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Abstract

Let A = Z[G] denote the integral group ring of a finite group G. In the first
part of this thesis we consider the stable syzygies €2,.(Z) over A. These are defined to
be the stable classes of the intermediate modules in a free A-resolution of the trivial
module Z. If we let p be an odd prime, then the groups of concern to us will be
G1 = Ds, which has free period 4, and G5 = C,, x (3 which has free period 6. Along
the way it will also be necessary to consider the syzygies of the cyclic group C,, which
has free period 2, the smallest possible nontrivial periodic resolution.

The key point of note in each of these cases is that the augmentation ideal splits,
thereby allowing us to show the existence of a diagonalised resolution. Moreover,
there exist two strands corresponding to the action of the generators of (), and of
either C'y or C5. For each strand we show there exists a group structure within the
stable class generated by part of the first syzygy 1(Z), and in which part of the
zeroth syzygy Qo(Z) is the identity.

In the second part of this thesis we make the jump to infinite groups. By setting
G = C, x C, where p, q are prime such that ¢|p—1, we discuss the stably free modules
over Z[G x F,], where F,, denotes the free group of rank n. As we shall see, the stably

free modules over this group ring are necessarily trivial; that is, they are free.
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Part 1

Finite metacyclic groups



Chapter 1

Overview

1.1 Motivation

We can view this thesis as roughly being divided into two distinct parts: finite and
infinite. Consider first the finite case in which we are concerned with the integral
group rings Z|G| for G a finite fundamental group. Specifically, we look at metacyclic
groups of the form,

Gp,q=CyxCy=<z,y|la’ =y! =1, yx =0(z)y >

where p, ¢ are primes such that g|p — 1, and 6 € Aut(C,) has order exactly ¢. In this
way, C, acts on C, via the natural embedding C;, — Aut(C,). In Chapter 4 we set
g = 2, and in Chapter 5 we set ¢ = 3. In the second part of this thesis we shall extend
the discussion of such metacyclic groups to an infinite setting. We therefore say G
is a metacyclic group of infinite type if G has the form G = G(p, ¢q) x ®, where ® is
some free group. In this thesis, we will primarily be concerned with the case ® = F,,,
the free group of rank n > 1. In particular, the case n = 1 corresponds to the infinite
cyclic group Cy.

The motivation for the above can be seen as both algebraic and topological,
although we shall primarily be interested in the algebraic considerations in this thesis.
Nevertheless, it is beneficial to briefly discuss the topological nature, if only to put the
algebraic treatment into perspective. For a detailed exposition, the reader is directed
to [20].

Algebraically, we are concerned with the explicit calculation of the interaction of
syzygies under the tensor product. For G finite, consider a free resolution over Z[G]|
of the trivial module Z,

R = S RO O R RS AR

in which each F; is a finitely generated free module over Z[G]. We then define the
syzygies (J,),>1 to be the intermediate modules J, = Im(0,) = Ker(0,—1). It is
straightforward to see such syzygies are dependent upon the free resolution chosen.
As such, to impose a degree of uniqueness we consider the stable syzygy. Here,
we consider stability to be an equivalence relation given by M ~ N if and only if
M @ Z|G]™ = N & Z|G]" for some m, n > 0. The r'* stable syzygy is then said to
be the stable class Q,.(Z) = [J,].
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A natural question to ask is how syzygies interact upon tensoring with another
syzygy. By an iterative argument (see Section 2.5), Q,.(Z) ®z Qs5(Z) = Q.15(Z).
However, this does not tell us much about what is actually going on. Consequently,
one of the primary aims of this thesis will be to explicitly calculate such interactions
for the cases when g = 2, 3.

In order to discuss these interactions we first need an understanding of what these
syzygies actually look like. Unfortunately, such descriptions are not always easy to
come by and, in certain circumstances, the syzygies continue to grow ever larger
making the situation especially difficult. Nevertheless, under favourable conditions it
can be shown that certain stable syzygies have a periodic nature. In such cases we
say that Q,.(Z) = Q,1.(Z) for some n > 2 which we call the periodic cohomology of
(. Such periods are necessarily even and are reflected in the free resolutions; that is,
if G has cohomological period n then there exists a free resolution of the form

O0—=Z—->F,1— - —=F —Fo—2Z—0.

Although most cases do not have this periodic nature, there are a number of signif-
icantly important groups that do. For instance, cyclic groups have period 2 (in fact
they are the only such groups to have this [55]), dihedral groups Dy, o of order 4n+2
have period 4 (see [20]), and metacyclic groups G(p, q) of order pg have period 2q
(see [54]). It should be noted, however, that Dy, does not have this periodic nature.
For a classification of all finite soluble groups with finite cohomological period, the
reader is directed to [58]. For the classification of nonsoluble groups, the reader is
directed to [53].

Whereas this periodic nature simplifies the matter greatly, it is still no easy task
to actually describe these syzygies. What is of significant use to us is the (somewhat
surprising) existence of free resolutions of Z that are of diagonal type. These are
resolutions whose free modules F all have rank 2 when £ > 1, and Fj is free of rank
1. Furthermore, for each k& > 2 the differential 0, has diagonal form

(a0
a’“‘(o 8,;)‘

Such resolutions were first observed for groups more general than cyclic groups in the

thesis of Strouthos [51]. Here, Strouthos constructed a diagonal resolution for the

dihedral group Dg of order 6. This has since been generalized by Johnson in [24].
Ideally, one would like to generalize this still further for metacyclic groups

G = G(p, q) (see the beginning of this chapter). Set A = Z[G(p, q)] and consider the

free resolution given by

0 =2 = Fogu1 > Foqa - —Fo—F1—+Fo—2Z—0

in which each F; is a finitely generated free A-module. As a starting point first observe
M (Z) =[Ig]. If a € Z|G], then by [a) we mean the right ideal of Z|G| generated by
a; that is, [o) = {aA | A € Z[G]}. In a natural way, this can be extended to an ideal
generated by a finite number of elements, [a1, ..., «,). With this notation, we have
the following decomposition of the augmentation ideal I of G as a direct sum

Io=Ic®y—1). (1.1.1)
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Here, Ic is the Galois module obtained from the action of C, on the augmentation
ideal I of C},. We will in fact see several important modules arise in this way; that
is, as ideals of Z[C,] that are invariant under #. To obtain these modules, we first
define a Galois structure on a module M over Z[C,] to be an additive automorphism
© : M — M such that ©7 = Idy and ©(m - z) = O(m) - 0(z) for all m € M. If M
is finitely generated and free as a Z-module, we define a Galois lattice to be the pair
(M, ©). This becomes a (right) module over A via the action

m-z"y’ =07 (m-a").

For a proof of (1.1.1) the reader is directed to [17] or [25].

Of particular importance in the decomposition (1.1.1) is that both I and [y — 1)
are indecomposable. This behaviour turns out to be repeated at the minimal level of
each syzygy. This can be used to ‘untwist’ the augmentation ideal to form two short
exact sequences of the form

0=2?—=A—Ic—0 and 07?7 —=A—[y—1)—0.

Consequently, we can effectively ‘untwist’ a free resolution of Z over Z|G(p, q)] to form

two separate monogenic! infinite resolutions. As such, we shall often speak of the so-

called y-strand (this could also be thought of as the lower strand) of the resolution.

By this, we mean the exact sequence which is induced up from the standard resolution

of C,. To be precise, let £ be the standard resolution of Z over Z[C\]
1

£=(--3zlc) S z[c,) 3 z[c,) "= z[c,] B Z[C,) S ) (1.1.2)

where 3, = Zg:_é y'. If j : C;, — G(p, q) is the inclusion, then the y-strand of our
resolution is the induced resolution j, (&),

AT A AT A AT A AT (1.1.3)

By contrast, the z-strand (or, alternatively, the upper strand) causes a significant
amount of bother. A first step was outlined by Remez in [41] (see also [25]) using an
explicit form of Rosen’s theorem [43]. Here, we set (, = exp(2mi/p) and describe A

as a fibre product
A — T(A )

l l (1.1.4)
Z[Cq] — Fp [Cq]

where A = Z[(,]? is the subring of Z[(,] fixed by 6, and 7 = ({, — 1)9. We define the
following quasi-triangular subring of M,(A) to be

T,(A, ) = {X = (2y5)1<r,s<q € My(A) | x5 € (m)if 7 > s}

Tt may be useful to note that monogenic modules are often called cyclic modules.
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Next, denote the i row of T (A, ), considered as a right A-module, by R(i)?. We
then have the following decomposition of the quasi-triangulars,

T(A ) =2 R(1)&--- & R(q).

It is quite clear that each R(i) is monogenic by composing the obvious projections
A — T, (A ) and T (A, m) - R(i) to give p(i) : A — R(i). Next, we define
K(i) = Ker(p(i)) and note that in [25] Johnson has shown the existence of the
following exact sequence of A-modules

K(q) K(g—1) K(2)

ANV

0— R(1)—A —A —Plg—1)—A— —— A

R(q) R(2)

(1.1.5)
in which P(1),..., P(¢— 1) are projective modules of rank 1 over A, and such that
@, P(i) = A'. Tt is unknown at present whether each P(i) is indeed a free
module. The sequencing conjecture can therefore be stated thus:

Sequencing Conjecture: Each P(i) = A for 1 <i<gq—1.

It should be noted that the above conjecture was first formulated in this form in [25].
It is also clear in that paper that if the sequencing conjecture has an affirmative
answer, then we may build a diagonalised free resolution. We will discuss this further
at a later point in the thesis. At present, the sequencing conjecture has been confirmed
for:

(i) G(2n+1, 2) (see [24])
(il) G(7, 3) (see [41])
(iii) G(5, 4) (see [33]).

Furthermore, in [25] Johnson has confirmed the sequencing conjecture for the follow-
ing small values of p and ¢:

G(7,6);  G(11,5),G(11,10);  G(13,3), G(13,4), G(13, 6):  G(17, 4);
G(19, 3), G(19, 6), G(19, 9).

Beyond the obvious algebraic interest, this does have a topological motivation.
Indeed, the third syzygy is of particular importance in the context of low-dimensional
topology; specifically, the R(2) — D(2) problem. We stress that these topological
considerations will have no bearing on the rest of this thesis. Nevertheless, it is
perhaps useful to bear in mind the wider area in which these constructions relate.

In essence, the D(2)-problem asks what conditions are necessary to impose upon a
finite connected cell complex X of geometrical dimension 3 before it can be homotopy

2We will later see that I is isomorphic to R(1).
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equivalent to one of dimension at most 2. Specifically, if X represents the universal
covering of X, and if B
Hs(X,Z)=H*X, B)=0

for all coefficient bundles B, then the D(2)-problem asks if it is true that X is homo-
topy equivalent to a finite complex of dimension 2. Of note is that the D(2)-problem
is parametrized by the fundamental group. Thus, each finitely presented group G has
its own D(2)-problem. We then talk of the D(2)-property holding, or failing, for a
specific group G.

It has been shown that for a finitely presented group G, the D(2)-problem is
equivalent to an older problem known as the realization problem, or R(2)-problem.
This was shown by Johnson in [20], subject to mild conditions upon G which were
later shown to be unnecessary by Mannan [30]. To solve the R(2)-problem, one is
tasked with taking exact sequences of the form

O=J—>F>FA—=F =20

where each F; is finitely generated and free over A, and where J belongs to Q3(Z).
Such exact sequences are called algebraic 2-complexes. It is then a question of whether
such exact sequences serve as algebraic models for geometric 2-complexes.

If an affirmative answer to the R(2)-D(2)-problem is to be found, then a number
of things need to be explicitly described. First, we need to understand the stable
module 23(Z). Secondly, let Alg,(Z[G]) denote the set of homotopy equivalence
classes of algebraic 2-complexes over Idzjg. We then need to understand Alg,(Z[G])
and the fibres my : Alg,(Z[G]) — Q3(Z). Finally, for each algebraic 2-complex A,
over Z[G], we would need to construct a finite presentation of G such that A, has
a geometric realization. With the above in mind, there is a clear benefit of having
a diagonal resolution, and an understanding of how the syzygies interact. This is
perhaps further demonstrated by considering the difficulties encountered when we do
not have a diagonal resolution. An example of this can be found in [19].

Now, when Johnson provided an affirmative answer to the sequencing conjecture
for G = Dy, 12, he used the finite cohomological period of such dihedral groups. As
G = Dy, does not have a finite cohomological period, Johnson’s argument does not
extend to these groups. Nevertheless, some progress has been made in this direction.
In [35] O’Shea has shown that Z[Dy,] having the torsion free cancellation property is
a sufficient condition for it to have the D(2)-property. Calculations of Swan [57] and
Endo and Miyata [14] therefore show an affirmative answer exists for Z[Dy,| when p
is prime such that 2 < p < 31, or when p =47, 179, 19379.

Moving beyond dihedral groups, Remez [41] has shown the D(2) property holds
for the group G(7, 3). Some progress was also made toward the general case G(p, q).
By demonstrating the straightness (see Section 2.7) of Q3(Z), Remez thereby reduced
the realization problem to one of discussing fullness of the Swan map. We then
have just a single homotopy type for a group of the form G(p, q). However, such a
discussion is by no means straightforward and at present there is no known way to
show this.

Related to the discussion of syzygies, we come to the second major construction
of concern to this thesis: stably free modules. We say a module S is stably free if it
is stably isomorphic to the zero module, i.e. S ~ 0. Such modules can be seen as
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relatively well-behaved projective modules. As such, it is a natural question to ask
what these modules actually look like, at least so far as to whether or not they are free.
This question has its genesis in the now famous Serre’s conjecture of 1955 [45], [28]
(although as it happens, Serre suggested the problem as an open one, making no
claim that he believed or disbelieved in a positive solution). Serre’s problem was
directed towards finitely generated projective modules over a polynomial ring in n
variables over a field k. Topologically, the question can be posed as asking if every
vector bundle over the affine n-space A} is a trivial bundle, reflecting the idea that
an affine n-space should behave like a ‘contractible’ space in topology.

The question spurred on a wave of research, notably by Bass [1], Quillen [40],
Suslin [52] and Seshadri [46]. Of note is a theorem of Hilbert-Serre [44] in which it
was shown that the projective modules in question are necessarily stably free. Despite
such research, it would require twenty years before a full and affirmative solution was
finally presented by Quillen and Suslin (see [40] and [52]). In an interesting turn of
history, the solution by Quillen and Suslin was discovered independently in the same
month of the same year (January 1976) and using different means.

Our interest in stably free modules can therefore be seen as a continuation of
these discussions. Nevertheless, the topological motivation should not be overlooked,
for at present there is no known fundamental group G that satisfies the D(2) property
and which admits non-trivial stably free modules over its integral group ring.

The discussion, then, becomes one of which rings have only trivial stably free
modules, i.e. free. In this, we are aided by a property known as the Eichler condition.
Groups have this property when their real Wedderburn decomposition admits no
simple Hamiltonian H factors. By a theorem of Swan and Jacobinski (see [11]) we
know Z[G] admits no nontrivial stably free module if G is a finite group satisfying the
Eichler condition. However, this condition is not a necessary condition, as shown by
the calculations of Swan in [56]. Here, Swan showed that the generalized quaternions
Q(4n) of order 4n admit no nontrivial stably free modules over their integral group
ring if and only if n < 5, yet Q(4n) is easily shown to fail the Eichler condition. As
it happens, whenever n > 5, Z[Q(4n)] has at least one nontrivial stably free module.

When we make the transition to infinite groups, the Swan-Jacobinski theorem
can no longer be called upon. As such, progress is now of a far more delicate nature.
Nevertheless, progress has been made by Johnson and others. As a starting point, we
note that Johnson has shown in [21] that k|G x F,,| admits no nontrivial stably free
module whenever G is some finite group and k a field. Returning to Z, Johnson [22]
has generalized a result of Kamali [26] to show Z[Q(8m) x F| has infinitely many
isomorphically distinct nontrivial stably free modules, where F' is some group which
maps surjectively onto F),. Similarly, O’Shea [35] has shown this result holds for
groups of the form Q(12m) x F.

Beyond quaternion groups, Johnson [22] has shown that both Z[C, x F,] and
Z[D,, x F,] admit no nontrivial stably free modules. Johnson has also shown the
same applies for Z[C,, x Cy] for m > 2. In fact, whenever G is a finitely generated
abelian group, Z[G] admits no nontrivial stably free modules (see [23]). By contrast,
O’Shea [35] has shown this is not the case for Z[C,, x F,] whenever m is divisible
by p? for some prime p and n > 2. Indeed, there are infinitely many isomorphically
distinct stably free modules of rank 1. We are similarly met with infinitely many
isomorphically distinct nontrivial stably free modules for Z[(Cy x Cy) x F,,] (see [22]).
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1.2 Structure of thesis

As already stated, the overall structure of this thesis will consist of two parts. Part
I will be concerned with finite metacyclic groups, and will consist of five chapters
including this one. Part II will concern metacyclic groups of infinite type and contains
two chapters.

In Chapter 2, we introduce the necessary results to discuss the syzygies of Dy,
and G(p, 3). We shall, for the most part, omit the proofs and provide references
wherever suitable. Chapter 3 will be concerned with the syzygies of Z[C),] for n > 2.
Whereas the results of this chapter are certainly known, they do not appear readily
in the literature, and the direct calculations appear to be entirely absent. The results
of this chapter shall be of use in Chapters 4 and 5.

In Chapter 4 we consider the syzygies of Z[D,,] and explicitly calculate the various
interactions under the tensor product. As we shall see, the majority of our calculations
depend only upon n where p = 2n+ 1. The requirement of p being prime is necessary
only to ensure the indecomposable nature of our modules, and to prevent our syzygies
from becoming ‘too big’. The key point in this chapter is that the syzygies decompose
into indecomposable modules representing the z-strand and the y-strand. To provide
us with a succinct notation, we shall often write Q%(Z) for the z-strand of the rth
stable syzygy, i.e. those modules arising from the a-strand (or upper strand) of the
resolution. So, for example, K @ Y is a minimal representative element of 2y(Z),
in which K is a minimal module representing %(Z), and Y is a minimal module
representing the y-strand. In fact, as we will see, Y = [3,) in this case. Moreover,
with K as above, we will show:

Theorem A. For A = Z[Dy,| (p odd prime), the module K acts as the identity
within the stable class; that is, K ® X =2 X @& A® for some a > 0 and where X is a
representative element of the x-strand of Q.(Z), 0 < r < 3.

For the purposes of this section alone, we shall write €2, for a representative module
of the z-strand of ,.(Z) (0 < r < 3) in which Qy = K with this notation. The
author stresses that this is purely in the interests of clarity, and shall be abandoned
once we begin to build a more accurate picture of these stable syzygies. We will then
explicitly show the following relations:

Theorem B. For A = Z[Dy,], p = 2n+1, the following relations hold when tensoring
over 4:

[ 4 Ql ® Ql = QQ @ An—l;.
0Q1®Q22Q3@An;
e N RN =@ A"

In particular, the last isomorphism uses the fact that y(Z) = Q4(Z). Using Theorems
A and B, along with the fact that K is self dual (see [24]), we therefore have:

Theorem C. The x-strand of the syzygies Q,.(Z) of Z[Ds,| forms a cyclic group
within the stable class of order 4, generated by S0 with identity €.

In Chapter 5, we now consider the syzygies of Z[G(p, 3)], mirroring the techniques
of Chapter 4. As before, we denote the representative element of the z-strand of Qy(Z)
by K. We then show:
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Theorem D. For A = Z[G(p, 3)], the module K acts as the identity within the
stable class; that is, K@ X = X & A® for some a > 0 and where X is a representative
element of the x-strand of Q,.(Z), 0 < r <5,

Theorem E. With K as in Theorem D, K ~ K*; that is, K s stably self-dual.

We denote the representative modules of the z-strand of §2,.(Z) by €2, (0 < r < 5)
where Qp = K. By setting d = (p — 1)/3 we will explicitly show:

Theorem F. For A = Z|G(p, 3)], the following relations hold when tensoring over
Z:

(1): @O = Qyd AL
(2): 1 @ Q= Q@ A,
(3): @ Q=2 QA
(4): 1 @ Q= Q5 & A%
(5): 0 @Qs5 =0y d AL

Again, the last isomorphism uses the fact that Qy(Z) = Q6(Z). By putting this all
together we therefore have the following result:

Theorem G. The x-strand of the syzygies Q,.(Z) of Z|G(p, 3)] forms a cyclic group
within the stable class of order 6, generated by €01 with identity €.

In the process of showing Theorem F, we shall in fact provide an affirmative
answer for the sequencing conjecture when ¢ = 3. This shall be proven in two parts.

Theorem H. There exist the following three basic sequences:
()
K(3)
0— R(1)— A — A — R(3)— 0;
(i)
K(1)

/N

0— R2)— A — A — R(1)—0;
(iii)
K(2)
/ N\
0— R(B)— A — A — R(2)— 0.

It is then a straight forward splicing argument to prove the sequencing conjecture for
q = 3; that is:
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Theorem 1. The sequencing conjecture is true for ¢ = 3 and we have the following
exact sequence

K(3) K(2) K(1)

SN NN

0— R(1) - A—A—A—A— A— A— R(1)— 0.

NSNS

R(3) R(2)

We conclude Part 1 by generalising the results of Theorems D and E to a general
prime ¢ such that ¢|p — 1; that is, we show:

Theorem J. For A = Z|G(p, q)], there is a module K which represents the x-strand
of Qo(Z). In particular, this acts as the identity within the stable class. In other
words, we have K ® X = X & A® for some a > 0 and where X is a representative
element of the x-strand of Q,.(Z), 0 < r < 2q — 1. Furthermore, K ~ K*.

Chapter 6 signals the start of Part II. As with Chapter 2, this consists of the
necessary results for Chapter 7. The overall strategy will be to consider fibre squares,
thereby allowing us to construct projective modules over the ring in question by lifting
them from two of the corners. In particular, we show:

Theorem K. There are no nontrivial stably free modules over Z|G(p, q) x F,,], where
n > 1.



Chapter 2

Preamble

Let A be an arbitrary ring and denote the units by U(A). By a (right) A-module we
shall mean an abelian group M such that:

e m-1=m forall m € M;

e m(AAy) = (mA)Ag for all m € M, A\, Ag € A;

o (my + ma)A = muA+mo for all my, me € M, X € A
e m(A\ + A2) = mA; +m)y for all m € M, A\, As € A.

A module is said to be free if it has a basis and, in this case, can be thought of as
behaving similar to a vector space. When a module fails to have a basis, it is often
useful to consider the extent to which it fails to have one. We say that a A-module
P is projective if there is another A-module @) such that P & @) = F', where F is
some A-module which is free of unspecified rank. A projective module can therefore
be seen to be a generalisation of a free module.

Throughout this thesis we denote the ring of n x n matrices over A by M, (A),
and the set of m x n matrices over A by M, ,(A). Of particular interest is the group
of invertible n x n matrices over A, which we denote by GL,,(A) and call the general
linear group. This will play a larger role in Part II of this thesis.

Recall that if A is a commutative ring, and G a (finite) group', then the group
algebra A[G] consists of all formal A-valued functions with finite support defined on G.
This naturally forms a A-module under pointwise addition and scalar multiplication.
If g € G then we can make particular note of the element of A[G] defined by

X L ifz=g;
9(x) = .
0, ifz+#g.

We then have a basis for A[G] over A given by {§},eq thereby allowing us to represent
elements of A[G] as finite linear combinations of elements of G with coefficients in A;

that is,
a=> A

geG

!The finiteness condition here purely reflects the fact that Part I of this thesis concerns only finite
metacyclic groups. Nevertheless, many of the results that follow will apply to infinite groups. The
details are left to the reader

11
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Trivially, we note A[G] is free over A. Moreover, A[G] has the structure of a
A-algebra, where the product is given by

(- B)(g) =D algh™")B(h).

heG

The multiplicative identity is clearly seen to be 1 and hence there is the inclusion
A < A[G] where X +— X\ - 1. When there is no confusion, we adopt the notational
shorthand of dropping the hat above g.

For such group rings we define a A[G]-lattice to be a A[G]-module whose under-
lying A-module is finitely generated and projective. As this thesis will be primarily
concerned with Z[G]-modules, we can think of Z[G]-lattices as Z[G]-modules whose
underlying abelian group is finitely generated and free. Note that any ideal in Z[G]
is a Z[G]-lattice.

Now, we define a group representation by a homomorphism p : G — GL,(A).
Whenever A = F is a field, there are a number of results which aid the computations
and more theoretical aspects of the theory. Unfortunately, in the realm of rings, the
theory does contain a certain degree of pathology. For instance, Maschke’s theorem
fails the transition to general rings, and Z is no longer projective as a Z[G] module
unless |G| = 1. Nevertheless, as we shall see in Section 2.2, the integral representation
theory of lattices does have some nice behaviour which we will be able to exploit.

Despite the added complications of integral representation theory, there are suffi-
cient ‘nice’ qualities for us to utilise. The remainder of this section, while still aimed
at finite groups, is also applicable to more general groups. For our purposes, we will
never need anything more troubling than a countable group. With this, we find that
our rings are not ‘too big’ when A = Z. To reflect this we say that a ring is weakly
coherent when any submodule of a countably generated module is necessarily count-
ably generated. A straightforward argument shows that any countable ring is weakly
coherent. Clearly Z[G] belongs to this class of rings (provided G is countable).

More useful still is the property of weak finiteness. We say a ring A is weakly finite
if, whenever ¢ : A™ — A™ is a surjective A-homomorphism, then ¢ is bijective. In [6],
Cohn attributes the result that F[G] is weakly finite for any field F of characteristic
zero to an unpublished result of Kaplansky. This was later proven by Montgomery [32]
and Passman [37]. A theorem of Cohn [9] then shows that any subring of a weakly
finite ring is weakly finite. Hence, the property is shown for Z[G] also. Furthermore,
by results of Cohn (see [6], [7], [8]), this implies that Z[G] also satisfies the invariant
basis number property (IBN); that is, for positive integers m, n:

ZIGI"=Z|G]" = m=n.

Henceforth, for the remainder of this chapter we shall relabel A = Z[G]. It should
be noted, however, that in future chapters it will be beneficial to use A to denote the
integral group ring for specific groups; for example G = Dy, .o in Chapter 4. For
now, we shall stick with a general finite group G unless explicitly stated otherwise.
As a final comment on the conventions throughout this thesis, we denote the category
of Z|G]-lattices by F(Z[G]) or simply F(A). It is a full subcategory of A-modules
and throughout this thesis, we shall always stay within this category unless otherwise
stated.
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2.1 Dual modules

Throughout, we work with right modules unless otherwise stated. A potential draw-
back of this approach, however, is that of dual modules. Recall, we have set A = Z[G].
We define the A-dual of a A-module M to be

M* = Homy (M, A).

In general, for a right A-module M, the dual module M* is naturally a left module
via the action

o : A X Homp(M, A) — Homy(M, A)
(Ao f)x) = Af(x).

To make this into a right module, we require our rings have an additional structure;
namely, a natural involution.

Fortunately for us, group rings offer us just such an involution, thereby allowing
us to convert any dual module into a right module via the canonical involution. Let
7 : A — A be the aforementioned involution where

geG geG geG
Given the canonical involution above, convert the left action e into a right action *
by

(fxA)=Aef,

where g = g~ L.

When working within F(A) there is the following relationship between a module
and its double dual. The reader is directed to [20] for a more thorough exposition.

Proposition 2.1.1. For all M € F(A), v: M — M** is a natural isomorphism of
A-modules.

It should be stressed, however, that in general M is not self-dual; that is, it
is mot true in general that M = M*. We shall explore three cases of particular
note with regards to duality and double duality in Section 2.2 when we introduce
representations. Until then, another nice property is that duality is preserved by the
direct sum construction; that is:

Proposition 2.1.2. Let M, N be A-modules; then

A natural property to discuss is the transition between modules over Z[H] and
over Z[G] where H is some (possibly trivial) subgroup of G. First, recall the Z-dual
of M is the lattice

M* = Homgz(M, Z)

on which G acts by (fg)(m) = f(mg™'). Consider now the following notions of
restriction and extension of scalars. Let ¢ : H C G be the natural inclusion map
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of the subgroup H into G. We now induce two maps on the category of finitely
generated lattices:

i* - F(Z|G)) — F(Z[H]),

and
i« F(Z[H]) — F(Z[G)),

where ¢* is given by restricting scalars to Z[H]|, and i, is given by extending scalars;
that is, i,(M) = M ®zm) Z|G]. In the interests of maintaining a concise notation, we
shall often write the above tensor product — ®zy) — over Z[H] simply as — @y —.

Proposition 2.1.3 (E-S Stage 1). Ifi: {1} — G, then for any L € F(A),
Homgziq)(Z|G], L) =2z Homg(Z, i*(L)).
Proof. Let | € L and consider the well defined A-homomorphism,
[:Z[G] — L
given by Z()\) = [\. Define the mapping,

h : Homz(Z, 2*(L)) — Homz[g](Z[G], L),

—_

where f(f) = f(1). Evidently, § is a Z-homomorphism.
It therefore remains to show bijectivity. First suppose f(f) = t(g), i.e. that

—_—

f(1) = g(1). Consider an element A = >, . A\yh € Z[G] so that

ST HOME =" g()Ah.

heG heG

It follows that f(1)A\n = g(1)A, for all A, € Z. As i*(L) is torsion free we therefore
conclude f(1) = g(1) and hence f = g.

Now, take some f € Homg(Z[G], L). This is clearly determined by where it
sends 1. Consequently, this corresponds to some f € Homgz(Z, i*(L)); that is, there
exists an f such that §(f) = f. O

Proposition 2.1.4 (E-S Stage 2). Ifi: {1} — G, then for any L € F(A),
Homgq)(L, Z[G]) =z Homg(i*(L), Z).

Proof. Let € : Z|G] — Z denote the augmentation homomorphism where €(g) = 1.
We next induce the following Z-module homomorphism,

€. : Homziq) (L, Z[G]) = Homgz(i*(L), Z).
To show that €, is an isomorphism, we first consider the following special case:
(I): €. is an isomorphism when L = Z[G].

Evidently, Homzc)(Z[G], Z|G]) = Z|G] which is the free Z-module with basis {g}4eq-
Since Z[G] is a lattice we have i*(Z[G]) = ZI®l. Hence, Homg(i*(Z[G]), Z) = Z!“! is
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also a free Z-module with basis {¢g*},cc where

1, h=uy;
g (h) = g
0, h#g.

Clearly, €.(g) = ¢g*, and thus ¢, is an isomorphism of Z-modules.
Now, as ¢, is additive, (I) clearly generalises to:

(I): €, is an isomorphism when L = Z[G]" for n > 1.
Given this, we can now prove that €, is an isomorphism for any Z[G]-lattice L.
(III): €. is injective for any Z[G]-lattice L.
As L is finitely generated, we take a surjective Z[G]-homomorphism,
7 ZIGI" — L
and extend this to form an exact sequence thus
Z[GI" 5 L —0—0.

We then construct the following commutative diagram with exact rows as follows,

> Homz[G}(L, Z[G]) — Homz[G](Z[G]m, Z[G])

e{ %

» Homgz(i*(L), Z) —— Homgz(i*(Z|G]™), Z)

1%

(_
1%
O —— O
IR

The result now follows from the ‘injective Four Lemma’.
(IV): €. is surjective for any Z[G]-lattice L.

Take the exact sequence
0—-KLZG™ S L—0

where K = Ker(r) and j is the natural injection. It is well-known that ¢* is an exact
functor (see, for example [22]). So, we have

0= i*(K) "9 zia1™) "5 (L) = 0

is also an exact sequence. Since L, Z[G]™ are lattices, it follows that their restrictions
are simply copies of Z. Consequently, the above exact sequence splits as
ZmICl = *(K) @ Z!, where | = rkz(L). Hence, i*(K) is projective as a Z-module.
Furthermore, it is clear that i*(K) is also finitely generated. In other words, K is a
Z|G-lattice.

Next, construct the following commutative diagram with exact rows,
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0 — Homz[(;}(L, Z[G]) W—*> Homz[(;}(Z[G]m, Z[G]) ]—*> HOmz[G](K, Z[G])

b | |

0 —— Homgz(i*(L), Z) SLAEN Homgz(i*(Z]G|™), Z) SEAEN Homgz(i*(K), Z)

IR
IR

As € is injective by (III), it follows that el is surjective by the ‘surjective Four
Lemma’. O

In fact, the above isomorphisms are merely special cases of what one may tenta-
tively call the ‘Eckmann-Shapiro’ relations.

Proposition 2.1.5 (Eckmann-Shapiro). Leti: H < G be the natural inclusion map
of a subgroup H into G. If M is a Z[H|-lattice, and N is a Z|G]-lattice, then there
exist the following isomorphisms:

o Homz[G](i*(M), N) = Homz[H](M, i*(N));
(4 Homz[G](N, ’L*(M)) = Homz[H](i*(N), M)

Strictly speaking, the original statement by Eckmann and Shapiro concerns the
corresponding isomorphisms in cohomology in which the above is simply the case
n = 0O:

Extyie(i.(M), N) = Bty (M, i*(N)); (2.1.6)

EIt%[G}(N> 2*(M)) = Ext%[H}(i*(N), M) (2.1.7)

Nevertheless, we shall refer to the isomorphisms of Proposition 2.1.5 as the Eckmann-
Shapiro relations throughout. In the interests of succinctness, we shall refrain from
providing a proof for Proposition 2.1.5. It suffices to say that the first isomorphism?
is the well-known result that the extension of scalars functor is a left adjoint of the
restriction of scalars. The second isomorphism is not true in general, and the reader
is directed to [22] (see appendix B) for a proof.

A related result is sometimes referred to as the ‘projection formula for Frobenius
reciprocity’ in the literature, see [5]. As we have engulfed the more classical Frobenius
Reciprocity under the umbrella of the Eckmann-Shapiro relations, we shall henceforth
refer to the following simply as ‘Frobenius Reciprocity’.

Proposition 2.1.8 (Frobenius Reciprocity). Let i : H C G be the inclusion map of
the subgroup H into a finite group G. If M is a Z|H|-module, and N is a Z[G]-module,
then there exists an isomorphism

¢ i(M) ®z N — i.(M ®zi*(N))

Corollary 2.1.9. Let M be a A-lattice of rank rkz(M) = m; then (A)"@ M = (A)™™.

2This is sometimes referred to as Frobenius Reciprocity in the literature.
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Proof. Take the trivial subgroup {1} and the natural inclusion ¢ : {1} € G. Then
i+(Z) = A and it follows from Frobenius reciprocity that,

(A @z M= i, (Z")® M
= 02" @ (M))
= L(ZreZm)

i (Z7™)

= (A)r™.

O

Finally, we consider a result concerning the extension of scalars of the trivial
module Z and self-duality. If i : H < G is the natural inclusion of a subgroup H
into the finite group G, then we induce the extension of scalars functor as before. We
therefore have the following result which will be of use in Chapter 4.

Proposition 2.1.10. With i, as defined above, the extension of the trivial Z[H -
module is self-dual; that is, i.(Z)* = i.(Z).

Proof. If we think of Z as the trivial Z[H]-module, then i,(Z) = Z ®y A and we
clearly have the following action of g € G:

(a®g) 9= a®g-g
= a®h-g,
= a-h®gj
— a@gj

where h € H and g; € G\H. Hence we may form a set {g1,..., gx} of coset repre-
sentatives of G\ H such that {1® g1,..., 1 ® gx} forms a Z-basis for i.(Z).

Now, let g € G and observe that g; - g € Hg,,(;) where g5,y € {g1,---, gr}. We
intend to show the o, is in fact a permutation; that is, we have (1® g;)g = 1 ® go, ()
forall 1 <j <k.

It is clearly sufficient to show injectivity of o,. So, suppose g;,9, 9;,9 € Hg; for
some 1 < ¢ < k. Thus, for some h, h' € H, hg;, g = Ig;,g from which it follows that
hg;, = h'g;,. In other words, we are in the same coset and so g;, = g;,, as required.

Thus far we have shown o, is a permutation on {1, ..., k} and therefore we have
a permutation matrix p;,(z)(¢~') in which

(pi(zy(97))is = {é j ;28

1

Finally, since gg~! = 1 it is straightforward to see that (c,)~' = 0,-1. Consequently,

(Pi.2)(9))i = {(1)’ j ;;‘7918, = (pizy (g™ 1))ji

Thus, pi.(z)(97") = pi.z)(9)", as required. 0
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2.2 Integral representation theory

Let G be a group. An n-dimensional Z-representation is a pair (M, p) where M
is a free Z-module of rank n, and p : G — GL,(Z) is a group homomorphism. If
(N, o) is another Z-representation, then ¥ : (M, p) — (N, o) is a (G, Z)-morphism
when ¥ : M — N is a Z-linear map such that for all ¢ € G, m € M we have
W(p(g)(m)) = o{g)(¥(m)).

Now, for g € G denote by g the element of Z[G| where

R 1, ifx=g;
9(x) = .
0, ifx#g.

The set {G}gjec forms a Z-basis for Z|G]. We can associate with (M, p) a right
Z|G]-module M (p) whose underlying abelian group is M, and on which Z[G] acts by

me (Z Ag§> = Agp(g ) (m).

geqG geqG

Conversely, if M is a finite dimensional right Z[G]-module, we associate with M a
finite dimensional Z-representation py : G — G L, (Z) where
par(g)(m) =m- g~

This correspondence between Z-representations of G' and right modules over Z[G] is
clearly 1 —1. Such a viewpoint was initiated by Noether in the 1920s and allows us to
consider, among other things, properties of modules by working with the associated
representations. We say two n-dimensional representations p, o are equivalent if there
exists some X € GL,(Z) such that p(g)X = Xo(g) for all g € G. In particular, this
is true if and only if the associated Z[G]-modules are isomorphic.

Of particular interest will be the following relationship between dual modules and
their representations. Specifically, we may think of the Z[G]-dual of a Z[G]-lattice M
as the lattice M* where G acts by

par-(9) = pa(g™")"
There are now three special cases of representations to note:
e The regular representation

This is simply the matrix description of the free module of rank 1; that is we
consider Z[G] as a module over itself. If |G| = n, this gives rise, via the above
correspondence, to the regular representation p,., : G — GL,(Z); that is,

Preg(g)(m) = g - m.

Each p,e4(g) is a permutation matrix and so satisfies the orthogonality condition
Preg(g)_l = Preg(g)T. It therefore follows that p,., = Preg- Moreover, we may legiti-
mately identify Z[G] with Z|G]* by confusing the canonical basis {g},e¢ with its dual
basis {¢*}geq. This result generalises easily to give:
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Proposition 2.2.1. If M € F(Z|G]), then
M is free < M”* is free.

We may extend Proposition 2.2.1 to encompass projectives in a straightforward man-
ner:

Proposition 2.2.2. If M € F(Z[G)), then
M is projective < M™ is projective.
e The trivial representation

We consider Z to be a Z[G]-module in which each group element acts trivially, i.e.
each g € GG acts as the identity. In matrix terms, the trivial representation is therefore
given by the trivial homomorphism 7 : G — GLy(Z). Since 7(g) = 7*(g) = Id for all
g € G, it is clear that Z =z Z*.

e The augmentation ideal

The previous two cases were both self dual, and perhaps this was overly deceptive.
For, as already stated, it is not a property that is shared by Z|G]-modules in general.
Consider the augmentation map € : Z[G] — Z, where €¢(g) = 1. The kernel of €
is of significant interest to us, called the augmentation ideal. We usually denote
the augmentation ideal by I(G), Ig, or simply I when there is no confusion as to
which group we are working with. Clearly, I(G) € F(Z[G]). Moreover, we have the
following well known result:

Proposition 2.2.3. The augmentation ideal I(G) has a Z-basis given by
{9 —1¢ | g € G such that g # 15}

Although in general I(G) is not self dual, there is a specific case worth noting
where I(G) = I(G)*. Suppose G = C,, =< z | 2™ = 1 > is the cyclic group of order
n. Then we write I(C),) as

I(C,) = spang{z — 1, o 1...,z" = 1}.

By a series of elementary basis changes, we confuse the basis of I(C),) with it’s dual
basis; that is:

Proposition 2.2.4. Let C, denote the cyclic group of order n; then
I(Cy) Zzi0, 1(CR)".

As it happens, this is the only case for which I(G) is self-dual. This fact follows since
self duality of I(G) is equivalent to G having cohomological period 2. As shown by
Swan [55] (Lemma 5.2), this is only true when G is cyclic.

It will become necessary throughout this thesis to understand how lattices interact
under the tensor product. For this reason, we recall a few basic facts. When M, N
are A-lattices of ranks m and n, respectively, with corresponding representations p,,
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and py, then the tensor product M ®z N is a lattice of rank mn where the G-action
is given by,
(v@w)-g=1vg®wg.

Recall that if X = (x;;) and Y = (y;;) are two matrices, then X ® Y = (Xy;;).
Consequently, M ®z N is determined by a representation,

puen . G — GLy,(Z)
g pulg) ®pn(9)-

As we shall be tensoring predominantly over Z, we drop the subscript in — ®z —,
reserving subscripts only for tensoring over some other ring.

With these considerations in mind, we now move on to considering the repre-
sentations of lattices in more detail. First, we note the following standard results of
tensor products:

Proposition 2.2.5. If M, N are Z[G]-modules, then
Homz(M, N) = M* ® N.

Proposition 2.2.6. Let M, N be two A-lattices. Then the dual of their tensor product
is isomorphic to the tensor product of their duals; that is,

(M@ N)*=M"® N*.

Moreover, Homgz(M, N) is a lattice on which G acts by (fg)(v) = (f(vg™'))g. In
particular M* ® M is the matrix ring M,,(Z) on which G acts by conjugation,

Ag = pu(g~")Apa(9).

Finally, we introduce a result that will be of use throughout Part I of this thesis.

Proposition 2.2.7. Let {Ey}yecv be a Z-basis for the free abelian group A and let
B C A be an additive subgroup such that rkz(B) < m. Suppose also that there exists
a subset ® C W such that |®| =m and Ey € B for each ¢ € ®; then

i) rkz(B) =m;
i) {Ey}oca is a Z-basis for B;

iii) A/ B 1is torsion free.

2.3 Cyclic Algebras

Let R be a commutative ring and let § : R — R be a ring automorphism of finite
order dividing n > 2, i.e. we have §" = Id. We define the fixed ring,

R ={reR|0(r)=r}.
If « € RY then we define the cyclic algebra C,(R, 0; «) to be the two-sided R-module
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which is free of rank n over R with basis {1, y, ..., y"~'}. Moreover, we have multi-
plication determined by

y"=a,y-r=0(r)- -y, where r € R.

Evidently, C, (R, 0; «) is an algebra over the fixed point ring R’. For ease of notation,
whenever o = 1, we shall simply denote this by C, (R, ).

The cyclic algebra construction allows us to construct certain group rings from
other, simpler, group rings. For example, let R = Z[C3] denote the integral group
ring of the cyclic group of order 3. We may then construct Z[Dg]|, the integral group
ring of the dihedral group of order 6. Let § € Aut(C3) be nontrivial of order 2, i.e.
0? = Id. Take 1 to be the element of the fixed ring. It is straightforward to now show

Now define a pointed n-ring to be a triple (R, 0; «) such that 6 : R — R satisfies
6" = Id and o € R?. We in fact have a category of pointed n-rings with morphism

[ (R, 0; a) = (S,4; B)

such that f : R — S is a ring homomorphism where f(«a) = f, and fof =1 o f.
Formally, the cyclic algebra construction is functorial on pointed n-rings. However, it
should be noted that we do also want to allow the case where 6" = Id but ord(6) # n.
For consider the above example of Z[C3] in which 6% = Id. As 6 fixes 1 + z + 2?2,
then 6 induces a ring automorphism on the quotient I(Cs)* = Z[Cs]/(1 + x + z?).
Likewise, the augmentation ideal I(C}) is stable under 6 and so 6 induces the identity
automorphism on the quotient Z = Z[C5]/I(C5). Thus, we can apply the cyclic
algebraic construction to both I(C3)* and Z. This is important in the context of fibre
squares (see Section 6.2), for which we have the following crucial result:

Proposition 2.3.1. The cyclic algebra construction C, preserves fibre squares of
pointed n-rings.

This result will be of significant use in Part II of this thesis.

2.4 The Ezt! functor

By Ext, we mean the collection of short exact sequences of A-modules and
A-homomorphisms of the form,

E=(0—>E, 5 E 5 E_—0). (2.4.1)

This becomes a category upon introducing the following commutative diagrams as
morphisms

:(0—>E+ /EO /E_ /O)

& o | ol e |

F:(0—>F+ /FO /F_ /O)
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By Ext} (A, B) we mean the full subcategory of Ext) in which £, = Band E_ = A.
When there is no confusion as to the choice of ring, we omit the suffix and write Ext’
and Ext'(A, B).

Suppose &, F € Ext'(A, B), then we define a congruence to be a morphism
¢ : & — F that induces the identity at both ends; that is, we have a commutative
diagram

( > B > Fy >y A > 0)

R

F=(

> 0).

If such a congruence exists, we write ‘€ = F’. It is then a straightforward conse-
quence of the Five Lemma that congruence is an equivalence relation on Ext'(A, B).
We denote the collection of such equivalence classes in Ext'(A, B) under ‘=’ by
Ezt'(A, B).

Observe that Ext'(A, B) is equivalent to a small category, so that Ext' (A, B) is
in fact a set. It is then a well known result that the ‘Baer sum’ induces the structure
of an abelian group on Ext'(A, B). To describe this operation, we first recall some
natural constructions on Ext'(A, B):

e Pushout: Let A, ,Bl’ By be A-modules; if f: By — By is a A-homomorphism
and £ = (0 — B, 5 Ey 5> A — 0) € Ext'(A, B;) we put

F(E)=(0— By lim(f, i) < A = 0),

where lim(f, i) = (Bo®Ey)/Im(fx—i) denotes the colimit and j is the injection
—
Jj: By — lim(f, i), j(z) = [z, 0]. The correspondence & — f,.(£) determines
—

the covariant ‘pushout’ functor f, : Ext' (A4, B;) — Ext'(4, By). Furthermore,
there is a natural transformation vy : Id — f, obtained as follows:

:(0 > By LN Ey >y A \0)

£.(E)= (0 —— By — lim(f, i) —— A —— 0)

where v : Ey — lim(f, 7) is the mapping v(z) = [0, z].
e

e Pullback: Let Ay, Ay, B be A-modules; if f: A; — Ay is a A-homomorphism
and £ = (0 = B — Ey 5 Ay — 0) € Ext!(A,, B) we put

[H(€)= (0= B = lm(y, f) 5 A1 - 0),

where lim(n, f) = (Eo %, r A1) = {(z,y) : n(z) = f(y)} denotes the fi-
—
bre product and e : lim(n, f) — A; is the projection €(z, y) = y. The
H
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correspondence € +— f*(£) determines the contravariant ‘pullback’ functor
f« : Ext'(Ay, B) — Ext'(A;, B). Furthermore, there is a natural transfor-
mation pf : f* — Id defined by:

(€)= (0 —— B — lm(y, ) — A — 0)

Il
—
jes}

B > Ey n\AQ \0)

where 1 : lim(n, f) — Ejy is the projection po(z, y) = .
—
e Direct product: Let A, Ay, Bi, By be A-modules, and for r = 1, 2, let
£ =(0—= B, = E(r)y — A, — 0) € Ext'(A,, B,).

Then 51 X 52 = (0 — B1 X B2 — E(l)o X E(2)0 — Al X A2 — 0) is exact, and
we get a functorial pairing

X Eth(Al, B1> X Eth(AQ, BQ) — Eth(Al D AQ, Bl D BQ)

Now, we define the external sum,
@ : Ext'(A, By) x Ext'(A, By) — Ext'(A, B, © B)

by &1 @& & = A*(E; x &) where A : A — A x A is the diagonal. Next, the addition
map + : B X B — B can also be regarded as a A-homomorphism,

@ZB@B%B, a(bl,b2)2b1+b2.

By combining the external sum with the pushout, we obtain the ‘Baer sum’. Explic-
itly, let &1, & € Ext' (A, B); then the Baer sum & + & is given by,

51 + 52 = Oé*(gl D 52) = Oé*A*(gl X 82)
This gives a functorial pairing
+: Ext'(A, B) x Ext'(A, B) — Ext'(A, B).

It is a straightforward observation that congruence in Ext' is compatible with the
Baer sum.
The reader is now directed to Chapter 4 of [22] for proofs of the following:

[ ] (€1+€2)+€3E(91+(82+83);
L] 51+52552+81;

e By 7, we denote the trivial extension

T=0—>B-2BaA™ A-0),
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where ig(b) = (b, 0) and m4(b, a) = a. Whenever there exists a congruence
E =T we say that £ splits. We then have

E+T=E=T +E.

o If £ € Ext'(A, B) is defined as that of (2.4.1) with £, = B and E_ = A, we
denote by —& the extension

—£=(0—B-5 E, 3 A—0).

We then have,
E+(-E=T=(-&+E.

By the above, Ext!(A, B) is an abelian group with respect to the Baer sum.

We conclude by introducing the derived module category, and discussing a ‘desta-
bilization theorem’ that will allow us to ‘cancel’ excess free modules in our exact
sequences. For any two A-modules M, N, we say that a homomorphism f: M — N
factors through a projective module (written f = 0) when there exists a projective
module P, and a pair of homomorphisms n : M — P and £ : P — N such that
f = &on. Evidently, this is equivalent to f factoring through a free module. We now
define

(M, N)={f: M — N | f=0}.

It may be shown that (M, N) is an additive subgroup of Homy (M, N) in which f ~ ¢
if and only if f — g ~ 0. We now obtain the derived module category Der = Der(A),
whose objects are right A-modules, and in which, for any two objects M, N, the set
of morphisms Homope,.(M, N) is give by

Hompe. (M, N) = Homa(M, N)/(M, N).

In particular, Homp..(M, N) has the natural structure of an abelian group since
(M, N) is a subgroup of Homa(M, N). As a final comment, we highlight the im-
portant result that two objects M, N are isomorphic in the derived module category
M =p.,. N if and only if M & P =, N & (@, for some projective modules P, ). For a
more detailed exposition, the reader is directed to Chapter 5 of [22].

Next, we say that a module M is coprojective when Ext'(M, Q) = 0 for any
projective module @; that is, every such short exact sequence splits. Since the dual
of any short exact sequence of A-lattices is another short exact sequence, and since the
dual of a projective module is projective, it follows that any A-lattice is coprojective.
We therefore have the following theorem [22] (p. 97):

Proposition 2.4.2 (Johnson’s destabilization theorem). Consider the following exact

sequence of A-modules 0 — J & Qo 2 Q1 — M — 0 in which Qo, Qy are projective;
if M is coprojective, then Q1/j(Qo) is projective.

2.5 Free resolutions and syzygies

As before, we let A = Z[G] denote the integral group ring for some finite group G.
It is well known that any module M may be written as the quotient of some free
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module; that is, if M is a A-module, then we write
M = Fy/K,.

As we are only interested in finitely generated modules, we may take Fy to be a
module with a basis indexed by the generators of M. There is then a surjective map
¢ : Fy — M which sends basis elements to generators. It therefore follows that
M = Fy/Ker(y), as required.

Now, write Ky = Ker(p), and observe Kj is a submodule of a finitely generated
module, and hence finitely generated (because Z[G] is Noetherian). It follows that
K, is itself a quotient Ky = F;/K; of some free module F;. We may continue this
process to yield a sequence

== = Fy—M—=0

which is necessarily exact. Furthermore, each F, is finitely generated by construction.
We call this a free resolution of M. In our case, let

e R B A g g (F)

be a resolution of the trivial module Z over A such that each F; is a finitely generated
free module. We define the syzygy modules (J,)1<, of F to be the intermediate
modules,

J. = Im(0,) = Ker(0,_1).

This definition allows us to break F up into a collection of short exact sequences,
0T 5 F-2%750and 0= J, 2 F, 23,1 —0.

It is quite evident that these depend upon the free resolution chosen. For consider
the second short exact sequence above. This may be transformed by the addition of

a free module F,
0= o F " E oF™ g, =0

where p/,_, is the obvious composition of p,_; with the projection F,,_1 & F — F,_;.
Clearly, J, @ F' is another syzygy related via the free module F. In this sense,
there may be many syzygies which are distinct as A-modules. To impose a sense of
uniqueness we consider the stable class of syzygies. The stability relation between
A-modules M, M’ is understood to be the isomorphism M @ A% = M’ @ Ab for some
integers a, b > 0. We then say that M and M’ are stably equivalent and denote this
M ~ M'. Tt is straightforward to show:

Proposition 2.5.1. The relation ‘~’ is an equivalence on isomorphism classes of
A-modules.

We denote the set of isomorphism classes of modules N such that N ~ M by [M]
and call this the stable module of M. Given this, the stable syzygy Q,.(Z) is therefore
defined to be the stable class [J,] of any such J,.

Proposition 2.5.2. Suppose the following are two free resolutions of the A-module
M:
Sn dn—1 82 51 8o
b, = F,_— - — N —5—M=0
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s, & & & 8
o A R Ay UV ()

If J. = Ker(0,-1) and J. = Ker(0,_,) as before, then J. ~ J.. for each r.
To prove this, we use the following well known result:

Proposition 2.5.3 (Schanuel’s Lemma). Suppose we have two short exact sequences
of A-modules
0—=K—>F—=M-=0

and
0K - F —-M-—=0

in which F, F" are free (or, indeed, projective); then,
KeF 2K aF
and hence K ~ K'.

Proof of Proposition 2.5.2. Proceed by induction. First, when n = 1 we have the
short exact sequences
0—=Ji—>Fp—M—=0

and
0—J — Fy— M —0.

By Schanuel’s Lemma, J; @ Fj = J] @ Fy, i.e. Jp ~ Ji.
Now suppose the statement holds for n = r — 1, i.e. for some a, b > 0 we have:

J_1 @A =T _ @A (2.5.4)
Consider when n = r; we have
0—=J,—=F_41—J.1—0

and
0—=J —F_,—J_,—0.

By using (2.5.4), and modifying the above exact sequences, we obtain:
0—=J, - F_1®AN"— J_1®A*—=0

and
0—=J - F &N —J 6N —0.

By once more using Schanuel’s Lemma, we obtain the desired isomorphism

J,OF AN =T oF._ &\,
ie. J. ~ J. O
Proposition 2.5.2 can therefore be reinterpreted as:

Proposition 2.5.5. The stable syzygy $.(Z) is independent of the choice of free
resolution JF.
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Proposition 2.5.6. Let Q.(Z) and Q(Z) be stable syzygies of the trivial A-module
Z: then
02.(Z2) @ Q(Z) = Qo y5(Z).

Proof. To prove this we first demonstrate:
0,(Z) @ 0(Z) = 1 (Z). (2.5.7)

As the tensor product is associative, we may iterate this process to reach the desired
conclusion. As before, we proceed by induction. For ease of notation, for each r write
), for a representative element of €2,.(Z). Now, consider the case for r =1,

00— -A*"—>Z—0
for some a > 1. Now apply — ® q,
0= 00 A" -Z®Y =0
and note that we may write A* ® ) = (A ® Q)*. We therefore have
00000 - (A" —= Q2 —0.
By Corollary 2.1.9 this can be rewritten as
0= —=A =0, =0

for some b > 1. Thus, 2; ® Q; = s, as required.
Now suppose we have shown the result for r — 1; that is,

Q1 @0 =Q,. (2.5.8)
Consider the exact sequence,
0= - A"—=Q,_1—0
for some a > 1, and apply — ® €2, as before
02000 A" - Q100 —=0.

By (2.5.8), Q,_1 ®Q; = Q,, and by once again identifying A*®Q; = (A®Q;)* = AP
for some 3 > 1, we have

050900 >A—>Q, >0

and hence €2, ® 2y = €,.1. The result now follows by our earlier remark. O

Evidently, Proposition 2.5.6 is telling us something about what is going on when
these syzygies interact. However it isn’t telling us much. As such, it will be our aim
in Chapters 3, 4 and 5 to discuss how these syzygies interact outside of the stable
clags. In particular, for the metacyclic groups in question, we will demonstrate the
existence of a cyclic group formed within the stable class. The order of this group
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turns out to be related to what we call the periodic cohomology of the group G, which
we now define.

First, for a finite group G we may say, prima facie, that there are two possibilities
within the stable category: either

(i) the stable syzygies (2,.(Z)),cz are isomorphically distinct; or

(i) 2,.(Z) = Q4(Z) for some r, s € Z where r # s.

As it happens, most finite groups belong to type (i), but there are a number of
important examples belonging to type (ii). Two such examples are the cyclic groups
C,, of order m, and the metacyclic groups G(p, q) of order pq.

The categorisation of finite groups within these two types depends upon the Sy-
low subgroup structure. Specifically, when for each odd prime p the Sylow
p-subgroup is cyclic and the Sylow 2-subgroup is either cyclic or generalized quater-
nion, then G belongs to type (ii). For a classification of all finite soluble groups
satisfying these conditions, the reader is directed to [58], and for finite non-soluble
groups to [53].

Now, we say that n > 0 is a (free) cohomological period of G if Q,,,(Z) = Q,.(Z)
for all r € Z. We now have the following useful result (see [20], Chapter 7):

Proposition 2.5.9. Whenever G is a finite group of (free) cohomological period
n € N, then the following conditions are equivalent:

Fi(n) : Quyn(Z) = Q.(Z) for allr € Z;
Fa(n) : Quin(Z) = Q.(Z) for at least one r € Z\{0};

F3(n) : There exists an exact sequence in F(A) of the form
0—=Z—=F,_,— - —=F—=2Z—=0

where each F; is finitely generated and free over A.

When the above free modules are merely projective, we say G has cohomological
period n. The two are related as the cohomological period divides the (free) coho-
mological period. So, if the cohomological period of G is n, then its free period is on
where § > 1. In particular, ¢ divides the order of the projective class group Ko(Z[G]).

Next, note that the cohomological period is necessarily even. Consequently, the
smallest possible non-trivial period is n = 2. This is realised in the case of cyclic
groups. If we describe C,, as, C,, = (x| 2™ = 1) then there is a free resolution of
period 2 given by:

05ZSASASZ 0

where € is the augmentation map, and €* is its dual. The converse was also shown to
hold true by Swan (see [55], p. 205); that is, if n = 2 is a cohomological period of G,
then G is necessarily cyclic. We return to this in Chapter 3.

The next case is when n = 4. Unlike the previous case, this does not have a
single type of group associated with this cohomological period. For example, both
Dynio and Q(4n) for n > 2 have (free) cohomological period 4 but are clearly not
isomorphic. In Chapter 4, we shall focus our attention on the former. It should be
noted, however, that the order 4n + 2 is necessary, for the dihedral groups of order
4n do not have a finite free cohomological period. For a general metacyclic group
G(p, q) we note this has cohomological period 2g.
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2.6 Stably free modules

We say that a A-module S is stably free when it is stably equivalent to the zero
module; that is, when S @ A* = F, where a > 1 and F' is a free module of unspecified
rank. Trivially, any free module is stably free and an obvious question is when (if
ever) the converse is true. When any stably free A-module is necessarily trivial (i.e.
free), we shall say that A has stably free cancellation (SFC).

By a theorem of Gabel (see [15]) any stably free module that is not finitely
generated is necessarily trivial. Consequently, the question is now posed as to whether
every finitely generated stably free module is trivial. In general this is not the case.
For instance, in [56] Swan considered the integral group rings of the generalized
quaternions Q(4n), n > 2,

Q(4n):<x,y\x":y2, ryr =1y > .

Specifically, Swan showed that Z[Q(4n)] admits no nontrivial stably free modules if
and only if n < 5, and at least one nontrivial stably free module exists whenever
n > 6.

Nevertheless, there are still cases of importance where there are no nontrivial
stably frees. In the realm of finite groups, it is a sufficient condition for our group to
satisfy the Eichler condition. To understand this first recall that, by Wedderburn’s
Theorem, we have the following decomposition of the real group ring,

RIG) = [] Ma(D)

where D; = C, R or H, the ring of Hamiltonian quaternions. We say that G satisfies
the Eichler condition when H is not a factor of R[G]. We then have the following
form of a result due to Swan and Jacobinski (see [11], p.324):

Theorem 2.6.1 (Swan-Jacobinski). If G satisfies the Eichler condition, then Z|G]
has SFC.

It should be noted, however, that this is not a necessary condition. Indeed,
consider the following real Wedderburn decomposition of the generalized quaternions,

R x My(R)=2/2 x H(/2), n even;

R[Q(4n>] = {R(2) X Mz(R)("—l)/2 x C % H(n_l)/Q, n odd.

Clearly, Q(4n) fails to be Eichler, and yet we have already discussed the stably free
modules when n < 5 - they are trivial.

One of our main goals in this thesis will be to understand the syzygies of certain
metacyclic groups. As such, we note the following:

Proposition 2.6.2. Dy, satisfies the Eichler condition.

Proof. Make the identification Q[C,] = Qz]/(z™ — 1), where C,, is the cyclic group
of order n. As an initial observation,

Qlz]/(a" —1) = Q x Q[z]/(z" " + -+ x +1).
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To go one step further, we fully factorise 2™ — 1 into a product of cyclotomic polyno-

mials
"t —1= H ca(T)

din

and define Q(d) = Q[z]/(ca(x)). As is well known, each c4(z) is an irreducible
polynomial over Q. Hence Q(d) is a field. As such, we have the following rational
Wedderburn decomposition of C,,,

Q[C.) = P Q(d). (2.6.3)
din

In particular, we observe C), is necessarily Eichler when considering the group ring
over R.

We now use the cyclic algebraic construction of Section 2.3 to find the Wedderburn
decomposition of D,,. Observe that for any n > 3,

Q[D%] = C2(Q[On]> '9’ 1)7

where 6 : Q[C,] — Q[C,] is the involution on group elements given by 6(g) = g~ '.

Under the isomorphism of (2.6.3) this induces an involution v,4 : Q(d) — Q(d), which
is the identity for d = 1, 2, and complex conjugation otherwise. In the latter instance,
we take a primitive dth-root of unity ¢y, and write p1q = (4 + (g Then the fixed field
of Q(d) under complex conjugation is Q(jg). It is then straightforward to see

QxQ, d=1,2

C2(Q(d), 7a) = {MQ(Q(M)), d>3.

Thus, for any n > 3, we have the following rational Wedderburn decomposition of
D2n7

QIDs] = [[ C(Qd), ) = {Q X QX g, azs M2(Q(1a)); n=2m+1
dn QxQxQxQx Hd\n,dZ?; M>(Q(pa)), n=2m.

(2.6.4)

The result now follows as evidently no factor in the real decomposition of Ds,, can be

represented by H. O

Corollary 2.6.5. Z[Dy,] has SFC.

When considering more general metacyclic groups, we note the following rational
Wedderburn decomposition of G(p, ¢) = C, x C,,

Q[G(p, Q)] = Q[Cq] X Mq(KO)

where Ky = {z € Q((,) | () = z} is the fixed field (and centre) of C,(Q((,), 0)
and ¢, = exp(2mi/p). In the interests of succinctness, we omit a proof. The reader
is directed to [41] (see Chapter 4). Once again, it is quite clear that no such factor
can be represented by H when considering the Wedderburn decomposition over R.
As such, we have:
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Proposition 2.6.6. The metacyclic group G(p, q) of order pq satisfies the Eichler
condition. In particular, Z[G(p, q)] has SFC.

2.7 The tree structure of stable syzygies

Consider once more the stable module [M] of a finitely generated A-module M. We
may view this graphically by adopting a strategy first introduced by Dyer and Sier-
adski [13]. Here, the stable module can be expressed as a ‘tree with roots’ where each
vertex is the isomorphism class of a module N € [M], and where we draw an arrow
N; — Ny when Ny =2 Ny & A. Each module N has a unique arrow exiting the vertex
given by N — N @ A. Consequently, the only way a nontrivial loop in [M] can occur
is if N =2 N @ A® for some a > 0, a possibility precluded by supposing our ring A
has what we call the surjective rank property (see [22], p. 7). Here, we suppose that
for any surjective A-homomorphism ¢ : AN — A™ we necessarily have n < N. Note
that this is sometimes referred to in the literature as requiring that A has unbounded
generating number. While trivial for a finite group, we note that this property is also
present in the infinite groups of Part II of this thesis. We note the following chain of
implications (see [7]):
WF = SR = IBN,

where the above are as explained at the beginning of this chapter. In particular,
as integral group rings are weakly finite, they therefore have the SR property, as
required.

These finiteness conditions are also of use in the context of a well-defined rank
for stably free modules. Suppose S is some finitely generated stably free A-module,
ie. S @ A* = Ab for some integers a, b > 1. For any weakly finite ring we have a
well-defined positive rank for stably free modules. We write this as rk(S) = b — a.

Given the above we now portray a stable module [M] as a ‘tree with roots’. The
key observation here is that this tree does not extend infinitely downwards. In other
words, we can define a minimal module Mj to be a module that does not contain a
summand isomorphic to A. Graphically, these minimal modules are the roots of our
tree. Whenever G is finite, there are three types of tree structure for [M]:
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Here, A can represent the stable class of [0] when A = Z[Q(24)], where Q(24) denotes
the quaternion group of order 24. The second tree, denoted by B, can represent the
stable class Q3(Z) over Z[Q(32)], the integral group ring of the quaternion group of
order 32. Finally, C can represent the stable class Q3(Z) over Z[Dy,+2], the integral
group ring of the dihedral groups of order 4n + 2.

In particular, those stable modules whose tree structure is that of C share a
common property. We say that a A-lattice M has the cancellation property when, for
any A-lattice N such that rkz(M) < rkz(N), we have

NOAXMPA = N=2MoeA ™

Consequently, we say that the stable module [M] has the strong cancellation prop-
erty if every N € [M] has the cancellation property. We then have the following
relationship with the above tree structures (see [20], Chapter 3):

Proposition 2.7.1. Let M be a finitely generated A-lattice; then the stable module
[M] has the strong cancellation property if and only if [M] is straight.

We have already seen a special case of the cancellation property; namely, SFC.
In relation to this, we have discussed the Eichler condition and its role in the Swan-
Jacobinski Theorem. However, it should also be noted that this theorem says decid-
edly more than we previously stated. For a A-lattice M, we write Mr = M ® R.
Such a lattice is said to be Eichler if the endomorphism ring End,, (Mg) has no
simple Hamiltonian factor, H. In particular, when A satisfies the Eichler condition,
any A-lattice M is Eichler. We then have the following form of Swan-Jacobinski:

Theorem 2.7.2 (Swan-Jacobinski). Let M be an Eichler lattice over A such that
M = My @ A for some module My; then M has the cancellation property.

Now, we say that a module M satisfies the weak cancellation property whenever
M & A satisfies the cancellation property. In light of this, we may view the above
form of Swan-Jacobinski as saying any A-lattice has the weak cancellation property
if A is Eichler. The reader is directed to Chapter 3 of [20] for more details.

Next, we define a fork to mean a tree structure with a finite number of ‘roots’ at
the minimal level, and no branching above level 1. Thus, a fork structure looks like
either B or (trivially) C. In particular, if M has the weak cancellation property, then
it necessarily has the structure of a fork. Relating this to the syzygies from earlier,
we note that any odd stable syzygy necessarily has a fork structure [20]; that is:

Proposition 2.7.3. For each n > 0, Q,11(Z) is a fork.

This result is of particular interest in the context of the R(2)—D(2) problem. Less
important in this context are the even syzygies. Nevertheless, Johnson demonstrated
in [20] that there is one other possibility for such syzygies; namely, what we call a
crow’s foot. This is a tree structure in which there is just one module at the minimal
level and a finite number of at least one at level 1. There is no branching at level 2
or above. Such trees look like either A or (trivially) C.

When considering what our syzygies look like, we have the following useful result
[20]:

Proposition 2.7.4. Let G be a finite group such that Z|G| has SEC; then the aug-
mentation ideal 1(G) is the unique minimal representative of (7). In particular,
04(Z) is straight.
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Furthermore, duality M — M* induces a 1 — 1 correspondence 4 (Z) <> Q_1(Z). In
other words, we have the following corollary:

Corollary 2.7.5. Let G be a finite group such that Z[G] has SFC; then (I(G))* is
the unique minimal representative of Q_1(Z), i.e. Q_1(Z) is straight.

The situation for even syzygies is decidedly more complicated. Nevertheless, we do
have the following result (see [20], Proposition 29.5, p. 122):

Proposition 2.7.6. Let My be a minimal representative of Qa,(Z), where Z is the
trivial A-module. If A satisfies the Eichler condition, there are two possibilities:

(i) if rkz(My) > 1, then Qo,(Z) is a fork; or

(i) if My = Z, then Qq,(Z) is straight.

2.8 Indecomposable modules

As we shall see in Chapter 4, we have the unusual result that the stable class of an
indecomposable module (in our case Z) decomposes nontrivially. As pointed out by
Johnson in [24], this paradoxical nature of stable modules seems to have been first
discussed in a paper by Gruenberg and Roggenkamp [17] (although they attribute the
original observation to E.C. Dade). As we are primarily concerned with metacyclic
groups, we find that we can still say something about the cancellation of the compo-
nent parts. Whereas we shall leave the specifics to the relevant chapters, we note the
role of indecomposable modules in the cancellation of some of the constituent parts.
For now, it will be sufficient to state the classification of indecomposable modules
over Z|G(p, q)] due to Pu [39]. Of particular use will be the quasi-triangular subring
T,(A, 7) of M,(A), as defined in the previous chapter (see also Example 6.2.12). This
decomposes as a direct sum of right ideals

Ty(A, m) = R(1) @ --- ® R(q)

in which R(i) is the i row of T,(A, 7).

Next, recall the reduced projective class group [N(O(A) which is constructed as
follows. Let P(A) denote the set of isomorphism classes of finitely generated projective
A-modules. This becomes an abelian monoid under direct sum, [P]+ [Q] = [P & Q].
The Grothendieck group Ko(A) is then the universal abelian group obtained from
P(A). We now define the reduced Grothendieck group (or reduced projective class
group) to be the quotient Ko(A) = Ko(A)/[A], in which [A] is the subgroup generated
by the class of A. In the context of free resolutions, we may ignore the indecomposable
modules not arising from the identity element in Ky(A) (see [16]). We now have the
following special case of Pu:

Proposition 2.8.1. Let p, ¢ be prime numbers such that q|p — 1. There are a total
of 2+ q + 2971 4 29 distinct non-isomorphic genera® of indecomposable modules for

A =Z[C, % C,).

3Here, we adopt the usual convention of saying two A-lattices M, N belong to the same genus if
they are isomorphic when localised at (p) for any prime p, i.e. M,y = N,).
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In the manner of [41], we list the indecomposable modules as follows:

I. There are three indecomposable modules over Z[C,] that become modules over
A via the quotient map G(p, q¢) = Cy:

(i) The trivial module (rank 1);
(ii) The augmentation ideal, Iy = Ker(Z[C,] — Z) (rank ¢ — 1);
(iii) The group ring itself Z[C,] (rank q).

II. There are ¢ distinct indecomposable modules over C,(Z[(,], 0) = T,(A, 7) of
rank p — 1:

(iv) R(i) = (¢ — 1)°Z[(p), where 0 < e < ¢—1 and R(0) = R(q).
These are distinct A-modules via the twisting relation y¢; = cﬁ*(”y.

We may think of the above as the ‘basic’ indecomposable modules. The remaining
genera of indecomposable modules then arise in the form of non-split extensions

0—-X—=7—=Y =0

where X is the direct sum of possible combinations (without repeat) of R(:), and
Y =7, Iy or Z[C,]. The proof of this can be found in [10], [39] and, in the form of
a specific case, in [41].

III. There is one extension when Y = Z:
(v) 0= R(1) = Ay = Z — 0 (rank p).

IV. There are 277! indecomposable non-split extensions when Y = I,.
As Eat}(Ig, R(1)) = 0, such extensions cannot contain R(1). Consequently,
there are a total of ¢ — 1 indecomposable modules in X. Let k; denote the
number of distinct type II modules combined in X that is contained in an
extension with Ig. There exist:

(vi) 22:1 (qk_ll) extensions of the form 0 - X — V. — Iy — 0 where

1 <c¢<27!—1. In particular, we note 7kz(V,) = (p — 1)k; + (¢ — 1).

V. There are 27— 1 indecomposable non-split extensions for Y = Z[C,]. Here there
are no split extensions, and so there are a total of ¢ indecomposable modules in
X. Let ky denote the number of distinct type II modules combined in X that
is contained in an extension with Z[C,]. Then there exist:

(vil) >, (kqQ) extensions of the foorm 0 — X — Y; — Z[C,] — 0 where

1 <d<21—1. In particular, rkz(Yy) = (p — 1)ka + q.

Any other indecomposable modules belong to the non-trivial elements of IN(O(A)
and are therefore of no consequence in the context of free resolutions. As we shall see,
the importance of the above list is that it tells us that there are a limited number of
Z-ranks that an indecomposable module can be in any given group ring Z[G(p, q)].
This fact will allow us to deduce some properties of the tree structures of syzygies.
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As a final comment, consider the stable class [R(7)] of R(i) (considered as a
Z|G(p, q)]-module). We have the following result:

For each i € {1,..., q} the stable class [R()] is straight. (2.8.2)

A proof of this can (essentially) be found in Chapter 6 of [41] using [39]. However,
the proof of this is far from clear and so we provide an alternative proof that was
shown to the author by Prof. F. E. A. Johnson. The downside of this approach is
that it will rely upon several ideas and results introduced in Part IT of this thesis. As
these ideas will not be directly required elsewhere in Part I, we will postpone a proof
of this until Section 6.8.
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The syzygies of Z|C),]

As we observed in the previous chapter, the smallest possible non-trivial cohomolog-
ical period (k = 2) is realized in the case of cyclic groups. If we describe the cyclic
group of order n as C,, = (x| 2" = 1) then there is a free resolution of period 2 given
by:

00ZSASASZ 0
where € is the augmentation map, and €* is its dual. Throughout this chapter we

denote the integral group ring of C,, by A = Z[C,] and the augmentation ideal as
I = ker(e). We can now read off the syzygies from the above free resolution:

0.(Z) - Z, r=0(mod?2);
I r=1(mod 2).

In Proposition 2.5.6, we saw Q4 (Z) ® Q1(Z) = Q2(Z) allowing us to form a cyclic
group of order 2, generated by I. In this chapter we will explicitly examine I ® I to
better understand what is happening. In particular, this will give us a description
that will be of fundamental use in Chapters 4 and 5. It is useful to bear in mind that,
as we are tensoring over Z, tensoring with Z acts like the identity. We therefore have
the following table:

NN@
~ NI N
-~

D~ ~

3.1 The isomorphism [ ® [ = Z @ free

The ultimate aim will be to show

IQI=Z@AN2 (3.1.1)

However, we stress that it is the precise description of this isomorphism that will be
the main result of this chapter. Now, to justify the n — 2, first recall that I can be
written as

I =spang{x —1,2>—1,..., 2" ' —1},

and in particular rkz(I) = n — 1. Since rkz(A) = n, we deduce that we necessarily
have n — 2 copies of A. Proving this result will take up the remainder of this chapter.

36
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To start, consider the standard exact sequence,

0T 5ANSZ 0

and dualise!,
0-ZSAS T =0

where ¢*(1) = ¥ = 32" 2" is central. Therefore, Im(e*) is the two-sided ideal of
A, generated by ¥. Consequently, I* = A/(X) is naturally a ring. Moreover, when
n = p, prime, we can think of I* as the cyclotomic ring Z[(,]. Next, we put v, = i*(2")
where vy = 1, and observe that we can write v, = (v1)" = v". If we think of I* as a A-
module, then I* has a Z-basis {1, v, v?,..., v" 2}, where v" 1 = -1 —p — .. — "2
and the action of z is to multiply by v.

It may also be useful to recall Proposition 2.2.4 in which we observed I = [*.
Nevertheless, with the next two chapters in mind, it will be beneficial to distinguish
between them.

Now, if n = 2 then (3.1.1) is immediate. We therefore let n > 3 and define the
following for 1 <r <n — 2:

V(r)=spang{v" ™" @1 |0<k<n-1}CcI"®I"
Proposition 3.1.2. For each 1 <r <n — 2, we have V(r) = A.

Proof. We will prove the map f, : A — V(r) which sends 2 — "% @ v* is an

isomorphism. This map is clearly surjective by the definition of V(7). To prove that

it is injective, we need to show that the defining set of V(r) is linearly independent.
To start, observe that v = 1 and consider,

M @D+ 00" Qv)+ -+ X (TR N e v = 0.

To show linear independence, we will utilise the fact that {+' ® 17 |0 <1, j <n—2}
is a Z-basis of I* ® I*, i.e. we need to rewrite every term of the form — ® v~ ! or
V" 1@ —. To do so, we use v" ' = —1 —v —--- — "2 and rewrite the above sum as

O W 7 I N O VY VA WY e v T O YV S W e R R Vi
+()\n_lyr+n—2 _ )\nyr—l) ® l/n_2 = 0.

If this sum equals zero, then it follows from the linear independence of
{v' @170 <1, j <n—2} that each term — ® 1/ = 0. Start with those terms of the
form — ® 1, and observe \jv" — \,v"~! = 0 if and only if \; = A, = 0. The above
can now be rewritten a final time as

MV T @4 N TPV N, T TP @0 = 0. (3.1.3)

It is now clear that \y = Ay = --- = \,_1 = A, = 0. If we are to be strictly
formal, then we should note that "1 can appear on the left hand side of the a term
of the form — ® 17 for some 1 < j < n — 2. However, even in this case, this will not

IThe reader is reminded i* can either refer to the dualisation of i, or to the restriction of scalars
induced from 7. While not ideal, it should be clear from the context which we mean. For this
chapter, we will always mean the dualisation of 1.
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change that fact that each \; = 0. For suppose \;v" ! @ 71 = \;v" ! @ vi~L. For
the sum of (3.1.3) to be zero, each term of the form — ® v/ = 0. In particular,

N(—l—v— =" Hev ! =0.

However, by again utilising the linear independence of {v' ® 17 |0 <4, j < n — 2} it
then follows that each —\;v* ® ' =0 and so \; = 0.

As explained above, we can now define the map f, : A — V(r) by 2% — v" k@ vk,
for 0 < k <n —1. This is clearly a A-homomorphism that maps basis elements to
basis elements. O

Proposition 3.1.4. Forany 1 <r <n —2,
Viryn(Vil)+---+Vir-10)+Vr+1)+---+V(n-2))={0}.

Proof. Suppose v, € V(r)N(V(1)+---+V(r—-1)+V(r+1)+---+V(n—-2)). We

can write this as
n n—2 n
Z pr VT @ = Z <Z ni T ® Vk_l) .
i—1 j=1, j#r \k=1
This can be rewritten as
n—2 n
3 (Sawren) <o
i—1 \j=1
where \; ; = n; ; if i # 7 and A, ; = —p, ;. By replacing v"~! with >3;" 2 !, we have

n—2 [/n—1
(Z SR LR VI e l/j_1> =0 (3.1.5)

i=1 \j=1

We first show \; , =0 for each ¢ € {1,..., n — 2}. Begin by setting j = 1. Write

N

()\Z‘,lyi — )\i,nl/i+n_1> ® 1=0

i=1

7

i+n—1 _ v

and observe n <i+n—1<2n—3,ie v ~! varies between 1 and v" 3. As

v* varies between v and "2 we end up with
(—A1,n + (other terms not including 1)) ® 1 = 0.

ThUS, )\1771 =0.
Next, let T (k) be the statement,
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Note that we have already shown 7 (1) is true, and suppose T (k) is true for some
ke{l,...,n—3}. If weset j =k+ 1, we have

n—2

Z()\Lk_i_ll/i-i_k — )\@nl/i_l) & l/k =0.

i=1

First observe i + k = n — 1 (mod n) if and only if i = n — (k 4+ 1) (mod n). We
therefore have the term \,_x_1 ;17" *. Before we replace this term, we make two
observations. First, i+k % k—1(modn) for any i € {1,..., n—2}. Secondly, observe
i—1=k—1(modn) if and only if i = k. Thus, the term A ,*~! vanishes by the
inductive assumption. So, when we replace )\n_k_17k+1l/n_l by —An—k—1,k+1 Z? 02 V!

we end up with
(=An_r_1, k17"t + (other terms not including v 1)) @ v = 0.

By the linear independence of {v*® 17 |0 < i, j <n—2} we conclude \,,_j_1 41 = 0.
When i = k+ 1 we have the term A1 175 — Neyr /% As v7F 2£ U8 (mod n)
for any ¢ € {1,..., n — 2}, we have

(—(An—k—1, k41 + )\kﬂ,n)yk + (other terms not including v*)) ® v* = 0
and so
(=g 1,n* + (other terms not including v*)) ® v* = 0.

Thus, A\g+1,» = 0, as required. We have therefore shown 7 (k) = 7 (k + 1) and so
T (k) is true for each k € {1,..., n — 2}. We can therefore rewrite (3.1.5) as

n—2 n—1
<ZAUVW L™ 1) = 0. (3.1.6)

=1

By the linear independence of {1/' ® v |0 <i, 5 <n—2} we conclude that for

cach j € {1,..., n — 1} we have 372 \; ;#/77 "' @ /=1 = 0. So we need only worry
about the left hand side of each — @ /=1 If i +j—1 % n — 1 (mod n) for any
i €{1,...,n—2}, then we have a sum of linearly independent terms, and therefore

conclude each Aijj=0for1 <i<n-—2
Alternatively, suppose i +7j —1 =n—1(modn) for i = n— j (modn). As i varies
over n — 2 terms, we note there will be an ‘extra’ two terms when we replace "1 by
Zz ", V. For notational simplicity, say these two terms are v* and v*. We then get

A V@7 — N, iv? @17 + (other terms not including v* or *) @7t = 0.

As these terms are all linearly independent, it follows that A,_; ; = 0. We can
therefore rewrite S0\ ;1 @ 17! as

n—j—1 n—2
E )\Z'J‘VH_]_I & V]_l + E )\Z'J'VH_]_I X l/]_l = 0.
i=1 i=n—j+1

These terms are all linearly independent and so \; ; = 0 foreachi € {1,..., n—2}. O
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We therefore set V=V (1)@ --- &V (n—2) and observe that rkz(V) = n(n —2).
Thus, rkz((I* @ I*)/V) = 1. So, by considering the underlying abelian group of
(I* ® I*)/V, we apply the fundamental theorem of finitely generated abelian groups
to see that this is isomorphic to

Z @ (finite abelian).

Proposition 3.1.7. (I* ® I*)/V is torsion free.

Proof. Begin by expressing the basis elements of [* ® I* as:

1®1, l@v, - 13, 1® "2,
rel, v, .- v T3, v U2
Vn—3 ® 1’ Vn—3 ® v, - Vn—S ® Vn—3’ Vn—3 ® Vn—27
Vn—2 ® 1’ Vn—2 Qu, --- Vn—2 ® Vn—3’ Vn—2 ® Vn—2'

Observe that 1@v" ™! = —1@(14+v+---+v"2) and V"' Qv = —(14+v+- - -+1"?)Qv.
Thus, in the above basis of I* ® I*, we can replace 1 ® 1 and 1 ®@ v by 1 ® v~ and
"1 ®@ v, respectively. This can be repeated for each ‘row’ (except for the last ‘row’),
where we replace V¥ ® v' and ' @ V' by ¥ @ v"! and v ! @ v respectively
(0 < i <n—3). Thus, by performing elementary basis transformations, the above
basis for I* ® I* can be replaced by the basis

e rF [ 1<r<n-20<k<n—-1}u{v"?@v"?}.

It therefore follows from Proposition 2.2.7 that (I* ® I*)/V is the rank 1 lattice
generated by §(v""2®@v""?), where f : [*®I* — (I*®I*)/V is the natural surjection.
Furthermore, as Z is the only rank 1 lattice over A, we observe (I* ® [*)/V = Z. O

Continuing on from the above proof, we can perform further basis transformations
see Froposition 4.o. , and replace v Qv , where
P ition 4.5.11 d repl "2 @y by T, wh

T = 11 + 1Qv + 1®v2 + --- + 1l@uvv?
+ verv + v + -+ vV
+I/2®I/2 + . + I/2®I/n_2

So (I* ® I*)/V is generated by (7). As will become apparent in later chapters, this
provides us with a more suitable description of the rank 1 lattice isomorphic to Z.
Alternatively, we note

Tr = vv + rev: + verd + ... + rvuUh? + vt
+ Ve + ey + o 4 2er? 4 et
+ 1P + o+ Beou? + vt

+ VTL—2 ® VTL—2 + VTL—2 ® I/?”L—l
+ VTL—I ® VTL—I
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Evidently, Te =T - 1@ [1+ -+ v" 2|+ [v+---v" @ v" ! Consider the last
‘column’ of T'z. This may be rewritten as

v+ el =1 =101+ 1Qu+ -+ 12

Substituting back into Tz therefore shows Tx = T. Furthermore, it is clear that
T eI*®I*but T ¢ V. For notational convenience, we shall adopt the slight abuse
of notation by writing 7' for the monogenic module of rank 1. As the need arises,
we shall often switch between using T' to denote the element defined above and the
monogenic module of rank 1. It should always be clear from the context which we
mean. Now, observe TNV = {0}. Consequently, [*® I* =z T'®V is an isomorphism
over Z. Hence (I* ® I*)/V =z T is an isomorphism over Z. As (I* ® I*)/V is
isomorphic to Z, we know z acts trivially on both (/* ® I*)/V and T'. Thus, we have
shown (I* ® I*)/V = T is an isomorphism over A.

In particular, the above arguments have shown the existence of the following short

exact sequence,
0=V =>Iel"=T-=0. (3.1.8)

Recall the dual of a short exact sequence of A-lattices is another short exact sequence.
By the self-duality of V = A2 and T = Z, we end up with the exact sequence

03Z I —>A"?2=0

which splits. We therefore arrive at the desired isomorphism:

Theorem 3.1.9. IQ I XT OV =XZ d A" 2,
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The syzygies of Z|Dy,, 9]

Throughout this chapter we set G = Dy, the dihedral group of order 2p, p prime.
We will find it useful to write p = 2n + 1. We then have the following description for
G,

2n+1

Dypio =<z, y|x =9 =1, yx = 2*"y > .

As we shall see, many of our calculations will not overtly require 2n + 1 to be prime.
Rather, the necessity of this is to ensure our syzygies do not get ‘too big’, and to
ensure our modules of interest are indecomposable (by using results such as those
of Pu’s paper outlined in Section 2.8). This does raise the question of whether the
results of this chapter may be extended to non-prime integers p. However, these
considerations will not be discussed in this thesis and throughout this chapter p will
always be a prime number that can be expressed as p = 2n + 1.

Hereafter, we denote the integral group ring of G by A = Z[D,,], and the integral
group ring of C,, by Ag = Z[C,]. Associated to A is the canonical injection i : Ag — A.
Similarly, we have the canonical injection j : Z[C3] < A. Recall that by [a)) we mean
the right ideal generated by «; that is [a) = {aA | A € A}. In particular, any ideal in
A is a A-lattice, i.e. a A-module whose underlying abelian group is finitely generated
and free. When considering the stable class of the right ideal [«), we will write this
simply as [«].

As already noted in Section 2.5, A has cohomological period four. Consequently,
the trivial module Z has a projective resolution of period 4 over A; that is, there
exists an exact sequence of A modules of the form

0—=2Z—>P—P P —-F—2Z—-0

in which each P, is a finitely generated projective A-module. We are interested in the
case where each P; is finitely generated free.

By a diagonalised free resolution over A we mean an exact sequence of A-modules
of the form

SN L Y AN PRI (4.0.1)

in which Fy = A and for each i > 1, F} is a free A-module of rank 2, i.e. F; = A? for
1 > 1. Moreover, for each i > 2 the differential J; has the diagonal form

aF 0
82':(0 6‘5)'

42
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As a starting point to constructing such resolutions, we first note that the aug-
mentation ideal I of G decomposes as the direct sum of two indecomposable modules.
First, let M be a Ag-lattice. We transform M into a module over A via a Galois ac-
tion. To do so first define a Galois structure on M to be an additive automorphism
© : M — M such that ©2 = Idy; and O(m - x) = O(m) - 6(x) for all m € M where
6 is our chosen automorphism of Cj, (in this case 6(z) = z71). A Galois lattice shall
then mean a pair (M, ©) where M is a lattice over Ay and © is a Galois structure on
M. We then make a Galois lattice (M, ©) into a (right) A-lattice via the action,

m-z* = ma?;
m-y =07 (m), (O(m)=my~"=my).

If J C Ay is ideal such that §(.J) = J, then we put J = (J, ©;) where O is simply
the restriction of 6 to J. With this notation, we have the following decomposition of
the augmentation ideal I,

Ie=2Ic®y—1). (4.0.2)

For a proof of this the reader is directed to [17], [24] or [25]. In the interest of clarity,
we provide a proof in the case of G = Dy, below (Proposition 4.1.13).

Consider now the y-strand (or lower strand) of our desired diagonal resolution (as
explained in Section 1.1). The standard resolution of the trivial Z[Cs]-module was
seen in the previous chapter to have the form,

02 Z 5 Z[Co] S Z[Co] S Z — 0.

Here, € is the usual augmentation map, and €* its dual. In a natural way we can then
induce the following diagonal resolution of period two

AT AT AT A AT AT (4.0.3)
where €'(1) =X, =y + 1.

The z-strand (or upper strand), however, is decidedly more complex and a lot
more work is required. First, observe that the cyclic algebra Co(1f, €) is another
description of the induced module i,(1}). However, we have already observed that
Co(1f, 60) = Ta(A, ) by an explicit form of Rosen’s Theorem (see also [24]). We
therefore have

i.(Ic) =2 R(1) ® R(2).
It is quite clear that each R(i) is monogenic by composing the obvious projections
A — i.(I¢) and i.(I¢) — R(7) to give p(i) : A — R(i) for i = 1,2. We define
K(i) = Ker(p(i)) and, using the calculations of Johnson in [24], there is an exact
sequence:

(4.0.4)
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In fact, the above exact sequence (4.0.4) can be suitably modified to form a
periodic exact sequence that extends infinitely in both directions and repeats with

period four
of oF o oy oy
A DB ASATA S ANDS.

in which we give the 9; below. By ‘entwining’ this with the sequence of (4.0.3), we
therefore yield another exact sequence, again repeating with period four and again
extending infinitely in both directions:

a0 a0 a0 a0 a0
0 y+1 0 y—1 0 y+1 0 y—1 0 y+1

— ADA — ADA— ADPA—ADPA — ADA — ADAN — -

This may now be suitably truncated to form the following diagonal resolution of
period four;

o o o .
o (5 (@) e

€
0—Z — AN —ANBA—ABA — A—Z—0. (4.0.5)

The above was explicitly constructed by utilizing the following descriptions for R(1),
R(2), K(1) and K(2):

KQ2)= K =[X,y—1)=[1-y)0+ ) (4.0.6)
R(1)= P =[@"-1)y-1)), (4.0.7)
K(1)= L =X, y+1)=2[1+y)d—-3Xy) (4.0.8)
R(2)=R=[" —2")(y+1) =[ly—DE"" —2") = [y - (= —1)), (4.09)

where ¥, =1+z+ -4+ 2 and § =1+ 2+ -+ 2" '. In the notation of (4.0.5),
we have:

=1 =y)0+ X y;

= (2" =1)(y = 1);

=1 +y)f - y;

= (z" — 2" )y + 1).

For the remainder of this chapter we adopt Johnson’s notation [24] of K, L, P and
R as above.

An obvious benefit of the above diagonal resolution is that one can now simply
read off the syzygies as follows:

Kl®y+1], r=0mod 4;
®y—1], r=1mod 4;
Li&y+1], r=2mod4;
®y—1], r=4mod4.

In this sense, P is a representative element of part of the first syzygy. We aim to
explicitly show there is a relationship between P and a representative element of part
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of the second syzygy, namely L. Likewise, we show there is a relationship between P
and R, representing part of the third syzygy. Finally we show there is a relationship
between P and K, representing part of the fourth syzygy (= zeroth syzygy). In
particular, we shall show that there is a group structure of order four within the
stable class, generated by P with identity K. We therefore restate Theorems A and
B in this form for clarity:

Theorem A: With K defined as above, K® ? =7 @ A", for some r > 0 and where
?=K, P, LorR.

Theorem B: With, K, P, L, R as defined above, we have the following relations:
1. P P LAY
2. PR L= R®A™
3. PRR=K® A"

It may be instructive to briefly outline the structure of this chapter. In Sections
4.1 and 4.3, we outline the necessary results of [24] regarding the modules P, R, K, L.
In addition, Section 4.3 will also discuss the indecomposable nature of K, L. Sec-
tion 4.2 will be concerned with the tree structures of [P], [R], highlighting the fact
that they are necessarily straight. Once this preliminary work is finished, we prove
Theorem A in Section 4.4. We then dedicate one section for each of the required
isomorphisms in Theorem B. To conclude the chapter we use the results proven to
provide an alternative proof to that of Johnson, providing an affirmative answer to
the sequencing conjecture discussed in Section 1.1. It should be noted, however, that
this cannot be used to construct an explicit description of the diagonal resolution.
Nevertheless, it does provide a method to construct such resolutions for a given ¢
when an explicit description appears out of reach. This will be of use in Chapter 5.

4.1 The modules P and R

In keeping with the notation of [24] we set,

T = (" —=1)(y—1) (4.1.1)
p= (y— D —a) = (@ -2y + 1) (11.2)
p= (y—1)(z—1). (4.1.3)

Clearly p=p- 2" and p = p- 2" so that [p) = [p). We then define

P =r), R=[p)=1[p)- (4.1.4)

The author stresses the importance of the expressions denoted by m,p and p. In
addition, we write ¥, = 1 + 2 + --- 4+ 2%", which we observe is central in A. In
the interest of clarity, we now outline the results of [24] that will be of use to us
throughout this chapter. First, we note the following Z-basis for R.

Proposition 4.1.5. The A-module R has Z-rank 2n and Z-basis

{(y—1D)(z" =1)|1 <r<2n}.
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Proof. First, consider the modules [x — 1) and [y — 1) and, in particular, the module
given by their intersection, [x — 1) N[y — 1). We show this latter module is, in fact,
R. First, recall the augmentation ideal I of A has Z-basis {g — 1| g € Dyni2\{1}}
which, by performing elementary basis transformations, may be written

{z" =1L y—1,(y—1)(z*=1) |1 <r, s <2n}.

r—1

From the identities, 2" — 1 = (z — 1) > _ 2 and ya" — 1 = (2" — 1) + (y — 1)a" it

follows
Ig=[r—=1)+[y—1).

However, this sum is certainly not direct and we have an exact sequence

O—=fz—1)Ny—1)—=z—-1)@ly—1) = Iz —0. (4.1.6)
Claim 1. [z — 1) has Z-basis {z" — 1, (y —1)(z* — 1) |1 < r, s < 2n}. In particular,
rkz([xr — 1)) = 4n.

To prove Claim 1, denote the augmentation ideal of Z[Cs, 1] by Ic. Next, regard
[z — 1) as the induced module [z — 1) = I¢ ®zcy,.,,) A- As A is a free module of rank
2 over Z[C5,11], it follows that

rkz([x — 1)) = 2rkz(Ilc) = 4n. (4.1.7)

Now, it is clear that " — 1 € [z — 1) for 1 < r < 2n, and we observe

(y—1D)(a"—1) = (7" 1)y — (2" —1) = (z—1) (Zx) (2" =1) €z—1).

Consequently, by using (4.1.7) and applying Proposition 2.2.7, the claim now follows.

Claim 2. [y — 1) has Z-basis {y — 1, (y — 1)(z" — 1) | 1 < r < 2n}. In particular,
rkz(ly —1)) =2n+ 1.

Claim 2 follows similarly to that of Claim 1. Simply regard [y — 1) as the induced
module [y — 1) = I(C3) ®zc,) A and proceed as above.

Using Claims 1 and 2 alongside (4.1.6), we calculate rkz([z — 1) N[y — 1)) = 2n.
However, it is also apparent that (y—1)(z"—1) € [r—1)N[y—1) foreach 1 < r < 2n.
Thus, by applying Proposition 2.2.7, we find

{ly—1)(2"=1)|1 <r<2n}isa Zbasis for [xt —1)N[y —1). (4.1.8)

Finally, we turn to R = [p). It is clear that p € [y—1) so R C [y—1). Furthermore,
we can write p = (2" — 2" (y+ 1) = (z — 1)(—2")(y + 1) so that R C [z — 1), i.e
RCx—1)N[y—1). Conversely, it is a trivial observation that (y — 1)(z — 1) € R.
Moreover,
(=1 —1) = (- —1)- (Lot +27)

so that (y—1)(z" —1) € Rfor 1 <r < 2n. Hence, [t —1)N[y—1) C R and therefore
R =[x —1)N[y—1). The result now follows from (4.1.8). O
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As an addendum to the above proof observe that the method used to prove Claims
1 and 2 also applies to the ideal [y 4+ 1). By regarding this as the induced module
[y + 1) = Z ®z/c,) A we can once more use Proposition 2.2.7 to show:

[y +1) has Z-basis {y + 1, (y+1)(z" — 1) |1 <r < 2n}. (4.1.9)

Observe that both [y — 1) and [y + 1) are self-dual. For instance, the self-duality of
[y + 1) follows immediately from Proposition 2.1.10. A similar argument applies for
[y — 1). Tt must be stressed, however, that [y — 1) and [y + 1) are not isomorphic, as
A-modules.

Proposition 4.1.10. The ideal [x — 1) decomposes as a direct sum
[t—1)=P&R.
Proof. Define Q = [x — 1)/R and consider the canonical short exact sequence

0= R—[r—1)5Q—0. (1)

It is sufficient to show f{ splits over A and, in turn, it suffices to show the natural map
g : [z — 1) = Q restricts to an isomorphism § : Q = P.

To this end recall that in the proof of Proposition 4.1.5 it was shown that [z — 1)
has a Z-basis {(z" — 1), (y — 1)(z° — 1) | 1 < r, s < 2n}. Moreover, by Proposition
4.1.5 itself it is known that R has Z-basis {(y — 1)(z" — 1) |1 < r < 2n}. It therefore
follows that

@ is torsion free with Z-basis {g(z" — 1) |1 <r < 2n}. (4.1.11)

Recall 7 = (2" — 1)(y — 1) and define 7 = 2" "' so that 7 = 72" and P = [r) = [7).
It is straightforward to show

f=@-D+@y-DE-1)-(-)a""-1)

and hence §(7) = g(z — 1). In particular, (7 - 2") = t((z — 1)2"). Next, observe that

(2" —=1)=(z—1) (Z_:xs>

so that

gl — 1) = (7 - [B22")).
It therefore follows that § : P — @ is surjective and rkz(P) > 2n. However, as
my = — it follows that P = spanz{m-2" |0 <r < 2n}. Moreover, 7%, = 0 since X,

is central, and so
P = spang{m-2" |1 <r < 2n}.

Consequently, rkz(P) < 2n and thus, rkz(P) = 2n = rkz(Q). Asy: P — @ is

surjective, we therefore conclude f is an isomorphism, as required. O
In the course of the proof, we showed:

Proposition 4.1.12. The A-module P has Z-basis {7 - 2" |1 <r < 2n}.
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Proposition 4.1.13. Io = P& [y — 1).

Proof. Recall I =[x — 1) + [y — 1) which we can rewrite as [ = P+ R+ [y — 1).
However, R =[x — 1) N[y — 1) so that Is = P+ [y — 1). Now, P C [z — 1) so that
Pnly—1)cPnz—1)Ny—1) C PN R. Since PN R = {0} (from Proposition
4.1.12), it follows that P N[y — 1) = {0}. Thus, the sum is direct, as required. O

When characterising P, R, the following will be of particular use. We consider
the following three properties for a A-lattice M:

M(—): there exists p_ € M such that {¢_-2" |1 <r < 2n} is a Z-basis for M and for
which p_ -y =—¢_;

M(+): there exists ¢, € M such that {¢, -2" |1 <r < 2n} is a Z-basis for M and for
which ¢ -y = ¢;
M(X): the identity m - X, = 0 holds for each m € M.

Proposition 4.1.14. For a A-lattice M, we have M = P if and only if M satisfies
M(=) and M(X). Likewise, M = R if and only if M satisfies M(+) and M(X).

Using this we can now show two alternative descriptions for P and R. Recall that
in Chapter 3 we discussed the augmentation ideal /¢, and its dual I}, of Z[Coy,11]. In
particular, I}, has Z-basis, {v"|0 <r < 2n—1} where 1+v+---+1v?" = 0. Now, the
action of €}, on I may be extended in one of two ways to an action of the dihedral
group:

e Either: v" - y=v " =v>1"for 0 <r < 2n—1;

eor: VN y=—v " =" for0<r<2n-—1.

Under the former, we denote (1), and under the latter we denote (I%)_. Later,
particularly in the next chapter, we denote the introduction of the y-action by placing
a bar over the Ag-module in question.

Proposition 4.1.15. P = (1},)_.

Proof. We use the recognition criteria of Proposition 4.1.14. Take v° € (I})_ and
note that 10 - 2" = . Moreover, 1° - y = —1° by our choice of Galois action. Thus,
M(—) is satisfied.

It remains to show M(X) is satisfied. Let o € (I})_ be written as a = ¥,a,".
Since 1 + v+ 12+ 1" =0,

V'Y, = V(14 x+ 2%+ 2°")
= I+ Vr-‘,—l + Vr+2 4+t Vr+2n
= V(l+v+rrEA+ 4+ =0
Thus, M (X) is satisfied and P = (I,)_, as required. O

By a similar argument, we have:

Proposition 4.1.16. R = (1});.
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Evidently, P and R are not isomorphic as A-modules, nor even stably isomorphic.
Nevertheless, by considering the representations of P and R, we have:

P*= Rand R* = P. (4.1.17)

Finally, return to the quasi-triangular matrices 73(A, 7) = R(1) & R(2), where
A = Z[¢)? and T = ({, — 1)% It is useful to describe both R(1) and R(2) as
Galois modules. First, observe R(2) satisfies the conditions M(+) and M(X) where
o4+ = (0, 1) € R(2). By Proposition 4.1.14, we therefore conclude R(2) = R = (1)
In [25], it is shown that:

Proposition 4.1.18. R(2)* = R(1).

By Proposition 4.1.18 and (4.1.17) it therefore follows that R(1) = P = (I})_.

4.2 The tree structures of the odd syzygies

Using the result of Proposition 2.8.1 we have a complete list of the genera of inde-
composable modules over A. This can be used to deduce that the tree structures of
[P] and [R] are straight. For convenience, we rewrite the indecomposable modules
of Section 2.8 for the specific case of ¢ = 2. We have a total of 10 indecomposable
genera.

I. There are three indecomposable modules over Z[C5] that become modules over
A via the quotient map Dy, — Cs:

(i) The trivial module (rank 1);

(ii) The augmentation ideal, I(Cy) = Ker(Z[Cy] — Z) (rank 1). This may
also be thought of as Z_, the rank 1 module in which x acts trivially and
y acts as multiplication by —1;

(iii) The group ring itself Z[Cs] (rank 2).

II. There are two distinct indecomposable modules over T3(A, 7) of rank p — 1:

(iv) R =2Z[G] = (Iz) (rank p— 1)
(v) P = (G —DZ[G] = (I¢)- (rank p —1).
ITI. There is one extension when Y = Z:
(vi) 0 = P — Ag — Z — 0 (rank p).
IV. There is one indecomposable non-split extension when Y = I(Cs):
(vii) 0 > R — Vi = Z_ — 0 where rkz (V1) = p.
V. There are three indecomposable non-split extensions for Y = Z[Cs]:

(viii) 0 = R — A/R — Z[Cs] — 0 where 7kz(A/R) = p+1. Wenote A/R ~ K;
(ix) 0 P — A/P — Z[C5] — 0 where rkz(A/P) =p+1. Wenote A/P ~ L;
(x) 0> R®P — A — Z[Cy] — 0.
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Proposition 4.2.1. Let M € Q4(Z) be a minimal representative; then M decomposes
as M = My & Ms, where My, My are non-trivial indecomposable modules.

Proof. Any minimal representative of (;(Z) occurs in the following exact sequence,
O0—=+M—=A—=7Z—0.
By Theorem 7.7 of [22] we can therefore write
Endpe,(M) = Endpe,(Z) 2 Z/|Dsy| = Z/2 X Z/p

where Der once again denotes the derived module category in the sense of [20] or [22]
(recall the definition given at the end of Section 2.4).

Now, suppose we have the following decomposition of M into indecomposable
modules M = M;@®- - -@®M,, where r > 2. Apply Endp,,.(—) and observe Endpe,.(M;)
is trivial for all ¢ > 3 (after reordering). By Proposition 5.5 of [22], it therefore
follows that M; is projective for i > 3. In [54], Swan has shown for any finite group T,
projective modules over Z[I'| must have the same Z-rank as a free module. It therefore
follows that rkz(M) > 2p, which is a contradiction as we know rkz(M) = 2p — 1.

The only other possibility is that M is itself indecomposable. However, by the
above list we have no indecomposable module of Z-rank 2p — 1. Thus, M must
decompose as M = M, & M, where M7, M, are non-trivial and indecomposable. [

Recall (2.8.2), in which we discussed the straightness of each [R(7)]. In the case of
dihedral groups Dy, this can be rewritten as:

Proposition 4.2.2. The tree structure of [P] is straight.
and
Proposition 4.2.3. The tree structure of [R] is straight.

A proof of these two results can be found in Section 6.8.

4.3 The modules K and L
We define the modules K and L to be

K=[X,,y—1)and L =[X,, y+1). (4.3.1)
As with Section 4.1, we outline the results of [24] necessary to what follows.

Proposition 4.3.2. The A-module K has Z-basis {(y — 1)z* |0 < s < 2n} U {3, }
and therefore has rkz(K) = 2n+ 2. In particular, A/ K is torsion free.

Proof. Define Ky = {(1 —y)a(z) | a(x) € Z[Can41]} C K and observe
(y— 1)z -y =—(y — a1

It therefore follows that Kj is a A-submodule of K. Moreover, ¥,y = 3, (y — 1) + X,
from which it follows that K is spanned over Z by {(y—1)z*|0 < s <2n}U{3,}. In
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particular, by starting from the canonical basis for A and proceeding by elementary
basis transformations, it follows that

{ly—1)z"|0<r<2n}u{E,}u{z’|1<s<2n}
is a Z-basis for A. By Proposition 2.2.7, it therefore follows that
{ly—1)2° |0 < s <2n}U{Z,}
is a Z-basis for K and A/K is torsion free. O

Proposition 4.3.3. K is monogenic, generated by (1 —y)0 + L.y, where
0=1+x+---+a" "

Proof. Evidently, (1 —y)8 + X,y € [X,, y — 1). However, the identity

[(1—=9)0 + Zpy] - 2" (1 —y) = (y — 1)

demonstrates that y — 1 € [(1 —y)0 + X,y). Thus, (y —1)8 € [(1 — y)0 + X,y) and
therefore ¥,y € [(1—y)0+X,y). Consequently, ¥, = (X,y)-y € [(1—y)0+X,y). O

Proposition 4.3.4. A/K = R.

Proof. Once again, perform elementary basis transformations to the basis of A so that
we have the following Z-basis for A, {z*|1 <i <2n}U{(y—1)27|0 < j < 2n}U{%,}.
Thus, A/K has Z-basis {§(z") |1 < i < 2n} where § : A — A/K. In particular,
rkz(A/K) = 2n. Moreover, since ¥, = 0 in A/K we note m¥, = 0 for all m € A/K.
It remains (by the criteria of Proposition 4.1.14) to show §(1)y = 5(1). However, in
A we clearly have

lry=(@w—-1)+1

and so y acts trivially on (1) as required. The result follows from Proposition 4.1.14.
U

Consequently, the module K arises in an exact sequence of the form
0—-K—=>A—R—0. (4.3.5)

Using a similar argument to that of Proposition 4.2.1, we can also show 24(Z) de-
composes precisely into two non-trivial, indecomposable components. A detailed
exposition of this unusual behaviour may be found in Section 8 of [24]. We express
our result in the form provided in that paper:

Proposition 4.3.6. The stable module Q(Z) decomposes as
00(2) = [Z] = [K]® [y +1].
Corollary 4.3.7. The module K is indecomposable.

It should be noted, however, that we cannot claim [K] is straight. From Pu’s list, we
only know any K ~ K’ occurs in an exact sequence 0 - R — K’ — Z[Cs] — 0.

By defining Lo = {(y + 1)a(x) | a(z) € Z[Can+1] C L} we adopt similar reasoning
to the above to show:
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Proposition 4.3.8. The A-module L has Z-basis {(y + 1)z° | 0 < s < 2n} U {3, }
and therefore rkz(L) = 2n + 2. In particular, A/L is torsion free.

Moreover, as [(1 +y)0 — X,y| - 2" (y + 1) = —(y + 1) it may be similarly shown L
is monogenic.

Proposition 4.3.9. L is monogenic, generated by (1 + y)0 — X,y.
As with K we have a corresponding exact sequence for L as follows:

0—-L—-A—-P—0. (4.3.10)
Proposition 4.3.11. The module L is indecomposable.
Finally, Johnson has shown that both K and L are self-dual; that is:
K*"=2 K; (4.3.12)

L~ L. (4.3.13)

4.4 K®?~7

With the preliminary results of Sections 4.1 - 4.3 in mind, we can now show Theorem
A; that is, we show
K?=?p A" (4.4.1)

for some r > 0 and where ? = K, P, L, R. Recall K = [y — 1, 3,) is self-dual and
define Ky = spanz{(y —1), (y — 1)z, ..., (y — 1)2®"} so that K/K is represented by
the class of X,. Observe:

e Y, -x =2, and
oY, y=9yS,=(y— X, + %, =%, in K/K,.

Thus, x and y act trivially on K/ Ky and it is therefore isomorphic to Z. In particular,
we have an exact sequence of the form,

0—>Ky—K—7Z—0.

Proposition 4.4.2. If j : Z|Cs] — A, and I, = Ker(e : Z|Cs] — Z), then
Je(l2) = [y —1).

Proof. Tt is straightforward to show {(y — 1)z"| 0 < i < 2n} is a Z-basis for [y — 1).
Next, observe j.(I2) = I ®zc,) A has Z-basis

{ly—1)®c, 7|0 < s < 2n}.
We then define the map ¢ : j.(I3) = [y — 1) by
p(ly—1) ®a”) = (y—1)2".

It is straightforward to check ¢ is a A-homomorphism between basis elements. O
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Using the above, we are now in the position to show K acts as the identity within
the stable class of our cyclic group of rank 4. Observe that tensoring with any of the
P, R, K or L therefore yields the exact sequence

0— Ko®? - K®? —=7— 0.
Proposition 4.4.3. j*(P) = j*(R) = Z[C,]".

Proof. Consider the exact sequence 0 — I — Ay — Z — 0, and apply the exact
functor i,(—) to yield

0—i.(Ie) > A — Z[Cy] — 0.
Next, observe that the induced module 7, (1) is simply another description of Co(If, 6).
So, using the isomorphism Co(If, 0) = T2(A, ), and the fact that i.(15) = i.(Io),
we have i,(I¢) = To(A, 7). Since T3(A, ) = P® R (see Proposition 4.1.10), we have
the following exact sequence,

0= RGP —A—Z[Cy] — 0.
Now apply the exact functor j*(—),
0= j*(R® P) = Z[Co*"*" — Z[Cy] — 0.

This sequence clearly splits and we observe j*(R @ P) is stably free of rank 2n. As C
satisfies the Eichler condition, Z[C5] has SFC by Swan-Jacobinski, hence both j*(R)
and j*(P) are projective Z[Cs]-modules of equal Z-rank.

Now, [?E)(Z[Cg]) = 0 (see, for example, [42]) and so any projective module is
necessarily stably free. Using Swan-Jacobinski once more, we conclude j*(P) and
J*(R) are free, each of rank n. O

Proposition 4.4.4. K ® R(i) = R(i) & A", for 1 < i < 2 where R(1) = P and
R(2) = R.

Proof. Consider the following exact sequence,
0— Ky® R(i) > K® R(i) — R(i) — 0.

Note that I, = Z_, the rank one module where x acts trivially and y acts as mul-
tiplication by —1. By two applications of Frobenius Reciprocity (Proposition 2.1.8),
and Proposition 4.4.3, we have the following isomorphism:

J(I2) ® R(i) = j.(I ® j*(R(i)))
= (L ®Z[Co]")
= (Z[Ce]")
= A",

Replacing this in the above exact sequence we therefore get
0—-A"—> K®R(i) - R(i) -0

which splits, yielding K ® R(i) = R(i) ® A", as required. O
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Proposition 4.4.5. j*(K) = Z[Cy]" .

Proof. Start with the following exact sequence,

0—-K—-A—-R—0

and apply j*(—),
0 — j*(K) = Z[Coy)*" ™ — 5*(R) — 0.

By Proposition 4.4.3, we know j*(R) = Z[Cs]™ and so the above exact sequence splits,
yielding
J(K) @ Z[Co]" = Z[C, [,

ie. j*(K) is stably free of rank n + 1. As Z[C,] has SFC, j*(K) = Z[Cy]"*!, as
required. ]

Since j*(P) = j*(R) we have the following dual statement:

Proposition 4.4.6. j*(L) = Z[Cy]" .

Proposition 4.4.7. K@ K; = K, A" for1 <i <2 where K; = L and Ky = K*.
Proof. Consider the exact sequence,

Using Frobenius Reciprocity and Propositions 4.4.5 and 4.4.6, we have

= ju(Ip @ Z[Cy)™ )
= G(Z[CM )

1%

An+1

For each 1 <14 < 2, the above exact sequence now splits, yielding the desired isomor-
phism K @ K; = K; & A"+, O

Evidently, Theorem A follows directly from Propositions 4.4.4 and 4.4.7.

4.5 PQP~L

In this section, we show
PP2LoA"" (4.5.1)

Recall Proposition 4.1.12 in which it was shown that P has Z-basis
{ma" |1 <r <2n}.

Consequently, P ® P has Z-basis {rz' @ 72/ |1 <4, j < 2n} with rkz(P ® P) = 4n?.
Furthermore, from Proposition 4.3.8 we know L has Z-basis
{(y+1), (y+Da,..., (y+1Da® T},

Tt is instructive to observe that K; ~ K (i). Regarding the main result of Theorem A, however,
this distinction matters little since they are both isomorphic over Z[C5].
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where ¥, = 1+ 2 + --- + 2?". By counting Z-ranks, it is clear that for the required
isomorphism to hold, n — 1 copies of A are required.
In Chapter 3, we constructed the isomorphism I}, ® I =5, T @ V', where

V=vV(1)aVR e --eV(2n—1)

and V(r) = spanz{v"™* @ v* | 0 < k < 2n}. Moreover, in Section 4.1 we introduced

the following action of ¥,

ol Y= _V2n+1—r

As before, {v"|0 < r < 2n— 1} is a Z-basis for I, and under this action (/) = P.
We start by constructing the free part. In particular, we show that for r» > 2,

V., =V(r)+V(2n+1—r)is a A-module, and V, = A.
By Chapter 3 this is clearly true when restricted to modules over Ay. To extend this
to an isomorphism over A, we consider representations.

Proposition 4.5.2. Define U to be the (2n+ 1) x (2n + 1) matriz where

1, i=1,j=2n+1;
\I/Z'j: 1, j:Z—1,2§Z§2n+1,
0, o/w.
v 0
—1 .
Then py.(x7') = <0 \IJ)
Proof. Label
= Vvl rTl 1<i<2n+1
eonti)ri = V@Y 1 <i<2n4 1.

Then egpyq 7 =" @1 =¢;and for2 < i < 2n+1, ¢;-2 = V" @1 = ¢;,,. Likewise,
we have €40 - = V*""177 ® 1 = eg,40. In general, for 2 < i < 2n + 1,  acts on
€@n+1)+i DY €@nit)i - @ = V" @ pt = e(9,41)4441. The result now follows. O

Proposition 4.5.3. Define the matriz ® by

0, o/w.

0 @
st - (33

Proof. With the e;, €(,41)4; as defined above, first observe e;-y = VT R1 = egpya.
Now consider y acting on a general basis element of V(r) for 2 < i < 2n + 1,

iy = (Vr-l-i—l ®I/i_1)y _ (V2n+2—r—i®y2n+2—i) _ (V2n—r+(2—i)®yl—i) = Cont1+@nt3—i)-

Thus, for the first 2n + 1 columns, we get zeroes in the first 2n 4+ 1 rows, and then &
making up the latter 2n + 1 rows.
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Now let y act on the basis elements of V(2n 4+ 1 — ). As before,we have
€onio -y =1V ®1 =ey. For a general basis element 2 <1 < 2n + 1,

+2nt2-0) ) ) 2nt2—i

o 2n—r—+1i i—1 .7 o
Contiri Y= (V QU )y =v = Con+43—i-

Thus, for the last 2n + 1 columns we get ® making up the first 2n 4+ 1 rows, and
zeroes thereafter. O

Proposition 4.5.4. With ¥, as defined above pyey(x™') = <\(I)j \(I]f)

Proof. Set
fi= a7l 1<i<2n+1
fongiei = yr™t 1<i<2n+1.

Clearly, fops1 -2 =1 = fiand f; -2 = 2' = fiiy for 1 < i < 2n. Similarly,
fing2 T =y = fopnso and fopi14i - @ = y2* = fo,4945. The result now follows. O

Proposition 4.5.5. With ® as defined above, p,eq(y) = <<(11 ((I))) :

Proof. Let f;, font1+i be as above. First observe f; -y = y = fo,10. For a more
general element where 2 <i < 2n 41,

2n+2—i __
- f(2n+1)+2n+3—i'

firy=a"ly=yx
Similarly fo,42 -y =1 = f; For a more general element,

2n+2—1

1—1
Jfonp1vi Yy =yx'" y=2x = fon+ts—i-

The result now follows. ]
Proposition 4.5.6. Forr>2, V., =V(r)+V(2n+1—1r) = A.

Proof. Immediate since py,(g) = preg(g) for all g € Dy,49, by Propositions 4.5.2 -
4.5.5. O

We are therefore left with 7'+ V(1) which, we hope, can be used to give us L.
Consider the following map ¢ : I}, ® I}, — Z defined by,

1, ifr=s+1;
Veri— =1, ifs=r+1;
0, ifjr—sl#1
where Z is taken to mean the trivial Ag-module and 0 < r, s <2n — 1.
Proposition 4.5.7. The map v, as defined above, is a Ag-homomorphism.

Proof. 1t is straightforward to see 1 is well defined and a Z-homomorphism. By
applying the z-action, note that (1" ® véz) = Y (V" @ ) = (1" @ v¥)z. We
therefore conclude that v is a Ag-homomorphism. O

Proposition 4.5.8. The map ¢ : (I¢)- ® (I¢)- — Z_ induced from 1) above, is a
AN-homomorphism.
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Proof. Consider how v behaves on v" ® v*. By Proposition 4.5.7, we need only
consider the y-action. There are three cases to consider:

a) r=s+1;
b) s=r+1;
c) |r—s|#1.
For a) we have the following:
i@, s =0;
rilyeuriy=<{ -—vrlg Zfﬁgl vt os=1;
V=S @ pintlos, 2<s<2n-—1.
As such,
2n—1
w(-ZuZ@l): P(1Q01—v@1—- =121 x1) =1,
i=0
2n—1
¢ (_V2n—1 ® Z Vi) _ ¢(_V2n—1 QL —-- - — p2n—1 ® p2n=2 _ 2n—1 ® V2n—1) =1,
i=0
and finally ¢ (v*"~% ® v*"*t17%) = —1. Tt is worth observing that when s = 2n — 1, we
have
Vs-l—l QU = (V2n ® V2n—l) S— V2n—l L V2n—2 ® V2n—1 - V2n—l ® V2n—l’

which is sent to 1 by 1, as required. In any case, y acts by —1 when r = s + 1.
Likewise, the same is true for s = r + 1.
Finally, when |r — s| # 1 there are the following possibilities:

(1®1, r=s=0;
1 ® p2ntl=s, r=0,2<s<2n-—1;
v @ v, r=s=1;

V'y @iy = S v @ pnties r=1,3<s<2n-—1;
yt=r e 1, 2<r<2n-—1,s=0;
R VoL 3<r<2n—-1,s=1;
pyIntler @ p2ntl=s - 9 <p=35<2n—1.

\

The only cases that do not obviously go to zero are those involving v*". First, consider
V" ®v° where r is fixed such that 1 < r < 2n—2, and s varies between 0 < s < 2n—1.
It is clear that both r —s =1 and s —r = 1 occur as s varies, hence they cancel each
other out and the effect is that v ® v*® is sent to zero. As such, it is clear that both
V2 @ v F1=s and 2T @ %" are sent to zero, as 3 < r, s < 2n — 1.

For the case v*" ® 1v*", we sum over all " ® v* where both r, s vary as above.
By the above remark, we are left with elements of the form 1 ® v* and v*"~! ® v*
where 0 < s < 2n — 1. The only elements sent to something other than zero in
the former is of the form 1 ® v, and in the latter ?"~! @ ?"~2. These are clearly
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sent to —1 and 1, respectively, and therefore cancel. It follows that ¢/ will map each
of the above elements to zero when |r — s| # 1. Consequently, y acts by —1 and
Y (15)- ® (I5)- — Z_ is a A-homomorphism. O

As an aside, it is worth mentioning that we may similarly use the other Galois
action defined in Section 4.1. This will yield another A-homomorphism. In par-
ticular, by combining these two Galois actions, we end up with the following four
A-homomorphisms,

o Y1 I(Copt1)} @ I(Consr)} — Z;

o =1y : [(Cony1)" @ I(Conpr)t — Z_;
o V31 I(Cont1)} ® I(Contr)t —> Z;

o Uy : I[(Cong1)” @ 1(Contn)y — Z.

Nevertheless, only 1 (or 1 in the above list) is of interest to us as only (1) = P.
Now, let V' =V (2) +---4+ V(2n — 1) and observe that V' is free and V' C Ker(1).

Let
g [(I8)- ® (I5)-] = [(Ie)- @ (Io)-1/V'

be the natural map and restrict ¢ to [(I5)- ® (I5)-]/V'. We then have the following
exact sequence,

0— Ker(v) = [(IL)- ® (IL)_]/V' 5 Z_ — 0. (4.5.9)

To emphasise which part of (1) ® (I5)- remains when we quotient by V', we shall
often write this as §(7" + V(1)). Observe that the sum 7'+ V(1) will not be direct
over A. Our goal now will be to prove:

Proposition 4.5.10. Ker(v) = spanz{i(v' @ v*) |0 <i < 2n}.

To do so, we need to prove a number of preliminary results. To make the notation
somewhat more readable, we will write p instead of 2n + 1.

Proposition 4.5.11. For each j € {0, 1,...,p— 1},

Jj+p—=2
1V @ 17) )+ Z Ve
1=7+1
Proof. We split the proof into four cases; j =0,1 < j<p—-3,j=p—2and j=p—1.
Start with the case 7 = 0 in which we successively subtract the ‘columns’ from 7.
We therefore have:

1®1= T+ 1t@ur?2—1+v+- -+ 1P 3) 1P 3 —
—+v+-+H)@v — - —(1+1v)QV
— T_|_Vp—1®Vp—2_|_(Vp—1+yp—2)®yp—3+...
..+(VP—1+...+yi+1)®yi+ .+(VP—1+...+V2)®V
— T+Zp 2(Vp Ly .. _}_Vi-i-l)@yi.
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However, v"** @ ! € V (k) for some 1 < k < p — 2. We therefore conclude

p—2

1®1) =4(T)+ > s @) (4.5.12)

i=1

Next, we look at the region 1 < j < p—3. For this, we alter our approach slightly.
For i < j we systematically subtract ‘rows’ from T (where T' is written as in Chapter
3). Once we reach j, we then subtract the ‘columns’. The result will be the removal
of all terms from T except 17 ® 17. To keep track of this we use the variable i when
subtracting rows, and £ when subtracting columns. Thus, we have:

Vo = T—|—1®I/p_1—I/®(I/—|—---—|—I/p_2)—I/2®(1/2—|—---—|—1/p_2)—
.._Vi®(yi+..._|_yp—2)_..._Vj—1®(yj—1+...+yp—2)
— (VY @yt — (7 4 L g i) @ iR
_(,/j+ +Vj+k)®,/j+k (,/J'+ .+Vp—2)®,/p—2
= TH1u ' ST @ W+ -+ vP2) = SP2(00  pith) @ itk
= T+1®1/p1+2]111/’®(1/p1+1+V+---+Vi_1)
D O R o st R o Z i K= Z A
= T+ e )+ DL vie (v vt 1)
+Zp2j(yj+k+1_i_,”+yp 1)®V]+k+2i:1 (V] 1_}_“._}_V+1)®Vj+k.

Now, we observe veorrteV(i+1)and1 <i+1<j<p-—3. As such, we have
S (v @ vt = (1 @ vPt). A similar observation shows

DT v 1) = ) B0 @r T,

Notel1<p—2—73<p-—3and 2 < j+k <p—2 Consequently, each of the
following terms belong to some V' (I) for 1 <[ < p— 3 and so

2—j p—2—j
E Vj-l-k—i-l . P 1 V]—i—k § V]—i—k—i—l I/J+k).
k= k=1

p—

—_

Finally, for 1 <k <p—-2—35j<p—3, V@17 € V() where 2 <1 < p— 2, and so

pP—2—j

2—
Zh (Wt v+ ) @vth) =0.
k=1

To conclude, for 1 < j < p — 3 we have

Jj—1 p—2—j

107 @07) = (1) +4(1@v? )+ > b er ™)+ Y 5/ et (45.13)
k=1

=1
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We now take j = p — 2 in which we successively subtract ‘rows’. We have:

P2 QP = T+1®yp—1—y®(y+...+yp—2)_
=W P — =P (VP P
= T+1xuvr - Zp3y2®(1/—|— 4 vP72)
= T+l '+ v+ + 1)+ T v ot

It is straightforward to show 277 t(v! @ v»~1) = 0, and

p—3 p—3 p—4
u(yi ® (Vi—l RS 1)) — H(VZ ® Vi—l) — h(yi-l-l ® I/i).
=1 =1 =0
Then 4
@) = U H 1@ 4 Y @) (45.14)
=0

We conclude the proof with the case j = p — 1. For this, we add in the required
terms, each of which come from one of the V(). In other words, we have

Wl = T4+ + P 2) @1+ +( ”1+---+up—2)®ui+---up—2®yp—3

— T + Z ( Z+1 . + I/p_2) ® I/i.
It is now clear that
p—3
P @) = 5T+ > it @ v). (4.5.15)
i=0

Corollary 4.5.16.
e 1P @) (1@ 1) =11 ) +irel) -1 @v) — 1(1° @ v?);
e For3<j<p—4, (" vt -5/ @) =4 @ 1) =1 @ v/,
o HP @) (P @) = (PP ) — (1o ).

Proof. Using Proposition 4.5.11, we have §(1® 1) = (7)) + Z?:_f (V' ® 1) and

1 @ V%) =4(T) + ) (" @) (1@ ") + (v @ 1).

As 3 <k+2<p-—2it follows
1P @r?) —g(le ) =11 ) +irel) -4 @v) -1’ ©v?)

Likewise, we can show §(2P 71 @ vP1) — (1P 2 @ P~ 2) = (P 2@ vP73) — (1 @vPY).
Next, let 3 < j < p—4, then
h(yj+1 ® yj+1) h(V] ® V]) ZP 3=J (Vj+k:+2 ® Vj+k+1) + ZjZI h(yz ® Vi—l)
_ Zp 2—j h(yj—i-k—i-l ® Vj—i—k) _ qu':—ll (Vi ® Vz'—l).
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First note >>7_, §(v' @ v~1) = 370 @ v'~1) = 1/ @ 19~1. Next, we can rewrite

p—3—j p—2—j
Z h(yj+k+2 ® Vj—i—k—i—l) _ Z h(yj+k+1 ® Vj+k)
k=1 k=2
so that Zp 2—j (Vj-l-k-i-l ® Vj-i—k) _ sz—j h(yj-i-k-i-l ® Vj-i—k) — —h(’/j+2 ® Vj-i—l)' Thus,

HW @ ) — 5 @ 1) = B @ ) — (2 @ ),
O

Proof of Proposition 4.5.10. Clearly Q = spanz{i(v' @ v") | 0<i<p—1}C Ker(y).
For the converse, suppose v € Ker(¢) and write v = Y77} a,i(v" ! @ v") + arh(T),
where a,, ar € Z. By the results of Proposition 4.5.11, we can rewrite 5(7") as
(T) =h(1®1) = P2 a(r ! @ v'). We can therefore rewrite v as

p—1

v = Zﬁrh(ﬁ“ RV ) +ari(1®1),

r=0
where 3y = ap, B, = a, —ap for 1 <r <p—2and ,_1 = a,—1. Thus, v € Q if and
only if o = 3P BV @ V) € Q.
Next, since 1(5(" ' ® v")) = 1 and 9(v') = 0, it follows that 3~ /5, = 0. In
particular, we can write:

V= Y BEt er) — VAT
Zp;é (v @ 1)a” —Z (1/®1)

- v © (S far ST

- v ® 1)(22::0 (2" — 1))

- v @ )(Zf;(l) (=12 4+ 1))

= e D@ -1)(C A+ + 1)

02 @) — b ® DT a4 -+ 1))

It is therefore sufficient to show f(r? @ v) —f(r ® 1) € Q. To do so, first note that for

3 < j < p—4, we can rewrite (17 @17 T3) (1 T2 @17 T2 + (T @I — (v @1Y)
as

1
1

L)) 40 ) () = 50 (Y
It follows that Z?;;(—l)jh(yj @vl) =41* @ v?) — (1 ®vP1) and so

p—1

Y (oY) —g1el) = 4P er?) —ilerr ) +4(le ) +

+irel) -1 ov) -1 @v?)
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With f as above, we use Proposition 4.5.6 (and Proposition 2.2.7) to construct
the following split short exact sequence of A-lattices,

0— A"t = (I5)_® (L) — 5T+ V(1) —0. (4.5.17)
Proposition 4.5.18. L, (T + V(1)) € Ext'(Z_, Ly).
Proof. A similar argument to that of K, shows L occurs in an exact sequence
0—Lyo—L—>%7Z_—0.
Thus, by (4.5.9) and Proposition 4.5.10 it remains to show
Q = spang{1(v' @ ") |0 <i < 2n} = L.

To do so, denote the bases of Q and Ly by {e; |1 <i <2n+1}, {f;]|1 <j <2n+1},
respectively, where e¢; = §(v'' @ v'"1) and f; = (y + 1)a*~!. Clearly, we have an
isomorphism as abelian groups. The result now follows as both sets of basis elements
are easily shown to be equivariant under the actions of x and y. O

Corollary 4.5.19. L = (T + V(1)).

Proof. Tt is sufficient to show L and §(7+V (1)) belong to the same class of Ext'(Z_, Lg).
First, recall (4.1.9) in which j.(Z) = [y + 1). It is straightforward to see j.(Z) = Ly.
Now, using Eckmann-Shapiro we get Ext'(Z_, j.(Z)) = Ext'(Z_, Z) = Z/2. Since
L is indecomposable, it clearly does not belong in the trivial class.

For (T 4+ V/(1)), we first observe this is free as a Z[Cs]-module. Start with the
exact sequence

0= A" = (I5)-® ) = 8T +V(1) =0
and apply the exact functor j*(—) so that we have
0 = Z[Cy] 0 (1) - @ (16)-) = 7 (6(T + V(1)) — 0.

As (I})- = P, and since j*(P) is free of rank n (Proposition 4.4.3), j*(5(T+V(1))) is
stably free of rank n+1. By the Swan-Jacobinski Theorem, j*(§(7+V(1))) is therefore
free of rank n + 1, i.e. j*(3(T + V(1)) = Z[Co]" ™. Next, j*(Lo) = Z @& Z[Cs] (see
below). So if we suppose (T + V(1)) is in the trivial class of Ext'(Z_, L), then the
exact sequence containing §(7'+ V(1)) splits. In particular, so too does the restriction
of this exact sequence to Z[Cs]. In other words, the following is a split short exact

sequence:
0— Z®ZCy)" = Z[Cy)" ™ — Z_ — 0.

This exact sequence can be altered so that
0— Z — Z[Co)" " JU(Z[CY)") = Z_ — 0 (4.5.20)

is also exact. By Johnson’s ‘destabilization theorem’ (Proposition 2.4.2) Z[Cy]" ™! /1(Z[C5]™)
is projective. We can therefore construct the following split short exact sequence

0 = Z[Co]" % Z[Co]"™™ — Z[Co]™ L /u(Z[Co]") — 0.
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So Z[Cy]" ™ Ju(Z[Cy]™) is stably free, and hence free, of rank 1. Replacing this in
(4.5.20), we have
0—=Z—Z[Cy)) - Z_—0.

However, this clearly does not split and so (7" + V(1)) cannot belong in the trivial
class of Ext'(Z_, Ly). Hence, both L and §(T'+ V(1)) belong to the non-trivial class.
It therefore follows that they are isomorphic, as required. O

Using Corollary 4.5.19 we can replace (7" + V(1)) with L in (4.5.17). We therefore
have the following split the short exact sequence

0— A" = (I5)_® (). — L —0.
By recalling (I})- = P, we have therefore shown:
Proposition 4.5.21. P P~ L & A" L.
Furthermore, note the following dual statement:
Proposition 4.5.22. R R~ L & A" L.

Proof. By Proposition 4.5.21, we have PQ P = L&A !. Moreover, we know P* = R
and thus, by applying Proposition 2.2.6,

RIR2 (PP (LoA )y ~2LpA!
where the last isomorphism follows from L and A"~ ! being self dual. O

To conclude, we relate this to the result of Section 2.5, Q0 (Z) ® Q4 (Z) = Qs(Z).
Thus far we have shown the minimal level of ;(Z) = P& [y — 1). As such,

(Pely-1)ePely-1) = (PeP)e(Pely-1)s(y-1)oP)s(y-1)®[y—-1)).

(4.5.23)
By Proposition 4.5.21, P ® P = L & A"~'. Moreover, recall Ky = [y — 1) = j.(I3).
Therefore, by Frobenius Reciprocity and Corollary 2.1.9,

Poly—1)2y-1HePx 4 (L)®P

= 2 ®J°(P))
Jo(l2 ® Z]CH]") = ji(Z[C]") = A”

I

where we have used the fact that P is free when considered as a Z[C5]-module. Finally,
we come to [y — 1) ® [y — 1).

Proposition 4.5.24. j*([y — 1)) = I, & Z[C5]".

Proof. Recall j*(K) = Z[C,]"** by Proposition 4.4.5 and consider the exact sequence
0 — Ky — K — Z — 0. Now apply the restriction of scalars functor j*(—) to yield

0 — (Ko — Z[Cy]"™ = Z — 0.

We also have the exact sequence 0 — I(Cy) — Z[Cy] — Z — 0. By Schanuel’s
Lemma we therefore have j*(Ky) @ Z[Cs] = 1(Cy) & Z[Co]" . The result now follows
since [[5] is straight. O
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Using the fact that j.(Z) = [y + 1) = Lo, a similar proof now shows:
Proposition 4.5.25. j*([y + 1)) 2 Z ® Z[C,]"

Proposition 4.5.26. [y — 1)@ [y —1) = [y+1) & A"

Proof. Using Frobenius Reciprocity and Proposition 4.5.24, we have
Il @ j*(ly — 1))

Je(I2 @ (I3 ® Z[Cs]™))
Jx(I2 @ I2) @ j.(Z[Co]™).

1%

y-Dely-1)

1

1

Now, recall that in Chapter 3 we showed I, ® I, = Z. Thus,

=1 &y —1)=5(2) S j.(Z[Co]") = [y + 1) & A"

U
Combining the above results, (4.5.23) becomes
Pay-1)Paly—-1)=Laly+1)e A
as required.
46 LQ®P~R
The aim of this section will be to construct the following isomorphism:
LoP=RoA". (4.6.1)

First, recall:
e P has Z-basis {mx, m2?,..., 7z*}, 7 = (2" — 1)(y — 1);
e [ has Z-basis {(y + 1), (y+ Dz,..., (y+1)a® X}, S, =1+ a2+ + 2
e R has Z-basis {(y — 1)(z — 1), (y — D)(2? = 1),..., (y — 1)(2*" — 1)}.

By counting Z-ranks of P ® L = R @& A“, we see that a = n, thereby explaining the
number of copies of A in (4.6.1).
In Section 4.3 we defined Ly to be the A-submodule of L with Z-basis

{(y+1), (y+Da,..., (y+ Da*}.

Recall that the underlying abelian group of L/Ly is free abelian of rank 1, generated
by the image of ¥, upon which z acts trivially and y acts by —1. To reflect this,
write L/Ly = Z_ and construct the short exact sequence

0—>Ly—L—72Z_—0.
Tensoring with P yields the following short exact sequence,

0= L@ P —LQP—-7Z_QP —0. (4.6.2)
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To achieve the goal of this section, it is necessary to investigate Lo ® P and Z_ ® P,
which we do by considering their respective representations. Trivially, we have:

Proposition 4.6.3. pz_(z71) =1, and pz_(y) = —1.
Corollary 4.6.4. For any module M,
pz_em(z™') = pur(z™") and pz_em(y) = —pu(y).

Proposition 4.6.5. The representation of the x-action on Z_ ® P is given by

1, j=1—1,2<13 < 2n;

(pz_wp(@™!))ij=q -1, j=2n,1<i<2n;
0, o/w.
Proof. Write e; = ma®, where 1 < i < 2n. Then e; - x = ¢;44 for 1 <i < 2n — 1, and
s - = . Since ¥, is central we note 73, = 0. It follows that 7 = —7z — 7a? —
=t = — Zfﬁl e;. As x acts trivially on Z_, it therefore follows that

o0 --- 0 -1

10 -+ 0 -1

pz_gp(zt)y =0 1 -~ 0 —1

o0 --- 1 -1
as required. O

In what follows, it will be convenient to use the following form for pz_gp(z71):

_1 P B
pZ_®P(x ): Py Py

where Py, Py, P3, Py are each n X n blocks such that

(Pr)ig = {0 o/w; (Pa)ij = {0 o/w;

Proposition 4.6.6.

N 1, j=i-1,2<i<n;
, =1, 7="n; . .
(P?»)ij:{ / (P4)z'j: -1, 7=n,1<1i1<m;
0, o/w;
0, ofw.

Proof. Both Py, P, follow in a straightforward manner by simply restricting ¢, j to
the intervals 1 <4, j <nand n+ 1 <14, j < 2n, respectively. For P, Pj it is worth
saying a bit more. For the former, we restrict ourselves to the interval 1 <7 < n and
n+1 < 7 <2n. By Proposition 4.6.5, we know we have a non-zero entry in this n xn
block only when j =2n and 1 <7 <n, or when j =7 —1 and 2 <i < n. In the first
instance, this gives the —1 as required. In the latter, we note that when ¢ is at its
largest (i.e. ¢ = n), then 7 = n — 1, which is not in the interval we are considering.
As such, P, only has non-zero entries when j =2n and 1 <1 < n.

Similarly for P3;, we now restrict ourselves to the intervals n +1 < ¢ < 2n and
1 < j < n. As before, Proposition 4.6.5 tells us any non-zero entry occurs when
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j=i—1land n+1 <i < 2n. Now, when i is at its smallest (i.e. i = n + 1) then
7 = n and is within our block of interest. Beyond that however j must be in the

interval n + 1 < 7 < 2n and therefore of no interest to us for Ps.

O

Proposition 4.6.7. The representation of the y-action of Z_ ® P is given by,

(Pz_opr(Y))i =

1, 7=2n4+1—-1,1<1 < 2n;
0, o/w.

Proof. Consider the y-action on a general basis element of P,

ey = 7ra7iy — (ZEn . 1)(y o 1)yx2n+l—i — _,ﬂ_x2n+1—i = —eonti

By Corollary 4.6.4 we therefore have the desired representation,

0 0 0 -1
0 0 -1 0
pp(y) = : = —pz_opr(Y).
0 -1 0 0
-1 0 0 0

Now repeat the process for the z, y-actions on R.

Proposition 4.6.9. The representation of the x-action on R is given by,

1, gJ7=1—1,2<i<2n
(pR(x_l))ij =<¢—1, 1=1,1<7<2n;
0, o/w.

Proof. Set fi = (y — 1)(z" — 1), where 1 <4 < 2n. Then,

forx=@-D@' -Dr=-DE"" -)-@-1@-1)=fin—f

for 1 <i<2n—1, and f5, - x = —f;. The result now follows; that is,

L |
1 0 -« 0 0
prz )=V 1 - 00
0 0 1 0

A similar proof to that of Proposition 4.6.6 shows:

_ R R

Proposition 4.6.10.
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where Ry, Rs, Rs, Ry are each n x n blocks such that

1, j=i-1,2<i<n; o
(Ri)ij=4q-1, i=1,1<j<m (R2)ij:{ =L ls)sn
0, o/w;
0, o/w;
L i=Lj=mn 1, j=i—1,2<i<n
R3);i = Ry, =
il {0’ o/ w; (B {0, o/w.

Proposition 4.6.11. The representation of the y-action on R is given by,

() = -1, j=2n+1—1;
PR 0, o/w.

In particular, pr(y) = —pz_sp(y)-

Proof. As before, apply y to a general f; to yield,

fy=@w-1E" - Dy=(y— Dy =1) = — fons14
The result now follows. U

To show the equivalence of Z_ ® P and R, we define the following (2n) x (2n) matrix

X,
0 —a’
X = (a ‘ ) (4.6.12)

L j2>4
Q5 = 0 . .
, 7 <t

where

Proposition 4.6.13. With X as defined in (4.6.12), pz_gp(z™1) X = Xpgr(z™1).

Proof. Using Propositions 4.6.6 and 4.6.10,

P,a —Pa” —a’Ry —a'R

Iy _ [12 1 1y 3 4
pZ7®P($ )X - (P4Oé —PgOéT) , and XPR(*T ) - < aR; aRs ) :
We therefore have four calculations to check. First we show P,a = —a® R3. Now,

(Pya)ix = Z;L:l(]%)ijozjk #0onlyif k> jand j =n, 1 <i<n. In other words,
when k =n and 1 <i <n then (Pa); , = —1. For any other entry we get 0.

Now, (a"R3)ir = Y 7 aji(Rs)ju # 0 when ¢ > j and j = 1, k = n. So, when
k=nandi>1 (a”R3);, =1 and zero otherwise. Thus, P,a = —a® R3 as required.

Next, we show Pia’ = o’ Ry by first observing (Pia®); = >y (Pr)ijag; # 0
when 7 > k, 7 =1 —1 and 2 < ¢ < n. Putting this together, we see that for i > k
where 2 <i<mnand 1 <k <n—1wehave (Pia’); =1, and zero otherwise.

Likewise, (ol Ry = > i1 @i(Ra)jx # 0 when i > j, k=j—1and 2 <j<n.
Sowheni >k 1 <k <n-—1and 2 <i < n we have (a’Ry)s = 1, and zero
otherwise. In other words, we have the desired equality.

For Py = aR; note (Pya)yx = Z?:1(P4)ijajk # 0 when either:
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e k>j,7=1—1and 2 <17 <n,in which case we have +1; or when
e k>4, 7=nand 1<i<n when we have —1.

Putting the above two cases together we find that when £ > i—1 and 2 < ¢ < n, then
(Pyar)ir = 1. However if k = n, then (Pya); , # 0 only when ¢ = 1. This is due to
a cancellation occurring from the +1 and —1 whenever ¢ > 2. Putting this together,

we have
1, 1—1<k<n-1,2<1i<mn;

(Pya)iy =< —1, i=1k=n;
0, o/w.

Adopting a similar approach shows (aRy); = Z?:l a;j(R1);r # 0 when either:
e j>i, k=j—1and 2 <j <n,in which case we have +1; or when
e j >4, 7=1and 1 <k <n when we have —1.

By putting this together we once more get a cancellation between the +1, —1 when
i =1and k <n, and so for i« = 1, k = n we get a value of —1. When 2 <i <n and
1—1<k<n-—1, we get a value of 1. Thus, we conclude P,a = aR;.

Finally, we show —P3a’ = aR,. First, (—P3a®)y = Z?:l(—PB)ijakj = 0 only
if 7 >k, 1 =1and j = n. In other words, we get a value of —1 when i = 1, and

zero otherwise. Likewise, (aRy)i = Z?:1 a;;(R2)jk # 0 only when j >4, j =1 and

1 <k <n,ie when i=1. In this case we get —1, and zero otherwise. O
Proposition 4.6.14. With X as defined in (4.6.12), pz_op(y)X = Xpr(y).

Proof. Now, it is quite clear that pz_gp(y) may be written in the form

pz_or(y) = <120 130)

where Py is an n x n block such that

lL,j=n+1—-1,1<:i:<m
(Po)z'j:{o
, 0/w.

P( 0 '

As such, it is quite clear that

o P()Oé 0 o OZTPO 0
pZ_®P(y)X - ( 0 —PQOéT) ) and XPR(?/) - ( 0 —OZPQ) :

It remains to show aPy = Pya® and o Py = Pya. Observe (aPy)g, = > i1 i (Po) ji
which is non-zero when j > ¢ and kK = n+1—7; that is, when £ < n+1—1. In this case
we get a value of +1, and zero otherwise. Likewise, (Pya®);x = Z?Zl(Po)ijakj #0
when j =n+1—iand j >k, ie. when n+1—i > k. Thus, aPy = Pya®. A similar
proof shows ol Py = Pya. O
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Proposition 4.6.15. Z_ ® P = R.

Proof. By Propositions 4.6.13 and 4.6.14, it remains to show X is invertible over Z.
Define the n x n matrix § by

L i=y;
Bij=q-1 Jj=i+l
0, o/w.

Observe () = > 7_; Bk = D5, Bjr- Suppose now that i = k, then (af); = 1
since f;; = 0 for any j # ¢ in the range 7« < j < n. If ¢ # k then there are two cases
to consider. If k < ¢ then (af3);; = 0 since S, = 0 for any k < i < j <n. If k > i,
then (af)ix = Br—1x + Bk = —1+ 1 = 0. Thus, aff = I,,. A similar argument now
shows Ba = I,,, i.e. a~! = . Finally, we define the matrix

_( 0 B
v= (o)

and a straightforward calculation shows XY = [, = Y X. In other words, X is
invertible over Z, as required. O

Next, we show Lo ® P is free. In particular, by counting Z-ranks, it is necessarily
free of rank n.

Proposition 4.6.16. Ly ® P = A",

Proof. Consider j.(Z) = Lo. By Proposition 4.4.3, j*(P) = Z[C5]". So, by using
Frobenius reciprocity we have:

Lo P  (Z)®P
= L (Z®Z[Cy)
= J(Z[C]")
=~ A"

From Propositions 4.6.15 and 4.6.16 we can now rewrite (4.6.2) as,
0—=-A"-L®P—R—D0.

Dualising yields a split short exact sequence and so (L ® P)* = P& A". By dualising
once again Proposition 2.1.1 yields the desired conclusion; that is,

Proposition 4.6.17. L® P= R® A™.

As with the end of Section 4.5 we explicitly calculate the tensor product at the
minimal level of Q5(Z) ® ©(Z). We have,

(Lely+1)oPoly-1) = (LoP)a(loy-1)e(y+)eP)o(y+1)@[y—1)).
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By Proposition 4.6.17 we know L ® P = R & A". Using Frobenius Reciprocity,

y+eoP= j.(Z®j(P))
= J(ZIG]")
= A™.

[a¥)

Recall j*(L) = Z[C,]" ™! from Proposition 4.4.6. Using this and Frobenius reciprocity,

I

Ley—-1) =2 j.(Z_®j%L))
j*(Z[OQ]n+l)

An+1

1%

1

Finally, we come to [y + 1) ® [y — 1) and proceed much as before. Applying Frobenius
Reciprocity and Proposition 4.5.24, we get

p )Y -1) (26 (Lo ZC)")
= (L ez
= (L) ® . (ZIC)")

I

ly—1) @A™
Putting this all together, we finally get the desired isomorphism:

(Loy+1)Poy—1)XRe[y—1)o A"t

4.7 RP~K

To conclude the proof of Theorem B, we construct the isomorphism,
RIP2K @A (4.7.1)

As before, the number of copies of A is justified by counting Z-ranks of R ® P. It is
clear that we must add on n — 1 copies of A to K.

Proposition 4.7.2. R P~ (Z_® L)® A" L.

Proof. In the previous section we showed R = Z_ ® P. Using Proposition 4.5.1, we
have

R® P = (Z_®P)®P
Z ® (Lo A
(Z_-®L)®(Z_- @A"Y =~ (Z_.oL)eo A"

I

2

It remains to show Z_ ® L = K. To this end, recall L has a Z-basis,

{(y+1), (y+Da,..., (y+1Da* 2}



Chapter 4. The syzygies of Z[D 2] 71

and K has Z-basis,
{y=1), y—Dz,..., (y = Da™, ,}.
Proposition 4.7.3. Define the (2n + 1) x (2n + 1) matriz U as before; that is,
1, i=1,j=2n+1;

j=i—1,2<i<m+1;
0, o/w.

i} 0
L (2n+1)x1
Then pz_gr(z™") = (le(2n+1) 1 ) |

Proof. Set E; = (y+1)z" ! for 1 <7 <2n+1, and Es,,9 = X,. Clearly, E; -z = E; 44
for 1 <i <2n and Fy,y1-x = FE;. Finally, Fs,.5-x = Fy,,5. The result now follows
since z acts trivially on Z_, i.e pz_(z7') = 1. O

Proposition 4.7.4. Define the (2n + 1) x (2n + 1) matriz ® as before,

1, 1=75=1,
0, o/w.
—d —1¢ap,
Then ,OZ_®L(y) _ (le(2 o (2 1+1)><1)‘

Proof. With E; as above, consider how y acts on the basis elements of L. First

observe,
Eiy+ Ey+ -+ Fopg1 = 2y + Eoppo.

Now, Fi1y = F; and for a general F; where 2 <i <2n+1,

Ey= (y+1)a"ly=(y+ 1)ya**t?" = Eppis
Eontoy = y+azy+ -+ a?y =FE1 4+ FEy+ -+ Eopy1 — Eopgo.

Finally, apply Corollary 4.6.4 so that

100 --- 00 1
000 --- 01 1
000 --- 120
pr(y)=|[: SRR = —pz_sL(Y) (4.7.5)
0 01 0 0
010 00 1
00 0 - 00 -1

Next, we do the same for K.

Proposition 4.7.6. With ¥ as above, pr (™) = ( v O(Q"H)Xl).

O1x(2n+1) 1
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Proof. Set F; = (y—1)z" ! for 1 <4 < 2n+1, and Fy,,» = ¥,. As with Proposition

473, F,-x=Fyy for 1 <i<2n, Fo,iq-x=F) and Fy,10 -1 = F5,10. ]
Proposition 4.7.7. With ® as above, px(y) = - Lantna :
O1x(2n+1) 1

Proof. First observe
Fi+Fy+ -+ Fopr = 5y — Fonsa.

Now, F} -y = —F}, and y acts on the other F; as follows,

Fy=y—12"y=(y— Dy """ = —Fpis-i.

Finally
Fonpo-y=y+ay+-+a”y=F+-+ Fonp.

The representation of the y-action for K is therefore

-1 0 0 0 0 1
0 0 O 0 -1 1
0 0 O -1 0 1
pely)=| 0 o (4.7.8)
0 0 -1 0 0 1
0 -1 0 0 0 1
0 0 O 0 0 1

Proposition 4.7.9. pz_«1(9) and pk(g) are equivalent for all g € Dyyyo.
Proof. Define

L, i=751<i,7<2n+1;
0, ofw

ie. X = Longr - Ogngnya . We claim X pg(g) = pz_or(9)X for all g € Dyy,.o.
O1x@2n+1) —1
First, it is straightforward to see the sizes of each block ‘match up’ and,

_ v O(2n _
pZ_®L(~T l)X _ (0 (2_+i)><1) :XpK(«T 1)‘
1x(2n+1)
Similarly,
_ - Lontyx1) _
pz_on(y)X = B = Xpx(y).
O1x(2n+1) 1
Since X is clearly invertible, this completes the proof. O

Corollary 4.7.10. Z_® L = K.
Proposition 4.7.2 and Corollary 4.7.10 therefore imply:
Proposition 4.7.11. R P =~ K ® A" L.
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Evidently, by combining the main results of Sections 4.5 - 4.7, we have proven
Theorem B. Finally, we explicitly demonstrate Q3(Z) ® Q1(Z) = Q4(Z). We proceed
as before and observe

(Rey-1)ePely-1) = (ReP)o(Roly-1)a(y-1)oP)e(y-1)@[y—1)).

From Proposition 4.7.11, as well as Sections 4.5 and 4.6 we have R@ P = K & A",
y-Dy-—1)=Zy+1)dA"and [y — 1)@ P = A" As P*= Rand [y — 1) is
self-dual, it also follows that [y — 1) ® R = A™. Putting this all together, we finally
get

(Roy-1))@Paoy-1)2Koy+1)oA"!

as required.

4.8 A diagonal resolution for Z[D,, ]

Using the results of Sections 4.4 - 4.7, we may now construct a free resolution providing
an affirmative answer to the sequencing conjecture discussed in the overview of Section
1. The author stresses that, unlike [24], this sequence is not explicit. Nevertheless,
this does suggest a method which allows the construction of such resolutions in the
case of p, ¢ prime where ¢g|p—1 (provided q is given). This shall be particularly useful
in the next chapter where we consider the case when ¢ = 3. The benefit is that for
q = 3 no explicit diagonal resolution has been found. However, it should be noted
that beyond ¢ = 3, the calculations quickly become unmanageable by hand and so a
general treatment of G(p, q) is likely to depend upon a different method.

Proposition 4.8.1. There exists an exact sequence,

AN
A A

0— P— A — A\ / P—0
R (4.8.2)
Proof. Recall that we have the exact sequence,
0—->L—>A—P—0. (4.8.3)

By applying the exact functor — ® P we get,
0L®P—AN"—>PQP—0
which, by Propositions 4.5.21 and 4.6.17, becomes
05 RBEA" LA™ 5 La A" — 0.
Evidently, this can be transformed into the exact sequence,

0—=R—A"/j(A") = LA™ = 0.
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Observe that we have the following exact sequence,
0— A" L A" 5 A2"/§(A™) = 0.

By Johnson’s ‘destabilization theorem’ (Proposition 2.4.2), A?"/j(A™) is projective
and hence the above exact sequence splits. It follows that A%"/j(A™) is stably free of
rank n, and hence free by Swan-Jacobinski. Thus, we have the exact sequence,

0>R—>A"S LA >0

By dualising and once again applying Proposition 2.4.2 we ‘remove’ the A"~! from the
right hand module. Dualising a final time and our exact sequence thereby becomes,

0+R—-A—=L—=0 (4.8.4)
to which we once more apply the functor — ® P. This yields,
0 K®A" ' 5 A™ S ROA" =0

by using Propositions 4.6.17 and 4.7.11. Once again, we use two applications of
Proposition 2.4.2 to ‘remove’ the ‘extra’ free modules, thereby producing the following

exact sequence,
0—+K—=AN—>R—0. (4.8.5)

Applying the functor — ® P one final time yields the exact sequence,
0—+POA" > A" > KA = 0.

Here we have used Propositions 4.4.4 and 4.7.11. As before, we use two applications
of Proposition 2.4.2 to remove the ‘extra’ free module. This yields,

0—+P—=-A—K—=D0. (4.8.6)

It is now straightforward to splice the sequences (4.8.3) - (4.8.6) to construct the
desired sequence. O

Recall the resolution of the y-strand given in (4.0.3). By combining this with the
resolution of (4.8.1) yields the desired resolution:

oF o o .
CE) G we



Chapter 5

The syzygies of G(p, 3)

For this chapter let G = G(p, 3) = C, x C5 where p is a prime such that 3|p — 1. In
this way C5 acts on C, via the natural embedding C — Aut(C,) and we write

CpxCs=<u, y|a¥ =y* yr=0(x)y >

where 0 € Aut(C,). Throughout this chapter, we denote the integral group ring of G
by A = Z[G(p, 3)], and write d = (p — 1)/3.

The aim of this chapter shall be to mirror the techniques of Chapter 4. In
particular, we construct a resolution of the form:

K L L*
N NN
0—Ic— A—A—A—A—A—A—I1-—0

NN/

]_é (CL’ — 1)]0

Here, we have once again used the bar notation (such as for I) to represent the
Galois module obtained from the action of C3 (for example, the action of C5 on I¢).
We shall define this formally for ¢ = 3 in the next section. To construct the above
resolution we prove Theorems D, E, F and G of Section 1.2; that is,

Theorem D: K®? =7 @ A" for some r > 0.
Theorem E: K is stably self-dual.

Theorem F: With K, L, L* as above, we have:
1. Ic @I = L@ AT
2. I @ L* = (x — Do & A*,
3. Ie® (x— 1o = LAY,
4. Ic @ L = I}, @ A%

5. [ @2 K@ AL

75
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Whereas the construction of the exact sequence above provides an affirmative
answer to the sequencing conjecture, this suffers from the same shortcomings of the
previous chapter. Namely, this exact sequence is not explicitly calculated. The miss-
ing ingredient is actually to find the specific polynomials that generate the above
(monogenic) modules. Nevertheless, this still represents significant progress in this
area.

5.1 The modules R(1), R(2) and R(3)

We have the following subring of M3(A) consisting of quasi-triangular matrices
T3(A, ) ={X € M5(A) | z;; € (m) if i > j}

where A = Z[(,]’ is the subring of Z[(,] fixed by 6, and ™ = (¢, —1)?. As we shall see
in Part II of this thesis (see example 6.2.12), T3(A, m) occurs in the following fibre

square:
A — 75(147 7T)

J |

Z [03] E— Fp [Cg]

In particular, if R(4) is the i’* row of T3(A, 7) considered as a right A-module, then
we have the following decomposition of T3(A, ),

T3(A, m) =2 R(1) & R(2) & R(3).

To see this explicitly, we can write

a; ag as
R={|0 0 0] ,acA
0 0 0
0 0 O
R(2) = Tay ay asz| , a; € A
0 0 O
0 0 O
R3)={|0 0 0], ,aecA

mTay Tag as

Our initial goal here is to provide a more suitable description for the modules
R(7). Recall once more that Aut(C,) = C,_y. Since p is chosen such that 3|p — 1
we define d = (p — 1)/3. We now choose some 6 € Aut(C,) such that ord(f) = 3.
Provided we are consistent, the actual choice of # matters little. Thus, we choose
once and for all a # such that 6(x) = z® where o® = 1 (mod p), and can therefore
legitimately describe G(p, 3) as,

G=G(p,3)=C,xCs=<u y|af =y° yr =1 >.

Henceforth, denote A = Z[G(p, 3)]. There are natural inclusions ¢ : Z[C,] — A and
J 1 Z]Cs] — A. As we frequently restrict scalars to those over Z[C,] we shall, for the
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sake of ease, denote Ay = Z[C,]. Additionally, denote the augmentation ideal of A
by I, and that of Z[Cs] by I3. Throughout, we denote the trivial module over any
group ring by Z.

Once again, we transform a Ag-lattice M into a module over A via a Galois
action. To do so first define a Galois structure on M to be an additive automorphism
© : M — M such that ©(m-x) = ©(m)-0(x) for all m € M and such that ©3 = Id,,.
A Galois lattice shall then mean a pair (M, ©) where M is a lattice over Ay and ©
is a Galois structure on M. We then make a Galois lattice (M, ©) into a (right)
A-lattice via the action,

m - x% = mx®;
m-y’=07"(m), (0°(m)=my™).

For us, the significant examples of Galois lattices arise from the ideals of Ag which
are invariant under 6. If J C Ag is such an ideal then we put J = (J, ©;) where 6,
is simply the restriction of 6 to J. As such, we obtain the following four modules of
interest

It is straightforward to show:

Ao 2 [%,) = spang{X,z" |0 <i<p—1}. (5.1.1)

Of decidedly more interest, however, is the question of what the modules (ii)-(iv)
represent. First recall our definition of basis elements % for 1 <i < p — 1, as defined
in Chapter 4. For (iv) we note y acts on v* by y - v = ). As we are primarily
interested in right actions, we make the usual alteration via the standard involution
to give v -y = 1P+ ) = 920 Ag it is often unclear when a module is isomorphic to
I, we note the following criteria (see [25]) that characterise the module I}, amongst
A-modules.

Proposition 5.1.2. Let M be a A-lattice and suppose that the following three condi-
tions are satisfied:

(I) there exists p € M such that -y = p and M = spang{p-z" |0 <r <p-—1};
(II) rkz(M) =p—1;
(III) m -3, =0 for each m € M.
Then M =5 I} and {p-2" |0 <r < p—2} is a Z-basis for M.

Returning to the discussion of the modules R(i), we first note that these are
pairwise isomorphically distinct (see [41] or [25]); that is:

R(i) =25 R(j) if and only if i = j. (5.1.3)
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Moreover, we note the following duality relation:
R(i)" = R(4 —1). (5.1.4)

Now that we have an understanding of how the R(7) interact under duality, we relate
this to the modules induced from Io and [}. It is straightforward to show R(3)
satisfies conditions (I)-(III) of Proposition 5.1.2 where = (0, 0, 1) € R(3) (see [41],
Chapter 4.3 or [25]) and so we therefore have:

R(3) > I}, (5.1.5)

By (5.1.4), we necessarily have: )
R(1) = I¢. (5.1.6)

We are now left with R(2) and the reader is once more directed to Chapter 4.3 of [41]
to see that, as expected, we have:

R2)=(x— 1l (5.1.7)

It is therefore a straightforward consequence that I, (z — 1)I¢, I, are all isomorphi-
cally distinct. We conclude by observing the following fact [17], [25]:

The augmentation ideal I of G(p, 3) decomposes as I¢ = Io @ [y —1).  (5.1.8)

5.2 Indecomposable modules and tree structures

For clarity, we restate Proposition 5.2.1 in the case where ¢ = 3.

Proposition 5.2.1. There are a total of 17 distinct non-isomorphic genera of inde-
composable modules for A = Z|G(p, 3)].

In the manner of [41], we list the indecomposable modules as follows:

I. There are three indecomposable modules over Z[C3] that become modules over
A via the quotient map G(p, 3) — Cs:

(i) The trivial module (rank 1);
(ii) The augmentation ideal, I3 = Ker(Z[C3] — Z) (rank 2);
(iii) The group ring itself Z[C5] (rank 3).

II. There are three distinct indecomposable modules over T3(A, 7):
(iv)
(v)
(vi) (

These are distinct A-modules via the twisting relation y¢; = cﬁ*(”y.

Z[(y] = R(3), where (, = exp(2mi/p) (rank p — 1);
(& — DZ[Gp] = R(1) (rank p —1);
— Do = (G — 1)?Z[G,] = R(2) (rank p —1).

SReY
1

8
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The above can be thought of as the ‘basic’ indecomposable modules. The remain-
ing genera of indecomposable modules then arise in the form of non-split extensions

0—-X—=7—=Y =0

where X is the direct sum of possible combinations of I}, I, (z — 1)l (without
repetition), and Y = Z, I3 or Z[Cs]. The proof of this can be found in [10], [39] and,
in the form of a specific case, in [41].

III. There is one extension when Y = Z:
(vii) 0 = Ic — Ag — Z — 0 (rank p).
IV. There are three indecomposable non-split extensions when Y = I3:
(viii) 0 = Ic = Vi = I3 = 0 (rkz(Vi) = p+ 1);
(ix) 0= I = Vo — I3 = 0 (rkz(Va) = p+ 1);
(x) 0= Ic® I} — [y—1) — I3 = 0 (rank 2p).
V. There are three indecomposable non-split extensions for Y = Z[C3] and
rkz(X)=p—1:
(xi) 0 = Io — Wy — Z[Cs] — 0, (rkz(W)) = p +2);
(Xll) 0— (.T — 1)]0 — W2 — Z[Cg] — O, (’l“k’z(WQ) =p-+ 2)7
(xiil) 0 — I}y — W3 — Z[C3] = 0, (rkg(W3) = p + 2).
VL. Set Q(i) = A/R(i). There are four indecomposable non-split extensions for
Y = Z|C3] where X is the direct sum of I, (x — 1)I¢ or If:
xiv) 0 = Ic @ (x — 1) — Q(3) — Z[Cs] — 0, (rkz(Q(3)) = 2p + 1);
(xv) 0= Ic® I} — Q(2) — Z[Cs] — 0, (rkz(Q(2)) = 2p + 1);
(xvi) 0= (z = 1)Ic ® I = Q(1) = Z[C3] = 0, (rkz(Q(1)) = 2p + 1);
(xvii) 0 = Ic® (v — 1)o@ I}, — A — Z[Cs] — 0, (rank 3p).
Any other indecomposable module belongs to the non-trivial elements of I?O(A)
and are therefore of no consequence in the context of free resolutions. Using the above

we can now discuss the tree structures of the syzygies ,.(Z) in some detail. First
note the following result of Remez (see [41], p.79):

Proposition 5.2.2. For any metacyclic group A = Z[G(p, 3)], set Q(i) = A/R(3).
We describe the syzygies at the minimal level of its free resolution by

41 —1 =2 +1;
QT(Z):{R(ML )®[y—1), whenr=2i+1,

QUu+1)a[%,), when r = 2i.

Recall that the free period of G(p, 3) is 6. Thus, by using Proposition 2.7.4 and
Corollary 2.7.5, we have:

Proposition 5.2.3. Both Qy(Z) and Q5(Z) are straight.
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For the third syzygy we note the following result of Remez (see [41], p.83):
Proposition 5.2.4. For A = Z[G(p, 3)], Q3(Z) is straight.

As already observed, the situation for even syzygies is decidedly more complex.
Nevertheless, we do have the following consequence of Proposition 2.7.6:

Proposition 5.2.5. Q4(Z) = Qs(Z) is straight.

As we are interested in the decompositions of these syzygies (and in particular the so-
called z-strand) we note the straightness of some of the component parts. A similar
argument to that of Proposition 4.2.1 shows:

Proposition 5.2.6. Let M € Q4(Z) be a minimal representative; then M decomposes
as M = My & Ms, where My, My are non-trivial indecomposable modules.

In the case of G(p, 3), (2.8.2) takes the form:

Proposition 5.2.7. The tree structure of [R(1)] is straight.
Proposition 5.2.8. The tree structure of [R(2)] is straight.
Proposition 5.2.9. The tree structure of [R(3)] is straight.
As with the dihedral case, we have the following result:

Proposition 5.2.10. The stable module Qy(Z) decomposes as two non-trivial inde-
composable modules

W(2) = [Z] = Q)] & [y* +y + 1].

However, unlike the case for the odd syzygies we do not know if there is a suitable
and unique module of rank 2p + 1. Rather, we only know such modules exist in an
exact sequence of the form

0= (z—1V)Io® I =7 — Z|C3] — 0.

As such, we cannot conclude that the tree structure of [Q(1)] is straight. We note
that similar results exist for the other two even syzygies, i.e. both decompose as a
direct sum of two non-trivial indecomposable modules. Once again, this does not
imply the corresponding tree structures of the component parts are straight.

5.3 The sequencing conjecture

Recall the sequencing conjecture discussed in Chapter 1. In [25], the existence of the
following exact sequence was shown,

K(3) K(2) K(1)

/N /N 7\

0— R1)—=A—A—P2) — A — P(1) — A— R(1)— 0.

\/ N/

R(3) R(2)
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In the above K (i) = Ker(p; : A — R(i)), and P(1), P(2) are projective modules such
that their direct sum is isomorphic to the free module A? of rank 2. The sequencing
conjecture in this case asserts that both P(i) are in fact free. One of the results of
this chapter is to provide an affirmative answer to this conjecture. To do so we first
prove the existence of the so-called ‘basic sequences’:

Theorem H: There exist the following three basic sequences:
(i)
K(3)

0— R(1)— A — A — R(3)— 0;

K(1)

/N

0— R(2)— A — A — R(1)— 0;

(i)
K(2)

/N

0— R(B)— A — A — R(2)— 0.

It is then straightforward to splice the three basic sequences together to provide an
affirmative answer to the sequencing conjecture for ¢ = 3. The author notes that part
(i) of Theorem H has already been shown by Johnson (see [25]) and, as will be seen,
we shall only require part (ii) of Theorem H to prove Theorem I. Nevertheless, in the
process of showing the existence of part (iii) we can say quite a bit more about what
is happening in these syzygies.

5.4 The module K

Define the module K = [y — 1, ¥,).
Proposition 5.4.1. K has Z-basis E = {(y'—1)27 |1 <i<2,0<j < p—1}U{Z,}.
Proof. Start by defining
Ko ={(y — Da(z) + (v* — 1)b(z) | a(x), b(x) € Ay} C K.
It is straightforward to see
(y— Da'y = (v —9)2"0 = (* = 1)2" O — (y — 1)2"®

and ' .
(v — Da'y = —(y — 1)a"0.
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It follows that K is a A-submodule of K. Finally, when considering >, we immedi-
ately observe that for i =1, 2,

p—1

Yoyt = Xj(yZ — 1)zl +3%,.

j=0

Thus, K is spanned over Z by £. Finally, upon performing elementary basis trans-
formations to the standard Z-basis of A, it is evident that

Eu{r'|1<i<p-1}
is a Z-basis for A. It therefore follows that £ is a Z-basis for K, as required. O

Proposition 5.4.2. A/K = [},

Proof. Perform elementary basis transformations so that we have the following Z-
basis for A,

{2 |1<i<p-1}U{(y/ =12 |1<j<2,0<k<p-1}U{Z,}.

Thus, A/K has Z-basis {§(z%) |1 <i¢<p—1} where §: A = A/K. In particular, we
note rkz(A/K) = p — 1. Moreover, since ¥, = 0 in A/K we may write

B(1) = 5(1)%, — g(1)z — - — g(1)aP?

so that
A/K = spanz{g(1)z" |0 <r <p—1}.

Since mX, = 0 for all m € A/K, it remains (by the criteria of Proposition 5.1.2)
to show f(1)y = £(1). However, in A we clearly have

loy=@w-1)+1

and so y acts trivially on (1) as required. The result follows from Proposition 5.1.2.
[

Recall, we have a surjection p; : A — R(i) by composing the obvious projections
A — T3(A, m) and T3(A, m) — R(i). We have previously defined K (i) = Ker(p;).

Corollary 5.4.3. K ~ K(3).

Proof. By Proposition 5.4.2, the module K arises in an exact sequence of the form
0K—=A—=1IH—0
and I}, = R(3) by Proposition 5.1.5. As we also have the exact sequence
0—K@B)—A—>R3)—0
then the result follows from Schanuel’s Lemma. O
Next, we have an exact sequence of the form,

0>Ky—K—~7Z—0
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since y acts trivially on K/Ky. We are now in the position to show K acts as the
identity within the stable class when tensoring over Z. Observe that tensoring with
any of the R(i) or K(j) therefore yields the exact sequence

0— Ko®? - K®? —7— 0.
First, we need two preliminary results:
Proposition 5.4.4. For j : Z|Cs] — A the canonical injection, j.(I3) = [y — 1).
Proof. 1t is straightforward to show
{ - |1<i<2,0<j<p-1}
is a Z-basis for [y — 1). Now observe j,(I3) = I3 ®zjc,] A has Z-basis
{(y—1) ®c, 2%, (¥ = 1) @c, 2’ |0 < s, t <p—1}.
If we define the map ¢ : j.(I3) — [y — 1) by
p((y' = 1) ®c, 2°) = (v — 1)a°

then it is straightforward to check ¢ is a A-homomorphism between basis elements,
i.e. a A-isomorphism. O

Proposition 5.4.5. With j as above, j*(R(i)) = Z[C5]® for each 1 < i < 3.

Proof. We proceed much as in the case ¢ = 2. Start with the exact sequence,
0— R(1)® R(2) @& R(3) - A — Z[C5] — 0.
Upon applying the exact functor j*(—) we have the split exact sequence,
0— 7 (R(1)® R(2) & R(3)) — Z[Cs]" — Z[C3] — 0.

It follows that each R(7) is projective as a Z[Cs]-module. Now, using a result of Rim

(see [42]), we know K((Z[C3]) = 0 and so any projective module is stably free. Using
Swan-Jacobinski, we therefore conclude j*(R(i)) = Z[Cs]". O

Proposition 5.4.6. K ® R(i) & R(i) ® A*?, where 1 <i <3 andd = (p—1)/3 as
before.

Proof. Consider the following exact sequence,
0— Ky® R(i) > K® R(i) > R(i) > 0

and recall Ky = [y — 1). By two applications of Frobenius Reciprocity, and Proposi-
tions 5.4.4 and 5.4.5, we therefore have the following isomorphism:

Jx(I3) @ R(i) = j.(I3 ® j*(R(1)))
= (s ® Z][Cs]Y)
= (Z[CsP)

1%

A%,
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Replacing Ky ® R(i) with A* in the above exact sequence we therefore get
0— A - K® R(i) = R(i) = 0
which splits, yielding K ® R(i) & R(i) ® A%, as required. O
Proposition 5.4.7. j*(K(i)) = Z[Cs]P~¢ for each 1 <i < 3.
Proof. Start with the following exact sequence,

0— K@) —>A— R(i) =0

and apply j*(—),
0 — j"(K(i)) — Z[Cs]” — j*(R(i)) — 0.

By Proposition 5.4.5, j*(R(i))
yielding

Z[C5]? and so the above exact sequence splits,

(K (1)) @ Z[Cs)* = Z[Cs]?,

i.e. 7*(K (7)) is stably free of rank p — d. As Z[C}3] satisfies the Eichler condition, it
has SFC and so j*(K(i)) = Z[Cs)P. O

Proposition 5.4.8. K ® K (i) = K (i) ® A2~ for 1 <i < 3.
Proof. Once again, start with the following exact sequence,
0= Ky®K(i) > K® K(i) - K(i) = 0.

It therefore remains to consider Ky ® K (7). We have

1%

Je(l3) @ K(i) = j.(I3 ® j*(K(i)))
Je(Is © Z[C35) =)
J(Z]C5]* =)
A2(—d)

e 11

112

The above exact sequence now splits, yielding
K ® K(i) = K(i) @ A2
for each 1 <4 < 3. O

Theorem D therefore follows immediately from Propositions 5.4.6 and 5.4.8. Now,
recall that duality M +— M™* induces a one-to-one correspondence 2,(Z) <> Q_,(Z). It
therefore follows that Q(1)* ~ Q(1), Q(2)* ~ Q(3) and Q(3)* ~ Q(2). In particular,
these exist in exact sequences of the form

0—-QU)"—>A—R4—-1i)—0

By Schanuel, we therefore observe Q(1) ~ K (3) ~ K, Q(2) ~ K(1) and Q(3) ~ K(2).
In particular, we notice

K ~K* (5.4.9)

thereby proving Theorem E. Thus, K acts as the identity within the stable class for
the z-strand QF(Z) of the syzygy modules Q,.(Z).



Chapter 5. The syzygies of G(p, 3) 85

5.5 Theorem F(1)
Recall K(1) = Ker(p; : A — I¢). We would like to show,
ILo Il =2 K1) @ AL (5.5.1)

Since [Z] is straight, it is a straightforward application of Schanuel’s Lemma to show
this is true over Ay. To extend this isomorphism to one over A we directly show

[E@I5~LoA

for some (yet to be defined) module L ~ K(1)*. It is then clear that (5.5.1) follows
from the stable equivalence since d > 2. An obvious next question is then whether
K(1) = L*. At present it is unclear whether this is true, however a related problem
which may provide an affirmative answer (if indeed one exists) is whether or not
[K(1)*] is straight. Throughout this chapter the straightness (or possible lack thereof)
of the even syzygies will provide complications. Nevertheless, for the most part we
will be able to circumvent these issues when they arise.

To show the result for L we first construct the free part of I}, ® I7,. Recall that
we defined « such that 8(z) = z* and recall v/ -y = v** and v/ - y~! = v*. Our goal
is to first show:

V(r)+Viar)+V(a?r) =2 Afor 1 <r <p-—2 (5.5.2)

and where V(1) = spanz{v"™* @ 1% | 0 < k < p — 1}, as before. Note that we are in
fact taking ar (modp) and ar (modp) when defining V (ar) and V (a?r), respectively.
Evidently, (5.5.2) holds as an isomorphism of Ag-modules.

Proposition 5.5.3. Set V, = V(r)+V(ar)+V(a?r). The representation of V, with
respect to the x-action on the defining basis of V,. is given by

o o

v 0
pr.(z7)={0 ¥
0 O

where
L, 1=1,7=p;
(P)ij =491, j=i—-1,2<i<p;
0, o/w.

Proof. Denote the basis elements of V, by:

Vi-i-?“—l ® Vi_l, 1 S i S p—r;
€; = . .
v Vz-l-?“—l—p ® 1/7,—17 p—r + 1 S 2 S P;

Vz'—i—ar—l ® I/i—l7 1 S 7 S p—ar;
€; = . .
t+p Vz—i—ar—l—p ® 1/2—17 p—ar +1 S i S P;

vl il 1 <i<p—a’r
i+2p piretr=lop g il g2 4] <G < p.
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Thus, V(r), V(ar), V(a?r) have Z-bases {e; | 1 < i < p}, {eirp |1 < i < p} and
{eir2p | 1 < i < p}, respectively. Consider now the z-action on these basis elements.
It is quite clear that e, - = e;41 for 1 < ¢ < p—1, and ¢, - v = e;. Similarly,
Citp T = epyiy1 for 1 < i <p—1, and ey, - & = epy1. Finally, €;19, - © = egpyiy1 for
1<i7<p-—1, and e3, - & = egpr1. The result now follows. O

Proposition 5.5.4. With V, as before, the integral representation of V, with respect
to the action of y? is given by

0 0 of
pv.(y)= (@ 0 0
0 o 0

where

&7 — 1, i=(—1a+1(modp);
“ 0, o/w.

Proof. With the e;, €;y,, €19, as before, observe e;y~t = por+ali-l @ (-1 where
we have ar+a(i—1)—a(i—1) = arand 0 < a(i—1) < p—1. Thus, e;y ! = e;4, for
some 1 < j < p. Similarly, €4,y " = €xy2p and e 0y~ " = ¢; for some 1 < i, k < p.
Note that the last equality follows since a® = 1 (mod p). Thus,

0 0 &4
pv,(y)~ [P 0 0
0 & O

for some p x p blocks ®;, ®y, P3.
Clearly, e;y~! = e14,. In general we have e;y~! = v Hol=Dgpel=D = ¢ 1)1 14,,
and so
1, i=(j—1)a+1(modp);
(P1)i5 = {0
, ojw.

Similar arguments now apply to €;,,y~ " and e,y " so that

0 0 T
pr.(y)= (2" 0 0
0 o 0
where &7 = &, = &, = P4, as required. O

Proposition 5.5.5. The reqular representation of the x-action is given by

o o

1\ 0
Preg(z™) = 0 0
0 v
Proof. Set f; = ™Y, firp = yai™) fiiop, = y*2* ! where 1 < 4, j, k < p. Then
firx = fizafor 1 <i < p—1,and f, -2 = fi;. Similarly, fj4, -z = fjipp1 for

1 <i<p-—1,and fo - * = fpy1. Finally, fryop @ = fisopy1 for 1 <i <p—1, and
fap - = fopt1. The result now follows. O
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Proposition 5.5.6. The reqular representation of the y~'-action is given by

0 a7 0
pregy) =10 0 o
T 0 0

Proof. 1t is clear that fiy™' = fiy2p for some 1 < k < p. Similarly, we see that
fivpy ' = fi and friopy~ ' = fj4p for some 1 <4, j, k < p. Thus,

0 6, 0
pregy) ~ 1 0 0 O
©;, 0 O

where ©1, ©,, ©3 are p x p blocks. Now, fiy~' = 27 1y? = y2zeli-1

and so,
L, i=a(F—-1)+1;
©1); =
(1) {0, o/w.

) = f2p+a(i—1)+1

In other words, ©; = ®7 where ®7 is as defined above. Similarly, we consider the
action of y? on f;1, and fi 2, to show Oy = O3 = ®T. Replacing O;, O,, O3 above
with ®7 concludes the proof. O

Proposition 5.5.7. V(r) + V(ar) + V(a?r) 2 A for 1 <r <p-2.

Proof. All that remains is to show there exists an invertible (3p) x (3p) matrix X
such that pre,(9)X = Xpy,(g) for all g € G(p, 3). Set

0 0 I,
X=10 1, 0O
I, 0 0
and observe
0 0 v
Preg(z™ )X = [0 W 0| =Xpy(z7)).
v 0 0
and
0 o o0
preg)X =27 0 0 | =Xpy.(y)
0 0 of
Finally, X is clearly invertible as a series of row permutations transform X into
I,. O

Observe that, as 3|p — 1, then we get d — 1 copies of A with two of the V (r)’s
left over. These two V(r)’s along with T" will, we hope, represent a module stably
isomorphic to K(1)*. To see which two V(r)’s are left over (call them V(s), V (¢))
we first observe that applying y to an element of V(s) (say) will give an element in
V(t). Applying y to an element of V() will then give an element in what we may
think of as ‘V(p — 1)". Applying y once more gives us an element of V(s). With this
in mind, write V’ for the sum of the V (i) without V(s) and V(¢), i.e. V/ = A%"! and
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V=V"4+V(s)+V(t). Now let
n: I — (I 1)V

be the natural map. As with the dihedral case, we write the above quotient as
n(T + V(s) + V(t)) to emphasise which elements will span the module we hope is
stably isomorphic to K (1)*. In particular, we have:

Proposition 5.5.8. I}, @ I}, 2 (T +V(a+ 1)+ V(p—a)) @& AL

Proof. Start by showing a? + a + 1 = 0 (mod p). Since 6(z) = z* and 6* = Id, it
follows p|la® — 1. In particular, pla — 1 or pla® + a + 1. As p fa — 1, the claim is
shown. It therefore follows that the only possible choices for s and ¢ are a + 1 and
p— a. In other words, T+ V(a+ 1) + V(p — «) is left over when we have introduced
the y-action to '@ V' (thought of as a Ag-module).

Now, (I}, ® I%)/V' is torsion free (Proposition 2.2.7). Furthermore, it is clear
that T'- g ¢ V' for any g € G(3, p). Likewise, if ¢; is an element of the given Z-basis
of V(a+ 1) or V(p — ), then e; - g € V' for any g € G(3, p). In other words,
(I} @ I})/V' is a A-lattice. The result now follows as we have the following split
short exact sequence, 0 — V' — [} @ I}, = n(T +V(a+1) + V(p — «)) — 0 since
Ve A4 U

Proposition 5.5.9. Set L =n(T+V(a+1)+V(p—«)). We then have K(1) ~ L*.

Proof. Recall that I = I @[y —1). We can think of [y —1) as j.(I3) and note [y —1)
is self dual. Consider the following exact sequence,

0—=Ic®y—1)—=A—=Z—-0

and apply — ® I. Using Frobenius Reciprocity on the middle term yields the exact
sequence, o B B
0= (Ie@lc)®(y—1)®1Ic) = A — Io — 0.

In the proof of Proposition 5.4.6 we have shown Io ® [y — 1) & A% The above exact
sequence therefore becomes

O—)(ic@fo)@AQd—%Agd—)[_c—)O

which becomes B B B
0= Ic®Ic — A/u(A*) — I — 0.

By Johnson’s ‘destabilization theorem’ (Proposition 2.4.2), A3?/1(A%?) is projective.
We can therefore construct the the following split exact sequence

0 — A5 A3 5 A3/ (A% — 0.

As the sequence splits, A3¢/i(A??) is stably free of rank d. However, by Swan-
Jacobinski, A has SFC and so there are no nontrivial stably free modules. It therefore
follows that we have the exact sequence

0= Io®Ic— A = Io — 0. (5.5.10)
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~ Now, by Proposition 5.5.8 we have I, ® I, = L& A™'. Since I}, is the dual of
Ic, we have I @ Ic = L* @ A4"L. Thus, we substitute this back into (5.5.10) to yield

the following )
0L AT 5 A5 To—0

and by once more using Proposition 2.4.2 we get
0—=L"—-A—Io—0.

Since I = R(1), the result now follows from Schanuel’s Lemma, i.e. L* ~ K(1). O

To summarise, we have successfully made the transition from the z-strand of the
first syzygy, to that of the second syzygy. Since (I¢)* = I}, this may be shown as:

Proposition 5.5.11. With, L, L* as above, we have shown:
e Ip @ Ip = [* @A
o I} @I} LoAL.

In the next section we continue in this vein to make the transition into the third
syzygy. A biproduct of this is an affirmative answer to the sequencing conjecture for
q=3.

5.6 Theorem F(2) and the sequencing conjecture
As a consequence of Section 5.5, we have the following exact sequence

0—L*—=A—Ic—0. (I)

In particular, our work thus far allows us to identify representative elements for the
x-strand of ,(Z) when r = 0, 1, 2 and 5 (mod6). Now, in [41] (see pp. 78-79) Remez
has shown Q3(Z) = [(z — 1)I¢] and QF(Z) = [Q(3)], where Q(3) = A/R(3). As such,
we have the following identifications for the z-strand of Q¥(Z),

(K], r =0 (mod6);

[Ic], r=1 (mod6);

O (Z) ~ [L*], r =2 (mod6);
[(z —1)Ic], r=3 (modb6);

[QRE)], r =4 (mod 6);

L[22], r =5 (mod6).

Although (z — 1)I¢ is useful, Q(3) is not quite as nice as one would like. In particular,
it is unclear whether K(2) = Q(3). Nevertheless, we can say something about [Q(3)].

Proposition 5.6.1. K(2) ~ Q(3) ~ L.

Proof. Because of the exact sequence (I) above, it is clear that L ~ Q(3) by using
the dual form of Schanuel’s Lemma. So, we can take QF(Z) = [L]. Moreover, as we
noted at the end of Section 5.4, Q(3) ~ K(2). It therefore follows that L ~ K(2), as

required. ]
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Proposition 5.6.2. Io ® L* = (z — 1)Io @ A*.

Proof. Return to (I) and apply — ® I¢,
0L ANt I-01-—0

which, by the result of Proposition 5.5.8, becomes (after dualising)
0= LA™ 5 A 5 Lol —0,

where we have once more used 3d = p — 1. To remove the free module on the left we
use Johnson’s ‘destabilization theorem’ (Proposition 2.4.2). Upon dualising again we
have the exact sequence

0= L'®@Ic— A 5 LF 0. (IT)
Splicing together (I) and (II) yields the following ‘weak basic sequence’,
I*
0— L*®Ic— A2d+1/H\A — Ic — 0.
If I* ® Ic = (z — 1)Ic @ A*%, then the above becomes a basic sequence in the sense
of Theorem H. A simple check of Z-ranks demonstrates the above is an isomorphism

of abelian groups. It now remains to extend this isomorphism to one over A.
Return to the exact sequence defining K (2) and replace R(2) with (z — 1)I¢,

0= K2) 4 AD@—1lo—0. (1)

As shown above, K(2) ~ L and so K(2) ® A = L & A. We can therefore alter ()
appropriately so that

0o KQ) @A A2 2 -1 — 0

is also exact. Note that p’ is simply the composition of p with the projection A2 — A.
We then have
0=>LPA— AN = (z—1)Ic—0

and by using Proposition 2.4.2 and dualising we get the exact sequence
0= (z—1)Ic—A— L —0.
Now, compare this with (IT) and apply Schanuel’s Lemma; we get
(L) @A (v — 1) ® A

Recall Proposition 5.2.8 in which [(x — 1)I¢] is seen to be straight. Consequently, we
have cancellation of free modules and can therefore write

LI (z—1)Ic® A
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The result now follows from the self-duality of (z — 1)I¢. O

This clearly proves Theorem F(2). Additionally, we can now prove parts (ii) and (iii)
of Theorem H. As part (i) was shown by Johnson [25], this concludes the proof of
Theorem H.

Proof of Theorem H. For part (ii), recall we constructed the ‘weak basic sequence’ in
the previous proof. If we apply the result of Proposition 5.6.2 we obtain the exact
sequence,

L*
0— (z — 1)o@ A*— A2+ — A — [o — 0.

By a final use of Proposition 2.4.2, we therefore build the desired basic sequence

I
/\

0— (z—1)Ic— A= A—Ic—0.

Finally, a straightforward dualisation argument demonstrates part (iii). O

Theorem I now follows from Theorem H by splicing together the basic sequences
B(1) — B(3). However, it may be beneficial to observe that we do not need Theorem
H in its entirety to prove Theorem I. As such, we now provide an alternative proof
to Theorem I.

Proof of Theorem I. Recall (1.1.5) in which Johnson has built the following sequence

(3) K(2) K(1)

K
/N /N /N

0—R1)—A—A—P2) —A —P(1) —>A—R(1)—0

\/ N/

R(3) R(2)
where P(1) & P(2) = A% In our notation,
e K(1)~L* K(2) ~ L and K(3) ~ K
o R(1) I, R(2) = (v —1)Ic and R(3) & I},

Now, we have shown that in fact we can construct a sequence such that P(1) = A and
so P(2) is necessarily stably free of rank 1. Since A satisfies the Eichler condition, it
follows that A has SFC by the Swan-Jacobinski Theorem. Consequently, P(2) = A.
Using this along with what we have learned of the modules R(i) and K (i), we therefore
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have the following sequence

K L L*
N NN
0—Ic— A—A—A—A—A—A—1-—0

NSNS

]_5 (CL’ — 1)]0

thereby providing an affirmative answer to the sequencing conjecture for ¢ =3. [

At this point, it is worthwhile stating the nontrivial fact that each K (i) is nec-
essarily monogenic. While it is still unknown whether each [K(7)] is straight, for our
purposes it is entirely sufficient that each [K(7)] has the structure of a fork.

5.7 Theorem F(5)

The purpose of this section is to prove Theorem F(5). With the A-modules I,
Ic = (x — 1)1} and K as before, we aim to show

Ic®@IE 2 K@A! (5.7.1)

where d = (p—1)/3. As an initial observation note {(vr —1)v' @17 |0 <4, j < p—2}
forms a Z-basis for Ic ® I}, where 1/ is as defined in Chapter 3, and the z, y-actions
as explained in Section 5.1. A simple calculation of Z-ranks justifies the number of
copies of A, and so we turn our attention to directly showing the isomorphism. This
can be shown in the following three stages:

Stage 1: Find a useful description for Ic ® I, and find a part of this which is
isomorphic to K;

Stage 2: Of what is left, demonstrate this is free;
Stage 3: Deduce that Io ® I, =2 K @ A4,

Stage 1: Define the following modules for 1 <r <p —2:

U(r) = spang{(v — D" *@1" | 0<k<p—1} C lc® I}. (5.7.2)
Using essentially the same arguments as Chapter 3, we can show:

Fact 1: Foreach r € {1,...,p—2} {(v = 1" ™" @15 |0 <k <p— 1} is a Z-basis
for U(r). Further, U(r) =5, Ao for each r.

Fact 2: U(r)N[U(1)+---+U(r—-1)+U(r+1)+---+U(p—2)] ={0}.
Fact 3: Set U =U(1)®---@® U(p —2). We have a rank 1 lattice generated by

S = -1l + vv-Her + -1)er? + - + (v=1)@vr?
+ v—1wer + v-1rerr + -+ + v-1revr?

+ -1 + -+ 4+ (=12 vr?

+ (v—1P2@ur 2
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In particular, using the fact that (' —1) = (v — 1) '+ -+ (v —=1)v+ (v —1), we
may rewrite S as

S=v-D1+@-DNv+-+W -+ .+ -1)ev?
Evidently S ¢ U, but we also notice that Sx = S since

Sr= S—[(v-1D@1+--+w-1)@vP 2 +[r-—1reavrt+ - + -1t
= S+v-1Dv1+w-1)v+ -+ )euvr!
= S+v-1evr'!t—-r-1) !
pu— S

As with Chapter 3, a near identical argument shows (Ic ® I)/U is torsion free of
rank 1. It therefore follows Ic ® If, = Z @ Ag_Q, in which the module generated by .S
is isomorphic to Z, i.e. Ic® [ =S U.

Upon introducing the y-action, we now need to find the part which represents K,
and that which represents A?~!. To do this, we first make a number of alterations to
the Z-basis of S @ U. First, we consider the elements of U of the form — ® v*. The
left hand side of these looks like (v — 1)v" where i + 1 < r < i+ p — 2. In particular,
by summing the first r of these elements, we get

="+ TPy = D) v D)

= (v" — 1)
By elementary basis change, we can therefore replace U(r) by
UGy = spans{(" — )" 907 [0< 4 < p— 1)

This can clearly be done for each 1 < r < p — 2 in which U(1)" = U(1). It is
straightforward to show U(r)" =), Ao, and that

v@)ynU@) +---+U0@G-1)"+U0@G)+---+U(p—2)) ={0}.

If we write U/ = U(1) @ --- @ U(p — 2)’, then we can replace S @ U by S @ U’, as
Ag-modules.

By introducing the y-action, we proceed to show S+U(a—1)+U(a?—1) = K. To
do so, we begin by setting U, := U(a—1)'+U(a?—1)". By considering representations,
we show U, = K,.

Proposition 5.7.3. py, (z71) = (‘Il 0) where W is the p x p block given by

0 v

L, i=1,75=p;
Uij=q1 j=i—-12<i<p;
0, o/w.

Proof. Label ¢; = (v* ' = 1)/ @ v for 1 <i < p, and e, = (v ' = 1) @ v~ 1,
also for 1 < ¢ < p. It is straightforward to see e; - = ¢;.1 for 1 <7 < p—1 and
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ep -« = ey. Likewise, eyt - & = eppipq for 1 <i <p—1and ey, - = ep41. The result
now follows. H

o7 —oT

Proposition 5.7.4. py_(y) = < o7 0

) where ®1 is the p x p block given by

&7 — 1, i=(j—1a+1(modp);
“ 0, o/w.

Proof. With e;, e,.; as defined above, consider the action of y*. Start with e;, then

2

(' —-1re 1]y2 = -1 el
= v —v) @1
= WV - @1-0*—r)®1
= Wl -1lwel-wl-1rel

= €p+1 — €1.
Likewise, for a general 2 < i < p we have:

(v =)@y = (1/0‘2_"‘ — 1) @ -l
= (VO‘2 — v+ v — )il g pel-l
— (Va -1 _ 1)Va(i—1)+1 ® Va(z'—l) _ (Va—l _ 1)Va(i—1)+1 ® Va(z'—l)
= €pta(i—1)+1 — Ca(i—1)+1-

Similarly, when we consider the elements e,; then, using o® = 1 (mod p), we
note:

(=1 welly= W o—1prel
= (v—rvY)®1
= —(l-1prel

= —61

and for a general 2 < i < p:

2

[(Va -1 1)1/7, ® Vi—l]y2 — (Vl—a _ 1)Vaz' ® Va(z'—l)
(V _ Voz)l/a(i—l) ® Voz(i—l)

—€a(i—-1)+1-

Proposition 5.7.5. S-y> =S+ Y7 (1> — )it @7,

Proof. Write S in the shorter form of S = -7~ 2(v**! — 1) ® v/, and consider those
elements of the form — ® v*. When we apply y? then we note v* - y> = 17 - y? if and
only if i = j (mod p). Furthermore we observe ai # p — « (mod p), i.e. — @ VP~
will not appear when we make y? act on S. To see why, suppose ai = p — «, then
a(i+ 1) = 0 (mod p) and hence p|a or p|i + 1, which clearly cannot happen.
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Now consider what happens when we apply 32 to an arbitrary element — ® 1.
We get:

(=D ev]-y*= (Y — 1) @ v

(Va(i+1) — poitl + pitl 1) ® P
(o1 = Dt @ i g (pitl 1) @
= (element of U(a — 1)) + (part of S).

Thus, we can write
S . y2 -9 (Vp—a—i-l _ 1) @ 4+ Z (Va—l _ 1)Vi+1 ® V.
i#p—a

However, we also note that (1P~ —1)@uP~* = —(v* 1 -1)vP 2t @ur— € U(a—1).
The result now follows. ]

Using Proposition 5.7.3, and the fact that Sz = S, we have:
Proposition 5.7.6. Set K' = S+ U,; then

\Ij 0 Ole
PK’ (55_1) = 0 U Opxa
OIXp OIXp 11><1

Likewise, using Propositions 5.7.4 and 5.7.5 we have:

Proposition 5.7.7.
0T —T 1,4
o) = ®T 0 O
lep lep 11><1

When considering the basis elements of Ky, then we have:

\(I)l \(1)1) where W is the p X p block given above.

Proposition 5.7.8. pg,(z7!) = (
Proof. Denote the Z-basis of K as follows
fi=—-1Dah 1<i<p;
fori == 1a’!, 1<j<p

Consider how z acts on the basis elements of K. First, f;-x = fii1 for 1 < <p—1,
and f,-x = (y — 1) = f1. Similarly, fp1; -z = fprjp1 for 1 < j < p—1, and

fop - @ = (y* — 1) = fy41. The result now follows. O
Corollary 5.7.9.
U0 Oy
pr(r7t) = 0 U Opxs
lep lep 11><1
0 o7

Proposition 5.7.10. pg,(y) = ( ) where ®1 is the p x p block given

—oT —oT
above.
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Proof. With the f; and f,,; as above, consider the right action of y? on the basis
elements of Ky we note zy* = y*x®, where 0(z) = x* as before. Consider now the
action of y? on f;. Evidently, f1 - y* = (1 — y*) = —fp11. For 2 < < p, we have

fi y2 = —(?/2 - 1)$a(i_1) = _fp—i-a(i—l)—i-l-

Likewise, for1-y* =y —v*)=(y—1)— (y*—1) = f1 — fpp1 and, for 2 <i < p, we
have

i = — —1) _ - ali=l) = a(i-1)+1 = Jp+a(i—1)+1-
f v = (y 1)$a(z 1) (2 1)95( D=y f

T
It therefore follows that pg,(y) = (_%T _(I)(I)T). O

By recalling ¥,3% = ¥,(y? — 1) + X, we have:
Corollary 5.7.11.
0 o7 0

pK(y): -o" —of Lpx1
OlXp OlXp 11><1

Proposition 5.7.12. S+ U, = K.

Proof. Set
0 I,  Opx1
X=11 0 Opx1 |,
lep lep 11><1

which is clearly invertible over the integers. It is a straightforward observation that

\I/ 0 0p><1 O Ip Op><l 0 \I] 0p><1
0 U 0Opa L, 0 Oyl = T 0 Opa
lep lep 11><1 OIXp OIXp 11><1 lep lep 11><1

0 L 0pa) /¥ 0 Opa
- ]p 0 Ole 0 \:[J 0p><1

lep OIXp 11><1 OIXp lep 11><1
and
—oT 0T 1, 0 I, Opa -7 -7 1,4
o7 0 Opxi I, 0 Opx1 | = 0 O 0ps
OlXp OlXp 11><1 OlXp OlXp 11><1 OlXp OlXp 11><1
0 I, Opa 0 @7 0pa
= | I, 0 O0p]| |07 -7 1,4
OlXp OlXp 11><1 OlXp OlXp 11><1
In other words, px:(9)X = Xpk(g) for all g € G(p, 3). 0O

Next, we show that (S + U’)/(S + U,) is free. Let § be the natural surjection
h: S+U — (S+U")/(S+U,) and set U, = U(r) +U(a(r+1)—1)+U(a?(r+1)—1Y
for r £ a —1, a* — 1. We claim §(U!) = A for each r # a — 1, o® — 1 in which §(U))
represents the image of U under . As before we consider representations. For the
x-action it is clear that:
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Proposition 5.7.13. Set U, = g(U}). With ¥ as above, we have
v 0 0
pu. (™) =[0 ¥ 0
0 0 v

Proposition 5.7.14.

0 0 o7
pu,(y)=12" 0 0
0 a7 0

where ®T is as above.

Proof. Start by labelling
fi=0W— 1)Vi®yi—17 forj = (Va(r+1)—1 _ 1),/j ®Vj—1’ Fopsk = (VQQ(T+1)—1 o 1>Vk®yk—1

for 1 <4, j, k < p. It is clear that §(U(r) + U(a(r +1) — 1)+ U(a?*(r +1) — 1)) has

Z-basis {h(f2>7 h(fp-i-j)? h(f2p+k> | 1< i? j7 k < p}‘
First, for f; we observe

hoyt= v —1r*®1
— (Voz(r-‘rl) _ Va) ®1
(=l el — (-1l
It follows that §(f1) - y* = b(fp+1). Likewise, for a general 2 < i < p we have:

fi i y2 — (Var _ 1)Vaz' ® Va(z'—l)
— (Voz(r-‘rl) _ Voz>yo¢(i—l) ® Voz(i—l)
(Voz(r-l-l)—l _ 1>Vo¢(i—l)+1 ® Voz(i—l) _ (Va_l _ 1)Va(i—1)+l ® Va(i—l)'

Thus, §(f:)y* = §(fprai-1)+1)-
By repeating the above argument we can see that:
pr . y2 _ (Va2(r+l)—oc _ 1)Von' ® poli=1)
— (VaQ(r-i-l) . Va)ya(i—l) ® Va(z'—l)

_ (Va2(r+1)—1 _ 1)Va(i—1)+1 ® poli=1) _ (Va—l _ 1)Va(i—1)+1 ® poli—1)

and

f2p+i . y2 — (Vr—i-l—a _ 1)Vaz' ® Va(z'—l)
(Vr-l-l _ VOC>VOL(’i—l) ® Voz(i—l)
— (Vr _ 1)Va(i—1)+l ® Va(z'—l) _ (Va—l _ 1>Va(i—1)+l ® Va(i—l)'

It therefore follows that §(fp1i)y* = 1(fop+agi-1)+1) and §(fopsi)y* = 0(fai-1)+1). The
result is now shown. OJ

As has been shown previously, we have the following representations for A:
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Proposition 5.7.15.

v 0 0
preg(z™) = [0 ¥ 0
0 0 v
where U is as above.
Proposition 5.7.16.
0 7 0
preg(y)=( 0 0 @F
T 0 0

where ®T is as above.

Proposition 5.7.17. §(U(r) + U(a(r +1) = 1)+ U(a?(r +1) — 1)) =2 A
forr#a—1,a%—1.

0 0 I,
Proof. Let X = | 0 I, 0 ]| which is clearly seen to be invertible over Z. It is now
I, 0 0
straightforward to show
v 0 0 0 0 I, 0 0 v 0 0 I, v 0 0
0 v 0 0 I, 0]=10 ¥ O0)J=1(0 1, O 0 v 0
0 0 v I, 0 0 v 0 0 I, 0 0 0 0 v
and
0 0 oF 0 0 I, T 0 0 0 0 I, 0 o 0
®T 0 0 01, 0J=(0 0 " )=10 1, 0 0 0 oF
0 T 0 I, 0 0 0 o7 0 I, 0 0 T 0 0
Then pp,. (9)X = Xpreg(g) for all g € G(p, 3). O

Corollary 5.7.18. (S +U")/(S + U,) = A% L.

Proof. As we are excluding »r = o — 1 or 7 = o — 1 when defining U,, then it is clear
that neither a(r+1)—1 nor o?(r+1) —1 can be equivalent to a—1 or a* —1 (modp).
It therefore remains to show we do not ‘double-count’ in any way. Thus, suppose
a(r+1)—1= s(modp) for some s # r. This is equivalent to r = a?(s+1) — 1 (modp)
and o®(r+1)—1=a(s+1)—1(modp). If a(r+1)—1 = a(s+1) — 1 (mod p) then
this is equivalent to 7 = s (mod p). Finally, if a(r +1) — 1 = o?(s + 1) — 1 (mod p)
then this is equivalent to 7 = a(s + 1) — 1 (mod p) and o?(r + 1) — 1 = s (mod p).
Consequently, we can be assured that each ‘cycle’ of three is distinct from any other.
Thus, the only possibility left is that (S + U’)/(S + U,) is free of rank d — 1. 0O

We therefore have the following exact sequence
0= S+U,—=S+U — A —0.

As this clearly splits, we have S + U’ =, (S + U,) ® A*!. Since Ic @ I}, = S+ U’
(thought of as a A-module), we apply Proposition 5.7.12, to conclude:

Proposition 5.7.19. Io ® I} = K @ A%,
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5.8 Theorem F(4)
The aim of this chapter is to show
Ic® LT} o A" (5.8.1)

where L is as defined in Section 5.5. As ever, the number of copies of A is justified
by a simple calculation of Z-ranks.

Proposition 5.8.2. There exists the following exact sequence of A-modules,
0> K — AN 5. 9L—0.

Proof. By the results of the sequencing conjecture for ¢ = 3 (see Section 5.6) we have
the following exact sequence

0= I —A—L—0.
Apply the exact functor Io ® — to yield the exact sequence,
0= I — A Io®L—0.

By Theorem F(5) (see Section 5.7), Ic ® I}, = K @& A%! and so the above exact
sequence becomes B
0 KdA" 5 A5 Io®@L—0.

As usual, use Johnson’s ‘destabilization theorem’ (Proposition 2.4.2) to form the
required exact sequence,

0> K — AN 5. 9L —0.

Proposition 5.8.3. Ic ® L = [}, & A%
Proof. Recall that we have the exact sequence
0> K—>A—=TI:—0.

Using this and the exact sequence of Proposition 5.8.2, we apply the dual form of
Schanuel’s Lemma to obtain the following isomorphism

(Ic®L)® A= I @A

Next, we apply Proposition 5.2.9 (i.e. [[}] is straight) to ‘cancel’ the free module on
the left; that is, we have the desired isomorphism

Ic®@ L T: e A

Evidently, Proposition 5.8.3 proves Theorem F(4).
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5.9 Theorem F(3)

Finally, we show F(3) of Theorem F; that is, we show
Io @ (x—1)Ie = Lo AT (5.9.1)
where d = (p—1)/3, as usual. First, observe the following Z-basis for (z — 1)I¢ ® I,
{v=D' @ [0<i,j<p-2}

where 1% are as defined in Chapter 3, and the x, y-actions are as explained in Section
5.1. Tt will in fact be easier to work with the above Z-basis and then dualise. We
now mirror the techniques of Section 5.5 and proceed in three stages:

Stage 1: Show (z — 1)Ic ® I} =, R @& W' for some Ap-modules R, W,
Stage 2: Upon applying the y-action, find the ‘free part’;

Stage 3: Of what remains, demonstrate that this is stably isomorphic to L*.
Finally, we dualise to reach the desired conclusion.

Stage 1: Define the following modules for 1 <r <p —2:

W(r) = spanz{(v — )" ™" @/ |0<k<p—-1} C (v — D) ® I}, (5.9.2)
As with Chapter 3 and Section 5.7, we can show:
Fact 1: For each 1 <r <p—2, W(r) =y, Ao.
Fact 2: W(r)n[W)+---+Wer—-1)+W(r+1)+---+W(p-2)] ={0}.

Fact 3: Set W =W (1)®---®&W (p—2). As with Chapter 3, a near identical argument
shows ((x —1)Ic® I})/W is torsion free of rank 1. It follows (z —1)Ic® I} = RGeW,
where R is the rank 1 lattice generated by

R = (v—12®1 + (v-12Qv +--- + (v—12xuvr?
+ v-1Dov +--- + (v=1*veur?
+ (v—1)2P 2P 2

Evidently R € W, but we also notice that Rx = R. In particular, the module
generated by R is isomorphic to Z. However, when introducing the y-action, we
find that the above description turns out to be less than helpful. Consequently, for
1 <r < p—2 we define the following modules:

W(r) = spang{(v" — 1" F @/ |0<k<p-1}. (5.9.3)
Proposition 5.9.4. For each 1 <r <p—2, W(r) =,, Ao.

Proof. As before, it is sufficient to show the above set is linearly independent. Con-
sider first the case r = 1. We start with the relation relation,

My—1D2@14+ -+ X1 -12e =0 (5.9.5)
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for some \; € Z. Using v»~! = —1 —v — -+ — vP=2_ this becomes
(v=12Mr =) @1+ + (=12’ ' = \) @ % =0. (5.9.6)

It follows that each \; = 0 and so W(1)" =), A,.
Now, consider the case for a general r > 2 and write

MU =DV @14 -+ N0 = 1) @t =0 (5.9.7)
where once again each \; € Z. As before, by rewriting P! we transform this into
=12\ = @1+ (= 1) (A, = A ) @2 = 0. (5.9.8)

Clearly, the only way this can be zero, is if each (1" —1)?(\iv" T —A,v"1) = 0. Now,
to show this implies \; = 0 we will have to do a significant amount of work. As such,
it may be useful for the reader to bear in mind a ‘road map’ of the following proof. We
shall focus our attention on the elements of the form — ® 1. Our intention will be to
show A, = 0 so that we are left with a number of terms of the form A\;p;(v — 1)/ ®1
where 0 < i < p—2, and p; are integers that are not all zero. As each of these terms
are independent from one another, it follows that A\ju; = 0 and hence \; = 0. We
can then repeat this idea to show \; = 0 for all 7. That said, a significant amount of
work will be needed to show A, = 0. We shall show this by first considering how r
varies. By dividing r into a number of regions, we will end up with an element of the
form A\pp; (v — 1)*v' ® 1 that does not involve A;.

With the above in mind, consider the elements of the form (v" —1)?(—) ® 1. We
start by observing (v" —1)%" = (v — 1)*(v" "' +--- + v+ 1)?v". This motivates us to
split the computation into three ranges for r:

1. 2<r<d
2. d+1<r<2d;

3.2d+1<r<p-—2.
e [f2<r<d,thenl<r—1<d-1.

When we expand (1"~ +- - -+7r+1)? the largest term is of degree 2(r—1) < 2d < p—1,
and the smallest is of degree 0. In other words, v7~! will not appear at any point. Now,
the left hand side of —®1 has the form (v"—1)?(A\;v"—\,»"~!). Multiplying the above
by " then the largest term has degree 2(r—1)+r < 2(d—1)+d = 3d—2 = p—3 < p—1,
and so once more we will have no cancellation arising from v?~!. The smallest term
will have degree 7.

Next, multiply by v"~!. The largest term will therefore be of degree p — 4, and
smallest term of degree r — 1. Hence, for — ® 1 the left hand side will be of the form

(v —1)?(Mv* 2 + (terms involving A; and \,) — \,v" ).

Therefore, for (1" — 1)* (A" — A" 1) @ 1 =0 we have A\ (v —1)*»*" 2 ® 1 =0 and
M =121 ®@1=0. Hence, \; = \, = 0.

e Now let r vary between d + 1 < r < 2d.
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Unlike the previous range, we will now have to deal with cancellation in the form of
vP~1. First, we use the following well known expansion of (v" ™! + --- + v + 1)?; that
is,

A R e S N7 S R () A v Z e N (N | S RPN /T |
and so we have

(Vr—l L4yt 1)21/7“ — VST—2 R (7, - 1)1/27“ + TI/QT_I + (’l“ - 1)1/27“—2 et Vr'
Our first observation is that * ! (i.e. the term with the largest coefficient) cannot be
vP~1. To see this, suppose 2r —1 = p—1(modp). This is equivalent to 2r = 0 (modp),
i.e. p|r. However, this is not possible and it therefore follows that the coefficient of
vP=1 (if it appears) is less than r. In particular, this coefficient will pair up with
some other ¢, i.e. we get a cancellation. This cancellation will be key to showing
)\1 = )\p = O

Before proceeding further, return once more to the expansion of (v" =1 + -4 1)2
(i.e. before we multiply by ). By writing r = d+i for 1 < i < d, it is straightforward
to see that v* 7 = P~ (2 < j < 2r) if and only if j = 2i —d (modp). This motivates
us to further divide our region into another two sub-regions: d 4+ 1 < r < d + (d/2)
and d+ (d/2)+1 <r < 2d.

— Let r vary over d+1 <r < d+ (d/2).

Here, vP~! will not appear until we multiply by v". Once multiplied, we want
to know when v3" 7 = =1 where 2 < j < 2r. This happens precisely when
3r—j—p+1=mp for some m € Z. We rewrite this as 3(d+1i) — j — 3d = mp,
or as j = 3i(modp). In fact, since 3 < 31 < (3d)/2 = (p—1)/2, the mod p turns
out to be superfluous.

It is quite clear that the coefficient in this case is j — 1. By symmetry, it follows
that j —1 is a coefficient for some v* where r < o < 2r — 2. In particular, j —1
is also the coefficient of v"+(3-2) = pd+4=2  We conclude, then, that once we
cancel the P71, we will certainly not have v%4=2_ In other words, we will not
have A\ (v — 1)22H4=2 @ 1.

We now do the same, but for »"~!. We intend to show that v¥+%~2 will appear
once we have cancelled the vP~!. We will then be left with )\, (or some integer
multiple of \,) on its own. This will imply that A\, = 0, and hence A\; = 0. So,
we have

(Vr—l et 1)2,/”—1 — VST—S =+ 2y3r—4 4.
cot (7, o 1)V2r—1 + ,m/2r—2+ (’l“ _ 1)V2r—3 4+ 2T+ 1

By a similar argument to the above, write ¥ for 3 < k£ < 2r + 1 and
observe 13 ~% = pP=1 precisely when k = 3i. The coefficient in this case is
3i —2. By symmetry, this will also be the coefficient of v"~1+31=3 = pd+4i—4 an(,
furthermore, d 4+ 4i — 4 # d + 4i — 2 (mod p). Indeed, it is a straightforward
observation that the coefficient of v474=2 in this expansion is 3i. Therefore, once
we cancel the 771 we will be left with, among other terms, 2\, (v—1)2v 21,
It follows then, that 2\, = 0 and hence A\, = 0.
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This leaves us with A\j(v — 1)?(v" 71 + .-+ + 1)20" ® 1. As we have already
observed, vP~! will appear. However, this will not cancel all the terms, and
those remaining will be of the form Ajpu,(v — 1)?v* @ 1, where at least one
integer 1, # 0 and 0 < a < p — 2. It therefore follows that A\, = 0 for all «,
and so A; = 0.

— Let r vary over d + (d/2)+1 < r < 2d.

Unlike the previous range, v?~! will appear when we expand (v" 7! + .-+ 1)?
(before multiplying by v"). In particular, this occurs when j = 2i — d and with
coefficient 20 — d — 1. We observe 2i —d — 1 # r = d + 7 and so, by symmetry,
v%79=2 also has coefficient 20 — d — 1. So, when we cancel the terms arising
from vP~! we will eliminate %92 The terms of degree 2i —d—1 < a < p—2
will remain and have a positive coefficient which we shall discuss shortly. For
i = (d/2)+ 1, v*"~1 = pP~1 and so we have no other terms to worry about.
For d+ (d/2) +2 < r < 2d we also have terms of degree 2r — (2i — d) + 3 where
1 <3 <2i—d—2 and of degree v where 0 < v < 2t —d — 3. We claim that
these latter terms will all cancel with the (2 —d — 1)vP7L.

To see this, observe that the p?"~@i=d+8 — pF~1 and that 0 < f—1 < 2i—d—3.
In other words, the terms ‘before’ (2¢ —d —1)v?~! pair up with the terms ‘after’
(2i —d — 1)v*~%72, Furthermore, the coefficient of v°~!is (2i —d — 1) — 3, and
that of 17 is y4 1. Thus, when 7 = %71, their coefficients add up to 2i —d — 1
and are therefore eliminated by (2i —d — 1)vP~ 1.

Finally, we have the terms of degree 2i —d — 1 < a < p — 2. Clearly, "1 has
coefficient r, and so when we cancel this with the term arising from

(2i —d—1)vP~! we have the coefficient of "' as r —2i+d+1 = 2d—i+1. For
V" 1F 9 where 1 < oy < 2d — i, the coefficient is seen to be r — ;. When we
cancel with the terms arising from (2i — d — 1)v?~! the coefficient of v"~1+1 g
seen to be (2d—i+1) —ay. Similarly, the coefficient of " 1722 (1 < ap < 2d—1)
is r — ay. When we cancel with the terms arising from (2i —d — 1)vP~1, the
coefficient of "~172 is seen to be (2d — i + 1) — ap. Putting this all together,
(V"1 + .-+ +1)? becomes

(Ve D)= P P (2d =i D 2R R

The rest follows in a similar manner to the range d + 1 <r < d+ (d/2). First,
we multiply by " and get

(Ve D)2 = 0 20 e (2d— i 1) P T e QR 2imd L

A straightforward calculation shows v~ = 12"~ if and only if j = 2i —d. In
this case, the coefficient is clearly seen to be 2d —i+1— (7 — 1) = 3(d — 1) + 2.
Since the coefficient of "% is k — 1, it follows that the coefficient of v?~! is
paired with the term " 3¢+ = p%-2d=3 Thyg, once we cancel the v”~!, we
can be sure that \; (v — 1)?v%724-3 @ 1 will not appear.

We now multiply ("1 + -+ +1)? by v" ! to yield

(I/T_l—l—' . ._‘_1)21/7”—1 — VT_3—|—21/T_4—|—- . —|—(2d—l—|—1)l/2r_2+ X '—|—2I/T+2i_d_1—|—ljr+2i_d_2.
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Our first observation, is that if » = d + (d/2) + 1 then v*=2 = P71 As
2d—i+1 = (3d)/2 is the largest coefficient, it will not eliminate any of the other
coefficients. In particular, 429-3 = p will appear. Once we have rewritten
vP~1 v will have coefficient —2. As such, —2\,(v — 1)?v ® 1 will appear and
hence A, = 0. It follows that A\; = 0.

Next, suppose d + (d/2) +2 < r < 2d. Once again, it is clear that v" =% # pP~!
where 3 < k < p—r+ 1. As such, v»~! = 1?77 for some 2 < j < 2d —i + 2.
Clearly, j = 2i—d, and the coefficient will be 2d—i+1—(2i—d—2) = 3(d—i+1).
By symmetry, v?—2+(2=d=2) — d+4G-1) ]l have coefficient 3(d — i + 1) also.
Consequently, this will be eliminated by 3(d — i + 1)v?~!. In particular, we
note p4t4=1) £ p%-2d=3 Tpdeed, we observe p*-2¢=3 = pr=3(d=i+1) and hence
has coefficient 3(d — i+ 1) — 2 = 3(d — i) + 1. It therefore follows that, upon
cancelling the terms arising from (3(d—i+1))v?~! we end up with, among other
terms, —2\,(v — 1)2v%72473 & 1. It therefore follows that —2), = 0 and hence
Ap = 0, as required. It follows that A\; = 0.

e Finally, let r vary between 2d +1 <r <p— 2.

As with the previous range, we can show (through essentially identical reasoning)
that

(Vi D)2 =P P (2d — i D) 2B R

However, unlike the previous range, we will no longer have »»~! when we multiply by
V" or "1, To see this, first consider

(VT_1+'~'—|—1)2I/T — ]/T_2+2]/T_3—‘—---+(2d—2.—|—1)]/2T_1—‘—---—|—2]jr+2i_d+1/T+2i_d_1'

By considering the largest term, we notice that 2d — 1 <r -2 <p—4 = 3(d — 1).
For the ‘smallest’ term we use r = d + ¢ to first write r +2¢ —d — 1 = 3¢ — 1. Since
d+1<i<2d—1, weobserve p+1=3d+2<3i—1<6d—4=2(p—3). Hence,
13~ varies between v and v?~°. In any case, it is clear that »?~! will not appear in
the expansion of ("1 + ...+ 1)%/". A similar argument shows P! will not appear
when multiplying (v"~! +---+1)2 by v"~L.

It follows that the largest term when multiplying by v is ¥, and the largest
term when multiplying by "~ is »"~3. Similarly, the smallest term when multiplying
by v" is v¥7!, and when multiplying by v"~! is v*72. As such, for — ® 1, the left
hand side will be of the form

2

(v —1)*(A\ "2 + (terms involding A\; and Ap) — Apy3i_2)'

A straightforward argument now shows A\; = A, = 0.

In each case we note \; = A\, = 0. Returning to (5.9.7) we rewrite this as
M(V = 1)V @4+ N (-1 TP =0 (5.9.9)

By once more expanding (v"—1)? = (v—1)(v" "' +- - -+v+1)2, then (5.9.9) becomes a
sum of terms, each of the form \;(v —1)?17 @v* for some 0 < j, k < p—2. Since these
terms are linearly independent, we therefore conclude that each A\; = 0. It therefore
follows that W (r)" =, Ao, as required. O
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As with Theorems F(1) and F(5), a similar proof to that of Proposition 3.1.4
(and using similar reasoning to that of Proposition 5.9.4) shows

Wr)nW@) +---+Wer—-1)+Wr+1)+---+W(p-2))={0}.

So we define W' = W (1) & --- & W(p—2) C (x — 1)Ic ® I}. In particular, it is
straightforward to show W =, W’. Thus, we can therefore conclude that

(33 - 1)[@ & [é ng R@ W,.

Stage 2: Upon extending the action of C), to an action of G(3, p), we show
W, = W(r) + W(ar) + W(a?r) =y A for 1 < r < p— 2. By repeating the
arguments of Propositions 5.5.3 - 5.5.4 and (with only minor notational differences
to account for the (v" — 1)?), we therefore have the following results:

Proposition 5.9.10. Set W, = W (r) + W (ar) + W(a?r). Then
v 0 0
pw,(x)=10 ¥ 0],
0 0 W

where
L, 1=1,7=p;
(V)ij=4q1, j=i-1,2<i<p;
0, o/w.

Proposition 5.9.11. The integral representation of W, with respect to the y-action
15 given by

0 0 o7
pw,(y) =27 0 0
0 a7 0

where

oT — 1, i=(—1Da+1(modp);
0, o/w.

As with Sections 5.5 and 5.7, a straightforward calculation shows py.,(z™1) = pw, (z71)
and

0 @7 0
preg(y) =1 0 0 @F
o 0 0

where ®7 is as defined above. By once more taking the invertible matrix

0
X=10
I

p

oL o
o oS

it may be shown p,.,(9)X = Xpw, (g) for all g € G(p, 3). In other words:

Proposition 5.9.12. W(r) + W(ar) + W(a?r) = A for1 <r <p-—2.
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As 3|p — 1 we get d — 1 copies of A, each arising as W,., for some r. Left over is
R+W (a+1)Y+W (p—a) (by the same argument as Proposition 5.5.8). Let W be the
sum of the W (i) without W(a+1) and W(p—a), i.e W' = W+W(a+1)'+W(p—a)’
and W = A1, Now let & be the natural surjection

k(@ —DIc@ I — ((x—Dlc® IL)/W.

Ifweset Y =k(R+W(a+1)+W(p—a)), the image of R+ W(a+1)+W(p—a)
under k, then:

Proposition 5.9.13. (v — )¢ ® [}, 2 Y & A4 L.

Stage 3: Finally, we demonstrate that what remains is stably isomorphic to L*.
The result of Theorem F(3) is then an immediate consequence of dualisation.

Proposition 5.9.14. Y ~ L*

Proof. As we saw in Section 5.6, we have the short exact sequence,
0= (x—1)Ic—A— L —0.
Applying the exact functor — ® I, this becomes,
0= (- = A= L*® I —0.

By the dual form of Proposition 5.8.3 we have L*® I}, = I ® A?*?, and by Proposition
5.9.13 we have (z — 1)[c® [ = Y &A%l Replacing this in the above exact sequence
yields

0= Y @A = A% — [ A* — 0.

As we have done many times throughout this chapter, we use Proposition 2.4.2 to
‘cancel’ the free modules. We are left with the following short exact sequence,

0—-Y >A—Io—0.
Finally, recall the short exact sequence (also seen in Section 5.6),
0—L"—-A—Io—0.

The result is now a consequence of Schanuel’s Lemma; that is Y ~ L*. O
Corollary 5.9.15. (z — 1)[c ® [}, 2 L* @ AL

Evidently, (5.9.1) and hence Theorem F(3) follows from the dual statement of
Corollary 5.9.15. Combining this result with those of Sections 5.5-5.8 concludes the
proof of Theorem F.

We conclude this section with a brief discussion of a possible next step in the
research of syzygy modules over G(p, 3). First, and most obvious, is to better un-
derstand the difficult descriptions of L, L*. However, as we saw with K, which has
a much nicer description than either L or L*, the going is still tough. Indeed, this
stems from the fact that at present it is unknown whether there is any branching at
the minimal level of the respective tree diagrams of the even syzygies. It is for this
reason that the author believes any future research into this area for G(p, 3) should
begin by an attempt to tackle this question.
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5.10 The module K: a general case

We conclude this chapter with a generalisation of our methods in Section 5.4. In
this section, let p be prime, and ¢ any prime such that ¢g|p — 1, and in which z, y
are generators of C),, C,, respectively. As before, we write d = (p — 1)/q and choose
8 € Aut(C,) such that ord(d) = q. We can then construct the semi-direct product
G(p, q) = C, xp, Cy, where h : C; — Aut(C,) is the homomorphism given by
h(y)(z) = 0(z) = z* for some 2 < a < p — 1. In particular, we can write this as

Glp, q) = (z, y|a’ =y? =1, yay ' = z°).

Once more, we set A = Z[G(p, ¢q)] and observe the following fibre square decomposi-
tion for A (see [25], [41] or Example 6.2.12):

A —— T,(A 7

| |

Z[Cq] E— Fp [Cq]

where A = Z[(,]? is the subring of Z[¢,], fixed by 6. It is of note that 6 acts on Z[(,]
via the isomorphism Gal(Q((,)/Q) = Cp—1.

Now, if R(i) is the i row of T (A, 7), then T,(A, 7) decomposes as a direct sum
of right A-modules thus

T(A ) =2 R(1)&--- & R(q).

In particular, the R(7) are pairwise isomorphically distinct and we have the following

duality relation
R())* = R(qg+1—1). (5.10.1)

By composing the projections A — T, (A, m) and T,(A, ) — R(i) it follows that each
R(7) is monogenic. Hence, for each i € {1,..., ¢} there is an exact sequence

X()=(0— K@) = A— R(i) —0).

Moreover, in [25] it was shown for ¢ € {1,..., ¢ — 1} that there exists an exact

eanenee W(i) = (0 = R(i +1) = P(i) = K(5) - 0),

in which each P(i) is projective of rank 1 over A, and @, P(i) = A%"!. Fori = ¢
there is an exact sequence,

W(q) =(0— R(1) - A — K(q) = 0).

Finally, we relate this to the stable syzygies €;(Z) for 0 <r < 2¢ — 1. In [41] it
was shown that the minimal level of ,(Z) can be described as

JRi+1)®y-1), r=2i+1;
v {Q(Z +1)e [Ey)a r = 24.

Above, ¥, =y '+ +y+ 1 and Q(i) = A/R(i).



Chapter 5. The syzygies of G(p, 3) 108

Proposition 5.10.2. Q(1) ~ K(q) and Qi + 1) ~ K (i) for 1 <i <q—1.
Proof. Begin with Q(1), which is defined by the exact sequence

0— R(1) > A—Q(1) = 0.
By dualising, and using (5.10.1), we have

0— Q)" = A— R(q) — 0.

By Schanuel’s Lemma, it therefore follows that Q(1)* ® A = K(q) ® A. However,
by the duality relation Q,(Z)* = Qy,_,(Z), a straightforward argument now shows
Q(1)* ~ Q(1). Thus, Q(1) ~ K(q), as required. In particular, since even syzygies
have a fork structure (Proposition 2.7.6), Q(1) ® A = K(q) ® A.

For a general i, start with the exact sequence

0— K(i) > A — R(i) — 0.
Dualising and using (5.10.1) gives the exact sequence
0—>Rg+1—i)—>A— K@) —0

and so K(i)* ~ Q(¢ +1 — i) by Schanuel. However, Q(¢ + 1 — i) is a minimal
representative of the z-strand of Qy,_s)(Z). Since Qyy—i)(Z)* = Qy(Z), it follows
that Q¢+ 1 —4)* ~ Q(i + 1). Thus, K (i) ~ Q(i + 1). O

Corollary 5.10.3. K(q)* ~ K(q) and K(i)* ~ K(q—1) for 1 <i<q—1.

Now, we define the module K = [y=' —1,...,y? — 1,y — 1, ¥,). Both the
statement and result of Proposition 5.1.2 extends to a general prime ¢. As such, the
proofs of Propositions 5.4.1 and 5.4.2 may be easily modified to show:

Proposition 5.10.4. K has Z-basis
E={{y' -1/ |1<i<q—-1,0<j<p—-1}U{Z,}.
Proposition 5.10.5. A/K = [?,.
Corollary 5.10.6. K ~ K(q).
Recalling that K(q)* ~ K(q), we now have:
Corollary 5.10.7. K* ~ K.

Finally, as with the case ¢ = 3 we have the following exact sequence,
0—-Ky—K—>7Z—0

as , y act trivially on K/Kj. It to this exact sequence that we shall turn to when
proving K ® X = X @ A% where a > 1 and X = R(i) or K(i) for some 1 < i < g.
However, unlike Section 5.4, it is not true in general that IN(O(Z[C’q]) = 0. We therefore
adopt a different strategy. First, observe the following result concerning R(1) (see [25],
Corollary 1.9):
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Proposition 5.10.8. R(1) ® [y — 1) = A4,
Corollary 5.10.9. K(1)® [y — 1) = Ala=Dp=d),

Proof. Consider first the exact sequence
0— K(1) > A— R(1) = 0.

As [y — 1) is free as an additive group, then — ®z [y — 1) is an exact functor on
underlying abelian groups. In particular,

0—-Kl)ey—1)— Ala=Dp _y Ada=D) _y

is also exact. Note we have used Frobenius Reciprocity and rkz(jy — 1)) = (¢ — 1)p
in the above exact sequence. Moreover, the exact sequence clearly splits and so
K(1)®[y—1) is stably free of rank (¢ — 1)(p — d). However, stably free modules over
A are free and so the result follows. O

As both [y — 1) and A=Y are self-dual then:
Corollary 5.10.10. R(q) ® [y — 1) = A%a—1),

A similar proof to that of Corollary 5.10.9 now shows:
Corollary 5.10.11. K(q) ® [y — 1) = Ala=Dp=d),
For each 1 < i < ¢ let T (i) be the statement:

T(): R(G)®y—1) =AY K(i)o[y—1) = ADP=D and P@i)@y—1) = AGDP,
First, we have the following:
Proposition 5.10.12. 7(i) = T(i+1) for1 <i<q-1.

Proof. Suppose T (i) is true. Using the fact that [y — 1) and A are self-dual, we have
R(g+1—-4)®[y—1) = A%~ Furthermore, K (i)*® A = K(q—i) @ A by Corollary
5.10.3. As such,

(K(g—i)@y—-1) @A = (Ki)o[y-1)" @ Alr

and so K(q —1i) ® [y — 1) is stably free (and hence free by Swan-Jacobinski) of rank
(¢—1Dp—d).

Now, for K(q — i) we have the exact sequence

0— K(q—1i) > A— R(g—1i)—0.
By once more tensoring with [y — 1) this becomes
0 — AlDe=d A=V 5 R(g—i)@[y—1) =0

which clearly splits. As such, R(q — i) ® [y — 1) is stably free (hence free) of rank
d(q—1). Dualising therefore yields R(i+1)®[y—1) = A=Y as required. Moreover,

utilising the exact sequence

0—-K(i+1) - A—=>R(i+1)—0
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a similar argument now shows K (i + 1) ® [y — 1) = Ale-De=d),

It therefore remains to show P(i +1) ® [y — 1) = Al=YP. Begin by dualising
K(i+1). A similar argument as above shows K(q —i — 1) ® [y — 1) =& Ale-Dr=d),
Using the exact sequence X' (¢—i—1) we again apply similar reasoning to above to show
R(g—i—1)®[y—1) = A%~V Dualising therefore yields R(i +2)® [y —1) = A%,
Finally, consider the exact sequence W(i + 1),

0—>R(i+2) —Pli+1) - K@i+1) —0
and apply the exact functor — ® [y — 1). We therefore get the split exact sequence
0—-R(i+2)®y—1)=Pli+1)y—1)—=>K(i+1)®[y—1) =0.
We therefore conclude P(i 4+ 1) ® [y — 1) = Al@=YP_ as required. O

Proposition 5.10.13. 7 (i) is true for alli € {1,..., q}.

Proof. First observe that 7T (q) is true by Corollaries 5.10.10 and 5.10.11. Due to
Proposition 5.10.12, it suffices to show 7T (1). However, by Proposition 5.10.8 and
Corollary 5.10.9, it only remains to show P(1) ® [y — 1) = Al=bp,

To do so, observe K(q — 1) ® [y — 1) = Ale=D®=4  Using similar arguments to
those of Proposition 5.10.12 we therefore deduce R(qg — 1) ® [y — 1) = A%e~D and
hence so is its dual; that is, R(2) ® [y — 1) = A%7~1)_ We therefore apply the exact
functor — ® [y — 1) to the exact sequence W(2) to yield the split exact sequence,

0—->R2)@y—1)-PHy—-1) > K(1)®[y—1)—0.
The result now follows. O

Proof of Theorem J. By Corollary 5.10.7, we know K is stably self-dual. It therefore
remains to show K ® R(i) 2 A® and K ® K (i) & Ab for some a, b > 1. To do so,
return to the exact sequence

0—-Ky—K—>7Z—0.
and recall Ky = [y — 1). We now apply the exact functor — @ R(i) so that
0= Ky® R(i) > K® R(i) > R(i) =0

is exact. By Proposition 5.10.13, this sequence splits and so K ®@ R(i) & R(i) @AY,
Next, we apply the exact functor — ® K (i) so that

00— Ki® K(i) > K® K(i) > K(i) >0

is exact. Once more, we use Proposition 5.10.13 to deduce that the above sequence
splits. We therefore conclude K ® K (i) = K (i) @ Ald-1@-a), O
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Chapter 6

Preliminaries

Recall that in Chapter 2 we defined a finitely generated module S to be stably free
if it is stably equivalent to a free module. Such modules will be the main discussion
of this latter part of the thesis. In particular, we discuss a class of rings that satisfy
the SFC condition discussed in Section 2.6. This class is of the form Z[G(p, q) x F,],
where F}, is the free group of rank n > 1. This may be seen as an attempt to generalise
the results of Swan from Z[G] to A[G], where A = Z[F,,] and continues the work of
Johnson (see [20], [21], [22]) discussed in Chapter 1.

It is therefore the aim of this chapter to introduce the necessary results that will
allow us to discuss stably free modules in detail. Roughly, the strategy will be to
formalise a technique originating with Bass and Milnor whereby we break up the
ring in question into smaller chunks that we know satisfy SFC. If we can then ‘glue’
these pieces together in such a way that any stably free module is lifted from the
decomposed rings, then we can show that there are no nontrivial stably free modules.
The next chapter will then utilise this material to consider the stably free modules
over Z[G(p, q) x F,], demonstrating that they are necessarily trivial.

6.1 The general and restricted linear groups

Let A be some ring with unit group U(A). For n > 2, the matrix ring M, (A) has
the canonical A-basis {€(7, j) |1 <4, j < n}, where we write (e(Z, j))r s = d;0;s. Let
A€ Aand § € U(A), and recall the elementary row and column operations expressed
using the elementary invertible matrices

E(i, j50) = L+ Xe(i, j) (i # j);
D@, 8) = I+ (5 —1)e(i, i).

We denote the set of invertible n x n matrices over A by G L, (A) and, whenever n > 2,
we denote the subgroup generated by the matrices E(i, j;\) by E,(A). Likewise, we
have the subgroup D, (A) of GL,(A) defined by D, (A) = {D(1,0) |6 € U(A)}. In
particular, we may confuse D, (A) with U(A) in a natural way.

As is well known (see [20], [28]), D,,(A) normalises E,,(A). Consequently we define
the restricted linear group GE,,(A) to be the subgroup of GL,,(A) given as the internal

product
GE,(A) = D,(A) - E,(A).

112
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In general GE,(A) is a proper subgroup of GL,(A). However, there are significant
instances in which GL,(A) = GE,(A). When this is the case we say that A is weakly
FEuclidean. Clearly, this condition implies any invertible n X n matrix may be reduced
to a diagonal matrix D(1, 0) by performing a series of elementary row and column
operations E(i, j; A). In other words, each X € GL,,(A) has a Smith Normal Form.
A useful generalisation of this is that of weakly m-Euclidean. When m < n we
embed GL,,(A) into GLy,+1(A) by identifying X € GL,,(A) with its ‘suspension’,

()0( (1)) € GLy i (A).

This has the obvious generalisation of embedding of GL,,(A) into GL, (A), and that of
GL(—) =lim, GL,(—) and E(—) = lim_, E,,(—). Furthermore, E,,(A) is normalised
by GL,,(A) and so we have the subgroup GL,,(A) - E,(A) of GL,(A). We then say
that A is weakly m- Euclidean when GL,(A) = GL,,(A) - E,(A) for m < n.

To conclude, observe that F,, and GE,, are functorial under ring homomorphism.
If we let ¢ : A — B be a surjective ring homomorphism then it is well known that
the induced map ¢, : E,(A) — E,(B) is also surjective. Unfortunately, this property
does not hold in general for D,(—), GE,(—) or GL,(—). Clearly, if such a property
holds for D,,(—) then it also holds for GE,(—). We say that the ring homomorphism
¢ has the lifting property for units when the induced map on units ¢, : U(A) — U(B)
is surjective. If this is the case then the induced maps on D,,(—) and hence GE,(—)
are clearly surjective also.

6.2 Fibre square decompositions for finitely gen-
erated modules

The techniques introduced in the next two sections have their genesis in the work
of Milnor [31] and were further developed by Swan in [56] to understand stably free
modules over group rings. The aim is to analyse the structure of projective mod-
ules (and in particular stably free modules) via the decomposition of rings into fibre
squares.

We start by considering a corner of rings and ring homomorphisms. Suppose
we have a trio of rings A = (A, A_ Ap), along with a pair of ring homomorphisms
oyt Ay — Agand o A_ — Ay. This gives rise to what we call a corner, denoted

by A:
A_
A Jo-
A, R4,

We ‘complete the square’ by taking a ‘twisted product’ of A, and A_ over Ay. We
call this the fibre product and define it by,

Ay xag Ao ={(ay, a-) € AL X A_[p4(ay) = ¢_(a_)}

where addition and multiplication are defined component wise. Set A = A, x4, A_
and construct the following canonical fibre square, denoted by A:
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A = lﬂ lcp_ (6.2.1)

where 7, and 7_ are the projections from A onto A, and A_, respectively. In general,
any such square is called a fibre square if A is mapped isomorphically onto to the fibre
product given above by 7, x m_. It is straightforward to verify that this is equivalent
to requiring the following sequence is exact,

_ _
05 A A A @A Po=) 4, (6.2.2)
Consequently, we note the following;:

Proposition 6.2.3. Let F : Rings — Rings be a left exact functor; that is, a functor
which is left exact when considered as a functor on the underlying additive groups. If

A is a fibre square as in (6.2.1), then so is F(A):

Fa) 2

lf(m) J{]—'(go,) (6.2.4)

F(A) 295 Fray)

Corollary 6.2.5. Let A be a fibre square as in (6.2.1). Then

A®Z[G] =25 A ®7(G]

Jw+®ld Jp,@d

Ay @ Z[G] 22 4y 2 Z[Q)

s also a fibre square.

Proof. Any group algebra Z[G] is free as an additive group; thus —®zZ[G] is a functor
Rings — Rings, which is exact as a functor on the underlying additive groups. We
may therefore apply Proposition 6.2.3. O

Proposition 6.2.6. Suppose

™

(A, 0; ) —— (A, 0_;a)

|~ |-

(A+, 9+, O{+> L) (A07 007 Oé())
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15 a fibre square of pointed n-rings in which A = A, x4, A_. Then

Co(A, 0;a) 20

lcn(w_‘_) lcn(ﬂo—)

C'n
Co(Ay, 0, ay) S5 ¢ (A, bo: o)

is also a fibre square, where C,(—) is the cyclic algebraic construction discussed in

Section 2.3.

Using the above we may construct fibre squares for more complicated group rings
starting from simpler rings that we, hopefully, better understand. As would be ex-
pected, this starting point is most useful when it is from a group ring of a cyclic

group.

Proposition 6.2.7. Let I be an ideal in a ring A, and suppose f : A — T is a ring
homomorphism such that f|; : I — f(I) is bijective. Then,

A AJI
|7 | (6.2.8)
r — s T/f(I)

s a fibre square.

Proof. 1t is sufficient to show the following sequence is exact:

f
0— A @ T e (A/]) <h’—_>f*>

L/f(I).

For exactness at A, suppose A € Ker (g) Then g(A) = 0 and hence A € . As f

is bijective on I, and since f(\) = 0, we conclude A = 0. Therefore, the sequence is
exact at A.

Next we consider exactness at I' @ (A/I). First, suppose (v, u)? € Im (‘D, then
there is some A € A such that f(\) =~ and g(\) = u. Now,

6 =) (1) =50 - reon = o

and therefore I'm f) C Ker (h, — f*). For the reverse inclusion, we let

:
Q&Qexww,ammmua@-%JQ&)za&mwwwwmu»:&
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by commutativity we have f(y) —t(f(A)) =0, i.e. v— f(A) € f(I). We can therefore
choose some (unique) § € I such that f(§) = f(A) —~. Finally, then,

(Jhc) (A—0) = (Jhc((i:c?))) - (h&))

and Ker (1, —f.) CIm (JHC) thus showing exactness at I' & (A/I). O

Corollary 6.2.9. Let G be a finite group and let H be a normal subgroup of G. Then
the following is a fibre square:

Z[G] ——  Z[G)/(Zk)

/| !

Z|G/H] — (Z/|H])G/H]

where Xg =Y, cp b
Proof. Let f : Z|G] — Z|G/H] be given by,

f (Z agg> = agt(g)

geG geqG

and let I = (Xp) - Z|G]. Hence f(I) = |H|-Z[G/H]|. To apply Proposition 6.2.7, it
remains to show f|; : I — f(I) is bijective.
Clearly, f|; is surjective and so it suffices to show injectivity. To this end we

suppose
f (&HZ%Q) = |H| Zagh(g> = 0.

geG geq

It follows that > _,a,9 € Ker(f). Since Ker(f) =Im(h; —1,..., hy, — 1), where

geG

hi, ..., by generate H, we may write > agg = (hi—1)A1+- - -+ (hp—1) A, for some
Aoy Am € Z[G]. However, from this we clearly observe that Xy - deG azg = 0,
and thus conclude f is bijective on I. The result now follows. O

Example 6.2.10 (Cyclic group of order p). Let p be a prime number and consider
the cyclic group of order p, C,. By Lagrange, we have only two subgroups, the trivial
subgroup and the whole group. If we apply Corollary 6.2.9 with H = C,, then we have
the following fibre Square

Z|Cy] — Z[G,]/ (%)
Z — F,
where ¥ = decpg and € : Z|G] — Z is the augmentation map. The kernel of

this map is the augmentation ideal and in the case of cyclic groups only we have an
isomorphism Z[C,|/(X) = I}, = I, the augmentation ideal.
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Example 6.2.11 (Dihedral group of order 2p). Start with the fibre square decompo-
sition of Z|C,):

Z[C)] — Z[G))/ (%)

L

Take 6(x) = =, the canonical involution for x € Z|C,). Clearly 6* = Id and
1 € (Z[C)))°. We can therefore apply the cyclic algebraic construction Co(—) to
the above fibre square and identify Co(Z[C,), 0; 1) = Z[Dyy], C2(Z, §) = Z[Cs] and
Co(F,, 0) = F,[Cs]. We therefore have the following fibre square decomposition for
the dihedral group of order 2p, Day:

Z[Dyy) — Co(Z[Cyl/ (%), 0)

I |

Z[Cg] — FP[OQ]

Example 6.2.12 (Metacyclic group of infinite type). We proceed in two stages. First
we build a fibre square model for the metacyclic group G(p, q) of order pq. Next, we
apply the exact functor — @ Z[F,], where F,, is the free group of rank n > 1. As
before, consider the canonical fibre square model for Z[C,] (p prime), and identify
Z[C,| with Z[z]/(a? — 1). Observe that 2? — 1 = (x — 1)(a? ' + -+ 2 + 1) and
Ziz)/(aP™ + -+ 2+ 1) = Z[¢,) where (, = exp(2mi/p). We therefore have the
following fibre square,

| | 4)

in line with the conclusion of Example 6.2.10. Now, let o : C), — C, be a generator of
Aut(C,). In particular, ord(a) = p—1 as Aut(C,) = Cp—1 = Gal(Q((,) : Q). Choose
a prime q such that qlp — 1 and put 0 such that 6 = aP=V/9. Clearly, ord(9) = q.

Now, 0 induces a ring automorphism of order g on Z[C,]. In particular, 0 fizes
Y, and so 0 induces a ring automorphism on 1}, = Z[C,|/(X,), the integral duel of
the augmentation ideal. Likewise, I is stable under 6 and so 6 induces the identity
automorphisms on Z and ¥, = Z/p. As such, we may apply Cy(—,0;1) to (}) to
obtain another fibre square:

Cq(z[cp]’ ‘9) — Cq(ZKp]’ 9)

| | *)

C,Z,0) —— C,(F),,0)

We identify C,(Z[C,], 0) with Z|C, x C,]. Moreover, as 0 acts trivially on Z and F,,,
we make the identifications Cy(Z,0) = Z|C,| and C,(F,,0) = F,[C,]. Thus, () may
be rewritten as:
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Z[C, x C)] —— Cy(Z[¢,), 9)

| | (+)

Z [Cq] — Fp [Cq]

Evidently, the biggest obstacle to utilising the above fibre square lies in the top right
corner. The key to resolving the issue is a decomposition of C,(Z[(,],0) into ideals
due to Rosen [43], although a more accessible treatment is given in the thesis of
Remez [41]. We give the statement here in a format most of use to us.

Proposition 6.2.13 (Rosen). Let A be the fized ring of Z[(,| under 6 and consider
the ring of quasi-triangular matrices,

To(A,m) ={X € My(A) [ x5 € () if r > s},
where m = ((, — 1)?. Then there is an isomorphism,
Co(Z[Gp), 0) = To(A, ).

The proof of this is omitted in favour of succinctness. Nevertheless, with this result
we now apply the functor — Rz Z[F,] to (') thus obtaining the following fibre square:

Z[(Cy x Cy) x F)] —— Ty(A, 7)[F,)]
| | (V)
Z|C, x F,] — F,[C, x F})]

It is to © that we will be interested in for the final chapter of this thesis.

6.3 Projective modules over fibre squares

Consider the canonical fibre square A, as given in (6.2.1). When Milnor first discussed
the construction of projective modules over fibre squares (see [31]), there were two
conditions imposed upon the square:

e Hypothesis 1: Suppose A = A; x, A, is the fibre product. In particular, there
is one, and only one, element a € A such that 7y (a) = ay and 7_(a) = a_;

e Hypothesis 2: At least one of the two homomorphisms ¢, @_ is surjective.

This section can be seen as an attempt to discuss and extend these two conditions to
suit our purposes. This will allow us to naturally progress to the question of whether
A can have nontrivial stably frees.

Suppose M is a module over A, then this determines a triple

(My, M_; (M)

where M, = M ®,, Ay and M_ = M ®,_ A_ are modules over A, A_, respectively.
Moreover, a(M) is the canonical Agp-isomorphism such that the following commutes:
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(M Q. A+) Ry, Ao ﬂ) (M Qrr_ A—) Qe Ao

lw lu_ (6.3.1)

M ®<p+7r+ AO L) M ®<p_7r_ AO

where v, : (M ®x, As) @Ay = M ®,, x, Ap is the canonical isomorphism for o = +, —.
Now suppose the converse; i.e. that we have a triple (M, M_; «), where M, M_

are modules over A, A_ respectively such that a: M_ ®, A — M, ®p, Agis a

specific Ag-isomorphism. We then obtain an A-module (M, M_;«) given by

(My, M_;a) = {(my, m_) € My x M_|a(m-®1) =m; @1}
with the A-action given by
(my, m_) - A= (mqy - me(A), mo-7_(A)).
In particular, observe that

a(m_-m-(N)@1) = a(m-@p_7_(}))
= me@pimi(N)
= mym (M)l

and so (my, m_)- X € (M;, M_;«a). This action then forms a right A-module.
Now, the key point to note is that every finitely generated projective A-module
arises in this way. See [22] for a proof of this.

Proposition 6.3.2. Let P be a finitely generated projective module over A; then
P = (P, P_;a(P)).

An obvious special case to observe is when we are looking at a free module of rank n
over A. By the above, this may be written

(AT, A" - a(A™)).

In particular, we note that there is a canonical isomorphism f: A, ® 4g — A_ ® A,
which can be confused with Id : Ag — Ap. Thus, for each n > 1, we say the globally
free module of rank n over A has the form

Fo(A) = (A", A" Id,).

A finitely generated module P is said to be globally projective if there is another
module @ such that P ® Q = F,,(A).

An A-module M is said to be locally projective (rvesp. locally free) if M, is
projective (resp. free) for o0 = +, —. Quite clearly, any globally projective module
is locally projective, but the converse need not be true. In fact, for this converse to
hold we need to be careful as to how we ‘patch’ these modules together. We therefore
consider an added condition:
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e Patch: For each n > 1 and each a« € GL,(Ap) there exists a k > 1 and
B € GL(Ap) such that o @ f = [hy][h_] for some h; € GL,r(AL) and
h— € GLyx(A-), and where [h,] = h, ® Ida,.

The following is essentially due to Bass and Milnor, although the present formulation
is due to Johnson [22].

Proposition 6.3.3. Consider a fibre square of the form (6.2.1) which satisfies Patch,
then a finitely generated A-module P is globally projective if and only if it is locally
projective.

The next issue becomes one of actually understanding when a fibre square satisfies
Patch. There are two cases of note which guarantees we have this patching property.
We say that a fibre square A of the form (6.2.1) is E-trivial when the double coset

E(A) = E(A)\E(A)/E(A-) = {x}.

In other words, any [X] € E(Ap) can be written [X] = [¢p4(X1)][¢-(X_)] for some
Xi € Ey(Ay)and X € E,,(A_) (for some m, n). We have the following relationship
between Patch, and E-triviality. A proof can be found in Chapter 3 of [22].

Proposition 6.3.4. Let A be a fibre square of the form 6.2.1. [f./z is E-trivial, then
A satisfies Patch.

There is an obvious generalisation of E-triviality. For n > 2 we say that A is
E, -trivial if L
Ep(A) = Ex(A1)\E(Ao)/Er(A-) = {x}

whenever k > n. Triviall;f, if Ais E,-trivial and n < N, then A is Ey-trivial. Evi-
dently, this means that Fs-triviality is the strongest of these conditions. A straight-
forward stabilisation argument shows:

Proposition 6.3.5. [f./z is E,-trivial for some n, then A is E-trivial.

The second patching condition of note is a much simpler condition to check, and
was the original patching condition considered by Milnor. We say that a fibre square
A of the form (6.2.1) is Milnor when:

e Milnor: At least one of ¢, ¢_ is surjective.

Proposition 6.3.6. Suppose Ais a fibre square satisfying Milnor’s condition; then
A is Ey-trivial.

Proof. Without loss of generality suppose ¢, : A, — Ag is surjective; then for each
k > 2 the induced homomorphism

¢+ Bp(Ay) = Ei(Ao)
is surjective. Thus, Fy(A,)\Ek(Ap) consists of a single point. It follows trivially that
Er(A)\Ex(Ag)/Er(A_) consists of a single point. O

Corollary 6.3.7. [fﬁ is a fibre square satisfying Milnor’s condition, then A satisfies
Patch.

Consequently, whenever A is a Milnor square, a locally free module over A is
necessarily projective. The issue is now to decide when it is stably free. As we will
see in the next section, this is a far more delicate matter.
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6.4 Recognition criteria for stably free cancella-
tion

As before, we work over fibre squares of the form (6.2.1). The aim will now be
to understand when the trivial stably free modules (i.e. free modules) survive the
transition from A,, A_ to A. Start by imposing the condition of E-triviality on our
fibre square. Denote the set of isomorphism classes of finitely generated locally free

-~

modules of rank n over A by LF,,(A). Likewise, denote the set of isomorphism classes
of stably free modules of rank n over A by SF,(A). We then have the following (see
pp. 52-55 of [22]):

Proposition 6.4.1. Let the fibre square (6.2.1) be E-trivial such that the corner ring
Ao is weakly m-Fuclidean. Let Sy, S_ be stably free modules of rank n > m over
AL, A_ respectively such that

S+®AOgS—®AOgA87

then there exists a stably free module S over A such that 7, (S) = S, andm_(S) = S_.
In particular, if Ay has SEC, then

T X7m_ : SFu(A) = SFL(AL) X SFL(A)

18 surjective.

This tells us when nontrivial stably free modules over A,, A_ survive to be
nontrivial over A. If we now take the stably free modules over A, A_ to be trivial,
we would like to know when the stably free modules over A are trivial. In [22] (p.
41), it was shown:

Proposition 6.4.2. There is a bijection,
U GLy(A) = GLy(AL)\GLn(Ag)/GLn(A_) =5 LF,(A).

We now define two stabilisation operators. First, s, i : GLy(A) = GLnx(A) is
defined where s,, ;([a]) = [a® I;], for some k > 1. Second, we define the stabilisation

~

operator on LF,(A) induced from the correspondence P +— P @& (A%, A*; I}) by,

-~ -~

On, it LFn(A) = LFpk(A).
We then have the following commutative diagram

GL,(A) =% GL,x(A)
lun lmk (6.4.3)
LF,(A) 5 LFui(A)

where v,, v, are bijections due to Proposition 6.4A.2.
Now, write * for the class of A"** in LF, x(A) and observe that for a locally
free A-module S of rank n we have:

S is stably free if and only if o, ([S]) = * for some k > 0. (6.4.4)
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Alternatively, we can think of this as requiring s, ;([a]) = [L,4%]. This observation
motivates us to define the set Z,,(A) = {n € GL,(A) | sn,x(n) = * for some k > 1},
and put
Z(A4) = [] 2.(A).
n>1

-~

We call Z(A) the singular set. From (6.4.4) it follows that
Ut Zn(A) =5 SFL(A) N LF,(A) is bijective. (6.4.5)

We say that A is locally n-free when SF,(A}) = SFn(A_) = {x}, and of locally
free type when it is locally n-free for all n. Suppose A is locally n-free, then every

~

stably free A-module of rank n is locally free. Thus, SF,(A) = SF,.(A) N LF,(A)
and (6.4.5) becomes

Un : Zn(A) — SF,(A) is a bijection when A is locally n-free. (6.4.6)

It follows that to understand when a stably free module over A is necessarily trivial,
it is enough to consider when Z,(A) is trivial. An obvious condition to guarantee
this is for s, to be injective for all £ > 1; that is:

-~

Proposition 6.4.7. ]fﬁ is locally n-free and each s, i : GLn(./Zl\) — GLyik(A) is
injective for k > 1, then SF,(A) = {x}.

Corollary 6.4.8. Suppose that, for each k > 0, A is locally (n + k)-free, and that
each s, i 1s bijective; then A has no nontrivial stably free modules of rank > n.

Proof. For 1 < k < m, note that s, » = Sp1k m—k © Sn k. Therefore, if s, , and s,
are both bijective, then so t00 is Syik m—k. S0 if A is locally (n + k)-free, it follows
that SF, 1 x(A) = {x}, as required. O

This observation will be sufficient for the majority of our purposes in Chapter 7.
Nevertheless, we still have use for the following ‘recognition criteria’ for the component
corners. We say A is pointlike in dimension one when

GLi(A) = U(A)\U(Ag)/U(A-)

is a singleton; that is, we can ‘lift’ the units in such a way that any unit ug € U(Ap)
can be written uy = ¢_(u_ )@ (uy), where u, € U(A,) (0 = +). We therefore have
the following result [22]:

Proposition 6.4.9 (Recognition Criterion). Let A be of locally free type that is point-
like in dimension one and satisfies Milnor’s patching condition. If Aq is weakly Eu-
clidean, then A has SFC.

6.5 Stably free cancellation

The results of the previous section mean that we can reduce the situation of stably
free modules over A to those over the component corner rings. To understand these
it may become necessary to decompose these into yet simpler rings. This process
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may be continued until we are left with understanding stably free modules over the
‘simplest’ constituent rings. The aim of this section, and the next two, will be to
understand these base rings and the properties they possess.

For completeness, we include a stronger property than SFC. We say that a ring A
is projective free when any finitely generated projective A-module is free. Evidently,
a stably free module S is projective but the converse need not be true. For consider
the 2 x 2 matrices over the complex numbers, R = M,(C). By Wedderburn this is
semisimple and we may consider the simple modules,

C 0 0 C
pelod el d
thereby decomposing My(C) as My(C) =2 P @ Q. Now, if P is stably free, then
P® R™ = R" and so 24 4m = 4n, i.e. 14 2m = 2n.

Thus, we see that projective freeness is a stronger property than SFC. It should
also be noted that Gabel’s theorem regarding infinitely generated stably free modules
does not work in the wider realm of projective modules. As such, it is necessary to
include the ‘finitely generated’ hypothesis in statements concerning projective mod-
ules. However these considerations are not especially pertinent to us and the above
discussion is more than ample for our purposes. We conclude by simply noting a
theorem of Kaplansky [27] which tells us that projective modules cannot be ‘too big’;
specifically, any projective module is a direct sum of countably generated modules.

With this in mind, consider now which rings have SFC (or indeed, projective
freeness). Quite clearly, any field is projective free since any vector space has a basis.
More generally, it is well known that if A is a PID, then every submodule of a free A-
mod is itself free (for instance, see Lang [29]). Consequently, every projective module
over a PID is itself free and therefore:

Proposition 6.5.1. If A is a PID, then A is projective free, and hence has SFC.

For the noncommutative analogue of a PID, often referred to in the literature as a
free ideal ring, the reader is directed to [7], [8] for more details in relation to projective
freeness. In the next section, we will discuss a further generalisation, namely that of
Dedekind domains. We will see that these too have SFC and will be of particular use
in our later discussions.

Before that, we discuss some more general properties that will be directly appli-
cable to our concerns. First, observe the following result for abelian groups. For a
proof, the reader is directed to [23].

Proposition 6.5.2. Let G be a finitely generated abelian group; then the group ring
Z|G| has SFC.

As we shall often ‘build’ more complex rings from, hopefully simpler, rings we
provide a brief exposition of some standard constructions which preserve SFC. The
reader is directed to [22] for proofs of these. Recall that an ideal m of A is radical when
m C rad(A), the Jacobson radical of A. Moreover, if A/rad(A) is a division algebra
then we say that A is local. From Nakayama’s Lemma and a result of Bourbaki [4],
we have the following:
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Proposition 6.5.3. Let m be a two-sided radical ideal in a ring A and let M be a
finitely presented flat A-module; then,

M ®a (A/m) is free over A/m = M is free over A.

Clearly, any finitely generated projective module P satisfies the hypotheses of
Proposition 6.5.3. Further, if S is a stably free module, then the extension S®, (A/m)
is stably free over A/m. We therefore have the following:

Proposition 6.5.4. Let m be a two-sided radical ideal in a ring A; then,
A/m has SFC = A has SFC.

A special case of Proposition 6.5.4 is when m = rad(A) and A is a local ring.
We therefore conclude that if A is a local ring, then it necessarily has SFC. In fact,
it is a result of Kaplansky’s (see [27]) that any projective module over a local ring is
necessarily free. Another useful property follows from Morita equivalence.

Proposition 6.5.5. If A has SFC, then M, (A) has SFC.
Finally, we consider products of rings.

Proposition 6.5.6.

A1 X Ay has SEC if and only if A; has SFC fori=1, 2.

6.6 Dedekind domains and free groups

A Dedekind domain A is a commutative integral domain for which every nonzero
proper ideal factors into primes. Equivalently, any pair of ideals a C b, there exists
an ideal ¢ such that a = bc. It is straightforward to see that in a Dedekind domain,
any nonzero prime ideal is necessarily maximal. A classical example of a Dedekind
domain, and one we shall frequently use, is the ring of algebraic integers in a number
field. For a proof of this, the reader is directed to [31]. In particular, we have:

Proposition 6.6.1. Any Dedekind domain A has SFC.

This is essentially a consequence of a classification due to Steinitz (c.1911) for
finitely generated torsion free modules over Dedekind domains (see [4], [49], [50]). In
particular, this result will be useful alongside the theory of free groups.

Consider a ring A and a set X. Denote by A(X) the free algebra over A on the
set X. By letting F,, be the free group on the set X = {z1,..., x,}, we may describe
the group algebra A[F,] as the localisation A(X, X~1) of A(X) by formally inverting
each z; € X. Moreover, A[F,] is isomorphic to the free product,

A[F,) = Alzy, xl_l] sk -oex N[, ;17,;1]

where the coefficients A are identified in the various copies. In particular, we note
the special case when |X| = 1. This allows us to represent the group algebra A[Cy],
where Cy, is the infinite cyclic group, as the ring A[z, '] of Laurent polynomials in
the variable z and with coefficients in A.
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Following [21], we see that when A is a (possibly noncommutative) PID, then
both A[z] and Afz, z7!] are left and right Noetherian domains of global dimension at
most 2. It can be shown that,

A[z] is projective free <= Alx, x7'] is projective free. (6.6.2)

Using 6.6.2, along with Seshadri’s result that A[z] is projective free [46] (for A a com-
mutative PID), we conclude that Alx, 27 '] is also projective free. This was extended
by Bass [1] to show:

Proposition 6.6.3. Let A be a commutative PID and X = {xiy,..., x,}; then
A[F,) = A(X, X71) is projective free.

However, it should be noted that this does not extend to noncommutative PIDs.
For we can consider the integral quaternion algebra (_1’ _1). For any odd prime p, the
localisation €2(,) is a PID. However, in [22] Johnson has shown €;,)[Cs] has infinitely
many isomorphically distinct stably free modules of rank 1.

If we now restrict ourselves to stably free modules, then Bass’ generalisation of
Seshadri’s argument shows [2]:

Proposition 6.6.4. If A is a Dedekind domain, then A(X, X~') has SFC.

Next, we consider the special case where A = D division ring. We may write,
DIF,] = Dy, 7' * - - * D[xn, v,

in which each D[z;, ;'] is a (left and right) PID (see [22], p. 170). By Proposition
6.5.1 D[z;, ;'] is therefore seen to be projective free. A result of Dicks and Sontag
[12] now shows:

Proposition 6.6.5. If D is a division ring, then D[F,| is projective free.

For completeness, we briefly discuss the corresponding situation for free abelian
algebras. Now, the situation is entirely different and decidedly ill-behaved. If we
define the set X as before, then for n > 1, we let CZ. denote the free abelian group
on the set X. For a ring A, the group algebra A[C”] is isomorphic to the ring of

Laurent polynomials,
ACL] = Alwy, 27, ..., @, 2,1

If A is a Dedekind domain, then A[CZ] has SFC (see [28], p.189). Next, observe
that F, and CZ coincide when n = 1. As such, when D is a division ring, D[Cy)]
has SFC. However, it has been shown in [28] that requiring D[CZ] (n > 1) to have
SFC is equivalent to requiring that D is commutative. Indeed, by generalizing the
arguments of Dicks-Sontag [12], Ojurangen-Sridharan [34] and Parimala-Sridharan
[36], we observe that whenever D is a noncommutative division ring and n > 2, then
D|C?] possesses nontrivial stably free modules.

Nevertheless, if k is a field such that char(k) > 0, then k[CZ x ®] has SFC for
any finite group ® (see [21]). When dealing with a field of characteristic zero, we
need to be more careful. If n > 2 and char(k) = 0, then for k[CZ x @] to have SFC,
it is necessary that ® satisfies the generalized Eichler property!. However, it should

! As this is of no further use to us in this thesis, the reader is directed to [21] for a definition of
this.
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be noted that the converse of this statement is not true in general. In spite of this,
Johnson points out [21] that as a consequence of Stafford (see [48]) the converse does
hold when we consider polynomials, rather than Laurent polynomials.

We conclude this section by considering a property shared by free groups which
will be of use in the next section. We begin by considering a group G and two subsets
of GG, denoted by X and Y. We say that ¢ € G is represented as a product in X
and Y when g = xy for some x € X and y € Y. Further, we say that g is uniquely
represented as a product in X and Y when, in addition, we require that if g = 2y’
with 2/ € X and ¢y € Y, then x = 2/ and y = v'. Now, we say that G satisfies the two
unique products condition (abbreviated to TUP) when, given finite subsets X, Y of
G with | X| > 2 and |Y| > 2, at least two elements of G are uniquely represented as
products in X, Y.

It is a straightforward observation that no nontrivial finite group can satisfy TUP.
In particular, we note that every TUP group is torsion free. Moreover, from the work
of Higman [18], we note that free groups have the TUP property.

Now, we say that a group ring A[G] over A has only trivial units when every
A € U(A[G]) has the form A = ug for u € U(A) and g € G. We then have the
following result due to Passman [38]:

Proposition 6.6.6. Let G be a TUP group; then for any (possibly noncommutative)
integral domain A, A[G] has only trivial units.

6.7 Weakly Euclidean

We conclude the required legwork by discussing what sort of ring is weakly Euclidean.
Recall that a ring A is said to be weakly Euclidean when

GLn(A) = GE,(A) = Dy(A) - En(A)

for all n > 2. A ring homomorphism 7 : A — B is said to have the [lifting property
for units when the induced map on units 7, : U(A) — U(B) is a surjection. Further,
we say that 7 has the strong lifting property for units when, in addition, we have the
following;:

a € U(A) <= n(a) € U(B).

With this, we now have the following Recognition Criterion, see [22].

Proposition 6.7.1. Let m : A — B be a surjective ring homomorphism with the
strong lifting property for units. If B is weakly Fuclidean, then so too is A.

Now, it is quite clear that any division ring, being a PID is weakly Euclidean.
More generally, from [47], we see that any commutative Euclidean domain is weakly
Euclidean. If we now consider a (possibly noncommutative) local ring A, then we
have the canonical homomorphism 7 : A — A/rad(A). Tt is straightforward to see
that 7 has the strong lifting property for units and since A/rad(A) is a division ring,
we have:

Proposition 6.7.2. If A is a (possibly noncommutative) local ring, then A is weakly
FEuclidean.

Similar to our results of Section 6.5, we observe the following two results [22]:
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Proposition 6.7.3. If Ay,..., A, are weakly Euclidean rings, then so too is
Ay x oo x A,

Proposition 6.7.4. Let A be a weakly Euclidean ring. Then M, (A) is also weakly
Euclidean.

Moreover, by considering the free groups of the previous section, we note the
following theorem of Cohn [7]:

Proposition 6.7.5. For any division ring D, the group ring D[F,] is weakly Eu-
clidean.

The following is proved in [22]:

Proposition 6.7.6. Let 7 : A — B be a surjective ring homomorphism with the
strong lifting property for units and suppose that the ideal Ker(m) is nilpotent; if G
is a group such that B|G| has only trivial units, then the induced homomorphism
7.« A[G] — B[G] has the strong lifting property for units.

As already noted, the free group F;, satisfies the TUP condition and therefore
for a division ring D the group ring D[F,] has only trivial units. If we now consider
a local ring A, then we may set D = A/rad(A) where rad(A) is nilpotent. This
clearly satisfies the hypotheses of Proposition 6.7.6 and so we conclude that the
induced homomorphism A[F,,] — DI[F,] has the strong lifting property for units. By
Propositions 6.7.1 and 6.7.5 we conclude:

Proposition 6.7.7. If A is a local ring for which rad(A) is nilpotent, then the group
ring A[F,] is weakly Fuclidean.

6.8 The cancellation properties of the modules R(7)

We conclude this chapter by tying up a loose end from Part I of this thesis. For this
section, write A = Z[G(p, ¢)] for the integral group ring of the metacyclic group given
in Example 6.2.12, and recall 7,(A, 7) decomposes as a direct sum of right ideals

Ty(A, m) = R(1) @ - R(q),

where R(i) is the i row of T,(A, ). By considering R(7) as a A-module, we write
[R(7)] for the stable class of R(i). In particular, we note that R(i) is a minimal
element of [R(7)]. At various points throughout Chapters 4 and 5 we used the fact
that [R(7)] is straight for each i € {1,..., ¢}. The following proof was shown to the
author by Prof. F. E. A. Johnson, and has the benefit being much clearer than that
of [41], albeit at the cost of a bit more work.

Let R be a ring, and denote by P(R), the set of isomorphism classes of finitely
generated projective R-modules. As previously noted, this is a commutative monoid
under direct sum
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For ¢ > 2, define R,(R) = {(r1,..., 7y) | r; € R}, which is a R-M,(R) bimodule.
If @ is a right R-module, we define

Q = Q®r R (R)

so that @ is a right M,(R)-module. We then have the following form of Morita’s
Theorem:

For any ¢ > 2 the correspondence ) — Q gives an isomorphism (6.8.1)
of monoids P(R) — P(M,(R)).

If we specialise R to the case of a commutative PID, then we can describe P(R):
If R is a commutative principal ideal domain, then P(R) = N. (6.8.2)

Furthermore, if we write R? = R x --- x R, then:
—_—

q

If R is a commutative principal ideal domain, then P(R?) = N9, (6.8.3)

In the isomorphism of (6.8.3), the generators of P(RY) correspond to the primitive
idempotents of RY.

Next, for a commutative principal ideal domain A such that (7)< A is a maximal
ideal, we have the quasi-triangular subring of M (A),

T,(A, m) = {(z,s € M,(A) | s € () if r > s}.

We then have the following fibre square decomposition of T,(A, 7) (see Proposition

7.2.1):
Ty(A, m) —— My(A)

| | (6.8.4)

T (A/m) —L M,(A/7).

Note that 7,(A, 7) decomposes as a direct sum of right ideals
To(A, 7)) = R(1) @ - @ R(q),

where R(i) is the i row of T, (A, 7). Evidently, each R(7) is projective over T,(A, 7).
In the special case where 7 = {0} we write 7,(A) which decomposes as

Ty(A) =R(1) @ --- ®R(q).

For R a commutative principal ideal domain, observe that there is an obvious
surjective ring homomorphism § : 7,(R) — R? given by §(X) = (Xi1,..., Xy)-
The kernel of this homomorphism is the nilpotent ideal of strictly upper triangular
matrices and is contained in the Jacobson radical of 7,(R) (see the proof of Proposition
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7.2.2). It then follows from (6.8.3) and Nakayama’s Lemma that:

If R is a commutative PID, then P(7,(R)) = NY with generators (6.8.5)
R(1),..., R(q).

Proposition 6.8.6. Let A be a commutative principal ideal domain, and let 1 € A
generate a mazimal ideal in A. Then P(T,(A, 7)) = N? with generators R(1),..., R(q).

Proof. Return once more to the fibre square given in (6.8.4). If P is a finitely gen-
erated projective module over 7,(A, m), then by Milnor’s classification P can be
described as a triple P = (P, P_; ) in which P, € P(T,(A/7)), P- € P(M,(A))
and « : j,(Py) — v, (P_) is an isomorphism over M,(A/x).

Now, let ¢ = (c1,. .., ¢;) € N? and write

P (c) = éR(z‘)Ci and P_(c) = Al

i=1

where |c| = Y7, ¢;. In particular, we observe j,(Py(c)) = v, (P-(c)). In this case, we

refer to c as the type of P. It now follows from (6.8.1) and (6.8.2) that P(M,(A)) = N.
Likewise, since A/7 is a field, it follows from (6.8.5) that P(7,(A/7)) = N9 Thus,
by Milnor’s classification, any P € P(T,(A, 7)) is of type ¢ for some ¢ € N9 In
particular,

q
@ R(7)“ is of type c. (6.8.7)
i=1

It therefore suffices to show that, up to isomorphism, €7_; R(7)“ is the unique pro-

jective module over T,(A, 7) of type c.

To show this, first note that by Milnor’s classification, we may write

@R(z’)Ci = (Py(c), P_(c); v)

where we regard 7 : j.(Py(c)) — v,(P_(c)) as a ‘basepoint isomorphism’. Next,
suppose (P (c), P_(c); «) is also of type c. Relative to 7, a can be described as an
element of GL,((A/7)°l) 2 GL¢,(A/7). However, as A/7 is a field, then it is weakly
Euclidean. As such, a can be expressed as a product a = A- F, where A is a diagonal
matrix with entries A;; € U(A/7) and E = E; -+ Ey is a product of transvections
with det(E,) =1 for each r € {1,..., N}.

Now, each A;; is located in the automorphism group of the corresponding R(7)
so that A € Im(Aut(Py(c)) = Gliclq(A)). Furthermore, since A — A/7 is surjective,
then so too is Ejgjq(A) = Ejcjq(A/m). Hence, E € Im(GLjcjg(A) = GLjcq(A/T)).
Therefore, by Milnor (P4 (c), P-(c); @) = (Py(c), P_(c); ), i.e P = @, R(i)%. So

¢, R(7)% is the unique projective module of type ¢, as required. O

Let P be a finitely generated projective module over T,(A, 7). As already seen,
P can be described as a triple (P;, P_; a) where Py € P(T,(A/7)), P- € P(M,(A))
and o : j.(Py) — v.(P_) is an isomorphism over M,(A/7). We say that P is of
type (s, @) when

Py Z7,a/m) Ris) and P- =y, Q
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where () is a projective module over A. Of primary concern to us will be modules of
type (s, A), where we consider A as an ideal in its own right.

Proposition 6.8.8. Let A be a Dedekind domain, m € A a prime and 1 < s < q;
then, up to isomorphism, R(s) is the unique projective module over T (A, 7) of type
(s, A).

Proof. As R(s) is of type (s, A), we write R(s) = (R(s), ﬁ; B), where we regard the
isomorphism £ : j,(R(s)) — v.(A) describing R(s) as a ‘basepoint isomorphism’.
Next, let P = (R(s), A; &) be another module of type (s, A). Relative to 8, «
can be described as a element of GL,(A/7). However, A/m is a field, and so we
can write o as a product « = A - E. Here, A is a diagonal matrix with entries
Ay € U(A/m) and E = E;--- Ey is a product of transvections with determinant
det(E,) = 1. Evidently, A € Im(U(T,(A/7)) = GL,(A/7)), and since A — A/7
is a surjection, then £ € Im(GL,(A) - GL,(A/7)). From Milnor’s ‘isomorphism
criterion’, it follows that (R(s), A; ) = (R(s), 4; 8), i.e. P =~ R(s). O

Corollary 6.8.9. Let A be a Dedekind domain, and m € A be prime; then each stable
class [R(s)] is straight over T (A, ).

Proof. Let E be the field of fractions of A. As T,(A, m) is an order in the simple
E-algebra M, (E) it suffices, by Swan-Jacobinski, to show

XOTA ) Z7.a,m B(s) @Ty(A, ) = X Zpan R(s).

First, observe that X is necessarily a finitely generated projective module over T, (A, ).
Furthermore, both P(7,(A/m)) and P(M,(A)) = P(A) are cancellation monoids, iso-

morphic to N? and N @& K (A), respectively. Thus X has the same local type as R(s)
and so X =7 4 ) R(s) by Proposition 6.8.8. O

Now, let p, ¢ be primes such that g|p—1 and let A = Z[G(p, ¢q)]. We now restrict
A to the fixed ring A = Z[(,)?, and 7 = (¢, — 1)9, as with Example 6.2.12. We then
have the following fibre square decomposition of A:

Z[Cy 1 C] —— Ty(A, 7)
| | (t)
Z[Cq] — Fp[Cq]'

Evidently, 7,(A, 7), and hence each R(s), acquires the structure of a A-module by co-
induction from the homomorphism A — 7,(A, 7). We can now finally prove (2.8.2);
that is:

Proposition 6.8.10. Fach stable class [R(s)] is straight over A.

Proof. For any A-module M, we put Mq = M ®z Q so that Mq is a module over
the semisimple ring Aq = Q[G(p, ¢)]. By Swan-Jacobinski, it is sufficient to prove,

XBA=) R(s) A = X =) R(s),
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for some A-module X. As Xq@Aq =a, R(s)q®Aq, then by Wedderburn’s Theorem
we see that Xq =p, R(s)q. It now follows easily that

Homy (X, Z[C,]) = 0.
Next, let h: X @ A — R(s) @ A be a A-isomorphism and consider the diagram

0 — XoT(A 1) —s X®A — Z[C)] — 0
|
0 — R(s)®Ty(A, 7) —— R(s)®A —2— Z[C,] — 0.

Since Homy (X, Z[C,]) = 0, we can complete the above to a commutative diagram

0 — XaT(Ar — XeA —25 Z[C)] — 0

I+ b
0 — R(s)®T,(A, 7) —— R(s)®A —2 Z[C,] — 0.

in which A, is necessarily surjective. Furthermore, as Z[C,] is a free abelian group of
finite rank, it follows that h, is a A-isomorphism. Hence, so too is h_.

Now, as the A-module structure on R(s) & T,(A, 7) is coinduced from 7, (A, 7),
it follows that the A-module X is coinduced from a 7,(A, 7)-module which we denote

by X. Then h_ defines an isomorphism of 7,(A, 7)-modules,
he: X @& T (A7) — R(s)® T,(A, ).

By Corollary 6.8.9, X 27 (a,x) R(s). As the A-module structures on X and R(s) are
coinduced from 7,(A, ) then X =, R(s). O



Chapter 7

Stably free modules over
Z[G(p, q) x ]

With the preliminary work of Chapter 6 done, we now discuss the stably free modules
over Z[G(p, q) x F,| where p, ¢ are primes such that ¢|p — 1. In particular, it is
shown that Z[G(p, ¢) x F,] admits no nontrivial stably free module. Recall that we
constructed a fibre model for Z[G(p, q) x F,] in Section 6.2

Z[(Cp % Cy) x F] —— Ty(A, m)[F,)]

l l ©)

Z|C, x F,] — F,[C, x F},]

which clearly satisfies Milnor Patching. Our focus now becomes that of understanding
each of the corners in turn in the hope that © is locally free. Of use to us throughout
this chapter will be the following result:

Proposition 7.0.1. F,[C, | = F, x ---F,.
————
q
Proof. First, F,,[C,] is isomorphic to the ring F[z]/(z?—1). If we write f(z) = 29—1,
then f’(z) = qx9~! and we observe gcd(f, f') = 1 as ged(p, q) = 1. As such, f has
no repeated roots and the factorisation of f in F[z] is

flz) = H filz)

in which each f;(z) is a distinct irreducible factor. By the Chinese Remainder Theo-
rem, we therefore have an isomorphism of rings

F,[Cy) = @ Fy e/ (£(@))

The result now follows since x? — 1 splits completely in F,[x] (it has ¢ distinct roots).
This is a direct consequence of the fact that U(F,) is a cyclic group of order p — 1.
Since ¢|p — 1, there are precisely ¢ elements a whose order divides ¢q. As each of these
satisfy a? = 1, there are ¢ roots of z7 — 1. O

132
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Corollary 7.0.2. F,[C, x F,] 2 F,[F,] x ---F,[F,].

~~
q

Corollary 7.0.3. F,[C, x F,] is weakly Euclidean; that is,
GLn(Fp[Cy x ) = U(F,[Cq X Fo]) En(Fp[Cq X Fr])
for each n > 2.

Proof. By Corollary 7.0.2, we may write F,[C, x F,] as ¢ copies of F,[F,]. By
Proposition 6.7.5, each of these copies is weakly Euclidean. The result now follows
from Proposition 6.7.3. O

Proposition 7.0.4. Let
R —= R_

“| vl
R. -2+ Ry

be a fibre square, and let G be a group. If Ry [G], R_|G| have only trivial units, then
so also does R|G].

Proof. Suppose a € U(R[G]) and write a = >, agg. Observe 7 (a) € U(R4[G]).
Since R, [G] has only trivial units, there exists h € G such that 7, (a) = 7 (ap)h.
Similarly, 7_(«) € U(R_[G]) and the same argument shows there exists some k € G
such that 7_(«) = m_(ag)k.

Now, 7 (a) € U(Ry|G]) so that ¢ 7, () # 0. Hence p 7y (ap) # 0. Likewise
p_m_(a) # 0 and so p_7m_(ax) # 0. Since g 7 (o) = p_m_(a), we can rewrite
this as @ my(ap)h = @_m_(ar)k. As {g|g € G} is a basis for Ry[G], and as both
ormi(an) # 0, p_m_(a) # 0, it follows that h = k.

Next, put o = aph so that (o) = 74 (a) and 7_(a’) = 7_(«). Using the fact
that my x 7_ : R[G] — R.[G] x R_[G] is injective, it follows that a = «’. Hence
supp(a) = {h}, i.e. |supp(a)| = 1. We conclude « is a trivial unit, as required. O

Corollary 7.0.5. U(Z[C, x F,]) = U(Z[C,]) x F,.

Proof. First, decompose Z[C,] into the following fibre square model,

Z[C,) —— Z[¢]

| |

Z —— F,

where (, = exp(2mi/q). Since Z, Z[(,| are integral domains, Z[F,], Z[(,|[F,] have
only trivial units (Proposition 6.6.6). The result follows from Proposition 7.0.4. O

It should be noted, however, that the argument of Proposition 7.0.4 fails if Ry is
allowed to be the zero ring. In this instance A = A, x A_ and we can always find
nontrivial units for any nontrivial group G. For if g, h € G such that g # h, we can
simply choose @ = (1, 0)g + (0, 1)h and 8 = (1, 0)g~' + (0, 1)h~!. Tt is quite clear
that a5 = fa = (1, 1) but neither is trivial.

Proposition 7.0.6. U(F,[C, x F,,]) = U(F,[C,]) x F1.
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Proof. By Proposition 6.6.6 U(F,[F,]) = U(F,) x F,. The result now follows from
Corollary 7.0.2. O

Corollary 7.0.7. U(F,[C, x F,])/U(T,(A, m)[F,]) is finite; in fact
U(F,[Cy x Fu) /U (To(A, mE])| < JUF,[C])/U(To(A, 7))l

Proof. Write T, = T,(A, m) and observe U(7,[F,]) contains a copy of F)¢, namely the
diagonal matrices
g

V2
Aty ey Yg) =

Yq

where 7; € F,,. Combining this with the obvious inclusion U(7,) C U(T,[F,]) gives
an injection U(7,) x F? — U(T,[F.]). Hence, we have a surjection

U(F,[Cy x E)/U(Tg) x Fyf = U(F,[Cy x F,])/U(Tg[Fn])- (7.0.8)
It follows from Proposition 7.0.6 that we have bijections

U(Fy[Cq x Fu])[U(Tq) x F < U(Fy[Cyl) x FIJU(Tg) x El U(Fp[Cq])/UEE)- |

7.0.9

Combining this with the surjection of (7.0.8) we conclude that we have a surjection
U(F,[C,))/U(T,) = U(F,[C, x F,])/U(T,[F,]). The result now follows as

U(F,[C,)/U(T,) is finite. O

7.1 Z|C, x F,] has SFC

We now demonstrate that the stably free modules over Z[C, x F,] are trivial. The
results of this section can be found in Chapter 10 of [22]. Nevertheless, we include
the details here for completeness. Start by decomposing Z[C,] in the usual way:

Z [Cq] — Z[Cq]

! l

Z —— F,

On applying the functor — ®z Z[F,] and Corollary 6.2.5 we obtain another Milnor
square:

Z[Cy x Fo] —— (ZIG)[Fn]

| | (%)

Z[F,)] —— F,F)]

Our intention will now be to apply Proposition 6.4.9. First, Z is a Dedekind
domain and so Z[F,] has SFC by Proposition 6.6.4. Similarly, if we regard Z[(,] as the
ring of integers in the cyclotomic field Q((,) then it is seen to be a Dedekind domain
also, and so Z[(,|[F,] has SFC by the same reasoning. Consequently, Z[C, x F,] is
locally free.
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Now, F, is a finite field and so it follows that F,[F),] is weakly Euclidean (by
Proposition 6.7.5). It remains to lift the units. By Proposition 6.6.6, F,[F},] has
only trivial units, i.e. any unit v € U(F,[F},]) can be written v = Ag for A € U(F,)
and g € F,. As has been seen, this latter property is one shared both by Z[F},] and

Z[G1F].

Proposition 7.1.1. There exists a surjective map on units,
p : U(Z[G][Fn]) — U(Fg[F]).

Proof. Note that Z[(,] is a Z-lattice of rank ¢ —1 in Q((,), and (¢, —1)Z[(,] has index
q in Z[¢,]. Moreover, ({, — 1)9' = qu for some unit u € U(Z[(,]). f2 <k <q—1,
then (¥ is also a primitive gth root of unity so that (¢¥ —1)9' = qw, for some
w € U(Z[¢,]). As such, we have:

(G —1)
(Cq - 1)

Further, as (, has order ¢, and |U(F,)| = ¢ — 1, it follows that the canonical homo-
morphism Z[¢,] — Fy sends {; — 1. In particular, 14+ ¢, 4---¢f ' = k € U(F,), i.e.
Z[(,] — F, induces a surjection on the units U(Z[(,]) - U(F,). It follows that the
induced map on units U(Z[(,][F,]) = U(F,[F},]) is surjective. O

=1+ (+ -+ ¢ e UZIG)

q

Corollary 7.1.2. Z[C, x F,] has SFC.

Proof. By Proposition 7.1.1, & is pointlike in dimension one. As F/[F},] is weakly
Euclidean, and Z[F,], (Z[(,])[F] have SFC, the hypotheses of Proposition 6.4.9 are
satisfied. The result follows. O

It is possible to somewhat generalize the result of this section to encompass a
cyclic group of order m, where m is not necessarily prime. It has been shown by
Bass and Murthy [3] that Z[C,, x C4] has SFC for m > 2, although a more direct
proof can be found in [22]. However, if one tries to fully generalize this section, that
is to consider C,, x F,, then the arguments breaks down. To this end, O’Shea [35]
has shown that Z[C,, x F,] has infinitely many non-isomorphic stably free modules
of rank 1 provided that n > 2 and m = 0 (mod p?) for some prime p.

7.2 Top right corner of O has SFC

Next we consider the top right corner, ie. T (A, 7)[F,]. Consider the following
decomposition,

TA 1) —1=  M,(A)

% wl (%)

T(A/m) —— My(A/7)

where 7 and j are injections into the respective matrix rings.

Proposition 7.2.1. The commutative square * is a fibre square.
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Proof. Consider X € T (A/m) and Y € M,(A) such that i(X) = (V). As ¢ is

a surjection, there is an X € T,(A, m) such that ¢(X) = X and which we may
inject into M,(A). By the commutativity of * it is clear that ¢(j(X)) = i(X), i.e.

(X, j(X)) € To(A/7) x4, My(A). In particular, j(X) —Y € Ker(i) and so there
exists some Z € Ty(A, ) such that j(Z) = j(X) =Y, ie. Y = j(X — Z). Moreover,
o(X — 7) = p(X). o

Furthermore, if we suppose there exist X, X’ € 7 (A, 7) such that

(¢ x J)(X) = (p x j)(X), then it follows that j(X) = j(X'). As j is an injection, it
is necessary that X = X’ and x* is therefore a fibre square. 0

Tensoring the above commutative square with — ®z Z[F,] now yields another
fibre square:

T(A m)[F] —1=  M(A[F,))

sol wl ()
T(A/m)[F)) —— M,((A/7)[F.)

Observe A = Z[(,]° is the ring of algebraic integers in the fixed field Q(¢,)?, and
therefore a Dedekind domain. It follows that A[F,] has SFC by Proposition 6.6.4,
and therefore so does M, (A[F,]) by Proposition 6.5.5.

Now, as m is the unique prime in A over p, and as A is a Dedekind domain, it
follows that A/7 is the finite field F,. Consequently, we observe that (A/7)[F),] is
weakly Euclidean (by Proposition 6.7.5), and so too is M,((A/7)[F},)).

Proposition 7.2.2. T, ((A/7)[F,]) has SFC.
Proof. Consider the obvious surjection,

¥ To((A/m)EL]) = (Afm)[E] X - - - X (A/m) [

q

in which ¥(X) = (Xi1,..., Xy4). In particular, we observe that each (A/m)[F),] has
SFC and hence so does any finite product of these. To deduce that 7,((A/m)[F,]) has
SFC we seek to apply Bourbaki-Nakayama (Proposition 6.5.4) and need show Ker(v)
is radical. If X € Ker(v), then X is strictly upper triangular, i.e.

Evidently, for any 11, Ts € T,((A/7)[F,]), we have (T3 XT5)™ = 0 for some m. Thus,
I, + T XT, is a unit and so X € rad(7,((A/m)[F,])). Hence Ker(¢) is radical and
we apply Bourbaki-Nakayama to show 7,((A/7)[F},]) has SFC, as claimed. O

Corollary 7.2.3. 7,(A, m)[F,] has SFC.

Proof. By Propositions 7.2.1 and 7.2.2, as well as the discussion in between, it suffices
to show < is pointlike in dimension one. To this end we consider X € GL,((A/7)[F,]).
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As (A/m)[F,] is weakly Euclidean, we write X = AFE for £ € E,((A/7)[F,]), and

where § € U((A/m)[F,]). Clearly, A € T,((A/x)[F,]) and since f is surjective, it fol-
lows that there exists an E € E,(A[F,]) such that §(E) = E. Assuch, X =i(A)y(£),

i.e. ¢ is pointlike in dimension one. We therefore conclude by the Recognition Cri-
terion (Proposition 6.4.9) that 7,(A, 7)[F,] has SFC. O

7.3 Z|G(p, q) x F,] has SFC

It follows from Sections 7.1 - 7.2 that © is of locally free type. As such, for all k£ > 1
we have Z,(Q) = SF(Z|G(p, q) x F,]). Our aim will now be to show Z(Q) is
trivial for each £ > 1. In the interest of a succinct notation, we relabel A = Z[C,],
B=F,[C, and T, = T,(A, 7).

Start by observing Z[G(p, ¢)] is a retract of Z|G(p, q) x F,], i.e. there are ring
homomorphisms i : Z|G(p, q)] — Z[G(p, q¢) x Fy,] and r : Z[G(p, q) x F,,] = Z[G(p, q)]
such that r o7 = 1. We therefore have the following collection of mappings,

LF(1) 25 LR (1) 25 LF(E) 25 LF() 25 -
,C.Fl(@) &) EIQ(QQ) i} EJfg(@) 03,1 £F4(©) o1
LFY) 25 LR() 25 LF(1) 25 LR(E) 25

where ' is the fibre square defined in Example 6.2.12, and iy, ), are the maps induced

from ¢, r, respectively. Since r o¢ = 1, it follows that each r; is surjective. Moreover,
by Swan-Jacobinski LFy(1') = LFj41(1") for each k& > 1. In particular,

[LF ()] = [UZICD\U(F,[Co))/U(Ty)l = N (7.3.1)

for some finite N. We now compare this to the size of LF(Q) for which, we recall,
there is a bijection v, : GLi(V) — LFk(D).

Proposition 7.3.2. For each k > 1, LF(Q) is finite. In particular,
LFL(Q) = LFL(T).

Proof. From Corollary 7.0.3, B[F,,| = F,[C, x F,] is weakly Euclidean, i.e.

GLi(B[F,]) = GE(B[Fy]) = U(B[F,]) Ex (B[ Fn]). (7.3.3)
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Now, it is clear that U(T,[F,])Ex(T,[F,]) € GLk(T,[F,]) and so there is a natural
surjection

GLi(BIF.]) /U(To[Fa]) Ex(To[Fal) = GLe(B[F])/ G Li(Ty[ Fr]).-
Next, the surjection f : 7;[F,] — B[F,] induces a surjection
B+ Ex(Tg[Fa]) = Er(B[F]).
Combining this with (7.3.3) we therefore have the surjection
U(B[F.))/U(T[Fa]) > GLr(B[Fa]) /G Li(Tg[ Fr))- (7.3.4)

Now, recall that U(B)/U(7,) is finite. Furthermore, from Corollary 7.0.7 there is a
surjection U(B)/U(T,) — U(B[F,])/U(T,[F.]). As such, we combine this with (7.3.4)
to deduce

|GLy(BIFW])/ G Li(To[EW])| < [U(B)/U(T,)

and hence
IGLy(V)| = |GLL(A[F)\GLi(B[EL]) | GLi(T[Fa))| < [UANU(B)/U(To)| = |LF1(1)]-
Finally, we know 7y, : LF(Q) — LFx(1') is surjective. However,

ILFW(Q)] = |GLy(Q)] < [LF1(F)] = [LFu(f) = N
from which it follows that 4 is an isomorphism, as required. O

Corollary 7.3.5. For each k> 1, LF;(Q) = LF111(9).

Theorem K: For p, ¢ prime numbers such that ¢|p — 1, the integral group ring
Z[(C, x C,) x F,] has no non-trivial stably free modules; that is, it has SFC.

Proof. By Corollary 7.3.5 we have LF (V) = LF41(Q) for each & > 1. By (6.4.3)
Sn, 1 1s therefore bijective for each k > 1. By Corollary 6.4.8, Z,(0) = {*} for each
k> 1. O
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