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Abstract

The Ricci flow has shown to be a powerful tool in the study of Riemannian geometry. In this setting, we
provide explicit proofs for the isometric invariance of the Levi-Civita connection, Riemann curvature tensor and,
subsequently, the Ricci curvature. The latter allows one to show that the Ricci flow is invariant under the
infinite dimensional group of diffeomorphisms. This causes the Ricci flow, characterized as a heat-type non-linear
partial differential equation, to be weakly parabolic. In general, existence and uniqueness theorems only apply
to strongly parabolic equations. With DeTurck’s trick, we show that on a closed Riemannian manifold of any
dimension, existence and uniqueness of short-time solutions to the Ricci flow can still be obtained. In addition, we
investigate the evolution of the Ricci flow on two-dimensional almost-Riemannian structures (2-ARS) on compact,
oriented and connected smooth manifolds. These are generalized Riemannian structures on surfaces for which an
orthonormal frame is obtained from a pair of vector fields that satisfy the Héormander condition. The vector fields
can become collinear at certain points, which as a collection define a singular set. If one removes the singular
set from the connected manifold, one obtains two regular Riemannian structures on both parts of the surface.
However, these are non-complete Riemannian surfaces with boundary, giving rise to difficulties regarding the
evolution of Ricci flow on these surfaces.
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1 INTRODUCTION

1 Introduction

The Ricci flow was introduced by Richard Hamilton in his 1982 paper Three-manifolds with positive Ricci
curvature [1]. With the help of essential observations from Shing-Tung Yao, it was soon conjectured as
being the key to proving Thurston’s geometrization conjecture [2], which has the Poincaré conjecture [3]
as a corollary. The former states that every closed three-dimensional manifold can be decomposed in such
a way, that each remaining component admits exactly one of eight types of geometries. The Poincaré
conjecture claims that every simply connected, closed three-dimensional manifold is homeomorphic to the
3-sphere. Both conjectures belonged among the most important open questions in mathematics. Hamilton
proceeded in publishing numerous papers in these directions, but it was the Russian mathematician
Grigori Perelman who was eventually able to prove the geometrization conjecture in his series of papers
[4, 5, 6]. Although he gained more public attention for declining multiple prizes than for the actual proof,
the Ricci flow has since been a thoroughly investigated tool.

Starting with an arbitrary smooth Riemannian manifold, the Ricci flow is a geometric evolution
equation in which one allows the metric to evolve along the vector field of —2 times the Ricci curvature.
By changing the distances between any two points, one also alters the angles between any two points
(except in two-dimensions, when the deformation is conformal) and the volume of the manifold. This
happens in a way that makes the manifold more symmetric, and hence smoothens a manifold’s geometry.
The Ricci curvature can be regarded as a Laplacian of the metric, which causes the Ricci flow to have
a strong resemblance to the usual heat equation. However, it fails to be parabolic due to the isometric
invariance of the Ricci curvature. Nevertheless, without the help of any a priori curvature bounds, we
can still guarantee short-time existence and uniqueness of solutions to the flow.

In [1], Hamilton proves existence and uniqueness for closed manifolds, i.e. compact without boundary,
by using the Nash-Moser inverse function theorem. DeTurck simplified the proof by showing that the
Ricci flow is equivalent to a quasilinear parabolic initial-value problem in [7]. Multiple works provide
similar results for manifolds with distinct topological properties. On non-compact manifolds, existence
was shown by Shi in [8] and uniqueness by Chen and Zhu in [9]. On manifolds with boundary and
an arbitrary initial metric without any curvature constraints or prescriptions, existence and uniqueness
results were established very recently by Chow in [10]. Furthermore, Topping and Giesen [11] obtained
existence and uniqueness results for a non-complete initial manifold. In the generalized context of sub-
Riemannian geometry, little research has been done on the evolution of Ricci flow. The first work in this
direction is from Lovri¢, Min-Oo and Ruh [12], who proved existence to Ricci flow on Riemannian foliations
on compact Riemannian manifolds, which can be considered as certain sub-Riemannian manifolds. Due
to recent developments on sub-Riemannian manifolds of e.g. Dong [13], who provided contributions to the
closely related harmonic map heat flow, Baudoin and Garofalo [14], who generalized curvature dimension
inequalities, and Agrachev and Lee [15], who studied sub-Laplacian comparison theorems, more existence
results for Ricci flow on such manifolds are to be expected.

Our aim is to investigate the possibilities of evolving Ricci flow on two-dimensional almost-Riemannian
manifolds. These are smooth connected two-dimensional manifolds endowed with an almost-Riemannian
structure, firstly introduced by Grushin [16] in the context of hypoelliptic operators. They are the proto-
types of rank-varying sub-Riemannian structures. More specifically, they are sub-Riemannian structures
that can be locally defined by a set of smooth vector fields that satisfy the Hérmander condition and
of which the cardinality equals the dimension of the manifold. Almost-Riemannian structures are pri-
marily studied in dimension two, and the first results on its general properties were accomplished by
Agrachev, Boscain and Sigalotti in [17]. With a generic two-dimensional almost-Riemannian structure
there are only three types of points. The most common points are regular Riemannian points, on which
we would like to evolve the Ricci flow. However, the set of Riemannian points is a non-complete surface
with boundary. There have not yet been any results regarding Ricci flow on surfaces with these specific
topological properties.

The thesis is structured as follows: Chapter 2 focusses entirely on differential geometry, since both
the Ricci flow and almost-Riemannian geometry belong to this branch of mathematics. In an attempt to
write a comprehensive piece, we treat everything that is of significant importance for one’s understanding
of the topic with great detail. In particular, we pay close attention to the isometric invariance of the
Levi-Civita connection, Riemann curvature tensor, and, subsequently, the Ricci curvature. Chapter 3



is devoted to the Ricci flow. After having discussed time derivatives and deformations of geometric
quantities, we obtain equations for the evolution of the Riemann curvature tensor and Ricci curvature
under Ricci flow. Here, the heat-type nature of the Ricci flow becomes apparent. In the remainder of the
chapter, we devote ourselves to proving short-time existence and uniqueness. We remark on the weakly
parabolicity of Ricci flow, which is due to the isometric invariance of the Ricci curvature. The eventual
proof is in analogy with DeTurck’s proof from [7], but can be considered as a detailed version of the proof
described in [18]. Chapter 4 starts with a brief introduction to sub-Riemannian structures, after which
we quickly focus on (two-dimensional) almost-Riemannian structures. Having established the topology
on the Riemannian points of generic almost-Riemannian manifolds, we investigate whether we can use
existing results on the Ricci flow for our specific case.

We remark that we make use of the Einstein summation convention throughout the thesis. That
is, if an index appears once in a lower, and once in an upper index position of a certain term, then it
is understood to be summed over all possible index values. Furthermore, the reader is assumed to be
acquainted with preliminary notions on topological spaces as from for example [19].

Acknowledgements

First and foremost I would like to thank dr. M. Seri for his excellent guidance throughout the research
and for always being available to answer any of my questions. His precise and detailed knowledge on
a broad variety of mathematical topics has amazed me. I would also like to thank my friend Dave
Verweg, who joined me on weekly study sessions and has inspired me with the beauty of mathematics;
my girlfriend Liselot Visser, who used her talents as a graphic designer to provide me with the illustrations
in this thesis; and my parents, who have always supported me in developing myself as a mathematician.



2 DIFFERENTIAL GEOMETRY

2 Differential geometry

The mathematical foundation of Ricci flow and almost-Riemannian geometry is that of differential ge-
ometry. On that account, we devote this first chapter exclusively to the tools needed to define Ricci
flow.

We are particularly interested in the non-Euclidean differential geometry of Riemannian manifolds.
After a brief overview of the most elementary notions regarding differentiable manifolds, we will continue
with providing the tools that allow us to construct Riemannian manifolds: smooth manifolds equipped
with a metric. This process starts with examining tangent vectors, covectors, tensors and some of their
useful properties. We will see that the Riemannian metric is in fact a tensor and enables one to define
multiple (intrinsic) geometric properties of Riemannian manifolds, such as curvature. There are various
kinds of curvature tensors, each with a slightly distinct geometric meaning. To define curvature tensors,
however, one needs a method for taking derivatives of vector fields, which can be achieved by means of
a connection. The unique connection on the tangent bundle of a Riemannian manifold, called the Levi-
Civita connection, is the last necessary tool to define the Riemann curvature tensor. The Ricci curvature
tensor can then easily be obtained, after which the definition of Ricci flow lays at our hands.

The chapter mainly relies upon the educational textbooks on Riemannian Geometry of Lee [20, 21]
and the lecture notes on analysis on manifolds of Seri [22]. To lesser extent, results from [23] and [24] are
used as well.

2.1 Smooth manifolds

The purpose of this section is to briefly recall or familiarize the reader with smooth manifolds and related
notions in differential geometry. It summarises the most relevant definitions and results for our later
purpose. For more detail on smooth manifolds, we refer to [22, 25, 26]. The main idea is to equip
topological spaces that locally look like Euclidean spaces with a smooth structure and define derivatives
of smooth functions between such spaces. Firstly, we will look at topological spaces of which any point
has an open neighbourhood homeomorphic to an open subset of R".

Definition 2.1. A homeomorphism is bijective map f : X — Y between two topological spaces X and
Y such that both f and f~! are continuous. Q

With the topological properties of Hausdorffness and second countability, we can already define a
topological manifold.

Definition 2.2. A n-dimensional topological manifold is a topological space M that satisfies the following
properties:

(i) M is a Hausdorff space;
(ii) M is second countable;

(iii) M is locally euclidean of dimension n. That is, for any point p € M there exists an open subset
U C M with p € U, an open subset V C R" and a homeomorphism ¢ : U — V.

Q

Remark 2.3. A n-dimensional topological manifold M with boundary satisfies properties (i) and (ii) of
the above definition, but is instead locally homeomorphic to H" := {z € R™ | 2™ > 0}. One could
interpret manifolds without boundary as a special case of manifolds with boundary. Therefore, when we
are discussing a manifold it may either have or may not have a boundary. *

Remark 2.4. A compact manifold is a manifold that is compact as a topological space. A closed manifold
is a compact manifold without boundary. Lastly, a connected manifold is a manifolds that is connected
as a topological space. We will frequently use compact, closed ad connected (Riemannian) manifolds in
the coming chapters. *



2.2 Tangent vectors, covectors and tensors

We call the pair (U, ) a coordinate chart, with ¢ : U — V C R"™ the coordinate map and U the
coordinate neighbourhood about a point p € U. In order to define a smooth structure on a topological
manifold M, we need a way to assemble the charts (U, ¢) such that they cover M. That is, such that
M = U,;c; Us, where I is some indexing set. For such a collection to make any sense, two different
coordinate maps of overlapping neighbourhoods must agree on the intersection of these neighbourhoods.

Definition 2.5. Two coordinate charts (U;, ;) and (Uj, ¢;) on a manifold M are smoothly compatible
if either U; NU; = 0, or if the transition map

piop; ! i (UsNU;) = (U NU;)
is C*. @
This additional structure enables us to define a smooth structure on a manifold.
Definition 2.6. Let M be a n-dimensional topological manifold, then

(i) the collection
A={p;:U; =V |iel}

of pairwise smoothly compatible charts that cover M is a smooth atlas;

(ii) we call an equivalence class of smooth atlases a smooth structure on M. Atlases are said to be
equivalent if any two charts of these atlases are smoothly compatible;

(iii) we say that the pair (M, A) is a n-dimensional smooth manifold if A a smooth structure on M.
Q©

It is clear that there exists a smooth structure 4 when we say that M is a n-dimensional smooth
manifold. Of course, we can also define smooth maps between manifolds. These maps can be seen as lifted
maps between Euclidean spaces, and hence differentiability follows from differentiability as a Euclidean
map.

Definition 2.7. A map F: M — N between smooth manifolds of dimension m and n respectively is a
smooth map if for any chart (¢, U) of M and (¢, V) of N the map

poFop L :R™"Dp(UNFHV)) = ¢(F(U)NV)CR"
is C*° as a Euclidean function. Q

Although we will not pay specific attention to integrals on manifolds in this thesis, it is useful for
later to define the orientation of a manifold, which is a required property to apply e.g. Stoke’s theorem
[22, Theorem 8.3.1].

Definition 2.8. An oriented atlas A = {(U;, ¢;)} is called oriented if all the charts have the same
orientation. That is, if det(Dy;;) > 0 for all the transition functions ¢;; = ¢; o (p;l. A manifold M with
an oriented atlas is called a oriented manifold'. If there exists an orientation on M, then we say that it
is orientable. v

2.2 Tangent vectors, covectors and tensors

This section summarizes the notions of tangent vectors, covectors, tensors and the spaces they live
in. We will we see that tangent vectors and covectors are just an example of the latter. Tensors will
eventually allow us to define a Riemannian manifold. In the process, we will also see how to actually define
a derivative of a smooth function between smooth manifolds with which we can define submanifolds.
Moreover, we will briefly examine Lie derivatives of tensor fields and some other useful properties of
tensors.

1Here, Dy;; denotes the Jacobian matrix of ¢;;.



2 DIFFERENTIAL GEOMETRY

2.2.1 Tangent bundle and vector fields

Throughout literature, a broad variety of approaches eventually lead to equivalent notions of the actual
derivative of such a smooth map. Without getting to technical, the approach here follows [22]. Recall
that a germ at p € M is an equivalence class in the quotient space of smooth functions on M, i.e. of
CP(M) == C>(M)/ ~p. But as pointed out in [22, Section 2.3|, the tangent space at a point p € M
is isomorphic to the space of derivations C*°(V'), where V' C M is some open neighbourhood of p. This
allows us to define tangent vectors at p as derivations of C°*°(V) for any such neighbourhood V' 3> p,
instead of seeing them as linear maps v : Cp° (M) — R that act on equivalence classes. For convenience,
in the next definition we assume V to coincide with whole of a smooth manifold M.

Definition 2.9. A tangent vector at a point p of a smooth manifold M is the linear map
v:C®°(M) =R,
which is also a derivation of C*°(M) at p. That is, it satisfies the Leibniz rule

v(fg) = f(p)v(g) +g(p)v(f),  Vf g€ C™(M). (2.1)
We denote the set of all tangent vectors at p by T, M, the tangent space to M at p. V)

Alternatively, we can also define a tangent vector by using smooth parametrized curves in a manifold
M.

Definition 2.10. Let M be a smooth manifold, p € M, I = (a,b) CR with 0 € (a,b) and v: I — M a
smooth curve with v(0) = p € M. A tangent vector v at p € M is a map

v:C®(M) =R,
defined by
o(f) = w o’ VfeC®(M). (2.2)

Q

It is important to note that this v : I — M exists and satisfies 7/(0) = v € T, M [22, Theorem 2.5.5],
meaning that these definitions are in fact equivalent. By using local coordinates of a chart on a manifold
M and with these equivalent definitions at hands, we can show that 7}, M is a vector space.

Proposition 2.11. Let M be a n-dimensional smooth manifold, then

(1) the tangent space T, M at p € M is a vector space of dimension n;

(ii) if (U, ¢) is a chart about p with coordinates? (z*) for each i € {1,...,n}, the set {86

zt

p|ie{1,...7n}}

forms a basis for T, M.

&

Proof. Let v,w € T,M and A € R. Following Definition 2.9, we know that v + Aw is a linear mapping
v+ Aw: C®(M) — R, since both v and w are linear mappings. Let V' C U C M be a neighbourhood
about p and let f,g € C*°(V). By using that v, w satisfy Leipniz’s rule we see that

(v + Aw)(fg) = v(fg) + Mw(fg)
= f(p)v(g) + g(p)v(f) + A (f(P)w(f) + g(p)w(f))
= f(p)(v+ Aw)(g) + g(p)(v + Aw)(f),

i.e., that v + Aw also satisfies Leipniz’s rule. It follows that 7, M is a real vector space.

2Here z* = r* 0 ¢ where 7* : R” — R denote the standard coordinates on R”™.



2.2 Tangent vectors, covectors and tensors

To proof (ii), notice that since Definitions 2.9 and 2.10 are equivalent, for v € T,M we have

o(f) = a(f Zz(t)) _

_d(fop topon(t))
o dt

3

t=0

since ¢ is a bijection. By using the chain rule we can rewrite this to

d(foptopon(t)) Of oo™t
dt ‘t:o T o (p(p)

Notice that %:ﬂ’)(()) € R for each i € {1,...,n} . Define v* := d(zd;;”), then since o~ o o(p) = p we see
that

; Of
U(f) = ax’ ;07
and hence that 9
v="v P

Indeed, the set {B?ci‘p |ie{l,... ,n}} spans the vector space T, M. Additionally, notice that for each

j€{l,...n} we have

o
o) =vig | =o'l
showing that v = v* 82@' = 0 if and only if (v!,...,v™) = 0. Hence {B‘Zi [ie{1,... ,n}} are linearly
P P
independent and form a basis for the vector space T, M with dim(T, M) = n = dim(M). O
V4

Figure 1: The tangent space T},S? at a point p € S?.

We now have the right tools and knowledge to actually define the derivative of a smooth map between
manifolds, rather than stating results on differentiability. It turns out that the derivative of a smooth
map is nothing more than a linear map between tangent spaces.



2 DIFFERENTIAL GEOMETRY

Definition 2.12. The differential or total derivative of a smooth map F' : M — N between smooth
manifolds M and N at p € M is the linear map

dFy, : TyM — Tpe,) N, dF,(v)(f) =v(foF), Vf e C™®(N). (2.3)
Q

With the total derivative of Definition 2.12, we can define two particular kinds of smooth maps
between manifolds. These maps will in turn provide us with a definition for submanifolds.

Definition 2.13. Let F': M — N be a smooth map between smooth manifolds of respectively dimension
m and n. Then

(i) F is an immersion if dF, is injective for all p € M (i.e. then, m < n);

(ii) F is an embedding if F is an injective immersion that is also a homeomorphism onto its range, i.e.
F(M)=N.

Q

Due to Definition 2.13, we can make a distinction between two kinds of submanifolds.

Definition 2.14. Let ¢ : M < N be the inclusion map between two smooth manifolds M and N such
that M C N. Then we say that

(i) M is an immersed submanifold if the inclusion map is an immersion;

(il) M is an embedded submanifold if the inclusion map is an embedding.
Q@

In the above definition, we see that M is always a manifold ‘sitting inside’ a larger manifold N since
the dimensions satisfy m < n. With the Implicit Function Theorem for Manifolds, we can also detect
submanifolds when m > n (see, for example, [22, Theorem 2.8.14]).

Let us move back back to tangent spaces again. Rather than talking about a tangent space at one
point of a manifold, it is often convenient to talk about the set of tangent spaces as a whole.

Definition 2.15. The tangent bundle TM of a smooth manifold M is the disjoint union of tangent
spaces

TM = | | ({p} x T,M).
pEM

Elements of T'M are pairs (p,v) where p € M is a base point and v € T, M is a tangent vector. Q

An important fact is that the tangent bundle itself is also a smooth manifold. More precisely, if M is
a n-dimensional smooth manifold, then T'M is a 2n-dimensional smooth manifold of which the smooth
structure is naturally obtained from the smooth structure of M [22, Theorem 2.6.3]. But, actually this
is just the prototype of the more general notion of a vector bundle.

Definition 2.16. A smooth vector bundle of rank r is a triple (E, M, 7) where E and M are manifolds
and 7 : E — M a smooth surjective map such that, for all p € M, the following properties hold:

(i) the fibre over p, E, :== n~'(p), has the structure of a vector space of dimension r;
(ii) there exists a neighbourhood U C M of p and a diffeomorphism ¢ : 7=1(U) — U x R" such that

(a) m 0 =m, where m : U x R" — U is the projection on the first factor,

(b) for all ¢ € U, the map g0|E : E; — {¢} x R"” is an isomorphism of vector spaces.
q

The space E is called the total space, M the base space, 7 its projection and each ¢ is a local trivialisation.

Q



2.2 Tangent vectors, covectors and tensors

Remark 2.17. Sometimes we just say the E is a vector bundle over M. *

Remark 2.18. One could also define an orientation on a vector bundle®. An orientation on E means
that for each fibre E,,, there exists an orientation such that each trivialization ¢ : 7= 1(U) — U x R is
fibrewise orientation-preserving. We will use this to define orientation on almost-Riemannian manifolds
in Chapter 4. *

To emphasize the earlier statement that the tangent bundle is an example of a vector bundle, notice
that the projection 7 : TM — M is a surjective map such that the tangent spaces are fibres: 7=1(p) =
T,M. Not surprisingly, we can also define sub-bundles.

Definition 2.19. Let (E, M, n) be a smooth vector bundle of rank n and F' C E a submanifold. If
F, = FNE, is k-dimensional subspace of the vector space E, for all p € M and 7T| p o F'— M defines a

smooth vector bundle of rank k, then (F, M, W‘F) is called a sub-bundle of E. Q

For our quest on defining a Riemannian manifold, we still need more tools. The first thing that we
will look at are vector fields. A vector field, however, is itself an example of another notion.

Definition 2.20. A section of a vector bundle 7 : E — M is a smooth map S : M — E such that
m oS =1idy. We denote the set of all smooth sections on E by I'(E) Q

For a local chart (U, ) about p € M with local coordinates (x'), we say that the family of n local
sections {a%l’ ey 89%} is a smooth local frame of the tangent bundle T'M, since these sections yield a
basis for T, M for each p € U. If U = M, we call this set a global frame. We can now define vector fields
as sections of the tangent bundle: a smooth map from a manifold to the tangent bundle that assigns a
tangent vector to each point of a manifold.

Definition 2.21. A smooth vector field is a smooth map X : M — T'M with m o X = idy;. We denote
the set of smooth vector fields by X(M). v

By using the basis and chart about a point p € U C M of a smooth manifold as in Proposition 2.11,
we can express the value of a smooth vector field X : M — T'M as

0

ox* P

X, = X'(p) ; (2.4)

with X? : U — R the component functions of X. A tool that will be frequently used throughout this
thesis is the Lie bracket of two smooth vector fields.

Definition 2.22. Let X,Y € X(M). The Lie bracket [-,-] : X(M) x X(M) — X(M) of X and Y is the
derivation given by their commutator:

[X,Y] = XY - YX. (2.5)
v

Proposition 2.23. Let (U, ) be a chart on M with local coordinates (z) and let X,Y € X(U). If
X=X 8‘;’; and Y =Y % are the coordinate expressions for X and Y, then
QY7 yi oXi\ 0
ox? Oxt ) Oxd’

[X,Y] = (X (2.6)

¢
Proof. Let f € C*°(U), then we can compute the lie bracket of X,Y € X(U) by using (2.5) as

(X, Y]f = X (Y (/) = Y(X(f))

;0 COf -0 Of
— xi J _yi i
X ox? <Y (‘3xj> Y oxI (X 83&)

j 2 : 2
=t OF | iys OF 50X 08y O
Ozt O Ozt dxI O’ OxI xt’
3Remember that we already defined an oriented manifold in Definition 2.8. An orientation can also be defined on a
vector space [22, Definition 8.1.3]. Moreover, one could also define orientation preserving maps [22, Page 128].

10



2 DIFFERENTIAL GEOMETRY

where we used the product rule in the third step. Since the order of taking partial derivatives can be
interchanged, notice that the second and fourth term cancel out. Therefore, we get

OV Of L0Xi of
(X, Y]f =X Oxt OxJ Y Oxd Oxt

[0V L0XTN Of
B (X oz’ -r 8xi>6xj’

where we interchanged the dummy indices ¢ and j in the last step. O

The Lie bracket is actually another way of writing the Lie derivative of a vector field Y with respect
to X, ie. LxY = [X,Y]. Later, we will also define the Lie derivative of tensor fields. For that purpose,
let us briefly introduce integral curves of vector fields [22, Definition 3.31].

Definition 2.24. Let M be a smooth manifold and X € X(M). A smooth curve v : R D (a,b) = M is
an integral curve of X if
v (t) = Xy vt € (a,b). (2.7)

It is often assumed that 0 € (a,b) and that y(0) = p € M, such that v is an integral curve through p. ©

Definition 2.25. Let M be a smooth manifold and X € X(M). For a given p € M we denote I, =
(t~(p),t"(p)) C R, with 0 € I,,, as the maximal interval on which the unique integral curve v, : I,, = M
of X through p is defined. We call v, the mazimal integral curve of X through p.

Existence and uniqueness of (maximal) integral curves follow from existence and uniqueness of Eu-
clidean theorems [22, Theorem 3.3.5, Theorem 3.3.11] on ODE’s. Theorem 3.3.11 of [22| guarantees
the existence of a unique map ¢ : D — M with D C R X M such that for all p € M one has
DN R x {p}) = I, x {p} and ¢(t,p) = ,(t) for all (t,p) € D. The map ¢~ is called the flow of
X.

2.2.2 Cotangent bundle and tensor bundle

By using vector fields we can eventually endow a smooth manifold with an inner product to define lengths
of and angles between vectors of a tangent space. As will later become clear, we therefore first need to
define the dual of a tangent space.

Definition 2.26. The cotangent space Ty M = (T, M)* of a smooth manifold M at p € M is the dual
of the tangent space T),M. Elements of Ty M are called covectors or differential 1-forms at p, linear
functionals from T, M to R. Q@

Not surprisingly, if M is n-dimensional, then the dual space T;M at p € M is also n-dimensional.
Also similar to Proposition 2.11, if (U, ¢) is a chart about p with local coordinates (x%), then the set of

covectors given by {da:i lie{l,..., n}} forms a basis for T,y M. Moreover, we can define the cotangent
p

bundle, which is then also a 2n-dimensional smooth manifold.

Definition 2.27. The cotangent bundle T*M of a smooth manifold M is the disjoint union of the
cotangent spaces

T°M = | | ({p} x Ty M).
peEM

Elements of T*M are pairs (p,w) where p € M is a base point and w € Ty M is a covector. V)

Remark 2.28. Note that just as with the tangent bundle and vector bundle, the cotangent bundle is a
specific example of the dual bundle E* of a vector bundle F over M. Its fibres are the dual spaces of the
fibres of E [18, Section 2.3.4]. *

The smooth section from a manifold to the cotangent bundle that assigns a covector to each point of
a manifold is what we call a covector field.

11



2.2 Tangent vectors, covectors and tensors

Definition 2.29. A smooth covector field is a smooth map w : M — T*M with wow = idy;. We denote
the set of smooth covector fields by X*(M). @

Similarly to (2.4), we can express the value of a smooth vector field w: M — T*M at p € M as

wp = wi(p)da’| (2.8)
p

with w; : U — R. Both tangent vectors as covectors are, however, examples of more general objects,
called tensors. These multilinear maps will be one of our primary tools throughout this thesis.
Definition 2.30. The tensor space

r times
—N—
T, (T, M) = Mult(T;M, .. ,T;M,TPM7...,TPM)
—_———
s times

of a smooth manifold M at p € M is the space of multilinear maps 7. That is, the space of tensors of

type (r,s):
r times

T Ty M X o X TIM X TyM % -+ X TpyM — R.

s times

v

If r=0and s =k > 1, then we say that 7 € T,g(TpM) is a covariant k-tensor on T, M. In contrast,
ifr=%k>1and s =0, we call 7 € T§(T,M) a contravariant k-tensor on T,M. A tensor of type (r,s),
ie. 7 € T7(T,M), is sometimes defined as the pairing

T(wl,...,wr;vl,...,vs) = (T\wl,...,wr;vl,...,vs), wl,...,wTeT;M, Vi, ..., € T M.
(2.9)
Of course, we can also define the tensor bundle over a manifold M.

Definition 2.31. The (r,s)-tensor bundle T M of a smooth manifold M is the disjoint union of the
tensor spaces
TIM = || ({p} x TI(T,M)).
peEM

Q

Remark 2.32. Note again that the tensor bundle is an example of a tensor product of vector bundles and
dual bundles. More specifically, if EJ,..., E} are dual bundles and F1, ..., Es are vector bundles, then
the tensor product £ ® --- ® E} ® By ® - -- ® Ej is a vector bundles with fibres (E7), ® -+ ® (E}), ®
(E1), ® - ® (Ey), [18, Section 2.3.5]. *

Note that therefore TM = T¢M and T*M = TYM. For completeness, we also define tensor fields.
The vector and covector field that we saw before are just an example of this more general object, as one
would expect.

Definition 2.33. A smooth tensor field of type (r,s) is a smooth map 7 : M — TrM such that
moT =idy. We denote the space of smooth tensor fields by 77 (M). @

Then clearly X(M) = T3 (M) and X*(M) = TL(M). If (U, ) is a chart about p € M with local
coordinates (z%), then we can express the value of a smooth tensor field 7 : M — T7 (M) as the tensor

product
0

=i ‘ ‘ da"| ®---®da' 2.10
™ =738 Py 8@ | @ddt| ®-@dat (2.10)
with Tflll” : U — R the component defined by
o . 9 0
J1Jr J Jr —_
) .T<dx 1., dr ’amil"”’ax’?) (2.11)

The following lemma allows us to conveniently characterize tensor fields as C'°° (M) multilinear maps.

12



2 DIFFERENTIAL GEOMETRY

Lemma 2.34. A map

r times

T:X (M) X  x X (M) xX(M) x - xX(M) — C>®(M)

s times
is induced by a (r, s)-tensor field 7 € 7, (M) if and only if it is multilinear over C*°(M). Similarly, a map

r times
T X (M) X xE(M)xX(M) x -+ x E(M) = X(M)

s times
is induced by a (r + 1, s)-tensor field 7 € T/ 1 (M) if and only if it is multilinear over C°°(M). A

Proof. The proof of this lemma is not of significant importance for our purpose. Therefore, it is omitted
and we refer to the tensor characterization lemma in [21, Lemma B.6] or [25, Lemma 12.24]. O

As promised, we define the Lie derivative of tensor fields [22, Remark 7.6.6], which we will use in our
proof for existence and uniqueness of the Ricci flow.

Definition 2.35. Let M be a smooth manifold and 7 € 7,°(M). The Lie derivative of 7 along X € X(M)
forpe M is

(Lx7),=—| ((wf()*r)p- (2.12)
v

Notice that here, R > t + ¢ (p) := ¢(t,p) denotes the maximal integral curve for X starting from p.

Particular interesting classes of tensors are symmetric and alternating tensors. If V is a real n-
dimensional vector space and w € T,?(V)7 then we say that w is a symmetric covariant k-tensor on V' if
its value is unchanged by interchanging any pair of arguments. That is, if v1,...,vx € V, we have

W(V1, .3 Vs gy ey Uk) = W(V1, .0, V), Vi ., UR), (2.13)
for all 1 < i < j < k. Let us denote the set of all symmetric k-tensors on V by X¥(V). Via the projection
Sym : TP(V) — X*(V) defined by

1
Sym w(vy,...,vk) = o Z WV (1) -+ Vo(k))s (2.14)

: oESk

one is able to symmetrize any w € TP(V). Here, Sy denotes the symmetric group on k elements and
o € Sy, is a permutation. The symmetric product of w € X¥(V) and n € £Y(V) is the (k + [)-tensor given
by

wn = Sym (w®7n). (2.15)

Notice that if w and 7 are covectors on V', they are always symmetric since they act on only one vector
veV.

Lemma 2.36. If a and 3 are covectors on a n-dimensional real vector space V, i.e. o, 8 € TY(V), then

aﬁz%(&@ﬁ—kﬁ@@z). (2.16)

)
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Proof. Let v1,v9 € V, then by (2.15) we have
aB(vi,v2) = Sym (a ® B)(v1,va)
1
=3 Z (Vs (1)) B(Vo(2))

g€Sk

= %a(vl)ﬂ(vz) + %5(”1)04(“2)

S0 B+ B a)(w,0),

which proves the proposition. O

Contrastingly, we call w an alternating covariant k-tensor if it changes sign whenever two arguments
are interchanged:
W1, Uy Vg, e, U) = —w(V1, ..., U, Uiy oo, V), (2.17)

for all 1 <i < j < k. These are also called exterior forms, or k-covectors.

2.3 Riemannian manifolds

Since we have acquired the right tools, we can start off with the definition [27, Definition 3.11].

Definition 2.37. A Riemannian manifold is a pair (M,g) where M is a smooth manifold and g is a
Riemannian metric that provides each p € M with an inner product g, : T,M x T, M — R such that for
all X,Y € X(M), the map p — g,(X,,Y),) is smooth. Q

Remark 2.38. When it is more convenient, we say that M is an Riemannian manifold. *

Remark 2.39. More generally, one could also define metrics on a vector bundle, dual bundle and tensor
bundle. In the latter case for two tensor fields «, 8 € T (M), their inner product is given by

(o, B) = g™ - g™ g g e gig ol e B (2.18)

*

Remark 2.40. In the more general pseudo-Riemannian manifold, we require the metric g to be non-
degenerate, smooth, symmetric and bilinear. Almost all of the upcoming theory is also applicable to

pseudo-Riemannian manifolds, but some is not or requires extra information. For simplicity we therefore
only consider Riemannian manifolds. *

We see from Lemma 2.34 that the metric g : X(M) x X(M) — C*(M) is a (0, 2)-tensor field, and
hence lives in 73(M). Sometimes, it is more convenient to use the usual inner product notation, i.e.
(Xp,Yy) = gp(X,,Y,). In our usual notation for a chart (U, ) with local coordinates (z*) about a point
p € M, we can write

gp = gij(p)da’| @da?| (2.19)
p p
with each 5 5
i) =0 | 55| 5] |- 2.2
9i(p) = 9p (8x’ ) B L) (2.20)

The matrix [g;;] can therefore be seen as the n x n matrix with inner products as its entries. We denote
the inverse of this inner product matrix by [¢“/]. We can alternatively write (2.19) as

g = g”d.’ll7 ® dl‘j

1 . , , 4
b (9ijda’ @ dz? + gjida’ ® da’)

1 . , , 4
=3 (gijdacZ ® dx? + gijdx’ @ dxj)
= g;jdz'dz? (2.21)

where the final step follows from Lemma 2.36. As showed in for example [25, Proposition 13.3|, every
smooth manifold can be endowed with a Riemannian metric.

14



2 DIFFERENTIAL GEOMETRY

Ezample 2.41. The most straightforward example of a Riemannian manifold is Euclidean space R™. The
metric is then the usual inner product on the tangent space T,R™ = R" [20, Section 3|. In standard
coordinates we usually write
g= (5ijdl‘id.’17j.
&
In the example above, we also see that {%, RN a%} is an orthonormal frame for TR". More
generally, {F1,..., E,} is a smooth orthonormal frame for a tangent bundle TM on a open set U C M
if and only if
(Ei, Ej) = 6;;. (2.22)
Since we can apply the Gram-Schmidt algorithm on any smooth local frame for the tangent bundle over
a subset U C M, we can always find such a smooth orthonormal frame defined on some neighbourhood

of any p € M [21, Proposition 2.8|.
A useful property of a Riemannian metric g on M are the musical isomorphisms

" TM - T*M  and *:T*M —TM

used to convert vectors to covectors and covectors to vectors respectively. If {%, ceey %} is smooth
local frame for TM on U and {dz',...,dz"} its dual coframe, then by writing g = gijdr*dx’ according
to equation (2.21) and X(U) 3 X = X*32-, we define its flat by

X" =g X'da? = X;da’. (2.23)
Similarly, if X*(U) 3 w = w;dz’, we define its sharp by
wh = g%ii w2 (2.24)

0z Y 0w

The latter raising operator will be of use when applying the trace operator on the metric.

Definition 2.42. The trace or (a,b)-contraction of a tensor? a%l R -® air @dz'®---@dx® € TI (M),
with @ < r and b < s, is the linear map

try T (M) = T3 (M),

defined by®
0 0 0 0 0 0 0
b JE— e 1 e s — b JE— e [ [ cee
ta (83:1 ©oe ox" ©det©--©dr ) =dv (83@“) Ozt SR Oza—1 ® Ozt ©ow ox"
dr'®-- - @dr* ' dz*t ® - ® dat.
(2.25)
@

Ezample 2.43. A specifically relevant example is the trace of a symmetric (0,2)-tensor field w;;dz’dz?
through the metric tensor g of some Riemannian manifold M:

try(w) = tr](w?)

Oxk
= gijwij~ by equation (2.25)

, Y
= tr] <gjkwijdw’ ® > by equation (2.24)

Equivalently, we may write

N I . , 3
1,2 — 1,2 ) 7 7
trg(w) = trys (97" ®w) = try); (9 P51 ® g7 B widr' ® dfc]) = g"wij. (2.26)

4We use a slightly more convenient notation for this definition.

5Here we use R 3 dzF (%) = (d:ck | 8%) as the dual pairing.
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2.3 Riemannian manifolds

A characteristic of Riemannian manifolds that will be used a lot is that its properties are preserved
by isometries.

Definition 2.44. Let (M, g) and (M, §) be Riemannian manifolds. An isometry ¢ : (M, g) — (M, §) is
a diffeomorphism such that® ¢*§ = g. Q@

Amap ¢ : (M,g) — (M,g) between Riemannian manifolds (M, ¢g) and (M, g) is called a local isometry
if for each point p € M there exists a neighbourhood U C M such that <p|U is an isometry onto an open

subset of U - M.
When considering submanifolds of Riemannian manifolds, one naturally equips this submanifold with
an induced Riemannian metric. Mathematically, this phenomena is depicted in the following lemma.

Lemma 2.45. Let (.7T/[J7 g) be a Riemannian manifold, M a smooth manifold, and F': M — M a smooth
map. The smooth (0,2)-tensor field ¢ = F*§ is a Riemannian metric on M if and only if F is an
immersion. [

Proof. We start by assuming that ¢ = F*g is a Riemannian metric on M. Recall that F' is an immersion
if its derivative is injective at every p € M. Since g is assumed to be a Riemannian metric, it is positive
definite. Let v € ker dF}, C T),M be nonzero, then by definition of the pullback of tensor fields we have

(F*9),, (v,0) = dF7(Gp(p) (v,0)) = Gr(p) (dFp(v), dF,(v)) = 0.

This means that dF,(v) = 0 if and only if v = 0, i.e. that dF), is injective for every p € M. Therefore, F'
is an immersion.

Next, we assume F' to be an immersion. We must check whether the induced metric g = F* g satisfies
the conditions of an inner product. Therefore, let vy, ve € T, M and observe that

gp(v1,v2) = (F*g),, (v1,v2)
= dF; (Gr(p)(v1,v2))
= gr(p) (dFp(v1), dFp(v2))
= gF(,,)( »(V2, ), dF,(v1)) by linearity of §
= (F9), (v2, 1)

= gp (UZa v1)~
Indeed, g is symmetric. Secondly, let a,b € R, and vy, v2,v3 € T, M. Then

gp(avy + bva,vs) = (F*g), (av1 + buz, v3)
= dF, (Gr(p) (avi + bvz,v3))
= gr(p) (dFp(avy + bvg), dFy(vs))
= gr(p) (adFy(v1) + bdF}(va), dFp(v3)) by linearity of dF,
= agr (p)(dF,(v1),dF,(v3) + bip(p) (dFp(v2), dFp(vs)) by linearity of §
= agp(v1,v3) + bgp(v2,v3),

which shows that g is a linear. Since F' is an immersion, i.e. its derivative dF}, is injective for all p € M,
notice that for v € T, M we have

gp(v,v) = (F*g)p (’U,'U) = dF;(gF(p) (’Uv'U)) = gF(p)(de(v)7 dFP(U)) >0,

and equality follows if and only if dF,(v) = 0, i.e. if and only if v = 0. Therefore g = F*g is an
Riemannian metric. O

Definition 2.46. A Riemannian submanifold M is an immersed or embedded submanifold of a Rieman-
nian manifold M with the metric ¢ = ¢*§ induced by the inclusion map ¢ : M — M. We call M the
ambient manifold. @

6Here ¢*§ denotes the pullback of § by . For more detail, see [22, Section 6.2].
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2 DIFFERENTIAL GEOMETRY

Ezample 2.47. Consider S" = {z € R"™! | |lz|| = 1} € R**l. We can equip S™ with the Euclidean
metric of R"*! induced on S” making it into a Riemannian submanifold.

For S?, we can find a local expression of the metric by using spherical coordinates as in Figure 2.
Notice that S? (except for the semi-circle from the point (0,0,1) to (0,0,—1) in the zz-plane) can be
parametrized by

x = sin 6 cos ¢, y = sinfsin @, z = cosf, {0,9)|0< b <7, 0<¢<2r}.
From this we can derive the basis vectors for T},S? at a point p = (sin 6 cos ¢, sin 0 sin ¢, cos 0):
0

:(cosﬂcosgp cos 0 sin —sir19)7 :(—sin@sing@ sin 6 cos ¢ 0).

0
%1, Bely

This yields the matrix representation of the metric on 7,S? with respect to the basis {599

by

o .
5 %‘ } given
p p

(35| o8| ) (%] 55| ) 10
b ) ©
Ip = (2 "o p> (2 "o p> - (0 sin? 0> ' (2.27)
Oy pvaap Oy p’agap
Alternatively, we may write
g = db? + sin® fdp?. (2.28)

Figure 2: Parametrization of S2.

Given a a Riemannian manifold (M ,§) and a smooth submanifold M C M , we call a tangent vector
v E TPM a normal to M if (v, w) = 0 for every w € T,,M. The set of all vectors normal to M at a point
p is the normal space at p denoted by N,M = (TpM)J- - TPM. In particular, the orthogonal direct sum
T,M @& NyM = TpM at each p € M. To conclude the section, we define the normal bundle of M as

NM = | | ({p} x N, M). (2.29)
peEM

The theory of curvature that is dealt with in Section 2.6 can also be applied to Riemannian subman-
ifolds. We briefly discuss the extend to which a submanifold curves within its ambient manifold, i.e. the
second fundamental form of Riemannian submanifolds, in Section A.
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2.4 Connections

2.4 Connections

In our quest on defining the Riemannian and Ricci curvature tensors, we firstly need to study connections.
Connections allow one to define the equivalent of Euclidean straight lines on Riemannian manifolds, called
geodesics, as we will see in Section 2.5. As illustratively described in [21, Section 4], a connection can be
seen as a set of rules for taking directional derivatives of vector fields. We are particularly interested in
the Levi-Civita connection, which enables us to properly express the properties of a Riemannian metric.
This unique connection on a Riemannian manifold must satisfy certain properties that will be discussed
throughout the remainder of this section.

Definition 2.48. Let w: E — M be a smooth vector bundle over a smooth manifold M. A connection
in F is a map
V:X(M)xT(F) - T(E), (X,Y) —» VY,

satisfying the following properties:
(i) VxY is linear over C*°(M) in X, i.e. for f,g € C*°(M) and X, Z € X(M),
fo+gzy = fVXY + ngY (230)

(il) VxY is linear over Rin Y, i.e. for a,b € Rand Y, Z € T'(E),
Vx(aY—l—bZ) =aVxY +bVxZ. (2.31)

(iii) V satisfies the product rule, i.e. for f € C*(M),
Vx(fY) = fVxY + (XF)Y. (2.32)

We call VxY the covariant derivative of Y in the direction of X. Q

Remark 2.49. Following [18, Remark 2.26], we could equivalently interpret a connection as the linear
map V:T'(E) — I'(T*M ® E) which also obeys the product rule. *

This definition of a connection is rather broad, and applicable to more geometric structures. In the
Riemannian setting, we define a linear connection in the tangent bundle as the map V : X(M) x X(M) —
X(M) that satisfies the conditions of Definition 2.48. Although at first glance one would assume through
Lemma 2.34 that V is then a (1, 2)-tensor field, this is not the case since it is not linear over C*°(M) in

the second argument. If {8%, ey 8%} is some smooth local frame for TM on U C M of dimension n,
we have 5 9
Tk
V# 97 s (2.33)
or equivalently
0
k _ 3.k o
Fij =dx vaii 9 (2.34)
with Ffj : U — R the n® connection coefficients or Christoffel symobls of V for each i,j,k € {1,...,n}.

For some smooth vector fields X,Y € X(U) written in terms of the frame, i.e. as X = X° 8% and

Y = Y72 we then have

Oz
VY = vy (vi-2)
X x5
=YIV iJr(XYj)i by equation (2.32)
N X Oa OxJ v '
, 0 0
=Y ) _— Iy~
Y vxlﬁ OxI (XY )(‘3xj
= XinVﬁ 8?cj + (XYj)% by equation (2.30)
D )
_ Y k .
=X YJFUW (XYJ)@ by equation (2.33)
= (XinFi-“j + XY’“) % by interchanging dummy index of the second term  (2.35)
x
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2 DIFFERENTIAL GEOMETRY

Remark 2.50. From now on, we may write V; =V a . *
ox?

As showed in [21, Proposition 4.2], the tangent bundle of every smooth manifolds admits a linear
connection. Moreover, a connection in the tangent bundle naturally induces a connection in all tensor
bundles over a smooth manifold. Therefore, we can also compute covariant derivatives of tensor fields.

Definition 2.51. A connection in the tensor bundle TT M is a map V : X(M) x T (M) — T (M), such
that the following conditions are satisfied:

(i) In T¢M = TM, V agrees with the definition of a linear connection in 7M.

(ii) In T)M = M x R with X € X(M) and f € C>(M), V is equivalent to regular differentiation of
functions. That is,

Vxf=X/f. (2.36)

(iii) The connection V obeys the product rule with respect to tensor products. That is, for two smooth
tensor fields F, G on M, we have

Vx(FRG) = (VxF)® G+ F® (VxG). (2.37)

(iv) The connection V commutes with all contractions, i.e. if tr denotes the trace on any pair of indices
(h, k), then
Vx(tr? V) =t (VxY). (2.38)

Q

The following lemma shows that a unique connection in each tensor bundle exists for a given linear
connection in the tangent bundle.

Lemma 2.52. Let V be a linear connection in TM of a smooth manifold M. Then there exist a unique
connection in each tensor bundle T M, also denoted by V, that satisfies the conditions of Definition 2.51.
Moreover, it satisfies the following properties.

(i) The product rule with respect to the dual pairing between w € X*(M) and Y € X(M) is obeyed.
That is,

Vxw|Y)=(Vxw|Y)+ (w]| VxY). (2.39)
(ii) For all 7 € T/ (M), wl,... ,w® € X*(M) and Y1,...,Y, € X(M), we have
(Vx7) (W' 0" Y, Y) =X (7 (W W, Y, L YS)

—ZT(wl,...,VXwi,...,wT,Yl,...,YS)
~ (2.40)

)

Proof. Using the properties of Definition 2.51, the proof for (i) follows from a direct computation and
by noticing that the dual pairing (in terms of the coordinate basis) (w | Y) = w;Y7 (dz’ | 52%) = w;Y7
equals tr] (w @ Y) = tr] (wida’ ® Yj%) = w; Y. Hence,

Vx(w|Y)=V(tri(weY)) =tr] (VxweY +waVxY)=(Vxw|Y)+ (w]| VxY).

19
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For (ii), since 7 € T/(M), we have TQ@ w! ® -+ @ w" @Y1 ® --- @ Yy € T3 (M). Therefore, we can
apply the trace operator r + s times to obtain”

Vx (7 (@@ Y1, V) =V (0]t (reel @ e @ Vi@ @ V)

=[x gwl e g e e e,

+i7®w1®~--®VXwi®~-~®wT®Y1®"'®Ys
i=1
—i—iT@wl®---®wr®Y1®"'®VXYj®'“®YS]
j=1
=(Vx7) (wl,...,w",Yh-nJG)+i7(Wlw-~>waia-~-7w7'aylv---aYs‘)
i—1
—1—2837(wl,...,wT,Yl,...,VXY}','uaYs),
j=1

where we exploited (iv) of Definition 2.51 in the second step and reversed the trace operator in the final
step.

For uniqueness, assume that V indeed satisfies (i) and (ii) and the conditions of Definition 2.51.
Rewriting equation (2.39) shows that the covariant derivative of any smooth covector field w € X*(M)
can be computed as

(Vxw|Y)=Vx (w|Y)—(w]| VxY).

We see that the connection on w is uniquely determined by the linear connection. Moreover, (ii) shows
that the covariant derivative of any tensor field is determined by the covariant derivatives of every smooth
covector and vector field. Since these are determined by the linear connection on T'M as well, it follows
that the connection in everytensor bundle is uniquely determined.

Existence follows by checking that Vx7 is a smooth tensor field, i.e. multilinear over C°°(M), and
that V satisfies the properties of a connection as in Definition 2.48 [21, Proposition 4.15]. O

It is sometimes convenient to consider the covariant derivative of a tensor field in any direction as a
tensor field itself by using Lemma 2.34.

Definition 2.53. The total covariant derivative of a smooth tensor field 7 € 77 (M) is the smooth
(r,s 4+ 1)-tensor field on M

r times
VX" (M) x -  x X (M) xX(M) x -+ x X(M) - C>*(M),

s+1 times

given by
(Vr) (w', .. 0" Y, Y X) = (V) (W) 0" Y, YY) (2.41)

Q

One could repetitively take total covariant derivatives of tensor fields. That is, given 7 € 7 (M) and
X,Y € X(M), we can obtain the smooth (r, s + 2)-tensor field as

2 1 r 2 1 r
(VX,YT) (w e, W ,Zl,...,ZS) =V T(w e W ,Zl,...,ZS,Y,X). (2.42)
"Here we use that tri’:::’:’iii’:::’z acts r times on the w?’s and % components of 7, and s times on the Y;’s and the

dxJ components of .
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Remark 2.54. Tt is important to notice that VxVy1 # V:;(’YT. In fact, we have (see [21, Proposition
4.21])
ViyT=VxVyT— Vy, vy (2.43)

*

Connections in the tensor bundles can be generalized even more to any arbitrary (tensor product of)
vector bundle(s) (recall Remark 2.32). For example, if V1) is a connection on the dual bundle E}, V(?)
is a connection on the vector bundle E, , then there is a unique connection V on Ef ® F5 such that®

(Vxr) (V) =V (r(v) =7 (vgp ) . Xex(M), YeI(B) (2.44)

Moreover, we can also define the pullback connection. If f : M — N is a smooth map and V a
connection on the vector bundle E over N, then there is a unique connection 'V on f*E such that?

IVx(Y)=V;xY, XcXM), YecI(B). (2.45)

We are one step closer to the Levi-Civita connection since we can now define whether a linear con-
nection in the tangent bundle is compatible with the Riemannian metric. There are multiple equivalent
ways to do this, but the approach here only requires the tools that we already acquired. As opposed to
[24, Proposition 3.2], where compatibility with the metric is defined with parallel vector fields along a
smooth curve, we provide the following definition'°.

Definition 2.55. Let (M, g) be a Riemannian manifold. A Riemannian connection V is a connection
on the tangent bundle such that Vg = 0. We say that V is compatible with g. Q

Proposition 2.56. A connection V is Riemannian if and only if

Vxg(Y,2) =g (VxY,2) +g(Y.VxZ), VX,Y,ZeX(M) (2.46)

Proof. By equations (2.40) and (2.41), for some smooth vector fields X,Y, Z € X(M) we have
which equals zero if and only if (2.46) holds. O

Compatibility with the metric is not enough to define a unique connection on a Riemannian manifold.
Asin e.g. [23, Theorem 13.9], the additional required condition can be expressed by means of the torsion
tensor T : X(M) x X(M) — X(M) of the connection defined by

T(X,)Y) =VxY —-VyX — [X,Y], VXY € X(M). (2.47)

Alternatively, we can require the connection to be symmetric.
Definition 2.57. A connection V on the tangent bundle T'M of a smooth manifold M is symmetric if
VxY - VyX =[X,Y], VXY € X(M), (2.48)
Q@

Clearly, the connection is symmetric if and only if the torsion tensor vanishes identically. Compatibility
with the metric and symmetry are enough to proof existence and uniqueness of the connection on a
Riemannian manifold. Hence, we have arrived at the Fundamental Theorem of Riemannian Geometry.
The proof of this theorem can be found in e.g. [21, Theorem 5.10]. The result of this theorem is translated
in the following definition.

8This result can be derived from [18, Proposition 2.32-2.33] by using the properties of Lemma 2.52

9Here f«X denotes the pushforward of X by f. For more detail, see [22, Section 6.2]. For more detail on the pullback
bundle structure, see [18, Section 2.8|

10In the next chapter we will define the derivative of a vector field along a smooth curve. Parallel vector fields along
smooth curves are defined by using this map as elements of its kernel.
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2.4 Connections

Definition 2.58. Let (M, g) be a Riemannian manifold. The Levi-Civita connection of g is the unique
connection V on T'M that is compatible with g and symmetric. Q

Proposition 2.59. If (U, (z')) is a smooth local coordinate chart of a Riemannian manifold M, then
the coefficients of its Levi-Civita connection V are given by

1 0 0 0

kE _ L Kl o, 9 g
Fij - 2 (83)l gjl + 6.’1,‘-7 gil 8.’1?l gzj> . (249)

Proof. Let X,Y,Z € X(M), then by compatibility of V with g we have
Vxg(Y,2)=g(VxY,Z)+g(Y,VxZ).

Since V is symmetric, notice that

and therefore that
Vx (9(Y,2)) = g(Y,VxY) +g(Y,V2zX) +g(Y,[X, Z]).

We can derive similar expression for Vy g(Z, X) and Vzg(X,Y). By adding Vxg(Y, Z) and Vyg(Z, X)
and subtracting Vzg(X,Y’), we can solve the expression for g(VxY, Z) to obtain

9(VxY,Z) = % (Vxg(Y,2) + Vyg(Z,X) =Vz9(X,Y) —g(Y,[X, Z]) — g(Z,[Y, X]) + 9(X, [2,Y])).

Written in terms of the coordinate vector fields, the terms with Lie brackets cancel out by Proposition 2.23.
Therefore, the equation above reduces to

o 0 1 g 0 o 0 o 0
g (Vamaxz) =3 (Vfg (mmz) S (axzax> ~Vig (axax» '

By equations (2.20) and (2.33), the above equation can be rewritten to

ok 170 0 0
i 9kl = By %gﬂ + @gil - @gij .
Multiplying both sides by the inverse matrix ¢*! gives the desired expression. O

A nice property of the Levi-Civita connection that will be used later on, is that it is invariant under
(local) isometries.

Proposition 2.60. Let ¢ : (M, g) — (M , §) be an isometry between two Riemannian manifolds equipped
with Levi-Civita connections V for g and V for g. Then ¢*V = V, or equivalently,

0. (VxY) =V, x (¢.Y), VXY € X(M). (2.50)
¢
Proof. Notice that equation (2.50) is equivalent to
VxY = (@71)* (6(‘0*)( ((p*Y)) .

Now let ¢*V : (M) x X(M) — X(M) be the map defined by

(9) ¥ = (7). (Foux (1))
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2 DIFFERENTIAL GEOMETRY

Firstly, we check whether @*6 satisfies the properties of a connection from Definition 2.48. On that
account, note that for f,g € C*°(M) and X, Z € X(M) the pushforward of vector fields by ¢ yields

ou(fX +9Z) = (for N X + (g0 p.Z.

Therefore, if also Y € X(M), then

(@ V)yx+g2Y = (¢71), (Vv*(fX-&-gZ) (<P*Y))
= (9071) (V(fow Dpw X+(gop~1) s Z (‘P*Y))
= (¢, ((f 09 Vo x (0:Y) + (g0 ¢ )V, z (%Y)) 7
where the last step follows from the fact that V is a connection. By now applying the pushforward (cp*l) .

on the vectors (f o 4,0_1)%%)( (pY),(go <p_1)§¢*z (puY) € %(M), we see that

(™), ((f 00 WVe.x (0.Y) + (909 V.2 (so*Y)) =f(e), (V X (so*Y)) +g(eh), (VQD*Z (sD*Y))
= f(¢"V)xY + g(¢*V)2Y.

since clearly fop lop=fand goyp oy =g. Indeed, ¢*V satisfies (i) of Definition 2.48.

Next, we shows that @*6 is linear over R in Y. Let a,b € R and X,Y,Z € X(M), then the results is
again a direct consequence of V being a connection on TM:

((p*%) (aY +02) = (gp ) ( (s aY—|—bZ)))
(LP ) ( Pa X (ap.Y +bp.Z )))
—a(¢™). (Ve Y)) +0(¢7), (Voux (.2))

= a(p*V)xY +b(p*V)x Z

as desired.
For (iii) of Definition 2.48, let f € C*>°(M) and X,Y € X(M). By following similar reasoning as
above, we have

(@ V)xfY = (¢7), (Voux (0.f7)

= (™). (Vox (fow HpuY))

= (7). pox (pY) + (9. X))Y)
(7). (V (@*Y))Jr(@’l)*(%Xf)Y
(" V)xY + (X[)Y,

(V.
(

h

where the last step follows from observing that (¢™!) (@ Xf) =dp~ o (p.Xf)op=dp todpoXo

-1
p ltop=Xf. B

The remainder of this proof aims to show that ¢*V is compatible with g and symmetric. For the
former, recall Proposition 2.56 and Definition 2.44. For XY, Z € X(M), we have

(" V)xg(Y,Z) = (¢71), (%*x (peg(Y, Z)))

= (™), (Veux @(e.Y.0.2)),
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2.5 Geodesics and normal coordinates

since ¢ is an isometry. Consequently, since V is compatible with the metric g, we get

(™), (Voux @(e-Yo0.2) = (671, (3 (Veux (). 0:2) +3 (0:Y, Vo x(0.2)) )
=(¢"), 3 (%*x(w*Y), w*Z) +(™"), 3 (cp*Y, ﬁo*x(so*Z))
=y ((@’1)* Vo.x(0:Y), Z) +g (K (¥, %*X(w*Z))
=g ((v*ﬁ)xY, Z) +y9 (K (w*ﬁ)xZ) ;

as desired. Symmetry then follows from the following computation:

(@ V)xY = (VX = (07, (Veux (1)) = (07, (Veur (0:))
= (¢71), lps X, 0. Y]
=[X,Y].
Indeed, go*% is a Levi-Civita connection of g, and by uniqueness, we must have that gp*% =V. O

Ezxample 2.61. In continuation of Example 2.47, the nonzero coefficients of the Levi-Civita connection V
for S? are given by

00 1 9 0 0
re =9 (< 9.9

@ 9 (3809%9 + &pgsa@ 399%0)
1
B (0+0—2sinfcosf)
= —sinf cos ¥,

and (after similar computations)

[ 1% — cos 0
O 9 sind

2.5 Geodesics and normal coordinates

Geodesics are the equivalent of Euclidean straight lines on Riemannian manifolds. As pointed out in
[21, Chapter 4], it turned out to be the most useful way to define them as curves with zero acceleration.
To define them, we need another interpretation of a connection. Instead of interpreting the covariant
derivative as a rule for taking directional derivatives of vector fields, we instead need a way to differentiate
vector fields along curves. For our purpose, we do not necessarily need geodesics. However, we do need
them to define the exponential map, which in turn will be used to define normal coordinates. Normal
coordinates will come out handy for proving various properties in the next chapter. By keeping this in
mind, we will keep this section relatively short and straight to the point. Therefore, we will leave out
any proofs and refer to [21] when desired.

For the next couple of definitions, we are not necessarily working on a Riemannian manifold with its
Levi-Civita connection, but we move slightly back to our ordinary smooth manifold M with its linear
connection on the tangent bundle V. To begin with, let us define smooth vector fields along a curve.

Definition 2.62. Let v : R D I — M a smooth curve. A smooth vector field along v is a smooth map
V : I — TM such that V(t) € T,)M for all t € I. The space of all smooth vector fields along 7 is
denoted by X(7). Q

More generally, we can also define smooth tensor fields along a curve v in a similar way. If VM C
U — TU C TM is a smooth vector field such that v(I) C U, then we can define V : I — M by setting
V(t) = ‘N/,Y(t) for all t € I. Since then V = V o4, it is clearly smooth. If such a smooth vector field V
exists on a neighbourhood of v(I), we say that V is extendible.
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2 DIFFERENTIAL GEOMETRY

As shown in [21, Theorem 4.24], a connection V in T'M determines a unique operator D; : X(v) —
X(7), which we call the covariant derivative along . This map is linear over R, satisfies the product rule,
and has the property that D,V (t) = Vy/(t)f/ if V' is an extendible vector field along . With this map
we can define the acceleration of «v and consequently geodesics.

Definition 2.63. The acceleration of a smooth curve v : I — M is the smooth vector field X(v) 3 D¢y/
along 7. Q

Definition 2.64. A smooth curve v : I — M is a geodesic (with respect to V) if its acceleration is zero,
ie. if Dy =0. Q

Alternatively, one could characterize v as a geodesic if its components satisfy the geodesic equation.
That is, if (z*) are smooth local coordinates such that v* = x* o y(t), then

A +TEAS = 0. (2.51)

By using theory of ordinary differential equations, one could proof that for every p € M, v € T,M
and tp € R, there exists an open interval I C R and a unique geodesic v : I — M such that y(ty) = p
and v/ (tg) = v (see [21, Theorem 4.27]). We say that a geodesic v : I — M is mazimal, if there does not
exists a geodesic 7 : I — M such that ﬁ’ = vv. Moreover, for each p € M and v € T, M there exists a
unique maximal such that v(0) = p and 7/(0) = v (see [21, Corollary 4.28]). Alternatively, we call this
geodesic the geodesic with initial point p and initial velocity v and denote it by ~,.

In the remainder of this section, we again consider Riemannian manifolds (M, g) endowed with its
Levi-Civita connection (although the theory is not exclusively applicable to the Riemannian setting).
Despite the fact that maximal geodesics are unique, we can relate one another with proportional initial
velocities due to the rescaling lemma [21, Lemma 5.8]. Moreover, consider the following definition.

Definition 2.65. Let -, be the unique maximal geodesic satisfying 7, (0) = p € M and 7, (0) = v € T, M.
The exponential map at p is the map exp, : T,M — M defined by

exp,(v) = 7y (1). (2.52)
Q

Remark 2.66. A complete manifold or geodesically complete manifold'! is a Riemannian manifold for
which every maximal geodesic is defined for all t € R. Equivalently, the exponential map at p has all of
T,M as its domain. From now on, we always assume that a Riemannian manifold (M, g) is geodesically
complete. *

Clearly, since for 0 € T,M we have yo(t) = p € M for all t € I, we have that exp,(0) = (1) = p.
Geometrically, expy,(v) is the point in M obtained by following the geodesic that passes through p for a
unit time in the direction of v [24, Section 3.2]. This map is in fact smooth (see [20, Proposition 5.7])
and for each p € M its differential is the identity map of T, M [21, Proposition 5.19]. Therefore, the
differential is invertible, such that the inverse function theorem (see [22, Thoerem 2.8.7]) guarantees the
existence of a star-shaped'? neighbourhood V of 0 € T, M and a neighbourhood U about p € M such
that exp, : T,M 2V — U C M is a diffeomorphism.

We call the neighbourhood U of p a normal neighbourhood of p. Now, an orthonormal basis

{a‘zi , |ie {1,...,n}} for T,M induces a basis isomorphism B : R" — T,M by B(r',...,r") =

7 8‘2@ ‘p. For a normal neighbourhood U = exp,(V) of p, one could then combine this isomorphism

with the exponential map to obtain a (unique, see [21, Proposition 5.23]) smooth coordinate map ¢ =

(x',...,2") =B lo (emppyv) ~'. U = R™. We call these coordinates (Riemannian) normal coordinates

centred at p.
The normal coordinates will be very useful in the next chapter due to the following proposition.

HDue to the Hopf-Rinow theorem, saying that M is geodesically complete is equivalent to saying M is complete as a
metric space [21, Theorem 6.19].

12 An open subset V' containing the origin is called star-shaped if V also contains the line segments from 0 to ¢ for any
qgeV.
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2.6 Curvature

Proposition 2.67. Let (M, g) be a Riemannian manifold and let (U, (z)) be any normal coordinate
chart centered at p € M. Then

(i) in coordinates we have that p = (0,...,0);
(ii) the components of the metric at p are g;;(p) = d;5;
(iii) the Christoffel symbols vanish at p, i.e. T};(p) = 0;
(iv) the first partial derivatives of the metric vanish at p, i.e. a%kgij (p).
o
Proof. See |21, Proposition 5.24]. O

Remark 2.68. Since the Christoffel symbols vanish at p in a normal coordinate system, from equa-
tion (2.33) we see that then V;-2;| = 0. In the light of Lemma 2.52, this implies that for 7 € T (M)

rrs
P
we have!?
X ) 0 0 0 . ) 0 0
Vir) (de| et = Y = L (aw| a2 2] ).
( kTp)(x » v p Oz lp Oxts p) 3kap<x P v p Ozt lp Oxts p)

2.6 Curvature

With the Levi-Civita connection at hands, we are ready to examine curvature. Informally, we can say that
curvature measures the distance between a Riemannian manifold and Euclidean space. If this distance
at a point is non-zero, that means the space at this point is curved. In this sense, curvature enables us
to express the extent to which a space is curved.

Definition 2.69. Suppose that (M, g) is a n-dimensional Riemannian manifold equipped with its Levi-
Civita connection V. The Riemann curvature endomorphism is the map R : X(M) x X(M) x X(M) —
X(M) defined by

R(X, Y)Z = VXVyZ — VYVXZ — V[X7y]Z. (253)

Q

Since the Levi-Civita connection is symmetric, it follows from equations (2.48) and (2.43) that
R(X,Y)Z =VxVyZ —NyVxZ —Vxy|Z
== VXVYZ - VYVXZ - V(VXva)/X)Z
=ViyZ-V¥xZ (2.54)
By using Lemma 2.34, one could derive that R is a (1, 3)-tensor field [21, Proposition 7.3]. Moreover,

using our smooth local frame and coframe for a coordinate neighbourhood U C M at a point p € M with
local coordinates (z*), the curvature endomorphism can be expressed as the tensor

0
R —

R, =R, (p)ds'| ®da?| @ daz* , 2.55
P ij?(p) &z » ® ax p ® ax » axl » ( )
with the coefficients R! i given by
0 0 0 ! 0
=)= =R, (p)—=] . 2.
Rp (aml p7 6337 p) 3$k ’p Rz]k(p) 6l‘l » ( 56)

13See Section B for a justification of this result.
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2 DIFFERENTIAL GEOMETRY

Proposition 2.70. If (U, (:z:l)) is a smooth local coordinate chart of a Riemannian manifold M, then
we can express the coeflicients of the Riemann curvature endomorphism as

0 0
R, = P T, ~ A i + DT — Tl (2.57)
¢
Proof. In terms of smooth coordinate vector fields, we use equation (2.33) to directly compute
0 0 0 0
RZJka 1 = ViViat Ok —V;Vi Cork V[m’]w
0 ;0
0 8 0 0 0 0
=1t — - —T! IV, —
Dt gl Dad gl T LIk i ggm LY g
_ (9w 9 l l 9
(Wij aJI‘kJrF e Lim — Dokl 9ul
O

Example 2.71. Recall the Christoffel symbols for S? of Example 2.61. The nonzero coefficients of the
Riemann curvature endomorphism are given by

0 (T8,)+1%,1%

Rso(ﬁp o6 P pl
= sin% 0 — cos? 0 + cos?
= sin? 6,
and (by similar computations)
R} o=—sin®0, Ry ,=-1, Rj, =1

&

Similarly to Lemma 2.52 where we established how a connection acts on tensor fields, we are interested
in how the curvature endomorphism acts on a tensor bundle 77 (M).

Lemma 2.72. Let R be the Riemann curvature endomorphism on the tensor bundle T7(M). If 7 €
TrH(M), wh,...,w" € X*(M) and Z,...,Zs € X(M), then

(R(X,Y)7) (w',...,w", Z1,..., Zs) =R(X, Y)( (W W' 21, Zy))
— R(X,Y W 2, 2
Z Wy 2 ) (2.58)
—ZT(wl,...,wT,Zh...,R(X,Y)Zj,...7ZS).
'y

Proof. The proof follows from first showing that R obeys the product rule with respect to tensor products
and commutes with all contractions. By using these facts and following similar argumentation as in the
proof of Lemma 2.52, one obtains the desired equality. For more detail, see [18, Proposition 2.43]. O

Definition 2.73. The Riemann curvature tensor is the (0,4)-tensor field Rm obtained from the (1, 3)-
Riemann curvature endomorphism by lowering its last index. That is, R> = Rm : X(M) x X(M) x
X(M) x X(M) — C*(M), defined by

R(X,Y,Z,W) = g(R(X,Y)Z,W). (2.59)
V]
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2.6 Curvature

Remark 2.74. Throughout literature, the Riemann curvature tensor is sometimes just defined as in
Definition 2.69. The curvature tensor, as defined above, is used when convenient. *

In terms of smooth local coordinates (x%), the Riemann curvature tensor assigns a tensor to each point
pE€ M as

® dxk‘ ® dat
p

, (2.60)

Rm, = Rmijkl(p)dasi‘ ® dxj‘
P P

p

with the coefficients Rmijer = gim R}y

coefficients using smooth local coordinates (z¢) as

Therefore, similarly to equation (2.57), we can express these

0

Bmyjr = gim (axlfﬂ i "+ I‘p - kal“g’;,) . (2.61)

What makes the Riemann curvature tensor specifically valuable, is that it enables one to define
curvature intrinsically. This means that it can be measured for Riemannian manifolds that are not
necessarily embedded in an ambient Euclidean space. The Riemann curvature tensor assigns a tensor
to each point of a manifold and formulates the extent to which the Riemannian metric is not locally
isometric to the Euclidean metric. Since Euclidean space is flat, the curvature is zero. Therefore, we say
that a Riemannian manifold is flat if

vayz*VyVXZ:Vpgy]Z, VX,Y,Z € X(M). (2.62)

Just as the Levi-Civita connection, the Riemann curvature tensor is invariant under isometries [18,
Theorem 4.1].

Proposition 2.75. The Riemann curvature tensor Rm is invariant under local isometries. That is, if
v: (M,g) — (M g) is a local isometry, then ©*Rm = Rm. &

Proof. The proof follows from a direct computation using Definitions 2.69 and 2.73 and Proposition 2.60.
Let X,Y, Z, W € X(M), then
(@*I/i%> (X,Y,Z,W) = Rm (p.X, .Y, 0.2, . W)
(R« X, 0:Y)puZ, 0 W)
(6%«)(690*3’ (0:2) = Vv Vo.x (0:2) = Vig. x,0.v] (0:Z) SD*W>
G (s (VxVyZ —VyVxZ — V[X,Y]Z) , W)

( “9) (R(X,Y)Z, W)
Rm(X,Y, Z,W).

I
Qe

O

Example 2.76. The coefficients of the Riemann curvature tensor on S? are easily obtained from the
curvature endomorphism coefficients:
Rmogoy = GopRi,e = — sin? 6, Rmoopy = 9opRig, = sin? 6,

megwg = gggR = Sin2 9, mepgg = gggR SiIl2 0.

pbe 0l —

&

The Riemann curvature tensor satisfies multiple symmetries which often come out useful.

Lemma 2.77. Let (M, g) be a Riemannian manifold. The (0, 4)-Riemann curvature tensor of g satisfies
the following symmetries for all W, X, Y, Z € X(M):

(i) Rm(W,X,Y,Z) = —Rm(X,W,Y. 2);
(i) Rm(W,X,Y,Z) = —Rm(W, X, Z,Y);

28



2 DIFFERENTIAL GEOMETRY

(i) Rm(W,X,Y,Z) = —Rm(X,W.Y, Z);

(iv) Rm(W, XY, Z)+BRm(X,Y,W,Z)+Rm(Y,W, X, Z) = 0. This is also referred to as the first Bianchi
identity.

In addition, the total covariant derivative of the Riemann curvature tensor satisfies the second Bianchi
identity:

VRm(X,Y, Z,V,W)+ VRm(X,Y,V,W,Z) + VRm(X,Y,W,Z,V) =0,  VX,Y,Z,V,W € X(M).

(2.63)

')

Proof. The proofs of these symmetries are not of particular interest, and we refer to e.g. [21, Proposition
7.12] for the details. O

The penultimate tensor that we will look at in this section is the Ricci curvature tensor. Its geometric
meaning will be thoroughly investigated in the next section. For now, we will leave it with the definition.
Although it does not carry all the information of the curvature endomorphism and tensor, it is a much
simpler object.

Definition 2.78. The Ricci curvature or Ricci tensor denoted by Ric is the covariant (0, 2)-tensor field
defined as the (1,1)-trace of the curvature endomorphism. That is, the map Ric : X(M) x X(M) —
C*>°(M), defined by

Ric(X,Y) = tr} (Z = R(Z,X)Y). (2.64)

Q

For smooth local coordinates (z*) about p € M, we have

Ric, = Ricy; (p)dmi‘ ® da? ’ . (2.65)

p P

The coefficients of the Ricci tensor can be conveniently obtained from the Riemann curvature endomor-

phism and tensor:

Proposition 2.79. The Ricci curvature Ric is invariant under local isometries. That is, if ¢ : (M, g) —
(M, g) is a local isometry, then ¢*Ric = Ric. &

Proof. The proof follows from Proposition 2.75. Observe that

—( 0 0 — 0 0
©* Ric (8;1:1" W) = Ric (90*89:“ cp*azj)
= g7 (p.dz”, p.dz™) Rm (so*aik,cp*aii, w*(ﬁj,w*azn)
g 9 0 0
Ok Ozt O’ aa:m)
g o0 0 0

= go*ézjl (dzk, da?m) cp*]f%??/@ <

=g! (dxk,da:m) Rm (
. o 0
= fue (33: ax) -

Ezample 2.80. The Ricci coefficients for S? are found by applying (i) of Lemma 2.77 on equation (2.66):

O

1
. .2 . 00 00 )
Ricop = %9 Rpo0p, = —9°P Ropop = i sin“f =1, Ricyp = 9" Roppo = —g° Rypope = sin® 0.

&
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2.6 Curvature

Finally, we define the scalar curvature as the trace with respect to g of the Ricci curvature.

Definition 2.81. The scalar curvature S : C*° (M) — R is the map defined by

S = try(Ric). (2.67)

Notice that by (2.26), we have tr,(Ric) = g Ric;;.

Ezample 2.82. The scalar curvature for S? is given by

y 1
S =g“Ric;; =1+ —5—sin*6 =
sin“ 6
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3 RICCI FLOW

3 Ricci flow

Informally, one could think of Ricci flow as the process of stretching or contacting the metric depending
on the Ricci curvature. If the curvature is negative, the metric is stretched, and for positive curvature the
metric is contracted. Moreover, the stronger the curvature, i.e. the ‘more negative’ or ‘more positive’, the
faster the stretching or contracting occurs. The stretching and contracting can be thought of as a change
in the distance between each pair of points of a manifold. In this way, Ricci flow has shown to be a useful
tool for ‘improving’ or ‘smoothing’ the geometry of a manifold whilst preserving any present symmetries.
However, in this process, Ricci flow is likely to develop singularities in finite time. Perelman developed a
technique called ‘surgery’ to properly deal with these singularities, which helped him to prove the famous
Poincaré conjecture in his series of papers [4, 5, 6].

Despite the occurrence of singularities, Ricci flow is nevertheless a useful tool to understand the
topology of a manifold. Although we will not focus on performing surgery on manifolds with singularities,
we will investigate how Ricci flow can be used to ‘improve’ a manifold’s geometry and discuss the short-
time existence and uniqueness of a solution.

Mathematically, Ricci flow allows the metric g of a Riemannian manifold to evolve under the PDE

0 gl1) = ~2Ric(g(1),  9(0) = go. (3.1)

From now on, we are therefore not interested in a single Riemannian manifold (M,g), but rather in
a family of closed manifolds (M, g(t)) with ¢ € [0,¢] C R [18, Section 4.1]. This chapter begins with
providing the necessary intuition for what it actually means to take time derivatives of the metric.
Furthermore, we discuss various important properties that we will use to eventually prove short-time
existence and uniqueness. To start off, let us solve the Ricci flow on S2.

Ezample 3.1. In our previous examples, we examined the various curvature tensors on S? with radius
r = 1. Now, since we consider a family of metrics dependent of time, we consider a radius r dependent
of time. The matrix representation on T,,Sf(t) is then

1 0
_ 2 .2
o0 =70 (5 guig) = 0. (32)
One could derive that the coefficients for the Ricci tensor remain unchanged, and are hence independent
of the radius such that Ric = go. The Ricci flow for S? is hence given by

%Tz(t)go = —2go, 9(0) =7(0)go = go, (3.3)

where we assume that the initial radius is (0) = 1. By taking the time derivatives on the left hand side,
this becomes

0
27rgo + 7“2(15)590 = 27rgo + 0,
and (3.3) becomes

2rrgo = —2g90 = 1 =—1

r 1
:>/rdr:—/ 1dt
1 0
r2

_—
= r(t) =v1-2t

Hence, we see that the solution to the Ricci flow is given by g(t) = (1 — 2t)go. So S? shrinks to a

point as t — % In fact, one could show that any unit sphere (S",gg) shrinks to a point since then

g(t) = (1 —2(n — 1)t)go |18, Section 3.1.1.1].

&
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3.1 Time derivatives and deformations of geometric quantities

<

g

Figure 3: The sphere S? shrinks to a point as ¢ — . In the figure, the sphere is given at t =0, t = &
and t = 2.
9

Remark 3.2. In the above example, note that we are now dealing with manifolds without a fixed volume.
To preserve the volume, one should consider normalized Ricci flow as in e.g. [28, Thereom 1.1-1.3| or |29,
Theorem 1.2]. Since the scalar curvature equals twice the Gaussian curvature K and Ric = Kg in two
dimensions!*, the normalized Ricci flow is then given by

o alt) = (s~ 5D, 90) = g (3.4

where s denotes the average scalar curvature of S. Explicitly, s is given by!®

_ Anx (M)
vol(M)

Proving (short-time) existence and uniqueness of solutions to (normalized) Ricci flow on compact two-
dimensional Riemannian manifolds is significantly easier (see e.g. [30]). This is because in two dimensions,
the deformation of the metric is conformal'®, and a solution can be written g(t) = e"(®go, with v :
M x [0,e) — R. If the dimension n > 3, then the Ricci flow becomes a weakly parabolic equation. In
Section 3.3, we proof short-time existence and uniqueness for dimension n > 3. *

3.1 Time derivatives and deformations of geometric quantities

To begin with, it is necessary to establish how one takes time derivatives of the metric and Levi-Civita
connection. Also, we are interested in how the various curvature tensors vary under the evolving metric,
i.e. not necessarily under Ricci flow. This section is mainly based upon [18, Chapter 4], if not mentioned
otherwise. As stated before, we are now more interested in a closed Riemannian manifold M equipped
with a one-parameter family of metrics ¢ — g¢(t), assuming these exists for some time interval [0, €].
We can consider the elements g(t) as sections of the smooth rank-2 positive definite symmetric bundle
S3HT*M), ie. g(t) € T (32(T*M)) [18, Section 4.1.1]. Then we define the derivate of g(t) as follows:

Definition 3.3. Consider the one-parameter family of smooth metrics g = g(¢t) € T (22 (T*M )) parametrised
by ‘time’ t. We define the time derivative of the metric as the map %g X(M)xX (M) — C(M) defined
by

0 0
—g | (X,)Y) = —g(X,Y 3.5
(59) (X1 = gax ) (35)
for any pair of time independent vector fields X,Y € X(M). @

MGee also Lemma A.3 in Section A.

15Here, x(M) denotes the Euler characteristic of M, which can be obtained by integrating the Scalar or Gaussian
curvature. For more information we refer to the Gauss-Bonnet theorem for surfaces [21, Chapter 9].

16Two metrics g1 and gz are said to be conformal if there exists a positive f € C°° (M) such that g1 = fg2 [21, Page 59].
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3 RICCI FLOW

Thus, it appears that %g(X, Y) is the time derivative of the smooth function g(X,Y) € C*°(M),
which implies that in local coordinates equation (2.21) becomes

0 . i g
59 = Gij(t)da'da’ . (3.6)

In accordance with Proposition 2.59, in which we state that the Levi-Civita connection can locally be
written in terms of the metric, V = V) is time dependent as well.

Definition 3.4. The time derivative of the Levi-Civita connection V is the map %V XEM)xX(M) —
X(M) defined by

0 0
XY — Y, .
(57) ) = 5 (37)
for any pair of time independent vector fields X,Y € X(M). Q

Interestingly, although V is by definition not tensorial since it satisfies the product rule, its time deriva-
tive is tensorial as showed in [18, Lemma 4.3| (By checking the conditions of the tensor characterization
lemma, see Lemma 2.34). Furthermore, we can differentiate the Christoffel symbols 1"’“ = daz*V o % of

dx?

V by considering them as a map I' : X(M) x X(M) x X*(M) — C*°(M) defined by T (X, Y,w) =w(VxY).

Definition 3.5. The time derivative of the Christoffel symbols of V is the map %F X(M) x X(M) x
X*(M) — C>(M) defined by

0 0
' (X,Y,w):==T(X,Y, .
(5i7) (X.iw) = Gr(x Ve, (35
for any pair of time independent smooth vector fields X, Y € X(M) and time independent smooth covector
field w € X*(M). @

Following similar argumentation as for the time derivative of V, one could also show that %F is
tensorial. Now that we have established how to take time derivatives of the metric, Levi-Civita connection
and the Christoffel symbols, we can describe how the various geometric quantities evolve under the metric.
To begin with, we consider the metric inverse g¥.

Lemma 3.6. Suppose that g(t) is a smooth one-parameter family of metrics on a Riemannian manifold
M. Then'”

9 i s 0
59 =—g"g’ oIkl (3.9)
®
Proof. Note that gig" = 6); and therefore that
0 0
J I3} =
(8tgkl>g + Gkt (61& > 0.
Multiplying by ¢g** yields
;! 0 . 0 0
— 4tk [ lj ik gy — ik dl [ 2 7
0=g (8t9kl> + 9" gr <6tg ) 9"y <8t9kz>+5” (atg >
and hence that ( < g”) = —gikgil (%gkl). O

Subsequently, we can describe the evolution of the Christoffel symbols of the Levi-Civita connection.

Proposition 3.7. Suppose that g(t) is a smooth one-parameter family of metrics on a Riemannian
manifold. Then the Christoffel symbols of the Levi-Civita connection evolve by

0 1 0 0 0
71116 — Z W e g — N —a.s ). 1
5 59 (Vzatgjz-i-vjatgu Vlatg”) (3.10)

&

17Note that due to Definition 3.3, we have %gkl = (%g) (%, %)
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3.1 Time derivatives and deformations of geometric quantities

Proof. Recall the coordinate expression of the Christoffel symbols from (2.49). If we choose normal
coordinates with respect to g(to), i.e. at some time ¢ = ¢, about a point p € M, we compute

9 10 9 9 9 1, 0/(0 9 9
o) = 55 (p)(angﬂ+axagl a;w‘“)’ 29" gy \ a9t T g9~ g1%u ‘p

1 o 0 o 0 0
=0+ 59" (p) (axz 50901(0) + 55 5:90(P) = 575,915 ()

where the first term vanishes due to Proposition 2.67 (iv). In view of Remark 2.68, we then have

Oy 1w 9 9 N 9.
ol P) =59 () (Vzatgﬂ(pHVg@tgn(p) Vzatgu(p))

from which the desired equality then follows. Since both sides of this equation represent tensors fields in
coordinate expressions, the identity holds for any coordinate system. O

In what follows, we derive expressions for the evolution of the Riemann curvature endomorphism and
tensor, and the Ricci curvature.

Proposition 3.8. Suppose that g(t) is a smooth one-parameter family of metric on a Riemannian
manifold M. Then the Riemannian curvature endomorphism R evolves by

0 1 0 0 0 0 0 0
&Rﬁjk = 5 l (v?matg]k + vj,k atgzm - v?,k &gjm - v?,m (:)tglk Rfjkagpm - Rfjmagpk

(3.11)
¢

Proof. Recall (2.57) and choose normal coordinates (x?) with respect to g(to) centred about a point
p € M. We have

i) =g (5T50)) = o (5750) + (TR0 Th) + THO) (5T 0)
~ (5750 ) - T0) (100

Z% (gtrg.k(p)> - g (;Flk(p)>

due to the fact that in normal coordinates I'S, (p) = 0. Proposition 3.7 then implies that

0 0 l _ 9 1 Im Q Q . — Q .
axi ((,%ij(p)> _&r’ |:2g (p) <v] atgkm(p) + vk atg_'jm(p) vm atg_jk(p)):|
10 m 9 9 v 9,
=539,9 " (@) (Vg 5y 9km (D) + Vi g 9jm(p) = Vim atg”“(p))

1 0 0 9 - 9
#3070 [ (75 25000 0) + Va0 ) — Vo))

L (g2 0 0 , 0
59" 0) (V2,5 0) + T 0im5) = Vo ael0))

where the last step follows from Proposition 2.67 (iii) and Remark 2.68. Hence, we have

9 l _1 lm 2 9 0 R v g .
S R0) =35 0) (V2,500 0) + Vi) = Vom0

1lm 2 2 0

5 5 (3.12)
_ 2 9 2 9 ) —v2 2,
59" (p) <VN 57 9em (P) + Vi k5, 9im (P) = Vi m atg““(p)) -
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3 RICCI FLOW

Notice that equation (2.54) and consequently (2.56) combined with Lemma 2.72 give us that

B ) o 9\ o o 0
2 w2 Y A B Y
Vii ggdkm = Vi gy km <R <8:Ui’ a:a) at9> (axk’ axm)

o 9 B o9 9\ o 0
=f (axz em) Giem = 59 (R (&cc‘)) W’axm)
L9 (9 p(2 9\ 9
3159 Oxk’ Oxt’ dxJ ) dxm
B )

- R'ijm agpkh

=0- RP

ijkagpm (3'13>

since R (8%1 ) BaF ) Gkm = ViVigkm — ViVigem — V(i j19km = 3x?;mj Gl — am(??)mi Gim —0 = 0. The identity
then follows by combining equations (3.12) and (3.13). O

Proposition 3.9. Suppose that g(t) is a smooth one-parameter family of metrics on a Riemannian
manifold M. Then the Riemann curvature tensor Rm evolves by

d 1 ) 9 o 0
aRmijkl =3 (Vilatg’k + Vj kg9l ~ V?k a9t~ V?,zatgik> (314)

1 0 0
+ igpq (Rmijkpatgql + Rmijplatqu) -

we have

&Rmi]’kl = agllejk + glmaRij‘k-

Proof. Since Rmiji = qim R}y,

From Proposition 3.8 we get

0 _m 1 0 0 0 0 0 0
Gum 5 B = Gim {2 <Vllatgjk+vjkatgzl V?,kagﬂfvjlatgm Rukatgpz Rfﬂatgpk)]

1 0 0 0 0 1 0 0
=3 (v?,latgjk + V?,kagu - Vf,kagﬂ - V?,zatgz‘k> —3 (Rfjk I Rfﬂatgpk>
1 0 0 0 0 1 0 0
=3 <v?7lat9jk + V?,;@%gil - V?,kagﬂ - vilatgik> - 59” (Rmijkpatgql + Rmijlpatqu> .
(3.15)
Furthermore, by using Lemma 2.77 for the last term of (3.15) and since
0 0
aglqR%k gqumijkpagqh (3~16)
we obtain the desired equality by adding (3.15) with (3.16) . O

Proposition 3.10. Suppose that g(t) is a smooth one-parameter family of metrics on a Riemannian
manifold M. Then the Ricci curvature Ric evolves by

o 1k1< ) ) )

0
Flticii = 59 Vi iggit Vi pri Vi 1 i~ V?,jatgkl) (3.17)

&

Proof. Since Ric;; = Rﬁi ;» the desired result can be conveniently obtained from equation (3.12). Le., we
have

a . 0 1 ) 0 0 0 0 0
aRZCM = 8tRk” = 5 kl <vk Zatgjl + vk,] atgzl vk latgzy ?Jcagjl - vz‘%jagk’l + v?’latgkj) .
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3.2 Evolution of curvature under Ricci flow

Now, notice that

L w2 O 2 O L g2 0 L ko2 O

- V2, —gei —V2.=gi | = ="V, =gii — =¢"*V?,—gp: =0,

2g ( il atgk.] i,k 8tg.7l 2g il 8tgk7] 29 il atgk]
since both the metric and its inverse are symmetric. O
3.2 Evolution of curvature under Ricci flow
With the expressions from the preceding section, we can substitute %g = —2Ric to derive expressions

that describe the evolution of geometric quantities under Ricci flow. It turns out that we can simplify
these expression by means of the quadratic curvature tensor. Again, we will primarily follow [18, Chapter

4].

Definition 3.11. The quadratic curvature tensor is the (0,4)-tensor field B : X(M) x X(M) x X(M) x

X(M) — C°°(M) defined by

B(X7Y7Z7W) = <Rm(X7'7Y7*)7R(W'aZ7*)> .

In accordance with Remark 2.39, for the components we get

0 0 0 1o}
Bijr = <Rm (Wa g W7*) , ‘im (W’ g ax?’*>>

T S
= gp gq RmiquRmkrls

s S
= g 9T Rmypiqj Rmypsi,

(3.18)

Q

(3.19)

with the last step following from Lemma 2.77 (i) and (ii). In addition, we define the Laplacian on a

connection on the tensor bundle.

Definition 3.12. For any tensor 7 € 7] (M), we define the connection Laplacian as the trace of the

second covariant derivative with respect to g. That is,

AT = try (VQT) .

Recall equations (2.26) and (2.42) to see that

0 0 0

i1 i 9 Y ) = 2 J1 Jr 2 -
(AT)(dm voenda 7axi1""’axz‘s) trs (V1) (dm v B B

, 9
= tr}ﬁ (97" @ V?7) (daﬂ1 yee e, datr

oxP ~ Ox4
0

= gP (Vf,’qT) (da;jl, o dadr

0

9 . ,
= tr}zg (g”q ® 0 ® V2T> (dx-”, ey dadry B 8ais>

0

)

)

9
Ox's

0

(3.20)

Q

(3.21)

Since the Levi-Civita connection is compatible with g, the covariant derivatives commute with metric

contractions. Therefore, we have that (see [18, Proposition 2.48])

. 2 p 2
ViRicij = gPTV i Rmypijq and Vi Ricij = gPIV g | Rmyjq

Now we can examine how the connection Laplacian acts on Rm.
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3 RICCI FLOW

Proposition 3.13. The Laplacian of the Riemannian curvature tensor Rm satisfies
ARmiji =V} yRicjy — V3, Ricy + V3 Ricy, — Vi Ricjy (3.23)
— 2 (Bijki — Bijik — Bijk + Bikji) + g7 (Rmg i Ricp + Rmigri Ricy;) . .

&

Proof. The following proof is in analogy with the proofs of [18, Proposition 4.2] and [1, Lemma 7.2] and
works with normal coordinates centred about an arbitrary p € M. Due to respectively equation (3.21),
the second Bianchi identity (2.63) and (i) of Lemma 2.77, we have that

ARmy i = trg (VQRmijkl)
= 9" (Vy.qRmijue)
= g (=V} ;Rmjgus — Vi jRmgikt)
= g" (V3. Rmgjr — Vi ;Rmgir) -

Next, recall equation (2.54) and notice that by applying the second Bianchi identity again we have
o 0 o o0 o0 0
2 _ o2
Vpiftmajt = Vi pRimqjit + <R <8:1:i’ 3331’) Rm> (333‘1’ Oxi’ Oxk’ (%il)

o 0 o 0 o 0
_ 2 . 2 . Y v
— Vi,kRqulp Vi)lRqukp + (R (&ri’ 6mp) Rm) <8m‘1’ 907 Dk 8x1> ,

and consequently due to (3.22) that

g"IV2 ;Rmgji = V3 Ricy — V7 Ricjy + g™ (R( 9 9 >Rm> ( 0 9 9 9 )

dxt’ dxp dx’ Oz’ 9zk’ Ox!

For the third term of the above equation, by Lemma 2.72 we have

o 9 o o o 0 o 0
P TR .~ | =qgP4 v _
g (R (3xi, 35,3;:) Rm) (333‘1’ Oxd’ Oxk’ 8xl> g [R (8131" axp) (Rmgjri)
g 0 g o0 o0 0

0 0 0 0 0 0
""‘Rm<axqvaxwaxk73<axww)w)]

ngq (0 — R%qun]’kl — R?qumanl — R?qumanl — R:‘;ququjk:n>

:gpqgmn (RmpianRmnjkl + Rmpij?rLqunkl

+ Rmpikamanl + Rmpilmqujkn).
Furthermore, observe that

mn _ . mn pp _ . mn . _ N
g"19"™" Rmpigm Bminjn = 9" Ry R i = ¢ Rmyjra Ricim = g Rmyji Ricig,

and by using (3.19) and Lemma 2.77

mn mn
gP1g™" Ry jm Rmgnis = 979" (RMypimj RMgink — RMpim; RMgknt) = Bijik — Bijkis

and lastly that

mn ( pq mn

gpqg Rmpik:mqujnl + Rmpilmqujk:n) =g7g" (_Rmpimkqujnl + Rmpimlqujnk> = _Bik:jl + Biljk-
Combining all results yields
Vi iRmgji = Vi Rmjqp, — Vi Rmje, — (Bijk — Biju, — Biji + Bikjt) + g7 Rmpjri Ricig,

and a similar computation for V?)’j Rmyip then yields the desired equality. O
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3.3 Short-time existence and uniqueness

Proposition 3.13 makes it easier to derive an equation for the evolution of curvature under Ricci flow.

From the next result, it becomes apparent that the curvature tensor Rm evolves under Ricci flow similar

to as in the heat equation. In the usual heat equation, one namely has % = Au = divgrad u for some

u : R™ x I — R. This will be pivotal for our analysis on existence and uniqueness to solutions of the flow.

Theorem 3.14. Suppose that g(t) is a solution of the Ricci flow, then the Riemannian curvature tensor
Rm evolves by

1o}
—Rmjii =ARmM 11 + 2(Bijki — Bijik — Bijk + Bikjt)

ot (3.24)

— gP (Rmpjri Ricgi + Rmipri Ricg; + RmijppRicg + Rmyjp Ricgr) -
Lt

Proof. Using Proposition 3.9, we can substitute % 9ij = —2Ric;; into equation (3.14):

0 ) ) . . . .
&Rmijkl = —Vilecjk — V?,kRZCil + V?,kajz + Vilecik — gP (RmjppRicq + RmyjpiRicgy) .

Combining this with equation (3.23) with the indices k and [ switched, gives us that the Laplacian satisfies

0 . .
ARmgji, = — aRmijkl — 2(Bijik — Bijki — Birji + Biji) — g7 (Rmijpp Ricq + Rmyjp Ricgr)
+ gP? (Rmpjik Ricg; + Rmipi, Ricgj)
from which the desired result can be naturally derived by using the symmetries of Lemma 2.77. O

To conclude this section, we provide an evolution equation for the Ricci curvature under Ricci flow.
Also here, we see that Ricci curvature evolves as a heat-type equation.

Proposition 3.15. Suppose that g(t) is a solution of the Ricci flow, then the Ricci curvature Ric evolves

by
0
ERZ'CU‘ = ARZC” + 29pquSRmpiericqs - 2gqu7;CIL'pRZ.qu. (325)
¢
Proof. The proof is rather technical and we refer to [18, Corollarly 3.18] for the details. O

3.3 Short-time existence and uniqueness

The usual heat equation is the prototype of a strongly parabolic partial differential equation. Although
the Ricci flow resembles the heat equation, we will see that after linearising equation (3.1), the PDE is
only weakly parabolic. Therefore, we cannot use the usual existence theory for parabolic PDE’s. Instead,
we will prove existence and uniqueness to a solution of the the Ricci flow analogously to [7]8

Our aim is first to recognize a parabolic PDE. Here, we follow the approaches of [18, 32, 33] and
[34]. Consider two smooth vector bundles E and F' over a Riemannian manifold (M, g) and an evolution
equation v : [0,T] x M — E given by

Z—QZ = L(u), u(0) = up, (3.26)

with L : T'(E) — I'(F') a linear differential operator of order k € N. That is, it can be written in the form

L(u) = > La%, (3.27)

la| <k

18With that we mean conceptually. Notation wise, we more or less follow [18] and [31].
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3 RICCI FLOW

with L, € Hom(E, F) a bundle homomorphism!® and « a multi-index. Next, we define the total symbol
or :T*M — Hom(E, F) of L as the bundle homomorphism

or(p,€) = Y La&® (3.28)

|| <k

Subsequently, the principal symbol 61, of L is the defined as the bundle homomorphism of the highest
term only:
Gr(p.€) =Y Lat™ (3.29)
|| =k
The principal symbol tells us whether an evolution equation is parabolic.

Definition 3.16. The partial differential equation in (3.26) is strongly parabolic®® if L is an elliptic

operator. That is, there exists a real number ¢ > 0 such that for all (non-trivial) (p,§) € T*M and
u € T'(E) we have

(GL(p,&)u, u) > clg[ul”. (3.30)

Q

In the Ricci flow equation, we can regard the Ricci curvature as the operator Ric : I' (X2 (T*M)) —
I (S%(T*M)). In the light of (3.26), notice that in the Ricci flow we have E = % (T*M) and F =
¥2(T*M). In other words, the Ricci curvature sends the positive definite symmetric metric g(t) to a
symmetric 2-tensor. However, the operator is not a bundle homomorphism, which means that the Ricci
flow is not a linear PDE. Hence, we wish to linearise the equation. Before, we will do this the Ricci
curvature, we move back to general non-linear PDE’s on Riemannian manifolds.

Definition 3.17. Consider a non-linear differential operator P : I'(E) — I'(F'). The linearisation of P
at ug is the linear operator DP : T'(E) — I'(F') given by

d
DP = —P(u(t 31
()= LPo) . (331)
where u(0) = up and u'(0) = v. Q@
FEzxzample 3.18. If we consider the non-linear PDE
ou ou 0%*u
Z_p - - = .32
ot (xa t7 U, axa 3x2> ) U’(O) uo (3 3 )

then we say that (3.32) is a parabolic non-linear PDE if its linearisation 2% = DP| (v) is parabolic in
the light of Definition 3.16. ’ &
Lemma 3.19. The linearisation of the Ricci tensor Ric: I'(X2 (T*M)) — I'($2(T*M)) at gy is given by
0 1 0 0 0 0 0
DRi —g) =20" (V=00 +Vi. =90 —Vi, =0~ Vi—agu|, =g€Tl(X2(T*M)).
e " (6tg>ij 29 ( k,zatgjl + Vi, (,%gz k,latgj i,j 6tgkl 6tg ( +( )
(3.33)
)
Proof. Let £.g € I'(£%(T*M)) and recall Proposition 3.10 to observe that
0 0
DRic| (<g) =< Riclg(t))
4, (7)., = st
L2 9 2 0 2 O 2 0
- 29 (vk,iatg]l + vk:,j atgzl Vk,latgzg vi,j 6tgkl .
O

9inear maps between fibres, see e.g. [21, Page 261].
20We will often just say parabolic to mean strongly parabolic.
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3.3 Short-time existence and uniqueness

Notice that the highest-order derivatives of % g are just the partial derivatives. Therefore, the principal
symbol of the Ricci curvature is

) 9 1 9 9 9 ) .
(URic(pv E)at9> ; = 59“ (fkﬁiatgjz + &€ i fkflagi]’ —&i&; atgkz) , (p,&) € T*M. (3.34)

However, if we define %gij = &, then (6gic(p, f)%g) =0 In other words, the principal symbol of
the Ricci curvature has non-trivial kernel, and does not satisfy the requirements of Definition 3.16. In
this sense, we say that the flow is only weakly parabolic. This is caused solely by the diffeomorphism
invariance of the Ricci curvature (Recall Proposition 2.79). If ¢ : (M, g) — (M, §) is a time-dependent

diffeomorphism such that ¢*§(t) = g(t) and §(¢) is a solution to the Ricci flow, then

o= (i)
= " (—2Ric(3(t)))
= —2Ric(g(t)).

(3.35)

We see that then g(t) is also a solution to the Ricci flow, and therefore that (3.1) is invariant under
the full diffeomorphism group, which is infinite dimensional. If g(¢) is any stationary solution to the
Ricci flow, that would imply we could acquire another linear independent solution with the pullback of
any diffeomorphism. However, the solution space of non-linear elliptic differential operators on compact
manifolds is only finite dimensional [35, Theorem 1]. Hence, the Ricci flow is not a parabolic equation,
which means we cannot directly use well known existence and uniqueness theory of such equations.

From (3.35), it also becomes apparent that Ricci flow preserves any present symmetries. Since sym-
metric operations can be regarded as isometric diffeomorphisms, the pullback of a solution to the Ricci
flow by a symmetry still has all the initial information of the topology of the manifold in question [36,
Section 6.1]. Together with the fact that metrics with positive curvature are contracted and metrics with
negative curvature are stretched, the Ricci flow literally ‘smoothens’ a manifold’s geometry.

In [7], DeTurck introduced a technique to express the weakly parabolic Ricci flow as a strongly
parabolic equation, now known as DeTurck’s trick. Existence and uniqueness for the Ricci flow can
therefore still be guaranteed. Before moving on to this result, we state a useful property and one fi-
nal definition. Due to [37, Proposition 2.61 (i)] (which is derived from [25, Proposition 12.32] using
Definition 2.57 and compatibility of g with V), for X = X° a?ci we have

Lxgij =ViX; +V;X;. (3.36)

To proof uniqueness of short-time Ricci flow solutions for the upcoming theorem, the following defi-
nition will come out useful.

Definition 3.20. Let f: (M,g) x I — (M, g) be a smooth map between closed Riemannian manifolds
with I C R. The harmonic map Laplacian is the map

Aggf =97 (Vif.) ((;) : (3.37)

We say that f is harmonic if Ay 5f = 0 and call the equation

fomr=Dgaf. JO)= (3.39)

the harmonic map heat flow. In [38], Eels and Sampson proved that if (]T]j) has non-positive sectional
curvature®!, then there exists a solution to the mazimal harmonic map heat flow, i.e. with {f; |0 <t <

21See e.g. [21, Page 250]
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3 RICCI FLOW

T < oo}, such that f converges to a harmonic map. This implies the existence of a harmonic map in each
homotopy class?2. Hartman extended this result in [40] to prove uniqueness of the harmonic map in its

homotopy class. The extend to which the non-positively sectional curvature of M is actually necessary
was examined by Chang, Ding and Ye in [41]. They concluded that the maximal time of existence cannot
be expected to be infinite without non-positive sectional curvature.

In our case, we only need short-time existence. Therefore, we can continue to our primary result on
the Ricci flow.

Theorem 3.21. If (M, go) is a closed Riemannian manifold, there exists an unique solution g(t), defined
for time ¢ € [0, €], to the Ricci flow such that g(0) = go for some € > 0. Tt

Proof. The proof is divided into four steps:

1. Prove that a modification of the Ricci flow, the Ricci-DeTurck flow, is parabolic and hence enjoys
short-time existence and uniqueness.

2. Relate the Ricci flow to the Ricci-DeTurck flow.

3. Start with a solution to the Ricci flow and relate it to a unique solution to the Ricci-DeTurck flow
by means of a reparametrisation by harmonic map heat flow.

4. Conclude that the solution to the Ricci flow must be unique.

STEP 1. Let (M,g(t)) be a family of Riemannian manifolds and let § € {g(t) | t € [0, €]} be fixed, for
some € > 0. Define W € X(M) by

7 a . ik 7 T a
W=WZ = g ( - jk) et (3.39)

which is well-defined since the difference of two conmnections is a tensor. Also, consider the one-form
obtained from W with the lowering musical isomorphism:
W? = Wida' = gijg*" (T}, ~ T, ) do. (3.40)

Let us now define the Ricci-DeTurck flow:

LA

ot~
We will show that (3.41) is a quasilinear?® strongly parabolic equation. Existence and uniqueness then
follows from e.g. [43, Theorem 1.1]. Recall equation (3.36) to observe that

,Cngj = VZWJ + ijz
= vz <gjkglm (Ffm - Féﬁm)) + vj (gikglm (Ffm - Ffm)) .
By using normal coordinates about a point p € M, the covariant derivatives can be interpreted as partial
derivatives, such that linearising the above expression yields
0 0

310 ZE(ﬁwg(t))ij

1 0 0 0
=§9jkgpqvi <gkl <vp8tgql + angpz - vlatgpq>>

1 0 0 0
+ igikgpqvj (gkl (Vpatgql + Vq&!]pl - vlatgpq)>

72R’L.Cij + ,Cngj, g(O) = go- (341)

DLw

t=0

+ (lower-order derivatives of % 9)

B ] 0 J
M (V?,k FTi Vik 591~ Vi, <%ng> + (lower-order derivatives of —.g),

22Homotopies are studied in the branch of algebraic topology. A homotopy class is an equivalence class of continuous
functions that can be continuously deformed into one another. For more information, we refer to [39].
23That is, it is linear with respect to all the highest order derivatives of the unknown function (see e.g. [42, Section 4.4]).
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3.3 Short-time existence and uniqueness

where the second step follows from Proposition 3.7. Recall Lemma 3.19 to observe that

D[—2R7;C + £W]

0 0 0
" ((%g) ; = gklv;@gij + (lower-order derivatives of ag),

where we used the symmetry of the metric to rearrange the indices of the first two of equation (3.33).
Now, notice that for the principal symbol we get

0 0
(62Ric+£w (p, f)atg) = gklﬁkfzagm (p, &) € T*(M),

ij
which clearly has trivial kernel. We see that the Ricci-DeTurck flow in (3.41) satisfies the requirements
of Definition 3.16 and hence enjoys short-time existence and uniqueness.

STEP 2. Consider a solution g(¢) to the Ricci-DeTurck flow and a time dependent vector field W (¢)
defined by (3.39). Since there exists a solution to the Ricci-DeTurck flow, this one-parameter family of
vector fields exists for ¢ € [0, €]. Therefore, by e.g. [22, Theorem 3.3.5] or [31, Lemma 3.15], there exists
a one-parameter family of diffeomorphism ¢; : M — M constructed by solving the ODE

0 .
&@t(ﬁ) = —Wo,(p(t), wo = idps,

which we recognize as the flow of —TW. We claim now that g(¢) is a solution to the Ricci flow obtained
by pulling back g(t) with the diffeomorphism ¢;:

9(t) = ¢ig(t),  t€[0,q.
Notice that since @g = idas, we have §(0) = g(0) = go. Moreover, we have that

D= "Doto)

9 .
= %L:O (SDtJrsg(t + 3))

— o1 (590) + 35| _, (etiaa)
= 1 (~2Riclg(®) + Lweog®) + 5| _ [0 0 pess) iate)] (3.42)

where we used that ¢}, , = ((p; Lopiiso @t)*. Moreover, recall Definition 2.35 to observe that

0

0

£g(t). 3.43
(%_1%“)@ g9(t) (3.43)

s=0

. {(%‘1 ° Pris) wfg(t)} =L

s=

o
Os
In addition, notice that

% (07! o psre) = (07h), (aas‘szosps—l-t) = (¢ 1), (gt%) =— (o7 "), W(t) = —p;W(t) (3.44)

Combining equations (3.43) and (3.44) with (3.42) then yields
0

59 = ~20iRic(g(t)) + i Lw9(t) = Lorw e 01 9(1)

— —2Ric(3(t)), (3.45)

s=0

which proves the claim and concludes the existence part of the proof?*.

24Notice that the final step follows from the fact that the Lie derivate of g is invariant under diffeomorphisms, see for
example [31, Section 2.2].
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3 RICCI FLOW

STEP 3. Let (M, (t)) be a family of Riemannian manifolds such that g(¢) is a solution to the Ricci flow.
Also, let (M g) be a Riemannian manifold with fixed metric § and correspondlng Levi-Civita connection

V. Define ¢ : (M, g(t)) x [0, €] — (M, g) by (3.38) such that ¢g : (M, go) — (M, §) is a diffeomorphism?®
Recall (2.44) and (2.45) to observe that if (z*) denote local coordinates about p € M and (y®) denote

local coordinates about ¢:(p) € M [45, Section 1.2.2], then

_ii [ S b )
=g J (v(tpt)* Bii ((th)*axj> — ((pt)* (Vlaﬂ))
_ =i [ 890? o — 9
=g" (V(%)*aii <8x1 8y°‘) — ((pt)*]:‘ijw)

Py 0 00y D oy Opf 0)

Orioxi 6ya oxi Oxt b oy ijW@ (3.46)

where we used (2.33) in the third and fourth equality. Let us now define g(t) = (¢; ")*g(t) on M. We
claim that this is a unique solution to the Ricci-DeTurck flow. The uniqueness follows from the fact that
the harmonic map heat flow has a unique solution. Moreover, notice that

0

S50= o (o) (1)

o (e at+9)
) (igw) * 3l
—~2Ric(g(t) + 5| {(% ool (ert) Q(t)}

(
= —2Ric(g(t)) + Ly, 2o (pr1) " 3(2)
~2Ric(g(t)) + Loy, 2 p19(0), (347)

0
ot
0
0
(‘Pt

(el a)

where we use that the Ricci flow is invariant under diffeomorphisms in the fourth step. Also, note that
the fourth and fifth step follow from similar reasoning as to Step 2. It now rests for us to show that the
Lie derivative term in (3.47) is equal to the one in the Ricci-DeTurck flow, i.e. that (@t)*%%—l =-W
from (3.39). For that, choose local coordinates (z') about ¢; '(q) € M and (%) = (%) o ;' about
q € M. In addition, let (y®) be local coordinates fixed about ¢, o ; *(q) € M, then observe that

yoz ' =yop oz

=yo(pop; ozt

Le., we see that g;; = g;; and therefore that ffj = Ff'j such that ¢ = (¢; 0 7 1)*. This means that

25Tn fact, for all ¢ in the domain [0, €] we have that ¢ is a diffeomorphism due to a kind of elliptic regularity. The proof
of this involves technicalities which do not lie within the scope of this research. In this context, it is however dealt with in
[18, Section 3.2] and on general non-linear partial differential equations in e.g., [44, Section 8.3].
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3.3 Short-time existence and uniqueness

(3.46) gives us

0
(1), ot o) = (Ag gt )% (@)
0

( pp 0 &P?&Pffv 0 o 9¢f 5)

Oxidxd Oy ' Bz dxt PPy i dzk dye

Plprop ) 9 Apow ) ANpiopy Vg 9 i dwiopr ) 9
Oridzi Oy~ OxI Oxt B v K Oxk Ay~

(A (pro@y ))
= (povit)g] . (3.48)

In other words, the harmonic map Laplacian is invariant under change of diffeomorphisms. In our specific
case, since @y o (pt_l(q) = ¢, we simply have

0 ’ 0
(o1 )+ (’%(pt = jk ( gk ij) ozt
=-W, (3.49)

which proofs the claim that g(t¢) is a unique solution to the Ricci-DeTurck flow.

STEP 4. Now, suppose that both g;(¢) and g2(t) are two solutions to the Ricci flow with g;(0) = g2(0).
Let M = M and o = idps. Using Step 3, we could provide one with solutions to the Ricci-DeTurck
flow ¢1(¢) and go(t) which satisfy g1(0) = g1(0) = g2(0) = ¢2(0), since o = idps. Consequently, since
solutions to the Ricci-DeTurck flow are unique, we have that ¢1(¢) = g2(t) for all ¢t € [0,¢]. Therefore,
the time dependent vector field W is also the same for the two solutions. The unique solutions to the
harmonic map heat flow ¢, and @2, together with (3.49) show us that

B .
awi,t(p) =W, .01, @i = idpy (3.50)

and hence that ¢1:(p) = ¢1.:(p). We see that therefore g1 = ¢} ,91 = ¢5,92 = g2, which proves
uniqueness to the Ricci flow.
O
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4 ALMOST-RIEMANNIAN GEOMETRY & RICCI FLOW

4 Almost-Riemannian geometry & Ricci flow

In this research, we are particularly interested in what happens when Ricci flow is practised on an
almost-Riemannian structure. This type of structure is an example of a sub-Riemannian structure, just
like Riemannian manifolds. The chapter provides a brief introduction of sub-Riemannian structures
and almost-Riemannian structures, after which we examine the possibilities of evolving Ricci flow on
two-dimensional almost-Riemannian manifolds.

4.1 Definitions & properties

This first part of this section is based upon [46, 47, 27] and [48]. We always assume that M is a n-
dimensional smooth manifold, i.e. not necessarily a Riemannian manifold. At a certain point, we will put
our attention only on two-dimensional smooth manifolds with an almost-Riemannian structure. Then,
we will use results of [49, 17, 50] and [51].

To define a sub-Riemannian structure, we firstly have to broaden our knowledge on Lie brackets
(recall Definition 2.22) and smooth vector fields. The set of all smooth vector fields over M has both the
structure of a real vector space, and of a C°°(M)-module®®[22, Proposition 3.1.5]. When equipped with
the Lie bracket, it turns out that X(M) is also a Lie algebra over R [27, Proposition 3.9].

Definition 4.1. A Lie algebra over a field K is a pair (V,[,+]), where V is a vector space over K and
[,:]: V x V — V is the Lie bracket that satisfies the following properties:

(i) Bilinearity over K. ILe., foralla,b € Kand z,y,z € V, [ax+by, y] = a[z, 2] +bly, 2] and [z, ax+by] =
alz, 2] + bz, yl;

(ii) Antisymmetry. Le., for all z,y € V, [z,y] = —[y, 2];
(iii) The Jacobi identity. I.e., for all z,y,z € V, [z, [y, 2]] + [z, [x,y]] + [y, [z, z]] = 0.
@
We also need to define such algebra’s for subsets of X(M).

Definition 4.2. Let F C X(M) be a family of smooth vector fields. The Lie algebra generated by F is
smallest Lie subalgebra of X(M) containing F. That is,

Lie F = span{[Xl, ey [Xj—lan]] | X; € ]:,j S N} (41)
Q

If for each p € M the evaluation at p of Lie F equals T, M, then we say that F satisfies the Hérmander
condition. Mathematically, that is

Lie, F = {X(p) | X € Lie F} =T, M. (4.2)
Definition 4.3. Let M be connected smooth n-dimensional manifold. A sub-Riemannian structure on
M is a pair (U, f) for which the following properties hold:

(i) U is a Fuclidean bundle with base space M. An Euclidean bundle is a vector bundle whose fibres
Up, for all p € M, are equipped with a smoothly varying inner product (-, ), with respect to p;

(ii) The map f : U — TM is a smooth map that is a morphism?’ of vector bundles such that its
restriction to any fibre of U is linear and the following diagram commutes:

ULy

N l" (4.3)
M

26We can also say that X(M) is a module over the ring C°°(M). An algebra can be constructed from a module by
equipping it with a bilinear operation. These objects are algebraic structures studied in abstract algebra. See e.g. [52].

2"Morphisms are studied in category theory, the abstract algebra of functions. Morphisms are also called arrows, and are
structure preserving maps between two objects in a category [53, Section 1.1].
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4.1 Definitions & properties

where 7y : U - M and 7w : TM — M denote the projections;

(iii) The collection of smooth vector fields D = {f oo | 0 : M — U is a smooth section} satisfies the
Hérmander condition.

Q

We say that the triple (M, U, f) is a sub-Riemannian manifold.

Example 4.4. If we take U = TM such that f : TM — TM and f(Up) = T, M, then (M,U, f) is a
Riemannian manifold. &

We will soon see that almost-Riemannian manifolds are also specific types of sub-Riemannian mani-
folds. More elaborately, they are the prototypes of rank-varying sub-Riemannian manifolds. To see what
that means, consider the following definition.

Definition 4.5. Let (M, U, f) be a sub-Riemannian manifold. Its distribution is the family of subspaces

{D(p)}pen, where
D(p) ={foop) | fooeD}=f(U,) CT,M. (4.4)

Q

The bundle rank of the sub-Riemannian structure is k = rank(U), and r(p) := dim D,, is the rank of
the sub-Riemannian structure at p € M. So, if r(p) is constant, then (U, f) has constant rank. If this is
not the case, then (U, f) is called rank-varying. For every p € M, the rank of a sub-Riemannian manifold
(M, U, f) hence satisfies

r(p) < min{k,n}. (4.5)

In order to define distances between two points, we need the concept of admissible curves and their
lengths.

Definition 4.6. A Lipschitz curve v : [0, 7] — M is admissible for a sub-Riemannian structure if there
exists a measurable essentially bounded function®® ¢ — wu(t), called a control, such that

() = f(y(t),ut)),  fora.e?tel0,T]. (4.6)

Moreover, we define the sub-Riemannian length of an admissible curve ~ as3°

T
o) = / 14| d. (47)

Having obtained a notion of length, we can define distances.

Definition 4.7. The sub-Riemannian distance between two points p,q of a sub-Riemannian manifold
M is

d(p,q) = inf{l(y) | v:1[0,T)] = M is admissible, v(0) = p,v(T) = q}. (4.8)

@

In fact, if M is a sub-Riemannian manifold, by the Chow-Rashevskii theorem we have that (M, d) is a
metric space and the topology induced on M is equivalent to the regular manifold topology [46, Theorem
3.31]. This ensures that there exists an admissible curve between any two points in M. Moreover, (M, d)
is complete when there exists an ¢ > 0 such that the closed ball B, (p) is compact for every p € M [46,
Proposition 3.47]. One could also define geodesics in this setting. As it turns out, these are characterized
as normal Pontryagin extremal trajectories. For more detail, see [46, Section 4.7].

28That is, almost equal to a bounded function. This is a concept from measure theory, see for example [54, Section 2.11]

29That is, almost everywhere. Again, a term from measure theory. It means that only in a subspace of measure zero, a
certain property holds everywhere.

30See [46, Definition 3.8] for a precise definition of the sub-Riemannian norm.

46



4 ALMOST-RIEMANNIAN GEOMETRY & RICCI FLOW

Definition 4.8. Let (U, f) and (U, f) be two sub-Riemannian structures on M. The structures are
equivalent as distributions if the following conditions hold:

(i) There exists a Euclidean bundle V and two surjective bundle morphisms p: V— Uand p: V — U
such that the following diagram commutes;

U
2N
Vv TM™M

(4.9)
x - /
U
(ii) The projections p,p are compatible with the scalar product. That is, we have3!
lu| = min{|v[,p(v) =u},  VueU,
ji| = min{[v|,p(v) =@},  VieU.
Q@

If (i) and (ii) of Definition 4.8 are satisfied, we say that the two structures (U, f) and (U, f) are
equivalent (as sub-Riemannian structures).

Definition 4.9. Let (M, U, f) be a sub-Riemannian manifold. The minimal bundle rank of M is defined
as the infimum of bundle ranks that induce equivalent structures on M. The local minimal bundle rank
at p € M is the minimal bundle rank of the structure restricted to a sufficiently small neighbourhood

Op 2 p. @

Almost-Riemannian structures are sub-Riemannian structures such that its local minimum bundle
rank at every point is equal to the dimension of the manifold. For a given sub-Riemannian (U, f) with a
constant local minimum bundle rank &, we can always find a sub-Riemannian structure (I~J, f ) equivalent
to (U, f) such that rank U = k [46]. Therefore, we can define almost-Riemannian structures as follows:

Definition 4.10. Let M be connected smooth n-dimensional manifold. A n-dimensional almost-Riemannian
structure (n-ARS) on M is a pair (U, f) for which the following properties hold:

(i) U is a rank n Euclidean bundle with base space M. A Euclidean bundle is a vector bundle whose
fibres U, for all p € M, are equipped with a smoothly varying inner product (-, -),, with respect to

b;
(ii) The map f : U — TM is a smooth map that is a morphism of vector bundles such that its
restriction to any fibre of U is linear and the following diagram commutes:

U

R l’“ (4.10)
M

where 7y : U - M and 7w : TM — M denote the projections;

(iii) The collection of smooth vector fields D = {f oo | 0 : M — U is a smooth section} satisfies the
Hoérmander condition.

Q

31Here, we have that |u| = \/(u,u)p for u € Up.
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4.1 Definitions & properties

Moreover, we introduce the step of the distribution. As we will see, for some points p € M with a
n-ARS, one only needs the span of n vector fields to span the tangent space. For other points, we will
indeed need them to obey the Hérmander condition to span T, M.

Definition 4.11. The step of the distribution at p € M is the minimal s € N, with s > 1, such that
Ds(p) = T,M, where Dy :=D and D,y =D, + [D1,D;], for i > 1. Q

Let us now discuss some of the properties of almost-Riemannian structures.

Definition 4.12. Let Q2 C M. An orthonormal frame on () for a n-ARS is the set of vector fields

{X1,Xo,.... X} ={foo1,foos,...,foon}, (4.11)
where {01,029, ...,0,} is an orthonormal frame on a local trivialization 2 x R™ of U with respect to (-, -),
for all p € Q. Q

If such an orthonormal frame exists on M, then we say that the n-ARS is free.

Definition 4.13. The singular set (or singular locus) Z on a n-ARS of M is the set of points p € M
such that r(p) < n. We call these points singular points. Q

The singular set is what differs between an n-ARS and a Riemannian structure on M. Formally, we
have that a n-ARS is a Riemannian structure on M \ Z |27, Theorem 3.20]. Hence, we refer top € M\ Z
as Riemannian points.

4.1.1 Two-dimensional almost-Riemannian structures

From now one, we restrict ourselves to 2-ARS and hence a smooth connected two-dimensional manifold
M. Most of the research on almost-Riemannian structures has been on this particular case, which makes
it a suitable choice to see what happens when Ricci flow is evaluated on a surface endowed with a 2-ARS.
For example, while the metric and curvature explode when approaching the singular set, geodesics can
pass through it. In particular, all geodesic are smooth and they coincide with the set of non-trivial normal
Pontryagin extremal trajectories [46, Corollary 9.25, Proposition 9.26]. Specifically, an admissible curve
v :[0,T] — M is a geodesic for a 2-ARS if for every sufficiently small non-trivial interval [¢1, 2] C [0, T,

7|[t1.tz] is a minimizer of 4(-) from (4.7). If M is compact, then any two points of M are connected by a
minimizing geodesic as a consequence of the Chow-Rashevskii theorem [51, Section 2.2].

Before moving on, recall Definition 2.8 and Remark 2.18 for the following definition

Definition 4.14. A 2-ARS (U, f) over M is said to be oriented if U is oriented. It is said to be fully

oriented if both M and U are oriented. v
Remark 4.15. Tt is in fact possible to define a non-orientable almost-Riemannian structure on orientable
manifolds, and vice-versa [17, Chapter 1]. *

Notice that in the 2-ARS case, we have [55, Section 1.2]
Z={pe M |dim(D(p)) =1}. (4.12)

As shown in [46, Section 9.4.1], a 2-ARS on a smooth connected two-dimensional manifold M gener-
ically satisfies the following properties:

(i) The singular set Z is an embedded one-dimensional submanifold of M;
(ii) The points p € M at which dim(Dy(p)) = 1 are isolated;
(iii) For every p € M we have D3(p) = T, M.

We refer to the above three conditions as HO. Assuming that HO is true, one could show that, generically,
a (local) orthonormal frame is given by the vector fields Xi(z,y) = (1 0)" and Xs(z,y) = (0 f(z,9))"
on R?, with f(x,y) a smooth function [17, Theorem 16]. The following proposition enables us to express
the local behaviour of g and the scalar curvature®? S with these two vector fields [27, Theorem 3.21].

32In two dimensions, the scalar curvature equals twice the Gaussian curvature [21, Corollary 8.28].
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Proposition 4.16. Let (z,y) denote local coordinates on 2 C M with an orthonormal frame for a

2-ARS on  of the form
1

X = (). K= (j ) (4.13)

with f: Q@ — R a smooth function. The singular set is then given by Z = {(z,y) € Q| f(z,y) = 0} and
on QN (M \ Z) we have the following expressions for the metric g and the scalar curvature S:

2
0, 3
, 1, —2 (a%) + [ ok
g=dx +—f2dy , S = 272 (4.14)

&

Proof. Observe that X;(p) and X»(p) are linearly independent if and ounly if f(p) = 0. Le., in that case
we have dim(D(p)) = 1 such that by (4.12) we indeed have Z = {(z,y) € Q| f(z,y) = 0}. Recall (2.22)
to note that {X1, X2} is an orthonormal frame on the Riemannian points if

9p (Xi(p), X;(p)) = 6ij.

Clearly, we then must have that ¢ = da? + f—lzdy2. For the scalar curvature, one could first compute
the Christoffel symbols and, subsequently, the coefficients of the Riemann curvature endomorphism. The
expression for S in (4.14) can then be obtained by applying multiple consecutive traces (that is, apply
equations (2.61), (2.66) and (2.67)). O

Remark 4.17. This expression for the scalar curvature is especially relevant, since we will analyse the Ricci
flow on almost-Riemannian surfaces in the next section and Ric = Kg = g g in these dimensions®?. %

Also under the assumption that HO is true, we can distinguish between three kinds of points for a
2-ARS on M [17, Definition 19].

Definition 4.18. Consider a 2-ARS on M such that HO holds. We call a point p € M a
(i) Riemannian point if D(p) = T,M;
(ii) Grushin point if dim(D(p)) = 1 and Dy(p) = T, M;
(iii) tangency point if dim(D(p)) = dim(D2(p)) =1 and Ds(p) = T, M.
Q

Equivalently, if p is a Grushin point, then the distribution D(p) is transversal to T,,Z. To see this, let
us adopt the assumptions of Proposition 4.16 to notice that then D(p) = span{ (1 O) } and (by working
out [X1,X»]) that T,Z = span { (—g—g(p) %(p))T}, which is transversal since %(p) # 0 by definition
of a Grushin point. Similarly, If p is a tangency point, then D(p) coincides with T}, Z, i.e. it is tangent
to Z. In that case, we again have D(p) = span{(l O)T}, but now T, Z = span { (_%(p) 0>T}, since
Dy (p) # Tp,M for a tangency point [46, Proposition 9.36].

Example 4.19. The Grushin sphere is an example of a free almost-Riemannian structure on S? with
(U, f) given by U = §% x R? and f(0, o, u1,u2) = (6,9, u1,us tanf) (see also [49, Table 1]). In contrast
to Example 2.47, let us now parametrize S? by

z = sinf cos ¢, y = sin 6 sin ¢, z = cosf, {(G,gp)|—g<9<g, O§<p§27r}.

If we set D = {X1, Xo} with

33For a proof, we refer to Lemma A.3.
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then X; and X, span T,S? except at points with § = 0 (See also Figure 4). By Proposition 2.23, we have

(5
- 1 )
cos? 0

such that Dy(p) = T,M for all p € S?. Le., D satisfies the Hérmander condition. In particular, we have
Z={(0,9) | =0} and the Riemannian metric on S? \ Z given by

Jdtanf O 1 0

[X17X2}(9790): BT %p:COSQH%p

g =dh*

9

due to Proposition 4.16. In addition, for the scalar curvature we have

S = 72(c05129) +2tczrsl29 _ Sin29_1 _ 1
2tan? 6 cos? 0 sin” 0 sin? 6’
&
7 Integral curves of X;

Integral curves of Xo

N

Figure 4: The unit sphere S? with a 2-ARS.

4.2 A discussion on Ricci flow on two-dimensional almost-Riemannian man-
ifolds

In this section, we investigate the possibilities of evolving the Ricci flow on a complete, connected smooth
two-dimensional manifold M endowed with a 2-ARS. One would suppose that we can best focus on
M\ Z, since there the structure is Riemannian. From (4.14), it becomes apparent that, generically, both
the metric and curvature explode when a point p approaches Z. Hence, it seems prudent to consider
the space M, = {p € M | d(p,Z) > €}, where d(-,-) denotes the almost-Riemannian distance3*. If we
additionally require M to be compact and oriented, we have the following two results from [17, Lemma
24, Lemma 25]:

34This is the same as the sub-Riemannian distance from Definition 4.7.
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Lemma 4.20. Every compact orientable two-dimensional manifold admits a free 2-ARS satisfying HO
and having no tangency points. ®

Lemma 4.21. Let M be a compact and oriented. For a 2-ARS on M satisfying HO, the singular set Z
is the union of finitely many curves diffeomorphic to S!. Moreover, there exists and ey > 0, such that, for
every 0 < € < €, the set M \ M, is homeomorphic to Z x [0, 1]. Under the additional assumption that M
contains no tangency points, €y can be taken in such a way that dM, is smooth for every 0 < € < ¢y. @

From now on, we therefore assume M to also be compact and oriented, and choose the free 2-ARS
satisfying HO on M without tangency point such that we can take ¢y > 0, such that dM, is smooth for
every 0 < € < €. Given an orientation on M, let us also consider M+ as the subset of M \ Z having
the same orientation as M, and M~ as the subset of M \ Z having the opposite orientation®. We are
interested in the topology of M* := M* N M,. Then, we can examine the evolution of Ricci flow on
(lime_o M*, go). First of all, notice that M, is compact with smooth boundary dM,. To add to this, we
have that M, is non-complete. Recall that when M is compact, any two points of M are connected by
a minimizing geodesic due to the Chow-Rashevskii theorem. If we remove the singular set Z, a geodesic
from a point p € M to ¢ € M. can never be achieved. Hence, we are dealing with two non-complete
compact surfaces M= with smooth boundaries 9M* and possibly multiple connected components.

In the following two paragraphs, we discuss various results of Ricci flow on surfaces with boundary
and non-complete surfaces respectively. Two of those were already mentioned in the introduction of this
thesis. In order to analyse whether they may apply to our case, we ignore non-completeness in the first
paragraph, and ignore the boundary in the second paragraph.

4.2.1 Ricci flow on surfaces with boundary

Theorem 3.21 only applies to compact Riemannian manifolds without boundary, i.e. closed manifolds.
The surfaces that we are dealing with now, have significant different topological characteristics. On a
surface M with boundary, the aim is to impose boundary conditions in such a way, that the Ricci-DeTurck
flow is a parabolic boundary value problem. The first result for Ricci flow on manifolds with boundary is
from [56]. There, the author proofs short-time existence to the flow on compact manifolds with umbilic
boundary and, as a specific case, totally geodesic boundary36. This result was recently improved in [10],
where the authors do not necessarily start with umbilic boundary, but will become so in positive time.
With umbilic boundary, we mean that the identity 11,3 = Agag, With A a constant and II the second
fundamental form®7, holds on M [56, Definition 1.3]. In [57], similar results have been established for
manifolds with boundary of merely constant mean curvature. For an arbitrary initial metric on a compact
manifold with boundary, short-time existence and uniqueness to the Ricci flow is proved by prescribing
the mean curvature and conformal class in [58]. Existence and uniqueness for normalized Ricci flow (or
related curvature flows) on surfaces with boundary with various curvature constraints and assumptions
are shown in [59, 60, 61] and [62]. Finally, the un-normalized Ricci flow on surfaces with boundary is
briefly dealt with in [63]. Although [56, 10, 57, 58] provide results for manifolds with boundary, it remains
to be shown if they apply to two-dimensional manifolds endowed with a 2-ARS. Since [59, 60, 61, 62, 63]
deal specifically with surfaces, their results are most likely to naturally apply to our case. Therefore, we
will provide a brief analysis on whether this can be achieved. As mentioned before, for the moment we
ignore the non-completeness of MZ*.

In [59] and [60] the authors require positive scalar curvature. Recall (4.14) to observe that we then
must find a smooth function f : 2 — R that satisfies

of\?> L O%f
_2(&5) +f@>0.

35To be precise, the orientations for M* are defined by the volume form dA, associated with M \ 2.
36See Section A.
37 Also, see Definition A.1 in Section A.
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4.2 A discussion on Ricci flow on two-dimensional almost-Riemannian manifolds

Let us assume that f(z,y) = z“, for some o € R. Then

af\* , L0 f 2 2(a—1) 202
0<2<33§> +f@—72ax +ala— 1)z

2,.2(a—1)

- o2z 2(a—1)

ox — —1<a<0.

But, if we choose —1 < a < 0, then points lie in Z only when x — oco. Although this choice of f does
not cover all possibilities, it certainly illustrates the difficulties of finding a suitable smooth function such
that we obtain positive scalar curvature on M \ Z.

Hence, let us consider the results from [62]. The author obtains two results: one for an initial metric
with vanishing geodesic curvature on M and constant Gaussian curvature in M, and one for an initial
metric with vanishing Gaussian curvature in M and constant geodesic curvature on 0M. The latter
situation gives rise to similar difficulties as before. For the former note that (4.14) implies that f : = R
is constant if it satisfies the differential equation

af\>  ,o°f
—2( =) + f== = f?C, C eR.
( oz ) / Ox? /
However, solving this equation does not guarantee that X; and X5 satisfy the Hérmander condition.
In [61], the author proves existence and uniqueness for all times to the evolution equation

Fi9(t) = = 2(K(t) — aN)g(t), in M x (0,77,
29(t) = =2 (k(t) — BNg(t), on OM x (0,T], (4.15)
9(0) = go, in M,

with o, 8 € R and by letting A denote the area of the surface and r the line along OM,

_ 2mx (M)
o [, dA+B [, dr

Using the Gauss-Bonnet formula, the author derives that A lies between x(M) and 2x(M). The solu-
tion converges exponentially to a metric with constant Gaussian curvature in M and constant geodesic
curvature on OM. The regular Gauss-Bonnet theorem on a compact oriented two-dimensional manifold
M asserts that [,, KdA+ [,,, kdr = 2wx(M). In [17, Section 5.2], the authors derive a Gauss-Bonnet
like formula for a generic oriented 2-ARS without tangency points. The Gauss-Bonnet theorem can be
applied to the both of the surfaces (M, go). Hence, it seems promising to consider the evolution equation

(4.15) on both surfaces (M, go) individually and argue whether the same results can be acquired for the
similar normalized Ricci flow.

Lastly, let us discuss the results of [63]. As mentioned before, [59, 60, 61, 62| all apply to the
normalized Ricci flow. The un-normalized Ricci flow on a surface with boundary that is dealt with in

[63] is given by the following equations3®:

29(t) = —S(t)g(t), in M x (0,7,
K('at) = w('at)v on OM x (071—']7 (416)
9(0) = go, in M,

with ¢ a real-valued smooth function on 9M x [0, 00). One might argue that (4.16) can be applied to the
surfaces (M, go) to obtain short-time existence and uniqueness results. For the moment we will totally
ignore the presence of the singular set Z. Because, after a deformation of the metrics of MF without a
fixed volume constraint, it is unlikely that we can still consider whole of M as smooth connected manifold.
As mentioned in Remark 3.2, on a surface without boundary, the deformation is conformal such that a

solution is given by g(t) = e’ go. This result can be extended to a surface with boundary, such that

38Recall that on a surface the Ricci curvature equals Ric = Kg, and K = %S. As opposed to the previous chapter, we
now use 1" to denote the final time to avoid confusion with the epsilon of M.
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4 ALMOST-RIEMANNIAN GEOMETRY & RICCI FLOW

we obtain a non-linear partial differential equation with Robin boundary conditions and initial condition
v(0) = 1. Short-time existence can indeed be obtained for a smooth gy with the solution g(¢) in the
parabolic Holder space®® €27 that is smooth except at the corner?® [63, Theorem 2.2]. In conclusion,
when ignoring the non-completeness of MZ* and singular set Z, it is likely that we can indeed evolve
(4.16) on (MZ, go) and obtain short-time existence and uniqueness results. However, the smoothness at
the corner must be taken great care with especially when € — 0.

4.2.2 Ricci flow on non-complete surfaces

On non-complete surfaces, the existence of Ricci flow has been shown in [11] and [64]. Let us start with
stating part of the main result of [11, Theorem 1.3|:

Theorem 4.22. Let (M, gg) be a smooth Riemannian surface which need not be complete, and could
have unbounded curvature. Depending on the conformal type, we define T' € (0, co] by

=volg, M, if (M, go) = S?,
T = {=volg, M, if (M, go) = C or (M, go) = RP?, (4.17)
00, otherwise.

Here, it is implied that (M, go) = S have equivalent conformal type. That is, there exists a diffeomor-
phism f : (M, go) — S? such that f and f~! are holomorphic*!.

Then there exists a smooth solution to the Ricci flow g(t) for t € [0,T] such that

(1) 9(0) = go;
(i1) g(t) is instantaneously complete. That is, (M, g(t)) is complete for all ¢ € (0,T];

(iii) g(¢) is maximally stretched. That is, if g(t) is any solution on M with g(0) < g(0), then g(t) < g(t)
for all ¢ € [0, min{T, T'}].

and this flow is unique in the sense that if g(¢) for ¢ € [0, T] is another solution to the Ricci flow on M

satisfying (i)-(iii), then T < T and §(t) = g(t) for all ¢ € [0, T]. Lt

Informally, the authors of [11] show that if the initial manifold is non-complete, a unique solution to
the (un-normalized) Ricci flow can be obtained such that the family of manifolds (M, g(t)) is complete.
It remains to be shown whether there exists almost-Riemannian manifolds M such that (MZ,go) has
equivalent conformal type to either S2,C or RP?. In the other case, i.e. T = oo, when ignoring the fact
that MF have smooth boundaries, a solution to the Ricci flow (3.1) can be obtained for (M, go).

In [64], the main result applies to arbitrary surfaces with upper bounded Gaussian curvature. The
final time of the solution to the flow depends only on the supremum of the Gaussian curvature. Similar
to [11], the initial surface may be non-complete, and (M, g(t)) is complete for ¢ € (0,7]. We already
concluded that the Scalar curvature (and hence the Gaussian curvature) is likely to be negative. Hence,
an upper bound does not seem to be a very unrealistic requirement, implying that we can also use this
result for our case. A rigorous result on Gaussian curvature upper bounds for a generic 2-ARS is, however,
not yet available.

4.2.3 A conjecture on the Ricci flow on two-dimensional almost-Riemannian manifolds

As it turns out, to our knowledge, there are not yet enough results on Ricci flow to guarantee existence
and uniqueness on non-complete surfaces with boundary. It seems to be the most promising to consider
(4.16) on (MZ, go), for a sufficiently small ¢ > 0, and combine [63, Theorem 2.2] with [11, Theorem 1.3]

39For a definition, see e.g. [44, Chapter 5.

40This is in fact described in [59] from the same author.

41Gee, for example, [65, Page 32] for more information on conformal types. Also, a holomorphic function is a complex
differentiable function.
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or [64, Theorem 1.1]. However, due to the deformations, it will be unlikely that M as a whole can still
be regarded as a smooth surfaces endowed with a 2-ARS. This will already be more realistic when one
considers the normalized Ricci flow on both surfaces, but this requires further analysis on whether the
results of e.g. [61] can be combined with [11]. Nevertheless, let us conclude this thesis with a conjecture
on the un-normalized Ricci flow on (M, go).

Conjecture. Let (M, go) be a complete, connected, compact and orientable two-dimensional surface
endowed with a generic 2-ARS without tangency points such that (M, gy) are compact non-complete
surfaces with boundary. Consider the evolution equations

Sra(t) = =S(t)g(t), in Mg x (0,1,
H('vt) = ¢('at)v on 8Mei X (OvT]v (418)
9(0) = go, in M=

There exists a unique short-time solution g(t) to (4.18) such that (M, g(t)) are complete for all ¢t € (0, T].
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5 CONCLUSION

5 Conclusion

In this thesis, we have studied differential geometry and, in particular, Riemannian geometry to eventually
investigate the possible evolution of Ricci flow on two-dimensional almost-Riemannian manifolds.

The thesis seems to be an useful handbook for understanding the basics of Ricci flow. The first
chapter covers all the tools that are required to define Ricci flow and describe its evolution on Riemannian
manifolds of any dimension. This enabled us to provide all proofs with adequate argumentation. Although
we do not propose any new techniques regarding the short-time existence and uniqueness, one could argue
that the proof depicted in this thesis excels through its clarity.

In the final chapter of the thesis, we introduce almost-Riemannian structures as the prototype of
rank-varying sub-Riemannian structures. In two dimensions, they have been shown to generically satisfy
certain properties. We proceeded in studying a generic free 2-ARS without tangency points on a compact
and oriented manifold and considered all the points tat lie more than an epsilon distance away from the
singular set. Under these circumstances, we established the topology on the two surfaces disjoint from
the singular set. These surfaces both consist out of Riemannian points only, but are non-complete and
have smooth boundary. This complicates the evolution of Ricci flow on these surfaces, since no results
are available on surfaces with these kind of topological properties.

The thesis is concluded with an analysis of previous works in which either manifolds with boundary,
or non-complete surfaces were subject to the (normalized) Ricci flow. We investigate whether the results
may apply naturally to our case. The most promising is to consider the un-normalized Ricci flow on
both surfaces individually, and combine the results of [63, Theorem 2.2] with [11, Theorem 1.3] or [64,
Theorem 1.1]. This, however, requires a very precise analysis on the actual methods that were used in all
of the proofs to see if they can be combined at all. Moreover, due to the deformations of the flow, it is not
likely that the manifold as a whole can still be regarded as almost-Riemannian. In addition, to use [64,
Theorem 1.1], one would require curvature upper bounds on almost-Riemannian manifolds. Obtaining
curvature upper bounds for a generic 2-ARS seems to be a realistic and promising point of interest for
further research in this direction, since the curvature is likely to be negative under these circumstances.
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A A note on Riemannian submanifolds

The following section is based on [21, Chapter 8]. To understand curvature of a Riemannian submanifold
(M, g) of a Riemannian manifold (M ,§) one first needs to understand how the Levi-Civita connection
of M is related to that of M. To that end, let us first define the tangential and respectively normal
projections given by

WLITM‘M—)TM, ’/TJ'ITM|M—>NM. (A1)

If X e I‘(T]T/HM), then we write X+ = 71X and X+ =71 X. If X|Y € X(M), we can extend them to
vector fields on open neighbourhoods of M by applying the Levi-Civita connection V of M:

~ ~ L ~ L
VxY = (Vxv) + (Vxy) (A.2)
Now, recall the normal bundle of (2.29) for the following definition.

Definition A.1. The second fundamental form of M is the map IT : (M) x X(M) — T'(NM) is defined
by

[I(X,Y) = (ﬁxy)L. (A.3)
v

The second fundamental form satisfies certain nice properties, as shown in [21, Proposition 8.1]. More
of its geometric meaning can be understood by studying the curvature of curves. Recall the definition of
the acceleration of a smooth curve from Definition 2.63.

Definition A.2. Let M be a Riemannian manifold and v : I — M a smooth unit-speed curve in M.
The geodesic curvature of v is the length of the acceleration vector field. That is, the map x : I — R
defined by

A1) = | DA (D). (A4)

v

It measures how far the curve is from being a geodesic. The extend to which a Riemannian submanifold
curves within its ambient manifold can be expressed by means of the intrinsic curvature and eztrinsic
curvature. If v : I — M is regular curve with M C M, then the intrinsic curvature  is a curve in M, and
its extrinsic curvature k is a curve in M. The relationship between the two can be computed with the
second fundamental form (See [21, Proposition 8.10]). We remark that a submanifold M of M is called
totally geodesic if every geodesic corresponding to g that is tangent to M at some time ¢, stays in M for
all t € (to — €,to + €).

In the case that M C M is a hypersurface, i.e. a submanifold of codimension 1, we can use a related
but slightly different object to the second fundamental form. That is, the scalar second fundamental
form h, where hy : X(M) x X(M) — C*°(M) is symmetric covariant (0,2)-tensor field hy € ['(32T*M),
defined by

hny(X,Y) = (N, I1(X,Y)), N eT(NM). (A.5)

The map sy : X(M) — X(M) associated with the scalar second fundamental form is a (1, 1)-tensor field
and referred to as the shape operator of M, which is related to hy through

(sn(X),Y) =hy(X,Y), XY €X(M). (A.6)

Subsequently, we define the mean curvature as

H = ltr(s) = —try(h), (A.7)
the Gaussian curvature as det(h)
et
K = = A
det(s) det(g)’ (A.8)



A A NOTE ON RIEMANNIAN SUBMANIFOLDS

and remark that the coefficients of the Riemann curvature tensor satisfy the Gauss equation |21, Equation
8.21]
Rmijkl = hilhjk — hikhﬂ. (A9)

From Gauss’s Theorema Egregium it becomes apparent that when M is an embedded two-dimensional
submanifold of R?, the Gaussian curvature is an intrinsic local isometric invariant of (M, g). To be precise,
under those circumstances the Gaussian curvature equals half the scalar curvature, or, equivalently:
S = 2K |21, Theorem 8.27, Corollary 8.28]. Moreover, for the Ricci curvature we then have the following.

Lemma A.3. Let (M, g) be a two-dimensional Riemannian manifold, then

Ricij = ggij. (AIO)

)

Proof. By using the Bianchi identities (Lemma 2.77), one could derive that the Riemann curvature tensor
in two-dimensions only has one independent component:

Rmyg12 = Rmai21 = —Rmige1 = —Rmoiia.
From (A.9), it becomes apparent that then
Rmig12 = highar — hi1hoa = —det(h).
Consequently, notice that (A.8) then implies that
Rmi212 = —K det(g),

and hence that
Rmiji = K(9ikgj1 — 9adjk)-
Recall that Ric;; = ngRmikﬂ and that K = % to observe that therefore
< ki Kl S
Ricij = g™ Rmikji = Kg" (9ijgrt — gigrj) = 59>
as desired. 0
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B Covariant derivative of tensor fields in normal coordinates

We claim that

. . 1o} 0 0 - . 0 0
V d‘h 7...,d Jr y T~ gy A = — d'h 7...,d Jr Yy A ey A .
( kTp)< x D x p 8.%‘“ » 33:“ p) 833k7-p< v P * P 33:"1 D 83315 p)
(B.1)
To begin with, lemma 2.52 (ii) implies that for 7 € 7, (M) we have
. . 0 0 0 . - 0 0
dx?'| ..., dx"" . e, —— = dz?t| ..., dz7" - e, ——
(vaP) ( €z p7 , AT p7 Ot p, 731'25 p) akap < £ p7 y AT p7 it p7 ’81315 p)
Jr
- 0 1o}
— da?t S Vide?t oo de? | —— .., =
z_: Tp< X ) EaT . X L B |y i p)
Ji=J1
0 0 0
— dz’t da’™ - . - .
Z T;D( T 5 XT p, Orit p, ) kaxzm p7 ’83:15 p)
Tm =11
Now, notice that
. , ) 0 0
dz?*| ... dz?'| ..., dx7" . -
TP( € p, avk X p7 , AT p’ 8‘%7’1 p, ,81'15 p)
=) | @ ® ——| ®da"| ®---@dz’| (dx?t| ..., Vidat| ... da’ L
s Ozt Ip Oz Ip p p p p p Oz lp’ T Qate p
o - 0 : 0 . 0 . 0 - 0
= 771797 () dx?? - o Vida?! , ceedadr - dx™ - <o dxts . .
Tl1-~~zs (p) x p <ax]1 p> kOT P <3xﬂ p) :I: P <8Jjjr P) v p <3$“ p) ’ p (81‘15 p>
By lemma 2.40 (i), observe that
; 0 . 0 . 0 )
da? o )=V (a] 155 ) -t | ) =v,(6%)—0=0
Vidx p (855]1 p> Vi ( v p| Ozt p z p vkasz p Vi ( Jz) ’
and consequently that
. ) . 0 0
de?*| ..., Veda?'| ... dx? | ,——]| ,..., = =0,
Tp( T pa , VEAT p’ , ax ) it ) Dic p)
for each j; € {j1,...,jr}- In addition,
) , 0 0 0
dz?*| ,...,dz" - . e, —
TP( € p, , AT p, 8m“ p’ 7vkaxlm p7 781.15 p)
o , 0 . 0 . 0 : 0 - 0
= I () d It _ coodadr _ dx*t _ <o dxtm _ <o dxts —
Ti i, (p)dx ) (31‘J1 p) T ) (31”% p) T ) (3:17“ p) T ) (Vkax“m p) T ) (8:1715 p)a
=0
such that also 5 5 5
deit| oo dad | ——| . Vee——| ..., = =0,
Tp( “ 177 v p Oz lp k@aﬂm P Oxts p)

for each 4, € {i1,...,4s}. This concludes the proof for (B.1).
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