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The homology of spaces of simple topological measures
by

@. Johansen and A. B. Rustad (Trondheim)

Abstract. The simple topological measures X* on a g-space X are shown to be a
superextension of X. Properties inherited from superextensions to topological measures
are presented. The homology groups of various subsets of X* are calculated. For a g-
space X, X* is shown to be a g-space. The homology of X* when X is the annulus is
calculated. The homology of X* when X is a more general genus one space is investigated.
In particular, X* for the torus is shown to have a retract homeomorphic to an infinite
product of circles.

1. Introduction. Throughout the text we will assume that X (and Y)
is a compact Hausdorff space. We will let O(X) and C(X) denote the open
and closed subsets of X respectively. Furthermore we put A(X) = O(X) U
C(X). When there is no confusion concerning the space in question, we will
omit the space from the notation. A positive set function p : A(X) — RT
is a topological measure if:

(1) p(Wi, A) = >0 wA; (where | indicates disjoint union, and all
A; and |J A; are assumed to be in A).

(if) pU = sup{puC : C Cc U, C e C} for all U € O.

We denote the set of all topological measures on X by Q(X). The {0,1}-
valued topological measures are referred to as simple topological measures
and denoted by X*. Note that the simple topological measures are not gen-
erally all the extreme topological measures.

The topological measures originated in [1], and were formerly called
quasi-measures. It was proved in [9] that topological measures are countably
additive. Their definition only differs from that of regular Borel measures
by their domain of definition. However, they constitute a vastly larger class
of set functions with a rich mathematical structure, the most distinctive
difference being that topological measures need not be subadditive.

Homological techniques have become of considerable importance for
topological measures (cf. [11], [3] and [7]). We continue this work here with
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the Cech homology functor as our main vehicle. A remarkable correspon-
dence between superextensions and simple topological measures is presented
yielding several results about simple topological measures.

Next we turn to the homology of various subsets of X*. In particular,
the homology of the sets C* = {u € X* : uC = 1} for C € C(X) (where X
is a g-space) is calculated. It is shown that X ™ is a g-space (see Section 2 for
definition) whenever X is a g-space. Solid maps are shown to be monotone
in general only when X is a g-space.

Then we turn to more general spaces. Homotopies on X are lifted to X*.
The homology of the space of simple topological measures on the annulus
is shown to be isomorphic to the homology of the circle. Image transforma-
tions are constructed from solid sets on spaces with genus one, enabling the
calculation of homology groups on such spaces. In particular, the collection
of simple topological measures on the torus has a retract homeomorphic to
a countable product where each factor has a circle as a retract. The latter
reveals the complexity of the homology of the topological measures on the
torus (as opposed to the annulus).

2. Basic results

2.1. Topological measures. The family of normalized topological mea-
sures is a convex set. Its extreme points are, however, much more complex
than the Dirac measures. They are not in general {0, 1}-valued.

DEFINITION 1. The space of representable topological measures is the
convex closure of the set of simple topological measures, and will be denoted
by Qr(X).

NoTAaTION 2. We will denote the Borel probability measures on X by
P(X). Its extreme points, the Dirac measures, will be denoted by P(X).

Moreover, the normalized topological measures on X (i.e. the topological
measures with u(X) = 1) will be denoted by Q1(X).

The integral of f € C(X) with respect to a topological measure p in
X is defined as follows: Let py denote the topological measure given by
pr(A) = p(f~1(A)) for A € A(X). Then py extends uniquely to a Borel
measure on R (all topological measures on one-dimensional spaces extend
uniquely to regular Borel measures, cf. [14]). Hence we have the definition

wu(f) = S xdug(x) where spf={f(z):2€ X}
sp f
The integrals (with respect to topological measures), and hence topological
measures, were shown in [1] to be uniformly continuous. That is, for p €

Q(X) we have [lull = u(X), and |u(f) — u(g)| < Nl IS — glloe for all
f,9 € C(X). In [2] a weak topology in Q1(X) was introduced: Any function
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f € C(X) may be represented as a functional fon Q(X) by f(u) = u(f),
where the map f — f\ is a non-linear Gelfand transform. The topology
on Q(X) is defined to be the topology induced by the separating space of
functionals {f : f € C(X)}. This turns Q1(X), Q:(X) and X* into compact
Hausdorff spaces. Moreover, the sets V* = {u € X* : (V) =1} (V € O(X))
form a subbase for the topology of X*.

For the remainder of this subsection our spaces will be assumed con-
nected and locally connected.

DEFINITION 3. If a set A € A and its complement are both connected
we will call the set solid. A restriction to solid sets will be denoted with
a subscript s (e.g. Cs will denote the compact solid sets). We will let the
index c indicate the restriction to connected sets, e.g. Cc(X) denotes the
closed, connected subsets of X.

We recall the following two results from [3].

PROPOSITION 4. Let K € Cs, U € O and K C U. Then there is a set
VeOssuchthat KCV CcV cCU.

PROPOSITION 5. If A € A(X) is connected then the components of X \ A
are solid.

It was shown in [8] that {V* : V € Os(X)} is actually a subbase for
the topology of X*. The solid sets play an important role in the theory of
topological measures. For their full use some restrictions on the space X are
needed:

DEFINITION 6. A partition P = {C;}}; U{U;}L, (0 # C; € Cs(X),
i=1,....0#£U; €C(X),j=1,....,m;m,n>2; X =4 P) of X into
solid sets is called irreducible if for any proper subset F & {C;} , X \ Y F
is connected. By the genus of X we will mean the supremum of m — 1 for
all irreducible partitions of X, or zero if no such partitions exist.

REMARK 7. The genus requirement was treated in [3] and [11]. If X
has genus zero, then X can at most be the disjoint union of two solid sets.
This property is shared by a large class of spaces (e.g. when X is simply
connected). Our characterization of genus through finite unions of solid sets
is due to [7], where it is shown that if the genus is larger than zero, then it
is always possible to find an irreducible partition of X into solid sets such
that n =2 and m — 1 is the genus of X.

DEFINITION 8. A connected, locally connected, compact Hausdorff space
with genus zero is called a g¢-space.

The solid sets constitute a small and manageable family of sets that
totally determines a topological measure on a locally connected continuum.
This is illustrated by the solid set functions, introduced in [3]. In particular
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they are invaluable tools for constructing topological measures. We include
their definition and an extension theorem:

DEFINITION 9. Let X be alocally connected continuum. Then a function
p: As — RT is a solid set function if it satisfies:
(i) >0, uCi < pC whenever W, C; € C with C;,C € Cs for i =
1,...,n.
(ii) pU = sup{puC : C C U, C € Cs} for all U € Os.
(iil) pA+ (X \ A) = pX.
(iv) > aep #(A) = pX for any irreducible partition P of X.

REMARK 10. Note that g-spaces have no irreducible partitions, so the
fourth requirement is redundant for g-spaces.

THEOREM 11. If X is a locally connected continuum and i is a solid set
function, then pu extends uniquely to a topological measure on X . Conversely,
the restriction of a topological measure on X to the solid sets is a solid set
function.

Image transformations were introduced in [4] as natural topological mea-
sure preserving transformations. We include their definition and construc-
tion from solid sets:

DEFINITION 12. Let X and Y be compact Hausdorff spaces. An image
transformation is amap q : A(X) — A(Y) with ¢(O(X)) C O(Y) satisfying:

(a) ANB=0= qAW¢B =q(AUB).

(b) Ux /U = qUy /" qU whenever Uy,U € O(X) and A € A where A
is a directed set.

(c)gX =Y.
The adjoint of an image transformation ¢ : A(X) — A(Y) is the map
¢ : Q(Y) — Q(X) defined by
' (A) = pu(qd), peQ(Y), Aec AX).
Moreover, the map ¢* : Q(Y) — Q(X) is continuous.

PROPOSITION 13. Let X be a g-space. A map q : As(X) — A(Y) extends
uniquely to an image transformation q : A(X) — A(Y) if and only if the
following hold:

(@) If A,A; € As fori=1,...,n and H A; C A, then | q(A;) C qA.

(b") If U, U\ € Og and Uy / U with X\ € A where A is a directed set,
then qUy /" qU.

(c) For any A € As we have q(A)Wq(X \A) =Y.

We have the following definition and proposition from [13]:
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DEFINITION 14. An image transformation ¢ : A(X) — A(Y) will be
called a solid image transformation if q(As(X)) C As(Y). A continuous
function is called a solid function if its inverse image is a solid image trans-
formation.

PROPOSITION 15 (Urysohn’s lemma for solid variables). Let X be any
connected and locally connected compact Hausdorff space. If C € Cs(X) and
F € C(X) are disjoint and non-empty, there is a solid function f : X — [0, 1]
such that flc =0 and flp = 1. If in addition X is a metric space we may
assume that f~1(0) = C.

2.2. Superextensions. Superextensions of topological spaces are con-
structed similarly to Wallman compactifications, with filters replaced by
linked systems. A comprehensive presentation of the subject and its achieve-
ments may be found in [12].

DEFINITION 16. Let S be a closed subbase of X. A linked system in S is
a collection M C § such that any two members of M intersect. A mazimal
linked system in S is a linked system not properly contained in any other
linked system in S.

DEFINITION 17. The supereztension of X relative to S, \(X,S), is the
topological space defined as the set of all maximal linked systems in S with
the closed subbase

S*={C*":C e S}

where C* denotes the set of all maximal linked systems in S containing C'.

DEFINITION 18. A topological space X is said to be supercompact if
there is a closed subbase S of X such that each linked system M in S
satisfies

(M : M eM}+#0
Such subbases are called binary.

DEFINITION 19. A closed subbase S of X is called a Ty-subbase if for
each S € S and for each x € X — S there exists a T € S such that v € T
and TNS = (). A subbase S of X is called normal if for each disjoint pair
S1,S2 € S there are S1,5, € S such that S € X \ S}, S2 € X \ 5%, and
SjuUS,=X.

It should be noted that supercompact spaces are compact, and that a
superextension is supercompact with §* as a binary Ti-subbase. Moreover,
if § is normal, then §* is normal.

We include the following result from [12]:

THEOREM 20. Let X be a connected topological space. If X admits a nor-
mal Ty -subbase S, then \(X,S) is connected and locally connected, acyclic,
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and a Lefschetz space. Moreover, if X is a metric continuum then A\(X,S)
is an absolute retract, in particular it is contractible.

3. Correspondence between simple topological measures and
superextensions. Throughout this section we will assume X to be a g-
space. The closed solid sets constitute a normal closed Tj-subbase of X
by a straightforward application of Proposition 4. We have the following
surprising correspondence:

THEOREM 21. There is a homeomorphism ¢ : X* — XX, Cs) given by

¢(n) ={C € Cs: u(C) = 1},
where X* is endowed with the weak® topology.

Proof. Let p € X*, and let Cq,Cy € ¢(p). Then pu(Cy) = p(Cs) = 1,
so C1 N Cy # (0. Thus ¢(u) is a linked system. If C & ¢(u), C € Cs, then
u(C¢) = 1, hence by regularity of u there is C' € Cs with ¢’ N C = ) and
u(C") =1, so C'Up(u) is not linked. Thus ¢(p) is a maximal linked system.
Since ¢(p) determines the value of v on solid sets, ¢ is one-to-one.

Conversely, let S € A\(X,Cs). Define i : Cs — {0,1} by pu(C) =1 if and
only if C' € S, and extend p to Ag by pu(0O) =1 — p(O°) for O € Os. Then
p fulfills requirement 9(iii) by definition. For 9(i) at most one of the sets

Ci, 1 =1,...,n, can be in S since they are disjoint. Now C contains each
of them and hence must also be in S, implying 9(i). If none of the sets Cj,
i=1,...,n,are in S then 9(i) is trivially fulfilled. It remains to prove the

regularity 9(ii), so let O € Oy be arbitrary. If 4O = 0 then any compact
set C C O is disjoint from O° € S, and hence pO = sup{uC : C C O,
C €Cs} =0.If pnO =1 then O° ¢ S, hence there must be some C € S with
C N O° = ) by the maximality of S. Accordingly C C O with uC = 1, so
puO =sup{uC:C C O, C €} =1.

Finally, the continuity of ¢ and ¢~! is evident by considering closed
subbases. »

REMARK 22. The correspondence between maximal linked systems and
simple topological measures on g-spaces was already noted in [11], but the
connection to the topological construct of a superextension was not made.

EXAMPLE 23. The image transformation ¥ : X — X* defined by ¥(A)
= A* where A* = {u € X* : u(A) = 1} was presented in [4]. It is noteworthy
that this image transformation is, through the correspondence in Theorem
21, analogous to the x-operation of Definition 17. We will return to this
image transformation after establishing some immediate consequences of
Theorem 21.

COROLLARY 24. If X is a metric q-space, then X* is an absolute retract,
in particular it is contractible.
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COROLLARY 25. If X is a g-space, then:

(i) X* is connected and locally connected.
(ii) X* is acyclic.
(iii) X™ is a Lefschetz space.

REMARK 26. The connectedness of X* was proven in [11], and the local
connectedness in [10], so those results are not new. The notion of a Lefschetz
space may be found in [5], and refers to a conditional fixed point property
of selfmaps of X*. Acyclicity is meant with respect to the Cech homology
functor, H = (Hy)nen, over a field F; we refer the reader to [6] for a good
source of information on homology theory. Since X* is acyclic, the Lefschetz
property implies that every continuous map of X™* into itself has a fixed
point.

EXAMPLE 27. Let ¢ : A(X) — A(X) be an image transformation. The
adjoint map ¢* : X* — X* given by (¢*u)(A4) = p(q(A)) for A € A(X) and
p € Q(X) was shown in [4] to be continuous. By Corollary 25(iii), ¢* must
have a fixed point in X*.

4. Homological results for simple topological measures on g-
spaces. Image transformations were introduced in [4] as natural continu-
ous topological measure preserving transformations. Hence they are natural
tools to consider when calculating the various homology groups of spaces of
simple topological measures. We start by introducing a fundamental class
of image transformations to achieve this. Again we will assume X to be a
g-space throughout this section.

LEMMA 28. For C € C(X) define a set map qc : As(X) — A(X) by
0 if CNA=10,
@A) =< A f0#CNA#C, Ac A(X),
X if C CA.

Then qo extends uniquely to an image transformation. Moreover, if C1NCy
# 0 and C1,Cy € C(X), then qc, © oy = qcs, © G0y -

Proof. Requirement (c¢) of Proposition 13 is trivially fulfilled by exten-
sion. Requirement (a’) is a straightforward verification for the set map qc.
For the regularity requirement (b’), we have three cases to consider for a
net Uy / U of open solid sets. The case gqcU = ) implies gqcUy = 0 for
all A € A. The next two cases, gqoU = U and qocU = X, are handled by
a standard compactness argument. Hence go extends uniquely to an image
transformation. If A € A (X), then the only way in which (g¢, © gc,)(A)
can be different from (g¢, © g, )(A) is if one of g¢, (A) and g¢,(A) is ) and
the other is X; but this is impossible if C7 and Cs intersect. =
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Since topological measures are inner regular it is an easy exercise to show
that additivity on disjoint open sets holds in general. We have the following:

THEOREM 29. Let C € C(X). Then g is a retraction of X* onto C*.
Moreover, if C1, . ..,Cp € Cc(X) are pairwise intersecting, then q¢, o...oqf,
is a retraction of X* onto CTN...NC}.

Proof. Let p € X*. Then
(€)= 13 ) =13 u0) =1,

AeA PYS\
where {Uy}xca are the (solid and open) components of X \ C. Thus ¢ (1)
€ C*. Assume further that 4 € C* and A € Ag(X). Then in each of the
three cases in the definition of gc, pu(qc(A)) = w(A), hence g5 (pn) = p.
Accordingly, ¢f, is a retraction of X* onto C*.

Clearly, (¢, 0...0q5 )(X*) C Cf and by commutativity it follows that
(o, 0--.0q; )(X*)CCTN...NnCh I pe CTN...NCy, it is immediate
that (¢¢, o...0q5 )(p) = p. =

COROLLARY 30. If C €C(X), then C* is acyclic. Moreover, if Cy,...,Cy
€ Co(X) are pairwise intersecting, then C5N...NCY is acyclic. In particular,
Cin...NnC} is non-empty.

Proof. Acyclicity follows since retracts of acyclic spaces are acyclic. The
set CTN...NCY is non-empty since it is the image of the map g¢, o...oq¢, . =

COROLLARY 31. Let C1,...,Cp € Co(X) and let F; = (;¢f, CF, where
L c{l,...;n}, i=1,...,m. If Fy,..., F,, are pairwise intersecting, then
Fin...NnE, #10.

Proof. If F,...,F,, are pairwise intersecting, then {C; : j € Ui~ I;}
must also intersect pairwise. m

COROLLARY 32. If A € A(X) is connected, then A* is connected.
Proof. For C' € C.(X) we have ¢ (X*) = C*, implying connectedness

of C*. For O € O.(X), O* = |J{C* : C € C.(X), C C O} and the union is
directed, hence O* is also connected. m

Recall that a map between compact Hausdorff spaces is called monotone
if inverse images of connected sets are connected. We have the following
definition for image transformations:

DEFINITION 33. An image transformation ¢ : A(X) — A(Y) is called
monotone if ¢(Ac(X)) C Ac(Y).

Note that any monotone image transformation is necessarily solid since
image transformations preserve complements. This, of course, also applies
to functions.
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COROLLARY 34. The image transformation ¥ : A(X) — A(X™) is mono-
tone.

The Cech homology functor is continuous in the sense that to limits
of inverse systems of sets correspond inverse limits of the corresponding
homology groups. We obtain the following result:

PROPOSITION 35. Let C € C(X). Then H,(C*) =0 for all n # 0, and
Hy(C*) = Hy(C).

Proof. 1If C' € C(X) has finitely many components, then the result follows
from Corollary 30 by taking the sum of the homologies of each component.
For any C, let {C)\}ae be the family of compact sets with finitely many com-
ponents containing C, ordered by reverse inclusion. Then {C5}xc4 together
with the inclusion mappings is an inverse system with C* as its intersection,
and so by the continuity of the Cech homology, H, (C*) = lim H,,(C3). For
n # 0 this gives the result. For n = 0 we have Hy(C%) = Ho(C)) as inverse
systems, so Ho(C*) = lim Hy(CY) = lim Hy(Cy) = Ho(C). =

The Cech homology sequence is exact for compact sets, and hence the
Mayer—Vietoris sequence is exact for compact sets. We have the following
useful result:

PROPOSITION 36. If C,...,C, € Cc(X) are pairwise intersecting, then
any combination of unions and intersections of the sets Cy, ..., C} is acyclic.

Proof. We may assume that any combination of unions and intersections
is of the form

m Ny
U ﬂ C;,Im Cir € {Cy,...,Ch}.
J=1k=1

Now ﬂZJ: 1 C’]’f‘ i is acyclic for each j. This shows the result for m = 1. We
proceed by induction on m. Assume the assertion to be true for some m > 1.
We obtain the Mayer—Vietoris sequence

o= (UN ) o8 ) ) - (U N 03)
J=1k=1 k=1 j=1 k=1
m Ny Nom+1
~ i (U Ne)1( Cens))
j=1k=1 k=1

The acyclicity of U;n:ﬁl Z]: 1 CJ’." ;. follows since

nj n Nm—+1

(UN&)n (N ) =0 (N0 (A )

=1 k= =
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and by induction

nj

Aa(0((1630) 1 (1 i) =0

ExaMPLE 37. Consider pairwise intersecting sets Cp,Co,C3 € C.(X),
e.g. the three edges of a triangle. Then by Proposition 36, C7 U C5 U C3 is
acyclic, whereas the set C1 UCyUC5 may be homeomorphic to a circle. This
is a rather disappointing result, but as the next example illustrates we need
at least four sets to obtain more complicated homology of X*.

ExAMPLE 38. Let C1,...,Cy € C.(X) be the edges of a square numbered
clockwise. Then (CTUC3)N(C5UCT) = (CTNCY)U(C5NC5) where the latter
is a disjoint union. Thus we obtain the following Mayer—Vietoris sequence:

0=H (C;UCY) @®H (C3UCTH — Hi(C;U...uCT)

— Hy((CTNC) e (G50 C3)) — Ho(C U Cs) & Ho(C5 U CY) = 0.
The homology group Ho((C:NC)w (C3NCE)) is isomorphic to the field F,

and hence Hy(CFU...UCs) = F. This illustrates that CF U...UC? has the
same first homology group as the circle.

The preceding example may be generalized to n-cubes; we include the
calculations below:

EXAMPLE 39. Let F; 3 € C(X), i = 1,...,k, s = 0,1, be such that
F,sNFj; =0 <i=j s#1t (ie. the same pairwise intersections as the faces
of a k-cube). For Iy, I; C {1,...,k} define Fy, 1, = (Uiel0 F{’:O)U(Uie[l ).
Then:

(i) Fr,.1,1s acyclic when Iy # I.

0, nz#cardl —1,
F, n=cardl —1.

Proof of Example 39. (i) If Iy N I; = () then all the sets {F; o, Fj1 :
i € Iy, j € I} intersect pairwise and Proposition 36 applies. Otherwise, let
1 € IpN1I; and put F = FI@\{i},Il\{i}- Then

Frogiy,n NV Fr iy = (FUF) N (FUF) = FU(F,NE) =F.

)

(i) Hp(Frp) & Hp (S = {

We have the Mayer—Vietoris sequence

0= Ho(Frp\iiy.n) © Ho(Frorgiy) = Ha(Fron) = Hoo1(Fro\piynogiy) = 0

and the acyclicity of Fp, r, follows by induction on card Iy + card I;.
(ii) The statement is clear when card I < 1. Otherwise let i € I; by (i)
we have the Mayer—Vietoris sequence



Homology of spaces of measures 29

0= Hy(Fp i) ® Ho(Frpga) — Ha(Fr 1)

— Ho o (Fpgiyngy) — Huoa (Frgar) © Hooa(Frpgay) =0,
yielding the result by induction on cardI. =

5. Conditions for g-spaces. Throughout this section X and Y will be
assumed to be locally connected continua. Conditions for X and X* being
g-spaces will be given. We start with a characterization of g-spaces in terms
of compact sets:

ProproSITION 40. Let X be a connected, locally connected compact Haus-
dorff space. If C7 U CS = X with Cq,Cy € Co(X) implies C1 N Cy € Cce(X),
then X is a g-space. Conversely, if X is a q¢-space, then C1 U Co = X with
Cy,Cs € Co(X) implies C1 N Cy € Co(X).

Proof. Assume to the contrary that X does not have genus zero accord-
ing to Definition 6. Then there is a collection of sets Aj,..., A, € Ay(X)
such that X = 4" A; with exactly two of the solid sets closed (see Re-
mark 7), say A; and As. We must have n > 4 and hence may fix two points
x1, xo contained respectively in two different open sets, say Az and A4. By
Proposition 4 there is an open solid set O; such that 4; € O; C O C
X\ (A2 U {x1,22}). Similarly there is also an open solid set Oy such that
Ay C Oy C 62 cX \ (61 U {.%'1,.%'2}). Now put C; = X \ O;, i = 1,2; then
CYUCs = X and C1,C5 € C.(X). However, we have z1,z2 € C1 N Cy C
i3 Ai, in particular, Az and |, A; separate C; N Cy. We must have
C1NCy & C.(X), contradicting the hypothesis of the proposition.

Conversely, let X be a g-space and assume X = C1UCq, C1,Cy € Cc(X).
Then () # C; N C5 = (C1 N C2)* and hence (C1 N Ca)* is acyclic, implying
that (C1 N Cy)* is connected. If (C1 N Cq)* is connected, then C7 N Cy must
also be connected by Proposition 35. =

REMARK 41. We note that in the case of Cech homology this result
is stronger than necessary, since the Mayer—Vietoris sequence is exact for
compact pairs regardless of whether their interiors cover the space. For other
homologies the stronger result in Proposition 40 may be useful.

The Cech homology group Hy has the nice property of describing con-
nectivity whereas singular homology describes pathwise connectivity. That
is, for a set A € A(X) we have Hy(A) = 0 if and only if A is connected.

THEOREM 42. If X is a g-space, then X™* is also a g-space.

Proof. By Corollary 25(i), X* is connected and locally connected. Sup-
pose C1,Cy € Co(X™*) with C1 U Cy = X*. Applying the acyclicity of X*
(Corollary 25(ii)) we have the Mayer—Vietoris sequence

0= Hy(X*) — Ho(Cy N Cy) — Hy(C1) & Hy(Cy) =0,
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since Ho(Cy) = Ho(C) = 0 and hence Ho(C1) @& Ho(Cs) = 0. It follows
from the exactness that Hy(C1 N Cy) = 0 and accordingly C1 N Cy € Co(X).
Finally X* is a g-space by Proposition 40. =

THEOREM 43. The following are equivalent:

(i) X is a g-space.
(ii) Any solid image transformation q : A(Y') — A(X) is monotone.
(iii) Any solid function f € C(X) is monotone.

Proof. For (i)=-(ii) assume X to be a g-space, and ¢ : A(Y) — A(X) to
be a solid image transformation.

We will first consider compact sets. Let C' € C.(Y) be arbitrary and let
{V)}xea denote the open solid components of Y\ C. By regularity we then
have X \ q(C) = brep a(V3).

We will show that X\ [#,cr ¢(V)) is connected whenever F' C A is finite.
For card F' = 1 this follows since by assumption each ¢(V)) is solid. Assume
that X \ lH,cp ¢(V)) is connected whenever card F < n. Let F = F1 & Fy
with card F = n + 1 and F; and F5 both non-empty. We have

X\ W av) = (X 1 am) 0 (x| av),

AEF AEF] AEF,
X=(x\ W a)u(x\ | aw),
AEF] AEF,

and by the induction hypothesis and Proposition 40, X \ [ycpq(Vy) is
connected. This completes the induction.

We see that {X \ Hycp (V) : F C A, F finite} is a directed family of
connected compact sets ordered by reverse inclusion, and so its intersection
q(C) is connected.

Now let O € O.(Y) be arbitrary, and let z1,z9 € ¢(O). Consider the
directed family {Uy C O : Uy € O.(Y), Uy C O}, which has union O; by
regularity of ¢ we have x1, x5 € q(Uy) for some Uy. Then {z1, 22} C q(U)) C
q(0O), where q(U ) is connected by the above, and so any 1, z2 € ¢(O) must
be in the same component of ¢(O), which must therefore be connected. This
establishes the monotonicity of q.

The implication (ii)=(iii) is trivial. For (iii)=-(i) assume that X is not
a g-space. By Remark 7 (cf. [7]) we can find disjoint compact solid sets
C1,Cy such that X \ (Cy W C2) is a union ¥, U; with 0 # U; € Oy(X)
for = 1,...,n, n > 2, and by Proposition 15 we have a solid function
f:X —[0,1] with f(C1) = 0 and f(C3) = 1. We will show that f~1((0,1))
is disconnected. Assume the contrary; then f~1((0, 1)) must be contained in
a single component of X \ (C1 W Cy), say U;. But then Us must be contained
entirely in either f~1(0) or f71(1), and so either UsNCy = ) or Us N Cy =1,
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say the former, i.e. C;1 C X \ Uz. But then X\ Co=Us & (X \ (C2 U Us)),
contradicting the solidity of Ca. We have shown that f~1((0,1)) is discon-
nected and so f is not monotone. m

6. Results for general spaces. In this section we will consider some
methods for calculating the homology of X* for more general spaces. Ac-
cordingly, we will only assume X, Y and Z to be compact Hausdorff spaces.

The transformation theorem for integrals holds for integrals with respect
to topological measures, i.e. if u € Q(X), f € C(X,Y) (continuous functions
from X to Y) and g € C(Y), then

p(go f) = (far)(9)-
We have the following:

PROPOSITION 44. Let f : X x [0,1] — Y be a homotopy. Then f lifts
naturally to a homotopy f : X*x[0,1] — Y™* defined by f(1,t) = (f(-, 1))« ()
for pe X* and t € [0,1].

Proof. Assume f : X x [0,1] — Y to be a homotopy and define f:
X* % [0,1] = Y* by f(u,t) = (f(-,1))a(p) for p € X*, ¢ € [0,1]. It suffices
to show that f is continuous. Let (uy,t)) — (u,t) with gy, p € X* and
tx,t € [0,1] be a convergent net in X* x [0, 1]. For any g € C(Y') we have

[Fxs t3)(9) = Flut)(9)] = [ (2 ())(9) = [ 8)< () (9)]

<G )« ())(g) = L G0 ()] (@) + [ G )4 ()] (9) — [ (8« ()] (9)]
(9
(9

[
= [ual(g o )] = mallg o HC DI+ [uallg o O] = plg o (D]
<|l(go f)Cstn) = (go F)C Dllocllall + lallg o F)C O] = ul(g o £ D]

The continuity of fnow follows from the uniform convergence of (go f)(-,t))
and the definition of the topology on X*. m

REMARK 45. It should be noted at this point that the adjoint operation
is also a functor when ordinary measures are replaced by X* i.e. (fog). =
feogs for g € C(X,Y),f € C(Y,Z). A comprehensive treatment of the
adjoint operation may be found in [4]. The proof of Proposition 44 goes
through unchanged with X* and Y™ replaced by Q(X) and Q(Y), but we
do not need the more general result here.

If C € C(X)and A € A(C), let A, denote the zero-one-valued topolog-
ical measures p in C' with yA = 1.

PROPOSITION 46. Let C' € C(X) be a deformation retract of X. Then
i+(CE) is a deformation retract of X*, where iy is the adjoint of the inclusion
map 1 : C — X. In particular, X* is homotopically equivalent to Cf..
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Proof. There is a homotopy f : X x[0,1] — X and aretractionr : X — C
such that f(z,0) =z and f(z,1) = (i or)(z) for x € X. By Proposition 44
we obtain a homotopy f : X* x [0,1] — X* with f(,u,, 0) = p and J?(u, 1)
= (ior)(p) = (ix o ry)(p). For dup € i,(CF) we have (iy o ry)(ixp) =
(i 0 (T4 04x)) (1) = dsp since r o i is the identity map on C. Hence iy o 7 is
the identity map on i,(Cf.), establishing that i,(C) is a deformation retract
of X*. Now, r o4 = id¢ implies that r, o i, = idg» and accordingly i (Cf)
is homeomorphic to C¢,, which proves that X* is homotopically equivalent
to Cé«. [

COROLLARY 47. Let X be the annulus. Then X™* is homotopically equiv-
alent to the circle. In particular, the homology of X* is isomorphic to that
of the circle.

Proof. The circle T is a deformation retract of the annulus, so Propo-
sition 46 applies. The circle is one-dimensional and hence all topological
measures extend to regular Borel measures (cf. [14]). Accordingly T* is
homeomorphic to the circle, establishing the assertion. m

The homology of the simple topological measures on the torus T? has
been a bit of a mystery. The next result will shed some light on the problem
by showing that the homology of (T™)* is at least as complicated as the
homology of T™. We have the following more general result:

THEOREM 48. Let X; all be one-dimensional and put X = X1 x...xX,.
Then X (identified with the Dirac measures) is a retract of X*. In particular,
H,(X) is isomorphic to a subgroup of Hy(X™*) for each q € Z.

Proof. Since each X; is one-dimensional we may identify X; with X7
(cf. [14]). Let p; : X — X, denote the projections, i = 1,...,n. Define
P:X*— X by P(p) = ((pi)«(p))?_, and let I : X — X* be the inclusion
map (as Dirac measures). We have

(Pol)(z) = ((pi)«(0z))iz1 = (zi)i=1 =z,
i.e. P is the desired retraction and the assertion follows. m

6.1. Locally connected continua. In this subsection X denotes a locally
connected continuum. We recall a notion from [7]:

DEFINITION 49. For a set C' € Cs(X) we define the number of sides of
C', denoted by sd(C), as follows:

sd(C)=  sup  card{V :V is a component of U \ C'}.
CCcUe0:(X)

We denote the n-sided sets by Cs, C Cs(X) for n € NU {oco}, where Cgg =
{0, X}.

It is shown in [7] that the genus of a space X equals supcee, (x) sd(C) — 1.
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The following proposition is a straightforward generalization of Propo-
sition 13:

PROPOSITION 50. Let X be a locally connected continuum. A map q :
As(X) — A(Y) extends uniquely to an image transformation q : A(X) —
A(Y) if and only if the following hold:

(@) If A,A; € As fori=1,...,n and H A; C A, then | q(A;) C ¢A.

(b") If U, Uy € O and Uy /' U with X\ € A where A is a directed set,
then qUy /" qU.

(c) For any A € As we have q(A)Wq(X \ A) =Y.

(d") For any irreducible partition P of X, Hcp q(A) =Y.

Proof. The proof of Proposition 13 of [4] goes through unchanged, pro-
vided we note that for genus larger than zero, (d’) is necessary to ensure that
the adjoint of ¢ maps Dirac measures into solid set functions (corresponding
to the additional requirement (iv) for a solid set function). m

7. Spaces with genus one. The property that Ci,Cs € Cqso disjoint
implies X \ (C; U Cy) € O, is shared by a large class of spaces with genus
one, e.g. annuli and tori of all dimensions. This property is necessary for the
results in the following propositions.

Simple topological measures on the torus have been studied in [11] and
[7]. We recall some of the ideas and results from [7]:

PRrROPOSITION 51. Let X be a space of genus one with the property that

C1,Cy € Cqy disjoint implies X\ (C1UC3) &€ O.. Then there is a classification
of the sets in Cs(X) as follows:

(i) We have
Co(X)=Co¥CatCo, Ca=BWFWT, Co=[5F,
Se¢&
B=1{C €Cq : there is a C' € Csy with CNC" = 0},
T={C€eCq:foral0£C" Cc X\C, C' € B},
F=Ca\(BYT).
(ii) Each S € & is an equivalence class of the relation
C~C < 30201,...,Cn20/6652, CiNCiy1 =0, i=1,....,n—1.
(iii) If 0 # C Cc C" # X and C,C" € Cs(X), then either C' € B, or
C' €T, or C,C" are both in the same element of €U {F}.
(iv) IfCnC" =0; 0 # C,C" € Cs(X), then either C € B, or C' € B, or
C,C’" are both in the same element of €U {F}.

(v) If C € B then there is a C' € T disjoint from C. If C € EU{F} then
there is a disjoint C' in the same element of €U {F}.
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(vi) If P is an irreducible partition of X, then P = {C1, Co, Uy, Us}
where Cp, Cy, X \ Uy and X \ Uy all belong to a single element of £.

From the above description of solid sets one may construct a family of
solid set functions (cf. [7]):

PROPOSITION 52. Let v and ug for each S € £ be normalized topological
measures on X. Then the function 7 : Cs(X) — R defined by

1 if CeT,
v(C) if CeF,
us(C) if C e Seé,
0 if C € B,

is a solid set function, and hence extends uniquely to a topological measure
on X.

We have the following basic observation:

7(C) =

LEMMA 53. Any homeomorphism & preserves each of the class B, T and
F, and induces a permutation of £.

Proof. A homeomorphism necessarily maps solid sets to solid sets. More-
over, two-sidedness is preserved by homeomorphisms, implying that B, 7
and F are invariant under @. Two sets C,C" € Cs2 \ F are clearly equivalent
under the relation ~ of Proposition 51 if and only if #(C) ~ &(C’), and
hence @ induces a permutation of the family £. m

Recall that an isotopy of a space X is a continuous map I" : X x [0,1] —
X (in particular, a homotopy) such that I'(-,¢) is a homeomorphism for
each t € [0,1]. Two subsets My, My of X are ambiently isotopic if there is
an isotopy I" of X such that I'(M1,0) = M; and I'(Mi,1) = Ms. (One may
assume I'(-,0) to be the identity.) The following result will be useful in the
next section:

PROPOSITION 54. Let X be a space of genus one with the property that
C1, Cy € Csy disjoint implies X \ (C1UCY) & Oc. If C1,Cy € Cy are ambiently
isotopic, then they are in the same element of {Cso, B, T,F}UE.

Proof. Let I' be an isotopy such that I'(C7,0) = C; and I'(Cy,1) =
C5. If the sets C7,Cy are not both two-sided, then the result follows from
Lemma 53. Otherwise, for each ¢ € [0,1] we have I'(Cq,t) € Cs2; so let
K, € Cs be such that I'(C1, t)NK; = 0, and by continuity of I" let &, be such
that I'(C1, ') NKy = 0 for t —ey <t/ < t+ep. Now {(t—es,t+e) : t €[0,1]}
is an open covering of [0, 1]; by compactness there are 0 =t < ... <t, =1
such that

n

[0’ 1] = U(tl - 6ti)ti + gti)v
=1
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(ti — &4t + Eti) n (ti+1 — Eti+1,ti+1 + 5ti+1) 75 @, 1=1,....n—1.

Pick tfH_l in the last intersection, for ¢ = 1,...,n — 1; then clearly
Cy=T(C1,t1) ~ Ky ~ T'(Co,th) ~ Ky ~ ... ~ ['(Cyp,t),) ~ Ky,
~IT(Ci,ty) =Ch. m

Define 7* = {u € X* : uC = 1 for all C € T}. By setting v and ug
equal to u € 7" we see that 7* are exactly those members of X* achievable
by the construction of Proposition 52.

The image transformations were crucial tools in the preceding sections.
We will present two fundamental classes of image transformations for ob-

taining retracts and deformation retracts in the more general setting of this
section.

PROPOSITION 55. Let X be a space of genus one with the property that
C1, 0y € Csy disjoint implies X \ (C1UC3) € Oc. Define q : Cs(X) — C(X) by

0 if CeB,
qC)=<¢ C if CZ€BUT,
X if CeT.

Then q extends uniquely to an image transformation. Moreover, ¢* is a
retraction of X* onto T*.

Proof. For U € O4(X) we extend ¢ by q(U) = X \ ¢(X \ U), giving (c’).
Conditions (a’) and (d’) of Proposition 50 for ¢ follow by a straightforward
(but tedious) application of Proposition 51. Let Uy , U be a net of open
solid sets with U € Oy(X), and put C = X \U and Cy = X \ U, A € A. For
C € Bthereis a C' € T disjoint from C, and by compactness there is a finite
open cover {Uy, }"_; of C'. Hence there is a X’ such that for A > X we have
C\ € B; accordingly, qUy /' qU = X. When C € 7, we must have Cy € T
for all A\ € A, yielding qUy = qU = 0. If C € S € EU{F}, pick C' € S
with C N C’" = ). Compactness of C’ yields existence of \' € A such that
A > X implies C NC”" = (); hence combining (iii) and (iv) of Proposition 51
we get C) € S, and so qUy = Uy " U = qU. We have established all the
requirements of Proposition 50; accordingly, g extends uniquely to an image
transformation ¢ : A(X) — A(X).

Adjoints of image transformations are continuous, so ¢* maps X* contin-
uously into 7*. Moreover, if y € 7*, then ¢* will map all sets in EU{F} to
themselves and hence not change the measure of the sets. It is also clear that
q* 1 maps B to zero and 7 to one. Thus ¢* restricted to 77 is the identity
map. =

The notion of a non-splitting topological measure is convenient when
constructing image transformations (cf. [4]). A topological measure p in
X is called non-splitting if it assigns non-zero measure to all open sets
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(or equivalently there are no disjoint non-empty compact sets C,C’ C X
such that uC + pC’ = pX). Normalized Lebesgue measure on cubes and
Haar measure on the torus are natural examples of non-splitting measures.
More generally all separable spaces have non-splitting measures. We have
the following class of image transformations:

PROPOSITION 56. Let X be a space of genus one with the property that
C1,Cy € Cqa disjoint implies X \ (CLUC2) & Oc. For a non-splitting topolog-
ical measure m in X and a number t € [0,1/2] define qm ¢ : Cs(X) — C(X)
b

! 0 if CeBand mC <t,
gmt(C) =4 X ifCeT and mC >1—t,
C  otherwise.

Then gm, extends uniquely to an image transformation. Moreover, qp, . :
[0,1/2] x X* — X* is continuous, so that q, l/2(X*) is a deformation
retract of X*.

Proof. For U € Og(X) we extend ¢ by q(U) = X \ ¢(X \ U), giving
condition (¢’) of Proposition 50 for ¢. Notice that since m is non-splitting
we cannot have disjoint sets C € B, C' € T with mC =t and mC’' =1 —t;
combining this with Proposition 51 one establishes conditions (a’) and (d).
Now assume Uy " U, A € A, and again denote the complementary net by
Cy \\ C. If C € EU{F}, then the argument of Proposition 55 applies and
qCy \, qC. If t < mC < 1 —t, there is a X' € A such that A > )\ implies
t <mC)y < 1—t (by the regularity of m) and hence qC) = C) \, C = ¢qC.
We are left with four cases to consider. For C' € 7 and mC < t, we have
Cy € T for all A € A, and hence qC) \, ¢C. If C € B and mC > 1 —t,
pick ¢’ € T with C' N C = (). By compactness there is a \' € A such that
Cy NC" =0 (implying that C € B for A > X’), and hence ¢C), ™\, ¢C. The
case C € 7 and mC > 1 — t is trivial since it implies that C, € 7 and
mCy >1—tforall \ € A. If C € B and mC < t, there is a A € A such
that A > X implies mC), < t (by the regularity of m) and C) € B (by the
argument in Proposition 55), thus ¢qCy = ) = qC. Hence ¢ also satisfies (b’)
and extends uniquely to an image transformation ¢ : A(X) — A(X).

Obviously gy, o : X* — X is the identity map, and it is straightforward
to check that q;kn,l/Q is idempotent. We must show that g, . : [0,1/2] x X* —
X™ is continuous in order for gy, . to be the desired deformation retraction.
Let (tx,pun) — (t,p), A € A, be a convergent net in [0,1/2] x X*. Recall
that {V*: V € O4(X)} is a subbase for the topology of X*, so we assume
that g, ,(n) € V* for some V € Oy(X). Put C = X \ V, implying that
@rt(1)(C) = 0. Then we cannot have C € 7 and mC > 1 —t by the
definition of gy, +; moreover if C' € EU{F} then ¢p ¢, (C) = ¢gm+(C) = C for
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all A € A, trivializing that case. Now assume that mC < tort < mC < 1—t;
in both cases there is a X’ such that A > )\ implies mC < t, or respectively
tx <mC < 1—ty, and hence g 1, (C) = ¢m+(C) (implying gy, ; (12) € V).
A similar argument covers the case C' € 7 and mC' = t. Finally, assume that
mC =t and C € B. We then get ¢,,+(C') = C and accordingly p(C) = 0.
There is a X' € A such that A > X implies p)(C) = 0 and ¢\ < 1 — ¢, thus
qm,t5(C) = C or ) and gy, ;, (x) € V*. We have established the continuity
of ¢y, .. w

Note that if two image transformations agree on solid sets they must
agree on all open or closed sets by the uniqueness of their extension. We
obtain the following nice property of the image transformations constructed
above. The proof is straightforward from the definition in Proposition 56.

COROLLARY 57. Let qmy ity -+ Gmpt, : C(X) — C(X) be image trans-
formations obtained from Proposition 56. Then

qmivti o qmj7 qmg7 qmzy i? 1 S Z’j S k

Consequently, q oqr 1/2()(*) is a deformation retract of X*.

9,y 1/2
THEOREM 58. If X admits a non-splitting probability measure m, then
H,(X*) = H,(T") for alln € Z.
Proof. Let

Q={M,= q:11,1/2 ©...0 q:@k,uz(X*) :
A ={mi,...,my} non-splitting measures on X }.

Then ©Q with inclusion maps is an inverse system of deformation retracts
of X*. Note that Hy,(q, 11/2 000 ank,1/2(X*)) = H,(X*) for all n € Z.
Moreover, the 1nclu510n maps @ : My, — M), for My,,M,, € Q induce
isomorphisms iy : Hyp(My,) — Hn(MM). Hence by the continuity of the
Cech homology we have

Hy,(X™) = lim H,, (M, <ﬂQ>

We have 7* = [ Q (completing the proof). Indeed, let C' € B. If mC =0
then gy, 1/2(C) = (. Since m is non-splitting we must have mC < 1, thus if
mC > 0 replace m with the non-splitting measure m’ given by

1 2
/ E - - =
miE) =300 3(1 — mO)
Then g, 1/2(C) = 0, and in either case we have uC' = 0 for all u € () Q.

Accordingly (1Q C T7%; the reverse inclusion is obvious since any of the
image transformations leaves 7* fixed. =

m(ENC)+ m(E\ C).
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PROPOSITION 59. Let 7 : HSe€u{]—'} X* — T* be given by
7((45)secuir))(C) = 15(C)  when C € 8.

Then 7 is continuous and surjective.

Proof. The map 7 is well defined by Proposition 52 and surjective since
w((n) = pfor p € T Let (u)sceuqr — (us)sceuir) be a conver-
gent net in JJgcq, (7} X*. To prove the continuity it suffices to show that
m((15) secugry) (C) converges to m((us)sesury)(C) for C € C5(X) when
7((11s)sesugry)(C) = 0. This is trivially fulfilled when C' € BU 7, so
assume that C' € S € £ U {F} and that 7((us)sesuqry)(C)=ps(C)=0.
By the properties of the product topology, Mé — ug for each S € EU{F}
and thus (1) seeupz) (C) = 3(C) — 0 = ps(C). m

The map 7 above is not injective, but this can be achieved if we choose
the product space more restrictively. We have the following useful result:

THEOREM 60. For pug € T* put
ML ={peT": nC=p(C),CeC\S}, SeEU{F}.
Then the restriction T : Hsesu{f} M — T* is a homeomorphism.

Proof. By Proposition 59 it suffices to show that 7 is bijective and that
each M/ is compact. For the latter let uy — p be a convergent net in
M’gf’. By Proposition 55, 7* is compact, so we must have u e 7*. If C ¢ S
and po(C) = 0, pick an open solid set U such that C' C U, po(U) = 0 (by
regularity of ug) and X \ U ¢ S (by Proposition 51(iii), (iv) and (v)). Then
ux(U) = 0 for all A € A, and thus pU = 0, implying uC' = 0. Conversely,
uC = 0 and C ¢ S implies po(C) = ur(C) N\, 0, so po(C) = 0. Thus
p € M, establishing compactness of M.

For pu € 7% let ug be given, as in Proposition 52, by

Ho ), C Q S,
e

uC, Ces,
Then pgs € M and 7((ps)scsuqry) = M, SO T is surjective.

Assume (ps)sesuiry # (Hs)seeury € [lsecuir M. Then for some
C € S € EU{F} wemust have pug(C) # p's(C), implying 7((s) secugry) (C)
# (1) seeuqry)(C), so m is injective. m

C € Cs.

8. The torus. We will now apply the results of the previous section to
investigate the topological measures on the torus. Before we can embark on
the homological results we need to work out the basic properties of compact
solid sets in the torus. Throughout the section we will let T? denote the
torus.
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Consider the maps
pPD T - T? defined by ¢P?(2) = (27, 29), p,q € Z.

The family {¢®9 }p.gez with coordinatewise multiplication is isomorphic to
the fundamental group 7(T?2) of the torus. Of course, the torus itself also
has a group structure as a Lie group. We recall the following;:

LEMMA 61. Let p1,q1,p2,92 € Z, p1g2 — p2qu = 1. Then the map D :
T? — T? given by

D(z1, 22) = SV (21) P %) (z) = (25, 2! 25)

is an automorphism of T2. In particular, ® is a homeomorphism and maps
line segments to line segments.

REMARK 62. Note that the map & induces a change of basis in the
fundamental group 7(T?).

We need to assign curves to each of the classes of solid sets in Proposition
51. This is achieved by the following proposition:

PROPOSITION 63. Let C € S € EU{F,B,T} and CCU €. Then there
is a solid set K € S such that C C K° C K C U and the boundary of K
consists of sd(C) polygons which are simple closed curves.

Proof. Let C € S € EU{F} be arbitrary, pick a disjoint set C’ € S, and
pick an open set U’ with C C U’ ¢ X \ C'UU and X \ U’ € C.. Equip T?
with a metric d and put r = § min{d(C, X \ U’)}; further, let ¢ < r/2 and
let Dyy, 0 <1,k <(1—¢)/(r—c¢),l,k €N, denote the overlapping squares

)

le:{(e%ei,emi)ew?:zg <ril k<2 gr+k}.
r—e

r—e
Then there is an index set I such that {D}; }x)er covers C and T2\ C' >
U; Dii € Cs. Now exactly one of the co-components of (J; D; ) contains
X\U’ (and consequently C”) by connectedness of X \U’. Adding the squares
covering the other co-components of |J; D; to |J; Dix we conclude that
C~ UI Dl,k~

It is clear that the boundary of |J; D; ) consists of polygons. It is also
clear from the construction that these polygons will be simple closed curves.
By the definition of sides there is an open set O (we may assume ONC’ = ()
such that O\ C has two components covering the polygons, implying at least
two polygons; conversely, more than two components in the boundary would
imply that C' has more than two sides.

A similar argument yields the desired result for C' € B and for C € 7. u

COROLLARY 64. Let C' € S € €. The procedure in Proposition 63 will
produce a boundary consisting of two polygons, each equivalent to C'.
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Proof. The boundary of K will consist of two polygons, say {1 and Io,
since C' € Csa. Each polygon is solid, e.g. [; is solid since T2\ l; = (|J; Dppu
Il U(T?\ U; Dix) and Iy is in the closure of both | J; Df and T? \ J; Dy

Each polygon is two-sided since [§\l; and [§\l2 have two components each.
Both polygons are disjoint from C' and two-sided, hence equivalent to C. =

We include a proof of the following for the reader’s convenience.

LEMMA 65. Let ¢ be a piecewise linear, simple closed curve in T?. Then
o(T) is ambiently isotopic either to $®D(T) for some p,q € Z with p > 0
and ged(p, q) = 1, or to an arbitrarily small square boundary.

Proof. By Lemma 61 we may assume that ¢ is homotopic to ¢(™0) for
some n € N.

There is an ambient isotopy mapping each line segment of ¢ to a piece-
wise linear function with vertical and horizontal line segments. Indeed, let [
be a line segment in ¢, and let [1, [ denote the adjacent line segments. Put
r=d(l,¢(T)\{l,11,l2}). Now pick a curve, say ¢1, connecting the endpoints
of [ such that each step has height and length smaller than r, intersecting [
in each step. Further, ¢, shall have a finite number of steps and be disjoint
from [y and Iy (see Figure 1).

Fig. 1

The curve ¢; is then disjoint from ¢(T) \ {l}, so there exists an isotopy
leaving ¢(T) \ {l} invariant and with [ ambiently isotopic to ¢; (the isotopy
may be constructed locally for each step). This procedure is carried out for
each line segment of ¢, replacing the previous curve with a new ambiently
isotopic curve in each step. Composing the isotopies we have ¢(T) ambiently
isotopic to a piecewise linear curve, say ¢’, with vertical and horizontal line
segments.

The next step is to “straighten out” 2 shaped pieces of ¢’, i.e. where ¢’
makes the same turn twice. Start where the distance between the turns is
minimal (see Figure 2).

Then the rectangle (with interior) in Figure 2 is disjoint from the rest
of ¢'. Thus there is an isotopy leaving the remainder of ¢’ invariant such that
the 1 shaped piece is ambiently isotopic to a straight line. Again repeating
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Fig. 2

the process inductively on the new curve, and then composing the isotopies,
we get a curve ambiently isotopic to ¢’. Note that each step in the induction
reduces the number of line segments in ¢’, so the induction must stop. The
new curve has two possibilities:

If all the horizontal (and vertical) line segments have the same direction,
then since ¢ is homotopic to ¢(™0 the curve must be a straight line, and
consequently n = 1.

If the curve has horizontal (or vertical) segments with opposite direc-
tions, then it must be a square. In that case we get n = 0, and ¢(T) is
ambiently isotopic to an arbitrarily small square boundary. m

THEOREM 66. We have F = (), and there is one class S(p.q) € € for each
(p,q) with p,q € Z, p > 0 and ged(p,q) = 1. Suitable representatives are
given by the curves {¢P9} (presented at the beginning of this section).

Proof. Assume C € S € {F}UE, and apply Proposition 63 to obtain a
solid set K € S such that C' C K° C K and the boundary of K consists
of sd(C') polygons which are simple closed curves. Let | denote one of the
polygons in the boundary of K. Consider Lemma 65. If K € F then [ is not
solid since X \ [ = K° W X \ K, and so must be ambiently isotopic to an
arbitrarily small square boundary. Hence the isotopy from Lemma 65 must
transfer K either to the square or the exterior of the square, neither of which
is in F, a contradiction. Accordingly F = {).

Now assume that K € § € £. Then [ € § by Corollary 64, in particular
[ is solid and so ambiently isotopic to qﬁ(p’q) (T) for some p,q € Z with p > 0
and ged(p, ¢) = 1. Consequently, ¢®9(T) € S.

We have shown that each class S € & contains at least one curve ¢4 (T)
and clearly each such curve is a member of exactly one S € &, giving a well
defined surjective map from {gzﬁ(p"I)} to £. It remains to show injectivity:

If 9 ¢ S, then ¢®9 is ambiently isotopic to any piecewise linear
simple closed curve in S by Lemma 65 (the existence of such curves in S
is ensured by Proposition 63). In particular, if ¢(qu)7 d>(pl’q/) € S, then gzﬁ(p’q)
and ¢®-9) must be homotopic, implying p = p’ and ¢ = ¢'. =
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Similarly to Theorem 60, for any pug € 7* and S € £ we define a map
T (T?)* — MU by p— pg with
MO(C)v C Q S,
s(€) = {
uC, Ces,
Then Wgo is continuous. Indeed, let py — g be a convergent net in (T?)*.
Analogously to previous arguments it is straightforward to verify that ug(C')
= 0 implies uyg(C) — 0.
We have the following:

C e Cs.

LEMMA 67. For po € (T?)*, MX® from Theorem 60 has a retract hom-
eomorphic to the circle.

Proof. By Theorem 66 let S = S, ,; we may assume by Lemmas 53
and 61 that (p, q) = (1,0). Take P : T2 — T to be the projection (21, 22) — 2».
We have Po¢(%1) = idr, so ¢(©V o P is a retraction of T? onto ¢V (T) = T.

We proceed to show that 74° o >(k0,1) o P,|,,m0 is our desired retraction:
s M

Consider the continuous map P o Wgo o d)io’l) : T* — T*. It suffices to

show that P, o 7w’ o ¢>(k0,1) is the identity on T*. Note that T*={¢, : z € T}
since T is one-dimensional, so let z € T be arbitrary. Then P~1(z) € S and

(Poomt 0 ¢O)(8.)({2)) = (70 0 6O (8.) (P (2)) = "V (5.) (P71 (2))
= 5.((¢"V) (P Y(2) = 6.({z}) = 1,
ie. (Pio 7r§0 o ¢£0’1))(5Z) =4,,and P, o ﬂgo ) (b,(ko’l) = idp+. m

THEOREM 68. Let X = T2. Then X* has tori of arbitrary countable
dimensions as retracts. In particular, Hy,(X™*) is of infinite rank for alln € N.

Proof. Let n € N and pg € 7*. From Proposition 55 we know that 7*
is a retract of X*. By Proposition 60 we have [[g.e M’ = T*, and by
Lemma 67 we may retract n of the countably many factors ./\/lg0 down to a
circle. The remaining factors of [] . M/" may be retracted to single point
sets. The resulting space T" is hence a retract of X*. We may retract all
factors to a circle, obtaining TV as a retract of X*, and hence H,,(X*) is of
infinite rank for all n € N.
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