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Preface

Analysis and geometry on infinite-dimensional spaces is an active research
field with many applications in mathematics and physics. Examples for appli-
cations arise naturally even when one is interested in problems that on first
sight seem genuinely finite dimensional. You might have heard that it is im-
possible to accurately predict the weather over a long time. It turns out that
this can be explained by studying the curvature of certain infinite-dimensional
manifolds (Arnold, 1966). This example shows that everyday phenomena are
intricately linked to geometric objects residing on infinite-dimensional man-
ifolds. In recent years the list of novel applications for infinite-dimensional
(differential) geometry has broadened considerably. Among the more surpris-
ing novelties are applications in stochastic and rough analysis (rough path the-
ory a la T. Lyons leads to spaces of paths in infinite-dimensional groups; see
Friz and Hairer, 2020) and renormalisation of stochastic partial differential
equations via Hairer’s regularity structures (see Bogfjellmo and Schmeding,
2018).

The aim of this book is to give an introduction to infinite-dimensional (dif-
ferential) geometry. Differential geometry in infinite dimensions comes in many
flavours, such as Riemannian and symplectic geometry. One can study Lie
groups and their actions as well as Kédhler manifolds, or Finsler geometry. As
should already be apparent from this very incomplete list, it is simply not pos-
sible to cover a sizeable portion of the diverse topics subsumed under the la-
bel (infinite-dimensional) differential geometry. Hence the present book will
focus on two main areas: Riemannian geometry and Lie groups. These topics
are arguably the most prominent and well studied of the above list. Moreover,
certain basic but important examples in both topics can be approached based
on basic results on manifolds of (differentiable) mappings. However, it is im-
portant to stress that the focus of this book is introductory in nature. We will
usually refrain from discussing results in their most general form if this allows

vii
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Figure 1 (a) Motion capturing using active markers to animate a figure.
Based on the Wikimedia commons picture Activemarker2, public domain; see
https://commons.wikimedia.org/wiki/File:Activemarker2.PNG, accessed:
07.12.21. (b) Removing discontinuities from animations via geometric methods.
Reproduced from Celledoni et al. (2016) with permission of AIMS.

us to avoid lengthy technical discussions. Before we outline the programme
of the book further, let us highlight two applications of infinite-dimensional
geometric structures.

Shape analysis. Shapes are unparametrised curves in a vector space/on a man-
ifold. Mathematically these are modelled by considering spaces of differen-
tiable functions and quotienting out an appropriate action of a diffeomorphism
group (modelling the reparametrisation). Spaces of differentiable functions can
only be modelled using infinitely many parameters, whence they are prime
examples of infinite-dimensional spaces. Notice that when talking about spaces
of differentiable functions, the functions themselves are thought of as points in
the infinite-dimensional space. This is a subtle point as a path between two
points (aka functions) in this space will be a curve of curves. The aim of shape
analysis is now to compare and transform shapes. For the comparison task one
is interested in computing shortest distances between shapes. In the language
of Riemannian geometry, one thus wants to compute geodesics (curves that
are locally of shortest length) in these spaces. From the geometric formulation,
a plethora of applications ranging from medical imaging to computer graph-
ics can be dealt with. As a sample application we would like to highlight the
processing of motion capturing data.

The data from the motion capturing process leads to a skeletal wireframe.
Since motion capturing is, in general, expensive, one would like to create algo-
rithms that interpolate between different movements or remove discontinuities
occuring in the looping of motions (see Figure | for a graphical example of the
problem and its (numerical) solution).
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Preface ix

Current groups and diffeomorphism groups. Groups arising from problems
related to differential geometry, fluid dynamics and the symmetry of evolu-
tion equations are often naturally infinite-dimensional manifolds with smooth
group operations. Prime examples are the diffeomorphism groups Diff (K) for
K asmooth and compact manifold. We encountered them already as reparamet-
risation groups in the shape analysis example. However, they are also of in-
dependent interest, for example in fluid dynamics: if K is a three-dimensional
torus, the motion of a particle in a fluid corresponds, under periodic boundary
conditions, to a curve in Diff (K); see Ebin and Marsden (1970). This observa-
tion led Arnold to his discovery of a general method by which (certain) partial
differential equations (PDEs) can be lifted to ordinary differential equations on
diffeomorphism groups. Typically these PDEs arise in the context of hydrody-
namics. Many of the applications of this technique, nowadays known as Euler—
Arnold theory for PDEs, come from geometric hydrodynamics (see Khesin
and Wendt, 2009 or Modin, 2019 for an introduction). The already mentioned
relation of weather forecasts to infinite-dimensional manifolds arises in a sim-
ilar fashion.

To deal with these examples, one frequently needs to leave the theory of dif-
ferential geometry on Banach manifolds (Lang, 1999), since diffeomorphism
groups cannot be modelled as Lie groups on Banach spaces. To understand
this, consider the canonical action of the diffeomorphisms Diff (K) on a con-
nected compact manifold K, that is,

a: DIff(K)x K = K, (¢,k) — (k).

This action is effective (i.e. if ¢(k) = ¥ (k) for all k, then ¢ = i), and with
some work one can show that the action « is transitive (i.e. for every pair of
points there is a diffeomorphism mapping the first to the second; see Michor
and Vizman, 1994). We would expect that any canonical Lie group structure
turns @ into a smooth map. However, Omori established the following:

Theorem (Omori, 1978) If a (connected) Banach—Lie group G acts effec-
tively, transitively and smoothly on a compact manifold, then G must be a
finite-dimensional Lie group.

Thus, since there is no way for the diffeomorphism group being described
only by finitely many parameters, the diffeomorphism group Diff(K) cannot
be a Lie group. To treat these examples, one thus has to look beyond the realm
of Banach spaces.

Another example are the so-called current groups C* (K, G) of smooth map-
pings from a compact manifold to a Lie group G. The group structure is
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X Preface

here given by pointwise multiplication of functions. In physics, current groups
describe symmetries in Yang—Mills theories. For example, in the theory of
electrodynamics, the gauge transformations for Maxwell’s equations form a
(Lie) subgroup of a current group. Note that the manifold K in physically rel-
evant theories typically models spacetime and is non-compact. However, we
will restrict ourselves in this book to current groups (and function spaces) on
compact manifolds K. This allows us to avoid an overly technical discussion
while special properties of the main examples remain accessible. As an ex-
ample, we mention the ‘lifting’ of geometric features from finite-dimensional
target Lie groups to the infinite-dimensional current groups. This procedure
works particularly well in the special case where K = S! is the unit circle. In
this case the current group is better known under the name loop group LG =
C*(S',G); see Pressley and Segal (1986). Loop groups and current groups
are great examples for a general property of spaces of smooth functions which
we shall encounter often: under suitable assumptions, the infinite-dimensional
geometry arises from ‘lifting the finite-dimensional geometry’ of the target
spaces.

A common topic of the applications and mathematical topics mentioned
above is an intimate connection between finite- and infinite-dimensional
geometry. Indeed while infinite-dimensional differential geometry might seem
like an arcane topic from the perspective of the finite-dimensional geometer,
there are many sometimes surprising connections between the realms
of finite- and infinite-dimensional geometry. We already mentioned Euler—
Arnold theory and Arnold’s insights relating curvature on infinite-dimensional
manifolds to weather forecasts. Another example is Duistermaat and Kolk’s
proof of the third Lie theorem (‘every finite-dimensional Lie algebra is the
Lie algebra of a Lie group’; Duistermaat and Kolk, 2000, Section 1.14) or
Klingenberg’s investigation of closed geodesics (see Klingenberg, 1995). In
both cases, infinite-dimensional techniques on path spaces were leveraged to
solve the finite-dimensional problems. While many of the examples just men-
tioned can be studied while staying in the realm of finite-dimensional geom-
etry, the link to infinite-dimensional geometry should not be disregarded as a
purely academic exercise. A case in point might be the theory of rough paths
discussed in §8. Here it generally suffices to consider truncated and thus finite-
dimensional geometric settings. However, the infinite-dimensional limiting ob-
jects hint at deeper geometric insights hidden in the finite-dimensional perspec-
tive. It is my view that the infinite-dimensional perspective not only provides
a convenient framework for these examples but exhibits important underlying
structures and principles. These are worth exploring both for their own sake
and for the connected applications.
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Preface xi

In the context of the present book, we will explore the connection between
the finite- and infinite-dimensional realm in the context of manifolds of differ-
entiable mappings. These manifolds allow the lifting of geometric structures
such as Lie groups and Riemannian metrics to interesting infinite-dimensional
structures. For finite orders of differentiability, manifolds of differentiable map-
pings can be modelled on Banach spaces (see Palais, 1968). Thus they are
within the grasp of differential geometry on Banach spaces (Lang, 1999). How-
ever, since certain constructions (such as the exponential law) become much
more technical for finite orders of differentiability, we shall in the present book
study exclusively manifolds and spaces of smooth (i.e. infinitely often differ-
entiable) mappings. This places us immediately outside of the realm of Banach
manifolds but enables important constructions such as the Lie group structure
for diffeomorphism groups.

Finally, I would like to draw the reader’s attention to the fact that besides
many links and connections between finite- and infinite-dimensional geom-
etry, there are quite severe differences between both settings of differential
geometry. Many of the strong structural statements from finite-dimensional
geometry simply cease to be valid when passing to manifolds modelled on
infinite-dimensional spaces (many statements already break down in the more
familiar Banach setting). These pitfalls are well known to experts but often
surprise beginners in the field. In the spirit of providing an introduction to
infinite-dimensional geometry, I have taken care to emphasise the differences
and illustrate them with examples where possible. For example, the following
problems are frequently encountered when passing to the infinite-dimensional
setting:

¢ Infinite-dimensional spaces cannot be locally compact and they do not sup-
port a unique vector topology. Thus arguments building on compactness are
not available (see Appendix A).

e Smooth bump functions do not need to exist (see Appendix A.4). Hence the
usual local-to-global arguments become unavailable.

e Beyond Banach spaces, there is no general solution theory for ordinary dif-
ferential equations and no general inverse function theorem (see Appendix
AS).

e Dual spaces become more difficult to handle. As a consequence, it is impos-
sible to define differential forms as sections in dual bundles in general (see
Remark 1.45).

e Equivalent definitions from finite-dimensional differential geometry are
often not equivalent in the infinite-dimensional setting. This happens, for
example, for submersions and immersions; compare §1.7.
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xii Preface

The structure of the book is as follows. First of all, we shall provide the nec-
essary foundational material for differential geometry in the general infinite-
dimensional setting in the first two chapters. Here we emphasise

(a) calculus and manifolds on infinite-dimensional spaces beyond the Banach
setting, and
(b) manifolds of differentiable functions.

Beyond Banach spaces there are several choices as to how one can gener-
alise the concept of differentiability. We adopted the so-called Bastiani calcu-
lus based on iterated directional derivatives. This choice is different from the
popular ‘convenient calculus’. We shall compare the calculi in later chapters.
Furthermore, we discuss several foundational topics, such as locally convex
spaces, in a series of appendices. The material covered there should allow the
reader to grasp most of the basics needed to follow the main part of the book.
Moreover, the material in the appendices gives some insight into the common
problems arising in the passage from finite- to infinite-dimensional settings al-
ready mentioned. While the setting in which we will be working is quite gen-
eral, we will often not exhibit the most general definitions, results and settings
which can possibly be treated in the framework. For example, only manifolds
of mappings on a compact manifold are considered here. The non-compact
case is interesting and deserving of attention, however the associated theory is
much more involved and technical. Our philosophy here is that if the simpli-
fied case already admits applications and exhibits the character and problems
of the infinite-dimensional setting, we will restrict our attention to the simple
case. However, we shall comment on the more general case and provide point-
ers to the literature. Armed with the knowledge provided by the present book,
the reader should be able to quickly learn the more general case should she so
desire.

Having dealt with the general setting, we shall then study the main objects
of interest in this book:

(a) (infinite-dimensional) Lie groups and Lie algebras, Chapter 3 and
(b) (weak) Riemannian geometry, Chapter 4.

Based on these building blocks, we shall explore several applications of infinite-
dimensional geometry in the next chapters. These range from shape analysis
to connections with higher geometry (in the guise of Lie groupoids) to Euler—
Arnold theory for PDEs and the geometry of rough path spaces. These later
chapters can be read mostly independently from each other. I have selected
the topics for the advanced chapters with a view towards developments within
the field over the last years. The broad selection of topics and the introductory
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Preface xiii

nature of the present book prevent an in-depth discussion of these advanced
topics. Therefore these chapters gracefully omit many of the more technical
and subtle points. However, the reader will be able to gain an impression of
the role infinite-dimensional differential geometry plays in these applications.
Moreover, there are ample references to the literature which should enable the
interested reader to follow up on a topic after perusing the respective chapter.

Before we begin, let us set some conventions that will be in effect for all that
is to come.

Conventions

e Write N := {1,2,3,...} for the natural numbers and Ny := N U {0}.

o All topological spaces are assumed to be Hausdorft, that is, for every pair of
two (distinct) points in the space, there are disjoint open neighbourhoods of
these points.

e If nothing else is said, products of topological spaces will always carry the
product topology.

e If U C X is an open subset of a topological space, we also write shorter
UcX.

We shall exclusively work over the real numbers R, all vector spaces are to be
understood over the real numbers. However, many results carry over to com-
plex vector spaces. For example, it is no problem to define the notion of com-
plex differentiability (see e.g. Glockner, 2002).

Recommended Further Reading

As mentioned above, infinite-dimensional differential geometry is a vast topic,
which we cannot hope to cover in this book. Thus we have concentrated on an
introduction to infinite-dimensional Lie groups, (weak) Riemannian metrics
and their interplay. For further reading on the topics of this book, we would
like to recommend the following works, which have also influenced the pre-
sentation in the present book:

¢ (infinite-dimensional) Lie theory (Neeb, 2005) — lecture notes; (Neeb,
2006) — extensive survey; and, once it becomes available (Glockner and
Neeb, forthcoming).

¢ Manifolds of mappings (Wockel, 2014); on non-compact domains (Michor,
1980).

e (weak) Riemannian geometry (Bruveris, 2018, 2019).
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Xiv Preface

Furthermore, there is a host of topics that could not be covered in this book. Al-
beit there is again no hope that we could do justice to the vast body of research
on these topics, we would like to mention a few works that are either introduc-
tory or exhibit new phenomena which are genuinely infinitely dimensional in
nature:

o Symplectic geometry (Abraham et al., 1988 (Banach setting); Kriegl and
Michor (1997, Section 48)).

e Sub-Riemannian geometry (Grong et al., 2015; Agrachev and Caponigro,
2009).

e Kihler geometry (Sergeev, 2020).

e Poisson geometry (Beltitd et al., 2018).

¢ Finsler geometry (Larotonda (2019) on diffeomorphism groups; Eftekhari-
nasab and Petrusenko (2020) in the context of bounded Fréchet geometry).
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1

Calculus in Locally Convex Spaces

1.1 Introduction

It is well known that ‘multidimensional calculus’, aka ‘Fréchet calculus’, car-
ries over to the realm of Banach spaces and Banach manifolds (see e.g. Lang,
1999). As we have seen in the Preface, Banach spaces are often not sufficient
for our purposes. To generalise derivatives we will, as a minimum, need vector
spaces with an amenable topology (which need not be induced by a norm).

1.1 Definition Consider a vector space E. A topology 7 on E making ad-
dition +: E X E — E and scalar multiplication -: R X E — E continuous is
called a vector topology (where R carries the usual norm topology). We then
say that (E,7) (or E for short) is a topological vector space (or TVS for short).

1.2 Example (a) Every normed space and, in particular, every finite-dimen-
sional vector space is a topological vector space.

(b) For a more interesting example, fix 0 < p < 1. Two measurable functions
v,n: [0,1] — R are equivalent y ~ n if and only if fol ly(s) —n(s)|ds =
0. Denote by L”[0,1] the vector space of all equivalence classes [y] of
functions such that fol ly(s)|Pds < oco. Topologise LP[0,1] via the metric
topology induced by

1
ALl = fo y(s) = ()P ds.

In a metric space, we can test continuity of the vector space operations
using sequences. For this, pick 4, — 4 € R and [y,] — [y],[n.] — ]
(with respect to d) and use the triangle inequality to obtain:
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2 Calculus in Locally Convex Spaces

d(Anlynl + [mal, Aly] + [7]D)
<Ay = APd([yal,[0D) + (AP d [yl [yD + d([na1,[7]).

This shows that the vector space operations are continuous, thatis, L” [0, 1]
isa TVS.

In topological vector spaces, differentiable curves can be defined as
follows:

1.3 Definition Let £ be a topological vector space. A continuous mapping
y: I — E from a non-degenerate interval' 7 C R is called a C%-curve. A
CO-curve is called a C'-curve if the limit

1
Y'(s) =1im —(y(s +1) = y(s))
t—0 1

exists for all s € [° (interior of /) and extends to a continuous map %y =
I - E, s > y’(s) Recursively for k£ € N, We call y a C*-curve if y

is a C¥'-curve and 4 dtk ])/ is a C'-curve. Then dt—ky = (‘f;k ]7/) Ifyisa
Ck-curve for every k € Ny, we also say that y is smooth or of

class C*.

Unfortunately, calculus on topological vector spaces is, in general, ill be-
haved. The next exercise shows that derivatives may fail to give us meaningful
information.

Exercises

1.1.1  Given 0 < p < 1 we let L”[0, 1] be the topological vector space from
Example 1.2(b). Recall that the topology on L”[0, 1] is induced by the
metric d([y],[n]) = fol ly(s) — n(s)|Pds. For aset A C [0, 1] write
14 for the characteristic function and define

B: 10,11 = LP[0,1], B() = [Ljo,.(]-
Show that £ is an injective C!'-curve with B’(t) =0, forall 7 € [0,1].

Obviously we would like to avoid this defect, and so we have to strengthen
the assumptions on our vector spaces.

! That is, I has more than one point. In the following, we will always assume this when talking
about intervals.
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1.2 Curves in Locally Convex Spaces 3
1.2 Curves in Locally Convex Spaces

Calculus in topological vector spaces exhibits pathologies that can be avoided
by strengthening the requirements on the underlying space. This leads to
locally convex spaces, whose topology is induced by so-called seminorms. See
also Appendix A for more information on locally convex spaces.

1.4 Definition Let E be a vector space. A map p: E — [0,00[ is called a
seminorm if it satisfies the following:

(a) p(Ax) =|Ap(x),YA e R,x € E,
(b) p(x+y) < p(x) +p(y).

Note that, in contrast with the definition of a norm, we did not require that
p(x) = 0if and only if x = 0. The next definition uses the notion of an initial
topology, which we recall for the reader’s convenience in Appendix B.

1.5 Definition A topological vector space (E,7") is called a locally convex
space if there is a family {p;: E — [0, 0[] i € I} of continuous seminorms for
some index set I such that

(a) 7 is the initial topology with respect to the canonical projections
{gi: E = E/p;'(0)};e; onto the normed spaces E/p; ! (0).

(b) If x € E with p;(x) = 0 for alli € I, then x = 0. Thus the seminorms
separate the points, that is, 7 has the Hausdorff property.”

We then say that the topology 7 is generated by the family of seminorms
{pi}ier and call this family a generating family of seminorms. Usually we sup-
press 7 and write (E,{p;}icr) or simply E instead of (E, 7).

Alternative to (a) We will see in Appendix A that equivalent to (a), we can de-
fine 7 to be the unique vector topology determined by the basis of 0-neighbour-
hoods given by (finite) intersections of the balls B; - (0) = {x € E | p;(x) < &},
where p; runs through a generating family of seminorms. These balls are all
convex, thus justifying the name locally convex space.

A locally convex space (E,{p;}iex) with a countable system of seminorms
is metrisable (i.e. its topology is induced by a metric; see Exercise 1.2.1) and
if E is complete, it is called Fréchet space.

1.6 Example (a) Every normed space (E,||-||) is a locally convex space,
where the family of seminorms consists only of the norm |[|-||.

2 Some authors do not require separation of points, whence our locally convex spaces are
Hausdorff locally convex spaces in their terminology.
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4 Calculus in Locally Convex Spaces

(b) Consider the space C* ([0, 1],R) of all smooth functions from the interval
[0,1] to R (with pointwise addition and scalar multiplication). This space
is not naturally a normed space.> We define a family of seminorms on it
via

k

dik

k

d
lflln = sup f g/ @1 € No.

0<k<n

= sup sup
o O<ks<nrel0,1]

The topology generated by the seminorms is called the compact-open C*-
topology and turns C*° ([0, 1],R) into a locally convex space, which is even
a Fréchet space (Exercise 1.2.2).

Locally convex spaces have many good properties, for example, they admit
enough continuous linear functions to separate the points, that is, the following
holds.

1.7 Theorem (Hahn—-Banach (Meise and Vogt, 1997, Proposition 22.12)) For
a locally convex space E the continuous linear functionals separate the points,
that is, for each pair x,y € E there exists a continuous linear 1: E — R such
that A(x) # A(y).

1.8 Definition Let E be a locally convex space, then we denote by E’ =
L(E,R) the continuous linear maps from E to R. The space E’ is the so-called
dual space of E. There are several ways to turn E” into a locally convex space
(Rudin, 1991, p. 63f) but, in general, we will not need a topology beyond the
special case if E is a Banach space and E’ carries the operator norm topology.

With the help of the Hahn—Banach theorem, we can avoid the pathologies
observed for topological vector spaces. To this end, we need the notion of a
weak integral.

1.9 Definition Lety: I — E be a C%-curve in a locally convex space E and
a,b € I. If there exists z € E such that

b
A(z) =f A(y(t))dt, YA e€E,

then z € FE is called the weak integral of y from a to b and denoted
f: y(0)dr = z.

Note that weak integrals (if they exist) are uniquely determined due to the
Hahn—-Banach theorem.

3 For any normed topology, the differential operator D: C* ([0, 1], R) —» C* ([0, 1], R),
D(f) = f’ must be discontinuous (which is certainly undesirable). To see this, recall that a
continuous linear map on a normed space has bounded spectrum, but D has arbitrarily large
eigenvalues (consider f;, (1) = exp(nt), n € N).
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1.2 Curves in Locally Convex Spaces 5

1.10 Proposition (First part of the fundamental theorem of calculus) Ler
y: I — E be a C'-curve in a locally convex space E and a,b € I, then

b
Y(b)—y(a)=f y'(Hdr.

Proof Let A € E’.Itis easy to see that 1 o y: I — R is a C'-curve with
(A oy) = 2o (y"). The standard fundamental theorem of calculus yields

b b
Ay(b) —y(a)) = A(y(b)) — A(y(a)) = f (Aoy)(s)ds = f Ay (s))ds.

a

Hence z = y(b) —y(a) satisfies the defining property of the weak integral. O

Note that Proposition 1.10 implies that LP[0, 1] cannot be a locally convex
space for 0 < p < I; see Rudin (1991, 1.47) for an elementary proof of this
fact.

1.11 Remark Also the second part of the fundamental theorem of calculus is
true in our setting. Thus if y: I — E is a C°-curve, a € I and the weak integral

t
n() = f y(s)ds

exists forallt € I. Thenn: I — EisaC'-curve in E, and n’ = .
The proof, however, needs more techniques based on convex sets which we
do not wish to go into (see Glockner and Neeb, forthcoming).

The reader may wonder now, when do weak integrals of curves exist? One
can prove that weak integrals of continuous curves always exist in the comple-
tion of a locally convex space. The key point is that the integrals can be defined
using Riemann sums, but these do not necessarily converge in the space itself
(Kriegl and Michor, 1997, Lemma 2.5). Thus weak integrals exist for suitably
complete spaces. To avoid getting bogged down with the discussion of com-
pleteness properties, we define the following:

1.12 Definition A locally convex space E is Mackey complete if for each
smooth curve y: [0,1] — E there exists a smooth curve i: [0,1] — E with

n=vy.

Due to the fundamental theorem of calculus this implies that n(s) — 7(0) =
fos y(t)dt. Thus the weak integral of smooth curves exists in Mackey complete
spaces.

1.13 Remark Mackey completeness is a very weak completeness condi-
tion, in particular, sequential completeness (i.e. Cauchy sequences converge
in the space) implies Mackey completeness. This is evident from the
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6 Calculus in Locally Convex Spaces

alternative characterisation of Mackey completeness using sequences; see Def-
inition A.l. Note, however, that it is not entirely trivial to find examples of
Mackey complete but not sequentially complete spaces. We mention here that
the space K (E,F) of compact operators between two (infinite-dimensional)
Banach spaces E, F with the strong operator topology is not sequentially com-
plete but Mackey complete (see Voigt, 1992).

However, in metrisable locally convex spaces (e.g. in normed spaces) Mackey
completeness is equivalent to completeness; see Jarchow (1981, 10.1.4). We
refer to Kriegl and Michor (1997, 1.2) for more information on Mackey com-
pleteness. In particular, Kriegl and Michor (1997, Theorem 2.14) show that
integrals exist for C'-curves in Mackey complete spaces.

So far we have defined differentiable curves with values in locally convex
spaces. The next step is to consider differentiable mappings between locally
convex spaces. Here a different notion of calculus is needed. It turns out that
(even on Fréchet spaces) there are many generalisations of Fréchet calculus
(see Keller, 1974) without a uniquely preferable choice. In the next section, we
present a simple and versatile notion called Bastiani calculus. Another popular
approach to calculus in locally convex spaces, the so-called convenient calcu-
lus, is discussed in Appendix A.7.

Exercises

1.2.1  Let (E,{pn}nen) be a locally convex space whose topology is gener-
ated by a countable set of seminorms. Prove that
— -n_Pn(x=y)
d(x,y) = ) 2" e
neN
is a metric on E and the metric topology coincides with the locally
convex topology.

1.2.2  Consider C*([0,1],R) with the compact open C*-topology (see
Example 1.6).

(a) Show that a sequence (fx)ren converges to f in this topology
if and only if for all £ € Ny (ddTgf fk)k converges uniformly to
ik
Hint: The uniform limit of a sequence of continuous functions
is continuous. If a function sequence and the sequence of (first)
derivatives converges, the limit of the sequence is differentiable.

(b) Deduce that every Cauchy sequence in the compact open C*-
topology converges to a smooth function. As C* ([0, 1],R) is
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1.3 Bastiani Calculus 7

a metric space by Exercise 1.2.1, this implies that the space is
complete, that is, a Fréchet space.
(c) Show that the differential operator

D: C*([0,1],R) — C*([0,1],R), fe f

is continuous linear. Hint: Lemma A.5.

1.2.3  Let (E,{p;}1) be alocally convex space whose topology is generated
by a finite set of seminorms. Show that p(x) = max;es p;(x) defines
anorm on E, which induces the same topology as the family {p;}. In
this case we call E normable.

1.2.4  Establish the following properties of weak integrals:

(a) If the weak integrals of y,n: [a,b] — E from a to b exist and
s € R, then also the weak integral of y + sn exists and fab (y(@®)+

sn)di = [ ynydi + s [T n()d.

(b) Ify:[a,b] —» Eisconstant, y(t) = K, then fab v(t)dt exists and
equals (b - a)K.

(©) fac y(t)dt = fab y(t)dr + fbc y(#)dr (if the integrals exist).

125 Lety: I — Ebea C*-curve (k € N)and 1: E — F be continu-
ous linear for E,F locally convex. Show that A o y is CX such that
(;it—{;(/loy)z/IO(%y), 1<l<k.

1.2.6 Endow a vector space E with a topology 7~ generated by seminorms
as in Definition 1.5. Show that (E,7") is a topological vector space
(and so requiring that locally convex spaces are topological vector
spaces was superfluous).

1.3 Bastiani Calculus

Bastiani calculus (also called Keller’s Cé‘ -theory; Keller, 1974), introduced in
Bastiani (1964), builds a calculus around directional derivatives and their con-
tinuity. It is the basis of our investigation as this calculus works in locally
convex spaces beyond the Banach setting.

1.14 Definition Let E, F be locally convex spaces, U € E, f: U — F amap
and r € Ny U {oo}. If it exists, we define for (x,h) € U X E the directional
derivative

df(xh) = Dif () = {g}i}rant_yot_l (f(x +th) — f(x)).
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8 Calculus in Locally Convex Spaces

We say that f is C” if the iterated directional derivatives

d* f(x; 1, 3%) = (Dy, Dy, | -+ Dy, f)(x)

exist for all k € Ny such that k < r, x € U and yi,...,yx € E and define
continuous maps d¥ f: UXE* — F (where d° f = f).If f is C* forall k € N,
we say that f is smooth or C*. Note that df = d' f and for curves c: I — E
we have ¢’(t) = dc(t; 1).

1.15 Remark Note that the iterated directional derivatives are only taken
with respect to the first variable (i.e. of the map x — df (x;v), where v is sup-
posed to be fixed). One can alternatively define iterated differentials to derivate
with respect to all variables, but this leads to the same differentiability concept
(see Glockner, 2002 for a detailed explanation). The following observations
are easily proved from the definitions:

@) d*>f(x;v,w) = im0t~ (df (x + tw;v) — df (x;v)).
(b) dkf(x;vl,. L VE) = % o a’k’lf(x + VR VI e VEZ1)-
(c) fis Ck if and only if fis CK~! and d*~!f is C'. Then d* f = d(d*~' f).

Finally, there is a version of the Schwarz theorem which states that the order
of directions vy,...,v In dkf(x; Vi,...,V) is irrelevant (see Exercise 1.3.3).

1.16 Example Let A: E — F be a continuous linear map between locally
convex spaces. Then A is C!, as we can exploit

dA(x;v) = }i_r)r(l)t_l(A(x +1tv) - A(x)) = }grg) A(v) = A(v).

In particular, since A is continuous, so is the first derivative and we see that A
is a C'-map. Computing the second derivative, we use that the first derivative
is constant in x (but not in v!) to obtain

dzA(x; v,w) =D, (dA(x;v)) = lir% t_l(dA(x +tw;v) —dA(x;v))
t—
= lin(l)f' (A(v) = A(v)) = 0.
t—
In conclusion A is a C2-map (obviously even a C*-map) whose higher deriva-
tives vanish.

1.17 Lemma Let f: E 2 U — F be a C'-map. Then df (x;-) is homoge-
neous, that is, df (x; sv) = sdf (x;v) forall x € U,v € E and s € R.

Proof As df(x;0v) = df(x;0) =0 = 0df(x;v), we may assume that s # 0
and thus df (x; sv) = lin(l)t_l(f(x +tsv) — f(x)) = slin(l)(st)_l(f(x +1s5v) —
- t—

f(x) = sdf (x;v). o
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1.3 Bastiani Calculus 9

1.18 Proposition (Mean value theorem on locally convex spaces) Let E,F
be locally convex spaces and f: U — F a C'-map on U € E. Then

1
FO) = £ =f0 df (x +1(y - x); y — x)dr (L)

forall x,y € U such that U contains the line segment Xy = {tx+(1-t)y |t €
(0,11}

Proof Note that the curve y: [0,1] — F,y(t) = f(x + t(y — x)) is differen-
tiable at each ¢ € [0, 1]. Its derivative is

YD) = lim syt +5) =y () = df (x +1(y = x),y = X),

whence y” is continuous (as df is) and thus a C'-curve. Apply now the Funda-
mental theorem 1.10 to y’ to obtain (1.1). O

On a locally convex space, every point has arbitrarily small convex neigh-
bourhoods. Convex neighbourhoods contain all line segments between points
in the neighbourhood, whence Proposition 1.18 is available on these neigh-
bourhoods. As a consequence we obtain the following.

1.19 Corollary If f: U — F is a C'-map with df = 0, then f is locally
constant.

Proof For x € U choose a convex neighbourhood x € V C U (see Ap-
pendix A). For each y € V the line segment connecting x and y is contained in
V, and so the vanishing of the derivative with (1.1) implies f(x) = f(y) and f
is constant on V. O

1.20 Proposition (Rule on partial differentials) Let Ey, E», F be locally con-
vex spaces, U € E; X E» and let f: U — F be continuous. Then f is C' if and
only if the limits

di f Ce,y;vn) = Hme (f (e +1v1,3) = £ 0),
do f (x,y5v2) = Hime (f(x,y +1v2) = £(x,3)

exist for all (x,y) € U and (vi,v2) € E| X Ey and extend to continuous map-
pings d;f: U X E; — F,i = 1,2. In this case,

df (x,y;vi,v2) =di f(x,y;v1) +da f(x,y;v2), Y(x,y) €U, (vi,v2) € Ey X Es.
(1.2)

Proof If f is C! the mappings d, f clearly exist and are continuous. Con-
versely, let us assume that the mappings d; f exist and are continuous. For
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10 Calculus in Locally Convex Spaces

(x,y) € U, (vi,v2) € E X F, we fix € > 0 such that (x,y) + t(v;,v) € U
whenever |t| < &. Now if we fix the ith component of f we obtain a C'-
mapping (by hypothesis, the derivative is d; f). Therefore Proposition 1.18
with Lemma 1.17 yields

S(x,y) +1(vi,v2)) = f(x,y)
t
— f(x +1vy,y +tV2) _f(-x +fV1’)’) + f(x +tV1»y) _f(x’)’)
t t

1 1
=f dzf(x+tv1,y+stvz;vz)ds+f dif(x + stv,y;vy)ds.  (1.3)
0 0

The integrals (1.3) make sense also for + = 0, whence they define maps
I;: 1-&,6[— H.Due to continuous dependence on the parameter ¢,* the right-
hand side of (1.3) converges for t — 0. We deduce that the limit df exists and
satisfies (1.2) which is continuous, whence f is C I O

The following alternative characterisation of C'-maps will turn the proof of
the chain rule into a triviality. However, we shall only sketch the proof to avoid
discussing convergence issues of the weak integral involved.

121 Lemma Amap f: E 2 U — F is of class C' if and only if there exists
a continuous mapping, the difference quotient map,

f[l]: ptl = {(x,v,s) eUXEXR|x+svelU}—>F
such that f(x + sv) — f(x) = sf“](x,v,s)for all (x,v,s) € U1,

Proof Let us assume first that f{!! exists and is continuous. Note that Ul @
U x E x R. Then df (x;v) = fl!l(x,v,0) exists and is continuous as a partial
map of f11. So fis C!. Conversely, if f is C!, the map

sTUf(x+sv) = f(x), (x,v,s) e UM s %0,

[1] =
Sy {df(x;v), (x,v,5) € Ul s =0

is continuous on the open set U1\ {(x,v,s) e U | s =0}. That f!! extends
to a continuous map on all of U!!! follows from continuity of parameter-
dependent weak integrals; see Bertram et al. (2004, Proposition 7.4) for
details. O

1.22Lemma Iff: EDU — FisC', thendf(x;-): E — F is a continuous
linear map for each x € U.
4 We are cheating here; the continuous dependence of weak integrals on parameters has not

been established in this book. See Hamilton (1982, I Theorem 2.1.5) for a proof that carries
over to our setting.
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1.3 Bastiani Calculus 11

Proof Fix x € U and note that df(x;-) is continuous as a partial map of
the continuous df. We have already seen in Lemma 1.17 that df (x;sv) =
sdf (x;v) for all s € R, and so we only have to prove additivity. Choosing
v,w € E we compute

Hf e+t +w) = f(x)
=t (f(x+t(v+w) — f(x+0v) + 17 (f(x +1v) — (X))
= fM(x + rv,w,0) + M (x,v,0).

The right-hand side also makes sense for + = 0 and is continuous, whence
passing to the limit we get df (x;v + w) = df (x;v) + df (x; w). O

1.23 Proposition (Chainrule) Let f: E2U — Fandg: F 2 W — K be
C'-maps with f(U) C W.Then g o f is a C'-map with derivative given by
d(go f)(x;v) =dg(f(x);df (x,v)) (e.(go ) (x) =g (f(x))o f(x)).

Proof We use the notation from Lemma 1.21 and write for (x,y,t) € U (1
with ¢ # 0,

1) e = (e o0+ L) ()

= gM(f ), M (x,y,0),1). (1.4)

The function : UM — K h(x,y,t) == g"(f(x), fM(x,y,1),1) is continuous
and extends the right-hand side of (1.4). Hence Lemma 1.21 shows that g o f
is C!, with

(g o HW(x,y,1) = gM(Fx), F(x, y,1),1) for all (x,y,7) € UM,

Thus

d(go f)(x;y) = (g o HM(x,y,0) = gM(f(x), f1(x,,0),0)
=dg(f(x);df(x;y)). O

The chain rule is the basis to transport concepts from differential geometry
such as manifolds, tangent spaces and so on to our setting. Later chapters will
define these objects.

1.24Lemma Let E,(F;);ecs be locally convex spaces and f: E2U — [];¢1 Fi
a map on an open subset. Let k € NogU{co} and set f;: pr;o f: U — F; (where
pr; is the ith coordinate projection). Then f is C k if and only if every f;,i € I
is C* and

df (x;v) = (dfi(x;v))ier, x€Uyve€eE. (1.5)
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12 Calculus in Locally Convex Spaces

Proof 1If fis C*, we note that every f; = pr;ofisC K by the chain rule as the
projections are continuous linear, hence smooth. Further, df; = pr; o df which
establishes (1.5).

For the converse, note that it suffices to assume that £ € N. We argue by
induction starting with k = 1. Then r~' f(x + tv) — f(x)) = ("' (fi(x + tv) —
fi(x))ier- Now the components converge to df;(x;v) for t — 0, whence the
difference quotient converges to the limit in (1.5). Since every df; is contin-
wous, df = (dfi)icr: U x E = [];; Fi is also continuous and f is C'. For
the induction step we notice that by induction, pr; o df = df; is CkK~!. By
induction, df is C*¥~! and thus f is C¥. o

A subset Y C X of a topological space X is called sequentially closed if
lim,, e X, € A for each sequence (x,)n € A which converges in X. The fol-
lowing lemma will be useful in the discussion of submanifolds in Section 1.5.

1.25 Lemma Let f: E 2 U — F be a continuous map from an open subset
of a locally convex space to a locally convex space, and Fy C F a sequentially
closed vector subspace such that f(U) C Fy. Let k € N U {co}, then f is ck if
and only if the corestriction f|¥0: U — Fy is C*.

Proof If f|Fois C¥, sois f = 1o f|Fo, where : Fy — F is the continuous
linear (hence smooth) inclusion.

Conversely, we argue by induction and assume first that f is C'. For x € U
and v € E, pick a sequence t, — 0 such that x + ¢,v € U for each n € N.
Then df (x;y) = lim, e (f(x + t,v) — f(x)) € Fy by sequential closedness.
Hence the limit exists in Fy. Further, as amap U X E — Fp, (x,v) = df(x;v)
is continuous. We conclude that f|F° is Cl. If fis ck, d(f|F°) = (df)lf(’ is
C*=! by induction and hence f is C*. O

In Example A.32 we will see that in Lemma 1.25 sequential closedness is a
necessary assumption for the validity of the statement.

Exercises

1.3.1  Check the details for Remark 1.15 (for Schwarz’ theorem see below).

1.3.2  Let E|,E,, F be locally convex spaces and 8: E; X E; — F be
a continuous bilinear map. Show that 8 is C' with first derivative
dp(x1,x2;y1,y2) = B(x1,¥2) + B(¥1,x2). Compute all higher deriva-
tives of 8 and show that 8 is smooth.

1.3.3 Schwarz Theorem: If f: E2 U — Fisa Ck-map, and x € U, prove
that d" f(x;-): E" — F is symmetric for all 2 < r < k (i.e. the order
of arguments is irrelevant to the function value).
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14 Bastiani versus Fréchet Calculus on Banach Spaces 13

Hint: By the Hahn—Banach theorem, it suffices to consider A o d”
f(x;-) = d" Ao f(x;-), whence without loss of generality F = R.
Now for fixed vy,...,v,, the property can be checked in the finite-
dimensional subspace generated by vy,...,v,.

1.3.4  The continuous functions C([0,1],R) form a Banach space with
respect to the supremum norm |- (the resulting topology is the
compact open topology).

(a) Let f: R — R be continuous and (y,)sen € C([0,1],R) be
a uniformly convergent sequence of functions with limit y. Ex-
ploit that f is uniformly continuous on each ball and show
that f oy, — f oy uniformly. Deduce that the pushforward
f«: C([0,1],R) — C([0,1],R), n — f o n is continuous

Assume that f € C'(R,R). Our aim will be to see that £, is then C'.
(b) Assume that the limit

df.(yim = lme (fy+m) = f)) - (16)

exists. The point evaluation ev,. : C([0,1],R) — R, n — n(x) is

continuous linear for each x € [0, 1]. Apply ev, to both sides of

(1.6) and find the only possible candidate ¥ (y,n) for df.(y;n).
(¢) Use point evaluations to verify that

1
T (fly +m) = £ () =f0 U (y + stn,n)ds.

(d) Show that ¥ (y,n) from (b) is indeed the directional derivative
df.(y;n).
(e) Verify that df, is continuous, hence f, is C!.

1.3.5 Let E,F, H be locally convex spaces, U € E,V @ H, f: U —- F a
C?>-mapandletg: V — Uand h: V — E be C. Prove that the differ-
ential of the C'-map ¢ := df o (g,h): V — F,¢(x) = df (g(x); h(x))
is given by

dp(x;y) = d* f(g(x); h(x),dg(x; y)) + df (g(x); dh(x;y)), (1.7)

forallxeV,ye H.

1.4 Bastiani versus Fréchet Calculus on Banach Spaces

On Banach spaces one usually defines differentiability in terms of the so-called
Fréchet derivative. We briefly recall the definitions that should be familiar from
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14 Calculus in Locally Convex Spaces

basic courses on calculus. While Bastiani calculus is somewhat weaker than
Fréchet calculus, the gap between those two can be quantified. We collect these
results in the present section.

1.26 Definition A map f: E 2 U — F from an open subset of a normed
space (E,||-||g) to a normed space (F,||-||r) is continuous Fréchet differen-
tiable (or FCI) if, for each x € U, there exists a continuous linear map A, €
L(E,F) such that

Gt = f(x) = Ay - h+ Ry (h) with lim IR (W)l /Iklle = O

and the mapping Df: U — L(E,F), x — A is continuous (where the right-
hand side carries the operator norm). Inductively we define for k € N that f is
a k-times continuous Fréchet differentiable map (or FC*-map) if it is FC! and
Df is FCK=!. Moreover, f is (Fréchet-)smooth or FC™ if f is an FC* map for
every k € N.

The reader may wonder why the notion of Fréchet differentiability cannot
be generalised beyond the setting of normed spaces. The reason for this is that
the continuity of the derivative cannot be formulated as there is no suitable
topology on the spaces L(E,F). Indeed, there is no locally convex topology
making evaluation and composition on the spaces L(E, F') continuous. We re-
fer to Proposition A.19 for an example of this pathology in the context of dual
spaces.

From the definition, it is apparent (Exercise 1.4.2) that if f is FC', then
D f(x)(h) = df (x; h) and thus every FCl-map is automatically C! in the Bas-
tiani sense. However, one learns in basic calculus courses that existence of
directional derivatives is weaker than the existence of derivatives in the Fréchet
sense. The next example exhibits this.

1.27 Example (Bastiani C! is weaker than Fréchet C' (Milnor 1982)) Con-
sider the Banach space

o= {(xn)neN | X € R, foralln € N,l|Gon)llp = ) Lxal < oo}.
neN

Let o(u) = log(1 +u?) and ¢ (u) := %<p(u) = 2 We observe that |y ()| <

1+u?"
1, whence |¢(u)| < |u| and we obtain a well-defined map

Frl' SR () =) @.
neN

Observe that | f((x,))| < [[(x,)]lp1. In Exercise 1.4.3, we will show that f is
C! with differential df ((x); (Vn)) = Dnen v (nx,) but not Fréchet differ-
entiable.
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14 Bastiani versus Fréchet Calculus on Banach Spaces 15

1.28 (Bastiani vs. Fréchet calculus) While Bastiani C* is weaker than FC,
Walter (2012, Appendix A.3) shows that there is only a mild loss of differentia-
bility. In particular, FC™ = C*. The proofs are somewhat technical induction
arguments involving the operator norm. Hence we only summarise the relation
between the calculi on Banach spaces in the following diagram (arrows denote
implications between conditions):

Ck+l Fck Ck

dim E <o

Exercises

1.4.1  Let (E,|I'llg),(F,|I-]lr) be normed spaces and the space L(E,F) of
continuous linear maps be endowed with the operator norm [|Aflop =
SUDP e\ {0} “fl\liﬁ‘l‘p . Show that the evaluation map ¢: L(E,F) X E —
F,e(A,x) = A(x) is continuous.

142 Let f: U — F be an FC'-map on U ¢ E, where E,F are Banach
spaces.

(a) Show that the Fréchet derivative satisfies D f(x)(h) = df (x; h)
for every x € U, h € E and deduce that f is C ! in the Bastiani
sense.

(b) Use induction to prove that every FCK-map is already C* by
showing that the kth-Fréchet derivative gives rise to the kth
derivative in the Bastiani sense.

1.4.3  We fill in the details for Example 1.27. Notation is as in the example.
Prove that

(@ Y| <lforallueR.

(b) df((xn); (vp)) = X en V¥ (nx,,), hence continuous and thus f
isC!.

©  Nldf ((xn); )lop equals 0 if x = O butis > 1 if x,, = 1/n for some
neN.

0 if m # n, .
(d) For 6, = ] the expression [|df (6, -)llop does
1/n iftm=n,

not converge to 0. Deduce that f is not FC!.
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16 Calculus in Locally Convex Spaces
1.5 Infinite-Dimensional Manifolds

In this section, we recall the basic notions of manifolds modelled on locally
convex spaces. Most of these definitions should be very familiar from the
finite-dimensional setting.

1.29 In this section we will write g o f as a shorthand for g o fls-1(4):
f~'(A) — B if it helps to avoid clumsy notation.

1.30 Definition (Charts and atlas) Let M be a Hausdorff topological space.
A chart for M is ahomeomorphism ¢: U, — V,, fromU, € M onto V,, © E,,
where E, is a locally convex space. Let r € Ng U {oo}. A C"-atlas for M is a
set A of charts for M satisfying the following:

(@) M= U«peﬂ Up.
(b) Forall ¢,y € A the change of charts poys~' (which are mappings between
open subsets of locally convex spaces) are C”.°

Two C" -atlases A, A’ for M are equivalent if their union AU A’ is a C"-atlas
for M. This is an equivalence relation.

1.31 Definition A C" manifold (M, A) is a Hausdorff topological space with
an equivalence class of C"-atlases (A. (If the equivalence class A is clear, we
simply write M.)

1.32 Remark In contrast with the finite-dimensional case, we do not require
manifolds to be paracompact or second countable (as topological spaces).

In general, the manifolds we are interested in will not be modelled on a sin-
gle locally convex space. For a C!-atlas, the locally convex spaces in which
charts take their image are necessarily isomorphic on each connected compo-
nent. However, some examples we will encounter later on have a huge number
of connected components. For each of these connected components the locally
convex model spaces will, in general, not be isomorphic.

1.33 Example Every locally convex space E is a manifold with global chart
given by the identity idg. Similarly, every U € E is a manifold with global
chart given by the inclusion U — E.

1.34 Example (Hilbert sphere) For a Hilbert space (H,{-,-)) the unit sphere
Sy ={x € H | (x,x) = 1} is a C*-manifold. To construct charts, we define
the Hilbert space Hy, = {y € H | (y,xo) = 0} € H for xo € Sy. (If dim

3 Formally, if the charts do not intersect, the change of charts is the empty map @ — @ which is
Ccr.
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1.5 Infinite-Dimensional Manifolds 17

H < oo, Hy, is a proper subspace of H, but if H is infinite-dimensional, it is
isomorphic to H; see Dobrowolski, 1995). Then define the sets Uy, = {x €
SH | {x,x0) > 0} and V,, := {y € Hy, | (y,y) < 1}. We can now define a chart

Oxp: Uxy = Vigs X B x = (X, X0)X0

(its inverse is given by the formula @7} (y) = y + /T = (y,y)xo). Applying
these formulae, we see that the change of charts map for xo,z9 € Sy is a
smooth map between open (possibly empty) subsets of Hilbert spaces:

020 0 Pri (1) = (v = (3, 20)20) + V1 = (3, ¥)(x0 = (X0, 20)20)-

1.35 Definition Let M be a C'-manifold and together with a sequentially
closed vector subspace F, <€ E, for each chart ¢: U, — V, @ E,.
A (C"-)submanifold of M is a subset N C M such that for each x € N, there
exists a chart ¢: Uy — Vi of M around x such that ¢(Us N N) = Vy N Fy,.
Then ¢y = ¢|l‘;22;“’ is a chart for N, called a submanifold chart. Thanks to
Lemma 1.25, the submanifold charts form a C'-atlas for N.

If N is a submanifold of M such that all the sequentially closed subspaces Fy
are complemented subspaces of Ey (see §1.7), we call N a split submanifold
of M.

1.36 Definition Let (M, A) and (N, B) be C" manifolds. Then the product
M x N becomes a C"-manifold using the atlas C := {¢ X ¢ | ¢ € A, Y € B}.
We call the resulting C"-manifold the (direct) product of M and N.

1.37 Definition Letr € NyU{co} and M, N be C"-manifolds. Amap f: M —
N is called C” if f is continuous and, for every pair of charts ¢,y, the map

wofod i Ey28(f N (Uy)NUy) - F,
is a C"-map. We write C" (M, N) for the set of all C"-maps from M to N.

1.38 Remark Let f: M — N be a continuous map between C”-manifolds.
Assume that for some charts (U, ¢) and (Uy,y) the composition ¢ o f o ¢
is C",r € N U {co}. Then for any other pair of charts (Uy, «) and (U,, 1) with
fWUanUy) €Uy NUc we have on U, N Uy that

ko fold  awanuy,) = (kog o(pofoy™)owoa™,

where the mapping in the middle is C” by assumption and the other mappings
are change of charts (which are C” by M, N being C"-manifolds). Hence « o
fo A7 AUANUy) is also C” by the chain rule, Proposition 1.23. This argument
is called ‘insertion of charts’ and we leave it from now on to the reader. With
the insertion of charts argument, it is easy to see that:
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18 Calculus in Locally Convex Spaces

(a) It suffices to test the C”-property with respect to any atlas of M
and N.

®) Iff: M —> Nandg: N — L are C"-maps,soisgo f: M — L.

(c) Using Lemma 1.24: If M, N, N, are C"-manifolds and f;: M — N;,i =
1,2 are mappings. Then f = (f1,f2): M — Ny X N, is C" if and only if
f1,frare C".

1.39 Lemma Let N be a (C”-)submanifold of the C"™-manifold M. Then
the inclusion t: N — M is C". Further, f: P — N is C" if and only if
tofisC’.

Proof Thanks to Remark 1.38, it suffices to check the C"-property of ¢ in
charts that cover N. Thus we may choose charts (¢,Us) of M that induce
submanifold charts ¢ as in Definition 1.35. But then ¢ o ¢ o (/51‘\,1 is the in-
clusion map Vy: FF — V which is C" (as restriction of a continuous linear
map).

If fis C", sois to f by Remark 1.38. Conversely, let ¢ o f be a C"-map
and ¢, ¢y as before and y a chart for P. Then ¢p o Lo f oy~ !: YUy N
f _1(U¢)) — E is C" with values in the sequentially closed subspace F' and
thus (poro foy)|F =¢n o foy !isC" by Lemma 1.25. We conclude that
fisC". O

Exercises

1.5.1 Let f: M — N be a C"-map between C"-manifolds. Show that the
graph(f) = {(m, f(m)) | m € M} is a split submanifold of M X N.
Hint: Use the description of the graph to construct submanifold charts
by hand.

1.5.2  Verify the details of Example 1.34: Check that the charts make sense
as mappings from Uy, to Vy,. Show that the change of charts ¢, o (,ogol
is smooth for all xg,zo € Sy such that Uy, N Uy, # 0.

1.53 Let M be a manifold and U & M. Let A be an atlas of M.
Endow U with the subspace topology and show that Ay = {¢|lunu, |
(¢,Ug) € A} is a manifold atlas for U turning it into a submanifold
of M.

1.5.4  Check that the set C in Definition 1.36 is a C"-atlas for the product
manifold.

1.5.5 Show that a compact manifold must be modelled on a finite-
dimensional space.
Hint: Proposition A.3.
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1.6 Tangent Spaces and the Tangent Bundle

C'-curve y passes through p if y(0) = p. For two such curves y,n we define
the relation

1.40 Definition Let M be a C"-manifold (r > 1) and p € M. We say that a

y~n e (¢oy)(0)=(pon)(0) (1.8)

for some chart ¢ of M around p. By the chain rule, (1.8) holds for every chart
around p and defines an equivalence relation on the set of all curves passing
through p. The equivalence class [y] is called the (geometric) tangent vector
(of M at p). Define the (geometric) tangent space of M at p as the set T,, M of
all geometric tangent vectors at p.

We recall now that the tangent space at a point can be turned into a locally
convex space isomorphic to the modelling space at that point.

1.41 Lemma (a) Let ¢ be a chart of M around p, set pg ‘= ¢(p). Then
he: Eg = TpyM, he(y) = [t = ¢ (pg +1y)]

is a bijection with inverse h;l :TpM — Eg, [yl = (¢ 0y) (0).

(b) For all charts ¢, around p, we have hl;l ohg =d(o ¢_l)(p¢; -) which
is an automorphism of the topological vector space E.

(¢) T, M admits a unique locally convex space structure such that hg is an
isomorphism of locally convex spaces for some (and hence all) charts ¢ of
M around p.

Proof (a) Note that hy and h;l are well defined and h;l is injective. For

Y € Eg. iyl ohy(y)) = (%Lzo ¢(¢~'(py +1y)) = y. Thus K" is surjective
and the inverse of A.

(b) Compute for y € E: hy o h;l(y) = %L:Ow(qﬁ‘l(p(/) +ty)) = dWo
(o).

(c) This follows directly from the definition of the vector space structure. 0O

142 LetU ¢ E, E alocally convex space and f: U — F a C'-map. We
define the mapping

Tf:UXE—>FXF, (x,v)m (f(x),df(x;v))

and call this mapping the tangent map of f. Note that the chain rule, Proposi-
tion 1.23, can now be written as T (f o g) =T f o Tg.

1.43 Definition (Tangent bundle) Let (M,A) be a C"-manifold with r > 1.
We call TM = Upem Tp M the tangent bundle of M. Then mpy: TM — M,
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20 Calculus in Locally Convex Spaces

T,M > v ~ pis called the bundle projection. We equip TM with the final
topology with respect to the family (Tqﬁ‘l)q;,e # of mappings

T~ VyxEy > TM, (x,v) = [t ¢ (x+1y)] € Ty M.
Note that TUy = m; (Uy) is open in TU for all ¢ € A, and
T¢:=(T¢)™': TU, — Vs xE

is a homeomorphism. Moreover, B = {T'¢ | ¢ € A} is a C"'-atlas for TM.
Thus 7M becomes a C"~'-manifold and 73, : TM — M a C"-map.

1.44 Lemma We check the details in Definition 1.43. Let o,y € A:

(a) We have T(yop™ ") oT¢p =Ty.

(b) TU, is openinTM and Ty: TU, — V, X E, is a homeomorphism.
c) B={Top|pecA}isa C"™ '-atlas, if M is Hausdorff, so is TM.

d) myisa C”l—map.

(e) TM induces on each tangent space T, M its natural topology.

Proof (a) This follows from Lemma 1.41(b); we leave the details to the
reader.

(b) If ¢,y € A, we have (Ty ™)1 (TUp) = TY(TU,NTU,) = y(Uy,NUy) X

E, <V X Ey. By the definition of the final topology, TU, is openin T M.

By definition of the final topology T¢~! is continuous, and so T¢ is

open for every ¢ € A. For continuity, pick U € V,, X E, and let ¢ € A.

Now W :=UnNeU, NUy) X E, C V, X E,, whence a quick computation
shows

Ty (T (U) =TW oo™ )W) € Vy xEy

as T( o ¢~ 1) is a homeomorphism between open subsets of Vo X Ey
and V,, X E,;. We deduce that (T(,o)‘l(U) is open in TM, and so Ty is
continuous.

(c) By (b) each T'¢ is a homeomorphism from an open subset of T M onto an
open subset of Ey X Eg4, whence it is a chart. Clearly, the TU,, cover TM
and by (a) the transition maps are T(y o ') = (Y o ¢!, d(y o 1))
whence C"~!. The Hausdorff property is left as Exercise 1.6.1.

(d) In every chart we have ¢ o py = pry o T, where pry: Vi, X E, — V, is
the canonical projection. As the charts conjugate 7y, to a smooth map, it
is of class C" 1.

(e) By the definition of the vector topology in Lemma 1.41 (c) this follows
from (b). O
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1.6 Tangent Spaces and the Tangent Bundle 21

1.45 Remark In finite-dimensional differential geometry (and on Banach
manifolds), one often introduces the dual bundle or cotangent bundle
T*M := L(TM,R) = U (T M) = U L(T.M,R),
xXeM xeM

where (T,yM)" = L(TyM,R) is the space of continuous linear mappings
TyM — R (with the operator norm topology if 7y M is Banach; see Klingen-
berg, 1995 or Lang, 1999, III.1 for the bundle structure). In our setting, there
is, in general, no canonical manifold structure which turns 7*M into a vector
bundle.

This poses a problem for theories employing the dual bundle, for example,
symplectic geometry, and also differential forms cannot be defined as sections
of the dual bundle. However, in the case of differential forms, one can circum-
vent this problem and obtain a theory similar to finite-dimensional differential
forms without the dual bundle. We briefly discuss this in Appendix E.

We will now introduce tangent mappings of differentiable mappings be-
tween manifolds (see Definition 1.42 for the case of an open subset of a locally
convex space).

1.46 Definition (Tangent maps) Let f: M — N be a C"-map between C'-
manifolds for r > 1. Define the mappings

Tpf:TyM > TN, [yl [foyl, peM.
Then we define the tangent map Tf: TM — TN, T,M > [y] = T, f([y]D.
Note that by construction 7y o Tf = f o mps. Moreover, for each pair of
charts  of N and ¢ of M such that f(Us) € Uy, the following diagram is
commutative:
'I'Ul//
Tfly,

TUy ————2— TU,

Jr I
Tofop™")

V¢XE¢ _ le XFlp.
Hence the tangent map 7 f is a C"~!-map if f is a C"-map.
1.47 Lemma (Chain rule on manifolds) Let M,N,L be C"-manifolds and
f:M — N,g: N— Lbe C'-mapswithr > 1.ThenT(go f)=TgoTf.
Note that we can of course iterate the tangent construction and form
the higher tangent manifolds 75M := (T(T(---(TM)---) if M is a
| R——

k times
C’-manifold and k < ¢. Similarly one defines higher tangent maps

TKf = (T(TC-- (T f) ).
——— ———

k times
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22 Calculus in Locally Convex Spaces
For later use, we set a notation for derivatives of manifold valued curves.

1.48 Definition Let M be a manifold and ¢: J — M be a C'-map from some
interval J C R. Then we identify 7;J = R and define the mapping

c:J—->TM, t+ Tc(t,l).

Note that ¢ is the manifold version of the curve differential ¢’, in particular, if
(U, ) is a chart of M, we have for each r € ¢~!(U) the relation T (¢(1)) =

(poc,(goc)).

Exercises

1.6.1  Verify the details in Definition 1.46 and supply a proof for Lemma
1.47. Show, in particular, that

(@) Tf is well defined and defines a C”~!-map with the claimed
properties.

(b) Check that for M = U an open subset of a locally convex space,
both definitions of tangent mappings coincide.

(c) The manifold T M is a Hausdorff topological space.
Hint: Consider two cases for v,w € TM: mp;(v) = mpr(w) and
i (v) # 7ty (w).

1.6.2 Show inductively, that

(a) If Eisalocally convex space and U € E, then TFU = UxE* 1.
(b) ForU ¢ E,V @ F inlocally convex spaces, we have
dkf(x;vl,. .., Vk) = Pk (ka(x,wl,. .. ,wzk,l) R
where pr, is the projection onto the 2¥th component and wy; , | =
vip1 forO <i < k—-1and w; = 0else.

1.6.3  Establish a manifold version of the rule on partial differentials Propo-
sition 1.20, that is, show that: If f: My x M, — N is a Cl-map
(between C'-manifolds) and pi: My X M, — M; are the canonical
projections, then for p = (x,y) € M| X M>,

Tpf) =T fC)Tp1(v) + Ty f (x,)(Tp2(v)).

Identifying (M X M>) with TMy X TM, and v = (vy,vy), this for-
mula becomes

Tpf =Txf(y)(vx) + Ty f(x,-)(vy).
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1.7 Elements of Differential Geometry: Submersions and Immersions 23

1.7 Elements of Differential Geometry: Submersions
and Immersions

Immersions and submersions are among the first tools students encounter in
courses on differential geometry when asked to construct (sub-)manifolds. They
can still serve this purpose in infinite dimensions if one chooses one’s defini-
tions carefully. In this section, we follow Hamilton (1982, Section 4.4)6 and
the discussion requires the concept of complemented subspaces of a locally
convex space (see Appendix A.3).

1.49 Definition Let M, N be smooth manifolds and ¢: M — N smooth. We
say that ¢ is

(a) an immersion if for every x € M there are manifold charts «,y around x
and ¢(x) such that F, = E. x H (as locally convex spaces; see
Appendix A.3), the local representative of ¢ in these charts is the
inclusion E, — E x H = Fy,

(b) an embedding if f is an immersion and a topological embedding (i.e. a
homeomorphism onto its image),

(c) a submersion if for every x € M there are manifold charts «,i around x
and ¢(x) such that E, = Fy, X H and the local representative of ¢ in these
charts is the projection E, = Fyy, X H — Fy.

1.50 Lemma [f f: M — N is an immersion, then for every x € M there is
an open neighbourhood Wy such that flw_ is an embedding.

Proof Pick immersion charts around x and f(x), that is, charts (U, ¢),x € U
and (W,¢) such that f(x) € W and ¢y o fo ¢! = j, where j: E, > E; =
E, X F is the inclusion of the complemented subspace E,, of E, . Note that j
is a topological embedding onto its image, whence fly, = Yy lojogpisa
topological embedding (and thus an embedding). O

There are several alternative characterisations of submersions and immer-
sions known in the finite-dimensional setting. Many of these turn out to be
weaker in our setting.

1.51 Lemma A smooth map f: M — N is a submersion if and only if for
each x € M there are (U, @) of M and (V,y) of N with x € U and f(U) C V
such thaty o fo ¢! = 7lp) for a continuous linear map m with continuous
linear right inverse o (i.e. m o o = id).

% The smoothness assumption conveniently shortens the exposition but can of course be
replaced by finite orders of differentiability; see Glockner (2016).
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24 Calculus in Locally Convex Spaces

Proof 1If f is a submersion and x € M, we can pick submersion charts around
x, that is, charts ¢: U, - Up XxUg C FxH = EwithUp @ FandUy C E
and ¢ : V), — Ur such thaty o f o 0 Y (x,y) = x, for all (x,y) € Ur x Uy.
Obviously, the projection is continuous linear with right inverse given by the
inclusion F — F X H = E.

Let us conversely assume that around x € M there are charts such that ¥ o
fopl = 7lp @ holds for a continuous linear map 7: E — F with continuous
right inverse o : F' — E. Then 7|, (Fyo(F) — F is an isomorphism of locally
convex spaces with inverse 0. We obtain a new chart v := o o ¢ of N. Now
k= con: E — Eis continuous linear and satisfies ko k = k. We deduce from
Lemma A.21 that o(F) is a complemented subspace of E and can identify
E = o (F) x ker(r) such that « becomes the projection onto o (F). Shrinking
U and V if necessary we may assume ¢(U) = A X B and v(V) = A for open
sets A € o(F) and B € kern. Then

-1 -1
vofop =o0oyofoy =0om|axs = Klaxs- m

1.52 Remark The alternative characterisation of submersions from Lemma
1.51 implies (see Exercise 1.7.5) that a submersion admits local smooth sec-
tions. If the manifolds M and N are Banach manifolds (i.e. modelled on
Banach spaces), the inverse function theorem implies that the existence of local
smooth sections is even equivalent to being a submersion (see Margalef-Roig
and Dominguez, 1992, Proposition 4.1.13).

Finally, we mention that if the submersion ¢ is surjective, we obtain the
following result: a map f: N — L is C" if and only if f o ¢ is a C"-map for
r € Ny U {oo} (see Exercise 1.7.6).

In finite-dimensional differential geometry, the above definitions are usu-
ally not the definitions of submersions/immersions but one deduces them from
‘easier conditions’ involving the tangent mappings, such as the following.

1.53 Definition Let M, N be smooth manifolds and ¢: M — N smooth. We

say that ¢ is

(a) infinitesimally injective (or surjective) if the tangent map Tx¢: TxM —
Tsx)N is injective (or surjective, respectively) for every x € M,

(b) anaive immersion if for every x € M the tangent map T ¢: Tx M — Ty() N
is a topological embedding onto a complemented subspace of T ()N,

(¢c) anaive submersion if for every x € M the map Tx¢p: Tx M — Ty(x)N has
a continuous linear right inverse.

In infinite dimensions, none of the naive, infinitesimal versions or the prop-
erties from Definition 1.49 are equivalent as the following (counter-)examples
show.
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1.7 Elements of Differential Geometry: Submersions and Immersions 25

1.54 (Infinitesimal properties are weaker than naive properties) Consider
the Banach space ¢ of all (real) sequences converging to 0 as a subspace of
the Banach space £ of all bounded real sequences. We obtain a short exact
sequence’ of Banach spaces

0 > g ——— [ T %/cg —— 0.
(1.9)
As i and g are continuous linear we have Tyi(y) = di(x,y) = i(y) and
Tvq(y) = q(y), whence i is infinitesimally injective and ¢ is infinitesimally
surjective. Since cq is not complemented, Example A.23, i is not a naive im-
mersion. This implies that (1.9) does not split, that is, ¢ does not admit a con-
tinuous linear right inverse and thus cannot be a naive submersion.

A submersion as in Definition 1.49 turns out to be an open map (Glockner,
2016, Lemma 1.7). In finite-dimensional differential geometry, this is a conse-
quence of the inverse function theorem (when applied to a naive submersion).
Going beyond Banach manifolds, the submersion property is stronger than the
naive notion.

1.55 (Naive submersions need not be submersions) Consider the space A :=
C(R,R) of continuous functions from the reals to the reals. The pointwise oper-
ations and the compact open topology (see Appendix B.2) turn A into a locally
convex space (by Lemma B.7, one can even show that it is a Fréchet space).
Then the map exp,: A — A, f + e/ is continuous by Lemma B.8. Recall
that the point evaluations ev (f) := f(x) are continuous linear on A, whence
we can use them to find a candidate for the derivative of exp 4. Then the finite-
dimensional chain rule yields the only candidate for the derivative of exp4 to
be dexp,(f;8)(x) = g(x) - expy (f)(x). Computing in the seminorms, one
can show that indeed dexp,(f;g) = g - exp4(f) and by induction exp, is
smooth. Moreover, at the constant zero function 0 we have d exp4(0; ) = ida,
SO exp, is a naive submersion. However, exp, takes values in C(R,]0,oo[)
which do not contain a neighbourhood of exp 4 (0) = 1. Thus exp, cannot be a
submersion (as all submersions are open mappings by Glockner (2016, Lemma
1.7).

7 1In the category of locally convex spaces, a sequence

O—)ALB—q—)C—>O

of continuous linear maps is exact if it satisfies both of the following conditions:

(a) algebraically exact, that is, images of maps coincide with kernels of the next map;

(b) topologically exact, that is, i and g are open mappings onto their images.

If A, B and C are Fréchet (or Banach) spaces, topological exactness follows from algebraic
exactness by virtue of the open mapping theorem (Rudin, 1991, 1. 2.11); for general locally
convex spaces this is not the case.
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26 Calculus in Locally Convex Spaces

This example also shows that the Inverse Function Theorem fails in this case
(Eells, 1966); see also Appendix A.5.

However, as Glockner (2016) shows, the following relations do hold.

1.56 (Submersions, immersions vs. the naive and infinitesimal concepts) Con-
sider amap ¢: M — N between manifolds modelled on locally convex spaces.
Then:

Immersion =————————> naive immersion ——————> infinitesimally injective

M Banach manifold dim M < oo

M Hilbert manifold and N Banach manifold

Submersion =————=> naive submersion =—————=> infinitesimally surjective

N Banach manifold dmN < o

The reason one really would like the strong notions of submersions and
immersions is that these notions are strong enough to carry over the usual state-
ments on submersions and immersions to the setting of infinite-dimensional
manifolds. For example, one can prove several useful statements on split sub-
manifolds. Again we refer to Glockner (2016) for more general results on sub-
mersions and immersions in infinite dimensions.

1.57 Definition Let f: M — N be smooth and S € N be a split submanifold.
Then f is transversal over S if for each m € f’l(S) and submanifold chart
YV — Vi x Vo withy(f(m)) = (0,0) and ¢ (S) C Vi x {0}, there exists an
open m-neighbourhood U with f(U) C V and

[N VA N VNG VAN L N A (1.10)
is a submersion.

Note that due to the fact that compositions of submersions are again submer-
sions (see Exercise 1.7.1), if f is a submersion, (1.10) is always a submersion.

1.58 Proposition Let ¢: M — N be a smooth map. If S C N is a split sub-
manifold® of N such that f is transversal over S, then ¢~'(S) is a submanifold
of M.

8 A more involved proof works for every submanifold (not only for split ones), see Glockner
(2016, Theorem C).
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1.7 Elements of Differential Geometry: Submersions and Immersions 27

Proof The map (1.10) is a submersion. Shrinking U, V,, there are charts
¢: U — Uy XU, and «: Vo, — U, such that ¢(m) = (0,0) and «(0) = 0
and the following commutes:

U—L v Lsvixyn -2y,

I I

pry N
U xU, > Us.

Now we will prove that ¢ is a submanifold chart for f~1(S), that is, (U N
F7US)) = o(U) N (U, x {0}). To see this, note that since ¢ is a submanifold
chart, we have for x € U that f(x) € § if and only if pr,(¥(f(x))) = 0.
Now the commutativity of the diagram shows that this is the case if and only
if ¢(x) € pr;'(0) = Uy x {0}. o

1.59 Corollary If f: M — N is a submersion, f~'(n) is a split submanifold
forneN.

1.60 Lemma Let f: M — P and g: N — P be smooth maps and g be a
submersion. Then the fibre product Mxp N := {(m,n) € MXN | f(m) = g(p)}
is a split submanifold of M X N and the projection pr;: M Xp N — M is a
submersion.

Proof Let (m,n) € M Xp N and pick submersion charts ¢ : Uy, — V,, € En,
k: U¢ = Vi @ Ep for g with n € Uy. Recall that for the submersion charts
Kogo w‘l = x for a continuous projection 7: Ey = Ep X F' — Ep (where
F is the subspace complement) and we may assume that Vj, = V. X V. Finally,
we pick a chart (U,,¢) of M such that m € U, and f(U,) < U,. Hence we
obtain a commutative diagram

Uy —2 V) ==V, xV

<~
o
/
~
=]
=
~

Denote by pry the projection onto V. Then we construct a smooth map for
(m,n) € Uy X Uy via

§(m,n) = (@(m), (pry, (¥ (n)) = k(f (m)),pry (¥ () € Vi X (Ve = Vi) X V).
This mapping is smoothly invertible with inverse given by

S, (3,2) = (T T 3+ k(F 7 (), 2).
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28 Calculus in Locally Convex Spaces

We leave it again as an exercise to work out that the domain of the inverse is
open. Note that due to the commutative diagram we see that (m,n) € M Xp N
if and only if (m,n) maps under 6 to Ep; X {0} X F which is a complemented
subspace of Ejy X Ep X F = Epy X En. Thus M Xp N is a split submanifold of
M x N. Since the projection pr;: M X N — N is smooth, so is its restriction
to M xp N by Lemma 1.39. As pr;: M Xxp N — M is conjugated by ¢ and ¢
to the projection pry, , it is a submersion. O

Finally, there is a close connection between embeddings and split submani-
folds.

1.61 Lemma Let f: M — N be smooth. The following conditions are
equivalent:

(a) f is an embedding.
(b) f(M) is a split submanifold of N and fIf™): M — f(M) is a diffeomor-
phism.

Proof Let E, F be the modelling spaces of M and N, respectively.

(a) = (b): By assumption, f is a topological embedding and a smooth
immersion. Consider y € f(M) and x € M with f(x) = y and pick
charts ¢x: Uy — V, € E and ¢,: Uy — V, C F such that x € Uy,
fWUy) € Uy and ¢y o f o ¢;! = jly, for a linear topological embedding
j: E — F onto a complemented subspace j(E) x H = F. Since j(Vy) is rel-
atively open, we may adjust choices such that j(Vy) = Vy N j(E). A quick
computation then shows that ¢, restricts to a submanifold chart and f(M)
becomes a split submanifold of N. Moreover, in the (sub)manifold charts we
have j|:,/i VE - @ylranynuy o f o ¢3! and this map is a diffeomorphism. Thus
FEOM M — £(M) is alocal diffeomorphism and a homeomorphism, hence
a diffeomorphism.

(b) = (a) Let t: f(M) — N be the inclusion map. Since /™) is a dif-
feomorphism, ¢ o f|/™™) is a topological embedding. Since f(M) is a split
submanifold, there is an isomorphism a: E — «a(E) C F of locally convex
spaces such that @ (F) is complemented in F. Pick charts ¢, : Uy — V, and
erx): Urxy = Ve with x € Uy and f(Uy) € Uy(x). We may assume that
Vi = PxQ for P @ a(E) and @rx)(Ux N f(M)) = Vi Na(E) =
P. Set now W := a~!'(P). Then it is easy to see that 6 := (¢rxy o f o
<p;1)_1 oalw: W — V, makes sense and is a smooth diffeomorphism, whence
6~'og,: U, — W is achart for M. By construction, @rxyofo O lop)™ =
alw is a linear topological embedding onto a(E). This shows that f is an
immersion. O
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1.7 Elements of Differential Geometry: Submersions and Immersions 29

1.7.1 Exercises

1.7.1  Show that if f: M — N and g: N — L are submersions, SO is
gof: M— L.
Hint: The submersion property is local. Try constructing small enough
neighbourhoods around m € U € M, f(m) € V € N and g(f(m)) €
W C L and charts such that:

v—"L sv—f 5w

! ! |

Prr

FxX 2y payxz My y

1.72 Let f: M — N and g: K — L be submersions (immersions). Show
that then f X g: M X K — N X L, (m,k) — (f(m),g(k)) is also a
submersion (immersion).

1.7.3 Let p: M — N be a submersion and n € N. From Corollary 1.59
we obtain a submanifold P := p‘1 (n). Show that for x € P one can
identify the tangent space of the submanifold as 7xP = kerTyp =
{(veT:M|Tip(v) =0}

1.7.4  Let (H,{(-,-)) be a Hilbert space. Prove that y: H \ {0} - R, x —
(x,x) is a submersion and deduce that the Hilbert sphere Sy = lﬁ‘l (1)
is a submanifold of H. Then show that 7, Sy = {v € H | (v,x) = 0}
forall x € Sy (thatis, the tangent space is the orthogonal complement
to the base point x).

1.7.5 Let¢: M — N be a smooth submersion. Show that ¢ admits smooth
local sections, that is, for every x € M there is ¢(x) € U € N and a
smooth map o : U — M with o (¢(x)) = x and ¢ o 0 = idy. Deduce
then that ¢ is an open map.

Hint: Use the characterisation from Remark 1.52.

Remark: If M, N are Banach manifolds, the existence of local sec-
tions is equivalent to ¢ being a submersion; see Margalef-Roig and
Dominguez (1992, Proposition 4.1.13).

1.7.6 Let ¢: M— N be a smooth surjective submersion. Show that
fi: N> LisC" ifand only if f o ¢ is C” for r € Ny U {oo}.
Hint: Use Exercise 1.7.5.

1.7.7  Show that if f: M — N and g: N — L are immersions (embed-
dings), sois g o f.

1.7.8  Work out the details omitted in the proof of Lemma 1.61.
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2
Spaces and Manifolds of Smooth Maps

In this chapter, we consider spaces of differentiable mappings as infinite-
dimensional spaces. These spaces will then serve as the model spaces for
manifolds of mappings, that is, manifolds of differentiable mappings between
manifolds.

2.1 Topological Structure of Spaces of Differentiable
Mappings

In this section, we denote by M, N (possibly infinite-dimensional) manifolds.

2.1 Definition Endow the space C*(M,N) with the initial topology with
respect to the map

©: C*(MN) = [ | CT*MT* New, [ (T ey,
k eNy

where the spaces on the right-hand side carry the compact open topology (see
§B.2). The resulting topology on C*(M,N) is called the compact open C*-

topology.

2.2 Remark (a) The map @ is clearly injective (as 7°f := f). Therefore, ®
is a homeomorphism onto its image.

(b) Note that the compact open C*-topology is also the initial topology with
respect to the mappings

T*: C*(M,N) > C(T*M,T*N)eo, [ T*f, keN,.

(c) If M @ E,N ¢ F for E, F locally convex spaces, the compact open C*-
topology is the initial topology with respect to the mappings

d*: C®(M,N) » C(M x EXK,N)eo., frd*f, ke No.

30
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2.1 Topological Structure of Spaces of Differentiable Mappings 31

(d) By construction the compact open C*-topology is finer than the compact
open topology (i.e. the topology induced by the inclusion C*(M,N) —
C(M,N)). In particular, if M is locally compact (i.e. M is finite dimen-
sional), the evaluationev: C*(M,N) X M — N, (f,x) — f(x) is contin-
uous by Lemma B.10.

23Lemma Let L,O be manifoldsandh: L — M and f: N — O be smooth.
Then the pushforward and the pullback

fo: C®(M,N) - C*(M,0), g fog,
h*: C*(M,N) —» C*(L,N), gr>goh

are cOntinuous.

Proof Since the compact open C*-topology is initial with respect to the fam-
ily (T, €N, it suffices to prove that Tk o f« and Tk o h* are continuous for
each k € Ny. However, the chain rule yields for each k commutative diagram

C (M, N) —L—3 e~ (M. 0) C®(M, Ny — 5 (L, N)
iTk lTk iTk iTk
Tk ), ) . Tkn)* .
CT* M, T*N)eo. 2% C(M. O)co. CT*M. T*Nyeo. T8 C(TFL T* N,

The pushforward and the pullback in the lower row are continuous by
Lemma B.8. We conclude that f, and #* are continuous. O

2.4 Proposition Let E be a locally convex space. Then the compact open C*-
topology turns C* (M, E) with the pointwise operations into a locally convex
space.

Proof The compact open C*-topology is initial with respect to the map

©: C*(M,E) - [ | CA*MT* E)es,  f > (T e,
———
KO oM e* ),

Now the spaces C(TkM,Ezk )c.o. are locally convex spaces by Lemma B.7
since E2" is a locally convex space. The product of locally convex spaces
is again a locally convex space. Thus every linear subspace of the product
becomes a locally convex space. Now it is easy to see that @ is linear with
respect to pointwise addition and scalar multiplication. Thus the image of @ is
a linear subspace and @ is an isomorphism of locally convex spaces identifying
C® (M, E) as alocally convex subspace of [ e, C(T*M, E* ). O
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32 Spaces and Manifolds of Smooth Maps

Interlude: Certain Open Sets in the Compact Open C*-topology

In this section, we recall the classic arguments (see e.g. Hirsch, 1994) that cer-
tain subsets of mappings are open in the compact open C*-topology. Observe
that one needs here (and we shall require it in the whole section) for the source
manifold to be compact. For non-compact source manifolds, the sets discussed
here will, in general, not be open in the compact open C*-topology. We will
need the results collected in this subsection in Chapter 3 when discussing the
group of diffeomorphisms.

2.5 Lemma Let M,N be manifolds, M compact and a finite open cover
Ui,..., U, of M. Then the map

n
¥ CMN) - [ [N, e (Fluie
i=1
is a homeomorphism onto

n
I={(f0 e |C*WaN) | filuiow, = filuinu,, foralli,j € 1).
i=1

L

Moreover, I is closed in H?:] C*(U;,N).

Proof To see that I is closed, we introduce, for every i,j € I := {1,...,n}
andx € U; NUj, themapevy; ;: [[_; C*WU;,N) = N XN, (¥i)1<k<n =
(vi(x),y;(x)). These are continuous since projections onto components in a
product and the point evaluations are continuous (see Remark B.5). Now we
denote by AN C N x N the diagonal (i.e. all elements of the form (n,n)),
which is closed in N X N due to N being Hausdorff. Then 7 is closed as the
preimage:

X,0,]

I= ﬂ evil (AN).
x€li jerUiNU;

Note that we can write the restriction f + f|y, as the pullback fly, = f o
ty, = ;)" (f) with the inclusion of U; into M. Hence the restriction map is
continuous by Lemma 2.3, and as a consequence ¥ is continuous. Moreover,
Y is clearly injective and we only have to prove that ¥ is an open mapping
onto its image. To see this, we need to check that finite intersections of sets of
the form

LK, U,k] = {f € C*(M,N) | T* f(K) C U},
KcT'm compact, U ¢ TkN, keN

are mapped to open sets by ¥ (recall that the topology is initial with respect to
the TX). Now since M is compact, Lang (1999, II, §3 Proposition 3.2) implies
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2.1 Topological Structure of Spaces of Differentiable Mappings 33

that there are open sets V; C VicU, <i<nand M C Ui<i<n Vi
Consider now f € (1<, <¢LK;, Uy, k] and define ThV, = ﬂ];l (Vi), where
i, : T U; — U is the bundle projection. Note that 7% V; is closed in 7% U;
for every 1 <i < n. Then clearly

Ylu, € ﬂ LK, NT*V;,0,,k,] foralll <i<n. 2.1)

1<r<t

Now let (g;)1<i<n € Z such that every g; satisfies (2.1) for i. Since the Tk v,
cover K, the unique map g defined by gly, = g; satisfies g € (i<, <¢
LK;,U,,k,]. We conclude

ﬁ ﬂ LK, NT5V;, 0, ky | Q‘P( ﬂ LKr,Ur,k,J)

i=1 1<r<t 1<r<¢

and thus ¥ is open onto its image. O

2.6 Lemma Let M be a compact manifold and N a finite-dimensional mani-
fold. Then the sets

Imm(M,N) = {f € C*(M,N) | f is an immersion},
Sub(M,N) ={f € C*(M,N) | f is a submersion}

are open in the compact open C*-topology.

Proof Since M is compact (hence finite dimensional), a map is an immersion
(submersion) if and only if it is infinitesimally injective (surjective). We need
to check that these properties define an open set in C(T'M,T N), whence they
induce an open set in the compact open C*-topology.

Consider a map f € C*(M,N) and pick a pair of charts (U,,¢) of M and
(Ux, k) of N such that f(U,) C Uy. In addition, we pick a compact set K, C
U, with non-empty interior. By compactness of M, we can choose a finite set
of pairs of charts and compact sets such that the interior of the K, cover M.
Apply Lemma 2.5 to obtain an embedding C*(M,N) — []7, C*(U,,,N).
We will now construct for each K, an open neighbourhood in C*(U,,,N)
which consists only of immersions (submersions) if f has this property. Pulling
back the product of these neighbourhoods with the embedding then yields the
desired neighbourhood of f in C* (M, N).

To this end, we consider the smooth map g := ko fo ¢! € C*(Vy, Vi)
where V, @ R? and V, @ R". Set L = ¢(K,) and observe that g is an
immersion (submersion) if and only if f is an immersion (submersion). Recall
that on open subsets of vector spaces we have Tg = (g,dg) € C(TV,,,TV,) =
C(V, x R4V, x R"). Let ey,...,eq be the standard basis of RY. For x €
L we represent the Jacobian as J,(g) = [df(x;ey),...,df (x,eq)]. If g is
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34 Spaces and Manifolds of Smooth Maps

an immersion (submersion) then the Jacobi matrix has for every x maximal
rank, that is, if g is an immersion, the differential is injective if and only if
rkJy(g) = d < n. In particular, the rank of the Jacobi matrix is constant, say,
rkJ,(g) = N for all x € L. We can thus pick for every x € L a subset I, C
{1,...,d} of N elements such that {dg(x;e;)};ez, is linearly independent (note
that the indices will, in general, depend on x!). If {df(x;e;)};er, is linearly
independent, then there exists €, > 0 such that every tuple (xy,...,xy) €
[1jer, B<(dg(x;e;)) is linearly independent (where B, (z) is the &-ball in R4,
see Margalef-Roig and Dominguez, 1992, Lemma 1.6.7). By continuity of
dg, there is for every x € L a compact neighbourhood N, of x such that
(dg(y;ej)s....dg(ysejn)) € [1jer, Be(dg(x;e;) forally € N,. Thus

dg € Q(g,x) = (| LN x lej}, Be, (df (x; ¢))]. 2.2)
JElx

By construction, every h € C*(V,, V) with dh € (g, x) has a Jacobian of
rank N at every point in N,. In other words every such / is an immersion (sub-
mersion) on N, if g is such a map. In Exercise 2.1.4 we shall now construct
from Q(g,x) an open neighbourhood of f in C*(U,,N) consisting only of
maps which restrict to immersions (submersions) on K, if f is an immersion
(submersions). We conclude that Imm(M, N) and Sub(M, N) are neighbour-
hoods of their points, hence open. O

2.7 Proposition Let M be a compact manifold and N a finite-dimensional
manifold. Then the set of embeddings

Emb(M,N) = {f € Imm(M,N) | f is a topological embedding}
is open in the compact open C*-topology.
Proof Let f € Emb(M,N) and fix a finite family of charts

(a) (U;,¢;) of M and (V;,¢;) of N such that f(U;) C V;, and such that
(b) for every i there is a compact set K; C U; and the interiors of the K;
cover M.

Recall that an embedding is, in particular, an injective immersion. Hence
Lemma 2.6 allows us to choose an open neighbourhood Oy ¢ C*(M,N) of
f consisting only of immersions which satisfy also property (a). We shall now
show that we can shrink Oy to obtain an open neighbourhood of f consisting
only of immersions.

We have already seen in Lemma 1.50 that every immersion in Oy restricts
locally to an embedding. However, since M, N are finite-dimensional mani-
folds, we can use the quantitative version of the inverse function theorem (see
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2.1 Topological Structure of Spaces of Differentiable Mappings 35

Glockner, 2016, 1.1 and the references there) to obtain a uniform estimate on
the size of these neighbourhoods: Shrinking Of, we may assume that every
g € Oy satisfies

(c) gly, is an embedding for every i

(an alternative proof of this fact using uniform estimates can be found in
Hirsch, 1994, 2. Lemma 1.3). Now since f is an embedding, we see that for
every i the compact sets f(K;) and f(M \ U;) are disjoint and we can thus find
disjoint A;,B; @ N such that f(K;) € A; and f(M \ U;) € B;. As there are
only finitely many i, we can shrink Oy further such that every g € Oy satisfies

(d) g(K;) € A; and g(M \ U;) C B; for all i.

We shall now show that ¢ € Oy is injective. Let x,y € M be distinct points
and x € K;. If y € U;, then g(x) # g(y) by (¢). If y € M \ Uj;, then g(x) € A;
and g(y) € B; by (d), so again g(x) # g(y). We conclude that g is injective.
Summing up, Oy is an open set consisting entirely of injective immersions.
However, since M is compact, every injective immersion is an embedding (see
e.g. Margalef-Roig and Dominguez, 1992, Proposition 3.3.4). We conclude
that Oy consists only of embeddings, whence Emb(M, N) is open. O

2.8 Corollary If M is a compact manifold, the set of diffeomorphisms
Diff(M) = {f € C*(M,M) | there exists g € CT(M,M) with g o f =idps}
is open in C® (M, M) with the compact open C*-topology.

Proof A diffeomorphism ¢ permutes the connected components of M and
induces on every component a diffeomorphism onto another component. Since
the components are compact, there is an open ¢-neighbourhood in C* (M, M)
whose elements map every component to the same component as ¢. Thus we
may assume that M is connected.

A diffeomorphism ¢: M — M is, in particular, a map which is an em-
bedding and a submersion. Assume conversely that : M — M is a map-
ping which is a submersion and an embedding. Since the image of a submer-
sion is open (Exercise 1.7.5), the set ¢(M) is open and closed in M, whence
¢(M) = M by connectedness of M. Hence ¢ is a bijective map. Its inverse is
smooth by Exercise 1.7.6 as ¢ is a submersion and idy; = ¢! o ¢ (alternatively
a bijective embedding) is a diffeomorphism by Lemma 1.61. O

2.9 Remark As was already mentioned for non-compact M, the subsets con-
sidered in this subsection will, in general, not form open subsets of C* (M, N)
with respect to the compact open C*-topology. The reason for this is that the
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36 Spaces and Manifolds of Smooth Maps

compact open topology can only control a function’s behaviour on compact
sets. On a non-compact manifold, this topology is too weak to control the
behaviour of a function on all of M. For this reason, one has to refine the topol-
ogy if M is non-compact. The Whitney-type topologies are a common choice;
see Hjelle and Schmeding (2017). However, many results presented in the next
sections do not hold (at least not in the generality stated) for the Whitney-type
topologies. A few examples of this behaviour for M non-compact are:

o the pullback A" is, in general, discontinuous for the Whitney-topologies
(whereas it is continuous in the compact open topology by Lemma 2.3);

e the exponential law, Theorem 2.12, is wrong.

While one can develop a general theory for function spaces on non-compact
manifolds (see e.g. Michor, 1980), these examples show already that the result-
ing theory will require a much higher technical investment. We refrain from a
discussion in the context of this book and refer the interested reader instead to
the literature (Hjelle and Schmeding, 2017; Michor, 1980).

Exercises

2.1.1 Fill in the details for Remark 2.2.

(a) Show that the compact open C*-topology is the initial topology
with respect to (T%); c.
Hint: A mapping into a product is continuous if and only if each
component is continuous.

(b) If M,N are open subsets of locally convex spaces, show that
the initial topologies with respect to the families (7% Jken, and
(d*) ey, coincide.
Hint: Exercise 1.6.3 yields one inclusion of topologies. For the
converse show inductively that d*o f, forall k € Ny continuous,
implies 7% o f continuous for all f: Z — C®(M,N).

2.1.2 Let ¢: M — N be a smooth map between smooth manifolds and
E a locally convex space. Show that the pullback ¢*: C*(N,E) —
C*(M,E), f — fogpiscontinuous linear. Deduce that if ¢ is a diffeo-
morphism, then ¢* is an isomorphism of locally convex
spaces.

2.1.3 Let K,L be compact manifolds and M be a manifold. Show that
the composition map Comp: C*(K,M) x C*(L,K) — C*(L,M),
(f,g) > f o g is continuous.
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2.2 The Exponential Law and Its Consequences 37

2.1.4  Fill in the missing details in the proof of Lemma 2.6. Show, in partic-
ular, that, thanks to the compactness of L, the Q(g,x) yield an open
neighbourhood of g in C* (V,,, V,) consisting only of mappings whose
Jacobian has maximal rank on the compact set L. Moreover, construct
a neighbourhood of f € C* (M, N) consisting entirely of immersions
(submersions) if f is an immersion (submersion).

2.2 The Exponential Law and Its Consequences

In this section, we prove a version of the exponential law, Theorem 2.12, for
smooth mappings. Before we begin, let us observe a crucial fact about the
compact open C*-topology.

Assume that M is a compact manifold and E a locally convex space. Since
the compact open C*-topology is finer than the compact open topology, we
see that for every

O CE, C®(M,0) :={f € C*(M,E) | f(M) C O}

is an open subset. Now C* (M, E) is a locally convex space by Proposition 2.4,
whence C* (M, O) becomes a manifold and it makes sense to consider differ-
entiable mappings with values in C* (M, O).

We now prepare the proof of the exponential law by providing several aux-
iliary results.

2.10 Lemma Let E,F,H be locally convex spaces, U € E and V € F.If
f:UXV — H is smooth, then so is f': U — C®(V,H) f¥(u) = f(u,"). Its
derivative is given by

df¥ (x;) = (d1f)" (x). (2.3)
Proof
Step 1: fV is continuous.
It suffices to prove that d* o fV: U — C(V x F* H).,. is continuous for every
k € Ny (see Remark 2.2 and Exercise 2.1.1). For k& = 0 this was proved in
Proposition B.13. We prove by induction that

d* o f¥(x) = d*(f'(x) = (d5 )" (x) forall x € U. 2.4)

The induction start for k = 0 is trivial. For the induction step let £ > 0 and we
compute
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38 Spaces and Manifolds of Smooth Maps

d* (Y ()i vise Vi)

= lim ™" (@71 (FY ) + v i)
11—

—d* PO vk
= lirr(l)t_l (&7 (fry + i (001, (0,ve1))
-

—d* N (f(x,y; 01, (0,61))
=d* f(x,y; (0,v1),. ., (0,v0).
Thus we have identified d* o f as (d4 f)" which is again continuous by Propo-
sition B.13. We conclude that fV is continuous.

Step 2: fV is C' and the derivative satisfies (2.3).
Pick x € U, z € E and ¢t € R small. We shall show that

Altyx,2) =1 (Y (x +12) = £ (0)) 25 (d )V (%, 2)

in C*(V, H). Recall that the compact open C*-topology is initial with respect
to the family (d¥: C*(V,H) — C(V x FX,H).o)ken,- Thus A(t,x,z) con-
verges for t — 0 if and only if d¥ o A(t) converges. Therefore, we pick k € Ny
and a neighbourhood | K,U| of d*((d;f)¥),i.e. K C V x F¥ is compact such
that (d; )Y (x,-,z)(K) € U @ H. Since higher differentials are symmetric by
Schwarz’ theorem (Exercise 1.3.3), we have

d*(di )Y (23 vis i) = d5 F(G Y3 (2,0),0,v), -, (0,v%))
= d* £ (x,y;(0,v1),. .., (0,v1),(2,0)).

Now, we saw in Lemma 1.21 that the difference quotient extends continuously
to t = 0 by the differential. We apply this to d¥ f: Foreachy := (yo,vi,...,vk) €
K C V x F¥_ there exists YENyC VX F¥ and &y > 0 such that

NyX] - 8;,8;[\{0} — H,
(W,1) > 1 d* fF(x + tz,wo: (0,w1),. .., (0,wi))
= d* f(x, w03 (0,w1),. .., (0,wg)),

where w = (wy,...,wi) the function takes values in U and extends contin-
uously to some function Nyx] — &5,e5[— U. Exploiting compactness of K
we cover it by finitely many of these neighbourhoods Ny ,. .., Ns5,. Hence if
[t|< minj<;<¢ ey,, we see that

N d* F(x +12,v50,v1), ..., (0,v0)) — dX £ (x,v;(0,v1),...,(0,vr)) € U.

In other words, d"A(t,x,z)(v) € U for all ¢ small enough and v € K, hence
(2.3) holds. Since (d; f)" is C? by Step 1, we see that £V is C'.
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2.2 The Exponential Law and Its Consequences 39

Step 3: f is CK for each k > 2.
Note that i: (U X E) XV — H, ((x,2),y) + d; f(x,y; z) is smooth. Now we
argue by induction, where Step 2 is the induction start. Also Step 2 shows that
df¥ = h". The induction hypothesis shows that 42" is C¥~!, so £V must be C*
and since k was arbitrary, " is smooth. O

2.11 Proposition Let E be a finite-dimensional space, F be locally convex
and U € E. Then the evaluation map ev: C*(U,F) x U — F is smooth.

Proof We already know from Remark 2.2 that ev is continuous. Moreover, ev
is linear in the first component and thus d; ev(f,x; g) = ev(g,x) (this implies,
in particular, that all partial derivatives with respect to the first component
exist). Let us now compute drev. For f € C*(U,F) and x € U,w € E
and small 7, we have

Tlev(f,x +tw) —ev(fox) =1 (f(x +1w) — f(x)) = df (x;w) ast — 0.
Hence d> ev(f, x;w) exists and is given by
dryev(f,x;w) = df (x;w) = evi(df,(x,w)),

where ev;: C¥(U X E,F) X (U X E) = F, (y,z) — 7y(z) is continuous. We
conclude that

dev(f,x;g,v) =diev(f,x;8) + drev(f,x;v) =ev(g,x) +evi(df,(x,v))
(2.5)

exists and is continuous (the mapping C*(U,F) — C¥(U X E,F), f — df is
clearly continuous and linear hence smooth). Thus ev (and also ev;) is C 1 We
see that inductively ev is C¥ as its derivative is already C*~'. O

We will now formulate and prove the exponential law, Theorem 2.12. To
justify the name, denote the set of all functions from X to Y by YX. In this
notation, the exponential law for arbitrary maps becomes (Z¥)X = ZX*¥,
hence its name.

2.12 Theorem (Exponential law) Let M be a compact manifold and O
E,U € F be open subsets of locally convex spaces. Then

IR

@ If f: UX M — O is smooth, so is f: U — C®(M,0), fY(x)(y):
fxy).

(b) The evaluation map ev: C*(M,0) x M — O, (y,x) = y(x) is smooth
and the map C®(U X M,0) — C*(U,C®(M,0), f v f" is a bijection.

In particular, the mapping f is smooth if and only if f" is smooth.
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40 Spaces and Manifolds of Smooth Maps

Proof Since C*(M,0) is an open submanifold of C*(M,E), Lemma 1.39
shows that for the purpose of this proof we may assume without loss of gener-
ality that O = E.

(a) Pick a finite atlas {(¢;,U;)}1<i<n of the compact manifold M and obtain
from Lemma 2.5 a topological embedding with closed image

n
Wi CV(ME) = [ [COWLE),  fo (Fluisizn:

i=1
Now since the image of ¥ is closed we apply Lemma 1.25: For any smooth
f:UXM — O,themap fV: U —» C®(M,0) € C®(M,E) will be
smooth if and only if ¥ o fV is smooth. In other words, f is smooth if
and only if forevery 1 <i < nthemap U 3> x — fV(x)|y, € C°(U;,E)
is smooth. Applying Exercise 2.1.2, this is equivalent to the smoothness
of the mappings U > x — fY(x)|y, o gpi‘l € C%(¢i(U;),E) and these
mappings are smooth by Lemma 2.10.

(b) The map ev: C*(M,0) x M — O is smooth if locally around each
point it is smooth. Hence we choose (f,x) € C*(M,0) X M and pick
¢: U — V @ R? a chart of M around x. We obtain another evaluation
map evy,: C(V,0) X V — O such that

ev(n,2) = eve (™) (), 9(2)),  (1,2) € C*(M,0) x U.

Note that (¢™1)*: C®(M,0) — C*(V,0) is the restriction of the con-
tinuous linear (hence smooth) map (¢~ 1)*: C*(M,E) — C*(V,E) to
the open set C®(M,0) (see Exercise 2.1.2). Hence (¢~!)* is smooth and
ev will be smooth if ev,, is smooth for each chart ¢ of M. However, the
smoothness of ev,, was established in Proposition 2.11.

We finally have to check that C*(U x M,0) — C*(U,C*(M,0),
f  fY is bijective. Obviously it is injective; hence we need to check
surjectivity. If f: U — C*(M,0O) is smooth, then the following map is
smooth:

UxM— C®(M,0)xM, (u,m)w (fu),m).

Composing with ev, the map f*: U X M — O, (u,m) — f(u)(m) is
smooth and satisfies ()Y = f. This establishes surjectivity. m|

2.13 Remark One can even show that the map from Theorem 2.12(b) is a
homeomorphism. Moreover, one can obtain similar results for finite orders of
differentiability. We skip the details here and refer instead to Alzaareer and
Schmeding (2015) for more information.
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2.3 Manifolds of Mappings 41

Note that compactness of the manifold M is a crucial ingredient and the
statement of the exponential law becomes false for general non-compact M;
see Michor (1980).

Exercises

2.2.1  Let M be compact and E be a finite-dimensional vector space. Show
that the evaluation map ev: C*(M,E) X M — E is a submersion. (If
you fancy a real challenge, prove this for a locally convex
space E.)

222 Let f:UXM — O and p: O — N be smooth maps. As always,
we denote by p.: C*(M,0) —» C®(M,N), h — p o h, the push-
forward and assume that the exponential law, Theorem 2.12, holds
for the spaces C*(U x M,0) and C*(U X M,N). Prove
that

pio(fY)y=(pof).

2.3 Manifolds of Mappings

In this section, we discuss spaces of smooth mappings between manifolds as
infinite-dimensional manifolds. We shall not directly construct the manifold
structure for general spaces (see Appendix C for a sketch).

General Assumption In this section K will be a compact smooth manifold,
M, N will be smooth (possibly infinite-dimensional) manifolds.

2.14 Definition A smooth manifold structure on C* (K, M) is canonical if

e the underlying topology is the compact open C*-topology, and
e for each (possibly infinite-dimensional) C®-manifold N and for a map
f: N — C*(K,M), said map is C* if and only if

fANXK - M, (x,y)= f(x)(y) isC®.

2.15 Remark A canonical manifold structure enforces a suitable version of
the exponential law, Theorem 2.12. This enables differentiability properties of
mappings to be verified on the underlying manifolds.

A similar notion of canonical manifold exists also for spaces of finitely often
differentiable mappings (Amiri et al., 2020; Glockner and Schmeding, 2022).
We hasten to remark that the usual constructions of manifolds of mappings
yield canonical manifold structures (see Appendix C).
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42 Spaces and Manifolds of Smooth Maps

2.16 Lemma [f C* (K, M) is endowed with a canonical manifold structure,
then

(a) The evaluation map ev: C*(K,M) X K — M, ev(y,x) == y(x) isa C*-
map.

(b) Canonical manifold structures are unique: writing C*(K,M)" for
C* (K, M) with another canonical manifold structure, then

id: C*(K,M) — C®(K,M)’, Yy

is a C*-diffeomorphism.
(c) Let N C M be a submanifold such that the set C* (K, N) is a submanifold
of C* (K, M). Then the submanifold structure on C*° (K, N) is canonical.
(d) If My and M, are smooth manifolds such that C* (K, M) and C* (K, M>)
have canonical manifold structures, then the manifold structure on the
product manifold C* (K, M) X C*(K, M) = C*(K, M| X M) is canoni-
cal.

Proof (a) Since id: C*(K,M) — C*(K,M) is C* and C*(K,M) is
endowed with a canonical manifold structure, it follows that id":
C(K,M)x K - M, (y,x) — id(y)(x) = y(x) = ev(y,x) is C*.

(b) The map f = id: C®(K,M) — C®(K,M)’ satisfies f* = ev and is
thus C*, by (a). Since C*(K, M)’ is endowed with a canonical mani-
fold structure, it follows that f is C*. By the same reasoning, f‘1 =
id: C®(K,M) — C®(K,M) is C*.

(c) As C*(K,N) is a submanifold, the inclusion ¢: C*(K,N) —» C*(K,M),
y > yis C% (see Lemma 1.39). Likewise, the inclusion map j: N - M
is C*. Let L be a manifold and f: L — C%(K,N) be a map. If f is
smooth, then ¢o f is smooth, entailing that (co f)": LXK — M, (x,y) —
f(x)(y) is C™. As the image of this map is contained in N, which is a
submanifold of M, we deduce that f" = (co f)*|V is C*. If, conversely,
fA LxK — NisC®,thenalso (to f)* = jo(f"): LXK — Mis C™.
Hence to f: L — C*(K,M) is C* (the manifold structure on the range
being canonical). As ¢ o f is a C*-map with image in C* (K, N) which is
a submanifold of C* (K, M), we deduce that f is C®.

(d) If L is a manifold and f = (f},f2): L —» C*(K,M;) X C*(K, M,) a map,
then f is C™ if and only if f} and f> are C*. As the manifold structures are
canonical, this holds if and only if f;': LxK — M and f}': LXK — M,
are C*, which holds if and only if " = (f", f}') is C*. O

2.17 Proposition Assume that C*(K,M) and C*(K,N) admit canonical
manifold structures. If Q@ C K X M is an open subset and f: QQ — N is a
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2.3 Manifolds of Mappings 43
C®-map, then Q' = {y € C*(K,M) | {(k,y(k)),k € K} C Q} is an open
subset of C* (K, M) and
fx: Q > C(KN),  yo fol(idk,y)
is a C*-map.

Proof 1In Exercise B.2.1 it was proved that Q’ is open in C(K,M).,., and
so it is open in the finer compact open C*-topology. By Lemma 2.16(a), the
evaluation map ev: C*(K,M) x K — M is C*, whence C*(K,M) x K —
K XM, (y,x) = (x,y(x)) is C*. Since f is C*, the chain rule shows that

(f" QXK >N, (.0 fu(y)) = f(x,y(x0) = f(x,ev(y,x))
is C*. So fy is C™, as the manifold structure on C* (K, N) is canonical. O
2.18 Corollary Assume that C* (K, M) and C* (K, N) admit canonical man-
ifold structures. If f: KX M — N is a C*-map, then we obtain a smooth map

Jx: CO(K,M) - CT(K,N), vy folidk,y).
Applying Corollary 2.18 with f(x,y) := g(y), we get the following.

2.19 Corollary Assume that C* (K, M) and C* (K, N) admit canonical man-
ifold structures. If g: M — N is a C*-map, then the pushforward is smooth

g C®(K,M) - C*(K,N), ywgoy.

To construct manifold structures on C* (K, M) one needs an additional struc-
ture on M. This so-called local addition replaces the vector space addition not
present on M.

2.20 Definition Let M be a smooth manifold. A local addition is a smooth
map

X:U > M,

defined on an open neighbourhood U € T M of the zero-section of the tangent
bundle 057 := {0, € T,M | p € M} such that £(0,) = pforallp € M,

U ={(xpu(),Z() | v € U}
isopenin M X M and 0 = (wrp,2): U — U’ is a diffeomorphism.

If C*(M,N) is canonical and we interpret a tangent vector as an equiva-
lence class of smooth curves [t — c¢(¢)], with ¢: ] — g,e[— C*(M,N), the
derivative of ¢ can be identified with the partial derivative of the adjoint map
c¢":1-¢&,e[xM — N. This shows that as a set we should have TC®(M,N) =
C*(M,TN). In the presence of a local addition, the set C*(M,TN) turns also
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44 Spaces and Manifolds of Smooth Maps

into a canonical manifold and the bijection becomes an isomorphism of vector
bundles over the identity. Summing up, this identification yields the following
result.

2.21 Proposition If M admits a local addition', then C*®(K, M) admits a
canonical manifold structure and the tangent bundle can be identified with
C*(K,TM).

We refer to Appendix C for more information about the proof.

2.22 Assume that M, N admit local additions and f: M — N is a C*-map.
Then the identification TC*(K,M) = C*(K,TM) induces a commuting dia-
gram (Exercise 2.3.6):

TC®(K,M) —— C*(K,TM)

lma) lm (2.6)

TC®(K,N) — C®(K,TN).

We have seen in Corollary 2.19 and Exercise 2.3.1 that the pushforward
and the pullback of smooth functions are smooth with respect to canonical
manifolds of mappings. Viewing these mappings as partial mappings of the
full composition map

Comp: C*(K,M) x C*(L,K) - C*(L,M), (f.g)~ fog,

we see that the full composition is separately smooth in its variables. This
immediately prompts the question as to whether the full composition map is
smooth. In the general case (of a possibly non-compact source manifold) when
one has no exponential law available this is complicated, but in our situation it
reduces to an easy observation.

2.23 Proposition Let K, L be compact manifolds and assume that the mani-
folds C*(K,M),C* (L, M) are canonical (C* (L, K) is automatically a canon-
ical manifold as L admits a local addition). Then the composition map

Comp: C*(K,M) x C*(L,K) — C*(L,M), (f.8) > fog
is smooth.

! One can show that every paracompact strong Riemannian manifold (see Chapter 4), and thus
every finite-dimensional paracompact manifold, admits a local addition. Moreover, Lie groups
(see Chapter 3) admit local additions, C.2.
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2.3 Manifolds of Mappings 45

Proof By the exponential law for canonical manifolds, Comp is smooth if
and only if the adjoint map

Comp”: C¥(K,M) x C®(L,K)x L - M, (f,g,1) f(g())

is smooth. However, this shows that Comp” (f,g.l) = ev(f,ev(g,l)) and since
the evaluation mappings are smooth for canonical manifolds, also the adjoint
map and thus the composition are smooth. O

We have already seen that certain properties ‘lift to the manifold of
mappings’. For example, if f: M — N is smooth, the pushforward
fi: C¥(K,M) — C*(K,N), g — f o g is smooth. Another example of this
is the following result whose proof is remarkably involved and technical (we
omit the proof here and pose it as Exercise 2.3.7).

2.24 Lemma (Stacey—Roberts Lemma (Amiri and Schmeding, 2019, Lemma
24)) Let p: M — N be a submersion between finite-dimensional mani-
folds. Endowing the function spaces with their canonical manifold structure,
the pushforward p..: C*(K,M) — C*(K,N) becomes a submersion.

In the following chapters, we will study other structures from differential
geometry which can be lifted from finite dimensions to spaces of differentiable
functions. For Lie groups this leads to the so-called current groups (whose
most prominent examples are the loop groups). In the context of Riemannian
geometry, the lifting procedure gives rise to the L?-metric and more generally
to the Sobolev type Riemannian metrics on function spaces. Some examples
of Sobolev type metrics will be discussed in §5.1 and Chapter 7.

Exercises

2.3.1 Let h: L — K be a smooth map. Assume that C*(K, M) and
C*(L, M) are canonical manifolds.

(a) Show that the pullback A*: C*(K,M) — C*(L,M), f — foh
is smooth.

(b) Assume that K, L are compact and M admits a local addition.
Then we identify TC* (K, M) = C*(K,TM) (see C.12). Show
that this identifies 7'(h*) with h*: C*(K,TM) — C*(L,TM).

232 Let K be a compact manifold and O € E in a locally convex space.
Prove that C*(K,0) € C®(K,E) (Proposition 2.4) is a canonical
manifold.
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46 Spaces and Manifolds of Smooth Maps

2.3.3  Let M be a finite-dimensional manifold and K be a compact mani-
fold. Endow C*(K, M) with the canonical manifold structure from
Appendix C.

(a) Show that for x € K the point evaluationev, : C*(K,M) — M,
¥ - y(x) is a submersion.’

(b) Deduce that the set S(x,y) := {f € C*(K,M) | f(x) = y} for
some fixed x € K, y € M is a split submanifold of
C®(K,M).

(c) Isthe set (j<i<n S(xi,y;) also a submanifold of C* (K, M) if
we pick points x; € K, y; € M forl < i < n and
n e N?

234  Consider a compact manifold K and M a manifold with a local ad-
dition. We endow C* (K, M) with the canonical manifold structure
induced by the local addition; see Appendix C.3. Compute the tan-
gent map of the evaluation map

ev: C(K,M)x K - M, (¢,m)— @(m).

Hint: Apply the rule on partial differentials, Exercise 1.6.3. To com-
pute the derivative for the variable in C* (K, M), exploit the fact that
TC*(K,M) = C*(K, TM); see C.12. After choosing a smooth curve
c:]—e¢,e[— C”(K,M), apply the exponential law to carry out the
computation.

2.3.5 Assume that K, L are compact and M admits a local addition. Com-
pute a formula for the tangent map of the smooth map (see Proposi-
tion 2.23)

Comp: C(L,M) x C*(K,L) — C*(K,M), (g,f)+ gof.

2.3.6  Use the identification TC®(M,N) > [t > c] — (x %c/\(t,x)) €
C®(M,TN) to establish the commutativity of the diagram (2.6).

2.3.7  Let K be a compact manifold and p: M — N a submersion between
finite-dimensional paracompact manifolds. Establish the Stacey—
Roberts Lemma by showing that the pushforward p..: C*(K,M) —
C*(K,N) becomes a submersion.
Hint: This is an involved exercise in finite-dimensional geometry
which should only be attempted if one is familiar with Riemannian
exponential maps, parallel transport and horizontal distributions. The

2 Tt is also possible to prove that the evaluation map ev: C® (K, M) x K — M, (y, x) = y(x)
is a submersion; see Schmeding and Wockel (2016, Corollary 2.9).
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2.3 Manifolds of Mappings 47

idea is to construct a horizontal distribution H together with local
additions 7757, nn (constructed from suitable Riemannian exponen-
tial maps) such that the following diagram commutes:

Qy —My x

TM=VeaeH <
lO@Tp\«H lp
TIN M

TN ( B) QN 7
Using these local additions, the canonical charts of the manifold of

mappings become submersion charts.
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3

Lifting Geometry to Mapping Spaces I: Lie
Groups

In this chapter, one aim is to study spaces of mappings taking their values in
a Lie group. It will turn out that these spaces carry again a natural Lie group
structure. However, before we prove this, let us recall the definition and basic
properties of (infinite-dimensional) Lie groups.

3.1 (Infinite-Dimensional) Lie Groups

Our presentation of Lie groups modelled on infinite-dimensional spaces mostly
follows Neeb (2006). There are many accounts in the literature for finite-
dimensional Lie theory (see, e.g. Hilgert and Neeb, 2012), but infinite-
dimensional Lie theory (beyond Banach spaces) is by comparison relatively
young and in its modern form goes back to the seminal work of Milnor (1982,
1984).

3.1 Definition A (locally convex) Lie group G is a manifold G modelled on
a locally convex space endowed with a group structure such that the multipli-
cation map mg: G X G — G and the inversion map ¢: G — G are smooth. A
morphism of Lie groups is a smooth group homomorphism. In the following
we shall drop the adjective ‘locally convex’ and simply say ‘Lie group’.

Standard Notation Let us fix some standard notation for objects occurring
frequently in conjunction with Lie groups. Let G be a Lie group, and we shall
write

e 1 for the unit element (or shorter 1),

e m¢ for multiplication, ¢ for inversion,

o forge Gweletdg: G — G, h gh,and pg: G — G, h — hg, the left-
(right-)translation. (Observe that A4 (pp,(x)) = gxh = pp(Ag(x)).)

48
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3.1 (Infinite-Dimensional) Lie Groups 49

3.2 Example A locally convex space E is a Lie group with respect to vector
addition and the usual manifold structure.

3.3 Example The following examples are the classical finite-dimensional
examples encountered in a first course on Lie theory. We include them here for
readers who are not familiar with Lie groups.

(a) Let M,,(R) be the set of all nxn matrices and Gl,,(R):={ Ae M,,(R)|det A#0}
be the set of n X n invertible matrices. Using the determinant, one sees that
Gl,(R) € M,(R) = R™ is an open subset, hence a manifold. Since multi-
plication of matrices is given by polynomials in the entries of matrices, the
multiplication is smooth with respect to the manifold structure. For invert-
ible matrices, Cramer’s rule shows that inversion is also polynomial in the
entries of the matrix, hence smooth. In conclusion, matrix multiplication
and inversion turns Gl,, (R) into a Lie group.'

(b) The orthogonal group O, (R) = {A € Gl,,(R) | AAT = idgn} is a closed
submanifold of Gl,, (R) and this structure turns it into a Lie group. Further,
the special orthogonal group SO, (R) = {A € O,(R) | det(A) = 1} is an
open subset of the orthogonal group and thus also a Lie group.

(c) The unit circle S! € R? is a submanifold (as the unit sphere of the Hilbert
space R?). Identifying R> = C, complex multiplication induces a Lie group
structure on S! which is explicitly given by the formulae

(x,y) - (a,b) = (xa— yb,xb+ay), (x,y)"" = (x,—y).

3.4 Example (Unit groups of continuous inverse algebras) To generalise the
matrix group example to infinite dimensions, we recall the notion of a contin-
uous inverse algebra (CIA): Let A be a locally convex space with a continuous
bilinear map B: AX A — A (we write shorter xy := S(x,y)) such that the
associativity law (xy)z = x(yz) holds. Furthermore, we assume that there ex-
ists an element 1 € A such that 1 x = x = x 1 for all x € A, and define the set
of all invertible elements

-1

A* = {x € A| there exists x'eAsuchthatxx™ ' =1=x x}.

Then A* is a group, under the multiplication, called the unit group of A. If A*
'is continuous, we call A a
continuous inverse algebra (CIA). The unit group of a CIA is a Lie group. See
Exercise 3.1.2.

is open in A and inversion ¢: A* — AX, x > x~

! Alternatively, this example can be seen as a special case of the unit group of a continuous
inverse algebra; see Example 3.4.
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50 Lifting Geometry to Mapping Spaces 1: Lie Groups

CIAs generalise Banach algebras, for example, the algebra of continuous
linear operators L(E, E) of a Banach space E with the operator norm ||-[|op is
a CIA.

Before we continue with the general infinite-dimensional Lie theory, we will
discuss now one of the most important example classes of such Lie groups: the
diffeomorphism groups. These groups will return as a running example in the
later sections to illustrate the concepts of Lie algebra and regularity.

3.5 Example Let M be a compact manifold. Then M possesses a local addi-
tion, whence C* (M, M) is a canonical manifold and by Proposition 2.23 the
composition map Comp: C*(M,M) x C*(M,M) — C*(M,M) is smooth.
Recall from Corollary 2.8 that the set of diffeomorphisms Diff (M) is an open
subset of C* (M, M) which forms a group under composition of smooth maps.
Hence Diff (M) is an open submanifold of C* (M, M) and the group product is
smooth with respect to this structure.

We will now prove that inversion ¢: Diff (M) — Diff (M) is smooth. Apply-
ing the exponential law for a canonical manifold, ¢ is smooth if and only if the
mapping (" : Diff(M) x M — M, (¢,m) — ¢~'(m) is smooth. Consider the
implicit equation

ev(o, " (p,m)) = (" (¢,m)) =m, forallme M, 3.1)

which takes values in a finite-dimensional manifold, but has an infinite-
dimensional parameter (¢ € Diff(M)). However, ev: Diff(M) x M — M is
smooth, and we can compute its partial differential as Ty, ) ev(0,2) = T¢(z)
(cf. Exercise 2.3.4). Since ¢ is a diffeomorphism, we see that the partial deriva-
tive of ev is indeed invertible for every ¢ € Diff(M). Now smoothness of
" follows from a suitable implicit function theorem. Observe that due to the
infinite-dimensional parameter, the usual implicit function theorem Lang (1999,
I. §5 Theorem 5.9) is not applicable to (3.1)! However, we invoke the gener-
alised implicit function theorem (Glockner, 2006b, Theorem 2.3) which can
deal with parameters in locally convex spaces (as long as the target of the
implicit equation is a Banach manifold). The usual application of the implicit
function theorem to (3.1) shows then that «* and thus ¢ is smooth. We conclude
that Diff (M) is a Lie group.

3.6 Remark To establish smoothness of the inversion Diff (M), we needed
the exponential law and a generalised implicit function theorem. Use of this
machinery can be avoided: In Michor (1980, Theorem 11.11) differentiability
of the inversion is directly verified (which is technical and requires the (non-
trivial) verification of continuity first). Our approach is inspired by the proof
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3.1 (Infinite-Dimensional) Lie Groups 51

in the convenient setting (Kriegl and Michor, 1997, Theorem 43.1). There the
problem can be reduced to a finite-dimensional equation which circumvents
the need for a generalised implicit function theorem.

The Lie group Diff (M) already comes with a canonical action on the mani-
fold M which we describe after recalling the notion of a Lie group action.

3.7 Definition (Lie group action) Let M be a manifold and G be a Lie group.
Then a smooth map

a:GXM—- M, (gm)—algm)=:g-m
is called a (left) Lie group action if it satisfies the following:
a(lg,m) = m, a(gr,a(g2,m)) = a(gig2,m), forallg;,g»€ G, me M.
A right action is a smoothmap 8: M X G — M, (m,g) — B(g.m)=:m-g
such that
B(m,1g) =m,  B(B(m,g1),8)=pP(m,g1g), forallg;,g€G, me M.

If B is a right action, then @ = S o (idps,ts) is a left action. Similarly, we
can obtain right actions from left actions and there is no essential difference
between the notions.

3.8 Example Let M be a compact manifold. Then, going through the con-
struction in Example 3.5, it is immediately clear that the evaluation map

a: DIif(M)yxM — M, (o,m)+— ¢(m)

induces a (left) Lie group action, called the canonical action of the diffeomor-
phism group. Furthermore, there is also the right action of Diff (M) on smooth
functions

B: C*(M,N) x Diff(M) — C*(M,N), (f.¢) = ¢*(f)=[foep.

If C* (M, N) is a canonical manifold of mappings, then Proposition 2.23 shows
that 8 is a (right) Lie group action. The right action S is connected to sev-
eral geometric structures such as the symplectic structure of the loop space
C*®(S!,N); see Wurzbacher (1995). We will encounter it again in the context
of shape analysis in Chapter 5.

For a left Lie group action « the canonical map
a’: G - Diff(M), g a(g,)
makes sense and yields a group morphism. If M is finite dimensional, the
exponential law shows that smoothness of the group action is equivalent to

smoothness of @". This breaks down for an infinite-dimensional manifold M
as there is no smooth structure on Diff (M). Similarly, if a Lie group G acts
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52 Lifting Geometry to Mapping Spaces 1: Lie Groups

by linear mappings on a vector space E (this is called a representation of G)
the literature considers the smoothness of @V as a mapping to Aut(E) (the
group of linear automorphisms of E). If E is normable, the group Aut(E)
inherits a canonical Lie group structure from the operator norm topology such
that smoothness of « is equivalent to smoothness of a”. Again this equivalence
breaks down for locally convex spaces which are not normable, as Aut(E)
does, in general, not carry a Lie group structure. Note that this is not a serious
problem, as one can still check smoothness with respect to the product G x M
(and in infinite-dimensional representation theory of Lie groups even weaker
concepts of smoothness of representations are more appropriate for the theory;
see e.g. Neeb (2010) and also Neeb (2005, 1.3.4)). However, we shall not dis-
cuss representation theory and the finer points of these problems in this book.

3.9 Definition Let G be a Lie group. We call a submanifold H € G a Lie
subgroup if it is a subgroup of G.% If H is, in addition, closed in G, we call H
a closed Lie subgroup.

3.10 Example The diffeomorphism group Diff (M) of a compact manifold
M contains many important subgroups of diffeomorphisms which preserve ge-
ometric structures. If w is a differential form on M, we say a diffeomorphism
¢ € Dift (M) preserves the differential form, if $*w = w (where the pullback
is as in Definition E.7). As the pullback commutes with function composi-
tion, we can consider the subgroup Diff,, (M) of diffeomorphisms preserving
a given differential form w. The most important examples are the following
subgroups:

(a) if w = wis avolume form on M, we obtain the group Diff , (M) of volume-
preserving diffeomorphisms;

(b) for a symplectic form w, this yields the group of symplectomorphism;

(c) Diffg(M) = {¢ € DiIff(M) | ¢*0 = f6 for some f € C*(M,R}, the group
of contactomorphisms for a contact form 6.

In the three cases mentioned above, one can show that the subgroups are also
submanifolds of Diff (M) and thus Lie subgroups of Diff (M). We refer to Smo-
lentsev (2007, Section 3) for detailed proofs. See, however, E.18 for a sketch
of the construction for volume-preserving diffeomorphisms.

In finite-dimensional Lie theory a useful result states that every closed sub-
group of a finite-dimensional Lie group is a Lie subgroup (Hilgert and Neeb,
2012, Theorem 9.3.2). This is no longer true in infinite dimensions, as the next
example shows (see also Neeb, 2005, Remark V.2.4 (c)).

2 Note that thanks to Lemma 1.39 this structure turns H into a Lie group.
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3.1 (Infinite-Dimensional) Lie Groups 53

3.11 Example (Wockel, 2014) Consider the space (£2,+) of all real sequences
which are square summable (Meise and Vogt, 1997, Example 12.11). This is a
Hilbert space with respect to the inner product

neN neN

((x)nert, Yndnew) = Z XnYn (and norm ||(x,)penll = Z 'x%l)

We consider £ as an abelian Lie group and define the subgroup
) 1
H=<{(x)nen €t | xp, € =Z, n e N .
n

As the projections 7 : 2 S R, (Xp)pen P X 7. J € N, are continuous linear,
H=yen7, (%Z) is a closed subgroup. However, we shall see in Exercise
3.1.5 that H is not a submanifold (it is not a manifold with respect to the
subspace topology).

For Lie groups, the tangent bundle is again a Lie group and moreover, the
tangent bundle is trivial (i.e. it splits as a product of a vector space and the base
manifold).

312 Lemma Let G be a Lie group. Identify T(G X G) = TG X TG.

(a) The tangent map of the multiplication

Tmg:T(GXG)=TGXTG — TG,
T,GXTpG 3 (vg,wp) = Tmg(ve,wp) = Tepp(ve) + T dg (wy)
(3.2)

induces a Lie group structure on TG with identity element 01 € T1G and
inversion

Tig: TG — TG, T,Gov —Tpg—] T/lg—l ) = —T}.g—]Tpg—] v).
(3.3)

The projection ng: TG — G becomes a morphism of Lie groups with
kernel (T1G,+) and the zero-section 0: G — TG, g — 0 is a morphism
of Lie groups with ng o 0 = idg .

(b) The map

O: GxT1G - TG, (g:v) = g-v:i=Tmg(0g,v)

is a diffeomorphism.
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54 Lifting Geometry to Mapping Spaces 1: Lie Groups

Proof (a) Since mg and (g are smooth, the same holds for their tangent
maps. The group axioms for 7G follow from the ones for G by virtue of
the chain rule (and have the claimed unit element). Linearity of the tan-
gent map implies (3.2); we leave this formula and (3.3) as Exercise 3.1.3.
From the definition of the zero section and the projection, the morphism
properties follow. As a result of (3.2), T(1,1ymG (v1,w1) = v1 + wi. Hence
the multiplication on the normal subgroup kernrg = 771G is the addition.

(b) Since ® = Tmg(0g,v) = Tmg(0(g),v) and the zero-section 0 is smooth,
smoothness of the multiplication shows that ® is smooth. Now a com-
putation shows that o) = (76 (V), T () Ar; ()1 (V)), whence O is
bijective and its inverse is smooth (as inversion and multiplication in G are
smooth and the projection g is smooth). O

3.13 Remark Note that Lemma 3.12 shows that 717G is a normal Lie sub-
group of TG, and TG is as a Lie group a semidirect product 7;G = G.> More-
over, instead of left multiplication one can use right multiplication to identify
the tangent bundle (the two different choices are related by the adjoint action;
see Example 3.28).

The tangent space at the identity of a Lie group plays a special role. In the
next section this tangent space will be endowed with an additional structure,
the Lie bracket.

Exercises

3.1.1  Verify that S! is a Lie group with the structure described in Exam-
ple 3.3(c).
3.1.2  Inthis exercise we verify that the unit group A* of a CIA (A, 8) forms
a Lie group. Note that the multiplication is smooth by Exercise 1.3.2.
Hence it suffices to prove smoothness of inversion.
(a) Use the identity b™' — a™' = b7'(a — b)a~! to deduce that
the differential quotient di(x; y) exists and satisfies de(x;y) =
—x~! yx‘l.
(b) Use the formula from (a) to prove that ¢ is C! and inductively is
Ck for all k € Ny.

3 A Lie group G with normal Lie subgroup N and Lie subgroup H such that N N H = {1} is
a semidirect product N = H if there exists a split exact sequence of Lie group homomorphisms

0-N—->GZsH-1

where splitting means that p |y = idy . Equivalently, G = N X H (as manifolds) and the
group product is given by (n, h) - (71, h) = (nhiih~', hh). See Hilgert and Neeb (2012,
2.2.2) for further alternative characterisations.
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3.2 The Lie Algebra of a Lie Group 55

3.1.3  Fill in the missing details in the proof of Lemma 3.12.

(a) Prove (3.2) and verify that the tangent maps induce a group
structure on 7'G.

(b) Establish (3.3), that is, T,t(v) = =T A1 Tp,1(v) = =Tp,1T
Ag-1(v).
Hint: Lety: ]—¢,e[— G be smooth with y(0) = a. Differentiate
the relation 1 = y (1) (y (1))~

(c) Show that one can obtain a diffeomorphism 7G = 771G XG using
right multiplication instead of left multiplication in part (b).

3.14  Let (A, B) be a continuous inverse algebra (CIA) and let C* (K, A) be
endowed with the compact open C*-topology.

(a) Show that then C* (K, A) with the pointwise product is a CIA.
(b) Show that C*(K,A*)=C*(K,A)* and thus the group
C®(K, A*) with the pointwise product is a Lie group.
3.1.5  We supply the details for Example 3.11: Let H = {(x,)nen € €2 |
Xp € 1Z,n e N}

(a) Show that every O-neighbourhood in the subspace topology of
H contains at least one non-zero element.

Hint: 1t suffices to consider norm balls.

(b) Show that there is no 0-neighbourhood in H which contains a
continuous path connecting 0 with a non-zero element. Deduce
that H is not locally homeomorphic to an open subset of a lo-
cally convex space and thus is not a (sub)manifold.

3.1.6  Let G be a Lie group, and show that the map L: G X TG — TG,
(g,vi) = TAg(vy) is a left Lie group action. Dually right multipli-
cation yields a right action R: TG X G — TG. Work out a formula
relating L(g,vp) to R(vp,g).

3.2 The Lie Algebra of a Lie Group

‘We now associate a Lie algebra to a Lie group. This construction allows one to
reformulate many problems in Lie theory in terms of linear algebra.

3.14 Definition A Lie algebra is a vector space g together with a Lie bracket,
that is, a bilinear map [-,-]: g X g — g such that

@ [x[y,z1+[y,[z,x]1+[z,[x,y]1] =0, forall x,y,z € g (Jacobi identity);
() [x,x] =0, forall x €g.
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56 Lifting Geometry to Mapping Spaces 1: Lie Groups

If g is a locally convex space and the Lie bracket is continuous, g is a
locally convex Lie algebra. A (continuous) linear map h: g — [ between
(locally convex) Lie algebras is a morphism of (locally convex) Lie algebras if

h([x,y]) =[h(x),h(y)], forall x,y € g.

3.15 Remark It will be essential for us that the Lie bracket and Lie alge-
bra morphisms are continuous (see e.g. the proof of Proposition E.14 for an
example where continuity is needed). From now on we will mostly work with
locally convex Lie algebras; hence we drop the phrase ‘locally convex’ and
write only ‘Lie algebra’.

3.16 Example If A is a continuous inverse algebra (or more generally a lo-
cally convex algebra), then the commutator [ x,y] := xy—yx turns A into a Lie
algebra. Hence the Lie bracket measures commutativity of the algebra product.

3.17 Example Every locally convex space E is a Lie algebra, called an
abelian Lie algebra, with the trivial bracket [ x,y] := 0.

3.18 (The Lie algebra of vector fields) Let M be a manifold, and let
VM) ={Xe€C®(M,TM) | mps o X =idpy}

be the locally convex space of all vector fields (see Appendix D). If f €
C*(M,E) is smooth with values in some locally convex space E and X €
V (M), then we obtain a smooth function

X.f=dfoX: M — E (recalldf =pr,oTf).

For X,Y € V (M), there exists a unique vector field [X,Y] € V(M) deter-
mined by the property that on each U @ M we have

[X,Y].f = X.(Y.f) = Y.(X.f) forall f e C®(U,E). (3.4)

Thus V(M) becomes a Lie algebra (the local case is verified in Appendix D
and we discuss the general case in Exercise 3.2.3). If M is finite dimensional,
Corollary D.13 shows that (‘V(M),[-,-]) is a locally convex Lie algebra.

3.19 Let G be aLie group. A vector field X € V(G) is called (left) invariant
if X is A4-related toitself forall g € G (i.e. Xodgy = TAg0X; see Appendix D).
We write V¢ (G) for the set of left-invariant vector fields. Note that relatedness
of vector fields is inherited by the Lie bracket thanks to Exercise 3.2.3, and so
V(G) is a Lie subalgebra of V(G).

3.20 Proposition Let G be a Lie group; then the map

0:T1G - VIG), v (g Tid(v)
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3.2 The Lie Algebra of a Lie Group 57

is an isomorphism of locally convex spaces with inverse @1 (X) = X(1). Thus
L(G) := T1G can be endowed with the Lie bracket

[v,w] =07 ([0(),0(w)]) = [O(»),0(w)](1),

turning it into a Lie algebra. We call (L.(G),[-,-]) the Lie algebra associated
to G.

Proof As O(v)(hg) = Tidpg(v) = TeApT1dg(v) = To1,0(v)(g), the map
® makes sense and its image consists of left-invariant vector fields (see
Exercise 3.2.4). Linearity of ® follows directly from the linearity of the tangent
map. For X € V!(G) we have X(g) = X o A1) =T1d X(1) = O(X(1))(g),
O is surjective. As the translations A, are diffeomorphisms, it is clear that only
0 € T1G gets mapped to the zero-vector field. We conclude that ® is a vector
space isomorphism (its inverse is obviously evaluation in 1). Note that V HG)
carries the subspace topology induced by V(G) from Appendix D.4. This
immediately shows that @' is continuous since point evaluations are continu-
ous in this topology. The continuity of ® is left as Exercise 3.2.5. That [-,-] is
a Lie bracket on TG follows directly by trivial computations since V¢(G) is
a Lie algebra. O

If the Lie group G is finite dimensional, the above discussion shows that
(ThG,[-,-]) is alocally convex Lie algebra. Here only the continuity of the Lie
bracket is unclear in the general case. We shall now prove that the Lie bracket
on 771G is always continuous; hence the Lie algebra L(G) associated to a Lie
group is always a locally convex Lie algebra. To this end, we need a local
model of the multiplication.

3.21 Let G be a Lie group. Since 771G is isomorphic to the model space of G,
we can pick a chart ¢: G 2 U, — V,, € T1G such that 1 € U, and ¢(1) = 0.
Moreover, we may assume that 71¢ = id7,g. Due to the continuity of the
multiplication of G there is an open 1-neighbourhood W with W - W C U,
(here W - W denotes the set of all products of two elements in W). Hence we
can define a local multiplication

w: (W) X @(W) =V, (x,y) > x %y = 0@ ()9~ ().

By construction, the local multiplication is smooth and *(0,x) = x = *(x,0).
Hence the construction gives rise to a so-called local Lie group (see Neeb,
2005, Remark II1.1.14). As with the Lie group G we can compute a Lie bracket
using a local version of a left-invariant vector field. To distinguish the local
operations from the Lie group operations, let us introduce a new symbol for
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58 Lifting Geometry to Mapping Spaces 1: Lie Groups

left translation: £, : ¢(W) - T1G,y — x *y, x € ¢(W). Forany v € T1G we
can thus define a left-invariant vector field with respect to the local product

Xk ty.

d
A" W) 2 TiG, x> dl(05v) = —
t=0

We will see in Exercise 3.2.6 that a left-invariant vector field X with X(1) = v
is ¢-related to AV. Together with the properties of the chart this yields the
identity

[v.w] =[0(1),0(w)](1) = [A”,A"](0) = dA” (0; A" (0)) — dA” (0; A™(0))

( = z )

= SV xtw — tw sy ).

drds|, . drds|, .

This formula shows immediately that the Lie bracket [-,-] is continuous on

T1G.

3.22 Corollary The Lie algebra (L.(G),[-,-]) associated to a Lie group is a
locally convex Lie algebra.

3.23 Remark (Left-right confusion) The reader may wonder now why one
uses left-invariant vector fields to compute the Lie algebra. Instead one could
as well use right-invariant vector fields, that is, X(g) = T pg X (1). This would
also lead to a Lie algebra structure on 77 G; however, the induced Lie bracket
would have the opposite sign (see Exercise 3.2.7). Indeed there is no reason to
prefer left-invariant vector fields over right-invariant ones: The choice of the
former is historically motivated and customary.

3.24 Remark There are several alternative ways to introduce the Lie bracket
on T1G. For example, one can use the adjoint action of the Lie group (which
is briefly discussed in Example 3.28). In addition, the construction of the Lie
bracket using the local multiplication in 3.21 can be interpreted (see Neeb,
2005, Lemma III.1.6) as a computation of the antisymmetric part of the second-
order Taylor polynomial of the local multiplication at (0,0). Moreover, the
Lie bracket measures commutativity of the group multiplication (see Exer-
cise 3.2.8).

3.25 Example (The Lie algebra of Diff(M)) Let M be a compact manifold.
In Example 3.5 we have seen that by identifying Diff (M) as an open subset
of C*(M, M), it becomes a Lie group under composition of maps. Further,
Proposition 2.21 shows that Tiq Dift (M) = T;¢C* (M, M) = V(M). We shall
now show that the Lie algebra is given as (V(M),—[-,-]) with the negative of
the usual bracket of vector fields (see 3.18). Extend X € V(M) = Tiq Diff (M)
to the right-invariant vector field Ry € V*(Diff(M)),Rx(¢) = X o ¢ and
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3.2 The Lie Algebra of a Lie Group 59

consider the product vector field Rx X0y, € V (Diff(M)xM) = V (Diff (M))x
V(M). We now exploit the canonical action @ : Difft(M)XM — M, (p,m) —
@(m), Example 3.8, and note that as a restriction of ev, a manifold version of
(2.5) (see Exercise 2.3.4) yields the tangent map of «a:

Ta(Rx X 0y)(g,m) = T(g;,m)a'(X 0¢,0p(m)) = X o p(m) +Tep(0y,)

Hence the product vector field Rx X 0y is a-related to X. Thus for X,Y €
V(M) the bracket [ X,Y ] is a-related to [ Rx X0ps, Ry X037 ] = [Rx, Ry 1X0y,
whence [ Rx, Ry | is the negative of the usual bracket, see Remark 3.23.

If M admits a volume form u, we have seen that the volume-preserving
diffeomorphisms Diff,, (M) form a Lie subgroup of Diff (). Thanks to E.18,
the Lie algebra L(Diff,(M)) of this subgroup can be identified as the Lie
subalgebra of divergence-free vector fields V, (M) = {X € V(M) | divX =
0(e Lxu=0)}.

3.26 Example Consider the locally convex space E as the abelian Lie group
(E,+). An easy computation shows that L(E) = E with the trivial Lie bracket.
Thus the Lie algebra of this abelian Lie group is an abelian Lie algebra (see
Exercise 3.2.8).

We can associate to every Lie group morphism a morphism of (locally con-
vex) Lie algebras as the following lemma shows.

327 Lemma If f: G — H is a Lie group morphism (i.e. a smooth group
homomorphism) then the map L(f) = T1f: L(G) — L(H) is a morphism of
Lie algebras, that is, L(f)([v,w]) = [L(f)(v),L(f)(w) ], for allv,w € L(G).

Proof Letv e T1G and ¥V =T f(v) € T1H. Since f is a group morphism we
have

OW)(f(8) =Tidpe)T1f(v) =Tg f(T1dg(v)) = Tg fO(v).

Hence for every v € T1G the left-invariant vector field ®(v) is f-related to
O(¥). As f-relatedness is inherited by the Lie bracket (Exercise 3.2.4) we see
that

Nf1eM),0(w)] =[07),0(w]o f
evaluating in 1, we obtain the claimed formula since f(1g) = 1. O
3.28 Example Let G be a Lie group and g € G. Then the conjugation with
g is the Lie group morphism ¢,: G — G, h ghg™'. Hence for every g

we obtain a Lie algebra morphism Ad, = L(cg): L(G) — L(G), called the
adjoint map of g. This gives rise to a smooth mapping

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

60 Lifting Geometry to Mapping Spaces 1: Lie Groups

Ad: G X L(G) —» L(G), (g,x) — Adg(x),
called the adjoint action of G.

The upshot of this short repetition is that every Lie group comes with an
associated Lie algebra, and every Lie group morphism gives rise to a Lie alge-
bra morphism. In finite dimensions, the interplay between these objects leads
to the classical Lie theorems.

The Lie Theorems for Finite-Dimensional Lie Groups and Lie Algebras

Lie 2 If G,H are Lie groups and G is simply connected, then for every Lie
algebra homomorphism f: L(G) — L(H) there exists a Lie group
morphism with f = L(g).

Lie 3 For every Lie algebra g there exists a connected Lie group G with
L(G) =g.

We omitted the first Lie theorem as it is a purely local statement which does
not admit a global formulation on the Lie group. It is well known that the
third Lie theorem fails in infinite dimensions. For example, one can show the
following.

3.29 (A Lie algebra without an associated Lie group; Omori, 1981) Let M
be a connected non-compact finite-dimensional manifold. Then there exists no
Lie group G such that L(G) = V(M).

However, under certain assumptions one can salvage at least the second
Lie theorem. The main issue here is that in infinite-dimensional spaces, even
simple differential equations might not have solutions (see Appendix A.6 for
explicit counterexamples). Thus in our general setting, a major task is to estab-
lish the existence of solutions to differential equations relevant to Lie theory.
These equations of Lie type will be discussed next.

Exercises

3.2.1 Let (g,[+,-]) be a Lie algebra. Show that [x,x] = 0 for all x € g is
equivalent to skew-symmetricity of the Lie bracket, that is, [x,y] =
—[y,x], forall x,y € g.
3.2.2 Show that the commutator bracket (Example 3.16) is a Lie bracket.
3.2.3 With the help of the material in Appendix D show that the bracket of
vector fields from 3.18 turns V(M) into a Lie algebra.
(a) Let X,Y € V(M) and A be an atlas of M. The brackets of
the local representatives yield ([ Xg,Ys)gpen. Show that this
induces a vector field [ X,Y ] with the properties from 3.18.
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3.2 The Lie Algebra of a Lie Group 61

(b) Provethat [X,X] =0 forall X € V(M) and the Jacobi identity
holds.

(c) Show that the bracket is continuous with respect to the topology
from D .4.
Hint: All assertions can be localised in charts where Lemma
D.11 holds.

3.2.4  Prove a global version of Lemma D.9, that is, if (X;,Y;) € V(M) X
V(N),i= 1,2, are pairs of f-related vector fields, then [ X7, X>] and
[Y1,Y5] are f-related.

3.2.5  We check several details in the proof of Proposition 3.20. Show that:

(@ X,:G — TG, g = T1d4(v) is a smooth left-invariant vector
field for v € T1G;

(b) O: 4G — VM) C VM), v — X, is continuous.
Hint: Combine D.4 with Lemma 2.10.

3.2.6  Let G be a Lie group and ¢ be a chart with the properties from 3.21
with respect to which we define a local multiplication *. Let X €
V(G) be left invariant with X(1) = v. Prove that Xolpowy = AV
and deduce that the (principal part of) left-invariant vector fields are
thus locally related to the left-invariant vector fields with respect to
the local multiplication.

327 Letv € L(G) and denote by L,,, R, the left- (/right-)invariant vector
field constructed from v. Show that L, and —R, are t-related and
deduce [L,,L, ] =—[Ry,,Rw].

Hint: Use Exercise 3.1.3 to show that Tyc(v) = —v.

3.2.8  Let G be an abelian Lie group. Show that the Lie bracket of L(G) is
trivial, that is, the Lie bracket vanishes and the Lie algebra is abelian.
Hint: Since G is abelian all left-invariant vector fields are also right-

invariant.
329 Let Abe aCIA. Show that the Lie algebra of A* is A with Lie bracket
[a,b] = ab - ba.

Hint: Note that since A* @ A, the equation for left invariance is
Xy (g) = gv(= B(g,v)) in A.

3.2.10 Letg,bbetwo Lie algebras. Show that there is a canonical way to turn
the product g X b into a Lie algebra. Explain how this was exploited
in Example 3.25.

3.2.11 Let G be a Lie group with associated Lie algebra (L(G).[-,-]). In this
exercise, we consider the adjoint action from Example 3.28. Show
that:

(a) Ad: GxL(G) — L(G) is a Lie group action;
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62 Lifting Geometry to Mapping Spaces 1: Lie Groups

(b) for ¢: G — H a Lie group morphism, Ad,)(L(¢)(x)) =
L(¢)(Adg(x));
(c) forx,y € L(G) one has ad, (y) = T15,y Ad(x,0,) =[x, y].

3.3 Regular Lie Groups and the Exponential Map

In this section, we discuss differential equations needed for advanced tools in
Lie theory.

3.30 Definition Let G be a Lie group with Lie algebra L(G). We say G is
semiregular if for each smooth curve n € C*([0,1],L(G)) the initial value
problem

{y’(r) = y(0).n(t) = Ti Ay (1)) 35)

y@©0) =1

has a (unique) solution Evol(r7) := y: [0,1] — G. We also say that (3.5) is
a Lie type equation. The group G is regular (in the sense of Milnor) if G is
semiregular and the following evolution map is smooth: (cf. C.15)

evol: C([0,1],L(G)) - G, 7 Evol(n)(1)

3.31 For a smooth curve c: [a,b] — G, we can define the left logarithmic
derivative 5¢(¢): [a,b] = L(G), t — T A¢)(c(t)). Note that the logarithmic
derivative inverts the evolution, that is, 6¢ (Evol(n7)) = n. There are many iden-
tities relating 6¢, Evol and their counterparts defined via right multiplication
(see Kriegl and Michor (1997, Section 38) for an account, also Exercise E.2.3).
The left- (right-)logarithmic derivative is closely connected to the left- (right-)
Maurer—Cartan form on G; see Example E.10.

3.32 Remark (a) Solutions to (3.5) are automatically unique by Kriegl and
Michor (1997, 38.3 Lemma).

(b) For regular Lie groups, Lie’s second theorem holds. Since the proof can
most conveniently be formulated within the framework of differential
forms, we defer it to Appendix E.2.

(c) Instead of using the left multiplication in (3.5) one can also use right mul-
tiplication to define regularity. Similar to the definition of the Lie algebra,
using inversion of the group shows that the two notions of regularity are
the same.

3.33 Remark Thanks to the usual solution theory of ordinary differential
equations, every Banach-Lie group (i.e. Lie group modelled on a Banach
space) and thus every finite-dimensional Lie group is regular; see Neeb (2006).
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3.3 Regular Lie Groups and the Exponential Map 63

3.34 Example Consider the locally convex space E as a Lie group (E,+).
Note that its Lie algebra is again E with the zero-bracket (Exercise 3.3.3). For
a smooth curve n: [0,1] — L(E) = E we interpret the Lie type equation in
TE = E X E and obtain (y(¢),y’(¢t)) = (y(t),n(¢)). Hence a solution y of
(3.5) satisfies y’ = n. Therefore, if (E,+) is regular, then E is Mackey com-
plete; Definition 1.12. Conversely, if E is Mackey complete, then evolg () =
fol n(s)ds defines a continuous linear (hence smooth) map evolg: C*([0,1], E)
— E, whence (E,+) is regular if and only if it is Mackey complete. Note that
one can show that any Lie group which is regular is necessarily modelled on a
Mackey complete space (Neeb, 2006, Remark I1.5.3(b)).

3.35 Example Let (A,-) be a continuous inverse algebra (CIA) which is
Mackey complete. If the topology of A is generated by a family of seminorms
which are submultiplicative, that is, g(xy) < g(x)q(y), for all x,y € A, then
(A*%,-) is regular (Glockner and Neeb, 2012). In this case, the solutions to the
evolution equation are given by the Volterra series

t tn-1 12
y(r>=1+2f0f0 +f0 @) (t)de - de. (36)

neN

This has interesting applications in physics, control theory and rough path the-
ory, as for certain CIAs the above series models signatures of irregular paths;
see Chapter 8.

3.36 Example (Diff (M) is regular) In Example 3.5 we saw that for a com-
pact manifold M the group Diff (M) is a Lie group with Lie algebra V (M);
Example 3.25. If ¢: [0,1] —» V(M) € C*(M,TM) is smooth, we use the
exponential law to interpret X := ¢” as a smooth time-dependent vector field
on M. Following Remark 3.32(c) we can solve Lie type equations with
respect to the right multiplication to establish regularity. As right multiplica-
tion pg in Diff(M) is the pullback with ¢, we deduce from Exercise 2.3.1
Tipg(c(t)) = c(t) o ¢. Hence the exponential law allows us to rewrite the Lie
type equation (3.5) with respect to right multiplication on Diff (M) as a differ-
ential equation for the vector field X; (subscript denoting time dependence):

Y =X (y@®),  y(0)=idy. (3.7)

In other words, y solves the Lie type equation (3.5) (with respect to right mul-
tiplication) if and only if it satisfies (3.7), whence 1 is the flow F1¥ of the time-
dependent vector field X on [0, 1] X M (see D.5). Since [0, 1] X M is compact,
the usual (finite-dimensional!) theory of ordinary differential equations (Lang,
1999, 1IV. §2) shows that the flow of such a vector field always exists. We
deduce that Diff (M) is semiregular and can consider the evolution operator
evol: C*([0,1],V(M)) — Diff(M).
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64 Lifting Geometry to Mapping Spaces 1: Lie Groups

To see that the evolution is smooth, recall that Diff (M) € C* (M, M). Now
we exploit that C* (M, M) is a canonical manifold of mappings to deduce that
evol is smooth if

evol™: C*([0,1], V(M) x M — M, (X,m) Flf((m)

is smooth. Here Flf( denotes the time 1-flow of the time-dependent vector
field X. We view (3.7) now as an ordinary differential equation (ODE) whose
right-hand side F'(¢t,X,m) = ev(X,t)(m) = X (t,m) depends smoothly on the
parameter X. The theory of parameter-dependent ordinary differential equa-
tions shows that FIX depends smoothly on X; see, for example, Alzaareer and
Schmeding (2015, Proposition 5.13), which permits the (infinite-dimensional!)
space C*([0,1],V(M)) as a parameter space. Hence evol” is smooth and
Diff (M) is regular.

As a consequence of the regularity of Diff (M), we can apply Lie’s second
theorem, Proposition E.14, to Lie algebra morphisms into the Lie algebra of
vector fields on a compact manifold. Milnor (1982) used these observations to
prove a restricted version of the Lie—Palais theorem; see Palais (1957). In its
general form, the Lie—Palais theorem asserts that every finite-dimensional Lie
algebra of vector fields g of vector fields on a finite-dimensional smooth man-
ifold M, which is generated by complete vector fields,* consists of complete
vector fields and can be integrated to a global action of a Lie group G on M. We
discuss a proof for a severely limited version of this result as Exercise 3.3.7.

Not all Lie groups are regular, as one can construct some pathological exam-
ples modelled on incomplete spaces. However, regularity has been established
for almost all naturally occurring classes of Lie groups. Nevertheless, the fol-
lowing conjecture is still open.

Conjecture (Milnor, 1983)  Every Lie group modelled on a Mackey-complete
space is regular.

For regular Lie groups, one can solve the important class of Lie type differ-
ential equations. This allows us to discuss the Lie group exponential function
(which can be viewed as an abstraction of the matrix exponential function to
Lie groups).

3.37Lemma Let G be a regular Lie group and X € VY (G). Then there exists
a unique curve yx : R — G with yx (t) = X(yx(t)), for all t and yx(0) = 1.
This implies that every left-invariant vector field is complete.

Proof Consider the smooth (constant) curve nx: R — 771G, t — X (1) (in
the following we will frequently consider the restriction of nx to [0, 1] without

4 Avector field X € V(M) is complete if its integral curves ¢ (1) = X (¢ (1)), ¢x(0) = x
existforallr e Rand x € M.
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3.3 Regular Lie Groups and the Exponential Map 65

further notice). By regularity, we obtain a unique solution y: [0,1] — G such
that y(0) = 1and y(¢t) = T Ay (nx (1)) = X(y(t)), t € [0,1]. Thus this curve
is the flow of the invariant vector field. Since the (constant) curve nx makes
sense for all # € R, we can consider the equation (3.5) for every € R. We now
extend the flow v to all of R.

Step 1: Smooth extension to [—1,1].

Using right-regularity, we can construct a curve yg : [0, 1] — G which satisfies
v(0) =1 and y(t) = T py;)(X(1)). Let us show that the formula

-1
Yr (-1), t€[-1,0],
yx(0) =1 K
y(@), 1 €[0,1]
yields a smooth extension of y whose derivative is X (yx(¢)) at every ¢. We
compute with the formula for the derivative of the inverse (3.3), the derivative
of yx on [-1,0]:
d 7‘] .
EYR (-1) = _T/IYR](_’)T’OVRI (_t)VR(_t)
= T/ly;;(4)pr;{1(7[)pr,<(—;)(\/) = X(}/I_el(—l‘)).
Hence yx is a smooth integral curve of the left-invariant field X.
Step 2: yx extends to all of R.
Pick 0 < #p < 1 and define y,,: [-1 + f9,1 + to] = G, t = y(to)yx (t — to).
Note that vy, (t0) = yx (¢9) and furthermore,

Yio(to +1) =T Ay(10) (¥x (1) = T Ay 1) (X (yx (1)) = X (y(t0)yx (1))
= X (4, (t + 19)),

where we have used the left invariance of X. Uniqueness of the solution implies
now that on their common domain of definition yx and y,, coincide. Thus we
can extend yx to [—1,1 +#o]. Repeating the argument, the domain of yx is not
bounded from above. Choosing —1 < 79 < 0 a similar argument shows that
the domain cannot be bounded from below. Thus yx can be continued for all
of R. O

3.38 Definition Let G be a regular Lie group. Then we define the Lie group
exponential

expg: L(G) = G, vy, (1),
where 7y, is the unique integral curve starting from 1 of the vector field L, (g) =
TAg(v).

3.39 Remark Note that C: L(G) — C*([0,1LL(G)), v  (t — v) is
continuous linear, hence smooth. Thus exp; = evol oC is smooth for every
regular Lie group G.
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66 Lifting Geometry to Mapping Spaces 1: Lie Groups

3.40 Lemma Let G be a regular Lie group. Define for n € C*([0,1],L(G))
and s € [0,1] the curve ng(t) := n(st). Then

Evol(sns)(t) =Evol(n)(st) forallt € [0,1] and Evol(n)(s)=evol(sny).
In particular, this implies Ty exp = idpG).

Proof The curve t — Evol(n)(st) takes O to the identity in G, and its deriva-
tive is % Evol(n)(st) = s Evol(n7)(st) -n(st). Here we abuse the multiplication
to denote the (derivative) of left translation. Thus it solves the Lie type equa-
tion for the curve sn. This proves the first identity, while we obtain the second
for t = 1. Now let 57(¢) := v be constant for v € L(G). Then n4(t) = n(¢) and
we see that exp(sv) = evol(sny) = Evol(n)(s). Derivating at s = 0 yields

d d
Toexp(v) = R exp(sv) = R

Evol(n)(s) = Evol(r)(0) -n(0) = v.

s=0 g

s=0
O

Unfortunately, the observation that 7Ty exp = idyg) is not as useful as in
the Banach setting, where the inverse function theorem implies that the Lie
group exponential is a local diffeomorphism onto a neighbourhood of the unit
of the group (then the Lie group exponential yields a canonical chart called
exponential coordinates). In general, the Lie group exponential need be neither
locally injective nor locally surjective. Most prominently, this happens for the
diffeomorphism group Dift (M) from Example 3.5. We discuss the special case
for M = S! in Example 3.42. Lie groups for which the exponential function is
well behaved thus deserve a special name.

3.41 Definition A regular Lie group G is called locally exponential if the ex-
ponential function exp: L(G) — G restricts to a local diffeomorphism
between a neighbourhood of 0 € L(G) and 15 € G.

Unfortunately, diffeomorphism groups are not locally exponential, as the
following classical example shows.

3.42 Example Consider the unit circle S'. We will show that the image of the
Lie group exponential of the diffeomorphism group Diff(S') contains no iden-
tity neighbourhood. Recall from Example 3.36 that the Lie group exponential
is the map

exp: L(Diff(S")) = V(S') — Diff(s"), Ve FI}
assigning to a (time-independent) vector field its time 1-flow.

Recall that §: R — R/27 = S', 6 > ¢’/ is a submersion. Composing the
submersion with a vector field of the circle, we identify vector fields of the
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3.3 Regular Lie Groups and the Exponential Map 67

circle with 27-periodic maps R — R. For a constant vector field X (6) = c, a
quick computation shows that its flow, exp(tX€(6)) = ¢!+ is for fixed ¢ a
rotation of the circle.

Step 1: A diffeomorphism n € Diff (S') without fixed points is an exponential
of V.€ V(SY) ifand only if n is conjugate to a rotation.

If V € V(S') has a zero, its exponential has a fixed point. Thus if 7 = exp(X),
we must have X (0) # 0. We will now construct ¢ € Diff(S') and a constant
vector field X¢ such that pon = exp(X¢) o . Assume for a moment that for all
t € [0,1] we have the identity poexp(tX) = exp(tX“)o¢. Differentiating at r =
0 yields with Lemma 3.40 the identity Ty(X (8)) = X (¢(0)) for all 6 € S'.
For ease of computation identify now ¢ and X with periodic mappings R — R.
Then the equation reads ¢’(6)X(0) = ¢ for all § € R. Integrating, we obtain,
with ¢(0) = 0 and the fact that X vanishes nowhere, that ¢(6) = ﬁ)e c/X(s)ds.

We will now choose ¢ such that ¢(6 + 27) — ¢(0) = lezn c/X(s)ds = 2m
(because then ¢ descends to a diffeomorphism of S!). Since X is 27-periodic,
we can simply choose ¢ = 2n fozn X (s)ds. Since the flows of the ¢-related
vector fields X and T¢~' o X o ¢ are conjugate by ¢, we obtain ¢ o =
poexp(X) =exp(X°)op = R, op. Thus if a fixed-point-free diffeomorphism
of S! is the exponential of a vector field, it is conjugate to a rotation.

Step 2: Diffeomorphisms near the identity which are not exponentials.
We claim that there are diffeomorphisms ¢, arbitrarily near the identity idg1,
such that:

(a) ¢ has no fixed points;
(b) there exists 8y € S! and 1 < n € N such that ©"(0p) = 6y, but ¢" # idg1.

If this were true, then we note that if ¢ is an exponential, (a) and Step 1 imply
that it must be conjugate to rotation. However, this is impossible by (b), as a
rotation which has a point of period n must itself be periodic with period n.
Thus the image of the exponential does not contain ¢ and Diff(S') cannot be
locally exponential.

To construct a diffeomorphism with properties (a) and (b) consider forn € N
large enough and 0 < & < 1/n the maps

Sne(@) =0+ % + &sin’(nd)

descend to diffeomorphisms of the circle which satisfy (a)—(b) and can be made
arbitrarily close to the identity (i.e. every identity neighbourhood in the com-
pact open C*-topology contains an f, . for n large enough). We leave the
details as Exercise 3.3.6.
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68 Lifting Geometry to Mapping Spaces 1: Lie Groups

More generally one can prove that the diffeomorphism group of a compact
manifold is not locally exponential.

3.43 Example (a) As a consequence of Lemma 3.40 and the inverse func-
tion theorem, every Banach—Lie group and thus, in particular, every finite-
dimensional Lie group is locally exponential.

(b) The unit group of a Mackey-complete CIA A (see Example 3.35) is locally
exponential (Glockner and Neeb, 2012).

(c) If G is a locally exponential Lie group, we shall see in Exercise 3.4.6 that
the current groups C* (K, G) (see §3.4) are locally exponential. Thanks to
Wockel (2007) this generalises even to the group of gauge transformations
of a principal bundle with locally exponential gauge group.

3.44 Remark While in infinite dimensions not every closed subgroup of
a (locally exponential) Lie group is again a Lie group (see Example 3.11),
there are conditions which ensure that a closed subgroup of a locally expo-
nential Lie group is a Lie subgroup. We refer to Neeb (2006, IV) for more
information.

Exercises

33.1 A smooth map a: R — G to a Lie group is called a 1-parameter
subgroup of (a regular Lie group) G if it is a group homomorphism,
that is, a(s +t) = a(s)a(r) for all s,t € R.

(a) Show that a 1-parameter subgroup « is an integral curve of
the left-invariant vector field L, and the right-invariant field
Ry, generated by v = &| _a(), ie. @) = Ly(a(®) and
a(t) = Ry(a(1)).

(b) Show that if @,8: R — G are smooth, @(0) = 1 = B(0)
with @(r) = L,(a(t)) and B(t) = R,(B(t)) (the associated
right-invariant vector field) then @ = S and these curves are a
1-parameter subgroup.

Hint: To show equality differentiate «(¢) 8(—t); for the second
statement take the derivative of B(t — s)B(s).

3.3.2  Consider the multiplicative group (R*,-) as a Lie group. Show that
54( @) = f'(t)/ f(t) and explain the name logarithmic derivative.

333 Letwy;:[0,1] - G,i = 1,2 be smooth curves. Show that 6‘)(3/1) =
6f(72) if and only if y;(¢) = gy2(¢), for all ¢ € [0, 1] and some fixed
g €G.
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3.4 The Current Groups 69

3.3.4  Consider a locally convex space (E,+) as a Lie group. Show that the
Lie bracket on L(E) = E vanishes and the Lie group exponential is
expy = idg.

33.5 Leta: G — H beaLie group morphism between regular Lie groups.
Show that:

(a) fory e C'([0,1],G) we have 6 (e o y) = L(@)(6%(y));

(b) forn e C*([0,1],L(G)) one has Evol(L(«a) on) = a o Evol(n)
(a similar formula holds for evol). Further, prove the naturality
of the Lie group exponential, that is,

expy oL(a) = @ oexpg . (3.9)

33.6 Consider forn €e Nand 0 < & < I/nthe maps f,.: R = R, 0
O+n/n+e sinz(ne).

(a) Show that f, o descends via the submersion R — R/27Z to a
diffeomorphism ¢, . of S'. Moreover, prove that there are ¢, .
arbitrarily near the identity (where Diff (SH e c=(s',$?) car-
ries the compact open C*-topology).

Hint: Control f, . in the compact open C*-topology on R.

(b) Show that ¢, . does not possess a fixed point, but since fnz,"g 0) =
0 (modulo 27) it has a periodic point of period 2n.

(¢) Show that the 2n-periodic orbit <p’,j’5(0), k=1,....2n—-11is
unique, that is, if 8 is not contained in the orbit, then goflf'g @) #
6. We deduce that 2", # idg:.

3.3.7 Let g be a finite-dimensional Lie algebra. By Lie’s third theorem
(Hilgert and Neeb, 2012, Theorem 9.4.11) there exists a connected,
simply connected Lie group G such that L(G) = g. Assume that M
is a compact manifold such that ¢: ¢ — V(M) is a Lie algebra
morphism (with respect to the negative of the usual bracket of vec-
tor fields). Prove that ¢ induces a smooth action of G on M (this is a
very restricted version of the Lie—Palais theorem (Palais, 1957)).

3.4 The Current Groups

In this section, we construct a class of infinite-dimensional Lie groups which
occur naturally in theoretical physics: loop groups and current groups. As a
first step in the construction we prove a useful local characterisation of Lie
groups.
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70 Lifting Geometry to Mapping Spaces 1: Lie Groups

Notation (Multiplicative Notation for Sets) In the statement of Proposi-
tion 3.45 we use multiplicative notation for sets. Recall that A - B means the
set of all elements which can be written as a product of elements in A and B
(in that order).

3.45 Proposition (Bourbaki, 1998, Ch. III, §1, No. 9 Proposition 18) Let G
be a group and U,V C G suchthat1 e V=V ={ge G| g™ € V}and
V-V C U. Assume that U is equipped with a (smooth) manifold structure such
that V. @ U and the mappings LR//I V - Vand mglyxy: VXV — U are
smooth. Then the following holds:

(a) There is a unique manifold structure on the subgroup
Go=(Vy=1{vi---vig | vi € V;k e N}

such that Gy becomes a Lie group, V @ Gy, and Gy and U induce the same
manifold structure on'V .

(b) Assume that for each g in a generating set of G, there is1 € W, @ U such
that gng_1 CUandcg: Wy - U, h ghg™" is smooth. Then there
is a unique manifold structure on G turning G into a Lie group such that
V @ G and both G and U induce the same manifold structure on'V .

Proof Step 1: Shifted open sets. If A @ V and vy € V with vgA C V, then
VoA is open in V as the preimage of A under the smooth map 6,,: V — U,
g vyl

Step 2: Shifted charts. Pick W @ V suchthat W = WL, W3 =W .- W-W CU
and there exists a manifold chart (¢, W) of U. For g € G we consider the map
0e: W — (W), h = (g~ "'h). The idea is now to construct an atlas from
these shifted charts which is compatible with the manifold structure on V.

Step 3: Manifold induced by shifted charts. Observe that for ggWNg, W # 0 we
have g;'g; € W? (this entails g;'g> € W?). Then Step 1 yields WNg;'giW e
W, whence Dy, o, = ¢g, (81 WNGW) = o(WNg,' g1 W) is open in the model
space. For d € Dg, 4, we have now

Pg, 0 01 (d) = (g5 8107 (d)),

which is a smooth mapping by choice of W, and so the change of charts
is smooth. Endow G with the final topology with respect to the atlas S =
(¢g)gec (this topology is HausdorfT since W is HausdorfT). We conclude that
S is a manifold atlas turning G into a smooth manifold.

Moreover, for each gy € G we have g, © Adglew = ¢gq, Wwhence the left
translation with elements in G is smooth for this manifold structure.
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34 The Current Groups 71

Step 4: The manifold structures coincide on V. By our assumptions on multi-
plication and inversion, we can find for every vp € V aset1 € A @ W such
that vgpA C V. Step 3 shows that vgA is open in G and A — voA, h — voh
is a diffeomorphism with respect to the structure induced by S: in particular,
V @ G. Now Step 1 implies that this holds for the structure induced by U,
whence both coincide on V.

We are now in a position to prove both claims of the proposition:

(a) By definition we have Gy = (V)= [ ey V. We can write V2 = Ugev gV
@ G and thus, inductively, vk @ G and Gy € G. Denote by (G,S) the
manifold induced by the atlas S. Then Step 4 shows that §: VXV — Gg &
(G,S), (g,h) — gh™! is smooth and this is equivalent to the smoothness
of multiplication and inversion on the set V. For go,ho,g,h € G we let
chy(a) = hoahy" and obtain the identity

5(g,h) = (hogy') ™" ho(gy " ) (hy' m) ™ !
= /186”10 o Cpy © 6(/1g61 (g),/lh61 (h)). 3.9)

We proceed now by induction on k and show first that ¢ is smooth on
Vk x V. For k = 1 we know that § is smooth. However, note that also
cny: V — Gy is smooth since

Cho(8) = Any © 6(8,ho) (3.10)

and ¢ is smooth on V x V. Moreover, if g € V¥ we can pick gy € V*~!
such that for all x in a g-neighbourhood g, lx € V. Following again (3.10),
we see that

Chy (%) = Anyeyd(gg ' X, ho) is smooth for all hy € H and x near g.

We conclude that ¢, : Go — Gy is smooth for each hg € V.

Thus for the induction step from k to k + 1 we see now that §: VK*! x
V. — Gy is given in a neighbourhood of (g,4) by the composition of
smooth maps (3.9) for hy := h and gy € V with g 1 g € V&, It follows
that 6: Go X V. — Gy is smooth. Now a trivial induction together with
(3.9) shows that 6: Gy X Gy — Gy is smooth. We conclude that G is a

Lie group.
(b) We prove inductively that ¢ is smooth of an element (g,h) where g is
arbitrary and h = sy ---s, for s;, i = 1,...,n, in the generating set G.

Starting with n = 1 we choose hg = s7' and gy := g~'. By (a) the map 6 is
smooth on Gy, whence there is an open (g, #)-neighbourhood which gets
mapped by 6 o (Ag,,Ap,) into W,. Since hg = s1 € G by the assumption,
(3.9) implies that ¢ is smooth in a neighbourhood of (g, 7). Now by (3.10),
conjugation with igp € G is smooth in a g-neighbourhood, hence on all
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72 Lifting Geometry to Mapping Spaces 1: Lie Groups

of G. If § is smooth on an open neighbourhood of G X | J; <4 <, GX and
h =51 ---Sy41, Wwe argue as above: Taking gy = sl‘1 shows that ¢ is smooth
in a neighbourhood of G X |J; <x <41 G* for all n € N. As smoothness of
¢ is equivalent to the smoothness of the group operations, we deduce that
G is a Lie group.

The uniqueness of the manifold structure of the Lie groups Gg and G in (a) and
(b) follows from the fact that any other manifold structure with these properties
induces the same manifold structure on the open 1-neighbourhood V. O

We will now use Proposition 3.45 to construct the Lie group structure for
the current group C*(K,G). The crucial insight here is that for a Lie group,
an atlas of charts can be constructed by left translating a chart at the identity.
We will see in the construction of the current group that this allows us to con-
struct a canonical manifold of mappings by left translating the pushforward of
a suitable chart at the identity.

General Assumption For the rest of this section we let K be a compact
manifold, G a (possibly infinite-dimensional) Lie group with Lie algebra L.(G).
Then we choose and fix 1 € U; @ G together with a chart ¢: U; — U C L(G)
such that ¢(1) = 0 and Ty¢ = idy,(G). Further, we pick 1 € V; @ Uj such that
Vi-Vic U],Vl‘l = Vi and set V = ¢(V}). Mapping spaces will as always be
endowed with the compact open C*-topology.

Let us now exploit again the local formulation of the Lie group structure
of G in a chart around the identity (as in the identification of the Lie algebra,
3.21). In order to clearly distinguish the local group operations from the (glob-
ally defined) group operations and the pushforwards appearing on the function
spaces, we introduce new symbols for the local operations.

3.46 The mappings

p:VxV = Up(xy) = @@ (e (), V- Vux)=el@'(x)™)

are smooth. Moreover, C* (K, U ) is an open subset of C*(K,G) and we equip
it with the smooth manifold structure, making the bijection C*(M,U;) —
C*(K,U),y — govy adiffeomorphism of smooth manifolds. Note that thanks
to Exercise 2.3.2, the manifold C*(K,U) is canonical. Then the pushforwards
Us: C¥(K,VXV)=C®(K,V)XC®(K,V) - C®°(K,U) and .. C*(K,V) —
C*(K,V) are smooth by Corollary 2.19.

3.47 Theorem The pointwise operations turn C* (K, G) into a Lie group, a
current group. Its Lie algebra is C*(K,L(G)) with the pointwise Lie bracket
(a current algebra).

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

34 The Current Groups 73

Proof We check that the assumptions of Proposition 3.45 are satisfied: The
identity element in C*(K,G) is the constant map 1c~(k,G)(k) = 1g. Thus
3.46 shows that C*(K,U) € C* (K, G) is an open identity neighbourhood such
that multiplication and inversion are smooth on the smaller neighbourhood
C®(K,V). Now let y € C*(K,G); by compactness of y(K) C G there are
1€ W, @ V,and y(K) C P @ G such that pW,p~! C U for all p € P. Set
W = ¢(W)) and note that since C*(K,W) € C*(K,V) sois C*(K,W;) €
C*®(K,V}). Since ¢c: P x W, — Uy, h(p,w) := pwp~! is smooth, so is

hy=¢oho(yx¢ ) KxW — Uhy(x,y) = p(y(x)¢~ ' (3)y(x)™).

Since the manifolds C* (K, W) and C*(K,U) are canonical (see 3.46), Propo-
sition 2.17 yields a smooth map (A, )«: C*(K,W) — C¥(K,U),n ~ hy o
(idw xn7). Now conjugation by vy coincides on C*(K,W) with (hy ), and is
thus smooth on C*(K,W) @ C*(K,G). Now Proposition 3.45 provides a
unique smooth Lie group structure for C* (K, G).
To identify the Lie algebra, note that ¢.: C*(K,U;) — C¥(K,U), y —
@ oy is a chart around the identity of the Lie group C* (K, G). Exploiting that
Tip= idL(G), we use 2.22 to identify TlC""(K,G)SO* =(T1p). = (idL(G))* whence
L(C*(K,G) = C*(K,L(G)). Now the point evaluations ev,: C*(K,G) —
G, v — vy(x) are Lie group morphisms (Exercise 3.4.2), and so L(evy) =
evy: C*(K,L(G)) is a Lie algebra morphism by Lemma 3.27. This implies
[v,n7](x) = [y(x),n(x)]and thus the bracket is given by the pointwise bracket.
O

3.48 Remark For non-compact manifolds M, the group C*(M,G) can, in
general, not be made a Lie group. To see this, consider N a O-dimensional man-
ifold. Then C*(N,S!) = (SHY := [],,n S! is a compact topological group.
However, since it is not locally contractible (see Exercise 3.4.5) it cannot be a
manifold and thus it cannot be a Lie group.

We shall now prove that regularity of the target Lie group G is inherited by
the current group C* (K, G). The idea is simple: The Lie type equation on the
current group is just a parametric version of the Lie-type equation on the target
Lie group. In other words, if n: [0,1] = C*(K,L(G)) is a smooth curve, then
we obtain for each k € K a Lie type equation

0
E)’A(t,k) = (@) k) = (y(O).n(0) (k) = y (2, k).n" (t,k).

Thanks to the regularity of the target Lie group G, we can solve the Lie type
equation (uniquely) for each fixed k. Then the solutions to these equations
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74 Lifting Geometry to Mapping Spaces 1: Lie Groups

glue back together to a solution on the current group (because of a suitable
exponential law).

3.49 Proposition [f G is a regular Lie group, then C*(K,G) is a regular Lie
group.

Proof 1In view of the preliminary considerations, we see that the pointwise
solutions to the Lie type equation must be the solution to the equation on
the current group. It remains to apply the exponential law> to show that these
solutions depend smoothly on the initial data. We obtain a canonical isomor-
phism ®:

C*([0,11,C*(K,L(G)) = C*([0,1] x K,L(G)) = C*(K,C*([0,1],L(G)).

The map & := (evolg). o @: C*([0,1],C*(K,L(G)) — C*(K,G) is smooth
by Corollary 2.19 as evolg: C*([0,1],L(G)) — G is smooth. Let ev,:
C*(K,G) —» G and e, : C*(K,L(G)) — L(G) be the point evaluations in x.
We note that L(ev, ) = e,. Hence Exercise 3.3.5 yields evy oh = evolg o(ey ).
O for all x € K. Since the evaluations separate the points on C*(K,G), this
implies & = evolc=(k,G). O

Similar to regularity being hereditary, current groups inherit the property of
being locally exponential from their target Lie group. We leave this as Exer-
cise 3.4.6. In the following sections, we discuss two special cases of current
groups and their subgroups: loop groups and groups of gauge transformations
(associated to a principal bundle).

Loop Groups

If K = S! the current group LG := C®(S',G) is better known as a loop group
(see Pressley and Segal, 1986). Much is known about loop groups and their
representation theory. We mention that they are, in particular, connected to the
representation theory of Kac—-Moody Lie algebras and to quantum field theory;
see Schmid (2010).

3.50 Remark In the literature the group C(S',G) of continuous loops is also
often called the loop group LG of G. For us the loop group will nevertheless
consist always of smooth loops.

5 Since [0, 1] has boundary, we cannot use the exponential law, Theorem 2.1.2. Instead, we have
to appeal to the stronger version (Alzaareer and Schmeding, 2015, Theorem A). Note that the
result is the same and, in particular, the (partial) derivative of the adjoint map corresponds to
the derivative.
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3.4 The Current Groups 75
We shall discuss two canonical subgroups of LG for finite-dimensional G.

3.51 The canonical group morphism I: G — C®(S!,G), g = (k — g)
identifies G with the subgroup of constant loops. As C®(S!,G) is a canonical
manifold by Exercise 3.4.3, smoothness of I is equivalent to smoothness of
I":GxS8' - G, 1" (g,k) = g (which is obvious). Further, a local argument in
charts around (x,k) € G x S' shows that the partial derivative of 1" identifies
the derivative of /. Thus by C.12 we obtain

TI(vg) = (k b vy € T,G) € C*(S', TG) =TC™(S',G), ge€G, v, €T,G

and this map is clearly injective for every g. Thus [ is infinitesimally injective
and since G is finite dimensional, it is an immersion. Moreover, [ is a Lie group
morphism with smooth inverse: Thanks to Exercise 3.4.2(c), the evaluation
maps evy : LG — G, k € S! are Lie group morphisms. Choosing, for example,
h = evy, |1(G)’ we obviously have i o I = idg, whence [ is a topological
embedding onto its image. Hence [ is a smooth embedding and if we identify
G with 1(G), we can think of G as a Lie subgroup of LG (see Glockner, 2016,
Lemma 1.13).

Now define the group of all loops starting at 16 as QG = {f € LG |
f(g) = 1g}. Since evy, : C*(S',G) — G is a Lie group morphism and a
submersion with QG = évl‘sll (1), we see that QG is a split submanifold of
LG, hence a Lie subgroup. Sﬁummarising,

evy

1
1 > QG < LG T— G —— 1
1

is a split sequence of Lie groups, whence LG = QG > G. We finally note that
this allows one to define the fundamental homogeneous space

LG/G ={[h]| f € [h]if f =g h forsome g € G} (= QG),

which plays an important role in the theory of loop groups (see Pressley and
Segal, 1986).

Groups of Gauge Transformations

We briefly discuss an important class of infinite-dimensional Lie groups also
arising in physics. In extremely broad strokes the setup is as follows: Fix a
manifold M. In physics this would correspond to spacetime. Physical fields in
the spacetime M are described as sections of certain bundles P — M called
principal bundles (see Definition 3.52). A premier example here is the elec-
tromagnetic field. In this formulation, the famous Maxwell equations — see
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76 Lifting Geometry to Mapping Spaces 1: Lie Groups

Example 3.54 — can be interpreted as differential equations for a certain con-
nection on the principal bundle. We will not describe connections on principal
bundles here, but point out that the geometric data of the connection corre-
sponds to the potential of the field. However, the symmetry group of the space
of connections on the bundle is the so-called group of gauge transformations.
We shall describe it as an infinite-dimensional Lie group and identify it as a
subgroup of the current groups studied earlier. Let us begin by recalling the
notion of a principal bundle. Much more information on principal bundles can
be found in the usual finite-dimensional literature (Baum, 2014; Husemoller,
1993).

3.52 Definition Let G be a Lie group with a smooth right action p: EXG —
E. Assume that the quotient p: E — M = E/G is a smooth locally trivial
fibre bundle with typical fibre F, that is, p is a smooth map such that there is
an open cover (U;); ey of M and p-equivariant diffeomorphisms (bundle trivial-
isations) k;: p~'(U;) — U X F conjugating p to the projection. The quadruple
(E,p,M,F) is a principal G-bundle if the action p is simply transitive, that is,
for each fo € F = p~!(x), we have G — F, g — fog is a diffeomorphism.

The group G in the definition of the principal bundle is also called the struc-
ture group of the principal bundle. In the physics literature it is customary to
call the structure group the gauge group of the principal bundle. We will fol-
low the physics terminology and warn the reader that in the literature, the term
‘gauge group’ is also used for the group of gauge transformations we are about
to define.

3.53 Remark Note that for a principal G-bundle the fibre F is diffeomorphic
to the gauge group G, but since F lacks a preferred choice of unit element,
there is no preferred group structure on the fibre F' (one also says that F is a
G-torsor®).

3.54 Example If M is a smooth manifold and G a Lie group, then the trivial
bundle pry, : M X G — M is a principal bundle.

While on first sight nothing interesting is happening here, trivial principal
bundles appear in interesting physics applications. As an example, we would
like to mention Maxwell’s equations from electromagnetics. Fix a contractible
U @ R?. The electrical field E, the magnetic field H and the current J in U can
be described by time-dependent vector fields on U. Denote by p the electrical
charge and by c the speed of light. Then Maxwell’s equations can be expressed
in differential operator notation as

6 See https://math.ucr.edu/home/baez/torsors.html for more examples and
explanations.
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curl £ = _lﬁ_H, divH =0, curlH = 16—E + 4—nJ, divE =4np.
c Ot c ot c
Now one can show that the Maxwell equations can be interpreted as differential
equations for the curvature of a S !_connection on the trivial S'-bundle (UxR)x
S! = U xR. We refer to Baum (2014, Section 7.1) for the derivation and more

information.

Interpreting the Maxwell equations in the language of principal bundles
turns out to be a fruitful idea. Replacing the trivial bundle by a bundle with a
(non-abelian) structure group, one arrives at gauge theories such as the Yang—
Mills theory or the Chern—Simons theory.

3.55 Example Let K be a compact Lie group and G a closed Lie subgroup
of K; then one can show that the quotient M := K/G is again a manifold such
that the canonical mapping ¢: K — K/G = M becomes a submersion (this
is a so-called homogeneous space). Then (K,q, M,G) is a principal G-bundle
(Brocker and Tom Dieck, 1995, Chapter I, Theorem 4.3).

As a more concrete example, consider the compact Lie group SO3(R)
(see Example 3.3(b)). Recall from Duistermaat and Kolk (2000, 1.2.A) that
SO3(R) can be identified with the 3-dimensional unit sphere S in R*. More-
over, the spherical group S' embeds into SO3(R) as the rotation subgroup

cos(a) —sin(a) O

sin() cos(a) O|,a € R;. This identification allows us to interpret

0 0 1
multiplication with S'-elements as rotations on S and it is not hard to see
that the quotient, S3/S! = SO3(R)/S! is diffeomorphic to the 2-dimensional
sphere S2. The resulting homogeneous space

q
S] c N S3 5 SZ

is known in differential topology as the Hopf fibration; see Sharpe (1997,
Example 3.14). Note that the Hopf fibration is not isomorphic (as an S'-principal
bundle) to the trivial S'-bundle over S? (Duistermaat and Kolk, 2000, p. 56).

3.56 Definition Let (E,p,M,F) be a principal G-bundle. Then define the
group of gauge transformations of the bundle as follows:

Gau(E) ={p € Diff(E) | pop =p, forall g € G, o p(-,g) = p(-,g) o ¢}.

3.57 1If ¢ is a gauge transformation we can identify ¢(e) = p(e, f(e)) for
some smooth function f: E — G, and the relation ¢ o p(-,g) = p(-,g) o ¢ then
yields

fple,g) =g ' fle)g, forallec E, g€G. (3.11)
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Conversely, every smooth function f: E — G satisfying (3.11) defines a gauge
transformation via ¢y (e) = p(e, f(e)). We will show in Exercise 3.4.7 that for

C¥(E,G)° = {f € C*(E,G) | foralle € E, g € G, f(p(e,8)) = g " f(e)g),
the map

C*(E,G)Y - Gau(E), [ ¢r, ¢r(e) = ple,f(e)) (3.12)

is a group isomorphism. Hence the group of gauge transformations can natu-
rally be identified as a subgroup of the current group.

3.58 Example Ifpr,,: M X G — M is a trivial principal G-bundle, it is easy
to see that Gau(M X G) = C*(M,G). So if M is compact, the group of gauge
transformations inherits a Lie group structure from the current group in this
case.

For the trivial S'-principal bundle connected to Maxwell’s equations, Exam-
ple 3.54, the group of gauge transformations (aka the current group in this case)
acts on S'-connections on the trivial bundle (connections in the same orbit are
called gauge equivalent). As already mentioned, the Maxwell equations can be
interpreted as a differential equation for the curvature of a S'-connection. See
Baum (2014, Section 7.1).

3.59 Remark If G is a locally exponential Lie group and M a compact man-
ifold, then the group of gauge transformations Gau(E) of a smooth principal
G-bundle (E,p, M, F) carries a natural Lie group structure, turning it into a
locally exponential Lie group (Wockel, 2006). Indeed one can show that the
group of gauge transformations then becomes a Lie subgroup of a finite prod-
uct of suitable current groups (Wockel, 2007).

Alternatively, the Lie group structure of the group of gauge transformations
can be derived by identifying the group of gauge transformations with the ver-
tical bisections of a gauge groupoid; see Remark 6.17 and Example 6.13.

Exercises

34.1  We establish some auxiliary results for the proof of Proposition 3.45.

(a) Let G be a group which is also a manifold. Show that G is a Lie
group if and only if the mapping 6: Gx G — G, (g,h) + gh™!
is smooth.

(b) Let G be a Lie group (actually a topological group would be
enough for the following) and V € G with 1 € V. Show that
thereis 1 € W ¢ V with W=! = Wand W - W C V. (Can you
generalise this to W C V,n € N?)
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3.4 The Current Groups 79

(c) Let G,H be Lie groups and f: G — H be a group homomor-
phism. Prove that f is a Lie group morphism if and only if there
exists an open 15-neighbourhood U such that f|;; is smooth.

(d) Let G be a group with two manifold structures S and 7~ turning
G into a Lie group. Show that (G,S) and (G, 7") are diffeomor-
phic (as manifolds and then also as Lie groups) if and only if
there is an open 1-neighbourhood on which the two manifold
structures coincide.

3.4.2  Verify several details from the proof of Theorem 3.47:

(a) Let K € G be a compact subset of a Lie group Gand1 € U @
G. Show that there is an open 1-neighbourhood W and an open
K -neighbourhood P such that pWp~! C U for all p € P.

(b) Verify that the final topology, with respect to the charts (¢¢)gec
from Step 3 of the proof, is Hausdorft.

(c) Show that the point evaluations evy : C*(K,G) — G,y — y(x)
are Lie group morphisms.
Hint: For group homomorphisms it suffices to check smoothness
in an identity neighbourhood.

3.4.3  Prove that the current group C* (K, G) is a canonical manifold.

Hint: For a Lie group, it suffices to construct an open identity neigh-
bourhood whose manifold structure is canonical.

344 By C.2every Lie group G admits a local addition. Show that the man-
ifold structure on C*(K,G) constructed in C.10 coincides with the
one from Theorem 3.47.

3.4.5  Show that C*(N,S!) = [],en S' is not locally contractible, that is,
show that if N is a neighbourhood of a point x € [],, S' then there
is no continuous mapping 4: [0,1] X N — N such that 4(0,-) = idy
and h(0,y) = x, forall y € N.

3.4.6  LetGbealocally exponential Lie group. Show that then also C* (K, G)
is locally exponential.

Hint: Study Proposition 3.49 and note, in addition, that exp; induces
a chart for G.

3.4.7  Show that the map C*(E,G)¢ — Gau(E), f +— ¢y from 3.57 is a

group isomorphism.
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4

Lifting Geometry to Mapping Spaces II: (Weak)
Riemannian Metrics

In this chapter, we will discuss Riemannian metrics on infinite-dimensional
spaces. Particular emphasis will be placed on the new challenges which arise
on infinite-dimensional spaces.

General Assumption for This Chapter To ensure the existence of integrals
we shall always assume that the manifolds in this chapter are modelled on
(Mackey) complete locally convex spaces.

4.1 Weak and Strong Riemannian Metrics

Riemannian metrics come in several flavours on infinite-dimensional spaces
which are not present in the finite-dimensional setting. The strongest flavour
(as we shall see) is the notion of a strong Riemannian metric which is treated
in classical monographs such as Lang (1999) and Klingenberg (1995).

4.1 Definition Let M be a manifold modelled on a locally convex space E.
A weak Riemannian metric g on M is a smooth map

gTM@TMHR, (Vx,Wx)'—)gx(Vx’Wx)
(where TM & T M is the Whitney sum, see §C.9) satisfying

(a) gx = glr, mxT, M 1s symmetric and bilinear for all x € M,
(b) gx(v,v) = 0forallv e TyM with g, (v,v) = 0if and only if v = 0.

If a weak Riemannian metric satisfies in addition, for all x € M,

(c) the topology of the inner product space (7 M, g, ) coincides with the topol-
ogy of Tx M as a subspace of TM,

80
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4.1 Weak and Strong Riemannian Metrics 81

we say that g is a strong Riemannian metric. A manifold with a weak (/strong)
Riemannian metric will be called a weak (/strong) Riemannian manifold.

4.2 Example Every Hilbert space (H,(-,-)) becomes a strong Riemannian
manifold using the identifications TH = H x H, TH ® TH = H> and setting

ge(v,w) = (v,w).

4.3 Example Let (H,{-,-)) be a Hilbert space. The locally convex space
C*([0,1], H) with the compact-open C*-topology is a Fréchet space (but not
a Banach or Hilbert space!). Consider the L’-inner product on this space as

1
(f-&12 1=f0 (f(1),g(1))dt.

This is a bilinear map on C* ([0, 1], H). By construction of the compact open
C*-topology, the inclusion of C*([0,1],H) — C([0,1],H).,. is continuous
linear and it is not hard to prove that the mapping B: C([0,1],H)> — H,
(f,g) — f01< f(t),g(1))dt is continuous bilinear. In conclusion, the L?-inner
product is a continuous bilinear form on C* ([0, 1], H). Interpreting the locally
convex space as a manifold, we have

TC*([0,11,H) = C*([0,1],H) x C*([0,1], H) = C*([0,1],H x H)
=C%([0,11,TH).

We obtain an isomorphism 7C®([0,1], H) @ TC*([0,1],H) = C*([0,1],H>)
(cf. also §C.13) which transforms f.,g. € T.C* ([0, 1], H) into a triple (c, f,g)
of H-valued functions. Thus

g2 TC®([0,1], H)®TC™([0, 1], H)=C*([0,1], H)>R, (¢, f.8)—~{f.&)12

is a weak Riemannian metric, called the L2-metric. Note that the L?-metric is
not a strong Riemannian metric as the topology of the inner product space is
the one induced by the inclusion C* ([0, 1],H) < L?([0,1], H) where the space
on the right-hand side is the space of all square-integrable functions with the
L?*-topology.

4.4 1If (M,g) is a weak Riemannian manifold, there is an injective linear map

b: TM — T*M = U L(T,M,R),
xeM

IiM 3 v = gx(v,),

where 7*M is the dual tangent bundle; see Remark 1.45. If M is a finite-
dimensional manifold, then it follows by counting dimensions that b is (fibre-
wise) an isomorphism and thus b is an isomorphism of vector bundles;
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82 Lifting Geometry to Mapping Spaces I1: (Weak) Riemannian Metrics

Similarly, if g is a strong Riemannian metric, b is an isomorphism of vector
bundles; see Proposition 4.5. The inverse of b in these situations is often de-
noted by # and the pair of isomorphisms is known as the musical isomorphisms
of a Riemannian manifold. For infinite-dimensional manifolds, the map b will,
in general, not be surjective.

The next result yields a useful characterisation of strong Riemannian metrics
(which is the definition of a strong Riemannian metric in the classical texts
such as Lang (1999) and Klingenberg (1995)). We just mention that for the
proof some tools from functional analysis are required (which we cite but we
do not provide a detailed review here).

4.5 Proposition Let (M,g) be a weak Riemannian manifold. The following
conditions are equivalent:

(a) g is a strong Riemannian metric;

(b) M is a Hilbert manifold andb: TM — T*M is surjective;

(¢) M is a Hilbert manifold and b: TM — T*M is a vector bundle isomor-
phism.

In particular, on every finite-dimensional manifold M, a weak Riemannian
metric is automatically strong.

Proof Step 1: Strong Riemannian metric implies Hilbert and surjective b. If
g 1s a strong Riemannian metric, every tangent space T, M is a Hilbert space
(since it is Mackey-complete; see Remark 1.13). As the tangent spaces are
isomorphic to the modelling spaces of M, we see that M is a Hilbert manifold.
Now the surjectivity of b is a consequence of the Riesz representation theorem
(Meise and Vogt, 1997, 11.9).

Step 2: b surjective on a Hilbert manifold implies that b is a bundle isomor-
phism. Note first that since M is a Hilbert manifold, there is a canonical smooth
structure on the dual bundle (see Remark 1.45), whence it makes sense to con-
sider b as a smooth map between TM and T*M. By construction, we know
that b induces continuous vector space isomorphisms 7,M — (T, M)* for
every tangent space. Hence the open mapping theorem (Rudin, 1991, I. 2.11)
shows that b is fibre-wise an isomorphism, which together with Lang (1999,
III. Proposition 1.3) shows that b is a vector bundle isomorphism.

Step 3: Hilbert manifold and b being a bundle isomorphism imply that g is
strong. Consider x € M and note that as g is continuous on TM & TM,
gx 1s continuous with respect to the Hilbert space topology of the fibre. Let
us denote the Hilbert space norm on 7, M by |[|-||. Then the ball fo ) =
{y e T\M | g(y,y) < 1} is by construction B‘lg" (0) a disc 0-neighbourhood
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4.1 Weak and Strong Riemannian Metrics 83

(see Definition A.6) and the norm ||-||g, induced by g, (aka the Minkowski
functional of the ball, Lemma A.16) is continuous. As the unit ball in (T, M, ||-||)
is bounded, this shows already that there is a constant K > 0 with ||-|] <
K||-llg. - To see that the norms are equivalent, we have to prove that Bi,x (0) is
bounded in the Hilbert space topology. As b is surjective, every bounded lin-
ear functional on 7, M is of the form b(v) for some v € T, M. Applying the
Cauchy—-Schwarz inequality, we derive

sup b= sup g (v, )] < [IVllg, -
yEeBF* (0) yEeBE¥ (0)

We conclude that every bounded linear functional is bounded on Blgx (0). This
property is called weakly bounded and it is known that on a Hilbert space,
every weakly bounded set in a locally convex space is bounded (Rudin, 1991,
Theorem 3.13). Summing up, g, induces the Hilbert space topology of 7., M
and since x was arbitrary, this shows that g is a strong Riemannian metric. O

4.6 Example The space of immersions Imm(S!,R?) is an open subset of
C DO(SI,R‘I) by Lemma 2.6. We endow it with a weak Riemannian metric (an
invariant version of the L2-metric, §4.2)

8c(h,k) = fsl<h(9),k(0))llélld9-

Recall that since Imm(S!,R%) @ C*(S!,R%), we have an identification
T. Imm(S',RY) = c*(S!,RY);

see C.12. Working in the identification we immediately see that the musical
morphism reduces to the map

be(h) = IIéll - h,h € C*(S',RY),

where the dot signifies pointwise multiplication. So the image of 7, Imm(S’, R%
under b, can be identified as C*(S!,R?). However, the (topological) dual
space of C*(S!,R¥) is the larger space D’(S')? of R¥-valued distributions
(see Taylor, 2011, Section 3).

4.7 Example Let (H,(:,-)) be a Hilbert space with Sy = {x € H | [|x]| = 1}
(Example 1.34). The Hilbert sphere is a strong Riemannian manifold with the
induced metric g, (v,w) = (v,w) (where Tx Sy = {v € H | (v,x) = 0}).

The distinction between strong and weak Riemannian metrics has
far-reaching consequences (see e.g. §4.2 on geodesic distance).
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Exercises

4.1.1  Verify Example 4.2: Every Hilbert space (H,(-,-)) is a strong Rie-
mannian manifold.

4.12  Show that the mapping u: C([0,1],H)> — R, (f,g) + {(f.g)2 is
continuous bilinear (hence smooth), see Example 4.3.
Hint: [\': C([0,1L,R) = R, f = [ f(t)dr is linear. Exploit that
C([0,1],R) is a Banach space to prove continuity via usual integral
estimates.

4.1.3  Verify that the Hilbert sphere is a strong Riemannian manifold
(Example 4.7).

4.1.4  We shall treat Riemannian metrics on spaces of smooth functions on
the sphere.
Hint: If you are not familiar with integration on manifolds: Use
6:[0,21] — S', t +— (cos(t),sin(t)) to reduce the integral to a
usual integral; see note at the beginning of Chapter 5 and compare
Lee (2013, Chapter 16).

(a) Let (M,g) be a strong Riemannian metric. Use C.13 to show
that the L2-metric

8¢ (hk) = fs 8c(0) (h(6).k(6))d6
defines a weak Riemannian metric on C®(S!, M).

(b) Verify that the metric in Example 4.6 is a weak Riemannian
metric.

4.2 The Geodesic Distance on a Riemannian Manifold

General Assumption In this section (M, g) denote a strong Riemannian
manifold if nothing else is said. For convenience, we shall always assume that
M is connected.

Having a Riemannian metric at our disposal, we can define the length of
curves.

4.8 Definition Let c: [a,b] — M be a piecewise C'-curve.' Then we define
the length and the energy of c as

' That is, there exists a partition of [a, b] into subintervals such that on each of them the curve
restricts to a C'-curve.
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4.2 The Geodesic Distance on a Riemannian Manifold 85

b
Len(c) :=f \ 8e(n) (€(1),¢(1))dt,
1a b
En(c) = 5 f Ge(n(¢(1),¢())dr.

For x,y € M then define
[(x,y) :={c: [0,1] > M | ¢(0) = x,c(1) = y, and ¢ is piecewise C'}.

Finally, we define the geodesic distance between points x,y € M as

1
dist(x,y) = CE}I(I){’y)Len(C) = ce}?f,y) fo \8eny (€(1),¢(2))dr.

Due to the Cauchy—Schwarz inequality, for curves c: [a,b] — M we find
(see Klingenberg, 1995, Proposition 1.8.7) that

Len(c)? < 2En(c)(b - a) (with equality if and only if ¢ is constant).
4.1

4.9 Remark Note that since every interval [a,b] is diffeomorphic to [0, 1],
the chain rule implies that the definition of I'(x, y) and of the geodesic distance
does not depend on [0, 1]. It is only a convenient choice for us and we shall
ignore this choice in the construction of paths to avoid cumbersome reparame-
trisation arguments.

4.10 Lemma The geodesic distance is a pseudo-distance, that is,

(a) dist(x,y) = O0for x,y e M,
(b) dist(x,y) = dist(y,x) forall x,y € M,
(c) dist(x,z) < dist(x,y) + dist(y,z) for all x,y,z € M.

The proof of this lemma is left as an exercise.
On strong Riemannian manifolds, the geodesic distance is also point sepa-
rating, that is, in addition to the properties from Lemma 4.10, it satisfies

(d) dist(x,y) # 0 forall x,y € M with x # y.
Moreover, one can prove the following result for strong Riemannian metrics.

4.11 Theorem (Klingenberg, 1995, Theorem 1.9.5) Letr (M,g) be a strong
Riemannian metric. The function dist: M X M — R defines a metric on M.
The topology derived from dist coincides with the given topology of M.
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86 Lifting Geometry to Mapping Spaces 11: (Weak) Riemannian Metrics

However, in general, on infinite-dimensional manifolds the geodesic dis-
tance might not be a metric. Indeed it might be non-point separating and even
stronger, the geodesic distance might be vanishing.” Note that if ¢ is a path
connecting x # y, then Len(c) > O (or in other words Len(c) = 0 implies
that the path is constant). Thus the vanishing of dist(x,y) means that we can
find arbitrarily short paths connecting the two points. We showcase this in the
following example.

4.12 Example (Magnani and Tiberio, 2020) Consider the space (£%,¢., -)) of
all square-summable real sequences; see Example 3.11. The map A: {2 — £,
(X)) nen (%xn)n e 18 continuous linear and induces a bilinear symmetric
map B: (2 x {* = R,B(X,y) = (x, Ay). Identifying the tangent spaces of £2,
we obtain a weak Riemannian metric via

¢ T oT = U xR, (TtH s (xy) - e PP B(xy).
pel?

We will now prove that the weak Riemannian manifold (£2,g) has vanishing
geodesic distance, that is, that for every p # q in £2, we have dist(p,q) = 0. To
this end, let e,, be the sequence with 1 in the nth place and zeroes everywhere
else. We construct a path from p to q via

p + 3tne,, t €[0,1/3],
cn: (011> 2, - {p+ne,+Bt—1)(q-p), te[l/3,2/3],
q+ (3 -30)ne,, tel2/3,1].

By construction, ¢, is a piecewise linear curve connecting p to q and passing
through p + ne,, and q+ ne,, on the way. We claim that Len(c,,) — Oasn — oo
and thus dist(p,q) = 0. To see this, we observe that

¢, (1) =3ne,,t € [0,1/3[, ¢ () =3(q—p),7€]l/3,2/3],
¢, (t) = =3ne,, t €]2/3,1].

Moreover, since p,q € £> there is N > 0 such that every component of p and q
with n > N satisfies |7, (p)/, |7, (q)| < 1/3 (here 7, is the projection on the nth
component). Hence we see that for every such n we have 7, (p+t(q—p)) > —1.

2 We say the geodesic distance is non-vanishing if there exist x, y € M such that
dist(x, y) # 0. So every point separating geodesic distance is non-vanishing but not vice versa.
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4.2 The Geodesic Distance on a Riemannian Manifold 87

We now estimate the length Len(c,):

| 1/3
f e, ()dt = 3 (f e len O ([B(ne,. ne, )dt
0

0
2/3 )
N f e len®I” \/B(q—p,q—p) dt
13 —
=: K>0
1
+f e len @I \[B(Cne,, —ney)dt
2/

3
1/3 1 2/3 5 )
<3 f (new, = e)di+K f (R Ip+Gr-1)(a-D) P+2n e, p+ i~ (@D
0 n 1/3
1
+f \/B(—nen,—nen)dt)
2/3

2/3
< L + 3Kf e—n2—2n7In (p+t(q—P))dt + L n;N i + Ke—n2+2n.
n 13 n n

We conclude that the length of the curve ¢, converges to zero as n — oo
whence the geodesic distance vanishes.

Another interesting example in this regard is the invariant L>-metric on the
group of circle diffeomorphisms. Before we state this example, let us exhibit a
general construction principle for (weak) Riemannian metrics on Lie groups.

4.13 (Invariant metrics on a Lie group) Let G be a (perhaps infinite-dimen-
sional) Lie group with Lie algebra L(G). Assume that (-,-): L(G) X L(G)
— R is a continuous inner product on the Lie algebra. Then we define a right
invariant (weak) Riemannian metric via the following formula:

(V.W) = (Tpg (V). Tp; (W), forall ,\W € T,G. 4.2)

Here p, is the right translation by g and we remark that due to the smoothness
of the group operations the resulting metric is indeed a (weak) Riemannian
metric. By construction, the right invariant metric is invariant under the right
action of the Lie group G on TG via right multiplication.

Note that by replacing every p, in (4.2) by the left translation 4,4, we can
obtain a left-invariant (weak) Riemannian metric associated to the given inner
product.

4.14 Example (Right-invariant L2-metric on Diff(S')) We consider Diff(S')
again as an open subset of C*(S!,S'"). Recall from Example 3.5 that this
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manifold structure turns the diffeomorphism group into a Lie group. Moreover,
T, Diff(s') = Cy (s, T8") = C2(5'.8!' xR) = C*(S'.R).

On C*(S!,R) we have the inner product (where we refer to the discussion
in the beginning of Chapter 5 for the meaning of the integral):

U, vyp2 = fl f(6)g(6)do.
S
Plugging this into (4.2), we obtain the (right)-invariant L*>-metric

gL ™ ) = wo 7l v oo .

Thanks to a theorem of Michor and Mumford, the geodesic distance with re-
spect to this metric vanishes; see, for example, Kolev (2008, Theorem 4).

Exercises

42.1 Establish the estimate (4.1).

422  Prove Lemma 4.10 and verify that the pseudodistance does not
depend on the choice of interval (Remark 4.9).

4.2.3  The following provide the details for Example 4.12:

(a) Show that the map A makes sense and is linear and continuous
and thus the map B is bilinear and symmetric.
(b) Prove that g is a weak Riemannian metric on £2.

4.2.4  Prove that the construction of right- (or left-)invariant metrics on a
Lie group from 4.13 yields a weak Riemannian metric.
Hint: To check smoothness of the metric, use Lemma 3.12 to identify
the Whitney sum 7G @ TG.

Geodesics on Infinite-dimensional Manifolds (Informal Discussion)

To get a better understanding of the distance on weak Riemannian metrics, it
seems useful to study curves ‘of shortest length’ between two points the so-
called geodesics. Before we study geodesics in the next section, we discuss
some aspects in an informal way.

If the manifold is a Hilbert space (H,{:,-)) viewed as a strong Riemannian
manifold (Example 4.2), the curve of shortest length between a,b € H is the
straight line

Rote—y@t)=0b-at+acH. 4.3)

3 Here we exploit that S! is a Lie group, whence the tangent bundle T'S' = S x R is trivial.
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4.2 The Geodesic Distance on a Riemannian Manifold 89

Note that this curve also satisfies dist(y(¢),y(s)) = ||b — a|llt — s|, and so it
realises the shortest distance between any two given points on the line. On a
manifold, we would like to compute curves which satisfy the same property
at least locally, that is, in a neighbourhood of each point the curve realises the
shortest distance for every pair of points on the curve.* Thanks to (4.1), one can
equivalently describe geodesics between p and ¢ as curves of minimal energy,
that is, extrema of the energy En restricted to I'(p, q). Hence to find geodesics
we consider the derivative of the energy. Working locally in a chart (U, ¢) of
M (and suppressing most identifications in the notation; see Lemma C.17), this
yields, for the derivative dEn(c; h), the formula

1
1
j(; EdlgU(C,C'(l),C'(t);h))—dlg(C(l),h(l),C'(t);C'(t)))

—gu(c@),h(),c” (r))dr.

To find the geodesics, one would now have to isolate % in the expression to
rewrite the differential in the form fol gc (..., h)dr and extract the geodesic
equation. In general, this is not possible, as the b-map is not an isomorphism,
whence the existence of geodesics for weak Riemannian metrics is a priori
unclear (see also Proposition 4.5).

We remark that the geodesics of weak Riemannian metrics are also of inde-
pendent interest in the context of Euler—Arnold theory (see Chapter 7). There,
certain partial differential equations can be interpreted as geodesic equations
on infinite-dimensional manifolds.

4.15 Example (Inviscid Burgers equation) One can show (Kolev, 2008, 3.2)
that geodesics with respect to the invariant L2-metric from Example 4.14 cor-
respond to solutions of the inviscid Burgers equation (also known as the Hopf
equation):

u; + 3uu, = 0 (subscripts denoting partial derivatives).

We shall investigate a similar situation later in Example 7.4.

The observant reader should have noted that we are talking about geodesics
(which are the solutions of the inviscid Burgers equation) for a weak Rieman-
nian metric which was described in Example 4.14 as having vanishing geodesic
distance. It might be tempting to think that this implies that all geodesics
must be constant (since only these curves have length 0 and geodesics were

# The sphere S! is a Riemannian manifold by Example 4.7. For x € S! consider a closed curve
running in a great circle from x around the sphere. Then this curve realises the shortest
distance from x to another point y until it passes the point antipodal to x. However, as long as
we restrict to an open neighbourhood which does not contain points antipodal to each other,
the curve realises the shortest distance from one point to the other.
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90 Lifting Geometry to Mapping Spaces I1: (Weak) Riemannian Metrics

described as smooth curves (locally) minimising the length between their end-
points). This, however, is wrong (the reader might either consult the partial
differential equations (PDE) literature, or observe — see Example 7.4 — that
the related equation u; + uu, = 0 is the geodesic equation of a weak Rie-
mannian metric with non-vanishing geodesic distance). This equation is the
Burgers equation and it admits non-constant solutions. So what’s wrong here?
For strong Riemannian metrics one can show that every geodesic is (locally)
length minimising. However, there are also other characterisations of geodesics
(which we will discuss in the next section) which coincide with our informal
definition for strong Riemannian metrics. In the weak setting, the situation is
(as always) more complicated.

Exercises

4.2.5  We verify some details concerning geodesics in Hilbert space.

(a) Show that the path ¢(¢) = (b — a)t + a,t € [0,1], (4.3), realises
the shortest length with respect to all C!-curves connecting a to
b in the Hilbert space H.

Hint: Prove first for a path consisting of two line segments meet-
ing at a point p that its length is longer than the length of ¢ if p
does not lie on c. Then use that C!-paths are rectifiable.

(b) Prove the distance property claimed after (4.3): For all s,t €
R, dist(y(s),y(t)) = ||b — al|lt — s|. Note that this is (up to
reparametrisation to unit speed) the geodesic property for curves
in metric spaces; see Bridson and Haefliger (1999, Definition
1.3).

4.3 Geodesics, Sprays and Covariant Derivatives

In this section, we consider three objects associated to a Riemannian met-
ric (see e.g. Lang, 1999; Abraham et al., 1988). This will enable us to study
geodesics on Riemannian manifolds. The idea is that every (strong) Rieman-
nian metric induces a covariant derivative, a metric spray and a connector.
These can be used to conveniently describe geodesics. The main point is to
introduce the concepts of spray and covariant derivative while we relegate
many details of the constructions to the literature, for example, Lang (1999,
Chapter VIII).

General Assumption In this section, (M, g) will denote a strong Riemannian
manifold if nothing else is said. Thus there will be no need to worry about
the existence of solutions to certain differential equations. Note that for weak
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4.3 Geodesics, Sprays and Covariant Derivatives 91

Riemannian metrics similar computations are in principle possible, but require
the careful checking of several technical details.’

We first define certain vector fields on the tangent bundle 7y, : TM — M
which are called sprays. For any spray, geodesics can be defined and if the
spray is the metric spray associated to a Riemannian metric, these geodesics
will turn out to be the geodesics of the Riemannian metric.

4.16 Definition (Spray) A vector field S € V(T M) on the tangent manifold
T M is said to be of second order if

Trp (S(v)) =vforallv e TM.

For each t € R we denote by t7p,: TM — TM the vector bundle morphism
which is given in each fibre by multiplication with . Now a second-order vec-
tor field S is a spray if

S(tv) = T(tra)(t - S(v)) forall t € R,v € TM. (4.4)

To understand the meaning of (4.4), let us localise in a chart. (Warning: The
next identities hold up only to identifications in charts, which we will suppress
in the notation!)

4.17 Choose U @€ M such that TU = U x E (where E is the model space of
M). ThenTTU = (UXE)X(EXE).Now if S is a second-order vector field, its
restriction to U is given for (u,V) € U X E by S(u,V) = (u,V),V,S2(u,V)).
If S is a spray, the equation (4.4) reads on U as follows:

S@,tV) = (u,tV,tV, Sy 2(u,tV)) = (u,tV,1V,1* Sy 2 (u, V).

The map Sy 2 is thus quadratic with respect to scalar multiplication in the
fibre. Furthermore, this implies together with Exercise 4.3.1 that Sy 2(x,v) =
3d385((x,00; (v, ).

We define B: M — C*¥(TM & TM,TM) as the map which is locally on
a chart domain (U,¢) given by the symmetric bilinear map By (x;v,w) =
d%SU,g((x,O); (v,w)). Associated to this bilinear map is the quadratic form

Ou(x,v) = By(x;v,v).0 Note that in finite-dimensional Riemannian
geometry —B is represented by the so-called Christoffel symbols (Lang, 1999,
pp- 213-214).

4.18 (Integral curves of second-order vector fields) Let S be a smooth second-
order vector field on the manifold M and assume that S admits integral curves

5 We shall do this in Chapter 5 for the L2-metric on C®(S', M).
% We recall that due to the identity By (x;v, w) = %(QU(x, v+w)-Qu(x,v)—
Qu (x, w)), the quadratic form carries exactly the same information as the bilinear form.
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92 Lifting Geometry to Mapping Spaces I1: (Weak) Riemannian Metrics

(i.e. C'-curves B: J — TM with S(B) = B’). Note that an integral curve
B:J — TM of a second-order vector field § satisfies (mp; o B)(t) = B(1).

4.19 Definition A C?-curve a: J — M is a geodesic of the spray S if
a: J — TM is anintegral curve of S, or equivalently, if « satisfies the geodesic
equation

a(t) = S(a(t)), forallte J.

Note that a(¢) = T;a(1) € TM. Equivalently, the geodesic equation becomes
(in local coordinates) the equation @(¢) = By ) (a(t),a(1)).

4.20 Example A strong Riemannian metric g induces a spray S¢: TM —
T?M which we describe locally on a chart domain U € M,TU = UXE,T?U =
(U X E) X E x E (again suppressing the identifications!). Namely, we think of
the local representative gy : UXEXE — R, (x,v,w) — gy (v,w) of the metric
as a mapping with three components. Then we define the associated spray via
Sf} (x,v) = ((x,v),(v, Ty (x,v))) for v € Ty M, where the quadratic form I is
the unique map which satisfies for all v,w € T, U.

1
gu(x,Ty(x,v),w)= Edlgu(x,v,v; w) —digu (x,v,w;v), 4.5)

Here digy denotes the partial derivative with respect to the first component
(see Proposition 1.20). We leave the verification that the local mappings Sf} yield
a spray S¢ on TM to the reader (Exercise 4.3.2). Note that the formula (4.5)
makes sense for weak Riemannian metrics, but since b is, in general, not sur-
jective for a weak Riemannian metric (see Proposition 4.5), it is a priori not
clear whether the condition defines a unique map I'y.

4.21 Definition (Metric spray) Let (M,g) be a weak Riemannian manifold.
A spray S is called metric spray if its associated quadratic form Q satisfies for
each chart (U, ¢) the formula (4.5), that is, for all v,weT, U.

1
gu(x,Qu(x,v),w) = EdlgU (x,v,viw)=digu (x,v,w;Vv), (4.6)

Let us point out that the metric spray S¢ associated to a Riemannian
metric g can be interpreted in the sense of Hamiltonian mechanics: It can
be shown (see Abraham et al., 1988, p. 493) that the spray S¢ is the Hamil-
tonian vector field on TM associated with the kinetic energy function

7 If the manifold M is modelled on a Banach space, such curves always exist due to the
standard ODE solution theory. Beyond Banach spaces, the existence of such curves needs to
be established for the special case at hand.

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

4.3 Geodesics, Sprays and Covariant Derivatives 93

e:TM — R, v, %gx (vx,vy). This has several interesting consequences,
such as conservation of energy by the geodesics (again we refer to Abraham
et al., 1988, Supplement 8.1.B, for more information). We shall return to the
relation between energy and geodesics in Chapter 7.

The next example shows that there is not necessarily a metric spray. It was
pointed out to me by C. Maor and we urge the reader to compare it with The-
orem 4.30.

4.22 Example (A weak Riemannian metric without metric spray) We return
to the weak Riemannian metric on the Hilbert space (€2.(-,-)) from Exam-
ple 4.12:

Xn Yn
>

_ 2 o
g: T Tl = U€2x€2—>R, 0?3 (x, y) s e IPl Z 3

pel? n=1

where the subscripts denote elements of a sequence. A quick computation
shows that

nYn

d1g(P,X.y; W) = =2, W)g(P.X.¥) = =28 (P, (WP )ncrv, W) Z

where the last equality only makes sense if the sequence (1n°p,)nen is con-
tained in £2. Plugging this identity into the right-hand side of (4.6), we see
that

1
Edlg(p,x,x; w) —d1g(p,X,W;X)

X 2
Xn

= —g(p, (P Punern, W) ) ~% +2(p,x)g(p, X, W)
n=1 n

(o8]

= g(p, 2(p,x)x — (Z xn/n3> (W’ Pr)nert, ).

n=1
We conclude that if a spray existed, its quadratic form needs to be given by

(e8]

O(p.x) = 2(p,x)x — (Z Xy /0’ ) (P

n=1

and this expression is ill defined if (n3pn Ynen is not contained in £2. Hence g
does not admit a metric spray.

Exercises

4.3.1 Let U ¢ E, where E is a locally convex space,0 e U and f: U — E
is smooth. Prove that if f is locally homogeneous of order p,
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94 Lifting Geometry to Mapping Spaces I1: (Weak) Riemannian Metrics

that is, f(zx) = tP f(x) for all (r,x) € R X U such that rtx € U,
then f(x) = I}!dpf(o;x,. LX),

4.3.2  Show that the local formula (4.5) defines a spray on a chart domain U.
Then show that for any other chart V, the change of charts relates the
local formulae obtained in this way to each other, that is, the sprays
can be combined to define a spray on T M.

4.3.3  Let S be a spray on a manifold M, (U, ¢) and (V,¢) are two charts of
M with change of charts 7 := i o ¢~!. Prove the following change of
charts formulae for the local expression of the spray and the associ-
ated bilinear form (see 4.17):

Sv a2 (t(x),dT(x;v) = d*T(x;v,v) + dT(x; Sy 2 (x,v)),
4.7
By (t(x);dt(x;v),dt(x;w)) = d2‘r(x; v,w) +dt(x; By (x;v,w)).
(4.8)

43.4  Define the subspace S = {x € % | (n’x,)nenw € €%} of £%. En-
dow § with the restriction of the weak Riemannian metric g, (X,y) =
e~ lIpI? po X’;# from Example 4.12. Show that the resulting weak
Riemannian metric:

(a) has vanishing geodesic distance;

(b) admits a metric spray and deduce that the (non-)existence of a
(smooth) metric spray does not imply the non-degeneracy of the
geodesic distance.

Remark: Again I am indebted to C. Maor for pointing this
example out to me.

Covariant Derivatives

On a locally convex space E, we can identify vector fields with functions,
whence for two vector fields X,Y € C*(E,E), we can differentiate Y in the
direction of X via X.Y(v) = dY (v,X(v)) (see Appendix D). This yields again
a smooth function from E to E. On a manifold M, the corresponding construc-
tion for vector fields would be TY o X: M — T>M which is obviously not
a vector field. Hence to define a derivative taking two vector fields to vector
fields, an additional structure is needed.

4.23 Definition A covariant derivative V: V(M)XV (M) —» V(M), (X,Y)
— VxY is a bilinear map satisfying the properties
(a) for f € C*(M,R),X,Y € V(M) we have

1. VexY = fVxY,
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2. Vx(fY) = Lx(f)Y+fVxY (where Lx (f) is the Lie derivative (D.3)).
(b) VxY = VyX = [X,Y]forall X,Y € V(M).

We shall show now that every spray induces a covariant derivative. Recall
from Appendix D that for a chart (¢,U) we denote by X, the local represen-
tative of a vector field X € V(M).

4.24 Proposition Given a spray S on M, there exists a unique covariant
derivative V such that in a chart (¢,U), the derivative is given by the local
formula

(VxY)p(x) = X, .Y, (x) = By (x; Xy (%), Y, (x)). (4.9)

We call V the covariant derivative associated to the spray S. Suppressing the
indices, the above formula reads VxY = X.Y — B(X,Y).

Proof Define VxY locally over U via the formula (4.9). In Exercise 4.3.6 we
shall see that this formula has all properties of a covariant derivative for vector
fields on U (and all of the defining properties of a covariant derivative localise
on U!). Obviously we can repeat the construction for every chart in an atlas A.
It suffices now to prove that the family ((VxY),)pea induces a vector field,
that is, in view of Lemma D.7, it suffices to prove that the local representatives
are related by the change of charts. We will check this for 7 := ¢ 0 ¢!, that s,
we prove dt o (VxY), = (VxY)y o 7. Note first that by construction ¥, o 7 =
dt oY, and thus (1.7) yields
d(Yy ot)(x;v) =d(dt(x;Y,)(x;v) = dz‘r(x; Y, (x),v) +dt(x,dY,(x;vV)).
(4.10)

We now apply the change of charts formulae for the spray and associated bi-
linear form from Exercise 4.3.3:

(VxY)y (7(2) = dY¥y (7(2); d7(z; Xy (2))
= By (1(2);dt(z; X (2)),d7(2; Y, (2)))
W 4% 0 7)(2: X, (2)) — d2T(2: Y, (2), X, (2)) — dt(z: By (2: X, (2).Y,(2)))
LY 22(2Y,(2). X, (2) + dT(x.dY, (x: X, (2)))
— d*1(2;Y,(2), X (2)) — d7(z; By (2; X (2), ¥, (2)))
= dt(z;(VxY),(2)),

where we have exploited that the second derivative d’7(z;-) is symmetric by
Schwarz’ theorem, Exercise 1.3.3. O

4.25 Remark For later use, we observe that the covariant derivative depends
only on the values of the field in whose direction we derivate: Let X,Y be
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vector fields and V be a covariant derivative associated to a spray S. Then the
formula (4.9) shows that Vx Y (p) depends only on X (p) but not on the vector
field X in a neighbourhood of p.

As soon as we have a covariant derivative associated to a spray, we can
define an associated curvature tensor. We recall the definition here for later use.

4.26 Definition Let M be a manifold with a covariant derivative V. For vector
fields X,Y,Z € V (M), we define the linear map

R(X,Y): V(M) — V(M) given by the formula
R(X, Y)Z ZZV)(VyZ - VyVXZ - V[X,Y]Z.

Then one can show that R is a trilinear map in the variables X,Y, Z called the
curvature associated to the covariant derivative; see Exercise 4.3.10. If S is a
spray inducing V one also says that R is the curvature of S. Similarly if V is
the metric derivative of a (weak) Riemannian metric g, we say that R is the
curvature of the metric g.

Curvature (associated to the metric spray) is a fundamental invariant of a
Riemannian manifold (Klingenberg, 1995; Lang, 1999; Gallot et al., 2004).
Here we mention only that the curvature of certain infinite-dimensional (weak
and strong) Riemannian manifolds plays a crucial role in important applica-
tions of infinite-dimensional geometry such as Arnold’s result (Arnold, 1966)
on the practical impossibility of long-term weather forecasts. Also there is
an interesting divide between the curvature of strong and weak Riemannian
metrics: If (M,g) is a strong Riemannian manifold, the curvature is always
(locally) bounded (this follows from the fact that it can be represented as a
smooth section into a suitable tensor bundle). However, there are examples of
weak Riemannian manifolds with covariant derivative such that the curvature is
unbounded (with respect to the norm induced by the metric) locally as well as a
multilinear operator on the tangent space at a single point (see Exercise 4.3.11).

4.27 Similar to the construction of a covariant derivative, every spray in-
duces a bundle morphism K : T>M — T M which is locally (on a chart domain
(U, ¢)) given by

K(x,y,v,w) == (x,w — By (x;y,v)). “4.11)

This bundle morphism is a linear connection® called the connector of the spray.
By definition of the connector, the associated covariant derivative is VxV =
KoTY oX.

8 A linear connection for a bundle p: E — M is given by a bundle map k: TE — E over the

bundle projection which is given in bundle trivialisations by bilinear maps as in (4.11). See,
for example, Klingenberg (1995, 1.5).
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4.28 Remark If the manifold admits smooth cutoff functions (e.g. if M is
finite dimensional; see also §A.4) one can show (Lang, 1999, §VIL.2 Theo-
rem 2.4) that every covariant derivative is associated to a smooth spray as in
Proposition 4.24.

4.29 Definition A covariant derivative V on a Riemannian manifold (M, g) is
called metric derivative if for all X,Y,Z € V (M), the following equation holds

XgWY,Z) =g(VxY,Z) + g(Y,Vx Z).

Here X.f = df o X is the derivative of f: M — R in the direction of the
field X.

4.30 Theorem (Lang, 1999, §VIIL.4 Theorem 4.1 and 4.2) Let (M,g) be
a strong Riemannian manifold. Then g admits a metric derivative and there
exists a unique spray S: TM — T*M, the metric spray, whose associated
covariant derivative is the metric derivative.

4.31 Remark To every (strong) Riemannian metric, there is an associated
metric spray and a metric derivative. The metric spray turns out to be the one
we computed in 4.17 (whence it coincides with the metric spray in Defini-
tion 4.21). For a weak Riemannian metric we have no guarantee that a metric
spray exists as Example 4.22 shows, but if a metric spray exists, its associated
covariant derivative is the metric derivative.

We investigate some examples of Riemannian manifolds for which these
objects can be computed explicitly.

4.32 Example (The trivial example) Let (H,(:,-)) be a Hilbert space con-
sidered as a strong Riemannian manifold. Due to Exercise 4.3.5, the covariant
derivative is VxY = X.Y. This implies that the bilinear form B of the associ-
ated spray (aka the Christoffel symbols) needs to vanish, and we see that the
connector and the metric spray associated to the metric are

K:T?H =~ H* > TH = H2, (x,u,v,w) > (x,w),
S:TH = H*> - T*H = H*, (x,u) — (x,u,u,0).

Finally, from the formula for the covariant derivative one sees that the curvature
R identically vanishes on H (one also says that H is flat).

4.33 Example (The submanifold example) Recall from Example 4.7 that the
Hilbert sphere Sy of a Hilbert space (H,(:,-)) is a submanifold of H. This
structure turns Sy into strong Riemannian manifold with respect to the pull-
back metric

gx (VW) =(V,W)for W eT,Sy ={ye H|{(x,y)=0}.
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We shall now describe the covariant derivative of this Riemannian metric.
Define the smooth map pr: Sy X H — H, (p,v) — v — (p,v)p, and note
that for fixed p € Su, pr,, := pr(p,-) is just the orthogonal projector onto the
tangent space T}, Siz. Since the tangent space T, Sy has been identified with the
orthogonal complement of p in H, we may identify vector fields on Sy with
smooth maps X : Sy — H which satisfy (X(p),p) = 0, for all p € Sy. Using
these identifications, we can then define a map

VSV (Su)? = V(S VY (p) = pr, (Y (p.X (). (4.12)

It is a straightforward computation (Exercise 4.3.7) that VSH defines a covari-
ant derivative on Sg. Let us show now that it is the metric derivative of the
pullback metric g. Pick vector fields X,Y,Z € V(Sy). We can now compute
as follows:

X.g(Y,Z2)(p) = XY, Z)(p) = d(Y,Z)(p; X (p))
=(dY (p; X(p)); Z(p)) + Y (p),dZ(p; X(p)))
= g(VIY,2)(p) + g,V Z) (p),

where the last equality follows from the fact that vector fields on Sy take their
image in the orthogonal complement of the base point. Thus V# is the metric
derivative of the pullback metric. The connector and the metric spray are now
simply the restrictions of the ones from Example 4.32. There is also an associ-
ated formula (called the Gauss equations) relating the curvature of the sphere
to the one of the flat ambient space (see Klingenberg, 1995, Example 1.11.6).

The formulae for covariant derivative, spray and connector in Example 4.33
might seem ad hoc and indeed there is not much to see due to the simplic-
ity of the data of the ambient space. However, the whole procedure turns out
to be a special case of a formula which relates the covariant derivative of an
isometrically immersed submanifold to the covariant derivative of the ambi-
ent manifold (see Klingenberg, 1995, Theorem 1.10.3). For the general notion,
one needs to define the covariant derivative of vector fields along smooth maps.
For now, we shall define this concept only for the special case of a covariant
derivative for vector fields along curves (but see Definition 5.4).

4.34 For a C'-curve c: [a,b] — M, we say a C' curve «: [a,b] — TM
lifts ¢ if mpy o @ = c. Denote by Lift(c) the set of all lifts of c¢. Note that
the pointwise operations turn Lift(c) into a vector space on which the smooth
functions C® ([a, b],R) act by pointwise multiplication.

If X is a (smooth) vector field on M, then for every C Lcurve c: [a,b] = M,
the curve X oc is a lift of c. Note, however, that not every lift of a curve needs to
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4.3 Geodesics, Sprays and Covariant Derivatives 99

arise as the composition of a vector field and a curve (e.g. if the curve intersects
itself, there can be lifts taking different values for the different time parameters
associated to the intersection).

4.35 Consider a C'-curve c: [a,b] — M and a chart (U, ) of M. We define
a local representative cy = ¢ o ¢|.-1(y of ¢ in the chart ¢. For curves with
iy o @ = ¢ of M, we also define the principal part with respect to the chart
(U, ). Namely, we set To o a|y-1(7y) = (¢ © Clo-1 7y @u) = (cu(t),ay (1))
for some C'-map ay;.

Furthermore, define for ¢ a curve ¢: [a,b] — T M with the property 77y ©
¢ = c as follows: In any chart (U,¢) the principal part of ¢ is (¢)y(¢) =
(poc) (t) = (cy)'(t). Obviously the definition does not depend on the choice
of charts and we note that if ¢ is a C2-curve, then ¢ € Lift(c). We will later use
the same notation for mappings from the circle S' with values in a manifold.
Note that (up to a harmless identification) the new definition will coincide with
the one here; see §5.1.

4.36 Proposition (Lang, 1999, §VIIL.3 Theorem 3.1) Let S be a spray on
M with associate bilinear form B and ¢ € C%([a,b],M). Then there exists a
unique linear map

Ve Lift(c) = {y € C([a,b].TM) | iy oy = ¢}
which in a chart (U, ) is given by the formula
(Vea)y (1) = ay; (1) = By (cu (1) ey (1), au (1)). (4.13)

Furthermore, V¢ acts as a derivation on multiplication with C'-functions ¢,
that is,

Velpa) = ' O)Vea(t) + o)V ().
Proof The proof is similar to Proposition 4.24 and left as Exercise 4.3.9. 0O

4.37 For a C?-curve c, alift y is c-parallel if Ve = 0. In a chart (U, @) this
is equivalent to ay, () = By (cy(t); cj,(t),ay (?)). Thanks to Definition 4.19,
c is a geodesic for the spray § if and only if ¢ is c-parallel, that is, if and only
if it satisfies the geodesic equation

Vee =0.

4.38 Example From Exercise 4.2.5 we see that a lift a: [a,b] —» H X H of a
curve ¢ in a Hilbert space H is c-parallel if and only if its principal part pr, o @
is constant, that is, the lift corresponds to a curve which is parallel to ¢ in the
usual sense of the word.
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From the informal discussion at the end of the last section, we know that
a geodesic for a Riemannian manifold should (at least locally) be the shortest
path between points which are not far apart. From the presentation in this sec-
tion this is not apparent. A full proof requires more techniques,” whence we
just state the following.

4.39 Theorem (Klingenberg, 1995, Theorem 1.9.3) Let (M,g) be a strong
Riemannian manifold, p € M. Then there is an open p-neighbourhood U, and
a constant 1 > 0 such that every geodesic starting in Uy, of length < n is a
curve of minimal length between its endpoints.

Thus a geodesic is always at least locally a curve of minimal length among
all curves connecting two (close enough) points on the geodesic.

Exercises

4.3.5  Show that for a Hilbert space (H,(:,-)) considered as a strong Rie-
mannian manifold, the metric derivative is given by the usual deriva-
tive, thatis, VxY = X.Y = dY o (id, X). Deduce that geodesics in this
case are of the form at + b, a,b € H (see Exercise 4.2.5).

Hint: The metric derivative is unique. If it is X.Y, then the bilinear
map B of the associated metric spray needs to vanish.

43.6  Let (U, ) be a chart for the manifold M. Show that the local formula
(4.9) induces a covariant derivative on V (U).

Hint: Review Appendix D to prove the statement on the Lie bracket.

4.3.77  Show that (4.12) defines a covariant derivative on Sy .

4.3.8  Consider a Hilbert space (H,(:,-)) in the canonical way as a strong
Riemannian manifold. Show that for a curve ¢ € C2%([a,b],H) the
covariant derivative V; f = f g for all f = (¢, fg) € Lift(c). Deduce
that geodesics in (H,(:,-)) are lines in H.

4.3.9  Use Exercise 4.3.3 to work out a proof for Proposition 4.36.

4.3.10 Let M be a manifold with spray S and associated covariant derivative
V. Work locally in a chart (U, ¢) of M, where we write X,,Y,,, Z, for
the local representatives of vector fields and By for the bilinear form
associated to the spray.

(a) Establish the following local formula for the curvature:
(R(X7Y)Z)<p = BU(BU (YI;HZ(/J)’X(,D)) - BU(BU(X(/J’ZLP)7Y¢))
+ dlBU(X¢,Z¢; Yw) —diBy (Yt.p»qu; X¢)-

Y In Proposition 7.2 we shall see that a curve is geodesic if and only if it extremises energy. As
energy bounds length, a geodesics extremises the length (i.e. it is locally of minimal length).
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4.3 Geodesics, Sprays and Covariant Derivatives 101

Hint: Recall that By takes three arguments By (x; X, (x), Y, (x))
and use Proposition 4.24.

(b) Deduce that R: V(M)> — V(M) is a trilinear map which sat-
isfies

R(X,Y)Z + R(Y,Z)X + R(Z,X)Y = 0 (Bianchi identity).

4.3.11 Consider again the subspace S C ¢> with the weak Riemannian met-
ric from Exercise 4.3.4. Derive an explicit formula for the curvature
R(X,Y)Z and show that the curvature at the point s = 0 is unbounded.
Hint: Bverything is local. Since S C ¢? is a subspace of a Hilbert
space, S admits smooth bump functions. Thus every vector can be
continued to a smooth vector field and we write the curvature now for
vectors (understanding that they can be continued to vector fields).
Let ¢; be the vector in £ whose only non-zero entry is 1 in the ith
place. Setu; = . —=e¢; and work out a formula for go (R (u;, u; )u;|s=0,u;)
by exploiting that the e; are orthonormal with respect to go. What hap-
pens for i, j — oo?

Weak Riemannian Metrics with and without Metric Derivative

For a weak Riemannian metric one cannot expect, in general, that there exists
a metric derivative associated to the metric. An example of a weak Riemannian
metric without an associated covariant derivative can be found in Bauer et al.
(2014, p. 12): For a Sobolev-type right invariant metric on a certain subgroup
of the diffeomorphism group Diff (R), the geodesic equation and the covariant
derivative do not exist on the subgroup. '

4.40 Remark To remedy the problem that the categorisation of weak and
strong Riemannian metrics is not sharp enough to capture the existence of
covariant derivatives and related important structures for weak Riemannian
metrics (see Chapter 5 for an example of a weak Riemannian metric which
admits a covariant derivative, connector and metric spray), several authors have
proposed a finer classification of infinite-dimensional Riemannian metrics.

We mention here the following concepts and refer interested readers to the
original sources for more information.

e Micheli et al. (2013) define a robust Riemannian metric as a weak Rieman-
nian metric g on M such that

10" We will not discuss any details here as this would require at least a discussion of manifold
structures on function spaces with non-compact domain. It is worth remarking, though, that
the geodesic equation of this metric is related to the non-periodic Hunter—Saxton equation; see
Bauer et al. (2014, p. 12 Theorem).
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102 Lifting Geometry to Mapping Spaces I1: (Weak) Riemannian Metrics

(a) the associated metric derivative exists, and

(b) the Hilbert space completions T M #* form a smooth vector bundle
Uxemr TxM % whose trivialisations extend the trivialisations of the bun-
dleTM.

In particular, this setting is strong enough to enable certain calculations of
curvature for the weak Riemannian manifold.

e Stacey (2008) strengthens the notion of a weak Riemannian structure via an
additional structure: As observed in 4.4, one of the main differences between
the strong and the weak setting is the failure of the mapping b: TM — T*M
to be an isomorphism. While this cannot be directly remedied, requiring
a so-called co-orthogonal structure allows one to obtain a map replacing
the inverse f#f (which does not exist) of b by a mapping with dense image.
Exploiting the additional structure it is possible to define a Dirac operator
on loop spaces.

We refer to §5.1 for computations of metric derivatives for the (weak) L*-
and H'-metrics.

4.4 Geodesic Completeness and the Hopf-Rinow Theorem

In this section, we investigate geodesic completeness of infinite-dimensional
Riemannian manifolds and the Hopf—-Rinow theorem. We will see that this
theorem fails in infinite-dimensional geometry as it is built on top of (local)
compactness of the underlying manifold. Let us first recall some definitions.

4.41 Definition Let (M,g) be a (weak) Riemannian manifold. Then M

(a) is metrically complete, if the geodesic distance turns M into a complete
metric space (i.e. Cauchy sequences with respect to the geodesic distance
converge);

(b) is geodesically complete if every geodesic can be continued for all time;

(¢) has minimising geodesics if for every two points in the same connected
component of M, there exists as length minimising geodesic ¢ connecting
the points (i.e. for a, b there is a geodesic ¢ with Len(c) = dist(a, b)).

In finite dimensions the Hopf—Rinow theorem holds (see Klingenberg, 1995,
Theorem 2.1.3).

4.42 Theorem (Hopf-Rinow) Let (M,g) be a finite-dimensional Rieman-
nian manifold. Then M is metrically complete if and only if it is geodesically
complete. Moreover, if M is metrically complete, it has minimising geodesics.
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4.4 Geodesic Completeness and the Hopf-Rinow Theorem 103

In infinite-dimensional settings Theorem 4.42 does not hold. What remains
true, however, is that metrical completeness of a strong Riemannian manifold
implies geodesic completeness.

Metrically complete implies geodesically complete Letcx: J — M be ageo-
desic with ¢(0) = X € T, M. We argue by contradiction and assume that
supJ =1* < co. We can reparametrise cx such that Len(cx|[»,s1) = |r — s| for
all r,s € J. Pick a Cauchy sequence (t,),en With ¢, 1+, As

Len(cx (tn).cx(tm)) < |ty —tml,

we see that the points (c(t,,)),en form a Cauchy sequence with respect to the
geodesic distance, whence they converge towards some limit ¢ € M. Pick now
& > 0 so small that Bgi“(q) is the domain of Riemannian normal coordinates
(Lang, 1999, §VIIL.6. Theorem 6.4). For t* — ¢y < /2 there is a geodesic y
with y(0) = ¢(#p). Note that by uniqueness of geodesics y () = c(¢ +tp). Since
v is contained in the normal coordinates around ¢, the domain of definition of
v contains at least [-&£/2,&/2], whence ¢ can be extended beyond #*. O

In infinite dimensions the following example shows that metric and geodesic
completeness do not imply existence of minimising geodesics. This is mainly
a consequence of the lack of local compactness as the generalised version of
the Hopf—Rinow theorem (in the context of metric spaces) shows see Bridson
and Haefliger (1999, Proposition 3.7).

4.43 Example (Grossman’s ellipsoid (McAlpin, 1965)) Let H = £? be the
Hilbert space of square summable sequences with the orthonormal basis
(en)nen (where e, is the sequence with a 1 in the nth place and Os every-
where else). Recall that the inner product on 2 1s {(x)n, nn) = 20 XnYn-
We define a; = 1 and a,, = 1 + 27" for n > 2 and consider the ellipsoid

2
Zz—;’:l}.

neN 1

E:= {(xn»,EN el?

Defining the smooth diffeomorphism F: H — H, (Xxy)nen — (@nXp)nen,
we see that the ellipsoid is the image of the Hilbert sphere £ = F(Sy). As
the Hilbert sphere is a submanifold of H by Example 1.34, so is the ellip-
soid by Exercise 4.4.2. We endow the ellipsoid with the strong Riemannian
metric induced by the embedding £ C H whence it becomes a strong Rie-
mannian manifold. Note also that Sy is a Riemannian manifold with respect
to the induced metric. Thanks to Klingenberg (1995, 1.10.13(iii)) geodesics in
this Riemannian manifold are given by great circles and this shows that Sy
is complete (we shall study such a great circle in the next step). Note that by
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104 Lifting Geometry to Mapping Spaces I1: (Weak) Riemannian Metrics

definition of F' we have F'(re;) = re; for all » € R. Moreover, if y is a path in
Sy connecting e to —e, then F o7y is a path connecting e; and —e; in E. As F'
is a diffeomorphism every path connecting e; and —e, in E arises in this way.
Now, thanks to Exercise 4.4.2(d), we can apply Theorem 6.9 of Lang (1999,
§VIIL.6) which also implies that E is complete (and geodesically complete).

We shall now prove that distg (e;,—e;) = 7, but there exists no path realising
the minimal distance. Moreover, we shall prove in Exercise 4.4.2 that the half
circle y(t) = cos(nt)e; + sin(xt)ep,t € [0,1] is a geodesic connecting e; and
—e;, whence dist(e;,—e;) in Sy is m. Consider now an arbitrary y: [0,1] —
H,y(t) = (yn(t))nen in Sy connecting e; and —e;. For the length of the paths
in Sy and E we obtain as a special case of Exercise 4.4.3 the following:

1 1
7 < Len(y) fo ;Ny (iydi < | %a*y(r) en(F(y))

(4.14)

By definition of F, we have equality Len(y) = Len(Fy) if and only if y,, () =
0for n > 2. However, the only curve starting in e satisfying this is the constant
curve. Hence we have for all curves joining e; and —e; the strict inequality
Len(F o y) > n. Considering now the half ellipse y, (f) = F(cos(nt)e; +
sin(rnt)e,),t € [0, 1] joining e; and —e; in the (e, e, )-plane, then

1
Len(y,) = f ﬂ\/Sinz(m) + (1 +2)2cos?(nt)dt < V1+2"x > 1
0
= distg (e, —ey).

This illustrates the failure of the Hopf—-Rinow theorem in infinite dimen-
sions. Note that explicit counterexamples are known for the other relations
(between completeness, geodesic completeness and existence of minimising
geodesics) established in the Hopf-Rinow theorem. See Atkin (1975, 1997)
for more information.

4.44 Remark It should be mentioned that parts of the Hopf—-Rinow theo-
rem can also be salvaged in the infinite-dimensional setting. However, then
certain assumptions on the curvature of the Riemannian manifold are needed.
For a manifold with seminegative curvature, geodesic completeness implies
completeness; see for example, Lang (1999, §IX.3).

Exercises

4.4.1 Let ¢ be a geodesic in a Riemannian manifold (M, g) with covariant
derivative V.
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(a) Show that if ¢p: R — R, t +— at + b, for a,b € R, then the
reparametrisation c o ¢ is also a geodesic.

(b) Let Len(clia,)) = Lla — b|. Show that there is a reparametri-
sation ¢ such that Len(c o ¥|j¢,4]) = |c — d| for all ¢,d in the
domain of the reparametrised geodesic.

4.4.2  Check various details for Example 4.43.

(a) Show that the mapping F: H — H, F(} xpe,) = >, apXye, is
a smooth map with smooth inverse.

Hint: Observe that F is linear and use the idea that limits and se-
ries can be exchanged if the series is dominated by a convergent
majorant.

(b) LetS C M be a split submanifold and F': M — N a diffeomor-
phism. Show that F(S) is a split submanifold of N.

Hint: See Lemma 1.61.

(c) The covariant derivative on Sy as a submanifold of H with
the induced metric is given as V = pr o VH  where VH is the
covariant derivative on H and pr the projector onto the tan-
gent space of Sy (see Example 4.33). Prove that the half-circle
y(t) = cos(mt)e; + sin(mt)e; is a geodesic in Sy

(d) Show that for all x,v € H we have ||[T F(V)|| > ||[v]|.

443  Generalise (4.14) in the following way: If f: (M,g) — (N,h) is a
map between Riemannian manifolds such that there exists a constant
C > 0 with

\/ hfonTfW),Tf(v)) = C\/g,r(v)(v,v) forallv e TM,

show that for a piecewise C!-path y: [a,b] — M we have Len(f o
v) > CLen(y).
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5

Weak Riemannian Metrics with Applications
in Shape Analysis

In this chapter, we study in detail the (weak) L?-metric on spaces of smooth
mappings. Its importance stems from the fact that this metric and its siblings,
the Sobolev H®-metrics, are prevalent in shape analysis. It will be essential for
us that geodesics with respect to the L?-metric can be explicitly computed. Be-
fore we look into the specifics, let us clarify what we mean here by shape and
shape analysis. Shape analysis seeks to classify, compare and analyse shapes.
As a mathematical discipline, shape analysis goes back to the classical works
by D’Arcy Thompson (1942) (originally published in 1917). In recent years
there has been an explosion of applications in shape analysis to diverse areas
such as computer vision (Celledoni et al., 2016), medical imaging, registration
of radar images and many more (see Bauer et al., 2014, for an exposition).
There are different mathematical settings as to what is meant by a shape and
what kind of data describes it. Popular choices are, for example,

e points;
e curves (or surfaces) in Euclidean space of manifolds;

level sets of functions; and

e images.

Another typical feature in (geometric) shape analysis is that one wants to
remove superfluous information from the data. For example, in the comparison
of shapes, rotations, translations, scalings and reflections are typically disre-
garded as being inessential differences. Conveniently, these inessential differ-
ences can mostly be described by actions of suitable Lie groups (such as the
rotation and the diffeomorphism groups). This hints at the general process of
constructing an (infinite-dimensional) manifold of shapes: One starts out with
an (infinite-dimensional) manifold of data (e.g. smooth curves) called the pre-
shape space. Then the undesirable information is removed by quotienting out

106
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5.1 The L*-metric and Its Cousins 107

suitable group actions (e.g. if reparametrisation invariance of the shapes is
desired, quotient out a suitable diffeomorphism group). The resulting quotient
is then called shape space and one seeks to construct suitable tools (such as
a Riemannian metric) to compare, classify and analyse the objects in shape
space.

In the present chapter we will restrict our attention to shapes which arise as
images of smooth curves which take their values in R2. The pre-shape space
will thus be the infinite-dimensional manifold of smooth immersions (from the
circle) with values in the two-dimensional space. As the objective is to com-
pare images of these curves, we need to remove the specific parametrisation
of the immersion. Hence we pass to shape space by quotienting out an action
of the diffeomorphism group on the immersions (modelling the reparametri-
sation). Our aim is then to construct a suitable Riemannian metric on shape
space which will allow us to compare shapes using the geodesic distance in-
duced by it.

5.1 The L?-metric and Its Cousins

Having now discussed ideas to remedy the problems in the (in general) ill-
behaved weak Riemannian setting, we now consider several weak Riemannian
metrics which admit metric derivatives, spray and so on. The metrics which
we will consider are on one hand the L2-metric. We will see that the L?-metric
admits a spray, a connector and a covariant derivative albeit being only a weak
Riemannian metric. This metric will play a decisive role in the investigation of
shape analysis in this chapter. The construction for the L?-metric follows the
argument first presented in Bruveris (2018). Finally, we will briefly describe a
Sobolev-type metric whose covariant derivative can explicitly be given and is
of independent interest. Before we begin, let us set some conventions concern-
ing the integration of functions on manifolds.

On Integration of Functions on S' The unit circle S! can be parametrised
(up to the double endpoint) by 8: [0,27] — S!, t = (cos(z),sin(z)). We now
abuse notation and denote by 6 both the parameter and the parametrisation.
If you have not seen integration theory on submanifolds of R? (e.g. Lang,
1999, XVI), this implies that for a continuous f: S! — R¥, the integral on S'
satisfies

2
f f(6)do = f(cos(t),sin(z))dt,
St 0

whence it can be computed as a usual one-dimensional integral. Further, for
differentiable maps ¢: S! — R we write ¢’(6) := Tyc(1), where 1 € TpS' = R
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108  Weak Riemannian Metrics with Applications in Shape Analysis

(the notation was previously reserved for curves and we justify it as Ty,yc(1) is
(up to the linear isomorphism 7;6) given by the curve differential
(co6)).

5.1 Remark None of the techniques employed in this chapter depend on the
compact manifold S', but we can thus skip a discussion of integration against a
volume form on a compact manifold. However, we remark that all of the results
in this section carry over if we replace S' by an arbitrary compact manifold (we
invite the reader to check this for themselves).

As in Example 4.3 consider the space C*(S!, M) for a strong Riemannian
manifold (M, g) with the L?-metric

st (f.e) = fs (8o (f(0).g@)d6, g eT.COE M), (5.)

We shall show that this weak Riemannian metric admits a metric spray and a
metric derivative. It will turn out that all the relevant objects can be lifted from
the target manifold to the manifold of mappings.

5.2 Let (M,g) be a strong Riemannian manifold with metric spray S, con-
nector K and metric derivative V. Since (M, g) is a strong Riemannian mani-
fold, it admits a local addition (Michor, 1980, Lemma 10.2), whence the man-
ifold structure on C""(SI,M) is canonical and, in addition, TCw(Sl,M ) =
C®(S", TM) and T>?C®(S", M) = C*(S',T>M) (see Appendix C). Then the
pushforward of the spray and the connector

K.: C®SLT*M) —» c*(SY,TM), g— Kogq,
S,: C¥(S', TM) - C=®(S", T*M), v Sov

are smooth mappings by Corollary 2.19. Moreover, the identification of the
tangent bundles immediately shows that S, is a spray on C*(S', M) and that
K. is a connector.

5.3 Proposition [n the situation of 5.2, the connector associated to S, is K.

Proof By definition, the connector of S, is uniquely determined by the asso-
ciated map Bg, . If we can show that Bg, coincides with the pushforward B, of
the map B associated to S, then the definition of the connectors yields that the
connector of S, is K. To compute Bs, we need to compute d%(S*)o,z((x, 0);-),
where (S,)0,2 is a local reprensentative of S, (see 4.17). Since the bundle triv-
ialisations are complicated for manifolds of mappings, we apply instead the
exponential law to see that we can just take partial derivatives of

(S)N: C= (S TM) xS" > T*M,  (h,0) > S(h(0)).
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5.1 The L*-metric and Its Cousins 109

Observe that we only need to take partial derivatives with respect to the first
component; thus S' is simply a parameter set and the formula holds since it
can be checked pointwise (see Exercise 5.1.1). O

We use the connector K of the covariant derivative on (M,g) to define a
covariant derivative for vector fields along smooth maps.

5.4 Definition Let N be a smooth manifold and F: N — M be a smooth
map to a Riemannian manifold (M,g). A mapping s € C7(N,TM) = {s €
C*(N,TM) | mpy 0o s = F}is called a vector field along F. Assume that (M, g)
admits a metric spray with associated connector K. For X € V(N), we define

Vis=KoTsoX: N —TM. (5.2)

Note that the construction in Definition 5.4 is a generalised version of Propo-
sition 4.36. If V is the metric derivative of a Riemannian manifold which
admits a metric spray then the covariant derivative along F: N — M also
satisfies a version of 4.29 (see e.g. Klingenberg, 1995, Proposition 1.8.14):

X.g(Y,Z) =g(VxY.Z) + g(Y,Vx 2),
Y, Z vector field along F, X € V(N). (5.3)

We will exploit the exponential law for the canonical manifold C*(S', M).
To s € C®(N,C®(S!,TM)) we associated the map s € C®(N X st M).

5.5 Remark We face a problem as in Example 3.25: The exponential law
suggests working with vector fields on N x S!, while the covariant derivative
in (5.2) is only defined for vector fields on N. Luckily, vector fields on product
manifolds are products of vector fields on the parts. Hence we extend X €
V(N) to a vector field on N x S! by the zero vector field on S! via X x 01 €
V(N x S'). This allows us to obtain vector fields on the correct manifold on
which we can now extend the covariant derivative of N.

5.6 (A covariant derivative on C*(S',M)) Choosing N = C*(S!,M) we
define via (5.2) a map V%, she C®(C®(S', M) x S, TM) and set

Vxs = (V5 s € Co(C™(S" M),C¥ (S, TM)). (5.4)
sl

Observe that the identification TC®(S!, M) = C®(S!,T M) allows us to iden-

tify s € V(C®(S',M)) € C®(C™(S',M),C™(S!,TM)). Computing with the

help of Exercises 5.1.2 and 2.2.2,

Tessimy © Vxs = (”M)*(Vionl sM)Y = (mp o (Vixoml s")Y
=(mpoKoT(s") o (X X0s1)) = (myoKo(TsoX)")
= (7TM o K)*(TS o X) = idC‘X’(S],M) .
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110 Weak Riemannian Metrics with Applications in Shape Analysis
Hence (5.4) induces a bilinear map V: V(C®(S!, M))> — V(C®(S', M)).

The construction 5.6 certainly looks quite messy; however, we remark that
it is indeed a very natural covariant derivative we obtain in this way. Namely,
for any smooth curve c: [a,b] — C®(S', M) and smooth lift @ € Lift(c) we
apply the exponential law to obtain smooth maps ¢": [a,b] x S! — M and
@ [a,b] x S' = TM. Now the covariant derivative V from 5.6 is related to
the covariant derivative V& on M by the following formula:

Vea()(x) =V a(,x)  forallx e S'. (5.5)

g
cN(,x)
We relegate the verification of (5.5) to Exercise 5.1.2. However, the point is

that, despite the technical difficulties in defining the covariant derivative, it can
be viewed just as a lifting of the covariant derivative of the target manifold M.

5.7 Proposition For the map V: V(C®(S',M))?> — V(C®(S',M)) and
X,Y € V(C®(S', M), the formula

VxY =K.oTY o X (5.6)

holds. Since K, is a linear connector, V is a covariant derivative (with associ-
ated connector K.: C®(S", T*M) — C®(S\,TM)). In particular, (5.4) is the
covariant derivative associated to the spray S..

Proof By Proposition 5.3 the connector K., is the associated connector to the
spray S.. Hence it suffices thus to prove (5.6). We have essentially done this
already as the exponential law and Exercise 5.1.2 yield

(Vxs)? =V§(X0 ]s/\ =KoTs" 0 (X X051) =Ko (TsoX)"

=(K,oTsoX)". O

5.8 Proposition Letr (H,(:,-)) be a Hilbert space with a strong Riemannian
metric g (not necessarily g = (-,-)). For the L*>-metric (5.1) on C*(S', H), the
metric derivative is the covariant derivative V from 5.6.

Proof Recallthat TH@®TH = H X H x H and we can consider g as a smooth
map of three variables. Let’s agree that the first component represents the base
point in the bundle. Since S is the spray of the metric g, the associated bilinear
form B satisfies for all X,Y,Z € H the relation

—2g(p,(B(p; X,Y),2) =di1g(p,Y, Z; X) +d1g(p, Z,X;Y) —d1g(p, X, Y; Z);
(5.7)

see Lang (1999, § VIII.4 Theorem 4.2) or Klingenberg (1995, Theorem 1.8.11).
Hence if we can compute that an identity such as (5.7) holds for the bilinear
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5.1 The L*-metric and Its Cousins 111

form associated to S, (which is given as pushforward with B) with respect to
ng, this implies that ng admits an associated bilinear form (aka Christoffel
symbols). Thus if we know the Christoffel symbols, we can compute the con-
nector giving the metric derivative. In this case, 5.6 shows that the connector is
K., whence S. is the metric spray and V the metric derivative of the L?-metric
(see also Theorem 4.30).

Let us now establish the desired analogue of (5.7) for the L?-metric. The
integral operator fS] : C*(S!,R) — R is continuous linear. Up to the identifi-

cation C.13, the derivative of ng = ﬁs‘ og. in a direction is thus given by the
pointwise derivative, that is,

dig¥ (c.h.k; &) = fs1 d18(c(6),h(0),k(6):;£(0))do.

We apply this observation to the right-hand side of (5.7) and recall from Propo-
sition 5.3 that the associated bilinear form Bg, of S. is given by the pushfor-
ward of the associated bilinear form B of S. Together this yields

dig" (.Y, Z:X) +dig" (c.Z.X:Y) —di g% (¢, X.Y: Z)

=f di1g(c.Y,Z;X) +d1g(c,Z,X;Y) —di1g(c,X,Y; Z)do
Sl

=f ~2g(c(6), B(c(0); X(0),(6), Z(6))d0=-2¢" (¢, Bs, (c; X,¥),Z). O
st

5.9 Remark (a) Using the point evaluations of TC*(S', M) = C®(S!,TM),
it is possible to directly describe the metric derivative of the L?-metric by
looking at it pointwise evaluated. While this allows one to avoid the con-
struction in 5.6, one is then left with lots of localisation arguments to es-
tablish Proposition 5.8. We refer to Maeda et al. (2015, Lemma 2.1) for
more information.

(b) All of the above computations for spray, connector and covariant derivative
did not exploit that the source manifold was S'. Thus via the same proof
one can obtain a spray, connector and covariant derivative for the L2-metric
on C* (K, M) for any compact manifold K.

(c) Since (5.7) can be formulated in any local chart, a more involved ar-
gument works for any strong Riemannian manifold M. However, using
the Nash embedding theorem, Proposition 5.8 generalises directly to all
finite-dimensional Riemannian manifolds as Bruveris (2018, Theorem 4.1)
shows.

We have identified the covariant derivative of the L2-metric, and thus we can
describe geodesics of the L?-metric: A geodesic between f,g € C°(S!,H) is
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112 Weak Riemannian Metrics with Applications in Shape Analysis

a path of curves which is pointwise for every 6 € S! a geodesic in H between
f(6) and g(8). Let us explicitly compute this in the case where the inner prod-
uct of the Hilbert space gives us the Riemannian metric.

5.10 Example Consider (H,(-,-)) as a strong Riemannian manifold. Recall
that the metric spray and the covariant derivative were computed for this met-
ric in Example 4.32: With the identification TKH = H zk,k € N we obtain
S(x,v) = (x,v,v,0) and VxY = X.Y for suitable paths and their lifts Va1 = h.
Now endow C*(S!,H) with the L>-metric and pick p € C®(S!,H). We
now compute the geodesics c: J — C®(S!, H) starting at p with derivative
¢ = X. Now identify the first and second derivatives as ¢(z) = (c(t),c’(t)) €
C®(S',HxH) and é(t) = (c(t),c’(1),c’(t),c” (t)). The exponential law allows
us to compute the geodesic equation with respect to the spray as

0
(c(®),c' (D)., ()" = (€)= (Su(e(®), ' ON" =S (CA(I,-),ECA(I,')) :

Evaluating in § € S' one immediately sees that ¢”’(z) = 0, for all #. Hence,
from the usual rules of calculus we deduce that c(¢)(0) = tX(6) + p(6). A
geodesic between f,g: S! — H does thus always exist and is described by
amap y: [0,1] x S' — H such that for every 8 € S! we have y(t,0) =
(1 =8)f(@) +tg(0). In other words, geodesics in this example are given by
pointwise linear interpolation between the two functions.

We shall further investigate the geodesic equation of a generalised version
of the L2-metric on the open submanifold Diff (M) € C*(M, M) in Chapter 7.
We can also use our knowledge of the L’-metric to derive other
interesting examples of metric derivatives for certain weak Riemannian met-
rics. Note, however, that the following example requires a more in-depth knowl-
edge of Riemannian geometry (e.g. the Hodge Laplacian, Definition E.16 and
curvature Definition 4.26).

5.11 Example (Maeda et al., 2015) Let (M, g) be a finite-dimensional Rie-
mannian manifold with metric derivative V8. We recall that every (finite-
dimensional) Riemannian manifold has a (Hodge)Laplacian A = dd* + d*d
associated to the metric (see Lang, 1999, p. 423) and a curvature tensor R (see
Definition 4.26).

Now consider the loop space LM := C*(S',M). By Remark 5.9(c) we
know that the L2-metric admits a metric derivative V. We will now use the no-
tation of lifts and covariant derivative along curves on [0,27] in the context of
curves on S' (implicitely identifying elements in LM with curves on [0,27] by
composing with (sin,cos): [0,27] — S1). Hence for a smooth curve yeLM
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5.1 The L*-metric and Its Cousins 113

we have T, C*® (S, M) = Lift(y) n C®(S!,TM). We can then endow every
tangent space of C*(S!, M) with the H'-inner product:

| 1 2
gf (X.Y) = o j(; &y (1 +A)X(6),Y(6))do. (5.8)

Rewriting the codifferential in the above formula and exploiting duality with
respect to the metric g, one can show that the inner product (5.8) describes the
sum of the L?-inner products of the lift of y and its first derivative. We can thus
leverage Exercise 4.1.4(a), where we have seen that the L>-metric is a (weak)
Riemannian metric. Differentiation is continuous linear (on the tangent space
of C°°(S‘,M )), whence the H I_metric is a weak Riemannian metric. Now a
(non-trivial!) computation shows that the metric derivative of the H I_metric is
intimately connected to the curvature tensor, the metric derivative of g and the
metric derivative of the L2-metric. Namely, Maeda et al. (2015, Theorem 2.2)
provide for X,Y € TyC""(Sl,M ) the following formula for the metric deriva-
tive VE'Y (y):

1 , . ,
VxY + 5(1 +A)7! (—Vi (R(X,6)Y) = R(X,6)VEY — VE(R(Y,¢)X
—R(V.E)VEX + R(X,VEY)é — R(VEX.Y)é),

where Vf (R(X,¢)Y) denotes the lift of ¥ whose value at 6 € S is given by the
formula —Vf(e) (R(X(0),¢(0))Y(08)). While the above formula looks daunting
and we do not attempt to unravel its meaning here, we would like to men-
tion that it can be used to connect the Riemannian geometry of the H'-metric
to pseudodifferential operators acting on a trivial bundle over the circle. This
link then yields information on Chern—Simons classes on the tangent bundle of
the loop space. We refer the interested reader to Maeda et al. (2015) for more
information.

Exercises

51.1 LetS:TM — T?>M be a spray on M with K: T>M — T M its asso-

ciated connector.

(a) Prove that S, is a spray on C*(S', M).
Hint: Use that TC®(S!,M) = C*(S',TM) identifies T (p.)
with (Tp). for smooth maps. For the quadratic condition review
the effect of the diffeomorphism on the fibres.

(b) Check that K, is a connector.

(c) Show that the second derivative of the vertical part of S, is the
pushforward of the second derivative of the vertical part of S
(see Proposition 5.3).
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114 Weak Riemannian Metrics with Applications in Shape Analysis

5.12  Prove for s € C®°(N,C®(S!,M)) and X € V(N) the identity
TsoX = (Ts" o (X X0g))".

Furthermore, establish formula (5.5): Vea(-)(x) = VfA(.,x)aA(gx),
for all x € S

5.1.3  Continue Example 5.10 and compute for C*(S',H) with the L>-
metric an explicit form of the geodesic equation Vis¢ = 0. Deduce
again that a geodesic ¢: J — C*¥(S!,H) is given for each € S' by
the affine linear map c(7)(6) = tc¢’(0)(8) + c(0)(0).

5.14  Let (M,g) be a Riemannian manifold with a metric spray and metric
derivative V. Work in a local chart to establish the identity X.g(Y, Z) =
g(VxY,Z) + g(Y,Vx Z), (5.3), for the covariant derivative along a
smoothmap F: N — M.

5.2 Shape Analysis via the Square Root Velocity Transform

We return to the announced application of the L?-metric to shape analysis. As
we have seen in the introduction, we seek to construct a shape space together
with a Riemannian structure which will allow us to compare its elements using
geodesics and geodesic distance. We begin by defining the necessary spaces
and metrics.

5.12 Define the pre-shape space of closed curves
P = Imm(S',R?) = {c € C*(S",R?) | ¢(¢) £ 0, forall 7 € [0,1]}.

In Exercise 2.1.3 and Example 4.6 we have seen that # is an open subset of
C*=(S',R?) which becomes a weak Riemannian manifold with respect to the
Riemannian metric

8 (f.8) = fsl(f(H),g(G))llé(H)lldH.

We are actually interested in the images of elements in # and want to identify
all curves which yield the same image up to a reparametrisation. To model the
reparametrisation, consider the group

Diff(S") = {peC™ (sh,sh | ¢ is bijective with smooth inverse}
of diffeomorphisms of S'. The group acts on P via reparametrisation, that is,
y: DIf(SHxP - P, (g,c)cog

is a Lie group action; see Example 3.5. We can thus define the shape space
S = P/Diff(S') as the quotient of P with respect to the Lie group action.
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5.2 Shape Analysis via the Square Root Velocity Transform 115

One can show that S is almost a manifold' and since the Riemannian metric
is invariant under the reparametrisation action, the Riemannian metric induces
a Riemannian metric on S. Unfortunately, Michor and Mumford (2006, 3.10)
have shown that g has vanishing geodesic distance (see also Example 4.14),
whence any attempt to compare shapes by computing their geodesic distance
has to fail.

The defect of the weak Riemannian metric can be solved by incorporating
derivatives in the definition of the Riemannian metric. This leads to the notion
of a family of metric called H'-metrics (the name indicates that the associated
strong Riemannian manifold consists of Sobolev H!-functions).

5.13 (An elastic inner product, Mio et al., 2007) Let ¢ € Imm(S',R?) with
¢ = (c,c’). Then we define u.(6) = ¢’(8)/]|¢(8)|| and the arc length deriva-
tive D.g(h) = h'/||¢|l. We define an inner product on 7, Imm(S',R?) =
C*(S",R?):

1
Go(hk) = f 1 Deohu) Dok
S

+ <Dc,(-1h - uc<Dc,6)hauc>7Dc,0k - uc<Dc,6k,uc>>”é”d0~
(5.9
This inner product is called elastic inner product as the first term measures
stretching in the direction of ¢, while the second term measures bending of

the curve c. Note that due to its construction, the elastic inner products are
invariant under the reparametrisation action of Diff(S') on P.

It is not hard to see that these inner products yield a weak Riemannian metric
on the pre-shape space . We will derive this only for a smaller submanifold
using the so-called square root velocity transform (SRVT):

5.14 Definition Define the mappings
R: P =Imm(S",R?) - {g € C°(S",R?) | q(#) # O forall 6 € S'}
= C™(SL,R*\ {0})
c - R@)(@) = @)V,
R Cc*(SLR2\ {0) — P,

t
q— ((cos(t),sin(t)) - f g(cos(s),sin(s)) - ||g(cos(s),sin(s)||ds | .
0

I There exist singularities, turning S into an orbifold. See Example 6.4. The existence of
singularities is usually ignored in shape analysis, as an open dense subset of S is a manifold
such that the projection restricts on this set to a submersion.
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116 ~ Weak Riemannian Metrics with Applications in Shape Analysis
We call R the square root velocity transform (SRVT).

Using the idea that # € C*(S',R?) and that pushforwards of smooth map-
pings are smooth maps between canonical manifolds of mappings (see Chap-
ter 2), it is not hard to see that R and R~! are smooth. Moreover, R o R~! (q9) =
g, but since R involves differentiation, we lose information on the starting point
of the curve and have R™' o R(¢) = ¢ if and only if ¢(cos(0),sin(0)) = 0, that
is, the curve starts at the origin. As we are interested in shapes, it will be irrel-
evant as to where in R? the shape is located. In other words, we can restrict to
the submanifold

P, = {c € P | c(cos(0),sin(0)) = 0}

of all immersions starting at the origin. We will see in Exercise 5.2.1 that the
SRVT induces a diffeomorphism between %, and the manifold
C*®(S',R?\ {0}). Recall now the notion of pullback of a Riemannian metric.

5.15 Definition Let (M, g) be a (weak) Riemannian manifoldand p: N — M
be an immersion. Then N can be made a (weak) Riemannian manifold with
respect to the pullback metric defined via

(w*g)m v,w) = 8p(m) (Tmp(v), Tp(w)).

5.16 Example IfU € M and (M,g) is a weak Riemannian manifold, then the
inclusion ¢: U — M is an immersion and the restriction of g to U coincides
with the pullback metric obtained from ¢. In particular, an open subset of a
weak Riemannian manifold, such as C®(S!,R? \ {0}) @ C*(S!,R?) (with the
weak Lz-metric), becomes a weak Riemannian manifold by restriction.

5.17 Proposition The pullback metric of the non-invariant L*>-metric on
C*(S',R?) from Example 4.3 with respect to the SRVT R is the elastic metric
described by (5.9) on each tangent space of P...”

Proof By construction, the square root velocity transform R is the composi-
tion of the derivative operator D : Imm(S',R?) — C®(S%,R*\{0}), g — (8 —
q’(0) = Tyc(1)), and the scaling map sc: C®(S', R\ {0}) — C*(S',R\ {0}),
= f/ \/m Thus by the chain rule we have 7, R = T'scoT, D and to arrive at
the desired formula, we have to compute the derivatives of these two mappings.
To this end, we exploit that 7C®(S',R?) = C*(S!,TR?) = C*(S',R? x R?)
and since Imm(S!,R?) @ C*(S',R?), we can similarly identify the tangent
bundle of the immersions. Now arguments as in Exercise 1.2.2(c) show that
the differential operator D is continuous linear, whence for an element (c,V)

2 The statement remains valid if we replace R? by an arbitrary Hilbert space of dimension > 2.
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5.2 Shape Analysis via the Square Root Velocity Transform 117

in 7.C*(S',R?) = {(c,V) € C*(S',R?)?}, we obtain T, D(V) = V’. In Exer-
cise 5.2.2 we shall show that the derivative of the scaling map is

Z 1
Tysc(Z) = - (Z,q)q. (5.10)

gl 2+/llqll®

To obtain the derivative of the SRVT at (¢,V), we simply have to replace ¢
with ¢’ and Z with V. This yields the following formula:

(R p2)e (VW) = <TL‘R(V)’TCR(W)>L2:LI (Terse(V')(0),Tersc(W)(0))do

—f< v - ! V', ey’ W - ! (W’ c’)c’>(9)d9
s \VICT 2V 7 7 NI 2V '
(5.11)

Since the inner product is bilinear, we can factor out terms of the form ||c¢’||
and replace V/, W’ and ¢’ with their rescaled versions (see 5.13). Now an easy
but tedious computation shows that the pullback metric (5.11) coincides with
the elastic metric (5.9). O

Hence the elastic metric can be understood by studying the L?-metric on the
manifold C*(S!,R?\ {0}). However, as this is just an open subset of the (weak)
Riemannian manifold (CW(SI,RZ),(-, -)Lz) we already know the spray, con-
nector, covariant derivative and geodesics of this metric from our discussion of
the L?-metric. It is important to observe that the elastic metric pulls back to the
non-invariant L2-metric. For the non-invariant L2-metric, the geodesic distance
does not vanish (compare this with the invariant L>-metric, Example 4.6) and
the pullback metric (i.e. the elastic metric) is invariant under reparametrisation.

A natural extension for the vector space valued shape spaces discussed in
Proposition 5.17 is Lie group valued shape spaces. Here a shape is (up to
quotienting out the reparametrisation action) an element of the loop group
C*(S!,G). If G is a Hilbert Lie group, the construction of the square root
velocity transform can be adapted to this more general setting by using the
logarithmic derivative of Lie group valued mappings. For details, we refer to
Exercise 5.2.4. Similar techniques have been used in Celledoni et al. (2018)
for shape analysis on homogeneous spaces.

5.18 Example (Sample application: Motion capturing; see e.g. Celledoni et al.,
2016) Assume that we have motion capturing data of, for example, a human
walking, given by a number of time-dependent datapoints in R3. The associ-
ated virtual character is then modelled as a skeleton for which these datapoints
represent positions of certain parts. Shifting the focus from the position to their
relative position, we can interpret the positions of every part of the skeleton as
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118  Weak Riemannian Metrics with Applications in Shape Analysis

an angle between neighbouring parts. Now angles in R? can be identified with
rotations, that is, elements in the Lie group SO(3) of rotations of R3. Thus if
we do not impose constraints on the allowed angles (which can lead to unnatu-
ral movements, but is generally fine when working with real motion-capturing
data), we can think of motion-capturing data as a smooth curve with values
in a product of copies of SO(3) (the number depends on the number of data
points which move relative to each other). In Celledoni et al. (2016) numerical
algorithms for automatic interpolation and transformation of motion-capturing
data have been constructed which exploit the above point of view.

5.19 Remark Note that the geodesic distance of the L?-metric on C*(S', H)
does not vanish and is indeed positive for any two shapes which are not equal
(where H is a Hilbert space). Indeed the geodesic distance just coincides with
the L2-distance of the curves. The situation gets more complicated in the space
C*(S',H\{0}) and, in particular, for H = R? (which is not simply connected),
so an element y for which 0 is contained in a bounded connected component
of R? \ y(S!) cannot be connected by a continuous curve in C*(S',R? \ {0})
to an element for which 0 is not contained in such a component.

While this does not happen for open shapes (i.e. elements of Imm([O0, 1], R?)),
the following problem is even more significant when it comes to applications in
shape analysis: As geodesics are not allowed to pass through 0, the L2-distance
of two functions is not the geodesic distance even if there exist continuous
paths between them. If the linear interpolation between two points c¢(#) and
d(0) passes through 0, then the geodesic from the ambient space C*(S!,R?)
does not exist in the smaller space. Instead, the geodesic distance then needs
to be computed using curves which ‘move one shape around the hole’. This
leads to a geodesic distance, which is strictly larger than the L>-distance. In
numerical applications this is often just plainly ignored.

That the geodesic distance on C*(S!,R?\{0}) diverges from the easily com-
puted L>-distance is a consequence of the space being incomplete. Indeed since
we have ‘drilled a hole’ by excluding a point, geodesics passing through that
point can only exist up to the time they enter. As the L>-distance moves points
on the image of functions along straight lines interpolating between them, the
L?-distance fails to give the geodesic distance for points lying on opposite
sides of the excluded point.

Exercises

5.2.1  Establish some properties of the square root velocity transform R,
Definition 5.14.

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

5.2 Shape Analysis via the Square Root Velocity Transform 119

Hint: Use the substitution rule for integrals on submanifolds; in the
case at hand, this works just as in usual interval cases.
Show that:

(a) R and R™! are smooth maps with R o R™! = idcw (51 52\ (0)-

(b)) P.={ceP|c(cos(0),sin(0)) = 0} is a closed submanifold of
P.

(c) R and R~! induce a diffeomorphism between the manifolds P,
and C*(S',R?\ {0}).

(d) If ¢ € Diff(S!) with ¢’(0) > 0, for all 6 € S', then R(c o @) =
¢ - R(c)op.

5.2.2  Let (E,||-|l) be a Hilbert space with IVII2 = (v,v) and K a compact
manifold. Prove that the scaling map sc: C* (K, E\{0}) —» C*(K,E\
{0}), ¢ = q/+/liqll is smooth with the tangent map given by the
formula (5.10):

W 1
Tysc(W) = - W.q)q.

gl 2+/liqll®
Hint: Use the exponential law together with the canonical identifica-
tion of the tangent bundles.
5.2.3  Show that the elastic metric (5.9) is invariant under reparametrisations
with elements ¢ in Diff(S') which satisfy Tye(1) > 0, forall 6 € S!.
524  Let G be a Hilbert Lie group, that is, L(G) is a Hilbert space with
inner product {-,-). Then we define a square root velocity transform
on the subset of immersions of the loop group

R: Imm(S',G) = C®(SLLG)\{0}), ¢+ 8 )/ )l

where 6" is the right logarithmic derivative.

(a) Show that R is a smooth diffeomorphism (what is its inverse?).

(b) Compute a formula for the pullback of the L’-metric on
C*(S",L(G) \ {0}). This metric is known as the elastic metric
on the Lie group valued immersions and it can be used in com-
puter animation and motion-capturing applications. See Celle-
doni et al. (2016) for more information.
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6

Connecting Finite-Dimensional,
Infinite-Dimensional and Higher Geometry

In this chapter we will highlight an interesting connection between finite- and
infinite-dimensional differential geometry. To this end, we shall consider in
§6.2 elements from ‘higher geometry’, so-called Lie groupoids. The moniker
higher geometry stems from the fact that in the language of category theory,
these objects form higher categories. We shall not explore higher categories
or their connection to differential geometry in this book (but the reader might
consult Meyer and Zhu (2015) or the general introduction by Baez (1997)).
In previous chapters we have discussed how finite-dimensional manifolds and
geometric structures give rise to infinite-dimensional structures such as Lie
groups (e.g. the diffeomorphism and groups of gauge transformations) and
Riemannian metrics (such as the L?>-metric from shape analysis). While we
have seen that every manifold determines an (in general, infinite-dimensional)
group of diffeomorphisms, we turn this observation now on its head and ask:

Can we recognise the underlying finite-dimensional geometric structure from
the infinite-dimensional object?

6.1 Diffeomorphism Groups Determine Their Manifolds

Let us examine this question for the diffeomorphism group. We have already
seen that for every compact manifold we can associate the infinite-dimensional
diffeomorphism group. Conversely, Takens (1979) has shown that the diffeo-
morphism group identifies (up to diffeomorphism) the underlying manifold.
Namely, we have the following theorem (which we cite here from the much
more general statement of Filipkiewicz (1982)):

6.1 Theorem (Takens (1979)/Filipkiewicz (1982)/Banyaga (1988)/Rubin
(1989)) If M,N are smooth compact, connected manifolds such that

120
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6.1 Diffeomorphism Groups Determine Their Manifolds 121

¢: Diff(M) — Diff(N) is a group isomorphism then there exists a diffeo-
morphism ¢: M — N such that ®(y) = ¢poyo¢~'.

A full proof of Theorem 6.1 would lead us too far astray, but it is possi-
ble to highlight certain aspects of the proof which are of special interest to us
with regard to the question of whether finite-dimensional objects can be recog-
nised from their associated infinite-dimensional objects. Before we begin, let
us recall two concepts for diffeomorphism groups.

6.2 Definition Let M be a smooth and compact manifold.

e For x( € M, the stabiliser is defined as
Sy, Diff (M) := {h € Dift (M) | h(xo) = xo}.

e The group Diff (M) acts n-transitive on the manifold M for n € N if for
any two sets {xy,...,x,},{¥1,...,yn} of non-repeating points in M, there is
h € Diff (M) with h(x;) = y;,i € {1,...,n}.

We shall show how a group isomorphism of diffeomorphism groups map-
ping stabilisers to each other induces a diffeomorphism on the base manifold.
The first step towards this is Banyaga (1988, Lemma 1) (also compare Rybicki,
1995).

6.3Lemma Let M,N be two connected smooth manifolds and ¢: Diff (M) —
Diff (N) a group isomorphism such that the following holds:

(a) For K € {M,N}, Diff (K) acts n-transitively for n € {1,2}, and
(b) for each xo€M there exists yo€N such that ¢(Sx, Diff (M)) = S, Diff (N).

Then there is a unique homeomorphism w: M — N such that ¢(f) = w fw™".

Proof Step 1: Construction of the homeomorphism w. Fix a pair of points xq
and yo as in condition (b). Since Diff (M) and Diff (V) are 1-transitive, we see
that

€Vy,: Diff(M) - M, hw h(xg)andevy,: Diff(N) > N, g+ g(yo)

are surjective with ev;g (x0) = Sy, Diff (M) (and similarly for yp). We can
thus choose for every x € M an (in general) non-unique diffeomorphism
h, € Diff(M) such that hy(xg) = x. Now if 7 is another diffeomorphism
such that /1(xp) = x we see that A~ h, (x0) = xo, and so h~'h, € Sy, Diff(M).
As by assumption, ¢(Sy, Diff (M)) = S, Diff (), this implies d(h~'hy) =
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122 Finite-Dimensional, Infinite-Dimensional and Higher Geometry

d(hHp(hy) € Sy, Diff(N). Indeed, the value is independent of the choice of
h,, whence we obtain a well-defined map

w: M —> N, x> evy(d(hy)) = ¢(he)(¥o)

as this mapping does not depend on the choice of &,. Again by the above, the
map w is a bijection which is even a homeomorphism (details will be checked
in Exercise 6.1.1).

Step 2: w induces ¢. Let y € N and h € Diff(N) with h(yp) = y and x =
¢~ '(h)(xp). By construction we have w(x) = y. If f € Diff(M) we pick
g € Diff (M) with g(x¢) = f(x). Then f~'(g(x0)) = x = ¢~ (h)(xo) and thus
g ' f¢7'(h) € Sy, Diff(M). We deduce that (¢(g)) "' o ¢(f) o h € Sy, Diff(N)
or in other words ¢(f) o h(yp) = ¢(g)(yo). Now h(yg) = y = w(x) and
#(g) (o) = w(f(x)) (as g(xp) = f(x)). We deduce that

P(Hwx) =w(f(x), ¢(flow=wof,
and using that w is bijective, this yields ¢(f) = w o fow™.

Step 3: w is unique. Assume that there is another homeomorphism @: M — N
inducing ¢. Then

wofow ! '=¢(f)=@o fo, forallf e Diff(M).

In other words we have for p == @' ow that po fop~! = f, forall f €
Diff(M). Arguing by contradiction we assume that p # idy,. Then there exists
x € M withy = p(x) # x. Pick z € M \ {x,y}. Now Diff (M) is 2-transitive,
whence there is f € Diff(M) with f(x) = x and f(y) = z. We see that

pofop (M =p(f(x)=px)=y#z=f).
However, this contradicts p o f o p~! = f, hence we must have & = w. O

Sketch of the proof of Theorem 6.1  Every group isomorphism ¢: Diff (M) —
Diff(N) satisfies condition (b) in the statement of Lemma 6.3 (this is far from
trivial; see Filipkiewicz, 1982). Moreover, the group of smooth diffeomor-
phisms acts n-transitively for every n € N if dimM > 1; see Michor and
Vizman (1994). Thus we can apply Lemma 6.3 to obtain a homeomorphism
w: M — N.

We prove that w is a diffeomorphism under the assumption that ¢: Diff (M)
— Diff(NV) is a Lie group isomorphism. Note that the statement of the theo-
rem is much stronger as, a priori, ¢ need not even be continuous. However,
in this case one needs a deep result on Lie group actions on manifolds; see
Filipkiewicz (1982, Step 3 on p. 173). A posteriori this implies that any group
isomorphism Diff (M) — Diff(N) is already a Lie group isomorphism.
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6.2 Lie Groupoids and Their Bisections 123

So let us assume that ¢ is a Lie group isomorphism and let us study the
composition w o evy,: Diff(M) — N. By Step 2 of the proof of Lemma 6.3
we can rewrite this as

w o evy,(h) =evy, (¢(h)) (and conversely wlo €Vy, = EVy, 0¢J_1).

Now Exercise 2.3.3(a) shows that ev,, and evy, are smooth surjective sub-
mersions. Hence the smoothness of the right-hand side together with Exercise
1.7.5 shows that w and w™' are smooth. O

We have seen that diffeomorphism groups determine (up to diffeomorphism)
their underlying manifold uniquely. In the next section we shall discuss
objects, so-called Lie groupoids, which can be used to describe many finite-
dimensional geometric structures and which admit a similar connection to
infinite-dimensional groups.

Exercises

6.1.1  We are working in the setting of Lemma 6.3 and let ¢: Diff(M) —
Diff(N) be a group isomorphism which maps the stabiliser
Sy, Diff (M) to the stabiliser S, Diff (V).

(a) Show that the mapping w: M — N, x — ¢(hy)(yp) is a bijec-
tion (where h, € Diff (M) with h,(xg) = x).

(b) Tt is well known that Diff (M) satisfies the following condition:
For any non-empty connected U @ M and x € U, there exists
h € Dift (M) \ {idps} such that {y € M | h(x) # x} C U and x
is contained in the interior of {y € M | h(x) # x}.
Let f € Diff(M) and define Fix(f) = {x € M | f(x) = x}.
Show that the set 8 := {M \ Fix(f) | f € Diff(M)} is a basis
for the topology on M.

(c) Show that Fix(¢(g)) = w(Fix(g)) holds and conclude that w is
a homeomorphism.

6.2 Lie Groupoids and Their Bisections

In this section we consider a generalisation of Lie groups called Lie groupoids.
These objects allow one to treat constructions in differential geometry as dif-
ferentiable objects. For example, quotients of manifolds modulo Lie group
actions may fail to be manifolds. However, one can encode them using suitable

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core
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Lie groupoids. We motivate the construction with the following example of an
ill-behaved quotient.

6.4 Example In Chapter 5, we studied shape spaces which arise as quotients
of manifolds of mappings modulo an action of the diffeomorphism group.
Namely, we considered the canonical action of the Lie group Diff(S') on the
open submanifold Imm(S',R?) < C®(S',R?) (see Example 3.5 and
Lemma 2.6) via precomposition

p: Imm(S',R?) x Diff(S!) —» Imm(S',R?), (f.e)— foe.

The shape space S := Imm(S',R?)/ Diff(S!) is then the quotient modulo the
action. It inherits a natural topology which, however, does not turn S into a
manifold. As the action p is not free, the quotient has singular points in which
one fails to obtain charts. An example for such a point is the image of the
immersion of the circle into R? given by the map tracing out the circle in
‘double speed’:

c:S' SR 6 o i,

Since c¢ traces the circle twice we see that p(c,¢) = ¢ o ¢ = ¢ for the diffeo-
morphism ¢: S — S, /¥ - /@™ and we deduce that the immersion ¢
has a non-trivial stabiliser under the action p. Thus, in particular, the quotient
S is not a manifold (though every singularity is mild in the sense that it is gen-
erated by a finite group, i.e. one obtains an infinite-dimensional orbifold; see
Michor, 2020, Section 7.3). As manifolds are the basic setting for differential
geometry, one needs to pass to the subset generated by the free immersions
(i.e. those immersions with trivial stabiliser). These indeed form a dense open
subset which is a manifold.

The last example exhibits that quotients of Lie group actions will, in general,
not be manifolds. While in this special example one could still say a lot about
the structure of the quotient, it shows that quotient constructions with man-
ifolds are, in general, very badly behaved (not only in infinite dimensions).
Thus we would like to avoid quotients and obtain an object which contains
the same information as the quotient: a (Lie) groupoid. There are many liter-
ature accounts for the basic theory of (finite-dimensional) Lie groupoids such
as Mackenzie (2005) and Meinrencken (2017). While the finite-dimensional
examples will be most important for us as they describe geometric construc-
tions, the concept of a Lie groupoid can also be formulated in the infinite-
dimensional context (as the notion of submersion makes sense in this
setting).
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6.2 Lie Groupoids and Their Bisections 125

6.5 Definition (Groupoid) Let G,M be two sets with surjective maps
s,t: G = M (source and target) and a partial multiplication m: G X G 2
(s,t)""(M x M) = G, (a,b) — ab which satisfies:

(a) s(ab) = s(b) and t(ab) = t(a), and (ab)c = a(bc);

(b) identity section 1: M — G with 1(t(g))g = g and g 1(s(g)) = g for all
g€G;

(c) inverses for all g € G there is g

1(t(g))-

We call G (or G = (G =3 M)) a groupoid and the set M is called the set
of units. If G,M are smooth manifolds, such that the structure maps s,t are
smooth submersions and m, 1 and the inversion map i: G — G.,i(g) = g~' are

smooth maps, we say that G = (G = M) is a Lie groupoid.

~l e G with g7'g = 1(s(g)) and gg' =

Standard Notation for Lie Groupoids Throughout this section (if nothing
else is said), we write G = (G =2 M) for a Lie groupoid with structure maps
1, s, t, m, i as in the definition of a groupoid.

6.6 Remark In this book manifolds are required to be Hausdorff. Thus Def-
inition 6.5 excludes by design Lie groupoids G = (G = M) whose space
of arrows G is not Hausdorff. A broad (and important) class of Lie groupoids
with non-Hausdorff space of arrows are the so-called foliation groupoids, aris-
ing from the treatment of foliations in a groupoid framework; see Moerdijk and
Mrcun (2003). In principle many of the results presented here are also valid in
the non-Hausdorf setting; see, for example, Rybicki (2002).

A useful mental image to keep in mind is to picture the units of the groupoid
as dots connected by arrows which represent the elements of the groupoid
which are not units. This is illustrated in Figure 6.1. Obviously two arrows
can then be composed only if one of them ends where the other starts. This
picture also immediately shows in which way a groupoid generalises the con-
cept of a group: It can possess more units and its elements are not necessarily
composable.

6.7 Definition For G = M a groupoid, and a € M a unit, we consider the
fibres s (a) and t~!(a) of all arrows starting, resp. ending at a. The intersec-
tion G, := s™'(a) N t™!(a) forms a group, called the vertex group at a of the
groupoid.

If (G =3 M) is a Lie groupoid, s™'(a) and t~!(a) are submanifolds of
G by Corollary 1.59. A natural question is then whether the vertex groups
G, inherit a Lie group structure. In general (for arbitrary infinite-dimensional
Lie groupoids), this question is still open as the finite-dimensional argument
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0 8 .

-
A groupoid with one unit e \ /
aka a group O

e ——> o

Figure 6.1 Picturing groups and groupoids. In the right picture we suppressed all
arrows between the two nodes with looping arrows. As arrows tracing a path from
one node to the other can always be composed, a picture of all groupoid elements
would also need to represent these arrows.

(Mackenzie, 2005, Corollary 1.4.11) establishing the Lie group structure breaks
down in infinite dimensions. However, it has recently been proven in Beltitd
et al. (2019) that if G, M are Banach manifolds, then the vertex groups of
G =3 M are (Banach) Lie groups. Before we finally give examples for Lie
groupoids, let us first define groups which will play roles similar to the diffeo-
morphism group in the previous section in relation to a manifold.

6.8 Definition The group of bisections Bis(G) of G is given as the set of
smooth maps 0: M — G such that soo = idy; and too: M — M is a
diffeomorphism. The group structure is given by the product

(c*x1)(x) =0((tor)(x))7(x) for x € M. 6.1)
The identity section 1: M — G is the neutral element and the inverse of o is
ol (x) =i(c(too) ! (x))) for x € M. (6.2)

The definition of bisection is not symmetric with respect to source and tar-
get. This lack of symmetry can be avoided by defining a bisection as a set (see
Mackenzie, 2005, p. 23). However, this point of view does not fit well into the
function space perspective we take. Thus we shall stick with the asymmetric
definition.

Lie groupoids simultaneously generalise Lie groups and (differentiable)
equivalence relations. To emphasise this, we recall the following standard
examples (see Mackenzie, 2005).

6.9 Example In the following, we denote by {e} the one-point manifold.

(a) Let G be a Lie group. Then the Lie group structure yields a Lie groupoid
G =3 {e}, that is, a Lie group is a Lie groupoid and conversely every Lie
groupoid whose set of units contains only one element is a Lie group. In
this case Bis(G =3 {e}) = G.
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6.2 Lie Groupoids and Their Bisections 127

(b) Letm: M — N be a submersion. Then the fibre product of M with itself
gives rise to a Lie groupoid M X M = M. Its source and target maps are
given as s = pr, and t = pr,. Multiplication is then given by concatenation
(m,n) - (n,k) = (m,k). Using Lemma 1.60, it is not hard to see that
this construction yields a Lie groupoid encoding the equivalence relation
x ~y & n(x) = m(y). We mention two special cases of this construction:

e If 7 = idys, we obtain the unit groupoid w(M) = (M = M) (where all
structure mappings are the identity). Clearly Bis(u(M)) = {idas}.

e The map m: M — {e} yields the pair groupoid, p(M) = (MxXM = M).
We shall see in Exercise 6.2.2 that Bis(p(M)) = Diff (M).

6.10 Example Consider a (left) Lie group actiona: GX M — M, (g,m) —
g - m. We form the action groupoid A, = (GX M = M), where s(g,m) :=m
and t(g,m) = a(g,m). Now multiplication is defined as (g,hm) - (h,m) =
(gh,m). The associated bisection group can be identified as

Bis(Ay) = {o € C¥(M,G) | m — a(o(m),m) is a diffeomorphism}. (6.3)

Now C*(M,G) = C®(M,M), f — a.(f xidyy) is smooth. Continuity of this
map together with Diff (M) ¢ C*(M, M) yields Bis(A,) € C*(M,G). How-
ever, the bisections are not an open subgroup of the current group C*(M,G)
(see §3.4) as the multiplication is o * 7(m) = o (r(m) - m) - m instead of the
pointwise product.

It is important to note that an action groupoid contains the same informa-
tion as the group action and the quotient space. So instead of the ill-behaved
quotient of the Lie group action

p: Imm(S',R?) x Diff(S') - Imm(S',R?)

from Example 6.4, one could instead work with the (infinite-dimensional) Lie
groupoid A, = (Imm(S!,R?) x Diff(S') = Imm(S!,R?)) and carry out the
geometric analysis on the groupoid instead of the quotient shape space. Since
this quotient is of interest in shape analysis, Riemannian structures compatible
with the Lie groupoid structure would then be needed to replace the metric on
the quotient space. A suitable concept for such metrics has been worked out in
del Hoyo and Fernandes (2018).

6.11 Remark Another interesting perspective on Lie groupoids is that they
model symmetries which cannot be described by a global group action. A class
of groupoids which fits well to this theme are the orbifold atlas groupoids (Mo-
erdijk and Pronk, 1997). Recall that an orbifold is a manifold with mild singu-
larities, that is, a Hausdorff space which is locally homeomorphic to a manifold
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modulo a finite group of diffeomorphisms. The key point here is that the local
group acting is allowed to change. As a visual example consider the sphere S?
where the upper half is rotated around the north pole by a rotation group of or-
der p, while the lower half is rotated around the south pole by a rotation group
of order ¢ and the results are glued together. Topologically the space is still
S? but the manifold structure breaks down at the two fixed points. It has been
shown that these structures are equivalent to certain Lie groupoids. We refrain
from discussing the rather technical details and refer instead to Moerdijk and
Pronk (1997) as well as Moerdijk and Mrcun (2003) for a detailed account.

The concept of a Lie groupoid carries over without any changes to infinite-
dimensional settings (using submersions as defined in §1.7). For example, the
action Lie groupoid modelling (6.4) is infinite dimensional. Let us mention
further examples: In Beltitd et al. (2019) Lie groupoids modelled on Banach
spaces were studied. These arise naturally in studying certain pseudo-inverses
in C*-algebras. As a more concrete example of a genuine infinite-dimensional
Lie groupoid consider the following.

6.12 Example Let G = (G = M) be a finite-dimensional Lie groupoid
and K a compact manifold. Then the pushforwards of the groupoid operations
yield a Lie groupoid, called the current groupoid C*(K,G) = (C*(K,G)
=3 C*(K,M)). Itis an easy exercise (Exercise 6.2.3) to verify that the current
groupoid is a Lie groupoid. The theory for such groupoids was developed in
Amiri et al. (2020). There it was shown that current groupoids inherit many
structural properties from the finite-dimensional target groupoids.

However, it should be noted that from the rich theory available for finite-
dimensional Lie groupoids (Mackenzie, 2005) virtually nothing is known for
Lie groupoids modelled on general locally convex spaces. It is, for example,
unclear as to whether the vertex groups always inherit a Lie group structure
from the ambient groupoid.

6.13 Example Let (E,p,M,F) be a principal G-bundle, where E,M are
Banach manifolds and G is a Banach Lie group (see Definition 3.52). De-
note by e - g the right-G action on E and consider the diagonal G-action
(e,f)-g =(e-g,f-g) on EXE.Then the quotient Q := (E X E)/G is a man-
ifold (with the unique structure turning the quotient map into a submersion).
We obtain a Lie groupoid, called the Gauge groupoid Gauge(E) = (Q =3 M),
associated to the principal G-bundle. The groupoid is given by the following
source, target and identity maps (see Exercise 6.2.5):

s(fe. 1) = p(f), tle. fD = ple), 1(m) = [u,ul,
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6.2 Lie Groupoids and Their Bisections 129

where u € p~!(x) is arbitrary. Then we use the difference map 6: Exy E — G,
[e - g,e] — g to define the multiplication

m([e, f1,[€, f]) == [e, f6(f,&)], where (f,é) € E xp E.

So we can associate to every principal bundle (of Banach manifolds) a Lie
groupoid. Conversely, one can show that the gauge groupoid uniquely iden-
tifies the principal bundle (see Mackenzie, 2005, Proposition 1.3.5). Hence
a gauge groupoid contains the same information as a principal bundle. The
bisection group Bis(Gauge(E)) is the automorphism group

Aut(E,p,M) =
{f eDiff(E) | po f e DIt(M),f(v-g) = f(v)-g, forallv € E,g € G}.

This group is known to be an infinite-dimensional Lie group (see Abbati et al.,
1989) which contains the group of gauge transformations from Definition 3.56
as a (proper) Lie subgroup.

We have now seen in several examples that Lie groupoids can be used to
formulate concepts from finite-dimensional differential geometry such as Lie
group actions and principal bundles. Moreover, they come with an associated
group, the bisection group, which in some instances can be identified with
infinite-dimensional Lie groups. The next proposition shows that this is no
accident.

6.14 Proposition Assume that for a Lie groupoid G, G is finite dimensional
and M is compact. Then Bis(G) is a Lie group and t.: Bis(G) — Diff (M),
o — too is a Lie group morphism.

Proof Recall from Example 3.5 that Diff(M) is an open submanifold of
C* (M, M). Further, the pushforward t.: C*(M,G) — C(M,M), f — tof
is smooth by Corollary 2.19. Since s: G — M is a submersion, the Stacey—
Roberts lemma, 2.24, asserts that s.: C*(M,G) — C*(M,M) is a submer-
sion, whence the restriction 6 = S, |1 (pig(pr)) 1S @ submersion. We deduce
that =1 (idys) = Bis(&G) is a submanifold of C® (M, G). To see that this mani-
fold structure turns Bis(&G) into a Lie group, we rewrite the formulae (6.1) and
(6.2) as follows:

o * 1 =m,(Comp(o,t.(1))),7) o~ =1, oComp(c,i o t.(0)),

where m is groupoid multiplication, i is groupoid inversion and ¢ the inversion
in the Lie group Diff (M) (see Example 3.5). Since M is compact, pushfor-
wards and the composition map are smooth by Proposition 2.23. In conclusion
the group operations are smooth as composition of smooth mappings.
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As Bis(G) € C*(M,G) is a submanifold, the smoothness of t. on Bis(G)
follows from the smoothness of pushforwards on manifolds of mappings;
Corollary 2.19. To see that t. is a group morphism, we observe that

(t.(o*x7)(x) = t(o(t(r(x)))7(x)) = t(o(t(r(x)))) = (t.(0)ot.(7))(x). O

6.15 Remark The assumptions on G in the formulation of Proposition 6.14
are superfluous. The same proof (see Amiri and Schmeding, 2019, Proposition
1.3) works for any finite-dimensional Lie groupoid (dropping the compact-
ness assumption on M), while in Schmeding and Wockel (2015, Theorem A) a
proof for compact M but infinite-dimensional G was given (thus dropping the
assumption on G). The latter proof is believed to generalise to non-compact M
(and infinite-dimensional G).

6.16 Remark The Lie group structure of the bisections turns Bis(p(M)) =
Diff(M) into an isomorphism of Lie groups. Note however, that
Proposition 6.14 cannot replace the classical construction of the Lie group
structure on Diff (M) as we exploited this structure already in the proof of
the proposition.

6.17 Remark The kernel of the Lie group morphism t.: Bis(G) — Dift(M)
is the group of vertical bisections vBis(G). Under certain assumptions on the
Lie groupoid, it was shown in Schmeding (2020) that the vertical bisections
form an infinite-dimensional Lie group.

If G is a gauge groupoid of some principal bundle, the vertical bisections
coincide with the group of gauge transformations of the bundle. Moreover, in
this case, the Lie group structure of the vertical bisections coincides with the
Lie group structure on the group of gauge transformations; Remark 3.59.

Note that similar to the diffeomorphism group acting via evaluation on the
underlying manifold, there is a canonical smooth action of the bisection group
on the manifold of arrows of the groupoid.

6.18 Lemma The evaluation map induces a Lie group action:

y: Bis(G) X G - G, (0,8) - o(t(g)) 8.
Proof Setting in the definition, it is immediately clear that y is a group action.
Now rewrite y as y(o,g) = m(ev(o,t(g)),g), o € Bis(G),g € G. Exploit-
ing the smoothness of the evaluation map, Lemma 2.16, we see that the action
is smooth. O

With the help of the action one can identify the Lie algebra of the diffeo-
morphism group (see Exercise 6.2.6). We will focus here on global aspects of
the theory and thus do not go into the details of the construction. However,
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6.2 Lie Groupoids and Their Bisections 131

it should be remarked that the Lie algebra of the bisection group is closely
connected to the infinitesimal level of Lie groupoid theory. To make sense
of this, let us mention that every Lie groupoid admits an infinitesimal object
called a Lie algebroid (its role is similar to that of a Lie algebra associated to
a Lie group). A Lie algebroid is a vector bundle together with certain addi-
tional structures. Equivalently, a Lie algebroid can be formulated as a special
type of Lie algebra, called Lie—Rinehart algebra. In the present case, the Lie—
Rinehart algebra turns out to be the Lie algebra of the bisection group. This is
left as Exercise 6.2.7 and we refer to Schmeding and Wockel (2015) as well as
Mackenzie (2005) for more information.

Exercises

6.2.1 LetG = (G =3 M) be a Lie groupoid. Show that:

(a) the domain of the multiplication m is a smooth manifold
(whence it makes sense to require it to be smooth in the
definition of a Lie groupoid);

(b) the unit map 1: M — G is a section of s and t and as a conse-
quence, 1 is a smooth embedding (i.e. an immersion which is a
homeomorphism onto its image);

(c) if only s is a submersion, so is t (vice versa if t is a submersion,
so is s). Hence the submersion requirements in the definition of
a Lie groupoid can be weakened.

6.2.2  Let M be a manifold and @: G X M — M a Lie group action.

(a) Show that the bisection group of the pair groupoid p(M) is iso-
morphic (as a group) to the diffeomorphism group Diff (M).

(b) Assume, in addition, that M is compact. Show that the group
isomorphism from (a) becomes a Lie group isomorphism where
the Lie group structure of Bis(&) is as in Proposition 6.14 and
the one on Diff (M) as in Example 3.5.

(c) Work out the bisection group Bis(A, ) of the associated action
groupoid. When is this group isomorphic to the current group
C®(M,G)?

6.2.3 Use the Stacey—Roberts Lemma, 2.24, to prove that the current
groupoid C*(K,G) is a Lie groupoid for a finite-dimensional Lie
groupoid G.

6.24 Let G =2 M be a Lie groupoid such that G, M are manifolds modelled
on Banach spaces. Show that the multiplication mapm: GXy,G — G
is a submersion. Deduce that the multiplication in every Banach Lie
group is a submersion.
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Hint: Since we are in the Banach setting, a submersion is a mapping
which admits smooth local sections (see Exercise 1.7.5).

6.2.5 Let (E,p,M,F) be a principal G-bundle, where E,M are Banach
manifolds and G is a Banach Lie group. We check that the associ-
ated gauge groupoid is a Lie groupoid. Show that:

(a) One can construct a manifold structure on the quotient (E X
E)/G turning the quotient map £ X E — (E X E)/G into a
submersion.

Hint: Cover M by domains of sections of the submersion p and
use the sections to construct charts for the manifold. For the
submersion use Exercise 6.2.4.

(b) The structure maps s,t,1,m are smooth and that s, t are submer-
sion. Conclude that the gauge groupoid is a Lie groupoid.

Hint: Assume p is a surjective submersion and g a smooth map
between Banach manifolds. Then if ¢ o p is a submersion so is
q (Margalef-Roig and Dominguez, 1992, Proposition 4.1.5).

6.2.6 LetG = (G = M) be a Lie groupoid. Show that by applying the
tangent functor 7 to every manifold and structure map of &G, one
obtains a Lie groupoid TG. One calls TG the tangent (prolongation)
groupoid of G.

6.2.7  In this exercise we identify the Lie algebra of the bisections Bis(G)
as a Lie algebra of sections of a certain vector bundle. Note that this
is precisely the algebra of sections induced by the Lie algebroid L(G)
associated to G. The Lie algebroid is the infinitesimal object associ-
ated to G (similar to the Lie algebra associated to a Lie group). As we
have no need for a discussion of Lie algebroids, we will not discuss it
but refer instead to Mackenzie (2005, 3.5).

(a) Exploit that s is a submersion, and use submersion charts to
show that

T°G = U Tys7'(sg) = U kerT, s
geG g€G
is a submanifold of TG and even a subvector bundle of TG.
(b) Use Exercise 1.7.3 to show that
T1 Bis(G) = kerT; s.
={f e C(M,TG) | f(m) € Ty(m)G for all m € M}

and deduce that Ty Bis(G) = I'(1* T5G) are vector spaces (where
the right hand denotes sections of the pullback bundle 7°G).
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6.3 (Re-)construction of a Lie Groupoid from Its Bisections 133

(c) Observe that m(g,-): s~'(sg) — s(g), h — gh is smooth for
every g € G and show that every X € I'(1" 75G) extends to a
vector field on G via the formula

N
X (g) =T (m(g,-))(X(t(g))).

Prove that X = 7() o 1, whence the linear map I'(1*T°G) —
VG, X - F() must be injective and we can define a Lie bracket
on I'(1*"T8G) via [X,Y] = [7(),7] o 1 (where the Lie bracket
on the right is the Lie bracket of vector fields).

(d) Adapt the proof identifying the Lie bracket of the algebra for
the diffeomorphism group to bisection groups, that is, show that
if XRisa right-invariant vector field on Bis(&) then the vector
field X® x 0g € V(Bis(@) x G) is y-related to )Tl; Deduce
from this that the Lie bracket can be identified with the negative
of the bracket from (c).

6.2.8  Let G1,G» be Lie groupoids. A morphism of Lie groupoids is a pair of
smoothmaps F': G; — Gy and f: M} — M, suchthatsy oF = fos,
t)oF = fotyand F(gh) = F(g)F (h) (whenever, g,h € G are com-
posable). If f = idas,, we say F is a morphism over the identity.
Show that every morphism F over the identity induces a Lie group
morphism F,: Bis(G;) — Bis(G»), 0 +— Foo.

Remark: So far we have avoided Lie groupoid morphisms as Lie
groupoids and general morphisms exhibit a more complicated inter-
play as they form a 2-category (thus the moniker higher geometry).
We will not delve into the details of this construction.

6.3 (Re-)construction of a Lie Groupoid from Its Bisections

We shall now consider whether a Lie groupoid is determined by its group of
bisections or can even be reconstructed from this group. For the reconstruction,
we consider again the Lie group action of the bisections on the manifold of
arrows. This action turns out to be a submersion.

6.19 Proposition Let G be a finite-dimensional Lie groupoid. Then the fol-
lowing mappings are submersions:

(@) ym: Bis(g) — s '(m), o o@m), forallme M,
(b) ev: Bis(G) XM — G, o o(m),
(©) v: Bis(G)XxG — G, (0,8) — o(t(g))-g.
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Proof (a) In Exercise 2.3.4 we saw that the tangent of ev,,: C*(M,G) —
G, f v f(m) is given by Ty ev,,: C;"(M,TG) = T¢m)G, h = h(m). By
assumption, s! (m) C G is a finite-dimensional manifold, whence 1.56 shows
that it suffices to prove that for each o € Bis(&) the tangent map 7, Bis(G) —
Ty (my s~ ' (m) is surjective.! By construction (s,) ™! (idas) N (t.) " (Diff(M)) =
Bis(G) € C*(M,G) and since s, is a submersion we have, with Exercise 1.7.3
and arguments as in Exercise 6.2.6(b), that

T, Bis(G) = kerT, (s.) = ker(T s). 1, com.) = T(o*T*G) € C2(M,G).

This shows that 75y, = Ty evp Ir, Bisg is surjective as every element of
T;(m)G can be written as X (o-(m)) for some X € I'(T5G) = I'(c*T5G) (see
Exercise 6.3.2). We deduce that vy, is a submersion.

(b) The proof turns out to be quite involved and involves a reduction step to the
case already dealt with in (a). Note that this is not obvious as Ts~'(m) is, in
general, properly contained in 7G. For similar reasons we cannot deduce the
submersion property of ev from the submersion property of ev: C*(M,G) X
M — G. For the proof and the necessary details we refer to Schmeding and
Wockel (2016, Proposition 2.8 and Corollary 2.10).

(c) First note that we can write y(o,g) = m(ev(o,t(g)),g) and both t and m
are submersions (see Exercise 6.2.4). Hence v is a submersion as ev: Bis(G) X
M — G is a submersion by (b). m]

We now have a submersion ev: Bis(G) X M — G which is a Lie group
action of the bisections on the arrow manifold of the groupoid from which we
constructed the bisections. Note that the unit embeds M as a submanifold of
G and t,.(Bis(&)) C Diff (M) Exercise 6.2.1 (b). This observation allows us to
prolong the action of the bisections to an action on M:

A: Bis(G)xM —» M, (o,m)w t(oc(m)).

We will now show that the action groupoid constructed from this action deter-
mines (under certain conditions) the Lie groupoid G.

6.20 Definition Let G = (G = M) be a Lie groupoid and A: Bis(G)XM —
M the canonical Lie group action of the bisections on the units. Then we call
the action groupoid Bis(G) < M = (Bis(G) X M =2 M) the bisection action
groupoid. Furthermore, the map ev: Bis(G) X M — G induces a Lie groupoid
morphism ev over the identity.
! While the above formula immediately shows that ev,,, is a submersion, we cannot directly
conclude this for y,,, without identifying the subspace of C; (M, G) associated to

To Bis(G).
2 A Lie groupoid morphism over the identity is a smooth map f: G — G’ (for groupoids

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

6.3 (Re-)construction of a Lie Groupoid from Its Bisections 135

The question is now of course whether the bisection action groupoid
completely determines the Lie groupoid from which the bisections were con-
structed. In general, this will not be the case as there will not be enough bisec-
tions to obtain all elements in the arrow manifold of a Lie groupoid.

6.21 Example Let M be a compact manifold with two connected compo-
nents M = M; U M, such that M; and M, are not diffeomorphic. We have seen
in the previous chapter that for the pair groupoid p(M) = (M X M =3 M),
the bisection group can be identified as Bis(p(M)) = Diff(M). Now con-
sider an element (mj,m») € M such that m; € M; and m, € M,. If there
were a bisection o such that o (my) = (m;,my), this would imply that there
must be a diffeomorphism ¢: M — M such that ¢(m;) = m;. As this entails
¢(M>) = M, (since diffeomorphisms permute the connected components of
a manifold), this is clearly impossible. We conclude that for every pair such
that the elements come from different components, there cannot be a bisection
through this element of the Lie groupoid.

So if there should be any hope that the bisection group identifies the Lie
groupoid from which it was derived, we need to require that there are enough
bisections in the following sense.

6.22 Definition A Lie groupoid G = (G = M) is said to have enough
bisections if for every g € G there exists a bisection oy € Bis(G) with

T(s(8) = g

Fortunately, sufficient conditions for a Lie groupoid to possess enough
bisections are known. Indeed it turns out that the deficiency pointed out in
Example 6.21 is caused by a lack of connectedness. This can be remedied by
requiring that the groupoid G is source connected, that is, for every m € M the
source fibre s~! (m) is connected.

6.23 Remark If G is the pair groupoid of a manifold, Bis(G) = Diff (M), the
groupoid is source connected if and only if M is connected. Our next result will
entail that Diff (M) acts transitively on M. We remark that connectedness of M
was required in the statement of the Takens—Filipkiewicz result in §6.1. Note
that transitivity of the group action was an essential ingredient in the proof of
the result.

6.24 Lemma If G is source connected, then G has enough bisections.

G =2 M and G’ =2 M which relates the structural maps of the groupoids, that is, s’ of ='s,
tof =t,m’ o (f, f) =fomandi' o f = f oi. We verify the conditions for ev in
Exercise 6.3.2.
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Proof The image U := ev(Bis(G) X M) contains the image of the object
inclusion 1, that is, 1(m) € U for all m € M. Define for m € M the set U,, =
U Ns~' (m) and note that U, = ev(Bis(G) x {m}). Clearly the set U contains
1(M) and forms a subgroupoid U = M of G of G =2 M (see Exercise 6.3.3).
As submersions are open maps, U is an open Lie subgroupoid of G. Now as
eV, : Bis(G) — s~!(im) is a submersion by Proposition 6.19(a) we infer that
U, is an open subset of s™! (m). However, U,, is also closed: The complement
s7H(m) \ Uy, is the union Uy -1 (my\ar,, Utcg) - 8- As Ugomy € 871 (1(8)), we
see that Uy, - g is open, whence U, is also closed. We deduce that the clopen
set U,, C s~ (m) equals s™! (m) as G is source connected. m]

If G has enough bisections, the evaluation map ev: Bis(G) x M — G
becomes a surjective submersion. Hence the Lie groupoid structure of G is
completely determined by the group of bisections. One can moreover show that
the original groupoid is a quotient groupoid of the bisection action groupoid in
this case (see Schmeding and Wockel, 2016, Theorem B). As we do not wish
to introduce deeper concepts in groupoid theory, we do not go into details con-
cerning this result. The main upshot, however, is that for a Lie groupoid with
enough bisections, the groupoid is uniquely determined by the action of the
bisection group.

6.25 Remark The results presented so far in this section are reconstruc-
tion results. This means that starting from a Lie groupoid, we can recover the
Lie groupoid (under certain topological assumptions) as the quotient of a Lie
groupoid we cook up from the action of the bisection group. One can of course
ask whether there are construction results for Lie groupoids which do not
require starting from a Lie groupoid. Instead, one would like to start from
an action of a suitable infinite-dimensional group and construct a Lie groupoid
such that, in the case we started with the canonical action of a bisection group,
one would recover the Lie groupoid. At least partial answers to these ques-
tions exist. We refer to Schmeding and Wockel (2016), where transitive pairs,
that is, a principal bundle version of Klein geometries (Sharpe, 1997, Chapter
3), are proposed as a starting point for a construction result.

Exercises

6.3.1 LetG = (G =3 M) be a Lie groupoid. Show that the image of the
canonical action E := ev(Bis(G) X M) C G is closed under multipli-
cation and inversion in G. Hence with the induced structure maps we
obtain a subgroupoid £ = M of G.
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6.3 (Re-)construction of a Lie Groupoid from Its Bisections 137

6.3.2  Prove that ev: Bis(G) X M — G induces a Lie groupoid morphism
Bis(G) < M — G over the identity.

6.3.3 Letn: E — M be a finite-dimensional vector bundle. Show that for
every e € E there is X¢ € I'(E) with X¢(n(e)) = e.
Hint: Construct locally in trivialisations using bump functions. Note
that the assumption of being finite dimensional can be replaced by
requiring the existence of suitable bump functions.
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7
Euler—Arnold Theory: PDEs via Geometry

7.1 Introduction

In this chapter we shall give an introduction to the Euler—Arnold theory for par-
tial differential equations (PDEs). The main idea of this theory is to reinterpret
certain PDEs as smooth ordinary differential equations (ODEs) on infinite-
dimensional manifolds. One advantage of this idea is that the usual solution
theory for ODEs can be used to establish properties for the PDE under con-
sideration. This principle has been successfully applied to a variety of PDEs
arising, for example, in hydrodynamics. Among these are the Euler equations
for an ideal fluid, the Camassa—Holm equation, the Hunter—Saxton equation
and the inviscid Burgers equation. We refer to Khesin and Wendt (2009, p. 34)
for a much longer list of physically relevant PDEs which fit into this setting.

As in the rest of the book, we shall only work with smooth functions. This is
rather unnatural for solutions of partial differential equations but allows us to
avoid spaces and manifolds of finitely often differentiable mappings. From the
theoretical point of view, this is problematic (at least considering the results
we are after) and we will comment on the ‘correct setting’ at the end of this
chapter. Before we begin, recall the relation between the energy of a curve and
it being a geodesic (see §4.2).

7.1 Definition Let M be a manifold and for x,y € M we define the closed
submanifold

Cry([0,1],M) = {c € C*([0,1], M) | ¢(0) = x,c(1) = y} € C([0,1], M)
of curves from x to y (see Exercise 7.1.1). A smooth map p: | —9,5[x[0,1] —
M is a smooth variation of ¢ € C;‘,’y([O, 11, M) if p(0,t) = c(¢), forall t € [0,1]
and p(s,-) € C;‘jy([O,l],M), forall s €] — 6,6].

138
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7.1 Introduction 139

With the notation in place, we can now formulate the following standard
result from Riemannian geometry for weak Riemannian metrics which admit
a metric spray.

7.2 Proposition Let (M,g) be a (weak) Riemannian manifold which admits
a metric spray S. Then c: [0,1] — M is a geodesic if and only if it extremises
the energy

1 oo
Ene) =5 [ g (@w.coan
a
that is, if for each smooth variation p: | — 6,0[X[0,1] = M of ¢ we have

d
|, En(p(s,-)) = 0.

Proof Pick a smooth variation g of a curve ¢ with h(z) := % =0 q(s,t).
We compute the derivative by exploiting the formula for the derivative of the
energy from Lemma C.17 in a local chart (U, ¢). Suppressing again the identi-

fications in the notation we find for d—ds =0 En(g(s)) the formula

1
1
fo EdlgU(QC,(t),cl(t); hy —digu(c(t),h(t),c'(t); ¢’ (1))
—gu(c(t),h(t),c” (1))dt

1

o fo gu (1), B (c(t).¢"(1)).c" (1), h(2)) — gu (1), h(t).c” (£))dt
1

= fo gu(c(t),By(c(t),c’(1),c’ (1)) — " (¢), h(r))dt

1
(4;3)[0 —gu (h(t), Ve ¢(1), h(1)dt.

Hence gy (h(1),Ve)c(t),h(t)) needs to vanish for every h. Since the only

element which gets annulled by all g(h,-) is 0, we conclude that % 0
En(p(s,-)) = 0 holds for all smooth variations if and only if V:¢ = 0, that

is, ¢ is a geodesic. O

7.3 Remark Proposition 7.2 shows that geodesics are critical points of the
energy. In §4.3 we have taken the perspective that geodesics are locally length
minimising, that is, critical points of the length. However, the energy depends
on the parametrisation while the length does not. To reconcile this, note that
the Cauchy—Schwarz inequality yields equality of energy and length if g. (¢, ¢)
is constant. In Exercise 7.1.2 we will see that every geodesic satisfies this prop-
erty, whence our definition of geodesic comes with a preferred parametrisation
which makes both points of view equivalent.
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140 Euler—Arnold Theory: PDEs via Geometry

The variational approach will enable us to identify the geodesic equations of
infinite-dimensional Riemannian metrics. Before we turn to these results, let
us fix some notation for this and later sections.

Concerning Partial Derivatives Let p: | — 0,0[x[0,1] — M be a smooth
variation. Assume that V is the metric derivative of the Riemannian man-
ifold (M,g). For s €] — ¢6,0[ and ¢ € [0,1] we denote by ds and 9¢ the
constant unit vector field (on ] — §,d[ resp. on [0,1]). For p, we denote by
2 p(s,t) = Tp(s,1)(1,0) and 2 p(s,1) := Tp(s,1)(0,1) the partial derivatives
as vector fields along p. Hence we can consider, for example, % % p as a vec-
tor field along p (in the sense of Definition 5.4). Moreover, we note that as V
is the metric derivative (hence torsion free), Klingenberg (1995, Proposition
1.5.8.1) implies that

Vv Vo

asor’ T aras”
7.4 Example (The inviscid Burgers equation) Recall from Corollary 2.8 that
the diffeomorphism group Diff(S') € C*(S',S!) is an open submanifold. Fix
some Riemannian metric g on S!. We exploit that S' C R? is an embedded
submanifold and apply Remark 5.9(c) to deduce from Proposition 5.8 that the
L?-metric on C*(S',S!) admits a metric spray. The same then holds for its
restriction to Diff(S'):

(7.1)

1
gh(X.y) = Ll 8p(0)(X(0),Y (6))do,

where we exploited the identification T, Diff(S!) = (X o | X € V(SH).
Now pick a smooth variation c: | — 6,6[><[O 1] — Diff(S!) of some curve
(which we also denote by c¢). Set v(z) = c(s t) and note that taking the
derivative with respect to s coincides w1th taklng the derivative with respect to
the unit vector field ds. We can now compute the variation of the energy

L1 En(ets,) = 1f1f13 (—( (). e t)())dedt
dsszoncs, =2, o 35| c(s,t)(x cs X
(53) brt (v 0
= fo fsl g(%EC(s,t)(x),EC(s,t)(X)) »
(7.1) ! 2 (VO
= j; g ——C(S 1)(x), C(St)(X)

Ny Vo
- _ L —
= fo g (v(t),at atc(t)) dr,

where the last equality is due to a usual integration by parts argument. In par-
ticular, we see that if ¢: [0, 1] — Diff(S!) should be a geodesic, it must satisfy
the pointwise equation

dodr

dr
s=0
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Vo

EECAO’H) =0, foralldes'. (7.2)
To connect this equation to objects on the finite-dimensional manifold S', we
construct a (time-dependent) vector field on S! from the curve of diffeomor-

phisms c(¢) by setting
0
u(t,d) = Ec%r,c‘la,e», (7.3)

where the inverse is the inverse in Diff (M). In other words, c(¢)(0) is the flow
of the time-dependent vector field u, that is, %c(t) (0) = u(t,c(r)(0)). Plug-
ging this definition into the left-hand side of (7.2), the chain rule and a quick
computation yield the following statement.

7.5 Lemma Let ¢: [0,1] — Diff(S!) be smooth and the flow of the time-
dependent vector field u on S', cf. (7.3). Then
Vo
T
where V,u denotes the covariant derivative of u against itself for fixed t and
we interpret g—'z‘(t, 0) as a partial derivative of u(-,0) in TyS' for every fixed 6.

MNt,0) = %(u(l,cl\(t,é’))) = %(r,&(r,e)) + Vou(t,c"(t,0)), (1.4)

Note that (7.4) is central to the idea of the Euler—Arnold theory (whence we
promoted it to its own lemma) and holds in similar form if one replaces S! by
an arbitrary smooth compact manifold M. To distinguish the interpretation of
g—;‘ (¢,60) from the usual partial derivative of a smooth variation, let us write 0, u
for this derivative. We conclude from Lemma 7.5 and (7.2) that ¢ is a geodesic
of the L?-metric if and only if the associated vector field u solves the inviscid
Burgers (or Hopf) equation

oru+Vyuu=0. (7.5)

Burgers’ equation is a partial differential equation (V,u takes derivatives of
1) which is miraculously equivalent to an ordinary differential equation (the
geodesic equation) on the infinite-dimensional group Diff (S!). Note that (7.5)
is connected to the classical Burgers equation u, + 3uu, = 0 (subscripts
denoting partial derivatives) from Example 4.15. This will be made explicit in
Exercise 7.1.3: Since S' € R2 is an embedded submanifold, we endow S! with
the pullback metric induced by the Euclidean inner product g, (v,w) = (v,w)
(by identifying T,,S' € R?). Working out the covariant derivatives, a canonical
identification shows that the Burgers equation (7.4) coincides with the clas-
sical Burgers equation u, + uu, = 0 (which is up to scaling equivalent to
Example 7.4).
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142 Euler—Arnold Theory: PDEs via Geometry

7.6 Remark The derivation of Burgers’ equation as a geodesic equation on
S! did not exploit any special structure of S'. It just enabled us to make sense
of the integrals without recourse to integration against volume forms. Thus
the same argument carries over without any change to an arbitrary compact
manifold M. There the inviscid Burgers equation

oru+Vuu=0

makes sense (with respect to the covariant derivative induced by the metric)
and is the geodesic equation of the L>-metric (cf. (7.8) below) on Diff (M).

In the next section we will systematically investigate the mechanism to
associate a geodesic equation to certain partial differential equations.

Exercises

7.1.1 Let (M, g) be a (weak) Riemannian manifold (with metric derivative
V) and denote by C*([0, 1], M) the space of smooth curves with the
manifold structure from Appendix C.4. Fix x,y € M. Show that:

(@ CYy(10,1],M) = {c € C([0,1], M) | ¢(0) = x,c(1) = y}isa
closed submanifold of C*([0, 1], M).

Hint: Consider a canonical chart for the manifold of mappings.
Show that the model space splits for every ¢ € C, ([0, 1], M).

(b) p:]1-0,0[x[0,1] > M is a smooth variation of c € C;‘jy([O, 1],
M) if and only if p¥: ] - 6,6[— C;‘jy [0,1], M) is smooth.

(¢) The energy En restricts to a smooth function on C;?y [0,1], M)
and prove the following analogue of Proposition 7.2: A curve ¢
is a geodesic connecting x and y if and only if dEn(c; -) vanishes
on Cy ([0,1], M).

7.1.2  Let (M,g) be a weak Riemannian manifold which allows a metric
spray S and an associated metric derivative V. Show that a geodesic
c: [0,1] — M is acurve of constant speed, that is, g. (¢, ¢) is constant.
Hint: Use 4.29 to show that %gc (¢,¢) vanishes.

7.1.3  Show that in Example 7.4 we can rewrite (7.5) in traditional notation
as

u; +uu, =0, whereu: | —06,0[%[0,27] — R.

In addition, show that in this setting the flow n of u then satisfies
aa_tzm =0.
Hint: Use the idea that the tangent bundle of S' is trivial together with
Example 4.33.

7.1.4  Prove Lemma 7.5.
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7.2 The Euler Equation for an Ideal Fluid 143
7.2 The Euler Equation for an Ideal Fluid

We shall exhibit the general principle first for the classical example considered
by Arnold (1966): the Euler equation for an inviscid incompressible fluid on
a Riemannian manifold. It describes the development of a fluid occupying the
manifold M under certain assumptions. Let us first fix some notation.

Conventions In this section we will denote by (M, g) a compact (thus finite-
dimensional) orientable Riemannian manifold.

e For a (time-dependent) vector field u, we write d,u(t,x) for the partial z-
derivative in Tx M (thus not taking values in T(T M)!).

e Since M is orientable, it admits a volume form y induced by g. Further, we
denote by div X the divergence of a vector field X € V(M) and by grad f
the gradient of a smooth function f: M — R (see Appendix E.3).

We will not derive Euler’s equations here from first principles, but refer to
Modin (2019) for an account together with a history of the problem.

7.7 (Euler equation) The Euler equation for an incompressible fluid is

Ou(t,m) + V,u(t,m) = —grad p,
divu(t,-) =0 for all ¢, (7.6)
u(0,-) = ugy with divug =0,

where the function p: Rx M — Ris interpreted as ‘pressure’. Euler’s equation
searches for a (time-dependent) vector field # on M. The condition, div u(t,-) =
0, that is, that u is divergence-free, is the condition enforcing the incompress-
ibility of the fluid.

In (7.6) we seek a vector field, whence one says that the equation is in Eule-
rian form.

7.8 Remark Apart from the incompressibility condition, Euler’s equation
is similar to Burgers’ equation. Indeed the only difference on the PDE level
is the right-hand side which is given by the gradient of a pressure function.
We will see later that the gradient acts as a Lagrange multiplier enforcing the
incompressibility condition (in general, the term V,u will not be divergence-
free).

Again Euler’s equation, just like Burgers’ equation, is formulated on a finite-
dimensional manifold and has a priori nothing to do with infinite-dimensional
geometry. However, we will change the perspective to uncover the connection
to infinite-dimensional geometry. The idea is similar to what we did for Burg-
ers’ equation (but we will now start with the vector field rather than a flow).
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From the Eulerian to the Lagrangian Perspective

Let us consider a time-dependent smooth vector field u: I X M — TM on a
compact interval /. Then recall (e.g. from Lang, 1999, §IV.1, where we exploit
M being compact) that the flow for u is a mapping n: I X M — M such that

0
u(t,n(t,m)) = En(t,m), forallt € I, m € M. (7.7)

Furthermore, it is well known that for each ¢ € I the flow u(z,-) is a diffeomor-
phism of M. The equation (7.7) or the equivalent equation (7.3) is sometimes
called the reconstruction equation. Observe now that instead of constructing
a vector field # which solves the Euler equation (7.6), we can construct its
flow. Searching for the flow whose associated vector field solves the PDE is
called the Lagrangian perspective on the PDE. If u is now divergence-free,
divu = 0, this implies that n.u = p, that is, for every ¢, the diffeomorphism
n(t,-) leaves the volume form invariant. As 77 is smooth, the exponential law,
Theorem 2.12, allows us to reinterpret the flow n: I X M — M as a smooth
curve nV: I — Diff(M) @ C®(M,M). Now the incompressibility condition
shows that " takes its values in the closed Lie subgroup Diff,, (M) C Diff(M)
of volume-preserving diffeomorphisms.

Our aim is again to connect the finite-dimensional PDE to the infinite-
dimensional Riemannian geometry induced by the L’-metric. Let us briefly
recall its definition.

7.9 Definition (L2-metric on the diffeomorphism group) Let (M,g) be a com-
pact Riemannian manifold'. We define a weak Riemannian metric on Diff (M)
via

g (Xog,Yop) = fMg¢(m>(X(<p(m)),Y(<p(m)))d,u(m). (7.8)

Here X,Y € V(M), ¢ € Diff (M) and we exploited Diff (M) being a Lie group,
whence its tangent bundle is trivial, that is, 7 Diff (M) = Diff(M) x V(M)
(where the diffeomorphism is induced by right translation). It follows directly
from the rules of integration that gl‘2 is a right-invariant Riemannian metric
(see 4.13) on the subgroup Diff , (M) of volume-preserving diffeomorphisms
(but not on Diff(M)!). Moreover, in Exercise 7.3.2 we will see that the weak
Riemannian metric admits a metric spray and a covariant derivative. With more
work, one can also establish this for the restriction of the L2-metric to the
closed Lie subgroup Diff, (M) (see Ebin and Marsden, 1970, Theorem 9.6).

! Readers unfamiliar with integration on manifolds may safely replace M in the following with
s!. However, this does not simplify any of the argument.

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

7.2 The Euler Equation for an Ideal Fluid 145

We have seen above that for vector fields solving Euler’s equations, the
associated flow yields a curve into the group of volume-preserving diffeo-
morphisms. Since ng induces a weak Riemannian metric on Diff, (M) which
admits a metric spray, we can compute geodesics as curves which extremise
the energy. This allows us to derive a differential equation for the flow corre-
sponding to vector field solutions of (7.6). As in the Burgers case, we need
that ng(h,%%n) vanishes for every h € T Diff,,(M). We know that the
tangent space of Diff , (M) is (up to a shift) given by divergence-free vector
fields. Now due to the Helmholtz decomposition, Proposition E.17, elements
which are L?-orthogonal for every / are gradients of functions. Thus if % %n
is a gradient then the inner product vanishes and the curve n extremises the
energy. Conversely, if we assume that u solves (7.6) and denote by 7 its flow,
we compute the derivative as follows:

Vo
37 57 71(0m) = () + Vi) (6,7 (1)) = — grad p(t,n (1, m)). (7.9)
In other words, the Helmholtz decomposition shows that a flow n extremises
the energy if and only if its associated vector field solves Euler’s equation (7.6).
Hence the Euler equation can equivalently be formulated as the following set
of differential equations on the volume-preserving diffeomorphisms.

7.10 (Lagrangian formulation of the Euler problem) Find 7(z,-) € Diff(M)
for all # on some interval containing O such that

—grad p(t,n(t,x)),
u for all ¢, (7.10)
idpy .

> Zn(t.x)
n(t,)xp
n(0,-)

These equations, (7.10), are called the Euler equations in Lagrangian form.

We achieved our goal to rewrite Euler’s equation as a differential equation
on an infinite-dimensional manifold. However, we have not yet exploited that
the metric and the equation are right invariant (with respect to the group multi-
plication). In the next section we will investigate these properties and connect
the Lagrangian formulation to the geometry of the Lie group at hand. This
will lead (among other things) to another derivation of the geodesic equation
as the Euler equations. While this might on first sight look like a superfluous
exercise (after all we already know that Euler’s equations can be rewritten as
the geodesic equation) we wish to point out that this property is crucial for the
investigation of PDEs in the Euler—Arnold framework we present here.
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7.3 Euler-Poincaré Equations on a Lie Group

Comparing the Lagrangian version of Euler’s equations (7.10) and the L’-
metric, it is immediate that all terms arise by right-shifting objects. Moreover,
as the tangent of the right shift with a diffeomorphism is just precomposition
with the diffeomorphism, we obtain for a curve ¢ with values in the volume-
preserving diffeomorphisms, the formula

1
En(c) = f f gm (¢(1) o c()™ (m),é(t) o c(t) " (m))du(m)de.  (7.11)
0 M

Hence we can compute the energy using the L’-inner product on the Lie
algebra. We shall see that the geometry of the Lie group is tightly connected to
the geodesics by virtue of the Riemannian metric being right invariant. To state
Euler’s equations as a geodesic equation, we need to understand derivatives of
right-shifted variations.

7.11 Lemma Let G be a Lie group and p: | — 6,6[%x[0,1] — G a smooth
variation. We identify TG = GXL(G) by right multiplication (see Lemma 3.12)
and define

0
Xp: ] - 6’6[X[07 1] - L(G), (S’t) = pr2 (Tpp(s,t)_l EP(SJ)) s

0
Yy:1-0,0[x[0,1] = L(G), (s,1) = pr, (Tpp(s’t)-l ap(s,t)) .

Then the mixed derivatives of the right-shifted variations are related as follows:

%Xp - %YP =-[X,.%,]. (7.12)
Proof 1t suffices to establish (7.12) pointwise for every pair (sg,7). Define
the smooth map j(s,t) := p(s,t) - p(so,t0)~". Then j(sg,t9) = 1 and a quick
calculation shows that we have pr, (Tpﬁ(s’,)_l (%ﬁ(s,t))) = X, (s,1). A sim-
ilar identity holds for ¥, and we may thus assume without loss of generality
for the proof that p(so,79) = 1.

We work locally and pick achart ¢: G 2 U — V C L(G) suchthat p(15) =
0 and T1,¢ = idg). As in 3.21 we define a local multiplication v * w =
¢p(go‘1(v)(,o‘1 (w)) for all elements v,w € L(G) near enough to zero. For an
element v, we define (if it is close enough to 0) the inverse v=! = p(¢~1(v)71).
Choose an open 0-neighbourhood Q such that = is defined on Q X Q and Q is
symmetric (i.e. v € Q implies v=! € Q).

By construction, we have for all (s,7) in a neighbourhood of (s¢,7() that
g = ¢ o p makes sense and takes values in Q. Note that also g~! = @(p7!)
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7.3 Euler—Poincaré Equations on a Lie Group 147

takes values in Q for all such (s,7). Employing the rule on partial differentials,
Proposition 1.20 shows that X, (s,f) = dp * (q(s,t),q‘l(s,t); %q(s,t)). Spe-
cialising to (s9,%0), we see that X, (so,%9) = %q(so, to). Similar identities hold
for ¥, by exchanging t and s. Compute the second derivative using the rule on
partial differentials twice (where again the situation is symmetric in s and ):

0 0 0

—X, = —d

as" P = Bs (q 754 )

o 0 o 0
=d} g Y =q,=—q| +dad g —g,—qg!
¥ (q q 554 6sq) 2(dy#) (q 455954
62
+d
L (q 7 G651 )

Due to Schwarz’ rule, we see that the first and third terms in the above formula
are completely symmetric in # and s. Hence these terms will not contribute to
the difference (7.12). Let us now compute the differential of the inverse:

0
%q_l(s,t) przTgo( p(s,t)” )

(3.3) 0
= —pn, T‘pT/lp(S,t)’lTpp(s,t)" (Ep(s,t)) . (713)

In particular, (7.13) reduces for (so,0) to ¥, (s0,t0). Likewise for %q‘l (s0,t0)
we obtain X, (so,f). Note that by construction g(so,fp) = 0 = q‘l(so,to)
Hence we can now deduce that the difference ( aas Xp gt ) (s0,70) is given as

a 0 0 0
(dz(dl*) (q q Eq’a_q ) dr(dy+) (q q 55454 ))(So,to)

U2V (da(di#) (0.0: X, (50.10). Yy (50.10))
+ da(dy#) (0,0; Yp(SO,tO)9Xp(s09t0)))

02
950t | -

—[Xp (s0.0), Yy (s0,20) ].

(lYp(So,to) * 5Xp(50,20) — X (S0,20) * lYp(So,to))

(321)

O

We are now in a position to establish Arnold’s classical result on the
Euler equation via geometry on the Lie group of volume-preserving diffeo-
morphisms.

7.12 Theorem (Arnold) Let (M,g) be a compact Riemannian manifold and
consider a curve ¢: [0,1] — Diff,(M). Then ¢ is a geodesic of the L*-metric
(i.e. the restriction of (7.8) to Diff ,(M)) if and only if
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148 Euler—Arnold Theory: PDEs via Geometry

wi=¢og eV, (M)
solves the Euler equations (7.6), that is, for some function p: [0,1] X M — R,
we have

Oiu + Vyu = —grad p.
Proof Let ¢(s,t) be a smooth variation of ¢ and u(s,?) = %cp(s,t)ow(s,t)_l,
that is, u(t) = u(0,1). Set h(t) = %ga(s,t) o go(s,t)‘l‘szo and note that by
picking different smooth variations, /(¢) can be chosen to be an arbitrary curve

in V,, (M) with vanishing endpoints. We now take the derivative of the energy
and compute with (7.11):

d 1
aSZOEn(QD(s,')) = ffgm(u(t)(m),a—s_o

(12) f (u(t) —h(t) - [u(r), h(t)l)df (7.14)
0

u(s,r) (m)) du(m)dr

Recall that the Lie bracket in (7.14) is the Lie bracket of V,,(M). As this is
a subalgebra of the Lie algebra of Diff(M), Example 3.25 implies that it is
the negative of the commutator bracket of vector fields, whence V,h — Vju =
—[u,h]. Now replace the Lie bracket and apply Exercise E.3.5 to g(u,—Vju)
to see that (7.14) yields

1
fo (u(t) —h(t) + Vynh(t) - Vh(,)u(t)) dr

1
= fo (u(t) —h(t) + Vu(,)h(t)) ——g (gradg(u(t) u(t)),h(t)) |de

=0 by Prop. E.17 as h(t) € V, (M)

1
=f (u(t) —h(1) +Vu(,)h(t))) dr.
0

We continue with integration by parts with respect to ¢ and the identity
g,V h) =g(u,grad g(u,h)) — g(V,u,h) (see Exercise E.3.5). Together with
the Helmholtz decomposition, Proposition E.17, the above equation is equal to

1
—f g~ (iu(t)+Vu(,)u(t),h(t)) dr.
0 dr

Hence if ¢ extremises the energy, we see that —(d;u + V,u) must be L’-
orthogonal to every curve (with vanishing endpoints) in V,(M). By the
Helmbholtz decomposition, this happens if and only if there is some function p
(determined up to a constant) such that d;u + V,,u = — grad p. O
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7.3 Euler—Poincaré Equations on a Lie Group 149

We have now seen that the geometry of the group of volume-preserving dif-
feomorphisms can be exploited to identify the Euler equation as a geodesic
equation. This connection is typical for PDEs and their associated geodesic
equations which are amenable to Arnold’s approach. Indeed there is one last
reformulation of the Euler equation on the Lie group Diff , (M) which needs to
be mentioned here as it exhibits the connection between the invariant Rieman-
nian metric and Lie group more explicitly.

7.13 Remark (The Euler equation as an Euler—Poincaré equation on Diff, (M))
Our aim is to identify the geodesic equation as a so-called Euler—Poincaré
equation on Diff ,(M). For this, let us start more generally: Let G be a regular
Lie group with Lie algebra (L.(G),[-,-]) and (-,-) a continuous inner product
on L(G). Assume that we wish to compute geodesics for the right-invariant
metric induced by the choice of inner product. Arguing as for the Euler equa-
tion, we see that a curve @ : [0, 1] — G extremises the energy if and only if the
expression (7.14) vanishes, that is, in the notation of Exercise 3.2.11 we must
have

1 1
0= f <u(r),ih<r>—[u(t),h(r)]>dr= f <u<t),ih<r>—adu<,>(h<r)>>dr,
0 dt 0 dt

where u(t) = 6" ¢(t) (the right logarithmic derivative of ¢). Now assume that
for all x € L(G), there exists an adjoint ad; for the linear operator ad, with
respect to the inner product (-,-), that is, (ad] (y),z) = (y,ad,(z)). Applying
again integration by parts we see that ¢ is a geodesic if and only if its right
logarithmic derivative satisfies the Euler—Poincaré equation”

d
0= ~adl, (6" ).

Thus we have derived yet another expression which is equivalent to the geodesic
equation and by the previous results also to the Euler equation of an incom-
pressible fluid if G = Diff, (M) and the inner product is the L?-inner prod-
uct. Observe that the Euler—Poincaré equation is a differential equation on the
Lie algebra. The Euler—Poincare equation reduces the geodesic equation to the
Lie algebra and shows that the geometry of the Lie group and the Riemannian
geometry of aright-invariant metric are closely intertwined. We will not discuss
this fruitful perspective on the Euler equation. However, there are accounts of
the general mechanism with many examples available in the literature. The
interested reader is referred, for example, to Vizman (2008), Modin (2019)
and Khesin and Wendt (2009, 11.3).

2 The name goes back to honor Henri Poincaré who formulated in Poincaré (1901) differential
equations for mechanical systems on (finite-dimensional) Lie groups in the presented form.

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

150 Euler—Arnold Theory: PDEs via Geometry

Exercises

7.3.1  Let (M,g) be a compact Riemannian manifold. Show that the L>-
metric (7.8) on Diff (M) restricts to a right-invariant Riemannian met-
ric on Diff, (M).

7.3.2  We again let (M, g) be a compact Riemannian manifold and consider

the L2-metric g* (7.8) on Diff(M). Let S be the metric spray of g
and K the associated connector. The aim of this exercise is to prove
that ng admits a metric spray, connector and covariant derivative by
exploiting the right invariance of the metric.
Remark: The proof for this statement for the L>-metric on C*(S', M)
from §5.1 can be adapted to the present situation. However, we will
follow in this exercise the classical argument of Ebin and Marsden
(1970) which highlights the use of invariance properties.

(a) Show that the pushforward S. is a spray on Diff(M) and the
pushforward K. is a connector on Diff (M).

(b) Define the covariant derivative V)L:Y = K, oTY o X associated
to the connector K (i.e. X,Y are vector fields on Diff (M)). Work
out V)L(ZY for right-invariant vector fields on Diff (M) (i.e. vector
fields X (¢) = X(id) o ¢, where X (id) € V(M) = L(Diff (M)).
Then verify that VL satisfies the properties of the metric deriva-
tive associated to ng for all right-invariant vector fields.

(c) Establish that VL’ is the metric derivative of g** and deduce that
K. is the connector and S, the metric spray associated to ng.
Hint: Exploit the idea that for every vector field Xe V (Dift(M))
and ¢ € Diff(M) there exists a right-invariant vector field X®
such that XR (@) = X (o).

7.3.3  Supply the necessary details for the proof of Lemma 7.11. Show in par-
ticularthatprz(Tpﬁ(s’t)_l (%ﬁ(s,t))):X,,(s,t), Xp=d\*(q.q7";s 2q)
and X, (s0,t0) = %q(so,to) and (7.13) reduces to X, (so,%).

7.4 An Outlook on Euler-Arnold Theory

In the last section we saw how the Euler equations of an incompressible fluid
can be identified as a geodesic equation of a right-invariant metric on an infinite-
dimensional Lie group. This equation can in turn be rephrased as the Euler—
Poincaré equation on the Lie algebra, highlighting the close connection of Lie
group and Riemannian geometry. In the present section we will discuss several
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74 An Outlook on Euler—Arnold Theory 151

applications of the theory developed so far. The section concludes with a dis-
cussion of the problems one faces related to carrying out the program sketched.

7.14 (Applications of Euler—Arnold theory) As we have seen, certain PDEs,
such as the Euler equation of an incompressible fluid, can be rewritten as
geodesic equations on an infinite-dimensional manifold. Moreover, the mecha-
nism is reversible, that is, solutions to the original PDE correspond to
geodesics. Vice versa, solutions to the geodesic equation of certain (weak) Rie-
mannian metrics yield solutions to partial differential equations. This has the
following immediate applications.

(a) Existence, uniqueness and parameter dependence of solutions. Geodesics
are solutions to ordinary differential equations. To establish properties of
their solutions (such as local existence of unique solutions) one can hope
to apply the usual toolbox for ordinary differential equations. Transporting
solutions back to the finite-dimensional world, this will yield local exis-
tence and uniqueness for solutions of the PDE. Historically, this was how
the existence and uniqueness problem for Euler’s equations of an incom-
pressible fluid was first solved in the general case in Ebin and Marsden
(1970).> The caveat here is that ODE tools break down beyond Banach
manifolds and one requires a technical analysis to make the program work
(see 7.18).

Before we continue let us recall the concept of sectional curvature.

7.15 Let (M,g) be a (weak) Riemannian manifold with covariant derivative
V and curvature R. Then for two linearly independent vectors u,v € T,,M
spanning a 2-dimensional subspace o the sectional curvature is defined as

gx(R(v,w)w,v)
gx (1, 1)gx (W, w) = (8x (v, w))?

K(o) =

(where we actually evaluate the curvature R in (local) vector fields V, W with
V(x) =vand W(x) =w).

As a concrete example, endow the diffeomorphism group Diftf (M) with the
weak L’-metric. Every vector V € T, Diff (M) can be expressed as the value
of a right-invariant vector field Xy on Diff(M). Hence it suffices to com-
pute the sectional curvature using right-invariant vector fields. The formula
for the covariant derivative of the L?-metric then shows that for a subspace o

3 The emphasis here is on ‘general’. Some results were known for special cases previous to the
treatment in loc. cit.
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152 Euler—Arnold Theory: PDEs via Geometry

generated by the orthonormal elements {Xy (¢),Yy (@)}, the sectional curva-
ture is given as

KLZ(a)=gL2(R“(XV,YWYV,xv):fM K(Xy (i) (m), Yy (id) (m))de* (1) (m),

where K is the sectional curvature on M (computed with respect to the space
spanned by the vectors Xy (id)(m) and Yy (id) (m); Smolentsev, 2007, 6.4).

Continuing with our review of Euler—Arnold theory from 7.14:

(b) Geometric tools for PDE analysis. It is well known from finite-dimensional
Riemannian geometry that curvature controls the behaviour of geodesics
(see e.g. do Carmo, 1992, Chapter 5, and also note the connection to the
Hopf—Rinow theorem in Remark 4.44). The point is that for positive sec-
tional curvature, geodesics starting at the same point with slight variation
of the initial velocity tend to converge towards each other, while for neg-
ative sectional curvature they diverge (this can be made explicit as in the
finite-dimensional case, but we will not discuss the details here). In the
context of partial differential equations these properties can be interpreted
as stability of solutions under perturbations of initial conditions.

Indeed Arnold (1966) showed that the sectional curvature of the L2-
metric on Diff , (M) is negative in almost all directions. So nearby fluid
regions will typically diverge exponentially fast from each other. This
analysis applies, in particular, to partial differential equations employed
in weather forecasts. So infinite-dimensional Riemannian geometry shows
that reliable long-term weather forecasts are practically impossible.

7.16 Remark There is also a beautiful connection of the Euler—Arnold equa-
tions to ideas from Hamiltonian mechanics on Diff (M). The differential geo-
metric context for this is (weakly) symplectic structures on Diff (M) and we
refer to Smolentsev (2007, §§6 and 7) for a discussion.

In the present chapter we have only seen the mechanism applied to the
Burgers and Euler equations. There are many more PDEs which typically
arise in hydrodynamics and can be treated in the same framework. Equations
which are amenable to this treatment are nowadays called Euler—Arnold equa-
tions. We refer to Khesin and Wendt (2009) for an extensive list but mention
explicitly the Camassa—Holm equation, the Hunter—Saxton equation and the
Korteweg—deVries (KdV) equation as PDEs belonging to this class. Since the
Hunter—Saxton equation admits a beautiful geometric interpretation, we will
now briefly discuss a few more details related to this equation and its geomet-
ric treatment.
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7.17 Example (Hunter—Saxton equation) We consider the periodic Hunter—
Saxton equation on the circle S!. The task is to find a time-dependent vector
field u: [0,T[ x S! — R which satisfies the following equation:

Usxx + 2Uylixy + Ulhyxy =0, (7.15)

where subscripts again denote partial derivatives with respect to time (¢) or
x € S'. We will see in Exercise 7.4.1 that the Hunter—Saxton equation is the
geodesic equation of the right-invariant H'-semimetric. To describe this semi-
metric, we recall from §5.1 the notation U’ := TpU(1) and define the inner
product

gi’il(U,V)=%f U@V(0)d0  on C(SLR).  (1.16)
Sl

Then the H'-semimetric is the right-invariant semimetric induced by (7.16).
Note that it is a semimetric as constant vector fields are annihilated. In Exam-
ple 3.42 we saw that the constant vector fields generate the group of rotations
Rot(S!). Hence there are two possibilities to obtain a (weak) Riemannian met-
ric: One can work with the quotient manifold Diff(S')/Rot(S') (see Lenells,
2008 for a detailed discussion) or one has to fix a subgroup containing only the
trivial rotation. We consider the induced weak Riemannian metric on the Lie
subgroup

D = {¢ € Diff(S") | $(6(0)) = 6(0)}, (1.17)

where 6: [0,27] — R2, ¢t + (cos(t),sin(t)) is the canonical parametrisation
of the circle. To ease the computations, we follow Lenells (2008) and will
in the following always identify diffeomorphisms and vector fields of S' as
periodic mappings [0,27] — R. This allows one to prove that the Hunter—
Saxton equation exhibits a fascinating geometric feature discovered in Lenells
(2007): The group Dy can be identified as a convex subset of a sphere and this
embedding is a Riemannian isometry relating the H'-metric to the L>-metric.
Indeed this embedding is surprisingly simple, as it is given by

¥: Dy — C¥(SLR), ¥(p) = ¢

Its image becomes the convex set
{f(6) >0, forall 6 € sl,f Lf(6)]?d6 = 1} € C™(SL,R).
S]

We omit the details here and refer instead to the exposition in Lenells (2007).
The geometric content of this observation is that we can transform the
Hunter—Saxton equation to a geodesic equation on the L*-sphere in C*°(S!,R).
Now solutions to the geodesic equation on the L2-sphere (with respect to the
natural L?-metric) can be explicitly computed: We have seen in Example 4.43
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that geodesics of the L?-sphere (seen as the unit sphere of the Hilbert space
L*(S',R)) are given by great circles.

While the Hunter—Saxton equation can be interpreted as the geodesic equa-
tion on an infinite-dimensional sphere in a Hilbert space, our approach so far
has been to consider this equation as an equation on the space C**(S',R) which
is not a Hilbert space. This is quite unnatural for two reasons: From the per-
spective of the PDEs this approach will only allow solutions which are smooth
in space, whereas it is often of interest to have much less regular solutions,
for example, solutions which are only finitely often differentiable in space.
The geometric perspective allows us to connect the PDE to an ODE which we
then have to solve. However, on Diff (M) this presents a problem, as we will
discuss now.

7.18 (Returning to the Banach and Hilbert setting) In 7.14 we listed as an
advantage of the Euler—Arnold approach to PDEs that (local) existence and
uniqueness of solutions to these PDEs can be obtained by methods for or-
dinary differential equations (ODEs) on infinite-dimensional manifolds. Un-
fortunately the manifolds we have been working in this chapter are submani-
folds of the manifolds of mappings C* (K, M) (where K is a compact mani-
fold). These manifolds are never (except in trivial cases) Banach manifolds, so
there are no black-box techniques for ODEs as Appendix A.6 shows. Thus the
elegant theory developed so far misses an essential analytic ingredient to solve
the ODEs occurring.

The solution to this problem is, in principle, simple (if one glosses over the
technical details): Replace C*™ functions by finitely often differentiable ones.
Note that this dovetails nicely with the problem statement from the PDE side
we mentioned earlier. By going to finitely often differentiable functions, we
allow solutions to the PDE which are much less regular in space. From the
perspective of infinite-dimensional manifolds, one can prove that

Co(K,M) = () CKK, M) = (1) HY (K, M),
k €Ny s €Ny

where the manifolds in the middle are Banach manifolds and the spaces on the
right even Hilbert manifolds. Here H® (K, M) denotes all mappings of Sobolev
H*-type (meaning that their weak derivatives are in L?). We refrain from defin-
ing Sobolev spaces on manifolds as there are several subtle points involved
in their construction. Instead we remark that they admit a manifold structure
similar to the manifolds of mappings we constructed in Chapter 2. For more
information we refer the reader to the detailed exposition in Inci et al. (2013).

Conveniently, Sobolev type groups of diffeomorphisms Difff" (K) also
exist and one can even prove that Diff (K) = ‘h_r)rolo Difff’ (K) as a projective
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limit in the category of manifolds. This structure is called an ILH-Lie group
(see Omori, 1974), and coincides with the Lie group structure of Diff(K)
constructed in Example 3.5. The point of the construction is of course that
one can work on the Hilbert manifold of Sobolev morphisms. Unfortunately,
because of Omori’s theorem (Omori, 1978), the groups Diff* (K) cannot be
Lie groups. They are, however, manifolds and topological groups such that the
left multiplication is continuous but not differentiable — see (2.6) — to see that
the derivative loses orders of differentiability. However, right multiplication is
still smooth and one obtains a so-called half-Lie group (Marquis and Neeb,
2018). This leads to several analytic problems which need to be solved to es-
tablish smoothness of the associated metric sprays (see e.g. Ebin and Marsden,
1970). We refer the reader to the literature for more details as these problems
are beyond the scope of this chapter.

By this point, the reader should be suitably equipped to understand the clas-
sical research literature on these topics. For example, Ebin and Marsden (1970)
as well as Ebin (2015) present the theory for the Euler equation of an incom-
pressible fluid. Also the monograph of Khesin and Wendt (2009) provides an
excellent overview of the theory together with many pointers towards the liter-
ature. This chapter concludes with a short remark on some more recent devel-
opments in Euler—Arnold theory.

7.19 Remark Euler—Arnold theory is still an active area of research. Among
the many recent results, I like to point out several which I find particularly
interesting:

(a) Classical Euler—Arnold theory works with right-invariant Riemannian met-
rics on (subgroups of) diffeomorphism groups. In Bauer and Modin (2020)
it was shown that the approach also works for Riemannian metrics on
Diff (M) which are only invariant with respect to Diff , (M). Thus a whole
new family of PDEs, such as certain shallow water equations, can be
treated by Euler—Arnold methods.

(b) Instead of a purely deterministic PDE one can apply the mechanism to a
stochastic partial differential equation. Stochastic versions of Euler’s equa-
tions for an incompressible fluid have recently been considered as models
for data-driven hydrodynamics (modelling uncertainty in the data). For the
Euler equation of an incompressible fluid, Maurelli et al. (2019) work out
the necessary details to make the Euler—Arnold machinery work in the
stochastic setting.

(c) There is a connection between Euler—Arnold theory, the differential geom-
etry of diffeomorphism groups and optimal mass transport. This is based
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on the observation that there is a submersion 7: Diff(M) — Dens(M)
from the diffeomorphism group to the manifold of densities on M. This
links the Riemannian metrics on Diff (M) to the Wasserstein metric from
optimal transport. An introduction to these topics can be found in Khesin
and Wendt (2009, Appendix A.5).

Exercises

7.4.1  We consider the group Diff(S') and the H'-semimetric (7.16). Show
that:
(a) Identifying diffeomorphisms with periodic mappings we can
identify Do with

{u+id | u: [0,27] —> R, d%cu > —1,u(0) =0 =u2nr)}.

(b)) E = {u € C*(0,27],R) | u(0) = 0} is a closed subspace
of C*([0,2r],R) and Dy is diffeomorphic to an open subset of
id+E C E.

(¢) The continuous linear operator A(u) := —u”’ induces an isomor-
phism from E to F = { feC*([0,27],R)| f02ﬂ f(x)dx=0}. More-
over, show that (up to identification) gg l g,v) = fsl UA(V)deo.

(d) The group Dy from (7.17) is a Lie subgroup of Diff(S') and its
Lie algebra can be identified as

L(Dy) = {f e C*(S,,R) | fs £(6)dd = 0}.

(e) (7.16) induces a right-invariant weak Riemannian metric on Dj.

(f) A curve ¢ extremises the energy of the H'-semimetric (7.16) if
and only if u = %tp o ¢! satisfies the Hunter—Saxton equation
(7.15).

7.4.2  Prove the claims on the sectional curvature of the L2-metric on
Diff (M) from (7.15).
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8
The Geometry of Rough Paths

8.1 Introduction

In this chapter we will discuss the (infinite-dimensional) geometric framework
for rough paths and their signature. Rough path theory originated in the 1990s
with the work of T. Lyons; see, for example, Lyons (1998). It seeks to establish
a theory of integrals and differential equations driven by rough signals. For
example, one is interested in the controlled ordinary differential equations of
the following type:

yi= ) +g(yoX,. 8.1)

Here the subscripts track the time parameter #, X is an input path with val-
ues in R and y is the output with values in R¢. We will for this exposition
assume that all derivatives and integrals needed exist (e.g. if X is a smooth
path). Finally, f, g are non-linear functions with values in R¢ and L(R? R),
i.e. e X d-matrices, respectively. Focussing on the control term in (8.1), let us
consider a simple approximation to the solution in the case that f = 0, that is,
y; = g(y:)X]. For example, the first-order Euler method gives us the following
approximation for the components of y:

t

yi— v Zg"(ys)fv dx' = |ll,i‘rgogi(ys) Z (Xi., -Xi), i=l.. ..

; [tj,tj1]1€P
Here superscripts denote components of maps, the integral is defined via a
Riemann-Stieltjes sum and we think of g(y,) as a matrix (selecting columns
and rows appropriately). The information needed for the approximation is the
integral of X. In general, we would like better approximations (or even a
solution), so it is natural to increase the order of the approximations. To ob-
tain the desired formula one applies a Taylor expansion to obtain the following
second-order Euler approximation fori = 1,...,e:

157

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

158 The Geometry of Rough Paths

t e d t r
i i i i i 6 / i j
yi-yi~g (y;)ﬁ dx +;;gk(ys)ag1(ys>fx f dx'dx’. (8.2)

Thus higher-order approximation requires knowledge about (mixed) iterated
integrals of the path X against itself. So far we have tacitly assumed that the
necessary paths and derivatives exist (e.g. that all the objects in question are
smooth).

Weakening this requirement, the objects we are interested in are iterated
integrals of Holder continuous paths with values in R¢.! For convenience we
will assume throughout this chapter that we are dealing with paths on the in-
terval [0, 1]. This is no restriction since we can always reparametrise Holder
paths on any [0, 1] to obtain corresponding paths on [0, 1] (though this changes
the Holder norm). Assume we have two continuous mappings X : [0,1] — R¢
andY: [0,1] — L(Rd,Re), where the continuous linear maps L(Rd,R“) have
been endowed with the operator norm. We would like to define an integral
now of Y against the path X and these integrals should yield a continuous map
(X,Y) > f YdX. Setting X ; := X; — Xs, we could try to define the integral
as a limit of Riemann—Stieltjes sums,

1
fo Y(HdX (@) = lim DL Y ()X,

[s,t]eP

where P is a partition of [0,1] and the limit takes the mesh size to 0. The
resulting integral is called the Young integral and Young (1936) showed that
the Riemann—Stieltjes sum converges if X is an a-Holder path® and Y is a 3-
Holder path such that @+ > 1. This result is sharp as one can construct exam-
ples of paths with @ + 8 = 1 such that the sum becomes ill defined. So in gen-
eral, there is no hope for an integration theory which allows us to integrate ar-
bitrarily rough paths against each other. However, the key insight of rough path
theory is that the regularity assumption @+ > 1 from Young’s theorem can be
circumvented if additional structure is added to the paths. Thus a rough integral
can be built if we enhance Holder continuous paths with additional informa-
tion to so-called rough paths. The point is that this information can be chosen
for irregular paths such as Brownian motion (which is known to be a-Holder
for @ €]0,1/2[). Here rough path theory excels at clever estimates for the in-
tegrals appearing. In the present chapter we will focus on the geometric side
of the picture and leave the hard analytic estimates to the rough path literature.

I The basic theory extends to Banach space valued paths but this requires more technical efforts
such as, for example, the introduction of tensor norms.
2 The notion of a-Holder paths is recalled in §8.3.
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8.2 Iterated Integrals and the Tensor Algebra 159

Our first aim is to develop a convenient geometric framework to record iterated
integrals.

Notation for increments and iterated integrals We frequently encounter
increments of continuous paths X : [0,1] — RY:

e X, :=X(t),and
e X, =X, — X, for the increment and 7, s € [0, 1].

With enough differentiability of X, we can define iterated integrals of X against
itself. For 0 < s <7 < 1, we integrate componentwise in RY @ R? =R9" and set

t r t t t
f f dX ®dX = f X, ®dX = f X, ®dX, = f X;.r @ X, dr.
N N N N N

The notation suppresses indices with the understanding that the objects are
matrices whose components are iterated integrals. For higher iterated integrals
this will quickly become impractical whence we shall use tensor notation in-
stead.

8.2 Iterated Integrals and the Tensor Algebra

In this section we consider the tensor algebra as a continuous inverse algebra.
As seen in the introduction to this chapter, we are interested in iterated inte-
grals of the components of a path X: [0,1] — R¢. For example, the second
iterated integrals (8.2) yield a matrix object whose components can also be
conveniently recorded using tensor notation:

t r . X t r . .
f f dX' ® dXx’/ I:f (f Xm)dX]€i®€j,
s Js s s

where ¢;,e; are standard basis vectors of R4. Iterating for higher orders, we
can write the resulting integrals as elements in an iterated tensor product.
Note that on the basic levels tensors are just a bookkeeping device to track
the components integrated against each other. Indeed the canonical identifica-
tion R ® RY = R4 maps ¢; ® ¢; to the component in the ith row and jth
column. Hence, detailed knowledge on tensor products is not needed and we
refer to (Abraham et al., 1988, Chapter 5) for an introduction.

8.1 Definition ((Truncated) tensor algebra) For d € N and k € N, we set

R =RIQRY®---®R? and (RY)® = R.

ktimes
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160 The Geometry of Rough Paths

Write ¢;,1 < i < d for the standard basis vectors of R? and recall that the

products e;, ®- - -®e;, form a base for (R?)® whence this space is isomorphic
to R4 Then we define for N € N U {co} the (truncated) tensor algebra®

N
TV RS = [ [~
k=0

Elements in 7V (R?) will be denoted as sequences (xx )k <ny+1 (Where co+1 =
00). An element concentrated in the kth factor (R%)® is called homogeneous
of degree k. Then the algebra product is given by

(X k<N+1 ® (Vi )dk<N+1 = ( Z Xn ® Ym) . (8.3)
k<N+1

n+m=k

Since tensor products over R with elements of R contract, thatis, 1 @ v = Av,
we see that the tensor algebra has a unit element 1 = (1,0,0,...) € 7V (R%)
(i.e. 1 is homogeneous of degree 0) and the map #)Y : 7V (RY) — (R?)®0 =
R is an algebra morphism (and, in particular, the homogeneous elements of
degree 0 form a subalgebra of the (truncated) tensor algebra). Note, however,
that the algebra is almost always non-commutative (Exercise 8.2.2).

In the introduction we saw that iterated integrals can be conveniently iden-
tified with elements in the tensor algebra. From this point of view it would be
enough to treat the tensor algebra as locally convex space which simply stores
information. However, it turns out that iterated integrals satisfy several natural
identities which can be expressed using the product in the tensor algebra. For
example, if X: [0,1] — R4 is a smooth path and X, ; = f: Xs.r ®dX €
R4 ® R its iterated integral, it is easy to see that these satisfy Chen’s relation

X —Xou =Xt = Xou ®Xy,r, forallu € [s,t]. (8.4)

To get a feeling for these identities and for the truncated tensor algebra, we rec-
ommend Exercise 8.2.2. Summing up, we should be interested in the algebra
structure of the tensor algebra as well. Our next result discusses the topological
structure of these algebras.

8.2Lemma Fix N € NU{co}andd € N.

(a) An element a in TN (R?) is invertible in the tensor algebra if and only if
the associated element of degree 0, ay = ﬂév (a) is invertible.

3 The tensor algebra discussed in this section differs from what is usually called the tensor
algebra. In the literature, the tensor algebra usually denotes the direct sum of iterated tensor
products (i.e. finite sequences of iterated tensors). From this perspective, the tensor algebra
7 (R) should rather be called the completed tensor algebra.
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8.2 Iterated Integrals and the Tensor Algebra 161

(b) The algebra TN (RY) is a continuous inverse algebra (CIA). Moreover, if
N < oo, then TN (R?) is a Banach algebra and if N = oo, TN RYY isa
Fréchet algebra.

Proof As a first step, let us topologise 7V (R%).

If N < oo, we obtain a finite-dimensional algebra and thus it is a Banach
algebra and a CIA (alternatively see Exercise 8.2.1).

If N = oo, we observe first that 7°(R?) is a countable product of finite
dimensional locally convex spaces, whence it is a Fréchet space. Note that this
topology and the Banach topology for N < oo turn the projection n(l)v into
a continuous map. Exploiting the product topology, we see that the product
ToRY) x TR — 7*(R%) is continuous if and only if the component
maps Py : TR x T(R?Y) - (R?)®* k € N are continuous. However, as
the algebra product (8.3) respects the homogeneous degree of elements, it is
clear that Py factors through the continuous inclusion 7% (R¢) and the algebra
product of 7% (R?). Both the inclusion and the algebra product are continu-
ous, and so P and consequently the product on 7 °°(R¢) are continuous. We
deduce that 7*°(R?) is a locally convex algebra. To see that it is also a CIA,
let us prove first the claim on invertibility of elements.

Leta € 7N (R?) and write a = ag + b, where ap = 71}’ (a) and b = a — ag.
Since ﬂ(’)\’ is an algebra homomorphism, aop must be invertible if a is invertible.
For the converse, we observe that a is invertible if and only if aq lg=1 +a, Ip
is invertible. Plugging a; La into the Neumann inversion formula (see Werner,
2000, Theorem II.1.11)

1+x)"! = Z(—l)kX®k, (8.5)
k=0

we obtain the desired inverse a, '(1 +b)~! if the series converges. For this we
observe that 1—a; '@ has no part which is homogeneous of degree 0. Taking
products of this element with itself, we only obtain contributions by homoge-
neous parts of higher degrees. Hence, if N < oo and we truncate, the series
is just a polynomial. For N = oo we see similarly that after projecting to the
factors (R?)®* we again obtain only a polynomial. Hence also in this case
the series converges as it (trivially) converges in every factor. Thus a; la is
invertible and the inverse depends continuously on a. Moreover, the set of units
TR = (2)" (R \ {0}) is open. Summing up, this proves that 7 (R?)
is a CIA. o

8.3 Corollary For every N € N U {oo} and d € N, the group (TN (R))* =
{(ve TNRY | n(])\’ (v) # 0} is a regular locally exponential Lie group whose
Lie algebra is TN (RY) with the commutator bracket. Moreover, its Lie group
exponential is given by
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162 The Geometry of Rough Paths
N (pd N (pd A
expe: TN RS = (TVRD. expg) = ) =,
k=0 ©°

where v® is the kth power of v with respect to the algebra product.

Proof The Lie group structure was established in Example 3.4 and the Lie
algebra computed in Exercise 3.2.8. Note that thanks to Lemma 8.2 the (trun-
cated) tensor algebra is complete, whence its unit group is regular by Exam-
ple 3.35. There we also mentioned that the evolution map Evol is given by
the Volterra series (3.6). Plugging a constant path ¢ +— v into the Volterra
series we immediately obtain that expg is the Lie group exponential (check
this!). If N < oo the CIA is finite dimensional, and so (7N (R%))* is a finite-
dimensional Lie group and thus locally exponential. The case N = co is much
more involved and we refer to Glockner and Neeb (2012, Theorem 5.6) for
details. Note, however, that we will establish the convergence of the Lie group
exponential and its inverse on a certain closed subspace in Lemma 8.5. O

Returning briefly to iterated integrals of a smooth path X: [0,1] — R9,
we shall now investigate iterated integrals of the path against itself. For this,
identify R? with the homogeneous elements of degree 1. Thus X becomes a
smooth curve to the tensor algebra. However, for reasons which will become
apparent in a moment, we are more interested in the smooth curve DX (¢) =
(0,X’(1),0,0,...) € TN(R4). Applying the evolution to DX (viewed as a Lie
algebra valued path) and sorting the result of the Volterra series by degree, we
obtain

Evol(DX)(t) =

t r t r ry
(rn—> (1,X0,,,f f dX@dX,,f f f dX®dX®dX,...)),
0 0 0 0 0

where we either truncate at N < oo or take the full tensor series for N = co. We
have now used the evolution of the Lie groups to define a well-known object
in the theory of rough paths.

8.4 Definition (Signature of a smooth path) Let X: [0,1] — R? be a smooth
path. Then we define the N-step signature

t ri t r ry
SN (X)as = (1Xf f dX@dx,f f f dX @ dX ®dX,...).
S S S S N

(8.6)

If N = co we also write the shorter S(X) = So(X) and say that S(X) is the
signature of the smooth path X.
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8.2 Iterated Integrals and the Tensor Algebra 163

As Sy (X) is the evolution of a smooth path it satisfies for every N € NU{co}
the Lie type differential equation

{%SN(X)O,, = Sn(X)os ® (dX), te[0,1],

(8.7)
Sn(X)oo=1.

Before we continue, it is important to stress that the signature can be defined
not only for a smooth path. We shall see later (§8.3) that the signature exists
for arbitrary rough paths. The signature of a path has turned out to be an im-
mensely important object in the theory of rough paths and its applications. For
example, the signature can be computed in advance for paths of interest and
can then be applied in numerical analysis or for machine learning purposes.
We refer to Chevyrev and Kormilitzin (2016) for an introduction.

We will generalise (8.7) in Exercise 8.2.4 and show that Sy (X);,; can be
recovered directly from Evol(DX)(¢) = Sy (X)o,; by virtue of Chen’s relation
SN(X)s,r = SN (X)5,u®SN(X)y,; forall s < u < t. However, our investigation
so far also hints at the fact that the unit group of the tensor algebra is much
larger than needed and contains many elements which will not turn out to be
signatures of smooth paths. For example, the second level of the signature is a
matrix (viewed as an element in R? ® R¢). Its symmetric part is fixed by the
shuffle of the level 1 part of the signature with itself (Chen’s relation, cf, §8.4
for more on the shuffle product). Hence the second level uniquely is determined
by its antisymmetric part which is in the stochastical theory interpreted as the
Levy area. To capture these non-linear constraints, one restricts to a certain
Lie subgroup of the unit group which expresses the geometric features of the
signature. For this let us first study the restriction of the Lie group exponential.

85Lemma Let N € NU{oo}andd € N and set Iy = (ﬂév)_l(O). Then Iy
is a Lie algebra ideal in TN (R?) and the following maps are mutually inverse
smooth diffeomorphisms

X®n
expy: In = 1+Iy, v Z =,
0<n<N n
Y®n
logy: 1+Iy — Iy, 1+v > Z (—1)"“T

0<n<N

Proof Since the Lie bracket is given by the commutator, it is clear that 7 =
(név)‘l(O) is a Lie ideal (i.e. [v,w] € Iy if either v or w is in ). First,
note that since v € Iy we have n(I)V (v) = 0 and thus v® does not contain
contributions by homogeneous elements of degree less than k. In particular, we
see that for every degree, the series exp,; and log,, reduce to polynomials in v.
Thus both mappings are well-defined smooth mappings to 7V (R?). Inserting
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164 The Geometry of Rough Paths

and rearranging the formal power series into each other shows that exp, and
log,; are mutually inverse, hence diffeomorphisms. O

Note that 1+7 is a subgroup of 7V (R¢)* and a closed submanifold (as
a closed affine subspace of 7V (R9)). Thus, in particular, it is a closed Lie
subgroup of the unit group. Since the exponential series yields the Lie group
exponential of the unit group, we can interpret Lemma 8.5 as the statement
that the Lie group exponential of 1+7 is a diffeomorphism from the Lie
algebra onto the group. However, the Lie group we are after is yet a smaller
Lie subgroup of 1 +7 which nevertheless contains all signatures.

8.6 Definition Let N € N U {co},d € N. Then we define gV (R?) as the
smallest closed Lie subalgebra generated by the homogeneous elements of
degree 1 in 7N (R4). Explicitly, these algebras are constructed as follows:
Set P1(RY) := R? ¢ 7N (R?) (via the canonical identification). Then define
recursively:

PH(RY) == PHRY) + span{[x,y] | x e R,y € P"(RD)},
P RY) = {(0,P),P,,...) | foralli e N, P; € (R))® nP"(RY)

for some n € N},

Elements in P"(R?) are called Lie polynomials while elements in P> (R%)
are called Lie series.* Then we set g (R?) := PN (R9) (where the bar denotes
topological closure) and observe that these spaces are closed Lie subalgebras
of Iy for N € N U {co}.

If we take now the image of g (R?) under the exponential map exp, we
obtain a closed subset GV (RY) := exp N (g™ (R?)) of the unit group. It is non-
trivial to see that GN (R¢) forms a group under tensor multiplication. The clas-
sical proof for this fact employs the Baker—Campbell-Hausdorft series as an
essential tool. As this would lead us too far from our objects of interest, we
will import this result and investigate just its differentiability.

8.7 Proposition  The set GN (RY) is a closed Lie subgroup of the unit group
(TN RY) for all N € N U {oo}. Moreover, this structure turns it into a
(locally) exponential Lie group.

Proof We have seen already that GV (R?) is a closed subset. It is a subgroup
by Reutenauer (1993, Corollary 3.3). To see that it is a Lie group, we have to
show that it is a submanifold. Exploit that 7V (R¢) is locally exponential (see
4 The name hails from the custom of writing a Lie series in the form of a formal power series

instead of the sequence representation we have chosen. We refer to Reutenauer (1993, Chapter
1) for more information.
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8.2 Iterated Integrals and the Tensor Algebra 165

Corollary 8.3). Hence there is a 0-neighbourhood V @ 7V (R9) such that expg
restricts to a diffeomorphism on V. By construction we have exp®(gN (RY)) =
expy (8™ (RY)) = GN (RY), whence expg, (V N g™ (RY) = expg (V) N GN (RY)
yields a submanifold chart (¢, V) for GV (R¢) around the identity. Exploiting
the idea that 7V (R9)* is a Lie group, we see that a submanifold atlas for
G (R?) is then given by PV — GV (RY), x - go(x), g € GNRY).
We conclude that GV (R9) is a closed Lie subgroup of the unit group with
Lie algebra "V (R?). To see that it is locally exponential, it suffices to notice
that expg, restricts to the Lie group exponential of G (R?). This is due to the
fact that the Lie group exponential is defined via solution to certain differential
equations. Given initial values in the closed subspace g™V (RY), the solutions of
the equation in the unit group already stay in GV (R¢), whence they solve the
differential equation in the subgroup. O

The algebraic arguments in this section were just cited from the literature
as we wished to keep the exposition simple. However, the algebraic structure
is the key to understanding the Lie groups at hand, since, as a consequence of
Lemma 8.5, the Lie groups are globally diffeomorphic to their Lie algebra via
the exponential map. For the next result, we assume familiarity with projective
limits (see e.g. Hofmann and Morris, 2007, Chapter 1).

8.8 Proposition Let m,n € N U {oo} such that m > n.

(a) Then the canonical projection nty' : T ™ (R = T(RY) is a morphism of
locally convex algebras, which restricts to a Lie group morphism
P GM(RY) — G"(RY).

(b) We obtain a commutative diagram of Lie groups and their associated Lie
algebras

{0} xRY = g'RY) — ¢’ (RY) &— ¢*RY) ¢— ---
L(pD) L(p3)

lexpl lexpz lexps (8.8)

{1} xR4 = G'(RY) = G?*(RY) — G3RY) ¢—— ...,
1 2

where the upper row is a projective system of locally convex Lie algebras
whose limit is g™ (R?).

Proof From the definition of the product in the tensor algebra it is clear that
the 7" are algebra morphisms. As 7" is just the projection from a product
onto some of its components, it is continuous in the product topology, hence
a morphism of locally convex algebras. Note that this entails that 7" restricts
to a morphism of locally convex Lie algebras ¢”*: g™ (R?) — ¢"(R9) and a
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166 The Geometry of Rough Paths

morphism of Lie groups pi': G™ (R?) — G™(R?) (it is smooth as the restric-
tion of a continuous linear map to closed submanifolds). Since x"* is linear,
we have L(py,) = Timy'|goray = g’ - Thus the naturality of the exponential
map (3.8) yields p)' o exp,, = exp,, oL(p};,). Summing up, this proves (a) and
establishes the commutativity of (8.8).

For part (b) let us note that (a) establishes that the upper row of (8.8) is a
projective system of locally convex Lie algebras (as L(p{ )o L(pli) = L(pi)
and these mappings are continuous morphisms of Lie algebras). Consider now
x € g®(R9). Its projection 72°(x) is contained in g (R¥) (this is clear for a
Lie series and follows by considering converging sequences for the elements
in the closure since the Lie algebras g™ (R?) are closed). Since m, restricts
to the Lie algebra morphism L(p<°) on ¢*(R?), this implies that g*(R?) is
the projective limit of the projective system in the category of Lie algebras.
In addition, the product topology on 7 °(R¢) is the projective limit of the
locally convex spaces 7" (R?), whence the topology on g®(R¢) is the locally
convex projective limit topology induced by the projective system. In con-
clusion, g (R9) is the projective limit in the category of locally convex Lie
algebra. O

8.9 Remark (Projective limits of finite-dimensional Lie groups) In Proposi-
tion 8.8 we exploited that the projective limit of locally convex Lie algebras
can be described as the projective limit of Lie algebras with the (locally con-
vex) projective limit topology. Thanks to the commutativity of (8.8), the lower
row also forms a projective system of finite-dimensional Lie groups. Projec-
tive limits for Lie groups may not exist (while they always exist in the cate-
gory of topological groups). Topological groups which are projective limits of
finite-dimensional Lie groups are called pro-Lie groups (Hofmann and Morris,
2007). Hence (8.8) shows that G*(R%) is a pro-Lie group which is simulta-
neously a Lie group. This situation has been studied in Hofmann and Neeb
(2009). It is worth mentioning that groups with these properties inherit a sur-
prising amount of structure from the finite-dimensional Lie groups which were
used in their construction.

Summing up, the truncated groups are closely connected to their projec-
tive limit G*(R4). Moreover, (truncated) signatures of smooth paths extend
naturally to the projective limit. In the next section we will review the con-
cept of a rough path, which, in a certain sense, generalises the signature for
paths of low regularity. For this, the geometry of the groups G" (R?) will be
instrumental.
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8.2 Iterated Integrals and the Tensor Algebra 167

Exercises

8.2.1  Declare a Hilbert space structure on 7 (R) for N € N by defining
the canonical basis elements ¢;, ® ¢;, ® - - - ® ¢;, to be orthonormal.
Show that:

(a) The norm corresponding to the inner product satisfies |[v®@w|| <
Ivll-llw]l and |[v@w|| = [[w®v]|. Deduce that 7N (R?) becomes
a Banach algebra.

(b) Identifying the homogeneous elements of degree k with ele-
ments R by sending the canonical bases to each other, the
resulting isomorphism is an isometry of Hilbert spaces.

8.2.2  Consider the Step 2 truncated tensor algebra 7 2(R%) = RxR4 xR ®
R4,

(a) Show that the multiplication of the truncated tensor algebra is
given by

(a,b,c) - (x,y,2) = (ax,ay + xb,az + xc +b®y)
and (1,b,¢)"' = (1,-b,—c + b® b).
Deduce that if d # 1, the product is not commutative.

(b) Let X:[0,1] — R be a smooth path and X, := f; Xs.r ®
X/dr. Define X, ; == (1,X;,,,Xs.;) € T>(RY). Establish that X
satisfies Chen’s relation (8.4)

Kot —Xgu =Xy = X5,u ® Xyr, forallu € [s,1].
Prove then that X ; = X, ® X, ; (also called Chen’s relation).

8.2.3  Show that for N € N the algebra 7V (R?) is a quotient of 7 (R%)
modulo the algebra ideal 7y = {(xr)ken € TORYDY | xy = -+ =
XN = O}

824 LetX:[0,1] —» R? be a smooth path, N € NU{co} and DX : [0,1] —
TN®RY), t = (0,X/,0,...). Show that

(a) for fixed s the signature satisfies the differential equation
SN X5 = SN (X5 ® (DX)r, s <1< 1,
SN(X)S,X =1= (170’- . ~),

(b) the signature satisfies Chen’s relation

SN(X)S,I‘:SN(X)S,M®SN(X)u,t’ O0<s<u<tr<l.

Hinz: 1t suffices to prove this for every projection of Sy (X) to
(R9)®k and consider the iterated integral of dX,, ® - -- ® dX,,
over the simplex AN = {s <r| <ry <---<r, <t}.
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168 The Geometry of Rough Paths

(c) Deduce that Sy (X)s,; = Sn (X)als ® Sy (X)o.r, whence the sig-
nature can be recovered from the curve Evol(DX) via the group
operations.

825 Leta € TN(RY), N € NU {co} such that ag := 7V (a) # 0. Write
a = ag(1+b) and prove that the Neumann inverse (8.5) yields al =
ay' (A +b)™" = ay' T, (-DF oK.

8.3 A Rough Introduction to Rough Paths

In this section we will recall the notion of a rough path. The main idea of
rough path theory is that paths of much lower regularity than being smooth
can be augmented with extra information replacing the iterated integrals we
studied in the last section. Indeed the basic idea is to declare the signature to
be the object of interest and define signature-like objects in the tensor algebra.
While we will present the basic theory of rough paths, we recommend one of
the excellent introductions to rough path theory available (see e.g. Friz and
Victoir, 2010; Friz and Hairer, 2020) for more in-depth information.

As a starting point, let us formalise the properties observed for the signature
in the last section.

8.10 Definition Let A := {(s,7) € [0,1] | 0 < s <t < 1} be the standard
simplex, N € N U {co} and d € N. We call a map

X:A-TVRY, X, =X, x!

S, 124t 1

2
X5

multiplicative functional® of degree N if X0, = 1 forall (s,¢) € A and the map
satisfies

Chen’s relation: X, = X;,, ® X, ; forall s,u,r € [0,1],s <u <t. (8.9)

Note that Chen’s relation for the first two (non-trivial) components of X
reduces to (cf. Exercise 8.2.2)

X!, =X\, +X, X, =X, +X2, +X.,®X,,. (8.10)

u,t>

Moreover, Lemma 8.2 (a) shows that every multiplicative functional is
invertible in the tensor algebra, whence Chen’s relation entails X ; = X(’)'s ®
Xo,;. So instead of a multiplicative functional, we may think of the path [0, 1] —
TNRY, t — Xo,;. Hence the term ‘rough path’ will make more sense once

5 There is a deeper story going on which motivates the term ‘multiplicative functional’. We will
briefly discuss this in §8.4.
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8.3 A Rough Introduction to Rough Paths 169

we define it. For the first level, however, this translates to the statement that
there is a path X : [0,1] — R4 with Xsl’t =X; - X,.

8.11 Example In the previous section we saw that the signature of a smooth
path yields a multiplicative functional. For example, we can augment the zero-
path in different ways to generate multiplicative functionals: X ;:=(1,0, (t—s)w)
is a multiplicative functional of degree 2 for any w € R¢ ® R?. Note that it
coincides with the level 2-signature of the zero path only if w is the zero ele-
ment. More generally, for any function F: [0,1] — (R?)®N the map X, =
(1,0,...,0,F(t) - F(x)) e TNR%) is a multiplicative functional (see Exer-
cise 8.3.1).

Now we need to add an analytic condition to the algebraic objects we just
defined. In this case we wish to consider rough signals in the framework of
Holder regular paths.

8.12 Definition Let X: [0,1] — E be a continuous map with values in a
Banach space (E, ||-]|). We say X is an a-Holder path for 0 < a < 1if

. I1X; — Xsll

1 Xl = —_—

rsef0,1], 1t — sl
t#s

Denote by C* ([0, 1], E) the space of all a-Hdélder continuous functions.

It is well known (see Exercise 8.3.2) that C* ([0, 1], E) is a Banach space on
which [|-]| is a continuous seminorm (it annihilates all constant paths).

8.13 Remark Again we will be restricted here to paths on the interval [0, 1].
The results carry over to any interval by composing the Holder paths with a
reparametrisation of the interval. Note, however, that the Holder norm is not
invariant under reparametrisation. This is one reason why in the rough paths
literature one often considers the (more or less) equivalent formulation via
p-variation paths for p > 1. The p-variation norm is invariant under reparame-
trisation; see Friz and Victoir (2010).

Due to Young’s theorem, it is not possible to augment an @-Holder path with
iterated integrals against itself if @ < 1/2. The core idea of rough path theory is
to augment an @-Holder path with additional information to make integration
against it feasible and circumvent the restrictions of Young integration theory.
To this end we augment the concept of a multiplicative functional with a Holder
condition.
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170 The Geometry of Rough Paths

8.14 Definition Fix a €]0,1[ and N > [1/a]. An R%-valued a-rough path
consists of a multiplicative functional X = (1,X 1 x2 x3,...,xN ) such that
the kth component X k'is ‘k-times a Holder continuous’, that is,

||X§,|| <t - slk“, where ‘<’ means inequality up to a constant.  (8.11)

If, in addition, the a-rough path takes values in GN (Rd ), we call X a weakly
geometric rough path. We define RP? ([0, 1],R%) as the set of weakly geometric
a-rough paths (we shall see in Theorem 8.15 that it makes sense to drop N
from the notation for RP? ([0, 1],RY)).

The higher levels of a rough path are not given by increments of a function,
whence they do not become constant even if k-times a-Holder means that the
Holder index satisfies ko > 1. Lyons’ original concept of rough path does not
require the rough path to take its image in the group G (R?). However, it has
turned out that the general notion is not sufficient to solve non-linear rough
differential equations (see e.g. Friz and Victoir, 2010; Friz and Hairer, 2020).
For this purpose one should consider weakly geometric rough paths and we
will do this in the rest of the section. To ease notation we shall (unless we ex-
plicitly say otherwise) only consider weakly geometric rough paths and simply
call them rough paths. Let us recall that the cutoff level N in the definition of
arough path is unimportant as long as N > | 1/«a].

8.15 Theorem (Lyons’ lifting theorem (Friz and Victoir, 2010, Theorem 9.5))
Let @ €]0,1[ and |1/a] < n. Assume that X: A — G™(R?) is an a-rough
path. Then there exists a unique a-rough path X"*': A — G"*'(R?) extend-
ing X, that is, if "1 : TN (RY) — T(RY) is the canonical projection, then
a1 X"y = X\ A rough path extending X in this way is called a Lyons lift
of X.

Thus every a-rough path with values in G™(R?) extends to an a-rough path
with values in G (R, m > n > [1/a].

As a consequence of Theorem 8.15, every a-rough path can be obtained as
a restriction of an a-rough path with values in G*(R9), or conversely as an
extension of an a-rough path with values in G!'/®J(R?). The remarkable fact
here is of course that the extension is uniquely determined once information
up to level | 1/a] is available.

8.16 Example We have seen that for a smooth path X and N € N U {co}, the
signature Sy (X) is a multiplicative functional. More generally, if we start with
an a-Holder path for @ > 1/2, we can compute its signature using iterated
Young integrals. It is then a consequence of Young’s inequality (Young, 1936)
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8.3 A Rough Introduction to Rough Paths 171

that the resulting multiplicative functional is indeed an @-rough path (see Friz
and Hairer, 2020, Section 4, for a detailed discussion).

For paths of lower regularity, the idea is that the components X* of a rough
path X replace the (in general, ill-defined) iterated integrals of the path giving
the first level increments. Due to its importance, let us stress it here again
explicitly: If X = (1, X, ,,X2,) is an a-rough path for @ €]1/3,1/2[ and X , =
X; — X, one should interpret the second level as

t
f Xu,sdXy = st,t’ 0<s<t<1,
S

where the left-hand side is defined via the right-hand and not the other way
around! The levels of an a-rough path thus encode information similar to the
iterated integrals in the signature of a smooth path.

It is not obvious at all whether a given a-Holder path with values in R? can
be enhanced to yield an a-rough path. Thanks to a result by Lyons and Vic-
toire, this can be achieved in many cases through an abstract extension result.
If 1/a ¢ N, every a-Holder path can be enhanced (non-uniquely) to an a-
Holder rough path (this is the Lyons—Victoire lifting theorem; Lyons and Vic-
toir, 2007, Theorem 1). As an example of the non-uniqueness of the extension
let us mention the following example for rough paths arising from Brownian
motion.

8.17 Example (Brownian motion as a rough path) Brownian motion mod-
els the (random) movement of a particle in a fluid. It can be modelled as a
stochastic process B: Qx [0,1] — R4, with independent Gaussian increments
and continuous sample paths. Here (€, 7 ,P) is a probability space. However,
we refer to the stochastic literature for explanations and more details. One can
show that for partitions P of [0, 1], the Riemann sum

1
f B, ®d’B, = lim Z By +6(t;41-11) @ Bry1;.
0 P10 L

converges in L?(Q,R?*?) for mesh size |P| converging to 0 and 6 € [0,1].
Contrary to usual Riemann-Lebesgue integration theory, the integral
f B, ® d?B, is not independent of 8. The choice 8 = 0 leaves the martin-
gale structure invariant and is referred to as the Itd integral, whereas 6 = % is
compatible with regular calculus rules and is referred to as the Stratonovich
integral. It is well known that B is an a@-Holder path for every a €]1/3,1/2[
and if we write B'® and B3 for the It6 and the Stratonovich integrals, we ob-
tain two a-rough paths (1, B, B") and (1, B, BS"). Note that the rough path
obtained via the Itd integral does not take its values in G*(R?) (i.e. it is not
a weakly geometric rough path), while the one obtained from Stratonovich
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172 The Geometry of Rough Paths

integration takes values in G*>(R?) and is weakly geometric. We refer to Friz
and Hairer (2020, Chapter 3) for a detailed discussion of these examples.

The reader may wonder now in what sense a rough path is a path, that is,
can we interpret it as a Holder continuous path [0,1] — G (R%)? For this
we have to consider the metric geometry of the groups GV (R4) for N < oco.
However, as a first step to make sense of the following constructions, we need
the following result (whose full proof we postpone to Remark 8.25).

8.18Lemma LetX: A — GV RY),X = (1,X",X?,...) be an a-rough path.
Taking the pointwise inverse, the map X~ ': A - GNRY), t —» (X,)7! =
(l,X,‘I,X,‘Z,. ..) is graded ka-Holder, that is, 1 X ¥ lke < oo forall k € N.

Proof We will only prove the case where N = 2 and d = 2. Without more
techniques from §8.4 the general case turns out to be quite involved. Note that
for N = 2, thanks to Exercise 8.2.2(a), we have X~! = (1,- X1, - X2+ X'oX!).
Thus the degree 1 component is a-Holder since X! is a-Holder. Immediately,
we see that the degree 2 component might not be 2a-Holder, as X' ® X! is a
product of @-Hoélder functions. To circumvent this, we express X with the help
of the standard basis e,e, of R2 as X = (1,xje; + X2e2, Xi<i j<2 Vijei ® €j).
Working out the constraints imposed by G*(R?) = exp2(92 (R?)) (the reader
should check this!), we find that

X1X2 =Y+ o1, X3 =2y, X3 =2y
Plugging this into the inversion formula we find for the degree 2 component,

sz == Z vijei ®e; + x%el ®ept+xixe1 ® ey +x1x2e2 e +x§e2®ez
1<i,j<2

=yer ®ep+ynex®ex+yper®e; +y2e Qer.

Thus the second component is 2a-Holder as it contains only contributions from
the 2a-Holder maps y;; comprising the second level of X. This happens in
general, as the non-linear constraints imposed by GV (R?) allow us to rewrite
the kth degree component of X~! as a sum of the functions comprising the kth
degree component of X (whence they preserve the Holder condition). O

The discussion of the N = 2,d = 2 case reveals that Lemma 8.18 will, in
general, be false if the rough path is not weakly geometric. We now define
a suitable metric on the group GV (R?) for which every a-rough path will
correspond to a Holder function.

8.19 Definition ~Consider for N € N the subset 7,V (R?) = {x € TN (RY) |
¥ (x) =1} Letx = (1,x',x%,.. ., x™) € 7,V (RY); then we define
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8.3 A Rough Introduction to Rough Paths 173

Ix| == max {(k!x*IDYF}+ max {(k!HIGx~HR DY, (8.12)
k=1,....N k=1,....N

where ||-|| is the norm we have chosen on 7~ (R?). Then we set pon(x,y) =
|x~'@y]. Identifying 7, (R?) with the vector space 7y (by subtracting 1), it is
easy to see that | -| becomes a norm and p induces a left-invariant, symmetric
and subadditive metric on GV (R9) (see Exercise 8.3.4 for the details).

The metric py turns the group G (R?) into a homogeneous group in the
sense of Folland and Stein (1982).° Now if X is an a-rough path (with values
in GV (R9)), then the path x; := Xy, satisfies

S 13X
xll2N = sup oN(Xs,X1) su P ( s.t)

t#s |t —s|* t#s |t — s
s,1€[0,1] s,1€[0,1]

(8.13)

In other words, an a-rough path is an @-Holder continuous path with values in
metric space (GV (R9), px). This statement hinges on the rough path taking
values in GN (R?) (i.e. the path being weakly geometric) as we need Holder
continuity of the pointwise inverse X!

Indeed due to Chen’s relation this is an equivalent point of view, up to forget-
ting the starting point of the path in R?. Unfortunately this point of view is lim-
ited to the truncated groups, as the metric (8.12) does not extend to G®(RY).

8.20 Remark In Remark 8.9 we saw that G®(R?) is the projective limit (as
a Lie group) of the truncated groups G (R¢). Moreover, this Lie group is
modelled on the Fréchet space g®°(R%). So, in view of the characterisation of
rough paths as Holder continuous paths in the truncated groups, the question
is of course whether we can use the metric on g®(R<) to construct a suitable
metric dist which allows us to cast a-rough path as an a-Holder path with
values in the metric space (G (R9), dist).

This problem was considered in Le Donne and Ziist (2021) starting from the
Carnot-Caratheodory metric on GN (R?),N < co. It is defined as d{¥.(y,2) :=
d.(1,y™' ® z) and

1
dbe(L,y) = inf{f X, 1l dt
0

where the signature of the bounded variation path is defined as in (8.6) using
(iterated) Riemann—Stieltjes integrals. We will abbreviate this metric as the

X € CAOIRD, oo,

X=0, X, has bounded variation }
b

© The groups GV (R¥) possess many strong structural properties which are exploited in rough
path theory. They are homogeneous groups and connected and simply connected nilpotent Lie
groups (i.e. Carnot groups, which are studied in sub-Riemannian geometry; see Le Donne and
Ziist (2021)). The details are beyond the scope of this chapter and we refer the reader to the
literature.
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174 The Geometry of Rough Paths

CC-metric and note that it is not straightforward to prove that it is a metric.
Moreover, one can show that the CC-metric is equivalent to the metric py
(see Friz and Victoir, 2010, 7.5.4 for details on the CC-metric). Now one can
argue that the metric d, should correspond to the metric on the projective
limit of the system (G (R%), 1, dICVC) in the category of (pointed) metric spaces
(with morphisms given by submetries). However, one of the main results of Le
Donne and Ziist (2021) is the somewhat surprising insight that the limiting
object (G, 1,ds) cannot be a topological group in the topology induced by
do (let us note that Go, # G (RY)).

Hence there seems to be no straightforward way to construct a metric on the
projective limit which simultaneously captures the desired convergence and
geometry, is left-invariant and turns the projective limit into a Lie group.

Summing up, rough paths can naturally be identified as maps with values in
the infinite-dimensional Lie group G*(R%). This group is closely connected
to the truncated groups GV (R9) and inherits many properties from the projec-
tive system of these groups. However, there are important geometric properties
connected to the sub-Riemannian geometry of the groups G (R?), which have
no counterpart in the infinite-dimensional group. This leaves us at an uncom-
fortable situation: If it is enough to work with the finite-dimensional groups,
why bother with the more complicated situation of G*(R¥)?

One reason to care about the infinite-dimensional group is that it hosts all
rough paths regardless of their regularity (recall that an a-rough path can only
be defined on the group GV (R), where N > | 1/«]). It would be interesting
to understand the geometry and manifold structure of the set of all elements
which can be reached by a-rough paths (the construction of tangent spaces to
a-rough paths for @ €]1/3,1/2[ in Qian and Tudor (2011) can be understood as
a step in this direction). Another reason might be that one could be interested
in different flavours of rough paths such as Gubinelli’s branched rough paths
(Gubinelli, 2010). The properties of branched rough paths require a different
geometry and one has to replace the groups GV (R?). We shall describe the
general construction in the next section (but mention that for the branched
rough paths the construction actually yields isomorphic groups due to a deep
algebraic result).

Exercises

8.3.1 Let N €e Nand X,Y: A - 7N (Rd ) be multiplicative functionals
which agree up to degree N — 1 (i.e. their projections onto the com-
ponents up to mth level are equal for all m < N). Then prove that
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8.3 A Rough Introduction to Rough Paths 175

(a) The difference function Fs ; = X?ft - Ys{\i e (R?)®N s additive
in the sense that forall s <u < tonehas Fs; = Fs, + Fy ;.

(b) IfF: A — (R?)®N isan additive function (in the above sense),
then (s,7) — X, + Fj, is also an additive functional (where
addition is addition in the tensor algebra).

8.3.2  We consider the a-Holder space C*([0,1,E) forn e N,0 < a < 1
for (E,||-||) a Banach space. Show that the map

. lx; — xgll
lxlle = sup ————
tsefo1y, It =l
t#s

is a semi-norm on C%([0,1], E) which is not a norm. Then deduce
that
llxllge =" sup [[x;]| + [Ix[la
1€[0,1]
is a norm, turning C* ([0, 1], E) into a Banach space.

8.3.3  Assume that a path x: [0,1] — E with values in a Banach space is
«a-Holder in the sense of Definition 8.12. If @ > 1, show that x is
differentiable and constant.

8.3.4  Consider for N € N the subset 7,V (RY) = {x € TN(RY) | mo(x) =
1} (i.e. all elements in the tensor algebra whose zeroth degree term is

1) (recall that these are invertible!) set py (x,y) = x!'® y| where,
as in (8.12), we have

1 .2
[(Lx',x=,. .., x™)]

= max {(KNx*IDYFy+  max {(k!I(GTHEIDYEY.
k=1,....N k=1,....N

(a) Show that | - | is subadditive, that is, |x ® x’| < |x| + |x’|.

(b) Given A € R, define the dilation 6,: 7,V (RY) — 7,V (R?),
(Fo<k<n > (AFxF)o<k <y Show that |6, (x)| = [A]]x].

(c) Show that py is a left-invariant metric on G (R%), that is,
PN(b®x,b®y) = pn(x,y).

(d) Let N > [1/a]. Prove that a multiplicative functional X : A —
GV (R?) is an a-rough path if and only if (8.13) is satisfied.
Hint: You will need Lemma 8.18 and can use (without a proof)
that the kth component of X~! arises by applying a linear map
to the kth component of X.
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176 The Geometry of Rough Paths
8.4 Rough Paths and the Shuffle Algebra

In this section we will broaden the scope of the investigation. The reason for
this is twofold. On one hand, it allows us to give some further motivation to
the question why infinite-dimensional differential geometry is of relevance in
rough path theory. On the other hand, there is a pleasing framework which
generalises the construction of the groups G*(R¢) and leads to a whole class
of infinite-dimensional Lie groups which have recently been found in a variety
of mathematical contexts.

To start, consider again a smooth path X: [0,1] — R? with components
X',i=1,...d.Now the iterated integrals comprising the signature Sy (X) satisfy
several algebraic conditions. For example, for S>(X);.; = (1, X5 ¢, fs "X s.-dX)
the product rule of ordinary calculus yields

. t . . t . . t r . . t r . .
X;,t 'Xé,t :f X;,rde +f XirXm :f f dxtdx’ +ff dx/dxt.
S S S N N N

(8.14)

There are similar identities for higher-order iterated integrals and this is
ultimately responsible for the non-linear set GV (R¢) being the correct state
space of a rough path. The question is of course how these identities and the
associated combinatorics can be conveniently expressed. These questions lead
to the so-called shuffle product.

8.21 Definition (Shuffle algebra (Reutenauer, 1993)) Consider the set A =
{1,2,...,d}, which in this context is called an alphabet and its elements letters.
By concatenation we can construct words from the letters and the set A* of
all words including the empty word (). We construct now the shuffle algebra
Sh(A) = RA™ as the vector space generated by the words over A. Note that,
as a locally convex space, Sh(A) is isomorphic to the direct sum of countably
many copies of R; see Example A.36. Moreover, A* and thus also Sh(A) is
graded by word length, that is, if w = a;---a, € A" for letters a;, we set
|w| = n and say that an element of Sh(A) is homogeneous of degree n € Ny
if it is a linear combination of words of length n. For the algebra structure let
a,b € Aand u,w € A*. Then the shuffle product is defined recursively by

Pww=wwbd=w, (au)w (bw):=a(uw (bw))+ b((au)ww).

We will see in Exercise 8.4.1 that it extends to a continuous product on Sh(A),
whence Sh(A) becomes a unital locally convex algebra, called the shuffle
algebra.”

7 The shuffle algebra is actually a graded bialgebra. The coproduct is given by deconcatenation
of words

8: Sh(A) — Sh(A) ® Sh(A),
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8.4 Rough Paths and the Shuffle Algebra 177

It turns out that the shuffie product encodes the combinatorics keeping track
of the non-linear identities in the signature. For this we define for a smooth
path X: [0,1] — R¢ with (truncated) signature Sy (X),N € N U {co}, the
evaluation

t th-1 1
(Sw(X)ow) = f f f AX X - X
S S S

forw =ay;---a, € A", |w| < N. With this notation in place, one can show
(see Exercise 8.4.2) that the chain rule of ordinary calculus implies

SN (X5t s WHSN (X)s.15u) = (SN (X)s.rswwu)y, forallw,u e A*. (8.15)

Thus in view of (8.15), we see that the chain rule induces some non-linear
constraints to the signature. Indeed, these constraints are responsible for the
signature to take its values in GV (R?) instead of the full tensor algebra. The
role these identities play will become clearer once we change our point of view
slightly. For this we identify the kth level of the signature So,(X) as a mapping
into (R¥4)®k =~ R“" whose components are given by the maps A — (Se(X),w)
for all w € A" with |w| = k. Hence for every pair (s,#) € A, we can identify
the signature with a functional

(S0 (X)s,1,): Sh(A) > R, A" 3w 5 (Seo(X)s,1,W).

In Exercise 8.4.2 we will show that (S« (X)s,¢,-) is continuous, that is, it takes
its values in the continuous dual (Sh(A))" = [],, c4+ R (this follows from Ex-
ercise B.1.2 as the dual of a locally convex direct sum of copies of R is the
direct product; Meise and Vogt, 1997, Proposition 24.3). From this identifica-
tion of the dual, one deduces at once that the signature gives rise to a contin-
uous map {(Se(X),): A = (Sh(A))’. Elements in the image of (Seo(X)s.¢,)
map the algebra product to the multiplication in R by (8.15), whence they are
algebra morphisms.

Algebra morphisms from the shuffle algebra are called characters of the al-
gebra Sh(A). We have already mentioned that the shuffle algebra carries more
structure and is indeed a Hopf algebra. A Hopf algebra A is an algebra which

n
6(“]“2"'an)=zala2"'ai ®djyl " Aijy2 dp, Al,...,dn € A.
i=0

As the subspace of homogeneous elements of degree 0 is 1-dimensional, the graded bialgebra
Sh(A) becomes a Hopf algebra (see Manchon, 2008 for an introduction). This means that
Sh(A) admits an antipode, that is, a mapping S : Sh(A) — Sh(A) connecting the algebra
and coalgebra structures and given by

S(ayas...an) =(-D"ana,-1...a, foralay,...a, € A.
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178 The Geometry of Rough Paths

is simultaneously a coalgebra A — A ® A such that the algebra and coalge-
bra structures are connected via the so-called antipode S: A — A. We refer
to Manchon (2008), for example, for the full definition and many examples.
Now, for a Hopf algebra such as the shuffie algebra, the characters form a
group G(Sh(A),R) under the convolution product

e *x Y (w) = ¢ @Y (5(w)), where 6 is the deconcatenation coproduct.

Note that we exploit here R ® R = R. Inversion in the character group is given
by precomposition with the antipode, that is, ¢~! = ¢ o S (see e.g. Bogfjellmo
etal., 2016, Lemma 2.3). Summing up, we have just proved the following.

8.22 Lemma For a smooth path X : [0,1] — RY, the signature induces a
continuous map

(Seo(X),): A = G(Sh(A),R) € Sh(A), (5,1) = (Seo(X)g,15°)
with values in the character group of the Hopf algebra Sh(A).
More generally, if we consider the kth level of an element
X =(1,x"X%..) e G*(RY)
we see that X* € (R?)®k can be written as
xk = Z ax(w)eq, ® - eqy,,
weA*, w=a,---ay

where e, is the standard basis vector labelled by a, € A = {1,...,d} and
ax(w) some real coefficient. With some work on the algebra, one can prove
the following.

8.23 Lemma (Ree, 1958, Theorem 2.6) Let A = {l,...,d} and for X =
(L,X',X2,..)) we write X* = 3 e wea,a, @x(W)eq, ® -+ ® eq, . Then
the following map is a well-defined group isomorphism:
¥: G¥(RY) - G(Sh(A),R), X=(1,X",X2,...) > yx,
where yx is defined on A* as yx(w) = ax(w) forallw e A*.
(8.16)

Moreover, a similar statement holds for the character group of the truncated
shuffle algebra and the groups GN (R%),N € N.

Now turning to the topological side, G*(R¢) is a Lie group with respect
to the subspace topology induced by the tensor algebra. As a locally convex
space, the tensor algebra is isomorphic to a countable product of copies of the
reals. We can also topologise the character group G(Sh(A),R) € Sh(A)" =
[T.v e+ R with the subspace topology. This topology even turns the character
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8.4 Rough Paths and the Shuffle Algebra 179

group into an infinite-dimensional Lie group (Bogfjellmo et al., 2016, Theorem
A). Thus we have the following additional statement.

8.24 Proposition The group isomorphism (8.16) is an isomorphism of Lie
groups. Thus there is a bijection between a-rough path X with values in
G*=(RY) and continuous maps

¥x: A= GOSh(A)R), (,5) = Yx,,

such that for every w € A*, the component path A — R, (t,5) — yx, , (W)
satisfies the ‘ka-Holder condition’

l¥x, , (W)l 8.17)

(s.yea |t — s[ke
S#t

Proof In Exercise 8.4.3 you will show that (8.16) is the restriction of an
isomorphism of locally convex spaces, hence an isomorphism of topological
groups. Now by Proposition 8.7 the group G (R?) is a Lie group and a sub-
manifold of the tensor algebra. From Bogfjellmo et al. (2016, Theorem B)
we know that also G(Sh(A),R) is a Lie group and a submanifold of the dual
space of the shuffle algebra. Hence we deduce from Lemma 1.39 that (8.16) is
already smooth and thus an isomorphism of Lie groups.

Every a-rough path X with values in G*(R¢) is a continuous G*(R%)-
valued map (since its components are continuous in the product topology
G®(R4) € T°(R?)) and the kth level satisfies a ka-Holder condition. Hence
Yx = ¥YoX: A — G(Sh(A),R) is continuous. Up to changing the Holder
constant, we can change the norm on (R?)® = R4 (o the maximum norm.
This shows that the components Wx (w) inherit any Holder condition the kth
level of X satisfies, that is, (8.17) holds. Vice versa, if (8.17) holds for every
w € A* with |w| = k, then the kth level of X satisfies a ka-Holder condition.
This establishes the claimed bijection. O

Proposition 8.24 yields a nice interpretation of a (weakly geometric) rough
path as a ‘multiplicative functional’ on the shuffle algebra. Of course this was
not intended when T. Lyons originally coined the term ‘multiplicative func-
tional’.

8.25 Remark We are finally able to give a complete and easy proof of
Lemma 8.18: In view of Proposition 8.24, a rough path X takes its values
in G(Sh(A),R) and the group structure is isomorphic to the one of G*(R¥).
Hence the pointwise inverse X! can be computed via the group structure. Now
it is a well-known fact about characters of a Hopf algebra that for a character
@, its inverse in the character group is given by ¢ o S, where S is the antipode

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

180 The Geometry of Rough Paths

of the Hopf algebra (Bogfjellmo et al., 2016, Lemma 2.3). Thus in the case of
the shuffie Hopf algebra, this yields for an arbitrary linear combination of the
words of length k the formula

§ Z (i)l ik | = Z (=D*ag,...i0ik i1

if,...ig€{l,...,d} if,...ig€{l,...,d}

Now the kth component of X corresponds to a linear combination of basis ele-
ment e;, ® ¢;, ®- - - ®¢;, . The isomorphism G(Sh(A),R) = G (RY) identifies
i1iy...0x with e;, ® --- ® ¢;,, whence the inversion formula shows the kth
component of the pointwise inverse X~! arises by permuting coefficients (and
multiplying by (=1)¥). Hence the kth component of X~! is ka-Holder if the
kth component of X is so.

Exercises

8.4.1 Let A = {1,...,d} be a finite alphabet and A* the monoid of words
generated by A. Recall that Sh(A) = RA" is the vector space gener-
ated by A*. Show that:

(a) forall words (uwv)ww =uw (vww), uwv =vwuand
| wv| = |ul + |v| hold;

(b) one can bilinearly extend the shuffle product to w: Sh(A) X
Sh(A) — Sh(A);

(c) the box-topology from Example A.36 makes w: Sh(A)x
Sh(A) — Sh(A) continuous and (Sh(A),w) a locally convex
algebra.

Hint: By Exercise B.1.2 it suffices to show that for every pair
of words v,w the shuffle induces a continuous map R X R —
Sh(A), (a,b) — (av) w (bw).

842 LetX: [0,1] = R? be a smooth path with signature Sy (X) (for some
N € NU {oo}). Let w = a;---a, € A". Define (Sy(X)s:, W) =
[ dx@rdx® ...dX". Show that:

(@) (8.15)holds, thatis, (SN X)s,1, W)X{SN X)s, 1, u)=(SN X)s, ¢, WLz},
for all w,u € A*. Hint: Use induction by word length and the
chain rule. For |w| = 1, the claim becomes (8.14).

(b) Forevery pair (s,7) € A, the linear map (Seo(X)s,¢,-): Sh(A) —
R is continuous, where we endow the shuffie algebra with the
box-topology from Example A.36.
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8.5 The Grand Geometric Picture (Rough Paths and Beyond) 181

(c) The signature gives rise to a continuous map (S (X),-): A —
(Sh(A))" = [lweaR. Hint: The identification is given by
Sh(A) > f = (fW)wea € [lwea: R.

8.4.3  Show that there is a canonical isomorphism Sh(A)" = [],,enR =
7 °(R?) of locally convex spaces if A = {1,...,d}. Deduce that this
restricts to (8.16), whence (8.16) is a morphism of topological groups
if we endow G*(R¢) with its Lie group topology and G(Sh(A),R)
with the subspace topology induced by embedding it in Sh(A)".

8.5 The Grand Geometric Picture (Rough Paths
and Beyond)

In the last section we have seen that rough paths can be understood as certain
continuous paths with values in the character group of the shuffle Hopf alge-
bra. We will now extend the focus slightly to different types of rough paths. For
this, recall that the signature of a smooth path had to satisfy certain algebraic
identities which connected it to the shuffle algebra and its character group.
For smooth paths this was a consequence of the chain rule of ordinary calcu-
lus. However, there are also many interesting objects, which do not satisfy a
classical chain rule. One example for this is the Itd-integral from stochastic cal-
culus (nevertheless we constructed the rough path It6-lift of Brownian motion
in Example 8.17). However, this motivates the idea of relaxing the require-
ment of (8.15) and recording iterated integrals of a path X: [0,1] — R of

the form
t r r
f(f dxi)(f de)ka. (8.18)

For the rough paths we have considered so long, the iterated integral (8.18)
(respectively the corresponding combination of levels of the rough path) sim-
plifies via the shuffle identity to an iterated integral (resp. level of the rough
path) we have already recorded. Relaxing the requirement (8.15) necessitates
that we record objects corresponding to (8.18) as additional information. Fol-
lowing this approach, one arrives at Gubinelli’s concept of a branched rough
path (Gubinelli, 2010). Branched rough paths satisfy different algebraic iden-
tities than the rough paths we have been considering (which are called weakly
geometric rough paths in the literature (Friz and Hairer, 2020)). By dropping
(8.15), branched rough paths will not take values in the character group of
the shuffle algebra. However, this can easily be remedied by replacing the
shuffle algebra with another Hopf algebra. This leads us to the following
concept.
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8.26 Definition Let { be a graded and connected Hopf algebra® and let
(G(H,R),*) be its character group. Fix a basis B of the vector space H con-
sisting of homogeneous elements. Then an a-rough path over H is a map

X:A—> G(H,R)
which satisfies Chen’s relation
Xs,u *Xu,t = X.\‘,l’v s<uste [0,1],

and for every h € B we have the graded Holder condition X/, h)| <
It — s|®!! (where (-,h) is evaluation in h). If dimH; = d and B N H, =
{e1,...,eq}, an H-rough path X lifts x: [0,1] — R x(t) = (x1(2),...,xq())
if (Xg.p,6) =x;(t) —x;(s),i = 1,...,d forall s, € A.

Since the Hopf algebra H is graded, one can also define truncated versions
of the rough paths by looking at the character group of truncated Hopf algebra.
Note that the choice of basis B is part of the definition of an /H -rough path and
the graded Holder condition will depend on the choice of grading and the base.

8.27 Example The concept of an a-rough path over H is quite flexible
and we illustrate this with the following list of different types of rough paths
appearing in the literature:

e For H = Sh(A) and B = A*, we recover the notion of a (weakly) geometric
rough path as discussed in §§8.3 and 8.4.

o If H is the Butcher—Connes—Kreimer Hopf algebra of (decorated) rooted
trees (Bogfjellmo et al., 2016, Example 4.6) and B the base of all forests,
one obtains branched rough paths (Gubinelli, 2010).

e For the Munthe-Kaas—Wright Hopf algebra and B the base consisting of pla-
nar forests, one obtains the notion of a planarly branched rough path. These
objects generalise the concept of a branched rough path to homogeneous
spaces. See Curry et al. (2020) for more information.

While switching the Hopf algebra allows us to treat different concepts of
rough paths, the general geometric theory stays the same for the different types
of rough paths which can be treated in this generalised setting. For example,
there is a generalised version of the Lyons—Victoire lifting theorem (see Tapia
and Zambotti, 2020, Theorem 3.4) and the character groups can be endowed
with an infinite-dimensional Lie group structure for which every rough path
becomes a continuous map (see Bogfjellmo et al., 2016, Theorem A). Thus the

8 Graded and connected means that H = €, ey H,, as vector spaces with Hy = R and the

algebra and coalgebra structures are compatible with the grading; see Bogfjellmo et al. (2016).
Recall that an element x € H is called homogeneous of degree |x| = n if x € H,,.
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theory for weakly geometric rough paths from §8.4 carries over to the gener-
alised concept of rough paths over H. However, there are also new geometric
features which appear in this generalised setting. For example, the following
result hints at interesting geometry:

8.28 Proposition (Tapia and Zambotti, 2020, Theorem 1.2) For every a €
10, 1] with &' ¢ N the a-branched rough paths form a homogeneous space
under the action of a vector space of a-Holder functions.

The term ‘homogeneous space’ in Proposition 8.28 means that there is a
transitive and free group action G X X — X of a vector space G of Holder
continuous functions on the space of branched rough paths X. The canonical
manifold structures on the spaces and groups should turn the branched rough
paths into an infinite-dimensional homogeneous space in the sense of differen-
tial geometry (see Example 3.55); however, this question was, to the best of my
knowledge, not yet investigated. While there is a lot more which could be said
about rough paths and their interplay with (finite- and infinite-dimensional)
geometry we will not go into more detail here. Instead, let us briefly point out
a general theme underlying the idea to identify rough paths as paths into the
character group of a suitable Hopf algebra.

8.29 (Elements in the character group as formal power series) Assume that
we have a graded Hopf algebra H = EB%NO ‘H,, with B a vector space base
of H consisting only of homogeneous elements. Instead of thinking of an ele-
ment in the (continuous) dual space H’ = [], e, H,, as a linear map, we can
identify it with its values on the base B and write it as a formal power series

y= > Wowhw,  with (@w) =g (w). (8.19)

weB
Now elements in the character group G(H,R) are algebra morphisms. Hence
it suffices to record their values on a set C which generates the algebra H in the
sense that # is isomorphic (as an algebra) to the (not necessarily commutative)
polynomial algebra R(C). If we have chosen a set C generating { in this sense,
it suffices to record, instead of the formal power series (8.19), the series
y= ) Woww, ity eGHR). (8.20)
weC
8.30 Example For the shuffle algebra Sh(A), we can represent a functional
as the formal power series
¥ = Z W, wiw.
weA*

These series are also called word series and they are studied in relation to
dynamical systems and numerical integration (Murua and Sanz-Serna, 2017).
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184 The Geometry of Rough Paths

Note that the shuffle algebra can be interpreted as a commutative polynomial
algebra generated by the Lyndon words (Reutenauer, 1993, Chapter 5).

While 8.29 seems to be only a notational trick to write a functional as a
series, this idea leads to a rich source of examples. The idea one should have
when looking at the series expansions (8.19) and (8.20) is that these series
represent some kind of Taylor expansion.” It is then the role of the Hopf al-
gebra H to describe the combinatorics for the objects which define the Taylor
expansion. Groups of (formal) power series modelled as characters on suit-
able Hopf algebras arise in a variety of contexts. Beyond rough paths here one
should mention the following applications: Hairer’s regularity structures for
stochastic partial differential equations (Friz and Hairer, 2020, Chapter 13),
word series in numerical analysis (Murua and Sanz-Serna, 2017), Chen—Fliess
series in control theory (Gray et al., 2022) and the Connes—Kreimer approach
to the renormalisation of quantum field theories (Manchon, 2008). In these
applications, the differential geometry of the character group is of interest. As
a concrete example, recall the connection to numerical integrators.

8.31 Example Consider the (time-independent) ordinary differential equa-
tion

y'(1) = F(y), where F: R — R is a vector field. (8.21)

Assume that we are trying to compute a power series solution to (8.21). Then
we compute derivatives of y via the chain rule:

y'=F(y),y"=dF (y; F(y)),y"'=d*F (y; F(y), F (y))+dF (y; dF (y; F())),. . . .

Fixing a starting point yy we only need iterated differentials of F' and infor-
mation on where derivatives were inserted in the arguments of the differen-
tial. The combinatories can be handled by encoding the information via rooted
trees, that is, as finite graphs with a special node called the root (displayed as
the nethermost node in the following):

Llv Y ow

Formally, we write 0 for the empty tree. Every rooted tree 7 can be written
recursively as 7 = [7y,...,7,,], where the 7; are trees whose roots are grafted
to a common new root. For example, [e,e] = %. Then the iterated differentials
of F can recursively be encoded via the elementary differentials defined as
Er(e,y) := F(y), and for a rooted tree 7 we set

9 For rough paths this is most easily seen in the context of controlled rough paths; see Friz and
Hairer (2020, Section 4.6).
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Ep()(y) = d"F(y; Ep(11,y),....EF(Ty,y)) for = [11,..., T ].

This leads to a formal power series, called a B-series

I7]
o (1)

where h € R,a(t) € R, |7] is the number of nodes in the tree 7 and o (7) is a
certain symmetry factor. B-series model certain numerical solutions to (8.21),
where the parameter 4 is interpreted as the step size of the numerical method.
One identifies the B-series (8.22) with its coefficients {/ (T) }+ rooted tree- AS the
rooted trees generate the Butcher—Connes—Kreimer Hopf algebra, i extends to
a character of this Hopf algebra. The character group of the Butcher—Connes—
Kreimer Hopf algebra is in numerical analysis known as the Butcher group
(Bogfjellmo and Schmeding, 2017). Its elements encode numerical integration
schemes such as Runge—Kutta methods and the group product models compo-
sition of schemes.

Br(.y.h) =y+ )

7 rooted tree

Y(D)EFR(T,Y), (8.22)

From the perspective of numerical analysis, the Butcher group is a con-
venient tool as its algebraic and differential geometric structure is of inter-
est in the analysis of numerical integrators. Unfortunately, it is also a very
large group with many elements which do not correspond to any (locally) con-
vergent integration scheme. This leads to subgroups which admit a stronger
topology turning them into Lie groups while still containing all elements of
interest (Dahmen and Schmeding, 2020). In the context of rough paths, a sim-
ilar problem is the question of whether there is a differentiable structure on the
subgroup generated by all a-rough paths for some fixed a €]0, 1[.
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Appendix A

A Primer on Topological Vector Spaces
and Locally Convex Spaces

This section contains some auxiliary results on topological vector spaces and
locally convex spaces in particular. Most of the results are standard and can be
found in textbooks such as Meise and Vogt (1997), as well as Jarchow (1981).
Note that for some of the results (e.g. Proposition A.4) in this appendix, it is
essential that we only consider Hausdorff topological vector spaces. Since we
are only working with real vector spaces, some of the proofs simplify substan-
tially (compare to the general proofs for R and C; see Rudin (1991, Chapter
1)).

A.1 Basic Material on Topological Vector Spaces

A vector space with a Hausdorff topology making vector addition and scalar
multiplication continuous is called a topological vector space or TVS (see Def-
inition 1.1). Note that a morphism of TVS is a continuous linear map. In partic-
ular, two TVS are isomorphic (as TVS) if they are isomorphic as vector spaces
and the isomorphism is a homeomorphism.

Conventions Let U,V be subsets of a (topological) vector space E, s € R
and / € R. Then we define

U+Vi={z=u+v|uecUyveV}, sU:={z=sul|uecl}, I'U::USU'

sel

A.1 Definition Let (E,7 ) be a TVS and U a subset of E. We say that U is

(a) a 0-neighbourhood if U is a neighbourhood of 0;
(b) bounded if for every 0-neighbourhood V there is s > O with U C sV.

In general, topological vector spaces sequences are not sufficient to test, for
example, continuity. Instead one would need nets to test for continuity and a

186
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A.l Basic Material on Topological Vector Spaces 187

complete topological vector space should be defined in terms of convergence
of Cauchy nets (see Meise and Vogt, 1997, p. 258). However, for our calculus
we usually do not need complete spaces and the limits we consider can always
be described in terms of sequential limits. Thus we do not go into details here
and stay in the realm of the more familiar sequences. A sequence (x,),en € E
is called

(c) aCauchy sequence if for every 0-neighbourhood V C E there exists N € N

such that
Xpn—Xxm €V foralln,m > N,

(d) a Mackey—Cauchy sequence if there exists a bounded subset B C E and a
family my ; € N for £, € N such that

mp,(xx —x;) € B, forall k,/l €N

and such that for every R > O there is N € N with my; > Rif k,l > N
(i.e. mg,; — oo). Note that every Mackey—Cauchy sequence is a Cauchy
sequence.

Now we say that the topological vector space (E,7") is

(e) sequentially complete if every Cauchy sequence in E converges;
(f) Mackey complete if every Mackey—Cauchy sequence in E converges.

Mackey completeness as per (f) can be shown (see Kriegl and Michor, 1997,
Theorem 2.14) to be equivalent to the notion from Definition 1.12.

A2 Lemma Let E be a topological vector space and U C E a 0-neighbour-
hood. Then the following holds:

(a) For each x € E the translation 1,: E — E,y +— x + y is a homeomor-
phism.

(b) For eachr € R\ {0}, scaling s, : E — E, x v rx is a homeomorphism.

(c) U contains a balanced 0-neighbourhood V , that is, tV CV for each |t| < 1.

(d) U contains a 0-neighbourhood W such that W + W C U.

(e) If B is a basis of 0-neighbourhoods, then for each x € E the set {x + W |
W € B} is a basis of x-neighbourhoods.

(f) Each 0-neighbourhood contains a closed 0-neighbourhood.

(g) If K € E is compact and U € E with K C U, then there exists 0 e W €@ E
such that K + W C U.

Proof (a-b) and (e). The maps A, and s, have inverses A_, and s;,,-. Thus
the claim is clear from the definition of topological vector spaces. Since
translations are homeomorphisms (a) implies (e).
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188 A Primer on Topological Vector Spaces and Locally Convex Spaces

(¢). By continuity of the scalar multiplication u: R x E — E, the set u~' (U)
is open. Thus we can find (-g,£) x W C p~'(U) and thus V = (-g,&)W =
u((—g,e)xW) Cc U. Then [-1,1]V = V and V is a balanced 0-neighbourhood
contained in U.

(d). As addition a: E X E — E is continuous with @(0,0) = 0, the preim-
age o N (U x U) is a (0, 0)-neighbourhood. We can thus find W;,W, C E 0O-
neighbourhoods in E such that Wy x W, C a'(U). Then W =W, nW, C U
satisfies W + W C U.

(f). We conclude from (c) and (d) that there is a 0O-neighbourhood V with
V -V C U.Forw € V (closure), the set w + V is a w-neighbourhood (by
(e)). Hence we can pick v; € V such that vi € w + V| thatis, vi = w + v, for
some v, € V.Butthenw =v; —v, € U, andsoV C U.

(g). For every x € K we can pick by (e) a 0-neighbourhood V, such that
x+Vy C U.By (d) thereis 0 € W, @ E with W, + W, C V. Then
(x + Wy)xek 1s an open cover of K and by compactness we can choose a
finite subset F C K with K C | J,cp(x+Wy). Then W := (), cr Wy is an open
0-neighbourhood. For y € K, there exists x € F such that y € x + W,. Then

y+WCx+Wy+wCx+V,CU.Asywasarbitrary K + W C U. O

A.3 Proposition (Rudin, 1991, I Theorem 1.22) If E is a topological vector
space which contains a compact 0-neighbourhood, then E is finite dimensional.

A.4 Proposition (Uniqueness of topology (Treves, 2006, Theorem 9.1)) If E
is a finite-dimensional topological vector space of dimension d, then E = R?
as topological vector spaces, where R? carries the usual norm topology.

A5 Lemma Let f: E — F be a linear map between topological vector
spaces. Then f is continuous (open) if and only if it is continuous (open) in 0.

Proof Clearly the conditions are necessary. To prove sufficiency, we assume
that f is continuous in 0. Pick x € E and observe that the translations 7_ (y) =
y—xand 77(x)(z) = z+ f(x) are continuous and even homeomorphisms. Thus
f(y) = 7(x) o f oT_ is continuous in x. Since x was arbitrary, f is continuous
in every point.

Now let f be open in 0 and U an open set. For x € U, 7_,(U) is an open
0-neighbourhood, whence 1y (x) o f o 7_(U) = f(U) is open. O

En route towards locally convex spaces let us first recall some results on
convex sets.

A.6 Definition A subset S of a topological vector space E is said to be

e absorbent if E = J,;-0tS;
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A.l Basic Material on Topological Vector Spaces 189

e convex if forall x,y € Sand ¢ € [0, 1], the linear combination tx+ (1 —1)y €
S;

e a disc if it is convex and balanced, that is, for all x € S, |1] < 1,4 € R,
Ax € S.

A7 Lemma Every 0-neighbourhood of a topological vector space is
absorbent.

Proof Let U be a 0-neighbourhood of the topological vector space E, and let
Xxo € E. Since scalar multiplication is continuous there exists some neighbour-
hood V of xp and 6 > O such that forall x € V, Ax € U when |1]| < 6, 4 € R.
Especially Axq € U, and thus xo € 27U for 17| > 1/6. |

A.8 Example The ball B, (x) :={y € E | ||[x — y|| < r} in a normed space
(E,|| - 1) is convex (and a disc if x = 0).

A9 Lemma The interior A° of a convex set A is convex.

Proof Letx,y € A°. By Lemma A.2(c) there is some balanced 0-neighbour-
hood U such that x + U € A® and y + U @ A° are neighbourhoods of x and y
contained in A. Forany z =tx + (1 —¢)y, t € [0,1] and u € U we have

zru=tx+ (1 -t)y+tu+(1-tu=t(x+u)+ (1 -1)(y +u).

As Aisconvex, z+u € Aandthus z+ U € A. Hence tx + (1 —¢t)y € A®, for
allr € [0,1]. O

A.10 Lemma [If N is a convex 0-neighbourhood in a topological vector
space, then N contains an open disc.

Proof Consider first the set M := —N N N. If [1] < 1 we see that AM =
(=A)N N AN. Now, as 0 € N and N is convex, we have that —AN,AN C N.
In particular, AM C M for all |A| < 1, that is, M is balanced. By Lemma
A.2(c), we can find a balanced 0-neighbourhood U € N. As U is balanced we
see that U € —N N N. Hence the interior V of M = —N N N is a convex 0-
neighbourhood (by Lemma A.9 as it is the interior of an intersection of convex
sets; Exercise A.1.3). Now the interior of a balanced set is again balanced
(Exercise A.1.1), whence V is a disc. O

Exercises

A.1.1 Let B be a balanced subset of a topological vector space. Show that
then also the interior of B is balanced.
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A.12 Let U @ E be a bounded 0-neighbourhood in a topological vector
space E. Show that every 0-neighbourhood contains a set of the form
{rU}re10,c0[-

Hint: Use Lemma A.7 together with the fact that U is bounded.

A.1.3  Show that the intersection CND of two convex sets C and D is convex.

A.2 Seminorms and Convex Sets

In the main text we have defined locally convex spaces using seminorms. In
this section we shall review seminorms and, in particular, their connection to
convex sets (thus justifying the name ‘locally convex space’).

A.11 Definition A family # of seminorms on a vector space E is said to be
separating if for each x € E, p(x) # 0 for at least one p € P.

A.12 Proposition Let E be a vector space and (p;),;.; a separating family of
seminorms on E. Then a Hausdorff vector topology is generated by the subbase

Bie(xo) ={x€E|pi(x—x0) <€}, i€l,e>0,x9€FE. (A.1)

Thus (E,{p;}1) is a locally convex space and the topology contains a 0-
neighbourhood basis of convex sets. Finally, each p; is continuous with respect
to the locally convex topology.

Proof Let us first note that the subbase (A.1) generates the initial topology
induced by the family {g;: E — E/kerp;};e;, where the right-hand side is
endowed with the normed topology induced by p; (see Exercise A.2.1). Let
U be a 0-neighbourhood. Then U contains some finite intersection (1) B; ¢(x),
which is convex since the seminorm balls are convex and intersections pre-
serve convexity; Exercise A.1.3. Thus every 0-neighbourhood contains a con-
vex 0-neighbourhood. For the Hausdorff property we choose for xj,x, € E
a seminorm p; such that 0 < p;(x; — x2). Set 6 = p;(x; — x2)/3. Now if
Z € B; 5(x2) N B; s(x1) were non-empty, we must have

2
0<0=pi(x1 —x2) < pi(x1 —2) +pi(z—x2) < 55,

which is absurd. Therefore the intersection must be empty and E is Hausdorff.
We have continuity of addition since for each

Ux+y = Bi1,61 (xO + )’0) m Biz,ez(xo + )’0) m e m Bi,l,én (xo + )’0)7
the neighbourhoods

Uxy = Biy,e;/2(x0) N Biy,e,/2(x0) N -+ - N B;,, ¢, 12(X0)
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A.2 Seminorms and Convex Sets 191
and
Uy, = Biye172(y0) N Biy,e;2(y0) N -+ N B, e, 2(0)
satisfy Uy + Uy C U,y since for any x +y € B; ¢/2(x) + Bi ¢/2(y),
pi(x +y) < pi(x) +pi(y) < €/2+€/2 = €.

For the continuity of scalar multiplication, consider the neighbourhood

Uagxy = Biy,e, (A0x0) N By e, (Aoxg) N -+ N By, e, (AoX0).
Let |1 — Ap| < ¢ and x € B; s(xp), then

Pi(Ax = A0X,) = pi((A = A9)x + Ao(x = X0))

< 1A = Aolpi(x) + [Aolpi(x — x0)

< 6(pi(x = x0) + pi(x0)) + |[Ao|pi (x — x0)
< 0(8 + pi(xg) +120]) < €

if ¢ is small enough. So we can find 61,...,0, and 6 = min{di,...,0,} such
that

(4,x) €]1g = 6,40 + 6 XUy, = Ax € Upyx,-
To see that p; is continuous, let ]a,b[ be an open interval in [0,oc0[, then
pl.‘l(]a,b[) = (E\ Ei,a(O)) N B; ,»(0) is open being a finite intersection of
open sets, when Ei,a(O) ={x € E| pi(x) <a}.Since pl._l([O,b[) = B; »(0),
we deduce that p; is continuous. O

A.13 Definition Let (p;);c; be a family of seminorms. We say the family

o satisfies the basis condition if for each two seminorms p; and p;, there exists
a third seminorm py and C > 0 such that

max{p; (x),p;(x)} < Cpi(x), forall x € E;

o is called a fundamental system of seminorms, if it generates the topology on
E and satisfies the basis condition.

Note that for a fundamental system of seminorms, the subbase (A.1) is a
basis for the topology it generates.

A.14 Example Consider again the space of smooth functions C*([0, 1],R)

with the Fréchet topology induced by the seminorms

| flln == sup sup
0<k<n x€[0,1]

dk
@f(x)
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For two of these seminorms we obviously have

max{|| flln, 11 fllm} < I f llmax(n,m) for all £ € C*([0,1],R).

Hence these seminorms form a fundamental system of seminorms and their
r-balls form a basis of the topology called the compact open C*-topology.

Let us associate now to every disc a seminorm. The upshot will be that one
can equivalently define a locally convex space as a topological vector space
with a 0-neighbourhood base consisting of convex sets.

A.15 Definition For a vector space E and a disc A in E, define the Minkowski
functional, pa: E — R,pa(x) =inf{t > 0. | x € tA}, where inf () := co.

A.16 Lemma [f U is a disc 0-neighbourhood in the locally convex space E,
then the Minkowski functional py is a continuous seminorm on E.

Proof By Lemma A.7, py(x) € [0,00[ for all x € E. For the triangle inequal-
ity, let x,y € E, thenif x € tU and y € sU,
X sy

1 t
—((x+y)=——+ —eU
t+s( Y) t+st t+ss

or rather x + y € (¢ + s)U. Therefore, py(x +y) <t + s = py(x) + pu(y).
Scalar factors can be taken out of the seminorm due to U being balanced: If
A e R\ {0}, Ax = ﬁ|/l|x € tU if and only if |A|x = %Ax € tU. Therefore,
pu(dx) = inf{t > 0 : Ax € tU} = inf{r > 0 : |A|x € tU} = |A|py(x).
Continuity of the seminorm follows from pz,l (Ja,bD) = (E\ (E)) NUo<r<p tU
is open for all a,b € [0, 0]. O

As Lemma A.10 shows, every convex 0-neighbourhood gives rise to a disc
and these give rise to seminorms by Lemma A.16. Thus an equivalent def-
inition of a locally convex space (fitting the name better; see Rudin, 1991,
Theorem 1.34 and Remark 1.38) is the following.

A.17 Definition A Hausdorff topological vector space is a locally convex
space if it contains a 0-neighbourhood basis of convex sets.

Finally, let us recall Kolmogorov’s normability criterion, which gives a (nec-
essary and sufficient!) condition for a topological vector space to be normable,
that is, the vector topology coincides with the topology induced by some norm.

A.18 Theorem (Kolmogorov’s normability criterion) A fopological vector
space E is normable if and only if E has a bounded and convex 0-neighbour-
hood.
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A.2 Seminorms and Convex Sets 193

Proof The criterion is necessary as in a normed space, the unit ball is a convex
bounded 0-neighbourhood.

Now let E be a topological vector space with a bounded and convex O-
neighbourhood N. By Lemma A.10 we can pick an open disc U € N. Note
that U is also bounded and define ||x|| := py(x) for x € E, where py is
the Minkowski functional associated to U. Now, thanks to Exercise A.1.2,
the sets sU, s €]0,00[ form a neighbourhood base of 0 in E. If x # 0 is an
element of E, the Hausdorff property implies that there exists s > 0 with
x ¢ sU, that is, ||x]] = s > 0. We deduce from Lemma A.16 that ||-|| is a
(continuous) norm on E. Hence the norm topology induced by |[|-]| is coarser
than the original topology. Conversely, recall that since U is open, we have
{x € E | |lx]| < s} = sU. As the sU form a neighbourhood base, this
shows that the norm topology coincides with the original topology, whence
E is normable. O

The Kolmogorov normability criterion allows us to describe the pathology
occurring for dual space of topological vector spaces beyond Banach spaces.

A.19 Proposition Let E be a locally convex space and let
E’' ={A: E — R | A is continuous and linear}

be its dual space. If E’ is a topological vector space such that the evaluation
mapev: EXE’" — R, (x,4) — A(x) is continuous, then E is normable.

Proof Assume that E’ is a topological vector space such that ev is continuous.
Then there are 0-neighbourhoods U @ E and V @ E’ such that ev(U X V) C
[-1,1]. Since V is absorbent by Lemma A.7 this implies that every continuous
linear functional is bounded on U. Now Theorem 3.18 of Rudin (1991) yields
that U is already bounded. Shrinking U, we may assume that U is convex and
bounded. Hence Kolmogorov’s criterion, Theorem A.18, shows that E must be
normable. O

Recall from Exercise 1.4.1 that if E is normable, the evaluation map on the
dual space is indeed continuous with respect to the operator norm on the dual
space.

Exercises
A.2.1 Let E be a vector space and p a seminorm on E.

(a) Show that kerp = {x € E | p(x) = 0} is a vector subspace of
E.
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194 A Primer on Topological Vector Spaces and Locally Convex Spaces

(b) Prove that [|g(x)|| := infyckerp p(x + y) defines a norm on the
quotient, where ¢ is the (surjective!) quotient map
q: E — E/kerp.

A.2.2 Let E be alocally convex space whose topology 7 is generated by a
family # of seminorms. Show that if g is a continuous seminorm on
E, then the topology generated by # U {q} is equal to 7.

A.2.3  Show that every locally convex space admits a fundamental system of
seminorms.
Hint: Show that max{p, g} is a continuous seminorm and use the pre-
vious exercise.

A.3 Subspaces of Locally Convex Spaces
In this section we recall some material on subspaces of locally convex spaces.

A.20 Definition A vector subspace F' C E of a locally convex space is called
complemented if there exists a locally convex space X such that £ = E X X
(isomorphic as locally convex spaces).

A.21 Lemma A subspace F C E is complemented if and only if there exists
a continuous linear map n: E — E with n(E) = F and n o & = n. Further, a
complemented subspace is always closed. We call m a continuous projection.

Proof Let F be complemented with isomorphism ¢: E — F X X. Then
n=¢lopopwithp: FxX — Fx X, (f,x) = (f,0) is a continuous
projection.

Conversely, let 7: E — E be a continuous projection with 7(E) = F. Then
X = kerm is a closed subspace of E and F X X — E, (f,x) —» f+xisa
continuous linear map with continuous inverse e — (7(e),e — n(e)).

If F is complemented, we have an associated continuous projection and see
that F' = ker (idg —) is closed. O

A.22 Example Finite-dimensional subspaces of locally convex spaces are
always complemented (Rudin, 1991, Lemma 4.21): Thus all subspaces of a
finite-dimensional locally convex space are complemented. More generally,
every closed subspace of a Hilbert space is complemented (Rudin, 1991, The-
orem 12.4).

Note, however, that complemented subspaces (e.g. of Banach spaces) may
be rare. Indeed one can prove that a Banach space for which every closed sub-
space is complemented must already be a Hilbert space (see Lindenstrauss and
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A4 On Smooth Bump Functions 195

Tzafriri, 1971). Moreover, there are examples of infinite-dimensional Banach
spaces whose only complemented subspaces are finite dimensional.

A.23 Example Consider the Banach space ¢ of all (real) sequences converg-
ing to 0 as a subspace of the Banach space £ of all bounded real sequences,
with the norm

[1(x1,x2,. . )lleo = sup [x,].
neN

Then cp is not complemented in . The proof is, however, more involved, and
so we defer to Werner (2000, Satz IV.6.5).

Exercises

A.3.1 Let(E;);es beafamily of locally convex spaces. Prove that [;¢; E; =
{(x;)r | x; € E;} with componentwise addition and scalar multiplica-
tion and endowed with the product topology is a locally convex space.

A.3.2 Show that F € E is complemented if and only if the projection
q: E — E/F has a continuous linear right inverse o: E/F — E
(ie.qgoo =idg/F).

A.4 On Smooth Bump Functions

In finite-dimensional differential geometry, one uses commonly local-to-global
arguments employing smooth bump functions (also sometimes called cut-off
functions) and partitions of unity. This strategy fails, in general, due to a lack of
bump functions. We briefly discuss the problem and refer to Kriegl and Michor
(1997, Chapter III) for more information.

A.24 Definition Foramap f: V — F with V @ FE and E, F locally convex
spaces the carrier of f is the set carr(f) = {x € V | f(x) # 0}. As usual the
support of f is defined to be the closure of the carrier.

A.25 Definition Let E be a locally convex space, x € E and U C E an
x-neighbourhood.

(@) A Ck-map f: E — [0,00[ for k € Ny U {co} is a CK-bump function with
carrier in U if carr(f) € U and f(x) = 1.

(b) If (U;);er is an open cover of E, we say that a family (f;: E — [0,00[);ef
is a CK-partition of unity (subordinate to the cover) if every f; is C* with
carrier in U; and }; f;(x) = 1, forall x € E.
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A.26 Definition Let E be a locally convex space and k& € Ny U {co}. We say
that E is

(a) C*-regular, if for any neighbourhood U of a point x there exists a C-
bump function with carrier in U and f(x) = 1.
(b) C*-paracompact,' if every open cover admits a C*-partition of unity.

Obviously similar definitions make sense if we consider instead of a
locally convex space a manifold modelled on locally convex spaces. While the
existence of partitions of unity hinges on topological properties of the mani-
fold (paracompactness!), the smoothness of these partitions depends only on
the availability of bump functions on the model space.

A.27 (Typical local-to-global argument) Let M be a manifold which admits
smooth partitions of unity subordinate to open covers. Assume we have an
object defined for every chart (U,¢) in an atlas A, and to illustrate this we
choose smooth Riemannian metrics on 7U = U X H, thatis, gy : UXHXH —
R, (u,h,k) = (h,k),. Using the chart we transport it back to the manifold, that
15,8, : TUBTU — R, (v,w) = (To(v), Te(W))p(x(v))- Now choose a smooth
partition of unity p, subordinate to the open covering (U, ¢)yea. Then

giTMOTM >R, (n,w) = Y py(mm(v)gy(v,w)
QeEA

is a Riemannian metric on M. Note that if g, (v, w) is not defined, p,, (7as (v))
is zero so the definition makes sense.

Recall (e.g. from Hirsch, 1994, Section 2.2) that every finite-dimensional
space is C*-regular. It is also C*-paracompact, as a result by Torunczyk (see
Kriegl and Michor, 1997, Corollary 16.16) shows that every Hilbert space is
C™-paracompact. We shall now recall some results about C¥-regularity of lo-
cally convex (and, in particular, Banach) spaces.

A.28 Proposition (Bonic and Frampton, 1966) A locally convex space is
C*-regular if and only if the topology is initial with respect to the functions
CK(E,R).

Proof The initial topology with respect to the C¥-functions is generated by
the subbase

£ 'a, b)), feC*E,R),a,beRU {xoo}.

' CY-paracompact is equivalent to the usual notion of paracompactness due to Engelking (1989,
Theorem 5.1.9).
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A.5 Inverse Function Theorem beyond Banach Spaces 197

Hence it is clear that if E is C¥-regular the topology is initial with respect to
the C* functions. For the converse, consider x € U, where U is open in the
initial topology. Then we find ay,. . .,a,,by,...,by and f1,..., f, € Cck (E,R)
for n € N such that x € <, <p fi‘l(]al-,bi [) € U. Adjusting choices of the
fi, we may assume without loss of generality that a; = —¢; and b; = ¢&; for
some g; > 0. Since R is C*-regular, we pick & € C*(R,R) with #(0) = 1 and
h(t) = 0,forall || > 1. Then f: E > R,y = []i<i<n h(fi(x)/&;) is a bump
function with carrier in U. O

For a Banach space the existence of C¥-bump functions is tied to differen-
tiability of the norm.

A.29 Definition Let (E,||-||) be a normed space. The norm ||-||: E — R is
rough if there exists an € > 0 such that for every x € E with ||x|| = 1, there
exists v € E with ||v|| = 1 and

lx +ev]| +|lx —tv|| -2 -

lim sup
™\ !
If a Banach space is C!-regular then it does not admit a rough norm (see Kriegl
and Michor, 1997, 14.11).

One can prove that the Banach spaces (C([0, 1],R), ||-||w) (i-e. the continu-
ous functions with the compact open topology) and (£1, ||-||;) (see Kriegl and
Michor, 1997, 13.11 and 13.12) have rough norms, whence they are not even
C'-regular. On the other hand, since nuclear Fréchet spaces are C*-regular,
the space C* ([0, 1],R) is C*-regular. Similar statements then hold for spaces
of smooth sections into bundles. Again we refer to Kriegl and Michor (1997).

A.S Inverse Function Theorem beyond Banach Spaces

Before we conclude this appendix on locally convex spaces, let us briefly
discuss (the lack of) an important tool from calculus which is driving many
basic results in (finite-dimensional) differential geometry. Many basic exis-
tence results and constructions in finite-dimensional differential geometry are
more or less direct consequences of the inverse function theorem, the constant
rank theorem and its cousin the implicit function theorem. Note that the in-
verse function and the implicit function theorems still hold in Banach spaces
(Lang, 1999, 1, §5), but the constant rank theorem is already more delicate;
see Margalef-Roig and Dominguez (1992). Beyond Banach spaces, the situa-
tion breaks down as the following example, due to Hamilton (1982, 1. 5.5.1),
shows (see also 1.55).
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A.30 Example Consider the Fréchet space C*([—1,1],R) of all smooth func-
tions from [—1,1] to R,2 together with the differential operator

P: C*([-1,11,R) —» C*([-1,11,R), P(c)(x) :=c(x) — xc(x)c'(x).

A computation shows that P is C* with derivative dP(c,g)(x) = g(x) —
xg(x)c’(x) — xc(x)g’(x), that is, for ¢ = 0 the derivative is the identity. How-
ever, the image of P is no 0-neighbourhood in C*([-1,1],R) as it does not
contain any of the functions g, (x) = % + fl—': for n € N (but lim,, e g, = 0in
C*([-1,1],R)). In conclusion, the inverse function theorem does not hold for P.

To give a more geometric example, the exponential map of a Lie group
(modelled e.g. on a Fréchet space) might fail to even be a local diffeomorphism
around the identity. For example, this happens for diffeomorphism groups; see
Example 3.42.

A.31 (How to recover an inverse function theorem) The calculi discussed so
far are too weak to provide an inverse function theorem on their own. If one
has more information (such as metric estimates in the Fréchet setting) there are
inverse function theorems that can apply in more general situations. The most
famous one is certainly the Nash—-Moser inverse function theorem (Hamilton,
1982) which works with so-called tame maps on tame spaces. Further gen-
eralised theorems are available in the framework of Miiller’s bounded geom-
etry (Miiller, 2008) and Glockner’s inverse function theorems; see Glockner
(2006b, 2007) and the references therein. To keep the exposition short we do
not provide details here. Note, though, that the generalisations mentioned re-
quire specific settings or certain estimates which are often hard to check in
applications.

A consequence of the lack of an inverse function theorem is that in infinite-
dimensional differential geometry one needs to be careful when considering
the notions of immersion and submersion (see §1.7). Further, there is no gen-
eral solution theory for ordinary differential equations beyond Banach spaces
(even for linear differential equations!).

Exercises

A.5.1  Fillin the missing details for Example A.30: Show that the differential
operator P is differentiable and compute its derivative. For g, (x) =

2 The Fréchet space structure is given pointwise operations with the compact open
C®-topology. It is defined via the metric d(f, g) = X7, Hf;ig”i , where |[|f||; is the

supremum norm of the ith derivative.
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% + ”‘1—',' show that g,, — 0 in the compact open C*-topology. Let f be

a smooth map on [—1, 1]. Develop f and P(f) into their Taylor series
at 0. Then show that P(f) = g, is impossible.

A.6 Differential Equations beyond Banach Spaces

Here we exhibit several examples of ill-posed differential and integral equation
on locally convex spaces.

A.32 Example (No solutions in incomplete spaces (Dahmen)) Consider the
mapping
h:[0,1] = C*([1,21,R), - (x> x").

We apply the exponential law to /4. Note, however, that Theorem 2.12 is not
quite sufficient as [0,1] and [1,2] are manifolds with boundary, whence we
refer to the more general exponential law (Alzaareer and Schmeding, 2015,
Theorem A). Now £ is smooth if and only if £": [0,1] X [1,2] — R, (t,x)
x" = exp(In(x)t) is smooth, that is, 2" is smooth on the interior of the square
[0,1] x [1,2] such that the derivatives extend continuously onto the bound-
ary. This is a trivial calculation. Since the derivative of & corresponds via the
exponential law to the partial derivative of 1" (see Lemma 2.10), we see that
dh(t; y)(x) = (dih"(t,;¥))Y(x) = yln(x)x". Let us define now two sub-
spaces of C™([1,2],R) as the locally convex spaces generated by the image of
hand h/ = dh(-;1):

E = span{h(r) | t € [0,1]}, F = span{h’(r) | t € [0,1]}.

By construction h(t) ¢ F and h'(t) ¢ E. This entails that h®: 10,11 —
E € C*([1,2],R) is not differentiable and shows that sequential closedness
is indispensable in Lemma 1.25. As a consequence, both subspaces are not
closed and, in particular, not (Mackey) complete. We see that the (trivial) dif-
ferential equation y’(¢) = h’(¢) or equivalently the (weak) integral equation
y(t) = fol I/ (t)dt does not admit a solution in F.

It should not come as a surprise that in the absence of suitable completeness
properties differential and integral equations may be ill posed. However, even
in complete spaces relative benign (e.g. linear), differential equations do not
admit solutions.

A.33 Example (Hamilton, 1982, 1.5.6.1) Consider the Fréchet space
C*([0, 1],R) of smooth functions endowed with the compact open C*-topology.
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Recall that the differential operator D: C*([0,1],R) — C*([0,1,R), f —
f’” = df(-;1) is continuous and linear. Consider a solution f: ] — &,&[—
C*([0,1],R) of the linear differential equation

d — Y
{d,fu) D(f) = f, A2)

S = jo
Apply the exponential law (Alzaareer and Schmeding, 2015, Theorem A) to
the smooth map f. We obtain a smooth map f*: ]e,g[x[0,1] — R, (¢,x) —
f(t)(x) such that (A.2) is equivalent to the partial differential equation

O f(t,x) = Ox f"(1,),  f(0,x) = fo(x). (A.3)

By the Whitney extension theorem (Whitney, 1934) there is a (non-unique)
extension Fy € C*([0,2],R) of fy and it is easy to see that the function
f(t,x) = Fo(x +t),t,x € [0,1] solves (A.3). Since the extension Fj is non-
unique, the solution to (A.2) is non-unique (albeit we study a linear ordinary
differential equation with smooth right-hand side!).

A related example is given by the heat equation on the circle.

A.34 Example (Heat equation on S! (Milnor, 1982, Example 6.3)) The heat
equation on the circle S! is given by

3, f(1,0) = 95 £(t,6),

where d is the derivative on S'. Again the derivative induces a continuous
linear derivative operator D: C*(S',R) — C®(S',R), f %f, whence
the heat equation can be understood as an ordinary differential equation on
C*(S',R). We do not go into the details concerning solutions of this equation.
However, the reader may want to refer to Chapter 7 for examples of partial
differential equations which are treated using similar techniques for ordinary
differential equations on infinite-dimensional manifolds.

The following examples are due to Milnor (see Milnor, 1982, Examples 6.1
and 6.2).

A.35 Example (Too many solutions) Let R be the Fréchet space of real-
valued sequences (with the topology induced by identifying R = [],,cy R)
and define the left shift

A:RY - RN, (x1,x2,x3,...) = (x2,X3,...).

Then A is continuous and linear and the differential equation y’(t) = A(y)(?)
reduces to the system of equations ylf (t) = yi+1(1),i € N. For every initial
value this system has infinitely many solutions.
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To see this consider the initial condition y(0) = 0 € RY. If ¢ € C*(R,R)
vanishes in a neighbourhood of 0, then we set y;(f) = ¢(¢) and y,(t) =
‘ft’j—:lgo(t) for n > 2 to obtain a solution y(#) = (y1(¢),y2(t),. . .) of the equation

with y(0) = 0.

A.36 Example (No solutions) The space E := {(x,)nex € R | almost all
x, = 0} is locally convex with respect to the box topology (i.e. the topology
whose basis is given by the sets [],,en Un, Un @ R; see Exercise A.6.2). Define
the right shift

R:E—E, (x1,x2,x3,...) (0,x1,x0,x3,...).

Then it is not hard to see that R is continuous linear and we consider the initial
value problem

{y' = R(y)(1),
y(0) =(1,0,0...).

Note that for a prospective solution y(t) = (y1(¢),y2(?),...), the differential
equation yields y{(#) = 0, whence y(#) = 1 by the initial condition. Then
y5(t) = y1(¢) = 1. Integrating, we see that inductively y is a solution if y; () =
(ZL—T), However, for ¢ # 0 this sequence has infinitely many terms not equal
to 0 and thus does not exist in E, that is, the initial value problem (given by
a linear differential equation with smooth right-hand side!) does not have any

solution in E.

Exercises

A.6.1 Review §2.2 and Theorem 2.12 to work out the details of the iden-
tification of the Partial Differential Equations heat equation with the
Ordinary Differential Equations on C*(S',R) in Example A.34.

A.6.2  Consider the space E := {(x,)nenw € RY | almost all x,, = 0} with

the box topology (i.e. the topology induced by E N [],,cy Ui, where
U; @ R). Show that:

(a) E is a locally convex space and the box topology is properly
finer than the subspace topology induced by E € RY. Then show
that R is continuous.

(b) Every base of 0-neighbourhoods in E is necessarily uncount-
able, so E cannot be a metrisable space.

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

202 A Primer on Topological Vector Spaces and Locally Convex Spaces
A.7 Another Approach to Calculus: Convenient Calculus

Convenient calculus was introduced by Frolicher and Kriegl (1988) (see Kriegl
and Michor (1997) for an introduction). To understand the basic idea, we recall
a theorem by Boman.

A.37 Theorem (Boman’s theorem (Boman, 1967)) Amap f: R - R, d €
N is smooth if and only if for each smooth curve c: R — R the curve f o c is
smooth.’

Now smoothness of curves ¢: R — E with values in a locally convex space
E is canonically defined (e.g. via Definition 1.3). Hence smooth curves can be
used to define (conveniently) smooth maps on locally convex spaces which are
Mackey complete.* Following the usual lingo of convenient calculus, a locally
convex space which is Mackey complete is called convenient vector space.

A.38 Definition Let E, F be convenient vector spaces.

(a) Write ¢®E for E endowed with the final topology with respect to all
smooth curves R — E. We call this topology the c¢*-topology and its open
sets c™-open.

(b) LetU € E be ¢™-open, f: U — F amap. Then f is convenient smooth or
Ceony if foc: R — F is asmooth curve for every smooth curve c: R — U.

Obviously, the chain rule holds for conveniently smooth mappings and one
can define and study derivatives. Once again manifolds, tangent spaces and so
on make sense. Further, Boman’s theorem asserts that between finite-
dimensional spaces convenient smooth coincides with Fréchet smooth (more
on this in A.41).

A.39 Remark (Bornology vs. topology) By now, the reader will have won-
dered why one defines Cg,,-maps on c*-open subsets instead of using the
native topology on E. The reason for this is that differentiability of curves into
a locally convex space does not depend on the topology of E, but rather on the
bounded sets, the bornology of E. One can show that smoothness of curves is
a bornological concept, and this is captured by the c¢*-topology (which is finer
than the native topology but induces the same bornology).

The c¢*-topology is somewhat delicate to handle. For example, c™ (E X F) #
¢®E x ¢®F (in general) and ¢ E will not be a topological vector space. How-
ever, it can be shown that for a Fréchet space the ¢*-topology coincides with
the Fréchet space topology; see Kriegl and Michor (1997, Section 1.4).

3 We emphasise here that smoothness can be tested against smooth curves, while this becomes

false for finite orders of differentiability.
4 See Definition 1.12. Mackey completeness is weaker than sequential completeness.
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A.7 Another Approach to Calculus: Convenient Calculus 203

By definition, a conveniently smooth map is continuous with respect to the
c™-topology on E. However, as the ¢ -topology is finer than the native locally
convex topology, conveniently smooth maps may fail to be continuous with
respect to the native topologies. To stress it once more: Differentiability in
the convenient calculus is not built on top of continuity. Having now defined
two notions of calculus we will clarify their relation in the next section and
discuss some of their properties.

Bastiani versus Convenient Calculus

We have already seen in the last sections that both the convenient and the Bas-
tiani calculus yield the well-known concept of (Fréchet ) smooth maps between
finite-dimensional vector spaces. To clarify the relation between Bastiani and
convenient calculus, observe that the definition of smooth curves into a locally
convex space coincides in both calculi. The Bastiani chain rule, Proposition
1.23, yields the following.

A40 Lemma Let E,F be convenient vector spaces, U € E and f: E 2
U— FaC%-map.Then f is Coy, -

Thus (completeness properties aside) Bastiani smoothness is the stronger
and more restrictive concept, which enforces continuity with respect to the
native topologies. However, on Fréchet spaces both calculi coincide (Bertram
et al., 2004, Theorem 12.4).

A41 Let E, F be convenient spaces, U € E. Then the differentiability classes
of amap f: U — F are related as follows:

Ceonv C% e FC™. (A4)

EFréchet

The dividing line between convenient calculus and Bastiani calculus is conti-
nuity; see Glockner (2006a) for examples of discontinuous conveniently smooth
maps. Also see Kriegl and Michor (1997, Theorem 4.11) for more information
on spaces on which the concepts coincide.

One may ask oneself now if there is one calculus which is preferable over
the other.

A.42 (Bastiani calculus is more convenient than convenient calculus) A ma-
jor difference between Bastiani and convenient calculus is continuity. Arguably
continuity with respect to the native topologies, as in the Bastiani calculus, is
desirable for smooth maps. In particular, the infinite-dimensional spaces and
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204 A Primer on Topological Vector Spaces and Locally Convex Spaces

manifolds often have an intrinsic topology one would rather like to preserve
instead of having to deal with the somewhat delicate ¢*-topology. This is one
reason why in infinite-dimensional Lie theory, Bastiani calculus is prevalent
(continuity allows one to use techniques from topological group theory, such
as the local-to-global result for Lie groups: Proposition 3.45).

In addition, one can often conveniently establish Bastiani smoothness using
induction arguments over the order of differentiability® and one can interpret
this (together with the continuity) as an argument for the naturality of Bastiani
calculus.

A.43 (Convenient calculus is more convenient than Bastiani calculus) Dis-
carding continuity for smooth maps might not be as exotic after all since
smoothness of curves is a bornological and not a topological property. Further,
it leads to a convenient category of spaces with smooth maps.

To explain this, consider sets X,Y,Z and denote by ZX the set of all maps
from X to Z. Then f € Z**¥ induces a map fV € (ZV)X via fV(x)(y) =
f(x,y). The resulting bijection ZX*¥ = (Z¥)X is known as the exponential
law.

Exponential Law for Convenient Smooth Maps Let E, F, G be locally con-
vex vector spaces, U C E,V C F c¢-open. Then the spaces of convenient
smooth maps admit a locally convex topology such that there is a linear con-
venient smooth diffeomorphism

Coow(UXV,G) = C2 (U,Coo s (V,G)), [ fY.

In particular, f¥: U — C2.,(V,G) is CS., if and only if f: U XV — G is
ngl’lv'

The exponential law is an immensely important tool, simplifying many
proofs (e.g. that the diffeomorphism group is a Lie group). It also establishes
cartesian closedness of the category of convenient vector spaces with conve-
nient smooth maps.® Note that the exponential law and cartesian closedness do
not hold in the Bastiani setting.7 We remark, though, that cartesian closedness
in the convenient setting is a statement about the category of convenient vector
spaces. The result does not carry over to the category of manifolds modelled
on convenient vector spaces which turns out to be not cartesian closed. To

3 Here one should mention that a similar but somewhat more involved notion of k-times
Lipschitz differentiable mappings exists in the convenient setting.

 The ‘convenient’ in convenient calculus references Steenrod’s ‘A convenient category of
topological spaces’” Steenrod (1967) in which a cartesian closed category of topological spaces
is built.

7" Albeit rudiments of an exponential law exist in the Bastiani setting as §2.2 shows. See also
Alzaareer and Schmeding (2015) for a stronger version.
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A.7 Another Approach to Calculus: Convenient Calculus 205

obtain a cartesian closed category of manifolds it seems to be unavoidable to
pass to even more general concepts such as diffeological spaces (see Iglesias-
Zemmour, 2013).

Summing up, there is no clear-cut answer to the question of which calculus
is preferable. It will depend on the application or use one has in mind whether
one goes with the stronger notion of Bastiani calculus or the weaker convenient
calculus (which often has more convenient tools).
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Appendix B
Basic Ideas from Topology

We are assuming that the reader is familiar with the basic concepts of topology,
and we review some definitions and results used for the reader’s convenience.
All of the concepts in this appendix are covered in standard textbooks on topol-
ogy, for example, Engelking (1989). We mention again that we write U € X if
U is an open subset of a topological space X.

B.1 Initial and Final Topologies

Let X be a set and (f;);e; be a family of mappings f;: X — Y; to topological
spaces Y;. The coarsest topology on X making each f; continuous is called the
initial topology on X with respect to the mappings (f;);er-Dually, if {g;: ¥; —
X}ier is a family of mappings from topological spaces to X there is a finest
topology making all g; continuous. This topology is called the final topology
with respect to the g;.

B.1 Remark Note that the sets ();cr fi‘l(Ui), where F C [ is finite and
U; ¢ Y, form a basis of the initial topology (even if we restrict our choice of
U; to a basis of the topology of V;).

B.2 Lemma The initial topology on X with respect to a family (f;)ier is
the unique topology which satisfies g: Z — X is continuous if and only if
fiog: Z —Y; is continuous for everyi € I.

Proof Assume first that X carries the initial topology 7. Then clearly if g
is continuous f; o g is continuous for every i € I. Conversely, since S =
{fl.‘l(Vi) | V; @ Y;}is a subbase for 7 by Remark B.1, we see that f; o g
continuous implies that g~! (W) is open in Z for each W € S. Thus g is con-
tinuous. We conclude that 7 has the claimed property.

206
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B.1 Initial and Final Topologies 207

Now let 7~ be another topology which satisfies the above property. Then the
identity maps id: (X,7) — (X,7 ) and id: (X,7 ) — (X,7) are continuous,
whence both topologies coincide. O

B.3 Example If X is a subset of a topological space Y, the induced, or sub-
space, topology is the initial topology with respect to the inclusion ¢: X — Y,
X X,

B.4 Example We always endow the cartesian product X = [];c; X; of
a family (X;);e; of topological spaces with the product topology, which is
the initial topology with respect to the family (pr;)ie; of projections
prj((xi)r) = x;.

Exercises

B.1.1  Let X be a topological space endowed with the final topology with
respect to a family of mappings f;: X; — X. Show that g: X — Y is
continuous if and only if g o f; is continuous for alli € 1.

B.1.2  Let (E;);es be locally convex spaces and E := {(x;);jer € [lies Ei |
almost all x; = 0}. Endow E with the final topology with respect to
the family of inclusions ¢j: E; — E, x = (X;)jer, wWith x; = x and
x; =0ifi # j. Show that:

(a) The resulting topology is the box topology, that is, the topology
generated by the base of sets EN[];¢; U;, where for everyi € I,
U; runs through a topological base of E;.

(b) If Iis a countable set and f;: E; — F is a continuous linear
map to a locally convex space F, then there exists a unique con-
tinuous linear map f: E — F with f o«; = f;. This proves, in
particular, that the box topology turns E into the direct locally
convex sum of the spaces E;.

Hint: For continuity of f consider the preimage of a 0-neigh-
bourhood V in F. Construct inductively a sequence (V,,), en of
0-neighbourhoods with V,, + V,, € V, 4.

(c) Let I be uncountable and E; = R for all i € I. Show that the
summation map s: {(x;); € R’ | x; = 0 for almost all i} — R,
(x;) = Dliey x; is discontinuous in the box topology. Thus the
box topology is properly coarser than the direct sum topology in
this case.
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208 Basic Ideas from Topology
B.2 The Compact Open Topology

Let X,Y be (Hausdorff) topological spaces and C(X,Y) the set of all continu-
ous mappings from X to Y. We define a topology on C(X,Y) by declaring a
subbase consisting of the following sets:

LK, U] ={f eCX,)Y)| f(K) CU}, K C X compact, U @ Y.

The resulting topology is called the compact open topology and we write
C(X,Y)..o. for the set of continuous mappings with this topology. !

B.5 Remark As singletons are compact, we see that the inclusion map

CX,V)eo > Y= [ ]7
xeX
is continuous if we equip the right-hand side with the product topology. Thus
C(X,Y)co. will again be Hausdorff and the evaluations evy: C(X,Y)co. —
Y,ev.(f) = f(x) are continuous for every x € X.

We will now show that if the target is a locally convex space the compact
open topology coincides with the topology of compact convergence.

B.6 Let (E,{p;i}icr) be a locally convex space and K C X be a compact
subset of a topological space. Then we define a seminorm on C(X, E).,. via

I fllpex () = Sullzpi(f(x»

Note that these seminorms are separating, since for y € C(X,E) with y # 0
we find x € X with y(x) # 0 and thus ||y, (x; # O for some i € I. The
locally convex topology generated by all seminorms (||-[|p,, & )ier, K <X compact
is called topology of compact convergence.

B.7 Lemma Let X be a topological space and E a locally convex space.
Then the compact open topology coincides with the topology of compact con-
vergence on C(X,E). As a consequence, C(X,E)¢,. is again a locally convex
space if E is locally convex.

Proof  First note that for every seminorm |[|-||,, for K € X compact and p a
continuous seminorm on E, we have

{(f e CXLE) I Ifllk,p <r} =LK {x € E|p(x) <ril. (B.D)
To see that the topology of compact convergence is finer than the compact open

topology, it suffices to prove that all sets | K,U] with K € X compact and

! If you prefer a video walkthrough covering (parts of) the material in this appendix, then take a

look at www . youtube.com/watch?v=vGs-C9eEdJ0.
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B.2 The Compact Open Topology 209

U ¢ E are open in that topology. Now lety € |[K,U]. Then y(K) C U € E
is compact and by Lemma A.2(g) there is an open O-neighbourhood W @ E
such that y(K) + W C U. We choose a seminorm p and r > 0 such that
Vi={xeE]|pkx)<r}C W.Thenvy + |K,V] is an open neighbourhood
of y in the topology of compact convergence by (B.1). Moreover, y + | K, V]
is contained in | K, U] since y(x) + n(x) € y(K) +V C U foralln € | K,V ]
and x € K. This shows that | K,U] is a y-neighbourhood in the topology of
compact convergence, hence open.

Conversely, lety € C(X, E). Thanks to Lemma A.2(e) and (B.1), we see that
the sets y + | K,{y € E | p(y) < r}] form a basis of open y-neighbourhoods in
the topology of compact convergence. Thus it suffices to prove that these sets
are open in the compact-open topology. For this choose 0 € V @ E such that
V-V Cci{yekE]|p(y) <r}. Asy|k is continuous, we find for every x € K
an x-neighbourhood K, € K with y(fx) C y(x) + V. Using compactness, we
choose a finite set F' C K with K = | J, <z K. We will now show that

Q, = ﬂ [Key(x)+V] Cy+ K {y € E|p(y) <r}l.
xeF

Ifn € Q,, then we find forevery y € Kax € F withy € K. Thus (y-n)(y) €
y(xX)+V—=(y(x)+V)C V-V CUandthusy—-n € |K,{y € E | p(y) <r}].
Now €, is open in the compact-open topology and contains y by choice of the
K. Thus both topologies coincide. O

B.8 Lemma Ler A, X,Y,Z be topological spaces and h: A — X, f:Y —» Z
be continuous maps. Then the pushforward and the pullback map

fei C(X,Y)eo, » C(X,Z)co., g fog,

h*: C(X,Y)co. = C(AY)eo, g+ goh

are continuous.

Proof We begin with the pushforward £, and show that f71(|K,U]) is open
for every K C X compactand U € Y. For y € C(X,Y) we see that

fi(y)=foyelK Ul & f(y(K) CU & y(K)C f(U)
eyelK ).

Thus £ (LK, U)) = K, f~1(U)] € C(X,Y).,. by continuity of f.

Now for the continuity of the pullback 4*, pick L C A compactand V € X.
Then fory € C(X,Y), we have h*(y) = yoh € | L,V ] if and only if y(h(L)) C
V. In other words, if and only if y € [h(L),V]. By continuity of h, A(L) is
compact and thus (f*)‘l(I_L,VJ) = Lh(L),V] € C(X,Y)c,o. and the pullback
is continuous. O
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210 Basic Ideas from Topology

B.9 Lemma [f X,Y,Z are topological spaces and pry: Y X Z — Y and
pry: Y X Z — Z the canonical projections, then the map

0: C(X,Y X Z)co. = C(X,Y)co. X C(X, Z)co, ¥+ ((pry):(¥), (pry):(y))
is a homeomorphism, whence C(X,Y X Z)co. = C(X,Y)co. X C(X,Z)co.-

Proof By Lemma B.8 the map ® is continuous. Clearly O is a bijection and
thus we only need to show that it takes open sets in a subbase to open sets to
see that ® is a homeomorphism. Now open rectangles U X V, U ¢ Y,V € Z
form a subbase of the product topology, whence Exercise B.2.2 shows that the
sets |[K,U X V], with K € X compact, form a subbase of the topology on
C(X,YXZ)co.-Now O(LK,UxV])=|K,U|x|K,V]isopeninC(X,Y)co X
C(X,Z)cyo., and so O is open. O

B.10 Lemma Ler X,Y be topological spaces. If X is locally compact, the
evaluation map

ev: C(X,Y)eo. XX =Y, (f,x) P f(x)
s continuous.

Proof For U @ Y we will show that ev™' (U) is open in C(X,Y)co. X X. To
this end, let (y,x) € ev (1), that is, v(x) € U. By continuity of y and local
compactness of X there is a compact x-neighbourhood K such that y(K) C U.
Thus | K,U] X K is a (y, x)-neighbourhood such that ev(| K,U] x K) C U. We
see that ev™! (U) is open and the evaluation is continuous. O

B.11 Proposition Let X,Y,Z be topological spaces such that Y is locally
compact. Then the composition map

COIHPZ C(X,Y)co.XCY,Z)co. = C(X,Z)co., (f,g) = go f
is continuous.

Proof Let K € X be compact and U @ Z. Pick (y,n) with Comp(y,n) €
LK,U]. We have n(y(K)) € U. By Exercise B.2.2 we can pick a compact
neighbourhood L of y(K) in 7' (U) and set W := L° (interior). Then | K,V | x
LL,U] is a neigbourhood of (y,n) which is contained in Comp_l(I_K, U]) by
construction. Thus the composition is continuous. O

We will now consider continuous mappings on cartesian products. If f: X x
Y — Z is continuous we can form for every x € X a mapping f(x,): Y — Z,
y = f(x,y). Since f is continuous every partial map f(x,-) is continuous. It
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B.2 The Compact Open Topology 211

turns out that the mapping which assigns to each x € X the partial map f(x,-)
is continuous as a mapping into the space of continuous functions.

B.12 Proposition Let X,Y,Z be topological spaces and f: X XY — Z be
continuous. Then f¥: X — C(Y,Z)co., [V (x) := f(x,-) is continuous.

Proof Consider |K,U] € C(Y,Z)c... We then compute

(FYMK U ={x € X | f(x,y) € Uforall y € K}
={xeX| f{x}xK) U}
={xeX|{x}xKc ).

Now f~!(U) is an open neighbourhood of the compact set {x} x K in the
cartesian product X X Y. From Engelking (1989, Lemma 3.1.15) we deduce
that there are A € X and B @ Y such that {x} x K € Ax B C f~'(U). This
shows that (f WK, U)) is a neighbourhood for every x contained in it and
thus an open set. Since sets of the form | K, U] form a subbase of the compact
open topology, f is continuous. O

B.13 Proposition (Exponential law for the compact open topology) Let X,Y,Z
be topological spaces and Y be locally compact. Then a mapping f: X —
C(Y,Z)c.,. is continuous if and only if the map

P XXY > Z, (xy) e fF(O0)
is continuous.

Proof 1If f is continuous, then f”(x,y)=ev(f(x),y) is continuous by Lemma
B.10. Conversely, assume that f” is continuous. Then a quick calculation
shows that f = ()Y, whence f is continuous by Proposition B.12. O

It is worth noting that local compactness is a crucial ingredient to obtain
the exponential law. Indeed one can prove that under some requirement to the
topological spaces involved, the exponential law can only hold if the topo-
logical space Y is locally compact. See Engelking (1989, Exercise 3.4.A) for
details.

Exercises

B.2.1  Prove that if X carries the final topology with respect to a family
gi: Y, = X,i €l then f: X — Z is continuous if and only if f o g;
is continuous for every i € I.
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212 Basic Ideas from Topology

B.2.2  Let X,Y be topological spaces and S be a subbase for the topology on
Y. Show that the sets | K,V ] with K € X compact and V € § form a
subbase for the compact open topology on C(X,Y).

B.2.3  Let X be a locally compact topological space and K C X compact
with K € U € X. Show that there is a compact set L C U whose
interior contains K.

B.2.4 Let K be a compact topological space and Q € K x Y. Prove that the
set

Q' = {f € C(K,Y) | graph(f) € Q}

is open in C(K,Y).o.. Here graph(f) = {(x, f(x)) | x €e K} C K X Y.
Hint: If f € Q, then for every x € K there are open U, € K,V, €Y
with (x, f(x)) € Uy X Vy € Q.

B.2.5 Use Proposition B.13 to give an alternative proof of the continuity of
the composition map Comp from Proposition B.11.
Hint: What is Comp”"?
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Appendix C
Canonical Manifold of Mappings

This appendix sketches the construction of a canonical manifold of mappings
structure for smooth mappings between (finite-dimensional) manifolds (for
details see Amiri et al., 2020, Appendix A). Before we begin, let us reconsider
for a moment the locally convex space C* (M, E) (M a compact manifold and
E alocally convex space; see §2.1). The topology and vector space structure
allow us to compare two smooth maps f and g by measuring their difference
f — g on compact sets. As a general manifold N lacks an addition, we can-
not mimic this construction (though the topology still makes sense!). On first
sight it might be tempting to think that one could use the charts of N to con-
struct charts for C*(M, N). However, if N does not admit an atlas with only
one chart, there will be smooth mappings whose image is not contained in one
chart. Thus the charts of N turn out to be not very useful. Instead one needs
to find a replacement of the vector space addition to construct a way in which
‘charts vary smoothly’ over N.

C.1 Local Additions

In this section we first define a replacement for vector additions which allow
us to construct a canonical manifold structure on spaces of mappings.

C.1 Definition Let M be a smooth manifold. A local addition on M is a
smooth map

2:TM2U—-> M,

defined on an open neighbourhood U @ T'M of the zero-section of the tangent
bundle 057 == {0, € T,M | p € M} such that (0,) = pforallp € M,

U ={(xpu(),Z() | v € U}

213
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214 Canonical Manifold of Mappings

is open in M X M (where mp;: TM — M is the bundle projection) and the
mapping 0 = (7p,2): U — U’ is a C*-diffeomorphism.

C.2 Let G be a Lie group. Then G admits a local addition. To see this, let
¢: U — V be achart of G with 1 € U and ¢(1) = 0. Then U := Ty~ (V) is
open in 771G and we define ay: U — U, v — ¢ ' (Tyo(v)). Note that aq is a
diffeomorphism. Now the tangent bundle of G is trivial, thatis, 7G = Gx TG,
Lemma 3.12, and we obtain an open set Q = (J,ei TA,(U) = GxU ¢
G % T1G. Define the smooth map

2:Q-5G, v ag() a1(Tdg, )1 (V).

We note that Q is a neighbourhood of the zero section and (0, ) = g-a1(01) =
g -1 =g.Finally, (75,2): Q — G X G is a diffeomorphism (onto an open set)
with inverse (716,2)" (g.h) = T4 (a;' (g7 h)).

C.3 Remark If (M,g) is a strong Riemannian manifold (see Chapter 4),
then the Riemannian exponential map exp,, of ¢ induces a local addition on M
(Michor, 1980, Lemma 10.1).

We leave the proof of the following statement as Exercise C.1.1.

C.4 Lemma (Schmeding and Wockel, 2015, Lemma 7.5; or Michor, 1980,
10.11) Let M be a manifold which admits a local addition . Then T M admits
a local addition (it is TZ o k, where « is the flip of the double tangent bundle).

With the help of a local addition we can pull to vector fields over a given
function.

C.5 Let f € C*(K,M) and assume that M admits a local addition Z: TM 2
Q— M.If g € C*(K, M) such that

(f.8)(K) € (11, 2)(Q) € M X M,
define the mapping
Dr(g) = (731, 2) ' 0 (f,8) € C™(K,TM).

A quick computation shows that s o®r(g) = f. The idea is that @ (g) yields
at every x € K a vector in Tr(xyM which gets mapped by the local addition
to g(x). Thus the mapping ®f(g) measures the difference between f and g
(similar to f — g in the vector space case). Note that @ takes its values in the
subspace

CP(K.TM) = {h € C*(K.TM) | mps 0 h = f}

of mappings over the given map f.
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C.2 Vector Bundles and Their Sections 215

To make mappings of the form @ into charts for C* (K, M), we first need
to study spaces of the form C;"(K, TM). In particular, we need these spaces
to be locally convex spaces and will showcase this in the next section. The
idea will be to relate these sets to spaces of sections of certain vector bundles.
Note, however, that the space of functions C}’." (K,T M) depends heavily on the
function f. In general, these spaces will not be isomorphic if we change the
base function f.

Exercise

C.1.1  Let M be a manifold, TM its tangent bundle and T>?M = T(T M)
the double tangent bundle. Assume that M admits a local addition
2:TM2U - M.

(a) Show that there is a bundle isomorphism «: T2M — T*M over
the identity such that in local coordinates we have (up to iden-
tification) the identity x(x,v,u,w) = (x,u,v,w). We call « the
(canonical) flip of the double tangent bundle.

(b) Prove that TX o « is a local addition for 7M. Explain then why
TX is not a local addition.

C.2 Vector Bundles and Their Sections

Recall that a vector bundle is a pair of manifolds E (fotal space) and M (base
(space)) together with a surjective submersion p: E — M such that for every
x € M the fibre E, := p~'(x) C E is a real vector space and there is x € U,
M and a diffeomorphism «y : Uy X Fy — p‘1 (Uy), a bundle trivialisation such
that

e poky(y,v) =y, forall y € Uy;
e for each y € Uy, the map k,(y,:): Fy — p‘1 (y) is a vector space isomor-
phism.

Finally, for two vector bundles p;: E; — M;,i = 1,2, a pair of smooth maps

F: Ey — Eyand f: My — M, is called vector bundle morphism if p o F =
-1
P53 (f(x)
fop;and Flp;‘(x)
morphism over f).

is linear for every x € M; (we also say that F' is a bundle

C.6 (Sections of vector bundles) For a vector bundle p: E — M, a smooth
map f € C*(M,E) is called a smooth section if p o f = idp;. We denote the
set of all sections by
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216 Canonical Manifold of Mappings
[(E) ={f € C®(M,E) | po f =idu}.

Since every fibre of a vector bundle is a vector space, pointwise addition
and scalar multiplication of sections makes sense and I'(E) becomes a vector
space. This space can be topologised as a locally convex space as follows.

C.7 Letp: E —» M be a vector bundle. We pick a family of bundle triviali-
sations «; : p‘l(U[) — U; X F;,i € I which cover E (i.e. the U; cover M). If
we denote by prp. : U, X F; — F; the canonical projection, then the principal
part of the section X in the trivialisation «; is defined as

Xy, =prg, o ki o X|y, € C*(U;, Fy).
Note that this entails that with respect to the bundle trivialisation we have
ki o X = (idy,,Xy;), forall X e T'(E).
We declare a topology on I'(E) as the initial topology with respect to the map
Ie: T(E) = [ [ C¥WLF). X = Koier,

iel
where the factors on the right-hand side carry the compact open C*-topology.
Now by definition of the vector space operations we have I (X + rU) =
T (X) +rIg(U). Note that since the right-hand side is a locally convex space
by Proposition 2.4, this also shows that I'(E) is a locally convex space. We
shall see that this structure does not depend on the choice of trivialisations in
Exercise C.2.1.

Now to model spaces of smooth mappings, we need a certain type of bundle
constructed from a map and a vector bundle. While we study this situation we
recall two ways to construct new vector bundles from given vector bundles.

C.8 (Pullback bundles and their sections) Let M and K be smooth manifolds.
If p: E — M is a smooth vector bundle over M and f: K — M is a smooth
map, then
FE) = ) x Epoy
xeK

is a split submanifold of K x E (as it locally looks like graph(f) X E, inside
K XM X E, around points in {x} X E). We endow f*(E) with this submanifold
structure. Together with the natural vector space structure on {x} X Ep(y) =
Ef(x) and the map pr: f*(E) — K, (x,y) + x, we obtain a vector bundle
f*(E) over K, the so-called pullback of E along f. For each local trivialisation
0= (pley,,02): Ely > UXF of Eand W := f~1(U), the map

F'(BE)lw > WXF,  (x,y) = (x,62(y))
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C.2 Vector Bundles and Their Sections 217

is a local trivialisation of f*(E). We endow
CP(K.E) ={r € C°(K,E) | pot = [}

with the topology induced by C* (K, E). With pointwise operations, CJ?"(K, E)
is a vector space and the map

Y:T'(f"(E)) - C;Z"(K,E), o pryo o

is a bijection with inverse 7 — (idg, 7). As (pr,): C*(K,KXE) = C*(K,E)
is a continuous map and also 7 +— (idg,7) € C®(K,K) X C(K,E) =
C*(K,K x E) is continuous, we deduce that Cj‘i"(K, E) is a locally convex
topological vector space and ¥ is an isomorphism of topological vector spaces.

C.9 (Whitney sum of bundles) Let p;: E; — M,i = 1,2 be vector bundles
over the same base M. Then we can form the direct product of these vector
bundles, which is the vector bundle

p1Xp21E1XE2—)MXM

over the product manifold M x M. Consider the diagonal map A: M — MXM,
m +— (m,m). Then the Whitney sum of p; and p, is defined as the bundle

p1®p: E\®E; = AN (E\ X Ey) > M.

Note that by construction we have as fibres (E; & E»)y = (E1)x X (E2)x and
if «; is a bundle trivialisation of E; over a common open set U € M, then the
restriction of k1 X k3 to (p1 ® pz)_l (U) is a bundle trivialisation of the Whitney
sum.

We just mention that there is a version of the exponential law for spaces of
sections; see Amiri et al. (2020, Appendix A).

Exercises

C.2.1  Show that the mapping 7 : I'(E) — [l;e; C*(U;, F) from C.7 has
a closed image. Then prove that the topology does not depend on the
choice of local trivialisations, that is, if 8 := {v;}; < is another family
of trivialisations covering E, then the topologies induced by /g and
IE. g coincide.

Hint: If A, B are families of trivialisations, then A U B is also such
a family. Thus we may assume without loss of generality that A € B
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218 Canonical Manifold of Mappings

and it suffices to prove that the topology induced by 8B cannot be finer
than the one induced by A. To prove this, adapt Lemma 2.5.

C.2.2  Verify that the pullback bundle in C.8 forms a split submanifold of
KXE.
Hint: Construct submanifold charts by hand as for the graph of a func-
tion.

C.2.3  Show that for two vector bundles p;: E; — M there is a canonical
isomorphism of locally convex spaces ['(E}) X '(Ey) = T'(E| @ E»).

C.3 Construction of the Manifold Structure

General Assumption We let K be a compact manifold and M be a smooth
manifold which admits a local addition X: TM 2 U — M such that

e X is normalised, that is, To, Elr,m) = idTpM for all p € M (a manifold
with local addition has a normalised local addition; see Amiri et al., 2020,
Lemma A.14);

e 0:= (mpy,%): U — U’ is adiffeomorphism.

C.10 (Manifold structure on C*(K,M)) For f € C*(K, M), the locally con-
vex space of C*-sections of f*(7'M) can be identified with

CP(K,E) ={t € C*(K,TM) | mpy o 7 = f},

with the topology induced by C*(K,TM). Use notation as in Definition C.1.
Then Oy := CJ‘?"(K, E)NC*(K,U) is an open subset of CJ‘?(K,E),

O;:={g € C*(K.M) | (f.8)(K) CU'}

is an open subset! of C*(K, M) and the map ¢y: Op — O%, T+ X oTis
a homeomorphism with inverse g — 67! o (f,g). By the preceding, if also
h € C*(K,M), then ¢,' o ¢ has an open domain; ¢, o ¢ is smooth there,
since (by the exponential law, Theorem 2.12), we only need to observe that the
map

(1,x) 5 (¢, 0 pp)(T)(x) = 07 (h(x),Z(1(x))) (C.1)

is C*. Hence C* (K, M) has a smooth manifold structure such that each of the
maps ¢ is a local chart.

We prove that the manifold structure on C* (K, M) is canonical and thus
by Lemma 2.16(b) the construction C.10 is independent of the choice of local
addition.

! The proof is similar to Exercise B.2.4.
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C.3 Construction of the Manifold Structure 219

C.11 Lemma The manifold structure on C*(K, M) constructed in C.10 is
canonical.

Proof We first show that the evaluation map ev: C*(K,M) X K — M is
C*. It suffices to show that ev(¢¢(c),x) is C* in (0,x) € O x K for all
feC®(K,M).But

ev(gr(0),x) = X(0(x)) = Z(ev(0, X)),

where ev : CJ‘?(K, EYXK — f*(TM), (o,x) — o(x)is C* (see Alzaareer and
Schmeding, 2015, Proposition 3.20). Now let h: L — C* (K, M) be a map,
where L is a manifold. If 4 is C*, then h" = ev o(hxidg ) is C®. If, conversely,
h™ is C*, then h is continuous as a map to C(K, M) with the compact open
topology (see Proposition B.12) and h(x) = h"(x,-) € C®(K,M) for each
x € L.Given x € L, let f := h(x). Then

v C(K,M) — C(K,M) X C(K,M) = C(K,M X M), g (f,8)

is a continuous map and W := h‘l(O}.) = (¢f o h)"'(C(K,U")) is an open
x-neighbourhood in L. Since A

(@) 0 hlw)" (v,2) = (07" o (fLh())(2) = 67 (f(2), " (y,2))

is C*, the map q);l o hlw (and hence also Ay ) is C* (apply Theorem 2.12 to
the spaces C*(U;, F) containing the principal parts of the sections). O

Cl12 Lety € C¥(K,M) and view T,,C*(K,M) as a set of equivalence

classes of smooth curves c: | — g,e[—- C*(K,M),c(0) = y. As the mani-

fold structure is canonical, ¢ is smooth if and only if ¢: | — &,&[xK — M is

smooth. Hence for the canonical chart ¢, : O, — 0; C C*(K,M), the map

Topy : C;"(K,TM) —— T,C% (K, M) is an isomorphism of TVS. For x € K

denote by €, the point evaluation in x. Since X is normalised we obtain
TexT¢r(0,7) =Tex([t = X o (17)]) = [t = Z(t7(x))]

= [t = Zlry o m (17(0))] = TE|1y M (1(x)) = ().
Summing up, this implies that for each fibre there is a linear bijection
O, : T,CT(K,M) - C(K,TM), [c]l (k- [t M. (C2)

We will now sketch the proof that the fibre maps (C.2) induce a bundle
isomorphism

Dy TCP(K, M) — C*(K,TM), T,C(K,M) >V > ®,(V)

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

220 Canonical Manifold of Mappings

such that the following diagram commutes

Dy

TC®(K,M) > C*(K,TM)
”cmm A
C*®(K,M).

Sketch of Proof (See Amiri et al., 2020, Appendix A)If A, : T,M — TM is
the inclusion and k: T>M — T?>M the canonical flip, then ®: TM @ TM —
n:h,(Op) € T°M,0(v,w) = k(T Ax(v)(v,w)) is a bundle isomorphism. Let
0: M — T M be the zero-section. Then ® induces a diffeomorphism

®7:Oy_)00077 n— 0o (0oy,n).

From the local addition X, we construct a local addition > on TM and consider
the charts ¢goy on C*(K,TM). Then the sets S, = T¢,(0y X C7°(K,TM))
form an open cover of T(C*(K,M)) for y € C*(K,M). We deduce that the
sets @7 (S, ) form a cover of C*(K,T M) by sets which are open as @y (S, ) =
($0oy © $,)(0y X C;*(M,TM)) = ooy (Opoy). Hence we can check that @y
restricts to a C*-diffeomorphism on these open sets, that is,

Dy 0 T¢7 = ¢Ooy © ®y

for each y € C*(K,M) (as all other mappings in the formula are smooth
diffeomorphisms). Now we can rewrite @y (T ¢, (07, 7)) as

([t = Z(c(x) +t1(x)Dxex = ([t = (Z 0o Ayx)) (0 (x) +17(X))Dxex
= (T(Zo Ayx))(0(x),7(xX))xek = Erm((k 0T Ayx)) (0 (x),7(x))))xek
= ((Erm 0 0y)(0,7)(X))xek = (Pooy © Oy) (0, 7).

Thus @y, is a C*-diffeomorphism.

C.13 (Smooth maps into the Whitney sum over strong Riemannian mani-
folds) By Lemma C.4, TM admits a local addition whose product with itself
yields a local addition on the product manifold. Thus C*(K,M),C*(K,TM),
C*(K,TM XT M) are canonical manifolds. Taking the Whitney sum of (7 ).:
C®(K,TM)—C*>(K,M) (C.12) with itself, we obtain the bundle C*(K,TM)®
C®(K,TM). Our aim is to identify it with the bundle C*(K,TM & T M). Ob-
serve that C*(K,TM) & C*(K,TM) is a split submanifold of C*(K, M) X
C®(K,TM)?. Now the factors of the product are canonical manifolds. Thus
Lemma 2.16 yields a diffeomorphism

C®(K, M) x C®(K,TM)? = C*(K,M x (TM)?),
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C .4 Manifolds of Curves and the Energy of a Curve 221

which takes the split submanifold C*(K,TM) & C<(K,TM) to
C*(K,TM ® TM). As diffeomorphisms preserve split submanifolds, see
Exercise 4.4.2, C®(K,TM @& TM) must be a split submanifold of
C®(K,M x (T M)?). Finally, Lemma 2.16(c) shows that C*(K,TM & TM)
is a canonical manifold diffeomorphic to TC* (K, M) @ TC* (K, M).

C.14 Remark By uniqueness of canonical manifolds, C*(K,TM & TM)
from C.13 coincides with the manifold structure we could have obtained via
a local addition on TM & T M. The same proof works if we only assume that
C®(K,M) and C*(K,T M) are canonical manifolds (without assuming that M
has a local addition).

Exercise

C.3.1  Work out the missing details in the sketch of the proof in C.12.
C.3.2  Prove that a manifold with a local addition admits a normalised local
addition.

C.4 Manifolds of Curves and the Energy of a Curve

In this appendix we consider the manifold structure on spaces of curves on
a compact interval. The reason for this is that we defined for a (weak) Rie-
mannian manifold (M, g) the energy En: C*([0,1], M) — R of a curve and
would like to differentiate En to find geodesics. Hence a manifold structure on
the space of curves C*([0, 1], M) is needed. Many details of the construction
will be left to the reader as Exercise C.4.1. Moreover, we will not systemati-
cally introduce tangent bundles for manifolds with boundary such as [0, 1] (see
e.g. Michor, 1980). Thus the compact open C*-topology needs to be defined
without recourse to tangent bundles.

C.15 Let M be a (possibly infinite-dimensional) manifold. Letc: [0,1] - M
be a smooth curve and K C [0, 1] compact such that ¢(K) € U, where (U, p) is
achartof M. If ¢(U) € E for the locally convex space E, we pick a seminorm
II-|l on E and define a C*-neighbourhood N* (¢, K, (U, ), ||-||,&) as the set

<ef.

Then the family Nk(c,K,(U,go),II'II,e), where ¢ € C*([0,1],M), K C [0,1]
compact, ||-|| is a continuous seminorm of £ and & > 0 forms the base of a
topology on C* ([0, 1], M) called the compact-open C*-topology. If M = E is

dt’
{g € C%([0,1],M)|g(K) € U, sup sup @(90 og—¢oc)(x)

0<l<k xeK
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222 Canonical Manifold of Mappings

a locally convex space, then C*([0, 1], E) is also a locally convex space” and
the exponential law, Theorem 2.12, carries over to C*([0,1],0), O € E.

C.16 Proposition Let (M,X) be a manifold with local addition ¥ and topol-
ogise the space C% ([0, 1], M) with the compact-open C*-topology. Then we
have that C*([0,1], M) is a canonical manifold and TC*([0,1],M) = C*
([0,1],TM).

C.17 Lemma Let (M,g) be a (weak) Riemannian manifold such that M and
TM admit local additions. Then the energy

1
En: C*([0,1],M) - R, cH% f Ze(r) (¢(1),¢(1))dt
0

is smooth. We can express its derivative in a local chart (U,¢) (suppressing
most identifications) as

1
1
dEn(c; h) = f(; EdlgU (c,c'(0),c" (1) h) — dig(c(t), h(p),c"(1); ¢’ (1))

—gu (c(t),h(r),c”(1))dt,

where we view g as a map of three arguments, guy(c,a,b) and
h € T.C*([0,1,M) = {geC*([0,1],TM) | mo g = c} with h(0) = O
and h(l) = 00(1).

Proof Since M and TM admit local additions, Exercise C.4.4 implies that
both C*([0,1], M) and C*([0,1],7 M) are canonical manifolds. Applying the
exponential law, C*([0,1],M) — C*([0,1],TM), c — ¢ = (t = T;c(1)) is
smooth if and only if C*([0, 1], M) X [0,1] = TM,(c,t) — T;c(1) is smooth.
We check this locally in a neighbourhood of a c: Pick a chart (U, ¢) of M and
[a,b] € [0,1] with c([a,b]) € U. As the topology on C*([0,1], M) is finer
than the compact-open topology, there exists a whole neighbourhood of curves
g with g([a,b]) € U. Cover [0, 1] by compact intervals which ¢ maps into a
chart domain and work locally. To keep the notation simple, we will assume
that ¢([0,1]) € U or in other words, assume without loss of generality that
M ¢ E for some locally convex vector space E. Thus we need to prove that
C*([0,11,M) x [0,1] > M X E, (c,t) — (c(2),c’(t)) = (ev(c,t),ev(c’, 1)) is
smooth. The evaluation map is smooth on canonical manifolds and the map-
ping C*([0,1],M) — C*([0,1],E), ¢ — (', is the restriction of the con-
tinuous linear map C*([0,1],E) — C*([0,1],E), ¢ — c¢’,tothe open subset
ce(o,1,M) < C>=([0,1],E) (here we exploit the compact open

C*-topology). We conclude that the mapping C* ([0, 1], M)—C*([0,1],TM),

2 For M =R, we have described this structure already in Example 1.6.
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C .4 Manifolds of Curves and the Energy of a Curve 223

¢ — ¢ is smooth. Since Exercise C.4.6 identifies the Whitney sums, we deduce
from (¢,¢) € TM & TM that C*([0,1],M) — C*([0,1],R), ¢ — g.(c,¢)
is smooth (as pushforwards are smooth on canonical manifolds). However,
% fol : C*([0,1],R) — R is continuous linear, whence En can be written as a
composition of smooth mappings and is thus smooth.

To compute the derivative of the energy, we work in a local chart (U, ¢) of
M (though we will only label g and suppress the other identifications). Then
the metric g becomes a map of three arguments gy which is bilinear in the
last two. Recall that the vector component of ¢ is ¢’. Now by choice of h
there is a smooth curve g: ] — €,e[— C*([0, 1], M) such that - - q(s) =
and ¢g(7)(0) = ¢(0) and g(¢)(1) = ¢(1) for all ¢ (a smooth vanatlon see also
Definition 7.1 for the meaning of the partial derivative). Then we compute,
with the help of the exponential law (Exercise C.4.3),

dEn(c; h) = —

_1f1 d
2o ds|,

1
=j; 5digu (c(t),c’(1),c"(D); h(t)) + gu (C(t)

En(q(s))
s=0

gu (q(S)(t) —q(s)(1), q(S)(t))

. d—q(s)(t) c (t))dt

LB
=f §d1gu(6(t),6’(t),6'(t);h(t))—d1gu(0(t), o
0 )

q(s)(1),c’(1); c’(t))

s=0

—gu (ca), £ q(s)(r>,c"<r>) ar
S

s=0

1
1
= fo zdlgu(C(t),C'(t),C'(t); h(t)) = digu (c(t), h(t),c’(t); ¢ (1))

—gu(c(0),h(t),c” (1))dr.

In passing from the second to the third lines we used integration by parts

together with the fact that % Yzoq(s,t) vanishes at the endpoints of the

interval. O

Almost all of the terms in the formula for the derivative of the energy in
Lemma C.17 can be globalised to the Riemannian manifold. Derivation
exploits of course that we work locally, and the second derivative of ¢ needs
to be taken (from the perspective of the Riemannian manifold M) in the fibre
over c¢(t). This already hints at the connection of this formula to the covariant
derivative (which, however, was not yet needed).
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224 Canonical Manifold of Mappings

Exercises

C.4.1  Prove that the neighbourhoods defined in C.15 form the base of a
topology.

C4.2 Let E be a locally convex space. Show that the compact-open C*-
topology turns C* ([0, 1], E) into a locally convex space. Show then
that for M = R this topology coincides with the compact-open C*-
topology from Example 1.6.

C.4.3  Establish a variant of the exponential law, Theorem 2.12, for mani-
folds of smooth mappings on [0, 1] (with values in open sets of locally
convex spaces).

C.4.4  Generalise C.10 to prove Proposition C.16. Then proceed to show that
C>([0,1], M) is a canonical manifold.

C.4.5 Follow the argument in C.12 to prove that TC* ([0, 1], M) can natu-
rally be identified with C*([0,1],TM).

C.4.6  Adapt the argument in C.13 to establish an isomorphism

C(0,1,TM & TM) = C*([0,1],TM) ® C*([0,1],TM)
if M and T M admit local additions.
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Appendix D
Vector Fields and Their Lie Bracket

D.1 Construction

In this appendix we recall the construction of the Lie algebra of vector fields.

D.1 Example The tangent bundle mp;: TM — M is a vector bundle (bundle
trivialisations are given by the canonical charts 7¢). A smooth section of the
tangent bundle is called (smooth) vector field and we write shorter V(M) :=
['(T M) for the vector space of all vector fields.

D.2 Example If U € FE in a locally convex space, we have TU = U X E
and ;. U X E — U, (u,e) — u. Thus a vector field of U can be written as
X = (Xy,Xg): U —» U XE and we must have Xy = idy . Hence a vector field
on U is uniquely determined by the smooth map Xz € C* (U, E).

D.3 If M is a manifold and (¢,Us) a manifold chart, then we have an ana-
logue of X on Uy for X € V(M): Clearly T o X o ol = (idy,, X,) for the
smooth map X, = dpoX o¢™': Vs — E. We call X, the local representative
of X or the principal part of Xwith respect to the chart ¢.

For later use, consider a vector field X € V(M) and a smooth function
f: M — F, where F is a locally convex space. Then we define a function
X.f € C*®(M,F) via

X.f(m) = df o X(m) = pry o T f o X(m). (D.1)

D.4 Similar to C.7 we topologise V (M): Pick an atlas A of M whose charts
we denote by ¢: U, — V,, C E,. Then we declare the topology to be the
initial topology with respect to the map

k: V(M) — 1_[ C¥Vg,Ep), X (Xy)pex,
peA

225
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226 Vector Fields and Their Lie Bracket

where the factors on the right-hand side carry the compact open C*-topology.
In particular, this topology turns the vector fields into a locally convex space.

We will use the notion of integral curves and flows for vector fields, whence
we recall the definition of these objects.

D.5 Let X € V(M). We say a C'-curve c¢: [a,b] — M is an integral curve
for X if for every ¢ € [a, b] the curve satisfies ¢(¢) = X (c(?)).

If M is a Banach manifold, it follows from the theory of ordinary differential
equations, Lang (1999, IV), that for every m € M there exists an integral curve
cm of X on some open interval J,, :=] — &, &[ such that ¢, (0) = m. Moreover,
the flow

FIX: ) mh X = M, my1) o (@)
meM
defines a continuous map on some open subset of M X R. If M is modelled
on a locally convex space, the existence of integral curves and flows is not
automatic; see Appendix A.6.

D.6 Definition Let f: M — N be smooth. We call the vector fields X €
V(M),Y € V(N) f-related if Y o f =T f o X.

D.7 Lemma Let M be a manifold modelled on a locally convex space E with
atlas A. Let (Xg)pea be a family of smooth maps Xy : Vg — E such that
every pair X4, Xy is ¢ o ¢~ related on ¢(Uy N Up). Then there is a unique
vector field X € V(M) whose local representatives coincide with the X .

Proof Define X: M - TM,p — T¢‘1(¢(p),X¢(¢)(p))) for p € Ug. Since
the maps X, X, are related by the change of charts on the overlap Uy NUy , the
mapping is well defined. By construction it is smooth and a vector field. O

D.8 For principal parts of vector fields X,Y on U € E write Xg.Yg(2) =
dYg 0 X(2) = dYe(z; Xg(2)). Define

[X,Y]=XY-YX. XY eC®UE).

We will see in the following that the bracket of principal parts of vector fields
gives rise to a Lie bracket of vector fields.

D9 Lemma LetU @ E,V € F be open in locally convex spaces and [ €
C®U,V), X1,X, € C*°(U,E) and Y1,Y, € C*(V,F). Assume that X; is f-
related to Y; fori = 1,2. Then [ X1,X, ] is f-related to [Y1,Y>].

Proof Using the chain rule, (1.7) and relatedness we obtain i=1,2(x,v)eUXE.
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D.1 Construction 227
df (x,dX; (x;v)) = dY; (f (x), df (x; v)=d” f (x; X; (x),v), (D.2)
We use this relation together with relatedness to obtain
df (x; [ X1, X21(x)) = df (x;dX>(x, X1 (x))) = df (x;dX1 (x; X2(x)))
= dY(f (x);df (x; X1(x))) — d* f (x; Xa2(x), X1 (x))
— dYi (f (x); df (x; X2(x))) + d* f (x; X1 (x), X2(x))
=db(f(x): N (f(x) —dh(f(x); Y(f(x)))
=[N, ](f(x)),
where the second-order terms cancel by Schwarz’ theorem. O

Before we now establish the Lie algebra properties, let us recall a general
definition useful for our purpose.

D.10 Definition Let (A,-) be an associative algebra. Then the linear map-
pings L(A,A) form a Lie algebra under the commutator bracket [¢,¥] =
¢ oy —y o, Example 3.16 (where o is the usual composition of linear maps).
A mapping ¢ € L(A, A) is called derivation of the algebra A if it satisfies the
Leibniz rule

¢(a-b)=¢(a)-b+a-¢(b) foralla,be A

We denote by der(A) the set of all derivations of A and note that it forms a
Lie subalgebra of (L(A,A),[-,-]). (As no topology is involved, this will, in
general, not be a locally convex Lie algebra.)

For E a locally convex space, U € E and X € V (U) define the Lie deriva-
tive

Lx(f) =df o X = df(idy,Xg) for f € C*(U,R). (D.3)

By definition Lx (f) = X.f in the special case that f is real valued. The reason
for the new notation and name will become apparent from the following obser-
vations (see also Definition E.9): The pointwise multiplication turns C* (U,R)
into an associative algebra. Then Lx is linear in f. Thus

Lx(f-8)=Lx(f) g+ Lx(8). (D.4)
In other words, L is a derivation of the algebra C*(U,R).

D.11 Lemma Let U € E in a locally convex space.

(@ Lixy1=LxoLy—-LyoLx.
(b) The map L: C*(U,E) — der(C*(U,R)), X — Lx is linear and injective.
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228 Vector Fields and Their Lie Bracket

(¢) The map [-,-]: C*(U,E) X C®°(U,E) - C*(U,E), (X,Y) — [X,Y] =
X .Y =Y .X turns the space C* (U, E) into a Lie algebra.

Proof (a) From (1.7) we deduce
Lx(Ly(f) = d*f(x; Y (x), X (x)) + df (x;dY (x; X (x))).

Also using the formula for X and Y interchanged, we see that the second-
order terms cancel by Schwarz’ theorem and thus

[Lx, Ly 1(/)(x) = Lix,y () ().

(b) Lx is linear in X as df (x;-) is. Thus it suffices to prove that the kernel of
L is trivial. Let X € C*(U, E) be amap with X (x) # 0 for some x € U. By
the Hahn—Banach theorem, 1.7, we find 1 € E’ with A(X(x)) # 0. Then
Lx (D) (x) =dA(x,X(x)) = A(X(x)) # 0 and thus Ly # 0.

(c) Clearly [-,-] is bilinear, whence (C*(U,E),[-,-]) is an algebra. Now
[X,X] = X.X — X.X = 0. Recall that in the Jacobi identity, the en-
tries of the iterated Lie bracket are cyclically permuted. We write shorter
2y X, [Y, Z ]] for this and thus have to check that this expression van-
ishes for all X,Y,Z € C*(U, E). However,

L(Z[X,[Y,Z]]) = > Lx.[Ly. L2 11=0,

cycl cycl

where we have used linearity of £, (a), (b) and the fact that the deriva-
tions form a Lie algebra. Since £ is injective by (b), we see that the Jacobi
identity holds. O

Finally, we show that the Lie bracket of vector fields is continuous if the
space E is finite dimensional.

D.12 Lemma Let E be a finite-dimensional space and U € E. Then the Lie
bracket

[-.-]1: C*(U.E) x C*(U,E) — C*(U,E)
is continuous. Hence (C*(U,E),[-,-]) is a locally convex Lie algebra.

Proof Note that C* (U, E) is a locally convex space with respect to the com-
pact open C*-topology, Proposition 2.4. To establish continuity of the Lie
bracket, we deduce from Lemma 2.10 that it suffices to establish continuity
of the adjoint map

p: CO(U,E)x CX(U,E)xU = E, (X,Y,u) — dY(u; X(w)).
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D.l Construction 229

Recall that the compact-open C*-topology is initial with respect to the
mappings d*: C*(U,E) — C(U x E*,E).,, f + d*f. Hence the map
d: C*(U,E) - C(U x E,E) is continuous. We can thus write the adjoint
map as a composition of continuous mappings (see Lemma B.10, which uses
the that U is locally compact, i.e. E finite dimensional) p(f,g) = ev(d(f),u,
ev(g,u)), whence the Lie bracket is continuous. O

D.13 Corollary Let M be a finite-dimensional manifold. Then (V (M),[-,-])
is a locally convex Lie algebra.

Proof That the vector fields form a Lie algebra is checked in Exercise 3.2.3.
Recall from D.4 that the vector fields were topologised as a subspace of a
product of spaces of the form C*(U,E), where U € M. By construction of
the Lie bracket of two vector fields, the bracket is given by a local formula on
chart domains U. Hence it suffices to establish continuity of the local formula
on the spaces C* (U, E). This was exactly the content of Lemma D.12. O

D.14 Remark In general, the Lie algebra of vector fields V(M) will not be
a locally convex Lie algebra if M is an infinite-dimensional manifold. Indeed,
it can be shown that Lemma D.12 becomes false beyond the realm of Banach
spaces. To see this, let U € E be an open subset of a non-normable space. We
consider the subalgebra

A={Xpap€CWU,E)| forallv € E, Xa(v)
= Av + b, for A € L(E,E),b € E)

of affine vector fields. By construction we can identify A =~ L(E,E) X E.
Here the subspace topology induced by the compact-open C*-topology of
C* (U, E) on A is the product topology, where E carries its natural locally con-
vex topology and the space of continuous linear mappings L(E, E) is endowed
with the compact-open topology (i.e. the topology induced by the embedding
L(E,E) C C.o.(E,E)). Indeed the latter fact is irrelevant for us; we are only
interested in the fact that this topology turns L(E, E) into a topological vector
space. Now, the Lie bracket of C* (U, E) induces the Lie bracket

[Xa,b,Xc,al(v) = (Ao C—CoA)(v) + (Ald) - C(b))

on the affine vector fields (these facts are left as Exercise D.1.3). To see that this
Lie bracket is, in general, not continuous, it suffices to note that the evaluation
map L(E,E) X E — E, (A,v) — A(v) is discontinuous. For this we pick
0 # v € E and consider the mapping

J:E'=L(E,R) > L(E,E), A (x> A(x)-v). (D.5)
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230 Vector Fields and Their Lie Bracket

If we endow the dual space E’ with the compact-open topology (again the
subspace topology of E” C Cc, (E,R)) then E’ becomes a topological vector
space and j continuous. However, Proposition A.19 shows that the evaluation
map E’XE — Ris discontinuous for every topological vector space E which is
not normable. As j and scalar multiplication in E are continuous, this implies
that the evaluation of L(E, E) must be discontinuous if £ is not normable. We
deduce that the Lie bracket on C* (U, E) must be discontinuous if E is not
normable. !

Exercises

D.1.1  Show that the construction of the topology for V(M) in D.4 is just a
special case of C.7.

D.1.2  Let Abe an associative algebra. Show that the set of derivations der(A)
(see Definition D.10) forms a Lie subalgebra of (L(A, A),[-,-]), where
the bracket is given by the commutator bracket [ f,g] = fog—go f
of linear maps.

D.1.3  We provide the missing details in Remark D.14. To thisend letU € E
in a locally convex space and endow C* (U, E) with the compact-
open topology (i.e. the topology induced by the embedding L(E,E) C
Ceo.(E,E)). We consider the affine vector fields

A=1{Xpp € C*(U,E) | forallv € E, X4 »(v) = Av + b,
for A€ L(E,E), b € E}

and identify A = L(E,E) X E (where L(E,E) denote continuous
linear maps). Show that:

(a) The subspace topology on A is the product topology of the
compact-open topology on L(E, E) and the locally convex topol-
ogy of E.

(b) The Lie bracket on C* (U, E) induces the Lie bracket

[Xap.Xc.al=(AoC —CoA)+(A(d) - C(b)) on A.

(c) If we endow the dual space E’ with the compact-open topol-
ogy (i.e. the subspace topology of E’ € C¢, (E,R)), then E’ is
a topological vector space and the map j from (D.5) becomes
continuous.

' Even stronger, one can show that the evaluation must be discontinuous on L(E, E) with the
compact-open topology for all infinite-dimensional spaces E; see Neeb (2006, Remark 1.5.3)
for an exposition.
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Appendix E

Differential Forms on Infinite-Dimensional
Manifolds

E.1 Introduction

In this appendix we give a short introduction to differential forms on infinite-
dimensional manifolds. For more information on differential forms on infinite-
dimensional manifolds and their application, we refer the interested reader to
Beggs (1987), as well as Glockner and Neeb (forthcoming). The main differ-
ence between the finite-dimensional (or Banach) and our setting is that it is,
in general, impossible to interpret differential forms as (smooth) sections into
certain bundles of linear forms. The reason for this is again that the topol-
ogy on spaces of linear forms breaks down beyond the Banach setting (see
Proposition A.19). Even worse, the many equivalent ways to define differen-
tial forms in finite dimensions become inequivalent in the infinite-dimensional
setting (see Kriegl and Michor, 1997, Section 33 for a thorough discussion of
this phenomenon). Most notably, there is no useful way to describe differential
forms as a sum of differential forms coming from a local coordinate system.

We begin with the definition of a differential form. This definition is geared
towards avoiding any reference to topologies on spaces of linear mappings.
This again is a continuity problem and in the inequivalent convenient setting
of global analysis, differential forms can be described as sections in suitable
bundles; see Kriegl and Michor (1997, 33.22 Remark). Furthermore, we need
to avoid arguments involving the existence of (smooth) bump functions (which
in general do not exist; see Appendix A.4).

E.1 Definition Let M be a manifold and E be a locally convex space and
p € No. An E-valued p-form w on M is a function w which associates to each
X € M a p-linear alternating map wy: (TyM)? — E such that for each chart
(U, ) of M, the map

231
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232 Differential Forms on Infinite-Dimensional Manifolds

Wy Vo XF] > E, wy(x,vi,...,vp) = a)‘p—l(x)(Txgﬂ_l(Vl),. T ()
(E.1)

is smooth. We write QP (M, E) for the space of smooth E-valued p-forms on
M. Note that Q°(M,E) = C®°(M,E).

E.2 Example For p = 0, we have already seen that smooth functions are
differential forms. If f € C* (M, E), then the derivative df : TM — E,v —
pry o T f(v) is a smooth E-valued 1-form.

Constructing the derivative of a smooth function can be generalised to a
differential on the space of p-forms, the so-called exterior differential

d: QP (M,E) — QP*'(M,E)

which we discuss now. On an infinite-dimensional manifold there is no gen-
eralisation of local coordinates in a vector basis. Hence the finite-dimensional
approach defining the exterior differential in a local coordinate frame is not
available. Recall some standard notation useful in the present context: In (D.1)
we defined a derivative X.f of a smooth function f in the direction of X. If
w € QP (M,E) and U € M, we define for vector fields Xi,...X, € V(U) a
smooth map

w(Xi,...,.Xp):U—>E, m— w,(Xi(m),...X,(m)).

Finally, we write w(Xj,. .. ,Xi,. ..,Xp) to indicate that the ith component is
to be omitted from the formula.

E.3 Proposition For w € QP (M, E) there exists a smooth p + 1-form dw €
QP (M, E) which for any U @ M and vector fields Xi,. Xy € V),
satisfies

P
dw(Xo, X1, ..., Xp)(m) = Z(—l)f(x,-.w(xo,. Xy X)) (m)
i=0

+ D DT X, X1 X, R R LX) m). (B2)
i<j

Proof Considerm € M and vy,...,v, € T,, M. To define (dw),, (v1,...,vp)
we pick an open neighbourhood U of m together with vector fields X; € V (U)
such that X; (m) = v;,i = 0,1,2,...,p. Note that such vector fields always exist
as we can take the constant vector fields in a chart neighbourhood (in particular,
the definition does not require us to globalise these fields, which would require
bump functions which may not exist). Then

(dw)m (vo,v1s. . .,vp) = dw(Xo, X1,. .., Xp)(m), (E.3)
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E.1 Introduction 233

where the right-hand side has been defined via (E.2) for our choice of vector
fields.

Step 1: (dw),, (vi,...,vp) does not depend on the choice of vector fields in
(E.3). We have to show that the expression (E.2) becomes 0 if X (m) =
for at least one k. Assuming that X; vanishes in m, we may without loss of
generality assume that we are working in local coordinates. We will suppress
the chart identification in the formulae and also identify each vector field X;
with its principal part on some U € F (where F is a locally convex space).
Exploit now that w is alternating and linear to see that the contributions in
(E.2) which do not directly vanish are

Z( D! (X;.0(Xo,. .., Xir. .., X)) (m) (E4)
i#k
+ D DX Xe 1 Xos o R R, X)) () (E.5)
i<k
+ D0 XGXi )Xo Ry Ris LX) M), (E6)
k<i

Apply the definition of the differential form w on the open subset of a locally
convex space (E.1). In this presentation w is a function of p + 1-variables and
p-linear in the last p-variables. Hence we can compute the derivative for a
summand in (E.4) explicitly as

Xi.w(Xo,. . Xiv. .. Xp)(m)
= dyw(m, X\ (m),...Xi(m),...,X,(m); X;(m))

+ Zwm(Xo(m),. .,dX;(m; X;(m)),. .. ,Xi(m),. . Xp(m))

j<i

+ Z W (Xo(m), ..., Xi(m),dX;(m; X;(m)),. .., X, (m)).

i<j
As X} vanishes, we see that for every i > k only
W (Xo(m),. .., dX(m; X;(m)),. .. ,Xi(m),. . Xp(m))
survives and as Xy (m) = 0, we have
dXy(m, X;(m)) = dXi(m; X;(m)) — dX;(m; Xy (m)) = [ X;, Xy 1(m).
Using the fact that w is alternating, we have

DX X, Xi 1, X0s- > Koo > Xiye o+, Xpp) ()
= —wm (Xo(m),. .., dXx(m; X;(m)),. ... X;(m),...,X,(m)),
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234 Differential Forms on Infinite-Dimensional Manifolds

hence the corresponding terms in (E.4) and (E.5) cancel. Similar arguments
show that this also happens for the parts in (E.4) and (E.0) if i < k. We
conclude that (E.2) vanishes at a point if one of the vector fields vanishes at
the point. This shows, in particular, that (E.3) is independent of the choices of
vector fields.

Step 2: dw is a smooth p + 1-form. For smoothness we work again locally in a
chart as in Step 1 and pick all vector fields X; to be constant. As the Lie bracket
of constant vector fields vanishes, (E.3) reduces to

p

(W) (0, -, vp) = D (=D drw(m, o, ., Di, V3 Vi), (E.7)
i=0

Now by definition w induces a smooth function in all charts, whence we see
that dw is also smooth in (m,vg,vy,...,v,). To see that (dw),, is alternating,
observe that the summands in (E.7) are alternating. Assume now that v; = v;
for some i < j. It is easy to see that (E.7) vanishes (we leave this as Exercise
E.1.1). O

We thus obtain for every p > 0 an exterior differential on the space of p-
forms. The usual proof (see Kriegl and Michor, 1997, Theorem 33.18, or Lang,
1999, V. Proposition 3.3) then shows that d*> = dod = 0 in every degree. Hence
as in the finite-dimensional (or the Banach) setting, the exterior differential
gives rise to a cochain complex of differential forms

C*(ME) = Q®(M.E) S Q"M E) S QQME) S ... .

Starting from this complex, one can define and study de Rham cohomology
on the (infinite-dimensional) manifold M. We will not pursue this route here
and refer instead to Beggs (1987) or Kriegl and Michor (1997, Chapter 34) for
more information.

Differential forms of higher order are typically constructed using the wedge
product. The definition is as in the finite-dimensional setting (note, however,
that there are several conventions as to the coeflicients; we chose to follow
Lang, 1999).

E.4 Definition Let E;, i = 1,2,3 be locally convex spaces and B: E| X
E> — E;3 be a continuous bilinear map. Fix p,q € Ny and denote by S, the
symmetric group of all permutations of {1,2,...p + g}. For v € QP (M, E/)
and n € Q9(M,E,), define the wedge product w A n € QP*9(M,E3) via
(w ANy = wx ANy for x € M, where

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

E.1 Introduction 235
(Wx Anx) (1, ,Vp+q)

1
= ﬁ Z sgn(a)ﬂ(wx(vg(l),. .. ,vg(p)),nx(vg(pﬂ),. .. ,Vo-(p+q)).

TESpig
Then
A QP (ML E) x Q1(M,Ey) — QPT(M,E3), (w,n) = wAn

is a bilinear map.

E.5 Example Ifs: RXE — E is the scalar multiplication and f € C*(M,R),
then the wedge product of f and w € QP (M,FE) is given by (f A w)x =
f(x)wy. This is usually abbreviated by fw = f A w and it is easy to see that
QP (M, E) becomes a C*(M,R)-module.

E.6 Example Let (E,[-,-]) be alocally convex Lie algebra. Then [-,-]: E X
E — FE is bilinear and we can construct the wedge product A with respect to
the Lie bracket. For this special situation we define for w € QP (M,E) and
n € Q9(M, E) the bracket

[(UJ]]A =wA n.

We will now define several standard operations on differential forms such as
the pullback of p-forms by smooth mappings.

E.7 Definition Let ¢: M — N be a smooth map between manifolds. Then
we define for w € QP (N, E) a p-form ¢ € QP (M, E), the pullback of w by ¢
via

(‘P*w)x(vlw .- Vp) = a)(p(x)(TXSO(Vl)»' .- Tx‘P(Vp))-

Due to the chain rule we immediately have the following rules for the compu-
tation of pullbacks.

E.8 The following rules hold for smooth maps and p-forms
idyw=w, ¢Pw)=(poe)w", ¢WAN =¢wAeT.

If p=0,thatis, w = f € C*°(M,E), then ¢*f = f o ¢ and we recover the
pullback discussed in the context of manifolds of mappings.

Finally, we define the Lie derivative of a differential form by a vector field.
Before we begin, note that the definition of the Lie derivative has to diverge
from the usual definition on finite-dimensional or Banach manifolds. This is
due to the fact that the common description of the Lie derivative (see e.g. Lang,
1999, V. §2) uses the differential of a flow of a vector field. However, as flows
of vector fields are the solutions to certain ordinary differential equations, it
is unclear whether the flow of a vector field would exist on the more general
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236 Differential Forms on Infinite-Dimensional Manifolds

manifolds we consider (see Appendix A.6 for a discussion of this problem).
Nevertheless, Lang (1999, V.5 Proposition 5.1) shows that for Banach mani-
folds the following definition coincides with the classical one involving flows.

E.9 Definition Let M be a manifold and E a locally convex space. For
X e V(M) and w € QP (M,E),p € Ny we define the Lie derivative Lyw €
QP (M, E) as follows:

(-LYa))m(VI,- . ’V]?)
p
=YXt Xp)m) = Y o(Xy,.., [V X1, X)) (m)

Jj=1

p

=Yw(Xi,...,Xp)(m) + Z(—l)fw([Y,Xj],Xl,. .. ,Xj,. .. Xp)(m),
J=1

where the X; are smooth vector fields defined in a neighbourhood of m such

that X;(m) = v;. That the Lie derivative is well defined will be checked in

Exercise E.1.4.

Note that for w € Q°(M,E) = C®(M, E) the formula of the Lie derivative
reduces to Lyw = dwoY. This was precisely the formula for the Lie derivative
described in Definition D.10 for functions.

Exercises

E.1.1  Check that the exterior differential dw of a p-form is an alternating
p + 1-form.
E.1.2  Check the details in Definition E.4. Show that
(a) the wedge product of a p-form and a g-form is indeed a p + g-
form;
(b) the wedge product defines a bilinear map between spaces of dif-
ferential forms;
(c) QP(M,E)is aC”(M,R)-module (see Example E.5);
(d) forp =g =1wehave wy Anc(vi,v2) = Blwx(v1),nx(2)) -
Bwx(v2),1x(v2)).
E.1.3  Prove that for w € QP (M,E), n € Q4(M,F) and any wedge product,
the following formula holds:

dlwAn) =([dw) A+ (-DPw A (dn).
Furthermore, show that for f: N — M smooth, we have

ffdw = df*w.
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E.2 The Maurer—Cartan Form on a Lie Group 237

Hint: The assertions are local, whence they can be solved using the
local formula for the exterior differential.

E.1.4  In this exercise we let X € V(M) and w € QP (M,E),p € Ny for M
a manifold and E a locally convex space. Show that the definition of
the Lie derivative Ly w does not depend on the choice of vector fields
X; in Definition E.9. Conclude that Ly w is a smooth p-form.

Hint: 1t suffices to show that Ly w vanishes if X; (m) = 0, and this can
be checked locally.

E.2 The Maurer-Cartan Form on a Lie Group

For Lie groups there are two important differential forms induced by the Lie
group structure.

E.10 Example Let G be a Lie group with Lie algebra L(G). Then we define
the right Maurer—Cartan form k" € Q(G,L(G)) via

(K")g: TgG = L(G), v Tgpa1(v),

where pg-i1(h) = hg™'.
Now if f € C*(M,G), we can define its right logarithmic derivative via

& f: M > L(G), & f:=f«.

Similarly, one can define the left Maurer—Cartan form k* € Q'(G,L(G)) and a
left logarithmic derivative by replacing right multiplication with left multipli-
cation in the definition of «”. This generalises the construction of the logarith-
mic derivatives for curves from 3.31. One can show (see Exercise E.2.1) that
the left logarithmic derivative of any function satisfies the right Maurer—Cartan
equation

ds’ f + %[5[f,5[f]/\ =0, (E.8)

where [6Cf,6Cf1n = 6f A 8¢ f for the wedge product induced by the Lie
bracket.

E.11 Definition Let G be a Lie group with Lie algebra L(G) and w €
Q!(M,L(G)) for some smooth manifold M. Then w is called

(a) integrable if there exists f € C®(M,G) with w = 6 f;
(b) locally integrable if for every m € M there is m € U @ M such that w|y
is integrable.
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238 Differential Forms on Infinite-Dimensional Manifolds

Equivalently we could have defined (local) integrability using the right loga-
rithmic derivative. With this definition it is possible to formulate the fundamen-
tal theorem for Lie group-valued functions with values in regular Lie groups;
see §3.3.

E.12 Proposition (Fundamental theorem for Lie group-valued functions) Let
G be a regular Lie group with Lie algebra L(G) and w € Q'(M,L(G)). If w
satisfies the right Maurer—Cartan equation (E.8), then w is locally integrable.
If, in addition, M is simply connected, then w is integrable.

The proof of Proposition E.12 needs concepts (e.g. connections on princi-
pal bundles) which we will not introduce here. Instead we refer the interested
reader either to the classical proofs for the finite-dimensional setting, for exam-
ple, Sharpe (1997, 3.§6-7), or to the infinite-dimensional sources Neeb (2006,
Theorem II1.2.1) as well as Kriegl and Michor (1997, Theorem 40.2).

E.A3 Lemma Let M be a connected manifold and ¢, € C®(M,G), where
G is a Lie group. Then 6@ = 6'y is equivalent to the existence of g € G with
p=8y.

Proof 1f there exists g € G with ¢ = g - i, then a straightforward calculation
shows that 6/¢ = 67y holds. Assume conversely that §¢¢ = 6%y Then define
the map ¥ := ¢ -~ (where the product and inverse are taken pointwise in G).
Exercise E.2.3 yields

6(y) = TedyTepy-1(6°0 — 6“y) =0,

or in other words, the map vy is locally constant by Corollary 1.19. As M is
connected, we conclude that g := y(m) € G (for any m € M) satisfies g oy =

®. i

E.14 Proposition (Lie II for regular Lie groups) Let G,H be Lie groups
with Lie algebras L.(G) and L(H), respectively. Let f: L(G) — L(H) be a
morphism of locally convex Lie algebras. If H is a regular Lie group and G is
connected and simply connected, then there exists a unique morphism of Lie
groups ¢: G — Hwith L(p) = f.

Proof Since f is continuous we can consider the smooth 1-form a = fok? €
Q! (G,L(H)), where «’ is the left Maurer—Cartan form on G. Moreover, since
the Maurer—Cartan form is left invariant, so is @. We consider the Maurer—
Cartan equation on H (to mark this we label the bracket operation [-,-]% by
H). As the wedge is induced by the Lie bracket on L(H), we can exploit that
f is a Lie algebra morphism and compute with Exercise E.1.3 as follows:
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E.2 The Maurer—Cartan Form on a Lie Group 239
1 1 1
da+§[a,a]i1=d(f ) K€) + E[f ) K[,f o K[]IALI =fo (dK€+ E[K[,K[]/\) =0,

where the unlabelled bracket is the one induced by the Lie bracket of L(G) and
we exploited that the Maurer—Cartan form satisfies the Maurer—Cartan equa-
tion on G by Exercise E.2.1. Now the fundamental theorem, Proposition E.12,
implies that there is a mapping ¢: G — H with §/¢ = a. Fixing ¢(eg) = ey,
this mapping is unique by Lemma E.13. Consider now g € G and ¢ o A,. Then
we pick v € Tx G and evaluate the differential form

6 (0 0 Ag) (V) =T Ay(gi) 1 Ter T A (v) = 6 p(T A, (v)) = Ly = av.

Now applying Lemma E.13 again, the maps ¢ o 1, and ¢ differ only by left
translation with an element which we compute as ¢ o A(eg) = ¢(g). In other
words, ¢(gk) = ¢(g)p(k) for all k € G. Since g € G was arbitrary, we see
that ¢ is indeed a morphism of Lie groups. O

Exercises

E.2.1 Let G be a Lie group with Lie algebra L(G) and left Maurer—Cartan
form «¢. Show that «’:

(a) is an L(G)-valued differential form on G which is left invariant
in the sense that /IZ,K[ = k! for each g € G (where Ag(h) =gh;
(b) satisfies the right Maurer—Cartan equation

1
di + E[K[,Kf]/\ =0.

Hint: Compute the exterior derivative locally using (E.3). It suf-
fices to prove the formula using left invariant vector fields
(why?).
Remark: The ‘right Maurer—Cartan equation’ is related to the
right principal action of G on itself by multiplication. There is
also a corresponding left Maurer—Cartan equation for the right
Maurer—Cartan form, where the bracket in the equation gets a
negative sign.

(c) Deduce that for a smooth function f, §¢ f also satisfies the right
Maurer—Cartan equation.

E22 Lety: G — H beamorphism of Lie groups and ¢ the (left) Maurer—
Cartan form on G. Show that:
@ 6% =L(g) ok’
(b) ify: G — H is another Lie group morphism with 6’¢ = 6%y,
then ¢ = ¢.
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240 Differential Forms on Infinite-Dimensional Manifolds

E.2.3 Let f,g € C*(M,G) be smooth maps to a Lie group. Establish the
following quotient rule for the left logarithmic derivative:

§C(f - 87)m) = Tig AgumTig Pg-1(m) (8 f(m) = 6°g(m))
= Adg(m) (8 f(m) = 6'g(m)),

where 15 € G is the identity element, products and inverses are taken
pointwise and A (resp. p) denotes left (resp. right) multiplication in
the Lie group.

Hint: Apply Lemma 3.12.

E.3 Supplement: Volume Form and Classical Differential
Operators

In this short supplement we will record some well-known facts on differential
forms on finite-dimensional (compact) manifolds. Many of these notions are
needed in Chapter 7 and we recall them for the reader’s convenience. Thus
detailed proofs will, in general, be omitted in this section. However, all of
these results are readily available in the standard finite-dimensional literature
(which we will reference).

Conventions We fix (M,g) a compact (thus finite-dimensional) and con-
nected manifold with Riemannian metric g. Furthermore, we denote by d =
dim M the dimension of the model space of M.

Let us first recall that there is another canonical way to define differential
forms.

E.15 (Differential forms as sections; see Klingenberg, 1995, 1.4; Abraham
et al., 1988, Section 6) Starting with the tangent bundle TM we can con-
struct the bundle of alternating k-forms AX(M) — M for k > 0. The fibre
of AX(M) over x € M is given by the space of alternating k-linear mappings
(T M)* — R which we denote by L (T, M,R) and topologise as a subspace
of the k-linear mappings (which carry the usual norm topology induced by the
operator norm for k-linear maps; see Lang, 1999, 1. §2). Further, every chart
(U, @) of M induces a vector bundle trivialisation of A* (M) over U via

Kp(X,0) = (p(x),w o (Typ™ ' X Tep™' X - x Tup™")).

Comparing the construction with (E.1), it becomes clear that for the finite-
dimensional manifold M (indeed for any Banach manifold) differential %-
forms are just smooth sections of AX (M). In other words, we obtain
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E.3 Supplement: Volume Form and Classical Differential Operators 241
QK (M) = T(A*(M)), forall k € Ny.

Moreover, this allows us to topologise the space of differential k-forms as a
locally convex vector space via C.7. Namely if we pick a family of open sets
(U;)ier which covers M such that on each U; there is a bundle trivialisation
(k)7 ARM) |y, - Ui xR, x > (k)71 (x), (k3)7' (x)), then the mapping

ok (M) — l_[C""(U,-,L’;(Rd,R)), W wo (kK2 K2)

iel

is an embedding of QX (M) as a closed locally convex subspace of the product
on the right-hand side.

Recall that the dimension of the spaces LZ (TyM,R) depends on the dimen-
sion d = dimTx M. In particular, Lg (Ty M,R) is one-dimensional and a differ-
ential form u € Q7 (M) which vanishes nowhere is called a volume form. On
Riemannian manifolds there is a convenient way to construct a volume form
associated to the Riemannian metric. Recall that a manifold M is orientable, if
it admits an atlas (U;,¢;);e; such that the Jacobians of all change of charts are
positive. One can prove (Gallot et al., 2004, Theorem 1.127) that a Riemannian
manifold is orientable if and only if it admits a volume form u (induced by the
Riemannian metric). Volume forms are the tool of choice to define integration
on manifolds; see Lang (1999, Part III) or Abraham et al. (1988, Section 7). In
particular, we can define the L?-metric on V(M) in the presence of a volume
form symbolically without defining the integral as follows:

g2 (X,Y) = f gX,V)dyu, XY € V(M). (E.9)
M

In Chapter 5 we often considered only integration on S! since a global
parametrisation allowed us to hide the dependence on a volume form and (E.9)
reduces for M = S' to (5.1).

Classical Differential Operators on a Riemannian Manifold

We will now assume that there is a volume form u associated to the Rieman-
nian metric on M. Let us then recall the following classical differential opera-
tors on M.

E.16 Definition (Abraham et al., 1988, Sections 6.5 and 7.5) For a compact
Riemannian manifold (orientable in case we need a volume form u), we will
consider the following differential operators.
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242 Differential Forms on Infinite-Dimensional Manifolds

e For a vector field X, there is a unique smooth function div X : M — R, the
divergence of X such that

Lxu = (divX)pu.

o If f € C¥(M,R) we exploit that the Riemannian metric induces an iso-
morphism TM = T*M (see Proposition 4.5). Thus the following formula
uniquely determines the gradient of f with respect to g:

gm(grad f(m),vy,) =df (vy,) forallme M,v,, € T,, M.

e The (Hodge)Laplacian A = dd* + d*d is associated to the metric (see Lang,
1999, p. 423). Here d is the exterior differential from Proposition E.3 and d*
is the codifferential defined via the Hodge star (this is a finite-dimensional
construction which depends on the Riemannian metric g; we refer to Lee,
2013, p. 464 for more information).

Having defined the necessary differential operators, we recall two decompo-
sitions which are, for example, relevant in geometric hydrodynamics.

E.17 Proposition (Helmholtz decomposition, see Modin (2019), Lemma 1.2)
Let (M,g) be a compact oriented Riemannian manifold with volume form u
and X € V(M). Then there exist V. € V(M) and f € C*(M,R) such that

X=V+gradf and divV = 0.

Moreover, V and grad f are orthogonal with respect to the L*-metric (E.9),
that is,

gr2(V,grad f) = fMg(V,gradf)du=0.

Note that since the differential d and the codifferential d* make sense for
arbitrary k-forms, we can also extend the Hodge Laplacian to k-forms. This
induces the Hodge decomposition of k-forms; see, for example, Taylor (2011,
Proposition 8.2). We will not recall it here, but would like to mention that it
is an important ingredient to establish the Lie group structure of the groups
of volume-preserving diffeomorphisms and the symplectomorphism group;
Example 3.10. As we now have the necessary notation in place, let us very
briefly sketch the idea of the proof.

E.18 (Submanifold structure of volume-preserving diffeomorphisms (sketch))
Define the map ¥, : Diff(M) — Q4(M), ¢ — ¢*u. Since M is compact,
we endow Q7 (M) via E.15 with a locally convex vector space structure. With
some work one can show that ¥, is a smooth map with derivative 75V, (Vy) =
¢*(Ly,w) (this follows somewhat similarly to the proof that the pullback with
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smooth functions is smooth). Then one needs to prove that V', is a submersion
onto the cohomology class [u] = u + dQ4~1(M) € Q4(M) of . The proof
uses the Hodge decomposition of d-forms to construct a splitting of the kernel
of W,,. Further, one needs to work in a Sobolev completion of Diff (M), whence
this is beyond the techniques we are developing in this book. We refer the inter-
ested reader to Smolentsev (2007), along with Ebin and Marsden (1970). Then
the volume-preserving diffeomorphism group is simply the preimage ‘I’;l (W
of the singleton u. In particular, Diff, (M) is a submanifold and thus a Lie
subgroup of Diff (M).

Note that it is apparent from the derivative of ¥, and Exercise 1.7.4 that
the Lie algebra of Diff, (K) is V, (M) = {X € V(M) | divX = 0}, the Lie
algebra of divergence-free vector fields.

Exercises

E.3.1  Show that the structure described in E.15 yields a vector bundle
AXM) - M.

E.3.2  Prove that the characterisation of differential forms via the bundle in
E.15 coincides with the one from Definition E.1.

E.3.3  Consider R? as a Riemannian manifold with the standard Euclidean
metric. Convince yourself that div, grad and A are ‘the usual’ differ-
ential operators from vector calculus in this case.

E.3.4  Work out the details for E.18 (note that this requires the Hodge de-
composition theorem, Abraham et al., 1988, Theorem 7.5.3). Show
that:

(a) ¥, is smooth with surjective derivative;

(b) the kernel of 7,,'¥, is a split subspace of T, Diff (M).
Remark: If Diff (M) were a Banach manifold the above would
imply that ‘¥, is a submersion. This is one reason why manifolds
of finitely often differentiable mappings enter the picture here:
The same statements as in the C*-case can be proven and these
manifolds turn out to be Banach manifolds.

E.3.5 Let (M,g) be a Riemannian manifold with metric derivative V. Show
that for vector fields X,Y,Z € V (M), the following formula holds:

g(Z,gradg(X,Y)) = g(VzX,Y) + g(X,VzY).
Then deduce that this implies g(VxY,Y) = %g(X, grad g(Y,Y)).
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Appendix F

Solutions to Selected Exercises

Chapter 1
Exercise 1.1.1 Let 0 < p < 1. We prove that the curve 3: [0,1] — LP[0,1],
B(t) := [Lo,] is an injective Cl-curve with B'(t) =0, forallt € [0,1].

Let us show that for every x €]0, 1[ the derivative of § vanishes. Then the
claim follows by continuity also for the boundary points. Consider for 4 small
the differential quotient [h‘l(ﬁ(x + h) - B(x))] = h_l[l[x,“h[] converges to
0 with respect to the L”-metric:

1
(R (BCx + h) - BELIO]) = fo A e ()P ds
1
- |h|"’f Lo ()ds = 11177
0

Taking the limit 4 — 0, we see that the derivative must be 0 and, in particular,
B is a C!-function. Now let x < y. Then B(y) — B(x) = [11x,y(] # [0], so S is
injective.

Exercise 1.2.2(c) We will show that D: C*([0,1],R) —» C*([0,1],R), ¢ —
¢’ is continuous linear.

Clearly the differential operator is linear with respect to pointwise addition
of functions. Now let 0 be the constant O-function. Then linearity of D together
with Lemma A.5 implies that D will be continuous if the preimage of every
0-neighbourhood U € C*([0,1],R) is a O-neighbourhood. Thus we pick an
open 0-neighbourhood U. Shrinking U, we may assume that U is a ball B (0)
of radius r > 0 for the seminorm ||-||, where we have chosen suitable n €
Np (and have exploited that these seminorms form a fundamental system by
Example A.14). Now as the kth derivative of a function coincides with the
(k — 1)th derivative of its derivative, we observe that D(B ,(0)) S B, (0).

244
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In other words, B; ,(0) C D~!(U) and the preimage is a 0-neighbourhood.
We deduce that D is continuous.

Exercise 1.3.3. Schwarz’ theorem  We will show that for a C*-map f: E 2
U — Fandx € U themap d" f(x;-): ET — F is symmetric for every 2 <
r<k(andr < o).

Remark: There are several possibilities to prove this, for example, it suffices
to show that the directional derivatives D,,, and D,,, commute for all vi,v; € E
(then the general case follows from d” f(x;vy,...,v,) = D, ---D,, f(x)).
However, we will reduce the problem to the well-known finite-dimensional
case.

Use the Hahn—Banach theorem: It suffices to prove that d” (1 o f)(x;:) =
A(d” f(x;-)) is symmetric for every continuous linear functional 1. Hence
without loss of generality F = R. Now pick 2 < r < k vy,...,v, € E. Then
there is & > O such that x + })7_, #;v; is contained in U for all |t;| < &. Thus
we can define the auxiliary function

h:R" D]l—¢g,e[" >R, (t1,...,t;) > f(x+Hvi +---+1,v,).

By the chain rule % is C*. Note that by the finite-dimensional version of
Schwarz’ theorem the partial derivatives of 4 commute. Now the statement
for f follows from the chain rule and the observation (see Remark 1.15) that

ar

—_— h(ty,....t;) =d f(x;vi,...,v).
atl"'atr R 1 r f 1 r

Exercise 1.3.5 For a C*> map f and C' maps g, h we derive a formula for the
derivative of ¢ .= df o (g,h).

This is an exercise in applying the chain rule and the rule on partial differ-
entials (Proposition 1.20):

dp(x;y) = d(df o (g,h))(x;y)
= (didf)(g(x),h(x);dg(x;y)) + (dadf)(g(x), h(x); dh(x;y))
= d*f(g(x); h(x),dg(x;y)) + df (g(x); dh(x; y)).

Here we have used the fact that the derivative of df with respect to the first
component is just d> f and that df (g(x);-) is continuous linear.

Exercise 1.5.1 We construct charts turning graph(f) = {(m, f(m)) | m €
M} into a split C" submanifold of M X N for a C" -function f.

It suffices to construct submanifold charts for every point (m, f(m)). To
this end, pick (U, ) a chart of M and (Uy,¥) a chart of N with m € U,,
f(m) € Uy. Assume that ¢ X ¢ is a mapping into the locally convex space
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E x F. We will now construct a chart around (m, f(m)) mapping all elements
in graph(f) N U, x Uy, to the (complemented) subspace E x {0} C E X F.
Since the vector space operations are continuous (bi)linear, they are smooth in
the Bastiani sense and we obtain a C"-map for M X N via

K:Up XUy —» EXF, (m,n) = (o(m),y(n)—¢(f(m))).

This mapping is a C"-diffeomorphism as its inverse is given by the formula
Kk 1x,y) = (e ) w T (y + w(f(e 1 (x))))) (we leave it as an exercise to
show that this mapping is well defined on an open subset of E X F'). Thus « is a
chart for M X N. By construction «(m, f(m)) = (¢(m),y(f(m))—y(f(m))) =
(¢(m),0). Thus « is a submanifold chart for the graph.

Exercise 1.5.4 We prove that a locally compact manifold M is necessarily
finite dimensional (note that the exercise asks for compact manifolds, but the
argument only requires local compactness).

Lety: U, — V,, € E be achart for M. Since M is locally compact, there ex-
ists a compact neighbourhood C of x € U, such that C € U,,. Then ¢(C) C E
is a compact neighbourhood of ¢(x). Since translations are homeomorphisms
in E, the translated set ¢(C) —¢(x) = {y = m—@(x) | m € ¢(C)} is a compact
0-neighbourhood in E. Thus E is finite dimensional by Proposition A.3 and M
is a finite-dimensional manifold.

Exercise 1.7.1 We show that the composition g o f of the submersions
f:M—Nandg: N — L isasubmersion.

The submersion property is local, whence we can restrict to chart neigh-
bourhoods of submersion charts around m € U € M, f(m) € V € N and
g(f(m)) € W C L such that:

v—L sy v 8

T

FxX 2y p _=yvyxz My

Now via the typical insertion of charts:

kogofoyp ' =kogous'oysoyrtoyiofoy!
=pry owzowl_l oprg. (E.1)
Note that the change of charts ¥, o 1111‘1 is a diffeomorphism on its domain
(which we will now call O). Shrinking U, we may assume that ¢(U) = O X D.

We obtain a modified chart @ := ((¥ o :,[/l‘l) X idw ) o ¢. If we now insert ¢
into (F.1) we see that kogo fo g™ =pry: FxX =YX Zx X — Y. In other
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words, we have constructed submersion charts for the composition which thus
turns out to be a submersion.

Chapter 2
Exercise 2.2.1 We assume that the exponential law holds for all relevant
Sfunction spaces in this exercise! If f € C®(U X M,0) and p € C*(O,N),
we will prove that the pushforward satisfies p. o (f¥) = (po f)V.

Pick (u,m) € U x M. Then

peo (fD@)(m) = po(f ) (m) = (po f(u,))(m) = p(f(u,m))
= (po )Y (u)(m)

and this proves the assertion. (Why did we need to assume that the exponential
law holds if the calculation does not use it?)

Exercise 2.3.1 Let h: L — K be a smooth map. Assume that C* (K, M) and
C*(L,M) are canonical manifolds. We prove that

(a) the pullback h*: C®(K,M) = C®(L,M), f +> f o h is smooth;

(b) if K,L are compact and M admits a local addition, then TC*(K,M) =
C®(K,TM) (see C.12). This identifies T(h*) with h*: C*(K,TM) —
C*(L,TM).

(a) The pullback is a partial map of the full composition, hence smooth by
Proposition 2.23. Alternatively, smoothness follows directly from the exponen-
tial law, as 7" is smooth if and only if the adjoint (h*)": C®(K,M) x L — M,
(f,0) = f(h(£)) = ev(f,h(l)) is smooth. Since C*(K, M) is canonical,
Lemma 2.16 shows that the evaluation is smooth. Now smoothness of the ad-
joint follows, since ev and & are smooth.

(b) We only need the assumptions to identify TC* (K, M) = C*(K,TM). To
compute the tangent, we pick c: | — g,&[— C* (K, M) smooth with ¢(0) = f
and ¢(0) = V¢. Under the identification we can interpret V¢ (x)= %| 0 cMNt,x)

1=l
as a function K —» T M. Now

d ]
TH'(Vp)() = = B (tx) = =) ¢ (t,h(x) = Vy(h(x) = 1" (Vy).
t=0 t=0

Thus we have identified the tangent map as 4*: C*(K,TM) — C*(L,TM).

Exercise 2.3.4 For K a compact manifold and M a manifold with local
addition, we endow C* (K, M) with its canonical manifold structure and com-
pute the tangent map of the evaluation ev: C*(K,M) x K — M.

We apply the rule on partial differentials for manifolds (Exercise 1.6.1):

Tig.k) Ve, Vi) =Ty ev(, k)(vy) + T ev(e, ) (vi).
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To evaluate the first term, pick a curve c: | — g,e[— C*(K, M) with c¢(0) = ¢
and ¢(0) = v,. If we identify TC*(K,M) = C*(K,TM) via C.12 we can

interpret v, as the smooth mapping % ¢": K - TM. Then we compute

‘I:O

Toev(-,k)(vy) = i ev(c(t),k) = i

arl 5 Nt k) = Vo (k) = evi(vy).

t=0

Here evy: C*(K,TM) — TM is the evaluation in k and we have exploited
the exponential law in the computation. For the second term in the sum, it
is immediately clear that we get Ty ¢(vx). Thus we get as a formula for the
tangent mapping,

Tev(vy,vi) =evi(vy) + Te(vy).

Chapter 3
Exercise 3.1.5 Let H = {(x,)nen € €2 | X, € 1Z,n € N}. Then we prove
that

(a) Every 0-neighbourhood in the subspace topology of H contains at least
one non-zero element.

(b) There is no 0-neighbourhood in H which contains a continuous path con-
necting O with a non-zero element. Thus H is not a (sub)manifold.

(a) It suffices to consider the intersection of norm balls with H, and in partic-
ular, we only need to find such elements in Bj,,,(0) N H for m € N. However,
for such a ball, it is clear that the sequence x! = 0 if m # n and x) = 1/(2m)
is contained in the intersection.

(b) Assume that there is a 0-neighbourhood in H which is path-connected.
Then it contains an element (xg)reny # 0. Pick € € N with x, # 0. If
c: [0,1] — H is a continuous path connecting 0 and (xg)xen, then 7 o ¢
is a continuous path in R connecting 0 and x, # 0. Since the path c takes its
values in H, my o ¢ can take only values in a discrete subset of R. Contradic-
tion! Thus there is no 0-neighbourhood of H in the subspace topology which
is path-connected and H is therefore not locally homeomorphic to a locally
convex space. We conclude that it cannot be a (sub-)manifold of £2.

Exercise 3.3.7 (Mini Lie—Palais) Every Lie algebra morphism ¢: g — V(M)
from a finite-dimensional Lie algebra g to the Lie algebra of vector fields of a
compact manifold M (with the negative of the usual bracket) gives rise to a Lie
group action G X M — M (with L(G) = g).

Note first that since g is finite dimensional and ¢ is linear, ¢ is automatically
continuous, hence a morphism of locally convex Lie algebras. By Lie’s third
theorem (Hilgert and Neeb, 2012, Theorem 9.4.11) there exists a connected,

Downloaded from https://www.cambridge.org/core. IP address: 178.164.105.28, on 13 Dec 2022 at 14:33:49, subject to the Cambridge Core terms
of use, available at https://www.cambridge.org/core/terms. https://www.cambridge.org/core/product/6483795C98EE417COF3654F6C192C3BC


https://www.cambridge.org/core/terms
https://www.cambridge.org/core/product/6483795C98EE417C0F3654F6C192C3BC
https://www.cambridge.org/core

Solutions to Selected Exercises 249

simply connected Lie group G such that L(G) = g. Now G is finite dimensional
and thus regular and Diff (M) is regular by Example 3.36. Hence we can apply
Lie’s second theorem for regular Lie groups, Proposition E.14, to integrate ¢
to a Lie group morphism ®@: G — Diff (M), that is, L(®) = ¢. Exploiting that
Diff(M) @ C*(M, M) and C*(M, M) is a canonical manifold, Lemma C.11,
the adjoint map ®": G X M — M is a Lie group action (naturally induced
by ¢).

Chapter 5
Exercise 5.1.1(c) We check the details of Proposition 5.3 and show that the
second derivative of the vertical part of S, is given by the pushforward of the
second derivative of the vertical part of S.

We already saw in the proposition that we can instead compute the partial
derivative (with respect to the first variable) of

(S)N: C¥(SLTM)xS; > T*M, (h,0) > S(h(0)).

Pick # € S and h € C™(S',TM) together with a chart (U,¢) of M such that
h(0) € TU = U x E (for E a locally convex space). By continuity, there is a
compact set L such that h € [L,7U] and § € L°. For acurve c: | — &,¢[—
LL,TU], apply again the exponential law, Theorem 2.12, to see that c(¢)|r- =
T¢ ' cg(t) for some smooth cg: | —&,6[— C®(L°,U x E). Plugging this into
(S:)” we take derivatives to obtain

T?¢ o (S)NTe ). 0 cp(t),0)
=T?pS(T¢ ™ (c(1)(6))
= (p © h(B),ce(1)(8),ck(1)(8),Su.2(h(8),ce(t)(6))).

Here Sy > is the non-trivial vector part of the spray S. We conclude that after
projecting onto the fourth component and after fixing the parameter 6, the sec-
ond derivative of the vertical part of S, can be identified with the pushforward
of the second derivative of Sy . This proves that By, is the pushforward of B.

Exercise 5.1.2  We establish the formula (5.5): Veoa(-)(x) = ViA(_’x)a’\(-,x)
forall x € S'.

The trick is to avoid at all costs working in charts of the manifold of map-
pings C(S', M). However, the object Vi« is defined via the local formula
(4.13). Taking a look at the local formula for the connector (4.11), we see that
Vea = K. (a), where K, is the connector associated to the covariant deriva-
tive V. As already shown in the notation (and proved in Proposition 5.7), the
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connector of V is the pushforward of the connector K associated to the Rie-
mannian metric g on M (and thus also to the covariant derivative V#). Setting
in now these relations, we obtain the desired identity

Vea () (x) = Ko (@) (x) = (K 0 a")(t,x) = Venqma” (6,%).

Exercise 5.2.3 The elastic metric (5.9) is invariant under reparametrisations
with elements ¢ in Diff (S') which satisfy Top(1) > 0 for all § € S'.

We have seen in Proposition 5.17 that the elastic metric is the pullback of
the L2-metric via the SRVT. In Exercise 5.2.1(c) we have seen that for a dif-
feomorphism ¢ in Diff(S') which satisfies Ty (1) > 0, for all § € S' one has
R(c o ¢) = ¢ - R(c) o ¢. Plugging this in the L>-inner product, we see that
invariance follows from the usual transformation rule for integrals.

Chapter 6
Exercise 6.2.3 We show that for a Banach Lie groupoid G = M the multi-
plication map m: G Xy G — G is a submersion.

Remark: 1 do not know whether this proof (which was shared with me by
D. M. Roberts (Adelaide)) or even the corresponding statement generalises
beyond the Banach setting.

We exploit the following characterisation of submersions between Banach
manifolds: The map m is a submersion if and only if it admits local sections,
that is, for every (g1,82) € GXps G there exists a smoothmap ¢: U — GXpy G
such that g :=m(g1,82) € U, ¢(g) = (g1,82) and m o ¢ = idy (see Margalef-
Roig and Dominguez, 1992, Proposition 4.1.13). Thus we fix g;,g» and g as
above and write ¢ = (¢1,¢2) € C*(G,G X G) (exploiting that G Xy G is a
submanifold of the cartesian product, whence it suffices to obtain two smooth
maps with values in G such that their combination takes values in the fibre-
product). Now exploiting the groupoid structure, we observe that g, = gl_1 - g.
Ignoring for a moment that multiplication is not globally defined, we see that
for any smooth map ¢; with ¢;(g) = g1, the smoothness of the groupoid
operations yields a smooth map ¢, via

P2(x) = @1(0)7" - x = m(i(g1 (%)), %). (F.2)

Setting in x = g, we immediately see that ¢,(g) = g». However, to make the
formula (F.2) well defined we need to require that s(¢;(x)™!) = t(x). Since
inversion intertwines source and target this yields top; = t. We deduce that it
suffices to construct a certain smooth map ¢ : U — G on some neighbourhood
U of g withtop; =tand ¢1(g) = g1.

Set y = t(g) and observe that t(g) = t(gg>) = t(g;). Since t is a submer-
sion, there is an open neighbourhood O, of y together with a smooth section
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0: 0y, — G such that o(y) = g and too = idoy. We can now choose an
open neighbourhood g € U such that t(U) € O, and define ¢;: U — G,
x + o o t(x). Then ¢; is smooth and satisfies ¢;(g) = g; and top; = t. We
conclude that m admits local sections and is thus a submersion.

Exercise 6.2.4 We check that the gauge groupoid associated to a principal
G-bundle (E,p,M,F) is a Lie groupoid if E,M and G are Banach manifolds.

(a) We begin with the construction of charts for (E X E)/G. Let (U;);er be an
open cover of M such that there exist smooth local sections o;: U; — E of p.
This yields an atlas (U;, k;); ey of local trivialisations of the bundle p: E — M
which are given by

ki p N U) = Ui x G, x> (px),d(o:(p(x)), X)),

withd: E xp E = G, (x,y) — x~' - y. Here we use x~! - y as the suggestive
notation for the unique element g € G that satisfies x - g = y.
The local trivialisations commute with the right G-action on E since

ki(x-g) = (p(x-g),d(gi(p(x-g)),x-g) = (px),d(ci(p(x)),x)) - g.

In particular, the trivialisations descend to manifold charts for the arrow mani-
fold of the gauge groupoid:

Kij: (07U x p™ ' (U;)/G - Ui x U; X G,
[x1.%2] & (p(x1), p(x2),d(07 (p(x1)), x)d(0 (p(x2)), x2) 7).

To see that the projection is a submersion, it suffices to prove this locally in
charts. In the trivialisations and the charts, the quotient becomes the map

Ui xG)x(U; xG) - U; xU; XG, ((Mi,gi),(uj,gj)) - (Miauj,gigfl)-

While we have the identity in the # components, the G component is the com-
position of inversion in the second component with the Lie group multiplica-
tion. Inversion in a Lie group is a diffeomorphism, while the multiplication in
the Banach Lie group G is a submersion by Exercise 6.2.3. Now the composi-
tion of submersions is a submersion by Exercise 1.7.1 and by Exercise 1.7.2,
the quotient map is a submersion.

(b) Smoothness of the mappings follows from Exercise 1.7.6 by composing
them with the submersion ¢: E X E — (E X E)/G and observing that the
resulting mappings are smooth on £ X E. In particular, soqg = p is a surjec-
tive submersion, whence by Margalef-Roig and Dominguez (1992, Proposition
4.1.5), s is a surjective submersion.
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Chapter 7
Exercise 7.3.1 Let (M,g) be a Riemannian metric with volume form u. We
show that the L*>-metric is a right invariant Riemannian metric on Diff u(M).
We have already seen (for M = S'! but the general case is similar) that the
L?-inner product (X,Y); > := fM gm (X (m),Y (m))du(m) is a continuous inner
product on V(M). From the formula for the tangent of the right multiplication
in Diff (M) (see 2.22), we see that the right-invariant metric induced by the
L?-inner product is given by

(Xop,Yopy,=(Xopogp ' ,Yopop ) =(X,Y)a.

Let us assume now that ¢ is a volume-preserving diffeomorphism. Then by dif-
feomorphism invariance of the integral (see e.g. Lee, 2013, Proposition 16.6),
we derive now that

(Xop.Yop),=(X.Y) = f o 9 (X.V)du
M

= f;/[gga(m)(x o p(m),Y o p(m))du(m).

Thus for every volume-preserving diffeomorphism, the L?-metric coincides
with the right-invariant Riemannian metric induced by the L*-inner product
on the vector fields. We conclude that the L>-metric is right invariant on the
subgroup Diff , (M).

Exercise 7.3.1 For (M,g) a compact Riemannian manifold consider the L*-
metric ng (7.8) on Dift (M). Let S be the metric spray of g and K the associ-
ated connector. (a) Then S, and K, define a spray and a connector on Diff (M).
Moreover, by (b)—(c) VgY = K, oTY o X defines the metric derivative on ng.
(a) As Diff(M) € C®(M,M) and C*(M,M) is a canonical manifold, the
pushforwards are smooth. That they form a spray and a connector follows
directly from the identification of 7% Diff (M) € TKC* (M, M) = C*(M,T* M).
(b)—(c) Details for this proof are recorded in Ebin and Marsden (1970, Proof
of Theorem 9.1).

Chapter 8
Exercise 8.2.4 Let N € NU {c0},d € N and X: [0,1] = R? be a smooth
path. Define DX : [0,1] = TN (®R?), t + (0,X/,0,...). We will then:

(a) Show that %SN(X)S,, =SN(X)s: @ (DX)y,s <t < 1,S5v(X)ss = 1.
(b) Establish Chen’s relation

SN (X)s,r = SN (X)s,u ® SN (X)ut» 0<s<u<t<l.
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(¢) Thus Sy (X)s.r = SN(X)(;IS ® SN (X)o,r holds.

First note that the claims will follow for N € N U {oo} if we can establish
the identity for the projection to every finite degree k € Np.

(a) For s = 0 the claim is just (8.7). For arbitrary s the claim follows from in-
specting the Volterra series. Namely, projecting to homogeneous elements
of degree k > 1, the component of Sy (X); ; is

t ri-1 ri
f f f X, ®--- ®dX,,
N N s
t k-1 r
:f (f f er]®“'®erkl)®erk
N N s
t

= f ﬂljcv—l (SN(X)s,rk) ®dX,, .

A

In other words, the signature satisfies the integral equation Sy (X)s; =
1+ fst Sn(X)s.r ®dX, in TV (R?), whence it solves the desired ODE.

(b) We proceed by induction on k. Note that the identity is trivially true for k =
0 since it reads 1 = 1 - 1. Assume now that we have established the claim
now forevery s <u <t € [0,1]and ¢ < k, and 50 Sk (X)s.r = Sk (X)s.u ®
Sk (X)...;- We work now in the truncated tensor algebra 7 ¥*1(R9) (and
note that the following identities hold precisely by truncating after degree
k+1):

u u
Sk+l(X)s,u =1 +f Sk+l(X)s,r ®dX, = f Sk (X)s,r ®dX,,
s s

t t
Sk+l(X)x,u ®f SN(X)u,r ® er = Sk(X)s,u ®f Sk(X)u,r ® er'

Applying the induction hypothesis to split the Sk (X) fors <u <r <1,
we obtain

u t
Sk+l(X)s,t =1+ f Sk(X)x,rer +f Sk(X)s,u ® Sk(X)u,r ® er

t
= Sk+l(X)s,u + Sk+l(X)s,u ® (f Sk(X)t,r ® er)
u

= Sk1(Xs,u ® (1 + (Skc1 (X — D)
= Skt1 (X s,u @ Ska1 (X)uyz-

(c) Multiplying Chen’s relation for Sy (X)o,; from the left with the inverse of
Sn (X)o,s immediately yields the desired identity.
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Appendix A

Exercise A.6.2(a) We show that the box topology turns E = {(x,)nen €
RN | almost all x,, = 0} into a locally convex space and makes the right shift
continuous.

Note that we have A([],, U,) + (I1,, Vo) = [ en(AU, + V) for U,,,V,, @ R
and A € R. If (x,,) + (yn) € [1, U, we exploit that R is a topological vector
space to find foreveryn e Nx, € A, @Rand y, € B, €Rwith A, + B, C
U,. We conclude that ([],, Ax) + ([T, Bx) € ([1, Un) and vector addition
is continuous. For scalar multiplication we note that if A - (x,,) € [],, U, we
can exploit that x, # O for only finitely many n, to construct an open A-
neighbourhood A € O @ R together with (x,) € [],, V,, suchthat O - [],, V,, €
[1,. U.. Hence scalar multiplication is continuous and E is a TVS.

Now let [], U, be a 0-neighbourhood. This implies that every U, is a
0-neighbourhood in R. Since R is locally convex, for every n there is a convex
0-neighbourhood C,, € U,. Then [],, C, C [], U, is a convex 0-neighbour-
hood and thus E is locally convex. The right shift is continuous as
R_I(H,, U,) = [1,, Un+1 if 0 € U; and 0 otherwise.

Appendix B
Exercise B.2.4 We show that the set Q' := {f € C(K,Y) | graph(f) C Q} is
open in the compact-open topology if K is compact and Q € K X Y.

Let us show that Q' is a neighbourhood for each f € Q’. Since Q is open
in K x Y with the product topology, we find for each x € K open subsets
U, € K,V, €Y with (x, f(x)) € Uy XV, @ Q. Shrinking the U,, we may also
assume that U, X V, C Q and f(Ux) Cc Vi.

By compactness U is compact and we can cover K with finitely many of
the Uy, say, K = J <k <n Ux, - Then by construction Ny == (1 <k <p Lka,kaJ
is open in the compact-open topology and f € N¢. Moreover, if & € Ny, then
we have for x € Uy, that (x,h(x)) € Uy x V, C Q. Since the Uy cover K, we
deduce that 7 € Q" and thus Ny € Q'.

Appendix C

Exercise C.2.2 We show that the pullback bundle f*(E) is a split submani-
fold of K x E. The idea is similar to the proof that the graph of a smooth
function is a split submanifold. The proof is essentially Lemma 1.60: By def-
inition of a fibre bundle p: E — M is a submersion. In the notation of that
lemma we have f*(E) = K X pE is a split submanifold of K X E for each
feC(K,M).
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Appendix E
Exercise E.3.5 For a Riemannian manifold (M, g) with metric derivative V,
we establish the formula

g(Z,gradg(X.Y)) = g(VzX.Y) +g(X,VzY) for X.Y.Z € V(M).

From the definition of the gradient and the compatibility of the metric deriva-
tive with ¢ we deduce that

g(Z,gradg(X.Y)) = dg(X.Y)(2) = Z.g(X,Y) = g(VzX,Y) + g(X,VzY).
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see continuous inverse algebra, 49
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covariant, along a map, 109
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Lie derivative, 227, 236
metric derivative, 97
of a manifold-valued curve, 22
diffeomorphism group, 35, 50, 120
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differential form, 231, 240
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Lie derivative, 236
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Euler equations
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Euler—Poincaré equation, 149
evaluation map, 39, 210
evolution map, 62
exponential law, 39, 211
exterior differential, 232

fibre product (of manifolds), 27
final topology, 206
flip of the double tangent
bundle, 215
formal power series, 183
Fréchet calculus, 14
Fréchet space, 3, 198
Fundamental theorem of calculus, 5

geodesic, 88, 100, 139

of a spray, 92

of the L2-metric, 112
geodesic distance, 85

non-vanishing, 86
geodesic equation, 92, 99
gradient, 143, 242
Grossman’s ellipsoid, 103
group of bisections, 126

vertical bisections, 130
group of gauge transformations, 77

Holder continuity, 169
Hahn-Banach theorem, 4
half-Lie group, 155

Hilbert sphere, 16, 83
homogeneous space, 77, 183
Hopf algebra, 177
Hopf-Rinow theorem, 102
Hunter—Saxton equation, 153

immersion, 23
naive, 24
set of, 33

infinitesimally injective (or surjective), 24
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Kolmogorov’s normability criterion, 192

Lie algebra, 55
associated to a Lie group, 57
current algebra, 72
Jacobi identity, 55
locally convex, 56
of (left-)invariant vector fields, 56
of divergence-free vector fields, 243
of vector fields, 228
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Lie bracket, 55
of vector fields, 56
trivial, 56

Lie group, 48
Bourbaki construction principle, 70
exponential, 65
exponential coordinates, 66
left- (right-)translation, 48
Lie subgroup, 52
locally exponential, 66
regular (in the sense of Milnor), 62
semidirect product, 54
semiregular, 62
split exact sequence, 54
tangent Lie group, 53

Lie group action, 51
adjoint action, 60

Lie groupoid, 125
action groupoid, 127
bisection action groupoid, 134
current groupoid, 128
enough bisections, 135
gauge groupoid, 128
pair groupoid, 127
tangent groupoid, 132
unit groupoid, 127
vertex group, 125

Lie polynomial, 164

Lie series, 164

Lie theorems, 60

local addition, 43, 213
normalised, 218

local-to-global argument, 196

loop group, 74

Lyons lift, 170

Lyons’ lifting theorem, 170

Mackey complete, 5, 187, 202
manifold atlas, 16
manifold chart, 16
Maurer—Cartan form, 237
mean value theorem, 9
Minkowski functional, 83, 192
multiplicative functional,

168, 179

Neumann inversion formula, 161

Omori’s theorem, ix, 155
orbifold, 124, 127

partition of unity, 195
pre-shape space, 114
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principal bundle, 76, 129
gauge group, 76
structure group, 76
pro-Lie group, 166
product manifold, 17
pullback, 31, 45, 209
pushforward, 13, 31, 43, 209

Riemann—Stieltjes sum, 157, 158
Riemannian metric
H'-metric, 113
H'-semimetric, 153
L?-metric, 81, 108, 140
co-orthogonal structure, 102
elastic metric, 116
invariant L2-metric, 83,
88, 89, 144
pullback metric, 116
right/left invariant, 87
robust, 101
strong, 81
weak, 80
rough norm, 197
rough path, 170
branched, 181, 183
Brownian motion, 171
set of weakly geometric, 170
weakly geometric, 170
rule on partial differentials, 9, 22

Schwartz’ theorem, 8, 12
seminorm, 3
basis condition, 191
fundamental system of, 191
generating family of, 3
separating family of, 190
shape analysis, 106
shape space, 114
shuffle algebra, 176, 183
signature of a smooth path, 162
smooth variation, 138
right-shifted, 146
space
Ck_paracompact, 196
ck -regular, 196
complemented subspace, 194
convenient vector space, 202
locally convex, 3, 192
metrisable, 3
of Holder continuous
functions, 169
of smooth p-forms, 232
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sequentially closed, 12
short exact sequence, 25
topological vector space, 1, 186

spray, 91

associated covariant derivative, 95
connector, 96

metric, 92

metric spray, 97

square root velocity transform, 116
SRVT

see square root velocity
transform, 116

Stacey—Roberts Lemma, 45
standard simplex (A), 168
submanifold, 17

split, 17

submersion, 23

naive, 24
set of, 33

support of a function, 195

tangent bundle, 19

tangent map, 21

tangent space, 19

tangent vector (geometric), 19
tensor algebra, 160

topology of compact

convergence, 208

transversal, 26

unit group (of an

algebra), 49

vector bundle, 215

direct product, 217
dual bundle, 21, 81
pullback, 216

set of all sections, 215
smooth section, 215
Whitney sum, 217, 220

vector bundle morphism, 215
vector field, 225

(left) invariant, 56, 64

along a smooth map, 109
complete, 64

divergence, 143, 242

flow, 226

Helmholtz decomposition, 242
integral curve, 226

Lie bracket, 226

local representative, 225
principal part, 225
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related, 226 weak integral, 4
second-order, 91 wedge product, 234
vector space of, 225

vector topology, | Young integral, 158
generated by seminorms, 3

Volterra series, 63, 162 zero-section, 43, 213, 220
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