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Preface

Differential geometry is traditionally regarded as the study of smooth manifolds,
but sometimes this framework is too restrictive since it does not admit certain
basic geometric intuitions. On the contrary, these geometric constructions are
possible in the broader category of differentiable spaces. Let us indicate some
natural objects which are differentiable spaces and not manifolds:

— Singular quadrics. Elementary surfaces of classical geometry such as a quadratic
cone or a “doubly counted” plane are not smooth manifolds. Nevertheless, they
have a natural differentiable structure, which is defined by means of the consid-
eration of an appropriate algebra of differentiable functions.

For example, let us consider the quadratic cone X of equation 22 —x2—y? = 0
in R3. It is a differentiable space whose algebra of differentiable functions is
defined by

2

A:=C®R?) /px = C°(R®) /(22 — 2% —4?),

where px stands for the ideal of C>°(R3) of all differentiable functions vanish-
ing on X. In other words, differentiable functions on X are just restrictions of
differentiable functions on R3.

Let us consider a more subtle example. Let Y be the plane in R? of equation
z = 0. Of course this plane is a smooth submanifold. On the contrary, the “doubly
counted” plane 22 = 0 makes no sense in the language of smooth manifolds. It
is another differentiable space with the same underlying topological space (the
plane Y') but a different algebra of differentiable functions:

A= C®(R3)/(2?) .

Note that A is not a subalgebra of C(Y, R), so that elements of A are not functions
on Y in the set-theoretic sense.

More generally, any closed ideal a of the Fréchet algebra C*°(R™) defines a
differentiable space (X, A), where

X ={xeR": f(x)=0forany f €a}
is the underlying topological space and
A:=C®[R")/a

is the algebra of differentiable functions on this differentiable space. The pair
(X, A) is the basic example of a differentiable subspace of R and the quotient
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map C®(R™) — C>°(R™)/a is interpreted as the restriction morphism, i.e., for
any f € C*°(R") the equivalence class [f] € C>°(R™)/a is said to be the restriction
of f to the differentiable subspace under consideration.

— Fibres. Given a differentiable map ¢: V — W between smooth manifolds, it
may happen that some fibre ¢ ~1(y) is not a smooth submanifold of V, although
it admits always a natural differentiable space structure.

— Intersections. Given a smooth manifold, the intersection of two smooth sub-
manifolds may not be a smooth submanifold. On the contrary, intersections
always exist in the category of differentiable spaces. For example, given two dif-
ferentiable subspaces (X,C*°(R™)/a) and (Y,C>°(R™)/b) of R™, where a and b
are closed ideals of C*°(R"™), the corresponding intersection is defined by the
differentiable subspace

(XNY,C®MR")/a+b).

A more explicit example: The intersection of the parabola y — 2% = 0 and
the tangent y = 0 is the “doubly counted” origin

({(0,0)},C*(R?*)/(y — 2*,y) = Rz]/(2?))

and the number 2 = dim R[z]/(z?) defines the multiplicity of the intersection.
More generally, fibred products exist in the category of differentiable spaces.

— Quotients. If we have a differentiable action of a Lie group G on a smooth
manifold V, it may occur that the topological quotient V/G admits no smooth
manifold structure, even in such a simple case as a linear representation of a
finite group. For example, if we consider the multiplicative action of G = {£1}
on V = R3, then the topological quotient V/G is not a topological manifold (nor
a manifold with boundary). This example ruins any hope of a general result
on the existence of quotients in the category of smooth manifolds under some
reasonable hypotheses. On the contrary, in the category of differentiable spaces,
we shall show the existence of quotients with respect to actions of compact Lie
groups.

In particular, orbifolds usually have a natural structure of differentiable space.

— Infinitesimal neighbourhoods. The notion of an infinitesimal region naturally
arises everywhere in differential geometry, but it is only used informally as a
suggestive expression, due to the lack of a rigorous definition. Again, the lan-
guage of differentiable spaces allows a suitable definition: Given a point z in a
smooth manifold V), the r-th infinitesimal neighbourhood of z is the differentiable
subspace

Ur(v) = ({a},Cc*(V)/m;™)

where m, stands for the ideal of all differentiable functions vanishing at x.

The restriction of a differentiable function f to UZ(V) is just the r-th jet
of f at z, ie., jof = [f] € C®(V)/miTL. A systematic use of infinitesimal
neighbourhoods simplifies and clarifies the theory of jets.
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Let us show another application. The tangent bundle of an affine space A,
has a canonical trivialization TA,, = A,, x V,,, where V,, is the vector space of
free vectors on A,,. Now let V be a torsionless linear connection on a smooth
manifold V. For any point = € V), the restriction of the tangent bundle TV to
UL(V) inherits a canonical trivialization (induced by parallel transport). In this
sense, we may state that (V, V) has the same infinitesimal structure as the affine
space A,,. This is a statement of the geometric meaning of a torsionless linear
connection.

In a similar way, first infinitesimal neighbourhoods U}(V) in a Riemannian
manifold (V,g) are always Euclidean, i.e., they have the same metric tangent
structure as the first infinitesimal neighbourhood of any point in a Euclidean
space. This statement captures the basic intuition about the notion of a Rie-
mannian manifold as an infinitesimally Euclidean space.

With this, let us finish our list of examples of differentiable spaces. It should
be sufficient to convince anybody of the necessity for an extension of the realm of
differential geometry to include more general objects than smooth manifolds. A
similar expansion occurred in the theory of algebraic varieties and analytic man-
ifolds with the introduction of schemes and analytic spaces in the fifties. Follow-
ing this path, Spallek introduced the category of differentiable spaces [59, 60, 62]
which contains the category of smooth manifolds as a full subcategory. More-
over, all the foundational theorems on algebras of C*°-differentiable functions
are already at our disposal [26, 35, 71, 74]. In spite of this, the theory of general
differentiable spaces has not been developed to the point of providing a handy
tool in differential geometry. The aim of these notes is to develop the founda-
tions of the theory of differentiable spaces in the best-behaved case: Spallek’s
oo-standard differentiable spaces (henceforth simply differentiable spaces, since
no other kind will be considered). These foundations will be developed so as to
include the most basic tools at the same level as is standard in the theory of
schemes and analytic spaces.

We would like to thank our friend R. Faro, who always has patience to attend
to any question and to discuss it with us, and Prof. J. Mufioz Masqué, who taught
us a course on rings of differentiable functions 25 years ago at the University of
Salamanca.

We dedicate these notes to Professor Juan B. Sancho Guimerd, who directed
around 1970 two doctoral dissertations [35, 37, 41] on the Localization theorem
and always stressed to us its crucial importance in laying the foundations of
differential geometry.

Badajoz (Spain) Juan A. Navarro Gonzdlez
November 2002 Juan B. Sancho de Salas
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Introduction

We shall develop the theory of differentiable spaces paralleling the theory of
schemes introduced by Grothendieck [17] in algebraic geometry. First we choose
the rings that should be considered as rings of differentiable functions, which
are fixed to be quotients of C°°(R™) by some closed ideal a (with respect to the
Fréchet topology of uniform convergence on compact sets of functions and their
derivatives). These Fréchet algebras C*°(R™)/a are named differentiable alge-
bras!, since C*°(R")/a will be regarded as an algebra of differentiable functions
on the closed subset (a)g := {x € R": f(x) =0Vf € a} of R”, even though this
algebra may be full of nilpotent elements. Nevertheless, when a is the ideal of
all C*>*-functions vanishing on a given closed set X C R", the quotient algebra
A = C>®(R™)/a may be identified with a ring of real valued functions on X (in
the usual set-theoretic sense), and in such a case we say that A is a reduced
differentiable algebra.

Then we replace each differentiable algebra A by a ringed space (topological
space with a sheaf of rings) Spec, A called the real spectrum of A, since it is
analogous to the prime spectrum used in algebraic geometry. Moreover, the ana-
logue of a quasi-coherent sheaf on the prime spectrum is provided in our setting
by the sheaf of modules defined by a Fréchet A-module. These ringed spaces
Spec,. A define a category dual to the category of differentiable algebras, but it
has the enormous advantage of leaving room for “recollement” procedures, as
do any other kind of ringed spaces. Hence, a ringed space is said to be an affine
differentiable space if it is isomorphic to the real spectrum of some differen-
tiable algebra (the analogue of affine schemes), and differentiable spaces are
defined to be ringed spaces where every point has an open neighbourhood which
is an affine differentiable space (the analogue of schemes in algebraic geometry).
Moreover, sheaves of Fréchet modules provide the analogue of quasi-coherent
sheaves on schemes.

There has long been perceived the need for an extension of the framework of
smooth manifolds in differential geometry, and there are several definitions that
attempt to capture the intuitive concept of “non-smooth space with a differen-
tiable structure”. Over the years, some categories have appeared that are both
large enough to include smooth manifolds and some other geometric objects, and
small enough to admit a differential calculus. Therefore, the name differentiable

! Not to be confused with the notion of differentiable algebra as used in commutative
algebra, which is simply an algebra with a derivation.

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 1-5, 2003.
(© Springer-Verlag Berlin Heidelberg 2003



2 Introduction

space and similar terms have been used in a number of quite different senses.
Let us discuss briefly some of them:

Spallek’s differentiable spaces. Our differentiable spaces coincide with
Spallek’s differentiable spaces of a particular type (named oo-standard);
hence these notes fit naturally into the theory and applications of such spaces
([48] - [51] and [59] — [66]).

Synthetic differential geometry. At the end of the sixties Lawvere [24]
proposed an axiomatic approach to the category of schemes, intended to be
used in differential geometry and named “synthetic differential geometry”.
It was in this context that C*°-schemes [9, 31] appeared, providing a model
of this axiomatic theory. C*>°-rings are just R-algebras where the composition
f(a1,...,a,) with any smooth function f € C>°(R") is defined, satisfying all
the equations that hold between these functions; hence differentiable algebras
are C*°-rings. Then C*°-ringed spaces are defined in the obvious way [9] and a
C*°-ringed space Spec A is associated to any C*°-ring A (it coincides with our
real spectrum whenever A is a differentiable algebra). Finally C*°-schemes
are introduced as C*°-ringed spaces locally isomorphic to these local building
blocks Spec A. Therefore, differentiable spaces in our sense are C°°-schemes;
but C*°-schemes lack a handy theory of sheaves of modules paralleling the
useful theory of sheaves of Fréchet modules that we shall develop in the
realm of differentiable spaces.

Real algebraic varieties of any kind are, of course, differentiable spaces. For
example, up to isomorphisms, affine real algebraic varieties in the sense of
Palais [44] are just pairs (X, A) where X is an algebraic set in R™ (closed
subset defined by some polynomial equations) and A is the algebra of all
polynomial functions X — R, so that A is just the quotient of R[z1, ..., z,]
by the ideal of all polynomials vanishing on X. Hence any such algebraic
variety inherits a natural structure of reduced affine differentiable space. In
order to define non-affine real algebraic varieties, one introduces the sheaf
Ox of regular functions on any algebraic set X C R™:

Ox(U) := {p/a: p.a€ A, q(x) #0Vx U} .

These ringed spaces (X, Ox) are the local building blocks of the definition
of real algebraic varieties given by Bochnak, Coste and Roy [2]. Again such
algebraic varieties inherit a natural structure of reduced differentiable space.
They consider only reduced algebraic varieties in spite of the critical role of
non-reduced spaces in any infinitesimal consideration.

Orbifolds are defined to be locally isomorphic to R™ /G, where G is some finite
group [55, 69, 70]. Since such quotients of R™ are always differentiable spaces
(see theorem 11.14) any differentiable orbifold is a differentiable space in our
sense. We refer the reader to example 11.21 for a more detailed discussion
of the relation between orbifolds and differentiable spaces.

Sikorski’s differential spaces. According to Sikorski [57, 19] a differential
space is a pair (X, A) where A is a set of continuous real functions on a
topological space X such that:



Introduction 3

1. X has the weakest topology such that all functions in A are continuous.
2. A is defined by local conditions: any function on X locally coinciding
with functions in A belongs to A.

3. If f1,..., fn € Aand ¢ € C*(R™), then ¢(fi1,..., fn) € A.
Therefore, reduced affine differentiable spaces (in our sense) are differen-
tial spaces in this sense, and reduced differentiable spaces are differential
spaces in the sense of Mostow [33, 19] which are the sheaf-theoretic version
of Sikorski’s differential spaces. But non-reduced differentiable spaces are
never differential spaces in this sense. See [33] for a comparison of the notion
of differential space in Mostow’s sense with the definitions of Smith [58] and
Chen [6, 7, 8].

Frohlicher spaces. Frohlicher and Kriegl [12, 23] defined a differential struc-

ture on a set X to be a family C of curves R — X and a family F of functions
X — R such that

F={f: X—>R|foceC®R), Vee(C},
C={c:R—=X|foceC®R), VfeF}.

Hence, by definition, differentiable functions on any C*°-space of Frohlicher
and Kriegl are maps X — R in the set-theoretic sense, so that non-reduced
differentiable spaces are not C*°-spaces in this sense. Moreover, such a simple
reduced differentiable space as a convergent sequence with the limit point is
not a C*°-space of Frohlicher.

Wiener’s differential spaces. Our concept has nothing to do with the dif-
ferential spaces introduced by Wiener [75].

Now let us briefly comment on the plan of these notes:

Chapter 1 presents the elementary theory of smooth manifolds in the spirit of
differentiable spaces, so that their connections become clear. We try to take great
care with the definitions, while omitting or at best just providing an indication
of many proofs, since they are well-known.

Chapter 2 studies differentiable algebras C*°(R™)/a, where a is a closed ideal
in the usual Fréchet topology of C°°(R™). These algebras provide the building
blocks for the construction of differentiable spaces since, by definition, the al-
gebra of all differentiable functions on a certain open neighbourhood U of any
point of a differentiable space is a differentiable algebra. Note that differentiable
functions on U are not a certain kind of map U — R, since it may occur that
f%2 = 0 while f # 0. Then, chapter 3 introduces differentiable spaces as ringed
spaces locally modelled on differentiable algebras.

Chapter 4 is devoted to the study of some basic topological properties of dif-
ferentiable spaces, including the existence of partitions of unity and the equiva-
lence, in the affine case, between locally free sheaves of bounded rank and finitely
generated projective modules over the ring of global differentiable functions.

Chapter 5 introduces differentiable subspaces and embeddings, with special
attention to infinitesimal neighbourhoods. The main result is an embedding the-
orem for separated differentiable spaces whose topology has a countable basis.



4 Introduction

Chapters 6 and 8 present an interlude of functional analysis, when the in-
troduction of topological modules is unavoidable. Chapter 6 introduces locally
convex modules over a Fréchet algebra A and studies topological tensor prod-
ucts M ® 4 N of these modules. Tensor products provide the basic tool for the
theorem of existence of finite direct products and fibred products in the category
of differentiable spaces, which is the main result of chapter 7. In particular, we
have arbitrary finite intersections of differentiable subspaces and may define the
fibre of any morphism of differentiable spaces over a subspace or a point.

In chapter 8 we study modules of fractions S~ M (see [35, 52]), including the
Localization theorem for Fréchet modules. Modules of fractions are used in chap-
ter 9 to study finite morphisms. The main result, analogous to Zariski’s main
theorem for algebraic varieties, states that a morphism of differentiable algebras
A — B is finite if and only if Spec, B — Spec, A is a closed separated mor-
phism with finite fibres of bounded degree, which is essentially a reformulation
of Malgrange’s preparation theorem [26].

In chapter 10 we use topological modules to introduce the module of relative
differentials Q25,4 for any morphism of differentiable algebras A — B, and we
study its properties, the main reference being [35]. These modules provide the
basic tool for a differential calculus in the realm of differentiable spaces. We
use them to define the sheaf of relative differentials x /g for any morphism of
differentiable spaces X — S, and to study smooth morphisms. The main re-
sult is the characterization, when the fibres are topological manifolds, of smooth
morphisms over a reduced space as open maps with a locally free sheaf of rela-
tive differentials. In this chapter we also introduce formally smooth spaces and
prove that a differentiable space X is formally smooth if and only if it is locally
isomorphic to the Whitney space of a closed set in R™.

In the last chapter 11 we study quotients of smooth manifolds by compact
Lie groups of transformations, which frequently are not smooth manifolds. We
show that Schwarz’s theorem [56] essentially states that such quotients have
a structure of differentiable space, and study a natural stratification. We also
briefly consider differentiable groups.

Finally we present two appendices. In the first one we study sheaves of Fréchet
modules. For the sake of simplicity, in these notes we have deliberately avoided
any topological structure on the sheaves that we introduce along the different
chapters. Nevertheless, our sheaves typically have a natural topological structure,
and the systematic use of sheaves of Fréchet modules greatly clarifies the theory,
enabling us to restate some messy results with a more natural language and
a more familiar aspect. In particular we define the inverse image of a sheaf of
Fréchet modules.

In appendix B we introduce the space of r-jets of morphisms X — Y, assum-
ing that X is formally smooth. Since the r-jet of a morphism (or a function, a
section, etc.) at a point x is just the restriction to the r-th infinitesimal neigh-
bourhood of z, the theory of jets naturally involves non-reduced spaces. This
appendix provides an example of the systematic use of the techniques developed
in these notes, with a massive utilization of non-reduced differentiable spaces.
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As to background, the following are prerequisite:

Commutative algebra: Tensor products, localization (modules of fractions), and
completions [1].

Functional analysis: Fréchet spaces, Fréchet algebras, and topological tensor
products [16, 18, 27, 29].

Sheaf theory: Basic operations with sheaves, and flabby sheaves [15].

Ideals of differentiable functions: Spectral synthesis of closed ideals , Whitney’s
ideals, Borel’s theorem, Malgrange’s preparation theorem, and Schwarz’s
theorem [26, 45, 71].

Differential geometry: Smooth manifolds, Lie groups, and actions of compact
groups on manifolds [4, 73].



1 Differentiable Manifolds

The notion of smooth manifold, as well as those of analytic manifold and scheme,
may be expressed appropriately in the language of ringed spaces. In this chapter
we shall use this language, reformulating the traditional concepts of smooth
manifold, differentiable map, submanifold, etc. Even in this limited context, the
use of ringed spaces already presents some conceptual advantages. For example,
the artificial concept of “maximal atlas” disappears in the definition of smooth
manifold and no coordinate systems are required in the definition of differentiable
map.

1.1 Smooth Manifolds

Definitions. Let Cx be the sheaf of real valued continuous functions on a topo-
logical space X. Subsheaves of R-algebras of Cx are said to be sheaves of
continuous functions on X. A reduced ringed space is a pair (X,0Ox)
where X is a topological space and Oy is a sheaf of continuous functions on X
(i.e., Ox(U) is a subalgebra of the algebra C(U,R) of all real valued continuous
functions on U containing all constant functions, for any open set U C X).

Morphisms of reduced ringed spaces ¢: (Y, Oy) — (X, Ox) are defined
to be continuous maps ¢: Y — X such that ¢* f := fop € Oy (p~1U) whenever
f € Ox(U), so that ¢ induces a morphism of sheaves

0" Ox — 0Oy .

A morphism ¢ is said to be an isomorphism if there exists a morphism
Y: (X,0x) —= (Y, Oy) such that ¢ o1 = Id and 9 o p = Id; that is to say, if ¢
is a homeomorphism and ¢*: Ox — ¢.Oy is an isomorphism of sheaves.

The following properties are obvious:

1. Let (X,0x) be a reduced ringed space. If U is an open set in X, then
(U, Ox|v) is a reduced ringed space and the inclusion U < X is a morphism
of reduced ringed spaces.

2. Compositions of morphisms of reduced ringed spaces also are morphisms of
reduced ringed spaces.

3. Let (X, Ox), (Y, Oy) be reduced ringed spaces and let {U;} be an open cover
of Y. A map ¢: Y — X is a morphism of reduced ringed spaces if and only
if so is the restriction ¢|y,: U; — X for any index i.

J.A. Navarro Gonzéalez and J.B. Sancho de Salas: LNM 1824, pp. 7-20, 2003.
(© Springer-Verlag Berlin Heidelberg 2003



8 1 Differentiable Manifolds

Example 1.1. Any topological space X endowed with the sheaf Cx of real-valued
continuous functions is a reduced ringed space. A map ¢: (Y,Cy) — (X,Cx) is
a morphism if and only if it is continuous.

Ezample 1.2. Cg5 will denote the sheaf of differentiable functions of class C*°
on R”, so that (R",Cg%) is a reduced ringed space. It is easy to check that
morphisms (R™,Cg%.) — (R™,Cg%) are just differentiable maps R”™ — R™; i.e.,
maps (f1,---, fn): R™ — R"™ where f1,..., fn € C®(R™).

Definition. A reduced ringed space (V, Oy) is said to be a smooth manifold
if every point of V admits an open neighbourhood in V which is isomorphic to
an open subset of some (R™,Cg%). In such a case we say that Oy (U) is the ring
of differentiable functions on the open subset U C V and we put

CO(U) == Ou(U).

A map ¢: V — W between smooth manifolds is said to be differentiable
when it is a morphism of reduced ringed spaces, and it is said to be a diffeo-
morphism when it is an isomorphism of reduced ringed spaces. The set of all
differentiable maps ¥V — W will be denoted by Hom(V, W).

If U is an open subset of a smooth manifold V, note that (U, Oyp|y) also is a
smooth manifold and the inclusion U < V is a differentiable map.

Remark 1.8. Smooth manifolds are not assumed to be separated (i.e. Hausdorff).
A simple non-separated smooth manifold may be obtained by gluing two real
lines Uy, U_ by means of the natural diffeomorphism U, \ {p;+} — U_\ {p-}.
The smooth manifold

~ P+
R - U+UU_ == 8
p—

so obtained is a real line with two non-separable points py, p_. By definition,
a continuous function on an open set U C R is differentiable if and only if its
restrictions to Uy NU and U_ NU are of class C*> (in the usual sense). We use
to say that R is a real line where a point is split in two points.

Proposition 1.4. Let (V,0y) be a smooth manifold. A map
o= (f1,-- s fn):V — R"

is differentiable if and only if fi1,..., fn € Oy (V) = C>(V). In particular, global
differentiable functions f € C=(V) are just differentiable maps f: V — R.

Proof. The problem being local, we may assume that V is diffeomorphic to an
open subset U of R™. Now, if f1,..., f, € C(U), then F(f1,..., fn) is a differ-
entiable function on ¢ ~1(V) for any F(x1,...,2,) € C*°(V) and any open set
V CR™, so that ¢: U — R" is a morphism of reduced ringed spaces.
Conversely, if ¢ is a morphism of reduced ringed spaces, then by definition
fi=ziopeC®({U) forany i =1,...,n.
O
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Definition. Let U be an open subset of a smooth manifold V. Some differentiable
functions uq,...,u, € C*®(U) are said to define a coordinate system in U if
the corresponding map (u1,...,u,): U — R™ induces a diffeomorphism of U
onto an open subset of R™. By definition, any point of a smooth manifold has a
coordinate open neighbourhood.

Lemma 1.5. Let K be a compact subset of a separated smooth manifold V. If
U is a neighbourhood of K, then there exists a differentiable function h € C*°(V)
such that

1. h=1 on an open neighbourhood of K.
2. UDSupph:={xeV: h(x) # 0}.
3. 0<h(z)<1 at any point x € X.

Proof. Standard.
O

Corollary 1.6. Let f be a differentiable function on an open subset U of a
separated smooth manifold V. If p € U, then f coincides on a neighbourhood of
p with some differentiable function F € C=(V).

Hence we have natural isomorphisms

W)y = 0, , CTWV)p = Oy,

where O, is the ring of germs at p of differentiable functions, n, is the ideal
of all global differentiable functions vanishing at some neighbourhood of p, and
C>®(V), = S7IC>(V) denotes the localization (ring of fractions) of C*°(V) with
respect to the multiplicative system S = {s € C>(V): s(p) # 0}.

Proof. Let K be a compact neighbourhood of p and let h € C*°(V) be the func-
tion of 1.5. Then F' = fh, extended by zero, is the required global differentiable
function.

Therefore, the morphisms C*(V)/n, — Oy, [f] — fp, and C=®(V), — O,,
[f/s] = fp/sp, are surjective (where the germ at p of any function h is denoted
by hp). The first morphism is clearly injective. The second one also is injective:
If f,/sp =0 in O, then f vanishes on some neighbourhood U of p and, by 1.5,
there exists some h € C*° (V) such that Supph C U and h(p) = 1 (hence h € S).
Since hf = 0 we conclude that [f/s] = [fh/sh] = 0 in C®(V),.

O

Definition. A partition of unity subordinated to an open cover {U;};c; of
a smooth manifold V is a family of global differentiable functions {¢;};c; such
that

1. ¢; > 0 and Supp ¢; C U; for any index i € I.
2. {Supp ¢;}icr is a locally finite family.
3. >, ¢i =1 (the sum is full-sense by 2).
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Theorem of existence of partitions of unity. Let V be a separated smooth
manifold whose topology has a countable basis. Any open cover {U;}icr of V has
a subordinated partition of unity.

Proof. Standard.
O

Corollary 1.7. Let X, Y be disjoint closed subsets of a separated smooth man-
ifold V whose topology has a countable basis. There exists a global differentiable
function 0 < f < 1 such that f =1 on a neighbourhood of X and f =0 on a
neighbourhood of Y .

1.2 Taylor Expansions

Let p be a point of a smooth manifold V and let O, be the ring of germs at p of
differentiable functions (it is the stalk at p of the structural sheaf Oy = C3y).

Theorem 1.8. The ring of germs O, has a unique mazrimal ideal
m, = {f€0p: f(p)=0}.

If (u1, - .., uy) is a coordinate system at p and p; = u;(p), then m, is generated
by the germs at p of the functions uy — p1,...,Un — Pp-

Proof. The morphism of rings O, — R, f — f(p), is surjective, hence its kernel
m,, is a maximal ideal. It is the unique maximal ideal of O, because any germ
f € Op, such that f(p) # 0, is invertible in O,,.

For the second part, the problem being local, we may replace V by R™ and

U1, - .., Uy by the cartesian coordinates x1, . .., 2, of R™ so that p = (p1,...,pn).
By 1.6, any germ f € m, is represented by a differentiable function defined on
R™; therefore, for any z = (z1,...,z,) € R™, we may consider the function

g(t) = flp+tx—p) , te[01].

Since f(p) =0, we have

n el
:Z/o (xifpi)g:i(p+t(:c—p))dt

@) [ g+ tlo = p)de =3 (5 - piu(o)

N
O i=1

.
Il
_

and, taking germs at p, we conclude that f € (1 — p1,...,Zn — Pn)-
Finally, the inclusion (z1 — p1,...,zn — pn) € m, is obvious.
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The above theorem provides the Taylor expansion of a differentiable function
at a point of coordinates (p1,...,pn). Let us denote by O(r) any element of the
ideal mj. The theorem shows that the ideal m} is generated by the products

(ur —p1)™ . (up — pn)'™™

where i1 + ...+, = r. Since any germ f € O, is f = a+ O(1) for some a € R,
it follows that

O(r) = S iy, (ur = p1)" (U — pp)"™ + O(r 4 1)
i1+t =T

and we obtain the Taylor series of any germ f at p:
f=a+0(01)=a+3 ai(u; —pi) + O(2)

=a+ ) ai(ui —pi) + 3 aij(u; — pi)(u; —p;) + O(3)

1<j
= Y ai (ur—p) (g —pu) +O(r+1) = ...
14 Fi, <r

Of course, by successive partial derivations we get the standard result

Wiy ooy = ——— A —(p) .
Tt gy 6ul11---8u31"( )

Let us denote by j, f the Taylor expansion of order r (or r-jet) of f at p. The
above computation gives directly the following

Corollary 1.9. m;*l is the ideal of all germs f € O, such that j,f = 0.
Moreover, we have an isomorphism

Op/m;+1 = R[ul —P1y--.,Un 7pn]/(u1 —P1y---,Un 7pn)r+1

/1= gt

Remark 1.10. Using the above isomorphism, we may compute the my-adic com-
pletion of Oy,

O:D = 1<i£1017/ni;—"_1 = R[[ul — P15 Un — an )
T
ie., @p is the R-algebra of formal power series in the variables w1 —p1, ..., U, —pn-

Note that the natural morphism
jp:OpHOpZR[[Ul_plw--aun_pn]] ) ngn[f]r:]pf

maps any germ f into the Taylor expansion j,f of f at p.
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Corollary 1.11. LetV be a separated smooth manifold and let my ,, be the ideal
of all differentiable functions f € C*°(V) vanishing at a given point p € V. For
any r > 0, we have

myy = {fecx(W): jpf =0}
and a natural isomorphism
cxWV)/mith = Opfmitt

Proof. Let n, be the ideal of all differentiable functions on V vanishing on some
neighbourhood of p. Let us show that nf) = ny, hence nj = n,, for any r > 0.
Given a function f € n, vanishing on some neighbourhood U of p, let us consider
h € C*=(V) such that Supph C U and h = 1 on a neighbourhood of p. Then
fh=0o0nV, hence f = f(1—h) € nf) and we conclude that n, = ng.
Now, it is obvious that n, C my ,, hence n, = njtt C mﬁpl for any r > 0.
Since C*°(V)/n, = O, (by 1.6), we conclude that C"O(V)/nf{j:p1 = Op/mytt,
Finally, considering the kernel of the morphism
CxWV) — CxW)/myl = Op/mp™h fe[fl=Gpf
we obtain that m(}'j’pl ={fec>V):j,f =0}
O

Remark 1.12. Using the above isomorphism, we may obtain the my ,-adic com-
pletion of C*(V),

C®(V), =lmC>V)/m} =1limO,/m;*' = O, = Rl[us — p1. ..., un — pall.

Again, the natural morphism

Jp: C*V) — CF(V), = Rllus —pi,eyun—pall 5 [ Im[f], =5, f

maps any differentiable function f into the Taylor expansion j,f of f at p.

1.3 Tangent Space

Let p be a point of a smooth manifold V and let O, be the ring of germs at p of
differentiable functions.

Definition. A tangent vector at a point p € V is defined to be a derivation
D: O, - Op/m, = R. That is to say, it is an R-linear map D: O, — R such
that

D(fg) = (Df)g(p) + f(p)(Dg) .
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The real vector space T),) := Dergr(Op, R) of all tangent vectors at p is said
to be the tangent space to V at p. The dimension of V at p is defined to be
the dimension of T, V.

Note that if U is an open neighbourhood of p, then T,U = T,V because
Ovup = Oyp.

Given a coordinate system (uq,...,u,) at p, we denote by (9/0u;), the
tangent vector
0 af
( 3 > f=7-().
g p 8’(1,1
Proposition 1.13. If (u1,...,uy) is a local coordinate system at a pointp € V,

then {(0/0u1)p, ..., (0/0uy)p} is a basis of T,V .

Proof. If D € T,V and Du; = 0 for any 1 < ¢ < n, then D = 0. In fact, if
f € Op, by 1.8 we have

~

|
=
=

I

o

&
B
3

@
Il
-

n

(Dhi)(ui(p) — pi) + ; hi(p)(Dui) =0+0 .

-
Il

>
~
I
,_.M§

In particular, we obtain the following formula for any tangent vector D:

(1.13.1) D = i(Dui) (ai)p

i=1

since both derivations clearly coincide on the coordinates wuq, ..., uy.
Finally we show that the derivations (0/0u1)p,. .., (0/0u,), are linearly in-
dependent. If D = 3. \;(0/0u;), = 0, it is immediate that \; = Du; = 0.
O

Definition. Let ¢: V — W be a differentiable map between smooth manifolds,
let p € V and let ¢ = ¢(p). The tangent linear map ¢..: T,V — T, WV is defined
to be

(p«D)f = D(fogp).

Once we take a coordinate neighbourhood (V;v1,...,v,,) of ¢ and a coor-
dinate neighbourhood (U;us,...,uy) of p such that ¢(U) C V, then the map
@: U =V is defined by some equations

vi:fi(ul7"'aun) ) lglgma

where f; := p*v; = v; 0 € C®°(U). By 1.13.1 we have

9\ & of; )
o <5ua)p - ; du ) (3%'),, ’
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so that the matrix of ¢, with respect to the bases {(9/du;),} and {(9/0v;)q} is

just the jacobian matrix at p
ofi

and the Inverse function theorem may be restated as follows:

Inverse function theorem. Let ¢: V — W be a differentiable map between
smooth manifolds. If the tangent linear map @.: T,V — Ty, W is an isomor-
phism, then ¢ is a local diffeomorphism at p.

Definition. The dual vector space T,;V of the tangent space T,V is said to be
the cotangent space of V at p. Its elements are said to be 1-forms at p. The
differential d,, f of a germ f € O, is defined to be the 1-form

(d,f)(D) := Df , DET,V.

It is easy to check that the map d,: Op = TV, f — d,f, is a derivation:

L dp(f+9)=dpf +dpg .
2. dp(fg) = 9(P)(dpf) + f(P)(dpg) -
3. dpA =0 for any A € R (hence d, is R-linear).

If (U;uy,...,u,) is a coordinate neighbourhood of p, then the dual basis of
{(0/0u1)p, ..., (0/0uy)p} is just {dpu,...,dpu,}. Hence {dpu1,...,dpu,} is a
basis of the cotangent space 7,7V, and we have

af =3 2Ly,

ou;
i=1 v

because both 1-forms coincide on the basis {(0/0u1),, . . ., (0/0uy), }. Moreover,
if : V = W is a differentiable map and ¢.: T,V — T,V is the tangent linear
map at p, then ¢*: TW — TV will denote the dual linear map; that is to say,
(p*w)(D) := w(p.D). It is easy to check that p*(d,f) = d,(¢* f) for any germ
fe0,.

Proposition 1.14. There exists a canonical R-linear isomorphism
m,/m> =TV , [f] = dpf.
Proof. Tt is easy to check that D(mg) = 0 for any derivation D € T,,V. Therefore
T,V = Derg(Op,R) = Derg(Op/m2 R).

Since O,/m? =R @ m,/m?, we have Derg(Op/m2,R) = Hompg(m,/m2 R)
and then T,V = Homg(m,/m2,R). This duality is clearly defined by the pairing

T,V xmp/m2 — R, (D,[f]) = Df =d,f(D) .
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Note that the differential of a function f at p coincides, via the above iso-
morphism, with the residue class of the increment of f at p,

f = 1) = dpf .

Proposition 1.15. Let f1,..., f, be differentiable functions on a smooth man-
ifold V and let p € V. If {dpf1,...,dpfn} is a basis of T,;V, then (f1,..., fn) is
a local coordinate system at p.

Proof. Let us consider the differentiable map ¢ = (f1,..., fn): V — R™ and let
q = ¢(p). We have *(dgz;) = dp(p*xi) = dpfi, so that p*: T;R" — T)V is
an isomorphism. Therefore ¢, : T,V — T,R™ is an isomorphism and the Inverse
function theorem let us conclude that ¢ induces a diffeomorphism of an open
neighbourhood of p onto an open subset of R"™.

O

1.4 Smooth Submanifolds

Definition. Let (X,Ox) be a reduced ringed space and let Y be a subspace
of X. The functions in Ox, when restricted to Y, define a sheaf of continuous
functions Oy on Y, called the induced sheaf. By definition, if f is a continuous
real-valued function on an open set V' C Y, then f € Oy (V) just when every
point y € Y has an open neighbourhood U in X such that f|yny = Flynv for
some F' € Ox (U). Therefore (Y, Oy) is a reduced ringed space and the inclusion
map i: (Y,0y) — (X,Ox) is a morphism of reduced ringed spaces. Moreover,
if o: (Z,0z2) — (X, Ox) is a morphism of reduced ringed spaces and ¢(Z) C Y,
then ¢: (Z,0z) — (Y, Oy) is a morphism of reduced ringed spaces.

Definition. Let Y be a subspace of a smooth manifold (V, Oy). If Y, endowed
with the induced sheaf Oy, is a smooth manifold, then we say that Y is a
smooth submanifold of V.

For example, if we consider the smooth manifold (R” = R™ x R*"™™ C23),
then the induced sheaf on R™ x {0} is just Cg%; hence R™ X 0 is a smooth
submanifold of R".

Lemma 1.16. Let Y be a smooth submanifold of a smooth manifold V and let
i:Y — V be the inclusion map. The linear tangent map i,.: T,Y — T,V is
injective at any point y € Y.

Proof. The restriction morphism i*: Oy, — Oy, is surjective by definition of
the induced sheaf Oy . Now, if i, D = 0, then

0= (ixD)(Ovy) = D(i"Ov,y) = D(Oyy)

and we conclude that D = 0.
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Theorem 1.17. Let f1,..., f. be differentiable functions on a smooth manifold
VandletY ={z e€V: fi(x)=0,..., fr(x) =0}. If dy f1,...,dyfr are linearly
independent at any point y € Y, then 'Y is a smooth submanifold of codimension
r and T,Y coincides, via i., with the incident of the linear span of dy fi,...,dy fr.

Proof. Let {dy f1,...,dyfr,dyfri1,-..,dyfn} be a basis of T,;V.

By 1.15, (f1,-.., fn) is a coordinate system in an open neighbourhood U
of y, so that ¢ = (f1,..., fn): U — R™ induces a diffeomorphism of U onto
an open subset U’ C R". Hence ¢ defines an isomorphism of reduced ringed
spaces ¢: Y NU — oY NU). Now, p(Y NU) = (0 x R* ") N U’ is an open
subset of 0 x R™™" = R™ ", and we obtain that any point y € Y has an open
neighbourhood Y N U which is isomorphic to an open subset of R™~". Since
Cgo— is the sheaf induced by Cg% on 0 x R"™", we have that (Y, Oy ) is a smooth
submanifold of codimension r.

Finally, if D € T,)Y’, then
(dyfu)(ixD) = (isD) fr = D(fr0i) =D(0) =0 , 1<k<r,

so that ,7,Y is contained in the incident of < d,fi,...,d,f, >. Both linear
subspaces coincide because they have the same dimension (n —r = dim (¢,7,,Y")
by 1.16).

O

Theorem 1.18. Let Y be a smooth submanifold of codimension v of a smooth
manifold V. Any point p of Y has some coordinate neighbourhood (U;uq, ..., uy,)
iV such that

YNU = {z€U: ui(z)=0,...,u.(x) =0}.
In particular, Y is a locally closed subspace of V.

Proof. We may assume that V = R". By 1.16, the linear map i*: TyR" — TV

is surjective, hence i*(d,z1),...,i"(dyxy) span T;Y and we may assume that
{dpz1,...,dpZn} is a basis of T,Y, where ), = i*zy = Zgly and m = n—r. By
1.15, (Z1,...,%m) is a coordinate system in some neighbourhood V of p in Y,

so that it defines a diffeomorphism of V onto an open subset V/ C R™. In V we
have
fm-&-j = fj(jla"'ajm) ) ijCOO(V/)‘
Now, since Y is a topological subspace of R”, there exists an open subset
U C R™ such that V =Y NU and, replacing U by UN (V' x R"), we may assume
that V' is the image of U by the projection (x1,...,Zm,): R — R™. Let us

consider the following differentiable functions uy,...,u, € C*(U):
U = T; , 1< <m,
Umtj = Tmyj — fi(@1, .. xm) , 1<j<r.
It is clear that d,us,...,dpu, are linearly independent; hence, by 1.15, we
may assume that (ug,...,u,) is a coordinate system in U. Finally it is easy to

check that
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YNU = {z€U: upt1(x) =0,...,umir(z) =0}.
O

Locally closed subspaces: A subspace Y of a topological space X is said to
be locally closed if every point ¥ € Y has an open neighbourhood U, in X
such that U, NY is closed in U,.

Any locally closed subspace of X is a closed set of an open subset of X.
In fact, Y is closed in the open set U = Uy U, because so it is in the open
cover {Uy} of U.

The concept of locally closed subspace is local in Y: If each point of Y has
an open neighbourhood in'Y which is locally closed in X, then'Y is locally closed
in X.

In fact, given y € Y, let V' be an open neighbourhood of y in Y which is locally
closed in X and let U be an open set in X such that V = U NY. By definition
y has an open neighbourhood U, in X such that U, NV is closed in U,. Then
U,, = U,NU is an open neighbourhood of y in X and U, NY = U,NUNY = U,NV
is closed in Uy; hence it is closed in Ué CU,.

Theorem 1.19. Let p: V — W be a differentiable map between smooth mani-
folds, let p € V and let ¢ = w(p). The following conditions are equivalent:

1. The tangent linear map @.: T,V — T, W is injective.
2. There exists an open neighbourhood V' of p in V such that ¢ induces a dif-
feomorphism of V' onto a smooth submanifold of W.

Proof. Standard.
O

Definition. A differentiable map ¢: V — W between smooth manifolds is said
to be a local embedding at a point p € V when it satisfies the above equivalent
conditions.

Definition. A differentiable map V — W between smooth manifolds is said to
be an embedding (resp. closed embedding) if it induces a diffeomorphism of
V onto a smooth submanifold (resp. closed smooth submanifold) of W.

Theorem 1.20. Let ¢: V — W be a differentiable map between smooth mani-
folds. The following conditions are equivalent:

1. ¢: V=W is an embedding.
2. ©:V — W is a local embedding for any point p € V and p: V — p(V) is a
homeomorphism.

Proof. Standard.
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1.5 Submersions

Theorem 1.21. Let w: V — W be a differentiable map between smooth mani-
folds, let p € V and let ¢ = w(p). The following conditions are equivalent:

1. The tangent linear map . : T,V — T,W is surjective.
2. There exist coordinate neighbourhoods V, W of p and q such that, represent-
ing each point by its coordinates, the map w: V — W 1is given by

Uty .o tn) = (U1, Um) , m<n.

3. There exists an open neighbourhood W of q in W and a differentiable section
o: W =V (i.e, mo = Id) such that o(q) = p.

Proof. Standard.
O

Definition. A differentiable map 7: ¥V — W between smooth manifolds is said
to be a submersion at a point p € V if it satisfies the above equivalent
conditions, and it is said to be a submersion when so it is at any point of V.

Ezxamples. If V is a non-empty smooth manifold, then the second projection
mo: ¥V X W — W is a surjective submersion.
Local diffeomorphisms are submersions.

The tangent bundle TV — V is a surjective submersion. In general, most
fibre bundles (vector bundles, principal bundles) are surjective submersions.

Any family {U; };cr of open subsets of a smooth manifold V', when considered
as the natural map j: [[, U; — V (as we shall always do), is a submersion, and
it is a surjective submersion whenever {U; };cr is an open cover of V.

Theorem 1.22 (Properties of surjective submersions).

1. Diffeomorphisms are surjective submersions.

2. Ifm:V =V, n': V' = V" are surjective submersions, then the composition
7 om:V —= V" is a surjective submersion.

3. Let w: ¥V — W be a surjective submersion. If ¢: T — W is a differentiable
map, then

Vr = VxywT = {(z,t) e VxT: w(x) =¢(t)}

is a smooth submanifold of V x T, and the second projection wo: Vpr — T is
a surjective submersion.

4. Any surjective submersion w: V — W may be refined by some open cover
J: 11; Ui = W; that is to say, there exists a differentiable map o: [[U; =V
such that moo = j.
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5 Ifm:V = W is a surjective submersion, then:

a) a function f: W — R is differentiable < f ow is differentiable.

b) a map o: W — W' is differentiable < ¢ o is differentiable.

¢) amap o: W — W' is a submersion < @ o is a submersion.

d) a map p: W — W' is a surjective submersion < @ om is a surjective
submersion.

e) a subset Y C W is closed (respectively open) < n=1(Y) is closed (re-
spectively open) in V.

f) a subset Y C W is a smooth submanifold of W < 7=1(Y) is a smooth
submanifold of V.

Proof. Properties 1 and 2 are obvious, while 4 follows readily from the existence
of local sections of 7.

(3) Let (z,t) € ¥V xyy T and let y = w(x) = ¢(t). Let us consider coordi-
nate neighbourhoods (Uz; 1, ..., 2n), (Uyiyi, - Um), (Usst1,... t) of 2, y, t
respectively. By 1.21, we may assume that the equations of w are y; = z;,
1 <4 < m. If the equations of ¢ are y; = p;(t1,...,t.), 1 <i < m, then

VTQ(Ux X Ut):{(xl,...,xn,tl,...,tr) € Um X Utl xi:goi(tl,...,tr)}

is a smooth submanifold of U, x U; — by 1.17 — and ma: VrN (U, x U;) — Uy is a
submersion at (x,t). Hence Vr is a smooth submanifold of VXT and 7o: Vpr — T
is a surjective submersion.

(5) The direct implications are clear (5.f follows from 3, since 7= (V) = Vy ).
To prove the converse implications, let us consider an open cover j: [[U; = W
and a differentiable map o: [[U; — V refining =, i.e., such that j = wo (this
map o exists by 4).

(5.a) If f o is differentiable, then sois fomoo =[] f
differentiable.

A similar argument works for 5.b, 5.c, 5.d and 5.e.

(5.f) Let y € Y and let o: U — V be a local section of 7 defined on an open
neighbourhood U of y in W. Since

v;. Therefore f is

YNU = o Y (n'Y) ~ (cU)N (77 1Y),

it is enough to prove that (cU) N (7Y is a smooth submanifold of cU. Fi-
nally, (cU) N (771Y) is a smooth submanifold because cU and 7~1Y intersect
transversally at any point = € (¢U) N (7~1Y). In fact

T,V = T,(cU) + Tp(n  nx) C Tp(oU) + Tp(n 1Y),

hence T,V =T,(cU) + T, (771Y).
O

Remarks. Properties 1, 2 and 3 may be restated asserting that surjective sub-
mersions define a Grothendieck topology on the category of smooth manifolds.
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Since any open cover [[U; — V is a surjective submersion, this Grothendieck
topology is stronger than the usual one, and property 4 shows that in fact both
are equivalent, so explaining property 5, which states that the concepts of dif-
ferentiable function, differentiable map, submersion, surjective submersion, open
set, closed set and smooth submanifold are local concepts in this Grothendieck
topology.

On the other hand, property 3 points that every surjective submersion
m:V — W may be considered as a family {V,},ew of smooth manifolds
parametrized by W, where V, := 7= !(y). So Vr is just the family {Vy) }beer,
which is the reparametrization of the given family {V,},ew by means of the
differentiable map ¢: 1" — W.

Theorems 1.19 and 1.21 are generalized by the following standard result:

Theorem 1.23. Let p:V — W be a differentiable map and let p € V. If the
tangent linear map of ¢ has constant rank r at any point of some neighbourhood
of p, then there exist local coordinate systems at p and ¢(p) such that

o(ur, ... up) = (Ut,...,ur,0,...,0).



2 Differentiable Algebras

Even if we have introduced differentiable manifolds as certain pairs (V, Oy),
where Oy, is the sheaf of differentiable functions on V, it is a crucial fact that each
manifold is determined by the ring C>°(V) of all global differentiable functions
(when V is a Hausdorff space whose topology has a countable basis). In order to
have a suitable perspective from which to consider these notes, it is important
to see how (V,Oy) may be reconstructed from C*°(V). First, one recovers the
set V as the set Spec, C*°(V) of all morphisms of R-algebras d: C*(V) — R,
then its topology as the Gelfand topology, i.e., the initial topology for the maps
f:Spec, C®(V) — R, f(6) := &(f), corresponding to elements f € C>®(V).
Finally, if U is any open set in V, then C>°(U) = Oy (U) is just the localization
(ring of fractions) C*(V)y of C*(V) with respect to the multiplicative system
of all global differentiable functions without zeros in U (a crucial fact proved in
[37)):

C*WU) = =W == {f/g: frgeCT(V): glx) #0,Vz e U} .

This process is meaningful for an arbitrary R-algebra A and thus we obtain a
topological space Spec, A endowed with a structural sheaf of rings A, namely the
sheaf associated to the presheaf U ~» Ay. When applied to C*°(R"™), we obtain
the local model (R™,Cg%) of all smooth manifolds and, when applied to other
algebras, we obtain local building blocks for more general spaces.

Now let us look for the types of algebra that should be considered as “al-
gebras of differentiable functions on closed differentiable subspaces” of R™. It is
natural to assume that any differentiable function on the subspace is the re-
striction of some global differentiable function, so that the desired algebras must
be certain quotients C°°(R™)/a, where a is interpreted as the ideal of all dif-
ferentiable functions vanishing on the subspace. Hence, the question is to fix
the appropriate ideals. It seems natural to require differentiable subspaces to
be defined by infinitesimal conditions (a condition is said to be infinitesimal
whenever it involves only partial derivatives at a certain point). Now Whitney’s
spectral theorem states that ideals of C*°(R™) defined by infinitesimal conditions
are just closed ideals with respect to the Fréchet topology of uniform conver-
gence on compact sets of functions and their partial derivatives. Therefore we
must consider differentiable algebras: quotients C*°(R™)/a by closed ideals. The
main thesis of these notes is that differentiable algebras A provide local models
(Spec, A, A) for a reasonable concept of C*°-differentiable space.

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 21-38, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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2.1 Reconstruction of V from C* (V)

Let A be an R-algebra (commutative with unity). An ideal m C A is said to
be real if the natural map R — A/m is an isomorphism (in particular m is a
maximal ideal of A). The kernel of any morphism of R-algebras A — R is a real
ideal, so we obtain a natural bijection between the set of all real ideals of A and
the set of all morphisms of R-algebras A — R. Let us briefly recall the spectral
representation of algebras [14, 29, 37]:

Definition. The real spectrum of an R-algebra A is the set
Spec, A := Homp ,15(A,R) = {real ideals of A} .

If x is a point of Spec, A, then m, will denote the corresponding real ideal
of A and §,: A — R will denote the corresponding morphism of R-algebras. If
f € A, the value f(z) of f at z is defined to be

f(x) == 0,(f) = residue class of f in A/m, =R,

so that any element f € A defines a real-valued function on Spec, A. Note
that m, = {f € A: f(z) = 0} and that ¢,: A — R is the evaluation map:
d:(f) = f(z). When it is necessary, to avoid any confusion, we denote by f the
function on Spec, A induced by f € A.

We consider the Gelfand topology on Spec, A, which is defined to be the
smallest topology such that f : Spec, A — R is continuous for any f € A. So
we get a morphism of R-algebras A — C(Spec, A,R), f ~— f. Generally, this
spectral representation morphism is neither injective nor surjective.

Finally, any morphism of R-algebras ¢: A — B defines a continuous map
¢*: Spec, B — Spec, A, ¢*(§) =00 ¢.

Now let V be a smooth manifold. Each point p € V defines a morphism of
R-algebras d,: C*(V) = R, 0,(f) = f(p) or, equivalently, a real ideal

m, = {feC*(V): f(p)=0}
of C*(V). So we get a natural map §: V — Spec,. C*(V), §(p) = J, = m,,.

Theorem 2.1. IfV is a separated smooth manifold whose topology has a count-
able basis, then the natural map 6:V — Spec,.C>®(V) is a homeomorphism.

Proof. Let p,q € V. If p # g, then m,, # m, by 1.7. Hence 0 is injective.
Let m be a real ideal of C*°(V) and let us consider a sequence { K, } of compact

sets in V such that K, Q}O(nﬂ and V = |J,, K. By 1.7 there exists a global
differentiable function 0 < f,, < 1 such that f, = 0 on K,, and f, = 1 outside

[O(,H_l. Therefore f = > f, € C®(V) and f > n on V — K, 41, so that the
level sets f = r are compact for any real number r (since each one is contained
in some K,). Now, let 7 € R = C*>(V)/m be the residue class of f, so that
f—rem
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If we have

N{g=0} =0,

gem
then § = {g1 =0} N...N{gm =0} N{f = r} for certain g1,..., gn € m because
{f = r} is compact. It results that h := ¢? + ... + g2, + (f — r)? € m does
not vanish at any point of V. Therefore m contains an invertible function h, so
contradicting the fact m £ C*° (V). It follows the existence of some point p € V
such that g(p) = 0 for any g € m, so that m C m,, and, m being a maximal ideal,
we conclude that m = m,,. That is to say, J is surjective.

Finally, identifying V with Spec, C>°(V) via §, the topology of V coincides
with the Gelfand topology. In fact, § is clearly continuous and, given a closed
set Y C V, we consider the ideal py of all differentiable functions f € C*°(V)
vanishing on Y. By 1.7, we have

YV = {zeV: f(z)=0, Vf €py}

and we conclude that Y is a closed set for the Gelfand topology.
O

Remark. For any subset I of an R-algebra A, the zero-set of I is defined to be
(I)o := {x €Spec, A: f(z)=0, Vfel}

and it is easy to check that these subsets are the closed sets of a topology on
Spec, A called the Zariski topology. The Gelfand topology is always finer
than this Zariski topology, but the proof of the former theorem shows that both
coincide on Spec,. C>®(V) = V.

Lemma 2.2. Let ¢: V — W be a continuous map between separated smooth
manifolds. If fop € C(V) for any f € C>°(W), then ¢ is a differentiable map.

Proof. Let U be an open set in W and let V = ¢~ 'U. If f € C®(U), then
we have to prove that f o € C®(V). Let p € V. By 1.6, f coincides with
some global differentiable function F € C*° (W) on a neighbourhood of ¢(p). By
hypothesis Fop € C*(V), so that fop coincides with the differentiable function
F o ¢ on a neighbourhood of p and we conclude that f o ¢ is a differentiable
function.

O

Let Hom (V, W) be the set of all differentiable maps ¢: V — W. Recall that
© € Hom (V, W) defines a morphism ¢*: C*° (W) — C>®(V), o*f = fo .

Theorem 2.3. Let V, W be separated smooth manifolds whose topologies have
countable bases. We have a natural bijection

Hom (V, W) - HomR—alg (COO(W)7 c> (V))
p = PF.
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Proof. Let us define the inverse correspondence: Any morphism of R-algebras
¢: C®(W) — C>=(V) defines a continuous map

¢*:V = Spec,. C*(V) — Spec, C¥ (W) =W
¢"(0p) = dpo¢

ie., ¢*(p) = ¢ when §, = I, o ¢. We must prove that ¢** = ¢ (so that ¢* is
differentiable by 2.2) and ¢** = ¢. Now, by definition we have

50**(51)) = (;p o (P* = 6@(]0) = SD(p) ,
f(@"p) = dgp(f) = (6p 0 9)(f) = &(f)(D) -

©""(p)
(0™ f)(p)

O

Proposition 2.4. Let V and W be separated smooth manifolds whose topologies
have countable bases. A differentiable map ¢: W — V is a closed embedding if
and only if the morphism p*: C>®(V) — C*(W) is surjective.

Proof. If p: W — V is a closed embedding, we may assume that W is a closed
smooth submanifold of V and that ¢ is the inclusion map. Let f € C*(W). By
definition of the induced sheaf, any point p € W has an open neighbourhood
Vp in V such that flwnv, = Fplwnv, for some F, € C>*(V,). Let {hy, h}pew
be a partition of unity subordinated to the open cover {V,,V — W},eyy and let
F =35 hpyF, € C®(V). It is clear that f = F|y = ¢*F'.

Conversely, if ¢*: C*°(V) — C> (W) is surjective then

0" Oppp = C(V) /0y, — CZ(W)/n, = Owyp (see 1.6)
also is surjective for any p € W. Hence
0: T,W = Dergr(Ow p,R) — Derg(Oy ,p, R) = T,V

is injective, i.e., ¢ is a local embedding at any p € W. Now, let I be the kernel
of p*: C®(V) = C®(W). Tt is direct to show that

@: W = Homp.aiz(C*(W),R) — Homp.aiz(C*(V),R) = V
induces a homeomorphism of W onto the zero-set
Do = {z€V: f(z)=0,Vfel}.

Now 1.20 let us conclude that ¢ is an embedding.
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2.2 Regular Ideals

Let V be a separated smooth manifold whose topology has a countable basis.
Given a closed subset Y, we denote by py the ideal of C*° (V) of all differentiable
functions vanishing on Y.

If Y is a closed smooth submanifold we have C*(Y) = C*(V)/py by 2.4.
Our purpose in this section is to characterize when a closed subset Y is a smooth
submanifold in terms of the ideal py.

Given a point € V we denote by py, the image of py by the epimorphism
C>®(V) = O,. In other words, py,, is the ideal of O, of all germs of differentiable
functions f, defined on some open neighbourhood Uy of z, such that f = 0 on
Y NUy. Note that py,, = O, when z ¢ Y.

More generally, if I is an ideal of C*°(V), then we denote by I, the image of
I by the epimorphism C*(V) — O,.

Lemma 2.5. Let py be the ideal of C*(R™) of all differentiable functions van-
ishing on Y ={p e R" : 21(p) = --- = z,(p) = 0}. Then py = (x1,...,Zy).

Proof. Let f € py. For any point (x1, ..., x,) € R™ we may consider the function
g(t) = fltz1, . tTr, Tpy1,-. ., xn) , t€]0,1].

Since f(0,...,0,Z,41,...,2,) = 0, we have
1
£@) = 9(1) - 900) = [ g/ (0)a
0
Tl
0
:Z/ xia—;:(txl,...,th,er,...,xn)dt

T
= Z T; ; &El txl,...,tosr,zr_,_l,...,:L'n)dt: ; xihi ()

hence f € (z1,...,2,).

Finally, the inclusion (z1,...,z,) C py is obvious.
O

Remark 2.6. We have an equality py, = (z1,...,2,), of ideals in the ring of
germs O, for any point p € R".

Let V be a separated smooth manifold whose topology has a countable basis.
Given differentiable functions fi,..., f € C*WV)let Y ={z €V : fi(z) =--- =
fr(x) = 0}. Let us assume that d. f1,...,d. f, are linearly independent at any
x €Y, so that Y is a closed smooth submanifold of V by 1.17. Recall that py
denotes the ideal of C*°(V) of all differentiable functions vanishing on Y.
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Proposition 2.7. With the previous notations, we have py = (f1,..., fr).

Proof. Let us show that py, = (f1,..., fr)p for any p € V (equality of ideals
in Oy ). If p ¢ Y, the equality is clear since both ideals coincide with Oy ,. If
p €Y, thend,fi,...,dyfr are linearly independent, hence f1,..., f; are part of
a coordinate system at p. By 2.6 we obtain that py, = (f1,..., fr)p-

Now we prove that py = (f1,...,f). If f € py then f, € (f1,..., fr)p for
any p € V and, using a suitable partition of unity, it is easy to conclude that
fe(fr,-.., fr). The inclusion (fi,..., fr) C py is obvious.

O

Definition. Let V be a separated smooth manifold whose topology has a count-
able basis. An ideal I of C*° (V) is said to be regular if, for any p € (1), the ideal
I, is generated by some germs fi,..., f, such that d,fi,...,d,f, are linearly
independent.

Lemma 2.8. Let Y, Z be closed subsets of a separated smooth manifold V whose
topology has a countable basis. If py . = pz . then there exists a neighbourhood
U of x such that YNU =2ZNU.

Proof. We shall show in 2.10 the existence of a global differentiable function f
on V such that (f)o =Y. Since f, € pys = pz it results that f vanishes on
Z NU for a certain neighbourhood U of x, hence ZNU C Y NU. Analogously
we prove the existence of a neighbourhood V of x such that YNV C ZNV, so
that U NV is the desired neighbourhood.

O

Proposition 2.9. Let Y be a closed subset of a separated smooth manifold V
whose topology has a countable basis. Y is a smooth submanifold of V if and only
if py is a regular ideal of C*° (V).

Proof. Let Y be a closed submanifold of V. For any p € Y = (py )o there exists

a coordinate neighbourhood (U;uy, ..., u,) such that
YNU ={z€U: w(z)=--=u(x)=0},
hence py,, = (u1,...,u,)p by 2.7, and py is a regular ideal.

Conversely, let us assume that py is a regular ideal. If p € Y = (py )0, we have
vy = (fi,..., fr)p, where dpfi,...,d,fr are linearly independent. This last
condition implies the existence of an open neighbourhood U of p such that the
subset Z ={x €U : fi(z) = -+ = f-(x) = 0} is a closed smooth submanifold
of U. By 2.7 we have pz, = (fi,..., fr)p = Pv,p, hence Y and Z coincide in a
neighbourhood of p (by 2.8) and we conclude that Y is a smooth submanifold
of V.

O
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2.3 Fréchet Topology of C>=(V)

Let us recall the notion of Fréchet vector space. A locally convex vector space is
said to be a Fréchet vector space if it is metrizable (its topology is separated
and it may be defined by a countable family of seminorms) and complete. We
shall use the following basic facts:

1. Let F be a closed vector subspace of a Fréchet vector space E. Then F and
E/F (endowed with the quotient topology) are Fréchet vector spaces.

2. Any surjective continuous linear map between Fréchet vector spaces is an
open map.

Definition. A locally m-convex algebra is defined to be an R-algebra (com-
mutative with unity) A endowed with a topology defined by a family {¢;} of
submultiplicative seminorms: g;(ab) < ¢;(a)g;(b).

If A is a locally m-convex algebra, then the addition A x A *5 A and the
product A x A = A are continuous operations. Moreover, the inversion map
A* = A* a+ a~1, is continuous on the set A* of all invertible elements; hence
A* is a topological group.

If T is an ideal of a locally convex m-algebra A, then A/I is a locally m-
convex algebra with the quotient topology: If {¢;} is a fundamental system of
submultiplicative seminorms of A, then the topology of A/I is defined by the
submultiplicative seminorms g, ([a]) = infyer ¢;(a + b).

The canonical projection 7: A — A/I is an open map.

The closure I of an ideal I is again an ideal of A.

We say that a locally m-convex algebra is complete when so it is as a locally
convex space (hence it is separated by definition).

Definition. A locally m-convex algebra is said to be a Fréchet algebra if it is
metrizable and complete.

If T is a closed ideal of a Fréchet algebra A, then A/I is a Fréchet algebra.

Let V be a separated smooth manifold whose topology has a countable basis,
and let us consider a countable family {K;};en of compact subsets such that

V= U [O( i and each compact set K; is contained in some coordinate open
set (Uj;uq,...,u,). The usual topology of C*°(V) is defined by the following
submultiplicative seminorms (see [27] IV.4.2)

aalj(;f (p)' ;

pij(f) = max 2/

where the maximum is considered over all points p € K; and all orders of deriva-
tion a = (ay,...,ay) such that |a] = a3 + ... + a, < j. Sometimes it will be
convenient to replace this family of seminorms {p; ;}i jen by an equivalent in-

creasing family {¢;}ien, where ¢;(f) := max{p1i(f),...,pii(f)}. This topology
is independent of the different choices.
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It is a basic fact that C*°(V) is complete, so that it is a Fréchet algebra.
Moreover, this topology provides the unique structure of Fréchet algebra that
may be defined on the algebra C*°(V), according to a theorem of Michael [29].

Finally, note that for any differentiable map ¢: W — V the corresponding
morphism ¢*: C*®(V) — C* (W), ¢*(f) = f oy, is continuous.

Proposition 2.10. Let V be a separated smooth manifold whose topology has a
countable basis. Any closed subset Y C 'V is the zero-set of some global differen-
tiable function.

Proof. Let {K;} be a countable family of compact sets such that V-Y = J, K.
Let f; € C(V) be such that 0 < f; <1, f;(K;) =1 and f;(Y) =0. Then Y is
the zero-set of the global differentiable function

N oi i
f= L
O

Given an open set U in V, we shall denote by C*(V)y the localization (ring
of fractions, [1] Chapter 3) of C°>°(V) with respect to the multiplicative set of all
functions in C*° (V) without zeros in U. So, elements in C*°(V)y are equivalence
classes of fractions [g/h], where g, h € C*°(V) and h has not zeros in U.

Localization Theorem for differentiable functions ([37]). Let V be a sep-
arated smooth manifold whose topology has a countable basis and let U be an
open subset. For any differentiable function f on U, there exist global functions
g,h € C=(V) such that h does not vanish at any point of U and

f:% on U.

That is to say,
C*(U) = =WV

Proof. Let {K;} be a countable family of compact sets such that
K; CKit1 ) U=U,K; .

Let g; € C*°(V) such that 0 < g; <1, g;(K;) = 1 and Suppg; C U, so that
gif € C(V) when extended by 0. It is easy to check that

[e%) . f
2.2 1+ qi(g:) + qi(gif) '

i=1

9—i 9i
=2 1+ qi(g:) + qilgif)’

i=1

satisfy the required conditions.
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Therefore, the natural map C*(V)y — C>*(U), [g/h] — g/h, is surjective.
Let us show that it is also injective: If g/h = 0 in C*°(U), then ¢ = 0 on U.
By 2.10 there exists d € C*(V) such that (d)g = V — U; hence gd = 0, so that
lg/h] = lgd/hd] = 0 in C=(V)y

O

Now, we deal with closed ideals of C*°(V) with respect to the usual Fréchet
topology.

Proposition 2.11. Let my , be the ideal of C>°(V) of all differentiable func-
tions vanishing at a point p € V. The ideal m:)'j'pl is closed for any r > 0.

Proof. By 1.11 we have m7+1 ={f eC>®(V):j,f =0} and the result follows
easily.
O

Definition. Let X be a closed set in V. The Whitney ideal of X in V is
defined to be the ideal Wx of all differentiable functions f € C*°(V) with Taylor
expansion j, f = 0 at any point € X. It is a closed ideal because

ﬂW ﬂm”’l (re X, reN).
reX

Let m;, be the maximal ideal in the ring of germs O,. Let us consider the
my,-adic completion of O, (see 1.10)

(5,, = lim( p/m"H) = Rl[us — p1,. .. un — pnl]

T

endowed with the projective limit topology. It is easy to check that @p is a
Fréchet algebra and that the “Taylor expansion” map

<) — Oy, frrif

is continuous. By a result of Borel ([26] Chapter I, §4), the above map is surjec-
tive. Its kernel is obviously the Whitney ideal W), of all flat functions at p, hence
C>W)/W, = @p. This continuous isomorphism is a homeomorphism since both
topologies are Fréchet. In conclusion, we may state Borel’s result as follows:

Borel’s theorem. Let V be a separated smooth manifold whose topology has
a countable basis. For any point p € V we have an algebraic and topological
isomorphism R
CEW)/ Wy = Op
The following central result provides a characterization of closed ideals.

Whitney’s spectral theorem. Let V be a separated smooth manifold whose
topology has a countable basis. Let a be an ideal of C*°(V). The closure of a in
C>®(V) is the ideal of all differentiable functions whose Taylor expansion at any
point of V coincides with the Taylor expansion of some function in a:

= {f€C®(V): jof € ju(a) for any z € V} .
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Proof. [26] Chapter II.
O

Remark. Any formal power series with non-zero leading coefficient is invertible
in O,. This implies that j.(a) = O, for any = ¢ (a)g. So we may put

a={feC®WV): juf € jo(a) for any z € (a)o} .

Moreover, j.(a) is an ideal of the noetherian local ring @z; hence, by Krull’s
theorem (see [1] 10.20) the m,-adic topology of O, /j(a) is separated, so that
Jz(a) = N, (jz(a) + m]). Therefore, the former condition j,f € jy(a) may be
replaced by the following weaker condition: jf € jr(a) for any r € N.

2.4 Differentiable Algebras

Definition. We say that an R-algebra A is a differentiable algebra if it is
(algebraically) isomorphic to a quotient

A ~ C®([R")/a

for some natural number n and some closed ideal a of C*°(R™). Such isomorphism
is called a presentation of A.

A map A — B between differentiable algebras is said to be a morphism of
differentiable algebras when it is a morphism of R-algebras.

Let us determinate the real spectrum of any differentiable algebra.

Lemma 2.12. Let I be an ideal of an R-algebra A. There exists a natural home-
omorphism

Spec, A/I = (I)y :={p € Spec, A: f(p) =0,Vfel}.

Proof. Let us consider the quotient map w: A — A/I. It is clear that a morphism
dp: A — R factors through A/I if and only if §,(I) = 0 or, equivalently, p € (I)o.
Therefore, the continuous map

Spec, A/I = Homp_a14(A/I,R) — Homp.a15(A,R) = Spec, A
0 — dom

defines a bijection Spec, A/I = (I)o. It is easy to check that this bijection is a
homeomorphism.
O

Proposition 2.13. For any quotient algebra A = C*°(R™)/a we have a homeo-
morphism
Spec, A = (a)g == {peR": f(p)=0,Yf €a}.
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Proof. By 2.1 we have Spec, C*°(R™) = R™. The result follows from the previous
lemma.
O

Remark 2.14. Any closed set in Spec, A is a zero-set, since so is any closed set
in R™; hence the Gelfand and Zariski topologies in Spec, A coincide for any
differentiable algebra A.

Proposition 2.15. Let A be a differentiable algebra. An element a € A is in-
vertible if and only if it does not vanish at any point of Spec, A.

Proof. Let A =C>®(R")/a.If a = [f] does not vanish at any point of Spec, A,
then (f)o N (a)o = 0. By 1.7, there exists a differentiable function g € C*(R")
such that g = 0 on a neighbourhood of (a)g and g = 1 on (f)g, so that f2 + g2
does not vanish at any point of R™ and it is invertible in C*°(R"). By Whitney’s
spectral theorem g € a, so that [f2], hence [f], is invertible in A.

O

Definition. Let us introduce the notion of Taylor expansion for elements in a
differentiable algebra. Let A = C*°(R™)/a be a differentiable algebra. Given a
point p € Spec, A = (a)o, we denote by m, the corresponding real ideal of A.
Recall that we also denote by m,, the respective ideals of C>°(R™) and O,, of all
differentiable functions vanishing at p. The Taylor expansion of order r (or
r-jet) of an element a € A at p is defined to be the equivalence class

jpa = la], € Ajmtt

Let us consider the my-adic completion of A,

Ap = lim (A/mp*H)
and the natural morphism
jpr A — Ay, amjpa :zl{iin[a]r.

The element j,a € Ep is called the Taylor expansion (or co-jet) of a at p.
Let us compute A\p. Let @, := j,(a) be the image of a by the map
Jp: CP(R") — @p = Rl[z1 —p1,---,Tn — Pal],
i.e., d, is the ideal of @p of all Taylor expansions of functions in a.
Proposition 2.16. With the previous notations, we have an isomorphism

A, = 0,/a, .
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Proof. Elements of A\p = lim A/m;‘Irl are (ag,ap + a1,a0 + a1 + as,...) where
—

a, € my (an analogous statement holds for @p), so that the natural morphism

&)

b = LiLnCOO(R")/mEJ’lp — LiLnA/m;—H —- A,

is surjective. The kernel of the natural morphism @p — A/tn;‘“1 is just the
ideal @, + /"', and it follows that the kernel of O, — A, is (@, + M)
Now, since the formal power series ring O, is a local noetherian ring, by a
standard result of commutative algebra (Krull’s theorem, see [1] 10.20), we have

d, =, (@, + m; "), and we conclude that A,=0,/d,.
O

Proposition 2.17. Let A be a differentiable algebra. An element a € A is zero
if and only if its Taylor expansion jpa at any point p € Spec, A vanishes.

Proof. Let A =C>®(R™)/a be a presentation and let a = [f] € A. By Whitney’s
spectral theorem we have a = 0 (i.e., f € a) if and only if j,f € j,(a) = @,
for any p € (a)g = Spec, A. This last condition is equivalent, by the previous
proposition, to the condition j,a = 0 for any p € Spec, A.

O

Corollary 2.18. For any differentiable algebra A we have
Spec, A=0 & A=0.
Let ¢*: Spec,, B — Spec,. A be the map induced by a morphism of differ-

entiable algebras ¢: A — B. Given a point ¢ € Spec, B, let p = ¢*(q), i.e.,
dp = 94 0 ¢. Note that ¢(m,) C m,, so that we have a morphism

¢r: A/m T — B/m ! , [a] = [p(a)] .

Taking projective limits we obtain a morphism $ : //l\p — §q and an obvious
commutative diagram

A%, B
lj” qu
—~ (’5 —~

A, —— B,

The following basic result shows that differentiable algebras have a similar
behaviour than finitely generated R-algebras.

Proposition 2.19. Let A = C>*(R")/a and B = C®(R™)/b be differentiable
algebras and let ¢, ¢’ : A — B be morphisms of R-algebras. If ¢[x;] = ¢'[x;] for
any 1 <i<mn, then p = ¢'.
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Proof. First we show that the maps ¢*, ¢'*: Spec,, B — Spec,. A coincide. Given
a point ¢ € Spec, B, let us compare the cartesian coordinates of the points
p=¢"(q), p' = ¢""(q) (recall that Spec, A = (a)g C R"),

i(p) = 0p(i) = (5 0 9) (i) = Jq(H(w:)) = Ig(¢' () = -+ = 2:(p') ,

hence p = p'.

Now we prove that ¢ = ¢'. Given points ¢ € Spec,. B, p = ¢*(q) = ¢'*(q), the
morphisms ¢, ¢}.: A/mT! — B/m/*! coincide because A/m/ ! is generated
by [z1],. .., [2n]. Hence the morphisms ¢, ¢’ : ﬁp — Eq also coincide. Then, for
any a € A, the elements ¢(a), ¢'(a) have the same Taylor expansion at any point
q € Spec, B,

Ja(p(a)) = d(jpa) = &' (jpa) = jg(¢'(a)) .

By 2.17 we conclude that ¢(a) = ¢'(a).

O

Corollary 2.20. Let A be a differentiable algebra and let ay,...,a, € A. There
exists a unique morphism @©*: C*°(R™) — A such that p*(x;) = a;, 1 <i<n.

Proof. The uniqueness follows from 2.19. To show the existence, we may assume
that A = C>°(R™). Then the differentiable map ¢ = (a1,...,a,): R™ — R”
induces a morphism ¢*: C>*°(R™) — C*°(R™) such that ¢*(z;) = a;.

O

Remark. Given ay,...,a, € A and a function h(z1,...,z,) € C*(R"), we may
define h(ay,...,a,) := ¢*(h) € A, where ¢* is the morphism stated above. In
other words, any differentiable algebra has a canonical structure of C*°-ring (see
[30] for definitions).

Corollary 2.21. Let A = C>*°(R")/a and B = C>®(R™)/b be differentiable
algebras. For any morphism ¢ : A — B there exists a commutative square

C®[R") —— A
v !
C*R™) —— B
where w stands for the respective canonical projections.
Proof. If ¢p[x;] = [fi] € B=C>®(R™)/b,1 < i< n,let us consider a morphism ¢
such that ¥ (z;) = f;. Then the square is commutative by the uniqueness stated

in 2.19.
O

Corollary 2.22. Let A =C*(R")/a and B = C>*(R™)/b be differentiable alge-
bras endowed with the quotient topology. Any morphism of R-algebras ¢: A — B
18 continuous.
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Proof. Since A is endowed with the quotient topology, we may assume that
a =0, ie, A =C>?R"). Let y1,...,yn € C®(R™) such that ¢(x;) = [y
Let us consider the differentiable map ¢ = (y1,...,yn): R™ — R™ and the
induced continuous morphism ¢*: C*(R"™) — C>®(R™), ¢*(f) = f o ¢. Note
that ¢*(z;) = y;, so that ¢ coincides with the continuous composition map

*

C®(R") L5 C®(R™) — C®(R™)/b= B
O

Theorem 2.23. Any differentiable algebra A has a unique Fréchet topology,
named canonical topology, such that any presentation A ~ C>®(R™)/a is a
homeomorphism. Every morphism of differentiable algebras is continuous with
respect to their canonical topologies.

Proof. Given a presentation A = C°°(R™)/a, the quotient topology on A
is Fréchet (quotients of Fréchet spaces with respect to closed subspaces are
Fréchet). The uniqueness is a direct consequence of 2.22.

O

Corollary 2.24. The kernel of any morphism of differentiable algebras A — B
is a closed ideal of A.

Proof. Any morphism A — B is continuous and the topology of B is separated.
O

Corollary 2.25. An ideal a of a differentiable algebra A is closed if and only if
AJa is a differentiable algebra.

Proof. Let us consider an epimorphism 7: C*°(R"™) — A (which is continuous
by 2.23). If a is closed in A, then b = 7~1(a) is a closed ideal in C>°(R"). Since
A/a ~ C>(R™)/b, we conclude that A/a is a differentiable algebra.
Conversely, if A/ais a differentiable algebra, then the kernel a of the canonical
projection A — A/a is closed by 2.24.
O

Proposition 2.26. Let A be a differentiable algebra and let p € Spec, A. The
quotient A/m]’[’,Jrl is a differentiable algebra for anyr > 0. Hence m;Jrl s a closed
ideal of A.

Proof. Let us consider a presentation C*°(R"™) — C*°(R™)/a = A. Then, by 2.13,
Spec, A = (a)g € R™, and we have an epimorphism

Coo(Rn)/m7+1p — A/mr—i-l

Now C*(R") /mT+1 is a differentiable algebra since mRilp is a closed ideal

(2.11). Moreover, it is ﬁmte dimensional as a vector space, hence its ideals are
closed. In particular, the kernel of the above epimorphism is closed and then
2.25 says that A/m]’;+1 is a differentiable algebra.

O
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Borel’s theorem and Whitney’s spectral theorem are easily generalized for
differentiable algebras:

Theorem 2.27 (Borel’s theorem). Let A be a differentiable algebra. Given a
point p € Spec, A, the ideal W, = {a € A : jy,a = 0} is closed and there exists

an isomorphism R
AW, =A,.

Therefore gp is a differentiable algebra.

Proof. Let us consider a presentation m: C*°(R™) — C*(R")/a = A. By 2.16,
we have an exact sequence
OHaPH@pLA\p*}().

In particular, 7: @p — ﬁp is surjective. By the classical Borel’s result,
Jp: C(R™) — O, also is surjective and then the commutative diagram

SR —T A

B e

o~ =~

0, —— A,

o~

shows that j,: A — A\p is surjective. Its kernel is W, so that A/W, = A\p.
Finally, from 2.26 we obtain that W, = [ cymy*" is a closed ideal of A.

Then 2.25 shows that A/W, = /Tp is a differentiable algebra.
O

Note that if a = Z a, is a convergent series in A, then j,a =3 jya, is a
convergent series in A3c7 since the map j,: A — A, is continuous.

Theorem 2.28 (Spectral theorem). Let A be a differentiable algebra. The
closure of any ideal b C A is the ideal

= {a € A: jpa € jy(b) for any p € Spec, A} .

Proof. Let us consider again a presentation 7: C*°(R"™) — C*>°(R™)/a = A. Since
A is endowed with the quotient topology, it is clear that

77 (b) = 7 1b.
By Whitney’s spectral theorem for C*°(R"™) we have
7o) =716 = {f € C*°(R™): j,f € j,(m'b) for any p € R"}
={f € C®(R™): j,f € jp(7~'b) for any p € Spec, A}

where the last equality is a consequence of the following facts: j,(7~'b) = (5,,
for any p ¢ (771b)g and (771b)o C (a)o = Spec, A.
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Now, using the commutative diagram of epimorphisms

CeR") —— A
| [
6, —* i,

and applying 7 in the equality
7 Hb) = {f €C®(R™): j,f € jp(m'b) for any p € Spec, A}

we obtain the desired result.
O

Note 2.29. Let A a differentiable algebra. There is a spectral theorem for mod-
ules (see [35] 11.4.8) determining closed submodules of A™. The following re-
formulation may be useful: A finitely generated A-module M admits a Fréchet
A-module structure (see section 6.1 for definitions) if and only if

ﬂm;M =0 (z € Spec,. A, r € N)

(that is to say, an element m € M is zero if jim :=[m] =0 in M/ml M for
any = € Spec, A, r € N).

2.5 Examples

Definition. We say that an R-algebra A is reduced when 0 is the unique
element of A vanishing at any point of Spec, A. That is to say, when the spectral
representation morphism A — C(Spec, A,R), f — f, defined in section 2.1 is
injective, so that any reduced R-algebra is canonically isomorphic to an algebra
of real valued continuous functions on the topological space Spec, A.

Reduced algebras are also named semisimple in the literature. According to
a theorem of Michael [29] any two structures of Fréchet algebra on a semisimple
algebra coincide; hence the canonical topology of a reduced differentiable algebra
A is the unique Fréchet algebra structure on A.

Example 2.30. Given a closed set Y in R™, let Ay be the algebra of all continuous
functions on Y which are restriction of a differentiable function on R™. It is a
differentiable algebra because

C*R")/py ~ Ay  [fl= fly,

where py denotes the ideal of all differentiable functions vanishing on Y, which
is a closed ideal:
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Py = ﬂ my .
yey
Since differentiable functions on R™ separate disjoint closed sets, we have
Y = (py)o = Spec, Ay. In particular Ay is a reduced differentiable algebra.

Let us consider the particular case when Y is a closed smooth submanifold
of R™. By 2.4 the restriction morphism C®(R™) — C*(Y') is surjective; hence
C>®(Y) =C>®(R")/py = Ay is a reduced differentiable algebra. In this case, the
canonical topology of C*°(Y") is just the usual Fréchet topology: The surjective
map C*®(R™) — C>°(Y) is continuous for the usual topologies, so that the usual
topology is weaker than the canonical topology; hence they coincide since both
are Fréchet.

Using Whitney’s embedding theorem, we obtain the following fact: If V is a
separated smooth manifold of bounded dimension whose topology has a countable
basis, then C*°(V) is a differentiable algebra.

Example 2.31. Let A be a differentiable algebra and let Y be a closed set in
Spec,. A. Each element f € A defines a continuous function f ly: Y — R, and the
algebra B of all continuous functions on Y so obtained is a reduced differentiable
algebra and Spec, B =Y. In fact, we have B ~ A/py where py = ner m,. By
2.24, each ideal m, is closed in A, hence py also is closed and then B = A/py
is a differentiable algebra by 2.25. Since any closed set in Spec, A is a zero-set
(2.14), we have Y = (py)o. By 2.12 we conclude that ¥ = Spec, B.

When Y = Spec, A, we obtain a reduced differentiable algebra A,.q := A/t4,
where vy = {f € A: f = 0}. By definition A is reduced if and only if t4 = 0;
that is to say, when the canonical projection m: A — A,..q is an isomorphism. If
j: A — B is a morphism of differentiable algebras, it is clear that j(ra) C tp.
Therefore j induces a morphism j,cq: Areq — Breq such that the following
square is commutative:

A%B

A jrcd B
red ? red

In particular, if B is reduced, any morphism A — B factors through the canonical
projection m: A — A4, i.e., we have a bijection

Homp aig(Ared, B) = Homp.ag(A,B) , h— hr.

Example 2.32. Finite direct products of differentiable algebras are differentiable
algebras.

In fact, let A; = C®(R")/a; , As = C®(R"?)/as be differentiable algebras.
The disjoint union R™* [TR™2 is a closed smooth submanifold of some R™ (take
n > ny and n > ng); hence, according to example 2.30,

Co(R™ [IR™) = C*(R™) ® C=(R™)
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is a differentiable algebra. Now the ideal a; @ ap is closed in C*°(R"1) & C>(R"?)
and we conclude that

A1 ® Ay = CP([R™)/a; ®CT(R™)/az = (CR™) & CT(R™))/(a1 @ a2)

is a differentiable algebra. Moreover, Ay @ As is reduced when so are the algebras
A;, since it is easy to check that

Spec, (A1 @ A2) = (Spec, A1) [[(Spec, As) .

Example 2.33. The algebra Rle] := R & Re, where ¢ = 0, is a differentiable
algebra because

CoR)/mg ~ Rl] , [f(t)] = f(0)+ f'(0)e,
and mZ = {f € C*°(R): f(0) = f’(0) = 0} is a closed ideal. The real spectrum
of this algebra has a unique point: Spec, R[e] = (m3)p = {0} C R. It is clear
that R[e] is not reduced.

Ezxample 2.34. Let Y be a closed set in R™. The Whitney ideal
Wy = {f €C*R"): j,f =0VyeY} = [|m) (yeV, reN)
Yy,r

is closed, and the differentiable algebra C*°(R™)/Wy is called the Whitney alge-
bra of Y in R™. In general, if A is a differentiable algebra and Y is a closed set
in X = Spec, A, then the Whitney ideal of Y in X

Wy x = {aeA:jyazO,Ver}:ﬂmZ (yeVY, reN)
y,r

is a closed ideal of A and we say that the differentiable algebra A/Wy,x is the
Whitney algebra of Y in X.

Ezample 2.35. If A is a differentiable algebra and f € A, then f?+1 is invertible
because it does not vanish at any point of Spec, A. Therefore, if an R-algebra
A has some maximal ideal m with residue field A/m ~ C, then A is not a
differentiable algebra. In particular, C is not a differentiable algebra.

Ezample 2.36. Rings of germs of differentiable functions are not differentiable
algebras, except in some very trivial cases. In fact, the ring Og» , of germs of
C>°-functions at a point x € R” is just

Oy = C(R")/n, ,

where n, is the ideal of all functions vanishing on a neighbourhood of z (see
1.6). By Whitney’s spectral theorem, its closure 1, is just the Whitney ideal W,
of all flat functions at z, so that n, is not a closed ideal when n > 1. We may
conclude that Ogn , is not a differentiable algebra by 2.24.

By the way, there exist morphisms of R-algebras ¢*: Ogn ;, — Orn 5 which
are not induced by a differentiable map ¢: R™ — R" (see [47]).

Ezample 2.37. Let A be a finite R-algebra (= of finite dimension as a real vector
space). Then A is a differentiable algebra if and only if A is rational (i.e., every
maximal ideal of A is a real ideal). See theorem 9.2
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In this chapter we introduce differentiable spaces as ringed spaces locally iso-
morphic to the real spectrum of some differentiable algebra. We start by defining
the structural sheaf of rings A on Spec, A for any differentiable algebra A. The
main result is the Localization theorem for differentiable algebras [37, 42], which
is the basis for the algebraic point of view adopted in these notes.

3.1 Localization of Differentiable Algebras

Let A be an R-algebra and let U be an open set in Spec,, A. We shall denote
by Ay the localization (ring of fractions, [1] Chapter 3) of A with respect to
the multiplicative set of all elements in A without zeroes in U. In other words,
elements in Ay are (equivalence classes of) fractions %, where a,s € A and
s(x) # 0 for any x € U.

We have a canonical morphism A — Ay, a — ¢, with the following universal
property: Any morphism of R-algebras ¢: A — B, such that ¢(s) is invertible in
B for any s € A without zeroes in U, factors through the morphism A — Ay.

Lemma 3.1. Let A be a differentiable algebra. For any closed set'Y in Spec, A
there exists s € A such that Y = (s)o.

Proof. We may put A = C*°(R")/a and Y C Spec, A = (a)g C R". By 2.10
there exists f € C>°(R"™) such that ¥ = (f)o. Then s := [f] € C*°(R™)/a is the
desired element.

O

Proposition 3.2. Let A be a differentiable algebra. For any open set U in
Spec,. A we have a homeomorphism

Spec, Ay = U.

Proof. Let S = {s € A: s(x) # 0,Vx € U}. Using the universal property of the
localization and that U is a cozero set (3.1), we obtain the following bijections

Spec, Ay = Homp a1 (Ap,R) = {00 A = R : §,(s) #0,Vs € S}
= {x € Spec, A : s(xz) #0,Vs € S} =U.

Finally, it is easy to check that the above bijections are homeomorphisms.
O

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 39-49, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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Definition. Let A be an R-algebra and let M be an A-module. If U is an open
set in Spec, A, then My will denote the localization of M with respect to the
multiplicative set of all elements s € A which does not vanish at any point of
U. Therefore elements in My are (equivalent classes of) fractions m/s where
m € M and s € A without zeroes in U.

The sheaf on Spec, A associated to the presheaf U ~» My will be denoted
by M, and we say that it is the sheaf associated to M. The sheaf of rings A
associated to the presheaf U ~» Ay is called the structural sheaf on Spec, A.

Note that M is an A-module and that any morphism of A-modules M — N
induces a morphism of A-modules M/ — N. Moreover, the functor M ~» [ trans-
forms exact sequences of A-modules into exact sequences of A-modules, because
the functor M ~» My is exact ([1] 3.3).

Given a point x € Spec, A, we shall denote by M, the localization of M with
respect to the multiplicative system {s € A : s(z) # 0}. Therefore, elements in
M, are (equivalent classes of) fractions m/s where m € M, s € A and s(x) # 0.
Note that the stalk (A7), of M at any point = € Spec,. A coincides with M,.

Any element m € M defines a global section of A and its germ at a point
x € Spec,. A is denoted by my , i.e., m; = F € M,. The support of m is defined

to be its support as a section of M:
Supp (m) := {x € Spec, A : m, # 0} .

Ezample 3.3. When A = C*>°(R™), we have R™ = Spec,. A by 2.1, and the Local-
ization theorem for differentiable functions shows that Ay = C°°(U); hence the
presheaf U ~ Ay is a sheaf and A coincides with the sheaf Cgo. of differentiable
functions on R”.

Proposition 3.4. Let A be a differentiable algebra and let © € Spec, A. The
natural morphism A — (A), = A, is surjective.

Proof. Ais a quotient of C*°(R"™), the localization functor is exact, and the result
holds for C**(R™) by 1.6.
O

Lemma 3.5. If U is an open set in R™, then C*°(U) is a differentiable algebra
and its canonical topology is the usual Fréchet topology.

Proof. Let f be a differentiable function on R™ such that (f)g = R" — U (it
exists by 2.10). The graph i: U < R"*! of 1/f is a closed embedding. By 2.4,
the continuous morphism i*: C>°(R"*1) — C>°(U) (with respect to the usual
topologies) is surjective. Its kernel is a closed ideal and we conclude that C*°(U)
is a differentiable algebra. Finally, the canonical topology of C*°(U) is finer than
the usual topology, and they coincide since both are Fréchet.

O

Lemma 3.6. Let a be a closed ideal of C*°(R™) and let U be an open set in R™.
Then ay is a closed ideal of C*°(U) and a (U) = ay.
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Proof. We use the notations of the proof of the Localization theorem for differ-
entiable functions. Given f € C*°(U) we have f = g/h, where

_ — —i gif
9= Z 2 1+¢i(9:f)+qi(g)

i=1
h = 2 ? .
; 1+4i(9:f) + 4i(9:)

Now, if j,f € @, at any point # € U, then j,(g,f) € @, at any point
x € R” because g, vanishes in a neighbourhood of R” —U. By Whitney’s spectral
theorem, we have g, f € a and, the ideal a being closed, we obtain that g € a
and f = g/h € ay. That is to say

ag ={f €C>®U): j.f €a, forany z € U}

and we conclude that ay is a closed ideal of C*°(U) and that a: U ~ ay is a
sheaf of ideals.
O

Theorem 3.7. Let A be a differentiable algebra and let U be an open subset of
Spec,. A. Then Ay is a differentiable algebra.

Proof. Let A = C*°(R™)/a and then Spec,A = (a)g C R™. Let U’ be an open
set in R™ such that U = U’ N (a)p. By 3.5, 3.6, and the Localization theorem for
differentiable functions, we obtain that

AU/ = COO(R")U//aU/ = COO(UI)/CIU/

is a differentiable algebra.
Now, we have to prove that Ay = Ay. It is easy to check that Spec, Ay =
U' N (a)o = U. By 2.15, if s € A does not vanish at any point of U, then s is
invertible in Ay.; hence the natural morphism Ay — Ay is an isomorphism.
O

Lemma 3.8. Let A be a differentiable algebra and let X = Spec, A. Given an
open subset U C X and a compact subset K C U, there exists a € A such that
a>0o0onX,a, =1 for any x € K and Supp (a) CU.

Proof. Let A = C*(R™)/a and then X = (a)g C R". Let U’ C R™ be an open
subset such that U = U’ N X. Let f > 0 be a differentiable function on R™ such
that f, = 1 for any z € K and Supp (f) C U’. Then a := [f] is the desired
element.

O

Let A = C*®(R")/a be a differentiable algebra. Given two disjoint closed
sets X, Y in Spec,A C R", according to 1.7, some element of A defines a
global section a of A such that @ = 1 on a neighbourhood of X and a = 0

on a neighbourhood of Y. Therefore, the sheaf of rings A is soft, so that any
A-module is also a soft sheaf ([15], 11 3.7.1, 3.7.2).
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Lemma 3.9. Let a =3 a, be a convergent series in a differentiable algebra A
and let © € Spec, A. If there exists a neighbourhood V' of x which intersects only
a finite number of members of the family {Supp (an)}, then ay =3, (an)z-

Proof. Let b € A such that b, = 1 and Supp (b) C V. Then ab = > _(a,b) only
has a finite number of non-zero summands (note that if Supp (a,b) = ( then
anb =0 by 2.17), hence

= (X anb) =D (@b)e = Y (an). -

n n

O

Localization theorem for differentiable algebras ([41]). Let A be a dif-

ferentiable algebra and let A be the structural sheaf on X = Spec, A. For any
open set U in Spec, A we have

In particular, A (X) = A.
Moreover, A (U) is a differentiable algebra and U = Spec, A (U).

Proof. (1) The natural morphism Ay —A (U) is injective:

If a € Ay vanishes as a section of A (U), then a, = 0 in (A4), = A, for any
x € U. Since Ay is a differentiable algebra, we obtain that a = 0 by 2.17.

(2) The natural morphism Ay —A (U) is surjective:

Let @ €A (U). Since the morphism A — (A), = A, is surjective (3.4), for
any point € U there exists by 3.8 an element b € A such that b(z) # 0,
b>0on X, Supp (b) C U, and ba is a global section which is in A. We may
choose a sequence {b;} of such elements, so that {Supp (b;)} is a locally finite
family whose interior sets cover U. Let ¢; < g2 < ... be seminorms defining the
topology of A. The convergent series

bia

T e ral)

o

©
Il
=

271‘
1

®
Il
.Mg
o

1+ (b &) +ai(bi)

?

define elements a, s € A, where s does not vanish at any point of U, and @ = a/s
because both sections have the same germ at any point of U by 3.9.
(3) A(X) = Ax = A by 2.15. Finally, A (U) is a differentiable algebra by 3.7
and U = Spec, A(U) by 3.2.
O

Remark 3.10. The same argument proves the following result: Let A be a dif-
ferentiable algebra and let U be an open subset of X = Spec, A. If I is a closed

ideal of A, then T(U) = Iy. In particular, T(X) = 1.
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Theorem 3.11. Let A be a differentiable algebra and let X = Spec, A. Any

A-module M is fully determined by the A-module of global sections M := M(X)
because

M=M.
Therefore the functors M ~ M(X) and M ~M define an equivalence of
the category of A-modules with a full subcategory of A-modules (A-modules M
such that the natural morphism M — M (X) is an isomorphism). In particular:

Hom~ (M, N) = Homs(M(X),N(X)) .

Moreover, if 0 — M — M — M" — 0 is an ezact sequence of A-modules,
then the sequence of A-modules 0 — M'(X) - M(X) - M"(X) — 0 is ezact.

Proof. First we prove that the natural morphisms My — M(U) define an iso-
morphism of A-modules )/ — M:

Let m € M(U) and let € U. There exists some a € A such that a = 0
outside a small neighbourhood of x and a = 1 on a neighbourhood of z, so
that the germ m, = (am), coincides with the germ of a global section of M.
Therefore, the natural morphism M — M, is surjective, hence so is M, — M.

When U = Spec, A and m, = 0, we may choose a so that am = 0. Since
a € A—m,, we conclude that m = 0 in M,, i.e., the morphism M, — M, is
injective.

Finally, the functor of global sections is exact because any A-module M’ is
a soft sheaf and then H(X, M’) =0 ([15] 1T 4.4.3).

O

Corollary 3.12. Let A be a differentiable algebra and let X = Spec, A. If M
is an A-module of finite presentation, then M :]\N4(X).

Proof. Any presentation A™ — A" — M — 0 induces an exact sequence of
sheaves (A)™ — (A)" —M— 0. According to 3.11, we have an exact sequence
of A-modules

AX)™ — AX)" — M(X) — 0

and we may conclude because 4 (X) = A.
O

Corollary 3.13. Let A be a differentiable algebra and let X = Spec, A. If I is
a finitely generated ideal of A, then I =T (X).

Proof. Since A/I is an A-module of finite presentation, taking global sections in
the exact sequence of sheaves

0 —T—A— (A/D) — 0,
we obtain the following exact sequence of A-modules:

0 —I1(X) — A — AT — 0.
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3.2 Differentiable Spaces

Definition. A locally ringed R-space is a pair (X, Ox) where X is a topo-
logical space and Ox is a sheaf of R-algebras on X such that the stalk Ox , at
any point « € X is a local ring (with a unique maximal ideal that we denote by
My ,; OF My).

If f € Ox(U) and z € U, then the residue class of the germ of f in Ox ,/m,
will be denoted by f(z) and it is said to be the value of f at x. The condition of
Ox » being local means that f is invertible in some neighbourhood of  whenever
/(@) #0.

A morphism (¢, ¢*): (Y,0y) = (X,Ox) of locally ringed R-spaces is
a continuous map ¢ : Y — X and a morphism ¢* : Ox — .0y of sheaves
of R-algebras (or, equivalently, a morphism ¢*: ¢*Ox — Oy of sheaves of
R-algebras) such that the morphisms ¢; : Ox , — Oy, where p(y) = =, are
local, in the sense that ¢, (m,;) C m,. This condition means that

(") =0« flpy) =0.

When the natural morphisms R — Ox ,/m, are isomorphisms, then the map
R = Oxy/m; — Oy,y/m, induced by ¢}, is the structural morphism, so that
the condition of ¢y : Ox » — Oy, being local means that

(@ ly) = fley)

(but this formula does not fully determine ¢* f in terms of ¢ and f, because p* f
is not a map Y — R).

A morphism (¢, 9*) : (Y,0y) — (X, Ox) of locally ringed R-spaces is said to
be an isomorphism if ¢ : Y — X is a homeomorphism and ¢* : Ox — ¢.Oy
is an isomorphism of sheaves.

Morphisms of locally ringed R-spaces may be obviously composed. The set of
all morphisms of locally ringed R-spaces (Y, Oy ) — (X, Ox) will be denoted by
Hom (Y, X) . If no confusion is possible, a morphism of locally ringed R-spaces
(@, ") is denoted by .

Definition. The real spectrum of aNdifferentiable algebra A is defined to be
the locally ringed R-space (Spec, A, A). When no confusion is possible, it is
denoted by Spec,. A.

Definition. A locally ringed R-space (X, Ox) is said to be an affine differ-
entiable space (of finite type) if it is isomorphic to the real spectrum of some
differentiable algebra. By the Localization theorem, this differentiable algebra
must be Ox (X).

Proposition 3.14. Let (X,0x) be an affine differentiable space. If U is an
open set in X, then (U, Ox|v) is an affine differentiable space.
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Proof. Let A be a differentiable algebra and let U be an open set in Spec,. A. The
Localization theorem for differentiable algebras says that Ay is a differentiable
algebra, Spec, Ay = U and A |y =Ap; hence (U, A|y) is an affine differentiable
space.

O

Definition. A locally ringed R-space (X,Ox) is said to be a differentiable
space (locally of finite type) if any point € X has an open neighbourhood U
in X such that (U, Ox|v) is an affine differentiable space. Such open subsets of
X are said to be affine open sets and they define a basis for the topology of
X according to 3.14. Morphisms of differentiable spaces are defined to be
morphisms of locally ringed R-spaces.

According to 3.14, if (X, Ox) is a differentiable space and U is an open set
in X, then (U, Ox|y) is a differentiable space, and we denote it by U.

Let (X, Ox) be a differentiable space. Sections of Ox on an open set U C X
are said to be differentiable functions on U. The germ of a differentiable
function f € Ox(U) at a point € U is denoted by f,, and its residue class
f(z) in Ox 5 /m, = R is said to be the value of f at x. Hence, any differentiable
function f € Ox (U) defines amap f: U — R, f(x) = f(z), which is continuous
because so it is on any affine open set (but the function f is not determined by
the map f ). In particular, the zero-set of f is a closed subset of U.

If a differentiable function f € Ox(U) does not vanish at any point of U,
then f is invertible in Ox (U) because the rings of germs Ox , are local rings.

Ezample 3.15. Let Cg5. be the sheaf of differentiable functions on R™. According
to 3.3, (R™,Cg%) is isomorphic to the real spectrum of C>°(R™); hence it is an
affine differentiable space and we denote it by R™:

R"™ := (Spec,C*(R"), Cg) -

Ezample 3.16. Let (V,C¥) be a smooth manifold. By definition, any point « € V
has an open neighbourhood U such that (U, C;’|v) is isomorphic to an open set in
R™ = (R™,Cg%); hence (V,C5P) is a differentiable space. Any smooth manifold is
a differentiable space. Affine smooth manifolds are just smooth manifolds which
admit a closed embedding in some affine space R".

If ¥V and W are smooth manifolds, any differentiable map ¥: V — W de-
fines a morphism of differentiable spaces (v,1*): (V,C) — (W,Csy), where
the morphisms ¢*: C®(U) — C®(p~*U) are defined to be ¥*(f) := f o1. So
we get all the morphisms of differentiable spaces (V,C5°) — (W, Cyy). In fact,
if (¢,9*): (V,C57) = (W,Cyy) is a morphism of differentiable spaces, then ¢ is
a continuous map and we have (¢*f)(p) = f(e(p)) for any p € V. In particular
fop e C®(V) for any f € C>°(W), so that ¢ is a differentiable map by 2.2. Mor-
phisms of differentiable spaces between smooth manifolds are just differentiable
maps.



46 3 Differentiable Spaces

Ezample 3.17 (“Recollement” of differentiable spaces). Any locally ringed R-
space obtained by “recollement” of differentiable spaces ([17] 0.4.1.7) is a differ-
entiable space.

Therefore, any disjoint union [[, X; of a family {X;};cr of differentiable
spaces is a differentiable space, and it is the direct sum of such family: we have
canonical morphisms j;: X; — [, X; such that, for any differentiable space T,
the following map is bijective:

Hom (HXi,T) = [[Hom (X;,T) , ¢~ (¢ojiier -
7 7

Analogously, morphisms of differentiable spaces admit “recollement”. If
{Ui}ier is an open cover of a differentiable space X and {¢;: U; — Y}ier is
a family of morphisms such that ¢;|v,~v; = ¢jlv,nu, for any ¢, j € I, then there
exists a unique morphism ¢: X — Y such that ¢, = |y, for any € I.

3.3 Affine Differentiable Spaces

Theorem 3.18. Let (X,Ox) be an affine differentiable space. If (Y,Oy) is a
differentiable space, then the following map is bijective:

Hom (K X) — HomR—alg(OX (X), Oy (Y))
(p") = o

Proof. Let X = Spec,. A. First we prove that this map is surjective, i.e. that any
morphism j: A — Oy (Y) comes from a morphism (¢, ) : Y — Spec, A.
If y € Y, then the morphism

AL op(Y) = Oy,

shows that j~!(m,) is a real ideal of A. So we get a map 1: Y — Spec, A, where
z = 1(y) whenever j(m,) C m,. That is to say, if f € A, then ¥ =1(f)o is just
the zero-set of the differentiable function j(f), hence it is closed in Y. Therefore,
1 is a continuous map and, for any open set U C Spec, A we have a morphism
of R-algebras

i Av — Oy(™'U) J(?)Zjé%

These morphisms define a morphism of sheaves j: A— 1,0y such that the
corresponding morphism between the global sections A — Oy (Y') coincides with
j. Moreover, the definition of 1) states that the morphisms

jyi Za:: A, — Oy,y

are local, hence (¢,7): Y — Spec, A is a morphism of differentiable spaces.



3.3 Affine Differentiable Spaces 47

Finally, we show that any morphism of differentiable spaces ¢: Y — Spec, A
is fully determined by the morphism of R-algebras ¢*: A — Oy (Y). If o(y) = z,
then the commutative square

A 2 0p(Y)

l l

~ @
Az = Az — OY,y

proves, ¢, being local, that m, coincides with the inverse image by ¢* of the
ideal of all functions in Oy (Y) vanishing at y. Hence the continuous map ¢ is
determined by ¢*: A — Oy (Y). Since 4, is a ring of fractions of A, this commu-
tative square also shows that p*: A — Oy (Y) fully determines the morphisms
¢,; hence it determines the morphism of sheaves ¢*: A— 0,0y .

O

Corollary 3.19. If X is a differentiable space, then

Hom (X,R") = @ Ox(X).

In particular, differentiable functions on X are just morphisms of differen-
tiable spaces X — R.

Proof. In order to show that the natural map

Hom (X,R") —  ,,0x(X)
(QO,(,D*) = (‘P*$17-~-a§0*$n)

is bijective, it is enough to prove it for a basis of open sets in X, since both
functors are sheaves on X. If U = Spec, A is an affine open set in X, then the
map
Hom (U,R") = Homp-q;4(C*(R"),A) — P, A
(pe") = " = (@t et )
is bijective according to 2.20 and 3.18.
O

Theorem 3.20. The functors (X,0x) ~ Ox(X) and A~ (Spec, A, A) de-
fine an equivalence of the category of affine differentiable spaces with the dual of
the category of differentiable algebras.

Proof. Both functors are mlltually inverse by 3.18 and the Localization theorem
for differentiable algebras: A (X) = A.
O
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3.4 Reduced Differentiable Spaces

Definition. A differentiable space (X, Ox) is said to be reduced if for any open
subset U C X and any differentiable function f € Ox(U) we have

f=0<« flx)=0,VzeU.

This is a local concept in the following sense: If a differentiable space X is
reduced, then so is every open subset of U. If any point of a differentiable space
X has a reduced open neighbourhood, then X is reduced.

By definition, if a differentiable space X is reduced, then the natural mor-
phism Ox (U) — C(U,R), f — f, is injective for any open set U C X. Therefore
the structural sheaf Oy is canonically isomorphic to a subsheaf of the sheaf
Cx of real-valued continuous functions on X. That is to say, any differentiable
function f € Ox(U) may be understood (as we shall always do) as a continuous
map f: U — R, so that (X, Ox) is a reduced ringed space.

Let (¢, ¢*): (Y,0y) — (X,0x) be a morphism between reduced differ-
entiable spaces. The morphism of sheaves ¢*: Ox — .0y is fully deter-
mined by the continuous map ¢: Y — X. In fact, if 2 = ¢(y), then the
condition of ¢}: Ox, — Oy, being a local morphism means that we have
(p*fu)(y) = fz(p(y)) for any germ f, € Ox 4. Hence, if f € Ox(U), then the
differentiable function o* f € Oy (p~1U) is just the composition of f and ¢

©*(f) = fop,

so that ¢ is in fact a morphism of reduced ringed spaces. Therefore, in the
reduced case, morphisms of differentiable spaces are just morphisms of reduced
ringed spaces.

Ezample 3.21. Let Y be a closed set in a differentiable space (X, Ox) and let Zy
be the sheaf of differentiable functions vanishing at Y. Then the locally ringed
space (Y,0Ox/Zy) is a reduced differentiable space. In fact, the problem being
local, we may assume X = Spec, A. Let py be the ideal in A of all differentiable
functions vanishing at Y. We know that A/py is a differentiable algebra and that
Spec, A/py =Y (see 2.31). Since py = Zy (X) we have py= Zy (by 3.11) and
then Ox /Ty =A/Py= (A/py)” . Therefore Y is the reduced differentiable space
defined by the differentiable algebra A/py . In conclusion, any closed subset of a
differentiable space inherits a natural structure of reduced differentiable space.
When Y = X, we obtain a reduced differentiable space and we put

Xred = (X,Ox/zx).
If U is an affine open set in X, then we have

Ox,..(U) = Ox(U)/Ix(U) = Ox(U)rea ,
Ix(U)= {f € Ox(U): f=0}.
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If (p,*): Y — X is a morphism of differentiable spaces, then we have
©*(Zx) C w«Zy, so that ¢*: Ox — ¢.Oy induces a morphism of sheaves of
rings ¢f.;: Ox/Ix — ¢«(Oy/Iy) and we obtain a morphism of differentiable
spaces

Pred = (Qpa (p:ed): Yiea — Xreq -

Moreover, the canonical projection 7: Ox — Ox/Zx defines a morphism
i:= (Id,m): Xyeq — X, which is an isomorphism whenever X is reduced. The
following square is commutative:

Pred

Yred —_— X'r‘ed

y —“2 .+ X

so that, if Y is reduced, then any morphism of differentiable spaces ¥ — X
factors through the canonical morphism 7: X;.q — X.

Definition. Let Z be a topological subspace of R™. A continuous function
f:Z — R is said to be of class C* if any point z € Z has an open neigh-
bourhood U, in R™ such that f coincides on Z N U, with the restriction of some
C°°-function on U,. Functions of class C* on Z form a ring denoted by C*(Z).
So we obtain a sheaf C3° of continuous functions on Z:

Cr(V):=C>=(V) , V opensetinZ.

Proposition 3.22. Let a be a closed ideal of C*°(R™). If the affine differentiable
space Y = Spec,. (C*(R™)/a) is reduced, then Oy = Cs°. That is to say, for any
open set V C'Y we have

Oy (V) = C=(V).

Proof. By the Localization theorem for differentiable algebras, any differentiable
function f € Oy (V) is a quotient f = g/h, where g,h € C®(R™)/a and h
does not vanish at any point of V. These functions are restrictions of some
differentiable functions on R™; hence f € C*°(V) and we obtain that Oy is
a subsheaf of C3°. In order to prove the coincidence, we have to show that
Oy, = Cy;, at any point y € Y. Now, the inclusion map Oy, — Cy7, is
surjective because so is (see 1.6) the natural morphism C*(R") — C¥°,.

O

Resuming, we have proved the following

Theorem 3.23. The category of reduced differentiable spaces is equivalent to
the category of reduced ringed spaces (X, Ox) satisfying the following condition:

Each point x € X has an open neighbourhood U such that (U, Ox|u) is
isomorphic to (Y,C5°) for some closed subset Y of an affine space R™.



4 Topology of Differentiable Spaces

The definition of differentiable space is a purely local concept, so that differen-
tiable spaces may not be paracompact or even separated. However, they have
the same local properties as closed sets in affine spaces, because any affine open
set is homeomorphic to a closed set in some R™. Therefore differentiable spaces
are locally compact, locally metrizable and so on. In this chapter we recall some
well-known results on the covering dimension. We use them, in the affine case,
to prove that the category of locally free sheaves of bounded rank is equivalent
to the category of finitely generated projective modules over the ring of global
differentiable functions. We also use them in the proof of the embedding theorem
in chapter 5.

4.1 Partitions of Unity

Proposition 4.1. Let X be a differentiable space.

1. Any point of X is closed.

2. X 1is locally compact.

3. If X is separated, then it is reqular (open sets separate points and closed
sets).

4. If X is separated and its topology has a countable basis, then X is metrizable.

Proof. (1) Any point is locally closed, since so is any point of an affine open set,
hence it is closed.

(2) Every closed subset of R™ is locally compact.

(3) Let Y be a closed set in X and let z € X — Y. If K is a compact
neighbourhood of z such that K NY = (), then K is closed in X because X is

assumed to be separated. Therefore [O( and X — K separate x and Y.
(4) According to the metrization theorem of Urysohn (see [34]) any regular
space with a countable basis of open sets is metrizable.
O

Definition. Let f be a differentiable function on a differentiable space X. The
support of f is defined to be its support as a section of the sheaf Ox:

Supp f = {x € X: f, #0}.

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 51-56, 2003.
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Definition. Let {U;};cr be an open cover of a differentiable space X. We say
that a family {¢; };cs of differentiable functions on X is a partition of unity
subordinated to {U; }ier if it satisfies the following conditions:

1. Supp¢; CU; and ¢; >0 (i.e. ¢;(x) >0, Va € X) for any index i € I.

2. The family {Supp ¢;}ics is locally finite.

3. > ,¢i =1 (ie., both terms have the same germ at any point z € X, the
sum being finite by 2).

The standard arguments in the smooth case prove the existence of partitions
of unity:

Lemma 4.2. Let K be a compact set in a separated differentiable space X and
let U be a neighbourhood of K in X. There exists a global differentiable function
h € Ox(X) such that

1. h=1 on an open neighbourhood of K.
2. Supph CU .
3. 0<h(z)<1 atanypointx € X .

Corollary 4.3. Let U be an open set in a separated differentiable space X and
letx € U. If f is a differentiable function on U, then the germ of f at x coincides
with the germ of some global differentiable function.

Theorem of existence of partitions of unity. Let X be a separated differ-
entiable space whose topology has a countable basis. Any open cover of X has a
subordinated partition of unity.

Corollary 4.4. Let {U;}icr be an open cover of a separated differentiable space
X whose topology has a countable basis. There exists a locally finite open cover
{Vitier of X such that V; CU;.

Proof. Let {¢;}icr be a partition of unity subordinated to {U;};cr. Then
Vii={z € X: ¢i(z) # 0}

satisfies the required conditions, since V; C Supp ¢; C U; .
O

Corollary 4.5. Let X be a separated differentiable space whose topology has a
countable basis. There exists a differentiable function ¢: X — R which is proper
as a continuous map (the fibre of any compact set is compact) and, in particular,
it is a closed map.

Proof. Let {U,} be a locally finite countable cover of X by open sets with
compact closure. By 4.4 there exists an open cover {V,,} such that V,, C U,
for any index n. By 4.2 there exists a global differentiable function ¢,, > 0 such
that Supp ¢, C U, and ¢, = 1 on a neighbourhood of V,,. Let us consider
the differentiable function ¢ = > n¢,. If ¢ € R, then the closed set ¢ < c is
compact, since it is contained in the compact set V; U ... UV, where n > c.
O
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Corollary 4.6. Let X be a separated differentiable space whose topology has
a countable basis. If Y, Z are disjoint closed subsets, then there exists a global
differentiable function 0 < ¢ < 1 such that ¢ =1 on an open neighbourhood of
Z and ¢ =0 on an open neighbourhood of Y .

Proof. Let {¢ := ¢1, d2} be a partition of unity subordinated to the open cover
{h=X-Y,U,=X—-Z}.
O

Corollary 4.7. Let X be a separated differentiable space whose topology has a
countable basis. If M is an Ox-module, then HP(X, M) =0 for anyp > 0.

Proof. X is paracompact (4.4) and the sheaf of rings Ox is soft because it admits
partitions of unity. We conclude by theorems II 3.7.1, 3.7.2 and 4.4.3 of [15].
O

4.2 Covering Dimension

Definition. The order of a cover is defined to be the greatest natural number
d, if it exists, such that there are d + 1 members of the cover with non-empty
intersection; otherwise the order is defined to be infinite.

Let us recall that a cover R’ is a refinement of another cover R of the same
space if for every U’ € R’ there exists U € R such that U’ C U.

The (covering) dimension of a normal topological space X is defined to be
the least natural number d, if it exists, such that any finite open cover of X has
a finite open refinement of order < d; otherwise the dimension of X is defined
to be infinite. We denote it by dim X.

It is clear that dimY < dim X for any closed set Y in X. The fundamental
theorem of dimension theory states that dim R? = d ([20] Theorems IV.1 and
V.8).

Let R = {U;} be an open cover of a topological space X. Given a subset
Y C X, the restriction of R to Y is defined to be Ry := {U;NY}.

Lemma 4.8. Let X be a separated space and let K C X be a compact subset
of dimension < d. Any open cover R = {U;} of X has an open refinement
R’ ={V;} such that

1. V; CU; for any index i.
2. ’RTK has order < d and ’RTX7K =Rix-k-

Proof. Since K is assumed to be compact, there exists a finite open refinement
{Wi} of Rix = {UiN K}. Since dim K < d, we may assume that {W/} has
order < d. For each j let us choose an index o(j) such that W} C Uy(;) N K.
Let W; be an open subset of Uy (;) such that Wj’ = W; N K. Then the desired
refinement is R’ = {V;} where
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Vi=(Ui-UinK)U |J W;.

o(j)=i
O

Remark 4.9. The same argument proves the following variation: Let X be a
normal space and let Y C X be a closed subset of dimension < d. Any finite
open cover R = {U;} of X has a finite open refinement R' = {V;} such that

1. V; CU; for any index 1.
2. RTY has order < d and RTX_Y =Rix-v-

Corollary 4.10. Let X be a normal space such that X =Y, UY>5, where Y1,Y5
are closed subspaces of dimension < d. Then dim X < d.

Proof. Let R = {U;} be a finite open cover of X. By 4.9 there exists a finite
open refinement R’ = {U/} of R such that R1Y1 has order < d. Again by 4.9,
there exists a finite open refinement R” = {U]’} of R’ such that R{y, has order
< d. It is immediate that R has order < d.

O

Lemma 4.11. Let X be a separated space whose topology has a countable basis.
Let us assume that any point of X has a compact neighbourhood of dimension
< d. Then there exists a countable family {K,} of compact subsets of dimension
< d such that:

X:UK’I’L ) Kn g[o(nJrl .

Proof. We may consider a countable open basis {V,,} such that V,, is a compact
subset of dimension < d for any index n. The family { K} is defined recursively:
We write K; := V. Let us assume that K,_; has been constructed and let us
choose a finite family of indexes nq,...,n, such that K,,_; C V,,, U--- UV, ;
then we define K, :==V,, UV, U---UV,, .

O

Theorem 4.12. Let X be a separated space whose topology has a countable ba-
sis. Let us assume that any point of X has a compact neighbourhood of dimension
< d. Then any open cover R = {U;} of X has an open refinement R’ = {U/} of
order < d. Therefore, dim X < d.

Proof. With the notations of 4.11, let Q,, := K, — IO(n—l, which are compact
subsets of dimension < d and X = J,, @n. By 4.8 there exists an open refinement
R = {U}'} of R = {U;} such that R}, has order < d and R|1X7Q1 =Rix—0q,-

Q1
We define recursively an open refinement R"™ = {U} of R"~! such that Rio,
has order < d and Ry _, = RITL):Qn Let R = {U*} where U>* =, U

It easy to check that R*° is an open refinement of R of order < d.
O
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Theorem 4.13. Let X be a separated differentiable space whose topology has a
countable basis. If any point of X has a neighbourhood of dimension < d, then
any open cover {U;} of X has a locally finite open refinement which is a union
of d + 1 families of disjoint open sets.

Proof. By 4.12 we may assume that {U;} has order < d. Let {¢;} be a partition
of unity subordinated to {U;}, so that the family {Supp ¢;} has order < d.
For any finite set of indices {ig, . ..,%,} we consider the open set

Uligy..-,in) :={x € X: ¢;(x) < min(¢i, (z),...,¢:, (), Vi £ igy...,in} -

F ={U(to,...,in)} is an open cover of X, because ), ¢; = 1, it refines {U; },
because U (ig, . .. ,in) C Supp ¢, C U,,, and it is a locally finite family because
any point of X has an open neighbourhood U where all the functions ¢;, up to
a finite number ¢,, ..., ¢;,, vanishes. Hence U (i, ..., %,) may intersect U only
when {io, . ,’Ln} Q {jl, . 7jr}~

Given 0 < n < d, let F,, be the family of all open sets U(ig,...,i,), which
are disjoint. In fact, if {ig,...,in} # {Jo,.--,Jn}, let i be an index of the first set
which is not in the second set, and let j7 be an index of the second set which is
not in the first set. Then ¢; < ¢; on Ui, ...,%,), and ¢; < ¢; on U(jo, ..., Jn);
hence Ul(ig, ..., in) VU (o, -+, Jn) = 0.

Finally, note that F' = Fy U F; U...U Fy since, given a point x € X, there
are no more than d + 1 indices ¢ such that ¢;(x) > 0.

O

Definition. Let (X, O) be a ringed space. An O-module £ is said to be locally
free of finite rank if any point x € X has an open neighbourhood U such that
Elu =~ (O|y)" for some natural number r. In such a case we say that £ is trivial
over U of rank r.

Lemma 4.14. Let A be a differentiable algebra and let X = Spec,. A. The func-
tors € ~» E(X) and P ~P define an equivalence of the category of locally

free A-modules of finite rank, trivial over some finite open cover of X, with the
category of finitely generated projective A-modules.

Proof. If P is a finitely generated projective A-module, then ([5] I11.2.1) there
exists a finite open cover {V1,...,V,;.} of Spec A such that Py, ~ (Ay,)™. Since
X = Spec,, A C Spec A, we have Py, ~ (Ay,)™, where U; := V; N X, and we
conclude that . _ _ _

Plo, = (o) = (A5)" = (Alo)" .

That is to say, P is trivial of finite rank over the finite open cover {Uy,...,U,}
of X. Moreover, P being an A-module of finite presentation, 3.12 shows that we
have P =p (X).



56 4 Topology of Differentiable Spaces

Conversely, if an A-module € is trivial over a finite open cover {Uy,...,U.}
of X, then we choose an open cover {Vi,...,V,} such that V; C U;, and global
sections v; €A (X) such that ¢»; = 1 on V; and Supp; C U;. Since we have
Elv, ~ (A |p,)™, there exist sections s;1,...,sm, € E(U;) which generate the
stalk &, at any point x € U;; hence ;8i1,...,%;Sin, are global sections of &
which generate the stalk £, at any point x € V;. We conclude that a finite
number of global sections generate the stalk at any point of X. That is to say,
we have a surjective morphism of sheaves p: (4)" — &.

By 3.11, the morphism A (U;)" — £(U;) ~ A (U;)™ is surjective for any index
i, so that it has some section; hence the morphism of sheaves (A)"|y, — &|v,
has some section o;: |y, — (A)"\UZ It follows that p has a section ), ¥;0;.
Therefore (4)" ~ £ @ K and we conclude that A™ = (4)"(X) ~ £(X) @ K(X),
so that £(X) is a finitely generated projective A-module. Moreover, we have
E=E&(X)" by 3.11.

O

Corollary 4.15. Let A be a differentiable algebra with compact real spectrum.
The category of finitely generated projective A-modules is equivalent to the cat-
egory of locally free A-modules of finite rank.

Theorem 4.16. Let A be a differentiable algebra and let X = Spec, A. The
functors €~ E(X) and P ~P define an equivalence of the category of locally

free A-modules of bounded rank with the category of finitely generated projective
A-modules.

Proof. According to 4.14, it is enough to show that any locally free A-module of
bounded rank is trivial over a finite open cover of X. Now, any A-module which
is trivial of constant rank over a family of disjoint open sets is also trivial over
the union, and we conclude by 4.13.

O
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In this chapter we introduce the natural notion of differentiable subspace of
a differentiable space. Affine differentiable spaces are just differentiable spaces
which are isomorphic to some closed differentiable subspace of an affine space R".
The main result is the embedding theorem which provides a characterization of
affine differentiable spaces: They are separated differentiable spaces of bounded
embedding dimension with a countable basis of open sets. In particular, compact
separated differentiable spaces are always affine.

5.1 Differentiable Subspaces

Definition. Let (X,Ox) be a differentiable space. Given a locally closed sub-
space Y of X and a sheaf of ideals Z of Ox|y, let us put Ox/Z := (Ox|y)/Z.
When (Y,0x/Z) is a differentiable space, we say that it is a differentiable
subspace of (X, Ox). It is said to be an open differentiable subspace if Y’
is open in X and Z = 0. It is said to be closed if Y is closed in X.

By definition the topological subspace Y underlying a differentiable subspace
of X is locally closed in X, but we shall prove in 5.27 that this condition is
redundant.

Each differentiable subspace (Y, Oy) of a differentiable space (X,Ox) is en-
dowed with a canonical morphism (i,7*): (Y,0y) — (X, Ox) called the inclu-
sion morphism, where i: Y < X is the inclusion map and the morphism of
sheaves i*: Ox|y — Oy = (Ox|y)/Z is defined to be the canonical projection.
If f € Ox(X), then we say that i*f € Oy (Y) is the restriction of the differ-
entiable function f to the differentiable subspace Y, and we put f|y = i*f. If
¥: X — Z is a morphism of differentiable spaces, then 1|y := 1 o is said to be
the restriction of the morphism v to the differentiable subspace Y.

Note that the restriction morphism ¢*: Ox|y — Oy is surjective; i.e., the
restriction morphism *: Ox , — Oy, is surjective at any point y € Y.

Definition. A differentiable subspace (Y1,0x/Z;) of a differentiable space
(X, Ox) is said to be contained in another differentiable subspace (Y3, Ox /Z5)
when Y7 CY; and Zoly, C Z;. The inclusion relation between differentiable sub-
spaces is denoted with the symbol C and it is an order relation in the set of all
differentiable subspaces of (X, Ox).

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 57-68, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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It is easy to check that (Y1, Ox/Z1) C (Y2, Ox /1) if and only if the inclusion
morphism ¢1: Y7 < X factors through the inclusion morphism i5: Y5 < X; that
is to say, if it exists a morphism j: Y7 — Y5 such that i; = i5j. Such morphism
7 is unique.

Any differentiable subspace of a differentiable subspace of (X, Ox) may be
canonically identified with a differentiable subspace of (X, Ox).

Remark 5.1. Let (X, Ox) be a differentiable space. According to 3.14, any open
subset U C X inherits a natural structure of differentiable space, defined by
the sheaf Ox|y. It is clear that (U, Ox|y) is an open differentiable subspace of
(X,0x), and so is obtained any open differentiable subspace of (X, Ox).

Let (Y,Ox/Z) be a differentiable subspace of X. Even if Y is open in X, it
may be that (Y, Ox/Z) is not an open differentiable subspace of X (since it may
be that Z # 0) as show the differentiable subspaces of Spec, R[[¢]] defined by
the ideals (#"*1). However, this phenomenon does not occur when X is reduced,
because 7 is always a sheaf of differentiable functions vanishing at any point of
Y; hence Z = 0 whenever Y is open and X is reduced.

Remark 5.2. Let (X, Ox) be a differentiable space and let [J be a sheaf of ideals
of Ox. Let us consider the support Y = {z € X: J, # Ox .} of the quotient
sheaf Ox /J, which is closed in X, so that Ox /J may be considered as a sheaf on
Y, namely (Ox/J)|y . If (Y,O0x/J) is a differentiable space, then it is a closed
differentiable subspace of (X, Ox). We say that it is the closed differentiable
subspace of X defined by the sheaf of ideals J and we denote it by

Spec, (Ox/J) = (Y,0x/J) .

Any closed differentiable subspace of X is defined by a unique sheaf of ideals
of Ox, because sheaves of ideals Z of i*Ox = Ox|y correspond to sheaf of ideals
J of Ox which coincide with Ox on the open set X — Y.

If J1 and J» are sheaf of ideals of Ox, corresponding to certain closed dif-
ferentiable subspaces Y7, Y5 of X, then we have Y1 C Yy & J1 O Js.

Remark 5.3. Any differentiable subspace is a closed differentiable subspace of an
open subspace. Let (Y, Oy) be a differentiable subspace of a differentiable space
(X,0Ox). Since Y is locally closed in X we have that Y is a closed subset of some
open set U C X. Let Oy = (Ox|y)/Z. Since Oy = Ox|y and Ox|y = Oyly, it
follows that Z is a sheaf of ideals of Oy |y such that (Y, Oy /Z) is a differentiable
space; that is to say, (Y, Oy) is a closed differentiable subspace of (U, Oy).

Remark 5.4. Let V be a smooth manifold. If W is a closed smooth submanifold
of V, let us consider the sheaf of ideals Zyy of C)° defined by the differentiable
functions vanishing on W. It is clear that Cy5 = C/Zw), hence Zyy defines
a closed differentiable subspace of (V,C5’), which is canonically isomorphic to
W,C5%).

In general, if W is a smooth submanifold of V, then W is a closed smooth
submanifold of an open set U C V), so that W defines a closed differentiable sub-
space of (U, Cf’), hence a differentiable subspace of (V,C5y), which is canonically
isomorphic to (W, Cy3).
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Remark 5.5. Let (X,Ox) be a differentiable space and let Y be a closed set
in X. Let us consider the sheaf Zy of all differentiable functions vanishing at
any point of Y. We know that (Y, Ox/Zy) is a reduced differentiable space (see
3.21). Therefore Zy defines a reduced closed differentiable subspace of X. Any
reduced closed differentiable subspace of X is defined by the sheaf of ideals Zy
of a unique closed set Y C X.

When Y = X, such differentiable subspace is just X,.q (see 3.21).

5.2 Universal Properties

Proposition 5.6. Let I be a closed ideal of a differentiable algebra A. Then
Spec, (A/I) is a closed differentiable subspace of Spec,. A. Conversely, any closed
differentiable subspace of Spec, A is defined by a unique closed ideal of A.

Proof. Since I is a closed ideal we have that A/ is a differentiable algebra. Let
i: Spec,. (A/I) = (I )g — Spec, A be the morphism induced by the canonical
projection A — A/I. The corresponding morphism of sheaves A— (A/I)" is
surjective and its kernel is the sheaf of ideals 7. The support of A/T= (A/I)" is
the closed set (I)g, so that ((I)o, A/T) =~ Spec, (A/I) is a closed differentiable
subspace of Spec, A.

Conversely, given a closed differentiable subspace (Y, A4 /Z) of Spec, A, let
I be the ideal of all global sections of Z. By definition there exists an affine
open cover {U;} of Y, hence U; = Spec, Oy (U;). The kernel I; of the natural
morphism A — Oy (U;) is a closed ideal by 2.24. Therefore I = (1 I; is a closed
ideal of A and 3.11 states that Z =], so that (Y, 4/Z = (A/I)") = Spec, (A/I)
is the closed differentiable subspace defined by I.

The uniqueness is obvious, since the ideal I must be the kernel of the mor-
phism of rings i*: A — Oy (Y).

O

Corollary 5.7. Any affine differentiable space is isomorphic to some closed dif-
ferentiable subspace of an affine space R™.

Corollary 5.8. Any differentiable subspace of an affine differentiable space is
affine.

Proof. By 3.14, any open differentiable subspace of an affine differentiable space
is affine. By 5.6, any closed differentiable subspace of an affine differentiable space
is affine. We conclude, since any differentiable subspace is a closed differentiable
subspace of some open differentiable subspace (see 5.3).

O

Corollary 5.9. Let (X,0Ox) be a differentiable space and let {U;} be an affine
open cover of X . A sheaf of ideals T of Ox defines a closed differentiable subspace
of X if and only if each ideal Z(U;) is closed in the differentiable algebra Ox (U;).
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Proof. The direct implication follows from 5.6.

Conversely, we have Z|y, = Z(U;)” by 3.11. If Z(U;) is a closed ideal, then
Z|y, defines a closed differentiable subspace of U; and we conclude that Z defines
a closed differentiable subspace of X.

O

Corollary 5.10. LetY be a closed subset of a differentiable space X. The sheaf
of Whitney ideals

Wy, x = ﬂ mZH (yeY, reN)
y,r

defines a closed differentiable subspace Wy, x of X, called the Whitney sub-
space of Y in X, which contains any other closed differentiable subspace
(Z,0x/I) such that Z is a subset of Y.

Proof. If U is an affine open subspace of X, then Wy, x (U) coincides with the
Whitney ideal W(yny) v, which is a closed ideal of the differentiable algebra
Ox(U). Hence Wy, x defines a closed differentiable subspace of X by 5.9.
Finally, the Spectral theorem 2.28 shows that Wy, € I for any closed
ideal I C Ox(U) such that (I)g CY NU.
O

Universal property of open subspaces. Let i: U < X be an open differ-
entiable subspace of a differentiable space X. If T is a differentiable space, then
the following natural map is bijective:
. P
Hom (T,U) — Morphisms T' — X b id .
such that ¢(T) C U

Proof. Easy to check.
O

Universal property of closed subspaces. Leti: Y — X be a closed differ-
entiable subspace of a differentiable space X, defined by a sheaf of ideals Z. If T
is a differentiable space, then the following natural map is bijective:
. ¥
Hom (T,Y) —» Morphisms T' — X . b id.
such that ¢*Z =0

Proof. Let ¢: T — X be a morphism such that ¢*Z = 0. By hypothesis Y is the
support of Ox /Z, so that Z, = Ox,, when x ¢ Y. Hence the condition ¢*Z =0
implies that ¢(T) C Y, and there is a unique continuous map ¢: T — Y such
that ¢ = i¢.

Since ¢¥*Z = 0, the morphism of sheaves v*: Ox — ©¥.Or = i,¢.(Or)
factors through a morphism of sheaves Ox/Z — i,¢.(Or), which defines a
morphism of sheaves ¢*: Oy = i*(Ox/Z) = ¢.Or. Now it is easy to check that
(¢,0*): (T,Or) — (Y,Oy) is the unique morphism such that ¢ = i¢.

O
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5.3 Infinitesimal Neighbourhoods

Definition. Let (X, Ox) be a differentiable space and let m,, be the sheaf of all
differentiable functions vanishing at given point p € X. If r > 0, then the sheaf
Ox /my*! vanishes on X \ {p} and its stalk Ox j,/m;*! at p is a differentiable
algebra by 2.26. Therefore

({p}’ OX/m;Jrl) = Specr (OX,P/m;Jrl)
is a differentiable space and we conclude that the sheaf of ideals m;“ defines a
closed differentiable subspace of X, called the r-th infinitesimal neighbour-
hood of p in X. We denote it by U} (X) or U} :

Uy = Spec, (Oxp/mi™) .

The restriction of a differentiable function f € Ox(X) to the subspace Uy is
said to be the r-th jet of f at the point p, and we denote it by j; f:

inf = fluy = [f] € Oxp/my* .
When r < s, we have m;“‘lgmg“,so that Uy C U, :
p=UCUCUC...CU C...CX.

Let ¢: Y — X be a morphism of differentiable spaces and let ¢(¢) = p.
Since ga*(m;“) - m;“, the morphism ¢*: Ox , — Oy,q induces a morphism of
R-algebras ¢*: Ox ,/m/ T — Oy, /m; !, which defines a morphism of differen-
tiable spaces ¢} : Uy (Y') — Uy (X) such that the following square is commuta-
tive:

Ury) < vy
IS
Ur(X) < X

Infinitesimal neighbourhoods only depend on the ring of germs Ox ,. If V
is an open neighbourhood of p in X, then Ox, = Oy, so that the r-th in-
finitesimal neighbourhood of p in V may be canonically identified with the r-th
infinitesimal neighbourhood of p in X:

U, (V) = Uy(X) .

In general, if i: Y — X is a differentiable subspace of a differentiable space
X, then the restriction morphism i*: Ox , — Oy, is surjective at any point
p € Y; hence so is the induced morphism

Oxp/my, — Oyp/myl)
and the r-th infinitesimal neighbourhood of p in ¥ may be canonically identified
with a closed differentiable subspace of the r-th infinitesimal neighbourhood of
pin X:

YCX = Uy(Y) CUX).
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Proposition 5.11. Let f be a differentiable function on a differentiable space
X, ie., f € Ox(X). If f vanishes on any infinitesimal neighbourhood of every
point of X, then f =0:

f=0<¢ flyr=0,VzeX,reN.

Proof. Tt is a restatement of 2.17.

5.4 Infinitely Near Points

Definition. Let p be a point of a differentiable space (X, Ox) and let m, be the
unique maximal ideal of Ox ,. We say that the real vector space

T,X = Derg(Ox p,Ox p/myp)

is the tangent space to X at the point p. Its dual vector space T;; X is said to
be the cotangent space to X at p.

For any germ f € Ox ,, the differential of f at p is the 1-form d, f € T; X
defined by the formula

(dpf)(D)=Df .
Proposition 5.12. There exists a canonical isomorphism
mp/m;% = T;X ;o fle dpf

Proof. The proof of 1.14 remains valid in this new setting.
O

Let ¢: Y — X be a morphism of differentiable spaces and let ¢ € Y. We put
p = ¢©(q). The morphism of sheaves p*: p*Ox — Oy induces a morphism of
rings ¢*: Ox , — Oyq; hence it induces linear maps

os 1 T,Y — T,X , w«(D) = Do ",
' )X — TyY , P (w) =wo .
Proposition 5.13. Let X be a differentiable space and let i:' Y — X be a

differentiable subspace. If p € Y, then the tangent linear map i,: T,Y — T, X is
injective. Therefore, i*: Ty X — 1Y is surjective.

Proof. The restriction morphism i*: Ox , — Oy, is surjective; hence the linear
map i, : Derg(Oy,p, R) = Derg(Ox ,, R) is injective.
O

Proposition 5.14. Let p be a point of a differentiable space X. The tangent
linear map T, (U;) — T, X is an isomorphism for any r > 1.
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Proof. Let m, be the image of m, in (’)XJ,/tn]’;“‘l7 which is the algebra of all
differentiable functions on the infinitesimal neighbourhood Uy. Since r +1 > 2
the natural map T;X = m,/m> — ﬁp/ﬁz =T, (Uy) is an isomorphism; hence
so is its transpose linear map 7, (Ug) — TpX.

O

Definition. The real spectrum of the differentiable algebra R[e] := R @ Re,
where €2 = 0 (see 2.33), is said to be a pair of infinitely near points, and we
denote it by

v, = Spec, Re] .

Note that R[¢] has a unique maximal ideal (namely m = Re), which defines
a point p of v,
P Vp .

So any morphism v¢: v, = X into a differentiable space X induces, by restric-
tion, a morphism 9|,: p — X; that is to say, it defines a point 2 € X, and we
say that ¢ is an infinitely near point to z in X.

Lemma 5.15. Let O be an R-algebra with a unique mazimal ideal m. If O /m =
R, then
Homp_ a1 (O, R[e]) = Derg(0,0/m) .

Proof. A map ¢: O — Rle] = R@® Re, ¥(f) = n(f) + D(f)e, is a morphism
of R-algebras if and only if so is 7: O — R = O/m (i.e., 7 is the canonical
projection) and D: O — R = O/m is an R-derivation.

O

Proposition 5.16. If p is a point of a differentiable space X, then

X — [Inﬁnltely near]

points to p

Proof. Let O = Ox . Infinitely near points correspond with morphisms of R-
algebras ¢: O — R[] and, by 5.15, we have

HOmR_alg(O,R[é‘]) = DerR(O,O/mp) = TPX .
O

Definition. Let p be a point of a differentiable space X. We say that some germs
of differentiable functions f1,..., f, € Ox , separate infinitely near points
to p if the differentials d;, f1,...,d, fn generate the cotangent space T, X.
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5.5 Local Embeddings

Definition. A morphism of differentiable spaces ¢: Y — X is said to be an
embedding if it admits some factorization ¢ = i¢

y 2y L ox

where i is the inclusion morphism of a differentiable subspace of X and ¢ is
an isomorphism. An embedding ¢ is said to be open or closed when so is the
differentiable subspace Y’ of X.

A morphism of differentiable spaces ¢ : ¥ — X is said to be a local em-
bedding at a point y € Y if there exists an open neighbourhood U of y in Y
such that ¢|y: U — X is an embedding.

By definition, a morphism ¢: Y — X is an embedding when it induces a
homeomorphism of Y onto a locally closed subspace of X and the morphism of
sheaves p*: p*Ox — Oy is surjective. An embedding ¢: Y — X is closed if
and only if ¢(Y') is a closed set in X.

According to 5.13, if p: Y — X is an embedding, then the tangent linear
map @y TyY — T, )X is injective at any point y € Y.

By 5.8, affine differentiable spaces are just differentiable spaces which admit
an embedding into some affine space R™. Moreover, 5.6 may be stated as follows:

Proposition 5.17. Let X be an affine differentiable space. A morphism of dif-
ferentiable spaces (j,7*): Y — X is a closed embedding if and only if Y is affine
and j*: Ox(X) — Oy (Y) is surjective.

Lemma 5.18. Let p be a point of a differentiable space X . There exists an open
neighbourhood U of p and a closed embedding j: U — R™ such that

j*: TpU — Tj(p)Rm
is an tsomorphism.
Proof. We may assume that X = Spec, C*°(R"™)/a. Using the exact sequence
0— a/anNmin, — Mpn,/Mp., — my,/mx, —0

and 5.12, it is easy to obtain smooth functions (y1, ..., Ym, Um+1, - - -, Up) on R™
such that
{dpy1, -+, dpYm, dptims1, - - ., dptin }
is a basis of TyR"™, {dpy1,...,dpym} is a basis of T, X and umy1,...,u, € a.
Hence (y1,- .-, Yms Um+1,- - -, Un) is a local coordinate system of R™ at p and,
in some open neighbourhood U’ of p, the equations 1 =0, ..., u, = 0 define
a smooth submanifold Y, which may be assumed to be diffeomorphic to R™. Now
U=U'NnX is a closed differentiable subspace of Y because (tumt1,.-.,un) C a
and py = (Umt1,.-.,Upn) by 2.7. Finally the linear map T,U — T,Y is injective
by 5.13 and surjective because both vector spaces have the same dimension m.
O
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Definition. The dimension of the real vector space 1), X is said to be the em-
bedding dimension of X at the point p, since it is the least dimension of a
smooth manifold where a neighbourhood of p may be embedded as a differen-
tiable subspace.

Corollary 5.19. If X is a differentiable space, then the embedding dimension
d(z) ;== dim T, X is an upper semicontinuous function on X. In particular, when
X is compact, it is bounded.

Proof. We have d(xz) < m = d(p) at any point = of the neighbourhood U con-
sidered in 5.18.
O

Corollary 5.20. Let p be a point of a differentiable space X. If m = dim T, X,
then p has some neighbourhood in X of topological dimension < m.

Proof. By 5.18, p has a neighbourhood U which is homeomorphic to a closed set
in R™; hence dimU < m.
O

Theorem 5.21. A morphism of differentiable spaces ¢: Y — X is a lo-
cal embedding at a given point y € Y if and only if the tangent linear map
Puyy: TyY — Tw(y)X 18 1njective.

Proof. Let x = ¢(y) and let us assume that ¢,: T,Y — T, X is injective. We
may assume that X and Y are closed differentiable subspaces of R™ and R™
respectively and, by 5.18, that T,,Y = T,R™. According to 2.21 we have com-
mutative diagrams

Y < R™ T,Y =— T,R™
lw l¢ lw* ld:*
X — R ,X <= T,R"

and, ¢, being injective, we obtain that ¢, is injective. Replacing R™ and R™
by some neighbourhoods U, and Vj of = and y respectively, we may assume
that ¢: V, = U, is a closed embedding. Compositions of closed embeddings are
closed embeddings, so that the composition morphism V, NY — V, = U, is a
closed embedding. This morphism factors through ¢: V, NY — U, N X and the
closed embedding U, N X — U,, hence the first one also is a closed embedding.
The converse statement is clear from 5.13.
O

Corollary 5.22. A morphism of differentiable spaces ¢: Y — X s a local
embedding at a given point y € Y if and only if its restriction <p|U1} to the first

infinitesimal neighbourhood Uz} of y in'Y is an embedding.
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Proof. According to 5.14, the inclusion morphism i: Uy1 — Y induces a linear
isomorphism i, : T}, (Uyl) ~ T, Y. We conclude by 5.21, since the unique open
neighbourhood of y in Uy is just U,).

O

Corollary 5.23. Let ¢: Y — X be a morphism of differentiable spaces and let
yeY,x=p(y) € X. If the tangent linear map ¢.: T,)Y — T X is injective,
then the morphism of rings ¢*: Ox , — Oy, 15 surjective.

5.6 Embedding Theorem

Theorem 5.24. A morphism of differentiable spaces ¢ : Y — X is an embed-
ding if and only if it satisfies the following conditions:

1. @ T,Y = Ty X s injective at any poinl y € Y.
2. ¢ induces a homeomorphism of Y onto p(Y).

Proof. Both conditions are obviously necessary.

Conversely, if ¢ satisfies both conditions, then, by 5.21, locally ¢(Y) is a
locally closed subspace of X; hence it is locally closed in X. By 5.23 the morphism
of sheaves p*: p*Ox — Oy is surjective, hence ¢: Y — X is an embedding.

O

Corollary 5.25. Let X be a compact separated differentiable space. A mor-
phism of differentiable spaces f = (f1,..., fn): X = R™ is a closed embedding if
and only if the differentiable functions fi1,..., fn € Ox(X) separate points and
infinitely near points of X.

Proof. Condition 5.24.1 states that the linear map

TR — TiX, f*(dz;) = df;

is surjective at any point x € X; hence it says that f1,..., f, separate infinitely
near points.
On the other hand, fi,..., f, separate points of X just when the continuous

map f: X — f(X) is bijective; hence this fact is equivalent to condition 5.24.2
when X is a separated compact space, because in such a case so is f(X) and any
continuous bijection between separated compact spaces is a homeomorphism.
Finally, any embedding ¢: X < R™ is closed because ¢(X) is closed in R™,
since it is compact.
O

Corollary 5.26. Let fi,..., f, be differentiable functions on an affine compact
differentiable space X = Spec, A. The subalgebra of A generated by fi,..., fn
is dense if and only if f1,..., fn separate points and infinitely near points of X.
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Proof. If the subalgebra R[fy,..., fn] is dense in A, then fi,..., f, separate
points and infinitely near points of X because we have continuous epimorphisms

A—A/(myNmy) =R&R |, [ (f(z),fy),
A—A/m2 =ROTIX o e (fa).daf).

Conversely, if fi,..., f, separate points and infinitely near points, then
(f1,---, fn): X — R™ is a closed embedding by 5.25. Hence the correspond-
ing morphism of R-algebras

C*R") — A, =z fi,

is surjective (by 5.17) and it is continuous (by 2.23). Since (see [39]) the ring
of polynomials Rlz1,...,xz,] is dense in C>°(R™), we conclude that its image
R[f1,..., fn] is dense in A.

O

Corollary 5.27. Let (X,Ox) be a differentiable space. If Y is a topological sub-
space of X and T is a sheaf of ideals of Ox|y such that (Y,Ox /) is a differen-
tiable space, then'Y is locally closed in X. Hence (Y,Ox/T) is a differentiable
subspace of (X,O0x).

Proof. Let Oy = Ox/T and let us consider the morphism of differentiable
spaces (i,i*): (Y,0y) — (X,0x), where i: Y — X is the inclusion map and
i*:i*Ox = Ox|y — Oy = Ox /T is the canonical projection. For any y € Y the
morphism i*: Ox , — Oy, is surjective, hence i, : TyY — T, X is injective.
Now 5.24 let us conclude that (¢,7*) is an embedding. In particular Y = i(Y) is
locally closed in X.

O

Embedding Theorem. A differentiable space X is affine if and only if it is a
separated space with bounded embedding dimension and its topology has a count-
able basis.

Proof. Such conditions are obviously necessary.

Conversely, let m be an upper bound of the function d(z) = dim7,X. By
5.18, X may be covered by affine open subspaces which are isomorphic to sub-
spaces of R™. By 5.20 and 4.13, it follows that X has a locally finite open cover
(hence countable, since the topology of X has a countable basis) which is a fi-
nite union of some families of disjoint open subspaces, all of them isomorphic
to subspaces of R™. Now, any disjoint countable union of subspaces of R™ is
isomorphic to some subspace of R™, hence it is affine by 5.8 and we obtain the
existence of a finite affine open cover {Us,...,U,} of X.

For each index ¢ = 1,...,n, there are differentiable functions f;1,..., fis
on U; defining a closed embedding (fi1, ..., fis): Ui — R®. In particular such
functions separate points of U; and the corresponding linear map T, U; — T,R®
is injective at any point x € U;. Since X is paracompact, there are affine open
covers {Vi,...,V,} and {Wy,..., W, } of X such that W; C V; and V; C U; for
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any index i. Since U; is affine, there exists a differentiable function ¢; on U; such
that ¢;|lw, =1 and ¢i|U,~,—V7: =0, so that ¢;, ¢; fi; € Ox(X), when extended by
0.

If a finite family of global differentiable functions g1, ..., g, contains all these
functions ¢, and ¢, f;;, then the morphism ¢ = (g1,...,9-): X — R” separates
points of X and the tangent linear map p.: T, X — T,)R" is injective at any
point x € X.

We only have to prove that the functions ¢;, ¢;fi; separate points of X. If
they coincide at two points x,y € X, let ¢ be an index such that x € W;; then
¢:i(y) = ¢i(z) =1 and f;;(y) = fij(x) for any index j. It follows that y € U;; so
that = = y since the functions f;; separate points of Uj.

If we may choose this family (g1, ..., g,) so that ¢: X — R" defines a home-
omorphism of X onto a closed subset of R", then 5.24 let us conclude that ¢
is a closed embedding: X is affine. Let ¢: X — R be a proper differentiable
function (it exists by 4.5). If g1,..., g, separate points of X and g; = ¢, then
the continuous map ¢: X — R" is closed and injective; therefore it defines a
homeomorphism of X onto a closed set in R". Resuming, ¢ = (¢, ¢;, ¢; fi;) de-
fines a closed embedding X — R".

O

Corollary 5.28. Any compact separated differentiable space X is affine.

Proof. The function d(z) = dim T, X is bounded on X and the topology of X
has a countable basis, because X has a finite affine open cover. We conclude by
the Embedding theorem.

O

Corollary 5.29. A smooth manifold V is affine if and only if it is separated,
finite-dimensional, and its topology has a countable basis.

Proof. We have d(z) = dim 7,V = dim,V < dimV at any point z € V.
O

Corollary 5.30. LetV be a separated finite-dimensional smooth manifold whose
topology has a countable basis. The module of all C*°-differentiable tensor fields
of type (p,q) onV is a finitely generated projective C*(V)-module.

Proof. Since V is affine we have (V,Cy’) = Spec, C*(V). The sheaf 7 of C*°-
differentiable tensor fields of type (p, q) is a locally free CiP-module of bounded
rank. Now 4.16 let us conclude that 7;‘1(1)) is a finitely generated projective
C>°(V)-module.

O



6 Topological Tensor Products

Let K — A; and k — Ay be morphisms of differentiable algebras. Generally,
A; ®k Az may not be a differentiable algebra (the tensor topology of A; ®j A
may not be complete). Let us denote by A4, ®xAs the completion of A ®), As. We
shall prove that A; @kAg is a differentiable algebra and that it has the universal
property of a coproduct:

Homy alg(A1®@5A2, B) = Homy aig(A1, B) x Homy, a1z (As, B)

for any morphism k& — B of differentiable algebras. This result will be the main
ingredient for the construction of fibred products of differentiable spaces.

6.1 Locally Convex Modules

Let us recall that a locally m-convex algebra is defined to be an R-algebra
(commutative with unity) A endowed with a topology defined by a family {g¢;}
of submultiplicative seminorms: ¢;(ab) < ¢;(a)q;(b).

If I is an ideal of a locally convex m-algebra A, then A/I is a locally m-
convex algebra with the quotient topology: If {¢;} is a fundamental system of
submultiplicative seminorms of A, then the topology of A/I is defined by the
submultiplicative seminorms g;([a]) = infper ¢;(a + b).

The canonical projection 7: A — A/I is an open map.

The closure I of an ideal I is again an ideal of A.

Morphisms of locally m-convex algebras are defined to be continu-
ous morphisms of R-algebras. Locally m-convex algebras, with continuous mor-
phisms of algebras, define a category. The set of all morphisms of locally m-
convex algebras A — B is denoted by Hom,, a15(A, B).

We say that a locally m-convex algebra is complete when so it is as a locally
convex space (hence it is separated by definition). The completion A of a locally
m~convex algebra A is a locally m-convex algebra, and it has a universal prop-
erty: Any morphism of locally m-convex algebras A — C, where C' is complete,
factors in a unique way through the completion:

Homm_alg(ﬁ7 C) = Homp-as(A4,C) .

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 6977, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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Let us recall that a locally m-convex algebra is said to be a Fréchet algebra
if it is metrizable and complete.

If T is a closed ideal of a Fréchet algebra A, then A/I is a Fréchet algebra.
Recall that any differentiable algebra, with the canonical topology, is a Fréchet
algebra (see 2.23).

Definition. Let A be a locally m-convex algebra. A locally convex A-module
is defined to be any A-module M endowed with a locally convex topology such
that the map A x M — M, (a,m) — am, is continuous.

If N is a submodule of a locally convex A-module M, then the quotient
topology defines on M/N a structure of locally convex A-module, because the
following square

AxM —— M

| |
Ax (M/N) —— M/N

is commutative and A x M — A x (M/N) is an open map. A similar argument
shows that M/IM is a locally convex (A/I)-module for any ideal I of A.

Morphisms of locally convex A-modules are defined to be continuous
morphisms of A-modules. Locally convex A-modules, with continuous morphisms
of A-modules, define a category. The A-module of all morphisms of locally convex
A-modules M — N is denoted by Hom 4 (M, N).

A locally convex A-module is said to be complete when so it is as a locally
convex vector space. The completion M of a locally convex A-module M is a
complete locally convex A-module (hence a complete locally convex A-module).
For any complete locally convex A-module N , we have:

Homg(]/\l\,N) = HOIHA(]/W\,N) = Homyu (M, N) .

A locally convex A-module is said to be a Fréchet A-module when so it is
as a locally convex vector space. For example, if V is an affine smooth manifold,
then the C*°(V)-module 7,7(V) of all C*°-differentiable tensor fields of type (p, q)
on V, with the topology of the uniform convergence on compact sets of the
components and their derivatives, is a Fréchet module.

Note that if N is a closed submodule of a Fréchet A-module M, then N and
M/N also are Fréchet A-modules.

Definition. A sequence of morphisms of locally convex A-modules
My L M LM, — 0

is said to be a cokernel if p is a surjective open morphism and Im j is a dense
subspace of Ker p.

From a rigorous categorial point of view, the previous definition provides
the correct notion of cokernel when the category of separated locally convex
A-modules is considered. In the category of general locally convex A-modules,
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the notion of cokernel might be different, but we maintain the above definition
for the sake of simplicity, since in most of the situations the modules under
consideration are always separated.

Proposition 6.1. Let E be a locally convex vector space such that E is Fréchet.
(a) If V is a vector subspace of E, then 17/‘\/ =E/V.

(b) Completion preserves cokernels: If we have a cokernel of locally convex
vector spaces

E 2 E 2B 0,

then the sequence

also is a cokernel.

Proof. (a) It is clear that V is a closed vector subspace of E. On the other
hand, for any complete locally convex vector space F', continuous linear maps
E / VS F corresponds with continuous linear maps E — F' vanishing on V;
i.e., with continuous linear maps E/V — F. Since E / V is complete because E
is Fréchet, we conclude that

E/V=E/V.

(b) Let K = Kerp, so that E/K = E,. By (a) we have E/K = E,, hence
the natural projection p: E — EQ = E\/IA( is a surjective open map. Since Im j
is dense in K and K is dense in K = Ker p, we conclude that Im} is dense in
Ker p.

O

6.2 Tensor Product of Modules

Let E4,...,E, be locally convex vector spaces. We shall always consider on
E1®g...®rE, the finer locally convex topology ([16] 1.1) such that the canonical
multilinear map ®: Fy X...X E,, = E1®g...®rFE, is continuous; hence, if F' is a
locally convex vector space and T': F1 X...X E, — F is a continuous multilinear
map, then there exists a unique continuous linear map t: F1 Qg ... Qg F,, = F
such that t(e1 ® ... ®e,) =T(e1,...,en).

The completion of F1 ®g ... ®r E, will be denoted by E @R ...®rE, and it
has the corresponding universal property with respect to continuous multilinear
maps into complete locally convex vector spaces.

The topology of E1®R ... ®g E, is defined by the seminorms ¢;, ® ... ® ¢;,,:

(¢, ®.. . ®q,)(u) = ot {2 ai(e) - ai,(e5,)}
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where {g;, },...,{¢, } are fundamental systems of seminorms on Ej,..., E, re-
spectively. Moreover (¢;, ®...®¢;,)(ej, ®...®e;,) = i, (€j,) - - - ¢, (e;,). Using
these seminorms it is easy to check that

(E1 ®r Es) ®r E3 = F1 Qr By Qg F3 .

If Fy, E- are separated vector spaces, then so is F1®rFs. If Ei, E5 are
Fréchet vector spaces, then so is 1 ®QrFEs.

Lemma 6.2. (a) For any locally convex vector spaces V C E, F we have
(E/V)erF = (E®r F)/(VerF) .

(b) If hy: Ey — Fy, ha: Ey — Fy are open epimorphisms of locally convex
vector spaces, then so is h1 ® ho: F1 Qr Fo — F1 Qg Fo.

Proof. (a) It is a direct consequence of the universal property of tensor products,
because E x F — (E/V) x F is an open mabp.

(b) Since F; = E;/Ker hy, we have F} ®g Ey = (E1 Qr E2)/(Ker hy ®r E»)
by (a), i.e., hy®1: E1 ®r Es — F} ®g F5 is an open epimorphism. Analogously,
1®hy: F1®rFE2; —> F1®rF5 is an open epimorphism, hence so is the composition
map F1 Qr Fo — F1 Qr Fy — F] Qpr F5.

O

Definition. Let A be a locally m-convex algebra and let M, N be locally con-
vex A-modules. We shall always consider on M ® 4 N the final topology of the
canonical epimorphism M Qg N — M ® 4 N. Its completion will be denoted by
M®N.

M ®4 N is a locally convex A-module (hence M ®@aN is a locally convex
A-module). In fact, the trilinear map A x M x N — M x N — M ®4 N,
(a,m,n) — (am,n) — am & n, is continuous; hence we have a continuous map
ARQr M g N — M ®4 N. Then we have continuous morphisms:

AX(M@RN) — A(X)R(M@RN):A@RM@]RN — M®yqN.

Since the natural map A x (M ®g N) = A X (M ®4 N) is open, we conclude
that the product A x (M ® 4 N) — M ®4 N is continuous.

The canonical A-bilinear map M x N 2 M® A N is continuous and, for
any locally convex A-module P, we have a natural bijection

Homy (M ®4 N, P) = Bily(M, N; P)

where Bila(M, N; P) denotes the A-module of all continuous A-bilinear maps
M x N — P. Analogously, for any complete locally convex A-module P we have

Hom ; (M®4N,P) = Homa(M®&aN,P) = Bils(M,N;P).

If hy: My — N1, ha: Ms — N5 are morphisms of locally convex A-modules,
then the A-bilinear map M1 X M2 — N1 XA NQ, (ml,mg) — hl(ml) (24 hg(?’ﬂg),
is continuous and it induces a morphism h; ® ho: M7 ® 4 My — N1 ® 4 Ny of
locally convex A-modules.
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Lemma 6.3. Let hy: M7 — Ny and hy: My — Ns be open epimorphisms of
A-modules. Then

(a) h1 ®hg: My ®4 Ms — N1 ®4 No is an open epimorphism.

(b) If M, ®a M, is Fréchet, then hi®hyo: M1@a My — N1& 4Ny is an open
epimorphism.

Proof. (a) It is a consequence of 6.2.b.
(b) It is a consequence of (a) and 6.1.b.
O

Proposition 6.4. Let A be a locally m-convex algebra and let N be a locally
convexr A-module. The functor @ 4N preserves cokernels: If

My L M2 My — 0
is a cokernel of locally convexr A-modules, then the sequence

MioaN 225 Mo N 225 Myoa N — 0
is a cokernel.

Proof. Tt is clear that Im (j ® 1) is dense in Ker (p® 1), and p® 1 is open by 6.3.
O

Proposition 6.5. Let A be a locally m-convex algebra and let N be a Fréchet
A-module. The functor ® 4N preserves cokernels in the category of Fréchet A-
modules: If

M s M P My, — 0

is a cokernel of Fréchet A-modules, then the sequence
M@AN 2L MEAN 225 My@aN — 0
is a cokernel of Fréchet A-modules.

Proof. Tt is a consequence of 6.4 and 6.1.b.
O

Remark. If M7 — M — M> — 0 is an exact sequence of Fréchet A-modules, it
may be that the sequence Mi@4N — M@4sN — My®4N — 0 is not exact. For
example, let f(z) be a differentiable function such that the Taylor expansion of
f(z) at © = 0 is identically 0 and f(z) has no other zero. Let us consider in
C>(R?) the ideals a = (y + f(z)) and b = (y). By 2.7, a and b are the ideals
of all differentiable functions vanishing on the submanifolds y + f(z) = 0 and
y = 0, respectively. Hence a and b are closed ideals. The sequence

yHf@),

0 — C™(R?) C*®(R?) — C®(R*)/a — 0
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is exact, and applying @cw(R2)COO(R2)/b7 we obtain the sequence

c*®R) L2 e=R) — c=®R)/ ) — 0,

which is not exact because the ideal (f) is not closed in C*°(R). In fact, according
to Whitney’s spectral theorem, its closure is just the Whitney ideal W of the
point z = 0, which is not a finitely generated ideal, since we have W = W
and otherwise Nakayama’s lemma would imply that any element of W has null
germ at = = 0, an obviously false statement.

Proposition 6.6. M&@sN = ]\7@,4]?7 = M@gﬁ

Proof. Let P be a complete locally convex A-module (hence a complete locally
convex A-module). Any continuous A-bilinear map Mx N — P may be extended,

in a unique way, so as to obtain a continuous A-bilinear map M x N — P, which
is A-bilinear, i.e.,

Bila(M, N; P) = Bila(M,N; P) = Bil; (M,N;P),
Hom 4 (M@)AN,P) = HomA(]/\Z[\@AJV,P) = Homg(ﬁ®gﬁ7P).
O

Proposition 6.7. We have natural isomorphisms of locally conver A-modules

(M@aN)®aP = M®a(N®yP)
M®aN = N®a M,
M®a (A/T) = M/IM,
(A @4 M = M.

Proof. The natural continuous linear maps M Qg (N g P) = M ®4 (N ®4 P)
and (M ®@g N) ®r P — (M ®4 N) ®4 P are open and, by means of the natural
topological isomorphism M ®g (N ®@g P) = (M ®g N) Qg P, both have the same
cokernel. Hence (M @4 N) @4 P = M ®4 (N ®4 P).

The commutative property is obvious.

The morphism of A-modules M — M x A/I - M ®4 (A/I), m — m® 1,
is continuous and it vanishes on I'M; hence it induces a continuous morphism
of A-modules M/IM — M ®4 (A/I), [m] — m ® 1. Since M x A — M,
(m,a) — am, is continuous we have that M x (A/I) - M/IM, (m,[a]) — [am],
is an A-bilinear continuous map and then M® 4 (A/I) = M/IM, m®][a] — [am)
also is continuous. We conclude that M/IM = M ®4 (A/I).

The morphism of A-modules M"™ — (P, Ae;) ®a M, (m;) — >, e; ® my, is
continuous because so it is on each summand, and its inverse (A") @4 M — M,
(a;) ® m +— (a;m), is continuous.

O
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Corollary 6.8. We have natural isomorphisms of locally convexr A-modules

(M@AN)@aP = M&4(N&aP),

M®@&aN = N4 M,
M&y4 (AJI) = MJIM |
(A& M = M".

In particular, we have (A")® M = M7 when M is a complete A-module and
we have M@ A(A/I) = M/IM when M is a Fréchet A-module.

Proof. Tt is a consequence of 6.7 and 6.6.

6.3 Base Change of Modules

Let A — B a morphism of locally m-convex algebras. It defines on B a structure
of locally convex A-module. If M is a locally convex A-module, then M ® 4 B is
a locally convex B-module. In fact, the trilinear map

MxBxB — MxB—-M®aB , (mb,b) — mabb,
is continuous; hence we have continuous maps
(M@RB)XB—>M®RB®RB—>M®AB.

Since the natural map (M ®g B) x B — (M ®4 B) x B is open, we conclude
that the product (M ®4 B) x B — M ®4 B is continuous.

The morphism of A-modules j: M — M ®4 B, j(m) =m® 1, is continuous
and, for any locally convex B-module N, we have a bijection

Homp(M ®4 B,N) = Homa(M,N) , h +— hoj.
Analogously, for any complete locally convex B-module N we have
Homz (M®4B,N) = Homs(M,N).

Proposition 6.9. Let A — B be a morphism of locally m-convex algebras, M
a locally convex A-module and N a locally convexr B-module. We have isomor-
phisms of locally convexr B-modules

(M®sB)@g N=M®a N,
(M®4B)® N =M®&4 N .
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Proof. The natural morphism of B-modules (M ®4 B) g N — M ®4 N is
continuous because the linear map (M ®gr B)QrN — (M ®4B)®p N is open and
the linear map (M @g B)@r N — M ®@4 N, (m®b) ®n — m®bn, is continuous.
The inverse morphism M @4 N - (M ®4 B)@g N, m@n+— (m® 1) @n, is
clearly continuous.

We conclude by 6.6.

Corollary 6.10. Base changes are transitive and preserve tensor products:

Mes4B)@gC=M®sC , ( M®4N)®4B=(M®sB)®g (N ®a B),
(M&4B)@pC=M&sC , (M@sN)®4B=(M®aB)&p(N®aB).

Proposition 6.11. Let A be a Fréchet algebra.

(a) If M is a finitely generated Fréchet A-module and N is a locally convex
A-module, then any morphism of A-modules M — N is continuous.

(b) Any finitely generated projective A-module P admits a unique topology of
Fréchet A-module. Moreover, if A — B is a morphism of Fréchet algebras, then
P ®4 B is a Fréchet B-module. In particular:

Po4aB = PR4B.

Proof. (a) Let us consider a continuous epimorphism p: A" — M — 0 defined
by some finite generating system of M. It is an open map, because A™ and M
are Fréchet. Since any morphism of A-modules A™ — N is clearly continuous,
we conclude that any morphism of A-modules M — N is continuous.

(b) If P is a finitely generated projective A-module, then A™ ~ P ¢ P’, so
that P is a Fréchet A-module with the topology induced by A", because P’
is separated and the natural projection A™ — P’ is continuous by (a). Such
Fréchet topology is unique, since we have proved that it must coincide with
the final topology of any epimorphism of A-modules p: A — P. Moreover, p
admits some A-linear section s: P — A™, which is continuous. Hence the open
epimorphism p ® Id: B" = (A") ®4 B — P ®4 B has the continuous section
s ® Id, and we conclude that P ® 4 B is separated, hence it is Fréchet.

O

6.4 Tensor Product of Algebras

The tensor product A ®g B of two locally m-convex algebras A, B is a locally
m~convex algebra, since the seminorms ¢; ® g2 are submultiplicative when so
are the factors ¢q, go. If j1: kK — A and jo: kK — B are morphisms of locally m-
convex algebras, then A ®; B is a locally m-convex algebra and the morphisms
i1: A= AQk B, i1(a) = a®1, and is: B — A®y B, i2(b) = 1®b, are continuous.
For any locally m-convex algebra C we have a bijection
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Homm—alg(A Rk Ba C) = Homm-alg(A7 C) ><Homm_alg(k,C) Homm—alg(Bv C)
¢ (pi1, pia)

That is to say, (A ® B,i1,i2) is the coproduct of the morphisms j;, j2 in the
category of locally m-convex algebras. In fact, given morphisms of locally m-
convex algebras hy: A — C, hy: B — C such that hyj; = hojo, the k-bilinear
map A x B — C, (a,b) — hi(a)hza(b), is continuous and it induces a continuous
morphism of R-algebras h: A ®; B — C such that hi; = hy and his = hs.

The completion AR} B is a complete locally m-convex algebra endowed with
morphisms i1: A — A®yB, is: B — AR®,B. When the algebras k, A, B are
complete, (A®yB,i1,is) is the coproduct of ji, jo in the category of complete
locally m-convex algebras: For any complete locally m-convex algebra C' we have

Homm—alg(A®kBa C) = Homm—alg(Av C) X Hom,p-alg (k,C) Homm—alg(Ba C).
Theorem 6.12. There exists a natural isomorphism of Fréchet algebras
C®(R™) ®r C®(R™) = C®(R"™™) .

Proof. See [72] Th. 51.6.
O

Theorem 6.13. If k — A and k — B are morphisms of differentiable algebras,
then AR B is a differentiable algebra.
Therefore, the category of differentiable algebras has finite coproducts.

Proof. If A =C>(R")/a and B = C*>°(R™)/b, then we have open epimorphisms
C*R") @rC*(R™) — A®rB — A®;B.

According to 6.1.b, we obtain an open epimorphism
C®(R™™) = C®°(R™) ®rC®(R™) — A®iB .

Its kernel is a closed ideal and we conclude that Ay, B is a differentiable algebra.
O



7 Fibred Products

In this chapter, we shall prove the existence of finite fibred products in the
category of differentiable spaces. Let ¢1: X1 — S and p2: X9 — S be morphisms
of differentiable spaces. A differentiable structure is given on the topological
fibred product X; xg Xo := {(z1,22) € X1 X Xo: @1(x1) = @a(x2)} satisfying
the desired universal property:

Hom (T, X1 xs X2) = Hom (T, X1) Xtom(r,s) Hom (T, X5)

for any differentiable space T.

Let us summarize the construction. If W C S, U; C aple and Uy C <p§1W
are affine open subsets, then the morphisms ¢1: Uy — W and @o: Us — W are
defined by certain morphisms of differentiable algebras k — A; and k — As.
Then the differentiable algebra A4 ®1As defines a differentiable structure on the
open subset Uy Xy Uy C X7 Xg X3, since we have

U1 XWw U2 = Specr (Al@)kAg) .

This type of affine open subsets defines by “recollement” the differentiable struc-
ture on X xg Xo.

7.1 Functor of Points of a Differentiable Space

Definition. Let X be a differentiable space. Points of X parametrized by
a differentiable space T', or T-points, are defined to be morphisms z: T — X.
The set of all T-points of X is denoted by

X*(T) := Hom (T, X) .
Any morphism v : T" — T induces a natural map

and the T’-point ¢*(x), also denoted by |7 or simply z if no confusion is
possible, is said to be the specialization of x at T”. So we obtain a contravariant
functor X*® on the category DifSp of differentiable spaces, with values in the
category of sets. This functor is said to be the functor of points of X.

V' XN(T) — X*(T')

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 79-87, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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Let p = Spec, R be the one-point space. Then X*(p) is the set of ordinary
points of X.

The identity map z: X — X is said to be the generic point of X, since
any other parametrized point ¢: T'— X is a specialization of the generic point:

Er = ¢'(&) = (Id)ogq = ¢

Definition. A contravariant functor F' on the category DifSp of differentiable
spaces, with values in the category of sets, is said to be a sheaf of sets on DifSp
if, for any differentiable space T, the functor U ~» F(U) is a sheaf of sets on T
That is to say, if {U;} is an open cover of T, then the following sequence is exact
(the first map is injective and its image is just the subset where the two other
maps coincide):
K3 1,7

where the two maps from [[; F(U;) to ], ; F'(U; NU;) are induced by the maps
F(U;) — F(U;NUj;) and F(U;) — F(U; NUj) corresponding to the inclusion
morphisms U; N U; < U; and U; N U; < U; respectively.

The functor of points X*® of any differentiable space X is a sheaf on the
category DifSp, because morphisms of differentiable spaces admit “recollement”
(3.17).

On the other hand, any morphism ¢: X — Y transforms parametrized points
of X into parametrized points of Y:

p: X(T) — Y*(T) , o) :=¢op,

so that ¢ defines a morphism of functors ¢: X®* — Y*. It is a crucial fact
that so we may understand the category of differentiable spaces DifSp as a full
subcategory of the category of sheaves of sets on DifSp; that is to say, each
differentiable space X is fully determined by its functor of points X°:

Theorem 7.1 (Yoneda’s lemma). Let F' be a contravariant functor from the
category of differentiable spaces to the category of sets and let X be a differen-
tiable space. Any element § € F(X) defines a morphism of functors £: X® — F,
&(p) = (Fp)(&), and each morphism of functors X® — F is defined by a unique
element £ € F(X), i.e.,

F(X) = Hom (X*, F).

In particular, any morphism of functors X* — Y* (i.e., any morphism of
sheaves) comes from a unique morphism of differentiable spaces X — Y :

Hom (X,Y) = Hom (X*,Y"*).

Proof. The uniqueness is obvious, since we have £(Z) = £ for the generic point
Z of X.
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Let us prove the existence. Given a morphism of functors t: X* — F| we
consider the generic point & € X*(X) and its image £ := ¢(Z) € F(X). Now,
for any other point p: T — X we have a commutative square (because ¢t is a
morphism of functors)

¢

X (X) L — XxX*(T)

(
| I

tlp) = t(p"(7)) = (Fp)(t(x)) = (Fp)(§) = &(p) -

That is to say, t is just the morphism of functors induced by &.
O

This important result (valid in arbitrary categories) shows that, in order to
determine a differentiable space X, it is enough to give its (parametrized) points,
and to determine a morphism of differentiable spaces X — Y we only have to
known its action on the (parametrized) points of X.

Definition. Let F' be a contravariant functor from the category of differentiable
spaces to the category of sets. F' is said to be representable by a differentiable
space X if there exists an isomorphism of functors X*® ~ F' (defined by some
element £ € F(X) according to 7.1).

A subfunctor F; C F' is said to be open when, for any differentiable space T’
and any morphism of functors T® — F', the subfunctor F; x p T® C T coincides
with the subfunctor T;* C T'® corresponding to some open differentiable subspace
T; CT. A family {F;} of open subfunctors of F is said to be an open cover of
F if {T;} is an open cover of T for any differentiable space T

Theorem 7.2. Let F be a sheaf on the category DifSp of differentiable spaces
with values in the category of sets. If there is an open cover {F;} of F such that
F; is representable for any index i, then F' is representable.

Proof. By hypothesis F; = X? for some differentiable space X;. Let p = Spec, R
be the one-point space. We may consider each X; as a subset of F(p) since
X; =X?(p) = Fi(p) C F(p). Since F; is an open subfunctor of F', we have

XNX) = FNF; = FixpF; = FixpX; = XJ;

for some open differentiable subspace X;; C X ; in particular, X; N X; = X;; as
subsets of F'(p). Moreover, X7 N X? = X7 N X7, hence X;; = Xj; (isomorphism
of differentiable spaces) and we obtain by “recollement” a differentiable space
X = Ui Xi-

Now, we have to show that I = X°*. Let T be a differentiable space. A
morphism T® — F' induces morphisms T;* = F; xp T* — F; = X? — X* and,
since X°® is a sheaf, we obtain a morphism 7°* — X*. Conversely, a morphism
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T* — X* induces morphisms T}* = T* x xe X? — X = F; — I and, since F is
a sheaf, we obtain a morphism 7° — F'. In conclusion,

X*(T) = Hom(T*,X*) = Hom(T*,F) = F(T).

7.2 Fibred Products

Definition. Let ¢y : X1 — S, ¢2: Xo — S be morphisms of differentiable spaces.
A differentiable space X1 X g X2, endowed with morphisms p;: X1 xg Xo — X,
p2: X7 Xg Xo = X5 is said to be the fibred product of X; and X5 over S
if it satisfies the following universal property: ¢1p1 = ¢op2 and there exists a
bijection
Hom (T, X1 xg Xo) = Hom (T, X1) XHom(r,s) Hom (T, X3)
e = (e, p2p)

for any differentiable space T'.
The direct product of X; and X5 is defined to be the fibred product over
the one-point space p = Spec, R, and we denote it by X; x Xg := X7 X, Xo.

In other words, the fibred product X x ¢ Xo represents the functor X7 x g X3,
that is to say,
(X1 Xs XQ). = Xl. X ge XQ. .

In particular, the direct product X; x X5 represents the functor X7 x X3.

Theorem 7.3. Let X1 — S and Xo — S be morphisms of affine differentiable
spaces, defined by some morphisms of differentiable algebras k — A1, k — As.
Then X, xg Xo is the affine differentiable space defined by the differentiable
algebra ARy As:

(Spec,. A1) Xsgpec, & (Spec, Ag) = Specr(A1®kA2).

Proof. A1®yA, is a differentiable algebra by 6.13, hence Z := Spec,. (A1<§>kA2)
is an affine differentiable space. The natural morphisms A; — A;®;As and
Ay — A1®3, Ay induce morphisms p1: Z — X; and py: Z — Xo; hence we have
a morphism of sheaves

Z° — X7 xge X3,z (p1(2),p2(2)).

We have to prove that it is an isomorphism. Since the question is local, it is
sufficient to see that the map

Z8(T) — X3(T) xge(r) X5(T)
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is a bijection for any affine differentiable space 1" = Spec, C'. But this is clear
since A1®yAs is the coproduct of the morphisms & — A; and k& — As in the
category of complete locally m-convex algebras:

Hom,, g (A1 @5 Ag, C) = Homyy, alg(A1, C) X Homy-atg (k,C) HOMypn_alg (A2, C) .
O

Remark 7.4. We have R"™™ = R" x R™ (direct product in the category of
differentiable spaces).

Proof. Tt is a direct consequence of 3.19. Another proof: Combine 7.3 and 6.12.
O

Remark 7.5. With the notations of 7.3, the topological space underlying the
affine differentiable space X; xXg X5 is the fibred product of the underlying
topological spaces.

Proof. Let Ay = C®(R™)/a; and Ay = C(R"2)/aq, hence we have closed
embeddings X; = (a1)g € R™, X3 = (az)g € R™. Let p = Spec, R be the
one-point space. The equality

(X1 x5 X2)*(p) = XT7(p) Xs0() X5(P)

means that the underlying set of X; x g X5 coincides with the fibred product of
the underlying sets. To conclude it suffices to show that the natural morphism

Xl Xs X2 — Xl XX2 oy R™ x R"2 — Rn1+712

is a closed embedding. By 6.1.b, A1®rAds — A;®rAs is an epimorphism,
hence X; xg Xo — X; x X5 is a closed embedding. Finally, we have that
C>®(R™)@rC>®(R") — A;®gA, is an epimorphism (6.3.b), and we conclude
that X7 x Xy < R™ x R"2 = R™+"2 als0 is a closed embedding.

O

Theorem 7.6. The category of differentiable spaces has finite fibred products.

Proof. Let ¢1: X = S, ¢2: Y — S be morphisms of differentiable spaces. We
apply 7.2 to show that the functor F' = X*® X ge Y'* is representable. Considering
affine open covers

S=UWi, , o7 Wi=UUsx , ¢3'We=UVjr,
k 7 7

we obtain an open cover of F' by the subfunctors U Xwe V5 € I, which are

representable by 7.3. Finally, F' is a sheaf since it is a fibred product of sheaves.
O

Remark 7.7. The topological space underlying a finite fibred product of differ-
entiable spaces is the fibred product of the underlying topological spaces.

Proof. With the notations of the proof of 7.6, we have X xgY = (J(Usr xw,, Vj),
so that we have to consider only the affine case. We conclude by 7.5.
O
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7.3 Fibred Products of Embeddings

Lemma 7.8. Let p1: X — S, ¢2: Y — S be morphisms of differentiable spaces,
let (z,y) € X xgY and let s = ¢1(x) = ¢2(y). The linear map p1. X pa. defines
an isomorphism

T(wy)(X XS Y) = (TwX) XT,8 (TyY) .

Proof. Let v, := Spec, Rg], where €2 = 0. To prove that pi, X pa. is bijective,
note that the bijection

(X x5 Y)*(vp) = X*(vp) Xse(v,) (Y)*(Vp)

takes points infinitely near to (x,y) into pairs (u,v) where u is infinitely near to
x and v is infinitely near to y. We conclude by 5.16.
O

Let ¢': X' - S, ¢": Y -8, ¢: X - X' and ¥: Y — Y’ be morphisms of
differentiable spaces. By 7.1, the morphism of functors

o (zy) = (0(2), ¥ (y),

defines a morphism ¢ xg1: X XgY — X' xg Y’

X®XgeV® — X'*xgY'*

Proposition 7.9. If ¢: X — X' and ¢: Y — Y’ are embeddings, then so is
¢Xs¢2 X X5Y‘—>X/ XSY/.

Proof. With the notations of 7.8, the following square is commutative:

(TeX) x1,5 (Ty)Y) == T(a)(X x5Y)
lmxw* lwxw)*
(TmXI) XT.8 (TUY/) i T(a:,y) (X/ XS Y/)

By hypothesis, ¢, and v, are injective, hence so is ¢, X ¥,. Applying 5.24 we
conclude that ¢ xg 1 is an embedding, because

Ppxsh: X xgY — (¢ xsP)(X xsY) = ¢(X) xs9(Y)

is a homeomorphism, since so are ¢: X — ¢(X) and ¥: Y — (Y.
O

Definition. The above result let us define the intersection of differentiable sub-
spaces. Let i: Y < X and j: Z — X be differentiable subspaces of a differen-
tiable space X. According to 7.9, the morphismixxj: Y xxZ — X xx X =X
is an embedding; hence it defines an isomorphism of Y X x Z onto a differentiable
subspace of X, that we call the intersection of Y and Z in X, and we denote
by Y NZ since (YNZ)*=Y*NZ".
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Corollary 7.10. If¢: X — X' and: Y — Y’ are closed embeddings, then so
18 (/!)Xs’(/J: XXSY‘—>XI Xsyl.

Proof. (¢ xs¥)(X xsY) =¢(X) xg9(Y) is closed in X’ xg Y’ when ¢(X) is
closed in X’ and ¢(Y) is closed in Y.
O

Corollary 7.11. If¢: U — X and ¢: V — Y are open embeddings, then so is
¢Xs¢2 UxgV —= X xgVY.

Proof. Tt is enough to show that (U x sV, Oxx sy |uxsv) has the universal prop-
erty of the fibred product U x gV, and this is a direct consequence of the universal
property of open subspaces.

O

Lemma 7.12. U[ (X xgY) C Uj(X) xsUy(Y) for anyr € N.

Proof. The canonical projections p1: X xgY — X, pa: X XxgY — Y induce
morphisms
Ul (X xsY) — ULX) , UL, (X xsY) — Uy(Y),
which define a natural morphism U(, (X xsY) — Uy (X) xsUy(Y) compatible
with the respective inclusion morphisms into X xg Y.
O

Lemma 7.13. Let X,Y be differentiable spaces. If a differentiable function f
on X x'Y wvanishes on X x Uy for anyr € N, y €Y, then f = 0.

Proof. 1f f = 0 on X x Uy, then f vanishes on Uy x U, for any x € X; hence
f=0on U(’w Y by 7.12. Now 5.11 let us conclude that f = 0.
O

Lemma 7.14. If A is a rational finite R-algebra and B is a differentiable alge-
bra, then A ®r B is a differentiable algebra and

(Spec,. A) x (Spec,. B) = Spec, (A®r B) .

Proof. By 9.2, A is a differentiable algebra. Since A is a finite dimensional vector
space, it is clear that AQg B=(R®---®R)®r B=B&--- @ B is complete,
i.e., A®gr B = A®grB; hence it is a differentiable algebra by 6.13. We conclude
by 7.3.

O

Lemma 7.15. Let X, Y be differentiable spaces and let f be a differentiable
function on X X Y. If Y is reduced and f vanishes on X xy for anyy € Y,
then f = 0.
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Proof. Considering an affine open cover of Y, we may assume that Y = Spec, B.

Let us assume that X = Spec, A for some rational finite R-algebra A, and
let us consider a basis {fi,..., fn} of A as a real vector space. By 7.14, in this
case we have

OXXy(X X Y) = AQr B = Bf1 @...@Bfn ,
so that there exist differentiable functions ¢1,...,9, € B on Y such that

f:flgl+~-~+fngn~

If f vanishes on X x y, then g1(y) = ... = gn(y) = 0. Therefore, ¢1,...,9n
vanish at any point of Y and, Y being reduced, we have g1 = ... =g, = 0 and
we conclude that f = 0.

In the general case, if f vanishes on X x y, then f vanishes on U] x y for
any r € N, z € X. Since U’ = Spec, (Ox ,/m.™!) and Ox ,/miT! is a rational
finite R-algebra, the former case let us obtain that f vanishes on U} x Y for any
r €N, z € X. Now 7.13 let us conclude that f = 0.

O

Proposition 7.16. Let X, Y, T be differentiable spaces and let p,¢p: X XT =Y
be morphisms. If T is reduced and ¢|xx+ = ¢|xxt for any t € T, then ¢ = ¢.

Proof. Condition p|xx: = ¢|x ¢ implies that ¢ and ¢ define the same continu-
ous map X XxT — Y. Now, considering an affine open cover of Y, we may assume
that Y = Spec, A. In such a case, by 3.18, we only have to prove that * f = ¢* f
for any differentiable function f € A. By hypothesis (¢* f)|xxt = (¢* f)|x x¢ for
any t € T and 7.15 let us conclude that o* f = ¢* f.

O

7.4 Base Change of Differentiable Spaces

Definition. Let S be a differentiable space. A differentiable space over S, or
just a differentiable S-space, is defined to be any morphism of differentiable
spaces ¢: X — S. If ¢1: X — S and ¢o: Y — S are differentiable S-spaces, a
morphism of differentiable spaces ¢: X — Y is said to be a S-morphism when
¢1 = ¢a0¢. The set of all S-morphisms X — Y will be denoted by Homg (X, Y).

Differentiable S-spaces, with S-morphisms, constitute a category DifSp g,
and the universal property of the fibred product X xg Y shows that it is the
direct product of X and Y in such category. Each differentiable space X ad-
mits a unique morphism X — p = Spec, R, so that the category DifSp/p of
differentiable spaces over the one-point space p is canonically isomorphic to the
category DifSp of differentiable spaces.

Definition. Let X be a differentiable S-space and let ¢: S’ — S be a mor-
phism of differentiable spaces. The second projection pa: X xg S’ — S’ defines



7.4 Base Change of Differentiable Spaces 87

a structure of S’-space on Xg := X x5 S5’, and we say that the S’-space Xg is
obtained from the S-space X by the base change ¢: S’ — S.

If o: X — Y is a S-morphism, then pg := o xgld: X xgS' - Y x5S is a
S’-morphism, and we say that we obtain it from ¢ by the base change ¢: S’ — S.

The universal property of the fibred product shows that base changes are
transitive:
(XS/)S// = XS”

(for any morphism S” — S’) and commute with fibred products:
(X Xg Y)S’ = (XS’) X g1 (YS') .

On the other hand, according to 7.9, 7.10 and 7.11, the concepts of embed-
ding, closed embedding and open embedding are stable under base changes. In
particular, if Y is a differentiable subspace of X, then Yg, may be canonically
identified with a differentiable subspace of Xg.

Definition. Let i: Y < X be a differentiable subspace. If ¢: 7 — X is a
morphism of differentiable spaces, then Id xxi: Z XxY — Z xx X = Z is an
embedding by 7.9. It follows that we may identify Z x x Y with a differentiable
subspace of Z, called the inverse image of Y by ¢, and we denote it by o~ 1(Y).

According to 7.10 and 7.11, if Y is a closed (resp. open) differentiable sub-
space of X, then ¢~1(Y) is a closed (resp. open) differentiable subspace of Z.

In the particular case of a point x € X, we say that ¢~1(z) is the fibre of ¢
over z, and it is a closed differentiable subspace of Z.

The equality ¢~ 1(Y) = Z xx Y states that (parametrized) points of the
inverse image ¢~ !(Y") are just points of Z whose image by ¢ is a point of Y, i.e.,

(0 1Y) (T) = Hom(T, Z xx Y) = {z € Z°(T) : p(2) € Y*(T)}

for any differentiable space T
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Let A be a differentiable algebra. The Localization theorem for differentiable
algebras (chapter 3) states that the presheaf U ~» Ay is a sheaf on Spec,. A,
i.e., A(U) = Ap. In this chapter we extend the Localization theorem to Fréchet
modules [35, 41]: If M is a Fréchet A-module, then the presheaf U ~ My is a
sheaf on Spec, A, i.e.,

MU) = My.

The localization of any locally m-convex A-module (with respect to a multi-
plicative system) inherits a natural locally m-convex topology, called the local-
ization topology [52]. We shall show that if M is a Fréchet A-module, then My
is a Fréchet Ary-module for any open subset U of Spec, A. In the particular case
M = A, the localization topology in Ay coincides with the canonical Fréchet
topology of Ay as a differentiable algebra.

8.1 Localization Topology

If S is a multiplicative set of a ring A, then the localization of A by S (or ring of
fractions, see [1] chapter 3) will be denoted by As = S™!A, and we say that the
canonical morphism v: A — Ag, v(a) := a/1, is the localization morphism.
All the elements of S are invertible in Ag; that is to say, v(S) C (Ag)*, and any
other morphism of rings f: A — B such that f(S) C B* factors, in a unique
way, through ~.

If M is an A-module, then Mg = S~!'M will denote the localization of M by
S ([1] chapter 3), and the canonical morphism +': M — Mg, 7/(m) := m/1, is
said to be the localization morphism. Mg is an Ag-module and any morphism

of A-modules h: M — N into an Ag-module N factors, in a unique way, through
/!

~'.

Let A be a locally m-convex algebra. If j: A — B is a morphism of R-
algebras, then there exists on B the finer locally m-convex topology such that
j is continuous: it is defined by all the submultiplicative seminorms ¢ such that
j: A — (B,q) is continuous. With this topology, a morphism of R-algebras
f: B — C into a locally m-convex algebra C' is continuous if and only if so is

fj: A= C.

Definition. Let S be a multiplicative system of a locally m-convex algebra A.
The localization topology in Ag is defined to be the finer locally m-convex

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 89-97, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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topology such that the localization morphism v: A — Ag is continuous, so
that the locally m-convex algebra Ag is characterized by the following universal

property:

Let j: A — B be a morphism of locally m-convex algebras. If j(s) is invertible
in B for any s € S, then there exists a unique morphism of locally m-convex
algebras j': As — B such that j'(a/1) = j(a) for any a € A:

Homyy,_aig(As, B) = {j € Homp-aig(A4, B) : j(S) C B*}.

In general, if T is a multiplicative system of B and j(S) C T, this univer-
sal property shows that the morphism j': As — Br, j'(a/s) = j(a)/j(s), is
continuous.

Definition. Let M be a locally convex A-module. The localization topology
in Mg is defined to be the finer topology of locally convex Ag-module such that
the localization morphism v’': M — Mg is continuous, so that the locally convex
Ag-module Mg is characterized by the following universal property:

Let N be a locally convex Ag-module. If h: M — N is a continuous morphism
of A-modules, then there exists a unique continuous morphism of Ag-modules
h': Ms — N such that h'(m/1) = h(m) for any m € M:

Homy, (Mg, N) = Homu(M,N) .
If h: M — N is a morphism of locally convex A-modules, then the mor-
phism of Ag-modules hg: Mg — Ng, hg(m/s) = h(m)/s, is continuous by the

universal property of Mg.

Proposition 8.1. Let S be a multiplicative set of a locally m-convex algebra A.
If M is a locally convex A-module, then we have a topological isomorphism:

Mg = M®aAs .
Proof. For any locally convex Ag-module N we have
Homu (Mg, N) = Homu(M,N) = Homg,(M ®4 Ag,N) .
O

Proposition 8.2. Let S C T be multiplicative sets of a locally m-convex algebra
A. If M is a locally convexr A-module, then we have a topological isomorphism

(Mg)r = Mr.

In particular, if the natural morphism Ag — At is an algebraic isomorphism,
then the natural isomorphism Mg — My also is a homeomorphism.
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Proof. 1t is clear that the algebraic isomorphism (Ag)r = Ar is a homeomor-
phism. Moreover, the algebraic isomorphism (Mg)r = My preserves the local-
ization morphisms M — Mg — (Mg)r and M — Mry; hence it is a homeomor-
phism, since both Ap-modules are endowed with the finer topology of locally
convex Apr-module such that these morphisms are continuous.

O

Proposition 8.3. Let S be a multiplicative set of a locally m-convex algebra A
and let M be a locally convex A-module. For any submodule N of M we have a
topological isomorphism

(M/N)s = Mg/Ns .

Proof. The natural morphism M/N — Mg/Ng is continuous and Mg/Ng is
a locally convex Ag-module; hence the natural morphism (M/N)s — Mg/Ng
is continuous. On the other hand, the natural morphism Mg — (M/N)g is
continuous and it vanishes on Ng, so that it induces a continuous morphism
Mg/Ng = (M/N)s.

O

Proposition 8.4. Let j: A — B be a morphism of locally m-convex algebras
and let S be a multiplicative set of A. The localization topology of the A-module B
by S coincides with the localization topology of the algebra B by the multiplicative
set j(S):

Bs = Bjs)

and for any locally conver B-module N we have a topological isomorphism
Ns = Nis) -

Proof. The algebraic isomorphism B ®4 As — Bj(g) is continuous since so are
B — Bjsy and Ag — Bj(s). Moreover, B ®4 Ags is a locally m-convex algebra
and the natural morphism B — B ®4 Ag, which is continuous, transforms
any element of j(5) into an invertible element, so that it induces a continuous
morphism Bjg) — B ®4 Ag, which is just the inverse morphism.

Finally, we have

Ns = N®sAs = N®p (B®a As) = N®p Bs = N ®p Bjs) = Njs) -
O

Theorem 8.5 ([52]). Let S be a multiplicative set of a locally m-convex algebra
A. If 7 is a locally m-convex topology on As such that m: A x S — (Ag,T),
w(a,s) = a/s, is continuous and it admits a continuous section o, then the
localization topology coincides with T, which is the final topology induced by .

If M is a locally convex A-module and 7' is a locally convex topology on Mg
such that ©': M x S — (Mg, '), n'(m,s) = m/s, is continuous and it admits a
continuous section o', then the localization topology coincides with T', which is
the final topology induced by 7'.
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Proof. Since y: A — (Ag,T) is continuous, the localization topology is finer than
7. Since m: A x S — Ag is a continuous map, because it is the composition

Ax S 0% Agx (Ag)* LML Ag x (Ag)* —— Asg,

the final topology induced by 7 is finer than the localization topology. Finally,
since m: A x S — (Ag,7) admits a continuous section, 7 is finer than the final
topology.

Moreover, 7': M x S — Mg is a continuous map, since it is the composition

Idxinv

MXS&}MSX(AS)* Msx(As)* .—>MS,

so that the final topology induced by 7’ is finer than the localization topology.
Since 7': M x S — (Mg, 7’) admits a continuous section, 7/ is finer than the
final topology. If we prove that (Mg, ') is a locally convex Ag-module, then the
localization topology is finer than 7" and we conclude that these three topologies
coincide. Now, it is enough to consider the following commutative diagram:

AS X (Ms,T/) — (Ms,T/)
J{G’XO” TT(’
AxSxMxS —L & MxS

where P(a,s,m,t) = (am,st) is clearly a continuous map.

8.2 Topological Localization of Differentiable Algebras

Lemma 8.6. Let X a topological space, let F' be a Fréchet vector space, and
let 1 < g2 < ... < qr < ... be a fundamental system of seminorms of F. If
fi: X — F is a sequence of continuous maps such that q;(fi(z)) < 2%, then
the following map f: X — F is continuous:

ﬂm=2mw

Proof. Let us fix a point @ € X, a seminorm ¢, and a real positive number . Let
m > r be a natural number such that 2™ < /4. The map f1+...+ fm: X = F
is continuous, so that there exists a neighbourhood U of a in X such that

i (£ 50~ £ ) <

DO ™

for any z € U. Hence
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Theorem 8.7 ([52]). Let A be a differentiable algebra and let U be an open set
in X = Spec, A. Let S be the multiplicative set of all elements a € A without
zeros in U. The canonical topology of the differentiable algebra Ay = Ag co-
incides with the localization topology and with the final topology induced by the
map A x S — Ay, (a,s) — a/s.
Proof. By 8.5, it is enough to prove that
T AxS — Ay , w(a,s)=a/s,

is a continuous map and that it admits a continuous section, when we consider
on Ay the canonical topology.

The natural morphism A — Ay is continuous by 2.23. Then 7 is continuous
because it is the following composition of continuous maps

(Id,inv)
e

AXS—)AUX(AU)* AUX(AU)*%AU.

Let us show that m admits a continuous section. Let { K} be a sequence of
o
compact subsets of U such that Un K, =U and K,, CK,1 for any index n. Let

b, € A such that b, > 0 on X, b,(z) > 0 for any = € K,, and Suppb, g[%n+1

(see 3.8). Note that for any f € Ay =A(U) we have that b, f €A(X) = A. Let
@1 < ¢2 < ... be afundamental system of seminorms of A. The map Ay — AX.S,

f = (a(f),s(f)), where

(%) ) bf
2 14 qi(bif) + qi(bi)

i=1

) . b1
=2 ramh ety

i=1

define a section of 7 since f = a(f)/s(f). In fact, the above equalities remain
valid in Ay (because A — Ay is continuous) and it is clear that a(f) = f - s(f)
in AU—

Finally, this section is continuous because so is each summand in a(f) and
s(f), and we may apply 8.6. In fact

W b, f i
i (27 <277,
e < 1+Qi(bif)+%'(bi)) =

ai (2‘i bi ) <27 O
’ L+ qi(bif) +qi(bi) ) — '
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Corollary 8.8. Let X = Spec, A — § = Spec,. k, Y = Spec, B — S be mor-
phisms of affine differentiable spaces. If U C X and V C Y are open sets, then

AU@]{,‘BV = (A(/X\)kB)UXsV .
Proof. According to 7.3, we have

U xg V = Spec, (Ay) x5 Spec, (By) = Spec, (Ay®rBy) ,
X xgY = Spec, (A®B)

and we may conclude by 7.11.

8.3 Localization of Fréchet Modules

Localization theorem for Fréchet modules ([41]). Let A be a differentiable
algebra and let M be a Fréchet A-module. The presheaf U ~ My is a sheaf on
X = Spec, A:

My =M(U).

In particular, M = M (X).

Proof. (1) The natural morphism My — M (U) is injective:

If the germ of m/s € My vanishes at certain point = € U, then there exists
a function a € A such that a(z) # 0 and am = 0, since M,= M,. If the germ of
m/s at any point of U is 0, then we may choose a sequence {a;} in A such that

a;m =0, a; > 0 on X and the interior sets of the supports Supp a; cover U. Let
q1 < g2 < ... be seminorms defining the topology of A. The convergent series

5 = g—i__ %
; 1+ qi(a;)

defines an element in A, which does not vanish at any point of U, such that

(oo}

_ —i a;m 700 o
sm:ZQ mfZO—O.

i=1 i=1
We conclude that m/s =m5/s5§ =0 in My.

(2) Let m = Y, m; be a convergent series in M and let x € X. If there exists
a neighbourhood of x which intersects only a finite number of members of the
family {Supp (m;)}, then my =37, (m;)s

Let a € A be an element, whose support intersects only a finite number of
members of such family, such that a(x) # 0. By step 1, the series ), am; only
has a finite number of non-zero summands. Now:
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azmy = (am), = (2; ami> =3 (ami)e =D az(m;)s = ag (Z (mz)z)

and, a, being invertible in the local ring A,, we conclude that m, =), (m;),.
(3) The natural morphism My — M (U) is surjective:

Let 7 €M (U). Since the morphism M — M, =M, is surjective (1.6), for
any point x € U there exists a function a € A such that a > 0 on X, a(z) # 0
and am is a global section which is in M. We may choose a sequence {a;} of such
functions, so that {Suppa;} is a locally finite family whose interior sets cover
U. Let py < py < ... be seminorms defining the Fréchet topology of M and let
q1 < g2 < ... be seminorms defining the topology of A. The convergent series

o—i a;m
1+ pi(aim) + gi(a;)

i
&

©
Il
i

a;

1+ pi(a;m) + ¢i(a;)

2 7

.Mg

=1

define an element m € M and a function s € A which does not vanish at any
point of U, and we have m = m/s because both sections have the same germ at
any point of U by step 2.

(4) Finally, M (X) = Mx = M@, Ax = M®, A =M
O

Theorem 8.9 ([52]). Let A be a differentiable algebra and let U be an open set
in X = Spec, A. If M is a Fréchet A-module, then My is a Fréchet Ay-module
with the localization topology, which coincides with the final topology induced by
the map ©': M x S — My, n'(m,s) =m/s (where S denotes the multiplicative
set of all differentiable functions f € A without zeros in U ).

Proof. By 8.5, we have to prove that #’: M x S — My is continuous and admits
a continuous section, for a certain Fréchet topology on My .

Let {K;} be a sequence of compact subsets of U such that |J, K; = U and
K; C U;4; for each index i, where U; 4 is the interior subset of K; ;. Let M;
be the submodule of M of all elements with null germ at any point of K;. We
have M; C M;_;. In fact, given 2 € K;_1, let us consider a function a € A such
that a(x) # 0 and Suppa C K;. If m € M;, then am = 0 since it has null germ
at any point of X. By continuity, aM; = 0 and, since a(z r) # 0, we conclude
that any element of M; has null germ at . That is to say, M; C M,_; and the
natural morphism M — My, _, —M(Ul_l) factors through M /M.

On the other hand, let W; be the closure of the ideal of all elements in A
vanishing on a neighbourhood of K;, so that A/W; is a differentiable algebra with
real spectrum K;. By 2.15, the natural morphism A — A/W, factors through
Ay,.,. Now, M — M/M; factors through My, , because M/M; is an A/W;-
module. So we get a projective system:
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. — M/M;ys — My,,, — M/M; — My, , — ...,

My =M(U) = lim M(U;) = lim M/M;

and, since any module M /M, is Fréchet, we obtain a Fréchet topology 7/ on
My;. Now we have to prove that the map

7 MxS — (My,7) , 7'(m,s)=m/s,

is continuous and admits a continuous section. It is continuous since so are the
maps

MxS — (M/M;)x (A/W;)* L2500 (/M) < (AJWy)* —— MM, .

Let us show that 7’ admits a continuous section. We choose non-negative
functions a; € A such that a;, = 1 for any x € K;_; and Suppa; C Kj;, then
we define o: My — M x S, m+— (m,s), where

o0

a;m
m = 21 o e M,
Z 14 pi(aim) + qi(a;)

o0

a
s = 9t - €s.
; 1+ pi(aim) + gi(aq)

Using step (2) of the former proof, it is clear that . = m/s, hence o is a
section of 7’. Now we prove that o is continuous. Since Suppa; C K;, the map
MU) =lmM/M; - M, m — a;m, is just the composition of the canonical

—

map lim M/M; — M /M, with the continuous map M/M; 1 — M/M; — M,
«—
[m] — agm, hence M (U) — M, m — agm is continuous. By 8.6, the maps

My — M, m — m, and My — S, m +— s, are continuous.
O

Corollary 8.10. Let A be a differentiable algebra and let U be an open set in
Spec, A. If N is a closed submodule of a Fréchet A-module M, then Ny is a
closed submodule of My .

Proof. The kernel of the natural morphism p: My — (M/N)y = My /Ny is a
closed submodule of My, hence it is Fréchet. The continuous algebraic isomor-
phism Ny — Kerp is a homeomorphism since both modules are Fréchet.

O

Corollary 8.11. Let A be a differentiable algebra and let U be an open set in
Spec, A. If M is a Fréchet A-module, then we have topological isomorphisms:

My = M®s Ay = MBaAy .
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Proof. By 8.1, we have a topological isomorphism My = M ®4 Ay. Moreover,
My is complete according to the Localization theorem for Fréchet modules, and
we conclude that M ® 4 Ay = M®4Ay.

O

Corollary 8.12. Let ¢: Spec, B — Spec, A be a morphism of affine differen-
tiable spaces, let U be an open set in Spec, A and let V := =Y (U). If M is a
Fréchet B-module, then the localization of M in'V coincides with the localization
of the A-module M in U:
My = My .
Therefore, @, M is the sheaf associated to the Fréchet A-module M.

Proof. The sheaf go*(B) is an A-module. By 3.11, it is the sheaf associated to
the A-module T'(Spec, A, ¢.(B)) = I'(Spec, B, B) = B, which is a Fréchet A-
module. According to the Localization theorem for Fréchet modules, the module
of sections on U coincides with By:

By = T(U.¢«(B)) = I(¢”'U,B) =B (V) = By .

Now, By is a locally convex Apy-module, so that the natural isomorphism
By — By is continuous. Since By is Fréchet by 8.7, and By is Fréchet by 8.9,
we conclude that it is a homeomorphism.

Finally, we have

My = M®aAy = M®pB®4 Ay = M®g By = M®p By = My.
O

Corollary 8.13. Let A be a differentiable algebra and let M be a Fréchet A-
module. If there exists some open cover {U;} of Spec, A such that the Ay,-

modules My, are free, with bounded rank, then M is a finitely generated projective
A-module.

Proof. In SILCh a case M is a locally free A-module of bounded rank; hence
I'(Spec, A, M) is a finitely generated projective A-module by 4.16. Now, we
have M = I'(Spec, A, M ) because M is Fréchet.

O

Ezxample 8.14. Let V be a smooth manifold. The natural inclusion morphism
C>®(V) = C"(V), 0 < r < oo, is continuous, so that C"(V) is a Fréchet C*>(V)-
module. The sheaf associated to C"(V) is just the sheaf of real-valued functions
of class C" on V = Spec, C*(V). According to the Localization theorem for
Fréchet modules, any function of class C™ on an open set U C V is a quotient of
a function of class C" by a function of class C*° without zeros in U, both defined
on V.

On the other hand, the C>*(V)-module 7?(V) of all C*°-differentiable tensor
fields of type (p,q) on V is Fréchet, hence any C*°-differentiable tensor field of
type (p,q) on an open set U C V is a quotient of a C*°-differentiable tensor field
of type (p,q) by a C*°-differentiable function without zeros in U, both defined
on V.



9 Finite Morphisms

Finite morphisms of differentiable spaces are the natural context for Malgrange’s
preparation theorem. A morphism of differentiable spaces ¢: Y — X is defined
to be finite if it is closed and its fibres p~1(x) are finite differentiable spaces of
bounded degree. The preparation theorem provides a characterization of finite
morphisms ¢: Spec,, B — Spec,. A between affine differentiable spaces: ¢ is finite
if only if ¢*: A — B is a finite morphism of algebras, i.e., B is finitely generated
as an A-module.

We also consider finite flat morphisms of differentiable spaces, which are the
differentiable version of the ramified covering maps between topological spaces.
Finite flat morphisms have nice properties: they are open and closed maps with
fibres of locally constant degree, and they admit a reasonable notion of index of
ramification.

9.1 Finite Differentiable Spaces

Definition. An R-algebra A of finite dimension as a real vector space is said to
be a finite R-algebra. The dimension of A is said to be the degree of A.

In general, a morphism of rings A — B is said to be finite (we also say that
B is a finite A-algebra) when B is a finitely generated A-module:

B = Aby+ ...+ Ab, .

A finite R-algebra A is said to be rational when every maximal ideal of A
is a real ideal. Rational finite R-algebras are usually named Weil algebras.

Lemma 9.1. Any quotient algebra of J = Rlx1,...,x,]/(1,...,2,) " is a
differentiable algebra.

Proof. According 1.9 and 1.11 we have
Jy, = C*(R") /mg™

where mSH is the closed ideal of all differentiable functions f on R™ whose Taylor

expansion of order r at the origin vanishes: jj f = 0. Hence J], is a differentiable
algebra.
Since J; is of finite dimension as a real vector space, we have that any ideal
of J; is closed. We conclude by 2.25.
O

J.A. Navarro Gonzalez and J.B. Sancho de Salas: LNM 1824, pp. 99-111, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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Theorem 9.2. A finite R-algebra A is a differentiable algebra if and only if it
is rational.

Proof. Let us assume that A is a differentiable algebra. Since A is finite, any
residue field £ = A/m is a finite extension of R, hence k=R or k=C. If k=C
then there exists a € A such that a® + 1 € m. It is clear that a? + 1 does not
vanish at any point of Spec, A, hence a? + 1 is an invertible element of A (see
2.15) so contradicting that a? + 1 € m. We conclude that A is rational.

Conversely, let us show that any rational finite R-algebra A is a differentiable
algebra. In fact, any finite R-algebra is a direct product of local finite algebras
(see [1] 8.7), so that we may assume that A has a unique maximal ideal m.
Since A is a finite R-algebra, we have m"t! = m"*2 for some exponent r and
Nakayama’s lemma let us obtain that m" ™ = 0. Now, let {fi,..., f.} be a basis
of m as a vector space. Then the morphism of R-algebras

o: Rlzy,...,z,) — A, o(xy) = fi,
is surjective. Since m"T! = 0, the above morphism induces a surjective morphism
é: Rlzy, ..., xn)/(x1, ..., x)" T — A, o) = fi,

Now 9.1 let us conclude that A is a differentiable algebra.
O

Proposition 9.3. Let X be a differentiable space. The following conditions are
equivalent:

1. X is the real spectrum of a rational finite R-algebra.

2. X is a finite topological space and the R-algebra of global differentiable func-
tions Ox (X) is finite.

3. X is a finite topological space and the stalk Ox , at any point x € X is a
finite R-algebra.

In such a case, Ox(X) = Ox 4, ®...® Oxy, , where X = {z1,...,2,.}.

Proof. (1 = 2) Let X = Spec, A where A is a rational finite R-algebra. The set
Spec, A is finite, because any family my, ..., m, of maximal ideals of A defines
a strictly increasing sequence of vector subspaces of A:

(mN...Nnm,) € (meN...NmM,) C ... C m. C A,

so that 7 is bounded by the degree of A. Since Ox(X) =A (X) = A (by the
Localization theorem for differentiable algebras), we conclude that Ox(X) is a
finite R-algebra.

(2 & 3) If X is finite, X = {x1,...,2,}, then it is discrete, since any point
of a differentiable space is closed. Hence

Ox(X) = Ox(ml)@...@OX({ET) = OX,&:1®'~'@OX,:5T
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and the R-algebra Ox(X) is finite if and only if so are all the rings of germs
Ox.z1y---,0x.2,.

(2 = 1) X is affine, since any finite disjoint union of affine open sets is affine
(recall that any finite direct product of differentiable algebras is a differentiable
algebra; see 2.32). Then Ox(X) is a finite differentiable algebra, hence it is
rational by 9.2.

O

Definition. A differentiable space X is said to be finite if it satisfies the equiva-
lent conditions of 9.3. In such a case, we say that the degree of the finite R-algebra
Ox(X) is the degree of X.

Definition. Let ¢: Y = Spec, B — X = Spec,. A be a morphism of affine
differentiable spaces and let * € X. The fibre p~1(z) = 2z xx Y is a closed
differentiable subspace of Y. According 7.3, ¢~ !(x) is an affine differentiable
space defined by the following differentiable algebra

(A/m,)®4B = B/m,B = B/m,B = B/m,B ,

i.e.,
<p_1(x) = Spec,.(B/m,;B) .

Therefore, we say that B/ m, B is the ring of the fibre of z.

Lemma 9.4. Let I be a finitely generated ideal of a differentiable algebra A. If
A/ T is a finite algebra, then I is a closed ideal.

Proof. Let z € Spec,. A and let m, be the maximal ideal of the local ring A,.
Since A,/I, = (A/I), is a local finite algebra, we have m’, C I, for some
exponent 7 > 1. Since m’, is a finitely generated ideal and I, /m” C A,/m’ is a
finite dimensional vector space, we obtain that I, is a finitely generated ideal.
In virtue of the Spectral theorem 2.28, we have

Ir(Ax/m;+1) = Tx(Ar/m;+1) = Tr/m;+1 )

hence the composition morphism

r+1
T

I, — I/ml™ — T, /m, I,
is surjective. By a standard application of Nakayama’s lemma, we obtain that
I, is generated by elements of I,. That is to say, I, = I, and then J= (I)N.

Now, 3.10 and 3.13 let us conclude that

I = I'(Spec, A, 1) = I'(Spec, A,(I)") = 1.
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Proposition 9.5. Let ¢: Spec, B — Spec, A be a morphism of affine differen-
tiable spaces and let x € Spec, A. The ring of the fibre B/ m,B is finite if and
only if so is the algebraic ring of the fibre B/m,B. In such a case the ideal m,B
is closed in B and

B/m,B = B/myB = (By,/myBy,) & ... & (By, /meBy,)
where y1, ..., 4y, are the points of the fibre o~ 1(x).

Proof. The ideal m, B is finitely generated; hence, if B/ m,B is a finite algebra,
then m, B is closed by 9.4, and B/ m,B = B/m,B.

Moreover, Spec, (B/m,B) = ¢~ (x) = {y1,...,y-}, and 9.3 let us conclude
that

B/m,B = (B/m;B),, &...® (B/m;B),, .
O

Ezample. Let f(t) be a differentiable function on R with a finite number of zeros
ai,...,a, € R, where f(t) has finite order (in the sense that some derivative
f")(a;) # 0 for each index 1 < i < r). Then we have fO,, = ((t — a;)™), so
that the ring of the fibre f(t) = 0 is finite, of degree ny + ...+ n,.. Hence (f) is
a closed ideal and

CE®R)/(f) ~ R[t]/(t—a))™ &... & R[t]/(t —ar)"" .

9.2 Finite Morphisms

Definition. A morphism of differentiable spaces ¢: Y — X is said to be finite
if it is a closed separated map and for any z € X the fibre p~1(z) is a finite
differentiable space of bounded degree. We say that the degree of ¢ ~!(z) is the
degree of the morphism ¢ at the point z € X.

Proposition 9.6. Let p: Y — X be a closed separated continuous map. If the
fibre of v € X is a finite set, =Y (x) = {y1,...,yr}, then x has a basis of open
neighbourhoods U such that ¢~*(U) is a disjoint union

e N U) = Vi I]... 11V,

of neighbourhoods Vi, ..., V, of y1, ..., y. respectively. Moreover, such neighbour-
hoods V; define a basis of neighbourhoods of y; in' Y for anyi=1,...,r.

Proof. Since ¢ is a separated map, there exist disjoint open neighbourhoods
Vi,...,Viof y1,...,y, in Y. If U is an open neighbourhood of  which does not
intersect the closed set ¢ ((V4 U...UV,.)), then

e N U) = Vine Y U)I... LI(V: N~ 1 (1))

and any other open neighbourhood of « contained in U also satisfies the required
condition. Moreover, since (V;N¢~1(U)) C V;, these neighbourhoods of y; define
a basis of neighbourhoods of ;.

O
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Lemma 9.7. Let ¢: Spec, B — Spec,. A be a morphism of affine differentiable
spaces. If ¢ is a closed map and the fibre of a point x € Spec, A is a finite set,

o Nz)={y1,...,yr}, then
B, = By, ®...©B,, .

Proof. By definition B, is the localization of B by the differentiable functions
f € A which do not vanish at x:

B, = lim By ,
zeU

where U is an arbitrary open neighbourhood of = in Spec, A. Now, using that
By = By,-1y (by 8.12) and the Localization theorem, we have

By = lm Byoy = lim B(p™'U).
zeU zelU

Since ¢ is a closed separated continuous map, 9.6 let us conclude that, restricting
U to a basis of open neighbourhoods of x, we have

B, = lim (Ez(vl)@...@fg(w)) = B, ®...0B, .
xTE

O

Preparation Theorem (Malgrange [26]). Let ¢: Y — X be a morphism of
differentiable spaces, let y be a point of Y and let x = o(y) € X. The morphism
©*: Ox,z — Oy, s finite if and only if Oy, /m;Oy,, is a finite R-algebra.

Theorem 9.8 ([13]). A morphism of differentiable algebras j: A — B is finite
if and only if 7*: Spec, B — Spec,. A is a finite morphism of differentiable spaces.

Proof. Let us assume that A — B is finite: B = Ab; + ... 4+ Abg. For any
r € Spec, A, we have that B/m,B = (A/m,)b; + ... + (A/m,)bg is a finite
algebra over A/m, = R of degree < d. Hence the fibre j*~!(x) = Spec, B/ m, B
is a finite differentiable space of degree < d.

It is clear that j* is a separated map since Spec, B is a separated (i.e. Haus-
dorff) space. Let us prove that j* is a closed map. If C' C Spec, B is a closed
set, then there exists a closed ideal b C B such that C = (b)o. Let a = j~1(b).
It is enough to show that the map

j*: C = (b)p = Spec, (B/b) — Spec, (A/a) = (a)o

is surjective. Since the morphism j: A/a — B/b is finite and injective, we have
to prove that j*: Spec, B — Spec, A is surjective whenever j: A — B is finite
and injective. In such a case j,: A, — B, is injective for any « € Spec, A; hence
B, # 0 and Nakayama’s lemma shows that m,B, # B, so that m,B # B.
Now 9.5 states that B/m,B = B/m,B # 0 and we conclude that the fibre
¢~ !(x) = Spec, (B/m;B) is not empty by 2.18.
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Conversely, let = € Spec, A and let j* *(z) = {y1,...,9,}. By hypothesis
By, /m;B,, is a finite algebra, and the preparation theorem let us conclude that
By, is a finite A,-algebra. Hence B, = By, ® ... ® B, is a finite A -algebra.

Moreover, there exists a constant d such that dim B/m,B < d for any
x € Spec,. A. If B = C*(R™)/b, then the monomials in ¢i,...,%,, gener-
ate B/m,B because they generate a dense vector subspace in C*°(R™). Since
1,ti,t?, . ,t‘ii are linearly dependent in B/m, B, it follows that any monomial
is a linear combination of

SRS AN 0<ay,...,apm <d,

so that these monomials generate B/m, B for any x € Spec, A, and Nakayama’s
lemma let us conclude that they generate B, as A,-module. Therefore, these
monomials define an epimorphism of A-modules (Zl)r — B and, taking global sec-
tions, the Localization theorem for Fréchet modules show that the corresponding
morphism A" — B is surjective. That is to say, such monomials generate the
A-module B. The morphism A — B is finite.

O

Theorem 9.9. Let ¢: Y — X be a finite morphism of differentiable spaces. If
X is affine then so is Y.

Proof. By the Embedding theorem, it is enough to show that Y is separated,
of bounded embedding dimension, and that the topology of Y has a countable
basis. Y is separated since so are the morphism ¢ and the affine differentiable
space Spec, A. Moreover, the topology of Y admits a countable basis because
so does the topology of Spec, A and, ¢ being a closed map with finite fibres,
we may apply 9.6. Finally, the embedding dimension of Y at any point y € Y
is bounded by the sum of the embedding dimension of Spec, A at z = p(y)
with the degree of ¢ at z. In fact, to prove it we may assume that Y is affine,
Y = Spec, B, and in such a case we have the following exact sequence:

m,/m2 — my/mz o ﬁy/ﬁi — 0

where M, denotes the image of m, in the ring of the fibre B = B/m,B. We
conclude because dim (m, /ﬁi) < dim B < degree of ¢ at z. Let us prove the
exactness of the above sequence: the morphism m, /m2 — m, /ﬁz is obviously
surjective, and its kernel is just (m,B +m?)/m> = m,B/(m,BNm?). Now, if
fi,ooo fm € Band gu,...,gm € A, then, modulo m,BNm, we have

NgE!

Ji(y)Az(g:)

[oF

=1 i=1

.
Il
_
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9.3 Finite Flat Morphisms

Definition. A morphism of differentiable spaces ¢: Y — X is said to be flat if
the morphism ¢*: Ox , — Oy, is flat for any y € Y and « = ¢(y) € X.

Proposition 9.10. Any flat morphism of differentiable spaces p: Y — X is an
open map.

Proof. Since the problem is local we may assume that X and Y are affine. Given
apoint y € Y, let K be a compact neighbourhood of y. We have to show that the
compact ¢(K) is a neighbourhood of x = p(y). If ¢(K) is not a neighbourhood
of z, then there exists a sequence x,, — x where z,, ¢ ¢(K). Let V,, be an open
neighbourhood of z,, such that V,, N¢(K) = 0 and z,, ¢ V,, for any m # n. Let
apn, € O(X) such that a,(z,) =1 and Suppa, CV,. Let

Qp
‘= Z QnQn(an)

n

where {g1 < g2 < ---} is a fundamental system of seminorms of the differentiable
algebra O(X). Note that

ap(wy)
a(x,) = T (@) #0

hence a, # 0. On the other hand, the Taylor expansion of a at any point T of

¢(K) vanishes, '
. Jz0n
-a = —— =0
Jza zn: 2nqn (an) y
hence jzo*(a) = ¢*(jza) = 0 for any § € K and, K being a neighbourhood
of y, we conclude that ¢*(a), = 0. Applying the functor ®p, O, to the exact
sequence of O, -modules
0 — a,0, — O,

we obtain an exact sequence because O, is assumed to be a flat O, -module
0 — (a:0;) ®o, Oy — Oy

Therefore we have (a,;0;) ®0, Oy = 0, because ¢*(a), = 0. Now, we have
a; Oy ~ O, /I, where I = {b, € O,: azb, = 0}, hence

0 = (6;0,) ®o, Oy ~ O0,/I0,

and it follows that some germ b, € I is invertible in O,. Since ¢*(m;) C m,, we
conclude that b, is invertible in O,, so contradicting that a, # 0.
O

Lemma 9.11. Let A be a differentiable algebra and let M be a closed submodule
of a free A-module A” of finite rank. If M, = 0 for certain point x € Spec, A,
then My = 0 for some open neighbourhood U of x.
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Proof. Given m = (ay,...,a,) € My C Ay @ --- ® Ay and a point p € U, we
write jpm = (jpai, ..., Jjpar). Note that m = 0 if and only if j,m = 0 for any
p € U (by 2.17, applied to Ay ).

Now, if My # 0 for any open neighbourhood U of x, then there exists
a sequence x; — x and elements m; € M such that j,,m; # 0. Moreover,
multiplying m; by an adequate factor, we may assume that Suppm; does not
contain any point x; for j # i. Now, let

Pp— mi
e ; 2iq;(my;)

where {q1 < g2 < ---} is a fundamental system of seminorms of M. Note that

~ 2ig;(ma) 70

Ja; M
hence m, # 0, so contradicting that M, = 0.
O

Corollary 9.12. Let ¢p: Y — X be a morphism of differentiable spaces and let
yeY,z=9y € X. If o*: Oy — O, is an isomorphism, then ¢ is a local
isomorphism at y.

Proof. 1t is clear that ¢, : T,,Y — T, X is an isomorphism. By 5.21, ¢ is a local
embedding at y, hence we may assume that ¢: Y = Spec, B — Spec, A = X
is a morphism of affine differentiable spaces defined by a surjective morphism
©*: A — B. Let a be the kernel of p*: A — B. Since ¢*: A, — By = B, is
injective, we have that a, = 0. By 9.11, we may assume that a = 0 and we
conclude that ¢*: A — B is an isomorphism.

O

Proposition 9.13 ([41]). Let A be a differentiable algebra and let M be a
Fréchet A-module. If M is finitely generated then the following conditions are
equivalent:

1. M is a flat A-module.

2. M, is a flat A,-module for any x € Spec, A.

3. For each x € Spec, A there exists an open neighbourhood U such that My is
a free Ay-module.

4. M 1is a projective A-module.

If in addition A is reduced then the above conditions are equivalent to the
following one:
5. The function d: Spec, A = N, d(z) = dim (M /m;M), is locally constant.

Proof. (2) = (3). Any flat finitely generated module over a local ring is free,
hence M, = A, ®---®A,. Let my,...,m, € M such that {(m1)s,..., (M)} is
a basis of M. Since M is finitely generated, there exists an open neighbourhood
V of z such that mq,...,m, generate My as an Ay-module. Let us consider
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the morphism p: A G ---®& A = M, ®a; — Y. a;m; and let N = Kerp. It is
clear that N, = 0, so that there exists an open neighbourhood W of x such that
Ny =0 by 9.11. Taking U = V N W we obtain that My = Ay & --- ® Ayp.

(3) = (4). We have that A is a locally free A-module (of bounded rank
because M is finitely generated) and we conclude that M is projective by 4.16.

(1) = (2) and (4) = (1) are standard results of commutative algebra.

(5) = (3). Given x € Spec, A, let r = d(x). Let mq,...,m, € M such that
{[ma], ..., [m.]} is a basis of M/m, M. By Nakayama’s lemma, M, is generated
as an Az-module by {(m1)g,...,(m,)s}. Since M is finitely generated, there
exists an open neighbourhood U of z such that My is generated by myq, ..., m, as
an Ay-module. Moreover, we may assume that d is constant on U, i.e., d(z) = r
for any z € U; hence the classes [m1],...,[m,] define a basis of M/m,M. Let
us show that {my,...,m,} is a basis of My, i.e., My is a free Ay-module. If
> a;m; = 0 for some a; € Ay, then [ a;m;] =" a;(2)[m;] =0 in M/m, M for
any z € U, hence a;(z) = 0 for any z € U. Since Ay is reduced, we may conclude
that a; = 0.

Finally, (3) = (5) is obvious.

O

Corollary 9.14. Let ¢: Spec, B — Spec,. A be a finite morphism of affine dif-
ferentiable spaces. Then ¢ is a flat morphism if and only if p*: A — B is a flat
morphism.

Proof. By 9.13, B is a flat A-module if and only if B, is a flat A,-module for any
x € Spec, A. By 9.7, B, = By, & ...® By, where ¢~ (z) = {y1,...,y,}, hence
B, is a flat A;-module if and only if By, is a flat A,-module for any y; € ¢~ (z).

O

Corollary 9.15. Let p: Y — X a finite morphism of differentiable spaces and
let us assume that X is reduced. Then ¢ is a flat morphism if and only if the
function d(x) = degree {o~1(x)} is locally constant on X.

Proof. Since the question is local, we may assume that X is affine: X = Spec,. A.
By 9.9, Y also is affine: Y = Spec, B. We conclude by 9.14 and 9.13.
O

Definition. Let ¢: Y — X be a finite flat morphism of differentiable spaces, let
y be a point of Y and let z = ¢(y) € X. The ramification index of ¢ at y is
defined to be

indyp = dim (O, /m,O,) .

Note that if deg,p denotes the degree of the finite differentiable space
@~ 1(x), then we have

deg, ¢ = Z indy, @ .
e(y:)==

Proposition 9.16. Let ¢: Y — X be a finite flat morphism of differentiable
spaces. Let y € Y and x = ¢(y) € X. The following conditions are equivalent:
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1. ¢ is a local isomorphism at y € Y.
2. indyp = 1.
3. @ T,)Y = T, X is an isomorphism.

Proof. We may assume that ¢: Y = Spec, B — Spec,, A = X is a morphism of
affine differentiable spaces. By 9.7 we have

B, = B, ®...®B,, .

Since B, is a finitely generated flat A,-module, we have that B, is a free
Az-module of rank dim (By,/myB,,) = ind,,. Hence, p*: A, — B, is an
isomorphism if and only if ind,p = 1. Using 9.12 we conclude that (1) < (2).

If o.: T,)Y — T,X is an isomorphism, then ¢ is a local embedding at y
(by 5.21), hence ¢*: A, — B, is surjective. Since By is a free A;-module, we
conclude that ¢*: A, — B, is an isomorphism. By 9.12, we obtain that ¢ is a
local isomorphism at y.

Finally, the implication (1) = (3) is obvious.

O

Definition. Let ¢: Y — X be a finite flat morphism of differentiable spaces. A
point y € Y is said to be a ramification point if ¢ is not a local isomorphism
at y, i.e., indyp > 1.

The following result is useful to determine generators of a finite morphism
A — B of differentiable algebras.

Lemma 9.17. Let A be a differentiable algebra and let M be a finitely generated
Fréchet A-module. Given mq,...,m, € M, we have

(a) If the classes [mq],...,[m.] generate M /m,M for any x € Spec, A, then
mi,...,m, generate M = Ami+ ...+ Am, .

(b) If {[m1],...,[m.]} is a basis of M /m,M for any x € Spec,. A and A is
reduced, then M is a free A-module and {m1,...,m,} is a basis:

M= Am®...0 Am,

Proof. (a) Let ¢: L = @" A — M, ®a; — > a;m;. By Nakayama’s lemma
(m1)g, ... (M), generate M, as an A,-module, hence L, — M, is surjective for
any x € Spec, A. Then ¢: L— M is an epimorphism of sheaves of A-modules,
hence I, (X) —M (X) is surjective. By the Localization theorem for Fréchet
modules, we have that I, (X) = L and M (X) = M, hence ¢: L — M is
surjective, i.e., m1,...,m, generate M.

(b) If >~ a;m; = 0 for some a; € A, then [Y a;m;] = > a;(x)[m;] = 0 in
M/m,M for any = € Spec, A, hence a;(z) = 0 for any = € Spec, A. Since A is
reduced, we may conclude that a; = 0.

O
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9.4 Examples

FEzample 9.18. Let Py, ..., P, be polynomials in n variables. If
Rlz1,...,z,)/(P1,..., P)
is a rational finite algebra, then the ideal (Py,..., P.) of C*(R™) is closed and
C*R"Y/(Pry....,Pr) =Rlz1,...,zs)/(P1y..., Pp) .

In fact, Rlz1,...,2,]/(P1,..., Py) is a differentiable algebra by 9.2. Then
2.20 let us define an epimorphism

©: C®(R") — Rlz1,...,2,]/(P1,...,P.) |, m v [z],

hence C*(R™)/I = Rlzy,...,2,]/(P1,...,P.), where I = Ker ¢. Using Whit-
ney’s spectral theorem, it is easy to check that I is the closure of (P, ..., P,).
Now, 9.4 implies that I = (Py,..., P,).

A similar argument proves the following more general result: Let Py, ..., P.
be polynomials in n variables such that

A = Rlzy,...,zn]/(Pr,..., B)
is a finite algebra (not necessarily rational). Let
A=A - -0A4,6B.%---®&B,

be the decomposition of A as product of local algebras, where the algebras A;
are assumed to be rational while the algebras B; are not rational. We define the
rational finite algebra A.n; := A1 & --- @ Ap, which is a quotient of A. Then
(Py,...,P.) is a closed ideal of C*°(R™) and

COO(Rn)/(Ph;PT) = Arat .

More generally, if f1, ..., f, are real analytic functions on R™, then (f1,..., f)
is a closed ideal of C*°(R"™) (see [26], Chapter VI, Th.1.1’).

Ezample 9.19. Let P(t) be a polynomial of degree n with real coefficients and
let us consider the differentiable map P: R — R, ¢t — P(t). Let us show that it
is a finite morphism with fibres of degree < n. It is closed because P(t) — oo as
t — oo. Given a € R, the fibre P(t) = a is the finite set of real roots of P(t) — a.
Let us write

Pt)—a=(t—a)" - (t —a)" Q)

where Q(t) is a polynomial without real roots, so that Q(¢) is an invertible
element of C*°(R). By 9.18 the ring of the fibre P(t) = a is

C®(R)/(P(t) —a) = CPR)/((t —a))™ - (t —ar)"™)
= R[t]/((t —a)" - (t— a,«)"r) ,
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which is a finite algebra of degree ni + -+ n, < n. In conclusion, P: R — R is
a finite morphism. By 9.8, we know that P*: C*°(R) — C*>°(R) is a finite mor-
phism. Using 9.17 it is easy to check that 1,¢,...,t" ! is a system of generators
of P*: C*(R) — C*(R). In particular, if we put P(¢) = ¢t" then we obtain that
any differentiable function f(¢) on R admits a decomposition

f@) = go(t™) + g (t™)t + ...+ g1t | gi € C*(R) .

When n = 2, we obtain that any differentiable function f(¢) admits a decom-
position f(t) = go(t?)+g1(t?)t . Hence, if f(t) is an even function, f(t) = f(—t),
then 2¢; (t2)t = 0 and g (t?) = 0. We conclude that any even differentiable func-
tion is a differentiable function of 2.

Example 9.20. Let us consider the circle C of equation z? + 4% — 1 = 0 in R2.
By 2.4 and 2.7, we have that C*°(C) = C*°(R?)/(x? + y? — 1). Let us show that
the projection z: C' — [—1,1] is a finite flat morphism. It is a closed map since
C is compact. The ring of the fibre z = a is

C¥(R?)/(y* +2* — Lz —a) = C*(R)/(y* +a” —1) = Rly/(y* +a* — 1)

which is a finite algebra of degree 2. Therefore z: C — [—1,1] is a finite mor-
phism, and it is flat by 9.15.

Note that the projection z: C' — [—1,1] is ramified at (—1,0) and (1, 0) with
index of ramification 2.

Since the ring of each fibre is a finite algebra spanned (as a real vector space)
by {1, y}, we conclude from 9.17.b that C>(C) is a free C*°([—1,1])-module,
{1, y} being a basis. Therefore, any differentiable function f(x,y) on the circle
admits a decomposition

flz,y) = g1(z) + g2(2)y g1,92 € C([-1,1]) .

In particular, if a differentiable function f(z,y) on C' is invariant by the
symmetry o(z,y) = (z, —y), then f(z,y) = g1(2).

Ezample 9.21. Let us consider the elementary symmetric functions in n variables

S1: =21+ ...+,

Sy 1= Z 7 PRI 7
1<i1<...<ir<n
Sp = T1 ... Tp
and note that R[xy,...,x,] is a finite algebra over A = R]sy, ..., s,], generated

as A-module by the n! monomials
(%) R A 0<a; <n—1i,
because x1 satisfies an equation of integral dependence

-1 -2
0 = af —s127 " +sa2] “ — ...+ (—1)"sy
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with coefficients in A, zy satisfies (note that t" — s;t"~1 + ... is a multiple of
t — x1 in AJt], since it has the root t = x1) an equation of integral dependence:

n n—1 n
xh — s1T 4+ ...+ (-1
0 ) 5121'2—:101 ( )Sn _1"31 (331—81)96%’ +...

with coefficients in A[z1] and, in general, z;;1 satisfies an equation of integral
dependence of degree n — i with coefficients in A[xy,...,z;]. In fact, even if we
shall not use it, R[z1, ..., z,] is a free A-module of rank n! and the monomials (x)
define a basis, because they are linearly independent over A. In fact R(zq, ..., z,)
is a Galois extension of R(s1, ..., sy) of degree n! spanned by the monomials (%),
so that they are linearly independent over R(sq,..., s,), hence so they are over
A CR(S1,...,8n).

Therefore, if ¢1,...,¢, € R, then Rlxy,...,2,]/(s1 — ¢1,...,8, —¢y) IS a
finite R-algebra of degree n! which is spanned, as a real vector space, by the n!
monomials (x).

Now, let us consider the differentiable map ¢: R” — R™ defined by the
elementary symmetric functions, ¢(x1,...2,) = (s1,...,8,). By 9.18, the ring
of the fibre of a point ¢ = (c1, ..., ¢,) is the finite algebra

[R[ml,...,xn]/(sl —C1,...,8n _C”)]rat )

Moreover, ¢ is a closed map since any root a of a polynomial may be bounded
by the coefficients:
la] < 1+ max{le1],...,]|cnl} s

and we conclude that ¢ is a finite morphism.

By 9.8 and 9.17.a, we have that ¢*: C*°(R™) — C*°(R") is a finite morphism
and that it is generated by the n! monomials (x). Then any differentiable function
f(z1,...,2,) admits a decomposition

flzy, ... ,z,) = > Gayoa, (81,0 Sn)xlt T
0<a;<n—i
where gq, .4, € C®(R").
Therefore, if f(z1,...,2,) is a symmetric function (= invariant under per-
mutations of the variables), then f(z1,...,2,) = g(s1,...,8,) for some differ-
entiable function g. In fact, if a point ¢ = (¢1,...,¢,) € R™ corresponds to a

polynomial with n different real roots, then the fibre of ¢ over ¢ has n! different
points and, since it is spanned by n! elements as a vector space, we conclude
that the ring of the fibre p=1(c) is R® . GR and that its invariant elements
under arbitrary permutations are just the constants. Hence go,. 4, (51, .-, Sn)
vanishes on the fibre of ¢ whenever (ai,...,a,) # (0,...,0). That is to say,
Ya, ...a, vanishes on the points of R™ without two coincident coordinates and, by
continuity, ga,..q, = 0.



10 Smooth Morphisms

We introduce the sheaf of differentials Q2 x for any differentiable space X. In the
case of a smooth manifold, this sheaf coincides with the sheaf of all differentiable
1-forms on X. The sheaf Qx is used to characterize when a differentiable space
X is a smooth manifold or a Whitney space:

—. If the underlying topological space is a topological manifold of constant
dimension n, then X is a smooth manifold if and only if Qx is a locally free
O x-module of rank n.

— Qx is a locally free Ox-module if and only if any point of X has a neigh-
bourhood isomorphic to the Whitney space of a closed subset Y of some R".

10.1 Module of Relative Differentials

Let & — A be a morphism of rings (commutative and with 1). We shall always
consider on A ®j, A the structure of A-algebra induced by the natural morphism
A — AR®r A, a = 1® a. The product of A defines a morphism of A-algebras
A® A= A, whose kernel will be denoted by A 4. It is easy to check that the
ideal A 4/, is generated by the increments Aa:=a®1—-1®a, a € A.

Definition. Let £ — A be a morphism of rings. The module of Kahler differ-
entials of A over k is defined to be D4/ = AA/k/Ai/k. It is a module over

(A®y A)/Aa = A
It is easy to check that the natural map
d: A — Dy ) da:=[Aa]=a®1—-1®a]

is a k-linear derivation: d(ab) = a(db) + b(da). Moreover, the A-module D 4,
is generated by the elements da because the ideal A,/ is generated by the
increments Aa.

Proposition 10.1. Let Kk — A be a morphism of rings and let M be an A-
module. Given a k-linear derivation D: A — M, there exists a unique morphism
of A-modules p: D 5/, — M such that D = pod.

J.A. Navarro Gonzéalez and J.B. Sancho de Salas: LNM 1824, pp. 113-125, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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Proof. Tt easy to check that D: A® A — M, D(b® a) := a - Db is an A-
linear derivation, where M is considered as an A ®; A-module via the morphism
A®, A A It is a general fact that, for any derivation D: A — M and any
ideal I C A, we have D(I?) C IM. In particular, D(Ai/k) C AyM =0,

hence D induces a morphism of A-modules
@: Daje = Dap/D%), — M

which has the desired property: D = ¢pod. Finally, the uniqueness of ¢ is obvious
since D 4/, is generated by the elements da.
O

Definition. Let £ — A be a morphism of differentiable algebras. The kernel of
the morphism A®iA — A is a closed ideal denoted by D4/, and it is said to be
the diagonal ideal, since it is just the ideal of the diagonal embedding

Spec, A — (Spec,. A) Xspec, k (Spec,. A).

Definition. The Fréchet A-module of relative differentials of A over k is
defined to be

Qask = Da/D% )y -
The continuous k-linear derivation d: A — Q4 /i, da := [Ad] = [a®1—-1®ad],

is said to be the differential. When k = R, we say that {24 /r is the module
of differentials of A and we denote it by Q4.

In the more general setting of Fréchet algebras, modules of differentials were
introduced and studied in [35], while modules of relative differentials and their
properties were considered in [41]. Now a brief exposition in the realm of differ-
entiable algebras follows.

Lemma 10.2. Let k — A be a morphism of differentiable algebras. With the
previous notations, we have: Dy = Ay p-

Proof. We have A = (A ®y A)/A 4. By 6.1.a, we obtain topological isomor-
phisms R R
A=A = [(A®yA)/Asp]" = (ABkA)/Aask

hence ﬁA/k =Dy
O

Proposition 10.3. Let k — A be a morphism of differentiable algebras. We
have:

Qam = 5A/k .
Proof. By 6.1.b and 10.2, the cokernel of locally convex A-modules
Ai/k — AA/k — ©A/k — 0

induces the cokernel of Fréchet A-modules
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A124/k — AA/k Z'DA/k — :DA/k — 0.

Each power I" of any ideal I is dense in (T)T. In particular, A?q /k is dense
in Di‘ = and we obtain a topological isomorphism

Dasw/Dhy = Das -
O

Theorem 10.4. Let k — A be a morphism of differentiable algebras and let
M be a Fréchet A-module. Given a continuous k-linear derivation D: A — M,
there exists a unique morphism of Fréchet A-modules p: Q4 — M such that
D = ypod. That is to say,

Dery (A, M) = Hom4(Qa 5, M) .

Proof. Tt is a direct consequence of 10.1 and 10.3.
O

Proposition 10.5. Let k — A be a morphism of differentiable algebras. If U is
an open set in Spec, A, then we have a topological isomorphism

Qay /e = Qamu -

Proof. The restriction morphism A — Ay induces a natural morphism of lo-
cally convex A-modules D 4/, — D 4,/ and, by completion, we get a morphism
Qa/k — Qay k- By the universal property of the localization, we obtain a mor-
phism of locally convex Ay-modules

Qamv — Qag/k -
On the other hand, the k-linear derivation

a sda — ads
D: Ay — (Qam)v D(g) =2
is continuous because, by 8.7, the topology of Ay is the final topology of the
map A x S — Ay, (a,8) — a/s. Hence D induces a continuous morphism of
Ap-modules

Qay /e — Qamlu

which is just the inverse morphism.
O

Definition. Let £ — A and p: A — B be morphisms of differentiable algebras.
The kernel of the morphism A®;B — B, a ® b — p(a)b will be denoted by D,
and the cotangent module of A over k at the (parametrized) point p is defined
to be the B-module o

Q,(A/k) == D,/DZ .
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When p is the identity A — A, by definition Q;4(A/k) = Q4.

Let A, be the kernel of the morphism A®y B — B, a®b — p(a)b. The same
arguments used in 10.2 and 10.3 show that

D, = Ap s Qp(A/k) = [AP/AZ]A .
Example 10.6. Let A be a differentiable algebra and let z € X = Spec, A. The
cotangent R-module Q,(A/R) at the point z: A — A/m, is

Q. (A/R) = my/m2 2 T X

x

because the kernel of the morphism (z, Id): AQg(A/m,) = A — A/m, is just
m,, and m2 is closed in A.

Proposition 10.7. Let k — A % B be morphisms of differentiable algebras.
We have a topological isomorphism

Qa/®aB = Q(A/k) .
Proof. The following exact sequence of A-modules

Id,Id

0 -5 A — Agpd UMD 4

splits topologically (i.e., it admits a continuous section or retraction), since
we have the continuous section A — A ®; A, a — 1 ® a. Applying the functor
®a B we obtain that the exact sequence

0—>A®AB—>A®]¢BMB—>O

splits topologically. In particular, we obtain a topological isomorphism
A®RaB = A, .
Now, let us consider the following exact sequence of locally convex A-modules
0 — A — A 5 Dy — 0,

where 7 is an open map. Applying the functor ® 4 B we obtain an exact sequence

A2®AB — A@ABZAP @) QA/k(g)AB — 0,

where m ® 1 is an open map (6.3.a). Taking generators, it is easy to check that
the image of A2 ®4 B in A®; B is A?). Therefore, we have a topological
isomorphism

Ay /A2 = D gy @B

and by completion we conclude that

Dy/D2 = Qu/®ab .
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Proposition 10.8. The module of relative differentials is stable under base
change: If k — A and k — K are morphisms of differentiable algebras, then

In particular, if Q4 is a finitely generated projective A-module, then
Qagoryx = Qam Ok K.

Proof. Let us consider the morphism p: A — AR K, p(a) = a ® 1. By 10.7, we
have

Qu/®a(ABRK) = Q,(A/k).
On the other hand, D, is the kernel of the natural morphism

ARLARLK M ALK

[
(ABLK)® (AR, K)

so that D, = D43, ), and we conclude that Q,(A/k) = Q45 1) /K-

10.2 Exact Sequences of Differentials

First sequence of differentials. Let kK — A — B be morphisms of differen-
tiable algebras. We have a cokernel of Fréchet B-modules

QA/k@AB — QB/k — QB/A — 0.
If QA/k<§>AB — Qp/ admits a continuous retraction, then this sequence is
exact and it splits topologically.

Proof. The natural continuous epimorphism B ®; B — B® 4 B is open, and the
inverse image of Ap,4 is just Ap/, so that the natural continuous morphism
Ap/r — Apya is an open epimorphism; hence so is the induced morphism

Dp/r = AB/]C/AZB/]@ — AB/A/A2B/A =Dp/a -
Therefore, the standard exact sequence of differentials
Z)A/k R4 B — QB/k — Z)B/A — 0

is a cokernel of locally convex B-modules. Applying completion (see 6.1.b and
10.3) we obtain the desired sequence.

Finally, if the morphism € 4 /k® AB — Qg admits a continuous retraction,
then it is injective and 24 /k@ 4B has the induced topology. Hence its image is
closed and we conclude that

Qe = (Qa®aB) ®Qp)a -
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Corollary 10.9. Q5 5) /), = (QA/k@)kB) ® (ARkQp /1) -

Proof. Let us consider the sequences of differentials corresponding to the canon-
ical morphisms A — A®;B and B — A®B:

QA/k@)A(A@kB) — Q(A@)kB)/k — QB/k®B(A®kB) — 0

| | [
0<+— QA/]C®A(A®]€B) — Q(A@)kB)/k — QB/k@B(A®kB)

So we see that the continuous morphism QA/k@)A(A@kB) = Qag, B)/k

admits a continuous retraction Q(A@)kB)/k — QA/k®A(A®kB) ; hence these
sequences split topologically:

Q(A@)kB)/k = (QA/k@)A(A@kB)) D (QB/k®B(A®kB)) .
O

Second sequence of differentials. Let k — A be a morphism of differentiable
algebras. If a is a closed ideal of A and we put B = A/a, then we have a cokernel
of Fréchet B-modules

a/az -4 Quk®aB — Qpp — 0,

where d[a] = (da) @ 1. If the morphism d: a/ a2 — QA/k@)AB admits a contin-
uous retraction, then this sequence is exact and it splits topologically.

Proof. The natural morphism Ay, ®A=A®y A — B®, B = Ap/, © B is an
open epimorphism, hence so is the morphism A 4/, — A/, and the morphism
Dam = AA/k/Ai/k — AB/k/A%/k = Dp/i. Therefore, the standard exact
sequence

a/a2 i> Z)A/k(g)AB — QB/k — 0

is a cokernel of locally convex B-modules. Applying completion (6.1.b and 10.3)
we obtain the desired second sequence of differentials.

If the morphism a/ a2 = Qy /k@@ 4B admits a continuous retraction, the ar-
gument given in the proof of the first sequence of differentials shows that the
second sequence of differentials splits topologically.

O

Lemma 10.10. The diagonal ideal Deoo(rny is generated by the increments of
the cartesian coordinates Axy = x1 — Y1,..., ATy = Tp — Y -

Proof. Deoo(rny is the ideal of the the diagonal embedding R" — R™ x R".
In other words, Dee(gny is the ideal of all functions in C>°(R™)®rC>(R") =
C>°(R™ x R™) vanishing on the diagonal submanifold 21 = y1,...,2, = yn. By
2.7, the elements Ax; :=x; ® 1 —1®y; = x; — y; generate Deoo(gn).

O
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Proposition 10.11. The module Qcoo(gny is free and {dx1,...dx,} is a basis:

Therefore, if U is an open subset of R™, then {dxy,...dx,} is a basis of the
free C*°(U)-module Qe (1ry-

Proof. By 10.10, we have that dwi,...,dx, generate Q¢ (gn). On the other
hand, given a relation fidz; + --- 4+ fp,dz, = 0 with coefficients in C*>°(R"),
applying 10.4 to the continuous derivation 9/9z;: C>°(R™) — C>°(R"), we obtain

0= (fidwy + -+ + frdz,)(0/0x;) = f; .

Finally, the case of an open subset of R™ follows directly from 10.5.
O

Corollary 10.12. Let k — A =C>(R"™)/a be a morphism of differentiable al-
gebras. The A-module of relative differentials 24, is generated by dxy, . .., dz,.

Proof. By 10.11 and the second sequence of differentials applied to the ideal a
of C*(R™), we obtain that Q4 is generated by dzi,...,dz,. Now, the result
follows from the first sequence of differentials applied to R — k — A.

O

Corollary 10.13. Let A be a differentiable algebra and let x € X = Spec, A.
Then
Qa4 @4 (A/m,) = my/m2 = T5X .

Proof. By 10.6 and 10.7 we have
mg/m; = Q. (A/R) = Qu®a(A/m;) = Qa/m, Qs .

Since Q4 is a finitely generated A-module, there exists a continuous epi-
morphism A™ — Q4, which is an open map since both modules are Fréchet.
Then

R™=A" Q4 (A/mI) — QU Ra (A/mz) = QA/mwQA

is an open epimorphism, hence Q4/m,Q4 is separated, i.e., m;Q4 = m,; Q4.
Finally, m,/m2 = T*X by 5.12.
O

In general these sequences of differentials are not exact. Let us show an
example: Let h(z) be a differentiable function on R with null Taylor series at
the point © = 0 and no other zero, and let ¢(x) be a primitive of h(z). Let
us consider the first sequence of differentials corresponding to the morphism
A =C>®R) - B=C>R), f(y) = f(¥(x)), induced by the differentiable map
YRR,y =)

QAQBAB L Op —>QB/A—>O

I |
Bdy = (Ady)®.B Bdx
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where ¢¥*(dy) = d(¢(z)) = h(z)dz. Hence the image h(z)Bdz of ¢* is not
closed in Bdz = Qp and, in particular, it does not coincide with the kernel of
QB — QB/A~

10.3 Sheaf of Relative Differentials

Proposition 10.14. Let ¢: X = Spec, A — Spec, k = S be a morphism of
affine differentiable spaces. Let us consider open subsets V.C S and U C ¢~ 'V.
We have

Qag /by = Qag/k -

Proof. Note that

Ap@rky "2 (Ap)y = Ay .

Since the module of relative differentials is stable under base change, we have

10.8 ~ 8.11
Qav/ky = Qavdekv)yby = SLavw®rky = (Qaymlv = Qaygn -

O

Definition. Let ¢: X = Spec, A — Spec,k = S be a morphism of affine
differentiable spaces. The sheaf of relative differentials of X over S is defined to
be Qx/s: =04 By the Localization theorem for Fréchet modules, we have

Qx/s(U) = (Qam)v 12 Qay /i

for any open subset U C X.
By 10.14, for any open subsets V C S and U C ¢!V we have

Qx/s)v = Qus = Qv -

This fact let us define the sheaf {2x /5 in the non-affine case by “recollement”:
Let ¢: X — S be a morphism of differentiable spaces. The sheaf of relative
differentials of X over S is defined to be the unique Ox-module {2x,5 such
that

Qx/s)v = Quyv

for any affine open subsets V C Sand U C ¢~ 'V. When S = Spec, R, we denote
it by Qx.

According to 10.11 and its corollaries, we have the following facts:

1. Qx/s is a locally finitely generated Ox-module.

2. Qgn is a free Ogn-module. Moreover, Qgr~» coincides with the sheaf of differ-
entiable 1-forms on R™ (this fact is easily generalized to smooth manifolds).

3. Ifr e X, then T/ X = m;/m2 = Qx,/m,Qx, .
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10.4 Smooth Morphisms

Definition. A morphism of differentiable spaces ¢: X — S is said to be smooth
at a point x € X (or that X is smooth over S at x) if there exists an open
neighbourhood U of z in X such that ¢(U) is open in S and there exists a S-
isomorphism U ~ V x ¢(U), where V is an open subspace of some R™. In such
a case we say that n is the relative dimension of ¢ at z.

We say that ¢ is a smooth morphism when so it is at any point of X.

The following properties of smooth morphisms follow directly from the defi-
nition:

1. If ¢: Y — X and ¢: X — S are smooth morphisms, then so is the compo-
sition p¢: Y — S.

2. The concept of smooth morphism is stable under base change: If a morphism
X — S is smooth, then so is X xg7T — T for any morphism T — S.

3. The concept of smooth morphism ¢: X — S is local in S: If {U;} is an open
cover of S and any morphism ¢[,-1(y,): o~ Y(U;) — U; is smooth, then ¢ is
a smooth morphism.

4. The concept of smooth morphism ¢: X — S is local in X: If {V;} is an open
cover of X and any morphism |y, : V; — S is smooth, then ¢ is a smooth
morphism.

5. Open embeddings (in general local isomorphisms) are smooth morphisms.

6. Smooth differentiable spaces over Spec, R are just smooth manifolds. Hence,
the fibres X of any smooth morphism X — S are smooth manifolds. If
V is a smooth manifold and S is any differentiable space, then the second
projection ¥V x § — S is a smooth morphism.

7. A differentiable map V — W between smooth manifolds is a smooth mor-
phism at a point p € V if and only if it is a submersion at p.

Theorem 10.15. Let X be a differentiable space whose underlying topological
space is a topological manifold of constant dimension n. Then X is a smooth
manifold if and only if the sheaf of differentials Qx s a locally free Ox-module
of rank n.

Proof. If X is a smooth manifold and U is an open subspace of X which is
isomorphic to an open subspace of R", then » = n by the invariance of domain
([68] 4.7.16). By 10.11 we have Qx|y = Qu = Opdz; @& ... ® Opydz,, and we
conclude that Qx is a locally free Ox-module of rank n.

Conversely, let us assume that )x is a locally free O x-module of rank n. Let
p € X and let z1,...,x, be differentiable functions on an open neighbourhood
U of z such that {d,z1,...,dpx,} is a basis of

T;X = mp/m?] = QX,p/ranX,p =~ (OXyp/m;D)n .
By 5.21, the morphism

(1,...,2p): U — R”
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is a local embedding at z. Therefore, restricting U if necessary, we may assume
that it induces an isomorphism of U with a closed differentiable subspace Y of
an open subspace of R™. Since U is a topological manifold of dimension n, then
Y is open in R™ by the invariance of domain; hence X is a smooth manifold of
dimension n.

O

Proposition 10.16. If p: X — S is a smooth morphism of constant relative
dimension n, then Qx5 is a locally free Ox-module of rank n.

Proof. Since the question is local and ¢ is a smooth morphism, we may assume
that S = Spec.k is affine, X = S x R™ and that ¢: X — S is the natural
projection. Then we have that X = Spec, A, where A := k&g C>®(R"). The first
sequence of differentials

Qké)RCOO(Rn) = Q]d@kA — QA — QA/k — 0
and the equalities (see 10.9 and 10.11)
Q4 = (UBRC®(R™)) & (e ) Ork)

imply that Q 4/, = Adx, @ -+ ® Adw,, hence Qx /g is a locally free Ox-module
of rank n.
O

Theorem 10.17. Let p: X — S be a morphism of differentiable spaces whose
topological fibres are topological manifolds of constant dimension n. Let us as-
sume that S is reduced. Then ¢ is a smooth morphism if and only if ¢ is an
open map and Qx s is a locally free Ox-module of rank n.

Proof. (=). It is clear that any smooth morphism is an open map and, by 10.16,
x5 is locally free of rank n.

(«). Since the question is local and ¢ is an open map, we may assume that
 is a surjective morphism of affine differentiable spaces

¢: X =Spec, A — Spec, k=S5

and that Q4/, = Adz; © -+ ® Adz, is a free A-module.
Given a point s € S, the fibre

Y :=¢7(s) = Spec,(4/m,A)

is a smooth manifold. In fact, since A/m,A = A®y(k/m,) and the differentials
are stable under base change (10.8), we have that

Qamayr = Quwr(k/mg) = (A/mA)dae @ - @ (A/ mA)dz,
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is a free module of rank n. By 10.15, we conclude that ¥ = ¢~ 1(s) is a
smooth manifold of dimension n. Moreover, the proof of 10.15 shows that
o= (x1,...,2,): Y = R" is a local diffeomorphism.

Now, given a point x € Y, let us show that the following sequence of real
vector spaces is exact:

0 — T,Y — T,X 25 T.8 (¥
Applying the functor ®4(A/mx ;) to the first sequence of differentials
QA — Q4 — Qap — 0
we obtain the exact sequence
mg/ml — mx,/my, — myg./mi, — 0,

or equivalently (5.12),
TS 25 T,X* — TV — 0,

and the dual sequence is just the desired exact sequence.
By 5.21, the morphism (¢, ¢) = (¢, 21,...,2,): X — S x R" is a local
embedding, because

(Pas 0s): ToX — ToS ® Ty R"

is injective (recall the exact sequence (x) and that ¢: Y — R" is a local diffeo-
morphism). Therefore, we may assume that X is a closed differentiable subspace
of S x R™. Moreover, since the fibres of both spaces over S are topological man-
ifolds of dimension n, we obtain easily (by the invariance of domain) that the
closed embedding X — S x R" is bijective. Finally, S x R" being reduced, we
conclude that X =S5 x R".

O

Proposition 10.18. Let p: X — S be a finite flat morphism of differentiable
spaces. The following conditions are equivalent:

1. ¢ is a smooth morphism.

2. Qx5 =0.
3. @ s a local isomorphism at any point x € X.

(See also 9.16.)

Proof. (1) = (2). It is a particular case of 10.16, since any finite smooth mor-
phism has relative dimension 0.

(2) = (3). Since the differentials are stable under base change, for any point
s € S, we have
Qp-1(5) = Qx/5 ®os Os/ms = 0
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and by 10.15 we obtain that ¢~!(s) is a smooth manifold of dimension 0. In
other words, p~1(s) is a finite reduced differentiable space, hence the index of
ramification of ¢ at any point z € ¢~1(s) is 1. By 9.16 we conclude that ¢ is a
local isomorphism at any point z € X.

Finally, the equivalence (1) < (3) is obvious.

Formally Smooth Spaces

Definition. A differentiable space X is said to be formally smooth if the sheaf
of differentials Qx is a locally free Ox-module (of finite rank by 10.12).
Smooth manifolds are formally smooth by 10.11.

Given a closed subset Y C R"”, let us denote by Wy the Whitney subspace
of Y in R™. Recall (5.10) that Wy is the differentiable subspace of R™ defined
by the Whitney ideal

Wy = (my*! (yeY, reN)
y,r

i.e., Wy is the ideal of all differentiable functions on R™ whose Taylor expansion
at any point y € Y is null.

Lemma 10.19. Let Y be a closed set in R™. The Whitney subspace Wy is
formally smooth.

Proof. Wy is defined by the differentiable algebra A = C*°(R™)/Wy. Let us
consider the second sequence of differentials

Wy/Wiff — QC(]Rn)@C(Rn)A — Q4 — 0.
By Whitney’s spectral theorem, we have W2 =Wy , hence

Qa4 = Qown)@crn A 1 Adey @ - @ Aday,

that is to say, Qw, is a free Ow, -module.
O

Theorem 10.20. A differentiable space X is formally smooth if and only if each
point p € X has an open neighbourhood isomorphic to the Whitney subspace of
a closed set of some R™.

Proof. If X is formally smooth, then we may assume that Qx is a free Ox-
module:
QOx = Oxdz1 ®...0 Oxdzx, .

By 10.13, {dp®1,...,dpz,} is a basis of the cotangent space T,; X and, ac-
cording to 5.21, the differentiable functions z1,...,z, define a local embedding
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X < R™. That is to say, we may assume that X is a closed differentiable sub-
space of R” and that {dxy,...,dxz,} is a basis of Qx. Let us write X = Spec,. A
where A =C*(R™)/a. Since Q4 = Adx; @ --- ® Adx,, , the morphism 7 in the
second sequence of differentials

a/@ i> Qcoo(Rn)®coo(Rn)A 10ﬁll Adxl D---D Adxn L> QA — 0
is an isomorphism. Therefore, the morphism

0/ 5 Adey @@ Az, [f] Y [0F/0xi]de;

is null. In other words, %(a) C a for any index 4. This fact implies that the

Taylor expansion of any function f € a at any point = € (a)o = X is null. By
Whitney’s spectral theorem we conclude that a = Wx, hence X is a Whitney
subspace.

Conversely, such condition is sufficient because the concept of formally
smooth differentiable space is local, and W x is formally smooth by 10.19.
O

Note. The proof of theorem 10.20 shows in fact that a differentiable algebra
A is the Whitney algebra of a closed set in R™ if and only if the module of
differentials is a free module Q4 = Adx,®...® Adz,, where x4, . .., x, generate
A as a C*°-ring (when A has compact spectrum, by 5.25 and 5.26 this condition
states that Rz, ..., x,] is a dense subalgebra). Within a certain class of Fréchet
algebras with compact spectrum, Whitney algebras of compact sets K C R™ were
characterized in [35] by the following properties:

1. There exist n functions x1, ..., 2z, € A such that Rlzy,...,z,] is dense in A.

2. The diagonal ideal D4 is a finitely generated ideal and any power D is
closed in AQgA.

3. Q4 is a free module of rank n and the graded ring €, (D% /D) is the
symmetric algebra of € 4.

and, within a more restrictive class of Fréchet algebras, Whitney algebras of
compact sets in smooth manifolds were characterized in [41] by the following
properties:

1. The diagonal ideal D4 is a finitely generated ideal and any power D, is
closed in AQgA.

2. Q4 is a projective A-module and the graded ring @,(D%/D5) is the
symmetric algebra of Q4.

For analogous characterizations of algebras C*° (V) of differentiable functions
on smooth manifolds we refer the reader to [38] and [10].



11 Quotients by Compact Lie Groups

Let us consider a differentiable action of a compact Lie group G on a smooth
manifold X. In general, the topological quotient X/G does not admit a smooth
structure. For example, if G = {£1} acts by multiplication on R?, then the
quotient R3 /G is not even a topological manifold. More generally, the quotient
of R™ by a non-trivial linear action of G is not a smooth manifold. This kind of
example shows that the category of smooth manifolds is too restrictive for an
adequate analysis of quotients.

The main purpose of this chapter is to state the existence of quotients, with
respect to the actions of compact Lie groups, in the category of differentiable
spaces. Given a differentiable action of a compact Lie group G on a differentiable
space X, let us consider the topological quotient 7 : X — X/G endowed with
the following sheaf of rings Ox q:

Ox,c(U) == Ox(r~'U)°

for any open subset U of X/G, where Ox(7~'U)% denotes the algebra of all
G-invariant differentiable functions on 7~ 'U. The morphism of ringed spaces
7:(X,0x) — (X/G,0x/¢) is called the geometric quotient of X by G. Using
Mostow’s equivariant embedding theorem and Schwartz’s theorem on differen-
tial invariants, we shall prove that the geometric quotient (X/G,Ox/¢) is a
differentiable space.

In the case of X being a smooth manifold, the quotient X/G is not a smooth
manifold in general. However, the differentiable structure of X/G is not very far
from a smooth one, since it admits a locally finite stratification by locally closed
smooth submanifolds. Moreover, the set of all non-singular points of X/G is a
dense open subset (we say that a point of X/G is non-singular when it has an
open neighbourhood which is a smooth manifold).

11.1 Godement’s Theorem

Classical classification problems may be viewed as the determination of the struc-
ture of the quotient V/R of a certain family of objects V under an equivalence
relation R C V x V. In most cases V is a smooth manifold and it is natural to
study whether the quotient set V/R admits a natural structure of smooth man-
ifold such that the canonical projection m: V — V/R is a differentiable map.

J.A. Navarro Gonzéalez and J.B. Sancho de Salas: LNM 1824, pp. 127-150, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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Definition. Let R C V x V be an equivalence relation on a smooth manifold
VY and let m: V — V/R be the quotient map. We shall consider the quotient
topology on V/R. This space is endowed with the following sheaf of rings:

Ov/n(U) = Continuous functions f: U — R
V/R | suchthat for e C®(n~1U)

If the pair (V/R, Oy/g) is a smooth manifold, then we say that (V/R, Oy /g) is
the quotient manifold of V by R. Note that 7: V — V/R is a differentiable
map in this case.

The quotient manifold V/R has the adequate categorial property: If a differ-
entiable map ¢: ¥V — W to a smooth manifold W is constant on the equivalence
classes of R, then there exists a unique differentiable map ¢: V/R — W such
that o = om.

Definitions. An action of a group G on a set X is a map pu: G x X — X such
that 1-2 =2 and g1 - (92 - ) = (g192) - « for any = € X, g1,92 € G, where we
put g -z := u(g,z).
Let X and Y be sets endowed with an action of a group G. A map ¢: X — Y
is said to be G-equivariant when ¢(g-z) = g - ¢(x) for any z € X, g € G.
Given an action pu: G x X — X, the image R of op: G x X — X x X,
0(g,z) = (g z,x), defines an equivalence relation on X:

r=a & x=g-2' for some g € G .

In this case the quotient set X/R will be denoted by X/G.
The equivalence class Gx = {g - x; g € G} of any point x € X is said to be
the orbit of z. The isotropy subgroup of z is defined to be

I, = {9eG: g-z=x}.

Note that the natural map G/I, — Gz, [g] — g - x is bijective.

An action of a topological group G on a topological space X is said to be a
continuous action if the map p: G x X — X is continuous.

Analogously, an action of a Lie group G on a smooth manifold V is said
to be a differentiable action if the map pu: G x V — V is differentiable.
Let 7: V — V/G be the quotient map. As in the general case of a quotient
by an equivalence relation, we consider on V/G the quotient topology and the
structural sheaf

Ov/a(U) = Continuous functions f: U — R
v/@G ~ | suchthat forw e C®(rtU)

If the pair (V/G, Oy /¢) is a smooth manifold, then we say that (V/G, Oy q) is
the quotient manifold of V by G.

Proposition 11.1. Let R C V x V be an equivalence relation on a smooth
manifold V. If p: V — V is a surjective submersion whose fibres coincide with
the equivalence classes of R, then V/R is a smooth manifold and ¢ induces a
diffeomorphism V/R =V .
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Proof. Since any submersion is an open map, the natural bijection V/R =V is
a homeomorphism. Finally, we have that Oy r = C%O because a function f on

V is differentiable if and only if f o ¢ is differentiable on V (1.22.e.1).
O

Godement’s theorem. Let R be an equivalence relation on a smooth manifold
V. The following conditions are equivalent:

(a) V/R is a smooth manifold and m:V — V/R is a submersion.

(b) R is a smooth submanifold of V XV and the second projection wo: R — V
is a submersion (hence so is m1: R — V).

Moreover, in such a case, V/R is separated if and only if R is closed in VX V.

Proof. (a) = (b). If 7: V — V/R is a surjective submersion, then 1.22.c let us
conclude that R = {(z,y) € V xV: 7(x) = m(y)} = V Xy, g V is a smooth
submanifold of ¥V x V and that the second projection R — V is a submersion.

(b) = (a). Let us write O = Oy,z. We have to prove that (V/R,0) is a
smooth manifold and that 7: V — V/R is a submersion.

1) 7 is an open map: If V is an open set in V, then 7= (7V) = 71 (w5 (V)
is open, because m;: R — V is open, since so is any submersion.

2) To see that (V/R, Q) is a smooth manifold, it is enough to prove that
any point p € V has an R-saturated (union of some equivalence classes) open
neighbourhood U such that U/R is a smooth manifold, because U/R is open in
V/R and Oy r = Oly/g (since U is R-saturated). By the way, we shall prove
that U — U/R is a submersion.

3) For any p € V, the equivalence class [p] is a smooth submanifold of V,
because so are the fibres of any submersion and [p] is just the fibre of m3: R — V
over p.

4) p has an open neighbourhood V' such that the quotient manifold of V' by
the induced equivalence relation exists and the quotient map is a submersion.
In fact, if W is a smooth submanifold of V such that

T,V = T(p)) e LW,

then Ry = m, '(W) is a smooth submanifold of V x W and we are going to
prove that m: Ry — V is a local diffeomorphism at (p,p). It is a submersion
because the image of the tangent linear map contains

T,W  since W 2% Ry T8 V) s the identity on W,

T,([p])  since [p] 1P, Ry ™5V s the identity on [p],
and it is a local diffeomorphism because

dim T, ) (Rw) = dimT,W +dim T, ,y([p] x p) = dimT,V .
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Hence, we may assume the existence of open neighbourhoods U, V of p in V
such that 71: (U x U) N Ry — V is a diffeomorphism. Let « — (z,7(x)) be the
inverse map, where r(x) is the unique point of W in [z]. The fibres of r: V. — W
are just the equivalence classes of the equivalence relation induced by R on V.
Moreover, VNW defines a local section of r passing through p. Replacing V by a
smaller neighbourhood we may assume that r is a submersion and, replacing W
by the open subset 7(V'), we may assume that r is surjective. Hence r: V. — W
is the quotient manifold of V' by the induced equivalence relation.

5) m: m1(xV) — w(V) is the quotient of 7=!(7V) by R. In fact we have
shown that 7(V') admits a structure of smooth manifold such that 7: V" — 7(V)
is a surjective submersion. Let us consider the following commutative square

7T2_1(V) SELEEN ’/T1(7T2_1V) =7 YxV)

ﬂzl ﬂl
Vv T (V)
where the top, down and left arrows are surjective submersions. Hence so is the
right arrow 7: 7= 1(7V) — 7(V) by 1.22.b and 1.22.e.4. Since U = 7~ }(7V) is

an R-saturated neighbourhood of p, step 2 let us conclude that V/R is a smooth
manifold.

6) Finally, V/R is separated if and only if the diagonal A of (V/R) x (V/R)
is closed. Now, 7: ¥V — V/R being a surjective open map, so is

mx7m:VxV— (V/R)x (V/R),

and we conclude that A is closed in (V/R)x (V/R) if and only if R = (7x7)"1(A)
is closed in ¥V x V.
O

Corollary 11.2. Let u: G XV — V be a differentiable action of a Lie group G
on a smooth manifold V. The following conditions are equivalent:

(a) V/G is a smooth manifold and 7:V — V/G is a submersion.

(b) The induced equivalence relation R is a smooth submanifold of V x V.

Proof. In fact, if R is a smooth submanifold, then mo: R — V is a submersion,
since so is the composition GxV 2 R =2 Vand o(g, z) = (g, x) is surjective.
O

Corollary 11.3. Let H be a closed Lie subgroup of a Lie group G and let us
constider the right-action of H on G. Then G/H ‘s a separated smooth manifold
and m: G — G/H is a submersion.

Therefore, if H is a normal subgroup, then G/H is a Lie group.

Proof. The image of the map ¢o: H x G — G x G, (h,g) — (gh,g), is a closed
submanifold, because the diffeomorphism G x G — G x G, (a,b) — (b~'a,b),
transforms it into the closed submanifold H x G.

O
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Corollary 11.4. Let G X V — V be a differentiable action of a discrete group
G on a smooth manifold V. If each point x € V has an open neighbourhood U
such that g;U N g;U = 0 whenever i # j, then V/G is a smooth manifold.

Proof. InfactT'y := {(gz, x) } 4y is a smooth submanifold of VxV for any ¢ € G;
hence so is R = Ug I'y, because any point (gz,z) € R has a neighbourhood
(gU) x U which only intersects R at points of T'y.

O

Corollary 11.5. Let G xV — V be a differentiable free action of a finite group
G on a separated smooth manifold V. Then V/G is a separated smooth manifold.

Proof. V/G is a smooth manifold by 11.4. Moreover, T, is closed in V xV because
V is assumed to be separated; hence R = I'g, U...UT'y is closed and we conclude
that V/G is separated.

O

Let us show that the separation hypothesis in 11.5 is necessary in order to
conclude that V/G is a smooth manifold:

Ezample. Let R be a real line where the origin = 0 is split (see 1.3) in two
points +0, and let us consider the natural multiplicative action of G = {£1} on
R. It is a free action, but the topological quotient space I@/G ~ [0, 00) is not a
topological manifold.

In the following example, we shall consider an elementary classification prob-
lem such that the corresponding quotient manifold is not Hausdorff, so explaining
the introduction of non-separated manifolds in the study of quotients.

Ezample. Let us study the classification by translations of oriented closed seg-
ments (a,b) in a real line (with at least a finite end-point, and eventually a = b).
These segments may be identified with points of ¥V = Py x Py — {(00, 00)}, which
is a separated smooth manifold. If we consider the additive group G, = (R, +)
of translations, we have a differentiable action of G, on the manifold V of all
oriented segments: A + (a,b) := (A + a, A+ b). The orbits of this action are:

1. Segments (a,00), with a finite, form a orbit.
2. Segments (00, a), with a finite, form a orbit.
3. Bounded segments (a,b), with b — a = D a given constant, form a orbit.

Therefore, if we extend D with the convention
D(a,0) =400 , D(o0,a)=—00,
we obtain the quotient of V by G, ,
D:V — @1 ,

where I@l stands for a real projective line where the infinity point is split (see
1.3) in two points oo:
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From a categorial point of view, it may be reasonable to consider the notion
of categorial quotient: Given a differentiable action of a Lie group G on a smooth
manifold V, a differentiable map 7: ¥V — C to a smooth manifold C is said to be
the categorial quotient if for any differentiable map ¢: V — W to a smooth
manifold, which is constant on the orbits, there exists a unique differentiable map
¥: C — W such that ¢ = Yom. Of course, the quotient manifold 7: V — V/G, if
it exists, coincides with the categorial quotient. However, the categorial quotient
exists in some situations where the quotient manifold does not. In such a case,
the categorial quotient looks inadequate from a geometric point of view.

Example. Let us consider the multiplicative action of G = Ry on the complex
plane C. The topological quotient space C/G has a unique closed point [0], so
that it is not a Tj-space; in particular, C/G is not a smooth manifold. In this
case the categorical quotient of C by G exists, since it is the projection C — p
onto the one-point manifold p.

11.2 Equivariant Embedding Theorem

Definition. We say that a continuous action pu: GXE — E of a Lie group G on
a topological vector space F is linear, or that G acts by linear automorphisms,
if the maps pg: E = E, pg(e) = g - e, are linear.

If F is a finite-dimensional real vector space, then continuous linear actions
of G on E are just continuous linear representations (continuous morphisms of
groups) ¢: G — GI(E), where p(g)(e) :=g - e.

Proposition 11.6. Let G be a Lie group and let E be a finite-dimensional real
vector space. Any continuous linear representation o: G — GI(E) is differen-
tiable, hence the corresponding action p: GXE — E, u(g,e) = o(g)(e), is dif-
ferentiable.

Proof. In fact, the graph I', = {(g,0(9)): ¢ € G} C GxGI(E) is a closed
subgroup and it is homeomorphic to G; hence it is a smooth submanifold of
the same dimension as G ([73] 3.42). The first projection m1: I’y — G, being a
morphism of groups, has constant rank; hence it is a diffeomorphism (1.23). We
conclude that the linear representation ¢ = mom; ! is differentiable.

O

Definitions. A differentiable action of a Lie group G on a differentiable space
X is defined to be any morphism of differentiable spaces pu: G x X — X such
that the following diagrams are commutative:
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mxId

GxGxX —— Gx X x X~y
lldxu l# Id\‘ \/u
X

GxX —H5 X

where m: GXG — G, m(g1, g2) = g1 g2, is the operation of the Lie group G.
Of course, when X is a reduced differentiable space, the commutative char-
acter of the above diagrams is equivalent to the usual conditions

(9192) -z =g1- (92 - ) and l-z=ux.

Given differentiable actions px: GxX — X and py: GXY — Y of G on
two differentiable spaces X, Y, we say that a morphism of differentiable spaces
¢:Y — X is G-equivariant if the following square is commutative:

GxY 25y

e s

GxX 2, Xx

Let pu: GXX — X be a differentiable action and let i: Y < X be a differen-

tiable subspace. If the morphism GxY 10, G X 2 X factors through Y, then

Y is said to be G-invariant. In such a case, the induced morphism GxY — Y is
a differentiable action and the inclusion morphism ¢: Y < X is G-equivariant.

Definition. Let u: Gx A — A be a continuous action of a Lie group G on
a topological algebra A. We say that G acts on A by automorphisms of
algebras if the maps pug: A — A, pg(a) := g - a, are automorphisms of R-
algebras.

Ezample. Let C(G,R) be the algebra of all real-valued continuous functions on
a Lie group G. We have a natural continuous action of G on C(G,R) by auto-
morphisms of algebras: (g- f)(¢') :== f(g~'q).

Example. Let i: GXE — E be a continuous linear action of a Lie group G on a

finite-dimensional real vector space E. Then we have a natural continuous action
of G on C*(E) by automorphisms of algebras: (g- f)(e) := f(g~ ! -e).

Let p: Gx X — X be a differentiable action of a Lie group G on an affine
differentiable space X. If g € G, then the composition

X~gxX < GxX & X

is an isomorphism ¢g: X ~ X, and it defines an isomorphism of R-algebras
g*: Ox(X) ~ Ox(X). So we obtain an action of G on the algebra of differen-
tiable functions Ox (X) by automorphisms of algebras:

gf=")f . geG feOx(X).

Note that, by definition, g - f is the restriction of u*f to ¢~ !xX ~ X . The
following lemma shows that this action is continuous.
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Lemma 11.7. Let p: GXX — X be a differentiable action of a Lie group G
on an affine differentiable space X. The corresponding action of G on Ox(X)
18 continuous.

Proof. For any affine differentiable space Y, we write O(Y) := Oy (Y'). Let us
we consider the map

by : GXO(GxY) — O)
such that dy (g, f) is the restriction of f to gxY ~ Y. It is easy to check that

dgn is continuous. Let O(X) = C*°(R™)/a; we have a commutative square

GxO(GxR") —22y O(R™) = C>(R")

| l

GxOGxX) —2X 5 O(X)

where the vertical maps are surjective continuous open maps. Since dgn is con-
tinuous, it follows that §x is continuous.

Given a differentiable action u: G x Y — Y, we conclude that the action
of G on Ox(X) is continuous, because it is the composition of the following
continuous maps:

(id)xp”

GxO(x) S Gro@Gxx) XD,

GxOGxX) X5 O(X).
O

Lemma 11.8. Let p: GXxX — X and u: GXY — Y be differentiable actions
of a Lie group G on two affine differentiable spaces X and Y. A morphism
p: X =Y is G-equivariant if and only if the morphism ¢*: Oy (Y) — Ox (X)
is G-equivariant.

Proof. If ¢: X — Y is G equivariant, then the following square
gxX —— X
rax | |#
gxYy —E 5y

is commutative for any g € GG. Equivalently, the square
0X) «L— 0x)
@*T T<ﬂ*
oY) +L— o)

is commutative for any g € G, that is to say, ¢*: Oy (Y) — Ox(X) is G-
equivariant.
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Conversely, if ¢*: Oy (Y) — Ox(X) is G-equivariant, then reversing the
above argument we obtain that the square

gxX —" 5 X

raxs | |#

gxYy —E 5y

is commutative for any g € G. According to 7.16, so is commutative the square

GxX —H 5 X

raxs | |#

GxYy —E vy

that is to say, ¢ is G-equivariant.
O

Definition. Let 8: G x E — FE be a continuous linear action of a compact
Lie group G on a topological vector space E. A vector e € E is said to be
a representation vector if the vector subspace of E generated by the orbit
Ge is finite-dimensional. Peter-Weyl theorem (see [46]) states that continuous
representation functions are dense in C(G, R).

Theorem 11.9. For any continuous linear action of a compact Lie group G on
a Fréchet vector space F', representation vectors are dense in F'.

Proof. Given a vector f € F', a continuous seminorm g on F', and a positive real
number €, we have to prove the existence of some representation vector f, € F
such that ¢(f — f,) <e.

For any continuous function v € C(G,R) we shall put

fo :=/Gv(g)(g~f) dg ,

where dg is the unique left-invariant measure on G such that [, dg =1 (see [54]
for the integration of continuous functions on a compact space with values in a
Fréchet space). Take s = max{q(g- f): g € G}.

Since the map pf: G — F, u¢(g) = g- f is continuous, it follows the existence
of a neighbourhood U of the identity of G' such that

q(f —gf) <e/2

for any g € U. Let u be a non-negative continuous function, with support K
contained in U, such that [wdg = 1. We have

of = £ = a( [ w6)r ~andg) < [ wtaats ~apag
=/KU(9)<J(f—gf)dg < /K%dg = %
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Now, by Peter-Weyl theorem, there exists a continuous representation function
v € C(G,R) such that |u(g) — v(g)| < ¢/2s for any g € G, so that

a(f = 1) Salf = f) +alfu = 1) < 5 +a /G (u (g)*v(g))(gf)dg)

g /Iu ) —v(g) qlgf)dg < =+ “dg = ¢.

2 25
Moreover, since v is a representation continuous function on G, we have
Gv C Ruy + ... 4+ Ru, for some vy,...,v, € C(G,R). Therefore, if h € G, then

h~fv=h~(/Gv(g)(g-f)dg) =/Gv(g)(h9~f)dg

= / v(h™*hg)(hg - f)dg :/ v(h™'g)(g- f)dg (dg is left-invariant)
G G
= [0 0)0)(a - £)dg = oy € REus oo+ R,

We conclude that f, € F is a representation vector and ¢(f — f,) <e€
O

Now we extend Mostow’s theorem ([32] 7.4) on the equivariant embedding
of smooth manifolds to the case of differentiable spaces.

Equivariant embedding theorem ([11]). Let X be a compact separated
differentiable space and let G be a compact Lie group. If u: Gx X — X 1is
a differentiable action, then there exists a differentiable linear representation
0: G = GIUFE) and a G-equivariant closed embedding j: X — E.

Proof. According to 5.28, any compact separated differentiable space is affine:
X = Spec, A. Let us put A = C*°(R")/a and then X = Spec, A = (a)o is a
compact subset of R™. By 11.7, the action of G on A induced by u is continuous.
Representation functions are dense in A, because A is a Fréchet space and we
may apply theorem 11.9; hence there are representation functions fi,...,f, € A
so close to the cartesian coordinates x1,...,x, that d,fi,...,d.f. span the
cotangent space m,/m2 at any point x € X. Hence f1, ..., f,, separate infinitely
near points in X. By 5.21, these representation functions separate points in a
neighbourhood of each point of X (but it may be that fi,..., f, do not separate
points of X). Let us consider a finite open cover of X by such neighbourhoods and
let € be a positive number such that, whenever the distance of two points of X is
smaller than €, both points are in some member of the cover. Let hy,...,h, € A
be representation functions so close to z1,...,x, that, if h;(x) = h;(y) for any
i=1,...,n, then d(z,y) <e, so that f;(x) # f;(y) for some index j. Therefore
fis---s fa,h1, ..., hy, separate points of X.

Let F be the finite-dimensional vector subspace of A generated by the orbits

Gfl)"' ) ana Ghla B Ghn,
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which is G-invariant, and let E be the dual space of F. According to 2.20, the
inclusion map F' — A may be extended, in a unique way, so as to obtain a
morphism of algebras ¢*: C*°(FE) — A. This morphism is G-equivariant by the
uniqueness of the extension, and it is surjective because fi,..., fn, h1,...,hy
separate points of X = Spec, A and infinitely near points (5.25). Finally, the
epimorphism ¢* defines a closed embedding ¢: X — E, which is G-equivariant
by lemma 11.8.

O

Definition. Given a differentiable action of a Lie group G on a differentiable
space X, the type of isotropy 7, of a point z € X is defined to be the conjugacy
class of the isotropy subgroup I, := {g € G: ¢g-z = z}, and we put 7, < 7,
whenever gI,g~! C I, for some g € G. It is an order relation when the isotropy
subgroups are compact ([4] IX.9 Lemma 6).

Corollary 11.10. Given a differentiable action of a compact Lie group G on
a compact separated differentiable space X, the number of types of isotropy is
finite, and each point x € X has a neighbourhood U such that 7, < 7, for any
yeU.

Proof. Any finite-dimensional differentiable linear representation of a compact
Lie group has both properties ([32] 7.2 and [4] IX.9 Th. 2.a). Now the result
follows directly from the Equivariant embedding theorem.

O

11.3 Geometric Quotient

Definition. Any differentiable action p: G x X — X of a Lie group G on a dif-
ferentiable space X defines an equivalence relation on the underlying topological
space X, and we have a sheaf of R-algebras Ox /g on the quotient topological
space X/G:

Oxja(V) = Ox(x V)9

where m: X — X /G denotes the canonical projection. The geometric quotient
of X by G is defined to be the morphism of locally ringed spaces

(m,7): (X, 0x) — (X/G,Oxjc)

where 7* is the morphism of sheaves defined by the inclusion morphisms

Ox/G(V) = Ox(ﬂ'_l‘/)G - Ox(ﬂ_l‘/).

The geometric quotient is a locally ringed R-space and the fundamental ques-
tion is to determine whether it is a differentiable space.

Ezxample. Let us consider a differentiable action of a Lie group G on a smooth
manifold V. If ¢: V — V is a surjective submersion whose fibres coincide (set-
theoretically) with the orbits of the action, then V/G is a smooth manifold and
¢ induces a diffeomorphism V/G =V (see 11.1).
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The geometric quotient is a local concept in the following sense: If U is a
G-invariant open subspace of X, then m(U) is open in X/G and the morphism
of ringed spaces (7, 7*)|y: U — (7(U), Ox/clx(v)) is the geometric quotient of
the action of G on U. Therefore, if X admits a cover {U;} by G-invariant open
subspaces such that U;/G is a differentiable space for any index ¢, then X/G is
a differentiable space.

It is immediate to check that the geometric quotient 7: X — X/G is the
cokernel of the morphisms p, ps: (G x X) = X in the category of locally ringed
R-spaces (even in the category of arbitrary ringed spaces). That is to say,

Proposition 11.11. Let u: GXx X — X be a differentiable action of a Lie group
G on a differentiable space X. Let ¢: X — Y be a morphism of ringed spaces
such that ¢ o p = @ o pa. Then there exists a unique morphism of ringed spaces
©: X/G =Y such that o =pom.

Proposition 11.12. Let u: GXx X — X be a differentiable action of a Lie group
G on a differentiable space X . Given a point x € X, let us assume that the orbit
Gz is a locally closed subset of X. Then we have the following facts:

1. The orbit Gz, considered as a differentiable subspace of X endowed with the
reduced structure, is a smooth manifold.
2. The natural bijection G/I, — Gz, [g] — ¢ -z, is a diffeomorphism.

Proof. The isotropy subgroup I, is closed in G (hence it is a Lie subgroup)
because it is the fibre of the morphism ¢: G % X over z. By 11.3, we know
that G/I, is a smooth manifold.

By the categorial property of the geometric quotient (11.11), the morphism
¢: G % Gr C X induces a bijective morphism ¢: G/I, - Gx. To prove that
this bijection is an isomorphism, it is enough to show that ¢: G/I, L Gris a
local embedding, since both differentiable spaces are reduced. The rank of the
linear tangent map ¢, is constant along G/, because ¢ is G-equivariant. Now,
the problem being local, we may assume that Gz is affine: Gx C R". Finally, it
is a standard fact that any injective morphism ¢: G/I, — Gx — R™ between
smooth manifolds, whose linear tangent map ¢, has constant rank, is a local
embedding (see 1.23).

O

Let us consider a differentiable action of a compact Lie group G on a differ-
entiable space X. If f is a differentiable function on a G-invariant affine open
subspace U, then the map G — Ox(U), f — ¢-f, is continuous by lemma 11.7,
and averaging over G

f = /G(g~f)dg

we obtain a G-invariant differentiable function f on U, and f = f whenever f is
G-invariant. Recall that dg denotes the unique left-invariant measure on G such
that [, dg=1.
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Hilbert’s Finiteness Theorem. Let G — GI(R™) be a differentiable linear
representation of a compact Lie group G. The R-algebra of G-invariant poly-
nomials on R™ is finitely generated, i.e., there exist G-invariant homogeneous
polynomials p1,...,pr on R™ such that

R[azl,...,xn]G = Rlp1,...,px] -

Proof. Let I be the ideal of R[zy,...,z,] generated by all G-invariants homoge-
neous polynomials of positive degree. Since any ideal of R[xy, ..., z,] is finitely
generated (by Hilbert’s basis theorem), we can find finitely many homogeneous
G-invariant generators pi,...,pr of I. Now, we show by induction on d that
every homogeneous invariant polynomial p of degree d lies in Rpy, ..., p]-

The case d = 0 is trivial. Suppose d > 0. Then p € I and we can write it in
the form

p=qp1+ -+ qPk -

Averaging over G, we obtain that
P =qp1+ -+ Qb

where ¢, ..., {, are invariant polynomials. Since we can replace each ¢; by its
homogeneous part of degree d — deg(p;), we may assume that ¢; is homogeneous
of degree < d. Hence, by induction ¢1,...,qx € R[p1,...,pr] and we conclude
that p € R[py, ..., pk]-

O

A similar result is valid for differentiable functions in the following sense:

Schwarz’s Theorem. Let G — GI(R"™) be a differentiable linear representation
of a compact Lie group G, let py,...,px generators of R[zxy,...,z,]% and let
p=(p1,...,px): R® = R¥. Then

p*coo(Rk) _ COO(Rn)G )

See [45, 56] for a proof of Schwarz’s theorem. This result has been extended
to the case of representations of reductive groups (see [25]).

Now, we shall reformulate Schwarz’s theorem in the context of differentiable
spaces. Firstly, we need the following lemma.

Lemma 11.13. With the notations of the Schwarz’s theorem, the map

prR"— R pz) = (pa(x), ... pe(2))

is proper and it induces a homeomorphism R"/G ~ Z onto a closed subset
Z = p(R") in R¥.

Proof. Let us consider a G-invariant metric on R™ (obtained by averaging any
metric). Let 2 be the square of the radius function on R™ with respect to
the given metric. It is clear that r2 is a G-invariant polynomial, hence it is a
polynomial in the p;’s. Since r? is a proper map, so is p.
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Now, let us show that the continuous map p : R”/G — RF is injective or,
equivalently, that R[p1,...,px] separates the orbits of G. Since G is compact,
the orbits are closed subsets of R™. Given two different orbits Y and Y’ let f be
a differentiable function on R™ such that f(Y) =0 and f(Y’) = 1. Given a small
number € > 0, since polynomials are dense in C*°(R"), we can find a polynomial
g so close to f that |¢(y)] < eand |¢(y')—1| < eforanyy € Y,y € Y. Averaging
over (G, we obtain a G-invariant polynomial ¢ taking different values at Y and
at Y.

Finally, the continuous bijection p: R"/G = Z is a homeomorphism because
both spaces are locally compact and Hausdorff.

O

Let us consider on Z the structure of reduced differentiable space induced by
R*, that is to say, any differentiable function on Z is the restriction of some dif-
ferentiable function on R¥. Schwarz’s theorem may be re-stated in the following
terms:

Theorem 11.14. Let G — GI(R™) be a differentiable linear representation of a
compact Lie group G. With the previous notations, we have:

1. The geometric quotient R"™/G is a reduced affine differentiable space.
2. The bijection p: R"/G = Z is an isomorphism of differentiable spaces.

Proof. Given the identification p: R"/G = Z, let us prove that Opn ¢ = C3°, so
that the geometric quotient (R"/G, Ogn ) coincides with the reduced differen-
tiable space (Z,C3%), which is affine by 5.8.

The inclusion CF (V') € Ogn (V) is clear for any open subset V' C Z.

Conversely, given f € Ogn (V) = C>®(p~1V)%, we have to show the exis-
tence of a differentiable function F' € C3®(V') such that f = F(pi1,...,px). By
the Localization theorem for differentiable functions, any differentiable function
f on p~ !V is a quotient f = u/v, where u,v € C*(R") and v > 0 on p~'V.
Averaging over G we obtain

f=a/v w5, o€ C®RMY , >0 on p 'V,
since ﬁz = fh whenever f is G-invariant. According to Schwarz’s theorem,
we have @ = P(p1,...,pk), © = Q(p1,...,px) for some differentiable functions

P,Q € C=(RF), and it is clear that @ > 0 on V. We conclude that P/Q defines
a differentiable function F' € C*°(V') such that

P(py,. ..,
F(p1,...,pk) = Do, Pe)

Q(pla"'vpk) B f

@r‘ =g}
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Lemma 11.15. Let p: G x X — X be a differentiable action of a compact Lie
group on an affine differentiable space and let Y be a closed G-invariant differ-
entiable subspace of X. If the geometric quotient X /G is a differentiable space,
then so is Y/G and the natural morphism Y/G — X/G is a closed embedding.

Proof. Tt is clear that m(Y") is closed in X/G and that it is homeomorphic to
Y/G. By 5.9, we only have to show that, for any affine open subspace U C X/G,
the restriction morphism

Ox,c(U) = Ox (77 ') — Oy (Y N7 'U)% = Oy/c(UN7(Y))

is surjective, because its kernel is a closed ideal, since so is the kernel of the re-
striction morphism Ox (77 1U) — Oy (Y N7~ 1U). Now, if f € Oy (Y N7~1U)C,
then f = hlynr—1y for some h € Ox(7m~1U), because Y N 771U is a closed dif-
ferentiable subspace of the affine open subspace 7~!(U). Hence heOx (rtU)¢
and f = hlynr-1p = iL|yﬂﬂ.—1U since h is G-invariant on Y N7 ~1U.

O

Remark 11.16. Given a point [z] € X/G, let us consider the fibre F' = 7~ ![z] en-
dowed with the natural (eventually non-reduced) differentiable structure. Then

F/G is the one-point differentiable space. In other words, if A is the ring of the
fibre, then A% = R.

Proof. Since the composition morphism F/G — [z] — X/G is an embedding,
the composition map O(X/G) — R — A9 is surjective; hence R = AY.
O

Theorem 11.17. Given a differentiable action of a compact Lie group G on
a separated differentiable space X, the geometric quotient X/G is a separated
differentiable space.

Proof. First we prove that X/G is a differentiable space. Since it is a local prob-
lem and any point € X has a G-invariant compact neighbourhood (GK, where
K is any compact neighbourhood), we may assume that X is compact. In such
a case, by the Equivariant embedding theorem, there exists a finite-dimensional
differentiable linear representation lineal G — GI(F) and a G-equivariant closed
embedding X — FE. From 11.14 and 11.15 we conclude that X/G is a differen-
tiable space
Let us show that X/G is separated. Given points [z] # [y] in X/G, let K, be
a compact neighbourhood of x in X such that K, NGy = 0 (note that the orbit
Gy is a closed subset of X since it is compact). Taking GK, instead of K, we
may assume that K, is G-invariant. Then the complement of K is a G-invariant
open neighbourhood of y in X; hence [z] and [y] admit disjoint neighbourhoods
and we conclude that X/G is separated.
O

Remark 11.18. Let us consider a differentiable action of a finite group G on an
affine differentiable space X C R™. Then the quotient map 7: X — X/G is a
finite morphism.
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Proof. By Theorem 11.17 we know that X/G is a separated differentiable space.
It is immediate that 7 is a closed separated map, so we only have to prove that
the fibre FF = 7=1[2] is a finite differentiable space of bounded degree for any
[x] € X/G. Let A be the differentiable algebra of all differentiable functions
on F. Since F is a closed differentiable subspace of X C R™, we may write
A = C*(R"™)/a for certain closed ideal a. Let us show that A is a finite algebra
of degree < r™, where r is the order of G. By 11.16, we have that A® = R.
This fact implies that the morphism R — A is integral, since any element a € A
satisfies a relation of integral dependence

[[t-9g-a)=t"+xt"""+- 41 =0
geaG

whose coefficients \; are clearly G-invariants, i.e., A\; € R by 11.16. In particular,
each coordinate function z; satisfies some equation P;(z;) = 0 in A, where
P;(t) is a polynomial of degree r. Therefore, A is a quotient of the R-algebra
C>®R")/(Pi(z1),. .., Pn(zy)). Since

Rlz1,...,zn]/(Pi(z1),. .., Pu(zn)) = Rlz1]/Pi(z1) ®r -+ - Qr Rlz,]/Po(xy,)

is a finite algebra of degree r™, we conclude that

CE(R™)/(Pi(21), ..., Pal(wn)) 2 [Rlzy,...,20]/(Pi(21), .., Pu(n))]rat

is a finite algebra of degree < r™, hence so is the quotient algebra A.

11.4 Examples

Let G x X — X be a differentiable action of a Lie group G on a differentiable
space X. If X/G is a differentiable space, then the orbits are closed subsets of
X because they coincide topologically with the fibres of 7: X — X/G. In such
a case, the orbits are smooth manifolds according to 11.12. However, the fibres
of m: X — X/G, with the natural differentiable structure, may be non-reduced.
That is to say, fibres and orbits are not necessarily isomorphic as differentiable
spaces. The following two simple examples show this phenomenon.

Ezample 11.19. Let G = {£1} acting multiplicatively on R. Since the algebra
of invariant polynomials is R[¢]¢ = R[t?], we know (11.14) that the geometric
quotient is

R — [0,00) ,  tet?.

The fibre of any point a € [0, 00) is the subspace t? = @ in R. In particular,
the fibre of the origin 0 is the subspace t? = 0, defined by the differentiable
algebra C*°(R)/(t?), whereas the corresponding orbit is ¢ = 0, i.e., the fibre
counts twice the orbit.



11.4 Examples 143

Example 11.20. Let G be the group of rotations of R? with centre at the origin.
The algebra of invariant polynomials is R[z, y]% = R[z2+%2], hence the geometric
quotient is

R? — [0, 00) , (z,y) = 2® +9y° .

The ring of the fibre of the origin 0 is
C*(R?)/ (22 +y?) = Rllz,y]l/(2" +v7) ,
whereas the corresponding orbit is the one-point space {0} = Spec, R.

Ezample 11.21 (Quotients of smooth manifolds by finite groups). Let X be a
smooth manifold and let G be a finite group of diffeomorphisms of X . The local
structure of X/G may be understood as follows. Let us consider a G-invariant
Riemannian metric on X (such a metric may be obtained from any metric on X
by averaging with G). Given a point x € X, let us consider the exponential map,
which defines a diffeomorphism from the e-ball of the tangent space T, X to a
small neighbourhood of x. Since the exponential map commutes with the action
of the isotropy group I, it defines an isomorphism between a neighbourhood of
[z] in X/G and a neighbourhood of the origin in T, X/I,. Therefore, quotients
R™/G, where G is a finite subgroup of the orthogonal group O,,, are local models
for any quotient of a smooth manifold by a finite group.

Let us examine the case of dimension two. The only finite subgroups of Oy
(up to conjugation) are the following ones:

(i) The trivial subgroup G = {1}.
(ii) The subgroup G = Z/2Z generated by the reflection in the y-axis.
(iii) The subgroup G = Z/nZ generated by a rotation of order n.
(

iv) The dihedral subgroup G = D,, of order 2n, with presentation
<ab:a® == (ab)" =1>,

whose generators a,b correspond to reflections in lines meeting at angle 7/n.
Let us compute the geometric quotient R?/G in the above four cases. Of
course, in case (i) we have R?/G = R2.
Case (ii). When G is generated by the reflection in the y-axis, the algebra of
invariant polynomials is R[x,y]¢ = R[22, y]. By 11.14, the geometric quotient is
the image of the morphism

R? — R? ) (z,y) — (22, y) .

Therefore, the geometric quotient R? /G is the half-plane x > 0.
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Case (iii). When G is generated by a rotation of order n, a lengthy compu-
tation gives the following generators for the algebra of invariant polynomials:

pi(z,y) == Re(z +iy)" = 3((x +iy)" + (z — iy)")

pa(,y) = Im (z +iy)" = 5 ((z +1iy)" — (z —iy)"),

pa(z,y) == ||z +iy|]> = 2 +y°

By Theorem 11.14, the geometric quotient R? /G is isomorphic to the image

of the morphism (p1,p2,p3): R? — R3, that is to say, R?/G is isomorphic to
the singular surface of R? defined by the equations z2 + y? = 2", z > 0.

z

Zn:$2+y2
z>0

In this case, it is interesting to observe that the differentiable quotient does
not coincide with the holomorphic quotient: Let us consider R? = C as a complex
manifold, then G acts on C by holomorphic automorphisms and the holomor-
phic quotient is the morphism ¢: C — C, p(z) = 2", since any G-invariant
holomorphic function on C is an holomorphic function on the variable z".

By the categorial property of the geometric quotient, ¢ factors through a
morphism R?/G — C. This morphism corresponds with the projection of the
surface 22 + % = 2", z > 0, onto the zy-plane.

Case (iv). When G = D,,, again a lengthy computation gives the following
generators for the algebra of invariant polynomials:

pla,y) = Re (z +iy)" = 5((z +iy)" + (x — iy)")

qa(z,y) = ||z +iy||* = 2* +3°
Therefore, the geometric quotient R? /G is isomorphic to the image of the mor-

phism (p, q): R? — R? this is to say, R?/G is isomorphic to the subset of R?
defined by the inequations y™ > 2, y > 0.
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From the above description of the quotients R? /G, it is not difficult to prove
that two quotients R?/G; and R?/Gs (by finite subgroups of GI(R?)) are iso-
morphic as differentiable spaces if and only if G; and G2 are isomorphic groups.
This type of differentiable space is closely related with the so called orbifolds (see
[70] chap. 13). A 2-dimensional (differentiable) orbifold may be characterized
as a differentiable space such that each point has a neighbourhood isomorphic
to R?/G for some finite subgroup G' C Oy. We ignore whether this characteriza-
tion is valid in higher dimensions (any differentiable orbifold is a differentiable
space, but it is not clear whether the differentiable structure determines the full
structure of the orbifold).

Ezample 11.22 (Symmetric powers of R). Let us consider the action of the sym-
metric group S, on R™ permuting the factors. It is well known that the R-algebra
of invariant polynomials is R[x, ..., 2,]%" = R[sy,...,s,], where s1,...,s, are
the elementary symmetric functions:

St =x1+ -+ xy

i1 < <ip
Sp = T1 Ty

Therefore, the geometric quotient R™/S,, is isomorphic to the image of the
map

($15.+58n): R" — R™ .
Note that 1,...,x, are the roots of the polynomial " — s;t"~ ' + .-+ s,
hence a point (aq,...,a,) € R™ belongs to the image of (s1,...,s,): R" — R»

if and only if all the roots of t" — a1t"~* + ... + (=1)"a,, are real.

For example, since t2 — a1t + as has real roots if and only if the discriminant
is non negative, A? := a? —4ay > 0, we obtain that R?/S, is isomorphic to the
surface with boundary x? — 4y > 0 in R2.

Ezample 11.23 (Classification of r-jets of Riemannian metrics). Let R! be the
set of all r-jets of Riemannian metrics on R™ at the origin. Let G,1 be the Lie
group of all (r + 1)-jets of local diffeomorphisms of R™ at the origin. We have a
natural action of G,11 on R}, and the quotient set M! := R! /G, is said to
be the moduli space of r-jets of Riemannian metrics in dimension n.

The set R], has a natural structure of smooth manifold and it may be proved
that the geometric quotient M! = R /G,1; is a differentiable space. Let us
describe (without proofs) two elementary cases.

Case n = 2 and r = 2. Given the 2-jet j2g (at the origin) of a Riemannian
metric g on the plane R?, we may consider its curvature K, at the origin. This
assignment j%¢g — K, defines an isomorphism M3 = R.

Case n = 3 and r = 2. Given the 2-jet j2g (at the origin) of a Riemannian
metric g on R?, let us consider the Ricci endomorphism Riccig: ToR? — ToR3.
Let us denote by

t3 — 51(9)t* + s2(9)t — s3(9)
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the characteristic polynomial of Ricciy. Its coefficients induce a closed embedding
(51, S92, 53)3 M% —> RS .

Since the Ricci endomorphism is diagonalizable, any root of the characteristic
polynomial is real. Now, the roots of a polynomial t* — a,t?> + ast — a3 are real
if and only if the discriminant

A? = (a1 — ag) (a1 — a3)(az — a3)]* = —4alaz — 27a3 + 18ayasa3 — 4a3 + a3a3

is non-negative (where a1, ag, a3 denote the complex roots). Therefore, M3 is
isomorphic to the differentiable subspace of R? defined by the inequation

—4adz — 272% + 18xyz — 43> + 22y® > 0 .

Taking a coordinate change x = 3%, y = § + 372, z = z + Ty + >, we obtain
the following simpler inequation for M3 |

—277% — 45 >0 .

The line § = z = 0 corresponds with the subset of (equivalence classes of)
2-jets of Riemannian metrics of constant curvature.

11.5 Quotients of Smooth Manifolds and Stratification

Definition. A continuous action p: G x X — X is said to be proper when so
is (see [3] 1.10) the continuous map p X pa: G x X — X x X. For example, if
G is compact then any continuous action on a separated space is proper ([3] 111,
p-28, Prop.2).

In this Section we consider a differentiable proper action p: G x V — V
of a Lie group G on a paracompact (hence separated) smooth manifold V. We
shall prove that the geometric quotient V/G is a differentiable space and that it
admits a locally finite stratification by locally closed submanifolds.

Let us recall some well-known facts about proper actions on paracompact
smooth manifolds (see [4] IX.9).

Given z € V, the isotropy group I, is a compact subgroup of G, the orbit
Gz is a closed submanifold of V and there exists a diffeomorphism G/I, = Gz.

Let N — Gz be the normal vector bundle of the orbit Gz in V. The group
G acts linearly on N and the projection N — Gz is G—equivariant. Moreover,
there exits a G-invariant neighbourhood U of Gz in V and a G-equivariant
diffeomorphism ¢ : U — N, which coincides with the zero section on Gz (see [4]
IX.9 Prop. 6).
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Theorem 11.24. Let GxV — V be a differentiable proper action of a Lie group
G on a paracompact smooth manifold V. Then the geometric quotient V/G is a
reduced differentiable space.

Proof. We use the previous notations. Since the problem is local, it is enough to
show that N/G is a reduced differentiable space. Let N, be the fibre of the normal
bundle N — Gz over x. The isotropy group I, is compact and it acts linearly
on N,; hence, by 11.14, the geometric quotient N, /I, is a reduced differentiable
space. Then N/G also is a differentiable space according to the following lemma.

O

Lemma 11.25. The natural morphism (Ny/I.,On,/1,) — (N/G,0On/q) is
an isomorphism of ringed spaces.

Proof. The map G — Gx = G/I,, g — g-x, is a submersion, hence there exists
a differentiable local section g : W — G, where W is an open neighbourhood of
x in Gz. Therefore w = g(w)-x for any w € W and we have a diffeomorphism

Ny xW = N (y,w) — g(w)-y.

Now, it is clear that the natural map N,/I, — N/G is continuous and
bijective. We conclude that this map is a homeomorphism, since for any I,.—
invariant open subset V' C N, we have V = N, NGV, and GV is a G—invariant
open subset of N (since V- x W C GV, we have that GV is a neighbourhood of
V and it follows that GV is an open subset of N).

Finally, we have to prove that the restriction maps

ON(GV)E — Op, (V)T

are bijective. They are clearly injective. They are also surjective: Given any I,—
invariant differentiable function f : V — R, let f’ : GV — R be the unique
G-invariant extension of f. We only have to see that f’ is differentiable. This
function is differentiable on V' x W since f'(y,w) = f'(g(w)-y) = f(y). Since f’
is G-invariant, we conclude that it is differentiable on the entire GV.

O

Now, we shall examine when the differentiable space V/G is a smooth man-
ifold.

Lemma 11.26. Let G — GI(R™) be a differentiable linear representation of a
compact Lie group G. Then R™/G is a smooth manifold if and only if G acts on
R™ by the identity.

Proof. If G acts by the identity, then it is obvious that R"/G = R™ is a smooth
manifold.

Conversely, let us consider G-invariant homogeneous polynomials pq, ..., pg
generating the algebra of invariant polynomials: R[x1,...,7,]¢ = R[p1,...,pk].
According to Theorem 11.14, the map p = (p1,...,pr): R® — R* induces an
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isomorphism p: R"/G = Z, where Z := p(R¥) is a closed subset in R*. Let
us consider a G-invariant scalar product on R™ and let r? be the square of the
distance to the origin of R™. Since 72 is G—invariant, we have r> = F(p1, ..., px)
for some F € C*(R"/G) = C*(Z). Since F > 0 on the smooth manifold Z and
F(0) =0, the differential of F at 0 (origin in R"/G = Z) vanishes, i.e.,

k
F(zy,...,x) = Z i Ti%; in COO(Z)/m%
,j=1
where the coefficients a;; are real numbers and mg = (21, ..., x)) stands for the

ideal of all differentiable functions on Z C R* vanishing at 0. Composing F with
the map p = (p1,...,pr) : R = Z C R* we obtain

k
r?=F(py,....px) = »_ aipip; ,  in C®(R")/m}
ij=1

Now, 72 is an homogeneous polynomial function on R™ of degree 2, so that

the homogeneous polynomials p; and p; have degree 1 whenever a;;p;p; # 0.
Hence 72 is a polynomial in G-invariant linear forms, so that the G-invariant
linear forms span the dual space (R™)* and we conclude that G acts on R™ by
the identity.

O

Theorem 11.27. Let GxV — V be a proper differentiable action of a Lie group
G on a paracompact smooth manifold V. The following conditions are equivalent:

(a) The geometric quotient V/G is a smooth manifold.
(b) The isotropy subgroups are locally constant up to conjugation.

Moreover, in such a case, the quotient map w:V — V/G is a submersion.

Proof. We use the notations of 11.24 and 11.25.

(b) = (a). Let T = w(x) € V/G and let U be a neighbourhood of z in V
where the isotropy type of the orbits is constant. We may assume that U is
a G-invariant open neighbourhood of z, because I, = gl,g~', and even that
U is isomorphic to the normal vector bundle N of the orbit Gz. Since the map
N — Gz is equivariant, it is obvious that I, C I, for any y € IN,; hence, I, and I,
being conjugated compact subgroups of G, we conclude ([4] IX.9 Lemma 6) that
I, = I,. Therefore I, acts on N, by the identity, so that N/G = N, /I, = N, is
a smooth manifold. Now, N/G ~ U/G is a neighbourhood of Z in X/G and we
conclude that X/G is a smooth manifold.

(a) = (b). Since the problem is local, we may assume that V — V/G coincides
with N — N/G. Since N, /I, = N/G by 11.25, it results that N, /I, is a smooth
manifold. By 11.26, we have that I, acts by the identity on N,. Recall that
the isotropy subgroups of G corresponding to points of N, are included in I,
hence such subgroups coincide with I,.. Finally, N,, and N have common isotropy
subgroups (up to conjugation) since GN, = N.
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Moreover, the natural inclusion N/G = N, /I, = N, < N is a section of the
quotient map N — N/G. Therefore, the quotient map ¥V — V/G is a submersion
since it admits local sections.

O

Definition. Given a differentiable space X, a point x € X is said to be non-
singular if there exists an open neighbourhood U of x in X which is a smooth
manifold. In other case, z is said to be a singular point of X.

Let G x V — V be a differentiable proper action of a Lie group G on a
paracompact smooth manifold V. Let us recall some well known facts about the
the isotropy type of the points of V (see [4] IX.9, Th.2 and exer. 9).

The isotropy type has the following semicontinuity property: Given a point
x € V, there exists an open neighbourhood U of x such that 7, < 7, for any
uel.

Given a type of isotropy 7, the subset

Ve ={zeV:n=r1}

is a locally closed submanifold of V and the stratification
v =]V

is locally finite. This stratification is finite when V/G is compact or ¥V = R™ and
the action is linear.

Moreover, if V is connected and 7y denotes the minimal isotropy type of the
points of V, then the stratum V;, is a dense open subset of V.

Combining these facts with Theorem 11.27 we obtain directly the following
result.

Theorem 11.28. Let GXV — V be a differentiable proper action of a Lie group
G on a paracompact smooth manifold V. We have:

1. The set of all non-singular points of V/G is a dense open subset.
2. There exists a locally finite stratification by locally closed subsets

V/G=]]v-/G

whose strata V; /G are smooth manifolds.
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11.6 Differentiable Groups

Lie groups are the group objects in the category of smooth manifolds. In the cat-
egory of differentiable spaces the group objects are named differentiable groups:

Definition. A differentiable group is a differentiable space G endowed with
morphisms m: G X G — G, inv: G — G and a fixed point 1 € G, satisfying the
following properties:

(i) The following diagram is commutative:

mxId

GxGxG —— Gx @G

wl ]

GxG —/— G
(ii) The morphism m: 1 x G — G is the identity.
(iii) The composition morphism

GxG 12X, ava My @

coincides with the constant morphism G x G — {1} C G.

In other words, a differentiable group is a differentiable space G whose functor
of points G* is valued in the category of abstract groups.

A differentiable group is said to be a formal group if the underlying set has
a unique point.

The notions of morphism of differentiable groups and of differentiable action
of a differentiable group on a differentiable space are defined in the obvious way.

Of course, any Lie group is a differentiable group.

The typical way to construct a differentiable group is the following one. Let
H be a closed Lie subgroup of a Lie group G. Let Wy be the Whitney space
corresponding to the closed subset H C G, then the Lie group structure of G
induces a structure of differentiable group on Wy. When H = {1} is the trivial
subgroup, then we obtain a formal group Wj.

Differentiable groups are interesting in their own right. We limit ourselves to
state without proofs some illustrative facts:

1. The category of finite-dimensional Lie R-algebras is equivalent to the cate-
gory of formal groups.

2. Let G, = Spec, R[[t]] be the Whitney space of the origin {0} of the additive
line R. This formal group has the following property: Given a differentiable
space X, there exists a natural bijection between the set of differentiable
actions of G, on X and the set of tangent vector fields (R-linear derivations
D: OX — Ox) on X.

3. Any differentiable group is a formally smooth differentiable space; hence, by
10.20 they are locally Whitney spaces (see [66]).



Appendix
A Sheaves of Fréchet Modules

This appendix is a natural complement of chapter 8, which was dedicated to the
properties of Fréchet modules over a differentiable algebra. Let A be a differ-
entiable algebra and let X = Spec, A. By the Localization theorem of Fréchet
modules, we know that any Fréchet A-module M defines by localization a sheaf
M on X,

M(U) = My .

Moreover, My is a Fréchet Ay-module by theorem 8.9, that is to say, the sheaf
M is valued in the category of Fréchet vector spaces. This kind of sheaf occurs
naturally on differentiable spaces. For example, the structural sheaf Oy, the
sheaf of differentials {1x and the sheaf of r-jets J% are Fréchet sheaves. The
role of Fréchet sheaves in the theory of differentiable spaces is similar to that of
quasi-coherent sheaves in algebraic geometry.

In this appendix, we shall introduce the notion of a Fréchet sheaf and some
natural operations: tensor product, direct image and inverse image of Fréchet
sheaves. The main result is the equivalence of Fréchet modules and Fréchet
sheaves on affine differentiable spaces (theorem A.3).

Finally, we shall construct certain differentiable spaces associated to Fréchet
sheaves (in particular, vector bundles associated to locally free Ox-modules).

A.1 Sheaves of Locally Convex Spaces

Definition. Let F be a sheaf of real vector spaces on a topological space X. We
say that F is a sheaf of locally convex spaces if, for any open set U C X,
we have a structure of locally convex space on F(U) such that, for any open
cover {U;} of U, the topology of F(U) is the initial topology for the restriction
morphisms F(U) — F(U;), ie., the map F(U) — [], F(U;) is a topological
immersion. In such a case we also say that we have a locally convex topology on
the sheaf F.

Note that the restriction morphisms F(U) — F(V) are continuous for any
open subsets V C U in X.

A morphism of sheaves F — G between sheaves of locally convex spaces is
said to be continuous if the corresponding map F(U) — G(U) is continuous
for any open subset U C X.

J.A. Navarro Gonzéalez and J.B. Sancho de Salas: LNM 1824, pp. 151-179, 2003.
(© Springer-Verlag Berlin Heidelberg 2003



152 A Sheaves of Fréchet Modules

The concept of sheaf of locally m-convex algebras Ox is defined analo-
gously. In such a case, any Ox-module M endowed with a locally convex topol-
ogy such that M(U) is a locally convex Ox(U)-module for any open subset
U C X, is said to be a locally convex Ox-module. Morphisms of locally
convex Ox-modules M — AN are defined to be continuous morphisms of
Ox-modules.

“Recollement” theorem. Let F be a sheaf of real vector spaces on a topological
space X and let {U;} be an open cover of X. If we have a locally convex topology
on each sheaf F|y,, and they coincide on the intersections U; N U;, then there
exists a unique locally convex topology on F inducing on each sheaf F|y, the
given topology.

A similar result holds for sheaves of R-algebras and O x -modules.

Proof. The uniqueness is obvious, since the topology of F(U) must be the ini-
tial topology of the restriction morphisms F(U) — F(U; NU) = F|y,(U; N U).
To prove the existence, let us consider such topology on F(U). The hypotheses
imply that if U is contained in some U;, then the bijection F(U) = Fly,(U) is a
homeomorphism. Finally, we have to prove that 7(U) < [[; F(V;) is a topolog-
ical immersion for any open cover {V;} of U. Let us consider the commutative
diagram

FU) —— [LFUNU) =] Flv,(UiN0)

l |

[ 7(V;) —— IL; FW0:0 Vi) = I1L; Flo.(Uin Vj)

The top and down arrows are topological immersions by definition of the topol-
ogy on F. The right arrow is a topological immersion because {U; N'V;}; is an
open cover of U; NU and each F|y, is a sheaf of locally convex spaces. Now the
diagram shows that the left arrow also is a topological immersion.

O

Corollary A.1. If (X,0Ox) is a differentiable space, then the sheaf of algebras
Ox admits a unique locally m-convex topology such that, for any affine open
subspace V', the topology induced on the differentiable algebra Ox (V') coincides
with the canonical topology.

Proof. By the above Recollement theorem, we may assume that X is affine, X =
Spec,. A. The uniqueness is obvious. To prove the existence, it is enough to show
that the canonical Fréchet topology of Ox (U) = Ay is the initial topology of the
restriction morphisms Ox(U) = Ay — Ay, = Ox(U;), whenever U is an open
set in X and {U;} is an open cover of U. Since the localization morphisms are
continuous, the canonical topology is finer than the initial topology. Moreover,
the following exact sequence

Ox(U) — [[Ox(Ui) = [[Ox(U:NU;)

,J
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let us deduce that the initial topology of the morphisms Ox (U) — Ox (U;) also
is Fréchet, hence both topologies coincide.
O

Definition. Let (X, Ox) be a differentiable space. A locally convex O x-module
M is said to be Fréchet when M (V) is Fréchet for any affine open subspace V
of X.

Of course, morphisms of Fréchet Ox-modules M — N are morphism of
locally convex O x-modules, that is to say, continuous morphisms of O x-modules.

A Fréchet Ox-algebra is a sheaf A of locally m-convex algebras endowed
with a continuous morphism Ox — A of sheaves of algebras, such that A(V)
is a Fréchet algebra for any affine open subspace V' of X. Morphisms of Fréchet
Ox-algebras A — B are continuous morphisms of O x-algebras.

Lemma A.2. Let {U;} be an open cover of a differentiable space (X,Ox) and
let M be a locally conver Ox-module. M is Fréchet if and only if so is M|y,
for any index i.

Proof. Tt is obvious that M|y, is Fréchet whenever M is Fréchet. Conversely,
if the sheaves M|y, are Fréchet, and U is an affine open subspace of X, then
{U;NU} has a countable subcover {U,,NU}. Since M (U,NU) and M(U,NU,,NU)
are Fréchet, the following exact sequence

MU) — MU, NU) = [ MU, NU,NU)

n,m

let us conclude that M(U) es Fréchet.
O

Theorem A.3. Let A be a differentiable algebra and let X = Spec, A. The
covariant functors M ~>M and M ~» (X, M) define an equivalence of the
category of Fréchet A-modules with the category of Fréchet A-modules.

Proof. If M is a Fréchet A-module, then 37 (U) = My for any open set U in
X, by the Localization theorem for Fréchet A-modules. In particular, we have
M =T(X, M). The same argument given in the proof of A.2 shows that M is
a Fréchet A-module when the Ay-module M (U) = My is endowed with the
localization topology (which is Fréchet by 8.9).

Conversely, if M is a Fréchet A-module and we put M := I'(X, M), then
the natural morphism My — M(U) is an algebraic isomorphism by 3.11. It is
continuous because of the universal property of the localization My, and it is
a homeomorphism since both topologies are Fréchet. The topology of M(U) by
hypothesis, and the topology of My by 8.9.

O

Definition. Let (X, Ox) be a differentiable space. A submodule A of a locally
convex Ox-module M is said to be closed when N (V) is closed in M(V) for
any affine open subspace V' of X (hence for any open subspace V of X).
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Proposition A.4. Let (X,Ox) be a differentiable space and let M be a Fréchet
Ox-module. If N is a submodule of M, then there exists a unique closed sub-
module N such that
N(V) = N(V)
for any affine open subspace V' of X.
Furthermore, there exists a unique structure of Fréchet Ox-module on M /N
such that the canonical projection M — M /N is a continuous morphism.

Proof. First we assume that X is affine. Let N = V(X)) and M = M(X), hence
N(U) = Ny and M(U) = My for any open subset U C X by 3.11.

The uniqueness of the submodule A is obvious. To show that it exists, we
have to prove that A/ is the associated sheaf of the Fréchet A-module N, that is
to say, (Ny) = Ny for any open set U C X. The restriction morphism M — My
is continuous and it transforms N into Ng; hence N into (Ny) and it follows
that Ny C (Ny). Conversely, since N C N, we have that Ny C Ny and, Ny
being a closed submodule of My by 8.10, we conclude that (Ny) € Ny .

Moreover, it is clear that there exists a unique Fréchet topology on M/N
such that the canonical projection M — M/N is continuous, so that A.3 let us
conclude the existence of a unique structure of Fréchet Ox-module on M /N
such that the canonical projection M — M /A is continuous.

In the general case, the uniqueness follows directly from the affine case and
the Recollement theorem, while the existence follows from the affine case, the
uniqueness and the Recollement theorem.

O

A.2 Examples

Ezample. Let X be a differentiable space. The Ox-module O% admits a unique
structure of Fréchet Ox-module.

If A is a Fréchet algebra, then the natural topology of the direct sum A" is
finer than any other structure of locally convex A-module, hence it is the unique
structure of Fréchet A-module on A". Now the affine case is a consequence of
A.3, and the general case follows from the affine case, the uniqueness and the
Recollement theorem.

Example. Let X be a differentiable space. Any locally free Ox-module of finite
rank £ admits a unique structure of Fréchet Ox-module.

If £ is trivial, £ >~ OY%, then it admits a unique Fréchet topology, according to
the former example. The general case follows from the trivial case, the uniqueness
and the Recollement theorem.

Example. Let X be a differentiable space. If a locally finitely generated Ox -
module M admits a structure of Fréchet Ox-module, then this structure is
unique. In such a case, any morphism of Ox-modules M — N into a locally
convexr Ox-module N is continuous.
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By the Recollement theorem, we may assume that X is affine, X = Spec, A,
and that M is the sheaf associated to some finitely generated A-module M. In
such a case we fix an epimorphism A" — M. It is continuous with respect to
any structure of locally convex A-module on the A-module M, so that the final
topology of this epimorphism is the only possible Fréchet structure, and it exists
if and only if the kernel is a closed submodule. In such a case, any morphism
of A-modules M — N into a locally convex A-module N is continuous, since
so is any morphism of A-modules A" — N and we consider on M the quotient
topology induced by A”.

Ezample (Module of relative differentials). Let ¢p: X — S be a morphism of
differentiable spaces. Let Dx /g be the sheaf of ideals of the diagonal embedding
X — X xg X (rigorously, it is a sheaf of closed ideals on an open neighbourhood
of the diagonal subspace). Using A.4, we may re-define the sheaf of relative
differentials as a Fréchet Ox-module:

Qx/s = Dxs/D/s

(the O x-module structure is defined by the second projection pa: X xg X — X).
Moreover, this structure of Fréchet Ox-module is unique since 2x /g is a locally
finitely generated Ox-module by 10.12.

Ezample (Tensor products). Let M and N be Fréchet Ox-modules on a differ-
entiable space X. Let us define the tensor product sheaf M@oxj\/ .

Firstly, let us assume that X is affine: X = Spec, A. Then M = M and
N =N, where M := I'(X, M) and N := I'(X, N) are Fréchet A-modules. Now
the Fréchet A-module M® 4N defines, by localization, a Fréchet O x-module:

Mo N == (MRsN)™ .
For any open set U in X, we have
(MBo,N)(U) = (MEAN)y = My®a,No = MU)@oy N (U) ,

where the second equality is obtained in the following way:

(M&4N)y "= (MEAN)BaAr =" (MEaAy)@a, (NBaAy) =

= My®a, Ny .
These equalities (M®oN)(U) = M(U)&0 )N (U) imply that
(M®OXN)|V = (M|V)®OV(N|V)

for any open set V in X. This fact let us define the sheaf M&p, N by “rec-
ollement” when X is not affine: Given Fréchet Ox-modules M and N on a
differentiable space X, the sheaf M@@XN is defined to be the unique Fréchet
Ox-module such that

(M&o, U = (M|y)@o, (Nv)

for any affine open subset U C X.
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Ezample (Direct images). Let ¢: Y — X be a morphism of differentiable
spaces. If N is a locally convex Oy-module, then ¢, N is a locally convex Ox-
module. In fact, (p.N)(U) = N(p~tU) is a locally convex Ox (U)-module
because N (p~1U) is a locally convex Oy (p~!U)-module and the morphism
©*: Ox(U) — Oy(p~'U) is continuous, as we may see considering an affine
open cover of ¢~'U and applying 2.23.

In general, it may be false that ¢, is Fréchet when so is N (consider the
projection of an uncountable discrete space over a point). However, if ¢ is an
affine morphism, in the sense that ¢~ (U) is affine for any affine open subspace
U C X, then ¢, N is a Fréchet O x-module whenever A is a Fréchet Oy-module.
In fact, by hypothesis (0.N)(U) = N(¢~1U) is a Fréchet Oy (p~1U)-module,
hence it is a Fréchet Ox (U)-module, for any affine open subspace U C X.

In the affine case, X = Spec, A and Y = Spec, B, we have that A is the
sheaf associated to a Fréchet B-module N and, by 8.12, ¢, N is just the sheaf
associated to the Fréchet A-module N.

A.3 Inverse Image

Theorem A.5. Letp: Y — X be a morphism of differentiable spaces and let M
be a Fréchet Ox-module. There exists a Fréchet Oy -module ¢* M such that, for
any Fréchet Oy -module N, continuous morphisms of Oy -modules p*M — N
correspond with continuous morphisms of Ox-modules M — o N :

Hom o, (p*M,N) = Homp, (M, p.N) .

Proof. The theorem holds in the affine case, Y = Spec,. B and X = Spec, 4,
because M is the sheaf associated to some Fréchet A-module M and the sheaf
associated to the Fréchet B-module M & 4 B has the required universal property
by A.3 and the universal property of the base change of locally convex modules:

Homp(M&4B,N) = Homu(M,N) .

The theorem holds for any open embedding j: U < X (just put j*M :=

M|y) and, whenever it holds for two morphisms V £ U % X then it also
holds for the composition jo: V — X since we may take (jo)* M = ¢*(§*M).
Therefore, if the image ¢(V;) of an affine open subspace of Y is contained in some
affine open subspace of X, then the theorem holds for the restriction ;: V; — X
of . We may consider an open cover {V;} of Y by such affine open subspaces
since they define a basis of the topology of Y. Since the representant of a functor
is unique, the Recollement theorem let us obtain the existence of a locally convex
Oy-module ¢* M such that ¢* M|y, = piM for any index ¢, and it is Fréchet
by A.2. The following exact sequences (where we put Vi; = V; NV}, (¢*M); =
(" M)lvi, (" M)z = (" M)y, Ni = Ny, and Nj; = Nly,)
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Homo, (¢" M, N) = [[Homo, ((¢"M);, Ni) = [[Homo, ((¢*M)i;, Nij)
i i,

| |
[[Homo, (i M,N;) = [[Homo, (¢;;M,Ni;)
i i,]
| [
HomOx (./\/l, @*N) - H Homox (M7 Piis (M)) = H HOHl(gX (M’ @ij*('/\[ij))

%,J

let us conclude that Homge, (¢* M, N) = Home, (M, p.N) .
O

Definition. We say that ¢*M is the inverse image of the Fréchet Ox-module
M by the morphism ¢, and we also denote it by M&e, Oy .

Remark A.6. The inverse image is transitive: ¢*(¢* M) = (pd)*M .
Remark A.7. If j: U < X is an open embedding, then j*M = M|y .

Remark A.8. If ¢: Spec, B — Spec,. A is a morphism of affine differentiable
spaces and M is a Fréchet A-module, then ¢*(A7) is the sheaf associated to the
Fréchet B-module M & 4 B.

Remark A.9. The inverse image of Fréchet modules preserves epimorphisms.

Proof. Any surjective continuous morphism of A-modules M — M’ between
Fréchet A-modules is an open map, hence the morphism M® 2B — M'® 4B is
surjective (see 6.5).

O

Remark A.10. If € is a locally free Ox-module of finite rank, then
P& = ERp, Oy .

Proof. It is enough to consider the affine case, Y = Spec,, B and X = Spec, A,
and we may assume that £ is the sheaf associated to A”. This case follows from
the equalities (A")@4B = B" = B" = (A") ®4 B (see 6.7 and 6.8).

O

Remark A.11. If T is a closed ideal of Oy, then we have
(Ox/T)B0, Oy = Oy /IOy .

Proof. 6.8.
O

Given a morphism X — S of differentiable spaces, let us recall that Qx/g
denotes the Fréchet sheaf of relative differentials. Now we shall reformulate some
results of chapter 10 in terms of sheaves of relative differentials.
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Proposition A.12. Ifp;: X xgT — X denotes the first projection, then

QXxST/T = pTQX/S~

Proof. 10.8.

O
Proposition A.13. Qx, . y/s = piQx/s ®p5Qy/s -
Proof. 10.9.

O

Proposition A.14. Let p: X — Y be a morphism of differentiable S-spaces. If
the natural morphism ¢*Qy s — Qx5 admits a continuous retraction, then we
have an exact sequence:

0 — @*Qy/s — QX/S — QX/Y — 0.

Proof. The first sequence of differentials.
O

Proposition A.15. If o: X = Y is a smooth morphism between differentiable
S-spaces, then we have an exact sequence:

0 — @*Qy/s — QX/S — Qx/y — 0.

Proof. When ¢: X = U xY — Y is the second projection, the natural mor-
phism ¢*Qy/s — Qx5 admits the continuous retraction Qx,5 = Quxy/uxs =

©*Qy/s.
0

Proposition A.16. If ¢p: X — Y is a smooth morphism between smooth dif-
ferentiable S-spaces, then we have an exact sequence:

0 — Qy/g ®oy Ox — Qx5 — QX/Y — 0.

Proof. Since Y is smooth over S, we have that 2y g is a locally free Oy-module
of finite rank, hence Qy/s®oy Ox = Qy/s ®o, Ox by A.10.
O

Proposition A.17. Let X be a differentiable S-space and let T be the closed
ideal of Ox defined by a closed embedding j: Y < X. If the natural morphism
T/1? — j*Qx;s admits a continuous retraction, then we have an exact sequence

0 — I/:Zf2 — j*Qx/s — Qy/s — 0.

Proof. The second sequence of differentials.
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A.4 Vector Bundles

Given two Fréchet Ox-modules M and £ on a differentiable space X, we shall
construct a differentiable X-space Home, (M, E). As particular cases, we shall
obtain the vector bundle associated to a locally free O x-module and the spaces
of jets of morphisms (in appendix B).

Let S be a differentiable space and let F' be a sheaf of sets on the category
of differentiable S-spaces. Given an open set U in S, we will denote by Fy the
restriction of F' to the category of differentiable U-spaces. Note that Fyy may
be considered as a subsheaf of F', with the convention F(X) = () whenever the
structural morphism X — S does not factor through U.

Proposition A.18. Let F be a sheaf of sets on the category of differentiable
S-spaces. If there exists an open cover {U;} of S such that Fy, is representable
for any index i, then F is representable.

Proof. Theorem 7.2, with the same proof, holds in the category of differentiable
S-spaces. Now, given a differentiable S-space T' — S, let us denote V; = U; x s T
It is clear that {V;} is an open cover of T. For any morphism of functors T* — F,
it is easy to check that Fyy, x p T® = V;*, hence {Fy, } is an open cover of F' and,
applying 7.2, we conclude that F' is representable.

O

Lemma A.19. If ¢: T — Spec, A is a morphism of differentiable spaces, then
the kernel of ¢*: A — Op(T) is a closed ideal of A.

Proof. Let {U;} be a cover of T by affine open subsets. The kernel of each

morphism A LN Or(T) = Or(U;) is a closed ideal of A by 2.23, and their
intersection is just the kernel of p*: A — O7(T); hence it is closed.
O

Notation. Let X be a differentiable space and let M be a Fréchet Ox-
module. When a morphism of differentiable spaces p: T — X is considered
as a parametrized point of X, then the inverse image p*M is denoted by M|,
or M|, and it is said to be the restriction of M to the point p. Analogously,
the restriction of a morphism of Fréchet Ox-modules f: M — N to the point
p is defined to be the morphism of Op-modules

flo: M|y = MBo, Or L2 NG, Or = N, .

Theorem A.20. Let X be a differentiable space and let M, & be locally finitely
generated Fréchet Ox-modules. Let us consider the following contravariant func-
tor defined on the category of differentiable X -spaces:

F(T) = HomOT(M|p75|p)7

for any parametrized point p: T — X. If € is locally free, then F is representable
by a differentiable X -space Hom(M, E) , that is to say,

Homy (T, Hom(M, £)) = Home,. (p*M,p*E) .



160 A Sheaves of Fréchet Modules

Proof. Note that F' is a sheaf by A.7. The representability of F' is a local problem
on X by A.18; hence we may assume that X is affine, X = Spec, A, that £ =A"
and that M is the sheaf associated to a finitely generated Fréchet A-module
M = A™/N. We may also assume that r = 1, because if Hom(M, Ox) exists,
then Hom(M, O%) = Hom(M, Ox) xx .7. xx Hom(M, Ox) also exists. In
such a case we have

Hom Or (p*./\/l,p*g) = Hom OT(OQW/OTN; OT) — HOHloT (O%L, OT)

|
Home,. (OF/OrN,Or)  Homx(T,R™ x X)

(for the central equality recall that any morphism OF — Or is continu-
ous). Therefore, morphisms of Op-modules p* M — p*E correspond with X-
morphisms (z1(t),..., 2, (t)): T — R™ x X such that

where n; = (fi1,..., fim) runs over all the elements of N C A™; hence, by 3.18,
with morphisms of R-algebras Ogm x x (R™ x X) — Or(T) which vanish on the
ideal generated by the differentiable functions =1 f;1 + ... + & fim. By A.19
these morphisms vanish on the closure a of such ideal, and we conclude that F
is represented by the differentiable X-space Spec, (Ormx x (R™ x X)/a).

O

With the previous notations, let ¢: Hom(M,E) — X be the structural
morphism. According to Yoneda’s lemma 7.1, the isomorphism of functors
Hom(M, £)* = F is determined by an element £ € F(Hom(M,£)). This ele-
ment is a morphism

&M — "€
called the universal morphism. Moreover, Yoneda’s lemma let us describe
the given isomorphism of functors in terms of the universal morphism in the
following way: For any parametrized point p: T'— X, we have a bijection

Homx (T, Hom(M, £)) = Home,. (p*M,p*E)
A = §|)\

Definition. Let X be a differentiable space and let £ be a locally free Ox-
module of finite rank. The X-space E = Hom(Ox,E) is called the vector
bundle associated to £. According to A.20, we have a bijection

Homx (T,E) = Homp, (Or,z*E) = T'(T,z*E)

for any parametrized point z: T — X . In particular, differentiable sections of
the structural morphism ¢: E — X correspond with sections of the sheaf &,

Homx (U,E) = T'(U,€)

for any open subset U — X.
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It is routine to prove, using the representability property of Hom(Ox, ),
the following properties:

—. For any morphism ¢: Y — X of differentiable spaces, o*E:=E xx Y is
the vector bundle associated to ¢*&.

- If £ =0x®.". & Ox is a free Ox-module, then the associated vector
bundle is the trivial one: E = X x R" — X.

Therefore, the vector bundle E — X associated to any locally free Ox-
module & of rank n is locally isomorphic to the trivial one. As a consequence, if
X is formally smooth then so is E.

Proposition A.21. Let X be a differentiable space, let M be a Fréchet Ox-
module and let £ be a locally free Ox-module of finite rank. Given a morphism
of Ox-modules f: M — &, there exists a closed differentiable subspace Y — X
whose parametrized points are just points p: T — X such that the morphism
flp: Mlp = &|p vanishes.

Proof. Note that the functor F(T) = {p € X*(T): f|, = 0} is a sheaf on the
category of differentiable X-spaces. Since the representability of F' is a local
problem on X (see A.18), we may assume that X is affine, X = Spec, A, that
£ :/IT, and that M is the sheaf associated to a Fréchet A-module M. Now
flp = 0 if and only if the morphism p*: A — Op(T') vanishes on the ideal of A
generated by the components of the elements of f(M) C A". Hence, by A.19, if
and only if p* vanishes on the closure a of such ideal, and we conclude that the
functor F is represented by the closed embedding Spec, (A/a) < Spec, A.

O

Theorem A.22. Let X be a differentiable space, and let A, B be two Fréchet
Ox -algebras. Let us consider the following contravariant functor on the category
of differentiable X -spaces:

F(T) = HomOT—alg(A|p»B|p)

for any X-space p: T — X. If B is locally free Ox-module of finite rank, then F
is representable by a differentiable X -space Homo , ai15(A, B) , that is to say,

Homx (T, Homp 15 (A, B)) = Homoe,.-aig (Alp, Blp) -

Proof. Let us consider A and B as Ox-modules. By A.20, there exists the dif-
ferentiable X-space ¢: Homop, (A, B) — X. Let

£ A — ¢*B

be the universal morphism. Then Homp, ais(A, B) is the differentiable sub-
space of Homop, (A, B) of all (parametrized) points A: T — Homo, (A, B)
such that

s (@A) = Alp — (¢"B)|x = Bl,

is a morphism of Op-algebras (for any X-space p: T — X).
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Let us consider the morphism
p=(rac(§®@E) —Eomp) : ARCTA—¢B

where m4: ¢* A ® ¢* A — ¢*A is the morphism induced by the product of the
algebra A and analogously for wg. It is clear that £|y is a morphism of Op-
algebras if and only if ¢|, vanishes. Now the existence of Homo  ais(A, B)
follows from A.21.

O



B Space of Jets

Let X and Y be differentiable spaces. We shall give a construction of the space
J7(X,Y) of r-jets of morphisms X — Y. The language of differentiable spaces
let us define this object in terms of its functor of points, i.e., J"(X,Y) is a
differentiable space which represents a certain functor. Typically, any relevant
fibre bundle used in differential geometry is associated to some representable
functor, and this fact must be considered a basic ingredient in the definition of
such objets.

In our construction of J"(X,Y), the concept of an infinitesimal neighbour-
hood has a main role. For example, if ¢: X — Y is a morphism of differentiable
spaces, then the r-jet jZ ¢ of ¢ at a point € X is defined to be the restriction
of ¢ to the infinitesimal neighbourhood U] of order r of z, that is to say, jr¢ is
the composition morphism U, — X 5 Y . The notion of an infinitesimal neigh-
bourhood may be extend to parametrized points x: T — X in a natural way
and, with this terminology, the space J"(X,Y") is defined to be the differentiable
X-space which represents the functor of r-jets,

F(T) := Hom(U,,Y)

for each parametrized point x: T' — X. Moreover, any morphism ¢: X — Y
defines a differentiable section of J"(X,Y) — X,

jfo: X — JN(X)Y) , T jre

which is called the r-jet extension of .

We shall prove the existence of J”(X,Y) when X is formally smooth. More-
over, we shall also show that J"(X,Y) is endowed with a certain canonical
form. This structure form is used to characterize when a differentiable section
of J7(X,Y) — X is the r-jet extension of some morphism X — Y.

B.1 Module of r-jets

Let A be an R-algebra. We shall always consider on A ®@g A the structure of
A-algebra induced by the morphism A -+ A ®g A, a — 1 ® a. Recall that A4
denotes the kernel the morphism of algebras A®g A — A, (b,a) — ba. The ideal
A4 is generated by the increments Aa =a®1—-1®a, a € A.
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Definition. The A-algebra of algebraic r-jets of A is defined to be
= (Aen A)/ATF

For any a € A, the element j"a := [a ® 1] € J"; is said to be the r-jet of a. Note
that J", is generated by the elements j"a as an A-module.

Definition. Let M be an A-module. A differential operator D: A — M of order
0 is a morphism of A-modules. A R-linear map D: A — M is said to be a
differential operator of order < r if the map

[Dya]: A— M ) b— D(ab) —aDb

is a differential operator of order < r — 1 for any a € A.

Ezample. Let ¢: R[xq,...,2,] = A be a morphism of R-algebras. For each multi-
index a = (a1,...,a,) € N, let us define the following differential operator
0 0 olelf
— R cey Ty A , —(f) := S T aa—

where |a| = > a;.
It easy to prove, by induction on r, that the set {M%}OS\MST is a basis of
the A-module of all differential operators D: Rxy,...,z,] — A of order < r.

Proposition B.1. Let A be an R-algebra. We have:
(a) The map j": A — 3%, a — j"a = [a ® 1], is a differential operator of
order <r.

(b) Given a differential operator D: A — M of order < r, there exists a
unique morphism of A-modules ¢: 3% — M such that D = ¢ o j".

Proof. (a) By induction on r. For = 0 the result is clear, since
A — O =(AerA)/As=A

is the identity map. For the general case, it is easy to check that the operator
[47, a] coincides with the composition map

jr—1 ~r (a®Rl—-1RQa ~
A 15211 ( ) 3

where the first map is a differential operator of order <r — 1 (by the induction
hypothesis) and the second one is a morphism of A-modules. Hence [j",a] is a
differential operator of order < r — 1.

(b) It is easy to check that the A-linear map D: A®g A — M, D(a ®b) :=
b-Da is a differential operator of order < r (where M is considered as an AQg A-
module via the product (a ® b) - m = abm). Now, it is an elementary fact that
if D: A — M is a differential operator of order < r and I is an ideal of A, then
D(I™) C I""M for any n > r. In particular, we have D(A’;™) C AxM =0,
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hence D induces an A-linear map ¢: J% — M, which has the desired property:
D=¢poj".

Finally, the uniqueness of ¢ is clear, since J’; is generated by the elements
T

i a.
O

Let A be a differentiable algebra. Recall that the diagonal ideal Dy of ARRA
is the kernel of the morphism A®rA = A.

Definition. Let A be a differentiable algebra. The differentiable A-algebra of
r-jets of A is defined to be

Jh = (ARgA)/ D

For any a € A, the element j"a := [a ® 1] € J, is said to be the r-jet of a. The
map j": A — J}, a— j"a, is a continuous differential operator of order < r.

Proposition B.2. For any differentiable algebra A, we have:
Th= 3.
Proof. By 6.1.b, the cokernel of locally convex A-modules
AT — AerA —J, — 0
induces the cokernel of Fréchet A-modules
A/’fl — ARRA — ¥ — 0.

Each power I™ of any ideal I is dense in (7)” In particular, Afjl is dense

in DZ{H (recall that A4 is dense in D4 by 10.2), and we obtain a topological
isomorphism

(ABrA)/ D = T
O

Theorem B.3. Let A be a differentiable algebra and let M be a Fréchet A-
module. Given a continuous differential operator D: A — M of order < r, there
exists a unique morphism of Fréchet A-modules ¢: Jy — M such that D = @oj".
That is to say,

Diffg (A, M) = Homu(Jy, M) .

Proof. 1t is a direct consequence of B.1 and B.2.
O

Remark B.4. If A is a differentiable algebra, then any differential operator
D: A— A of order < r is continuous.
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Proof. Since A = C*°(R™)/a has the quotient topology, it is enough to prove
that any differential operator D: C*°(R™) — A is continuous. Let

— 0
D = Z aa% (aa S A)

0<|al<r

be the restriction of D to R[xy,...,x,]. The same formula defines a continuous
differential operator D: C*°(R") — A which coincides with D on the algebra
R[z1,...,7,]. To prove that D = D, let us show that if a differential operator
D: C™(R"™) — A of order < r vanishes on R[z1,...,,], then D = 0. For any
point p € Spec,A C R™, let us denote by m, and m, the respective maximal
ideals of C**(R™) and A. For any m > r, we have that D(m;)") Cm,”™ ", hence
the map D: C®(R™) — A/m,™ " factors through C*°(R™)/m7*. Since any el-
ement of C*°(R™)/m;" is the equivalence class of some polynomial, it results
that the map D: C*(R") — A/m,™ " vanishes. Now 2.17 let us conclude that
D: C=(R") — A vanishes.

O

Proposition B.5. Let A be a differentiable algebra and let U be an open set in
Spec,. A. We have a topological isomorphism

JAU = (JE)U N

Proof. The restriction morphism A — Ay induces a morphism of locally convex
A-modules J — J’,, and, by completion, we obtain a morphism Jj — Jj .
By the universal property of the localization, we obtain a morphism of locally
convex Agy-modules
(JDv — Ja, -

Let us define the inverse morphism. If an element s € A does not vanish on
U, then 1® s is invertible in the Ay-algebra (J74)y. Since (s®@1—1®@ )"t =0
in (J3)u, we deduce that s ® 1 also is invertible in (J%)y. Now, the R-linear
map

s®17

is a differential operator of order < r (by the same inductive argument used in
the proof of B.1.a. Moreover, it is continuous because, by 8.7, the topology of Ay
is the final topology of the map A x S — Ay, (a,s) — a/s. Hence D,. induces a
continuous morphism of Ay-modules

D.: Ay — (JDu D,.(%) e®l

JZU — (J;X)U
which is just the inverse morphism.

O

Definition. Let p: A — B be a morphism of differentiable algebras. The kernel
of the morphism A®gB — B, a ® b — p(a)b will be denoted by D,. The
B-algebra of r-jets of A at the (parametrized) point p is defined to be
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Jr(A) == (A@rB)/Dj .

When p is the identity map id: A — A, by definition J],(A) = J}.

Let A, be the kernel of the morphism A®r B — B, a®b + p(a)b. The same
arguments used in 10.2 and B.2 show that

o~

D, =R, . (A = [(Aez B)/AT.

p

Ezample B.6. Let A be a differentiable algebra and let € Spec, A. The R-
algebra of r-jets J7(A) at the point z: A — A/m, is

Jp(4) = Afm;*

because the kernel of the morphism (z, Id): A®r(A/m,) = A — A/m, is just
m,, and m’ ! is closed in A.

Proposition B.7. Let p: A — B be a morphism of differentiable algebras. We
have a topological isomorphism

Jh@aB = J(A) .
Proof. The following exact sequence of A-modules

(Id,Id)

00— A — AQr A A — 0

splits topologically, since we have the continuous section A - AQgr A, a — 1Ra.
Applying the functor ® 4 B we obtain that the exact sequence

—A(p’ld) B — 0

0 — A®4sB — A®RrB
splits topologically. In particular, we obtain a topological isomorphism
A®aB = A,.
Now let us consider the following exact sequence of locally convex A-modules
0 — A™ — AegAd 5§, — 0,
where 7 is an open map. Applying the functor ® 4 B we obtain an exact sequence

A @, B — AR B =25 3, ®4B — 0,

where ™ ® 1 is an open map (6.3.a). Taking generators, it is easy to check that
the image of A" ®4 B in A®g B is A, Therefore, we have a topological
isomorphism

(A®r B)/ATTT = 3, @4 B

and by completion we conclude that

(ARrB/ Dyt = JL&4B .
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By 10.10, we know that the diagonal ideal D¢oo(gny of
C®(R™)®rC®(R™) = C>®(R*™)
is generated by the increments
Ary =211 -1z =21 —y1,.---.. Az, =2, 1 —1®z, = 2p — Yn -
For each multi-index o = (a7, ..., a,) € N™, let us denote
(A2)* i= (Azy)™ - (Aw,)™
and |a| == ;.
Proposition B.8. There exists an isomorphism of C*°(R™)-algebras
C®(R™)[21, .. s xn)/ (X1, y2n) T = Jeoo (mm) , x; = Az .

Equivalently, ng(R") is a free C*°(R™)-module and {(Az)*}o<|a|<r is a ba-
sis.
Proof. Deoo(rny is the ideal of all differentiable functions vanishing on the di-
agonal submanifold z, = y1,...,2, = y, of R?™. By 2.7, we obtain that the
increments Az; = x; —y; generate Deoo(gn)-

Given a differentiable function f(z,y) on R?", let ho(y) := f(y,y). Since
f(z,y) — ho(y) vanishes on the diagonal submanifold, we have

fla,y) =holy) +>_ filz,y)Am;

for some differentiable functions f;(x,y). Applying the above formula to the
functions f;, it results

flz,y +Zh A:EZ—FZf”xyAxAxJ.

By recurrence, we may obtain that

(x)  fl@y)= Y ha()(A2)*  mod Dekig., -
0<|a|<r

Moreover, the above expression for f(z,y) is unique, since by iterated partial
derivation we have

1 olelf

ha(y) = Df := L ow (v, 9y) -

gl ap! Ozt

The formula (x) and its uniqueness imply that C°°(R?")/ DQI}R”) is a free

C>(R™)-module and {(Az)*}o<|q|<r 18 a basis. Moreover, f € Dgf;l(Rn) if and
only if D*f = 0 for any 0 < |a| < r, hence Dcoo(Rn) is a closed ideal. In
conclusion, we have that Jiw ga) = C>(R?™)/ DEJQ(R,L) is a free C*°(R™)-module
and {(Ax)*}o<|a|<r is a basis.

O
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Corollary B.9. If A = C®(R")/a is a differentiable algebra, then the A-
module Jy is finitely generated.

Proof. The continuous epimorphism of R-algebras

C®(R™)QrC®(R") — ARrA

clearly maps De¢oo(rny onto Dy, hence it maps ’Dg;l(w) onto ijl . Therefore,
we obtain an epimorphism JTOO(R,L) — J7, and, by B.8, we conclude that J is
a finitely generated A-module.

O

Corollary B.10. Let A be a differentiable algebra and let x € Spec, A. Then
Ji®a (A/my) = A/mItt
Proof. By B.6 and B.7 we have
Afmptt = JN(A) = TiBa(A/mg) = Ji/m. Ty

Since J, is a finitely generated A-module, there exists a continuous epimor-
phism A™ — J% , which is an open map since both modules are Fréchet. Then

R =A"®4 (A/m,) — J4y ®4 (A/m,) = J4/m,J}y

is an open epimorphism, hence J% /m,J is separated, i.e., myJ} = m,J% . We
conclude that

Jy/mpJy = Jy/meJy = Jy®a (A/mg) .

O

Proposition B.11. Let A — A/a = B be an epimorphism of differentiable
algebras. Then we have a cokernel of Fréchet B-modules

adeB L2 JiEAB — JL —— 0.

Proof. The desired sequence is obtained applying completion in the following
cokernel of locally convex B-modules

a2y B2 3 @uaB — T — 0.

O

Theorem B.12. Let B = C*°(R"™)/ Wy be the Whitney algebra of a closed set
Y in R™. There exists an isomorphism of B-algebras

Blzy,...,x,)/(x1,...,2,)" T = Jh , T; — Ax; .

Equivalently, Jg is a free B-module and {(Ax)®}o<|a|<r i5 a basis.
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Proof. With the notations of the proof of B.8, for any f € C*°(R"™) we have

G Hel= Y [D*f]-(A2)" € Jpw@nBe@nB ,
0<|a|<r
where [D*f] is the class in B = C*°(R")/Wy of
1 olalf

apl- ! Ozt Oxnn

Dof =

By definition of the Whitney ideal, we have [D®f] = 0 for any f € Wy,
hence (j"f)®1 =0 in JTOQ(Rn)@COO(Rn)B. Applying the sequence B.11 to the
case A =C>®(R") and a = Wy, we obtain that

Jp = Jbwo @ ®c@n)B
and the result follows from B.8.

O

Definition. Let X be a differentiable space and let Dx be the sheaf of ideals of
the diagonal embedding X — X x X (rigorously, it is a sheaf of closed ideals on
an open neighbourhood of the diagonal subspace). We say that the Ox-algebra
(with the structure induced by the second projection py: X x X — X)

Jg( = OXX)(/’D;(+1
is the sheaf of r-jets of X.
For any affine open subset U = Spec, A C X, we have
JxU) = Jy .
According to B.8 and its corollaries, we have the following facts:

1. Jgn is a free Ogn-module. Moreover, if X is a formally smooth differentiable
space, then J% is a locally free Ox-module (by 10.20 and B.12).

2. J% is a locally finitely generated Ox-module.

3. If z € X, then J% ®oy (Ox/m;) = Ox/mit.

Definition. Let X be a differentiable space and let x: T"— X be a parametrized
point of X. Let D, be the sheaf of ideals defined by the graph (x, Id): T — X xT
of z (rigorously, it is a sheaf of closed ideals on an open neighbourhood of the
graph). We say that the Or-algebra (with the structure induced by the second
projection po: X x T — T)

J;X = OXXT/D;'+1

is the sheaf of r-jets of X at the parametrized point x.
According to B.7, we have

IIX = J4®0,0r = x*J% .
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B.2 Jets of Morphisms

Let X be a differentiable space. Given a point & € X, recall that the infinitesimal
neighbourhood of order 7 of z in X is defined to be U? = Spec, (Ox,,/miT1).
Now, we shall extend this notion to parametrized points.

Let z: T — X be a parametrized point of X. Recall that we denote by D,
the sheaf of ideals of the graph T — X x T of =z.

Definition. The infinitesimal neighbourhood of order r of the parametrized
point x is defined to be the differentiable subspace U, of X x T determined by

the sheaf of ideals D5, that is to say,

U, = Spec, (OXXT/’D;H) = Spec, (J'X) = Spec, (Jx®0,Or) .

The morphism (z,Id): T < U] , which is a closed embedding and is called
the inclusion morphism, admits the structural projection U] — T as a re-

traction. On the other hand, we have a commutative triangle

T 25 X

@Id) N py
Uz

where p;: U] C X x T — X is the first projection: Any point factors through
the inclusion into the infinitesimal neighbourhood.

Let f: X — Y be a morphism of differentiable spaces, and let y = f(x) =
fox: T — Y. The morphism f x Id: X xT — Y x T transforms the graph of
z into the graph of y, hence it induces a morphism f x Id: Uy — U, and we
have a commutative diagram:

fxId
U, — Uy

| l

x L vy

Definition. Let X and Y be differentiable spaces. Let us consider the following
contravariant functor on the category of differentiable X-spaces:

Ilxy)(T) := Hom(U,,Y)

for each parametrized point z: T'— X. When this functor is representable by a
differentiable space J"(X,Y) — X, we say that J"(X,Y) is the space of jets
of order 7 of morphisms X — Y.

By definition, for any parametrized point x: T — X, we have a bijection

Homyx (7T,J"(X,Y)) = Hom(U,,Y) .
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In particular, points of J"(X,Y") over a point x € X correspond with morphisms
of the r-th infinitesimal neighbourhood of x into Y .

Note that we have a canonical X-morphism
q=(q1,¢2): J'(X,)Y) — X xY,
defined by the morphism of functors

Jlx.y)(T) = Hom(UZ,Y) — Hom(T,Y) = Homy (T, X x Y)

transforming each morphism U i> Y into the composition T — U i> Y.
The following result determines the functor of points of J"(X,Y) on the
category of differentiable X x Y-spaces.

Fundamental lemma. For any parametrized point (x,y): T — X xY we have
a bijection

Homx vy (T,J"(X,Y)) = Homo, ag(JyY, J; X) = Homog ag(y*Jy, 2" Jx) .

Proof. The second equality is a consequence of B.7. Let us prove the first one:
To give a morphism T — J"(X,Y) over X X Y is just to give a morphism
f: Ul = Y transforming x into y; that is to say, such that the following diagram
is commutative:

vr Ly

@1\ Ty
T

and to give such morphism f is just to give a T-morphism transforming the
graph of x into the graph of y:

vr WDy

@1\ y.1d)
T

or, equivalently, to give a commutative diagram of T-morphisms

ur (f,1d) uUr

@I\ (y.1d)
T
We conclude since U = Spec,(J; X) and U, = Spec,.(J;Y).
O

Let us consider the following contravariant functor on the category of differ-
entiable X x Y-spaces:

F(T) = Homo,aig(y" Jy, 2" Jx) = Homo,ag(Jyly: Jx|2)



B.2 Jets of Morphisms 173

for any X xY-space (z,y): T — X xY. The fundamental lemma states that the
functor F is representable by the space of jets J"(X,Y") (if it exists). In other
words,
JT(X7Y) = HomoXXy_a1g(p§J§},p’{J§() :

Now, if X is formally smooth, then J% is a locally free Ox-module of finite

rank and, according to A.22, there exists the differentiable space
Hom@xxy-alg(pz‘]}r/ﬂpi‘];() .

In conclusion, we have proved the following result.

Theorem B.13. If X is formally smooth, then the space of jets J"(X,Y) exists.

According to Yoneda’s lemma 7.1, the isomorphism of functors
J(X, V) = F

is determined by an element 6 € F(J"(X,Y)), which is a morphism of Ojy-
algebras

0 @y — aiJx
onJ =J"(X,Y). It is called the universal morphism and it let us describe
the given isomorphism of functors in the following way: For any X x Y-space
(z,y): T — X x Y, we have a bijection

Homx xy (T,J"(X,Y)) = HomOT-alg(J{/‘yv‘];dI)
A 5|,\
Theorem B.14. If X and Y are formally smooth, then
qg=(q1,¢2) : J'(X,)Y) — X xY

is a smooth morphism. Therefore, if X and Y are smooth manifolds, then so is
J(X,Y).

Proof. Since the problem is local, we may assume that X is a Whitney subspace
of R™ and that Y is a Whitney subspace of R™ (see 10.20). According to B.12,
we have isomorphisms of algebras

Jv = Ox[Axy,...,Az,]/(Axy,. .., Az,) T

J}C = OY[Ayla"'aAyﬂ’L]/(Ayh"'7Aym)r+1

Let £ be the free Oy-submodule of Jj, generated by {Ay, ..., Ayy,}. It is
clear that

JT(va) = HomOXxy-alg(sz{/vaJ%) = HomOXXY(psﬁvaJ)T() :
Since p5L = p3(OF) = Oy, we have an isomorphism
HomOXxY(p;‘C’pTJ;() = HomOXxY(OXXY7 (pTJ;‘()m)

hence ¢: J"(X,Y) = X x Y is the trivial vector bundle associated to the free
Oxxy-module (piJ%)™.
O
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B.3 Tangent Bundle of order r

Definition. Let X be a differentiable space. The cotangent module of order
r of X is defined to be the Fréchet O x-module

Q% = Dx/ DY

where Dx is the sheaf of ideals of the diagonal embedding X «— X x X. The
O x-module structure of 'y is induced by the second projection ps: X x X — X.

The cotangent module of order 1 is just the Ox-module of relative differentials
Qx.

Note that we have an exact sequence
0 — Q% — J% =Oxxx/D' - Ox — 0,

which splits because we have the section Ox — J%, a — [1 ® a], hence we
obtain a canonical decomposition

Jh o= Ox & .

Given a point « € X, tensoring by O/m, in the above exact sequence and

using B.10, we obtain an isomorphism
% ®oy Ox/my = mg/m*

Definition. Let X be a differentiable space and let M be a locally convex
Ox-module. A R-linear morphism of sheaves D: Ox — M is said to be a
(continuous) differential operator of order < r if, for any open set U C X,
the map D: Ox(U) — M(U) is a (resp. continuous) differential operator of
order < r.

Differential operators D: Ox — M of order < r such that D(R) = 0 are
named derivations of order < r.

Note that any differential operator D: Ox — Ox of order < r is continuous
by B.4.

We have a natural map
d": Ox — Q% ) d"(a) =a®1-1®a.

Note that the universal differential operator j": Ox — Jy = Ox & Q' is
jr=Id®d", since jfa=a®1l=1®a+ (a®1—1& a). From theorem B.3,
we may easily deduce that for any continuous derivation D: Ox — M of order
< r (M being a Fréchet Ox-module), there exists a unique morphism of Fréchet
Ox-modules ¢: Q% — M such that D = ¢ od", that is to say,

Homp, (%, M) = Derg(Ox, M) .
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Definition. Let X be a differentiable space. The Ox-module
T = Homo, (%, 0x) = Derg(Ox,0x)

is said to be the tangent module of order r of X. For any open set U C X,
we have

Tx(U) := Derg(Oy,Oy) = {derivations D: Oy — Oy of order <r} .

When r = 1, the tangent module is the sheaf of tangent vector fields on X.

Definition. Let X be formally smooth differentiable space. Then J% is a locally
free Ox-module of finite rank, hence so are its direct summand Q% and 7. The
tangent bundle of order r of X is defined to be the vector bundle T"X — X
associated to the locally free O x-module Ty;.

Given a point x € X, the fibre of the tangent bundle T"X — X over x is
called the tangent space of order r of X at z, and it is denoted by T, X. It
is easy to check that

T;X = Derg(O,,R) = {derivations D: O, — O, /my; =R of order <r} .

Let ¢: X — Y be a morphism of differentiable spaces. The continuous dif-
ferential operator

Oy 25 0,0x L5 0, J%

induces a morphism of Fréchet Oy -algebras
Jy — o J%

or, equivalently, a morphism of Fréchet Ox-algebras
PV

By the representability property of J"(X,Y), i.e., by the fundamental lemma,
the above morphism ¢* corresponds with a morphism of X x Y-spaces

x 22 1r(x,Y) .

In other words, j"¢: X — J"(X,Y) is the unique morphism of X x Y-spaces
such that
5

e — 50* )
where §: ¢5J3 — ¢iJ% is the universal morphism.
Definition. The morphism ;"¢ is said to be the r-jet extension of .

Note. Let us give an alternative definition of the r-jet extension of ¢ in terms of
the functors of points. For any parametrized point x: T — X , the r-jet of ¢ at x
is defined to be the composition jl¢: U, — X 5 Y . By definition of the space
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of jets, the morphism jl¢ defines a parametrized point jlo: T — J"(X,Y).
Now, the r-jet extension of ¢ is the morphism of X-spaces jrp: X — J"(X,Y)
defined by the following morphism between the corresponding functors of points:

X*(T) — J(X,Y)*(T) , T jre .

Let us go back to the morphism ¢: X — Y . Since Jy = Ox @© Q% , it is
clear that the morphism of Ox-algebras ¢*: ¢*Jy — J% induces a morphism
of Fréchet Ox-modules

oy L Q.
Taking duals and assuming that Y is formally smooth (i.e., 2} is a locally free
Oy-module), we finally obtain a morphism of Ox-modules

Te <5 ¢
Definition. The morphism d"¢ is said to be the differential of order r of .

In order to simplify the notation, sometimes d"¢ will be denoted by .

Note that we have a commutative diagram

Trx Y9, ry

l !

X 2. v

The morphism d"¢: T"X — T"Y induces a morphism between the fibres:
dyp: Ty X — T)Y . It not difficult to check that this morphism dj¢ may be
described in the following way,

TIX = Der(0,,R) ~=% Derf(0,,R) = T,Y ,  [(d50)(D)](f) = D(f o) .

B.4 Structure Form

Let X and Y be formally smooth differentiable spaces. Let us consider the space
of r-jets
= (q1,q2): J=J(X,)Y) — X xY.

Definition. The universal morphism of Oj-algebras 6: ¢5.J5 — ¢ J% induces,
via the decomposition Jy = Ox @ % and duality, a morphism of Fréchet O;-
modules .

GTE <= BTy

called the universal differential of order r.
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Given a morphism ¢: X — Y, recall that the r-jet extension is the unique
morphism j"p: X — J"(X,Y) of X x Y-spaces such that 0|, = ¢*. This
condition is equivalent to the following one:

d"[jre = d"p

Definition. The structure form on J = J"(X,Y) is defined to be the mor-
phism of Fréchet Oj-modules

0:= (@-—d"oq): T — ¢Ty.
The structure form 6 encodes the non-commutativeness of the triangle
Tr
(+) @/ N2
e —— ¢Ty
Notation. Given a differentiable section F': X — J"(X,Y) of ¢1, we denote by
F*(0) the composition
Te = F'T) 2 FGT = £
where f=¢qpoF: X =Y.

Theorem B.15. Let X and Y be formally smooth differentiable spaces. Let
F: X = J(X,Y) be a differentiable section of ¢1 and let f =qgo 0 F. Then we
have:
F*)=0 < F = j"f.
Proof. Since f = gs o F', we have a commutative triangle
F*Ty
F/t N2
Te =5 pTy
On the other hand, applying F* to the triangle (%), we obtain a diagram
F*T]r
P N\
Te T
"F

where ¢; o F' = Id by hypothesis. Now, F*(0) = 0 if and only if this triangle is
commutative since

F*(0) = OlpoF = (g2—(d"|p)oqr)oF = o F —d"|r.
Comparing both triangles we conclude that
F*0) =0 & d"|p=4d"f,
hence F*() =0 & F = j"f.
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B.5 Jets of Sections

Let m: E — X be a morphism of differentiable spaces.

Definition. The space of jets of order r of sections of 7 is defined to be the
differentiable X-space J, x, if it exists, such that we have an isomorphism of
functors on the category of differentiable X-spaces:

Hom x(7,J%,x) = Homx (U, E)

for any parametrized point z: T — X. Points of JE/X over a point x of X
correspond with sections of E — X over the r-th infinitesimal neighbourhood of
zin X.

Theorem B.16. If X is formally smooth, then the space of jets J}:J/X ezists.
Moreover, it admits a canonical closed embedding J%/X — J(X,E).

Proof. Let §: ¢5J — ¢iJ% be the universal morphism of algebras on J" (X, E)
and let 7: ¢iJ%x — ¢5Jg be the morphism induced by m: F — X. J%/X is
the closed differentiable subspace of all points of J"(X, F) where the morphism
0 o — Id vanishes. It exists by A.21.

O

Theorem B.17. Let X be a formally smooth differentiable space. Let E — X
be the associated vector bundle of a locally free O x -module € of finite rank. Then
J%5/x = X s the associated vector bundle of Jx ®ox €.

Proof. Given a parametrized point x: T — X, let us consider the infinitesimal
neighbourhood of order r

UT = Spec, (OXXT/D;“) = Spec, (JTX) = Spec, (J4Bo, Or) ,

the closed embedding (x, Id): T < U] and the natural morphism p;: U] — X.
We have the following bijections

Homx (T, JTE‘/X) = Homx (U;, E) = I'(U;, pi€) = T'(Uy, € ®oy [J)T((/g\)(’)x Or))
(since T — UZ is a homeomorphism)
= F(Tv [5 ®ox J)T(}@OXOT) = F(T’ :L'*[g ®ox J)T(]) )

hence Ji; v is the associated vector bundle of £ ®o, Jx.
O

From now on, we shall assume that X is formally smooth and that 7: £ — X
is a smooth morphism (hence F is formally smooth).

Let # and d be the restriction to J%/x of the structure form 6 and the
universal differential d” on J"(X, E) respectively. We have a non-commutative
diagram (we write J = Ip)x):
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7¥
111/ \fh

* d *
aTx — a7Tg
where mo s = q1 , mod = Id, and, by definition, 6 = g —d o ¢ .

Definition. Since 7 is a smooth morphism, then 7: 75 — 7*7y is an epimor-
phism, and we obtain an exact sequence of locally free Og-modules of finite
rank

0— Vgx — Tp — 7T —0
where VE"/X := ker 7 is said to be the vertical tangent module of order r.

Remark that 6 is valued in ¢3V} /x

1ol = rogy—modogn = g —q = 0,

so that 0 is a morphism of Oj-modules 0: TT’ — QEVE/X .

Notation. If F': X — Jg/X is a differentiable section of g1, then we denote by

F*(0) the composition

T = FT 5 Ve

where f:=qgpoF: X — E.

Theorem B.18. Let X be a formally smooth space and let m: E — X be a
smooth morphism. If F: X — JE/X is a differentiable section of q1, and we put
f=qooF, then we have:

F*0)=0 & F = jf.

Proof. Just apply theorem B.15 to J"(X, E).
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