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Abstract

The last few decades have seen an increasing interest in the geometric study of spaces
seemingly incapable of supporting any sort of differential calculus. Among these are
metric measure spaces, which a priori only come equipped with notions of distance and
volume. Despite this lack of structure, however, efforts have succeeded in building a
framework for analogues of one-forms, vector fields and differentials in this setting by
adopting a variational point of view.

The goal of this thesis is to explore such an approach, put forth in large parts by Nicola
Gigli, building on Sobolev calculus and the theory of normed modules. To do so, we
first spend some time discussing a perspective on weak upper gradients via test plans,
providing us with a class of differentiable functions, and then move on to introduce
normed modules, allowing us to perform bundle constructions in an appropriate sense.
Finally, we establish a first-order differential calculus consisting of tangent and cotangent
modules together with a notion of differentials for structure preserving maps. In all of
this, a strong emphasis is put on giving full and detailed proofs, as well as on providing
motivational examples from smooth differential geometry.



Abriss

Uber die letzten Jahre hinweg ist es zu einem stetigen Anstieg des Interesses am ge-
ometrischen Studium von Rdumen gekommen, die einem scheinbar keine Moglichkeit
bieten, auf ihnen Mittel der Differentialrechnung anzuwenden. Zu dieser Klasse an Rau-
men gehéren metrische Mafirdume, die lediglich mit Begriffen von Distanz und Volumen
ausgestattet sind. Diesem Fehlen an Struktur zum Trotz ist es gelungen, Analogien von
1-Formen, Vektorfeldern und Differentialen im diesem Kontext zu definieren, indem ein
variationeller Blickwinkel eingenommen wurde.

Das Ziel dieser Arbeit ist es nun, einen solchen Zugang, der vor allem von Nicola Gigli
entwickelt wurde und auf einem Sobolev-Kalkiil und der Theorie normierter Moduln
aufbaut, ndher zu durchleuchten. Dazu werden wir zunéchst einige Zeit aufwenden,
um eine Perspektive auf schwache Oberhalb-Gradienten iiber Test Plane zu diskutieren,
die uns eine Klasse an differenzierbaren Funktionen liefert, und anschlieBend normierte
Moduln einfiihren, die es uns erlauben, gewohnte Biindelkonstruktionen durchzufiihren.
SchlieBlich werden wir ein Differentialkalkiil erster Ordnung einfithren kénnen, das aus
Tangential- und Cotangentialmoduln zusammen mit einem Begriff eines Differentials
fiir strukturerhaltende Abbildungen besteht. Bei all dem ist ein starker Fokus auf das
Bereitstellen ausfiihrlicher und vollstdndiger Beweise gelegt worden, sowie auch darauf,
motivierende Beispiele aus der glatten Differentialgeometrie zu liefern.
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1 Introduction

1.1 Motivation

There is a long history of efforts to extend calculus results for smooth functions on
differentiable manifolds to more singular classes of functions, often used as approximations
of the regular situation. However, only recently, a new perspective has emerged, in which,
instead of considering rough functions on smooth spaces, we lower the regularity of the
spaces themselves, cf. [17].

In this endeavor, we wish to carve out the essential characteristics needed to define and
quantify infinitesimal variations of objects in the smooth setting and use those as an
axiomatization of new, more singular spaces. One such approach is based on the concept
of a metric measure space (X,d, m), in which only notions of distance and volume persist.
A possible first definition of a differential in this context, put forth by Heinonen and
Koskela in [18], is based on the notion of an upper gradient. That is, given a real-valued
function u on our space X, any non-negative function g satisfying

[u(1(1)) = u(x(0))] < / gds

along all rectifiable curves v in X. Now, in order to determine a unique (minimal) upper
gradient, we need to allow this relation to fail on negligible sets of curves, see [7]. Making
this statement precise is a non-trivial task and has led to the development of several
different viewpoints on the subject, cf. [2].

The method we are going to follow, proposed by Luigi Ambrosio, Nicola Gigli and
Giuseppe Savaré in [1], consists in testing the above inequality against a family of
probability measures on the space of curves. Thereby creating a duality between upper
gradients and probability measures, we can then pick out certain criteria for our collection
of test measures to ensure the existence of a minimal (weak) upper gradient. As we will
discover in the subsequent chapters, this fruitful idea leads us to the development of a
Sobolev calculus on metric measure spaces.

Even more astonishing, however, is the possibility of providing an abstract framework for
notions of one-forms and wector fields on any metric measure space via normed modules.
Building on the previously developed Sobolev calculus, this concept axiomatizes certain
crucial aspects of the space of integrable sections of a vector bundle over a Riemannian
manifold and was first introduced by Nicola Gigli in [11]. Developing and connecting
these ideas will serve as our central ambition for the upcoming sections.
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1.2 Overview

Our main objective over the following four chapters is to establish a first-order differential
calculus on any arbitrary metric measure space. More concretely, we want to show that
on any such space we can meaningfully speak of one-forms, vector fields and differentials.
The general structuring of the material is based on the book Lectures on Nonsmooth
Differential Geometry [13] by Nicola Gigli and Enrico Pasqualetto. However, in contrast
to their presentation, we put a strong emphasis on giving complete and detailed proofs,
provide additional intermediary results and spend some time connecting the theory to its
classical, smooth counterpart by way of motivational examples.

To start off, in the remainder of this chapter we collect preliminary results from metric
geometry, measure theory and functional analysis. Here, we do no yet give proofs and
rather focus on important constructions and expand on definitions needed in the further
development of the theory.

Chapter 2 will then introduce, as one of our central concepts, the notion of a weak
upper gradient, serving as a generalization of the norm of the distributional differential
in Euclidean space. Before doing so, however, we establish a few basic facts about the
family of test plans, which provide us with the necessary tool for a well-defined notion of
a Sobolev class. We will then spend some time exploring different viewpoints on these
objects and on proving the existence of a unique minimal weak upper gradient. This will
allow us to define a Banach space of Sobolev functions and to recreate typical rules of
calculation, such as the Leibniz and the chain rule.

In Chapter 3, we lay out a more algebraic treatise of so-called normed modules. These
objects arise from a possible axiomatization of integrable one-forms on a Riemannian
manifold after having removed any traces of a smooth structure by integration. Com-
pleting the categorical picture, we will then define morphisms and substructures before
moving on to describing operations on these modules, such as dualization and pullback.
Finally, as a way of encoding infinitesimally the structure of an inner product space, we
introduce Hilbert modules and study the relation to their duals, proving an analogue to
the Theorem of Riesz.

Lastly, in Chapter 4, we put together the Sobolev calculus of Chapter 2 and the theory
of normed modules developed in Chapter 3 to provide at last an answer to the question:

How does one define a (co)vector field on an abstract metric measure space?

In our approach, generalizing a bundle viewpoint on the differential structure of a
Riemannian manifold, we answer this question by constructing a suitable (co)tangent
module. In the spirit of Lebesgue integration, a general one-form will then be the result
of a limiting procedure involving simple one-forms obtained by piecing together localized
differentials of Sobolev functions along a Borel partition of our space. After expanding
on some of the properties of these modules, including an alternative description of vector
fields as L?-derivations, we take on the task of characterizing those spaces on which we
can define a unique gradient of any Sobolev function, leading to the notion of infinitesimal
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Hilbertianity. Our last endeavor will then consist in proving that any structure preserving
map between metric measure spaces induces a pullback of one-forms and possesses a
unique differential, completing our study of a basic first-order differential structure on
metric measure spaces.

1.3 Preliminaries

In this subsection, we collect results for later use and establish notation. We begin
by introducing concepts related to the space of continuous curves on a metric space,
following mostly [13]. Results whose proofs are omitted will be cited more explicitly.

1.3.1 Spaces of curves

Let (X,d) be a metric space. Then we call any map ~:[0,1] — X a curve in X and
denote its value at time ¢ € [0, 1] by the shorthand notation -, := (¢). To be able to
use this time-evaluation as a map of its own, we will also frequently use the notation
et(y) :== v, where now e;: C([0, 1], X') — X associates any continuous curve y to its value
at t € [0,1].

Further, we endow C(]0, 1], X) with the metric

d(7,7) := max d(y, %), for any two curves 7, € C([0, 1], X),
€0,

a distance which is not invariant under reparametrization, allowing us to incorporate a
notion of speed.

As the next proposition shows, the resulting metric space of curves inherits crucial
topological properties from its underlying space (X, d), see Prop 1.2.1. in [13].

Proposition 1.3.1. Let (X, d) be a complete and separable metric space. Then the space
(C([0,1], X),d) is also complete and separable.

Although it is impossible to talk about derivatives of curves in X, i.e. of velocities, within
a certain, more regular family of curves, we can at least recover a notion of speed, namely
that of the metric speed.

Definition 1.3.2. Let v € C([0, 1], X). We say that ~ is absolutely continuous, whenever
we can find a function h € L(0, 1) such that

d(ve,7s) < /:h(r) dr (1.3.1)

for all s,t € [0, 1], s < t. Moreover, we denote by AC([0, 1], X') the space of all absolutely
continuous curves in X.
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Remark 1.3.3. In the special case X = R, the space AC([0, 1], X) coincides with the
Sobolev space W1(0, 1) by the fundamental theorem of calculus for the Lebesgue integral.
More specifically, f € W11(0,1) if and only if f is integrable and agrees with an absolutely
continuous function almost everywhere. See e.g. Example 9.8.2 in Real and Functional
Analysis [6] by Bogachev and Smolyanov for details.

Theorem 1.3.4. Let v € AC([0,1], X). Then,
. . d(Yetns )
=1
|’7t| hgr(l] ’h‘
exists for a.e. t € [0,1]. Further, the map t — |V;| belongs to the space L'(0,1) and is the
minimal choice of functions in (1.3.1) up to a.e.-equivalence.
The proof can again be found in [13] under Theorem 1.2.5.

A possibility of selecting curves I' C C([0, 1], X) of restricted speed is to require higher
integrability of the maps ¢ — || for all v € T". This we do by way of an energy functional.

Definition 1.3.5. We define the kinetic energy functional E: C([0,1], X) — [0, c0] as

Ji e dtif v € AC([0,1], X)
E(y) = .
00 otherwise

We end this subsection by stating a few technical results on calculus rules for functions
belonging to the Sobolev space W11(0,1).

As already remarked, this space has a close relation to the space of absolutely continuous
functions on (0, 1). This connection can be exploited, for example, to derive a version of
the fundamental theorem of calculus which holds for almost every point.

Lemma 1.3.6. Suppose f € L'(0,1). Then f € WY(0,1) if and only if
fs— fi :/ h,.dr for a.e. s,t with s >t
t

and some function h € L*(0,1).

By choosing for a given f € W1(0,1) some absolutely continuous representative and
applying to it the classical version of the theorem, this can be viewed as a consequence
of Theorem 4.3.7 in [6].

Next, we record the following variant of the chain rule for weakly differentiable functions,
as well as the Leibniz rule.

Lemma 1.3.7. Let f € WH1(0,1) and suppose ¢ € C1(R). Then o f € WHL(0,1) with

(pof) =(of)f ae in(0,1).
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For a proof, we refer to Functional Analysis, Sobolev Spaces and Partial Differential
Equations by Haim Brezis [8] Corollary 8.11, noting that we can assume w.l.o.g. that
©(0) = 0 in our case as we are dealing with a bounded interval (see also the remark in
the book).

Finally, we state the Leibniz rule, see also [8] Corollary 8.10.

Proposition 1.3.8. The space W1(0,1) is an algebra whose elements satisfy the Leibniz
rule. Explicitly, this means that f,g € WH1(0,1) implies fg € WH1(0,1) and

(f9)' =f'g+ fg.

1.3.2 Measure theoretic and functional analytic tools

In the subsequent chapters we are going to formulate a variety of concepts in a weak or
variational sense, meaning that (in)equalities are only required to hold when integrated
with respect to a specified family of measures. Therefore, we want to revisit some concepts
from measure theory and functional analysis beforehand.

We begin by introducing basic concepts pertaining to the theory of Lebesgue integration
and general measure theory. All definitions and results can also be found in Measure
Theory [5] by Vladimir I. Bogachev.

Definition 1.3.9. Let (X, 7) be a topolgical space. Then, we can equip X with the
structure of a measurable space by declaring

o(r) == [ {A| Ais ac-algebra containing 7}

to be the collection of all measurable sets on X. We call this collection the Borel o-algebra
or the o-algebra generated by 7.

In the setting of metric spaces we of course apply the o-operator to the topology 74
induced by the metric.

Definition 1.3.10. Let (X,d) be a metric space. We denote by P(X) the set of all
Borel probability measures of X, i.e. the set of all measures u: o(74) — [0, 1] satisfying
p(X) = 1.

Any structure preserving map between two measurable spaces also induces a map between
its sets of measures and further allows for the statement of an integral transformation
formula. More precisely, let X and Y be two spaces with o-algebras A and B, respectively
and let T: X — Y be an (A, B)-measurable map. Then we can transport u to (Y, B) by
setting

Tuu(E) = p(T~())

for each E € B. We call T, u the push-forward measure or the image measure under the
map 7.
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The next proposition, whose proof can be found in [5] Theorem 3.6.1, makes precise our
second claim about an integral transformation formula.

Proposition 1.3.11. Let (X, A) and (Y,B) be two measurable spaces together with a
measurable map T: X — Y between them. Given any measure p on X and any measurable
function g on'Y we have

g€ LYTyp) if and only if goT € L' (p)

and

/ng*,u:/ goTdpu. (1.3.2)
Y X

Definition 1.3.12. Let (X, d) be a complete and separable metric space. Then we
call (X,d, m) a metric measure space provided m: o(77) — [0, 00] is a non-trivial Borel
measure taking only finite values on bounded sets. We will abbreviate this by saying
that m % 0 is boundedly finite.

Remark 1.3.13. Let m be a measure as in the definition above. Then there exists a
probability measure m that is equivalent to m, meaning that

m(A) =0 if and only if m(A) =0

for any Borel set A C X. Indeed, choose any Borel partition (Ep)p,>1 of X, i.e. any
sequence of disjoint Borel sets such that X = 4,5, Ey, up to m-null sets (e.g. set
E, := By(x0) \ Bn—1(z0) for some zp € X) and assume w.l.o.g. that m(E,) > 0 for all
n > 1. Now set
ANE
@A) =3 g—n (AN En) = n)

n>1 m(Ey)
where A C X is any Borel set. Clearly, m(A4) < 3,27 = 1 and m(A4) = 0 precisely
when m(A) = >, m(AN E,) =0, so that m possesses all properties claimed.

The class of Borel measures on a metric space X includes Dirac deltas, by which we mean
probability measures d,, with o € X giving full weight to a set A C X only if 29 € A
and setting it to zero otherwise, i.e. d;,(A) = 14(xp). Clearly, these measures display
a distinct behavior by focusing exclusively on the relative position of a single point. A
generalization of this type of discrete mass concentration is given by the notion of an
atom.

Definition 1.3.14. Let (X, u) be a measure space and let A C X be a measurable
subset. Then we call A an atom for the measure p if u(A) > 0 and for any B C A with
u(B) < u(A) it automatically follows that u(B) = 0. If u does not possess any atoms,
we call it atomless.

Remark 1.3.15. For a Dirac delta ¢, the singleton {z¢} trivially comprises an atom
since 0z, ({zo}) > 0 and the only subset having strictly smaller measure is the empty set.
Following this reasoning more generally, we see that no atomless measure p can assign
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positive weight to a singleton.

Finally, we introduce a notion of regularity for measures, capturing an approximability
of our metric measure space by its compact subsets.

Definition 1.3.16. A finite Borel measure p on a metric space (X, d) is called inner
regular provided
w(E) = sup{u(K)| K C E compact}

for any E C X Borel. We also refer to any such measure as a (finite) Radon measure.

Proposition 1.3.17. Let (X,d,m) be a metric measure space. Then any finite Borel
measure p on X is inner reqular. In particular, the equivalent probability measure m, as
in Remark 1.3.13, is a Radon measure.

See Theorem 7.17 in [5] for a proof.

Remark 1.3.18. This result also implies that the push-forward measure T,m is a Radon
measure for any measurable 7: X — Y into a complete and separable metric space (Y, dy).
Indeed, we can simply apply the proposition to the metric measure space (Y, dy,T.m).

1.3.3 The Bochner integral

As we will encounter the need to talk about integrability of maps taking values in
infinite-dimensional Banach spaces, we collect here some results on a possible extension
of the Lebesgue integral to this more general setting, namely the (Lebesgue-)Bochner
integral.

Most definitions are taken from [13] Chapter 1.3, with a number of results from Topics
in Real Analysis by Gerald Teschl [23] which will be cited more explicitly.

Our basic setup consists of a Banach space (B, || - ||) together with a metric measure space
(X,d, u), where p is a probability measure on X . Unsurprisingly, maps f: X — B which
can be written in the form .
f=> 1guv
i=1

with {v;}7*; C B and {E;}; € X a Borel partition of X, are called simple.

A first subtlety arises in defining an appropriate notion of measurability since in infinite
dimensions the usual definition does no longer guarantee the existence of approximating
simple maps, as shown in the following lemma, a proof of which can be found in [23]
Lemma 5.20.

Lemma 1.3.19. A map f: X — B is the pointwise limit of simple maps if and only if it
is measurable and has separable range.

We therefore need to introduce a stronger notion of measurability, incorporating a
countability assumption on the set of values a given map can take.
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Definition 1.3.20. We call a map f: X — B strongly measurable if it is measurable and
essentially separably valued, meaning that B contains a separable subset V' with f(z) € V
for p-a.e. x € X.

With this definition at hand, we can proceed to define the integral along the usual lines
of Lebesgue integration theory: For a simple map f = > ;" 1g,v; and a Borel subset
E C X, we set

/ fdu:=>" p(E;0E)v;,
E i=1

calling f integrable on X if pu(F;) < oo whenever v; # 0.

For a general measurable map f: X — B we first define Bochner integrability as the
requirement that there exist simple maps (f,)n>1 satisfying the condition

Jin [15a = flldi=0

and then set
/ fdp = lim / fn dp.
E n—oo E

Well-definedness of this object hinges upon the straightforward observation that the
condition limy, o [ fn — f|| d = 0 guarantees that the sequence ([ fn dpt)n>1 converges
in B via the triangle inequality for integrals of simple maps. It further assures that its
value is independent of the chosen approximating sequence (fy,)n>1.

Notice also that a Bochner integrable map f is automatically strongly measurable with
| f]l € L' (x). Indeed,

Jusidu< fUsallan+ [1fa = fldu < 1l +e

for n large enough. Moreover, a slight generalization of Lemma 1.3.19 (c.f. Lemma 1.3.2
in [13]) ensures strong measurability once f is measurable and | f,, — f|| — 0 merely p-a.e.
The first condition is true by assumption, while the second is easily seen to again be a
consequence of lim, oo [||fn — f]| de = 0.

What is more, we have the following characterization of our integrability-assumption, see
[23] Lemma 5.21.

Proposition 1.3.21. A map f: X — B is Bochner integrable if and only if it is strongly
measurable and || f|| is integrable.

As expected, we now define the space L!(u; B) as the quotient set of all Bochner integrable
maps f: X — B under a.e.-equivalence with respect to the measure p and endow it with
the norm

£l = [ 1711 dn.
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Similarly, we denote by LP(u;B) with p > 1 the quotient set of strongly measurable maps

f: X — B for which
l/p
£ ergusy = ([ 1517 an)

is finite. Notice how, by Proposition 1.3.21, both formulations agree for p = 1.

Proposition 1.3.22. The spaces LP(1;B) are Banach spaces for any 1 < p < oo with
the integrable simple functions as a dense subset if p < co. Moreover, if B is separable,
so is LP(p;B) for 1 <p < 0.

For a proof of this result, see [23] Theorem 5.32 and Lemma 5.28.

Ezample 1.3.23. In our context, the Bochner integral will most often appear when
changing perspective on an iterated integral of the form

/0 1 / F(y,t) dr () di

with 7 a probability measure on C([0,1], X) for a metric measure space X and with
a suitable function F € L'(r ® A!). Here, A! denotes the restriction of the Lebesgue
measure to [0, 1].

As it is usually also done for non-classical solutions of parabolic PDEs (cf. the introduction
to Chapter 10.1 in [8]), we can now reinterpret F' as a curve into a Banach space, in our
example L!(7). This can be achieved by considering

[0,1] 3t — F(-,t) € L*(n).

Then, for example, the integrability condition F' € L!(r ® A!) translates to

1
JIFC Dlzmy e < o0
and we are led to wonder how the spaces L'(A\'; L!(7)) and L!(7 ® A!) are related. This
will be the content of Theorem 1.3.25.

Having introduced all basic notions, we collect some further results reminiscent of the
finite-dimensional setting, again taken from [13], specifically Proposition 1.3.9.

Proposition 1.3.24. Let V be a further Banach space and let E C X be a Borel subset
of X. Then the following hold true:

i) For any f € L'(u;B) we have

|[ran < [sa

In particular, this implies that integration is a linear and continuous operation on
LY(;B).
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it) The space of continuous and bounded maps Cp(X,B) is densely contained within
LY (u;B).

i117) Any linear and continuous map ¢:B — V commutes with integration in the sense
that Lo f € LY(u; V) for every f € L'(u;B) and

E(/Efdu):/Eﬁofdu.

We will now discuss the relation of L'(u; L!(v)) and L'(u ® v) for two metric measure
spaces (X,dx,u) and (Y, dy,v) with u and v both finite, anticipated in Example 1.3.23.
For this, we need to distinguish a function g: X — R from its equivalence class in L'(u)
and we will henceforth denote the latter by [g],.

In fact, if L'(v) were to consist simply of individual functions, for a given u-integrable
map f: X — LY(v), z — f., we could set

fla,y) = fuly) (1.3.3)

right away to get a measurable function f: X x Y — R with

Jo Wldwe ) = [ 1l duta) < oo (13.4)
XxY

by Fubini’s theorem, i.e. an element of L'(u ® v). Notice that this also establishes the
equality || fllz1 (o)) = 1l (uew)-

Having to work with equivalence classes, however, simply evaluating at a given y € Y
is not possible any more and the construction becomes a bit less tangible. Nonetheless,
the main idea is still the same: Given a p-integrable map f: X — L'(v),  + [fu],, we
choose a Borel function f: X x Y — R that serves as a representative of f in the sense
that

[f(xa )]1/ = [f:]c]l/ (1.3.5)

for p-a.e. © € X (compare this to (1.3.3)). We then follow computation (1.3.4) to convince
ourselves that also in this case f € L'(yu ® v). Finally, taking its equivalence class, we
have found a way of identifying an element of L!(u; L'(v)) with one belonging to the
space L'(n®@v).

That the choice of such a function f is indeed possible and, further, that it is unique up to
a.e.-equivalence with respect to the product measure p ® v, is the content of Proposition
1.3.19 in [13].

10
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Theorem 1.3.25. The map ® : L' (u; L' (v)) — L' (u ® v) defined by

FCOlw = [flusw,

with f as in (1.3.5), is an isometric isomorphism of Banach spaces. Moreover,

(/i@ du@) @ = [ Fe.w) duta)

forv-a.e.yeyY.
See Propositions 1.3.20 and 1.3.21 in [13] for a proof.

We end this section with a result similar to Theorem 1.3.4. For its formulation, we again
denote by A! the one-dimensional Lebesgue measure restricted to the interval [0, 1] and
revert to a less cluttered notation, in which we leave out the brackets whenever referring
to elements of some L'-space.

Proposition 1.3.26. Let f:[0,1] — L'(v) and suppose that for some given g €
LY'(\5 L (v)),

Ife(y) — fs(y)] < /:gr(y) dr

forv-a.e. y €Y and every s,t € [0,1] with s < t. Then f is absolutely continuous and
the strong L' (v)-limit
s Jeen — Ji c Ll
A= i I e iy
exists for \'-a.e. t € [0,1]. This derivative further satisfies

f1(y) < ge(y)
for M ®@v)-a.e. pair (t,y) € [0,1] x Y.

For a proof, we refer to [13] Proposition 1.3.23.
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To introduce a notion of differentiability on a general metric measure space (X,d, m), we
exploit the possibility of using variational techniques in the presence of a regular Borel
measure. More precisely, motivated by the idea of defining the metric speed of a curve
7:10,1] — X as the minimal choice of a non-negative function h € L'(0,1) such that

t
d(ve,7vs) < / h(r)dr for all s,t € [0,1],s < t,

roughly speaking, we will define the minimal weak upper gradient of a function f: X — R
as the minimal L?-integrable function G' > 0 satisfying

/If% f(v0)| drm(y //G% |e| dr(y) di

for a family of probability measures 7 € II which exclude a class of exceptional curves.

On R”, we can motivate this definition very explicitly. To do so, consider a function
f € CY(R") and denote by df:R" — (R™)* its (classical) differential and by Vf its
gradient. Then we immediately see that any continuous function G: R"™ — [0, co) satisfying

G(z) > ||df (z)| = sup |df(x)v| for all z € R"

|vll<

must also fulfill

1
7n) = FG0)l < [ Gl dt (20.)

for every v € C1([0,1],R™). In fact, we can simply invoke the fundamental theorem of
calculus to compute

) = ) = | [ S| = | [ st
< [ 1aseliil

1
< [ conil ar

The crucial observation here is that with the given regularity assumption on G, we can
also revert the argument. Indeed, suppose indirectly that G(xg) < ||df(xo)|| = [|Vf(z0)]|

12
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for some xy € R™. Then, by continuity, the same holds within a ball B¢(z¢) around z( of
radius € > 0. Now, choose v in C'([0, 1], R") with image entirely inside this ball, starting
at 70 = xo and moving forward with velocity 4; proportional to V f(~;). This choice
is possible due to Peano’s local existence theorem for ordinary differential equations
with continuous right-hand side (up to reparametrizing the curve as to be defined on
the interval [0, 1]; which is the reason for merely requiring proportionality rather than
equality). Along this particular curve v, we now have

) = S0l = | [ (9500, ad = [ 19 a0l

1
> [t .

completing the argument.

Our aim is therefore, as already hinted at, to characterize the norm of the differential
|Idf|| as a minimal element of a suitable class of functions satisfying an inequality of
the form (2.0.1), derived from the fundamental theorem of calculus. In our approach,
we will merely impose that this relation be satisfied in a certain weak sense, allowing
a weak upper gradient to violate (2.0.1) on a negligible set of curves, see Chapter 1.1.
More precisely, we ask for the inequality to hold when integrated against a family of
Radon measures on C([0, 1], X') which we will now define. We again closely follow the
presentation in [13].

2.1 Test plans

Definition 2.1.1. Let (X, d, m) be a metric measure space and let 7 be a Borel probability
measure on (C([0, 1], X),d). We call = a test plan on X provided

i) there exists a constant C' > 0 such that (e;).m < Cm for each t € [0, 1], (2.1.1)

i) it holds that /E(V) dn(v) < oo. (2.1.2)

Further, we denote by Comp(7) the infimum among all constants in item (7) and call it
the compression constant of .

Remark 2.1.2. The first condition in this definition describes a compression estimate for
7 in the following sense:

Consider the set of all curves v taking values in a Borel subset A C X at a specified time
t € [0,1]. Then 7 measures the size of this set to be no more than a multiple Cm(A) of
the measure of A itself. Crucially, this bound has to hold uniformly in both ¢ and A.
Roughly, this means that the test plan does not concentrate too much at any given time,
see Example 2.1.3. As a direct consequence of this estimate, the plan does not select
any curves taking values in an m-null set and it transfers properties that hold true in an

13
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almost everywhere sense on X to the space C([0, 1], X), see e.g. Proposition 2.1.5.

The second item restricts the space of curves on which 7 is concentrated to the set
AC([0,1], X) of absolutely continuous curves in X. By the very definition of the kinetic
energy functional E, cf. Definition 1.3.5, we therefore also get the equality

/E )dm(y / /|%|2d7r

upon using Fubini-Tonelli’s theorem (the left-hand side is finite and all involved quantities
are non-negative). Hence, condition (77) describes a bound on the speed of the curves
selected by the plan for, in general, we only have L!-integrability of the metric speed.

Ezample 2.1.3. Let (X,d, m) be a metric measure space with m atomless and suppose at
some time ¢ € [0, 1] the push-forward measure (e;).m were to be concentrated at some
xg € X, ie.

(€)= 0.

Then 7 is not a test plan on X. Indeed, for any ¢ > 0, we have

(€1)«m(Be(20)) = 0zg(Be(20)) = 1

while

lim m( B, ﬂ Be(x0)) = m({zo}) =0
N0 e>0

by continuity from above and the fact that m possesses no atoms, see Remark 1.3.15.
This clearly makes it impossible to find a constant C' > 0 such that

(e¢)sm(Be(zg)) < Cm(B(zg)) forall e > 0.

Definition 2.1.4. Let s,t € [0,1] and let I' C C([0, 1], X') be Borel. We define restriction
operators on the space of curves C([0, 1], X') and on its space of Borel probability measures
P(C([0,1], X)) as follows:

i) For any v € C([0,1], X), we define a continuous curve Res;(v) € C([0, 1], X) as

ReSf(")/)T = V(A —r)ttrs
for each point in time r € [0, 1].

it) For any p € P(C([0,1],X)) such that u(I') > 0 we define a probability measure

Resr(u) by setting
1
Resr(p) := ——= |-
F( ) ,u(F) ’1"

14
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Proposition 2.1.5. Denote by II the set of all test plans on X. Then
i) 11 is stable under localization in time: (Res}).m € II for any m € IL.

it) 11 is stable under localization in space: Resp(mw) € 11 for any m € 11 satisfying
7(I') > 0.

i1i) Any 7 € I preserves pointwise convergence: Suppose a sequence of Borel functions
(fr)n>1 on X converges pointwise a.e. to f: X — R. Then (fn(7:))n>1 converges
to f(y) for m-a.e. v € C([0,1], X) and each t € [0,1].

Proof.

i) We need to check that (Res]).m is a probability measure on C([0,1], X) and that
is satisfies both the compression estimate and the energy bound. Clearly, (Res;).m €
P(C([0,1], X)) for any 7 € II. Also,

(er)«(Resi)sm = (er o Resy)um = (e,())sm < Comp(7) m

for an arbitrary r € [0,1], where p(r) := (1 — r)t + rs. To verify the energy bound,
notice first that Res;(AC(]0,1],X)) € AC([0,1], X) since for any curve o of the form
Resj(y) = v o p we have

p(

) !
dlors00 = Ay o) < [ hdu= [Ch(p))(s — 0o

p(r

for all r,1 € [0, 1], where h € L'(0, 1) is as in definition 1.3.2. This allows us to compute
the metric speed of any such curve as

1671 = 10" (M1Fpr) | = Is = tApm) |- (2.1.3)

Hence, denoting by ms: C([0, 1], X) — L!(0, 1) the map associating to each ~y the function
t — || and using the integral transformation formula (1.3.2) we conclude

JrnPa(®es)cmyn) = [ ms()(r) d((Res).m) ()
"2 [ (ms? o Rest) () (r) d(7)
25—t [l 2 dn ().

Since further

1 1 s
. 2 12
- dei/ -2 dr,
| Bl ar = = ["h

15



2 Sobolev spaces

we finally have

/ 1 [P d(Resp).m) ) dr = s = | [ ant)ar
1
<ls—tl [ [hnant)ar < .

1) We again check the two requirements for a test plan separately. The compression
estimate for Resp(w) with 7 € II such that 7(I") > 0 is immediate because of the trivial

bound
1

(')

(et)*7r.

(e (Rese(7)) = —ser)u ) <

Further,

[ EO) dResr(m)() = —5 [ B dn(y) < o
Hence, Resp(m) € P(C([0,1], X)) is a test plan.

iii) We want to convince ourselves that the set of all curves at which (f,, oe;),>1 converges
has full 7-measure for any ¢ € [0, 1] and any = € II. Considering instead the measure of
its complement, this is a direct consequence of the compression estimate for the test plan
7 as the following calculation shows:

T({y [ fa(re) 7 F(0)}) = 7((e) ™ Ha | fal2) # f(2)})
= (er)sm({z | fulz) A f(2)})
< Comp(m) m({z | fu(z) # f(2)}) = 0. =

To be able to define an L?(m)-based Sobolev space on X using the notion of test plans,
we prepare the following easy but far-reaching technical result. It is going to ensure
existence and uniqueness of a suitable generalization of the norm of the differential.

Lemma 2.1.6. Let w be a test plan on X. Then the map

Pmsce | [ Gt ant)

is linear and continuous. In particular, for any such G, the map (t,7) — G(v)|7t| belongs
to the space L'(m @ A!).

Remark 2.1.7. By abuse of notation, we will always denote by A! the Lebesgue measure
on whichever bounded or unbounded interval we are currently considering.

Proof. Linearity is immediate, and we can therefore deduce continuity from boundedness
of the map. For this, notice that the two requirements for a test plan together with
the integrability assumption on G are exactly what is needed to establish a bound via
Holder’s inequality. Indeed, first using the integral transformation formula (1.3.2) to
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derive the bound
1
/ /GQoethrdt:/ /G2 (e¢)sm) dt < Comp(7 / /GQdmdt
0
= Comp(7) |G| Z2(m)

we see that

(/G(vt>|v't|d<w®xl><w>)2 < (/Olja%etdwdt) (/Ol/wtﬁdw(w)dt)

< Comp(n) |G} [BO)dn() <o O

Remark 2.1.8. Notice how this shows that
1
®: I2(m) = R, G I—>/ /G(%)mdw(y) dt
0

is even weakly continuous as we have proven that ® € L?(m)*, allowing us to conclude

®(G,) — ®(G) whenever G, —G.

2.2 The Sobolev class S*(X)

2.2.1 Weak upper gradients

Definition 2.2.1. Let f: X — R be a Borel function. We say that f belongs to the
Sobolev class S?(X) if there exists a function G € L?(m), G > 0 such that

/If (1) = f(yo)ldm(y / /G (ve) [e| A () dt (2.2.1)

for every test plan m on X. We call any such G a weak upper gradient of f.

Remark 2.2.2. For a given test plan m on X,
foer—foey€ L' (r) for any f € S*(X)

as a direct consequence of Lemma 2.1.6. We keep this in mind for an equivalent but more
convenient description of the class S?(X), namely Theorem 2.2.12, which we will prepare
for over the next few pages.

As a first showcase of the utility of the localization properties inherent to the family of
test plans, we can immediately recover from this weak formulation an almost everywhere
statement along curves.

17
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Proposition 2.2.3. Let f € S?(X) and let G be a weak upper gradient for f. Then for
any test plan m on X and w-almost every v, we have

S
£ = FO0l < [ GGl ar (222)
for all s,t € [0,1] with s > t.
Proof. We argue by contradiction and hence suppose the existence of a test plan «
together with two points s > ¢ in time and a Borel set I' C C([0, 1], X) with 7(I") > 0

on which inequality (2.2.2) fails to hold. Integrating this reversed inequality over I' and
averaging leaves us with

/ () = F()] dr(y / | ctolilarman @223

The idea now is to restrict 7, invoking Proposition 2.1.5, and use the defining relation
(2.2.1) for the restricted test plan (Res;).Resr(7), denoted in the following by #. That
is, we want to compare (2.2.3) to

/!f o1) — f(oo)|d#t(o / /G o,)|6,| d7 (o) dr (2.2.4)

where we have denoted by o curves in the image of Res;: C([0, 1], X) — C([0,1], X).

To prepare, we first transform the two pieces of inequality (2.2.4) separately using the
integral transformation formula (1.3.2). For the first piece, this gives

[1#00) = F00)] d(o) = [17 21 = £ o cold((Res).Resi(m)
= /|foel — foeg|oRes; d(Resp(m))
= [1769) = SOl dRese () (),

so that

J 150 = rena(@) = s [ 1160 = Fo0l dr(e). (225)

For the second piece, we begin by recalhng from the proof of Proposition 2.1.5 that
ms(Res{ (7),7) = (5 — t)[§,(r)|, where ms(v,7) is the metric speed of the curve v at time
r and p(r) = (1 — r)t + rs. With this at hand, we similarly compute

/01 /G(ar)low d# (o) dr = /01 /(G oer) - ms(-,r) d((Res;),Resp(m)) dr
- /01 /((G oey)-ms(-,r))oRes; d(Resp(m))dr

18
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1

= [ [ Gl mslesi(2).7) d(Resr(m) () dr
1

- /D / G (Vo)) (5 = ) Fpry| d(Resp(m)) () dr.

Using Fubini (all quantities are non-negative), we can absorb the factor (s — t) into the
second differential by substituting u = p(r) so that du = (s —¢) dr. Concretely,

1 s
| [ GG ts = 0yl dResc(m) () dr = [ [ Gl dlResr (m) () du.

Putting this together, we have established

/ | Glonllailo / | GGl an( du (2.2.6)

for the second piece.

Summing up, these computations contradict (2.2.3) due to the stability of the family of
test plans under restrictions, as previously claimed. Indeed, rewriting both sides in (2.2.4)
according to our calculations (2.2.5) and (2.2.6) yields exactly the reversed inequality:

/vas— (u)ldr(y) = [15(en) = Fo)|d (o)

ey /0 / G(o)[6v] di (o) dr
= =5 L | GOl ar)au =

2.2.2 Interlude: Lipschitz functions

In the following, a lot of computations will involve estimates for Lipschitz functions on
X. We therefore briefly collect a few important notions and results on this topic.

Definition 2.2.4. We say that a function f: X — R is Lipschitz if the quantity

o f) e sy W) = f@)]
Lip(f) : L3 i) (2.2.7)

is finite. The set of all such functions on X is denoted by Lip(X).
Further, given f € Lip(X) we define a function lip(f): X — [0, 00) by

ip() ) = Jiy L L) (2:28)

for any accumulation point € X and by lip(f)(z) = 0 otherwise. Its value at a given
point & € X is called the local Lipschitz constant for f at z.
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Lemma 2.2.5. Let f € Lip(X) and v € AC([0,1], X). Then the composite function
f o is again absolutely continuous with

|(f o )il < Up(f) (7o)l ¢l (2.2.9)

for a.e. t €[0,1].

Proof. To establish absolute continuity of f o+, take s,t € [0,1] with s < t and assume
for the moment that v; # 7. Then,

50 = FG)]

|f(fYt) - f(’Ys)‘ = d(%,%)

t
(7)< Lin(f) [ il dr

S
with Theorem 1.3.4 guaranteeing the required integrability. By non-negativity of the
right hand side, the inequality trivially holds in the remaining case v = 75, so that
fovy e AC([0,1], X).

To prove (2.2.9), we use essentially the same trick and thus again distinguish cases: If v
is not constant in any neighborhood of ¢ € [0,1] (where both (f o)} and || exist), we
similarly estimate

Lf (vern) — f ()]

/: 1
(f o) hli%

A
< Tm Lf (Vesn) — ()] lim d(Ye4n, V)
h—0 d("}/t+h7 ")/t) h—0 |h’

< lip(f)(ve) el

Exactly as before, the inequality trivially remains true in the complementary case where
7 is constant on some neighborhood of ¢ since this enforces (f o ~)} = 0, whereas the
right hand side is again non-negative. O

Proposition 2.2.6. Let f € Lip(X) have bounded support. Then f belongs to the class
S?(X).

Proof. We want to prove that, in this case, the function lip(f) qualifies as a weak upper
gradient for f. Therefore, we start by checking L?(m)-integrability.

For this, we first observe that lip(f) vanishes outside the support of f. Indeed, choosing
any z € X \ supp(f), we can find a whole neighborhood U of x with the property that

fly)=0 forallyeU.

Thus,

lip(f)(z) = inf sup ———————— < _—
Ueld(z) yeU\{z} d(y, ) yelU\{z} d(y, )
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with U(z) denoting the neighborhood filter for z.

Now, recall that m is boundedly finite and note that lip(f) < Lip(f) < oo. Hence, the
estimate

1ip(f) [ 72(my < (Lip(f))? m(supp(f))
implies lip(f) € L?(m).

Next, invoking Lemma 2.2.5, we see that foy € AC([0, 1], X) for any absolutely continuous
curve v in X. Moreover, by (2.2.9) we have

1
F(m) = F0)l < / lip(f) (y) e dit,

so that integrating with respect to any test plan 7 on X yields (2.2.1) on the subspace
AC(]0,1], X). This finishes the proof by Remark 2.1.2, which implies that it is indeed
sufficient to check condition (2.2.1) merely for absolutely continuous curves. O

To be able to use local results in a global setting, we would like to resort to a cut-off
argument while, of course, remaining within the class Lip(X).

Definition 2.2.7. For zp € X and r > 0, we define a Lipschitz cut-off function
Nao,r € Lip(X) as
Nag,r := (1 —d(+, Br(x0))) ", (2.2.10)

where (-)T := max(-,0).

Remark 2.2.8. The Lipschitz functions 7, cut off around z¢ in the following sense:

Nao.r = 1 o0 By(xo) with supp(ng,.r) € Brii1(xo) and lip(nz,,) <1 (2.2.11)

Indeed, the first claim follows immediately from the definition of d(-, B,(x)). For
the second assertion, choose (yn)n>1 With 74, (yn) > 0 converging to some given y €
supp(nz,.r)- Noticing that

Neor(Yn) > 0 if and only if  d(yy, B,(20)) < 1,

we conclude
d(zo, yn) < d(z0,2) + d(z,yn) < r +1,

having chosen an arbitrary x € B,(z¢). Now, simply taking limits yields the claim.

Finally, the local Lipschitz-bound again follows easily using the triangle inequality since

d(y, Br(x0)) — d(z, Br(x0)) < d(y, x) (2.2.12)
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for any x,y € X implies 1, , € Lip(X) and

lip(a0 o) () = T O (AW Br(@0))” = (1 — d(z, B, (20)))*

Yy—T d(y,ﬂ?)
_ +
< Tm (d(y, Br(wo)) — d(x, Br(20)))
y—a d(y, x)
(2.2.12)
a0 dly.a)
y=e d(y, z)
- 1.

To shorten notation for what is to come, we introduce two symbols V and A to mean

fVg:=max(f,g) and fAg:=min(f,g)

for any two real-valued functions f and g. For example, given a constant m € R, the
function (f V (—m)) A m confines the image of f to the interval [—m, m|, extending it at
constant height wherever its values would exceed these bounds.

Remark 2.2.9. Using fVg = %(f +9g+|f—gl|) for general f and g with a similar formula
for f A g, we can conclude that once we know |u| € W1(0,1) for u € W11(0,1), we also
have

fvgewh(0,1) and fAagewWh(0,1) (2.2.13)

for f,g € W11(0,1). A proof of this can be found in Lemma 7.6 in Elliptic Partial
Differential Equations of Second Order by David Gilbarg and Neil S. Trudinger [14]. This
result also provides an explicit expression for these weak derivatives, as for example

(FVa) = 57/ +d +sian(l o) — ). (2214

Lemma 2.2.10. Let f: X — R be a Borel function and let v € AC([0,1], X) such that
foy € WHL(0,1). Then the restricted functions f™ o~y also belong to W1(0,1), where

J™ = Mg ((FV (=m)) Am) (2.2.15)

with xg € X and integers m,n > 1. Further,

(£ 0 Vil < Ml L\ o) (30) +1(F 04| mec. (2.2.16)

Proof. We start off by proving f™ o~y € W11(0,1). Conveniently, Proposition 1.3.8,
stating that WW11(0,1) is an algebra, allows us to investigate the two factors of the
product in (2.2.15) separately. This can be done easily:

To ensure 1z, , 07 € W11(0,1), we can use Lemma 2.2.5, stating that the composition
of a function 7, , € Lip(X) and a curve v € AC([0, 1], X) is absolutely continuous and
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then recall that AC([0,1],R) C Wh1(0,1), as explained in Remark 1.3.3. For the second
factor, it is enough to notice that W1(0, 1) is stable under both V and A by (2.2.13).

For the estimate (2.2.16), we resort to the Leibniz rule for weak derivatives, c.f. Proposition
1.3.8. Estimating the derivative of the first factor 74, o v and recalling the conclusion
of Lemma 2.2.5, we have

|(Nzo.n © V)t < 1D (Nao.n) ()17 < 1x\ By (w0) (7)1 el

using (2.2.9) for the first and (2.2.11) for the second bound, noticing additionally that
lip(7zy,n) = 0 on By (zo). Since clearly |((f o)V (—m)) A m| < m, in total, we have a
bound on the first summand in the Leibniz rule of the form

m |1 x\ B, (o) (V)

For the second summand, we observe that |1, ,| < 1 and that the magnitude of the
derivative of the second factor in (2.2.15) is bounded above by |(fo~);| almost everywhere.
In fact, by (2.2.14) we have (f V (—m))’ = L(f' +sign(f 4+ m) f’) < f’ with a similar
calculation for the outer term. Taken together, this establishes the claimed estimate. [

2.2.3 Alternative characterizations

To connect the newly introduced concept of weak upper gradients to more familiar notions
of LP-derivatives and classical Sobolev spaces, we now prove equivalent characterizations
of S%(X). To do so, however, we need one more technical lemma.

Lemma 2.2.11. Given any test plan m on X and any p € [1,00), the map
[0,1] 2t foes € LP(m)
is continuous, provided f € LP(m).

Proof. We start with the easy case in which f € Cp(X) N LP(m). Here, the claim follows
easily from dominated convergence. In fact, continuity ensures

lf(vs) = f(u)lP =0 as s >t

for any v € C([0, 1], X), while the boundedness assumption guarantees

FO) = S0P < 20 £15, , € L ().

Hence, invoking dominated convergence,

1;3% [foes—foetlra =0. (2.2.17)

The general case now follows from density of Cp(X) N LP(m) within LP(m), cf. for example
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item (i) in Proposition 1.3.24. Indeed, by the integral transformation formula (1.3.2)

£ 0 el = [117 0 erdn "2 [1f1Pd((er)om) < Comp(m)f 1y (2:2:18)

allowing us to conclude with the usual argumentation: Having fixed some ¢ € [0, 1], we
choose a sequence (gx)r>1 € Cp(X) N LP(m) converging in LP to a given f € LP(m). Then,
by the triangle inequality,
[foes—foelira < Ifoes—groes|lioem) + 1lgr 0 es — gk © etllLo(m)
+ llgk o et — foet| Lo,

where the outer terms are seen to vanish (independently of s and ¢) as k — oo using the
common bound

Comp ()" || f — gkll £ (m)
guaranteed by (2.2.18), while the remaining inner piece vanishes as s — ¢ due to
(2.2.17). O
Theorem 2.2.12. Let f: X — R be a Borel function and let G € L*(m) with G > 0.
Then the following are equivalent:

i) The function f belongs to the Sobolev class S*(X) and G is a weak upper gradient
for f.

ii) For any test plan ™ on X, the map t — foe — foey € L*(m) is absolutely
continuous and possesses an L'(m)-derivative for a.e. t € [0,1]. Moreover, this
derivative, denoted by Der,(f), satisfies

[Derx(£)el(v) < G(ve)|el
for m ® M-a.e. pair (v,t).

i17) For any test plan m on X and m-almost every -y, the composite function f o~y belongs
to the Sobolev space W11(0,1). In addition, its derivative satisfies

|(f o)l < G(ve) il

for a.e. t €0,1].

Moreover, we have the equality Dery(f)i(7) = (f o)} for # @ A -a.e. pair (v,t) if any of
the above hold.
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Proof.
For absolute continuity of the map ¢t — f oe; — f o ey, we check the requirements of
Proposition 1.3.26. That is, we argue that there is some g € L*(\'; L!(n)) such that

F(7s) — F()] < / Cge(y)dr

for m-a.e. v and any pair (s,t) € [0,1]?> with s > ¢t. This, however, has already been
accomplished in Proposition 2.2.2, recalling further that L'(\}; L!(7)) & LY(A\! @ 7) by
Theorem 1.3.25 with (7,) — G(v)|5:] € L' (7 ® A!), as proven in Lemma 2.1.6. Thus,
invoking the Theorem of Fubini-Tonelli establishes the claim.

Moreover, Proposition 1.3.26 additionally asserts that under these assumptions, the
strong L!(7)-limit of

foewn—foe

h

exists for a.e. t € [0,1] as h — 0 and that |Derz(f):(v) < G(y)|7| for a.e. pair (v,t),
having denoted this limit by Der,(f).
Having fixed a test plan m on X, we need to show that f oy possesses a weak derivative
on the interval [0, 1] for m-a.e. curve v. Moreover, we also want both f o~ and (f o~)’ to
be Ll-integrable there.

By assumption, t — foe; — foeq is absolutely continuous with values in the Banach space
L(7) for a.e. t € [0,1], hence an element of L'(A'; L'(7)) by item (4i) in Proposition
1.3.24. Written out explicitly, this means that for a.e. t € [0, 1],

(v fln) = f(h)) € L' (m).

Using the theorem of Fubini-Tonelli to conclude L'(\'; L'(7)) =& L (7; LY (A1), we see
that, equivalently, for m-a.e. v, we have

(te f(v) — f(0)) € L*(AY),

hence, f oy is integrable for m-a.e. 7.

To prove the remaining assertions, we prepare the following identity: For m-a.e. curve ~y
and alomst every s,t € [0, 1] with s > ¢, we have

£) = £00) = [ Der(£)s(2) dr. (2.2.19)
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Indeed, using Fubini’s theorem and dominated convergence, we get

lim / Derr(f)r — foern=foer dr
h—0 t h L (7)
= [ lim (| Dery(f), — foern=foe dr =0,
t h—0 h L1 (7)

by definition of Der,(f), so that, up to choosing a subsequence, we have the pointwise

equality
/ Dery(f),(v)dr = hm/ i %Jrh ) dr
h—0

for m-a.e. y. Thus, by the fundamental theorem of calculus and continuity of the map

r— foep,
/Delr7T ( dr-hm( /f%+h dT—*/f’Yr dr)

. 1 s+h t+h
—}lg%<h/s flw)d h/ flw)d )
= f(vs) — f(n)

for almost every s,t with s > ¢ and 7-a.e. 7.

Now, we are in the position to apply Lemma 1.3.6, which together with the just established
equality (2.2.19), allows us to conclude f oy € W11(0,1). Further,

[ (Fomrdr =10 = 100) = [ Dera() () dr

for almost every s,t where s > t so that, (f o), = Der,(f):(7y) for a.e. t € [0,1]. This
finally implies |(f o 7);| = [Derx(f)|(v) < G(y4) || for a.e. t € [0, 1].

The final implication is a bit subtle. What we would like to do is to conclude that

1 1
£ = faol < [ et < [ Gaoldr (2220)

ensured by the fundamental theorem of calculus, implies our claim when integrated over
C([0,1], X) with respect to a given test plan 7. However, this argumentation fails as
f oy satisfies the fundamental theorem only in almost every point, cf. Lemma 1.3.6. In
particular, we cannot simply evaluate at the endpoints. To remedy the situation, we
approximate f by the functions f™" we constructed in Lemma 2.2.10 with the advantage
that these belong to L!(m), meaning that the map

0,1] 2t f™oe; € Li(n)

is continuous by Lemma 2.2.11. Therefore, inequality (2.2.20) indeed holds when applied
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to f™" instead of f.

From there on, we are left merely with an approximation argument. Since the f™"
clearly convergence pointwise almost everywhere to f, Fatou’s lemma and dominated
convergence, together with the bound (2.2.16) yield

J1700 = fGo)ldr() < m G [1£700) = £ 0) ()

m—r00 N—00

(2.2.20)
< lim lim // |(f™™ o v);| dt dm(7y)

m—00 N—00
(2.2.16)

lim Tim [ [ml5|Lx\ 5, (m0) (00) + [(F 0 9)]] dr()

m—r00 N—00

— i [|(f e )ildm(y)

[ [ ctor asare,

where we have used the fundamental theorem for f™" in the second line, as explained
above. O

IN

Proposition 2.2.13. The class S%(X) is stable under the operation A. That is, the
pointwise minimum G1 A Ga of two weak upper gradients G1 and Gy of f € S*(X) is
again a weak upper gradient of f.

Proof. This is an easy consequence of the equivalence of items (7) and (é¢) in the previous
theorem. Indeed, since L2?-integrability and non-negativity are clearly preserved, it
remains to show that

[Derr ()il (v) < (Gr A Ga) () el

for m-a.e. curve v and almost every ¢ € [0,1]. This, however, holds trivially because the
left-hand side is a common lower bound for G1(v;)|v:| and Ga(v¢)|7e|- O
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2.3 The Sobolev space W!?(X)

2.3.1 The minimal weak upper gradient |Df|

Having introduced the Sobolev class S?(X) and having explored some of its properties,
we now wish to find a way to associate to a given f € S?(X) a unique weak upper
gradient that will serve as a generalization of the norm of df in Euclidean space, as
outlined in the introduction. For what is to come, keep in mind how our motivating
example also convinced us that such an element might be found through minimization
within a suitable class of functions.

Proposition 2.3.1. The set of all weak upper gradients of a given f € S?(X) is closed
and convex in L?(m) and hence contains a unique element of minimal norm.

Proof. Fix any test plan m on X. Invoking Lemma 2.1.6, we directly prove both convexity
and closedness. To this end, let G1 and G5 be two weak upper gradients for f and let A €
[0,1]. Denoting by ® the linear and continuous map L*(m) > H v fol J H(ve) e dm () dt
with H > 0 as in Lemma 2.1.6, the straightforward calculation

(I)()\Gl + (1 — )\)GQ) = )\‘I)(Gl) + (1 — )\)(I)(GQ)
> (3+ (1= ) [IfGn) = S0l dn(y)
= [176n) = £0)|dn(3)

establishes convexity. Next, suppose a sequence of weak upper gradients (Gy,),>1 con-
verges strongly to some G' € L?(m). Then,

n—o0

3(G) = lim ®(Gn) = [17(n) — 20l dn(7)

ensuring closedness. Finally, as a non-empty, closed and convex subset of a Hilbert space,
the set of weak upper gradients contains a unique minimal element. ]

Definition 2.3.2. For a given f € S?(X), we call the weak upper gradient of minimal
L?(m)-norm found in Proposition 2.3.1 the minimal weak upper gradient of f and denote
it by |Df].

Using our theorem on alternative characterizations of S?(X), we see that |Df| is not
only minimal in the L?-sense but, in fact, even pointwise m-a.e.

Proposition 2.3.3. Any weak upper gradient G of some given f € S*(X) satisfies
IDf| <G m-ae.

Proof. By way of contradiction, suppose we could find some weak upper gradient G €
L?(m) such that m({G < |Df|}) > 0. Invoking Proposition 2.2.13, we see that G A |Df|

28



2 Sobolev spaces

is again a weak upper gradient. However,

|GAIDA By = [ IGAIDSIPdm+ [ |GAIDS| P dm
G<|Df] |DfI<G

:/ mﬂm+/ IDf|? dm
a<|py Dfl<G

<[ pgPam+ [ DfPdm=1Df]
G<|Df| IDfI<G
contradicting L?-minimality of |Df]. O

Next, we would like to find a suitable type of convergence for sequences of functions
(fn)n>1 in S?(X). That is, we want to find appropriate notions for which f, — f with
weak upper gradients G, — G ensures f € S%(X) with G as a weak upper gradient for
f. The most general result for our purposes is given by the following proposition.

Proposition 2.3.4. Suppose (fn)n>1 C S?(X) converges pointwise a.e. to some Borel
function f: X — R with corresponding weak upper gradients (Gy)n>1 converging weakly
to some G in L?(m). Then the limiting function f also belongs to the Sobolev class S?(X)
and G constitutes a weak upper gradient for f.

Proof. Denoting again by ® : L?(m) — R the map H + fol J H(v¢)|ye| dm(y) dt, we want
to prove

[1160) = f0)ldr(n) < 2(G).

We begin by recalling from item (izi) in Proposition 2.1.5 that f,, o e; — foe ma.e.
n oo
for any ¢ € [0,1]. Thus, by Fatou’s lemma and the definition of the G,,,

[1700) = 700 dn() < tim - [1£a() = falr0)] dr(2)

n—oo

n—oo

Finally, by Remark 2.1.8 and weak convergence of (G,),>1, we conclude

lim ®(G,) = ®(G),

n—oo

finishing the proof. O

Definition 2.3.5 (Sobolev space). We define the Sobolev space W12(X) associated
to X as the space of f € S?(X) additionally satisfying the integrability assumption
f € L*(m), in short W12(X) := S%(X) N L%*(m). Further, we define a norm || . lw2(x)
on this space as

sz == T By + 1107 B
for any f € WH2(X).
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Lemma 2.3.6. The class S?>(X) carries the structure of an R-vector space. More
specifically, we have

IDOA)| = |A|Df] meace. (2.3.1)
|D(f +9)| < [Df|+|Dg| wm-a.e. (2.3.2)

for all f,g € S?(X) and X € R.

Proof. We start with claim (2.3.2) and show that |Df| 4 |Dg| constitutes a weak upper
gradient for the sum f + ¢. This will then ensure

|ID(f +g)| < |Df| + |Dg| m-a.e.

by Proposition 2.3.3. Although we could easily prove the assertion starting with our
original definition (2.2.1), we instead check item (7i7) in Theorem 2.2.12 for reasons of
visual clarity. We therefore fix a test plan 7 on X and estimate

(foy)il+1(go)l

[((f +9) ol <]
< (IDf]+[Dgl) (o) el

for m-a.e. curve v and a.e. t € [0, 1] using the triangle inequality. This already establishes
our claim, again by Theorem 2.2.12.

We proceed analogously for the claimed relation (2.3.1). Since in this case we even have
the equality

[((AS) o)l = AT o )il;

we can separately bound the right-hand side by |A[|D f]| to establish [D(Af)| < |A||Df] m-
a.e. and then the left-hand side to get |[D(Af)| > |A||Df| m-a.e., having used Proposition
2.3.3 in both cases. O

Theorem 2.3.7. The space (W'2(X), . |lw12(x)) is a Banach space.

Proof. First, we prove that (W12(X), || . lw1.2(x)) is a normed space and start by noticing
that the previous lemma guarantees that W12(X) = S?(X) N L?(m) is in fact a vector
space. Further, the relations (2.3.1) and (2.3.2), also proven in the previous lemma,
ensure that f + || [Df| | 12(m) is a seminorm. Since || f|[yy1,2(x) = 0 in particular implies
[ £l z2(m) = 0, we see that || . [[y1.2(x) is indeed a norm on the linear space Wh2(X).

It remains to establish completeness. To this end, let (f,,)n>1 be any Cauchy sequence in
W12(X). Then both (f,)n>1 and (] Df,|)n>1 are Cauchy in L?(m). Hence, in particular,
they are bounded. Moreover, we can find an f € L?(m) such that f,, — f strongly as
n — 00, so that along some subsequence (fp, )r>1 we have

frn T f pointwise m-a.e.
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Invoking the theorem of Banach-Alaoglu, we conclude

Dbl 5557 ¢

for some G € L?(m). In fact, up to the choice of a further subsequence, w.l.o.g. again
(|D fn,.|)k>1, the above-mentioned boundedness in the Hilbert space L?(m) ensures this
by a well-known consequence of the theorem of Banach-Alaoglu, see e.g. Theorem 3.18 in
[8]. Thus, f € W2(X) with G as a weak upper gradient, by Proposition 2.3.4.

We are left with proving
wh2(X)

fn [

k—o0

This is achieved once we know f,, — f in Wh2(X) as k — oo since (f,,)n>1 is a Cauchy
sequence in this space. The L?-convergence is already established and we therefore check
whether ,

L2 (m)

Dfuel 25 D)
—00
Considering instead the shifted sequence (fn, — fn,. )m>1, We can find some H € L?(m)
with
|D(fnk - fnm)| — H,

m—0o0

following the same reasoning as above. By L:-minimality of |D(f,, — f)| and weak lower
semicontinuity of the L?(m)-norm, we now have

1D = Dl ey < L2y < 1 11D, = Fo)| 2o

So,
k}g&” |D(fnk - f)‘ HLQ(m) < klggomhjmoo” ’D(fnk - fnm)| HL2(m) =0,
again by the fact that (f,)n>1 is W12(X)-Cauchy. This finally yields the claim. O

We now carve out a general property of minimal weak upper gradients that we have
already used in the previous proof, namely the lower semicontinuity of the assignment

F = HDFH 2 m)-

Proposition 2.3.8. Let f: X — R be a Borel function that is obtained as a pointwise
m-a.e. limit of (fn)n>1 C S*(X). Then,

1D 2y < i 1Dl 2oy (233)

with || [IDf| || 12(m) := 00 if f does not belong to S*(X).

In particular, whenever g € L?(m) is the L*-limit of some (gn)n>1 € W2(X), we have

11Dgl | 22(my < Lim || [Dgn| || 12(m)
n—oo
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Proof. Up to technical details, we essentially repeat what we have already done in the
proof of the previous theorem. Indeed, replacing the sequence by a subsequence if needed,
we assume that (|Df,|),>1 in fact converges in L?(m), as there is nothing to prove in
the case in which the limit inferior is infinite.

Arguing as above, this now guarantees that (|Df,|)n>1 is bounded in L?(m), so that

D fn,| —— G € L*(m)
k—o00
with Proposition 2.3.4 ensuring f € S%(X) with G as a weak upper gradient. Hence,

DI r2my < N1Gllp2m) < kILm 1D frr l 22(m) = 11%1 D fal | 2(m)
—00 n—oo

by minimality, weak lower semicontinuity of the norm and finally L?-convergence of
(ID fal)nz1-

To handle the case in which g is an L?(m)-limit of (g,)n>1 € WH2(X), we pass to a
subsequence (gp, )r>1 fulfilling

Gn, —> ¢ m-a.e.
k—o00

and
i 11D o 22y = 10 1D ful o,

where again the right-hand side is assumed finite without loss of generality. Since g is now
seen to be a pointwise limit of a sequence in S?(X), the statement follows by applying
the first part, with the final equality enabling a reversion to the initial sequence. ]

2.3.2 Calculus rules

Up until now, we do not have gained much control over weak upper gradients of algebraic
expressions involving functions in S?(X). However, having introduced the concept as a
possible generalization of the norm of the distributional derivative in Euclidean space,
we might hope to be able to state some rules of calculation for minimal weak upper
gradients, reminiscent of this classical setting.

To start off, we further develop our calculus for Lipschitz functions from section 2.2.2 as
this will provide us with the possibility of resorting to approximation arguments via the
lower semicontinuity of $*(X) 3 f ~ || [Df] || 2(m) proved in the previous proposition.
Our efforts will then culminate in Theorem 2.3.13, where we prove, among other results,
versions of the chain rule and the Leibniz rule.
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Proposition 2.3.9. Let f € S?(X) and let p: R — R be Lipschitz. Then ¢ o f € S?(X)
with
[D(po f)l < Lip(p) [Df| m-a.e.

If, in addition, ¢ is continuously differentiable, we have
ID(po f)| <|¢'|ofIDf|] m-ae. (2.3.4)
Proof. For the first claim, we simply estimate

[(po f)(71) = (wo ()]l < Lip()|f(v1) — f(r0)l,

implying that Lip(¢)|Df| is a weak upper gradient for (¢ o f), once we have integrated
with respect to any test plan 7 on X. Thus, (po f) € S?(X) with the estimate following
from Proposition 2.3.3, ensuring almost everywhere minimality of |D(y o f)].

Suppose now that ¢ € C}(R) N Lip(R) and fix a test plan 7 on X. Invoking Lemma 1.3.7,
we see that

(po(fory)ewh(0,1)

for m-a.e. curve v as Theorem 2.2.12 guarantees f oy € W11(0,1). Further, using the
estimates provided by the two results stated, we conclude

(o foml =o' I((f o) I(f o)l < (| o HIDFIT(ve)el,

so that (|¢'| o f)|Df| < Lip(p)|Df| € L?(m) is, in fact, a weak upper gradient for ¢ o f,
again by Theorem 2.2.12. Exactly as above, this implies |D(p o f)| < (|¢'| o f)|Df]
m-a.e. O

Proposition 2.3.10. Let f € S?(X) and suppose N C R is a null set with respect to \'.
Then,
|IDf| =0 m-a.e. in f~Y(N).

Proof. We first argue that it suffices to prove the statement for K C R compact. Indeed,
let N be any Borel subset of R and choose a probability measure m that is equivalent to
m, cf. Remark 1.3.13. Then, by Remark 1.3.18, the measure y = f,m is inner regular,
allowing us to find a sequence (K,),>1 of compact sets with the property that

u(N \ ngl Kn): 0.

Written out explicitly, this implies that f~'(N) and U,>; f~(K,) differ only by an
m-null set, establishing our assertion.

Before continuing, we briefly outline the main idea: Recalling lower semicontinuity
of f = [[IDf|llz2(m), we try to construct a sequence of C! Lipschitz functions ¢,
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approximating idg and possessing the property that their derivates vanish precisely on
the null set K (by now chosen to be compact). This will then imply

IDfI 1 z2(m) < nli_%o” [D(¢n o )l l2m) < nli_%oﬂ lonl o fID I L2(m)- (2.3.5)
Thus,
1D z2m) < 1 1x\p-1x) | DS z2m) < D F] L2 (m)s (2.3.6)

so that, indeed, | D f| has to vanish on f~!(K).

We now start to construct such a sequence. By the above, we may consider K C R
compact with A (K) = 0, ensuring

({z eR|d(z,K) < /n} = K,

n>1

so that
lim MHd(-,K) < 1n}) = A(K)=0 (2.3.7)

by continuity from above for the Lebesgue measure and boundedness of K. Since,
by the reverse triangle inequality, d(-, K) is a continuous function on R, we can set
Yp :=nd(-,K) A1, with n > 1 an integer, to define a sequence in Cy(R) with members
that become increasingly indistinguishable from the constant function 1 since

M, < 1)) =AM {d(-,K) < 1n}) —— 0, (2.3.8)

n—o0

due to (2.3.7). Integrating these functions from zero to t € R, we expect to ever
more closely approximate idg as n — oco. In fact, in defining ¢, (t) := f(f U (s) dt, we
approximate idg uniformly by a family of continuously differentiable Lipschitz functions
with the crucial property that

Lp'n =1, =0 precisely on K. (2.3.9)

Indeed, clearly o, € C'(R) and

t
|on(t) = @n(s)] < /S [n(r)]dr < |lvhnlle, @)t — s < [t — s].

Furthermore,
sup @ (t) — ] < /0 (1) — 1 dr < [t — L, ({n < 1}) = 0,

as a consequence of (2.3.8). In particular, we have

nli_)ngo(gon o f)(z) = f(x) for m-ae. xze€ X. (2.3.10)
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We can therefore proceed as outlined above, by invoking lower semicontinuity as guaran-
teed by Proposition 2.3.8 as well as the Lipschitz bound proved in Proposition 2.3.9 to
get

9 (233) 9 (234) /o 9
[1DsPam "< 1 (1D o fFdm < tim [160 0 £ DfPdm

(2.3.9)

= /1X\f_1(K)|Df|2dm

As explained, cf. inequalities (2.3.5) and (2.3.6), this leads to the conclusion that |D f|
vanishes m-a.e. on f~1(K). O

This result now allows us to relax the technical assumptions posed in Proposition 2.3.9.
More concretely, any ¢ € Lip(R) is absolutely continuous on R and thus differentiable
almost everywhere by the fundamental theorem of calculus for the Lebesgue integral.
We would therefore expect the second conclusion of the proposition to hold without the
additional differentiability requirement, at least in an almost everywhere sense. Rigorously
proving this involves some calculations with mollifiers, results on which we now briefly
collect in the next remark.

Remark 2.3.11. Let p € C2°(R™) such that supp(p) € B1(0) and [ pdA™ = 1 (see definition
(1.6.2) in Weakly Differentiable Functions [24] by William P. Ziemer for an example of
such a function). Then for any ¢ > 0, we further define p. := e "p(2) € CZ°(R") so that
supp(p:) € B-(0) but still [ p. dA™ = 1. This family of functions, each member of which
we call a mollifier, has the crucial property of allowing us to approximate rough functions

by sequences of smooth functions.
Results of this sort, which we are going to need, are:

i) Suppose f € LL _(R%). Then (p. * f) € C®°(R?) and (p. * f) — f locally in L!.
E—
Moreover,

(pe x f)(x) — f(z) for almost every z € RY. (2.3.11)
e—
ii) If further f € C(RY), then (p. * f) — f locally uniformly. In particular,
E—

(pe * f)(x) — f(x) for every z € RY. (2.3.12)

e—0

See e.g. [24] Theorem 1.6.1.

Proposition 2.3.12. Let f € S*(X) and let ¢: R — R be Lipschitz. Then po f € S*(X)
with
ID(po ) < [¢of DS mae. (2.3.13)
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Proof. As anticipated, we prove this result by regularizing ¢ with the help of a family of
mollifiers (pz)e>0 C C°(R). This allows us to apply Proposition 2.3.9 to
Pe 1= @ * pe € CT(R),

concluding
[D(= 0 f) < |¢Ll o fIDfI. (2.3.14)
Our task now is to show that this inequality remains valid in the limit as ¢ — 0.

First, notice how ¢ € Lip(R) implies that ¢ € C(R) and that ¢’ extends to an element of
Li .(R), as briefly mentioned above. Thus,

loc

0. — @ pointwise and . — ¢ a.e.,
e—0 e—0

as stated in Remark 2.3.11. Since
¢l o fIDf| < Lip(¢)|Df| € L*(m), (2.3.15)

this pointwise convergence implies

/ L?(m) /
el o FIDfI —= |@'| o fIDf]
e—0
by the dominated convergence theorem and the observation that |D f| vanishes m-a.e. in

the set of points x € R where ¢L(f(z)) does not converge to ¢'(f(z)) or ¢'(f(z)) does
not exist, due to the previous proposition.

The inequalities (2.3.14) and (2.3.15) now permit the final conclusion

[D(go fll <|¢'lofIDf] m-ae.,
as they imply that we have found a family of functions ¢. o f in S?(X) with weak upper

gradients |¢L| o f |Df| converging (weakly) to |¢'| o f |Df] while ¢. o f — ¢ o f pointwise.
Hence, Proposition 2.3.4 gives the claim. ]
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Theorem 2.3.13. The association of a minimal weak upper gradient to functions
f,g € S%(X) obeys the following rules of calculation:

A) Locality. Within the set {f = g}, we have |Df| = |Dg| m-a.e.
B) Chain rule.

i) |Df| vanishes wherever f takes values in a A-null set, i.e.
|IDf| =0 m-a.e. on f~}(N) for any N C R null.
ii) For any Lipschitz function ¢:R — R, we have po f € S?>(X) and
Digo )l = ¢lo fIDf] meac.
with |¢'| arbitrarily defined wherever ¢’ does not exist.
C) Leibniz rule. If f,g € S*(X) N L>®(m), then fg € S*(X)N L>®(m) and
[D(f9)l < [fl|Dgl +[gl|Df]  m-a.e.

Proof.
A) By instead considering the function h := f — g € S?(X), this is easily seen to be a
consequence of Proposition 2.3.10 and the triangle inequality (2.3.2) as

[[Df] = |Dgl| < [Dh| =0
m-a.e. within h=1(0) = {f = g}.
B) i) This is exactly the content of Proposition 2.3.10.
ii) To prove this claim, we make use of the following observation: Assume ¢’ > 0 and
suppose we could find some ¢ € Lip(R) such that
v+ e=1idg with ¢’ >0. (2.3.16)

Then, by the triangle inequality (2.3.2) and Proposition 2.3.12,

3.16)

D1 “E\D@ o )] + 1D(po £)]
Lo £+ 14 0 FIDS|

(2.3.16)

= (A=¢)of+¢ o f)Df]
= [Dfl,

implying
[D(po fll=¢ o fIDf| m-ae.

in this special case, as otherwise we could find a Borel set of positive m-measure on which

IDfI < |D(po f)l+1D(po f)l <¢'o fIDf|+¢ o fIDf] = [Df].
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We therefore try to identify such a function 1, generalizing the argument slightly to
handle at once also the case of an arbitrary sign of ’. To this end, we set

Y = sgn(¢’) idg —¢ € Lip(R) (2.3.17)

and assume Lip(¢) = 1 (otherwise we replace ¢ by !/Lip(v) ¢). This definition now indeed
implies

sgn(¢’)y’ = sgn(¢)(sgn(y’) — ¢') = (1 = |¢']) = (Lip(p) — [¢']) >0

which is consistent with (2.3.16), in the case of positive sign. More generally, we now
have

W'+ 1¢'| = sgn(¢) (V' + ') = sgn(¢')(sen(¢’) — ¢’ +¢') = 1,
allowing us to follow the above calculation without restricting to a particular sign of ¢’
and thereby establishing the full claim.

C) Let f,g € S?(X) N L>®(m) and fix any test plan 7 on X. Then we know by Theorem
2.2.12 that for m-a.e. curve «y the composite functions f o~ and go~ belong to the Sobolev
space W11(0,1) with

[(f o)l S IDFI(ve)|vel and (g o y);l < [Dgl(ve) el (2.3.18)

for a.e. t € [0,1]. Proposition 1.3.8 now permits the conclusion that also (fg) o~y €
Wh(0,1) with

[((f9) o il < [F1()l(g o Wil + 19l (V) [(f o M)l < (IFIIDgl + gl DF 1) (ve) 1|

for a.e. t € [0,1] by the Leibniz rule, together with (2.3.18). This gives the claim by
Theorem 2.2.12 and Proposition 2.3.3 with the boundedness assumption guaranteeing
integrability of the right-hand side as L (m) - L?(m) C L?(m). O

Remark 2.3.14. Finally, it is worth mentioning that the definition of the Sobolev space we
gave here is consistent with the classical definition on R™. More precisely, it can be proven
that a given Borel function f: R"™ — R belongs to the Sobolev space W12(R") in our sense
if and only if both f and its distributional differential d f are square-integrable. Moreover,
in this case, the minimal weak upper gradient |D f| agrees \"-almost everywhere with
the norm of df, see Theorem 2.1.37 in [13].
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3 Normed Modules

After having found a substitute for the differential of a function on a general metric
measure space, we would now like to generalize one-forms. The usual definition in
smooth differential geometry is via C*°-sections of the cotangent bundle. Equivalently,
these sections were found to constitute a module over the ring C*°(M), leading to a
more algebraic interpretation. Generalizing this approach and removing the need for a
differential structure by integration, we arrive at the theory of normed modules.

To start off, we briefly discuss the classical situation of an oriented n-dimensional
Riemannian manifold (M, g), which we assume to be second countable and Hausdorff. In
this setting, one can check that

CC(M)BfHZ/

(xiy/det(g) f) o ™ dA"
e(Us)

defines a continuous, positive linear functional on C.(M), independent of the choice of
atlas (U;, ¢;); and partition of unity {x;}; subordinate to {U;};. See e.g. Definition 1.73
in Nonlinear Analysis on Manifolds. Monge-Ampére Equations [3] by Thierry Aubin.
Hence, by the Riesz representation theorem (cf. Theorem 7.28 in Measure Theory [9] by
Donald L. Cohn), the action of this functional can be captured precisely as an integral
with respect to a (uniquely defined) Radon measure Ay on M, i.e.

_ . ° -1 n
/MfdAg—Zi:/@(Ui)(xz det(g)f) o™ dA (3.0.1)

for all f € C.(M). This allows us to use the usual measure theoretic definitions for the
LP-spaces, 1 < p < oo, in the context of integration on a Riemannian manifold.

Moreover, using the metric g, we can now also introduce the Banach spaces LP(T*M),
1 < p < o0, of LP-integrable one-forms. We start by endowing the cotangent bundle
(T*M, M, ) with its natural Borel o-algebra and defining any measurable map w: M —
T* M satisfying m o w = idps to be a measurable one-form. The quotient space of all such
forms under a.e.-equivalence with respect to A, will be denoted by I'(T*M). In defining
a product f-w by

(f-w)p) == flp)wlp), PEM (3.0.2)

for any (representatives of) f € L*°()\y) and w € I'(T*M), we introduce the structure of
a module over the ring L°°(),) on the set I'(T™M).
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3 Normed Modules

Finally, we define
LAT™M) :={w e T(T"M) | [wly € LP(Ag)},

using the notation |w|, := \/g(w#, w#), where w# € T'M is the vector field on M uniquely
defined by g(w?, -) = w.
This space is isometrically isomorphic to the space LP(M;R™), making it a Banach space.

In fact, this is a consequence of the existence of a global trivialization of the cotangent
bundle in the measurable sense, which we will construct below.

So as to align with our approach to Sobolev spaces, we focus now on the space of
square-integrable one-forms L?(T*M). We observe that this space has the following three
properties, which we will generalize to our abstract setting of a metric measure space
(X,d, m) to arrive at the study of so-called L?(m)-normed L> (m)-modules.

Lemma 3.0.1. Let (M, g) be an oriented n-dimensional Riemannian manifold. Then
the space of L*-integrable one-forms L*(T*M) satisfies the following:

i) The vector space L*(T*M) equipped with the norm ||w|| = \/ [y;|w|2 dAy is a Banach

space.
i) L?(T*M) can be endowed with the structure of an L>(\,)-module. That is, there
exists a bilinear multiplication -: L°°(\g) x L*(T*M) — L*(T*M) satisfying
f-(9-w)=(fg) -w forall f,g e L>(\;)and w € LY (T*M),
Ww=w

1 for every w € L*(T*M),

where 1 denotes the equivalence class of the function identically equal to one.

iii) The map |- |g: L2(T*M) — L*()\,) fulfills

lwlg > 0 Ag-a.e. for every w € L*(T*M),
If-wly = |f]|wly \g-ae. for every f € L®(\,)and w € L*(T*M),
llw| =l ’W‘gHL%\g) for every w € L2(T*M).

Proof.

(i) Starting from a local trivialization {(U;, ¢;)}i>1 of the cotangent bundle (T M, M, ),
we construct a global trivialization in the measurable sense. For this, we assume that
each ¢;: 71 (U;) — U; x R™ is a fibrewise isometry, when we equip 7~ 1(p) with the inner
product induced by the metric g and R™ with the standard inner product (e.g. choosing
an orthonormal frame wi, ... ,wy, € I'°(U;, T*M), we map (g, >>; Ai(q)wi(q)) € T*M]|, C
7Y (U;) onto (g, M\1(q),- .., (q)) € Ui x R™).
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3 Normed Modules

To patch together the maps ¢;, we first define Ey := Uy \ Uf:_f U; to partition M by a
collection of Borel sets (Ej),>1 and then set

=3 Lo1p)Pk
k>1
By continuity of m: T*M — M, the sets 7~ (E}) = 7~ (Uy) \ U=} 7 *(U;) form a Borel
partition of T*M (cf. Remark 1.3.13). Hence, ¢: T*M — M x R™ is measurable with
measurable inverse (mapping (p,v) € M x R™ back to T*M using ¢, whenever p € Ey).

Now, let w: M — T* M be any measurable one-form. Composing it with ¢ and projecting
onto the second factor, we obtain a unique measurable map f := proopow: M — R"
with || f(p)l| = |w(p)lg@) for any p € M since pra o ¢ is an isometric isomorphism on each
fibre. Thus, L?(M;R") contains an isometric image of L?(T*M). Moreover, as mapping
any measurable f: M — R" onto

M3p— ot p, fp) €eT'M

is clearly an inverse to this (one-to-one) identification of measurable one-forms with
measurable R"-valued maps, we conclude L?(T*M) = L?(M;R"™) isometrically.

See also Remark .17 in Covariant Schrédinger Semigroups on Riemannian Manifolds
[15] by Batu Giineysu for a similar construction using orthonormal frames.

(i) We have already noted that T'(T*M) is an L>()\,)-module, allowing L?(T*M) to
inherit this structure once we have established

(3.0.2)
J1rwlar "2 (R ey, < oc
for all f € L>®(\,) and w € L*(T*M). This, however, follows by a simple application of
Holder’s inequality.

(7i7) The first property is a consequence of the positivity of the metric g, the second follows
from (3.0.2) together with R-linearity while, finally, the third is true by definition. [

3.1 L2-normed L*°-modules

Mimicking the above statement, we now introduce the general definition of a normed
module, removing any traces of a smooth manifold. Most results and definitions of this
and the subsequent sections are again taken from [13] Chapter 3.

Definition 3.1.1. Let (X,d, m) be a metric measure space. An L?(m)-normed L (m)-
module on X is a tuple (M, || -||m, -, |-|) consisting of the following data:

i) A Banach space (M, || - || m)-
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3 Normed Modules

i) A bilinear multiplication -: L>(m) x M — M satisfying

f(g-v

fg)-v forall f,g e L>(m)and v € M,
for every v € M,

>

<
I

<

where 1 denotes the equivalence class of the function identically equal to one.

i) A pointwise norm |- |: M — L?(m) fulfilling

a) [v] > 0 m-a.e. for every v € M, (3.1.1)
b) | f-v|=|f||lv] ma.e. forevery f € L*°(m)and v € M, (3.1.2)
o) [[vllm = o] l[z2@m)  for every v € M (3.1.3)

with |f| denoting the absolute value for f € L (m).
Proposition 3.1.2. Any normed module M further possesses the following properties:

i) The multiplication by L (m)-functions is continuous with

1S - ol < 1 lpee @y [0l (3.1.4)

it) The R-multiplication and the L (m)-multiplication agree on (almost everywhere)
constant functions, that is

~

AM=A-v forany\e€R,veM (3.1.5)

with * again denoting the respective equivalence class.

i1i) The pointwise norm is indeed a norm. Ezplicitly,

v +w| < |v]+ |w|, (3.1.6)
| Av| = |Al|v], (3.1.7)
|[v| =0 only if v="0 (3.1.8)

for any v,w € M and XA € R with the (in)equalities holding m-a.e. Moreover,
o] = wlllz2@m) < llv = wlla, (3.1.9)
rendering the assignment M > v+ |v| € L?(m) continuous.
Proof. Notice for (i) that
1f - ollae = A0l z2amy < 1F ooy o] L2y = 11200 (m) 0]l

by the definition of the pointwise norm and Hélder’s inequality.

Item (7i) follows immediately from the definition as a module over L*°(m) since this
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3 Normed Modules
implies
Av=AD)-v=X1-v)=X
due to bilinearity for the second equality and 1 - v = v for the last one.

For (iii), by way of contradiction, suppose the existence of v, w € M and of an m-positive
Borel set £ C X with
|v +w| > |v|+|w|on E.

To make calculations easier, we will squeeze in constants a, b, c € R with ¢ > a + b such
that a > |v|, b > |w| and |v + w| > ¢. This leads to

e+ w27 [ o+ w2 dm > ey /m(B),
E

[1ev|m + [[1Ew]m < (a+b) Jm(E) < cy/m(E),

e +w)lam > [Nevlm + [1ewllm,

whereas, similarly,

implying

contradicting the fact that || - || p is subadditive.

The second claim, equality (3.1.7), is a consequence of item (i7), as this implies |A\v| =
IX-v] = [A|Jv] = |[A|v]. Concerning the third claim (3.1.8), we notice that |v] = 0
enforces [[v[|pm = || [v] |2y = 0 and thus v = 0. Finally, to establish continuity, we
invoke the reverse triangle inequality for the pointwise norm to conclude

(3.1.3) (3.1.6)
ol = lwllf 2" (ol = wh?am"<” [lo—wPdm=fo-w]i, O

Remark 3.1.3. Given some v € M and a Borel set £ C X, we say that v vanishes on
FE provided 1gv = 0. Again using the defining properties of the pointwise norm, this is
easily seen to be equivalent to the requirement |v| = 0 m-a.e. on E. In fact, 1gv =0
precisely when [g|v[*dm = |[1gv||%, = 0, which is the case if and only if |v| vanishes
m-a.e. on the set E.

3.2 Morphisms and Submodules

To get a clearer grasp of the implications of our somewhat interwoven axiomatization
of a normed module, we now introduce notions of structure preserving maps and define
substructures of modules.
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3 Normed Modules

Definition 3.2.1. Let M and A be two L?(m)-normed L°(m)-modules. Then any map
®: M — N is called a module homomorphism if it is L°°(m)-linear and bounded with
respect to the pointwise norms, meaning |®(v)| < C|v| for all v € M and some universal
constant C' > 0.

Remark 3.2.2. Due to the interplay between the pointwise norm and the Banach space
norm, we could have equivalently demanded that ®: M — A be bounded in the Banach
space sense. In fact, ® is seen to be continuous with respect to the Banach space norms
by estimating, for a given v € M,

(3.1.3)

[2(0) v =" @)l 22(m) < Clllv[I2(m) = [V [IM1-
Conversely, by way of contradiction, suppose ® satisfied the bound
[@(v)[a < Cllv[fm for allv e M (3.2.1)

and some universal constant C' > 0, while being unbounded with respect to the pointwise
norms. Then, for this constant C, we could find some w € M and a Borel set £ C X
with m(£) > 0 such that

|®(w)| > C|w|on E. (3.2.2)

By L°°(m)-linearity of ®, however, this would imply

(3.2.2)
1®(1pw) |2 <3“)/|q> (1pw) |2 d “”“’)/1 S 02/1Eyw|2dm

(3.1.3)
= 1pw |,

contradicting (3.2.1).

Thus, using (3.1.5) to deduce R-linearity of ®, we conclude that any module homomor-
phism is continuous. Moreover, as the next proposition shows, another possible definition
could have been: Any R-linear and continuous map L: M — N is called a module
homomorphism.

Proposition 3.2.3. Let ®: M — N be R-linear and bounded w.r.t. the pointwise norms
of M and N'. Then ® is L>(m)-linear and hence a module homomorphism.

Proof. We show first that it suffices to prove homogeneity w.r.t. indicators, i.e.
®(1gv) = 1gP(v) for all v € M and E C X Borel. (3.2.3)

To this end, let (fn)n>1 € L°°(m) be a sequence of simple functions converging to some
given f € L*°(m) and let v € M. By R-linearity combined with assumption (3.2.3), we
see that ®(f,v) = f,P(v) for all n > 1. Continuity of the L*°(m)-multiplications on
M and N, respectively, further implies f,v — fv as well as f,®(v) — f®(v). Hence,
continuity of ® (see Remark 3.2.2) finally establishes ®(fv) = f®(v).
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3 Normed Modules

We now start to prove (3.2.3). Noticing that additivity of ® grants
O(1pv) + (1x\gv) = ®(v) = 1g®(v) + 1x\pP(v), (3.2.4)

we will establish the fact that ®(1x\gv) vanishes on E (as discussed in Remark 3.1.3)
due to boundedness w.r.t. the pointwise norms. Multiplying (3.2.4) by 1g, this will imply
1g®(1gv) = 1p®(v). Thus,

O(1pv) = 1p®(1gv) + 1x\p®(1pv) = 1p®(v),
as, by analogy, it will follow that 1x\ p®(1gv) = 0. This remaining claim is now easily
established using absolute homogeneity of the pointwise norm (cf. Remark 3.1.3):
(3.1.2)

| 2(1x\pv)| < Clix\pgv| =" Clx\glv] =0m-ae on £ (3.2.5)
O

Definition 3.2.4. Let M be a module and let £ C X be a Borel subset of X. Then we
call

M|p ={lgv|ve M}
the localization of M onto FE.

Remark 3.2.5. Given a linear and continuous map ®: M — N, the condition (3.2.3),
which is equivalent to

O(fv) = f®(v) forall fe L>®(m)and v e M

in this context, is also referred to as the locality condition, see e.g. Definition 1.2.1 in
Nonsmooth differential geometry - An approach tailored for spaces with Ricci curvature
bounded from below [11] by Nicola Gigli. It ensures that & respects restrictions in
the sense that ®(M|;) € N|g. As a consequence, ®(v) will vanish m-a.e. within

{v =0} = {|v] = 0}.

Definition 3.2.6. Let P C M be a closed vector subspace of M. Then we call P a
submodule if it is closed under the multiplication by elements of L*(m).

Lemma 3.2.7. The localization M|y of M onto E is a submodule of M.
Proof. Clearly, M|, is a vector subspace of M and it is closed under the L (m)-
multiplication by commutativity of the ring L>(m): f(lgv) = (flg)v = (1gf)v =
1g(fv). Now, to establish closedness, let 1gv, —owe M. Then also

n—oo

by the continuity of the pointwise norm, see item (ii¢) in Proposition 3.1.2, and its

45



3 Normed Modules

homogeneity, as presupposed in (3.1.2). Thus,
Ix\glw| = Jim Ix\g(1e|vn|) = 0 m-a.e.
and so w = 1x\gw + 1lpw = lgw € M|g. O

Remark 3.2.8. 1t is easily verified that the kernel and the closure of the image of any
module homomorphism ®: M — A are submodules of M. Indeed, both are clearly
closed under multiplication by elements of L>°(m) and ker ® = ®~1({0}) is (topologically)
closed by continuity of ®, whereas im ® is by definition.

Finally, given an arbitrary subset S C M, we will be interested in the smallest submodule
of M that contains it. In particular, we want to find a criterion ensuring that S is rich
enough to be able to generate M in an appropriate sense.

Proposition 3.2.9. For any S C M, the set M(S), defined as the closure of the set S
of all

n
> fivi with (f;)fey € L®(m), ()i, € S, n €N,
=1

is a module. Moreover, it is the smallest submodule containing S.

Proof. Clearly, M(S) constitutes a vector subspace of M which is closed by definition.
To check that it is closed under L (m)-multiplication, simply notice that if v € M(S) and
f € L*(m), then for any e > 0, there exists >, fiv; € S with [[v—3; fivi|lm < /If I cm)
and thus || fo — 32, (ffi)villm < ([ fllnee@m)llv — 225 fivillm < € by inequality (3.1.4), i.e.
fv e M(9).

Suppose now that M’ is another submodule containing the set S. Being a vector subspace
closed under the L°(m)-multiplication, it must also contain S. Hence, M(S) = S C
M =M. O

Definition 3.2.10. Let S C M be an arbitrary subset of a module M. Then we call
M(S) the module generated by S. If M|, = M(S)| for some Borel subset £ C X, we
also say that S generates M on FE.

Ezample 3.2.11. The space L?(m), viewed as a module, is generated by any singleton
{g}, where g € L?(m) is non-zero m-a.e. Indeed, denote by M the submodule generated
by {g} and choose a sequence (f,)n>1 € L?(m) N L>®(m) converging to some given
f € L?(m). Now, introducing E,, := {|g| > 1/m}, we have

1g, fn= <1Emfn)-g €L®m)-gCM foralln,m>1,
g
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3 Normed Modules

as \%"| < m| fullLoo(m) o0 Ep,. Moreover, since U,,>1 Em = X up to null-sets,

lim i OOHlEmfn - f||L2(m) < @ lim (HlEmfn - anLQ(m) + ||fn - fHLQ(m))

n—oo m— n—o0 m—oo

= lm || fo = fllz2m) =0,

i.e. L*(m) C M = M, giving the claim.

Proposition 3.2.12. Let V be a vector subspace of a module M. Then M(V') coincides
with the M-closure of the set V of all

n
> 1gwi  with (E;)j-; a Borel partition of X, (v;)j~; €V, n €N, (3.2.6)
=1

Proof. Evidently, V C M(V). For the converse, we would need to show 3, fiv; € V for
(f)i € L>=(m), (v;); € V. Using the vector space structure of V), it suffices, however, to
prove that any element of the form fv with f € L*°(m) and v € V' \ {0} belongs to the
closure of V. Now, recalling that || fv — gv|| < ||f — gll oo m)llv|| due to (3.1.4), this can
easily be achieved by approximating f by a simple function g = > 1g,a; such that for
some given € > 0 we have || f — g|oo(m) < &/llvll With gv = 3" 1p, (ayv) € V. O
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3.3 Operations on Modules

3.3.1 Dualization

As any module M possesses the structure of an algebraic module over the ring L>°(m),
we might be tempted to introduce the dual of M as the set of all L®(m)-linear and
continuous maps into L*°(m). This, however, does certainly not lead to a desirable
definition, as the next example demonstrates.

Ezample 3.3.1. Let L: M — L*(m) be L*°(m)-linear and continuous with m atomless.
By adapting and expanding on Example 1.2.8 in [11], we show that this enforces L = 0.

In fact, assuming otherwise, we can find an element v € M and a constant b > 0 such
that |L(v)| > b on some Borel set E C X with m(E) > 0. Since |v| € L?(m), we can
further assume |v| < a on E for some a > 0. Indeed, if m(E N {|v| < a}) = 0 for any
choice of constant a > 0, we would have

HolI2s ) = /E 02 dm > a?m(E)

for any a > 0, contradicting |||v|||2, (m) < 00- We can therefore replace £ by the Borel

set £ := EN{|v| < a} with a > 0 suitably chosen so that m(E) > 0. On this set, we
now clearly have |v| < a as well as |L(v)| > b.

Now, choose f € L?(m)\ L>(m) non-negative, vanishing outside of £ (we will prove
below that such an element exists) and set f,, := f An € L>(m), so that || ful[zeem) =7
for all n > 1, due to the unboundedness of f. Then,

(3.1.3)
v = Follad "= N = Fllol 2wy < allfa = Fllzm) —= 0,

so that, by the assumed continuity of L,

| L(frv) — L(fU)HL‘X’(m) — 0.

n—oo

However, as |L(v)| > b on E and || fu||zoc(m) = 7, We also have, by L>°(m)-linearity, that
L) my = I nL @)l o) 2 bl full oy = b1 —— 00,

leading to a contradiction.

We now supply a proof of the claim that there exists a square-integrable but unbounded
function f that vanishes outside a Borel set E of positive measure if we require m to be
atomless.

For this, we first assume w.l.o.g. that F is of finite m-measure by otherwise replacing it
by any of its bounded subsets of positive measure (e.g. by E N By, (xg) with z¢ € E for
m > 1 large enough, arguing via continuity from below and recalling that m is boundedly
finite). Then we make use of the fact that, within F, we can find a sequence of sets
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(Ep)n>1 such that

1
m(E,) = 2 with FE,y1 CE, foralln>1, (3.3.1)

see for example Lemma 2.5 in chapter 2 of Interpolation of Operators by Colin Bennett
and Robert C. Sharpley [4]. Now, we set

f= 1> 18,
n>1

wherever the sum is finite, and compute

1y = 171 dml = S m(5,) °27 5 < o

n>1 n>1

Hence, f is square-integrable, while being unbounded due to our choice of (E)),>1, as
can be seen by observing that for any m > 1, we have

m m m (3.3.1)
> 1g,=m on () E, wherem((] E,) > m(En4+1) > 0.
n=1 n=1 n=1

Returning to our task of defining a dual module, we note that, conceptually, the right
kind of dual should (again) consist of suitable integrands, in the sense that the equality

sup [|[L(u)[| = [[L]l = [l [L] ]l 22 (m)
vll<1

must hold true for an appropriate norm on the target space of the linear map L. Choosing
the pointwise norm for L in such a way that |L(v)| < |L||v]|, an attempt at this is to
require that L(v) € L*(m) as Holder’s inequality would then ensure

L)Lty < MENolllprm) < L z2@ o Z2my = TTE 22y lo 1],

so that || L[| p1m) < [| [L]][z2(m)- In fact, this approach will yield a meaningful definition
of M* as an L?(m)-normed module. We again closely follow the presentation given in
[13] Chapter 3.2.1.

Definition 3.3.2. Let (M, |- |, -,|-|) be a module. Then we define by
M* :={L: M — L'(m)| L is L°°(m)-linear and continuous } (3.3.2)
its dual module and equip it with

| L[« := sup [|L(v)|;1m) and [L|s:= esssup |L(v)], (3.3.3)
[lv||<1 |v]<1m-a.e.

together with pointwise multiplication, i.e. (f - L)(v) := fL(v) for f € L>®(m), L € M*.
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Lemma 3.3.3. For any v € M and L € M*, we have
|L(v)| < |L|«|v| m-a.e. (3.3.4)
Proof. Given some v € M, we would like to conclude, as usual,
|L(v)] = [v||L(|v]["'0)| < |v]| L]« m-a.e.

but this will only work if |v|,|v|~t € L>(m). Using locality of L and a decomposition
(up to null sets) of our underlying space X as X = {|v| = 0} UU,;>; Sn, where S,, :=
{1/n < |v| < n} for n > 1 an integer, we can however reduce the general situation to this
special case. In fact, 1g, v clearly has the required properties for any n > 1 so that

Ls, | L(v)| = [ L(1s,v)| < [Ls,v|| L]« = 1s,|v[[ L]« m-a.e.,

whereas |L(v)| = 0 m-a.e. on {|v| = 0} (cf. Remark 3.2.5), giving the claim on all of

X. O
Proposition 3.3.4. The space (M*, |- |+, - ,| - |«) is indeed an L*(m)-normed L>(m)-
module.

Proof. 1t is a general fact that the set of all linear and continuous maps between two
Banach spaces again forms a Banach space. Similarly, the set of all module homomor-
phisms (in the usual algebraic sense) between two modules over a commutative ring is
again a module over the same ring. As clearly |L|. > 0, as well as |fL|. = |f||L|«, we
are left with proving

1E = 1 1L 2o (3:3.5)

which will establish well-definedness of the pointwise norm as a map | - [,: M* — L2(m),
as well as the missing relation (3.1.3).

For this, we first invoke Lemma 3.3.3 and Hoélder’s inequality to conclude

(3:3.3) (3.1.3)

IL) iy < Lol oy < ezl ol 2@y =" 1L 2@ llo]l-
Hence, || L« < || [L|«][z2(m)- To prove the converse inequality, we use a duality argument.
Concretely, by the Theorem of Hahn-Banach and reflexivity of L?(m), we may equivalently
establish the bound on

sup
feL?(m),|IflI<1

[ A1 dm | = 2]

By a cut-off argument, we see that this supremum is unchanged if we further assume
f € L?(m) N L>(m). Moreover, as |L|, > 0, we have

/fILI*dmz/f+|L|*dm—/f_|L!*dmS /f+|L!*dm,

50



3 Normed Modules

where we have used the decomposition f = f+ — f~ into positive and negative parts fT
and f~, respectively. Thus, may also suppose that f is non-negative

Choosing a sequence (vn)n>1 € M with |v,| < 1 m-a.e. such that |L|. = sup,>q|L(vy)|,
this now allows us to conclude

[ £L@n)dm = [ L(pv) dm < LI foall < L1 2

by L*°(m)-linearity of L. Modifying the sequence (vy,)n>1 so that (L(vy,)),>1 increases
monotonically to |L|., we thus obtain the statement by monotone convergence and
continuity of the multiplication. This modification can be obtained as follows: recursively
define (0y)n>1 via
Unt1 = 1L L@Vt + 1L o) I<I L)} On
with @ := vo. Then |L(?,)| = supg<,|L(v)|, implying |L|. = sup,>;|L(,)|, while,
clearly, |7, | < 1 m-a.e. O
Lemma 3.3.5. Let L: M — L'(m) be an R-linear and continuous map. Then the
following are equivalent:
i) L(1gv) = 1gL(v) for allv e M and E C X Borel

ii) |L(v)| < f|v| for allv € M and some f € L*(m)

iii) L€ M*
Proof. Clearly, statement (i77) includes (i) as a special case, and it implies (i) by Lemma
3.3.3 together with equality (3.3.5). Finally, to see that (iii) follows from either (i) or (i7),
we simply repeat the argumentation of the proof of Proposition 3.2.3, as in each case we
only need to establish homogeneity over L>°(m). More specifically, if L is homogeneous
with respect to indicators, i.e. if (¢) holds, we argue as we did below (3.2.3) to deduce

L>®(m)-linearity of L. Finally, if | L(v)| < f|v| for all v € M and some f € L?(m), for a
given E' C X Borel, we replace estimate (3.2.5) by

IL(1x\gv)| < fllx\gv| = flx\glv] = 0 m-a.eon E
and conclude L(1gv) = 1gL(v) as we did there. O

Proposition 3.3.6. Let V be a generating vector subspace of M and suppose £:V —
LY(m) is an R-linear map satisfying

[£(v)| < g|v| m-a.e. for every v € V and some g € L*(m). (3.3.6)

Then there exists a unique extension L € M* of the map ¢ such that |L|, < g m-a.e.
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3 Normed Modules

Proof. By assumption, the set V consisting of all finite sums Y_; 15,v; for (v;); € V and
(E;)i a Borel partition of X is dense within M, see Proposition 3.2.12. Linearity and
locality force us to define

L(v) =Y 1gl(v;) forv=>» 1guv; €V.

This is indeed a proper definition as, for any other representation v =, 1pw; €V,

(3.3.6)
=Y 1garllv) — w))| < g lgarlvi—w;| =0.
i

i3

Z 1, b(v;) — Z 1 l(w;)

Since we similarly have [L(v)| < g[v| m-a.e. for all v € V, it follows that || L(v)||p1(m) <
g/l 2(myllv ]l This, in turn, guarantees that the map L:V — L!(m) extends linearly and
continuously to all of M.

Now, by approximating any v € M by a sequence (vy,)p>1 within V and using continuity
of the pointwise norm and L, we can extend the bound |L(v,)| < g|v,| m-a.e. to the
whole of M, giving |L|, < g. To see this, we first estimate, using Holder’s inequality,

3.1.9

)
lglvnl = glvlllrm) < lgllz2@mlllvnl = [0lll2@m) < llglle2mllvn = vl

L'(m) . o 1 L!(m)
so that g|vy| — glv|. Since by continuity of L: M — L*(m), also L(v,) — L(v),

along some subsequence (vy, )g>1, it must hold that

[L(v)| = glv] = lim ([L(vp,)] = glvn,|) < 0 m-a.e. (3.3.7)
— 00
Finally, this implies L € M* as a consequence of Lemma 3.3.5. O

3.3.2 Pullback

Our next task will be to generalize the notion of a pullback bundle to the setting of
normed modules. Loosely speaking, using a map ¢: Y — X between two metric measure
spaces X and Y, we want to be able to pull back elements of a normed module over
X to define a new module over Y. To motivate this, we briefly recall the situation for
manifolds and vector bundles.

In smooth differential geometry, given a diffeomorphism f: M — N between two manifolds
M and N, we can always push forward a smooth vector field X € I'*°(T'M) to a unique
vector field f, X € I'*°(T'N) by demanding the following diagram to commute:

™ L TN
XT Tf*x
f

M —— N
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3 Normed Modules

Since f is a diffeomorphism, we thus have f,.X = Tfo X o f~! € I*°(TN), so that
(f«X) pp) = Tpf(Xp), see also Proposition 8.19 in Introduction to Smooth Manifolds [20]
by John M. Lee.

In the general case, where f: M — N is merely assumed to be smooth, this construction
obviously fails (e.g. if f is not surjective, there is no natural way of extending f.X beyond
the image of f). However, despite this inability to identify the push forward with a vector
field on IV, we can still make sense of it as a vector field along f. By this we mean any
smooth map Y: M — TN which satisfies m oY = f, or as a diagram,

Now clearly, Tf o X: M — TN is an example of a vector field along f, as it satisfies
(T'foX)(p) =Tpf(Xp) € Ty N.

Turning this condition, that ¥ may only take values in Ty )N for p € M, into the
defining feature for the smooth sections of some bundle f*(T'N) over M, we introduce
the pullback bundle.

Such a bundle can be obtained as follows: Given a smooth map f: M — N and any
vector bundle (E, N, 7) over N, loosely speaking, we want to match up the fibers above
f(p) € N with all points p € M. Starting on a set-theoretic level, this can be achieved
by defining the total space f*E as the pullback (in the sense of category theory; see e.g.
Definition 3.1.15 in Category Theory in Context [22] by Emily Riehl) of the diagram

E
lﬂ
ML N

Concretely, f*E =M xyE ={(p,e) € M x E| f(p) = w(e)}, so that indeed (p,e) € f*FE
precisely when e € F lies in the fiber above f(p). Together with the bundle projection

f*m: f*E — M, (p,e) — p and the map f:f*E — E,(p,e) — e,
we have the following commutative diagram, with respect to which (f*E, f*r, f) is
universal,
rE 1 E

I

M1 N

Written out, this means that for any other triple (F,p, q) consisting of a set I’ together
with two maps p: F¥ — M and ¢: F — E making the above diagram commutative, i.e.
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3 Normed Modules

fop=moq, there exists a unique map h: F — f*FE such that

commutes (cf. diagram (3.1.17) in [22]).

For a proof that this construction indeed yields a vector bundle over M and that the
universal property remains true in this setting, see Proposition 3.1 in Fibre Bundles [19]
by Dale Husemoller.

Finally, we remark a (contravariant) functoriality of the assignment E — f*FE, up to
isomorphism. Concretely, let (E, N, ) again be a vector bundle over N and suppose we
are given two smooth maps f: M — N and g: P —+ M. Then

(fog)'E=g"f*FE aswellas idy E=FE (3.3.8)

as vector bundles, cf. Theorem 3.2 in [19].

As we now return to the setting of metric measure spaces, we want to carry over the
category theoretical aspects of the pullback bundle to our notion of a pullback module.
More explicitly, we want to preserve the universal property and the functoriality described
above, see Remark 3.3.12 and Theorem 3.3.13. All results and definitions are borrowed
from [13] Chapter 3.2.3 with remarks pertaining to category theory taken from [11]
Chapter 1.6.

Definition 3.3.7. Let (X,dx, mx) and (Y, dy, my) be two metric measure spaces and
let ¢:Y — X be a Borel map. Then we say ¢ is of bounded compression if there exists a
constant C' > 0 such that p,my < Cmyx. We call the infimum over all such constants
the compression constant and denote it by Comp(¢p).

Theorem 3.3.8. Let p: Y — X be a map of bounded compression between two metric
measure spaces (X,dx, mx) and (Y,dy, my). Suppose further that M is a normed module
over X. Then there exists an essentially unique module ¢* M over Y together with a
module homomorphism ©*: M — ©* M such that

i) | v| = |v| o p my-a.e. for every v € M (3.3.9)
i1) ¢* M is generated by the set {¢*v|v € M}. (3.3.10)

Remark 3.3.9. Here, by essential uniqueness, we mean uniqueness up to a unique module-
isomorphism, i.e., given another pair ((¢*M)’, (¢*)’) satisfying the conclusion of the
theorem, there is a unique module isomorphism ®: * M — (¢* M)’ so that o (p*) = p*.
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3 Normed Modules

Proof. We first establish uniqueness. Suppose, therefore, that ((¢*M)’, (p*)') is another
such pair consisting of a normed module and a homomorphism satisfying the above stated
requirements. In this case, any isomorphism W: p* M — (¢* M)’ would have to satisfy
V(> g9 ) = > 1g,(¢*) v; on the generating vector subspace

n
V= {Z 1Ei80*vi
=1

Our goal therefore is to take this as the definition of a map ®: V — (¢* M)’ and extend it
linearly and continuously to all of ¢* M. This is possible as | (¢*) v;| = |v|op = |@*v;| my-
a.e. implies

(E;); is a Borel partition of Y, (v;); € M, n € N}Q ©*M.

Z 1g, (") vi|= Z 1g,|vilop = Z 1g, " vi| my-a.e.
Hence, || ®(v)| = [|[®(v)||z2(m) = [|v]l|L2@m) = ||v]| for all v € V, allowing us to extend ®
to a linear and continuous map on ¢* M, retaining |®(w)| = |w| m-a.e. for all w € p* M

by arguing as in (3.3.7). This finally ensures the applicability of Proposition 3.2.3, which
gives the full claim.

Inspecting the structure of the set V', we notice that two representations ) ; 15, ¢*v; and
> Lr;o*w; of the same element agree if and only if 2, ; 1g,nr, 0" (vi — w;) vanishes, i.e.
precisely when |v; — wj| o ¢ = 0 my-a.e. on E; N F} for all 4, j. For the existence part of
the proof, we are hence led to consider the set

{(Ei, vi)iey | (E;); is a Borel partition of Y, (v;); C M, n € N},

on which we define the equivalence relation (Ej, v;); ~ (Fj,w;); whenever |v; —wj|o¢ =
0 my-a.e. on [; N Fj for all 4, j. The set of equivalence classes {[E;, v;]; } will be denoted
by Ppb, an abbreviation for pre-pullback module. We now want to endow this set with
the structure of a normed module. The vector space operations are defined simply as

[Ei, vili + [Fj, wyl; = [Ei N Fj,vi +wjli
AE;,vili = [Ei, v
By either merely regrouping terms or by using (absolute) homogeneity of the pointwise

norm, we see that this is in fact a proper definition. To define an L*°(my )-multiplication,
we set

(Z 1Fj Oéj) '[EZ', Ui]i = [Ez N Fj, Oéj’l),’]i,j
J
for simple functions and extend it appropriately later on. The two norms are given by

I[Es, o] =3 1g|vi] o and ||[Ei,vi]i]:(Z/E\vi|2ocpdmy>l/2. (33.11)

We now begin to prove that this construction will yield a normed module, as claimed.
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3 Normed Modules

To this end, we first notice that || [E;, Av];|| = |A|||[Es, vi]i|| for any A € R ensures that
the map || - ||: Ppb — [0, 00) is absolutely homogeneous. As

|[Ei,vili + [Fjwi]| = > 1gnr|vi +wil o
,J

(3.3.12)
<Y 1gnr (vl o o+ lwi| 0 @) = |[Ei, vili| + |[Fj, wjl;,
/[:7‘].
we also have
3.3.1
Ess vili+[Fy, wils |2 N (B, vili+[Fy w5l || 2
(3.3.
< ||I[Euvi]il||L2(m)+|||[Fj,wjb‘|HLz(m):II[Ezwvi]z'HHl[Fj,wJ']jH,
implying subbadditivity of || - ||. Further, ||[E;, vi];|| < /Comp(p) (>, fEi]viPde)l/?,
by (1.3.2), implies positive definiteness, so that (Ppb, || - ||) is seen to constitute a normed

space.

Hence, we can define (¢* M, || - ||) as the (Banach space) completion of (Ppb, || - ||). The
multiplication by simple functions then extends to an L*(my )-multiplication since

H (Z 1p, O[]) Elvvz i

= 1> 1mnr|ajvil o g

i, L2 (my)
< max gl Y 1z |vi| o I[Es, vill-
J J ; ’ L2(my L (my) v
Finally, the reverse triangle inequality
(3.3.12)
I[E: vili| = [[Fj, wilill 2myy < i vili — [ wjli 11 22 (my)

(3.3.11)
"=V B, vili — [Fy,wjlsl)

ensures that the pointwise norm also extends continuously to ¢* M, so that the tuple
(@*M, |- |l, -,| - |) in fact constitutes an L?(my )-normed L*(my )-module.

Lastly, to define the map ¢*: M — ¢* M, we simply put
o*v:=[Y,v] € Ppb C ¢* M,

so that |@p*v| = |[Y,v]| = |v| o . To show that the image of p* generates p* M, we recall
Proposition 3.2.12 and notice that any [F;, v;]; € Ppb can be written as

Euvzz ZlEYUZZ ZlEQOUz O
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Example 3.3.10. Viewing L?(my) as a module over X, a map of bounded compression
p:Y — X induces a well-defined module homomorphism

<P*3L2(mX) — LQ(mY)a f = f °®,

as || foellL2(my) < VComp(p)]| fllz2(my) Dy the integral transformation formula (1.3.2).
Moreover, {¢*f| f € L?*(mx)} generates L?(my) as a module by Example 3.2.11. In

fact, given any f € L?(mx) with f # 0 mx-a.e., it follows that

my ({f oo =0}) = pmx({f = 0}) < Comp(p)mx({f =0}) =0,
so that ¢*f = f o ¢ # 0 my-a.e. Thus, in total, p*L?*(mx) = L?(my).

Theorem 3.3.11. Let o: Y — X be a map of bounded compression and suppose T: M —
N is any linear map between a module M over X and a module N over Y that satisfies

|T(v)| < C|v|og@my-ae. forevery ve M (3.3.13)

and some universal constant C' > 0. Then there exists a unique module homomorphism
T: p*M — N with |T(w)| < Clw| my-a.e. for all w € ¢*M that makes the following

diagram commute:
p*M
2
T

ML N

Proof. The bound (3.3.13) guarantees that the linear map S: p*v — T'(v), defined on the
generating vector subspace {¢*v | v € M}, is well-defined, as it implies

.3.9)

15(p*v)| = |T(v)]| < Clv| o “E” C|p*v| my-ae. for every v € M

(3.1.
|

1.3)
Thus, ||S(¢*v)|| < Cll¢*v], allowing us to extend the map S uniquely to a linear and
continuous map 71 o*M — N satisfying |T(w)| < Clw| my-a.e. by continuity of the

pointwise norms, cf. (3.3.7). Hence, Proposition 3.2.3 gives the claim. O

Remark 3.3.12. By a slight generalization of the above statement (see Proposition 1.6.3
in [11]), once can prove the following universal property of the pullback module:

Denote by Mod the category whose objects are couples (X, M), consisting of a metric
measure space (X, dx,my) together with an L?(mx)-normed L*(my)-module M, and
whose morphisms are pairs of maps (¢, T): (Y,N) — (X, M), where ¢:Y — X is a map
of bounded compression and T: M — N is a linear map satisfying |T'(v)| < C'|v|o ¢ my-
a.e. for every v € M. Then the pair (Y, ¢* M) together with the two morphisms (¢, ¢*)
and (idy,0) is universal (in the sense described in the introduction) with respect to the
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3 Normed Modules

following commutative diagram:

(v, M) P (x, m)
(idy ,o>l l(idx 0)
(,0)

(Y,0) (X,0)

Thus, the pullback module is indeed a categorical pullback in the category Mod, just as
the pullback bundle was in its appropriate setting. For more details, see Remark 1.6.4 in
[11].

Theorem 3.3.13. Let (X,dx,mx),(Y,dy,my) and (Z,dz,myz) be three metric measure
spaces with maps of bounded compression p:Y — X and ¢: Z —'Y between them. Then
the composite function @ o¥: Z — X is also of bounded compression, and we have

(V™ (" M), " 0 ") = ((p o))" M, (p o))
in the sense described in Remark 3.3.9.

Proof. The composite map p o: Z — X is easily seen to be of bounded compression,
recalling that the push-forward satisfies (p01)), = ¢, 01,. Thus, starting from a normed
module M over X, Theorem 3.3.8 ensures the existence of an L?(mz)-normed module
(p 0 9)* M together with a module homomorphism (p o ¥)*: M — (¢ 0 1))* M.

We now make use of the previous theorem, lifting the linear map
T:M — (" M), v — ¢ v
to the pullback module (¢ o ¢)* M. This is possible as
IT()| = |[¥*(*0)| "2 |*v| 0t "2 |v| 0 p ot mx-a.e. (3.3.14)

Thus, we obtain a unique module homomorphism 7" (p o )* M — *(p* M), mapping
(¢ o ¥)*v onto P*p*v by commutativity of the diagram in Theorem 3.3.11. To prove
that 7" is in fact an isomorphism, we first define the linear map S: ¢)*@*v — (pot)*v on
the set {*¢*v| v € M}. Once we have proved that this set generates ¢¥*(p*M) as a

module, equation (3.3.14) ensures that

|S(W ™) = |v|opoh = [P*(p*v)| mx-a.e.

As in the proof of Theorem 3.3.11, this implies the existence of a unique extension to a
module homomorphism S: ¢*(0* M) — (@ 0 9)* M with *p*v — (@ 0 ¥)*v. Finally, as
S is the inverse to 7' when both are restricted to generating subspaces, by continuity and
L*°-linearity, this remains true on the whole module. Thus, (¢ o ¥)*M and ¥*(¢* M)
are isomorphic with ¥* o ¢* getting identified with (¢ o ¢)*.
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In remains to prove that the vector space {¢)*p*v| v € M} generates the module ¢*(¢* M)
(as compared to {¢*w | w € ¢*M}). For this, we recall Proposition 3.2.12 and show that
any element of the form > 7 15,9"w; with (F}); a Borel partition and (w;); C ¢*M
can be approximated arbitrarily well by elements of the form > 7" ; 15,9*(¢*v;) with
(E;); again a Borel partition and (v;); C M.

We start by noticing that >°, 19" w; = " (32, 1rw;) with 35, 1p,w; € ¢* M. Given any
g > 0, it thus suffices to choose an element 3=, 1 g, ¢*v; with ||37; Lpw; — 32, 10" vi || <
¢/|lv*|| to guarantee that

< €. O

<l

Z 1Fjwj — Z 1Ei§0*'Uz'
J i

> lptwy =Y 1 (¢t v)
j i

We would now like to understand the relationship between the dual of the pullback
and the pullback of the dual, and we will see that, in general, these two notions do not
coincide.

To begin with, we observe that the usual dual pairing
M x M* — L*(m), (v,L) — L(v) (3.3.15)

provides us with a natural way of pairing up elements ¢*v € ©*M with elements of
the form ¢*L € p* M*. In fact, simply pulling back (3.3.15) along ¢, we can define a

mapping
(™0, ¢"L) = L(v) o ¢,

as we have the bound

(3.3.9)

(3.3.4) . .
|L(v)op| =|L(v)[op < ([Llsop)(|v]op) "="[¢"Ll|¢ 0], (3.3.16)

where we have used the pointwise norms on ¢* M* and ¢* M to establish the last equality.
Extending suitably, as we will do in the next proposition, we then discover that

while it will, in general, fail to be a surjection, see Example 3.3.16.

Proposition 3.3.14. There exists a unique L*°(my)-bilinear and continuous map
B: p* M x ¢* M* — L'(my) such that

B(p*v,¢p*L) = L(v) o p my-a.e. (3.3.17)
for every v € M and L € M*. Moreover, we have a bound on the absolute value

| B(V,W)| < |V||W| my-a.e. for all V € ¢*M and W € o*M* with regard to the
product of the respective pointwise norms.
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3 Normed Modules

Proof. We again define this map as the extension of a suitable map on generating
subspaces. For this, using homogeneity of the pointwise norm (3.1.2), we can calculate
as in (3.3.16) to get

(3.1.
Z 1EijLj(Ui) SR = Z 1EiﬂFj |Lj(vi) o 90|

i,j Y]
(3.3.16) (3.1.2)
S Z lElﬂFj’SO*Lj| \cp*vl] 3é2 Z lEigp*vi Z le (p*Lj my-a.e.
2% i J

This allows us to extend the (densely defined) linear map
(Z 1p,¢™vi, ) 1p, SO*LJ) =Y 1R L, <Z 1Eﬂh’> op =) lgnrLj(vi)oy
J J i .3

as in the proof of Theorem 3.3.11 by taking norms on both sides to see that we can
extend (linearly and) continuously, while preserving

[B(V,W)| < [V[[W] my-a.e.

forall V € o* M and W € p* M*, so that Proposition 3.3.6 guarantees L>°(m)-bilinearity.
O

Proposition 3.3.15. Let p:Y — X be a map of bounded compression and denote by
B: * M x ¢* M* — L' (my) the pairing defined in Proposition 3.5.14. Then,

I: " M* = (" M)*, W B(-,W) (3.3.18)
is an isometric embedding (of modules).

Proof. Proposition 3.3.14 guarantees that I(W) = B(-,W): ¢*M — L(my) is L= (my)-
linear and continuous, i.e. an element of (¢*M)*. Further, as |B(V,W)| < |W| for all
V€ Bysm, where By« pq is the closed unit ball of ¢* M w.r.t. the pointwise norm, we
have [I(W)|, < |W| my-a.e. Hence, by taking norms on both sides and invoking (3.1.3)
for the respective modules, we see that W +— I(W) is continuous. Its L (my )-linearity
is inherited from the map B.

To prove the missing converse inequality |I(WW)| > |WW| my-a.e., by density and continuity
(recall condition (3.3.10) and then argue as in (3.3.7)), it suffices to establish

ess sup |[I(W)(V)|> |W| my-a.e.,

where the supremum is taken over all V' € B« of the form }_; 15, ¢*v;, for all elements
W =3 1p,¢"Lj, where we can assume w.l.o.g. that the partition (F]-)gnzl agrees with
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(E;)i; by taking common refinements. Since
* (3.1.2) * (3.3.9)
> 1getul =03 110t T2 O 1k, |vil) 0

this amounts to proving

> |W| my-a.e. (3.3.19)

ess sup|T0V)(Y 1)
{vi}i_ 1S Bm i

with W =3, 1g,¢*L;. Making use of equality (3.3.17) and the definition of the map I,
we conclude that the left-hand side of (3.3.19) equals

ZlEesssup]L v;) ow\(333)21E|L| (3‘“)21 (312)|W]my -a.e. O

v; €

FEzample 3.3.16. We now demonstrate that, in the general case, p*M* can only be
realized as a proper subspace of (¢*M)*. In fact, this already occurs for L?-Bochner
spaces, which naturally carry the structure of a normed module. A thorough treatment of
this phenomenon, can be found in Chapter IV of Vector Measures [10] by Joseph Diestel
and John J. UhlL

We start by demonstrating how any given Banach space (B, || - [|g) can be viewed as a
normed module over the singleton space (X,d, m) = ({x},0,0,) with the zero metric and
the Dirac delta 0, on its only point. For this, we use the identification

L®(6,) SR, frs (%) (3.3.20)

and thereby associate the vector space structure with the module structure. Further,
recalling L?(8,) = L°°(d,), we define

|- |:B — L*(5,), |v|(z) = ||v||B. (3.3.21)

We also endow the Bochner space L?([0,1],B) with the structure of a normed module
over [0,1] with the Euclidean distance and the Lebesgue measure by similarly defining

1) = [ £(@)lls € L*([0,1]) for all f € L*([0, 1], B) (3.3.22)

up to a.e.-equivalence.

Now, we claim that for the pullback of this module under the constant map ¢: [0, 1] — {x*},
we have
(¢*B, p*) = (L*([0,1],B), Const),

where Const: B — L2([0, 1], B) maps any v € B to Const(v):[0,1] — B, t — v.
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3 Normed Modules

To show this, by Theorem 3.3.8, it suffices to prove
|Const(v)| = [v]op M-a.e. (3.3.23)

for the respective pointwise norms, and to argue that the set {3, 15, Const(v;)} with
(E;); a Borel partition of [0,1] and (v;); C B, is dense in L?([0,1],B). Since the latter
follows immediately from the density of simple functions in L?([0,1],B), see Proposition
1.3.22, we focus on equality (3.3.23).

This, however, is merely a task in unwinding definitions: The left-hand side is given as
the equivalence class of the function
(332

t — |Const(v)|(t) 222 ||Const(v)¢||p = ||v||B,
while the right-hand side evaluates to
(Il o ©)(8) = [v](x) “=" ||o]le.
Applying this construction to B as well as its dual B’, we therefore have
(¢*B)* = (L*([0,1],B))" and ¢'B* = L*([0,1],B'),
where we have also already used Theorem 3.4.1 to identify L?(]0,1],B)’ with the module

dual of L?([0,1],B). Now, it is easy to see that any £ € L?([0,1],B’) can be viewed as an
element of (L2([0,1],B))" by defining its action on v € L2([0, 1], B) as

1
0(v) = / ti(vy) dt € R (3.3.24)
0
Moreover, it can be proved that this mapping in fact provides an isometric embedding of

L?([0,1],B) into (L?([0,1],B))’, cf. the discussion before Theorem 1 in Chapter IV of
[10]. To see that it fails to be surjective, let B = L'(0,1) and define

1 1
T:12([0,1], L'(0,1)) = R, f s / / fi(2)1 04 () d dt.
0 Jo
Suppose now that the operator T' were given as the action of some g € (L'(0,1))’. Using

(3.3.24) as well as the fact that (L1(0,1))" = L>°(0,1) via the identification of g € L°°(0, 1)
with h +— [ h(x)g(x)dx, we see that

1 1 1
T(f) (3'32'24)/0 Qt(ft)dtZ/O /0 ft(z)ge(x) dz dt.

Hence gi(x) = 1jp4(x), which is not essentially separably valued, contradicting our
assumption by Proposition 1.3.21.
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3.4 Hilbert Modules

For any normed module M, we have at our disposal two different notions of a dual:
M’ as the set of R-linear and continuous functionals ¢: M — R, and M* as the set of
L>®(m)-linear and continuous maps L: M — L!(m). Since the operation of integrating
over the space X provides a natural linear map [: L'(m) — R with

’/L@ dm‘ < L. ll]),

cf. (3.3.3), we immediately see that
(M3 0 /L(v)dm) e M

Now, we would like to address the converse: Is any continuous linear functional ¢ on
M of the form ¢(v) = [ L(v)dm with L € M*? As we will prove in the next theorem,
this is indeed the case, and we can obtain L(v) as the Radon-Nikodym derivative of the
countably additive set-function X O E — ¢(1gv) with respect to m.

We again closely follow the presentation given in Chapter 3.2.1 in [13] with a result from
[11], which will be cited explicitly.

Theorem 3.4.1. For any normed module M, the map
Int: M* — M, Tnt(L)(v) := / L(v) dm (3.4.1)
constitutes an isometric (Banach space) isomorphism.

Proof. We first show that the map Int is an isometry, i.e. that | Int(L)| = || L||« for all
L € M*, or more explicitly, we prove (cf. (3.3.3))

/L(v) dm‘: sup || L(v) 1 (m)-
lvl<1

Clearly, the right-hand side provides a bound for the left-hand side. For the converse, we
choose a sequence (v,),>1 in the unit ball of M such that sup,,>1 || L(va) (| 11 (m) = [ L]+
Switching to the modified sequence (¥, )n>1, where

On = 1L (0,)>00Vn + L{L(wn)<0} (—Vn) (3.4.2)

so that L(0,) = |L(v,)| m-a.e. while |0,| = |v,|, we see that indeed also ||L|. =
SUp,,>1 J1L(vy,)| dm = SUp,,>1 [ L(0,)dm < SUP||U||§1U L(v)dm|.

This further immediately implies that Int is isometric, injective and continuous. Once we
have shown that the map is also surjective, we know || Int = (£) ||, = ||Int(Int=(£))|| = |||,
implying continuity of the inverse Int~! and thereby concluding the proof.
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To establish surjectivity, we proceed as in the standard proof of the assertion (LP(m))" =
L9(m), as for example given in [9] Theorem 4.5.1. That is, fixing £ € M’ and v € M, we
obtain L(v) as the Radon-Nikodym derivative %";1—” of the finite (signed) Borel measure
ty w.r.t. m, where u,(EF) := ¢(1gv) for all E C X Borel. In particular,

L(v) =l(1xv) = py(X) = /L(v) dm,

which is exactly what we claimed. We now check that this is technically feasible.

To this end, let {A,},>1 be a sequence of disjoint Borel sets in X and denote by
A C X its union. Then, by continuity of the multiplication, 14v = >_,~; 14, v and so
to(A) = £(14v) = 3,01 £(14,0) = 3,51 to(Ay) since £ € M'. As m(B) = 0 clearly
implies 11, (B) = 0, the set function X D E ~ yu,(E) constitutes a finite Borel measure
that is absolutely continuous with respect to m. The Theorem of Radon-Nikodym thus
grants the existence of an element %; € L'(m) with the property that p,(E) = [ ?i’f: dm
for all E C X Borel. Denoting this element by L(v), we check that v +— L(v) is linear
and satisfies

L(1pv) = 1pL(v) for all F C X Borel.

First, we observe that iy, = Ay + ey due to linearity of £ and py,.,(E) = (1glpv) =
ty(E N F) for any Borel subset F' C X. Hence, fixing some £ C X Borel,

0w+ w)dm = s (B) = Miol(E) + pu(E) = [ AL(@) + L(w) dm
E E

as well as

/ L(1po)dm = p1,0(E) = po(EN F) = / 1pL(v) dm,
E E

implying the assertion by arbitrariness of the set E.

Finally, choosing 9 € M adapted to a given v € M as in (3.4.2), we have || L(v) | 11(m) =
[ L(%) dm = £(3) < ||£||]|v]], so that L: M — L'(m) is seen to be continuous and hence
an element of M* by Lemma 3.3.5. 0

With this at hand, we can derive the following dual characterization of the pointwise
norm on M, reminiscent (and in fact a consequence of) the analogous result for Banach
spaces.

Corollary 3.4.2. For any v € M, we have

lv| = e‘sLs‘ s<ulp|L(v)| m-a.e. (3.4.3)

Proof. By Lemma 3.3.3, the right-hand side is clearly bounded by |v| for any v € M.
We now claim that there exists an L € M* with

L) = |v]? = |L]? m-a.e. (3.4.4)
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3 Normed Modules

To see this, invoking the Theorem of Hahn-Banach, we choose an ¢ € M’ such that
U(v) = [[o])* = ||| (3.4.5)
and set L := Int™!(¢). Then, using Lemma 3.3.3 and Holder’s inequality, we have

(3.3.5)

(3.3.4)
J1pw)an’ <" [1LLfolam < Ll lellem 2120l (346)

Hence, employing (3.4.5) and recalling that || L||. = ||¢||, as guaranteed by Theorem 3.4.1,
we obtain

(3.4.1) (3.4.6)
lo]|* = £(v) "= /L(v)dm < Lol = levll = (vl
Thus, all involved inequalities are in fact equalities and so

/L(v)dm: /|L(v)|dm: /|L|*|vydm.

(3.3.4)
Moreover, as L(v) < |L(v)| < |L|«|v|, we can conclude that

L(v) = |L(v)| = | L|«|v| m-a.e.

This is already sufficient to obtain ess sup |L(v)| > |v| m-a.e.
IL].<1

Additionally, to see that we even have (3.4.4), we recall the equality case in Holder’s
inequality to deduce that

|L|? = t|v|* for some scalar t > 0.

By integrating this equality over the whole space X and again using || L|. = ||£||, we now
see that ¢ = 1 (unless v = 0) as

ol 2 e = L2 2 [ILE dm =t [0 dm = o =

The previous result and the idea of its proof are taken from [11], Corollary 1.2.16.

Corollary 3.4.3. Any normed module M isometrically embeds into its double dual M**
via the map
evi M — M™, ev(v)(L) = L(v). (3.4.7)

Proof. L°°(m)-linearity is easily established as

ev(fv)(L) = L(fv) = fL(v) = fev(v)(L)
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for all f € L*°(m), any v € M and L € M*. Now, by Corollary 3.4.2

lev(v)] “ZY ess sup|ev(v)(L)| “Z" ess sup |L(v)] “=” |v| m-a.e.

|Ll.<1 |Ll.<1

Thus, ev: M — M™ is an injective module homomorphism preserving the (pointwise)
norm. The module M can therefore be identified isometrically with the submodule
ev(M) C M** (recall Remark 3.2.8). O

As we also do in Banach space theory, we distinguish spaces for which this canonical
embedding is a bijection. In fact, using the integration operators defined in Theorem
3.4.1, we will now show that this notion coincides with the usual notion of reflexivity for
Banach spaces.

Definition 3.4.4. A normed module M is said to be reflexive if the natural embedding
ev: M — M™* is surjective.

Proposition 3.4.5. Let M be any normed module. Then M is reflexive as a module if
and only if it is reflexive as a Banach space.

Proof. Denote by i: M — M" the canonical embedding of M as a Banach space into its
double dual via

M3 v i(v) with  i(v)(¢) = £(v) for all £ € M’ (3.4.8)

and by Intpg: M* — (M*)’ the integration operator as defined in (3.4.1). Then both
Intpq+ and Int/y;: M” — (M*)', defined as the transpose of Int g, i.e.

Int’\4(p) = p o Int pq for any ¢ € M”, (3.4.9)

are bijective. Moreover, we have

(3.4.7 (3.4.8) (3.4.9

Intaee (ev()(L) = [ ev(o)(L)dm 27 Tutag (£)(0) 27 i(0) It n(£) " Tt i(0)) (1)

Hence, the diagram
M ev M**

’Ll EllntM*

M// = (M*)I

Int’, ,
commutes, implying that the map ev is surjective if and only if the map i is. O
We now turn our attention to a special class of reflexive modules, in which the pointwise

norms can be polarized to produce pointwise scalar products. Relating this property to
the underlying Banach spaces, the duals of such modules will be seen to be isometric to
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3 Normed Modules

the modules themselves via a pointwise analogue of the Riesz Theorem. Chapter 3.2.2 in
[13] will serve as a guideline for this.

Finally, also in the context of defining a differential calculus for metric measure spaces,
this class of modules will play a prominent role, as they will serve as a generalization of
bundles on a Riemannian manifold.

Definition 3.4.6. A normed module M is said to be a Hilbert module if the underlying
Banach space (M, ]| -||) possesses the structure of a Hilbert space. To distinguish
notations, we will denote a generic Hilbert module by a calligraphic H and its scalar
product by (-, - ).

As an immediate consequence of the last proposition, we obtain the following result,
relating any Hilbert module with its double dual.

Corollary 3.4.7. Any Hilbert module H is reflexive.

We now prove our main result on Hilbert modules, in which we show that any such
module admits a pointwise scalar product (-, -):H x H — L'(m) defined via polarization
as

1
(v, w) = 5(\1} +wl? —|v)? = |w[?) for any v,w € H. (3.4.10)
Further, this map will be shown to possess the usual properties of a scalar product.

Theorem 3.4.8. Let H be a Hilbert module. Then the map defined in (3.4.10) is
L*>°(m)-bilinear, symmetric, positive semi-definite (in the almost-everywhere sense) and
non-degenerate. Moreover, we can relate (3.4.10) to the pointwise norm via

[{(v,w)| < |v||w| m-a.e. and (v,v) = |v|? (3.4.11)
for any v,w € ‘H. Finally, the pointwise parallelogram law holds:

2([vf? + |w|?) = [v +w* + |v — w|* m-a.e. (3.4.12)
Proof. First, by simply inserting into (3.4.10), we get (v,v) = |v|?> > 0 m-a.e., as well as

(v,w) = (w,v) for any v,w € H, establishing positive semi-definiteness and symmetry.
By integrating (3.4.10) over the space X and using (3.1.3), we get

(v, wyy = /(v,w) dm (3.4.13)

by the parallelogram law for || - ||3z. Further, integrating the expression (Av,w) for A € R
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over any Borel set F C X, we see

1
/(Av,w)dm (3‘4:‘10)/ —(|Iaw+w|* = [M]* — |w|*) dm
E E2

313 1
2

= <)\1E’U, 1Ew>H = )\<1EU, 1Ew>7{(3.4ilg)/ )\(U, w> dm,
E

(M v + 1pwlf3, — [Apv|f, - [1pw]F)

having used the parallelogram law for |- ||y and homogeneity of (-, -)% in the last
line. Hence, by arbitrariness of £ C X, we get (Av,w) = A(v,w) and with a similar
argumentation (u + v,w) = (u,w) + (v, w) for any w,v,w € H. Taken together, this
implies that (v,w) — (v, w) is R-bilinear, symmetric and positive semi-definite. Since

clearly oio 1
3.1.6
[, w)] < S((vl +[w)? = v = [w]’) = [v]|Jw] m-ae.,

with |v| and |w]| both in L?(m), Holder’s inequality guarantees that (v, w) € L' (m), while
Lemma 3.3.5 ensures L°°(m)-bilinearity.

It remains to establish non-degeneracy as well as the pointwise parallelogram law. Suppose
therefore that (v,w) = 0 m-a.e. for all w € H. Then by (3.4.13), we see that (v, w)y =
J{v,w)dm = 0 for all w € H, so that v = 0 by non-degeneracy of the scalar product on
‘H. Finally, the pointwise parallelogram law is obtained, exactly as above, by integrating
over an arbitrary Borel set E C X and using the parallelogram law for || - |3y when
applied to the elements 1gv and 1gw. ]

Corollary 3.4.9. Let M be a normed module. Then M is a Hilbert module if and only
if the pointwise norm | - | satisfies the parallelogram law.

Proof. The previous theorem implies that | - | satisfies the parallelogram law if || - || a4
does. Moreover, as [|v|*dm = [|v||3, for all v € M, the converse also holds. Hence, the
pointwise norm satisfies the parallelogram law if and only if || - || o does, which is the case
precisely when (M, || - || m) is a Hilbert space by the Jordan-von Neumann Theorem. [J

We now discuss the relation of a Hilbert module H with its dual by proving an analogous
result to the Theorem of Riesz for Hilbert spaces. This will imply, as we will see, that
the operations of pulling back the module and dualizing it commute (up to unique
isomorphism), in contrast to the situation for general normed modules, cf. Example
3.3.16.

Theorem 3.4.10. Let H be a Hilbert module. Then any L € H* is of the form
L=(v,-) forauniqueveH (3.4.14)

with |v| = |L|« m-a.e.
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Proof. By locality of the scalar product, this is an immediate consequence of the classical
Theorem of Riesz and Theorem 3.4.1. Indeed, these results imply that Int(L) € H' must
be of the form Int(L) = (v, - )y for a unique v € H, so that

13

/ (0, w) dm “EY (v, 1wy = Tnt(L)(1pw) “LY / L(w)dm
E E

for all w € H and any E C X Borel. We must therefore have L = (v, -).

To see |v| = | L|, m-a.e., we establish

|v| = esssup [(v,w)].
|lw|<1m-a.e.

By (3.4.11), the pointwise norm |v| is a bound for the essential supremum. We now
construct an element w € H with |w| < 1 for which equality is attained. To do so, we
first define the set E := {|v| = 0} and, invoking locality of the scalar product, we observe
that

(g, )] = 1g (v, w)| < (1g|o])|w| = 0 m-a.e. (3.4.15)
for any w € H. Thus, introducing @ := 1X\E\%\ = 1{|U‘¢0}|“7|, so that
Ix\gv = |v|w and |@]=1x\g, (3.4.16)
we have
(0, @) = (Jo|@ + 1pv, @) “Z7 (Jvlw, @) "= o||o]? =10 plo| = [v| meae. O

Proposition 3.4.11. Let ¢:Y — X be a map of bounded compression and let H be a
Hilbert module on X. Then, as normed modules,

Proof. We first prove that ¢*H is a Hilbert module on Y. For this, by Corollary 3.4.9
and continuity of the pointwise norm, it suffices to check the pointwise parallelogram law
for elements of the form ;" | 15, ¢*v; for (E;); a Borel partition of Y and (v;); € H (cf.
(3.3.10) and argue as in (3.3.7)). Now, using item (i) in Theorem 3.3.8, we see that

(3.1.2) (3.3.9)
Z g, 0" v; = Z g, ¢ vi = ZlEi‘UH oY= ZlEivi

giving the claim by writing out the parallelogram law for the elements ), 15,v; € H.

°P,

To prove the isomorphism, let I: o*H* — (¢p*H)* denote the map W — B(-,W) as
in Proposition 3.3.15. We already know that I is an isometric embedding, leaving us
with the task of establishing surjectivity. This we do by constructing a right inverse
J:(p*H)* — ¢*H*. For this, let Ry:H — H* and R«y:¢*H — (¢*H)* denote the
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respective Riesz isomorphisms as in Theorem 3.4.10. Since, recalling that | Ry (v) |« = |v],

(3.3.9)

(" (Bu(v)| "=" |Bu(v)|« 0@ = [v] 0 p my-a.e.,
Theorem 3.3.11 guarantees the existence of a unique module homomorphism S: p*H —
Y"H* with
S(p*v) = " (Ry(v)) forall v e H. (3.4.17)
We now define the module homomorphism
Ji=So R L (0" H) — o H* (3.4.18)

and check that I o J = id(,«3) on the generating subspace { R,+#(¢*v)| v € H}. To
this end, we first note that

Ry (9 0) (9" w) “=Y (o 0, o*w) "= (v, w) 0 .
Hence, the equality
(I 0 ) (Rpep(9™0)) (¢ w) =¥ 1(S(p™0)) (¢ w) =" I(p* (Ryv)) (p*w)
U= Bt (Ru(v).9"w) U= Ryy(v)(w) o "= (v,w) 00

establishes the claim and concludes the proof, as it shows that the two module homomor-
phisms [ o J and id(,«3,)+ agree on a generating subspace. ]
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We now turn to the task of building a first-order differential calculus for an arbitrary
metric measure space (X, d, m). To do so, we first generalize integrable sections of the
tangent and cotangent bundles via the theory of normed modules. Thus, in our approach,
one forms will be introduced as elements of a cotangent module L?>(T*X), which we
equip with a linear differential d: $?(X) — L?*(T*X) built upon the minimal weak upper
gradient |Df|. We then show that L*(T*X) is in fact generated by the differentials of
Sobolev functions, so that a generic one form can be obtained as the limit of simple
one-forms

w=> 1gdf;, (4.0.1)
=1

where, as usual, (E;); constitutes a Borel partition of X and f; belongs to the Sobolev
class S%(X) for each 1 < i < n.

Dualizing this module, we then obtain the tangent module L?>(TX), whose elements
we call vector fields on X. In analogy with the classical situation, we will also prove
a one-to-one correspondence between these vector fields on X and L?-derivations on

S%(X).

4.1 The cotangent module

Theorem 4.1.1. Let (X,d, m) be a metric measure space. Then there exists an essentially
unique L?(m)-normed L (m)-module L*(T*X), called the cotangent module, and an
R-linear map d: S?(X) — L*(T*X), called the differential, such that

i) |df| = |Df| m-a.e. for every f € S*(X), (4.1.1
ii) L*(T*X) is generated by {df|f € S?(X)}. (4.1.2

~— ~—

Remark 4.1.2. Again, essential uniqueness is to be understood as in Remark 3.3.9.
Thus, we assert that for any other pair (M, d) as above, there exists a unique module

isomorphism ®: L?(T*X) — M with ® od = d.
Proof. Following an argumentation similiar to the proof of Theorem 3.3.8, we first

establish uniqueness and then define the relevant objects in accordance. For this, let M
be another module with differential d satisfying both conditions stated, and suppose we

71
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had already found a module isomorphism W: L2(T*X) — M satisfying ¥ o d = d. Then,
necessarily,

for any Borel partition (E;)™ ; of X and (f;)",; C S?(X). Therefore, we use (4.1.3) to
define a map on

V= {Z 1, dfi| (E;)™, is a Borel partition of X, (f;)"; C S*(X)}, (4.1.4)

i=1
and extend it to L?(T*X). This is possible as property (i) guarantees that
> 1gdfi Ny > g |dfil © Y 1g|Dfil =Y 1g|dfil =D 1gdf;

while V' is seen to carry the structure of a vector space due to the linearity of the
differential d:

. (4.1.5)

OzZlEi dfi"’Zle dg; :ZlEiij d(af; +g5) €V, (4.1.6)
i=1 j=1 V)

where the quantities are defined as in (4.1.4) with o € R. Thus, we are in the position
to invoke Proposition 3.2.12 and conclude, by item (i7), that V is dense in LA(T*X).

Defining 1% accordingly for d, we can draw the same conclusion for V as a subspace of M.

Hence, the linear map defined by (4.1.3) has dense domain and codomain. Since it
preserves the pointwise norm, as we have seen in the calculation (4.1.5), we can extend it
to a module isomorphism using Proposition 3.2.3 (recall that the image of any isometry
is closed and notice that ®(V) = V is dense in M, whence ®(V) = M).

We now establish existence. To do so, we notice that two representations ), 1g, df;
and }; 1p; dg; of the same element in V, defined in (4.1.4), coincide precisely when the
pointwise norm of their difference vanishes, or equivalently, if and only if

|D(fi — g;)| = |dfi — dg;| = 0 m-a.e. on E; N Fj for all 4, j.
We are therefore led to consider the quotient set of
{{(B:, £} In > 1, (Bi)iy is a Borel partition of X, (f;)i; € $*(X)}
under the equivalence relation (E;, f;); ~ (Fj,g;); if and only if
|D(fi — gj)| = 0 m-a.e. on E; N F} for all 4, 7,

having used the abbreviation (E;, f;); = {(E;, fi)}1=,. We call this set of equivalence
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classes the pre-cotangent module, denoted Pcm.

Inspired by the calculation (4.1.6), we equip Pcm with a linear structure by setting

[Ei, fili + [F}, g5lj == [Ei NV Fy, fi + gjlig

alEB;, fili = [Bi, afil; for a € R, (4.1.7)

with square brackets indicating equivalence classes. To see that these definitions give
rise to well-defined notions of addition and scalar-multiplication, notice for instance that
whenever (E;, fi)i ~ (Ek,fk)k and (F},g5); ~ (F1,G1)1, we have

ID((i + 95) — (Feta)) "< 1D — fi)l + ID(gj — )| = 0 mesc.

on the intersection of E; N Ej and F;n F}, implying at once (BN Fy fi +95)ig ~
(Ex NVEy, fi + Gi)k,- Using absolute homogeneity of the minimal weak upper gradient, we
get the second claim with an even shorter calculation.

Next, we endow the newly entitled vector space Pcm with a multiplication by L>°(m)-
functions, starting with simple functions for the moment:

(Z Ozjlp ) Eu fz]z : [Ez N Fj, ajfi]i,j- (418)

For the pointwise norm, we set

|[Ei, fils] :== Z 1g|Dfil, (4.1.9)

where the right-hand side is understood to hold up to almost everywhere equivalence.
Again, well-definedness is a consequence of the (reverse) triangle inequality, allowing us
to conclude

Z1E |Df;| = Z1E nr; | Dfil = ZIF nE;|Dgj| = le |Dg;l, (4.1.10)

7] 7]

whenever |D(f; — gj)| = 0 m-a.e. on E; N Fj for all ¢, j, that is whenever (Ej, f;); and
(Fj,gj); are equivalent. Finally, setting

1/2
H [Eufz]zH - H | [Elvfl | HL2 (Z/ |Df1|2dm> ) (4'1'11)

we endow Pcm with its last piece of data so as to become a module (upon completion),
namely a norm compatible with (4.1.9). Indeed, ||[E;, fili|| = 0 m-a.e. immediately
implies | D f;| = 0 m-a.e. on E; for all i, so that [E;, f;]; = [X,0]. Further, ||«[E;, fii|| =
|| || [, fi]i]] by absolute homogeneity of the weak upper gradient. Lastly, the triangle
inequality follows as in (4.1.10), again by using a common refinement of two partitions
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and the triangle inequality for the weak upper gradient:

I [Es, fili + [F}, 951511 = HZlE NF; |D(fi + g5)] HL2
7]
<> 1enm Dfil 2@ + 1D 1e0r, 1Dgsl 2 m)
4.J i,J
= ([ B, filill + | [F}, 9515 |-

Finalizing, we denote by (L*(T*X), || - | 2(7+ x)) the Banach completion of Pcm together
with the norm || - || defined in (4.1.11). We now check that we can carry the two norms
to the completion space. First, by the reverse triangle inequality for (4.1.9), obtained
via a refinement from the corresponding reverse triangle inequality for the weak upper
gradient (2.3.2), the map | - |: Pcm — L?(m) is uniformly continuous and hence extends
to a unique map defined on the whole of L?(T*X). Secondly, as

(S

ZlE ne; | D(e fi) H

4.1.1

< max]oz]] I[Ei, villl,

L (m)

we see that the multiplication by simple functions extends to a bilinear multiplication
L>®(m) x L*(T*X) — L*(T*X). Thus, (L*(T*X), |- [ z2¢7+x), - »| - |), in fact, constitutes
an L?(m)-normed L>(m)-module.

It remains to define the differential d: S?(X) — L?(T*X), which we can now easily do by
setting
df == X, f]. (4.1.12)

so that the differentials of two Sobolev functions f and g coincide precisely when
|ID(f — g)| = 0 m-a.e. Then, clearly,

4.1.1

dlaf +g) "= X, af + 9] "= a[X, f] + [X,9] = adf +dg

for all f,g € S?(X) and o € R by (4.1.7), guaranteeing R-linearity. Since |df| =

I[X, f]I = |D f| m-a.e., conclusion (i) holds. For the second item, we observe that

1.12)

ZlE dfz (4— ZlE X fz - [E’val]l

which provides the required density of {df | f € S?(X)} within L?(T*X) by Proposition
3.2.12. 0
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Remark 4.1.3. As for the Sobolev calculus, one can prove the following consistency result:
Consider the space of all square-integrable one-forms on R”, equipped with the Lebesgue
measure, together with the map assigning to each Sobolev function its distributional
differential. Then, taking a module viewpoint, this couple is isomorphic to the cotangent
module (L?(T*R™),d) via a unique module isomorphism, see Proposition 4.1.7 in [13].

We now investigate how the rules of calculation for minimal weak upper gradients carry
over to the linear differential d: S?(X) — L?(T*X). Before doing so, however, we clarify
upon some functional analytic properties of this unbounded operator. Specifically, we
will establish the closedness of the differential as a map from W12(X) into L?*(m) with
respect to the corresponding weak topologies.

Theorem 4.1.4. If a sequence of Sobolev functions (fn)n>1 C S?(X) converges point-
wise m-almost everywhere to a function f: X — R in such a way that the sequence of
differentials (dfn)n>1 converges weakly to some w € L*(T*X), then f € S*(X) with
df =w.

Moreover, the same conclusion holds if (fu)n>1 € WH2(X) with fn, — f and df, — w.

Proof. Applying Mazur’s lemma (see Corollary 3.8 in [8]) to the weakly convergent
sequence of differentials (dfy)n>1, we can find convex combinations

Ny, Nn
df, =Y Anidfi, Np>n with Y A, =1
i=n i=n
such that ,
L3(T*X
df! M w in the strong topology.
n—oo

We now claim that for the sequence (f},)n>1, where f = Zf\]:"n An.ifi, we further have
!
fn m f m-a.e.

To see this, denote by £ C X the null-set of all points where (fy,)n>1 does not converge
to f. Now, for a given € > 0 and x € X \ E, choose M > 1 so that | f;(x) — f(z)| < ¢ for
all ¢ > M. Then, using Zf\ﬁ';n Am,i = 1, we have

| fn(@) = f(2)| =

Ny, N N
2: Ami(fi(@) — f(l’))‘é Z Amgil fi(z) = f(z)] <e Z Ami = €

for all m > M.
Hence, by otherwise replacing our original sequence by the modified (f},)n>1, we can

assume w.l.o.g. that df, —w in the strong topology of L?(T*X). This implies
n—oo

A1 L?
DA 2 (g 0, 1

9
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by the continuity of the pointwise norm as stated in (3.1.9). Proposition 2.3.4 thus
guarantees that f € S?(X). To see that df = w, we first fix some n > 1 and invoke
Proposition 2.3.8 to conclude

df —d “Lhyp “2% lim |||D
|df —dfullp2r-xy =" 1ID(f = fa)lllLe@m) < Jim ID(fre = fr)lll L2 (m)
— 00
= lim [|dfy — dfnllz2(m)
k—o0

Together with the fact that (df,)n>1 is a Cauchy sequence in L?(T*X), this yields
n@o”df —dfallre@x) < n@o kl%londfk —dfnllz2x) =0,

and so, indeed, df = w.

Finally, to get the same conclusion if (f,)n>1 € WH2(X) with f,, = f and df, — w, we
apply Mazur’s lemma first to the sequence (df,,)n>1 to obtain df], — w with f], — f and
then to (f)n>1 to get df)) — w with f) — f. Now, by choosing an almost-everywhere
converging subsequence of (f/),>1, we can apply the first part of the theorem. O

Theorem 4.1.5. The differential d: S?>(X) — L?>(T*X) obeys the following rules of
calculation:

A) Locality. Within the set {f = g}, we have df = dg m-a.e.

B) Chain rule.
i) df vanishes wherever f takes values in a A\-null set, i.e.

df =0 m-a.e. on f~1(N) for any N C R null. (4.1.13)
ii) For any Lipschitz function ¢: I — R, we have po f € S*(X) and
d(po f) =¢ o fdf m-a.e. (4.1.14)
with ¢’ o f arbitrarily defined wherever @' does not exist.
C) Leibniz rule. If f,g € S*(X) N L>®(m), then fg € S*(X)N L*>®(m) and

d(fg) = fdg + gdf m-a.e. (4.1.15)

Proof. Locality and item (i) of the chain rule follow immediately from Theorem 2.3.13,

as
(4.1.1)

|df —dg| ="|D(f —g)| =0m-ae. in {f =g},
by item (A) in Theorem 2.3.13 and

(4.1.1)

|df| "= |Df] = 0 m-a.e. in f~Y(N),
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by item (B), so that df = 0 there, as a consequence of Remark 3.1.3.

To prove item (i), we first observe that
dh =0 for all h: X — R constant (4.1.16)

by (4.1.13). Now, assume for the moment that ¢: R — R is affine, i.e. p(t) = at + b for
a,b € R (allowing a = 0). Then,

d(po f) =d(af +b) =adf +db "2 adf = ¢ o fdf. (4.1.17)

In the general case, we first extend ¢: I — R to a Lipschitz function ¢: R — R using the
Whitney-McShane extension theorem (see Theorem 2.3 in Lectures on Lipschitz Analysis
[16] by Juha Heinonen). Now, one can prove that for any such function, there exists an
approximating sequence of piecewise affine functions (¢y,),>1 C Lip(R) with the property
that

. . / /
{pn ——+ ¢ pointwise and ), — 0P ae, (4.1.18)
so that
sup Lip(en) < Lip(e), (4.1.19)
nz

see claim (4.5) in [13]. This now allows us to conclude using Theorem 4.1.4. Indeed,
(¢l 0 f)n>1 converges pointwise to ¢’ o f outside f~(N), where N C R is the null-set of
all points where ¢!, does not exist for some n > 1 or the sequence of (¢/,),>1 does not
converge to ¢'. Thus, item (i) guarantees that df vanishes m-a.e. on f~!(N) and (4.1.19)
ensures | ¢!, —¢'| o f |df| < 2Lip(p)|df| € L?(m). Therefore, by dominated convergence,

g o fAf — ¢ o Fdf[Iarex) 27 / el = Po fldffPdm ——0.  (4.1.20)

Hence, (4.1.18) and (4.1.20) give

L2(T*X)

) @17 ol o fdf — ¢ o f df m-a.e.

wnofmqDOfm-a.e. and d((pnof

So, by Theorem 4.1.4, p o f € S?(X) with d(p o f) = ¢ o f df.

Finally, to prove the Leibniz rule, assume first that f,g > 1. Then, by the chain rule
with ¢ = log: [1,00) — R, we obtain

d(fg) (4.1:.14)
fg

ie. d(fg) = gdf + f dg. In the general case, we shift f and g by a constant ¢ > 0 so that
[+ cand g+ c are both bounded below by 1, e.g. ¢ = max{|| f||zoc(m) |9l Loo(m)} + 1.

d(log(fg)) = d(log(f) +1og(g)) =" — +—,
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Using the first part, we can now conclude, on the one hand, that

d(f+g+e)= (f+rodlg+eo)+(g+e)d(f +e)
CEf+e)dg+ (g +e)df = fdg+gdf +ed(f +g),

-

while, on the other hand,

d((f+c)(g+c) =d(fg+c(f+g)+*) =d(fg) +cd(f +g).

Comparing the two results, we see that we must have d(fg) = gdf + fdg. O

Finally, as a technical result, we note that it suffices to consider the images of L?-integrable
Sobolev functions f € W12(X) under the differential d: S?(X) — L*(T*X) to generate
the whole cotangent module.

Proposition 4.1.6. The set {df| f € WY2(X)} generates the cotangent module
L2(T*X).

Proof. The image of the differential d: S?(X) — L?(T*X) generates L?(T*X) by con-
struction, see (4.1.2), and so it suffices to prove {df| f € S?(X)} C M, where M is the
module generated by {df | f € W'2(X)}, as this would then imply

fi € 52(X)} C M C LA(T*X).
We do this by way of a cut-off argument similar to Lemma 2.2.10. Concretely, recall
from (2.2.15) the definition

F™ = o (fV (=m)) Am € L (m),

where 7, » is the Lipschitz cut-off function of the ball of radius n around some point
xo € X introduced in (2.2.10). Defining ¢ € Lip(R) by

@(t) = (tV (=m)) Am sothat ¢'(t) = Lyj<m}(t), (4.1.21)

we see that f™" = 1, , po f with po f € S2(X)NL>®(m) by the chain rule proved in the
preceding theorem. Since Proposition 2.2.6 guarantees that also 1,,., € S*(X) N L*®(m),
the Leibniz rule finally ensures f™* € S?(X) N L?(m) = W12(X).

We now prove that, upon localizing, the differentials of these cut-offs converge in L?(T*X)
to df. For this, we use the fact that on B, (z¢) the function 7, ,, satisfies

Neon =1 with  dnggn =0 (4.1.22)

78



4 First-Order Calculus

by (4.1.16). Therefore, by the Leibniz rule,

1, (a0) U™ “E7 15, (a0) (g A(9 0 £) + ¢ © f Ay )

(4.1.22) (4.1.21)

= 1wy o fAf =" 1, (20)1{f1<m} S,

Hence, defining the set Ay, := f~1([—=m, m]) N By, (z0), we have

2 *
L2(T*X) df

n,Mm—00

L4,,, df™

by the dominated convergence theorem, as (J,, ,>1 Amn clearly exhausts X. This finally
gives the claim since 14,,, df™ € M and M C L?(T*X) is closed. O

4.2 The tangent module

After having defined one-forms on a general metric measure space, we now introduce
vector fields by duality.

Definition 4.2.1. Given a metric measures space (X, d, m), the (dual) module L?(TX) :=
(L?(T*X))* is called the tangent module of X and any element v € L?(TX) is called a
vector field on X.

Remark 4.2.2. As usual, we denote the action of v € L*(TX) on w € L*(T*X) by w(v).
Note that expressions like fw(v) for f € L*(m) are unambiguous as (fw)(v) = f(w(v))
by L°°(m)-linearity of v. Moreover, when referring to the pointwise norm of an element
v € L?(TX), we drop the additional star in the notation and simply write |v|.

Now, in smooth differential geometry, we have already encountered an equivalent charac-
terization of the space of vector fields on a manifold M via derivations on the algebra
C>°(M). More concretely, the map taking any vector field v to the derivation

C®(M) 5 f > df(v) (4.2.1)

was found to be bijective.

Our goal in this section is to establish an analogous result for v € L?(TX) and f € S?(X),
thereby defining an appropriate notion of a derivation in this context. To begin with, we
notice that the counterpart to (4.2.1), that is, the linear map

S*(X) 3 frdf(v) € L'(m),

satisfies
(4.1.1)

(3.3.3)
1< ul|df| “EY o||Df| moae. (4.2.2)

[df(v)
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with |v| € L?(m). Therefore, any linear map L: S?(X) — L!(m) for which
L(f) = df(v) for some v € L*(TX) (4.2.3)

would necessarily also have to satisfy | L(f)| < |v||Df| m-a.e. With the help of Proposition
3.3.6, we will see that this bound, in fact, already characterizes all linear maps taking
the form (4.2.3).

Definition 4.2.3. We call any R-linear map L: S?(X) — L!(m) an L2-derivation provided
|L(f)| < ¢|Df| m-a.e. for some £ € L?(m). (4.2.4)

The set of all derivations on S?(X) is denoted by Der(S?(X)).

Theorem 4.2.4. There is a one-to-one correspondence between the set of vector fields
on X and the set of derivations on S?(X). More concretely, the map

LY(TX) > v~ vod e Der(5%(X))
is bijective.
Proof. We have already established the claim that f +— df(v) is a derivation in (4.2.2).

For the converse, we invoke Proposition 3.3.6, as already hinted at. Specifically, for a
given derivation L: S?(X) — L!(m), we define the linear map

T:V — L'(m),df — L(f)

on the generating vector subspace {df| f € S?(X)} =: V C L?(T*X). This is possible
as (4.2.4) (4.1.1)
TN = LN < LIDf] =" £]df] (4.2.5)

Thus, Proposition 3.3.6 guarantees the existence of a unique vector field v € L?(TX) for
which df(v) = T(df) = L(f) holds for every f € S?(X), concluding the proof. O

Corollary 4.2.5. Any derivation L: S?>(X) — L'(m) satisfies the Leibniz rule, i.e.
L(fg) = gL(f) + fL(g) forall f,g € S*(X)N L>(m).

Proof. By Theorem 4.2.4, we can find a vector field v € L?(TX) such that L = v o d.
Hence, by the Leibniz rule for the differential d: S?(X) — L?*(T*X), we have

(4.1.15)

L(fg) =d(fg)(v) ="(gdf + fdg)(v) = gdf(v) + fdg(v) = gL(f) + fL(g),

having used L>(m)-linearity of v € L?(TX) O
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4.3 Gradients

Recall that on R", equipped with the Euclidean inner product, the gradient V f of a
differentiable function f: R™ — R is defined in duality to its differential d f via the relation

(Vfl,v) =df|,(v) forallveR"

Hence, Vf is the unique vector field on R", whose (pointwise) image under the Riesz

isomorphism R™ = (R™)* is the differential df.

Now, as our approach to Sobolev functions only captures the magnitude of the differential,
we try to find an alternative description only involving norms. For this, we exploit the
fact that the Riesz isomorphism

R"™ — (R™)*, v+ (v, -)

maps any v € R" to a unique norm-attaining linear functional « := (v, -), by which we
mean that
2 2
a(v) = [[v]” = [laf".

The Riesz isomorphism therefore establishes a one-to-one correspondence
{veR"} +— {a € (R")"| a is norm-attaining }.

In fact, one can show that linearly assigning a unique norm-attaining functional « to any
v € R is possible only if the norm is induced by a scalar product, see the solution to
Exercise 4.2.11 in [13].

Moreover, denoting by Dual(v) the set of all a € (R™)* for which a(v) = ||v[]? = ||«]|?,
we have the following result, whose proof can be found as Propositions 5.4.24 and 5.4.25
together with Theorem 5.4.17 in An Introduction to Banach Space Theory [21] by Robert
E. Megginson.

Proposition 4.3.1. The assignment v — Dual(v) is singleton-valued if and only if the
norm is (Gateaux) differentiable. Further, Dual(v) N Dual(w) = @ for v # w precisely
when the norm is strictly convex.

Returning to our original problem, we can consequently, for a general norm, only hope
to define a gradient v[, € R" of g € Cl(R™) at p € R™ via the requirement that Dual(v|,)

contain dg]p (as opposed to being able to set Vg|p = Dualfl(dg|p) with Vg uniquely
defined). Thus, we introduce

Grad(g) := {v:R" = R" | dg(v) = [[dg|* = [|v]*}

with the understanding of pointwise equalities at each p € R™.
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Now, a way of deciding whether this set contains just a single element, based only on the
notion of a differential, is to check (again pointwise) if

= i for all LR™). 4.3.1
Ueﬁiﬁ(g)dﬂ”) veg;g(g)df(v) orall feC(R") (4.3.1)

Indeed, if two gradients v and w of g disagree, say v; < w; at some point p € R™, we can
choose the (linear) projection f; := x — x; to conclude min,cgraq(g) dfi(v) < dfi(vi) =
v; < w; = dfi(w) < max,eqrad(g) dfi(v) at this point p.

Ezample 4.3.2. To see explicitly that gradients may be non-unique, consider (R2,|| - ||oo)
and the function f:R? — R, (z,y) — 2. Then df|,(z,y) = x for any p € R? and so

Grad(f)|, :=={(z,y) e R?*| 2 = 1 = || (z,9) o}
={(z,y) eR?* |z =1,|y| < 1}.
This effect is of course due to the lack of strict convexity.

Now, as on general spaces, this might be hard to check explicitly, we rephrase both
quantities purely in variational terms:

. df(e) — ine 100+ EDIP ~l1dg]?

veGrad(g) e>0 2e
(4.3.2)
i d50) = s 10+ DI = gl
veGrad(g) e<0 2e

This equivalent formulation (see Proposition 4.3.6, where we give a full proof of this
equivalence), which only requires knowledge on the magnitude of the differentials, will
serve us as a characterization in the abstract setting of metric measure spaces, a treatment
of which we now begin to develop.

A similar motivational introduction, on which our presentation is based, can be found
in On the differential structure of metric measure spaces and applications [12] by Nicola

Gigli.
Definition 4.3.3. Let (X,d, m) be a metric measure space and let f € S?(X). We say
that v € L3(TX) is a gradient of f if

df(v) = |df > = |v|* m-a.e. (4.3.3)

The set of all gradients of f is denoted by Grad(f).

Lemma 4.3.4. Given f € S%(X), the set Grad(f) is non-empty and is comprised exactly
of those v € L?(TX) for which

df(v) > 1\df\g + %’1}‘2 m-a.e. (4.3.4)
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Proof. In the proof of Corollary 3.4.2 we have convinced ourselves that for any normed
module M and any w € M, there exists an L € M* with L(w) = |w|?> = |L|? m-a.e., cf.
claim (3.4.4). Applying this to M = L?(T*X) and w = df, this implies the existence of
some v € L?(TX) = (L*(T*X))* such that

df(v) = %df(v) + %df(v) = %|df\2 + %Mz m-a.e. (4.3.5)

Hence, Grad(f) # @. To prove the alternative characterization, notice that for any
v € Grad(f), we can proceed exactly as in (4.3.5) to verify the inequality (4.3.4).
Conversely, suppose that (4.3.4) holds. Then, by Young’s inequality,

1 1 (4.3.4) (3.3.4) 1 1
I+ Sl < df) < ldfllol < ldfP + Slof moae.

Hence, df(v) = |df||v] = 3|df >+ 1|v|> m-a.e., implying v € Grad(f) as 3(|df|—|v])? =
sldf>=|df||v|+3|v|*> = 0 m-a.e., which enforces |df| = |v| m-a.e. O

Being defined in duality with differentials, it is not surprising that gradients obey similar
rules of calculation. However, the analogue of the Leibniz rule in Theorem 4.1.5 is not
true for gradients in general. In fact, it will turn out that for (unique) gradients it is
equivalent to their linearity and holds only if the tangent module is a Hilbert module.

Theorem 4.3.5. Let f € S?(X). Then the assignment of a gradient of f satisfies the
following rules of calculation:

A) Locality. If f = g on a Borel set E C X for some g € S?(X), then for any choice
of gradient v € Grad(f), there exists some w € Grad(g) for which v =w on E.

B) Chain rule.
i) Any v € Grad(f) vanishes wherever f takes values in a A-null set, i.e.

v=0 m-ae. on f '(N) for any N C R null. (4.3.6)
it) For any Lipschitz function ¢:R — R, we have
(¢" o f)v € Grad(p o f) m-a.e. (4.3.7)

with (¢' o f)(x) arbitrarily defined whenever ¢’ does not exist at f(x).

Proof. To prove locality, for a given v € Grad(f), we begin by choosing any w € Grad(g)
and set w := 1gv + 1x\ pw. Then, as

df = dg m-a.e. on E (4.3.8)
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by Theorem 4.1.5, we have

(31.2) (43.3)
Jw|? 1E|U|2‘|'1X\E|w|2 1 ‘df’2+1X\E|dg‘

(4.3.8)

1gldg|® + 1x\pldg|* = |dg|* m-a.e.

Moreover,

dg(w) = 15 dg(v) + 1x\ gz dg(®) =1 dg(v) + 1x\ gl @

(4.3.8)

=g df(v) + 1x\ gl

(433)
1glof* + 1x\gl@* = Jw/?

in the m-almost everywhere sense. Hence, w € Grad(g) with v = w on FE.

For the chain rule, first observe that df = 0 m-a.e. on f~'(N) if N C R is A-null by
Theorem 4.1.5. Thus, |[v| = |df| = 0 m-a.e. and so v = 0. Now, let ¢: R — R be Lipschitz.
We need to prove
d(po f)((¢ o flv) =@ o fP|v* = [d(w o f)[* m-ae.
Recalling that
d(po f) = ¢ o fdf m-ae. (4.3.9)
by Theorem 4.1.5, we have

dpo f)((¢' o flv) = ¢ o fd(po f)v) “E” [ o f2df(v) "Z | o f*|v]?

m-almost everywhere. This also immediately implies

dpo (¢ o fo) =@ o fFPlu “Z7 [ o fFRIAf P “2” |d(p o f)? m-ace.,
giving the claim. O

We now proceed to prove, in our abstract setting, the equivalence of the aforementioned
characterizations (4.3.1) and its variational counterpart (4.3.2). To do so, we introduce
the quantity

Hyge) = %|D(g +ef)? € Li(m), (4.3.10)

where f,g € S?(X) and ¢ € R. As we know by Lemma 2.3.6 that the Sobolev class
S?(X) constitutes a real vector space and that S%(X) > f — |Df| is convex, we can
conclude that also Hy 4 is m-a.e. convex for all choices of Sobolev functions f and g (as
the restriction of the convex minimal weak upper gradient to the segment connecting
these two functions in S?(X)). Hence, the difference quotients of Hy,, are monotonically
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non-decreasing and so

H — Hy (0 H — Hy4(0
£q(€) 7.9(0) — ess inf £.9() £.9(0) (4.3.11)
e+ £ e>0 13

exists (cf. Lemma 3.2 in [23]).
Proposition 4.3.6. Let f,g € S*(X) and let v € Grad(g). Then,

H - H H - H
ess sup r(€) £9(0) < df(v) < ess inf £9() 74(0) m-a.e. (4.3.12)
e<0 € e>0 €

Moreover, there exist choices of vy and vy _ in Grad(g) for which the right-hand side
and the left-hand side, respectively, attain equality.

Proof. For the first part, we invoke Lemma 4.3.4 and Young’s inequality to get
1 2,1 o 1 2 1, 9
cdf(v) = dlgtef)(0)~dg(v) < Sld(g+ef) P+ 0~ gl o] = Hy ()~ Hg (0).

Upon dividing by € > 0, respectively € < 0, this gives the claim.

For the second assertion, we focus on the existence of vy as vy_ can be obtained
analogously. We will argue by compactness and start by picking, for any ¢ € (0, 1), some
ve € Grad(g + ef). We then have, by the triangle inequality,

(3.1.3) (4.3.3)

lvellzrxy =" lvelllL2@my = "111d(g + /)|l L2 (m)
= [[d(g +eN)llzzx) < dgllzzr-x) + 1dfllz2(+x)
for this entire family of gradients v.. Hence, by the theorem of Banach-Alaoglu, for any

e’ € (0,1), the set {v.| € € (0,¢’)} is precompact in the weak* topology. The finite
intersection property of compact sets thus implies

N {v-[c€©0,)) #2.

0<e’<1

Let vy be some element of this set. Defining
2 Lo 1 2
Fp:L*(TX) > R, v+ §|v| +§|dg| —dg(v)dm
E

for £ C X Borel, we claim that

. Lo, 1o

Fp(vpy) <lim [ —|vc|* + £|dg|” — dg(ve) dm. (4.3.13)

ce—0JE 2 2

In fact, first note that we can rewrite F'y so that

1 1
Fp(v) = §H1EUH%2(TX) +5l1E dglZaerx) — / 1pdg(v) dm.
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Now, if a net (vq)aca € L*(TX) converges to some v € L?(TX) in the weak* topology,
ie.

/va(w) dm = Int(vy)(w) — Int(v)(w) = /’U(w) dm for all w € L*(T*X),

cf. also Theorem 3.4.1, then clearly [, dg(ve)dm = Int(ve)(1pdg) — Int(v)(1gdg) =
[z dg(v) dm. Further, the assignment (L?(T*X))' 3 £+ ||£|| is weak* lower semicontinu-
ous, as can be seen by choosing any net ({4 ) C (L?(T*X))" weak* converging to ¢ and
observing that

)| = Him| o) < lim]

for any w € L*(T*X) with ||w| < 1, and so, ||¢|| < lim,|/4s|. Putting these two facts
together, we see that L?(TX) > v + Fg(v) is weak* lower semicontinuous, implying
(4.3.13).

Next, observe that we can rearrange
1 2 1o
dg(ve) +edf(ve) > 5]d(g—|—5f)| + §|v5| m-a.e., (4.3.14)
guaranteed by Lemma 4.3.4, to have the form
Lo 1 2
5]115] —dg(vs)Sadf(ve)—§]d9+6df] m-a.e.

Using |dg +edf| — |dg| > —e|df|, as a consequence of the reverse triangle inequality, to
conclude
|dg +edf|* > |dg|* — 2¢|dgl[df| + *|df[%, (4.3.15)

we therefore have

(

1 4.3.15) 1 1
glvel = dg(ve) < edf(ve) = Sldgl* +eldglldf| - Se*[df [

Introducing G := e(df(ve) + |dg||df| — 3e|df[?), we thus finally see that
Lo Lo
5\115] + §|dg\ —dg(v:) < Ge m-a.e.

1
with G L, Hence, (4.3.13) ensures
e—07t

1 1 .
/E 5’”f,+\2 + §|d9\2 —dg(vf4)dm = Fg(vsy) < lm [|Ge|[pim) =0

e—0t

for any £ C X Borel and so vy € Grad(g), again by Lemma 4.3.4.
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Finally, let (ve).c(o,1) be a net converging to vy 4 € Grad(g) in the weak™ sense such that
ve € Grad(g +¢f) for all € € (0,1). Then, along this net, we have

cdf(ue) = d(g + =) (ve) — dg(ve) > ld(g + )P + vl — Zldgl” — 3uef?

= Hyy(e) — Hy4(0),

using Lemma 4.3.4 to bound d(g + £f)(ve) and Young’s inequality for dg(ve), cf. the
proof of Lemma 4.3.4. Therefore,

) > Hypq(e) — Hyg(0)

df(ve) > Hyg(€') — Hy,4(0)

> ess inf ; m-a.e. (4.3.16)
5 £'>0 5

and so

(4.3.16) H N H: (0
/ df(vf4) dm = Int(vy ) (1g df) = limInt(ve)(1g df) = / ess i(glf £9(€ )E/ 14(0)
E E €>

for any Borel subset F C X, giving the claim by the first part of the proposition, where
we have shown that the essential infimum always gives an upper bound for df(vy4 ), see
(4.3.12). O

4.4 Infinitesimal Hilbertianity

Proposition 4.4.1. Let g € S*(X). Then g possesses a unique gradient, meaning
Grad(g) is a singleton, if and only if

Hyo(e) — Hyy(0 Hyo(e) — Hyo(0
ess sup £.9(€) 1.9(0) > ess inf £.9(€) £.9(0)
e<0 9 e>0 £

m-a.e. (4.4.1)

for every f € S*(X). By the relation (4.3.12), this is the case precisely when both
quantities coincide for each f € S*(X).

Proof. If Grad(g) is a singleton, the claimed inequality follows from Proposition 4.3.6.
Conversely, if (4.4.1) is satisfied, then for any pair v, w € Grad(g), we have

df(v) = df(w) m-a.e. for all f € S*(X). (4.4.2)

Indeed, otherwise we could find a Borel set £ C X with m(E) > 0 on which df(v) < df(w)
for v,w € Grad(g). Then, however,

m-a.e. on F

H — H, (0) (43.12) (4.3.12) H —H+ (0
€ss sup £(8) 7.9(0) < df(v) < df(w) < ess inf 19(€) £9(0)
e<0 5 e>0 £

by Proposition 4.3.6, contradicting (4.4.1).
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Switching notation for clarity of the argument (from what we described in Remark 4.2.2),
this now implies that v(}_ 1g, df;) = w(}_ 1g, df;) for any Borel partition (E;); of X and
any (finite) sequence (f;); € S?(X) by L°(m)-linearity. Hence, we have v(w) = w(w)
for all w in a dense subset of L?(T*X). By continuity, this implies v = w € Grad(g),
proving the claim. ]

Definition 4.4.2. Let (X, d,m) be a metric measure space. If every g € S?(X) possesses
a unique gradient (in the sense of Proposition 4.4.1), then we call X infinitesimally
strictly convex. Further, for any such g € S?(X), we denote this unique gradient by Vg.

Remark 4.4.3. By definition, the element Vg is therefore the unique vector field on X
satisfying
dg(Vg) = |dg|*> = |Vg[* m-a.e.

The terminology is of course borrowed from Banach space theory, cf. Proposition 4.3.1,
expressing the fact that the pointwise norm, as a generalization of the norm on each
tangent space (hence the adjective infinitesimal), is strictly convex. Moreover, by
Proposition 4.3.6, we have

df(Vg) = es€s>ionf Hyg(e) — Hy,g(0) Hyg(e) — Hy,g(0) (4.4.3)

= €SS sup m-a.e.
3 e<0 €

for any f € S?(X).

Now, an important question in our considerations of infinitesimally strictly convex spaces
is whether the duality relation

df(Vg) = dg(Vf) m-ae. forall f, g e S?(X), (4.4.4)

holds, as it would imply that the map (f, g) — df(Vg) is bilinear and symmetric, turning
frdf(Vf)=|df|? into a quadratic form. This fact is, as it will turn out, sufficient to
conclude that the Sobolev space W12(X) is a Hilbert space, in which case X is called
infinitesimally Hilbertian.

Lemma 4.4.4. Let (X,d, m) be an infinitesimally strictly convex metric measure space
and suppose WH2(X) 3 f = E(f) := %f|df|2 dm is a quadratic form. Then the identity

/ df(Vg)dm = / dg(V f) dm (4.4.5)

holds for any pair f,g € WH2(X).

Proof. By assumption, given f,g € W2(X), the function R? > (¢, s) — E(¢tf + sg) is a
quadratic polynomial as

E(tf + sg) = °E(f) + s°E(g) + 2stBg(f, 9), (4.4.6)
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where By is the (bilinear) polar form of E defined by this very relation. So, in particular,
we have

d d
dt s—odt
Evaluating the inner derivative of the left-hand side, by (4.3.11), we get

(i [ DO+ e0P = DD 41 _ f g o Fas€) =Pt O) g,

d d
— E(t = —
ods (tf + sg)

i, e E(tf + sg). (4.4.7)

t=0

e>0 g
— [dg(vier)am= (¢ [ ag(vf)dm).

where we have used Proposition 4.3.6 to pass from the first to the second line and the
chain rule for the gradient (putting ¢ = tidg in item (B) of Theorem 4.3.5).

Thus, the left-hand side of (4.4.7) equals [dg(V f)dm and by interchanging the roles of
tf and eg in this calculation, we see that the right-hand side reduces to [df(Vg)dm. O

Theorem 4.4.5. The Sobolev space W'2(X) is a Hilbert space precisely when
2(|df 2 + |dg[?) = d(f + )2 + [d(f — g) 2 m-ae. (1.4.8)

holds for every f,g € WY2(X). Moreover, this is equivalent to the assertion that L*>(T*X)
and L*(TX) are Hilbert modules.

Proof. Suppose first that Wl’z(X ) is a Hilbert space. This is the case if and only if
| - llw.2(x) satisfies the parallelogram law by the Theorem of Jordan-von Neumann and
5 £ 1310 = | £1120m) + 1151224y e see that WI2(X) 3 f - [||df ]2y must
satisfy the parallelogram law. Hence, defining

Wh2(X) 5 f = E(f) := ;/]df]zdm (4.4.9)

we have E(f +eg) +E(f —eg) = 2E(f) +2¢2E(g) for all f,g € WH?(X), e # 0. Rewriting
this, we obtain
E(f +eg9) —E(f) | E(f —eg9) —E(f)

+
9 9

= 2:E(g). (4.4.10)
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Therefore,

/ess inf Hy,s(2) = Hy,1(0) dm “2Y lim Hyg,y(e) — Hyg (0) d

m
>0 € e—0t €

(4310 . E(f +eg) — E(f)

e—0+ €
(4.4.10) lim E(f + 59) - E(f)

e—0— £

H —H, +(0
- /ess sup Mot &) = Hos©) gy
e<0 €

As Proposition 4.3.6 guarantees that the essential supremum appearing in the above cal-
culation is always bounded from above by the essential infimum, we have thus established
H — H, (0 H — H, (0

ess inf —2 = ess sup ,
e>0 IS e<0 €

or equivalently, by Proposition 4.4.1, that (X, d, m) is infinitesimally strictly convex.

To get (4.4.8) for f,g (essentially) bounded, we claim that it suffices to show the
parallelogram law for all maps

W X)NL®(m) > f /h|df|2dm (4.4.12)

with h € Lip(X) N L>®(m). In fact, using the Borel partition (E),),>1 of X given by
E,, := By(z0) \ Bn—1(x) for some zp € X and defining the Lipschitz cut-off functions

hy = (1 —d(-,E,))" € Lip(X) N L>(m), (4.4.13)

this would imply
/hnF dm =0 foralln>1, (4.4.14)

where F := 2|df|?> +2|dg|?> — |[d(f + ¢)|* — |d(f — g)|? € L' (m). Suppose now F > ¢ > 0
on some Borel set £ C X with m(E) > 0. Then we could find some N > 1 such that
m(E N Ey,) >0, as otherwise m(E) = >_,~; m(E N E,) = 0. Therefore, as h, =1 on E,,

/hNdez/ hyFdm = Fdm>cm(ENEN) >0
ENEN ENEN

contradicting (4.4.14). Proceeding analogously for F' < ¢ gives F' = 0, which is the claim.

To prove the parallelogram law for the maps in (4.4.12), we make use of the Leibniz
rule for the differential (cf. Theorem 4.1.5), as well as the chain rule for gradients
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(cf. Theorem 4.3.5) to obtain

[nidsPam 2 [hap(@fyam “E [a(m)v) - £ db(v ) dm
20 [V ) - db(T (G ) dm

Now, Lemma 4.4.4 guarantees that [dh(V(5f?))dm = [d(3f%)(Vh)dm, which is
clearly a quadratic form in f. Finally, again by Lemma 4.4.4, we have [d(fh)(Vg)dm =
Jdg(V(fh))dm. Thus, linearity of the differential renders the assignment (f,g) —
Jd(fh)(Vg) dm bilinear, thereby ensuring that f — [d(fh)(Vf)dm is quadratic. Hence,
f > [ h|df|?dm is the difference of two quadratic forms and so itself quadratic, implying
the parallelogram law.

To get rid of the additional boundedness requirement, we invoke locality of the differential
(cf. Theorem 4.1.5). This ensures that for f,, := 1{j¢j<n) f We have

df =df, m-a.e. on {|f| <n}

and similarly for g, := 1{4j<n19. Given that the parallelogram law (proved above) holds
for f,, g, with n > 1 arbitrary, we get

2|df|* +2|dg|* = |d(f + 9)|* + |d(f — ¢) | m-ae. on [ J{|f] <n}n{lg] <n}.

n>1

Now, as f,g € L?(m), this union has full measure, i.e.

m(X N\ UL/ <nknflgl <n}) <m((V{If]>n}) +m((){lg] > n}) =0

n>1 n>1 n>1

which gives (4.4.8) for all f,g € W12(X).

For the converse assertion, we simply integrate (4.4.8) over all of X to get the parallelogram
law for f ~ E(f). As already remarked, this is equivalent to W2(X) being a Hilbert
space.

Lastly, to see the equivalence of (4.4.8) to the fact that both L?(T*X) and L*(TX) are
Hilbert modules, we argue by density. More specifically, suppose the parallelogram law
holds for all differentials of Sobolev functions. Then, by L% (m)-linearity of the pointwise
norm, we get

lw+7)* + |w—n* =2|w* + 2|n]* m-a.e. (4.4.15)

for all simple one-forms w = >, 1, dfi,n = >_; 15, dg;. By density of these forms in
L?(T*X) and by continuity of the pointwise norm, we obtain (4.4.15) for all w,n €
L*(T*X), giving the claim for L?(T*X) by Corollary 3.4.9. Moreover, since we have
L*(TX) = (L?(T*X)) = L*(T*X) as normed spaces by Theorem 3.4.1, we see that also
the tangent module is a Hilbert module. O
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Theorem 4.4.6. On any metric measure space (X,d,m), the modules L*(T*X) and
L*(TX) are Hilbert modules if and only if (X,d,m) is infinitesimally strictly convex and
for all f,g € WY2(X) any of the following equivalent conditions hold true:

i) df(Vg) = dg(Vf) m-a.e.
it) V(f+g9)=Vf+Vgm-a.e.
iti) V(fg) = fVg+ gV f m-a.e. if, additionally, f,g € L°>°(m).
Proof. Suppose the tangent and cotangent modules are Hilbert modules. By Theorem
4.4.5 this implies that W12(X) is a Hilbert space, and so we know that (X,d, m) is

infinitesimally strictly convex, following the argumentation preceeding (4.4.11). Moreover,
we also have that

Wh2(X)N L>®(m) > f +— Ex(f) := %/h\df\Qdm

satisfies the parallelogram law for any h € Lip(X) N L*°(m) by (4.4.12). This guarantees
that R? > (¢,s) — Ep(tf + sg) are quadratic polynomial for all h (cf. equality (4.4.6))
and we can proceed exactly as in the proof of Lemma 4.4.4 to get

/hdf(vg) dm = /hdg(Vf) dm  for all f,g € W“2(X) N L= (m).
This allows us to conclude

df(Vg) = dg(Vf) m-a.e. for all (essentially) bounded f,g € W'?(X),

by choosing appropriate localizing Lipschitz functions (hy)n>1 as in (4.4.13), repeating
the argumentation we gave there verbatim. Finally, we have already convinced ourselves
that this gives the full claim by a cut-off argument.

Suppose now that (X,d,m) is infinitesimally strictly convex and that (i) holds. We
show, conversely, that W12(X) is a Hilbert space by verifying the parallelogram law for
f = E(f), defined in (4.4.9). For this, we note that [0,1] 3 t — E(f + tg) is Lipschitz as
it is the restriction of the convex function R 3 ¢+ [ Hy ¢(t) dm to the compact interval
[0,1]. Computing its derivative, we get

E((f +tg) +eg) — E(f +tg)

d .
&E(f +tg) = il_r}(l] 6 (4.4.16)
H —H 0
(4'3:'10> ;1_1}(1) g,f—i—tg(g) 28 gaf+t9( ) (423) /dg(v(f + tg)) dm (4417)
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Therefore, invoking Lemma 4.4.4, we have

TEU +19) 2 [ag(V(s + 1)) dm 2 [ d(f +19)(Tg) dm
33 /df(vg) dm—l—t/|dg|2dm,
so that integrating over [0, 1] yields
E(f +g) — / CE(f + tg)dt = /df (Vg)dm + E(g). (4.4.18)
Replacing g by —g, we obtain
E(f —9) = () = - [ df(Vg)dm+E(g), (1.4.19)

giving the claim by adding (4.4.18) and (4.4.19).

We now show the equivalence of conditions (i7) and (zi7). To this end, suppose that
f,g € WH2(X) N L>®(m) and define f’ := exp(f), ¢’ := exp(g). These functions are seen
to belong to W12(X) N L>(m) by the chain rule for the differential, as the exponential
function restricted to the respective bounded images of f and g is Lipschitz. Using the
chain rule for gradients (cf. Theorem 4.3.5), we get the equalities

V(f'g) = V(exp(f +9)) " exp(f +9)V(f +9) = f'dV(f +29)

and
/ (4 3.7)

gV + Vg =GV + gV =g (Vf+Vg).
Hence, the Leibniz rule (4i7) applied to f’ and ¢’ immediately implies V(f+g¢g) = Vf+Vg.
Arguing conversely, assuming (ii), we thereby also immediately get the Leibniz rule for
exponentials of Sobolev functions, as now the right-hand sides of the above equations are
equal by assumption. To recover the functions themselves, we extract (strict) positive
and negative parts, that is, we write

f=f"=f and g=g"—yg, (4.4.20)

wherever f and g are non-zero, using the notation f* = max(=£f,0). Then, by locality
of V and item (i),
V(re) "=V - )T —97)
D V(g - V()= V(g +V(f g
(frg")=V(fTg)=V(f g )+V(f797)
outside {f = 0} U {g = 0} in the m-almost everywhere sense. Now, we can apply the
above argumentation piece by piece, as for example f* = exp(log(f*)). Collecting terms
and recalling that both Vf and Vg vanish m-almost everywhere on {f =0} U {g = 0}
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by Theorem 4.3.5, this establishes the claim.

Finally, we show that W2(X) is a Hilbert space precisely when (X, d, m) is infinitesimally
strictly convex and f +— V f is linear. By Theorem 4.4.5 and the above, this will ensure
the equivalence of the items (i) and (ii), hence also of (i) and (4i7). Again invoking
Theorem 4.4.5, we see that it suffices to show the pointwise parallelogram law for elements
of the form df with f € W12(X) to prove that W12(X) is a Hilbert space. Now, if
f+ Vf is linear, the map (f,g) — df(Vg) is bilinear and so

fr=df(Vf) =|df]* m-a.e.

is a quadratic form, immediately implying the claim.

For the converse, assuming that W12(X) is a Hilbert space, or equivalently, that L?(T*X)
is a Hilbert module, Theorem 3.4.10 ensures the existence of a unique w, € L*(T*X)
with

(4.3.3)

v="{(wy, -) and |w,|=|v| =" |df] (4.4.21)
for each v € Grad(f). By Proposition 3.4.8, we further have

(4.3.3)

2|df|? — 2df(v) =" 0 m-a.e.

(4.4.21)

|wp — df |2 TEY w2+ [df ]2 = 2wy, df)

Thus, w, = df for all v € Grad(f), implying infinitesimal strict convexity of (X,d, m), as
well as linearity of f — Vf = (df, -). O
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4.5 Maps of bounded deformation

In this final section, we introduce a class of maps preserving the notion of a test plan.
By duality, as we will see, this ensures that along such maps we can pull back arbitrary
Sobolev functions. Moreover, these maps induce a pullback of one-forms and, under the
additional assumption of infinitesimal strict convexity of their codomain, posses a unique
differential, completing our picture of a basic first-order calculus for metric measure
spaces.

Lemma 4.5.1. Let p: Y — X be a continuous map between two metric measure spaces,
let ™ be a test plan on'Y and denote by $:C([0,1],Y) — C([0,1], X) the induced map
v @ory. Then @.m is a test plan on X if we assume ¢ to be Lipschitz and of bounded
compression.

Proof. We need to establish the compression estimate as well as the energy condition for
pym. For the first, notice that

(2.1.1)

(€t)« (D7) = @x((er)m) < Comp(m)p.my,

giving the desired estimate if p,my < Cmx for some C' > 0, that is, if ¢ is of bounded
compression. For the second, we observe that ¢(y) = ¢ o is an absolutely continuous
curve in X for any absolutely continuous v: I — Y, as

t
dx((# 27 (0 7)0) < Liblp) dx (e ) < Lin() [ I dr.
By Theorem 1.3.4, this immediately further implies
ms(p o ¥)(t) < Lip(¢)ms(y)(¢t) at any time ¢ € [0, 1] (4.5.1)

for the respective metric speeds of these curves. Thus, invoking the integral transformation
formula (1.3.2), we get

1 1 1
| Jrlagmyae = [ [mse@ deya 2 [ mseoq)(e) dniy) at
(4.5.1) 9 1 9
<Lin(p)* [ [ ms?(2)(¢) dr()
1
= Lip(¢)* [ [l dr(y) dt < .
O
Definition 4.5.2. Let (X,dx, mx) and (Y, dy, my) be two metric measure spaces and

let ¢: Y — X be a map between them. Then ¢ is said to be of bounded deformation if it
is Lipschitz and of bounded compression.
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Proposition 4.5.3. Let 0:Y — X be a map of bounded deformation. Then along o,
any Sobolev function on X pulls back to a Sobolev function on Y. More specifically,
fopeS%Y) for all f € S*(X) and

[D(f o )| < Lip(p)|Df|o¢ my-a.e.

Proof. Recalling Proposition 2.3.3, it suffices to show that Lip(p)|D f| o ¢ constitutes a

weak upper gradient for f o . Since [|[Df] o ¢llr2(my) < /Comp(@)[[|Df[[lL2(my ) cf-
Example 3.3.10, it only remains to establish

JIe0)em) ~ (o @l ar) < Linte) [ [(1DS10 @)l d(y) .

This is achieved in duality to Lemma 4.5.1 by noticing that the left-hand side of this
inequality (using again the integral transformation formula (1.3.2)) is exactly the function
| foer — foep| integrated against the test plan ¢, m. Now, by the definition of the Sobolev
class,

1
Jireer—foaldpm< [ [IDFG)FIdpa()dt

Undoing the integral transformation, as in the proof of Lemma 4.5.1, the right-hand side
is finally seen to equal

1 (4.5.1) 1
| 1ps1e e Momst o )@y dnnde "< Line) [ (D10 o))l dr)
0 0

guaranteeing that Lip(¢)|Df| o ¢ € L?(m) is a weak upper gradient for f o (. O

The ability to pull back Sobolev functions further allows us to define a pullback of
one-forms, as we know it from smooth differential geometry.

Theorem 4.5.4. Any map ¢:Y — X of bounded deformation induces a unique linear
and continuous map ¢*: L>(T*X) — L*(T*Y) such that

i) ¢*df = d(f o) for any f € S3(X)
i) ¢*(gw) = (g o @) p*w for all g € L™®(mx) and w € L*(T*X),
and which additionally satisfies
lp*w| < Lip(p)|w| o ¢ my-a.e. (4.5.2)

for every w € L*(T*X).

Proof. Using linearity together with items (7) and (i7), we see that such a map ¢* would
have to satisfy

w*(z lg, dfi) = Z ¢* (1, dfi) @ > (1g, 0 p) e*df; v Z 1g, o d(fiowp).

(2
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4 First-Order Calculus

In order to define the map ¢*, we therefore (have to) set
" (Z lg, dfz') =Y lgopd(fiow). (4.5.3)

Now, recalling that 1g, o p = 1,-1(g,) and using Proposition 4.5.3, we can estimate

2t opd(fio w>i = lomld(fiop)]

< Lip(p) Y 1p-1(,)ldfi] o = Lip() o .

ZlEi df;

This implies that the assignment (4.5.3) specifies a well-defined map, which can be
extended linearly and continuously to all of L?(T*X). By continuity of the multiplication
and the pointwise norm, we now get |p*w| < Lip(¢)|w]| o ¢ for all w € L?(T*X) in the
my-almost everywhere sense, as in (3.3.7). To establish item (i¢), suppose first that
g = >_ajlp; is a simple function and compute, for a simple one-form w = > 1g, df;,

* * (4.5.3) *
P (gw) = ¢ (Z Lg,nr d(ajfi)) 2Nl 00 1 opd(fiop) = (g0 p)ptw.

In the general case, approximate g € L>(myx) by simple functions and w € L?(T*X) by
simple one-forms and then use continuity of the multiplication and of ¢*. ]

Thus, we hereby have at our disposal two different notions of a pullback of one-forms.
To distinguish notations, we will henceforth denote the pullback map of the module
L?*(T*X), as defined in Theorem 3.3.8, by w — [¢p*w] € ¢*L*(T*X).

Now, in smooth differential geometry, given any smooth map ¢: M — N between two
manifolds, we can characterize its differential dy as the unique section of the pullback
bundle p*T'N satisfying

[p*wl(dp(X)) = (¢ w)(X) (4.5.4)

for all vector fields X on M and all one-forms w on N. This definition via bundles will
serve us as inspiration for the notion of a differential in our setting of metric measure
spaces.
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4 First-Order Calculus

Theorem 4.5.5. Any map ¢:Y — X of bounded deformation into an infinitesimally
strictly convex metric measure space (X,dx, my) possesses a unique differential dp. That
is, for any such @, there exists a unique module homomorphism dp: L*(TY) — ©*L*(TX)
such that

[p*w](dp(v)) = (p*w)(v) for every v € L*(TY),w € L*(T*X). (4.5.5)
Moreover, the map do satisfies
dp(v)] < Lip(p)[v] my-ac.

for every v € LA(TY).

Remark 4.5.6. Our choice of notation in (4.5.5) is motivated by a desire to emphasize the
similarity to the classical situation, cf. (4.5.4). However, the assertion should be stated
more explicitly as

I(dp(v))([¢p*w]) = ¢*w(v) for every v € L*(TY),w € L*(T*X), (4.5.6)

where I: *L2(TX) — (¢*L?(T*X))* is the map defined in (3.3.18). Thus, the action
of dp(v) is only specified implicitly via the embedding ¢*L?(TX) < (o*L*(T*X))*.
To be able to identify this differential uniquely, we therefore need a right inverse to
this embedding, which is the reason for our additional assumption of infinitesimal strict
convexity.

Proof. We begin by arguing that the map [¢*w] +— p*w(v) for some fixed v € L*(TY)
is well-defined and that it can be extended from the generating subspace {[¢*w]| w €
L*(T*X)} to the whole pullback module. For this, we use the bound (4.5.2) and item
(74) in Theorem 3.3.8 to deduce

. B34 (4.5.2) (3.3.9) - . .
o) < lewllo] < Lip(o)lw] o plo] "2 Lip(p) o] [¢"w]| my-ae.  (45.7)

This establishes well-definedness and guarantees continuity (by taking norms on both
sides). Together with linearity, these conditions allow us to apply Proposition 3.3.6,
yielding an extension L,:*L?(T*X) — L'(my) of our map [p*w] — p*w(v). As, by
assumption, (X,dx, my) is infinitesimally strictly convex, L?(T*X) is a Hilbert module
(see Theorem 4.4.5). Hence, Proposition 3.4.11 implies the existence of a unique element
dp(v) € ¢*L?(TX) with the property that

[p*w(dp(v)) = Lo([¢"w]) = ¢"w(v),

since, denoting by J: (p*L?(T*X))* — ¢*L?(TX) the right inverse of the embedding
I o*LA(TX) — (p*L*(T*X))* as in (3.4.18), we have

[o*w](dp(v)) “Z” I(dp(v))([p*w]) = I(J (L)) ([p*w]) = Lu([p*w]).
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4 First-Order Calculus

Moreover, since J is the right inverse of an isometric embedding, we know that

(4.5.7)
|de(v)[ = [Ly|« < Lip(p)|v|

Therefore, Proposition 3.2.3 finally implies that the R-linear map v — dp(v) is, in fact, a
module homomorphism. O

As is also the case in smooth differential geometry, this differential dy can be viewed
as a map between the spaces of vector fields L?(TY) and L?(TX) themselves if we
assume ¢:Y — X to be an isomorphism. In fact, as we already know that L?(TX) &
(90*1)*(<p*L2(TX )) by functoriality, cf. Theorem 3.3.13, in this case we can identify
L*(TX) with ¢*L?(TX) by relating the rings L>®(my) and L>®(my) via f — f o ¢,

Theorem 4.5.7. Let p: Y — X be an invertible map of bounded compression such that
01 X — Y is also of bounded compression. Then its differential can equivalently be
expressed as an R-linear and continuous map de: L>(TY) — L?*(TX) such that

w(dp(v)) = (p*w(v)) o ¢~ my-a.e. for every v € L2(TY),w € L*(T*X).
This map further satisfies the bound
|dp(v)| < Lip(@)|v| o ! mx-a.e. (4.5.8)
for any v € L3(TY).

Proof. For v € L3(TY), we let dp(v): L3(T*X) — L'(my), w +— (p*w(v)) o ¢~ L. Then,
since

(3.3.4) (4.5

. ., @s7)
< (lp*wllv)) o™ < (Lip(p)|w| o glv]) 0
= Lip(¢)|w|(lv|o @),

—1 -1

w(dp)(v)] = | w(v)|op

we can again apply Proposition 3.2.3 to conclude that dy(v) is L®(mx )-linear and hence
de(v) € L*(TX). Taking the supremum over all w € L?(T*X) with |w| < 1 in the above
estimate also gives the bound (4.5.8). O
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