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GEOMETRIE DIFFERENTIELLE CATEGORIQUES

TANGENT SPACES AND TANGENT BUNDLES
FOR DIFFEOLOGICAL SPACES

by J. Daniel CHRISTENSEN and ENXIN WU

Résumé. Nous étudions comment la notion d’espace tangent peut étre
étendue aux espaces difféologiques, qui généralisent les variétés régulieres
et comprennent les espaces singuliers et de dimension infinie. Nous
nous intéressons a 1’espace tangent interne, défini en utilisant les courbes
régulieres, et a I’espace tangent externe, défini en utilisant les dérivations
régulieres. Nous prouvons des résultats fondamentaux sur ces espaces tan-
gents, les calculons sur des exemples, et observons qu’en général ils sont
différents, méme s’ils concident sur de nombreux exemples. Rappelant la
définition du fibré tangent donnée par Hector, nous montrons que la multipli-
cation scalaire et I’addition peuvent ne pas y étre régulieres. Une définition
du fibré tangent résolvant ce probléme est donnée, a I’aide de ce que nous
appelons la difféologie dvs. Ces fibrés tangents sont étudiés, calculés sur des
exemples, et nous étudions si leurs fibres sont des espaces vectoriels munis
de la difféologie fine. Parmi les exemples: espaces singuliers, tores irra-
tionels, espaces vectoriels de dimension infinie, groupes difféologiques, es-
paces d’applications régulieres entre variétés régulieres.

Abstract. We study how the notion of tangent space can be extended to diffe-
ological spaces, which are generalizations of smooth manifolds that include
singular spaces and infinite-dimensional spaces. We focus on the internal
tangent space, defined using smooth curves, and the external tangent space,
defined using smooth derivations. We prove fundamental results about these
tangent spaces, compute them in many examples, and observe that while they
agree for many of the examples, they do not agree in general. Next, we
recall Hector’s definition of the tangent bundle, and show that both scalar
multiplication and addition can fail to be smooth. We then give an improved
definition of the tangent bundle, using what we call the dvs diffeology, which
fixes these deficiencies. We establish basic facts about these tangent bundles,
compute them in many examples, and study the question of whether the fibres
of tangent bundles are fine diffeological vector spaces. Our examples include
singular spaces, irrational tori, infinite-dimensional vector spaces and diffeo-
logical groups, and spaces of smooth maps between smooth manifolds.
Keywords. diffeological space, tangent space, tangent bundle.
Mathematics Subject Classification (2010). 57P99, 58 A05.
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1. Introduction

The notion of smooth manifold has been generalized in many ways, some
of which are summarized and compared in [St1]. Diffeological spaces were
introduced by Souriau [Sol, So2] and are one such generalization, which
includes as special cases manifolds with corners, infinite-dimensional man-
ifolds, and a wide variety of spaces with complicated local behaviour. In
fact, the collection of diffeological spaces is closed under taking subsets,
quotients and function spaces, and thus gives rise to a very well-behaved
category. Moreover, the definition of diffeological space is extremely sim-
ple, and we encourage the reader not familiar with the definition to read
Definition 2.1 now. The standard textbook for diffeological spaces is [13],
and we briefly summarize the basic theory in Section 2.

Tangent spaces and tangent bundles are important tools for studying
smooth manifolds. There are many equivalent ways to define the tangent
space of a smooth manifold at a point. These approaches have been general-
ized to diffeological spaces by many authors, including the following. In the
papers that introduced diffeological groups and spaces, Souriau [Sol, So2]
defined tangent spaces for diffeological groups by identifying smooth curves
using certain states. Hector [He] defined tangent spaces and tangent bundles
for all diffeological spaces using smooth curves and a more intrinsic identi-
fication, and these were developed further in [HM, La]. (We point out some
errors in all of [He, HM, La], and give corrected proofs when possible or
counterexamples in other cases.) Vincent [V] defined tangent spaces for dif-
feological spaces by looking at smooth derivations represented by smooth
curves, and built associated tangent bundles using the same construction we
use in this paper. Iglesias-Zemmour [I3, 6.53] defined the tangent space to
a diffeological space at a point as a subspace of the dual of the space of
1-forms at that point, and used these to define tangent bundles.

In this paper, we begin by studying two approaches to defining the tan-
gent space of a general diffeological space at a point. The first is the ap-
proach introduced by Hector, which uses smooth curves, and which we call
the internal tangent space (see Subsection 3.1). The second is a new ap-
proach that uses smooth derivations on germs of smooth real-valued func-
tions, which we call the external tangent space (see Subsection 3.2). In these
subsections, we prove basic facts about these tangent spaces, such as lo-
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cality, and give tools that allow for the computations we do later. We also
show that the internal tangent space respects finite products, and prove the
non-trivial result that the internal tangent space depends only on the plots of
dimension at most 2, while the external tangent space depends only on the
plots of dimension at most 1.

In Subsections 3.3, 4.1 and 4.4, we compute these two tangent spaces for
a diverse set of examples. We summarize some of the computations in the
following table. If the basepoint is not specified, the result is true for any
base point.

Diffeological space and base point Internal | External
discrete diffeological space RY RO
indiscrete diffeological space R° RO
topological space with continuous diffeology RO RO
smooth manifold of dimension n NG R™
axes in R? with the pushout diffeology at 0 R? R?
axes in R? with the sub-diffeology at 0 R? R?
three lines intersecting at 0 in R? R3 R3
with the sub-diffeology at 0
R™ with wire diffeology (n > 2) uncountable | - pn
dimension
1-dimensional irrational torus R R
quotient space R™/O(n) at [0] R? R
0, 00) with the sub-diffeology of R at 0 RO R
vector space V' with fine diffeology V
diffeomorphism group of a C* vector
compact smooth manifold M at 1, fields on M

We see that these two tangent spaces coincide in many cases, including of
course for smooth manifolds, but that they are different in general. In Sub-
section 3.4, we briefly describe some variants of our definitions that one
could also consider.

In Section 4, we study tangent bundles. Since the internal tangent space
has better formal properties, and we are able to compute it in more exam-
ples, we define our tangent bundle (as a set) to be the disjoint union of the
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internal tangent spaces. Subsection 4.1 begins by describing the diffeology
that Hector put on this internal tangent bundle [He], and then shows that
it is not well-behaved in general. For example, we show in Example 4.3
that the fibrewise addition and scalar multiplication maps are not smooth in
general, revealing errors in [He, HM, La]. We then introduce a refinement
of Hector’s diffeology, which we call the dvs diffeology, that avoids these
problems. We also reprove the fact that the internal tangent bundle of a dif-
feological group with Hector’s diffeology is trivial, since the original proof
was partially based on a false result, and as a result we conclude that Hector’s
diffeology and the dvs diffeology coincide in this case. In Subsection 4.2,
we give a conceptual explanation of the relationship between Hector’s diffe-
ology and the dvs diffeology: they are colimits, taken in different categories,
of the same diagram.

The two diffeologies on the tangent bundle give rise to diffeologies on
each internal tangent space. In Subsection 4.3, we study the question of
when internal tangent spaces, equipped with either of these diffeologies, are
fine diffeological vector spaces. Here the fine diffeology on a vector space is
the smallest diffeology making the addition and scalar multiplication maps
smooth. We show that for many infinite-dimensional spaces, both Hector’s
diffeology and the dvs diffeology on the internal tangent spaces are not fine.
On the other hand, we also show that the internal tangent space of any fine
diffeological vector space V' at any point is isomorphic to V' as a diffeologi-
cal vector space. As a by-product, we show that the inverse function theorem
does not hold for general diffeological spaces.

Finally, in Subsection 4.4, we study the internal tangent bundles of func-
tion spaces, and generalize a result in [He, HM] that says that the internal
tangent space of the diffeomorphism group of a compact smooth manifold
at the identity is isomorphic to the vector space of all smooth vector fields
on the manifold. Again we find that in these cases, Hector’s diffeology co-
incides with the dvs diffeology.

The paper [CW2] is a sequel to the present paper. It proves that a diffe-
ological bundle gives rise to an exact sequence of tangent spaces, and gives
conditions under which Hector’s diffeology and the dvs diffeology on the
tangent bundle agree.

All smooth manifolds in this paper are assumed to be finite-dimensional,
Hausdorff, second countable and without boundary, all vector spaces are
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assumed to be over the field R, and all linear maps are assumed to be R-
linear.

2. Background on diffeological spaces

We provide a brief overview of diffeological spaces. All the material in this
section can be found in the standard textbook [I3]. For a concise introduction
to diffeological spaces, we recommend [CSW], particularly Section 2 and
the introduction to Section 3.

Definition 2.1 ([So2]). A diffeological space is a set X together with a spec-
ified set Dx of functions U — X (called plots) for each open set U in R"
and for each n € N, such that for all open subsets U C R" and V' C R™:

1. (Covering) Every constant function U — X is a plot;

2. (Smooth Compatibility) If U — X is a plot and V' — U is smooth,
then the composite V. — U — X is also a plot;

3. (Sheaf Condition) If U = U;U; is an open cover and U — X is a
function such that each restriction U; — X is a plot, then U — X is
a plot.

We usually denote a diffeological space by its underlying set.
A function f . X — Y between diffeological spaces is smooth if for
every plot p : U — X of X, the composite f o pis a plot of Y.

Write Diff for the category of diffeological spaces and smooth maps.
Given two diffeological spaces X and Y, we write C°(X,Y") for the set
of all smooth maps from X to Y. An isomorphism in Diff will be called a
diffeomorphism.

Every smooth manifold M is canonically a diffeological space with the
same underlying set and plots taken to be all smooth maps U — M in the
usual sense. We call this the standard diffeology on )/, and, unless we say
otherwise, we always equip a smooth manifold with this diffeology. It is
easy to see that smooth maps in the usual sense between smooth manifolds
coincide with smooth maps between them with the standard diffeology.



CHRISTENSEN & WU - TANGENT SPACES AND BUNDLES FOR DIFFEOLOGICAL SPACES

The set D of diffeologies on a fixed set X is ordered by inclusion, and
is a complete lattice. The largest element in D is called the indiscrete dif-
feology on X, and consists of all functions U — X. The smallest element
in D is called the discrete diffeology on X, and consists of all locally con-
stant functions U — X. The smallest diffeology on X containing a set of
functions A = {U; — X };¢; is called the diffeology generated by 4. It
consists of all functions f : U — X that locally either factor through the
given functions via smooth maps, or are constant. The standard diffeology
on a smooth manifold is generated by any smooth atlas on the manifold, and
for every diffeological space X, Dy is generated by U, ey C°(R", X).

For a diffeological space X with an equivalence relation ~, the smallest
diffeology on X/~ making the quotient map X — X/~ smooth is called the
quotient diffeology. It consists of all functions U — X/~ that locally factor
through the quotient map. Using this, we call a smoothmap f : X — Y a
subduction if it induces a diffeomorphism X/~ — Y, where x ~ 2’ if and
only if f(z) = f(2), and X/~ has the quotient diffeology.

For a diffeological space Y and a subset A of Y, the largest diffeology on
A making the inclusion map A — Y smooth is called the sub-diffeology.
It consists of all functions U — A such that U — A — Y is a plot of Y.
Using this, we call a smooth map f : X — Y an induction if it induces a
diffeomorphism X — Im(f), where Im(f) has the sub-diffeology of Y.

The category of diffeological spaces is very well-behaved:

Theorem 2.2. The category Diff is complete, cocomplete and cartesian
closed.

The descriptions of limits, colimits and function spaces are quite sim-
ple, and are concisely described in [CSW, Section 2]. We will make use of
these concrete descriptions. Unless we say otherwise, every function space
is equipped with the functional diffeology.

We can associate to every diffeological space the following interesting
topology:

Definition 2.3 ([11]). Given a diffeological space X, the final topology in-
duced by its plots, where each domain is equipped with the standard topol-
0gy, is called the D-topology on X.
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In more detail, if (X, D) is a diffeological space, then a subset A of X is
open in the D-topology of X if and only if p~'(A) is open for each p € D.
We call such subsets D-open.

A smooth map X — X’ is continuous when X and X' are equiped with
the D-topology, and so this defines a functor D : Diff — Top to the category
of topological spaces.

Example 2.4. (1) The D-topology on a smooth manifold coincides with the
usual topology.

(2) The D-topology on a discrete diffeological space is discrete, and the
D-topology on an indiscrete diffeological space is indiscrete.

For more discussion of the D-topology, see [CSW].

We will make use of the concept of diffeological group at several points,
so we present it here.

Definition 2.5. A diffeological group is a group object in Diff. That is, a
diffeological group is both a diffeological space and a group such that the
group operations are smooth maps.

A smooth manifold of dimension n is formed by gluing together open
subsets of R" via diffeomorphisms. A diffeological space is also formed by
gluing together open subsets of R via smooth maps, possibly for all n € N.
To make this precise, let DS be the category with objects all open subsets
of R" for all n € N and morphisms smooth maps between them. Given a
diffeological space X, we define DS/ X to be the category with objects all
plots of X and morphisms the commutative triangles

v v
A, /o
X,

with p, ¢ plots of X and f a smooth map. We call DS/X the category of
plots of X. Then we have:

Proposition 2.6 ([CSW, Proposition 2.7]). The colimit of the functor F :
DS/ X — Diff sending the above commutative triangle to f : U — V is X.
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Given a diffeological space X, the category DS/ X can be used to define
geometric structures on X. For example, see [I3] for a discussion of differ-
ential forms and the de Rham cohomology of a diffeological space. In this
paper, we will use a pointed version of DS/ X to define the internal tangent
space of X.

3. Tangent spaces

We discuss two approaches to defining the tangent space of a diffeological
space at a point: the internal tangent space introduced by Hector using plots,
and the external tangent space defined using smooth derivations of the alge-
bra of germs of smooth functions. We prove basic facts about these tangent
spaces in Subsections 3.1 and 3.2, and then compute them for a wide variety
of examples in Subsection 3.3. Although they are isomorphic for smooth
manifolds, we find that the two approaches are different for a general diffe-
ological space; see Examples 3.22, 3.23, 3.24 and 3.25. In Subsection 3.4,
we mention some other approaches to defining tangent spaces.

3.1 Internal tangent spaces

The internal tangent space of a pointed diffeological space is defined using
plots. It was first introduced in [He], and is closely related to the kinematic
tangent space of [KM] (see Subsection 3.4).

To start, we will define a pointed analog of the category DS/ X of plots
of X, introduced just before Proposition 2.6. Let DS be the category with
objects all connected open neighbourhoods of 0 in R" for all » € N and
morphisms the smooth maps between them sending 0 to 0. Given a pointed
diffeological space (X, z), we define DSy/(X, x) to be the category with
objects the plots p : U — X such that U is connected, 0 € U and p(0) = =,
and morphisms the commutative triangles

v— v

N/

where p, ¢ € Obj(DS,/(X,z)) and f is a smooth map with f(0) = 0. We

-10 -
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call DSy/(X, x) the category of plots of X centered at x. It is the comma
category of the natural functor from DS to Diff,, the category of pointed
diffeological spaces.

Definition 3.1 ([He]). Ler (X, x) be a pointed diffeological space. The in-
ternal tangent space T,(X) of X at x is the colimit of the composite of
functors DS,/ (X, x) — DSy — Vect, where Vect denotes the category of
vector spaces and linear maps, the first functor is the forgetful functor and
the second functor is given by (f : U — V) — (f. : To(U) — To(V)).
Given aplotp : U — X sending 0 to x and an element u € Ty(U), we write
p«(u) for the element these represent in the colimit.

Let f : (X,z) — (Y,y) be a smooth map between pointed diffeologi-
cal spaces. Then f induces a functor DSy /(X,x) — DSy/(Y,y). There-
fore, we have a functor 7" : Diff, — Vect. Indeed, the functor T is the
left Kan extension along the inclusion functor DS, — Diff, of the functor
DSy — Vect sending f : U — V to f. : To(U) — To (V).

Note that the category of plots of a diffeological space centered at a point
is usually complicated. In order to calculate the internal tangent space at a
point efficiently, we need a simpler indexing category.

Let (X, z) be a pointed diffeological space. We define a category G (X, x)
whose objects are the objects in DSy/(X,x), and whose morphisms are
germs at 0 of morphisms in DS, /(X, x). In more detail, morphisms from
p:(U,0) = (X,z)toq: (V,0) = (X, ) in G(X, z) consist of equivalence
classes of smooth maps f : W — V, where W is an open neighborhood
of 0 in U and p|y = ¢ o f. Two such maps are equivalent if they agree on
an open neighborhood of 0 in U. Then there is a functor G(X, z) — Vect

sending the morphism
U\[—>f ]/v
X
inG(X,x)to f.: To(U) — To(V), and its colimit is T, (X).
A local generating set of X at x is a subset G of Obj(G (X, z)), such

that for each object p : (U,0) — (X, z) in G(X, x), there exist an element
q : (W,0) - (X,z) in G and a morphism p — ¢ in G(X,z). A local

-11 -
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generating category of X at x is a subcategory G of G(X,x) such that
Obj(G) is a local generating set of X at x.

Proposition 3.2. If G is a local generating category of X at x, then there
is a natural epimorphism from colim(G — G(X,z) — Vect) to T,(X).
Moreover, if G is a final subcategory of G( X, x), then this is an isomorphism.

Proof. The first statement follows from the definition of a local generating
category of X at x, and the second statement follows from [Mac, Theo-
rem IX.3.1]. O

A local generating set of curves of X at x is a subset C' of the inter-
section Obj(G (X, z)) N C*(R, X) such that for each object p : R — X in
G(X, z), there exist an element ¢ : R — X in C' and a morphism p — ¢ in
G(X, ). Alocal generating category of curves of X at x is a subcategory
C of G(X, z) such that Obj(C) is a local generating set of curves of X at z.

Proposition 3.3. If C is a local generating category of curves of X at x,
then the natural map colim(C — G(X, z) — Vect) — T,(X) is an epimor-
phism.

In particular, every internal tangent vector in 7,(X) is a linear combina-
tion of internal tangent vectors of the form p*(%), wherep : R — X is a
smooth curve with p(0) = z, and < is the standard unit vector in Ty (R).

Proof. This is because for each u € T(U) there exists a pointed smooth
map f : (R,0) — (U,0) such that f.(Z) = u. O

Moreover, the relations between internal tangent vectors are determined
by the two-dimensional plots:

Proposition 3.4. Let (X, ) be a pointed diffeological space. Let X' be
the diffeological space with the same underlying set as X, with diffeology
generated by all plots R?> — X. Then the identity map X' — X is smooth
and induces an isomorphism T,,(X') — T,(X).

Proof. Since R is a retract of R?, every plot R — X factors through a plot
R? — X, and so X’ contains the same 1-dimensional plots as X. Therefore,
by Proposition 3.3, the linear map 7,,(X') — T, (X) is surjective.

-12 -



CHRISTENSEN & WU - TANGENT SPACES AND BUNDLES FOR DIFFEOLOGICAL SPACES

To prove injectivity, we need a more concrete description of the internal
tangent spaces. From the description of 7),(X) as a colimit indexed by the
category G(X, x), we can describe 7,(X) as a quotient vector space F'/R.
Here F' = &,1,(U,), where the sum is indexed over plots p : U, — X
sending 0 to x, and R is the span of the vectors of the form (p, v) —(q, g«(v)),
where p : (U,,0) — (X,z) and ¢ : (U,,0) — (X, x) are pointed plots,
g: (U, 0) — (U,,0) is a germ of smooth maps with p = ¢q o g as germs at
0, v is in Tp(U,), (p,v) denotes v in the summand of F' indexed by p, and
(q,9«(v)) denotes g.(v) in the summand of F' indexed by ¢. Unless needed
for clarity, we will write such a formal difference as simply v — g.(v), and
not repeat the conditions on p, ¢, g and v. We call v — g, (v) a basic relation,
and call U, the domain of the relation.

Similarly, T,(X’) = F'/R’, where I’ and R’ are defined as above, but re-
stricting to plots that locally factor through plots of dimension 2. In this nota-
tion, the natural map 7,,(X’) — T, (X) is induced by the inclusion F’ C F,
and the surjectivity of this map says that every element of F' is equal modulo
R to an element of F".

As a start to proving injectivity, we first show that the basic relations
v— g, (v) are generated by those that have 1-dimensional domain U,,. Choose
agerm f : (R,0) = (U,,0) so that f.(£) = v, giving

R
f gof
UPQUQ

WL

[((pofi=3) — 0 ful=g)] + [(gogo f, %) — (g, (g0 F)(F))]
=[(pof,—%)+ .v)] + [(po f, %) — (q,9:(v))]

which shows that our given relation is a sum of relations with domain R.
(This argument is similar to that of Proposition 3.3, and shows how that
argument could be made more formal.)

-13-
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We now know that a general element of R can be written in the form
r =0 —(g;)«(v;), where g; : R — U,,. Next we show that r can be writ-
ten as a sum of basic relations such that any plot ¢ : U, — X (sending 0 to )
with dim(U,) > 2 appears in at most one term of the sum. Suppose ¢ is such
a plot that appears in more than one term of . Without loss of generality,
suppose ¢g; and g, are the germs (R, 0) — (U,,0) and v; and v, are the vec-
tors in 7p(IR) which give two such terms in r. Let 4, and i, be the inclusions
of R into R? as the z- and y-axes, and define a germ g : (R%,0) — (U,,0)
by g(z,y) = g1(z) + g2(y). Then we have a commutative diagram

R, R2:2 R
\ , /
g1 g2

Uq
q
X

from which it follows that

[v1 = (i1)«(v1)] + [v2 = (i2)«(v2)] + [0 — g:(v)] =
[v1 = (g1)«(v1)] + [va = (g2)«(v2)],

where v := (i1).(v1) + (i2)«(ve) € Ty(R?). The first two basic relations
on the left-hand-side involve maps R — R?, while the third involves a map
R? — U,. Next, as in the previous paragraph, we replace this third basic
relation by two, one using a map R — R? and the other a map R — U,.
The result is that our new set of terms still consists of basic relations with
domain R, but the number of occurrances of the plot ¢ has been reduced by
1. Proceeding in this way, one can ensure that each such ¢ appears at most
once.

Finally, to prove injectivity of the map F'/R' — F'/R, we need to show
that every element r of £ N R is in R'. By the above, we can write r as a
sum r = » . v; — (gi)«(v;), where g; : R — Uy, and each ¢; with domain
of dimension bigger than 2 appears in at most one term. Since 7 is in F”, its
component in any summand 7(U,) of F' must be zero if ¢ does not locally
factor through a plot of dimension 2. Since such a plot can appear in at
most one term v — g,(v), no cancellation can occur, so we must have that

-14 -
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g«(v) = 0. So it suffices to show that we can eliminate such terms. If v = 0,
then v — g.(v) = 0, so this term can be dropped. Otherwise, we must have
g(0) = ¢'(0) = 0, and so we can write g(x) = x?h(z) for a smooth map
h : R — U,. Thus we can factor g as

R—>U

\/

where i(x) = (z,2?) and f(s,t) = t h(s). Then v — g.(v) = [v — i, (v)] +
[w — fu(w)], where w = i,(v) = cL. The map ¢ has codomain R?, so the
first basic relation is of the requlred form but we must still deal with the
second relation. Consider the map 4; : R — R? sending = to (z,0). Then
(in)(cd) = w.sow— fu(w) = [~c& —(ir).(~c)] +[c2 —(foir).(cL).

Again, the first basic relation is of the requlred form. For the second note

that the map f oy is the zero map, and so ¢ — (f o 41).(cd) = cjt =
L — ky(c), where k : R — RO is the zero map in the category G(X,z).
ThlS completes the proof. [

Remark 3.5. While the internal tangent space depends only on the two-
dimensional plots, the diffeology on the internal tangent bundle 7°X that
we define in Section 4 contains all of the information about the diffeology
on X, since X is aretract of T'X.

The internal tangent space is local, in the following sense:

Proposition 3.6. Let (X, ) be a pointed diffeological space, and let A be
a D-open neighborhood of x in X. Equip A with the sub-diffeology of X.

~Y

Then the natural inclusion map induces an isomorphism T,(A) = T,(X).
Proof. This is clear. [

We now investigate the tangent space of a product of diffeological spaces,
beginning with binary products.

Proposition 3.7. Let (X1, xz1) and (X3, x5) be two pointed diffeological
spaces. Then there is a natural isomorphism of vector spaces

T(Il,zz)(Xl X XQ) = Txl (X1> X T$2(X2)

-15 -
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Proof. The projections pr; : X; X Xy — X, j = 1,2, induce a natural map
a = ((Pri)s, (Pra)s) : Tl wa) (X1 X Xo) = Tey (X1) X 1oy (Xo).

Define inclusion maps i; : X; — X; x X, for j = 1,2 by i1(y1) = (y1, 22)
and i5(y2) = (x1, y2), and consider the map

B = (11)s + (i2)s : Toy (X1) X Ty (X2) = Ty 20) (X1 X X2)

sending (v1, v2) to (71)4(v1)+ (i2)«(ve). We claim that these maps are inverse
to each other.
To check one of the composites, we first compute

(pry)« (i)« (1) + (i2)x(v2)) = (pry)«(in)i(v1) + (Pry)s(iz)s(v2)
= (idx,)« (1) + (Cay)s(v2) = 1,
where ¢,, : Xo — X is the constant map at z; and hence (c,, ).(v2) = 0.
Similarly, (pry)«((i1)«(v1) + (i2)«(v2)) = ve, and so a o [ is the identity.
By Proposition 3.3, it is enough to check the other composite on internal

tangent vectors of the form p, (%), where p = (p1,p2) : R = X; x X, and
p(0) = (x1,z2). We have

Bla(pa(5))) = (@0)(pry)ep () + (i2)«(Pry)ups ()
= (01)(p1)+ () + (i) (p2)< () = P (),

where the last equality follows from the diagram

R

lA(l,l)

R—= JR2+ " R

pll J/Pl Xp2 lm

X1 1—>X1 X XQ%XQ,
1 2

using that (p; X p2)oA = p and (ix)*(%)—l-(iy)*(%) = %4'% = A*(%)- L
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Remark 3.8. For an arbitrary product X = [] e X of diffeological spaces
and a point z = (z;), there is also a natural linear map o : T, (X) —
[1;c; T, (X;) induced by the projections. We will characterize when « is
surjective, and show that this is not always the case.

To do so, we introduce some terminology. An internal tangent vector of
the form p,( %) is said to be representable, and an internal tangent vector
that can be expressed as a sum of m or fewer representables is said to be m-
representable. Recall that by Proposition 3.3, every internal tangent vector
in the domain of « is m-representable for some m. Thus a family of internal
tangent vectors (v,) in the image of o must have the property that each com-
ponent v; is m-representable for m independent of j. In fact, one can show
that the image consists of exactly such families, and therefore that the map
« is surjective if and only if there is an m in N such that for all but finitely
many j in .J, every internal tangent vector in T (X;) is m-representable.
Manifolds and many other diffeological spaces have the property that every
internal tangent vector is 1-representable (see the following remark), so « is
often surjective.

Here is an example for which « is not surjective. For each j € N,
consider the diffeological space X; which is the quotient of j copies of
R where the origins have been identified to one point [0]. One can show
that Tj5;(X;) = R’ and contains internal tangent vectors which are j-repre-
sentable but not (j—1)-representable; see Example 3.17. So, with this family
of diffeological spaces, « is not surjective.

We suspect that the map « can fail to be injective as well. The injectivity
is related to the existence of a global bound on the number of basic relations
(see the proof of Proposition 3.4) needed to show that two representable
internal tangent vectors are equal.

See Example 4.24(1) and Proposition 4.27 (with X discrete) for non-
trivial cases in which « is an isomorphism.

Remark 3.9. Let (X, x) be a pointed diffeological space. If every inter-
nal tangent vector in 7,(X) is m-representable, then we say that T.(X) is
m-representable. This is the case, for example, when the vector space
T,(X) is m-dimensional. We will show that in fact many diffeological
spaces have 1-representable internal tangent spaces.

Consider the case where X is a smooth manifold. Then the internal
tangent space agrees with the usual tangent space defined using curves, so
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T,(X) is 1-representable for any = in X.

Remark 4.14 shows that the internal tangent space of a diffeological
group at any point is also 1-representable. In particular, this holds for a
diffeological vector space. It is easy to see that if A C X is either D-open
in X or a retract of X, z is in A and T, (X) is m-representable, then so is
T, (A). In particular, the proof of Proposition 4.28 shows that if Y is a diffe-
ological space with compact D-topology and N is a smooth manifold, then
the internal tangent space of C*°(Y, V) at any point is 1-representable.

Finally, one can also show that the internal tangent space of a homo-
geneous diffeological space (see [CW1, Definition 4.33]) at any point is
1-representable.

3.2 External tangent spaces

In contrast to the internal tangent space, which is defined using plots, the
external tangent space of a pointed diffeological space (X, x) is defined us-
ing germs of real-valued smooth functions on X. This is analogous to the
operational tangent space defined in [KM].

Let G,(X) = colimp C*(B,R) be the diffeological space of germs of
smooth functions of X at x, where the colimit is taken in Diff, B runs
over all D-open subsets of X containing x together with the sub-diffeology,
C*°(B,R) has the functional diffeology, and the maps in the colimit are re-
strictions along inclusions. G, (X) is a diffeological R-algebra under point-
wise addition, pointwise multiplication and pointwise scalar multiplication,
i.e., all these operations are smooth, and the evaluation map G,(X) — R
sending [f] to f(x) is a well-defined smooth R-algebra map.

Definition 3.10. An external tangent vector on X at x is a smooth derivation
on G,(X). That is, it is a smooth linear map F' : G,(X) — R such that
the Leibniz rule holds: F([f][g]) = F([f])g(x) + f(z)F([g]). The external
tangent space T.X is the set of all external tangent vectors of X at x.

Clearly T, X is a vector space under pointwise addition and pointwise
scalar multiplication. The Leibniz rule implies that F'([c]) = 0 for every
external tangent vector F' on X at x and every constant function ¢ : X — R.

Let f : (X,2) — (Y,y) be a pointed smooth map between two pointed
diffeological spaces. Then f induces a linear map f, : T,,(X) — Ty(Y) with
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f(F)([g]) = F(lgo f]) for F € T,(X) and [g] € G,,(Y), where g o f really
means g © f|;-1(pom(g))- This gives a functor T : ®iff, — Vect.

We next give an equivalent characterization of the external tangent space
of a diffeological space. Recall that G,.(X) is a diffeological R-algebra, and
the evaluation map G,(X) — R is a smooth R-algebra homomorphism. Let
I,(X) be the kernel of the evaluation map, equipped with the sub-diffeology,
and let I,(X)/I?(X) be the quotient vector space with the quotient diffeol-
ogy. We define T(X) = L>(I,(X)/I3(X), R), the set of all smooth linear
maps [,(X)/I*(X) — R. Itis a vector space.

Proposition 3.11. The map o : T,(X) — T.(X) defined by the equation
a(F)([f] + I2(X)) = F([f]) is an isomorphism.

Proof. Define 3 : T;(X) — T,(X) by B(G)([g]) = G([g] = [9(0)] +12(X)),
where G € T7(X) and [g] € G,(X). It is straightforward to check that both
a(F): L,(X)/I3(X) = Rand 8(G) : G.(X) — R are smooth, and that «
and [ are well-defined inverses to each other. []

The external tangent space is also local:

Proposition 3.12. Let (X, z) be a pointed diffeological space, and let A be
a D-open subset of X containing x. Equip A with the sub- diffeology of X.
Then the natural inclusion map induces an isomorphism T,(A) = T,(X).

Proof. This is clear. [

Moreover, the external tangent space is determined by the one-dimen-
sional plots:

Proposition 3.13. Let (X, x) be a pointed diffeological space, and write X'
for the set X with the diffeology generated by QOO(R, X). Then the natural
smooth map X' — X induces an isomorphism T,(X") — T,(X).

Proof. By [CSW, Theorem 3.7], we know that the D-topology on X’ co-
incides with the D-topology on X, as they have the same smooth curves.
Let B be a D-open subset of X, equipped with the sub-diffeology of X,
and write B’ for the same set equipped with the sub-diffeology of X’. The
natural smooth map 1 : B’ — B induces a smooth map 1* : C*°(B,R) —
C*>(B',R) of R-algebras. We will show that this is a diffeomorphism, which

-19 -



CHRISTENSEN & WU - TANGENT SPACES AND BUNDLES FOR DIFFEOLOGICAL SPACES

A

then implies that G, (X) = G,(X’) and therefore that T,,(X") 2 T,,(X). The
map 1* is clearly injective. Surjectivity follows from Boman’s theorem [KM,
Corollary 3.14], which says that a map U — R is smooth if and only if it
sends smooth curves to smooth curves, where U is open in some R". To see
that the inverse of 1* is smooth, note that the plots U — C*°(B,R) corre-
spond to smooth maps U x B — R. Applying Boman’s theorem again, we
see that these are the same as the plots of C*°(B’, R). O

3.3 Examples and comparisons

We now calculate the internal and external tangent spaces of some pointed
diffeological spaces. A table summarizing the results is in the Introduction.

Example 3.14. (1) Let X be a discrete diffeological space. Then for each
r € X, T,(X) = 0, since the local generating category of X at = with one
object z : R® — X is final in G(X, z). Also, T,,(X) = 0, since I(X) = 0.

(2) Let X be an indiscrete diffeological space. Then for each x € X,
T.(X) = 0, since forany p : R — X € Obj(DS,/(X,x)), there exists
q:R — X € Obj(DS,/(X,x)) such that g o f = p, where f : R — Riis
defined by f(x) = x*. Also, one can show easily that 7,,(X) = 0.

Example 3.15. Let (X, z) be a pointed topological space. Write C'(X) for
the diffeological space with underlying set X whose plots are the continuous
maps. Then [He, Proposition 4.3] says that 7,(C'(X)) = 0.

We now show that 7,(C'(X)) = 0 as well. Let A be a D-open subset of
C(X), equipped with the sub-diffeology, and fix a smooth map g : A — R.
It suffices to show that ¢ is locally constant. Let p : R — A be a plot of
A; that is, p is a continuous map R — X whose image is in A. Since g is
smooth, sois gop : R — R. Moreover, for any continuous i : R — R, poh
is a plot of A and so g o p o h is smooth as well. Taking h(t) = |t| + a for
each a € R, for example, one sees that g o p is constant and so ¢ is locally
constant.

Example 3.16. It is a classical result that for every pointed smooth manifold
(X, ), T,(X) = R" 2 T,(X), with n = dim(X). In fact, any derivation
F : G,(X) — Ris smooth. This follows from Proposition 3.12 and [CSW,
Lemma 4.3].
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Example 3.17. Let X be the pushout of R+2-R?—2 4R in Diff. The
commutative diagram

RO % LR

|-

RTRQ,

where i;(s) = (s,0) and i5(t) = (0,%), induces a smooth injective map
i : X — R?, and we identify points in X with points in R? under the map i.
Note that the diffeology on X is different from the sub-diffeology of R? (see
Example 3.19), but the D-topology on X is the same as the sub-topology of
R2. It is not hard to check that

() = R, ifz #(0,0)
U R2, ifa = (0,0).

We claim that the same is true for the external tangent spaces TI(X )

LX) = R, ifz #(0,0)
T IR2, ifa = (0,0).

The first equality follows from Proposition 3.12 and Example 3.16. For the
second equality, we define maps a : T(070)(X ) = Ty(R) @ Ty(R) sending F
to (F1, Fy) with Fy.([f]) = F/([fx]), where fy(z1,22) = f(zy) for k = 1,2,
and b : To(R) & To(R) — Ti0,0)(X) sending (G, G>) to G with G([g]) =
G1([g o j1]) + G2([g © j2]), where ji, jo are the structural maps from the
pushout diagram of X. It is clear that both a and b are well-defined linear
maps and that they are inverses, so the second equality follows.

By the same method, one can show that if X, is the quotient of j copies
of R with the origins identified to one point [0], then

R, ifxz # [0]

To(X;) = To(X;) = {]RJ' if z = [0].

Remark 3.18. Note that in the above example dimgp(X) = 1 < 2 =
dim(7{,0)(X)); see [12] for the definition of the dimension of a diffeological
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space at a point. In general, unlike smooth manifolds, there is no relationship
between the dimension of a diffeological space at a point and the dimension
of its tangent space at that point.

Example 3.19. Let Y = {(x,y) € R? | zy = 0} with the sub-diffeology of
R2. The map ¢ introduced in Example 3.17 gives a smooth bijection X — Y.
However, this map is not a diffeomorphism. To see this, let f : R — R be

defined by
e’%, ifx >0
f(x) = {o, if 2 < 0.

Then f is a smooth function, and R — R? defined by = — (f(x), f(—z))
induces a plot of Y, but not a plot of X.

Although X and Y are not diffeomorphic, their internal and external
tangent spaces at any point are isomorphic. This is clear away from the
origin, so consider y = (0,0) € Y. Both [He, Example 4.4(i)] and [HM,
Example 6.2] claim without proof that 7, (Y") = R?. We sketch a proof here.
The inclusion map i : Y — R? induces a linear map i : 7,(Y) — T,(R?) =
IR?. There is also a linear map f : R? — T, (Y’) sending (1,0) to p.(<) and
sending (0,1) to ¢.(4), where p : R — Y is defined by = ~ (z,0) and
q : R — Y is defined by z — (0,z). It is clear that i, o f = 12, so
f is injective. To prove that f is surjective, it is enough to show that if
r: R — Y is a plot sending 0 to y and r does not locally factor through p or

d

q near 0, then 7,(5;) = 0. It is easy to observe that if we write the composite

ior : R — R?¥as (fi, fa). then f1(0) = £2(0) = 0 = f(0) = £3(0),
and hence the conclusion follows from an argument similar to that used in
Example 3.25 below.

Now we claim that G, (Y) = G,(X) as diffeological spaces, from which
it follows that 7,(Y) = T,(X), which is R? by Example 3.17. To see
that G,(Y) = G,(X), we first note that the D-topologies on X and Y
are equal, both being the sub-topology of R2. There is a cofinal system of
D-open neighbourhoods of y each of which is diffeomorphic to Y (resp. X)
when given the sub-diffeology of Y (resp. X). Thus it is enough to show
that C*(Y,R) = C*°(X,R) as diffeological spaces. There is a canonical
smooth injection i : C*°(Y,R) — C*°(X,R) induced by the smooth bijec-
tion X — Y. To show that this is a diffeomorphism, it suffices to show that
every plot V' — C'*°(X, R) factors through i. By adjointness, this is equiv-
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alent to showing that every smooth map V' x X — R factors through the
bijection V x X — V x Y. A smooth map IV x X — R is the same as a pair
of smooth maps g, h : V' x R — R such that g(v,0) = h(v,0) forallv € V.
Such a map extends to a smooth map V' x R* — R which sends (v, (x,y)) to
g(v,z) + h(v,y) — g(v,0), and therefore the restriction to V' x Y is smooth.
(See [V, Example 12(c)] for a similar argument.)

By the same method, one can show that if Y is the union of all coordinate
axes in R’ with the sub-diffeology, then

) R, ify+#0
TMzTy(mz{Rj il

Example 3.20. Let A = Y3 from the previous example, and let
B={(z,y) eR*|z=00ry=00rz =y},

a union of three lines through the origin, with the sub-diffeology of R%. We
prove below that A and B are diffeomorphic. This is also proved in [Wa,
Example 2.72], using a more complicated argument. It follows that 7o(B) =
To(B) = R?, which shows that the induction B < R? does not induce a
monomorphism under 7 or To.

Consider the smooth function R* — R? sending (z,y, z) to the pair
(z + 2/Vv/2, y + z//2). This restricts to a smooth bijection A — B send-
ing (2,0,0) to (z,0), (0,4,0) to (0,y), and (0,0, 2) to (z,2)/v/2. Write
f : B — Aforitsinverse. We will show that f is smooth. By Boman’s theo-
rem [KM, Corollary 3.14], it is enough to check that for any plotp : R — B,
f o pis smooth. And for this, it is enough to check that if we regard f o p
as a map R — RR3, all derivatives exist at all points. This follows from the
following claim, where we also regard the derivatives of p as maps R — R2.

Claim. For eacht in R, p®(t) isin B and (f o p)®(t) = f(p®(1)).

Proof. We first prove this for &k = 1. If p(t) # (0,0) or p/(t) # (0,0), then
this is clear, since, near ¢, p must stay within one of the three lines.
Now suppose p(t) = (0,0) = p/(¢). Then

_ iy oy PUEHR) —p(t) L p(t+h)
OO =P =T T
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Therefore, if the limits exist, we have

(fop)(t) = lim LEEF) = F@®) _ S+ 1)

h—0 h  h—0 h

But || f(p(t + h))|| = |lp(t + h)]|, and so the last limit exists and equals
(0,0,0), which is f(p/(t)).

For general k, we have (f o p)®)(t) = (f o p)* V() = -+ =
(f o p™))(t), as required. -

Remark 3.21. Given a pointed diffeological space (X, z), there is a natu-
ral morphism 3 : T,(X) — T,(X) which is defined on the generators by
B(p«(w)([f]) = w([f op]), where w is in To(U) = Toy(U),p : U — X is
a plot of X with U connected, 0 € U and p(0) = x, and [f] is in G, (X).
It is straightforward to show that S(p.(u)) : G.(X) — R is smooth. By
the definition of push-forwards of tangent vectors on smooth manifolds, it
is clear that 3 is well-defined. Then we can linearly extend it to be de-
fined on 7, (X). Clearly f3 is linear, and /3 induces a natural transformation
T = T : Diff, — Vect. However in general, [ is neither injective nor
surjective; see the following examples.

Example 3.22. (1) Let X be R" equipped with the diffeology generated by
the set C*°(R, R™) of smooth curves. This is sometimes called the “wire” or
“spaghetti” diffeology. It is clear that X is not diffeomorphic to R" with the
standard diffeology, if n > 2. By Proposition 3.13, we know that T, (X) =
T,(R") = R" forany z € X.

On the other hand, one can show that in this case the relations between
generating internal tangent vectors are determined by smooth curves in X,
and hence that 7}, (X') has uncountable dimension when n. > 2. For example,
the internal tangent vectors (p, ). (<) for & € R are all linearly independent,
where p, : R — X sends z to (z, ax).

This example shows that the internal tangent space of a diffeological
space at a point is not determined by the plots of curves.

(2) Let Y be R"™ equipped with the diffeology generated by the set
C>(R?,R") of smooth planes. (One might call this the “lasagna” diffe-
ology.) Then Y is neither diffeomorphic to X in (1) if n > 2, nor diffeo-
morphic to R” with the standard diffeology if n > 3. But by Proposition 3.4
and (1) above, T,,(Y) = R" = T, (V) forany y € Y.
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Example 3.23. Let T? = R?/7Z? be the usual 2-torus, and let Ry be the
image of the line {y = 0x} under the quotient map R* — T2, with 6 a
fixed irrational number. Note that 72 is an abelian Lie group, and Ry is a
subgroup. The quotient group 7 /R, with the quotient diffeology is called
the 1-dimensional irrational torus of slope 0. One can show that 77 /R,
is diffeomorphic to T} := R/(Z + 0Z) with the quotient diffeology; see [I3,
Exercise 31 on page 31].

Let = be the identity element in 7. Since the D-topology on T} is
indiscrete, the only smooth maps 7; — R are the constant maps, which
implies that TI(T #) = 0. This was also observed in [He, Example 4.2].

On the other hand, we claim that T,(77) = R. Given a commutative
solid square

U
N
R R
N o
T3

with U a connected open subset of R”, f and g smooth maps, and 7 the
quotient map, the difference f — g is a continuous function landing in Z+67Z,
and thus is constant. In particular, if 0 € U and f(0) = 0 = ¢(0), then
f = g. Moreover, since plots U — T} locally lift to R, they lift as germs.
(In fact, the uniqueness implies that they lift globally.) This shows that 7
is a terminal object of G(T}, x) and therefore that T,(T7) = To(R) = R.
See [He, Example 4.2] for a geometric explanation of this result.

Example 3.24. Let O(n) act on R™ in the usual way. Then the orbit space
H,, with the quotient diffeology bijects naturally with the half line [0, co),
but H,, and [0, c0) with the sub-diffeology of R are not diffeomorphic, nor
are H,, and H,, for n # m (see [I12]). By Proposition 3.3, it is easy to see
that Tjo) (H,) = 0.

We claim that T[O] (H,) = R. To prove this, observe that the natural map

C*(H,,R) — {f € C*(R",R) | fis O(n)-invariant}

is a diffeomorphism, where the right-hand-side is equipped with the sub-
diffeology of C*°(R", R). This follows from the fact that the functor U x —
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is a left adjoint for any open subset U of a Euclidean space, and therefore
commutes with quotients. Next, consider the natural smooth map

¢: {f € C*°(R",R) | fis O(n)-invariant} — {g € C*(R,R) | g is even},

which sends f to the function g : R — R defined by g(t) = f(t,0,...,0),
where the right-hand-side is equipped with the sub-diffeology of C*°(R, R).
The map ¢ is injective, by rotational invariance. By [Wh, Theorem 1], any
smooth even function g : R — R can be written as h(¢?) for a (non-unique)
smooth function  : R — R, which implies that ¢ is surjective: given g,
define f by f(x) = h(]|z]|?). To see that ¢ is a diffeomorphism, use the
Remark at the end of [Wh], which says that Theorem 1 holds for functions
of several variables which are even in one of them. Note that under the iden-
tifications provided by the above maps, the diffeological algebra G (H,,) of
germs coincides with the diffeological algebra G of germs of even smooth
functions from R to R at 0. Thus it suffices to compute the smooth deriva-
tions on G.

It is easy to check that the map D : G — R which sends g to ¢”(0)
is a derivation. It is smooth since the second derivative operator [CSW,
Lemma 4.3] and evaluation at 0 are. And it is non-zero, since D(j) = 2,
where j : R — R is defined by j(z) = 2%, Now suppose that F' is any
derivation on G. If g is a germ of an even smooth function R — R near
0, then g(z) = g(0) + 2%h(x) for some even smooth germ h. Thus F(g) =
F(j)h(0) while D(g) = 2h(0), and so F' = (F(j)/2)D. Therefore, T[o](Hn)
is 1-dimensional.

We note in passing that GG can also be described as the algebra of germs of
smooth functions on H1, so the argument above can be viewed as a reduction
to the case where n = 1.

The technique used in the following example to show that an internal
tangent vector is zero is used in many other examples in this paper.

Example 3.25. Let Hy,, = [0,00), as a diffeological subspace of R. Let us
calculate To(Hyyp) and TO(H sub)-

We will first show that T(H,,,) = 0. By Proposition 3.3, it suffices to
show that every tangent vector of the form p. (%) is zero, where p : R —
Hgyp is a smooth curve with p(0) = 0 and 4 s the standard unit vector

dt
in To(R). It follows from Taylor’s formula that p'(0) = 0, and hence that
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p(x) = z?r(x) for some plot r : R — H,,;. We define ¢ : R? — H,,; by
q(x,y) = y*r(x), which is clearly a plot of H,,;,. This restricts to p on the
diagonal y = z, and so p.(4) = q.(L + dily) =q.(L)+ q*(d%). Thus our
tangent vector is the sum of the tangent vectors obtained by restricting ¢ to
the axes. The restriction of ¢ to the z-axis gives the zero function, and the
restriction of ¢ to the y-axis gives the function h : R — H,,;, sending y to
y*r(0). The former clearly gives the zero tangent vector. For the latter, since
h(y) = h(—y), we have that h*(d%) = h*(—%) = —h*(d%), which implies
that h*(d%) = 0. Hence our original vector is 0, and so To(Hy,) = 0.

To calculate TO(H sub)> consider the squaring map « : H; — Hy,;, where
H; = R/O(1) is described in Example 3.24. The map « is smooth, since it
fits into a diagram

R— 4R

L]

H1 T)Hsub.

We therefore have a smooth map o* : C°(Hg,, R) — C*(H;,R). Re-
garding the latter as consisting of even smooth functions R — R, a* sends
a smooth function A : H,,;, — R to the smooth function mapping ¢ to
h(t?). This is clearly injective, and by [Wh] it is surjective and a diffeo-
morphism. Also note that by [CSW, Lemma 3.17], the D-topology on H,;,
is the same as the sub-topology of R. This implies that the algebras Go( Hyyp)
and G'g)(H;) of germs are isomorphic as diffeological algebras, and there-
fore that TO(Hsub) ~ T 0](H1) = R. A non-zero element of TO(Hsub) is
given by the smooth derivation sending f to f/(0). Under the isomorphism,
this corresponds to D/2 € TA[O} (H,) from Example 3.24.

3.4 Other approaches to tangent spaces

We have studied the internal and external tangent spaces in some detail be-
cause we find them to be the most natural definitions. Rather than arguing
that one of them is the “right” definition, we simply point out that it depends
on the application. The internal tangent space fits most closely with the def-
inition of a diffeological space, as it works directly with the plots, so it will
form the basis for the next section, on tangent bundles.
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There are many other possible approaches to defining tangent spaces, and
again, these will be useful for different applications. We briefly summarize
a few variants of our approaches here.

3.4.1 Variants of the internal tangent space

We have seen in Proposition 3.3 that the internal tangent space 7,(X) is
spanned by vectors of the form p*(%), where p : R — X is a smooth
curve sending 0 to . One could instead use smooth maps from [0, co) to X
sending 0 to z, with relations coming from higher-dimensional quadrants.
With such a definition, [0, c0) as a diffeological subspace of R would have a
non-trivial tangent space at 0.

Our internal tangent spaces were defined as colimits in the category of
vector spaces. One could instead take the colimit in the category of sets,
which would mean that every tangent vector is representable by a smooth
curve.

These two choices are independent; one could form a tangent space using
either one or both of them.

3.4.2 Variants of the external tangent space

An external tangent vector is defined to be a smooth derivation G,.(X) — R.
One might instead consider all derivations. For all examples in Subsec-
tion 3.3 we would get the same external tangent spaces, but in general we
don’t know if every derivation is automatically smooth.

Independently, one could also change the definition of the space G, (X)
of germs of smooth functions at z, for a general diffeological space X. It
was defined at the beginning of Subsection 3.2 using the D-topology on
X. However, when studying diffeological bundles [I1], the correct notion
of “locality” uses the plots, not the D-open subsets. Moreover, for global
smooth functions, we have that C*>° (X, R) = lim C*°(U, R), where the limit
is taken in the category of sets and the indexing category is the category
DS/ X of plots U — X. Thus, by analogy, one might define the germs
of smooth functions at = to be lim Go(U ), where the indexing category is
the category DS, /(X, x) of pointed plots (U,0) — (X, z). This has the
advantage of being closer to the definition of the internal tangent space, but
we have not investigated it in detail.
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There is an established definition of differential forms on a diffeological
space [I3], and one could instead define the tangent space to be the dual of
the space of 1-forms at a point. This is closely related to the external tangent
space we study, since a germ [ of a smooth function gives rise to a 1-form

df.

3.4.3 A mixed variant

Finally, recall that in Remark 3.21 we defined a natural transformation
B :T — T. One could consider the image of this natural transformation.
That is, one identifies internal tangent vectors if they give rise to the same
directional derivative operators. Something very close to this is done in [V],
except that the derivative operators are only compared on global smooth
functions rather than germs of smooth functions.

In [13], a mixed variant of the definition involving 1-forms is proposed,
and worked out in some detail. Each 1-dimensional plot centered at a point
gives rise to a smooth linear functional on 1-forms, and the tangent space is
defined to be the span of such linear functionals. This definition agrees with
the internal tangent space in all examples where we know both.

One can also consider mixed variants involving sets rather than vector
spaces. For example, the set of external tangent vectors which are repre-
sented by smooth curves is called the kinematic tangent space in [St2]. A
very similar approach was taken in [Sol], which discussed the case in which
X is a diffeological group, and used certain “states” X — C to determine
when two internal tangent vectors are equal.

4. Internal tangent bundles

We discussed the internal tangent space of a diffeological space at a point
in Subsection 3.1. As usual, if we gather all of the internal tangent spaces
together, we can form the internal tangent bundle. In Subsection 4.1, we
begin by recalling the diffeology Hector defined on this bundle [He]. We
show that it is not well-behaved in general and also point out some errors
in [He, HM, La]. We then introduce a refinement of Hector’s diffeology,
called the dvs diffeology, give several examples and counterexamples, and
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describe the internal tangent bundle of a diffeological group. In Subsec-
tion 4.2, we give a conceptual explanation of the relationship between Hec-
tor’s diffeology and the dvs diffeology: they are colimits, taken in different
categories, of the same diagram. In Subsection 4.3, we study the question
of when internal tangent spaces are fine diffeological vector spaces. Finally,
in Subsection 4.4, we study the internal tangent bundles of function spaces,
and generalize a result in [He, HM] that says that the internal tangent space
of the diffeomorphism group of a compact smooth manifold at the identity
is isomorphic to the vector space of all smooth vector fields on the manifold.

4.1 Definitions and examples

In this subsection, we recall Hector’s diffeology on the internal tangent bun-
dle of a diffeological space. Then we observe in Example 4.3 that when the
internal tangent bundle is equipped with Hector’s diffeology, neither addi-
tion nor scalar multiplication are smooth in general. This provides a coun-
terexample to some claims in [He, HM, La]. To overcome this problem, we
introduce a refinement of Hector’s diffeology, called the dvs diffeology, on
the tangent bundle. Proposition 4.13 extends some results about internal tan-
gent spaces to internal tangent bundles. Then we prove in Theorem 4.15 that
the internal tangent bundle of a diffeological group is always trivial, as the
original proof in [HM] was partially based on a false result. We also show
that, in this case, Hector’s diffeology and the dvs diffeology agree.

Definition 4.1. The internal tangent bundle T'X of a diffeological space
X is defined to be the set ||, T,(X). Hector’s diffeology [He] on T X
is generated by the maps Tf : TU — TX, where f : U — X is a
plot of X with U connected, T'U has the standard diffeology, and for each
we U, T.f : Tu(U) = Tyw)(X) is defined to be the composite T,,(U) —
To(U — u) = Ty (X), with U — u the translation of U by u. The internal
tangent bundle of X with Hector’s diffeology is denoted T (X)), and T,(X)
with the sub-diffeology of T (X) is denoted TH (X). We write elements of
TX as (x,v), where v € T,,(X).

Recall that by the universal property of colimits, for any smooth map
f:X — Yandany z € X, we have a linear map f : T,(X) — T (Y).
It is straightforward to check that 7 : Diff — Diff is a functor, and
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hence that f. : T./(X) — Tf{,)(Y) is smooth. Moreover, the natural map
mx : TH(X) — X is smooth (indeed, it is a subduction), and therefore
7 :TH — 11is a natural transformation. Also the zero section X — T (X)

1s smooth.

Definition 4.2. A diffeological vector space is a vector space object in Diff.
More precisely, it is both a diffeological space and a vector space such that
the addition and scalar multiplication maps are smooth.

The following example shows that 77 (X) is not a diffeological vector
space in general. In fact, both the addition map 77 (X) x TH (X) — TH(X)
and the scalar multiplication map R x TH(X) — TH(X) can fail to be
smooth. Therefore, both [HM, Proposition 6.6] and [La, Lemma 5.7] are
false.

Example 4.3. Let X be the diffeological space introduced in Example 3.17,
two copies of R glued at the origin thought of as a subset of R2. We first show
that the addition map Tif] ;) (X) x Ty (X) — T({j(X) is not smooth. To
see this, let f,g : R — T(00)(X) be given by f(x) = (z,0) and g(x) =
(0,z), where we use the natural identification T{o0)(X) = R% Clearly f
and g are smooth as maps R — T(I(i 0y(X). We will show that the sum
h=f+g:R — T(Iéo)(X) given by x — (z,x) is not smooth. Any
plot p : U — X must locally factor through one of the axes, and so the
diffeology on T(ﬁ{ 0) (X) is generated by plots factoring through one of the
axes. Clearly A is not locally constant and does not locally factor through a
generating plot, so it is not smooth. Now we show that scalar multiplication
R x T (X) = T (X) is not smooth. This is because the (non-smooth)
map h can be described as the composite R — R x T({f  (X) — T({ 5, (X),
where the first map is given by ¢ — (¢, (1, 1)), which is clearly smooth. Note
that, away from the axes, the diffeology on T(I({ 0)(X) is discrete.

Remark 4.4. 1t follows that the fibrewise scalar multiplication map
R x TH(X) — TH(X) is also not smooth in general. This is particularly
surprising given the following observation. A generating plot of 77 (X) is
of the form T'f : TU — TH(X), where f : U — X is a plot of X with U
connected. Thus one might expect the plots 1z xT'f : RxTU — RxTH(X)
to generate the product diffeology on R x T (X). If so, the commutative
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square

R x TU 25 R« 7H(X)

l |

would imply that scalar multiplication on 77 (X)) is smooth. The problem
is that there may be tangent vectors in 77 (X') which are not in the image of
any generating plot 7U — T* (X)), in which case one needs to consider con-
stant plots as well. However, this argument has shown that if every tangent
vector in X is 1-representable (Remarks 3.8 and 3.9), then scalar multipli-
cation is smooth. This will be the case when X is a diffeological group
(Remark 4.14). It is not hard to see that the converse is true as well: when
scalar multiplication is smooth, every tangent vector in X is 1-representable.

We will introduce a new diffeology on the internal tangent bundle of a
diffeological space that makes the addition and scalar multiplication maps
smooth. We first introduce the following concept:

Definition 4.5. Let X be a diffeological space. A diffeological vector space
over X is a diffeological space V, a smooth map p : V — X and a vec-
tor space structure on each of the fibres p~1(x) such that the addition map
V xx V=V, the scalar multiplication map R x V. — V and the zero
section X — V are smooth. Here R X V' has the product diffeology and
V' X x V has the sub-diffeology of the product diffeology on V" x V. In other
words, a diffeological vector space over X is a vector space object in the
overcategory Diff /| X over the field object pry : R x X — X.

In the case when X is a point, we recover the concept of diffeological
vector space.

Note that if V' is a diffeological vector space over X, then it is automati-
cally the case that each fibre of p, with the sub-diffeology, is a diffeological
vector space. It also follows that p is a subduction.

Now we give a construction that we will use to enlarge the diffeology on
TH(X) in order to make it a diffeological vector space over X. A similar
construction can be found in [V, Theorem 5.1.6 and Definition 6.2.1], using
a different definition of the tangent spaces. One can show that the notion of
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regular vector bundle in [V] exactly matches our notion of a diffeological
vector space over a diffeological space.

Proposition 4.6. Let p : V — X be a smooth map between diffeological
spaces, and suppose that each fibre of p has a vector space structure. Then
there is a smallest diffeology D on V which contains the given diffeology
and which makes V' into a diffeological vector space over X.

Proof. We first take the largest diffeology on V' making p : V' — X smooth.
It is easy to see that this diffeology contains the original diffeology on V'
and makes V' into a diffeological vector space over X. Now consider the
intersection D of all diffeologies D; on V' which have these two properties.
We claim that D also has these two properties. It is clear that D contains
the original diffeology on V' and that p : (V,D) — X and the zero section
X — (V, D) are smooth. A plotin V' X x V consists of plots ¢1,q2 : U — V
in D such that poq; = pogs. Since the pointwise sum ¢; + ¢, : U — V isin
each of the diffeologies D;, itis in D as well. Thus V' X x V' — V' is smooth
with respect to D. Similarly, R x V' — V is smooth. Therefore, (V, D) is a
diffeological vector space over X. [

We write V for V equipped with the diffeology D.

In the special case where X is a point and the vector space V' starts with
the discrete diffeology, the above proposition proves that there is a smallest
diffeology on V' making it into a diffeological vector space. This diffeology
is called the fine diffeology; see Subsection 4.3 and [I3, Chapter 3].

Note that the largest diffeology on V' making p : V' — X smooth, which
was used in the proof of the above proposition, is not generally interesting,
since it induces the indiscrete diffeology on each fibre.

Remark 4.77. One can give a more concrete description of the diffeology D
on V' described in Proposition 4.6: it is generated by the linear combinations
of the original plots of V' and the composite of the zero section with plots of
X. More precisely, givenaplot ¢ : U — X, plots ¢1,q2,...,q, : U =V
such that p o ¢; = ¢ for all 7, and plots r1, 79, ...,7 : U — R in the standard
diffeology on R, the linear combination U — V sending u to 7 (u)qy (u) +
o+ + 1 (u)qr(u) in p~t(q(u)) is a plot in D, and every plot in D is locally
of this form. Note that when £ = 0, this is the composite of the plot g of X
with the zero section of V.
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One consequence is the following description of the fibres of V. For
r € X, write V,, for p~!(z) with the sub-diffeology of V and V,, for the same
set with the diffeology obtained by starting with the sub-diffeology of V' and
completing it to a vector space diffeology using Proposition 4.6. It is not hard
to see that these diffeologies agree. (See also [V, Proposition 6.2.2(iiii)].)
More generally, this construction commutes with pullbacks.

The following two results also follow immediately from Remark 4.7.
Proposition 4.8. Let

v—Lw

p

S

XT>Y

be a commutative diagram in Dift, such that each fibre of p and q has a
vector space structure and f|,-1() 1 p~*(x) — ¢~ (g(x)) is linear for each
x € X. Then the map [ : V — W is smooth. Furthermore, if both f and g
in the original square are inductions, then so is f : V=W,

Proposition 4.9. Letp : V — X and q : W — Y be smooth maps between
diffeological spaces. Assume that each fibre of p and q has a vector space

structure. Then V x W is isomorphic to V- x W as diffeological vector
spaces over X X Y.

Here is the new diffeology on the internal tangent bundle of a diffeolog-
ical space:

Definition 4.10. We define the dvs diffeology on T X to be the smallest dif-
feology containing Hector’s diffeology which makes T' X into a diffeological
vector space over X. The internal tangent bundle of X with the dvs diffe-
ology is denoted T (X), and T,(X) with the sub-diffeology of T™*(X) is
denoted T4 (X).

As a convention, whenever Hector’s diffeology coincides with the dvs
diffeology for a tangent space or a tangent bundle, we omit the superscript.

By Proposition 4.8 and the corresponding results for Hector’s diffeology,
it is clear that 795 : ®iff — Diff is a functor, and we have a natural trans-
formation 7 : 7% — 1. Hence, for any smooth map f : X — Y and any «
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in X, the induced map f, : T9*(X) — T]ilgf) (Y') is a smooth linear map be-
tween diffeological vector spaces. Also, the natural map mx : 79 (X) — X

is a subduction.

Example 4.11. When X is a smooth manifold, it follows from Example 3.16
that 7'X agrees with the usual tangent bundle as a set. In fact, it is not
hard to check that Hector’s diffeology on T'X coincides with the standard
diffeology, regarding 7' X as a smooth manifold. Since 7'X is a diffeologi-
cal vector space over X, the dvs diffeology on 7'X also coincides with the
standard diffeology.

Remark 4.12. Example 3.17 shows that 7'’ X — X is not a diffeological bun-
dle [11] in general, whether 7' X is equipped with Hector’s diffeology or the
dvs diffeology, since the pullback along a non-constant plot passing through
the origin would have fibres of different dimensions. The same example also
shows that 7'X — X is not a fibration in the sense of [CW1], with either
diffeology. Indeed, there is no dashed arrow in Diff making the diagram

0—TX

|l

R——X

commute, where the top map sends 0 to (1,1) € T(g0)(X) and the bottom
map is the inclusion of the x-axis.

Now we extend Propositions 3.6 and 3.7 from internal tangent spaces to
internal tangent bundles:

Proposition 4.13.

1. If Ais a D-open subset of a diffeological space X, equipped with the
sub-diffeology of X, then T (A) — TH"(X) is an induction such that
TH(A) — TH(X) is a diffeomorphism for each a € A. The same is
true for the dvs diffeology.

2. Let X and Y be diffeological spaces. Then there is a natural diffeo-
morphism T? (X xY) — TH(X) x TH(Y') which commutes with the
projections to X X Y, and the same is true for the dvs diffeology.
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Proof. (1) To see that T (A) — TH(X) is an induction, note that for any
plotp: U — X, p~'(A) is an open subset of U since A is D-open in X, and
we have a commutative square

T(p~(A) ——TU

| |

TH(A) — TH(X).

It follows that, for each a in A, the map T (A) — T (X) is an induction
as well. By Proposition 3.6, this map is an isomorphism of vector spaces,
and therefore it is a diffeomorphism. The corresponding result for the dvs
diffeology then essentially follows from Proposition 4.8.

(2) The first statement follows directly from Proposition 3.7 and the fact
that for any plots p : U — X and ¢ : V — Y, we have the following
commutative square

T(UXV)———TU x TV

T(pxq)l lTprq

TH(X xY)——=TH(X) x TH(Y),
and the second statement follows then from Proposition 4.9. [

We end this subsection with a discussion of the internal tangent bundles
of diffeological groups (see Definition 2.5).

Remark 4.14.

1. Let e be the identity in a diffeological group G. It is shown in [HM,
Proposition 6.4] that the multiplication map G x G — G induces
the addition map 7,.(G) x T.(G) — T.(G). It follows that the addi-
tion map TH(G) x TH(G) — TH(G) is smooth. Moreover, [HM,
Corollary 6.5] implies that every element in 7,.(G) can be written as
p«(Z), where p : R — G is a single smooth curve with p(0) = e,
and so it follows from Remark 4.4 that scalar multiplication is smooth
as well. Therefore, T2 (@) is a diffeological vector space. Since left-
multiplication by any ¢ € G is a diffeomorphism, we also see that
TJ(G) is a diffeological vector space and that T (G) and T, (G)
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are isomorphic as diffeological vector spaces. Similarly, 7%°%((G) and
ng”(G) are isomorphic as diffeological vector spaces.

2. If V is a diffeological vector space, one might hope that the scalar
multiplication map R x V' — V induces the scalar multiplication map
R xTy(V) — To(V'), where we use that 7,.(R) = R for any » € R and
that 7" respects finite products. (We omit superscripts here because we
are not using the diffeology in this remark.) But since induced maps
are always linear, and scalar multiplication is bilinear, this will only
happen when 7,(V') = 0. Instead, for fixed r € R, we can consider
the map V' — V sending v to rv. It is not hard to show that for r € Q,
this induces the map 74(V') — T5(V') sending u to ru. We conjecture
that this is true for any r € R. It s true if for any u € Tp(V), there
exist plots p : R — V and ¢ : R — V such that p(0) = 0, p.(4) = u
and p(t) = tq(t) for t in a neighborhood of 0 € R. This condition
is satisfied when V' = C'*°(X,R"™) with the functional diffeology, for
any diffeological space X, or when V' is a retract of such a space in
the category of diffeological vector spaces.

Although the proof of [HM, Proposition 6.8] was partly based on a false
result, the proposition is still correct:

Theorem 4.15. Let G be a diffeological group. Then T (G) is a diffeo-
logical vector space over G and all of T (G), G x TH(G), T%*(G) and
G x T%s(@G) are isomorphic as diffeological vector spaces over G. There-

fore, T/ (G) = T{**(G) for any g € G.

Proof. In the proof of [HM, Proposition 6.8], Hector and Macias-Virgos de-
fined the map F : G x TH(G) — TH(G) sending (g, v) to (g, (L,)«(v)),
where L, : G — G is left multiplication by g, and they argued that I is a
diffeomorphism. But in the proof that F is smooth, they used that 7 (G)
is a fine diffeological vector space, which is not true in general; see Exam-
ple 4.24 for counterexamples. It is easy to fix this. Let a be the composite
G xTH(G) - TH(G) x TH(G) = TH(G x G) — TH(G), where the
first map is given by o X lpm g with o : G — T"(G) the zero section,
the second map is the isomorphism from Proposition 4.13(2), and the third
map is induced from the multiplication G x G — G. Clearly a is smooth,
and it is straightforward to check that I’ equals a|¢ 7 (), and is therefore
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smooth. One can also see that F'~1 : TH(G) — G x TH(G) is given by
F~Y(g,v) = (g,a(g™*, (g,v))), which is smooth. So T# (@) is diffeomor-
phic to G x TH(G), and the diffeomorphism respects the projections to G
and the linear structures on the fibres. In particular, 77 (G) is a diffeological
vector space over (G. The rest then follows directly from Definition 4.10.
(The last statement also follows from the second paragraph of Remark 4.7
and Remark 4.14(1).) [

Because of the previous result, our convention allows us to write 7'G and
T,(G) (without superscripts) when G is a diffeological group. This includes
the case when G is a diffeological vector space.

4.2 A conceptual description of the Hector and dvs diffeologies

In this subsection we give a categorical explanation of the difference between
Hector’s diffeology and the dvs diffeology on the internal tangent bundle
of a diffeological space. To summarize briefly, they can both be described
as the colimit of a natural diagram, but the colimits take place in different
categories. This material is not needed in the rest of the paper.

For a diffeological space X, a vector space with diffeology over X
is a diffeological space V', a smooth map p : V' — X and a vector space
structure on each of the fibres V, = p~!(z), with no compatibility condi-
tions. The category VSD has as objects the vector spaces with diffeology
over diffeological spaces, and as morphisms the commutative squares

V2w

|

in Diff such that for each x € X, g|y, : V; = Wy, is linear.
Proposition 4.16. The category VSD is complete and cocomplete.

Proof. Let F': I — VSD be a functor from a small category, and write V; —
X, for F'(i). There are two functors t,b : VSD — Diff, sending the above
commutative square to g : V. — W and f : X — Y, respectively. Write
lim V; and lim X; for the limits of the functors ¢ o F' and b o F', respectively.
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Then it is easy to check that there is a canonical smooth map lim V; — lim X
which is the limit of F'in VSD.

Next, write X = colim X for the colimit of the functor b o F'. Let C be
the category of elements of b o . Then C has as objects the pairs (i, a) for
i € Obj(/) and @ € X;, and as morphisms (i,a) — (j,b) the morphisms
f:i— jinIsuchthat b(F(f)): X; — X, sends a to b. There is a natural
bijection between 7y(C) and the underlying set of X. For any x € X, the
connected full subcategory C, of C corresponding to x consists of the objects
(i,a) such that a € X; is sent to x € X by the cocone map X; — X. There
is a functor C, — Vect sending (i, a) to V; ,, the fibre above ¢ € X; in V;,
and sending f : (i,a) — (4,b) to t(F'(f))|v., : Via — Vju. Let V, be the
colimit of this functor and let V' be the disjoint union [ [, V,. There is a
canonical map V; — V for each i € Obj(I), and we equip V' with the small-
est diffeology making these maps smooth. Then the canonical projection
V' — X is smooth, and one can check that this is the colimit of F'. OJ

We write DVS for the full subcategory of VSD with objects diffeolog-
ical vector spaces over diffeological spaces (see Definition 4.2). Proposi-
tions 4.6 and 4.8 imply that the forgetful functor DVS — VSD has a left
adjoint, sending p : V — X top: V — X. It is clear that ifp: V> X
is a diffeological vector space over X, then V = V. Therefore, the category
DVS is also complete and cocomplete, with the limit computed in VSD, and
the colimit obtained by applying the left adjoint functor to the corresponding
colimit in VSD. Also, Proposition 4.9 says that the left adjoint commutes
with finite products.

Recall that DS is the category with objects all open subsets of R" and
morphisms smooth maps between them. The main result of this subsection
is now straightforward to check.

Theorem 4.17. Let X be a fixed diffeological space. Consider the functor
DS/ X — DVS defined by

f
U——V 70 v
IX/\/I — WUl lﬂv
f
X U——V.

The colimit of this functor is mx : T®(X) — X, and the colimit of the
composite functor DS/ X — DVS — V8D ismx : TH(X) — X.
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This can also be phrased as saying that the functors 79 : Diff — VSD
and T%* : Diff — DVS are left Kan extensions of the natural functors
DS — V8D and DS — DVS along the inclusion functor DS — Diff.

4.3 Fineness of internal tangent spaces

Recall that any vector space V' has a smallest diffeology making it into a
diffeological vector space. This diffeology is called the fine diffeology, and
its plots are exactly those maps which locally are of the form U — R" — V,
where the first map is smooth and the second map is linear; see [I3, Chap-
ter 3]. In this subsection, we study when 77 (X)) and T%( X)) are fine diffe-
ological vector spaces, giving examples where they are fine and where they
are not.

The material in this subsection is independent of the material in the fol-
lowing subsection.

From Example 4.3, we know that 7 (X) in general is not a fine diffe-
ological vector space. We now give a condition implying that 7.%°¢(X) is
fine.

Proposition 4.18. Let (X, z) be a pointed diffeological space. Assume that
there exists a local generating set G of X at x with the property that for any
q:U—XinG, if f:V — U isasmooth map from an open subset V of
R™ such that q o f = c,, (the constant map), then f is locally constant. Then
Tds(X) is a fine diffeological vector space.

Proof. By the second half of Remark 4.7, the diffeology on 7%*(X) is the
smallest diffeology containing Hector’s diffeology which makes 79%¢(X)
into a diffeological vector space. Thus it suffices to show that Hector’s
diffeology is contained in the fine diffeology. That is, we need to show
that every plot V' — TH(X) locally smoothly factors through a linear map
R" — TH(X). Letp : V — TH(X) be a plot. Since Hector’s diffeology
on T'X is generated by maps 7'U — T'X induced by plots U — X, for each
vo € V there is a connected open neighbourhood V’ of vg in V' such that p|y-
is either constant or of the form V' —25 TU — T X, with image in T,,(X),
where g is smooth. In the first case, every constant map factors smoothly
through a linear map R — 7, (X). In the second case, shrinking V"’ further
if necessary, we can assume that U — X is in the local generating set G.

-40 -



CHRISTENSEN & WU - TANGENT SPACES AND BUNDLES FOR DIFFEOLOGICAL SPACES

The composite V' - TU — U — X is constant, and so by hypothesis, ¢
must land in 7;,(U) for some u € U. This shows that p|y» smoothly factors
through the linear map 7,(U) — T.,(X). Since T,,(U) is diffeomorphic to
R™, for some n, we are done. ]

Here are some results that follow from Proposition 4.18:

Example 4.19. T%*(X) is a fine diffeological vector space when:
1. X is a smooth manifold, and x is any point of X;

2. X is the axes in R? with the pushout diffeology (Example 3.17), and
x is any point of X;

3. X is a 1-dimensional irrational torus (Example 3.23), and z is any
point of X.

Remark 4.20. Since the irrational torus T} is a diffeological group, by Theo-
rem 4.15 we know that 7{} (77) = Tj¢7°(75). So by (3) of the above example,
both of them have the fine diffeology. Therefore, the map To(R) — T (77)
induced by the quotient map R — T} from Example 3.23 is a linear diffeo-
morphism. As a consequence, the inverse function theorem does not hold for
general diffeological spaces when tangent spaces are equipped with either
Hector’s diffeology or the dvs diffeology, in the sense that,if f : A — Bisa

smooth map between diffeological spaces such that f, : T (A) — Tﬁa)(B)

(or fu : T"(A) — Tf5(B)) is a linear diffeomorphism for some a € A,
then it is not true that there exist D-open neighborhoods A’ and B’ of a € A
and f(a) € B, respectively, such that f : A" — B’ is a diffeomorphism.

Example 4.21. Note that any smooth linear bijection from a diffeological
vector space to a fine diffeological vector space is a linear diffeomorphism.
As a consequence, we know that the tangent space T"*(Y") of the axes Y in
R? with the sub-diffeology (Example 3.19) has the fine diffeology.

Proposition 4.22. Let V' be a fine diffeological vector space. Then To(V') =
V' as diffeological vector spaces.

Proof. Recall that the vector space Ty(V) is the colimit of 7(U) taken over
the category G(V,0). Consider the full subcategory G of G(V,0) consisting
of inclusions W < V of finite-dimensional linear subspaces. It is not hard
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to see that this is a final subcategory, in the sense that the overcategory p/G
is non-empty and connected for each object p in G(V, 0). Therefore, we can
restrict to the subcategory G and find that, as vector spaces,

T = colim T = coli =V
(V) = g TollV) = gV =V
By the criteria in Proposition 4.18, we know that 7**(V) is a fine diffeo-

logical vector space, and so T¢**(V') = V as diffeological vector spaces. By
Theorem 4.15, TH (V) = Tgs(V) as diffeological vector spaces. O

Remark 4.23. When V 1is fine, it follows from Theorem 4.15 that TV =
V' x V as diffeological vector spaces over V. This is not true for an arbitrary
diffeological vector space; see Example 3.14(2).

Example 4.24. The following examples show that when G is a diffeologi-
cal group, T.(G) is not necessarily fine, contradicting the argument given
in [HM, Proposition 6.8]. As a consequence, although the vector space
T.(G) is a colimit in the category of vector spaces of Ty(U), the diffeo-
logical vector space T.(G) is not a colimit in the category of diffeological
vector spaces of Ty (U) with the fine diffeology. For properties of (fine) dif-
feological vector spaces, see [Wu].

1. Let X =[] R be the countable product of copies of R with the prod-
uct diffeology. Then there is a canonical smooth map 77X — [[ TR
which induces a smooth linear map « : Tp(X) — [] R, where we
identify T, (R) with R in the natural way. Consider the plot p : R? —
X sending (s,t) to (¢, st, s°t, s, .. .). It induces one of Hector’s gen-
erating plots TR? — TX. The restriction of TR? to the s-axis is a
rank-2 bundle whose total space U is diffeomorphic to R3. The com-
posite U — TR? — TX gives a plot q in Ty(X), since the plot p
sends the s-axis to the point 0 in X. Now consider the composite
aoq:U — Ty(X) — [],R. At the point (s,0), it sends J to 0 and
Oy to (1,s,8% s%,...). As s varies, these (1,s,s?, 53 ...)’s are all lin-
early independent in [ R. Since « is linear, ¢ doesn’t locally factor
through any finite-dimensional linear subspace of Ty(X). Therefore,
the diffeology on To(X) is strictly larger than the fine diffeology. It
follows from Theorem 4.15 that the same is true for 7, (X) for any
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x € X, since X is a diffeological group (in fact, a diffeological vector

space).

While it isn’t needed above, one can also show that « is an isomor-

phism, so Tp(X) = X as vector spaces. The surjectivity follows from

Remark 3.8, and the injectivity follows from the fact that X is a diffeo-

logical group, using an argument similar to that used in Example 3.25.
In fact, Proposition 4.27 shows that « is a diffeomorphism.

2. Write Y for C*°(R",R), where n > 1, and write 0 for the zero func-
tion in Y. Define ¢ : ¥ — X by f — (f(O),aa—y}i(O),%(O),... .
Then ¢ is a smooth map, by [CSW, Lemma 4.3]. Letp : R? = Y
be defined by p(s,t)(y) = te¥'. Then p is a plot of Y. The re-
striction of TR? to the s-axis is a rank-2 bundle whose total space U
is diffeomorphic to R3. As in (1), one can check that the compos-
ite U — TR? — TY gives a plot ¢ in T;(Y"), but the composite
aoTppoq: U — Ty(Y) = To(X) — [, R does not locally fac-
tor through a finite-dimensional linear subspace of [[ R. Therefore,
Ty(Y') is not a fine diffeological vector space for any f € Y.

3. Let M be a smooth manifold of positive dimension, and let 7 : R" —
M be a smooth chart. Using a smooth partition of unity one can show

that for any smooth map f : R? x R" — R, there exists a smooth map
g:R*x M — Rsuchthat go (1 X 7)|g2xp = f|r2xp, Wwhere B is an
open neighborhood of 0 in R™. By (2), we know that 7;(C*°(M,R))
is not a fine diffeological vector space for any f € C°°(M,R).

As a corollary of (3), if M is a compact smooth manifold of positive

dimension, and U is an open subset of R" for some n € Z™, then for any
f € C®(M,U) =: Z, both T{'(Z) and T{**(Z) are not fine. This follows
from Proposition 4.13(1) and the fact that Z = C*°(M,U) is a D-open
subset of C*°(M, R™) [CSW, Proposition 4.2].

4.4 Internal tangent bundles of function spaces

In this subsection, we first observe in Proposition 4.25 that for any diffeo-

logical spaces X and Y, there is always a natural smooth map

v TH(O®(X,Y)) = C=(X, TH(Y)).
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In Propositions 4.27 and 4.28, we give two special cases when the above
map is actually a diffeomorphism, and it follows that in these cases we have
TH(C>®(X,Y)) = T%(C>*(X,Y)). In particular, we recover in Corol-
lary 4.29 the fact that the internal tangent space of the diffeomorphism group
of a compact smooth manifold at the identity is isomorphic to the vector
space of all smooth vector fields on the manifold.

Stacey [St2] also studies the map -y, but with a different focus.

Proposition 4.25. Let X and Y be diffeological spaces. There is a smooth
map

which is natural in X and Y, and which makes the following triangle com-
mutative:

TH(C®(X,Y)) ———— C®(X, TH(Y))

TCoO(X,Y) (my )=

C>(X,Y).

Proof. Observe that the map 7 : C*°(R,Y) — TH(Y) defined by o —
(a(0), o () is smooth, since for any plot ¢ : U — C=(R,Y), we have a
commutative diagram

U—L1—C®R,Y)

|

TUXTR—N>TH(Y)
Tq

in Diff, where the left vertical map is defined by u — ((u,0), (0, %)), and
q:U xR — Y is the adjoint of q.

Now we first partially define v : TH(C>®(X,Y)) — C=(X, TH(Y)) by
sending (f, p.(4)) to 7 o p, where p : R — C*°(X,Y) is a plot such that
p(0) = f, and p is the double adjoint of p, using the cartesian closedness of
Diff. One can show that the following triangle

TH(O®(X,Y)) ———— C®(X, TH(Y))

Mm %

C>*(X,Y),
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commutes, so we can linearly extend this on each fibre to define . It is
straightforward to check that the map v is well-defined. Moreover, 7 is
smooth: given any plots ¢ : U — C®(X,Y)andr : V — X, the com-
posite

TU 4 TH(C®(X,Y)) — C=(X, TH(Y))

is smooth since for the adjoint map TU x X — T#(Y) we have a commu-
tative diagram

TU x V-0 T0 x X

o

TU x TV —= TH(Y),

where o is the zero section, and [ is the composite

Ixr

UxVEL0x x5,
The naturality of ~y directly follows from its definition. 0

Aside 4.26. Note that when X is discrete, the map -y just defined coincides
with the map « from Remark 3.8 in the case where each X is equal to Y. In
fact, there is a framework which encompasses both the map -y in the previous
proposition and the map « in Remark 3.8 as special cases. Let f : Y — X
be a fixed smooth map between diffeological spaces. Write I'(f) for the set
of all smooth sections of f equipped with the sub-diffeology of C*°(X,Y),
and write A for the set

{ge C=(X, TH(Y)) | 7y og € I(f) and f.(g(z)) = (z,0) forall 2z € X}

of “vertical” sections of T"(Y) — X, equipped with the sub-diffeology
of C®(X,TH(Y)). Then (ry), : C(X,TH(Y)) — C=(X,Y) restricts
to a smooth map (7y). : A — ['(f). Moreover, v : TH(C®(X,Y)) —
C>(X,TH(Y)) from the previous proposition induces a smooth map
v : TH(D(f)) — A, and we have a commutative triangle

TH(D(f)) ——s A

ﬂfk] \%"Y)*

L(f)-
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In particular, if the fixed map f is the projection pr; : X XY — X, then we
recover the previous proposition. And if .J is a discrete diffeological space,
{X;}jesis asetof diffeological spaces, and the fixedmap f : [[,, X; — J
sends each X to j, then the map v : TH(I'(f)) — A discussed above is the
same as the map « discussed in Remark 3.8.

We will now focus on cases in which 7 (Y) = T4(Y)), so we write
TY to simplify the notation. In this situation, it is straightforward to show
that (my ), : C*(X,TY) — C*(X,Y) is a diffeological vector space over
C>(X,Y). Given a smooth map f : X — Y, we write Sp(X,Y) =
{9 € C®(X,TY) | my o g = [} for the fibre of (7y ). over f, a diffe-
ological vector space. The map + restricts to a natural smooth linear map
vr: THHO®(X,Y)) = Sp(X,Y).

Proposition 4.27. Let X be a diffeological space. Then the natural map
v T(C®(X,R")) — C>(X,TR") from Proposition 4.25 is an isomor-
phism of diffeological vector spaces over C*°(X,R").

When X is discrete, this shows that T'([ ;. x R") = [];cx TR" as diffe-
ological vector spaces over || jex R"; see Proposition 3.7, Remark 3.8 and
Example 4.24(1).

Proof. We first prove that for each f € C°°(X,R"), the restriction
vr T (C®(X,R™)) — S(X,R") of 7 to the fibre over f is an isomor-
phism of vector spaces.

Since in this case, 7y is a smooth map between diffeological vector spaces
over C*°(X,R"), it is enough to prove that 7, is a bijection for n = 1.

We first prove injectivity. Note that C*°(X,R) is a diffeological group.
Corollary 6.5 of [HM] says that for any diffeological group G, every element
of T.(G) comes from a plot U — G. (Compare with Example 4.3.) Since
T.(G) = T,(G), the same is true for 7,(G). By the proof of Proposition 3.3,
every internal tangent vector is in fact of the form p*(%), wherep: R — G
is a plot with p(0) = g. Also note that:

(1) Ifa: U x X — Ris smooth for U some open subset of a Euclidean
space, then é% : U x X — R is also smooth for any coordinate w; in U,
since for any plot 5 : W — X, g—;”‘i o(ly x B) = a%i(a o(ly x f)).

(2) If K is a compact subset of U, ¢ : K — R is an integrable function,
and F': U x X — R is smooth, then by [G, Theorem V.2.9.9], the function

X — Rdefined by [, ¢(s)F(s, ) ds is smooth.
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Now assume that a plot p : R — C*°(X,R) with p(0) = f induces 0 €
Sr(X,R); that is, the adjoint map p : R x X — R is smooth, p(0, z) = f(z)
and %(0, z) = 0 for all z € X. We can conclude that p(t,z) = f(x) +
tg(t,z) for g(t,z) = fol(Dlﬁ)(st,x) ds, and this ¢ is in C®(R x X,R)
by (1) and (2). Note that g(0,z) = 0 for all z € X. Then we define
q:R?* = C®(X,R) by q(t1,t2)(x) = f(z) + t19(t2, z). The restriction of
q to either axis is a constant map R — C*°(X,R), so q*(%) =0= q*(%)
in Ty (C*°(X,R)). And the restriction of ¢ to the diagonal is p, so, as in the
argument given in Example 3.25, p*(%) =0in T (C>(X,R)).

For surjectivity, take any (f,g) € Sp(X,R); thatis g : X — R is any
smooth map. Define p : R — C®(X,R) by t — (z — f(z) + tg(z)). It
is straightforward to check that p is a plot with p(0) = f and that the map
v o TH(C®(X,R)) — S;(X,R) sends p. (%) to g.

Hence, together with Proposition 4.25, we have proved so far that the
map v : T(C*(X,R")) — C>(X,TR") is a smooth bijection and linear
on each fibre. We claim that in this case, 7_1 is also smooth, and hence
is an isomorphism of diffeological vector spaces over C'°(X,R"™). Here is
the proof. Notice that it is enough to prove this for n = 1. For any plot
q=(q1,42) : U = C>®(X,TR), we define a smooth map p : R x U —
C>=(X,R) by p(t,u) = q(u) +tg2(u). The smoothness of v~ follows from
the commutative diagram

U—2L1— C®(X,TR)

T

TR x TU —— T(C(X,R)),

where the left vertical map is given by u — ((0, %), (u,0)). O

As direct consequences, the map vy : Tf(C™(X,R")) — S¢(X,R") is
an isomorphism between diffeological vector spaces, and

C®(X,R") x C®(X,R") = C®(X,TR") = T(C*™(X,R"))
as diffeological vector spaces over C*°(X, R™). Moreover, we have:

Proposition 4.28. Let X be a diffeological space such that its D-topology
is compact, and let N be a smooth manifold. Then the natural map
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v : TH(C®(X,N)) = C>(X,TN) from Proposition 4.25 is an isomor-
phism of diffeological vector spaces over C*°(X, N).

Proof. Let N — R" be a smooth embedding, and let U be an open tubu-
lar neighborhood of N with inclusions ¢ : N — U and j : U — R",
and a smooth retraction r : U — N such that r o ¢ = 1. Since the D-
topology on X is compact, [CSW, Proposition 4.2] implies that C*°(X, U)
is a D-open subset of C*°(X,R"), and hence by Proposition 4.13(1),
Ju 1 TH(C®(X,U)) — T(C*®(X,R")) is an induction, and for each f
in C*(X,U), the restriction j,; : T/ (C®(X,U)) — T{(C>*(X,R"))
is an isomorphism. It is straightforward to see that j, : C°(X,TU) —
C*°(X,TR") is also an induction, and for each f € C*(X,U), the re-
striction j, s : S¢(X,U) — S;(X,R") is an isomorphism, since U is open
in R™. So by Proposition 4.27 and the functoriality of v, we know that
AV TH(C™(X,U)) — C°°(X,TU) is an isomorphism of diffeological
vector spaces over C(X,U). Since v : T#(C>*(X,N)) — C=(X,TN)
is a retract of 4V, it is also an isomorphism of diffeological vector spaces
over C*(X, N). O

In this case, since 77 (C>(X, N)) is a diffeological vector space over
C*>(X, N), it follows that T (C>°(X, N)) = T®*(C*°(X, N)).

Note that, if M is a smooth manifold, then Diff (M), the set of all diffeo-
morphisms from M to itself, is a diffeological group, when equipped with
the sub-diffeology of C*°(M, M). So we recover Proposition 6.3 of [HM]:

Corollary 4.29. Let M be a compact smooth manifold. Then Ty, (Diff(M))
is isomorphic to the vector space of all smooth vector fields on M.

Proof. This follows from Propositions 3.6 and 4.28, and the fact that
Diff (M) is a D-open subset of C>°(M, M) since M is a compact smooth
manifold [CSW, Corollary 4.15]. O
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EQUALIZERS IN KLEIS LI CATEGORIES
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Résumé. Dans cet article, nous donnons des conditions nécessaires et suff-
isantes pour qu’'une paire de morphismes d’une catégorie de Kleisli, as-
sociée a une monade générale, ait un égalisateur. Nous proposons aussi, dans
différents cas de monades intéressantes, un meilleur critere pour I’existence
d’un égalisateur et dans ces cas nous explicitons ce qu’est 1’égalisateur
(lorsqu’il existe).

Abstract. In this article, we give necessary and sufficient conditions for a
pair of morphisms in a Kleisli category, corresponding to a general monad, to
have an equalizer. We also present a better criterion for equalizers in a num-
ber of cases of interesting monads, and in all these cases we explain what an
equalizer (if it exists) of a pair of morphisms is.

Keywords. equalizer, Kleisli category, (representation, add-point or excep-
tion, M -set, power object) monad.

Mathematics Subject Classification (2010). 18A30, 18C15, 18C20.

1. Introduction

The richness of a given category depends on to what degree the category is
complete and/or cocomplete. In particular this is true about the kleisli cat-
egories, that are being widely used in different areas such as, the semantics
of linear logic, [2], computing, [6], Maltsev varieties, [5], extension of func-
tors, [11], factorization-related monads, [4], and information systems, [9], to
mention a few.

In [10], the completeness/cocompleteness of Kleisli categories are tack-
led, however as the author mentions, the results are powerless in concrete
instances. In this article, we attempt the problem of the existence of equaliz-
ers in Kleisli categories. It is known that the category of sets and relations,
the Kleisli category for the power set monad, does not have equalizers, [3].
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So we try to answer the question of when a given pair of morphisms has
equalizers. First we give some equivalent conditions for the existence of
equalizers of a given pair of maps in a general Kleisli category. Then we
present a better criterion for the existence of equalizers in a number of cases
of interesting monads.

2. Preliminaries

A monad on a category &, [1],is a triple T = (T',n, u), where T : £ —— &

is a functor, 1: [ ——7T and p :7T?—— T are natural transformations
rendering commutative the following square and triangles.

T
3 — g2 T *> T2 <— T
uTl JL \ /
T2 — T

Some examples of monads that we use in this article, are:

Example 2.1. a) [1], [7], [12]. Let € be a category in which partial mor-
phisms are represented, such as a quasitopos. Let nx : X —— X represent
partial morphisms to X (such a map is mono) and be universal, i.e., pullback
of nx along all morphisms exists. The functor ~: & —— &, taking X to

X, the natural transformation 7 : ] —— ~ and the natural transformation

L :~? —— ~, where Lx j} —— X is defined by the following pullback
square:

form a monad R = (~, 7, i), called the representation monad.

b) [3]. Let £ be a category with a coproductive terminal object 1, i.e.,
a terminal object whose coproduct with any other object exists. The func-
tor A= —1II1: & ——&, the natural transformation 7: [ —— A, with
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nx = v1 : X —— X 11 1, and the natural transformation f : A2 —— A de-

fined by pux =1Pwvy: (XII1)IT1—— X II 1, where v, and v, are re-
spectively the first and the second injections of the coproduct, form a monad
A = (A, n, u), called the add-point or exception monad.

¢) [3]. Let (M,*,1) be a monoid. The functor ) : Set — Set de-
fined on objects by M (X) = M x X, together with the natural transforma-
tions 7 and p, with nx(z) = (1,x) and px(mq, (me, z)) = (M * Mo, )
form a monad M = (M ,m, i) called the M-Set monad. We denote m * n
also by mn. Note that nx = (I,1x), with 1 the constant map with value
1 € M and 1y the identity function. Also py = x X 1x.

d) [1], [8], [12]. Let £ be a topos. The covariant power object functor

3
P:&——&, where P( X LY )= PX L, PY, the singleton nat-
ural transformation / —— P and the monad multiplication u: P?—— P,

where x =77 - P2X — PX is the transpose of 717 : X x P2X —— ()
and T is defined as follows:

’
n
N Ex X Epx 1

nl p.b. /\XXAPXJ p.b. J{txt

X X PXxP2X ————— 5 X x (PX)?x P2X ———— 5 QxQ

IXApx X1 ex Xepx
n 2 13 2
N —> X x PX X P2X — X x P?X M——1

\ -~ ml p.b. lt
]\4/ X % P2X ? Q
with e denoting the evaluation, A the diagonal and 73 the evident pro-

jection, form a monad P = (P, 7, 11), called the power object monad.

For naturality of 4 in part (c) of 2.1, see [12]. We show p commutes with
the internal join. But first, with:

U : Sub(X x (PX)?) x Sub(X x (PX)?) —— Sub(X x (PX)?)

the external join or union, Vx : (PX)? —— PX the internal join and the
map f~'(g) denoting the pullback of g along f, we have:
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Lemma 2.2. The map v obtained by the pullback:

‘L/l
V ——— Ex

X x (PX)? — X x PX
1XVx

isv=m(Ax)UTs (Ax) = (Ax x 1) Umse(Ax x 1), where the maps
X x (PX? = X x PX and T3 : X x (PX)? —— X x (PX)? are
13
the evident projections.

Proof. By the above pullback diagram, the classifying map of v is v =
ex(1 x Vx). Now form the following pullbacks.

v vh
Vi ————— B Vg ———— Eo
Xx(PX)2ﬁ>XxPX Xx(PX)Z?)XXPX

Take the epi-mono factorization of v; vy : Vi [T Vo —— X x (PX)?
to get:

vy Doy

ViV — % X x (PX)2

\%@

V/
The following diagram shows 0; U v = € x(1 % Vx).

(v1,v3) € Sub(X x (PX)2) x Sub(X x (PX)2) ————3% Sub(X x (PX)2) 3 v1 Uva

R 2

hom(X x (PX)?,Q) x hom(X x (PX)?,Q) - hom(X x (PX)%,Q) > ex(1x Vx)

R R

hom((PX)2, PX) x hom((PX)?, PX) S SN hom((PX)%, PX) > Vx
\2
1 € hom((PX)2, (PX)?) hom((PX)%,PX) 3> Vx
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It follows that v = vl/U\vg and so v = vy U vy, proving the first equality.
Since the squares:

™1 1
Ex X PX ————— % Ex and Ex x PX —————% Ex
Axxll J,\X MSZ(AXXUJ lxx
Xx(PX)Qﬁ)XxPX Xx(PX)’-’ﬁXxPX

are pullbacks, we get the second equality.
O]

Theorem 2.3. The monad multiplication . of P preserves the internal join,
i.e., for each X the following square commutes.

Vv
5wy VPX 5
(P*X)* —— P2X

n%e=nx Xibxl J“X

(PX)? —— PX
X

Proof. We have Vxu% = uxVpx if and only if their transposes are equal,
i.e., EX(lX X\/X,UE() = GX(lX X (,ux\/px)) if and only ifGX(lX X \/X)(lX X
1) = ex(1x x px)(1x x Vpx) if and only if w = k, where w and k are
obtained by the following pullbacks.

!/ k, o !
w— v and K M Ex
wJ/ l’u kl lm lxx
X x (P2X)2 — X x (PX)? X x (P2X)2 1*>Xxp2X1*>XxPX
1Xp XV X

Form the pullback squares:

);;/ ./
K N and vV— S Epx
kl lﬂ irl lAPX
X><PX><(P2X)2114V)X><PX><P2X PX x (P2Xx)? ﬁ)PXXP2X
X1X X

So we have the following diagram in which both squares are pullbacks.

);:/ n/
K N Ex x Epx

kJ Jn J/\x XApx

X x PX x (P?2X)2 —— X x PX x P2X —— X x (PX)? x P2X
IX1xXV IXAX1
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Since (1 x Ax1)(1x1xV)=(1x1xV)(1xAx1), wegetthe
following pullback squares.

. . 1xo!
K Ex xV ———— > Ex X Epx

kl Jxxxu J{AXXAPX

X x PX x (P* X)24)X><(PX)2><(P X)? m)xX(PXVxFﬂX

Therefore in the following cube, the right and left faces are commutative
and all the other faces are pullbacks. Also since « is epi, so is it’s pullback

.
/ k / n
A X x PX x (P2X)? Ixdxy X><PX><P2
%

x (P2X)? X><P2

by 22,0 = ()\pX X 1) Uﬂ'lgg()\pX X 1) and so:

)\X X U = )\X X [()\pX X 1) U7T132(/\pX X 1)] =
[/\X X (/\pX X 1)] U [/\X X (7T132(/\pX X 1))]

Therefore

E=(1xAx1) Ay x0) =
[(1XAX1)_1()\Xx(APXX1))]U[(1XAX1)_1()\Xx(7T132(>\pr1))>]
[(ITxAxTx1)™((Ax X Apx) X DJU(1 x A x1x 1) (m2a3((Ax X

Apx) x 1)) =
(n X 1) U’ﬂ'1243(n X 1)

Hence taking the epi-mono factorization of (n x 1) @ (m1243(n X 1)), we
get the below commutative triangle; while the bottom square is the left face
of the above cube.
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, 5o (X D@(r1243(nx1)) s
(N x P2X)II (N x P2X) ————————— X x PX x (P%X)

(1 x ) Hry (Ax) Uy (Ax)] =
[(m12(1 x %)~ (Ax)] U [(mis(1 x %))~ H(Ax)] =
(1 x p)m2) F X)) U (1 x p)mis) M (Ax)] =
[ (1% ) )] U [y (1 x ) 7H(Ax)] =
[ (m)] U [735' (m)] =
(m X 1) U 7T132<m X 1)

In the following diagram, the commutativity of the top triangle can be
easily verified and that of the bottom triangle follows from the fact that w =
(m X 1) U 7T132<m X 1)

5 5 m134((nXx1)@71243(nx1))=(n13X1Bm132(n13%X1)) 2
(N x P2X)1I (N x P2X) X x (P%2X)
(mx1)®m32(m
(ax1)I(ax
(M x P2X) 11 (M x P%2X) w

T

Therefore w and k are the mono part of the morphism m34((n x 1) &
m1243(n % 1)) and so are equal. O

w

Lemma 2.4. The monad multiplication 11 of P preserves the false map, i.e.,
for each X the following triangle commutes.

fpx
1l—— P2x

\) Jos

PX
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Proof. Since fpx < npxfx, by 2.3, uxfpx < pxnpxfx. So pxfrx < fy,
implying pixfpx = fx.
[

3. Preservation of Equalizers

Denoting the Kleisli category of a monad T by & and the morphism in Ep
associatedto f: X —— TY in £ by f - X —— Y, we have:

Lemma 3.1. For a monad T in &, the functor U : Er —— £ defined by:

U(x21oyy=rx 2" Ly

is right adjoint to the functor [ : £ —— &y defined by:

(x-1eyy=x—"2" .y

Proof. See [1], [3]. ]

Proposition 3.2. The functor U : Er —— £ preserves and reflects equaliz-
ers.

Proof. The preservation of equalizers follows from 3.1. To prove U reflects

5 f
equalizers, let £ —— X — Y be a diagram in &y such that the diagram
g

uxT(e) py T(f) . . .
TE————TX ———¢TY is an equalizer in £. It follows that
pyT(g)
uy T (fluxT(e) = uyT(g)uxT (e). Also by monad axioms pxnrx = lrx
and by naturality of 7, nrxe = T'(e)ng. So uyT(f)e = uyT(f)pxnrxe =
pwyT(NuxT(e)ne = pwyT(g)uxT(e)ne = wyT(g)uxnrxe = pyT(g)e
and thus fé = gé. B R
Now if there is } . 7z —— X such that fk = gk, then uyT(f)k =

pyT(g)k and so there is a unique f : 7 —— TFE such that ux7'(e)k = k.
Therefore ;.. 7 — Fisin & and ek = k.
If there is &’ such that ¢k’ = k, then X/Tak’ — k. It follows that

pxTek' =k and so k' = k. Therefore k = k&’ and the result follows.
[
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Theorem 3.3. Let € be a category and T = (T',n, jv) be a monad on E. For
morphisms f, G : X —— Y in &y, the following conditions are equivalent.
, . f
a) In Er, there is a morphismE —— X such that F —— X —=3Y s
g

an equalizer.
b) In &, there is a morphism e: E——TX such that the diagram

HXT( FLYT
TE ————T :(; TY is an equalizer.
pyT(g)
c) In &, there is a morphism m : M —— T X, an object E and an iso-
wy T(f)
morphism ¢ : TE —— M such that M ——TX Y:; TY is an
ryT(g)

equalizer and the following diagram is commutative.

rE
T?2E —— TE

T(mv)l me

72X ——— TX
15

In this case the morphism é of part (a) corresponds to the morphism e of
part (b) which in turn corresponds to the morphism myng of part (c).

Proof. The equivalence of (a) and (b) follows from 3.2.

(b) = (c) : Setting M = TE, m = uxT(e) and ¢ = idrg, it is enough
to show the square in (¢) commutes. By naturality of 1 and monad definition
we have, uxT(e)ur = pxprxT?e = puxTuxT?e = pxT(uxT(€)), as
desired.

(¢) = (b) : Setting e =mpng: E——TX, we have, uxT(e) =
uxT(meng) = pxT(me)Tne = mpugTne = me. The result now fol-
lows from the fact that ¢ is an isomorphism and m is an equalizer of 11y T'(f)
and iy T'(g).

The last assertion holds obviously. [

Lemma 3.4. Let partial morphisms in a category &£ be representable by
universal arrows, and let R be the representation monad. The morphisms
py f

X :; Y have an equalizer in £ if and only if the morphisms X —<Xy

HY g
do.
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In this case an equalizer of |y f and Ly g is ey g, where ey 4 is an equal-
izer of f and g.

Proof. Suppose an equalizer ef, : ¥ —— X of f and g exists in £. Con-
sider the following diagram in which all the squares are pullbacks and the
triangle commutes.

€f.9 f -
E*)X:gy
9

O

E—— X :$~ v *“Y Y
€f.9 g

We show €7, is an equalizer of p f and pg. Pulling back 7y along 1y f €fg
and pygey,, and using the fact that fer, = gey,, we get the same pull-
back square. Since 7y represents partial morphisms, by uniqueness we get
py ferg = by gery )

Now suppose h : H — X is given such that py fh = py gh. Form the
following pullback.

H‘)h X

We have fh' = pyng fh' = py fnxh = py fhB = pyghB = pygnxh’ =
pynygh’ = gh'. So there is a unique morphism ¢ : ' —— E such that
erq0 = h'. Now there is a unique morphism  rendering pullback the fol-
lowing square.

’ < S E

T

=)
T—

g
E

—

~

Now pullback of 7x along ey ,v and along h yields the same 2-source. So
by uniqueness, e,y = h. Now if 4/ satisfies e; /' = h, then €7, = €7,47.
Form the following pullback.
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’
H' —E

The equality e; v = ef 7, yields H” = H', f' = ( and ef 00 = ef 40/,
Since ey 4 is mono, a = /. Since 7 represents partial morphisms, unique-
ness yields v = v/, as desired. 5
Conversely suppose an equalizer j : | —— X of uy f and uy g exists in
£. Form the following pullback.
E
I

One can easily verify that fi’ = gi’. Now suppose h: H —— X is given
such that fh = gh. We have py fnxh = pyny fh = pynggh = pygnxh.
So there is a unique « : H — [ such that ia« = nxh. The above pullback
square now yields a unique %k : H —— F such that i’k = h and jk = a.
Now if there is &” such that 'k’ = h, then ijk’ = nxi'k’ = nxh = ia. Since
i is mono, jk' = «. uniqueness implies k' = k. This proves an equalizer of
f and g exists and is '

The last assertion holds for the direct implication. To prove it for the
converse, first we show the morphism j in the above pullback square is a
partial morphism classifier. Let the partial morphism:

i

—

nx

— =

*> e

i

>

4

&
N

be given. There is a unique morphism ¢ making the big square below a
pullback.
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Since fi'd = gi'd, the pullback of 7y along both py £ and 11y §d yields the
same 2-source. Uniqueness of representation gives fiy f0 = 11y §d. There-
fore there is a unique )\ : Z —— [ such that ¢\ = §. It can be easily shown
that the square:

commutes and so is a pullback.

To show uniqueness, suppose there is )/ : 7 —— [ making the above
square a pullback. Then i\" makes the above big square a pullback and so
i\ = i\. Therefore N’ = ), as desired. Hence j is a partial morphism
classifier.

Since 7)g is also a partial morphism classifier, there is an isomorphism

¢ : E — I such that ¢np = j. It follows that the square:

i

E— X

E— X

ip

is a pullback and that ip = i/ is an equalizer of py f and pyg. The result
follows. 0

Theorem 3.5. Let partial morphisms in a category £ be representable by
universal arrows, and let R be the representation monad. The morphisms

!
X XY in the Kleisli category Er have an equalizer if and only if the
g

foo.
morphisms X g:; Y in &€ have an equalizer.

In this case an equalizer F) X of f and § corresponds to the map

E """ %, whereE ~"*+ X is an equalizer of f and g.

Proof. The first assertion follows from 3.3 and 3.4. To prove the last asser-

~

tion, by 3.3 we have ¢ : F —— X is an equalizer of f and ¢ in &g if and
only if puxé: EF—— X is an equalizer of jy f and iy g and by 3.4, if and
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only if uxé = ey, with ey, an equalizer of f and g. Now consider the fol-
lowing diagram in which pullback of nx along e is formed to get the mono
k; and all the other squares are known to be pullbacks.

1 i 1

LA,
ot

k é HXx

It follows from the above big pullback square that p vék = i'. Now by 3.4,
on the one hand i is an equalizer of f and g and on the other hand 7 is an
equalizer of 1y f and | iy g. Therefore fux ¢k and Lx € are both equalizers of
pty f and j1y§. Thus & and so k are isomorphisms. Hence ey, = i'k™" is an
equalizer of f and ¢; and e = nxi'k™! = nxey 4, concluding the proof. [

Corollary 3.6. Let R be the representation monad on a topos €. The Kleisli
category Eg has equalizers. Furthermore an equalizer é - E—— X of a

f -

pair X —Y in &g corresponds to € =nxeys,: E—— X, where the
g

map €54 —— X is an equalizer of f and g.

Proof. Follows from 3.5 and the fact a topos has equalizers. 0

Saying f: AII1—— BII1 is point preserving if it renders commuta-
tive the following triangle,

we have:
Theorem 3.7. Let A be the add-point monad on a category £ with a copro-

f
ductive terminal object 1. The morphisms X —Y in the Kleisli category
g
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Jov
En have an equalizer if and only if the morphisms X 11 1 :2§ YII1

gbr2
in £ have an equalizer i : [ —— X 11 1 and there exists an object E and an
isomorphism ¢ : E 11 1 —— [ such that iy is point preserving.
In this case an equalizer F) X of f and § corresponds to the map
e=ipr]

EFE——XI1.
Proof. The square:

nE=1®vy
(FO01)01l ———m 5 EII1

(w)Hll Jiw

(XU)O1 ————$ X111
wx=1®vo

commutes if and only if ip(1 @& 15) = (1 & 12)((ip) 11 1) if and only if
(1¢) @ (ipre) = (ip) @ vy if and only if ipry = 1y if and only if i is point
preserving. The result follows by 3.3. 0

Definition 3.8. A category is called well add-pointed, provided that it has a
coproductive terminal object 1, in which coproducts with 1 are disjoint and
universal and squares of the form:

—

f
A
fIL
Al

1—F—— 1

are pullbacks.

f et
Denoting an equalizer of the pair X g:; YII1by £ f,gcf’;> X, we

have:

Corollary 3.9. Let A be the add-point monad on a well add-pointed category

f
E. The morphisms X —Y in the Kleisli category &y have an equalizer if
g

f
and only if the morphisms X g:; Y 111 in € have an equalizer.
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In this case an equalizerEy 4 X of f and g corresponds to the map

Ef,gﬂ)Xﬂl-

f
Proof. Suppose an equalizer of X — Y exists in . By 3.7, an object £
g

and an isomorphism ¢ : E'II 1 —— [ exist such that 7¢ is point preserving,
where ; : [ —— X I1 1 is an equalizer of f & v, and g P vs.

In the below diagram, the left squares are easily seen to be pullbacks, the
right top square is formed to be a pullback and the right bottom square is a
pullback because i is point preserving and ¢ is a mono.

1 B

—

E E E’
Tk
I——FEI1 I%Xl
| ]

1

v2

—r g~

—1 1—>1

Since £ is well add-pointed, the left vertical arrows in the above left and right
diagrams are coproducts and so there is an isomorphism v : E—— F7,
such that ap) = 1. Now we have the following pullback squares, the left
of which can be verified easily.

P B
E E’ X

1T

EUO1——— 1 —— X 11
i

One can now directly verify that 51 is an equalizer of f and g, as desired.
e /
Conversely, suppose F f,ng’—g> X is an equalizer of X :ig YII1in

E. Weshow ¢I11: EI11—— X 111 is an equalizer of f & v and g P vs.
Obviously (f®wvy)(elll) = (9B ry)(elll). Now given h: A—— X 111
such that (f @ v9)h = (g ® v»)h, form the following pullbacks.
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Y1 Y1

—

=

1
Tu2
1

Now the morphism % equalizes f and g and so there is a unique morphism
k: B—— Eyg4 such that ef ;& = k. Since the left vertical arrows in the

v2

SN
h x
—_

Q—— W

above diagram form a coproduct, h = (11k) ® (1p!): A————— F 11 1.
We have (eI11)h = h. Uniqueness follows from the fact that ¢ IT 1 is mono,

as &£ is well add-pointed. The result now follows from 3.7 by taking ¢ = 1.
The last assertion can be verified easily. [

Lemma 3.10. Let (M, *, 1) be a monoid.
a) The relation on M, defined by m < n if there is a € M such that
n = am, is reflexive and transitive, i.e., a preorder.
b) The relation on M, defined by m ~ n if there are a,b € M such that
am = bn, is reflexive and symmetric.
¢) The equivalence relations R< induced by " < 7 and R.. induced by
~ " are equal.

7

Proof. (a) and (b) are Obvious.

c) Letting k <> k' tomean k < k" or &’ < k, one has nR<n' if and only
if there are ki, ko, -+, k; € M suchthatn <> k; <> ky--- <> k; <>n'.
On the other hand we have nR..n’ if and only if there are kq, kg, - - k; € M
such thatn ~ k; ~ ko --- ~ k; ~ n/. The result follows from the facts that
k <> k' implies k ~ k'; and k ~ k' implies there are a,b € M such that
ak = bk' so that k < ak = bk’ > K/, and therefore kR<k’. The result then
follows. [

Setting R = R< = R., we have:

Lemma 3.11. Let (M, *, 1) be a monoid and X be a set. On M x X,

a) the relation (m,x) < (n,y) if m < n and x =y, is a preorder.

b) the relation (m,x) ~ (n,y) if m ~ n and x = vy, is reflexive and
symmetric.

c) the relation (m,x)R(n,y) if mRn and x = vy, is an equivalence rela-
tion.
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Proof. Follows from 3.10. ]

Definition 3.12. Let M = (M, 1, j1) be the M-Set monad and consider the
f

functions X ?3 M xY. We set:

A fr=(x1)(Axf)
a) I“——= M x X to be the equalizer of M x X%M x Y.
g*=(xx1)(1xg
b) I to be those (m, x) € I for whichm is right cancelable, i.e. am = bm
implies a = b.

The relations on M x X given in 3.11, induce relations on I and I.
Denoting the quotient map to [ /Rby ¢:]— I /R, forsets A C B C
M x X, the up segment of Ain Bby BT A= {b € B : thereisa €
A such that b > a} and the image of a function s by I'm(s), we have:

Definition 3.13. Ler M = (M, 1, j1) be the M-Set monad and consider the
f

functions X ?; M xY. Wesay E C I is invariantly ( f, g)-compatible if

IME=1.

Theorem 3.14. Let M = (M, 1, p) be the M-Set monad. The morphisms

f
X ——XY inthe Kleisli category Sety have an equalizer if and only if there
g9

isasection s:I/R—— [of q: I ——1/R suchthat Im(s) is invariantly
(f, g)-compatible.

In this case an equalizer Im(s) LN of f and g corresponds to the
map Im(s)—— M x X

/
Proof. Suppose an equalizer of the pair X — Y in Sety is the map
g

¢ : I —— X . Without loss of generality we assume the corresponding map
e*=(xx1)(1xe)

E““— M x X is the inclusion. By 3.3, x E Mx X

s .
is an equalizer of M x X ——= M x Y. Since J“—— M x X is also an
g*
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equalizer, there is a bijection M/ x E SN I such that 17 = e*. It follows
that ¢(m,n,x) = (mn,z). Let (n,z) € E. On the one hand (n,z) =
Y(1,n,z) € I, thus E C I. On the other hand if a,b € M and an = bn,
then since e* is mono, a = b, thus £ C I.

Next we define s: [/R—— . Let [(m,z)] € I/R, with (m,z) € I.
Then ¢~ '(m,z) = (m',m,x), with (th,z) € F and m = m/m. Set
s([(m,x)]) = (m,z). If [(m,z)] = [(n,z)], then mRn, i.e., there are
ki, ko, -+ ki such that m ~ ky, ky ~ ko, - -+, k; ~ n. Also s([(m,z)]) =
(r, z), with (1h, x) € E, m = m/m and s([(n,z)]) = (n,z), with (n,z) €
E andn = n'n. Since each (k;,z) € I C I, k; = k;k:l with (k;,z) € E; and
since m ~ kq, there are a, b € M such that am = bk;. Then am/rh = bkiiﬁ.
Monotonicity of e* implies m = Jer. Continuing in this manner, we get
ey = ky = -+ = k; = n. So (rh,z) = (n,z) and therefore s is well
defined. Now m = m/ri implies m ~ 1 and so [(1h, )] = [(m, z)]. Tt fol-
lows that gs([(m,z)]) = q(m,x) = [(1h,x)] = [(m,z)]. Hence ¢s = 1,
i.e., s is a section of g. To show E = Im(s), we know Im(s) C E.
Now if (m,x) € E, then (m,z) € I and so m = m/m with (1h,z) € E.
Since (m, z) and (1, z) are in £ and 1m = m/r, monotonicity of e* yields
m = . Hence (m, z) = (m,x) = s([(m,x)]) € Im(s). Thus £ C I'm(s).
Therefore E = Im(s). Finally we show I T Im(s)= I. Let (n,x) € I.
We know n = n'n with (n,z) € E. It follows that (n,z) > (n,z) and
(n,z) € E = Im(s). Thus (n,z) €I 1Im(s). Hence I T Im(s)= I, i.e.,
I'm(s) is invariantly (f, g)-compatible.

Conversely suppose there is a section s : [ /R —— | of the morphism

q: 1 ——1I/R such that Im(s) is invariantly (f, g)-compatible. Denote

by Im(s)>—— M x X the inclusion. For (m,n,z) € M x Im(s), we
have f*e*(m,n,z) = (mnfi(x), fo(x)), where f; and f, denote the first
and the second projection of f, respectively. Since (n,z) € Im(s) C I,
we have (nfi(z), fo(x)) = (ng1(z), go(z)). It follows that f*e*(m,n,x) =
g*e*(m,n,x). Hence f*e* = g*e*.

Now suppose h: A—— M x X is given such that f*h = g*h. Let
a € Aand h(a) = (m,x). Then f*(m,x) = g*(m,z) and so (m,z) €
I =I71Im(s). So (m,x) > (m,z) with (r,z) € Im(s). It follows that
m = m'th and (1, x) € I'm(s). Define f, : A —— M x I'm(s) by h(a) =
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(m/,m,x). If a = b, then h(a) = h(b) = (m,x). m = m'ih = n'n with
(, z) and (n,x) in Im(s). So (m,z) ~ (n,x), (m,x) = s([(k,z)]) and
(n,m) = s([(l, z)]), for some k and [. It follows that [(k, x)] = qs([(k, z)]) =
(03,0)] = [(.2)] = s((12)) = (1)) Therefore 1n.2) (i) and
so i = n. Now m/th = n'n implies m'h = n/rh and since  is right
cancelable, we get m’ = n’. So h(a) = (m m,z) = (n',n,x) = h(b).
Hence h is well deﬁned. One can easily prove e*f_z = h and e* is mono.
Uniqueness of h with e*h = h therefore follows. Hence e* is an equalizer of
f* and ¢g* and by 3.3 the result follows.

Finally the last assertion obviously holds. 0

f e
Denoting an equalizer of the pair X ?i M xY by E f,ng%g X, we

have:
Corollary 3.15. Let M = (M, n, 1) be the M-Set monad with (M, *,1) an

/
abelian monoid. The morphisms X —Y in the Kleisli category Sety
g

have an equalizer if and only if for (m,z) € M x X, mfi(z) = mg,(x) and
fa(x) = go(x) implies x € Ey .
In this case an equalizerE' SIS '¢ of f and ¢ corresponds to the map

l.e
By~ 0w X

Proof. Suppose the equalizer of f and g exists. Then by 3.14, we have the
existence of a section s: [/R—— jof ¢: ] —— I/R suchthat Im(s) is

invariantly (f, g)-compatible. Let (m,z) € Im(s). Then (m,z) € [ C I
and so mfi(z) = magi(x), fo(z) = g2(x) and m is right cancelable. Since
the monoid is abelian, m is also left cancelable. Therefore fi(x) = g1(x).
It follows that f(z) = g(x), i.e., x € E;,. Now suppose z € Ey,. Then
(1,z) € I and so there is (u,,z) € Im(s) such that 1 > w,. Therefore
1 = au, = uga, ie., u, is invertible. If (m,z) and (n, z) are in I'm(s),
then since mn = nm, e*(m,n,x) = e¢*(n, m,z). Therefore m = n and so
(m,x) = (n,x). Putting these together we conclude that Im(s) = {(us, ) :
x € E;,}, where each u, is invertible.
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Now if (m,z) € M x X, mfi(x) = mgi(z) and fo(x) = go(x), then
(m, z) € I and therefore (m,x) > (n,z) with (n,x) € I'm(s). This implies
T € Ef,g.

Conversely suppose for (m,z) € M x X, mfi(z) = mg(x) and

e=(1,e
2(x) = go(x) implies x € E . Itis easy to see forE MMXX,
p 1.9 y f.9

M x Ey, " M x X is the inclusion. Now direct computation shows that
e* is an equalizer of f* and g*. The result then follows by 3.3.
The last assertion follows easily. [

Definition 3.16. Let PP be the power object monad on a topos £ and let

f
f: 1 —— PX denote the false map. Given morphisms X :g; PY,
a) a morphism A —— PX is said to be (f, g)-invariant relative to y,
wP(f)
if it factors through the equalizer i: [ —— PX of PX —= PY, ie., if
)

wP(g
pP(f)a = pP(g)a.
b) a morphism 1 —"— PX is said to be (f, g)-simple if it is a minimal
element of E(1, PX) that is not equal to f and that is ( f, g)-invariant relative
to i, where E(A, PX) is partially ordered by a < bifb=a V b.

Lemma 3.17. Let P be the power object monad on a topos £ and consider
!

the maps X :g; PY in E. Amorphism e : E—— PX is (f, g)-invariant

if and only if the morphism puxP(e): PE —— PX is.

Proof. Suppose e is (f, g)-invariant. We have:

py P(f)uxP(e) = pypupy P?(f)P(e) =
pry P(py ) P*(f)P(e) = py P(uy P(f)e)

Similarly py P(g)pux P(e) = py P(py P(g)e). The result then follows.
Now suppose px P(e) is (f, g)-invariant. We have:

py P(f)e = py P(f)pxnpxe = py P(f)px Ple)ng

Similarly
py P(g)e = py P(g)px P(e)ng. The result then follows. O
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Recall that, [8], a well-pointed topos is one in which parallel morphisms
are equal if they are equal when composed on the right with all the global
elements; also that a well-pointed topos is two-valued.

Lemma 3.18. A topos is well-pointed if and only if for all X, the sink
(1——X )xehom(l,X) is a coproduct.

Proof. For an object X of a well-pointed topos, set G x = Llj,o1,x)1. There
is a unique ¢ making the following triangle commute.

Va
11—y Gy

X
If p = [, then for all z € hom(1, X), apr, = [er, and so for all
x € hom(1, X), ax = [Bx. Therefore v = [3, implying  is an epimorphism.
(Note if hom(1, X') = (), then the assertion for all z € hom(1, X), ax = Sz
is vacuously true, implying o = (3, so that there is at most one morphism
with domain X, implying ¢ is an epimorphism).
Now given f:1—— Gy, form the pullback:

Ay —— 1

fl(uz)l p-b. }w

1 ——— Cx

Since the topos is two-valued and A, is a subobject of 1, it is either O or 1.
If for all z, A, = 0, then f~(r)is 1:0——1. Sol = [} D®,1,) =
®.fYv,) = ®,! =!, which is a contradiction. Therefore there exists x
such that A, = 1. It follows that there is x such that f = v,.

f
Now if 1 :g; G x are morphisms with ¢ f = g, then there are z and

y such that f = v, and g = v,,. So pv, = ¢v, implying x = y. It follows
that f = v, = v, = g. So ¢ is a monomorphism, hence an isomorphism.
The converse follows from the fact that a coproduct is an epi sink. [

Lemma 3.19. In a well-pointed topos a morphism that has a unique right
inverse is an isomorphism.
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Proof. Suppose f: A—— B has aunique rightinverse g : B—— A. Let
a : 1 — A be amorphism. For b € hom(1, B), define k;, € hom(1, A) by

bif b
ky = g .1 7 Ja . By 3.18, there is a unique morphism k£ : B—— A
aifb = fa

rendering commutative the following triangle.
s
x

Now forall b € hom(1, B), fkb = fk, = {

1

k

Y e

fgbifb # fa
faifb= fa
that f& = 1. Uniqueness of g yields k = g. So a = kj, = kfa = gfa.
Therefore for all @ € hom(1, A), gfa = a. It follows that gf = 1. Hence g
is the inverse of f.

= b. It follows

]

Lemma 3.20. Let P be the power object monad on a topos E. If the ar-
rows e: E—— PX and z:1—— PE are given, then for all arrows
b:1—— 7, e2b < uxP(e)z, where % is the corresponding subobject of
z obtained by:

— s

p.b.

z

N

ﬁ Q

Proof. Let b:1—— Z be given. Z is classified by Z and one can easily
verify that Zb is classified by 720 = eg(1 x ng)(1 x 2)(1,b!). Now since
b < z,nzb < Z. Tt follows that nZb < z and so by 2.3, uxP(e)nzb <
px P(e)z which in turn implies e2b < px P(e)z. O

Lemma 3.21. Let P be the power object monad on a topos E. If the map
e: E—— PX in & is such that ux P(e) is a monomorphism, then the map

fy : 1 —— PX does not factor through e.

Proof. Suppose there is ' : 1 —— E such that fy = ef’. Then we have
pxP(e)nef = uxnpxef = fx and by 2.4 and the fact that P(e) = 3,
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preserves the false map, we have puxP(e)fr = fx. So uxP(e)nef =
px P(e)fg. Since px P(e) is a monomorphism, we get ng f = fg. This im-
plies the subobjects f':1—— F and | : )0 —— E, corresponding to ng f’
and fg respectively, are equal; which is a contradiction. O]

Lemma 3.22. a) In a topos, if g : 0 —— E is the unique morphism, then
P('g) = fp.

b) In a well-pointed topos, if b:1—— E and z : 1 —— PFE are mor-
phisms such that £y, # 2z < ngb, then z = ngb.

Proof. a) Since fy: 1 —— P(0) = 1 is the identity morphism and P(!4)fy
= E|!Af0 = £, we get P('A) = fy.

b) Since the corresponding subobjects of z and 7zb are respectively the
maps 2: 7 —— Fand p:1—— F, we get Z < b, i.e., there is a mor-
phism « : 1 —— Z such that bae = 2. But then « is a monomorphism and
since the topos is well-pointed, Z = Qor Z = 1. If Z = 0, then z = fg, a
contradiction. So Z = 1, implying Z = b. It then follows that z = ngb. [

/
For a pair of morphisms X —— PY, denoting an equalizer of the pair
g
nP(f) )
PX _————tPY by i: ] —— PX, and setting:
nP(g)

S={a:1—— PX|ais(f,g)-simple}
we have:
Theorem 3.23. Let PP be the power object monad on a well-pointed topos

/
E. The morphisms X —Y in the Kleisli category Ep have an equal-
g9

izer if and only if there is a unique morphism [ —— P(IIs1) such that
px P(@aesa)s = i.
In this case an equalizerllsl —— X of f and g corresponds to the map

e=Dgesa

gl 25, px.
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Proof. LetE —¢ 5 X bean equalizer off and g. By3.3,PF Lp(e)) PX

is an equalizer of P (f) and uP(g). Since i is also an equalizer of this pair,
there is a unique isomorphism s : ] —— PF such that uP(e)s = 1. We are
done as soon as we show F/ = [Is1 and e = P csa.

To prove £ = IIs1, we show S = £(1, E). The result then follows by
3.18.

In case £ = 0, then PE = 1 and so there is a unique morphism from
1 to PE. It follows that the only morphism from 1 to PFE is fz. Now if
a € S, then there is a unique ¢’ : 1 —— PF such that a = ux P(e)a’. But
then o’ = fz and so by 2.4, a = fx, a contradiction. Hence S = () and so
S=E&(1,E)=0.

Now assume F 22 0. Let a € S. Since a is (f, g)-invariant, there is a
unique 1—— PFE such that uxP(e)z = a. If Z = 0, then Z = f! and
z = fg. But then by 2.4, a = f, a contradiction. So Z # 0 and therefore
by 3.18, hom(1, Z) # (). Now let b : 1 —— Z be any morphism. By 3.20,
ezb < a. Now since pP(e) is (f, g)-invariant, so is e by 3.17. It follows
that e2b is (f, g)-invariant and by 3.21, e2b # fx. Since a is (f, g)-simple,
ezb = a. Define : S—— E(1, E) to take a to Zb.

Now let b € £(1, E). We show eb is (f,g)-simple. Since e is (f,g)-
invariant, so is eb. Also by 3.21, eb # fx. Now if ¢ :1—— PX is (f, g)-
invariant, a # fy and a < eb, then there is z : 1| —— PE such that a =
puxP(e)z. By 2.3, we have pux Pe(zVngb) = (uxP(e)z)V (ux P(e)nrb) =
aVeb =eb = puxP(e)ngb. So zV ngb = ngb, ie., z < ngb. Since
a # fx, by 2.4, z # fg. Now by 3.22, z = ngband so a = puxP(e)z =
px P(e)npb = eb as desired. Define ' : £(1, ) —— S to take b to eb.

One can easily verify that S é E(1, F) establishes an isomorphism.

Using the isomorphisms « and ', one could get the isomorphisms be-
tween [s1 and II¢(y )1 = E. Some computations then show e = ®,csa.

Now suppose there is a unique morphism [ —— P(IIs1) such that
px P(@aesa)s = i. Set E = Ilgl and e = @,esa. Since each a € S
is (f, g)-invariant, so is e and by 3.17, so is px P(e). Therefore there exists
aunique r : PE —— [ such thatir = ux P(e). Now irs = ux P(e)s = 1,
implying s = 1. Now if there is s’ such that s’ = 1, then uxP(e)s’ =
irs’ = i. Uniqueness implies s’ = s. Therefore r has a unique right inverse
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e py P(f)
s. By 3.19, r is an isomorphism. Thus PE _mxPe) Ly Y?()g Py
HY g

is an equalizer and by 3.3, we are done.
The last assertion is easily seen to be valid.
O]

f
Let P be the power set monad and X :g; PY be functions in the cat-

egory Set. Let’s call a subset A of X, (f,g)-invariant if J,., f(a) =
U,ea 9(a) and (f, g)-simple if it is minimal non-empty ( f, g)-invariant. Set-
ting S = {A C X : Ais (f, g)-simple}, we have:

f
Corollary 3.24. Let IP be the power set monad. The morphisms X — Y
g

in the Kleisli category Setp have an equalizer if and only if every (f,g)-
invariant subset of X can be uniquely written as a union of (f, g)-simple
subsets.

In this case an equalizer S X of f and § corresponds to the map

S—— PX.

Proof. Follows from 3.23 and the existence of a unique s satisfying the
equality px P(Buesa)s = 1. N
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