ULTRAFILTERS AND HOW TO USE THEM

BURAK KAYA

ABSTRACT. These are the lecture notes of a one-week course I taught at the
Nesin Mathematics Village in Sirince, Izmir, Turkey during Summer 2019. The
aim of the course was to introduce ultrafilters, prove some fundamental facts
and cover various constructions and results in algebra, model theory, topology
and social choice theory that use ultrafilters.
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The main purpose of this course is to introduce ultrafilters and their basic ap-
plications in various fields of mathematics. This course is intended for third and
fourth year undergraduate students and beginning graduate students. Although
the necessary background from algebra, topology, set theory and model theory was
briefly reviewed in class, it is not included in these lectures notes. We refer the

reader to [Hun80], [Mun00], [Jec03], [SS17] and [Hod93| for the basic definitions

and facts necessary for these lecture notes.

1. BIG SETS AND SMALL SETS

In this section, we shall introduce ultrafilters on sets, prove some basic facts
about them and show their existence.

Let X be a non-empty set. A filter on the set X is a collection of sets F C P(X)
such that

e )¢ Fand X € F,

e if Ac Fand AC B CX, then B € F, and

o if Ac Fand B € F,then ANB € F.
The most basic example of a filter is the trivial filter F = {X}. For any non-empty
subset X C X, the collection F = {A C X : X C A} is also a filter which is called
the principal filter generated by X.

We shall next make some observations about filters which immediately follow
from the definition. The intersection of a collection of filters on X is also a filter
on X and the union of a collection of filters which are pairwise C-comparable is
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a filter on X. Filters, being closed under intersection of two sets, have the finite
intersection propertyﬂ It turns out that collections with finite intersection property
can be extended to filters as well.

Proposition 1. Let X be a non-empty set and C C P(X) be a non-empty set with
the finite intersection property. Then there exists a filter F O C on X.

Proof. Tt is an exercise to the reader to check that the collection
IZ{AZHHEN+301,02,...,Cnec ClﬂCgﬂ...C’ngA}
is a filter on X containing C as a subset. ]

A filter U on the set X is said to be an ultmﬁlterﬂ if it satisfies that
o AclU or X — A el for every A € P(X).

An ultrafilter on a set can be considered as a tool to split the power set of that set
into two: “Big sets” and “small sets”. Big sets are those that are in the ultraﬁlterﬁ
Indeed, in order for the reader to understand this motivation, we expect the reader
to check that an ultrafilter ¢« on a set X canonically induces a finitely additive
measure pg : P(X) — {0,1} and vice versa.

Let X be a non-empty set and € X. Then, since © € A or x ¢ A for every
A C X, the principal filter generated by {z} is an ultrafilter and is called the
principal ultrafilter generated by x. It is also clear that any ultrafilter which is also
principal has a generating set that is a singleton and has to be of this form. Before
we proceed, let us prove a basic but important fact.

Proposition 2. Any ultrafilter on a non-empty finite set is principal.

Proof. Let X be a non-empty finite set and & be an ultrafilter. Consider the set
A = yey U. Since X is finite, so is the ultrafilter /. It then follows from the
properties of a filter that A € & and hence A # (). (Up to now, we have only used
that U is a filter and indeed shown that any filter on a non-empty set is principal
whose generating set is the intersection of all sets in the filter.)

Let a € A. Being an ultrafilter, we know that either {a} € U or X — {a} € U.
If it were the case that X — {a} € U, then we would have ¢ € A C X — {a} which
is a contradiction. Thus, {a} € U. We claim that U is generated by a. If it were
not, then there would be B € U such that {a} ¢ B in which case {a}NB=0cU
which is a contradiction. Therefore, I/ is generated by a and is principal. O

2. FANTASTIC BEASTS AND WHERE TO FIND THEM

What about ultrafilters on infinite sets? Are there any non-principal ultrafilters
on infinite sets? As we shall see soon, the answer to this question is affirmative.
However, we will not be able to “explicitly see” any of these non-principal ultra-
filters. In order to prove the existence of non-principal ultrafilters, we need to
introduce a very special filter.

LA collection C of sets is said to have the finite intersection property if for every n € NT and
C1,Ca,...,Cp we have that Cy NCo N ---NCyp # 0.

20ur definition corresponds to the special case of that definition where one considers the
Boolean algebra (P(X),N, U, 0, X)

3The notion of a filter has a dual notion, namely, the notion of an ideal. Ideals contain the
empty set, are closed C-downwards and with respect to finite unions. Small sets are those that
are in the corresponding ideal.
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Let X be an infinite set. The collection F = {A C X : X— A is finite} consisting
of cofinite subsets of X is a filter called the Fréchet filter on X. The Fréchet filter
is clearly non-principal. As will be shown in the next proposition, whether an
ultrafilter is non-principal is determined by whether it contains the Fréchet filter
as a subset.

Proposition 3. Let U be an ultrafilter on an infinite set X. Then U is non-
principal if and only if it contains the Fréchet filter.

Proof. Assume that U is principal, say, = {A C X : a € A}. Then, since {a} € U,
we have that X — {a} ¢ U. On the other hand, X — {a} is cofinite. Thus U does
not contain the Fréchet filter.

Assume that U does not contain the Fréchet filter. Then there exists a cofinite
A C X such that A ¢ U and hence X — A € Y. Enumerate the set X — A, say,
X —A={z1,xa,...,x,}. If it were that X — {z;} € U for every 1 < i < n, then
we would have

ﬂX—{xl} :X—{xl,xg,...,:vn} eu

i=1
which is a contradiction, as the intersection of this set with X — A is empty. There-
fore, there exists 1 < i < n such that X — {z;} ¢ U and hence {z;} € U. Then, as
in the proof of Proposition [2| we necessarily have {A C X : z; € A} =U. ]

Thus, in order to show the existence of non-principal ultrafilters, we just need
to find one that contains the Fréchet filter. How are we supposed to do that?
Let us take the Fréchet filter on an infinite set X. The Fréchet filter is clearly
not an ultrafilter. We can fix this by extending the Fréchet filter as transfinitely
going through all elements of P(X) and appropriately adding each element or its
complement. Although such processes are usually done by transfinite recursion, we
are not expecting every person taking this course to be familiar with transfinite
recursion and hence we will handle this procedure using Zorn’s lemma.

Theorem 1 (Tarski). Let X be a non-empty set and F C P(X) be a filter. Then
there exists an ultrafilter U on X such that F CU.

Proof. Let P = {F : F is a filter and FCF } and consider the partially ordered
set (P, C). Given a chain C' C P, as pointed out before, the set | JC' is a filter on X
containing F and is an upper bound for C'. Therefore, (P, C) satisfies the hypotheses
of Zorn’s lemma and has a maximal element, say, I/ is a maximal element of (P, C).

We claim that U is indeed an ultrafilter. Assume towards a contradiction that
it is not. Then there exists A C X such that A ¢ U and X — A ¢ U. Consider the
collection C = U U {A}. We claim that C has the finite intersection property. Let
X1, Xo,..., X, € C. We split into cases.

e Case 1: Assume that X; € U for every 1 < i < n. Then X;NX5N---NX, €
U C C since U has the finite intersection property.

e Case 2: Assume that X; ¢ U for some 1 < i < n. By replacing these sets
without changing their intersection, we can assume without loss of gener-
ality that X; = A and Xo,..., X, € U. As U has the finite intersection
property, we have that Xo N--- N X,, € U. It follows that any super-
set of XoN---N X, is in Y. On the other hand, X — A ¢ U and hence
Xon---NX, X —A, thatis, AN XyN---NX, #0.
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Therefore C has the finite intersection property and can be extended to a filter
F D C D U which contradicts the maximality of L{E| O

We are now ready to construct a non-principal ultrafilter. Let X be a non-empty
infinite set. By Theorem [T} there exists an ultrafilter ¢/ on X containing the Fréchet
filter on X. It follows from Proposition [3| that U is non-principal.

Objects constructed via Zorn’s lemma usually tend to be “pathological”. One
can ask whether or not it is possible to construct a non-principal ultrafilter without
the use of the axiom of choice or its equivalents. The answer to this question is
negative. While this fact is too advanced to be covered in this course, we can briefly
describe the reasoning behind it:

We can identify P(N) with the Cantor space 2" through characteristic functions.
There is a Borel probability measure on 2 which is induced from the product
measure where each component 2 = {0, 1} has the coin-flipping probability measure.
An application of the Kolmogorov 0-1 law to the probability space 2N shows that
any measurable subset of 2V that is invariant under finite Changesﬂ has to be of
measure 0 or 1. Any non-principal ultrafilter on N contains the Fréchet filter and
closed under finite intersections and consequently, is invariant under finite changes.
If a non-principal ultrafilter on N were measurable as a subset of 2%, it would have
to have measure 0 or 1. However, the bit-flipping transformation, which takes
an ultrafilter to its complement, is a measure-preserving transformation of 2 and
hence an ultrafilter has to have measure 1/2 as a subset of 2. Therefore, any non-
principal ultrafilter is necessarily non-measurable as a subset of 2. Assuming the
relative consistency of an inaccessible cardinal with ZFC, Robert Solovay proved
in his celebrated work [Sol70] that the existence of a non-measurable subset of
2N cannot be proven using ZF+DC. Hence, in order to show the existence of a
non-principal ultrafilter on N, one should use “more choice” than DC.

Having shown that non-principal ultrafilters on an infinite set exist, the next
obvious question is: How many such ultrafilters are there? For any set X with
cardinality k, the cardinality of the set of ultrafilters on X is trivially less than or
equal to the cardinality of P(P(X)) which is 22", Tt turns out that, for an infinite
set X, this upper bound is always achieved and there are exactly 22" non-principal
ultrafilters on X.

In order to prove this result, we shall need a result of Hausdorff on independent
families which is important on its own. Let us recall the notion of an independent
family. Given a set X, a collection C C P(X) is called an independent family on X
if

XiNXon- - NX,N(X-Y)N(X-Yy)N---N(X—-Y,,) #0

for every distinct X7, Xo,..., X, Y1,Y5,...,Y,, € C. The next lemma shows that
independent families can get as big as possible.

Lemma 1 (Hausdorff, Fichtenholz-Kantorovich). Let X be an infinite set with
cardinality k. Then there exists an independent family C on X of size 2.

4The reader should be aware of that the argument in the second part of this proof in fact shows
that C-maximal filters are ultrafilters. The converse proposition also holds. Thus, a filter is an
ultrafilter if and only if it is C-maximal.

5A subset C C P(N) is said to be invariant under finite changes if C € C, A C Nand [CAA| < oo
imply that A € C.
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Proof. Consider the set
X ={(F,F): F € Psin(X) and F € Prin(Psin(X))}

It is easily seen that |X| = |X| = & and that, using a fixed bijection between these
sets, one can obtain an independent family on X from an independent family on
X of the same size. Thus it suffices to find an independent family of size 2% on X.
For each subset A C X, set

X ={(F,F)eX:FnAecF}
Note that if A, B C X and # € A— B, then we have that ({z}, {{z}}) € Xa—Xp. It
follows that X 4 # Xp whenever A # B. Thus the collection C = {Xa:4¢€ 79( )}
has size 2¢. We claim that C is an independent family on X.
Let Xa,,X4,,...,Xa,,XB,,XB,,...,XB,, €C bedistinct. For each 1 <i<n
and 1 < j < m, choose an element z;; € A;AB;. Consider the finite set
K={z;:1<i<nand1l<j<m}

Set F = {KNA, : 1 <4i<n}. Then, by the choice of x;;’s, we have that
(K,F) € Xy, —Xp, forall 1 <i<nand1<j<m. It follows that

XAI ﬂXA2ﬂ-~-(\|XA" ﬁ(5(_)(31)0(5(_)(32)ﬁ"'m(j(_)(Bm) 7&@
Thus C is an independent family on X. |
We are now ready to prove the final result of this section.

Theorem 2 (Pospisil). Let X be an infinite set with cardinality k. Then there
exist 22" ultrafilters on X.

Proof. By Lemma [1] there exists an independent family C C P(X) of size 2%. Let
f:C —{0,1} be a function and consider the collection

By ={A€C:f(A)=1}U{X—AecC: f(A) =0}

Since C is an independent family, By has the finite intersection property and can be
extended to an ultrafilter Uy by Proposition and Theorem It is easily seen that,
if f,g € €{0,1} are distinct, then there exists A € C such that f(A) # g(A) in which
case A belongs to exactly one of By and By and X — A belongs to the other one.
It follows that Uy # U, whenever f # g and hence the collection {U; : f € ¢{0,1}}
of ultrafilters on X has cardinality |€{0,1}| = 22" O

3. ULTRAPRODUCTS AND LOS’S THEOREM

In this section, we shall learn a very important model-theoretic construction
that is frequently used in algebra and model theory, namely, the ultraproduct of
a collection of structures. For the rest of this section, fix a language £ whose sets
of functions symbols, relation symbols and constant symbols will be shown by Lpg,
Lr and Lo respectively.

Let I be an infinite set, U be an ultrafilter on I and {M; : i € I'} be a set of
L-structures, say, we have M; = (M;, { fM }serps {RM Yocrpn, {eMidsers). Con-
sider the relation ~ defined on [],.; M; given by

(.Z'i)ie[ ~ (yi)ie] if and only if {Z el .z, = yi} ceu

iel

In other words, two sequences in [];.; M; are related under ~ if and only if they
agree on a “large” set. A moment’s thought reveals that ~ is an equivalence relation.
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We shall now create a structure whose underlying set is the quotient set
iel
In order to do this, we need to appropriately interpret each symbol in £ on M. For

notational simplicity, the equivalence class [(z;);cr]~ Will be denoted by (x;)ics.
For every function symbol f € L, we define

P (@a)ier Wi)iers - - (wi)ier) = (FMi (i, i, - - i) e s

We claim that the relation f™ defined above is well-defined and hence is indeed a
function.

Lemma 2. fM is well-defined.

Proof. We shall assume throughout the proof that f is a binary function symbol for,
otherwise, there would be too many indices around creating ugliness and confusion.

Let (zi)ier, (¥7)ier, (Vi)ier, (Vi)ier € [1;c; M; be such that (2;);er = (2})ier and
(yi)ier = (y))icr- By definition, this means that {i € I : z; = 2} € U and
{iel:y =y} €Ud. As U is closed under finite intersections, we have that
{i el (x;,y:) = (xf,y))} €U. As U is closed upwards, we have that

(i €1:(ziy) = (af,u)} Clie L fMi(aiy) = (el g} el

and hence fM((2;)icr) = (fMi(xi))ieI = (fM(x;))lel = fM((2))ier). Therefore
fM is well-defined. O

For every relation R € L, we define

((:L'i)iej, (yi)iej, ceey (wi)ig) € RM -~ {Z el: (mi,yi, . ,wi) S RM‘} eu

That is, if the relations R™¢ componentwise hold on a “large” set, then R holds
between the elements of M defined by the corresponding sequences. As before,
whether or not RM holds between elements of M is independent of the choice of
representative sequences of these elements. The reader is expected to check this
fact. For every constant symbol ¢ € Lo, we define

M = (Mi)jer

The structure

HM%/Z/[ = (Mv {fsj\/l}seﬁzw {Ré\/l}’selhw {C?A}Seﬁc)

iel
is called the wltraproduct of {M,};cr with respect to U. In the case that M; = N
for all ¢ € I for a fixed L-structure A, the ultraproduct [],.; N /U is called the
ultrapower of N” with respect to U.

Next shall be proven a remarkable theorem of Los, which states that a first-

order L-sentence holds in an ultraproduct if and only if it componentwise holds on
a “large” set.

el

Theorem 3 (Los’s theorem). Let p(ay,...,an) be a first-order L-formula with n
free variables and let (z})ier, ..., (x")icr € M. Then

[T M/t Ee((@d)ier,. ., @Pier) & {iel: Mifp(a],....af)} €U

icl
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Proof. We shall prove this by induction on the complexity of the formulas. As the
base case, one should first show that the statement of the theorem holds for all
atomic formulas and for all n € N. It is an (pedagogically important) exercise to
the reader to prove this fact by induction. We continue the proof assuming that
the statement has been proven for all atomic formulas and for all n € N.

Let (z})ier, ..., (2%)ier € M and let ¥(a, ..., a;,) be a formula which is of the

form —'SD(CH, ..., ap). As inductive hypothesis, assume that the statement holds for
olag, ..., an). Then by definition, we have that
] Mo/t = (@ iers - @hier) & [ M/t b= —o(@ier -, @ier)
el iel
o [ MU # o(@hiers - @hicr)
el

& {iel: M ;..o ¢U
& {iel: Mi¥p(x;,...,a})} €U
& {iel: MikE—p(z],...,a})} el
& {iel: M =¢(],....a0) el

Now, let (z})ier, ..., (@")icr € M and let ¥(ay,...,a,) be a formula which is
of the form ¢ A Xﬁ As inductive hypothesis, assume that the statement holds for
both ¢ and ). Then, we have that

[T Mt B v(@hier, - @ier) & [[ MU= o nx

i€l el
e [[ M/t = @ and T MU = x
i€l el
s {fiel: M Epleld

and
{liel  M;Ex}telU
s {iel:MiEpand M; =x} el
s liel:MiFpAx}elUd
o {iel:MiEv@),...,a})}elU

Finally, let (z})icr, ..., (@7)icr € M and let ¢(a, ..., a,) be a formula which is of
the form Jo gp(a a1,...,0qn). As inductive hypothesis, assume that the statement

holds for ¢((y?)ier, -, (y*)ier) and for all (y9)ier, ..., (y?)ier € M. We shall
show that the statement holds for ¢((z})ier, ..., (x1)icr)-

Assume that [],c, Mi/U |= ((2))ier, ..., (21 61) Then, by definition, there
exists (29)ier € M such that [],., M;/U = ()O((I?)/Le]7( 1)2617...,( x)ier). It
follows from the inductive hypothesis that {4 6 I:M; E ezl .. 20} el
This implies that {2 €l : M; E 3o p(a,z},...,2")} € U and hence we have

{iel: M;E=t...,2")} el

6We shall supress the free variables in these subformulas to save space.
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For the converse direction, assume that {i € I : M; & ¥(x},...,2")} € U.
Then, A= {i € I : M; = 3a ¢(a,z},...,2%)} € U. Using the axiom of choice,

e For i € A, choose an element 2 € M; such that M; = (29, z},... 27).
e For i ¢ A, choose 2 to be an arbitrary element of M;.

Then, (29);c; € M and moreover, by construction, we have that
{7’ el: Ml lZQD(I?,LL'Zl’,SC?)} eu
It follows from the inductive hypothesis that

[IMi/ut = o(@icr, @hier, -, (@7 )ier)

iel

and hence

HMl/u ): Ja cp(a, (le)iED B (z?)lel)

iel
This completes the proof that the statement holds for ¢ ((z})icr, ..., (z%)ier). Since
the statement holds for atomic formulas and it holds for a formula whenever it holds
for its subformulas, it follows by induction on the complexity of formulas that the
statement holds for all formulas. O

As a consequence of Los’s theorem, a structure and its ultrapowers are elementar-
ily equivalent. However, while they satisfy the same first-order sentences, structures
and their ultrapowers may behave in vastly different ways. To illustrate this, we
shall next construct a field of hyperreal numbers.

Let £ = {+,%,0,1, <} be the language of ordered fields and let ¢ be a non-
principal ultrafilter on N. Consider the ultrapower

R=][]R/U
ieN
On the one hand, since the cartesian product [];.yR has cardinality ¢, we have
that [*R| < ¢. On the other hand, the map given by z — (z,z,...) is injectiv
and hence ¢ < |*R|. It follows that |*R| = ¢. By Los’s theorem, *R is elementarily
equivalent to the ordered field of real numbers and hence is an ordered field itself.
So far, we have constructed an ordered field of cardinality ¢ which, from the point
of view of first-order statements, behaves exactly like the real numbers.

Set € = (%,%,%,) € *R. Let 7 € R* and consider (r,r,7...) € *R. AsRis a
Archimedean field, there exists K € N such that % < r. Since U is non-principal,
it contains the Fréchet filter and hence

{iGN:KSi}Q{iEN:RIZ.l<T}EU
1+1
Thus, by Los’s theorem, we have that € < (r,r,7...) for every r € RT. In other
words, the ordered field *R contains infinitesimal elements and is non-Archimedean.
One can similarly show that the multiplicative inverse of e whichise=! = (1,2,3,...)
is an “infinite” number in the sense that 1 < e ™!, 1 +1 < e, 14+1+1 < e !
and so on where 1 = (1,1,1,...). The reader may find it intriguing that one can

"In general, by Los’s theorem, the diagonal map z — (z,z,z,...) is an elementary embedding
from a structure into any of its ultrapowers.
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carry out all of Calculus using the hyperreal field via the help of infinitesimal just
as Newton and Leibniz originally imaginedﬁ

4. TOPOLOGIZING ULTRAFILTERS AND STONE-éECH COMPACTIFICATION

In general topology, there are various ways to “compactify” a topological space,
that is, to densely embed a topological space into a compact topological space.
In this section, we shall learn one of these compactification methods, namely, the
Stone-Cech compactification. While there are several ways to carry out the con-
struction of this compactification for arbitrary spaces, we shall focus on the con-
struction of the Stone-Cech compactification of a discrete space using ultrafilters.

Fix X be a discrete topological space and let

BX ={U : U is an ultrafilter on X}
For any subset A C X, consider the set
Op={UepX: AeclU}
It is straightforward to check that O4 N Op = Onp and hence the collection
B={04:AeP(X)} CP(BX)

is closed under finite intersection. Consequently, it is a base for a topology on X,
namely, the topology 7 whose open sets are unions of sets of the form O4. We shall
next explore some basic properties of the topological space (8X, 7).

Theorem 4. X is a compact Hausdorff space.

Proof. Let U,V be distinct points in SX. Then there exists A C X such that
AclU—-—Vand X—-AecV-U. It follows that Y € O4 and V € Ox_4. Therefore
6X is Hausdorff.

To show that SX is compact, we shall use the following characterization of
compactness: A Hausdorff space is compact if and only if every collection of closed
sets satisfying the finite intersection property has non-empty intersection.

We claim that any collection A with the finite intersection property which con-
sists of sets of the form O 4 has non-empty intersection. Let A be such a family, say,
A ={04: A € D} for some set D C P(X). Now, for any finite subset F' C D, by
assumption, there exists U € (). Oa and hence () 4. A € U, which implies that
Nacr A # 0. Therefore, D has the finite intersection property. By Proposition
and Theorem [I} there exists an ultrafilter V O D on X. Then, by definition, we
have that V € () ,cp Oa =[)A. This completes the proof of the claim.

Now, observe that X — O4 = Ox_4 and hence the collection of sets of the
form O 4 are also a base for closed sets, that is, any closed set is the intersection of
such sets. Thus, if we take a collection A of closed sets with the finite intersection
property, we can find a collection A with the finite intersection property which
consists of sets of the form O 4 such that A= N .A. However, we have just proven
that (A =# for such families. Thus, every collection of closed sets satisfying the
finite intersection property has non-empty intersection and hence X is compact.

O

Theorem 5. The collection of clopen sets of fX is {Oa: A e P(X)}.

8The curious reader may Google the term “non-standard analysis”.



10 BURAK KAYA

Proof. As observed in the previous proof, we have that SX — O4 = Ox_ 4 for all
A C X and hence O4 is clopen for every A C X. Now, let C' C X be a clopen
set. Then, A = {04 : A C X and Oy C C} is an open cover of C as O4’s form
a base for the topology of 8X. As C is closed and X is compact by Theorem [4
C is compact as well and hence there exists finitely many A;, As, ..., A, C X such
that C = U?:l OAi = OAIUAZU"'UAn' |

For the rest of this section, given & € X, the principal ultrafilter {A C X : z € A}
will be denoted by U,,. It is easily seen that x # y implies that U, # U,,.

Theorem 6. The collection {U, € BX : x € X} of principal ultrafilters on X is
precisely the set of isolated points of X and is dense in BX.

Proof. Let x € X. Then Oy, = U, and hence U, is an isolated point of SX. Now,
let U be an isolated point of 5X. Then, by definition, there exists a non-empty
A C X such that O4 = {U}. Let © € A. Then {z} C A € U, and so U, € Oy
which implies that U, = U.

To see that {U, € fX : x € X} is dense in 8X, we need to show that this set
intersects every non-empty open set. Let O C X be a non-empty open set. Then,
by definition, there exists a non-empty A C X such that O4 C O. Let x € A. Then
{z} C A € U, and hence U, € O4 C O, which completes the proof. O

Before we prove the main result of this section, let us recall some definitions.
Given a completely regular topological space X, a Stone-Cech compactification of
X is a compact Hausdorff space Z together with an embedding ¢ : X — Z such
that ¢[X] is dense in Z and for every compact Hausdorff space Y and for every
continuous map f : X — Y there exists a continuous map g : Z — Y with
f =gow. It is not difficult to check that the Stone-Cech compactification is unique
up to homeomorphism leaving the image ¢[X] is fixed.

Theorem 7. 5X is the Stone-Cech compactification of the discrete space X, where
X is embedded into X wia the map ¢ : X — X given by x — U,.

Proof. In Theorem [ and Theorem [ we have already proven that 5X is a compact
Hausdorff space and that ¢[X] is dense in 8X.

It remains to check that X has the aforementioned lifting property. Let Y be
a compact Hausdorff space and f : X — Y be a continuous map. Define a map
g: X — Y as follows: For every U € X, choose some element

o) € () f14]
AeU

where f[A] denotes the closure of the set f[A]. We claim that g is continuous and
satisfies f = g o . To see the latter, let © € X. Then ¢(z) = {z} € U, and so

g(p(@)) = gUs) € () fTAI C f{=}] = {f(@)} = {f(2)}
AcUy,
which means that g(¢(x)) = f(z).

We now show that g is continuous. Let O C Y be an open set. We wish to
show that g~*[O] is open. If O Nim(g) = 0, then g~'[O] = () which is clearly open.
Assume that O Nim(g) # 0, say, U € g~1[O] for some U € X. Since Y is regular,
we can find some open set V' C O such that g(d) € V. CV C O. Set A= f~L[V].
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We claim that A € Y. Assume towards a contradiction that A ¢ U. Then
X — A € U and, by the definition of g, we have that

gU) € () fIS1 < FIX - 4]
Seu

But then, the definition of closure and V' being a neighborhood of g(U) together
that V' N f[X — A] # 0, which is a contradiction as V = f~![A]. Therefore A € Y.
Since A € U, we have that U € O4. We claim that O4 C g~*[O] which would
complete the proof that O is open. Assume towards a contradiction that there
exists V € Oy such that g(V) ¢ O. Then, Y — V is an open neighborhood of g(V).

On the other hand, by the definition of g, we have that

gv) € () fIS] € flA]
Sey
and hence Y — V N f[A] # ), contradicting that A = f~1[V]. This completes the
proof that g is continuous. Therefore, 53X is the Stone-Cech compactification of
X. |

The study of the Stone-Cech compactification of discrete spaces, such as SN,
has been an active area of research which has important applications. The curious
reader may check [HS12] which is just devoted to this topic.

5. ULTRALIMITS AND AMENABILITY OF Z

(To be added later.)

6. PRINCIPAL ULTRAFILTERS AND DICTATORS

(To be added later.)
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