PSEUDOTOPOLOGICAL SPACES AND THE STONE-CECH
COMPACTIFICATION

MICHAEL SHULMAN

1. FILTERS

Our slogan is topology is about convergence. Mostly we are familiar with convergence
of sequences. Recall the following definition.

Definition 1.1. If X is a topological space, (a,) a sequence in X, and = € X, we say that
(a,) converges to z if for any open set U 3 z, there exists an N such that if n > N, then
a, €U.

We observe a few things about this definition.

e For some spaces, knowing which sequences converge is enough to determine the
topology, but not for all spaces. So we’d like a more generalized notion of conver-
gence.

e The definition only requires knowledge of the sets Ay = {a, : n > N} as N varies.

e More precisely, it only requires knowledge of which sets contain at least one of the
Apn. For example, if we alter the sequence at finitely many places, it doesn’t change
its convergence properties because it doesn’t change which sets contain some Ay.

With this in mind, we make the following definition.

Definition 1.2. Let X be a set. A filter on X is a subset F C PX of the power set of X
such that
(i) X € F;
(ii) 0 ¢ F;
(iii) If A€ F and A C B, then B € F; and
(iv) f A,B € F, then ANB € F.

Ezxample 1.3. If (a,) is a sequence in X, the elementary filter associated to (a,) is the set
Eay ={AC X :INst. if n> N then a, € A}

Note that if we change finitely many terms of a sequence, its elementary filter is un-
changed. Moreover, the elementary filter contains exactly the information required to talk
about convergence.

Definition 1.4. Let X be a topological space. We say that a filter F in X converges to
a point x € X, and write F — z, if every open set containing x is in F.

Clearly a sequence converges to a point z if and only if its associated elementary filter
does; thus the elementary filter captures everything we need to know about the sequence to
discuss its convergence properties. We think of an arbitrary filter as a generalization of a

sequence; for example, if A € F, we say that F is eventually in A. If AN B # () for all
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B € F, we say that F is frequently in A. More philosophically, we may say that a filter
1s the extensional essence of a limiting process.

Example 1.5. If X is any set and x € X, the principal filter generated by x is
n.={ACX:xe€ A}
Clearly n, — z in any topology.

Ezxample 1.6. If X is a topological space and = € X, its neighborhood filter is
N,={ACX:3U st.2€U C Aand U is open in X}.

The elements of N, are called neighborhoods of x. Again, we have N, — x in any topology.
Note also that a filter F converges to z if and only if N, C F.

Often it is convenient to generate filters from smaller sets. We say that A C PX has
the finite intersection property (FIP) if the intersection of any finite subset of A is
nonempty. In this case we define the filter generated by A to be

Al ={BcCc X:34;,..., A, e AAN---NA, C B}.

For example:

e The elementary filter £, of a sequence is generated by the sets Ay = {a, : n > N}.
e The principal filter n, is generated by {{z}}.
e The neighborhood filter NV, is generated by the open sets containing x.

If F is a filter, we say that A is consistent with F if X ~\ A ¢ F. In this case F U {A} has
the FIP and generates a filter, called the extension of F by A.

FExample 1.7. A partially ordered set D is said to be directed if whenever dy,dy € D there is
ads € D with di < ds and dy < ds. A function from a directed set D into a set X is called a
net in X. If X is a topological space, a net a: D — X is said to converge to a point x € X
if for any open set U > z, there exists a d € D such that whenever d < e, we have a(e) € U.

To every net a: D — X we can associate an elementary filter generated by the sets
A. ={ale) : d < e} ase € D varies. Clearly a net converges to z if and only if its associated
elementary filter does.

Example 1.8. Let f: [a,b] — R be a function. Then for any partition P of [a,b], we have
upper and lower sums U(f, P) and L(f, P). Let F be the filter on R generated by

{[L(.P).U(f.P)] : P partitions [a,0] },

which has the FIP because any two partitions have a common refinement. A limit of this
filter (necessarily unique because R is Hausdorff) is a Riemann integral of f.

Unlike convergence of sequences, convergence of filters is sufficient to determine the topol-
ogy of a space.

Proposition 1.9. Let X be a topological space. A set U C X 1is open if and only if whenever
F — x with x € U, we have U € F.

Proof. The “only if” direction is by definition of filter convergence. The converse follows

since N, — x for any x. O
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Moreover, convergence of filters also determines when a function is continuous. If F is
a filter on X and f: X — Y is a function, we write f,F for the filter on Y generated by
{f(A) : A € F}. Equivalently, we have

fFF={BCY:fXB)eF}

Proposition 1.10. Let X and Y be topological spaces. A function f: X — Y is continuous
if and only if whenever F — x in X, we have f,.F — f(z) inY.

Proof. For “if”, note that f, N, is the set of all subsets of Y whose preimage is a neighborhood
of z. Since N, — z, we conclude that the preimage of any neighborhood of f(x) is a
neighborhood of x, hence f is continuous.

For “only if”, the continuity of f implies that Ny C f.N,. Therefore, if F — z, then
N, C F, hence Ny, C f N, C f.F, s0 fL.F — f(x). O

2. ULTRAFILTERS

While powerful, the machinery of converging filters contains a good deal of redundancy.
For example, if 7 — =z, then any filter containing F also converges to z. This suggests
restricting to those filters which are not propertly contained in any other.

Definition /Proposition 2.1. A filter F on X is an ultrafilter if it satisfies the following
equivalent conditions.

(i) For any A C X, either A€ F or (X N A) € F.
(i1) F is not properly contained in any filter.

Proof. 1f we had an A such that A ¢ F and (X \ A) € F, then A would be consistent with
F and we could extend F by A to obtain a larger filter. Conversely, if F were properly
contained in a filter G, then for any A € G \. F we would have (X \ A) € F ecither. O

Clearly the principal filters 7, are ultrafilters. Just as clearly, the explicit examples such
as elementary filters £, are not ultrafilters. Unfortunately, it is impossible to explicitly
describe any non-principal ultrafilters, but we know (assuming the axiom of choice) that
they exist.

Proposition 2.2. Any filter is contained in an ultrafilter.

Proof. Zornity. O

In less technical language, “Zornify” means that we start from a non-ultra filter F, pick
a set A such that neither A nor X \ A is in F, and extend F by either A or X ~ A. We
then repeat, probably transfinitely many times. The need to choose either A or X A
transfinitely many times is why we need the axiom of choice.

If 7 and G are filters with F C G, we say that G refines F. Thus a filter is an ultrafilter
if and only if it has no proper refinements, and every filter is refined by an ultrafilter.

FExercise 2.3. Show that any filter is the intersection of all the ultrafilters refining it. In
particular, two filters are equal if and only if they are refined by the same set of ultrafilters.

Since a filter converges to x in a topological space if and only if it refines the neighborhood
filter of x, any filter refining a filter converging to = must also converge to x. The purpose
of ultrafilters is that they allow us to reverse this implication and thereby capture all the

information about convergence of filters in a topological space.
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Proposition 2.4. A filter F converges to a point x in a topological space X if and only if
all ultrafilters refining F converge to x.

Proof. The “only if” direction is clear. For the “if” direction, suppose F does not converge
to x. Then there is an open set U 3 z such that U ¢ F, and therefore we can add X ~ U
to F and generate a larger filter. Any ultrafilter refining this filter will also refine F, but
cannot converge to x. 0

Exercise 2.5. Show that if F is an ultrafilter and f: X — Y is a function, then f,F is an
ultrafilter.

Ezercise 2.6. Show that if f: X — Y is surjective, then any ultrafilter G on Y is equal to
f+F for some (generally non-unique) ultrafilter F on X.

Exercise 2.7. Show that a function f: X — Y between topological spaces is continuous if
and only if whenever F is an ultrafilter in X and F — x, we have f.F — f(z).

Many more topological concepts can be expressed directly in terms of (ultra)filters, without
explicit reference to open sets. Here is a very important example.

Theorem 2.8. A topological space X is compact if and only if each ultrafilter on X converges
(to at least one point).

Proof. Recall that X is compact if and only if every family of closed sets with the FIP has
nonempty intersection. Suppose first that every ultrafilter converges and say we are given
a family A of closed sets with the FIP. Then A generates a filter, which is contained in an
ultrafilter F, which by assumption must converge to some point x. In particular, every open
set containing z is in F and thus has nonempty interesction with each element of A. Since
each element of A is closed, this implies that x is in each element of A, and hence in their
intersection.

Conversely, suppose X is compact, and let F be an ultrafilter. Then the collection of
closed elements of F has the FIP and thus its intersection contains a point x. Since x is in
every closed element of F, every open set U > x must intersect every closed element of F.
Therefore X \ U cannot be in F, and so (since F is an ultrafilter) we must have U € F;
thus F converges to z. 0

Here are some more examples, left as exercises. An introduction to topology making use
of filters can be found in [Jam99).

Exercise 2.9. Let X be a topological space and A C X with inclusion map i: A <— X. Show
the following.

(i) X is Ty iff no two points are converged to by exactly the same sets of ultrafilters.

(ii) X is T} iff no principal filter 7, converges to any point other than x.

(iii) X is Hausdorff (73) iff no ultrafilter converges to more than one point.

(iv) A C X is closed iff for any (ultra)filter F on A, every limit of 4, F is in A.

v) A C X is open iff whenever F is an (ultra)filter on X and F — x € A, then A € F.

(vi) An (ultra)filter F on A converges to € A in the subspace topology iff i, F converges
to z in X.

(vii) If {X,} is a family of topological spaces, then an ultrafilter 7 on the product [], X,
converges to z = (z,) in the product topology iff (p,).F converges to z, in X, for
each « (here p, is the projection [[, Xo — Xq).
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(viii) Conclude Tychonoft’s Theorem as a corollary.
The next two results are due to [CH02).

Ezercise 2.10. Recall that a continuous map f: X — Y is open if f(U) is open whenever
U C X is open. Show that f is open if and only if for any z € X and any ultrafilter G which
converges to f(z) in Y, there exists an ultrafilter F on X which converges to z and such
that f,.F =G.

FEzercise 2.11. Recall that a continuous map f: X — Y is closed if f(C) is closed whenever
C C X is closed, and proper if it is closed and the fiber f~!(y) is compact for all y € Y.
Show that f is proper if and only if for any ultrafilter 7 on X and any point y € Y such that
f+«F converges to y, there exists a point x € X such that F converges to = and f(z) = y.

3. PSEUDOTOPOLOGICAL SPACES

The fact that so many aspects of topology can be captured by convergence naturally makes
us wonder whether convergence could be taken to be more fundamental than open sets.

Definition 3.1. A pseudotopological space, or pspace (the first “p” is silent, as in
“pseudo”), is a set X together with a relation between ultrafilters and points, called “con-
vergence”, with the property that the principal ultrafilter n, converges to x for every x.

The definition refers only to ultrafilters, but it can easily be extended to all filters: if F is
an arbitrary filter on a pspace X, we say that F converges to x if every ultrafilter refining
F converges to x.

Exercise 3.2. Show that it would be equivalent to define a pspace by a convergence relation
between filters and points with the following three properties:

(i) Each principal filter 7, converges to x.
(ii) If F converges to x and G refines F, then G converges to x.
(iii) If F is a filter and = a point such that for any filter G refining F, there is another
filter ‘H refining G such that H converges to x, then F converges to x.

All our theorems about topological spaces can now be extended to definitions about pseu-
dotopological ones. For example:

Definitions 3.3. Let X and Y be pspaces.

(i) X is Hausdorff if no ultrafilter converges to more than one point.
(ii) X is compact if every ultrafilter converges to at least one point.
(iii) A function f: X — Y is continuous if for any ultrafilter F on X, F — x implies
(iv) If {X,} is a family of pspaces, then we define an ultrafilter F on the product [ [, X,
to converge to @ = (z,) if and only if (p,)«F converges to z, in X, for each am

Clearly every topological space gives rise to a pseudotopological one. Conversely, if X is
a pspace, we can define a subset U C X to be open if whenever ¥ — x and =z € U, we
have U € F. This collection of open sets clearly defines a topology on X such that every
filter converging to x in the original pseudotopology also converges in this topology. The
converse, however, is not necessarily true; we say that the pspace is topological if it is.

IThe categorically minded reader can check that this is the categorical product in the category of pspaces
and continuous maps.
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Exercise 3.4. Show that a pseudotopology on a finite set is just a reflexive binary relation
on that set. When is it topological?

In categorical language, topological spaces embed fully and faithfully in pseudotopological
spaces, preserving limits and many other topological properties

Why would we want to make this generalization? It turns out that some natural construc-
tions on pspaces, even when applied to topological ones, give back non-topological ones.
The main example is function spaces. If X and Y are topological spaces, the problem of
putting a suitable topology on the set Y of continuous maps from X to Y is important and
nontrivial. However, if we allow pseudotopologies, it becomes much easier.

If F and G are filters on sets X and Y, we write F x G for the filter on X X Y generated
by the sets {A x B: A € F,B € G}. Note that F x G may not be an ultrafilter even if F
and G are. Of course, not every filter on X x Y is of the form F x G, but it is true that any
filter H on X x Y refines p,H X q¢.H, where p: X xY — X and ¢: X xY — Y are the
projections.

Definition 3.5. Let Y and Z be pspaces, let Z¥ be the set of continuous maps ¥ — Z,
and let F be an ultrafilter on Z¥. We say that F converges continuously to a function
f € ZY if whenever G — y in Y, we have ,(F x G) — f(y) in Z, where e: Z¥ xY — Z is
the evaluation map.

Continuous convergence defines a pseudotopology on Z¥. Not only does the definition
of this pseudotopology look natural, but it has the following property which makes it the
“correct” pseudotopology in practically all possible ways.

Theorem 3.6. Let X,Y, Z be pspaces. A function g: X — ZY is continuous (with respect to
the pseudotopology of continuous convergence on ZY ) if and only if the function G: X XY —
Z defined by g(x,y) = g(x)(y) is continuous (with respect to the product pseudotopology on
X xY).

Proof. If ‘H is an ultrafilter on Z¥ x Y, then H refines p.H x ¢, H and converges to (f,y) if
and only if p,H — f and ¢, H — y. In this case, the definition of continuous convergence
implies that e.(p.H x ¢.H) — f(y), and therefore e, H — f(y) = e(f,y) as well. Thus
e: Z¥Y xY — Z is continuous. Hence, if ¢ is continuous, so is g, being the composite of ¢
with g x 1y.

Conversely, suppose that g is continuous. Then if 7 — z in X and G — y in Y, we
have g,(F x G) — g(x)(y) in Z. But g.(F x G) = €.(g.F X G). Since this is true for all
convergences G — y in Y, we see that g, F converges continuously to g(x) by definition; thus
g is continuous, as desired. U

In categorical language, the category of pseudotopological spaces is cartesian closed, which
the category of topological spaces is not.

From this perspective, the “reason” that it’s hard to find good topologies on function
spaces is that even when Y and Z are topological spaces, continuous convergence on ZY
may not be topological. In some cases, however, it is, and this explains why sometimes
there do exist good function-space topologies, and why those topologies are given the odd
definitions they are.

2Some colimits are also preserved, but not all of them.
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Exercise 3.7. Show that if X and Y are topological spaces and X is locally compact Haus-
dorff, then the pseudotopology of continuous convergence on Y is topological, and is iden-
tical to the well-known “compact-open” topology.

Pseudotopological spaces have further nice properties. For instance, not only is the cate-
gory PsTop cartesian closed, but so is the slice category PsTop/X for any pspace X. More
about pseudotopological spaces can be found in [Wyl91].

4. DISCRETE STONE—CECH COMPACTIFICATION

Let’s think about compact Hausdorff pspaces a little more. Observe that a pspace is
compact and Hausdorff if and only if each ultrafilter converges to exactly one point; thus the
convergence relation is actually a function from ultrafilters to points. In other words, if we
write ¢ X for the set of ultrafilters on X, a compact Hausdorff pseudotopology on X is given
by a function 6: X — X such that  on = 1x (where n: X — ¢X sends x € X to 1,).

Similarly, a function f: X — Y between compact Hausdorff pspaces is continuous if and

only if 0y o ¢f = f oy, where ¢of: ¢ X — ¢Y sends F to f.F.

Ezercise 4.1. Show that a continuous bijection between compact Hausdorff pspaces is actu-
ally a homeomorphism (that is, its inverse is also continuous).

The world becomes even more interesting when we observe that for any set X, the set ¢.X
has a natural pseudotopology on it. Things can get a little hairy here, because we're now
talking about ultrafilters on a set of ultrafilters, but bear with me. First some notation: for
A C X we write

A*={GepX:Aecg}

We now define an ultrafilter ® on ¢ X to converge to the ultrafilter
u(@):{AcX:A*e@}.

Theorem 4.2. u(®), thus defined, is an ultrafilter, and p: p¢X — ¢ X defines a compact
Hausdorff topology on ¢X.

Proof. Given A C X, the sets {G € ¢X : A € G} and {G € ¢X : (X N A) € G} are
complements in ¢.X, since the elements of ¢ X are all ultrafilters. Thus exactly one of them
is in the ultrafilter ®, so exactly one of A and X \ A is in u(®P). Thus pu(P) is an ultrafilter.

It is clear that u(nr) = F, so u defines a compact Hausdorff pseudotopology. Moreover,
® — F if and only if A* € ® for all A € F, so ¢pX is topological and the sets A* form a base
for its open sets. 0

Ezercise 4.3. Show that the closed sets in ¢pX are those of the form 1 F = {G : F C G},
where F is an arbitrary filter on X.

Exercise 4.4. Show that the image of n: X — ¢X is dense.

Exercise 4.5. Show that for any function f: X — Y, the induced function ¢f = f,: ¢ X —
@Y is continuous.

The natural question to ask now is whether 6 is continuous.

Theorem 4.6. The function 0 is continuous (when ¢X has the above pseudotopology and
X has the compact Hausdorff pseudotopology defined by 0) if and only if X is topological.
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Proof. First suppose that X is topological. Let ® € ¢(¢X) with ¢0(®) = F and 6(F) = z.
We want to show that 6(u(®)) = z; that is, that u(®) — z. Since X is topological, this is
equivalent to U € u(®) for each open U > z. By definition of y, this is equivalent to

U={GepX:UecgG}ed.

Now, since F — x, we have U € F for each open U 3 x. Since ¢0(®) = 0,(P) = F, this
implies that §~!(U) € ®. But since U is open, any ultrafilter converging to a point of U
(that is, any G € ~1(U)) must contain U, and hence §~!(U) C U*. This implies U* € ®, as
desired.

Now suppose that 6 is continuous, i.e. that # o ¢ = 6 o u. Recall that we define a set
U C X to be ‘open’ if whenever H — z with x € U, we have U € H. Let F be an ultrafilter
containing every open U 3 z; we want to show that F — z. Our goal is to build a ® € ¢pp X
such that u(®) = F and ¢0(P) = n,; the condition 6 o pf = 0 o p will then tell us that
0(F) =0(n.) ==

Define

B={GepX:G—z}
and for every U € F define
BU:{QE¢X:UEQ}
If U,V € F, we have U NV # (), and any ultrafilter containing U and V must also contain
UNYV. Thus we have
By N By D Bunv # 0,

so the collection {By : U € F} of subsets of $.X has the FIP. The definition of p, and the
maximality of F, then tell us that u(®) = F for any ultrafilter ® containing all the sets
By. If, moreover, the set B were consistent with all the sets By, so that there existed an
ultrafilter ® containing all of them, then since §(B) = {z} we would have ¢0(P) = 7, as
desired.

To show that B is consistent with By we argue as follows. Choose U € F; we want to
find an ultrafilter G such that U € G and G — =z, as then G € By N B. If x € U then we
can choose G = 1), so suppose = ¢ U, and suppose, to the contrary, that such a G does not
exist. Then X \ U is a set containing x such that every ultrafilter converging to x contains
X N U. We would like to conclude that therefore X \ U is a neighborhood of x, and hence
contained in F by assumption, giving a contradiction. This is the content of the following
lemma, which completes the proof. U

Lemma 4.7. Let X be a compact Hausdorff pspace such that 0 is continuous. If v € U C X
and U 1is contained in every ultrafiller converging to x, then U contains an open set V
containing .

Proof. Recall that an open set is defined to be a set which is contained in any ultrafilter which
converges to any of its points, so this is a statement about the compatibility of ultrafilters
converging to different points. Let A = X \ U, let B be the set of all points which are limits
of ultrafilters containing A, and let V' = X ~\\ B. Then V' C U since any point of A is a limit
of its principal ultrafilter, and = € V' by our assumption on U.

We claim that V' is open. For suppose F were an ultrafilter containing B and converging to
y € V. By definition of B, the function §: $A — B is surjective, and therefore by [Exercise 2.6|

so is 0: ppA — ¢B. Thus F = ¢0(P) for some ultrafilter & on ¢A, or equivalently on ¢p.X
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and containing the set A* = {G € ¢X : A € G}. Since 6 is continuous, we have p(®) — y as
well; but since A* € & we have A € u(®). Thus y is the limit of an ultrafilter containing A,
hence y € B, a contradiction. This shows that V' is open. 0

Remark 4.8. Let us define the closure of a subset A of a pspace X to be the set of all points
which are limits of ultrafilters containing A; note that a set is closed (in the sense that its
complement is open) if and only if it is equal to its closure. Then can equivalently
be phrased as “the closure of a set is closed”. This is how it is phrased in [Bar70], from
which I took the essentials of this proof.

Therefore, a compact Hausdorff topological space is given by a set X together with a
function #: X — X such that fon =1x and § o ¢t =6 o .

The categorically sophisticated reader will have already recognized that ¢ is clearly a
monad on the category of sets whose algebras are compact Hausdorff spaces, and that there-
fore compact Hausdorff spaces are an “algebraic” category in the categorical sense. For the
reader who is not familiar with monads, rather than recount the definition here, we will
content ourselves with giving another example of a monad, which will hopefully make it
clear that there should be a common abstract structure underlying both.

For any set X, let F'.X denote the free group on X. Thus the elements of "X are words
such as 2273y 1zy? in elements of X. We have a function n: X — FX sending each z € X
to the length-one word “z”.

We define a pseudogroup to be a set X together with a function §: FX — X such that
0 on = lx, and a pseudogroup homomorphism to be a function f: X — Y such that
Oy o F'f = f ofx. Clearly every group is a pseudogroup; the map 6 is given by multiplying
words with the given group multiplication. In particular, F'.X itself is a pseudogroup, so we
have a map p: F(FX) — FX.

Exercise 4.9. Show that a pseudogroup is a group if and only if 6 is a pseudogroup homo-
morphism.

In other words, a group is a set X together with a map #: FX — X such that fon = 1x
and 6 o F' = 6 o u. The analogy between ¢ and F' should be clear. In both cases we
describe a structure of some type (a topological space, resp. a group) as a set equipped with
“operations”. The functors ¢ and F', respectively, together with the natural transformations
n and pu, describe all possible ways of applying these operations; they are called monads.

More about monads can be learned in [ML98,[Awo06], among other places. The monadicity
of compact Hausdorff spaces is shown in a more abstract way in [ML9§|, although of course
the monad is the same.

Exercise 4.10. Show that a function f: X — Y between compact Hausdorff pspaces is
continuous if and only if its graph is a closed subset of X x Y.

Ezercise 4.11. Show that an arbitrary (not necessarily compact Hausdorff) pspace X is
topological if and only if the convergence relation is a closed subset of X x X. (This can
also be found in [Bar70].)

Remark 4.12. If you did [Exercise 3.4 you may recognize that this characterization of topo-
logical spaces can be regarded as a transitivity condition on convergence, to go along with
the reflexivity imposed by 7, — x. In fact, there is a sense in which a topological space can
be regarded as a ‘generalized preorder’; see [CT03, [(CHT04].
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5. GENERAL STONE-CECH COMPACTIFICATION
We now make the following observation.

Theorem 5.1. Let X be a set, Y a compact Hausdorff space and g: X — Y an arbitrary
function. Then there is a unique continuous map g: ¢X — Y extending g.

Proof. Since nn: X — ¢X is dense (([Exercise 4.4]) and Y is Hausdorff, the extension is unique

if it exists. But since Y is topological, 8y : ¢Y — Y is continuous (Theorem 4.6|), and thus
so is ¢ = fy o ¢g, which is easily checked to extend g. O

Now let X be any topological space. A Stone-Cech compactification of X is a compact
Hausdorff space X with a continuous map n: X — (X such that any continuous map
from X to a compact Hausdorff space Y factors uniquely through n. Standard categorical
arguments show that such a X is unique up to homeomorphism if it exists; in categorical
language, it is a reflection of X into the category of compact Hausdorff spaces.

shows that the ultrafilter space ¢.X we constructed in s the Stone-Cech
compactification of the discrete topology on X. In this section we will construct the Stone-
Cech compactification of an arbitrary topological space X in an analogous way.

A natural way to start is the following. If X is a topological space, let 1».X be be the set

of ultrafilters on X with the topology generated by sets of the form U*, where U C X is
open. This construction retains many of the nice properties of the space ¢X from 4

Exercise 5.2. Show the following.
(i) The map n: X — X is a continuous dense embedding.
(i) If f: X — Y is continuous, then ¢ f: X — ¢Y is continuous.
(iii) If X is compact Hausdorff, then 6: ¢ X — X is continuous.
(iv) Every basic open set U* is compact in ¢ X. In particular, ¥ X is compact and has a
basis of compact open sets.

However, ¢ X is rarely Hausdorff. In fact, we already know all the cases in which it is.
Exercise 5.3. Show that ¥ X is Hausdorff if and only if X is discrete.

This is easily remedied; we define X to be the maximal Hausdorff quotient (the ‘Haus-
dorffification’) of )X . This is easily shown to exist; we simply take the quotient of X by
the equivalence relation generated by the pairs (z,y) where x and y are not separable by
disjoint open sets.

Theorem 5.4. For any compact Hausdorff space Y and any continuous map f: X —'Y,

there is a unique map f: BX — Y extending f. Thus BX is the Stone-Cech compactification
of X.

Proof. Clearly X is compact Hausdorff. Since X is dense in X, its image will be dense
in 6X; thus a map f: X — Y can extend to at most one map X — Y as long as Y is
Hausdorff. Now, the composite #ot)f: )X — Y clearly extends f. But since Y is Hausdorff,
0 oy f factors through the Hausdorff quotient 5X of ¥ X, giving the desired map f. U

This construction of the Stone-Cech compactification is due to [Sal00]. While nice, it is
not maximally explicit; it would be nice to have a more concrete description of the points of

(X than equivalence classes under an abstractly defined relation.
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Consider first the following question: when is X — X an embedding? Clearly X must be
Hausdorff, since this would make it a subspace of a Hausdorff space, but this is not enough;
it turns out that compact Hausdorff spaces automatically satisfy an extra separation axiom.

Definition 5.5. A topological space X is completely regular if for any closed set C' and
point z € X \ C, there is a continuous map f: X — [0, 1] such that f(z) =1 and f|c = 0.

Clearly, if a completely regular space is 77, then it is also Hausdorff. A completely regular

Hausdorff space is called a T3 1-space or a Tychonoff space.
2

Theorem 5.6. Fvery compact Hausdorff space is completely reqular, hence Tychonoff.
Proof. This is a version of Urysohn’s lemma. U

Since a subspace of a completely regular space is completely regular, any space X which
embeds in a compact Hausdorff space (such as 5X) must also be completely regular, hence
Tychonoff. It turns out that being Tychonoff is also sufficient for embeddability in a compact
Hausdorff space. For if we define Py to be the product of one copy of [0, 1] for each continuous
map X — [0, 1] and define ¢: X — Py so that the component of ¢(z) at g: X — [0,1] is
g(x), then clearly Px is compact Hausdorff, and it is easy to show that ¢ is an embedding
when X is Tychonoff.

Of course, Py is much larger than X, but it can be used to construct (a space homeo-
morphic to) SX. This construction is perhaps the most frequently seen one.

Theorem 5.7. Let 3'X denote the closure of the image of v: X — Px. Then X is a
Stone-Cech compactification of X.

Proof. Since 5'X is a closed subspace of a compact Hausdorff space, it is compact Hausdorff.
It remains to show that for any compact Hausdorff space Y, any continuous map f: X — Y
has an extension f: X — Y (which will be unique because the image of X is dense in
B’ X by construction). But since Y is compact, its image in Py is also compact, hence
closed; thus its inverse image under Py: Px — Py is a closed set containing ¢(X'), and hence
containing /' X. It follows that Py maps #'X into «(Y'), which is isomorphic to Y because

Y is completely regular. Thus, the restriction of Py to 5'X gives the desired f O

It follows that X = (’X in a canonical way. In fact, the induced map v X — X is
easy to describe: it takes an ultrafilter F € SX to the point of Py whose component at
g: X — [0,1] is the unique limit of the ultrafilter g.(F) on [0, 1].

The fact that this map induces an isomorphism X = #'X tells us that two ultrafilters
F and G are identified in the quotient X precisely when g¢.(F) and ¢.(G) have the same
limit in [0, 1] for all continuous g: X — [0, 1]. Intuitively, this means that F and G ‘look the
same’ to the eyes of real-valued functions.

This leads to yet a third construction of the Stone-Cech compactification; this one is taken
from [SS95]. First we have to slightly generalize the notion of filter. Recall that a partially
ordered set is called a lattice if it has a least element 0 and a greatest element 1, and every
pair of elements a, b has a least upper bound (or join) a V b and a greatest lower bound (or
meet) a A'b. A filter in a lattice L is a subset F' C L such that (a) 1 € F, (b) 0 € F, (c) if
a € Fanda<b, thenbe F, and (d) if a,b € F then a Ab € F. Thus a filter on a set X is

a filter in the lattice PX. A maximal filter is a filter not contained in any other filter.
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Given a space X, let ZX denote the set of zero-sets in X; that is, sets of the form
{z : g(x) = 0} for some continuous g: X — [0, 1] (or equivalently, g: X — R). Clearly ZX
is a sublattice of PX. Let £”X denote the set of maximal filters in ZX, with a topology
whose basic closed sets are those the form A* = {F € "X : A € F}, where A is a zero-set.

Any point # € X determines a filter n, = {A € ZX : © € A} which it is easy to see
is maximal. Thus we have a map n: X — (”X. Since n~}(4*) = A, we see that 7 is
continuous. If X is completely regular, so that the zero-sets generate its topology, then 7 is
an embedding.

Theorem 5.8. 3"X is another Stone-Cech compactification of X.

Proof. To see that "X is compact, consider a collection of closed sets F; with the FIP. Each
is an intersection of basic closed sets Aj;, so the whole collection {Aj;} has the FIP and
thus so does {A;;}. By Zorn’s lemma, this collection is contained in a maximal filter in Z.X,
which is thus a point of 3”X contained in all the F}; thus they have nonempty intersection.

To see that it is Hausdorff, suppose that F and G are distinct maximal filters in ZX.
Then there exists A € F ~. G. Since G is maximal, A must be inconsistent with it; that
is, there is B € G with AN B = (). Then the disjoint open sets 3”X ~ A* and "X \ B*
separate F and G.

Moreover, since the only basic closed set A* containing n(X) is X*, n(X) is dense in 5" X.
Thus it remains only to show that any continuous map f: X — Y, where Y is compact
Hausdorff, extends to 5" X.

Consider, for any F € ”X, the collection of zero-sets A in Y such that f~'(A) € F.
This is a collection of closed sets with the FIP, so since Y is compact, it has a nonempty
intersection ) # F = ({A: f7(A) € F}. Moreover, if we have x,y € F with z # y, then
since Y is itself completely regular (being compact Hausdorff), there exist zero-sets A and B
withz & B,y & A, and AUB =Y. Thus f~1(A)U f~!(B) = X, so since F is maximal, one
of the zero-sets f~'(A) and f~*(B) must be in F, and so one of A or B must be in F. But
this is impossible since x and y are both in all elements of F. Thus F' consists of just one
point, which we label f(F). It remains to check that f is continuous; this follows because

Y A) = (f1(A))* for any zero-set A C Y. 0

Therefore, we have an isomorphism X = $”X. The induced map X — "X is again
easy to describe. Given an ultrafilter 7 on X, we can consider the set of all zero-sets in F.
This is a filter in ZX, but not in general a maximal one. However, the above arguments
essentially show that it is contained in a unique maximal filter, which we define to be the
image of F.

Therefore, we can now say that two ultrafilters F and G become identified in X precisely
when their intersections with ZX are contained in the same maximal filter. Clearly a
necessary condition for this is that AN B # () whenever A € F and B € G are zero-sets;
this is also sufficient, since then (F UG) N ZX generates a filter in ZX, which is contained
in a maximal one that must contain both F N ZX and G N ZX. This is about as concrete a
condition as we could hope for, given how un-concrete non-principal ultrafilters are anyway.

There are still other ways to construct the Stone-Cech compactification. We can consider
maximal completely regular filters of open sets, or maximal ideas of cozero-sets, or maximal

ideals in the ring C*(X) of bounded continuous real-valued functions on X. See |Joh86].
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Exercise 5.9. Show that a space X is compact Hausdorff if and only if X = X, and in
particular that 5(5X) = X for any X.

[Awo06]
[Bar70]
[CHO2]
[CHT04]
[CTO3]

[Jam99]

[Joh86]
[MLOS]

[Sal00]
[SS95]

[Wyl91]

REFERENCES

Steve Awodey. Category theory, volume 49 of Oxford Logic Guides. The Clarendon Press Oxford
University Press, New York, 2006.

Michael Barr. Relational algebras. In Reports of the Midwest Category Seminar, IV, pages 39-55.
Lecture Notes in Mathematics, Vol. 137. Springer, Berlin, 1970.

Maria Manuel Clementino and Dirk Hofmann. Triquotient maps via ultrafilter convergence. Proc.
Amer. Math. Soc., 130(11):3423-3431 (electronic), 2002.

Maria Manuel Clementino, Dirk Hofmann, and Walter Tholen. One setting for all: metric, topology,
uniformity, approach structure. Appl. Categ. Structures, 12(2):127-154, 2004.

Maria Manuel Clementino and Walter Tholen. Metric, topology and multicategory—a common
approach. J. Pure Appl. Algebra, 179(1-2):13-47, 2003.

Ioan James. Topologies and uniformities. Springer Undergraduate Mathematics Series. Springer-
Verlag London Ltd., London, 1999. Revised version of Topological and uniform spaces [Springer,
New York, 1987; MR0884154 (89b:54001)].

Peter T. Johnstone. Stone spaces, volume 3 of Cambridge Studies in Advanced Mathematics. Cam-
bridge University Press, Cambridge, 1986. Reprint of the 1982 edition.

Saunders Mac Lane. Categories For the Working Mathematician, volume 5 of Graduate Texts in
Mathematics. Springer, second edition, 1998.

S. Salbany. Ultrafilter spaces and compactifications. Portugal. Math., 57(4):481-492, 2000.

Lynn Arthur Steen and J. Arthur Seebach, Jr. Counterexamples in topology. Dover Publications
Inc., Mineola, NY, 1995. Reprint of the second (1978) edition.

Oswald Wyler. Lecture notes on topoi and quasitopoi. World Scientific, 1991.

13



	1. Filters
	2. Ultrafilters
	3. Pseudotopological spaces
	4. Discrete Stone-Cech compactification
	5. General Stone-Cech compactification
	References

