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Introduction

Homology theory is probably the most studied and well-understood branch
of algebraic topology, rooting back at least to the works of Poincaré,
and singular homology was described by Eilenberg in 1940 [3]. The
axiomatic approach to the subject, first announced in Eilenberg and
Steenrods 1945-paper [5], and exhaustively treated in their celebrated
book “Foundations of algebraic topology” [4] from 1952, introduced what
has become the Eilenberg-Steenrod axioms for homology and cohomology
theories. One of the main achievements of this work was the separation of
homological algebra from algebraic topology [9, §2], whereafter homological
algebra took on a life of its own.

Cyclic homology is a branch of homological algebra, discovered
independently by Connes [1], Feigin and Tsygan [6], and Loday and
Quillen [11], all in 1983. It is a modification of Hochschild homology, a
homology theory for algebras, and it has found some of its main applications
within noncommutative geometry and K-theory. Over the 25 years that
has passed, almost no visible attempt has been made to construct a cyclic
singular homology theory, an observation that alone justifies this thesis.
The only exception is the 2006-paper [16] of Jinhyun Park, which was the
inspiration of this project.

In the first three sections of [16], Park reviews cyclic homology in
terms of precyclic objects, and as an example application, he shows that
the singular chain complex S(X) of a topological space X is precyclic. He
defines cyclic singular homology, and calculates the cyclic singular homology
groups of a point:

I

HC, (+) {Z for n even

0 for n odd.

In this thesis, we prove that if X°® is a pre-cocyclic object in an
arbitrary category C, and D is some object in C, the free abelian groups
Ab(Homg(X*®, D)) are precyclic objects, allowing us to define a cyclic

double complex CC(D) = CC(Ab(Homc(X®,D))). We may then define
the cyclic homology of D to be the total homology of this double complex:

HCW(D) = Ho(Tot(CC(D))), for n > 0.

If in addition X*® is equipped with a certain last degeneracy, this will give
rise to Connes periodicity exact sequences

B I S B I
T Hn(D) - HCn(D) —_— chfg(D)  — nfl(D) —_—
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where Ho(D) is the homology of Ab(Homc(X®, D)) considered as a chain
complex as described in section 1.1. To achieve this as a general result, we
have to choose a last degeneracy differently from Park’s, and also different
from the extra degeneracy of Loday [10].

Next, we show that the topological n-simplicies A™ for n > 0 make up
a pre-cocyclic object with the last degeneracy. Since the singular chain
complex of a topological space X is given by the free abelian groups over
the Hom-sets Hommop(A", X) for n > 0, the singular chain complex is
indeed a precyclic object with the last degeneracy. This leads naturally to
the same definition of cyclic singular homology of topological pairs (X, A)
as that of Parks definition of cyclic singular homology of topological spaces:

HC,(X,A) = H,(Tot(CC(S(X,A)))) for n>0.

We proceed by proving that the above construction is functorial, and
that the Eilenberg-Steenrod axioms for generalized homology theories hold.
We also define reduced cyclic singular homology, and compute the cyclic
singular homology groups of some classical spaces, such as the Torus:

7 for n=20

em=|
7Z®7Z for n>0.

The last part of the thesis presents an attempted construction of a
cyclic homology theory on A-complexes, and to achieve this, we introduce
cyclic A-complexes. Somewhat surprisingly, it turns out that the cyclic
homology of a cyclic A-complex of a topological space X is isomorphic to
the singular homology of X.

The layout of the thesis is as follows: In Chapter 1 we recall singular
homology and the Eilenberg-Steenrod axioms for generalized homology
theories. Chapter 2 recalls double complexes and cyclic homology, and this
is where we construct the framework for cyclic homology over Hom-sets.
Chapter 3 defines cyclic singular homology in terms of the framework
we established in Chapter 2, prove that the FEilenberg-Steenrod axioms
hold, and calculate cyclic singular homology for spheres and orientable and
nonorientable surfaces. The last chapter, Chapter 4, presents the attempted
construction of a cyclic homology theory on A-complexes.

viii



Chapter 1

Homology Theory

In this chapter we first recall the constructions and main properties of
singular homology and relative singular homology functors. Second, we
recall the axioms of generalized homology theories.

1.1 Pre-cosimplicial objects

The construction of singular homology is usually done from the simplicial
category A. However, the initial constructions required only make use of
a subcategory. The following two definitions are based on [16, §1]:

Definition 1.1.1 The presimplicial category Apre has objects
] ={0<1<---<n} for n>0, and morphisms are generated by
the coface morphisms &' :[n —1] — [n] for 0 <i<n, defined by

iy K for k <
(k) = {k—i— 1 for k>i. (L1.1)

The coface morphisms can easily be seen to satisfy the relation
660 = 5677 for i < j. (1.1.2)

Definition 1.1.2 A pre-cosimplicial object in a category C is a functor
X : Apre — C, alternatively a set of objects X® = {X"},>0 in C together
with morphisms 0" = X(6') : X" ! —— X" for 0 <i<mn, called coface
operators. From (1.1.2), we deduce

Yo = 9L for i <. (1.1.3)

Suppose C is a preadditive category [13, §1.8], so that Hom-sets in C
are additive abelian groups and composition of morphisms is bilinear, i.e.

(f+folg+9g) = fog+fog +fog+fog. (1.1.4)

The following construction will be used to define the singular chain
complex of topological spaces in Definition 1.2.3.



Lemma-definition 1.1.3 Given a pre-cosimplicial object X°® together
with an object C in a preadditive category C, we can define maps
On : Homg(X™,C) — Homg (X" 1,C) for n>1 by

n

O(f) = D (=1)'fod, (1.1.5)

where f is an element in Homc(X™,C). Then 0, is a group homomorphism,

and Op—1 0 0p = 0.
Proof The Hom sets in C are abelian groups by assumption, and 9, is

a homomorphism due to (1.1.4):

n n

On(f+9) =D (1) (f+9)0d =) (~1)'(fod +g0d') = 0u(f) + In(9)-

=0 =0

By a standard calculation based on properties (1.1.3) and (1.1.4), we have

On—100n(f) = (Xn: Jfoaﬂ)

n—1 n
= 22 ()T fedd
=0 j=0
— Z Z+Jf 0o + Z (_1)i+jf 01
O<z<]<n 0<j<i<n—1
= Yo (D) fod ot + > (1) fodd
0<i<j<n 0<j<i<n—1
—_ (_1)k+l+1f o 8k8l + Z (_1)2+]f o a]al
0<k<i<n—1 0<j<i<n—1
_ _ Z (_1)k+lf o 8k8l + Z (_1)i+jf 0 ot
0<k<I<n-—1 0<j<i<n—1
= 0,

where the change of indices in the fifth equality is according to the
identities i = k and j =1+ 1. O

Corollary 1.1.4 Given a pre-cosimplicial object X® and an object C
i a preadditive category C together with the map described in Lemma-
definition 1.1.3, the pair (Homc(X®,C),0s) is a chain complex of abelian
groups:
n On n—1 On—1
- —— Homc(X",C) — Homc (X" ',C) —
R Homg(X1,0) o Homg(X°,0).

It is possible to generalize this construction to any category D by
replacing the Hom-sets by the free abelian groups generated by these sets,
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Ab(Homp(X*®,D)). The elements in Ab(Homp(X™, D)), called n-chains,
are formal sums of the form
> ae

oc€Homp (X™,D)

where a, € Z and all but finitely many a,’s are zero. Addition of chains
is performed term wise, and since (1.1.5) is linear the above results hold.

1.2 Singular homology

We now construct singular homology (or more precisely, singular n-chains)
based on pre-cosimplicial objects and Hom-sets. We start by defining the
standard topological n-simplex, this definition is from [15, §16.1].

Definition 1.2.1 For the standard topological n-simplicies
A" = {(xo,...,:vn) ER™|Y =1, 0<z <1, ogign} for n >0,
we define cosimplicial face maps 0" : A" 1 ——~ A" qas
(w0, s Tn-1) = (T0y -+, Ti-1,0,24, ... ,Tp_1) for 0<i<n. (1.2.1)

The cosimplicial face maps can easily be seen to satisfy the identity
370" = 9°07~! when i < j, and hence (A®,3°) makes up a pre-cosimplicial
object. Since Top (the category of topological spaces and continuous maps)
is not preadditive, we apply the strategy described after Corollary 1.1.4 to
obtain a group structure on the Hom-sets. The following definitions are
from [8, pl08]:

Definition 1.2.2 Ghiven a topological space X, a singular n-simplex
in X is a continuous map o : A" —— X. The free abelian group C,(X),
generated by the set of all singular n-simplices A" —— X, is the group
of singular n-chains in X.

Since Cy,(X) is the free abelian group generated by Hommop(A™, X), the
construction in Lemma-definition 1.1.3 can be applied directly to obtain a
homomorphism, the boundary map 0, : C,(X) — C,_1(X), defined by
n
On(0) = > (-1)'cod’ (1.2.2)
i=0
(equivalent to the definition in [15, §16.1] and obtained as a special case
of Corollary 1.1.4). In particular 9,,_1 09, = 0. The two next definitions
are also from [8, pl08]:

Definition 1.2.3 The singular chain complex S(X) of a topological
space X s given by

LT Cp(X) — Cpa(X) == - — Co(X) — 0.
Definition 1.2.4 the mn-th singular homology group H,(X) (or
H:™(X)) of a topological space X is the n-th homology group of the
stngular chain complex:

H,(X) = Hy(S(X)) forn>0.



A trivial calculation

We will now compute the singular homology of a point *. Since there
is only one map A™ — x for any n > 0, all C,(x) are free abelian groups
of one generator, hence, isomorphic to Z. The maps 0J, are then trivial
for every odd n and isomorphisms for every even n, except Jy: Coy — 0,
which is also trivial. The resulting homology is

w1 Z for n=0
Hn(*):{ 0 for mn#0. (1.2.3)

1.2.1 Relative singular homology

Definition 1.2.5 A topological pair (or simply a pair) (X,A) is a
topological space X together with a subspace A C X. A map of pairs is
a map f:(X,A) — (Y,B) such that f: X — Y s a continuous map
and f(A) C B. (X,A) is said to be a disjoint union of pairs if there
are pairs (Xq, Aa) such that (X, A) =[1,(Xa, 4a)-

For simplicity of notation, the pair (X,0) will mostly be denoted only
by X.

Singular homology, as described above, can be generalized to topological
pairs  (cf. [8, pll5]): Given a pair (X,A), the group C,(A) is
an abelian subgroup of C,(X), so we can form the quotient groups
Cn(X,A) = Cp(X)/Cr(A). In this quotient, the trivial simplicies are
the simplicies in A, and since 0, takes C,(A) into C,_1(A) it
induces a homomorphism C,(X,A) —— C,_1(X,A) by applying the
boundary homomorphism to representatives in the equivalence -classes,
i.e On([o]) = [On(c)]. We obviously get Op—100,([o]) =0, so we have a
new chain complex S(X,A) = (Ce(X,A),0s), the relative singular chain
complex on (X, A). The relative singular homology of the pair (X, A)
is the homology of this chain complex:

H,(X,A) = H,(Ce(X,A)) for n>0,
where the relation to ordinary singular homology is given by the isomorphism

H,(X) & H,(X,0).

For a topological pair (X, A), there is a short exact sequence of chain
complexes

0 —— Co(A) — Co(X) —Lr Cy(X, A) — 0,

where i is induced by the inclusion A &—— X and ¢ is the canonical
quotient homomorphism. Such a short exact sequence of chain complexes
gives rise to a long exact sequence in homology [8, pl17]:

e Hp(A) e Ho(X) S Ho(X,A) 2 Hy 1(A) —— - (1.2.4)

If Z is an element in H,(X,A) the the connecting homomorphism
O« : Hy(X,A) — H,_1(A) is defined by applying the boundary map

4



Op : Cp(A) — Cp—1(A) to Z and taking the homology class of the
resulting element: 0,(Z) = 0,(z). The construction is obtained by applying
the Snake lemma [19, Lemma 1.3.2] to the short exact sequence of chain
complexes (cf. [8, p117]).

1.2.2 H, as a functor

Definition 1.2.6 The category PTop of topological pairs has as objects
all topological pairs and the morphisms are maps of pairs.

This category has Top as a full subcategory, where the inclusion functor
is given by X —— (X,0) on objects (definition on morphisms follows
trivially).

H™ is a functor PTop — Ab (and thus also a functor
from Top): Each pair (X,A) is assigned the abelian group H,(X,A),
and a map of pairs f: (X,A) — (Y,B) is sent to a homomorphism
H,(f): Hy(X,A) — H,(Y,B) in the following manner:

If @ is an element in H, (X, A), we define H,(f)(@) = foa in H,(Y,B).
By conventional abuse of notation, we write f. in place of H,(f).

Also, the connecting homomorphism 0, in the long exact sequence (1.2.4)

is natural in the sense that given a map f: (X, A) — (Y, B), the diagram
below commutes [8, pl27]:

H,(X,A) O H,_1(A)
Ix Ix
H,(Y,B) O H,_ 1(B)

1.2.3 Reduced singular homology

Top, is the subcategory of Top where the objects are based topological
spaces and the morphisms are basepoint preserving maps. Top, is thus
the full subcategory of PTop with all pairs (X,*) as objects, where * is
the basepoint in X.

The following definition of reduced singular homology [15, §14.1] is
somewhat less generic than what is found in e.g. [8, p110], but allows us
to reuse the definition directly in section 3.3.

Definition 1.2.7 The reduced singular homology ﬁn(X) of a based
topological space X is given by

H,(X) = Hy(X,*) for n>0,

where x is the basepoint in X.



The relation between reduced and nonreduced singular homology is
given by the following Lemma [15, §14.1]:

Lemma 1.2.8 For a based topological space X we have

Ho(X)® Hy(x) = Huo(X) forn>0.

Proof  The long exact homology sequence of the pair (X,*) takes the
form 5 , ' 5
* Tx * T *
- Hy(x) —— Hp(X) 2> H,(X) =~ -
The map 4 is clearly split injective, since it is induced by the inclusion
1:% —— X which together with the retract r : X —— x makes up the

identity on *, hence r, o, = id,. O

As a direct consequence, the reduced singular homology groups of a point
are trivial in all degrees (cf. (1.2.3)).

1.3 Axioms for generalized homology theories

We have seen that the theory of singular homology gives rise to a functor
PTop —— Ab. Conversely, any homology theory on topological spaces
can be determined by functors, as was first shown by Samuel Eilenberg
and Norman Steenrod in their 1945 paper Aziomatic approach to homology
theory [5], and later in their celebrated book Foundations of Algebraic
Topology from 1952 [4].

The functor (H,,ds) fulfills the Eilenberg-Steenrod axioms for homology
theories [4, §1.3]. Later we will see that cyclic singular homology fulfills
all of these except the dimension axiom, and so is a generalized homology
theory. The axioms below are from [15, §13.1].

Definition 1.3.1 A generalized homology theory on PTop consists
of functors H, : PTop Ab  together —with natural maps
Op : Hy(X,A) — Hyp_1(A) for n >0, such that the following axioms are
fulfilled:

A1l - Homotopy invariance: Homotopic maps induce the same maps in
homology:

f~g = fi= g«

A2 - Excision: Given spaces B C A C X in PTop such that the
closure of B is contained in the interior of A, the inclusion map
(X — B,A— B) —— (X, A) induces isomorphisms in homology:

A3 - Ezactness: Given a topological pair (X, A), the inclusions A SN X

and (X,0) <L+ (X, A) give rise to a long ezact sequence of homology
groups:

- ) % Ox



A4 - Additivity: If (X,A) is a disjoint union of pairs (Xa,As), the
inclusions iq : (Xo, Aa) & (X, A) induce isomorphisms in homology:

P Hi(Xa, Aa) = Hy(X, A).

1.3.1 Mayer-Vietoris sequences

As proved in e.g. [15, §14.5], the axioms of a generalized homology theory
give rise to Mayer-Vietoris sequences.

Definition 1.3.2 An excisive triad (X;A,B) is a topological space X
together with subspaces A and B where the union of the interiors of A
and B cover X.

For an excisive triad, the inclusions (A,AN B)~—— (X,B) and
(B,ANB) —— (X, A) induce isomorphisms in homology due to excision
(cf. [8, Theorem 2.20]).

The following theorem defines the Mayer-Vietoris sequence of an
excisive triad ([15, §14.5]).

Theorem 1.3.3 Let H, be a generalized homology theory and (X; A, B)
an excisive triad. The following long sequence is exact:

. —— Ho(AN B) =2+ H,(A) @ Hy(B) —— H,(X) —=+
Hn_l(AﬂB) —_— s — H()(X) — 0.

Considering the diagram of inclusions

AﬂBi/'A\ka
\kBl/'

the maps ¥V and ® are defined by

®(a,b) = ki(a)+1(b),
and A is the composition
Ho(X) —— Ho(X,B) = Hy(A, AN B) 2~ H,_1(AN B).
Here, the first arrow is induced by the inclusion (X,0) — (X,DB),
the isomorphism is due to excision, and the map 0Oy is the connecting

homomorphism in the long exact homology sequence of the pair (A, AN B).
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There is an important result allowing for an alternative formulation of
the excision axiom. Unfortunately, I have not been able to find a published
source containing the proof of the proposition, so the only reference I have
at present are the lecture notes given in [18, March 22-nd].

Proposition 1.3.4 Given functors He : PTop —— Ab and natural maps
Op : Hy(X,A) — H,,_1(A) as in Definition 1.3.1 satisfying azioms Al,
A3 and A4, we have the following equivalence:

H, fulfills the excision axiom if and only if He gives rise to exact
Mayer-Vietoris sequences for excisive triads.
Proof  We give a concise proof of the if-part. Assume Mayer-Vietoris
sequences exist for excisive triads. Given a topological pair (X, A) and
an excisive triad (X;U,V), we claim there is a long exact Mayer-Vietoris
sequence of relative homology groups

- —— H,{UNV,UNVNA) —
H,(U,UNA) @ H,(V,;VNA) — Hy(X,A) — ---.
The commutative diagram on page 9 has the above sequence in the row
labeled (xx). All other rows and columns are exact, hence (xx) is exact
too. This proves the existence of relative Mayer-Vietoris sequences.

Now, given spaces B C A C X such that the closure of B is contained
in the interior of A, set U =A and V = X — B. This gives

int(U) Uint(V) = int(A) Uint(X — B) = int(A) Uint(X — cl(B)) = X

since cl(B) C int(A). Putting this data into the relative Mayer-Vietoris
sequence above yields isomorphisms

Hy(X —B,A—B) = H,(X,A).

Singular homology of the sphere

The Mayer-Vietoris sequence allows us to compute the singular homology
groups for a number of spaces, and in particular spheres. For n > 1, let
A, B C S™ be the northern and southern hemispheres, so that ANB ~ S"1
Since A and B are contractible, the Mayer-Vietoris sequence of the excisive
triad (S™; A, B) turns into the exact sequence

T Hq(Sn_l) — 0 — Hy(5") — q—l(Sn_l) — 00— -

for ¢ > 1, hence H,(S™) = H,_1(S™ ') for ¢ > 1. In particular, the
Mayer-Vietoris sequence for the circle looks like

i 0— H|(S8YY — 7207 — 7L — 7 — 0,

where all groups to the left are trivial. An easy argument reveals that
H;(S') 2 Z, so the isomorphism H,(S") = H,_1(S"1) for ¢ > 1 gives

Z for ¢g=0,n
n ~ 9
Ho(57") = { 0 for otherwise. (1.3.1)



H,(UNVNA) H,(UNA)® H,(VNA) H,(A)

H,(UNV) H,(U) & H,(V) Ho(X) ——— -

—— H,(UNV,UNVNA) H,(U,UNA)& H,(V,VNA)

H, 1 (UNVNA) H, 1(UNA)@® H,1(VNA)

Figure 1.1: A commutative diagram containing the long exact relative Mayer-Vietoris sequence in the (x%) row.
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Chapter 2

Cyclic Homology

In this chapter, we first recall double complexes and total homology. We
then recall cyclic double complexes and cyclic homology. For the latter,
we emphasize on precyclic objects equipped with a last degeneracy map.
At the end of the chapter, we work out the analogues of the Connes
SBI-sequence and the Connes double complex.

2.1 Double complexes and Tot

Definition 2.1.1 (Cf. [10, §1.0.11]) A double complex (or bicomplez)
consists of a set of doubly indexed objects Cee = {Cpq4lpqez in an
abelian category, together with morphisms d" : Cpg — Cph_14 and
d’ : Cpq — Cpq—1 where the following relations hold:

dod’ =dod" =0

dv o dh 4 dh od? =0 (211)

Diagrammatically, the double complex is a grid where nodes are the doubly
indexed objects and edges are the vertical and horizontal differentials.

— Cp111 ‘ﬂ Cpg+1 ‘ﬂ Cptig+1 ~——
d’ d’ d’
— Cp1y ‘dh Cpq = i Cpt1,qg ~———
d’ d’ d’
dh " dh

11



From the relations in (2.1.1), every row and column in this grid is a chain
complex in its own right, and all the squares anticommute.

A map of double complexes [ :Cee — Dqo is a map from objects
of bidegree (p,q) to objects of bidegree (p,q) which commutes with both
the horizontal and vertical differentials.

A first quadrant double complex is a double complex C,e where
Cpq = 0 whenever p is negative or ¢ is negative. In this case we have the
direct sum

Tot(Cee)nn = @ Cpq for n >0,
ptg=n

which is well-defined since it is always finite. Upon these direct sums we
can construct morphisms d : Tot(Cee)ry — T0t(Cee)n_1 by dp = d” +d" as
indicated in the below diagram:

Cpg+1

v + (2.1.2)

dh
Cp,q < Cp+1,q-

This map has the property dod = 0, following from (2.1.1), and so defines
a chain complex, the total complex T0t(Cee) Of Cos.

Definition 2.1.2 The homology groups Hy,(Ces) of the double complex Ceq
are the homology groups of the total complex:

H,(Ceo) = Hp(Tot(Ces)) for n>0.

There is another way of constructing homology groups over C,e. Since
each column is a chain complex (Cpe,d"), we can define “vertical” homology
groups HU(Cps) in each column p. The horizontal differentials d" are
still differentials when applied to the cycles in the vertical homology
groups, enabling calculation of the horizontal homology of the vertical
homology groups: H;}H;’(C’..). The opposite order of homologization
yields HYH)'(Cas).

The relation between these latter definitions of homology and the
total homology of a double complex is given by spectral sequences
([10, Appendix D]); namely, there are convergent spectral sequences

E2, = H'H!(Cos) = Hpyg(Tot(Cls))

B2, = HYH"(Cud) = Hpyyg(Tot(Cas)).

The abutments are the same, although the top sequence is defined by
filtration on columns, while the bottom sequence is defined by filtration on
TOWS.
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2.2 Precyclic objects and cyclic homology

We shall now establish a framework for construction of double complexes
based on precyclic objects. The construction will give rise to cyclic
homology in a natural way. This time, we make use of a subcategory of
the cyclic category AC, and the following two definitions are based on
definitions 6.1.1 and 6.1.2.1 in [10], alternatively the definitions in [16, §1],
except from the last degeneracy which differs from the extra degeneracy of
both Loday’s [10, §1.1.12] and Park’s [16, eqn. (1.20)]. (See the remark on
page 14 for details and motivation regarding choice of degeneracy).

Definition 2.2.1 The precyclic category ACp.e is the presimplicial
category together with cyclic morphisms 71" : [n| — [n] satisfying the
following relations:

(Tt = id
™ = STl for 1<i<n. (2.2.2)
The precyclic category with the last degeneracy, AC,st, is obtained

by adding morphisms o™ : [n+ 1] — [n] to ACpre such that the following
additional relations hold:

o dio™ 1l for 0<i<n
] id for i=mn,n+1.

For i =0 the relation 776" = " follows from (2.2.2) by the calculation

K — (Tn)n+15n — (Tn)n(sn—lTn—l - ... = Tn(sO(Tn—l)n — 7_7150'

Definition 2.2.2 A precyclic object X, in a category D is a functor
(ACpre)®® —— D, alternatively a set of objects Xo = {Xp}tn>o in D
together with face operators d; : X,, — X,,_1 and cyclic operators
T, : X, — X,, where the following relations hold:

didj = dj_ldi fO?" ) <j (2.2.3)
T = id (2.2.4)
dzTn = Tnfldifl fOT 1 S ) S n. (225)

Again, the property doT,, = d, follows from (2.2.5).

If Xo is a functor (ACiast)’® — D, we say that Xo is equipped with
the last degeneracy, and we get additional morphisms s, : X, — X1
for which the following relations hold:

) sp—1dp for 0<i<n
disn = { id for i=mn,n+1. (2:2.6)

13



Dually, a functor ACpe — D yields a pre-cocyclic object, which
we may see as a set of objects X® = {X"},>0 in D together with
morphisms 9% : X* ! —— X" for 0 <i<mn and I'™: X” — X" such that

yo = 9t fori<jy (2.2.7)
(Wwﬂ = id (2.2.8)
ot = 971"t for 0 <i<n, (2.2.9)

and as before we have I'9° = 9. If the functor is from ACj,g, we get
additional morphisms p" : X"t! —— X" with relations

. 7 n—1 <
w&:{.p for 0<i<n (2.2.10)

id for i=n,n+1.

A remark on the choice of degeneracy In the coming construction
of cyclic homology, we follow the approach presented in [10], with only
one small difference: when choosing an appropriate degeneracy, Loday
introduces the extra degeneracy s, : A¥™ —— A®"+1 110, §1.1.12]. This
map has the properties

Sn—ldi—l for 1 S ) S n—1
disn = A . .
id for 1 =0,

and in [16] Park picks a map with similar properties (equation (1.20)).
The degeneracies chosen by Loday and Park do not seem to have any

corresponding counterpart on the standard topological n-simplex, i.e a map
p": A"t A" such that

ngi _ O 1prt for 1<i<n
P =i for i = 0.

Our choice of degeneracy, however, is picked from the generating set
of morphisms in the simplicial category, and it will thus be available
in any pre-cosimplicial and presimplicial object equipped with the last
degeneracy, and, in particular, in the standard topological n-simplex. The
degeneracy is needed in the construction of a contracting homotopy of the
bar complex (Lemma 2.3.2) which ensures the existence of SBI-sequences
and that the Connes double complex is quasi-isomorphic to the cyclic
double complex (sections 2.3 and 2.4).

A natural question is whether it makes any sense to restrict ourselves
to functors from the precyclic category with the last degeneracy rather
than just considering functors from the cyclic category AC. There are
two rationales for our choice. First of all we do not need the remaining
morphisms to set up the framework. Secondly, as the following proposition
shows, dragging along those extra morphisms will make our proofs longer
(more identities to prove). Together, this means we alleviate ourselves from
doing unnecessary work by restricting our attention to precyclic objects
with the last degeneracy.
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Proposition 2.2.3 If X*® is a pre-cocyclic object in a preadditive category
D and D is any object in D, then the set {Homp(X",D)}p>0 is a
precyclic object. Moreover, if X*® is equipped with the last degeneracy, so is
{HOT)’LD(X”,D)}“Z().

Proof  The result is not surprising since Homp(—, D) is a contravariant
functor, and precomposing with the pre-cocyclic object ACpre — D
should give a precyclic object. However, we shall invest the effort of giving
an explicit construction, since we will need it later.

Assume X° is pre-cocyclic so that the morphisms in X*® are determined
by equations (2.2.7), (2.2.8) and (2.2.9). We must construct morphisms

di: Homp(X",D) —— Homp(X" 1,D) for 0<i<n
T,: Homp(X",D) —— Homp(X", D),

so that relations (2.2.3), (2.2.4) and (2.2.5) all hold. In the following, f is
an element in Homp(X"™, D).

Define d;(f) = fod® for 0 <i<n. When i < j we get

didi(f) = fodod PZV fodiodl = d;_idi(f),

hence, relation (2.2.3) holds. Defining 7,,(f) = f o' yields

(2.2.8

(L) (f) = fo (@ 2% poidg =,

assuring (2.2.4), and for 1 <i¢<n we get

)

LTo(f) = folm0d ®2Y foolor™ ! =T, 1d; 1(f).

Thus (2.2.5) holds, and {Homp(X™,D)},>0 is a precyclic object.

Now, assume X°® is also equipped with the last degeneracy so
that (2.2.10) holds, and define s, : Homp(X™, D) — Homp (X", D) by
Sp(f) = fop™ When 0<1i<n this gives us

(2.2.10)

disn(f) = fop'od fod op"t = s,_1di(f),

and when i =n or n+ 1 we get

(2.2.10)

disn(f) = fop"od foid = f.

This proves that the properties in (2.2.6) hold, and completes the proof. ]

Corollary 2.2.4 The results in Proposition 2.2.3 hold when applied to
the free abelian groups over the Hom-sets {Homp(X",D))}n>0 in any
category D. That is, Xe = {Ab(Homp (X", D))}n>0 is a precyclic object
when X® = {X"},>0 is pre-cocyclic, and if X* has the last degeneracy,
so has X,.

Proof The result follows immediately by defining the required
homomorphisms as the linear extensions of the maps defined in the proof
of Proposition 2.2.3. g
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The aim now is to fit the precyclic objects into a double complex.
In the following, any precyclic object is assumed to have the morphisms
described in Definition 2.2.2. The next lemma-definition is based
on [10, §2.1.0 and §2.1.1].

Lemma-definition 2.2.5 Let X, be a precyclic object in an abelian
category A. Define the signed cyclic operator t, : X, — X,, by

tn, = (=1D)"T,
and the norm map N, : X, — X, by
Np = 14+t +-+ ()"

(Here, 1 is the element idx, in the abelian group Homa (X, Xy), and —1
is its additive inverse). We also define maps Oy, 0l : X, — Xpn—1 by

n n—1
O =Y .(-1)'d; and 9, = > (-1)'d. (2.2.11)

i=0 i=0

For these maps, the following relations hold:

Op—100, = 8;1_1 o 8;1 = (2.2.12)
N,(1-t,) = (1—t,)N, = 0 (2.2.13)
on(1—t,) = (1- tn,l)&'l (2.2.14)
8{1]\7“ = N,_10,. (2.2.15)

Before proving the lemma, a quick check of the relations between the
new morphisms is in place:

dit, = di(—1)"T),

= (_1)nTn—ldi—1 for 1 < 1 <n (2216)
= —tp1di1
(tn)nJrl — (—1)”2+nT3+1 — id, (2‘2.17)

and as before, we can deduce the relation dot, = (—1)"d,, from (2.2.16).

Proof (Lemma-definition 2.2.5) The properties in (2.2.12) follow from
property (2.2.3) and an argument more or less identical to the proof of
Lemma-definition 1.1.3.

For property (2.2.13) we note that
N,(1—=t,) = Ny—tn—(ty)> == ()" = N,—N, = 0,
where the opposite composition is equally easy.
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For property (2.2.14), we have the following calculation:

n

an(l - tn) = Z(_l)z(dz - ditn)

=0

n—1
= (dO - dOtn) + Z(_l)i(di - ditn> + (_1)n(dn - dntn)
1

1=

=dy — (-1)"d, +Z di +tn1di—1) + (=1)"(dp + tn_1dn_1)
n—1 )
=do + Y _(-1)"(di + tn1di1) + (—=1)"tn_1dn— ()
i=1
n—1
= (=1)"(di —tnadi) = (1—1t,1)0,
1=0

The next to last equality is justified by considering (%) in its expanded
form, pairing the elements in which the d; match:
do — dy —tp—1do +da + tn—1d1 —
-+ (_1)n_1dn71 + (_1)n_1tn71dn72 + (_1)ntn71dn71-

The cumbersome part is to prove property (2.2.15). We first note that
property (2.2.16) gives us the identities

dit), = (dit,)t) 1
B —tnfldiflt%_l for 0<i<n
(—=1)dptit for i =0,

where the top one of the two latter transforms further as (cf. [17, §6.1.11])

dtj— ( 1) nldij fOI‘jSi
(—1)iti_ doti~ for j > i
(— 1)Jtn 1di—j for j <1
(— 1)””# _qdp it for j >
( 1)] n— 1dz -7 fOI’ ]SZ

{( 1)n+]+1t] 11dn+i7j+1 for j > .

These identities allow for the computation

v - (S (52)
i=0 j=

— Z ( 1)1 Jtn 1dz ]+ Z n+1+z ]tJ 11dn+i7j+1’

0<j<i<n—1 O<z<]<n
and in this sum the coefficient of (—1)9d,, for 0 < ¢ <mn, is given by
J J-1 _
Z o1+ Z tho1 = Na-1.
0<j<n—1—q n—q<j—1<n—1

Hence, 0,N, = N,_10, (cf. [10, §2.1.1]). O
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This actually completes the framework
complexes from precyclic objects [10, §2.1.2]:

required to build double

Definition 2.2.6 The cyclic double complexr CC(X,) of a precyclic
object Xo in an abelian category is the first quadrant double complex in the

below diagram.

03 —04 03 —%

%, 1—ty %, N, %, 1—to X, Ny
s — 8} D —0y

MR LTINS M PR ELES M
o —9, o —9,

%, 1—t %, No )'(O 1—t )'(0 No

This is well-defined according to Lemma-definition 2.2.5.

The cyclic double complex is sometimes referred to as Tsygan’s double
complex after its first discoverer B. Tsygan, whereafter it was independently
discovered by Loday and Quillen (see the introduction for references to the
original publications).

Definition 2.2.7 (Cf. [10, §2.1.83]) The cyclic homology groups
HC,(X,) of a precyclic object Xo in an abelian category are the homology
groups of the total complex of the associated cyclic double complex:

HCp(Xe) = Hp(Tot(CC(X,))) for n>0.
The notation HC comes from the French homologie cyclique.

By placing an additional requirement on maps between precyclic objects
we can prove some general results that will help us later.

Definition 2.2.8 A proper map of precyclic objects f: Xq —— Y, is
a set of maps fn: Xy —— Y, for n >0 where each f, commutes with
the operators T, and d; for 0 <i<n. If X, is equipped with the last
degeneracy, we also require that f, commutes with sj.

Proposition 2.2.9 If f: A—— B
category C and X°*
with  the

is a morphism in a preadditive
is a pre-cocyclic object in C, possibly equipped

last then

degeneracy, there are induced proper maps
fn: Homg(X"™, A) —— Homc(X™, B) defined by
fulo) = foo, (2.2.18)

where o is an element of Homg (X", A).
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Proof Here, the precyclic objects {Homc(X", A)}n>0 and
{Homc (X", B)}n>0 have the structure given in the proof of Proposition 2.2.3.
We have the following identities

Too ful0) = (foo)oI™ = fo(sol™) = f,0Ty(0)
4o fu(0) = (fo0)od = fo(ood) = fuio0dio),

and if X*® is equipped with the last degeneracy, we also have

sno fu(o) = (foo)op™ = fo(oop") = frny10sn(0).
Hence, commutativity is ensured. O
In particular, (2.2.18) can be extended linearly to a homomorphism

fn: Ab(Homg(X™, A)) —— Ab(Homc(X™, B)) for any category C, where
fn is defined on n-chains by

f(Zaaa) = Zaafoa.

f g

Lemma 2.2.10 Let 0O Xe Y, e 0 be a short exact
sequence of proper maps of precyclic objects in an abelian category. Then
there is a short exact sequence of cyclic double complezes

0—— COX,) —Lv o) -2+ co(2) — 0.
Proof  This follows directly from Definition 2.2.6 since CC), 4(X,) = X,.0

A nice property of the cyclic double complex we will use several times
is the following theorem. The result is mentioned in a comment after
Definition 9.6.7 in [19].

Proposition 2.2.11 Let A, B and C be precyclic objects in an abelian
category. A short exact sequence of cyclic double complexes

0 —— CC(A) -~ cc(B) -2+ coe) — 0
induces a long exact sequence in cyclic homology

. —— HCW(A) 2+ HCW(B) -2 HCW(C) =2 HC,yoy(A) — -

Proof The key point is to notice that the short exact sequence of
cyclic double complexes gives a short exact sequence of total complexes,
wherefrom both exactness and the indicated maps follow from homological
algebra [19, §1.3].

Since o and 3 are maps of double complexes, we can define maps

oy = @ apq: TotA, — TotB, for n >0
p+g=n

by termwise application of «, that is op4: Apg — By, is defined by
apq(a) = a(a). This map is a chain map as is illustrated by the following
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computation for a € CCp4(A):

dy, 0 an(a) = (d} o (a(a)), dy 4(a(a)))
= (a(d} 4 (@), (d}, 4 (a)))
= ap_10dy(a).
The differentials in the cyclic double complex differ depending on whether
p is odd or even, but since a sends elements from bidegree (p,q) to
bidegree (p,q), the maps will be the same at “both sides” of «a.

The same goes for [, and the composition 3, o a,, is exact since (o«
is exact. O

2.3 Connes’ periodicity exact sequence

This short section introduces Connes’ periodicity exact sequence (commonly
called the SBI-sequence), and gives a proof of its existence in the context
of precyclic objects with the last degeneracy.

Recall the complex (X,,0,) for a precyclic object X, in an abelian
category, where the differential is given by (2.2.11). The following theorem
is from [10, §2.2.1]:

Theorem 2.3.1 Let X, be a precyclic object in an abelian category, and
let Xo be equipped with the last degeneracy. If Hy,(Xe) denotes the n-th
homology group of the complex (X, ), then there is a long exact sequence

e Hp(Xa) —e HCp(Xa) 2 HCpoo(Xa) —2r Hypo1(Xa) —— -+

called the SBI-sequence of Connes.

Proof  Let CC(X,)[2,0] denote the cyclic double complex obtained
by shifting every object two steps right and zero steps up, that is
Cpq — Cpiog, and let CC(X,)?} denote the cyclic double complex where
only the two first columns are preserved and the remaining columns are
zeroed out. This gives us a short exact sequence of cyclic double complexes

0 —— COX)P 1 CO(X)) — CO(X)[2,0] — 0.

Now, if the cyclic homology of CC(X,)!?} is isomorphic to H,(X,), the
long exact homology sequence induced by the short exact sequence above
is exactly the SBI-sequence. This isomorphism is assured by the following
lemma [10, §1.1.12]:

Lemma 2.3.2 If X, is a precyclic object with the last degeneracy in an
abelian category, the compler (X,,0,) is acyclic.

(0, is the differential in the odd numbered columns in the cyclic double
complex given in (2.2.11)). The consequence of the lemma is that in total
homology, the second column in CC(X,){?} vanishes, and hence,

HC,(CC(X)#) = H,(X,) for n>0,
which concludes the proof of Theorem 2.3.1. g
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Next we prove Lemma 2.3.2. The following proof can be found as the
second proof of Lemma 2.2 in [16].

Proof (of Lemma 2.3.2) We will construct a contracting homotopy of
the chain complex (X,,d,), and the construction makes use of the last
degeneracy. Define s, : X;, — X,,41 by s, = (=1)"s,. Then

|
—

n

7/1+18;1 = "Z dsn = (=" (—1)i5n,1di +1d
=0 ]

I
o

= —(=1)" s, 12 Yid; +id = —sl,_,0 +id.

2.4 The Connes double complex

For a precyclic object X, in an abelian category and equipped with the last
degeneracy, we define the Connes double complex B(X,) and show that its
total homology H,(Tot(B(X,))) is isomorphic to H,(Tot(CC(X,))). The
approach we present here is from [12, §1], although we provide some more
details.

For p >0 even, define maps B4 : CCp4(Xe) — CCp_24+1(Xs) by
By = (1_tq+1)3:1Nq>

where s is the contracting homotopy from the proof of Lemma 2.3.2. This
1mmed1ately yields

Bp-24+1Bpq = (1 _tq+2)5:1+1Nq+1(1 _tq+1)5;Nq =0
since Ng11(1 —tg41) =0 by (2.2.13). We also have
atH—pr,q +Bp,q—1aq =0
from the calculation

Oq+1Bp.q + Bp,g-10q = Og41(1 — tg41)5Ng + (1 — tg)sq_1 Ng—104
= (1 = t)0418¢Ng + (1 — tg)sq_19, N,

= (1 — t4) (9415 + 54-194) Ny

— (1 - t,)N,

=0,

where 0p . 18; + s;_10y = id due to Lemma 2.3.2.
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For p > 0 even we define
prq(X.) = Cvaq(X.)7

and together with the fact that 0,0,41 = 0, we have a new double complex

l l l

Bo2(Xe) Baa(Xe) Bia(Xe)
Do Ba 9, Bu 9,
BmiX.) Ba1(Xe) Ba1(Xe)
o, Ba 9, Bw 9,

Boo(Xe) Bao(Xe) Byo(Xe).

This diagram is usually rearranged by shifting the columns up to obtain
the more comprehendible diagram

Bo2<lx.> = 321(1X-) P B4o<lx.>
O o1
Bot(Xa) ~——2— By(X.)
o
Boo(Xe).

The double complex is referred to as the double complex of Connes
[12, §1], and from [12, Proposition 1.5] we have:

Proposition 2.4.1 The total complexes of the double compleres CC(X,)
and B(X,) are quasi-isomorphic.
Proof  First define a map f: B(X,) — CC(X,) by sending « in
Bpy(Xe) to fpgla) = (sgNyg(a), @) in CCp_1411(Xe) ® CCp4(Xe) (note that
p is even). We now have two total complexes at our hands, namely
(Tot(B(X,)),d') and (Tot(CC(X,)),d), and we claim that f is a map of
total complexes. For if p is even and a is an element in By 4(X,) we get
do f(a) = d(syNg(a), )
=((1- tq-I—l)S;Nq(a)a —8;+18:]Nq(oz) + Ny(a), 0q(r))
= (Bp.q(@), =04 1154 Nq(a) + Ng(), 0(a))
S CCpfg,qul(X.) @ CCpfl,q(X.) ) CCM,l(X.).
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On the other hand, we have

d'(a) = (Bpg(a),04(a)) € Bp-241(Xe) ® Bpg-1(Xe)

giving us

fod(a) = f(Byg(a), 0y(e))
= (5:1+1Nq+1Bp,q(a)u By g(a), 5:;—1qu1811(0‘)7 94(ar))
= (0, By (), 5;—1qulaq(a)a 9q(a))
€ CCp_3,4+2(Xe) @ CCp_2,441(Xe) & CCp_1,4(Xe) ® CCpg—1(Xa),

where the zero on the left comes from the calculation

(2.2.13)
3:1+1Nq+1Bp,q = 3:1+1Nq+1(1_tq+1)3:1Nq =0

The only position in which the results now differ is in the CCj_14(X)
term, and for this we have the following remedy:

—8;+182Nq(a)—|—]\7q(a) = (1 8'+15) ()
= 5;_18;]\7(1(&) = Sg—quflaq(a)a

where = is due to sﬁ] being a homotopy of the identity. We conclude that
fod =do f, and thus f is a map of the given total complexes.

But f is also a quasi-isomorphism. To see this, consider the filtrations
of B(X,) and CC(X,) by columns:

P Bi.(X.) F,CC(X.) =P CCif
p<i p<i
p even

Both filtrations are canonically bounded giving spectral sequences
[19, Theorem 5.5.1]

Bpg = Hpra(Fp(BX))/Fp1(BX) = Hpg(B(Xa))

/E;,q = Hpq(Fp(CC(X4))/Fp-1(CC(Xe))) = Hpig(CC(Xa)).

We can view f as a map sending « from B,,(X.) to (fi(®),f2(e))
in CCp_1,4+1(Xe) ® CCp 4(Xs) where fi: By ¢(Xe) — CCp_1 g41(Xs) and
fa 1 Bpg(Xe) — CCp4(Xs), and where fy is the identity morphism. At
the E'-page, E _1,4+1 1s trivial if p is even, thus the map induced by fi
is trivial. Hence f induces a map of spectral sequences on the E'-pages
that is an isomorphism

1ol =l
fp,q’Ep qu7

but then it is an isomorphism on the abutments as well [19, Lemma 5.2.4]. 0
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Chapter 3

Cyclic Singular Homology

In this chapter, we first prove that the relative singular chain complex
S(X,A) of a topological pair is precyclic with the last degeneracy, and thus
fits into a cyclic double complex giving rise to cyclic singular homology. We
give some basic properties before proving that the axioms for generalized
homology theories hold for this construction. Next, we define reduced
cyclic singular homology, and the last section presents computations of
reduced cyclic singular homology groups for the spheres and the orientable
and non-orientable surfaces, together with some more general results.

3.1 Definition and basic properties

We have C,(X) = Ab(Homrop(A", X)), and for a topological pair (X, A),
Cn(X,A) is the quotient C,(X)/Cp(A). We claim that if S(X) is precyclic
with the last degeneracy for any topological space X, then so is S(X,A)
for any topological pair (X,A), by applying the presimplicial and cyclic
operators to representatives of equivalence classes. l.e, if ¢ is any one of
the operators in question we define

so, for instance when i < j, we get
didj([a]) = [didj(e)] = [dj1di(e)] = dj1di([a]).

If [a] =[] in C,(X,A), choose v € Cp(A) such that o — 3 =~. Since
Ce(A) is precyclic we have d;(y) € C,—1(A4), and since d; is linear we get
di(a) — d;(B) € Cp—1(A). Hence, the suggested definition is independent of
choice of representative, and since the other operators are linear too, the
claim holds.

It remains to prove that S(X) is precyclic with the last
degeneracy for any topological space X [16, Proposition 3.2].  Since
Ch(X) = Ab(Hommop(A"™, X)), according to Proposition 2.2.3 and
Corollary 2.2.4, this amounts to prove the following lemma:
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Lemma-definition 3.1.1 A® = {A"},>¢ is pre-cocyclic with the last
degeneracy.
The operators are as follows:

The cosimplicial face maps 0' : A" 1 —— A" for 0 <i <n, where
ai(x(]u s 7xn71) = (.’EO, <oy Li—1, 07$i7 s 7xn71)7

inserting a zero in the i-th position as before. The cositmplicial cyclic
operator I' : A —— A", shifting the coordinates one place to the left:

IM(zoy. . xn) = (T1,-..,Tn, o). (3.1.1)

And finally, the last cosimplicial degeneracy map p" : A" ——~ A" s
defined by adding the last two elements in the (n+1)-tuple:

P (o, oy py1) = (Toyeoo, Tpo1,Tn + Tpt1)-
Proof = We must prove that the given operators satisfy identities (2.2.7),
(2.2.8), (2.2.9) and (2.2.10). In the following, upper indices indicate the
elements position in the tuple. Assume i < j:

PO, ..., = I (xl,..., 00 a2 )
(z9,...,0%...,07, ..., Zﬂ)
= O (x],...,...,00 a2l

= 9P Hag,...,2p7Y)

This proves property (2.2.7).
Property (2.2.8) requires that (I'™)"*! = idan, which is obvious.
If 1 <i<n we have

I’”@i(l‘g, e 7ij) = F”(l‘g, .00 Ty 1)
(29,07 2T el

oA G ,xz:%, ;1:8_1)

= o7y, ... ,xz:%),

proving property (2.2.9).

For the interaction with the last degeneracy, assume first 0 < i < n:
i (.0 0 ‘ 1
PO (xy, ..., xl) = p(xg,...,0 . . 2T
8,...,02,...,(3:71,1 +x,)")
D2, ..y (g +xp)™h)

I
—
8

= Pt hal),
and for ¢ =n we have
p”@"(az&...,xﬁ) = p”(xg, ..,O”,xzﬂ)
= (.Ig, s (0 + xn)n)
= (xgv 7xZ)

Since ¢ = n+1 obviously yields the same result, this proves property (2.2.10),
and thus completes the proof. O
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So far, we have proved the following:

Corollary 3.1.2 For a topological pair (X, A), Ce(X,A) is precyclic with
the last degeneracy and each C,(X,A) is a free abelian group.

Definition 3.1.3 The cyclic singular double complex
CC(X,A) = CC*"™(X, A)

of a topological pair (X, A) is the first quadrant double complex

05 —9, 05
Co(X, A) L=t Co(X, A) i Co(X, A) 1=
Oy —9, 0y
Ci(X, A) 1-h C1(X, A) M C1(X, A) 1-h
1 —9, 1
Co(X, A) L~ fo Co(X, A) Mo Co(X, A) L=t

This is well-defined from Corollary 3.1.2, and the signed cyclic operator
tn : Cp(X,A) — Cn(X,A) is given by

tn([0]) = (=1)"Tu(lo]) = (=1)"[ool"].
Definition 3.1.4 (Cf. [16, §3.2/) The n-th relative cyclic singular
homology group HC, (X, A) of a topological pair (X,A) is the n-th total
homology group of the singular cyclic double complex CC(X,A):
HC,(X,A) = HC™(X,A) = H,(Tot(CC(X,A))s) for n>0.
For a topological space X we define non-relative cyclic singular homology by

HC,(X) = HC,(X,0) for n>0.

Comparing (2.2.11) and (1.2.2), we recognize the complex (Co(X,A),0s)
in the even-numbered columns of CC(X,A) as the relative singular chain
complex of (X,A) from section 1.2.1.  According to Theorem 2.3.1,
since S(X,A) is precyclic with the last degeneracy, we have long exact
SBI-sequences for topological pairs (X, A)

e Ho(X, A) — HCW(X, A) —2 HCp_5(X, A) —2+ H,_y(X, A) —
where the Hy(X,A) are the singular homology groups of the pair.
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The odd-numbered columns are acyclic due to Lemma 2.3.2, and for the
sake of completeness we give an explicit description of the last degeneracy:

Definition 3.1.5 The last degeneracy of the cyclic singular chain
complex s, : CC, (X, A) — CC4 411(X,A) for ¢ >0 is given by

sq(0) = oop? for ¢>0.

The SBl-sequence allows us to deduce our first result:
Lemma 3.1.6 For a topological pair (X,A), we have
HCy(X,A) = Hy(X,A).

Proof For degree zero, the tail of the SBI-sequence contains the fragment
HC_{ —— Hy —— HCy —— H(C_5 and since all negative degree groups
are trivial we have an exact sequence 0 — Hy — H(Cy —— 0. O

From section 2.4, we know that we have a Connes double complex
B(X,A) for any topological pair (X,A), and that its total homology is
isomorphic to that of CC(X,A). The previous result can also be deduced
from considering the Connes double complex

B By
Co(X, A)o2 2L Ci(X,A)21 bl Co(X,A)sp
O 81J
Bs o
Ci1(X,A)1 ~——— Cp(X,A)2p

o
Co(X, A)o,o-

The homology in total degree zero is Cy(X, A)/im (), which is Hy(X, A).
So if X is a nonempty, path-connected topological space, we have
HCy(X)=7Z ([8, Proposition 2.7]).

As indicated by Park [16, Exercise 3.3], we have the following result,
although we also provide the computation:

Lemma 3.1.7 The cyclic singular homology of a point is given by

Z for n even

HCn(x) = { 0 for n odd.

Proof Since the singular homology of a point is trivial for n >0, n > 2
gives us fragments of the SBl-sequence looking like

0 — HCy(x) — HCp_o(x) — 0.

Hence all odd-degree, respectively all even-degree, cyclic singular homology
groups of a point are isomorphic. Since a point is nonempty and
path-connected, we have HC),(x) = Z for n even ((1.2.3) and Lemma 3.1.6).
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For the odd-degree groups, observe that the SBIl-sequence contains
the fragment H;(x) —— HCy(x) — HC_1(*), where both Hj(x) and
HC_i(x) are trivial, hence HCj(x) is trivial too. We thus conclude that
HC,(*) is trivial for all odd n. O

This can also be seen from the Connes double complex B(x): The E'-page
of the associated spectral sequence with filtration on columns turns out as

00,2 02,1 L
1 .
E** : 0071 -~ ZZO
Zo o

where the indices are the bidegrees. The only nontrivial terms are
base terms, thus the spectral sequence collapses, and the result follows
immediately.

The above spectral sequence will be used frequently in the remainder of
the text, so we name it the standard spectral sequence of the topological
pair (X,A). Ie. it is the convergent, first quadrant spectral sequence
associated with the Connes double complex B(X,A) with filtrations on
columns starting at E°:

qu =By q(X,A) = HCpi4(X,A) for p even.

In this spectral sequence, the terms on the FE'-page are the singular

homology groups of the pair, and the relation is given by
E, (X, A) = Hy(X, A).

In particular, if the standard spectral sequence of the topological pair
(X, A) collapses on the E'-page, we have

HCy(X,A) = PE,, = P Hui(X, A). (3.1.2)
p+qg=n 1=0,2,4,--
p even

For if F; is the canonically bounded filtration on columns, we have
isomorphisms
1~
Epq = FpyHCpyq/Fp1HCprq,

which is nontrivial only if p is even, so we get

HC, = @ FiHCn/FileCn = @ Ell,n—l
0<i<n O<isn
i even 1 even
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Lemma 3.1.8 If f:(X,A) — (Y,B) is a map of pairs, then there
are induced proper maps of precyclic objects with the last degeneracy
fn: Cp(X,A) — C,(Y,B) for n>0. If [a] is an element in C,(X,A),

then fy, is defined by R
fa(la]) = [foal
Proof  Assume [o] = [f] in C,(X,A). Then there is a v in C,(A) such
that « — 3 =+. Since fory € Cy(B) and foy= foa— fof due to
linearity, we have [foa]=[fof] in C,(Y,B), so the map is well-defined.
Commutativity with the d; follows from the calculation

faldi(l]) = fullaod]) = [(foa)od] = di((foa]) = di(fu(la]),

where the key in the commutativity is found in the definition of d; by
precomposing with 0°. Since both 7), and s, are defined in the same
manner, commutativity with 7, and s, follows, and f. = fn}nzo is a
proper map of precyclic objects with the last degeneracy. ]

Corollary 3.1.9 Maps of pairs induce homomorphisms in relative cyclic
singular homology.

Proof Maps of pairs induce homomorphisms on the cyclic double
complexes. Constructing the map in the total complex according to the
proof of Proposition 2.2.11, the result follows immediately. O

Corollary 3.1.10 A map of pairs induces isomorphisms in relative cyclic
stngular homology if and only of it induces isomorphisms in relative singular
homology.

Proof Let f: X —— Y be the isomorphism-inducing map. In this proof
we consider the non-relative case, but the relative case is identical, except
the diagrams take more room.

The “only-if” part follows from the commutative diagram below and
the Five-lemma, where fo : HCo(X) —— HC4(Y) is an isomorphism. The
top and bottom rows are from the SBIl-sequences of X and Y.

HCpyo(X) — HCpi1(X) —— Hp(X) —— HCp(X) — HCp_o(X)

HCpio(Y) — HCpi1(Y) —— Hyp(Y) ——— HCW(Y) —— HCy_o(Y)

Now assume f induces an isomorphism fo : He(X) — He(Y). From
the SBI-sequence we have a commutative diagram

~Y

Ho(X) —— HCy(X)

I

[ e

Ho(Y) ——— HCGCy(Y).
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The horizontal isomorphisms are due to Lemma 3.1.6 and the
left hand side map is an isomorphism by assumption, hence
fe t HCy(X) —— HCp(Y) is an isomorphism as well.  Assume by
induction that f.: HC,_1(X) — HC,_1(Y) is an isomorphism for n > 0.
By applying the Five-lemma to the diagram

HCp_1(X) —— Hp(X) —— HCy(X) — HCp_o(X) — Hy_1(X)

HCp_1(X) —— Hp(X) —— HCp(X) —> HCp_o(X) — Hy_1(X),

we conclude that f.: HC,(X) — HC,(Y) is an isomorphism too. O

The map f.: HC,(X,A) — HC,(Y, B)

To see what the induced map f.: HC,(X,A) — HC,(Y, B) does, let
Z in HC,(X,A) be represented by the element [z;] in Tot(CC(X, A)),.
Overline indicates elements in homology groups, while square brackets
indicate equivalence classes in the quotient group Tot(CC(X, A)),. We get:

3.2 HC, is a homology functor

We now prove that the axioms for a generalized homology theory
in Definition 1.3.1 hold for HC,. For the excision axiom, we have
chosen to prove the existence of Mayer-Vietoris sequences, according to
Proposition 1.3.4.

3.2.1 Functoriality

Lemma 3.2.1 Clyclic singular homology is a functor HCs : PTop — Ab.

Proof We have already seen that HC, sends topological pairs to abelian
groups, and that maps of pairs are sent to group homomorphisms. Now
assume we have maps (X,A) N (Y,B) —L~ (Z,C) and that z is an
element in HC,(X,A) represented by the cycle z. Then (go f). = g« o f«
since

9«(J«(2)) = g«(foz) = gofoz = (g90/)«(2),

and the map induced by the identity on (X, A) is sent to the identity on
HC. (X, A):
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Corollary 3.2.2 For a mnonempty topological space X, all even degree
cyclic singular homology groups of X contain a subgroup isomorphic to Z.

Proof  Since X is nonempty, there is an inclusion i:% —— X and a
retract r: X —— % so that the composition roi is the identity on .
Since HC, is a functor, we have a composition

HCp (%) —2o HOW(X) v HC, (%),

where 7,0 i, = idyc,(+). Since the identity on HC,(x) factors through
HC,(X), the latter must contain a subgroup isomorphic to HC,(x) for
all n > 0. The result then follows from Lemma 3.1.7. O

This shows that there are a lot of non-trivial cyclic singular homology
groups for any nonempty topological space, and since a great deal of this
structure will be equal (up to isomorphism) for all path-connected spaces
it does not reveal any new information. It may thus be more enlightening
to study the reduced cyclic singular homologies of these spaces. Reduced
cyclic singular homology is described in section 3.3.

3.2.2 Disjoint unions split into direct sums

Lemma 3.2.3 If (X,A) =11,(Xa,Aa) is a disjoint union of topological
pairs, the inclusions iq : Xo & X induce isomorphisms

P HC.(Xa, Ax) = HCH(X,A) for n>0.
(0%

Proof  Consider the convergent spectral sequences
Epg = Hy(Bpe(X,A)) = HCpq(X, A)
/E;q = @, Hy(Bpe(Xa,An)) = DBy HCpig(Xa, An).

Since the terms on the E!-pages are the singular homology groups of
the given pairs, the inclusions induce an isomorphism il : 'E}l —— EL
[2, §4.12]. But then the map induced on the abutments is an isomorphism
as well. n

3.2.3 Long exact sequences in homology

Lemma 3.2.4 For a topological pair (X, A), we have a long eract sequence
of cyclic singular homology groups

e HOW(A) e HCW(X) —2 HOW(X, A) -2 HCp i (A) —— -

where the maps i. and j. are induced by the inclusions A+ X and
(X,0) <L~ (X, A), respectively.

Proof  We have a short exact sequence of precyclic objects with the last
degeneracy

%

0 — Co(A) —— Co(X) —L> Co(X, A) — 0. (3.2.1)

The maps in the sequence are proper maps due to Lemma 3.1.8, and by
Lemma 2.2.10 this yields a long exact sequence in homology. O
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3.2.4 Naturality of the connecting homomorphism

The connecting homomorphism 9, : HC,, (X, A) —— HC,,_1(A) is obtained
by applying the Snake-lemma [19, Lemma 1.3.2] to the short exact sequence
of total complexes arising from (3.2.1), and it is induced by the map
dp : Tot(CC(A))y, — Tot(CC(A))p—1. If @ € HCH(X,A) is represented
by the cycle «, then 0.(@) = d,(a) (cf. [8, pl117]).

Lemma 3.2.5 Given a map of pairs f: (X, A) — (Y, B), the connecting
homomorphism 0. : HC, (X, A) —— HC,(A) in the long eract homology
sequence s mnatural in the sense that the diagram below commutes for
all n > 0:

Ox
HC,(X,A) HC,_1(A)
e f+
Ox
HC,(Y, B) HC,_1(B).
Proof  Assume Zz is an element in HC,(X,A). Since f induces

proper maps fy, : Tot(CC(A)), — Tot(CC(B)),, and since the connecting
homomorphism is induced by d,, : Tot(CC(A)), — Tot(CC(A))p-1, we
have the following calculation based on the description of 0, given prior to
the lemma:

[:(0:(Z) = fuldu(2)) = fa-1(dn(2)) = dn(fn(2))
= O(foz) = 0.(f(7)),

where = is due to f, being proper. O

3.2.5 Homotopy invariance

Lemma 3.2.6 Homotopic maps of pairs induce equal maps in cyclic
singular homology:

f~g: (X,A) — (Y,B) = HC,(f)=HC,(g) for n>0.

Proof  Consider the standard spectral sequences
qu = B(X,A) = HCp(X,A)
'E), = B(Y,B) = HCp(Y,B).

By [8, Proposition 2.19], f and ¢ induce coinciding maps in relative
singular homology, hence the induced maps on the E'-pages coincide:

1_ 1., 1 Il

=91 By, Epg:
But then they coincide at the abutments too, for the terms on the
successive pages are just successive subquotients of the terms on the

E'-page, and the successive maps are induced by the two identical maps
on the El-pages. O
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3.2.6 Mayer-Vietoris sequences

Lemma 3.2.7 Given an excisive triad (X; A, B), there is a long exact
Mayer-Vietoris sequence

e HCW(ANB) —Y HCOW(A) @ HOW(B) —2 HCOW(X) -2

Proof We will show that there is a short exact sequence of cyclic double
complexes that is quasi-isomorphic to the short exact sequence

0 —— CC(AN B) Y+ cC(A) & COB) —2~ COX) — 0,  (3.2.2)

where the maps ¢ and ¢ come from the commutative diagram of inclusions
. A k
/ \
ANG l X
B

and are defined by
() = (ix(c), —Jix(0)
6(ab) = ki(a)+L(b).

From [8, p149] we know that such maps exist for a short exact sequence
quasi-isomorphic to the short exact sequence
0 —— Co(ANB) —Y+ Cu(A) @ Co(B) —2+ Cu(X) — 0,

and all the maps are proper due to Lemma 3.1.8. By Lemma 2.2.10 this
gives us a short exact sequence of cyclic double complexes quasi-isomorphic
to (3.2.2). O

The two corollaries to follow are direct consequences of Proposition 1.3.4.

Corollary 3.2.8 Given a topological pair (X,A) and an excisive triad
(X;U,V), then there is a long exact relative Mayer-Vietoris sequence

S HC,(UNV,UNVNA) —2s
HCW(U,U N A) & HCo(V,V N A) —2
HCW(X, A) =2+ HC, ((UNV,UNV NA) — -

Corollary 3.2.9 Given spaces B C A C X such that the closure of B is
contained in the interior of A, the inclusion map (X —B,A—B) — (X, A)
induces isomorphisms in cyclic singular homology:

HC,(X,A) = HC(X—-B,A—B) forn>0.
This completes the proofs of the generalized homology axioms.
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3.3 Reduced cyclic singular homology

For a generalized reduced homology theory one generally wants the spaces
under consideration to be well-based, i.e. the inclusion * &—— X of the
basepoint must be a cofibration [15, §14.4]. But since every CW-complex
is well-based, and since every topological space can be approximated by
a CW-complex up to a homotopy equivalence [15, §10.5], this is no real
limitation.

We will, however, not make this requirement, and wherever we need
results that are possible to derive directly from the axioms for generalized
reduced homology theories, and where these axioms require well-based
spaces we shall prove the results directly.

Recall from section 1.2.3 that Top, is the full subcategory of PTop
with the topological pairs of the form (X,x) as objects, where * is the
basepoint in X. Restricting HC, to this subcategory, we obtain the
following homology functor:

Definition 3.3.1 The reduced cyclic singular homology I%’n(X ) of a
topological space X in Tops is given by

I%’n(X) = HC,(X,*x) for n>0,
where x is the basepoint in X.
For the topological pair (X, x), the SBl-sequence looks like
e Hiy(X, %) — > HOW(X, %) —
HCj o(X, %) —2o Hy (X, %) — -+,
which immediately gives rise to the relative SBI-sequence of X:
- Hy(X) —+ HOW(X) 2+ HOpo(X) —+ Hyoy(X) — -

We also have a reduced Connes double complex B(X) = B(X,*).

Lemma 3.3.2 The relation between reduced and nonreduced cyclic singular
homology is given by:

HCo(X)® HCy(x) = HCu(X) for n>0. (3.3.1)

Proof  The proof is identical to the proof of Lemma 1.2.8, using the
functor properties from Lemma 3.2.1. O

Lemma-definition 3.3.3 Given an excisive triad (X; A, B) where AN B
1s nonempty we have a reduced Mayer-Vietoris sequence

e HOW (AN B) —e HCW(A) & HOW(B) —e HC(X) —2 ...
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Proof  We can pick a basepoint * inside AN B and form the topological
pair (X, x). The relative Mayer-Vietoris sequence from Corollary 3.2.8 then
takes the form
w
- — HCR(ANB,ANBN%*) —
HCOW(A, AN %)@ HCy(B, BN ) —
A
HCp(X,*) — HC,_1(ANB,ANBN*) — -,

but this is the same as

o e HCW(AN B, %) — HCW(A, %) ® HCp(B, %) ——
HCy (X, ) ==~ HCp 1(AN B,x) — -,

giving us the desired sequence. O

3.4 Calculations in cyclic singular homology

This section contains calculations of the reduced cyclic singular homology
groups of the spheres and the orientable and non-orientable surfaces, as
well as proving a general result for reduced cyclic singular homology groups
of wedge sums.

Lemma 3.4.1 Suppose X is an (n — 1)-connected, based space, i.e

Hi(X)=0 for 0<i<n and H,(X) is nontrivial. Then HCy(X) is trivial
for 0<q<n and HC,(X) = H,(X).

Proof Consider the reduced standard spectral sequence of X, given
by the standard spectral sequence of B(X,x). The El-page turns out as

Hn+1(X)0,n+1 -~ ﬁn(X)Q,n

O4n—1 ~——

Hn(X)O n

)

O2p—1 «——0Og 2 ~

*x

Opp—1 +——09p 0 +———04p3 ~——

The Eé,n—term is clearly stable, and it is the only term contributing to the
homology of total degree n. All reduced cyclic singular homology groups
in lower degrees are trivial. O
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Thus, if the premises of the lemma hold for a topological space, the
(nonreduced) cyclic singular homology of the space is trivial in all odd
degrees and isomorphic to Z in all even degrees in the range 0 < g < n.

We have already stated that for X nonempty and path-connected, we
have HCy(X) = Ho(X). The following result, which is due to reduced
cyclic singular homology, is in the same lane:

Corollary 3.4.2 For a nonempty, path-connected based space X, we have

HCy(X) = Hy(X).
Proof  Since Hy(X) =0, the result follows directly from Lemma 3.4.1.[]

Lemma 3.4.3 Suppose Hy(X) =0 for i >n and H,(X) is nontrivial.
Then HCy(X) for ¢ >n is given by
. HC,(X =n+2,n+4...
HCY(X) = Nn( ) for q=n+2,n+
HCyn41(X) forgq=n+3,n+5...

Proof For ¢ > n the SBl-sequence yields fragments

Hyp1(X) — HCyar(X) — HCy1(X) —= Hy(X).

The reduced singular homology groups at the ends are trivial, giving us
the desired isomorphisms. O

3.4.1 The cyclic singular homology of the spheres

Lemma 3.4.4 The reduced cyclic singular homology of the sphere S* for
k>0 is given by

7 for q=kk+2k+4,...

0 otherwise.

HO,(S%) = {

Before proving the lemma, recall the reduced singular homology of S*
for k>0 (cf. [8, Corollary 2.14]):

7 for q=k
0 otherwise.

Hy(S5%) = {

Proof (of Lemma 3.4.4) We consider the zero-sphere to be the disjoint
union of two points SO = x [[*, giving HCy(S") 2 Z @ Z. Passing to

reduced homology one copy of the integers disappears, giving HCo(S°) = Z,
and for the higher degree groups we have

HC1(8%) = HCy(*]]*) = 0,
wherefrom the result for S° follows according to Lemma 3.4.3.
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Now, let A and B be the northern and southern hemispheres of S*
for k> 1, so that S* = AUB, ANB ~ S*~! and A and B are contractible.
Since k> 1 we have AN B # (), and can therefore pick a basepoint in the
intersection. For ¢ > 1, the reduced Mayer-Vietoris sequence of (S*; A, B)
takes the form

+ —— HCy(x) ® HOy(x) —

HC,(S*) — HCy (S
—_— I/{xé’qfl(*) @[/{xé'qfl(*) _—

giving isomorphisms
fIZ’k(Sk) = ﬁ?]k_l(sk_l) ~ L. %O(SO) ~ 7,

so we have HCy(SF) 2 Z for k>0, and Lemma 3.4.1 yields I?vC'q(Sk) =0
when ¢ < k.

It remains to show that HCy1(S*) is trivial, wherefrom the result
follows due to Lemma 3.4.3. This triviality is guaranteed by the sequence
of isomorphisms

HC1(S¥) = HCOW(S* 1) =~ ... =~ HCy(S?) = 0.

O

The proof only makes use of the reduced Mayer-Vietoris sequence, but
the result can also be deduced from the reduced SBI-sequence: We have a
fragment

HOy1(8%) —2o Hy(s%) Lo HOWS*) —2 HCj_o(S"), (3.4.1)
where both I;TVC’k,l(é'k) and HCj_(S*) are trivial due to Lemma 3.4.1,
hence, HC}(S*) = Hy(S*). The lower reduced cyclic singular homology

groups are trivial by the same lemma, and triviality of the higher homology
groups follows from the SBI-sequence fragment

Hj1(S*) — HCpy1(S*) — HCj_1(S"),

where the left and right hand sides are trivial.

The degree of maps f: " —— S™

Since I;TVCq(S”) is isomorphic to Z for ¢ =n,n+2,n+4,---, and is
trivial otherwise, a homomorphism f, : I;TVC’q(S”) — I;TVC’Q(S”), induced
by a map f:S8" —— S™, is determined by multiplication by an integer,
just as for reduced singular homology [8, pl134]: From (3.4.1) we get a

38



commutative diagram

H,(S™) ; HC,(S™)
H,(f) HC,(f)
H, (5" ! HC,(S™),

1

where the horizontal arrows are isomorphisms. Commutativity yields
f/Ian( f) = ﬁn( f), hence, the degree in reduced cyclic singular homology
is the same as the degree in reduced singular homology.  For the
other nontrivial reduced cyclic singular homology groups, we have similar
commutative diagrams from Lemma 3.4.3:

HCoa(S") ———+ HC,(S™)
ﬁénﬁk(f)l HC,u(f)
HC o (") —— HC,(S™)

for kK > 0. Again, the horizontal arrows are isomorphisms. This shows that
all the maps ﬁVC’q(f) for g=n,n+2,n+4,... have the same degree, and
that this degree is the same as for I;Tn( f). We put this observation up as
a definition:

Definition 3.4.5 The degree of a continuous map f:S™ —— S™ is the
unique integer deg(f) € Z such that all maps fy : f{vC’q(S”) — ]?vC’q(S”)
for q=n,n+2,n+4,--- are given by fi(a) =deg(f) a.

3.4.2 The cyclic singular homology of wedge sums

Lemma 3.4.6 (Cf. [8, Corollary 2.25]) Given a wedge sum of based spaces
(Xu*) = \/Z-GA(Xh*i)a

where each basepoint x; in the factors X; is a deformation retract of some
neighborhood in X; containing *;, then the reduced cyclic singular homology
groups of X split as a direct sum over the reduced cyclic singular homology
groups of the factors in the wedge sum.:

DHC,(Xi) = HCy(X),

€A
and the isomorphism is induced by the inclusions (X;, *;) —— (X, %)
for i € A.

Proof  This can be proven by a standard spectral sequence argument,
and the result will then hold for arbitrary index sets A. We will, however,
prove this by induction and by applying the reduced Mayer-Vietoris
sequence. This proof will therefore only safeguard the result for countable
index sets.
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If the cardinality of A is one, then the statement clearly holds, so
assume that X is a wedge sum of n spaces, that n > 1, and that the
result holds for wedge sums of less than n spaces.

Define U by forming the wedge sum of all the neighborhoods containing
the different basepoints in the respective X;’s. In this way, since % ~ *;
for all ¢ € A, * is a deformation retract of U, and U intersects each X, in
an open neighborhood containing ;.

Define A = (\/?;OlXZ-) UU and B = X,, UU. Since the subset of U not
intersecting \/,,_1X; is the open subset of X, that deformation retracts
to *p, ~ %, we have A ~\/, _,X;, and similarly B ~ X,,. We also have
AUB =X and ANB =U ~ %, so the reduced Mayer-Vietoris sequence
takes the form

— . HC T ?
’ HC(V,_1X;) ® HC W (X;,) —
HCQ(X) e %q_l(*) -
HCy (Vo1 Xi) ® HCy 1(X,,) — -+ .

Since EVC’.(*) =0, the sequence splits into isomorphisms
ﬁch(\/n—lXi) ® E’ch(Xn) 2, ﬁq(X) for g > 0.

Thus, due to induction, the reduced cyclic singular homology groups of the
wedge sum is isomorphic to the direct sum of the reduced cyclic singular
homology groups of the factors in the wedge sum.

According to Lemma 3.2.7, the isomorphism & in the Mayer-Vietoris
sequence is induced by the two inclusions V7 '(X;,*;) & (X,*) and
(Xn,*n) — (X,*). By induction, ® is induced by the inclusions
(X, %) — (X,*) as stated. O

For the next calculation, we record the following corollary:

Corollary 3.4.7 The reduced cyclic singular homology of a wedge sum

of k n-spheres for n >0 is given by:
PDLZ forgq=nn+2,n+4,---
0 otherwise.

HCy(V, 8™ {

3.4.3 The cyclic singular homology of surfaces

Definition 3.4.8 An n-manifold is o Hausdorff topological space locally
homeomorphic to R™, and a surface is a connected, compact 2-manifold
without boundary.

Definition 3.4.9 The orientable surface of genus g for a positive
integer g, is the surface given by

b D

Q3,04

g
1 1
My = \/ 83, VS, U
1=1

That is, we have one 0-cell (the wedge point), 2g 1-cells and one
2-cell. The attaching maps of the 1-cells are uniquely determined
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by the one O0-cell, and the attaching map of the 2-cell is given by
I7_, [, bi] = arbyay byt - agbgag tby !
The sphere is the orientable surface of genus zero, M.

Definition 3.4.10 The mnon-orientable surface of genus g for a
positive integer g, is the surface given by

g
1 2
Ng — \/ Sai UHf:1a? ]D) .

i=1
That is, we have one 0-cell, g 1-cells and one 2-cell. The attaching maps
of the 1-cells are uniquely determined by the one 0-cell, and the attaching

map of the 2-cell is given by Hlea? = a%a%---ag.

If we remove a point from M,, we may consider it to be a point in the
interior of the 2-cell. The remains of the interior of the cell deformation
retracts to the boundary, so all that remains is the 1-skeleton:

My —{x} ~ \/Sl.

The following, astounding, result was proven during the twenties through
the contribution of many, with one of the turning points being the proof
by Radé from 1925, showing that any surface can be triangulated (cf. [14,
Theorem 7.2]):

Theorem 3.4.11 (The Classification Theorem for Surfaces) Any sur-
face X is either homeomorphic to the 2-sphere, or there exists a mon-negative
integer g, such that X is homeomorphic to either My or N,.

Thus, the calculation of cyclic singular homology groups of surfaces is
reduced to computing the cyclic singular homology groups of the 2-sphere,
M, and Ny. Since we have already computed the (reduced) cyclic singular
homology of the 2-sphere, the reduced cyclic singular homology of the
remaining orientable surfaces is given by the next lemma:

Lemma 3.4.12 The reduced cyclic singular homology of an oriented
surface of genus g > 1 is given by

0 for q=20
HCy(Mg) =< @y, Z  for ¢ >1 odd
Z for q > 2 even.

Proof  Recall the reduced singular homology of M, [8, Example 2.36]:
Dy, Z for ¢q=1
ﬁq(Mg) =7 for g =2
0 otherwise.
Since M, is connected, we have I%'O(Mg) =0, and I?E’l(Mg) = Py, Z from
Lemma 3.4.1. According to Lemma 3.4.3, what remains is to calculate

I?ég(Mg) and %3(]\49) to determine the rest of the groups. For this, we
apply the reduced Mayer-Vietoris sequence:
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Pick an open, contractible neighborhood B in M, and choose a point x
in B. Define A = M, —{z}. This gives us A~\/,, 5", B~%, AUB =M,
and ANB = B—{z} ~ S'. The tail of the reduced Mayer-Vietoris sequence
turns out at

- —— HCy(VoyS") ® HCy(x) —= HCo(My) — HCy(S) —
%1(\/2951) ® HCy(x) — HCy (M) — 0.

Substituting with the known groups (Lemma 3.1.7, Corollary 3.4.7 and
HC1(My) = @y,Z), this yields an exact fragment

e 0 HCy(My) — Z —— @, — @y, Z — 0,

hence, I;TVCQ(MQ) >~ 7, and according to Lemma 3.4.3, I%’Q(Mg) = 7
for ¢ =4,6,8,---.

Finally, for ¢ =3 we have the following fragment of the reduced
Mayer-Vietoris sequence:

—— HC4(VayS") ® HC(x) — HC4(M,) — HO3(S") —
%3(\/25751) ® HC3(x) — HC3(My) — HC5(S') —

Substituting the known groups yields

0 Z Z Doy Z — HC3(M,;) — 0,

wherefrom we get %3(Mg) = @9,Z, and so also for I?E’q(Mg)
when ¢=15,7,9,---. O

Corollary 3.4.13 The reduced cyclic singular homology of the torus
T = 8' x S is given by

0 for q =0
HC(T)=Z&Z for q>1 odd
Z for q > 2 even.

For the non-orientable surfaces we have the following result:

Lemma 3.4.14 The reduced cyclic singular homology of the mon-oriented
surface of genus g > 1 s given by

7@ - DL ®Zy for gq>1 odd
—_————

HCy(Ng) = g—1
0 otherwise.

42



Proof  Recalling the reduced singular homology of N, [8, Example 2.37],
7@ - DL ®7Zsy for gq=1

—_———

0 otherwise,

since IV, is connected, we have IETVCO(NQ) =0, and again, from Lemma 3.4.1,
I?él(]\fg) = I;H(Ng). To determine the rest of the groups, according to
Lemma 3.4.3, we only have to find I%‘Q(Ng) (Lemma 3.4.3), For this, we
apply the reduced SBI-sequence, containing the fragment

T ﬁ2(Ng) - BVCZ(NQ) - BVCO(NQ) -

Both the left and right groups are trivial, hence, %Q(Ng) =0, and we
are done. n

Corollary 3.4.15 The reduced cyclic singular homology of the real
projective plane is given by:

Zo for q > 1 odd

0 otherwise.

HC,(RP?) = {
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Chapter 4

Cyclic Simplicial Homology

This chapter describes an attempt to create a simplicial cyclic homology
theory on A-complexes. We first recall A-complexes and simplicial homology
on A-complexes. Second, we extend the A-complexes with cyclic operators
to obtain cyclic A-complexes, which allows us to compute cyclic homology.

Disappointingly, it turns out that the resulting homology theory is
isomorphic to singular homology. This correspondence is proved in the last
section of the chapter, following a section of example calculations.

4.1 A-Complexes and simplicial homology

Rather than using simplicial complexes, we shall apply the somewhat more
lenient notion of a A-complex structure. This section recalls A-complexes
and simplicial homology on A-complexes. The first definition is an
elaborated version of what can be found in [8, pl102], details are from [18]:

Definition 4.1.1 A A-complex structure A(X) on a topological space
X is a union of sets

Ap(X) ={oq : A" — X}aen, for n>0,
that is, A(X) = U,>0An(X), such that the following axioms are fulfilled:

A1l - For each o, € Ap(X) for n >0, o4|lan_gan is injective, and X is
the disjoint union of the images of the oo|an_gan:

X = H im(0a|A"—8A")-
ca€AR(X)
n>0

A2 - If 0" : A" —— A" for 0 < i <n are the cosimplicial face maps
from (1.2.1), then

0a € Ap(X) = JaoaiEAn,l(X) for 0<i<n, n>1.
A3 - UC X is open & o, (U) C A™ is open for each oo € Ap(X), n > 0.
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Given a  A-complex structure A(X), the evaluation map
ev : [[50 An(X) x A" —— X, defined by (04,t) —— 0a(t), fits into
a commutative diagram

] A.(X) x A"

ev
n>0
q %

(TT An(x) x a™) / ~

n>

X

o

where ¢ is the quotient map generated by the equivalence relation
(04 0 0%, t) ~ (04,0 (t)), and ev is a homeomorphism induced by ev. The
sets A, (X) have the discrete topology, while the topology on A”™ is the
standard one. We will refer to the quotient space ([[,>oAn(X) x A™)/~
as the geometric realization of the A-complex, denoted by |A(X)].

We define the dimension of A(X) [7, §4.4] by:
dim(A(X)) = max{n|A,(X)#0},
and by convention, dim(A(0)) = —1.

The following definition could have been introduced before Definition 2.2.2,
but we have not had any use for it until now:

Definition 4.1.2 (Cf. [16, Definition 1.1]) A presimplicial object in
a category C is a functor (Apre)®® —— C, equivalently, a set of
objects Xo = {Xpn}n>0 in C together with simplicial face operators
d; : Xy, — X,,—1 subject to the presimplicial identity (2.2.3).

For completeness, we restate (2.2.3) here:
didj = dj_ldi for Z<j

A precyclic object is as such a presimplicial object with cyclic operators.
With a little caution, this simple observation allows us to reuse some of the
results we have proven for precyclic objects in section 2.2 for presimplicial
objects.

Lemma 4.1.3 A A-complex structure is a presimplicial object.

Proof  Given a A-complex structure A(X), define the simplicial face
operators d; : Ap(X) — A,_1(X) by

di(o,) = 000" for 0<i<n.

As shown in the proof of Proposition 2.2.3, this definition of the face
operators, by precomposing with the cosimplicial face maps, guarantees
that they satisfy the presimplicial identity. O
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Based on Lemma 4.1.3, axiom A2 can be restated as
0q € Ap(X) = di(0) € Ap—1(X) for 0<i<n, n>1.

In the following, we will stick to this notation, using d; to denote the
presimplicial operators in A(X).

Definition 4.1.4 (Cf. [8, p106]) The n-th group of the simplicial chain
complex (C2(X),0,) is the free abelian group generated by A, (X):

CAX) = Ab(AL(X)) for n geO.

The face homomorphisms d; : CR(X) —— C2 (X)) for 0 <i<n are the
linear extensions of the face operators d; : Ap(X) — A,_1(X), and the
boundary homomorphism 0, : C2(X) — C2 (X) is given by

n

On(0a) = Z(—l)idi(aa).

1=0

The boundary homomorphism is well-defined by A2, and the property
Op © Opg1 = 0 follows from (2.2.11) and (2.2.12) in Lemma-definition 2.2.5,
since these definitions and relations do not depend on the cyclic operator,
and thus only on the presimplicial structure of the (precyclic) object.

Definition 4.1.5 The n-th stmplicial homology group of a topological
space X is the n-th homology group of the simplicial chain complex:

H2(X) = H,((CA(X),d,)) for n>0.

For a subspace A C X with A-complex structure A(A) which is a
subcomplex of A(X), we define the A-complex pair A(X,A). By defining
CR(X,A) = CR(X)/CL(A), the above definitions generalize to A-complex
pairs in the normal way (see the initial paragraphs of section 3.1).

The relation between the singular homology functor and HZ2 (X, A) is
described by the following result (cf. [8, Theorem 2.27]):

Theorem 4.1.6 For a A-complex pair A(X,A), we have
HY(X,A) = HZMI(X,A) for n>0.
In particular, H2(X, A) is independent of the choice of A-complex structure
on A(X,A).
4.2 Turning A(X) into a precyclic object

Clearly, for A(X) to become precyclic, we need cyclic operators which,
together with the face operators in A(X), satisfy relations (2.2.4)
and (2.2.5). It seems natural to choose the same cyclic operator as
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we used with cyclic singular homology (cf. Lemma-definition 3.1.1):

Definition 4.2.1 A cyclic A-complex structure on a topological
space X,

AYX) = {AT(X)}nxo0,
is obtained from a A-complex A(X) by adding the n-simplicies TF(o4)
for 1 <k <mn for each oo € Ap(X) and n > 1:

AY(X) = AX)U{TH0n) | 00 € Ap(X) and 1 <k <n}.

n

Here, the T, are the cyclic simplicial operators T, : AS(X) — AY(X)
for n >0, given by
Th(oa) = oq0l™,

where T™ : A" —— A™ for n > 0 are the cosimplicial cyclic operators (3.1.1).

Since the cyclic simplicial operators and the simplicial face operators are
both defined exactly as in Proposition 2.2.3, by precomposition with the
cosimplicial cyclic and face operators, the following result follows directly:

Lemma 4.2.2 The simplicial face operators and cyclic simplicial operators
satisfy relations (2.2.3), (2.2.4) and (2.2.5). O

It turns out that these extra simplicies is exactly what is required to
obtain a precyclic structure:

Lemma 4.2.3 A cyclic A-complex A®(X) is a precyclic object.

Proof  Assume we have added simplicies as prescribed, so that T, is
defined, and pick o, € A,(X). We have to show that d;T(0,) € Ap_1(X)
for 0 <i,j <mn. According to Lemma 4.2.2, we have the following identities:

n

d;TI (04) (22:5) T%71di_j(09) for z 2]:
T _1doT? " (0q) for i <j.

The top map is in A,_(X), for di_j(on) = 0,007 € Ap_1(X) by
axiom A2, and T,{fl(oa 09"7) € A,_1(X), according to assumptions. For
the bottom map, we recall the identity dyT, = d, from Definition 2.2.2,
and continue the calculation:

Té—ldng_i(Ua) = Té—ldnTg_i_l(Ua)
2.2.5) it -
B2 P i (06) = T2 Mdnsjriri(0a):

By an identical argument as above, this element is in A,_1(X) too, so the
presimplicial face operators are defined also after adding simplicies. We do
not have to add any O-simplicies, since Tp(0y) = 0q.- O
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On the other hand, if we fail to insert one of the prescribed simplicies
the operators T;, will not be defined: None of the TF(c,) for 1 <k <n
and n > 1 are initially present in A, (X), for I'" is a permutation of A™, so
if both o, and o, 0I'™ are elements in A, (X), they cover im(cq|an_gan)
twice, violating axiom Al. As a consequence, a cyclic A-complex is
no longer a covering of X by disjoint sets. However, all of the other
requirements of the axioms are still met:

Lemma 4.2.4 A cyclic A-complex AY(X) satisfies axioms A2 and A3,
but not Al: X is no longer the disjoint union of the sets im(cq|an—_pan).

Proof Axiom A2 holds according to Lemma 4.2.3.

Since I'" : A" —— A" is a homeomorphism, and since precomposing
an injective map by a homeomorphism produces an injective map,
To(0a)|an—oan = 04 0 T™|an_gan is injective, so the remains of Al is
satisfied.

For A3, again the I'™ are homeomorphisms, so the axiom holds for
elements on the form o, oI if it holds for o,.

Both of the last results extend to all of the elements of AY(X)
for n > 1 by induction. O

4.3 Cyclic simplicial homology

The precyclic object AY(X) gives rise to another precyclic object,
CE(X) ={CY(X)}n>0, where CY(X) is the free abelian group generated
by AY(X):

CE(X) = Ab(AJ(X)) for n>0.
The face homomorphisms d; : C.¢(X) — C¢ ;(X) for 0 <i<n and the
cyclic homomorphisms T}, : C¢(X) — CC(X) are the linear extensions of

their counterparts d; : AY(X) — AC |(X) and T, : AY(X) — AY(X)
in the cyclic A-complex.

According to Lemma-definition 2.2.5, the object C(X) fits into a cyclic
double complex CC(CE (X)), which allows us to compute cyclic homology:

Definition 4.3.1 The cyclic simplicial homology of a topological space
X s the total homology of the cyclic double complex CC(CE(X)):

HC2(X) = Hy(Tot(CC(CE(X)))) for n>0.

There are several questions following in the wake of this definition, but
we put them aside for now, and will look at a couple of calculations
motivating the last section.
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4.4 Calculations in cyclic simplicial homology

To simplify notation, we introduce the following conventions: O-simplicies
will be denoted wg,---,v,, 1l-simplicies by a,b,c,--- and their cyclified
counterparts will be written a’,0/,¢,---, where Ti(a) =d’ and Ti(d') = a,
and so on. Extending to dimension 2, denoting 2-simplicies by uppercase
letters, e.g. L, we have Ty(L) = L' and T$(L) = L”. We will not see
simplicies in dimension 3 or higher, so we stop here.

In the following, we will denote the free abelian group generated by a
set G by Z{G}, and relations R will be listed in the usual way, by Z{G|R}.
In particular, C¢(X) = Z{AY(X)} for n > 0.

4.4.1 The cyclic simplicial homology of the circle with a
minimal A-complex structure

If we consider S!' to be composed by one O-cell and one Il-cell, A(S!)
takes the following form:

o Ag(St) = {vg: A” — S1}, where vp(0) = *.

e Ay(SY = {a: Al —— S} where a sends 9I to * and I — 3l
invectively onto S! — x.

o Ay(SY) =10 for ¢ > 1.

The corresponding cyclic simplicial chain complex has the following groups,
where we have to add one l-simplex to generate A{(S!):

clfsY) = Z{w},
0 (5) tuo} C’qC(Sl) = 0 for ¢>1.

cr(s') = Z{a,d'},
The resulting cyclic double complex CC(CE(SY)) is given by

0 0 0

A 1 _t A N A
Z{a,ad'} : Z{a,ad'} : Z{a,a'} +———
O -0 o1

1-1¢ N

Z{vo} - ’ Z{vo} - ’ Z{vo} ,

where the maps are as prescribed by Lemma-definition 2.2.5. Written out,
they take the form

O(z) =200 —x00! Oy (x) =x00d°

to(x) =z t1(z) = —a

No(z) =z Ni(z) =2 -2/,
where t, = (—1)"T,, as one would expect.
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Observation 4.4.1 The homology of the even-numbered columns is

Z for n=20
Hn((C.C(Sl)ﬁ.)) 2(ZBZ forn=1
0 for n > 1.

Proof 0i(a) =a00’—ao0d' =wvy—vy =0, and the same goes for d,
hence, H 2 Z ®7Z and Hy = Z. All higher groups are trivial. O

Observation 4.4.2 The homology of the odd-numbered columns is

Z forn=1

H,((CJ(S"),0,)) = {0 Jor n # 1.

Proof  Since & (a) = a0d’ = vy, all zero-cycles are boundaries, so Hy = 0.
Now, 0] : Z®Z — Z is surjective with im(9]) = Z, so ker(9]) = Z, and
it is generated by a — d’. O

Considering the spectral sequence with filtration on columns associated to
the above cyclic double complex, the E'-page looks like (cf. observations 4.4.2
and 4.4.1):

0,2 01,2 02,2
Ei* : Z D ZO,l g 1) Zl,l - ! Z D ZQJ -~
Zo,0 01,0 Za

The diagram stretches infinitely far to the right, but the bi-periodic
symmetry of the columns allows us only to look at the first three.

The differential d;l = Nix: Z®Zpy — Lp—1,1, for p> 2 even, is given
by Ni«([z]) = [N1(z)] = [ — 2/]. Since Z,_1,; is generated by a —a’, and
since a is a generator of Z @ Zy; and Ni(a) =a—d, d}ml is surjective,
and E2 ;| =0. Further, we see that ker(d);) = Z, and it is generated
by a+d.

Applying the other differential of interest, d;l = (1 —t1)s for ¢ odd,
to the generator of Zg 1, we get (1 —t1)«(a—d')=(a—d)+(a—a)=0.
Hence, EQ_L1 & ker(dé_lvl). Summing up the homology groups of the

q
E'-page, we have

Z®7Z for p=0

Z for p > 2 even

9 g{Z for p even 2 o
0 for p > 1 odd.

E
2:0 0 for p odd, Pl
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All other groups are trivial, and the E?-page looks like:

0,2 01,2 02,2 0 0

)

EZ, : YASY 01,1 L1 03,1 ZLig
)J\ 2 \dio
\

Zoo 01,0 Za o 03,0 Lo

) )

The differential of interest on the EZ?-page is the homomorphism
d127,0 : Eg,o — 5_2,1 for p even. Since Eg,o = Z{vp} whenever p is even,
this map is defined as follows [10, D.4]:

The generator of Zj, is vy, and Ny(vg) = vg. There is an element « in
CE(SY) such that 9}(a) = No(vp). It turns out that any of a or o' will
do, so we pick a. We define d3([vo]) = [(1 —t1)(a)], and extend linearly
to all of Zjy .

Since (1 —t1)(a) = a+d’, and since d’ ,, is trivial, we have two
outcomes:

12

F3 . o Ey, = Z{a,d'|la+d'} Z{a} = Z for p=0
pL B3, = Z{a+dla+d} = Z{0} = 0 for p>2 even.

Also, d?u,o is injective, with trivial kernel, killing all the nontrivial base
terms except for p =0:

0,2 01,2 02,2 0 0
E3, . Zo 01,1 02,1 03,1 04,1
Zo 0 01,0 02,0 03,0 04,0

The spectral sequence clearly degenerates here. We summarize our findings
as an observation:

Observation 4.4.3 The cyclic simplicial homology of the circle composed
by one 1-cell and one 2-cell is given by:

HCA(Sl) ~ JZ for n=0,1
" |0 for n#£0,1.

We immediately recognize this as the singular homology of the circle.
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4.4.2 The cyclic simplicial homology of the circle with a
different A-complex structure

A bit astounded by the previous result, we make another attempt with a
different A-complex structure:

V2

Vo a U1
The nontrivial objects in the cyclic A-complex structure are

A (S8Y) = {vg, v1,v2} and AC(SY) = {a,d b,V ,c,c}.

This time, we consider the spectral sequence associated to CC(CE(SY))
with filtration on rows. It turns out that this spectral sequence converges
faster than the corresponding spectral sequence with filtration on columns.
We start at the E’-page:

00,2 01,2 02,2
ES* : E8,1 (1 — tl) E?,l al Eg,l
2y Ly M,
In this diagram,
E?,o = Z{vp,v1,v2} and E?,l ~ Z{a,d bt c,}.

If we start with the bottom row, (1 —ty) =0 and Nyp =1, so the
bottom row is exact in all terms but the left-most, which is unchanged:

1~ J2{wo,vr, w2} for p=0
P 0 for p # 0.

For the second row, we note that (1 —t¢1)(z) =2+ 2/, so the image is
generated by elements on the form z + 2’ and the kernel by elements on
the form z — 2/, where z € A{(S!). On the other hand, Ny(z) =2 —2' =0
if and only if x = 2/, which is the case only if x is generated by terms on
the form a(a + a’). This means that ker(Np) is exactly im(1 —¢;). Since
Ni(z) = z—2a', we have im(N7) = ker(1—t1), so the sequence in row 1 is also
exact in all terms but the left-most. Now, im(1—1¢1) 2 Z{a+d',b+¥V,c+ '},
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giving Eé,l ~ 7Z{a,d' ,b,b c,dla+d b+ b, c+ '} =2 7Z{a,b,c}:

gl o~ Z{a,b,c} for p=0
Pl 0 for p # 0.

This leaves us with two nontrivial groups and one differential on the
E'-page:
O : By g — Eg .
Since 0 is induced by the simplicial chain map, we have
im(&l*) = Z{Ul — Vo, V2 — V1,0V — Uo} = Z{Ul — Vo, V2 — ’U()},

and ker(0i.) = Z{a + b+ c¢}. This yields

E(QM = Z{a+b+c} = Z

E§o = Z{vo,v1,v2lv1 = vo,v2 = vo} = Z{vg} = Z
Ez,q = 0 otherwise.

The spectral sequence degenerates here, and again we recognize the resulting
total homology as the singular homology of S!.

4.4.3 The cyclic simplicial homology of the torus

We use the “standard” A-complex structure on the torus [8, pl02]:

Here, U and L represent the 2-simplicies embedding A? — 9A? onto
the interior of the respective triangles. The cyclic A-complex structure
consequently looks like:

AF(T) = {vo}, AY(T) = {U, U, U",L, L', 1"},
v A7

A (T) = {a, a/’b, b/’C, cl}7 q (T) = @ for q > 2.
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Again, to compute the total homology of CC(CE(T)), we consider the
associated spectral sequence with filtration on the rows:

0,2 01,2 02,2

By ot By Y,
ES* : Eg,l = L=h E(1),1 N al E8,1 N

By~ By B,

Here, the groups in the diagram are given by
Ely = Z{vo}, EJ,=Z{a,d' bt c,d} and EJ,~Z{L L' L".UU U"},

and all other groups are trivial.

Row zero is still exact in all terms but the last, and since (1 —t) =0,
we have Ejo = Z{v}, and E};=0 for p# 0. Row one is equal to the
same row in the calculation in section 4.4.2, so we can conclude that
Ej, = Z{a,b,c} and E,, =0 for p#O0.

For row two, we first observe that the unbounded sequence

-5 O (1) = of (1) = of (1) - -

is exact: Since (1 —t2)(z) = z — 2/, we must have (1 —t2)(x) =0 if
and only if x = 2/, hence, ker(l1 —ty) 2 Z{L+ L' +L" .U+ U +U"}
since these are the only elements staying fixed wunder t¢,, and
im(1—ty) 2 Z{L—-L,L—L",U—-U",U—-U"}. Since No(x) =x+2'+2", we
immediately see that im(N3) = ker(1 —¢2). Due to an argument identical
to the discussion of the kernel of N in the previous calculation, we also
see that ker(No) =Z{L - L',L —L",U—-U',U —U"}, wherefrom exactness
follows. The only group that is not killed on the E%-page in row two, is
the leftmost group, and

Ey, = Z{L,L',L". U U U"|L-L,L-L".U-U,U-U"}
~ 7{L,U}.

The E?-page contains three nontrivial groups in the bottom three rows
in the zeroth column looking like

0 — Z{L,U} 2% Z{a,b,c} 2 Z{vg} — 0,
and this we recognize as the simplicial chain complex of A(T). Hence,
the total homology of CC(CE(T)) is isomorphic to the simplicial (and
singular) homology of the torus.
Just as a curiosity, it is well worth mentioning that the above calculation
with the spectral sequence with filtration on columns fills no less that five
full pages!
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4.5 The correspondence between cyclic simplicial
homology and singular homology

In this section, we prove the isomorphism between cyclic simplicial homology
and singular homology indicated by the foregoing computations.

Proposition 4.5.1 For any topological space X with a A-complex structure,
we have

HC2(X) = HZMI(X) for n>0.

We prove the proposition at page 59 at the end of this section, but
first we present some intermediate results to aid us. Our first goal is to
prove that the unbounded sequence

1—tpn

O (x) =

— O (X) —>

n

co(x) 2.

n

(4.5.1)

is exact for all n > 0.

The result is a consequence of the somewhat special structure of the
groups CE(X), so I have not been able to dig up a contracting homotopy
of this complex. Rather, we will have to do with a brute force argument,
showing that kernels and images coincide, one case at a time.

Since t5 = {t{}", is a group under composition, isomorphic to Z,1,
we have a cyclic group acting on C(X), hence, CC(X) is a t8-set. Let
CY(X)tn denote the fixed elements in C¢(X) under the action t,, and
denote the orbit of an element o under t, by o'.

Also, recall that elements in C¥(X) are n-chains generated by AY(X)
over Z, so every x € CY(X) is on the form

x = Z N0, (4.5.2)

ceAL (X)

where 1, € Z, and at most finitely many 7, are non-zero.

Lemma 4.5.2 The image of N, is the subgroup of CC(X) staying fived
under ty:

im(N,) = CZ(X).

Proof We start by proving the relation CC(X) C im(N,).
If € CY(X)!n, writing  on the form of (4.5.2) gives us

Yoo =z = t@) = Y notul(o).

geAL(X) ceAZ (X)

Compared to the left hand side sum, the coefficients in the right hand side
sum has “changed owner” within an orbit: 7, becomes assigned to t,(o),
Nin(o) tO t2(0) and so on. Since the left and right hand side sums are
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equal, we have equalities

No = Ntp(o) = M2(0) = " = (o)~

This means that all elements in an orbit o'» has the same coefficients

when z € CY(X), so we can rewrite x as follows:

b= Y w(SE@) = X o) = N X wo).

0€AR(X) i=0 0€EAL(X) oEAL(X)

hence, x € im(N,,).

For the opposite inclusion, we only have to observe that xz € C¢(X)n
if and only if (1 —t,)(x) =0. Hence, ker(1 —t,) = CE(X)t, and of course
im(N,,) C ker(1 —t,) = CE(X)t, since we have a chain complex. O

The following corollary is a direct consequence, and need no proof:
Corollary 4.5.3 In the sequence (4.5.1), we have
ker(1 —¢,)/im(N,) = 0.

This result does not hold for the singular chain complex, as the proof
relies on all elements in {t{,(c)}", to be distinct for all ¢ in the generating
set of C¢(X): Take for instance the singular n-chain 2c consisting of the
single constant n-simplex ¢ with coefficient 7. = 2. If n is even, t,(2¢c) = 2¢,
so (1 —t,)(2¢) =0 and 2c € ker(1 —¢,). But 2c is not in the image of IV,
for n > 1, since N,(c) = (n+1)c.

Before the next lemma, notice that the set {7}, is also a group
under function composition isomorphic to Z,i;, and this group acts on
AZ(X) in the obvious way. In particular, if the orbit of o € AY(X) under
T, is denoted by o, we have

AJX) = | o™ (4.5.3)
oc€AL(X)

Moreover, T¢ (o) # T (o) whenever i # j and 0 <4,j < n, so all orbits are
of length n+ 1. Since ¢, at most differ from 7;,, by a sign, we can write
the free abelian group C¢(X), as

Crx) = P z{o"},

oc€AL(X)

where each orbit o generates a subgroup isomorphic to @,;1Z, and the
isomorphism on the subgroups, 6, : Z{o!"} — ®,4+1Z, is given on basis
elements by ‘

05(t;, (o)) = (0,--- ,%,"' ,0) for 0 <i<n.

The inclusion ¢y : @, 117 — CY(X) is given by
Lo‘(oa"' al)"' >O) = t;(U)
Lemma 4.5.4 The kernel of N, is generated by the set

U {o—tal0).talo) — t5(0), - 857 (0) = th(0)}. (4.5.4)
cEAL(X)
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Proof Let z be any n-chain in C¢(X). Writing z on the form of (4.5.2)
and applying N,, we get

Nn(w) = Z nUNn(U)' (4'5'5)
oeAL (X)

Now, if ¢ € o', we claim that N, (¢) = N,(c). Notice first that if ¢ € o'n,
then there is an integer j such that #(0) = ¢. The claim follows from the
calculation

n n n n

Nu(o) =) _th(0) =) _t7(0) = D t,(th(0)) = D tu(6) = Nu(9),

=0 1=0 1=0 1=0

where = is valid since the sum contains all elements in the orbit. We can
thus rewrite (4.5.5) as

No(z) = Y 16Na(0).
€A, (X)
pEatn

Assuming x € ker(N,,), the above sum is zero if and only if

Y ny = 0 for all o€ A, (X).

pcoln

Since this problem is now restricted to each subgroup Z{c'"}, we may
move to @,4+1Z by the isomorphisms 6,:

90< > 770) = D 0, iy 0) = M) M2(0)>* + Then(e))-
pEatn i=0
Hence, we are looking for a subgroup G, C ®,11Z with the properties
Go = {(av. ,an) € 12 | Slgai =0}
A possible basis for G, is the set
B, = {(1,-1,0,---,0),(0,1,-1,0,--- ,0),--- ,(0,--- ,0,1,—1)},

and applying ¢, to this basis yields a basis for the desired subgroup of
Z{o'"} given by

to(By) = {0 —ty(0),tp(0) — ti(o), e ,tzfl(a) —th(o)}.

Taking the union over all o in A,(X) gives us the stated generating set
of the kernel of NN,,. O]

Corollary 4.5.5 In the sequence (4.5.1), we have
ker(N,)/im(1 —t,) = 0.

Proof It is easy to see that the generating set of the kernel of N, is in
the image of (1 —t,):

(1 —t)(th(x)) = t'(x) =i (x) for all i € Z,

wherefrom the result follows. O
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Corollary 4.5.6 For a topological space X with a A-complex structure,
the sequence (4.5.1) is exact for all n > 0.

Proof  This follows directly from Corollaries 4.5.3 and 4.5.5. U

We are now ready to prove our proposition:

Proof (of Proposition 4.5.1) Considering the spectral sequence associated
with the cyclic double complex CC(CE(X) with filtration on rows, all rows
are on the form

0+ CF(X) + O (X) <= O (X) == oo
and are exact in all terms but the leftmost nontrivial term (Corollary 4.5.6).
The homology of this term is C¢(X)/im(1 —t,). By Corollary 4.5.5, we
have im(1 —¢,) = ker(N,,), and by Lemma 4.5.4 the generating set of the
kernel of N, is

U Ao —tal0),ta(0) = 3(0), -+ . 857 (0) — th(0)}.

oc€AL(X)

Hence, this set contain the relations in the group C¢(X)/im(1 —t,). They
clearly yield o =t,(c) = --- =t(0), hence, all “cyclified” simplicies are
killed, and we are left only with the simplicies from A, (X):

1~ C’qA(X) for p=0
P 0 for p # 0.

The (vertical) differentials on the E'-page are induced by the simplicial
chain maps 3d,. After evaluating this page, the only terms left are fiber
terms, and the spectral sequence degenerates. The resulting total homology
is the simplicial homology of X, which, according to Theorem 4.1.6, is
isomorphic to the singular homology of X. O

The result of Proposition 4.5.1 was quite a surprise. There are open
questions with regard to the above construction concerning e.g. functoriality,
but since the result is far from what we were looking for, we will not
pursue this any further here.
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