.8. A quasi-linear operator of order k is an operator F' : C*°(M) — C*(M)
of the form

F (m, u,ou, . . .8’%) = Z a® (:zc, u,ou, . .. ,8k_1u) 0%u+ f (:v, u,ou, . .. ,ak_lu) . (B.7)

|al=k

Remark B.9. Quasilinear operators are therefore linear in its highest derivative of u. If the
coefficients also depend on 0*u, then the operator is called fully non-linear.

Example B.10. Let u : R” — R be a graph over a domain Q@ C R" and K(z) be some
function. Then

(n+2)/2

det D*u — K(x) (1 + |Du |) =0 (B.8)

is a second order fully nonlinear equation.

We can still make sense of parabolic and elliptic classifications for nonlinear equations
by first linearising them.

Definition B.11. Let F' be a nonlinear differential oeprator. Then its linearisation, denoted

as L, is defined to be
. d -
—F(x,u+ ev) (B.9)
d e=0
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Through linearisation, second order nonlinear operators can be categorised.

Definition B.12. Let F' be a nonlinear second order operator ' and L be its linearisation.
The second order equation

F(x,u,0pu, 0%u) = 0 (B.10)

is an elliptic equation if
L(u) =0 (B.11)

is elliptic.

Definition B.13. Let F' be a nonlinear operator F' and L be its linearisation. The second
order equation

ou

T F(x,u, 0yu, 0%u) (B.12)
is a parabolic equation if
ou
— =1L B.1
= L) (.13

is parabolic.

Often in geometry, we work on vector bundles of the manifold. Indeed, important
geometric quantities such as the metric and curvature tensors live in vector bundles. Therefore,
we need an analogous notion of parabolic and elliptic equations.

The same definitions can be recycled but rather than coefficients taking values in C* (M),
they instead take values in Hom(E) where 7 : R — M is a vector bundle over M. A linear
operator of order k is therefore an operator L : I'(E) — I'(E) of the form

L(v) =Y L0 (B.14)

la|<k

where L* € Hom(F). Its symbol is given by

oL(x,§) = L%, (B.15)

| <k

Elliptic and parabolic equations are defined in the same way for scalar functions through the
symbol of the operator. A quasi-linear operator takes the form

F (x, v, 0V, ... a’%) = Z A“ (x, v, 00, ... ,8k_lv) v+ f (:U, v, 0V, ... ,8k_lv) (B.16)

|laf=k

where A® : I'(E) — I'(E). Similarly, second-order nonlinear operators can be classified by
first linearising the equation and taking the principle symbol.
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B.2 Estimates

A wealth of methods and techniques are available to study partial differential equations.
Second-order equations contain only first and second derivatives, which lands us immediately
in the realm of maximum principle arguments. These arguments are fundamentally based on
the observation that the first derivative vanishes at maximum points and the second admits
a sign. As a result, maximum principle arguments are particularly effective for second-order
equations, since maximum points impose very strong conditions on the equation, and may
result in bounds on solutions or the ruling out of non-trivial solutions.

Theorem B.14 (Maximum Principle). Let (M, g) be a compact Riemannian manifold with
boundary and uw € C*(M) such that

L(u) >0 in M. (B.17)
Then
max ¢ = max u. (B.18)
M oM

Theorem B.15 (Weak Maximum Principle). Suppose that (M, g) is a compact Riemannian
manifold with boundary OM and u € C*°(M x (0,T]) satisfies

ot

where L is an elliptic operator. Then

<2—L>u<0 in M x (0,T] (B.19)

max U = maxu
M x[0,T] I'r

where 'y = (OM x [0,T]) U (M x {0}).

Theorem B.16 (Strong maximum principle). Suppose that (M, g) is a connected Riemannian
manifold with boundary OM and u € C®°(M x (0,T]) satisfies

(% - L) u<0 in M x(0,T)] (B.20)

where L is an elliptic operator. If u altains a non-negative maximum over M x [0,T] at a
point (xg,ty) € (M\OM) x (0,T], then u is constant on (M\OM) x (0, o).

Theorem B.17 (Comparison Maximum Principle). Suppose that (M, g) is a closed Riemannian
manifold and uw € C°(M x (0,T]) is a subsolution to the parabolic equation, that is

(Q_L)ugf(u,t) in M x(0,T]

ot (B.21)

u(-,0) < CeR

where L is an elliptic operator and f: R x [0,T] — R is a smooth function. Suppose further
that ¢ : [0, T] — R solves the following ODE:
do

= 16(t).)

¢(0) =C
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Then, for allt € [0,T], we have

Swapping the inequalities and looking at minima points in the maximum principle gives
us similar results for minima.

Theorem B.18 (Minimum Principle). The mazimum principle also for minimum points if
we replace > with < in the previous three theorems.

For vector bundle values PDEs, we need Hamilton’s extension of the maximum principle.

Theorem B.19 (Hamilton’s maximum principle). Let t — (M, g(t)) be a smooth flow of
compact Riemannian manifolds on a time interval [0,T]. Let V be a vector bundle over M
with connection V, and let u : [0,T] — T(V) be a smoothly varying family of sections that
obeys the nonlinear PDE

d

Eu(t, x) =VVou+ F(t,z,u)

where for each (t,x) € [0,T] x M,

F(t,z):V, =V, (B.22)

is a locally Lipschitz function (using the metric on V, induced by g) which is continuous in
t, x with uniformly bounded Lipschitz constant in the 1-neighbourhood (say) of K,. For each
timet € [0,T], let K(t) CV a closed fibrewise convex parallel set varying continuously in t.
We assume that K is preserved by F in the sense that for each (t,x) € [0,T) x M and each
boundary point v € 0K, (t) C Vi, the spacetime vector (1, F(t,x,v)) € R x V,, is an inward
or tangential vector to the spacetime body

K, :={({t'v):te]0,T],v € K, (')}

at the boundary point (t,v). Suppose also that u(0,z) € K,(0) for all x € M. Then u(t,z) €
K,(t) for all (t,z) € [0,T] x M.

To end this section, we mention some inequalities in Kahler geometry that are crucial in
setting up maximum principle arguments. These are also known as Schwartz lemmas and
allow one to calculate the laplacian of the metric tensor.

Proposition B.20 (Aubin-Yau). Let w,w’ be two Kdhler forms on a complex manifold X.
If the holomorphic bisectional curvature of w is bounded below by a constant B € R on X,
then

_ tr, Ric (o)

A, logt N>
w’ 10g ULy, (w) tI‘w (w,)

+ Btry(w).

Remark B.21. For this inequality to be valid, we need a lower bound on bisectional curvature
for w and an upper bound on Ricci curvature for w’.

Proposition B.22 (Chern-Lu). Let w’' and w be Kdhler metrics. Then

1 7 1 7 i
A, logtr,w' > tro o (gkegpq Ric (W) (9,7 — g"¢" (Rm (W/))kzpq> (B.23)
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B.3 Existence and Regularity for Second Order Linear
Equations

Second order elliptic and parabolic equations have nice existence and regularity properties
due to the estimates available for these equations. Consider the following equation.

ou .
o = L(u) in M x(0,T] (B.24)
u(-,0) =0

A classical result due to Aubin and Hamilton (for manifolds with boundary) guarantees
the existence and uniqueness of smooth solutions to (B.24).

Theorem B.23. There exists a unique and smooth solution to (B.24).

For quasilinear parabolic PDEs, we only have short time existence. Suppose we have the
following equation.
ou
— = F (z,t,u, Ou, 0%u
u(-,0) = uo(z)

Theorem B.24 (Short time existence). Suppose that ug € C*°(M), then there exists € > 0
such that (B.25) has a unique smooth solution u(x,t) for (z,t) € M x [0,¢].

(B.25)

This is quite informative when working with the Ricci flow. The evolution of various
geometric quantities are parabolic but non-linear, thus reflecting the fact that the flow exists
for short times but in the long run, singularities often develop.
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