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Preface

The motivation for this book is the desire to perform complete calculations
of cohomology rings in the area called the cohomology of finite groups. The
theories presented here belong to that part of computational algebra known
as noncommutative Grobner bases. It happens that existing Grobner basis
methods perform particularly poorly in the conditions imposed by cohomol-
ogy calculations. So new types of Grobner bases had to be developed, in-
formed by practical computability considerations.

Thanks to the work of J. F. Carlson, one can compute the cohomology
ring of a p-group from a sufficiently large initial segment of the minimal pro-
jective resolution. The first new Grébner basis theory — for modules over the
modular group algebra — was developed to construct the minimal resolution
as efficiently as possible. In all probability it applies equally well to finite
dimensional basic algebras.

Carlson’s method also needs the ability to manipulate the relations in the
cohomology ring. As such rings are graded commutative rather than strictly
commutative, it was necessary to devise a theory of Grobner bases for graded
commutative rings. There is more than one way to do this. The Grobner bases
presented here were designed to resemble the classical commutative case as
closely as possible. Strictly speaking, they are Grobner bases for right ideals
in a more general type of algebra which is here called a ©-algebra.

Many cohomology computations have been performed using these meth-
ods. In particular, the essential conjecture of Mui and Marx was shown to
be false. The counterexample is the Sylow 2-subgroup of Us(4), a group of
order 64.
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Introduction

The motivation for this book is the desire to perform complete calculations
of cohomology rings in the cohomology theory of finite groups. The theories
presented here belong to that area of computational algebra known as non-
commutative Grobner bases. It happens that existing Grobner basis methods
perform particularly poorly here, and so new types of Grobner bases had to
be developed, informed by practical computability considerations.

Let p be a prime number, G a finite p-group, and k a field of character-
istic p. We want to determine the mod-p cohomology ring H*(G, k) for as
many such G as possible. One reason one should want to do this is in order
to develop and test conjectures about the structure of cohomology rings. For
example, in §7.1.3 we shall refute the conjecture of Marx and Mui on the
nilpotency degree of the ideal of essential classes.

One reason for restricting our attention to p-groups is that there are many
methods for determining the mod-p cohomology ring of a finite group from the
cohomology of its p-local subgroups. The first was the stable element method
of [24, XII §10], whereas more recent results have a stronger geometric flavour
[58, 29, 30, 44]. Another reason is that p-groups are well suited to the minimal
resolutions approach described below. This is because there is only one simple
module — the trivial module — and all projective modules are free.

Broadly speaking there are three available approaches for calculating the
cohomology rings of all p-groups of a given size.

1. Calculation by hand
The method of calculation has to be tailored to the individual group
under consideration. Straightforward to write up the calculation so that it
can (in theory) be checked by the mathematical public, but surreptitious
errors can (and do) creep in.

2. Computer calculation using the Eilenberg—Moore spectral sequence
Notably used by Rusin in [57] to determine the cohomology rings of all
51 groups of order 32. Seems not to be suitable for the case p > 2.

3. Computer calculation using sufficiently many terms in the minimal pro-
jective resolution of the kG-module k.

Recent work of Carlson [18] means that one can now detect when enough
terms have been constructed. More recently still Carlson determined the
cohomology rings of all groups of order 64 by this method [19, 20].

D.J. Green: LNM 1828, pp. 1-9, 2003.
(© Springer-Verlag Berlin Heidelberg 2003



2 Introduction

Here we shall adopt the minimal resolutions approach. Following Carlson
[21, 18] this consists of three stages:

1. One constructs the first N terms in the minimal resolution. Choosing N
requires some care.

2. By lifting cocycles to chain maps one computes products and so deter-
mines a partial presentation of the cohomology ring, consisting of gener-
ators and relations in degree at most N.

3. If this presentation passes a series of tests which are described in [18]
then there are no new generators or relations in higher degrees and the
partial presentation of the cohomology ring is complete. If it fails any of
the tests then try again with a larger value of N.

We shall refer to this series of tests as Carlson’s Completeness Criterion.

This book is concerned with the question of how best to put this minimal
resolutions approach into practice. In particular we are interested in efficient
methods for constructing minimal resolutions and for working with presen-
tations of (graded commutative) cohomology rings.

To construct the minimal resolution one needs a highly efficient method
for computing minimal generators for the kernel of a map between free mod-
ules over the modular group algebra kG. A beautifully simple linear algebra
approach is described by Carlson et al. in [21]. This method is easy to program
and is unbeatable for small 2-groups. However as one considers larger and
larger groups, this approach becomes less and less efficient. The attraction of
(noncommutative) Grébner basis methods is that they allow the computer
to work linearly over the group ring kG, rather than linearly over the ground
field k as in the elementary linear algebra approach. This does of course mean
that the programs take much more work to write, but the space savings for
large groups are considerable (see e.g. Example 0.2 on page 5). The methods
developed here are tailor-made for working with modules over p-groups. Note
that general-purpose noncommutative Grobner basis methods already exist
for constructing minimal resolutions, even over basic algebras [34, 43]. More-
over there do exist other approaches to the construction of (near-)minimal
projective resolutions over modular group algebras of p-groups [37, 59].

The first part of this book introduces a new kind of Grobner bases for mod-
ules over p-groups and establishes a new, two-speed version of Bergman’s
Diamond Lemma [12]. A new way to construct minimal projective resolu-
tions is presented which uses these Grébner bases. A second new kind of
Grobner bases is introduced in the second part: Grébner bases for graded
commutative algebras. These make it possible to perform computer calcu-
lations in group cohomology rings at odd primes, for there the cohomology
rings are graded commutative rather than strictly commutative. I have de-
veloped a package called Diag which uses these two kinds of Grébner bases to
compute cohomology rings. Results obtained with this package are described
in the third part of the book. In particular, the cohomology rings of all 15
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groups of order 81 were computed, and the cohomology ring of the Sylow
2-subgroup of Us3(4) was found to contain two essential classes with nonzero
product.

Grobner bases

There are Grobner bases for many different kinds of algebras and modules.
Essential components of any Grobner basis theory are

— A canonical form for elements of the algebra or module, which can be
calculated using a so-called Grobner basis.
— The Buchberger Algorithm, an algorithm which constructs a Grébner basis.

Grobner bases are important because of their applications to computer cal-
culations, for a Grobner basis allows the computer to work linearly over an
algebra (not just over a field).

Grobner bases are best known in commutative algebra: textbooks here
include Adams-Loustaunau [1] and Eisenbud [31]. But there are also Grob-
ner bases in noncommutative algebra. Here we shall introduce Grobner bases
for modules over the modular group algebra of a p-group and for graded-
commutative algebras.

Grobner bases for modules over p-groups

In its original form the Diamond Lemma is a result about associative algebras.
Let A = k{a1,...,a.)/(B1 — hi,...,Bs — hs) be a presentation of such an
algebra, where each B; is a monomial. The normal form of an element f €
A is obtained by repeatedly substituting h; for B; in a monomial in the
support of f until this is no longer possible. It is assumed that each f is
reduction-finite, i.e., that every such sequence of “reductions” is finite. The
Diamond Lemma then gives conditions under which the normal form of f is
independent of the sequence of reductions employed. If so, the image of f in A
is zero if and only if the normal form of f is zero. The generators (B; — h;)i<s
of the relations ideal are then said to form a Grébner basis for A.

Bergman’s original paper [12] also sketches the extension of the Diamond
Lemma to A-modules. Let M be a submodule of the free right A-module
F'. Both the relations in A and the generators of M give rise to reductions.
However if A is the modular group algebra kG of a p-group, or another algebra
of small dimension in which it is easy to calculate, then it is tempting to
assign the relations in A a higher priority than the generators of M. This
leads to a two-speed reduction system, and there are many examples where
some elements are only reduction-finite for the two-speed system.

Ezample 0.1. A presentation of kG = F3Cj ist k[a]/(a®). Let F be the free
kG-module on one generator e and let M be the submodule of F' generated
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by ea — ea®. Then ea € M, because ea = (ea — ea?)(1 + a) + ea®. So in a
good reduction system, ea should be reduction-finite with normal form 0.

The two reductions are: substitite 0 for a®, and ea? for ea. If both reduc-
tions have the same priority then ea is not reduction-finite, for repeatedly
substituting ea? for ea leads to the sequence

ean—>ea2»—>ea3Hea4H---.

However if the reduction a® +— 0 is given the higher priority then ea® +— 0 is
the only allowable reduction of ea®, and so ea + ea? — ea® — 0 is the only
allowable sequence of reductions for ea. So ea is reduction-finite with normal
form 0.

The Diamond Lemma for two-speed reduction systems is proved as Theo-
rem 2.12. It is assumed that a negative word ordering is being used, so that
1 is the largest and not the smallest word. A negative word ordering was
tacitly used in the above example, for the module generator was interpreted
as the reduction ea — ea? and not as the reduction ea? — ea. Negative
orderings are unusual for a Grobner basis theory, as such orderings are not
well-orderings. Bergman’s Diamond Lemma presupposes a well-ordering too.
However the two-speed reduction and the fact that the underlying algebra
is finite-dimensional do in fact allow us to prove the Diamond Lemma for a
negative ordering. And negative orderings have two significant advantages:
they lead to simpler presentations of the group algebra, and they are essential
for the new method for constructing minimal resolutions.

As one would expect there is a Buchberger Algorithm (Algorithm 2.20)
that constructs a Grébner basis for a given submodule of a free A-module
F'. Here the two-speed reduction has a significant advantage for computer
calculation: one works throughout with a fixed k-basis of F', namely the basis
Ex(F) of Definition 1.11.

Grobner bases and minimal resolutions

As G is a p-group and k has characteristic p, there is only one projective
indecomposable kG-module: namely kG itself. This means that minimal res-
olution of the trivial module can be constructed by iterating the following
key task:

Let ¢ be a kG-linear map between free kG-modules. Determine min-
imal generators for the kernel of ¢.

Grobner basis methods already exist for this key task. For example, C. Feustel,
E. Green and their coworkers have developed a Grébner basis theory for ba-
sic algebras' and a method for constructing minimal resolutions using these
Grobner bases [33, 34].

1 Algebras whose simple modules are all one-dimensional, such as modular group
algebras of p-groups.
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But general Grobner basis methods have to be applied very carefully if
they are to work for modules over p-groups, for Grobner bases were pri-
marily developed to be able to work in infinite-dimensional algebras. And
although the methods for basic algebras were of course developed for the
finite-dimensional case, it turns out that group algebras of p-groups are pretty
pathological basic algebras?.

Here we shall use the two-speed Diamond Lemma to derive a new Grob-
ner basis method for constructing minimal resolutions. As one would expect,
one can use elimination (a variant of the Buchberger Algorithm) to deter-
mine a Grobner basis for the kernel of a module homorphism. However this
will usually not be a minimal generating set of the kernel. So for the sec-
ond part of the key task we shall derive a second variant of the Buchberger
Algorithm which computes minimal generators of a given submodule M of
a free module F. Here it is essential that the underlying word ordering is
negative, for then it is particularly easy to determine the radical of a module.
This second Buchberger variant calls for another new version of the Diamond
Lemma (Theorem 3.12), which even allows for a three-speed reduction. For
the reductions coming from generators of M have to be split into two classes,
with the reductions coming from elements of the radical receiving the higher
priority.

Ezample 0.2. Let G be a Sylow 2-subgroup of the sporadic Mathieu group
Mosy. This G has order 2'9 and 2-rank 6. The 7th and 8th terms in the
minimal resolution are free of rank 222 and 336 respectively. To calculate
the 9th term one has to determine the kernel of the 8th differential dg. One
possibility would be to construct the matrix of dg over k£ and take its null
space. This matrix requires

222 x 336 x 2% entries = 9,11 GB.

The matrix is neither sparse nor are any other structural properties known
that could allow us to compress it significantly.

The new Grobner basis method was used to construct the minimal resolu-
tion out to the 9th term. The 9th term is free of rank 485. The Grobner basis
used in the elimination requires 130 MB and the Grobner basis for minimal
generators requires 124 MB. The 9th differential dg requires 20 MB. Comput-
ing dy from dg took 6 days 18 hours.

Growth rate of minimal resolutions

Let G be a p-group of p-rank r. That is, the largest elementary abelian
subgroups of G have order p". Each term in the minimal projective resolution
of k over kG is a free module, and one knows (see [6, §5.3]) that the rank of this

2 There is only one simple module, and there are very long paths in the path
algebra whose images in the basic algebra are nonzero.
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free module grows as a polynomial of degree r—1. Turning now to the problem
of constructing enough terms in the minimal resolution (enough in the sense
of Carlson’s Completeness Criterion), one sees that the complexity increases
very quickly when the size of the groups under investigation increases. For
the dimension of the group algebra (the unit in terms of which the above
growth rate is measured) increases by a factor of p, and typically both r and
the number of terms that counts as enough increases. For odd primes the
situation is even worse than for 2-groups: the dimension of the group algebra
increases much faster, and many more terms in the minimal resolution are
required.

Ezample 0.3. Consider the extraspecial p-group G = pr of order p3. For

p = 2 this is the dihedral group Dg, whereas for p odd it has exponent p.
For p = 2, the presentation of the cohomology ring attains completeness
in degree 2, and Carlson’s criterion detects this in degree 4. For p =
completeness is attained in degree 6 and detected in degree 8. For p >
there is a relation in degree 4p — 3 (see [46]).

3,
5,

Grobner bases for graded-commutative algebras

A Grobner basis theory for graded-commutative algebras is set up in Chap. 4,
since it appears this has not been done before. The computer needs this kind
of Grobner basis to be able to work in graded-commutative algebras, such as
cohomology rings in odd characteristic.

Here there is more than one possible theory of Grobner bases. If y is an
odd-dimensional element of a graded-commutative algebra A then the rela-
tion 32 = 0 holds automatically in A. The theory developed here was chosen
to treat these “structural” relations as far as possible like ordinary relations,
and to resemble the classical commutative case as closely as possible. Such a
theory is indeed possible, in spite of some difficulties (see cautionary Exam-
ple 4.33).

Cohomology rings of p-groups

Cohomology of finite groups is an area that lies at the intersection of several
branches of mathematics. Here algebraic topology, group theory and modular
representation theory all meet. Modern texts include Evens’ book [32] and
Benson’s book [6].

Cohomology rings of p-groups play a significant role as they are the
“atoms” of cohomology theory?. One way to see this is to consider modular
representation theory. The representation theory of a group is determined by
the simple modules together with the various ways of putting simple modules

3 In the sense that they cannot be simplified any further
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together to form an indecomposable module. The cohomology of the group
describes — admittedly in coded form — the ways to put modules together.
Now for p-groups there is only one simple module and this is trivial. Hence
the representation theory just concerns the ways to stick trivial modules to-
gether: that is, the cohomology.

Methods for calculating cohomology

Several elegant local methods for determining the cohomology ring have been
developed over the last fifteen years [58, 29, 30, 44]. But it is in the nature of
a local method that it says nothing about the case of a p-group and rather
assumes that the cohomology rings of the p-local subgroups are known. For a
long time spectral sequences were the only way to calculate the cohomology
ring of a p-group. But spectral sequences are not suitable for computing the
cohomology rings of all p-groups of a given order, Rusin’s notable success [57]
with the groups of order 32 notwithstanding. For even to compute the coho-
mology rings of all groups of order 5% one has to use methods that are tailored
to the particular group under consideration and are sometimes indirect (see
Leary’s paper [46]). For many groups of order p* or p® the spectral sequences
are still unsolved or only partially solved.

The article [18] by J. F. Carlson is a turning point, for it describes a
method for the systematic computer calculation of group cohomology. To be
more precise, an old method is made computationally feasible for the first
time. Carlson shows how to compute the cohomology ring of an arbitrary
p-group given sufficiently many terms in the minimal projective resolution of
the trivial module.

On the one hand this method may be called old, for the algebraic defini-
tion of the cohomology ring is based on a projective resolution of the trivial
module. However only the cohomology rings of the cyclic groups were com-
puted in this way, for the minimal resolution of such a group is periodic and
can therefore be described completely in finite time. But for an arbitrary
p-group one can only hope to construct finitely many terms in the minimal
resolution. Admittedly cohomology rings are finitely presented, and one may
compute the product structure out to degree N given the minimal resolution
out to the Nth term. But previously there was no method to decide whether
all generators and relations had been found, or whether there were new gen-
erators and/or relations in higher degrees. No (useable) degree bounds are
known.

What is new in Carlson’s method is a criterion that allows us to conclude
that the generators and relations out to degree N do give us a complete
presentation of the cohomology ring. Recently Carlson finished computing
the cohomology rings of all groups of order 64 using this method. It is not
yet proven that this method works for all p-groups. More precisely, there could
conceivably be groups G for which the Carlson’s Completeness Criterion is
never satisfied, no matter how large an N one takes. But the criterion is a
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sufficient condition: if it is satisfied, then the presentation has been proved
to be complete.

Summing up, Carlson’s Completeness Criterion opens up the minimal reso-
lution as a way to compute the cohomology ring.

Implementation

The method for constructing minimal resolutions was implemented in the C
programming language, using the library of the package “C MeatAxe” [56]
to work with vectors over F,. Moreover a Grobner basis implementation of
Carlson’s method for computing cohomology rings was developed, again in C.
The computer algebra system GAP [36] was used to assemble the necessary
facts about the group and its subgroup structure. The package is called Diag.
I am going to create a revised and documented version for public release,
but in the meantime interested persons are welcome to contact me at email
address green@math.uni-wuppertal.de for a copy of the current (unpolished)
version.

Experimental results

To date the applications have been in two areas:

— Computing cohomology rings of small p-groups.
— Constructing as many terms as possible in the minimal resolution for larger

p-groups.

All big computations were performed on Jon F. Carlson’s computer toui, a
Sun ULTRA 60 Elite 3D.

Additionally the exact period of one periodic module was calculated to
give a taste of another area where the package could be used.

Small groups

To date the main results are:

— The cohomology rings of all 15 groups of order 81 = 3%.

— The cohomology rings of 14 of the 15 groups of order 625 = 5%.

— The cohomology ring of the Sylow 2-subgroup of Us(4), a group of order
64 = 26. For the first time two essential classes with nonzero product were
found in a group cohomology ring.

— The cohomology ring of a certain group of order 243 = 3°. This ring has
Krull dimension 3 and depth 1. This is the first completely calculated case
at an odd prime where the dimension exceeds the depth by at least two.
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These cohomology rings and more are available on the World Wide Web at
the following address:

http://www.math.uni-wuppertal.de/ green/Coho/index.html

Minimal resolutions

Three groups of order 2° or 210 were studied which arise as Sylow 2-subgroups
of sporadic finite simple groups.

— The Sylow 2-subgroup of the Higman-Sims group HS has order 2°. The
resolution was computed out to the 14th term.

— The Sylow 2-subgroup of the Conway group Cos has order 2'°. The reso-
lution was computed out to the 10th term.

— The Sylow 2-subgroup of the Mathieu group Ma4 has order 2'°. The reso-
lution was computed out to the 9th term.

Structure of this book

The new two-speed version of Bergman’s Diamond Lemma is demonstrated
in Chap. 2. Prior to this the preferred basis Fx of a free kG-module is defined
in Chap. 1 and negative word orderings are discussed. Then in Chap. 3 the
variants of the Buchberger Algorithm are derived which lead to the method
for constructing minimal resolutions.

The second part of the book is concerned with computing the cohomol-
ogy ring from the miminal resolution. For this Grobner bases for graded-
commutative algebras are required, so they are introduced in Chap. 4.

Chap. 5 describes how to determine all generators and relations of the
cohomology ring out to degree N given the first N terms of the minimal
resolution. The methods are due to Carlson, but one has to consider how
to carry them out using Grobner bases. In order to keep the Grobner basis
of the relations ideal as small as possible, the monomial ordering and the
method for choosing new generators are designed to work very closely to-
gether. Then Carlson’s Completeness Criterion is recalled in Chap. 6 and its
implementation is discussed briefly.

Finally Chap. 7 describes the results achieved to date with the package
Diag. For space reasons the computed cohomology rings are not printed in
full here. Instead they are available on the World Wide Web at the above
address. Some salient samples are printed in the appendix.

Notation

Let p be a prime number and G a finite p-group. Cohomology groups H"(G)
and cohomology rings H*(G) are always with coefficients in a field k of char-
acteristic p.



1 Bases for finite-dimensional algebras and
modules

Let G be a p-group and k a field of characteristic p. In the next chapter we
shall construct a new kind of Grobner bases for kG-modules. A prerequisite is
that each free kG-module be assigned a preferred k-basis with certain proper-
ties. Calculations with the new Grébner bases are performed by manipulating
coordinate vectors with respect to the preferred k-basis.

This is unusual for Grébner bases and simultaneously very interesting for
computer calculations. For the space required to store a coordinate vector is
known in advance and does not depend on its value. By contrast, Grobner
basis methods usually involve manipulating elements of a free k-algebra, and
the space required to store such an element does of course depend on its value.
There is a good reason for this: Grébner bases were originally developed to
perform calculations in infinite-dimensional algebras and their uses in the
finite-dimensional case were only recognised later.

In this chapter each free kG-module F is assigned a preferred k-basis Ex (F).
The most important case is the preferred k-basis Nx of the group algebra kG.

One k-basis for the group algebra is already known, namely the elements
of the group. But as we want to work with projective resolutions it is better
to choose a basis which contains a basis of the radical rad(kG). And since
we want to work with Grobner bases the preferred k-basis should be the set
of the irreducible words for a presentation of the group and a suitable word
ordering.

This word ordering need not be a well-ordering, despite the fact that this
is usually necessary when working with Groébner bases. For elements of the
preferred basis can be multiplied using the group multiplication instead of by
reduction over a Grébner basis. So we may also use negative! word orderings,
where the trivial word is the largest word. In fact the method used in Chap. 3
to determine minimal generators for a module only works for a negative word
ordering.

Useable word orderings are introduced in Sect. 1.1 and the preferred k-basis
Nx of the group algebra kG is defined. This depends on the chosen presenta-
tion of the group and on the useable ordering. The preferred k-basis Ex (F') of
a free kG-module F is defined in Sect. 1.2. Then we discuss in Sect. 1.3 and

! In the sense of Mora [50]

D.J. Green: LNM 1828, pp. 13—20, 2003.
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Sect. 1.4 how to determine the preferred k-basis Nx and how to multiply
elements of this basis.

The package Diag only uses the useable ordering <grj, of Example 1.3.
In Sect. 1.5 another useable ordering is presented which is constructed using
the Jennings series of the group and which has certain interesting properties.

1.1 Finite-dimensional algebras

Definition 1.1. Let X be a finite set. A useable ordering on the free monoid
(X) is a total ordering < satisfying:

1. If uywy,wa,v € (X) are words and wy < we then uwiv < uwyv.
2. The set {v € (X) | v>w} is finite for each w € (X).

Remark 1.2. Then 1 is the greatest element of (X), and (X) contains no
infinite strictly decreasing sequences which are bounded below. So useable
orderings are negative word orderings in the sense of Mora [50].

Ezample 1.3. (The reverse length-lexicographical ordering <grir)
An ordering on X induces a lexicographical ordering <jox on (X). Denote by
{(w) the length of a word w € (X). The ordering <gp1, on (X) is defined by

u<pLLv <= Lu)>L(v), or L(u)=~(v)and u >ex v
for all u,v € (X). This is the ordering used in the package Diag. It is useable.

Ezample 1.4. Suppose that <’ is an ordering on (X) respecting multiplica-
tion; and each x € X has been assigned a positive integer as its dimension,
inducing a dimension dim(w) > 0 for each w € (X). Define an ordering < on
(X) thus:

u<v <= dim(u)>dim(v), or dim(u)=dim(v)andu <"v

for all w,v € (X). This is a useable ordering on (X).

The ordering <gr1, is of this kind: <’ is the reverse lexicographical order-
ing and dimension coincides with length. In Sect. 1.5 we shall meet another
ordering of this kind, but where some z € (X) have dimension greater than
one.

Hypothesis 1.5. Let k be a field of characteristic p. Let A be a finite-
dimensional k-algebra (associative with one) satisfying A/rad(A) 2 k. Sup-
pose we are given a presentation 0 — I — k(X) %5 A = 0 of A with the
following properties: The set X is finite and the two-sided ideal J C k(X)
generated by X is the inverse image of rad(A). Suppose further a useable
ordering has been chosen on (X).
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Example 1.6. The case that we will consider in the later chapters is as follows:
Let G be a finite p-group and g1, . . ., g, minimal generators for G. Then the
group algebra A := kG satisfies Hypothesis 1.5, where X := {ay, ..., a;,} and

— The epimorphism ¢: k(X) — kG maps a; to g; — 1;
— The ordering on (X) is the reverse length-lexicographical ordering <grr,.
(Or more generally, any ordering from Example 1.4.)

Remark 1.7. Assuming Hypothesis 1.5, Nakayama’s Lemma says there is an
ny > 1 satisfying J" C T C J.

If A is an ordered set then every nonzero f € kA has a leading monomial
LM(f) := maxsupp(f). Write LC(f) for the leading coeflicient and LT(f)
for the leading term LT(f) = LC(f)LM(f). Finally, for a subset T of kA set

LM(T) :={LM(f) | f € T\{0}}.

Lemma-Definition 1.8. Assume Hypothesis 1.5. Define a subset Nx C
(X) by Nx := (X)\ LM (I). Then Nx is finite and the map kNx — k(X) —
A is an isomorphism of k-vector spaces.

Write N for the k-linear map k(X) — A =5 kNx and * for the map
kENx xkNx — kNx induced by the multiplication of A. Then AxB = N (AB)
for A, B € kNx, where AB denotes the product in k(X).

Proof. Write ¢ for the quotient map k(X) — A and let n; be as in Re-
mark 1.7. Then the subset U of (X) defined by U := {w € (X) | {(W) < ns}
is finite, and ¢(w) = 0 for every w € (X) — U. Since Nx is clearly a subset
of U, it is finite.

For v € (X) set (X), := {w € (X) | w < v} and U, := U N (X),.
Hence ¢(k(X),) = ¢(kU,) for each v € (X). So as Nx = {w € (X) |
P(w) & p(k(X)y)} one has Nx = {u € U | ¢p(u) € ¢(kU,)}. Since U satisfies
p(kU) = ¢(k(X)) and is finite, the family (¢(w))weny is indeed a k-basis
for A. O

Example 1.9. Let G be the dihedral group Dg = (A, B | A%, B2, (AB)%) and
k the field F5. Then A, B are minimal generators for G, and the corresponding
presentation for kG is kG = k(a,b)/(a?,b%, abab + baba), where a maps to
A+1and bto B+1. In the ordering <gpr, onehas1 >a > b > a® > ab > ba >
b?> > a® > ---. The preferred basis Nx is {1, a, b, ab, ba, aba, bab, baba}. The
smallest generating set of the two-sided ideal LM (I) C (X) is {a?, b%, abab}.
Here are two examples of x-products: a * (a + b) = N (a? + ab) = ab and

baba * b = N (baba.b) = N (b.abab) = N (b*aba) = 0.

Lemma 1.10. Assume Hypothesis 1.5. Denote by S the smallest generating
set of the right ideal LM (I) in (X), and let ny be as in Remark 1.7. Then S
is finite and

> (o= N(@)kX)+J" =1.

oeS
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Proof. S is finite because Nx is. Denote by U the set
U :={w € (X) | There is v € (X) with ¢(v) < n; and v < w}.

This is a finite set by the definition of useable ordering. Now let f be an
element of I. By repeatedly subtracting expressions of the form A\(c —N(o))w
with A € k*, 0 € S and w € (X) one arrives at either f =0 or LM(f) ¢ U.
But then supp(f)NU = and so f € J". O

1.2 Free right modules

Let F:= ", ;A be a free right A-module.

Definition 1.11. Set E(F) :={e;w | 1 < i < m, w € (X)} and define the
preferred k-basis Ex(F) of F by Ex := {e,;w € E | w € Nx}. Define maps
w:E = (X)) and v: E — {e1,...,en} by w(e,w) :=w and v(e;w) := e;.

Definition 1.12. An ordering on E(F) is called useable if for all A, Ay, Ay
in E and B, By, By in (X) one has:

1. If v(A1) = v(Ag) then: A < Ay = w(A4;) < w(A2).
2. [f A]_ S A2 then A]_B S AQB
3. If By < By then ABy < ABs (follows from 1).

Ezample 1.13. Order (X) with the ordering <grpy, and order {ej,...e,} by
e; < ej <= i < j. Then we may order E as follows: A; < A, if and only if

— (w(Ay)) > w(Az)); or
— Same length, and v(A4;) < v(Az); or
— Same length, v(A;) = v(A42), and w(A1) >1ex w(Asz).

Then < is a useable ordering on FE which is compatible with the ordering
<grr on (X). This is the ordering on E used in the package Diag.

Ezample 1.14. For m = 2 there is exactly one useable ordering which satisfies
e1By > es By for all By, By € (X) and is compatible with <gpr, on (X). This
is an example of the elimination ordering we shall use later in Sect. 3.1.

Remark 1.15. Each (non-empty) subset of (X) has a largest element, and
so each (non-empty) subset of F has a largest element too. In particular,
max(E) is one of the e;.

By setting NM(e;w) := e, N (w) we extend N to a k-linear map kF — kEx
satisfying A* B = N(AB) for all A € kEx and B € kNx. Here, * stands for
the right A-action on F.
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1.3 Implementation

Let g1,...,9m be minimal generators of the p-group G. As in Example 1.6
we may present kG as k(X) /I, where X = {aq,...,a,} and a; is mapped to
gi — L.

The group algebra can be represented on the computer as kNx together
with the x-product. This representation is computed and stored as follows:

— The regular permutation representation of G:
The group G may be specified as a permutation group or via a Power-
Conjugate presentation. First one numbers the elements of G. This realises
the regular permutation representation of G as a concrete embedding G —
S|a|- The permutations in S|g| corresponding to g1, ..., gm are stored, in
the .reg file. From now on, this list of permutations is the definition of G.

— List the words in Nx:
We wrote ¢ for the epimorphism k(X) — kG. The regular representation
allows one to calculate the image ¢(f) € kG = kI€! of any f € k(X). Also,
one can compute the radical of any given ideal in kG.
For a length r word u € (X) set P, := {v € (X) | £(v) = r and v <gprp u}.
Then u € Nx if and only if ¢(u) is linearly independent of ¢(P,) and
rad” ™! (kG). The set Nx is stored as a list of words in the a;, in decreasing
order (.nontips file).

— The *-product on kNx:
We now have two k-bases for kG, namely G and ¢(Nx). Both basis change
matrices are computed and stored (.bch file).
For each i one first determines the matrix for right multiplication by ¢(a;)
in kG with respect to the basis G. By change of basis one then obtains the
matrix for right x-multiplication by a; with respect to the basis Nx. These
matrices are stored (.gens file) and then used to compute the matrices for
left *-multiplication by each a; (.1gens file).

1.4 The matrix of a general element

Let f be an arbitrary element of the group algebra kG, let R;:kG — kG
denote the right action h — hx* f, and Ls: kG — kG the left action h — fxh.
We shall now see how to determine the matrix of Ly with respect to the
basis Nx using the (previously computed) matrices of the R, for a € X.
Similarly one can calculate the matrix of Ry using the matrices of the L, for
a € X.

These matrices are needed when one has to compose two maps of free kG-
modules. For this means multiplying two matrices with entries in kG, and
that involves multiplying arbitrary elements of kG. But if f, h are elements
of kG then fxh = L¢(h) = Ru(f).

So let f be an element of kG and b an element of Nx. If b is 1 then
Ly(b) = f+1= f.If it is not, then there are b’ € Nx and a € X satisfying
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b=1"V.a,and so Ly(b) = [ (b.a) = (f*b)*xa = Ry(Ly
is known by assumption, we may calculate Lz (b) given L(
compute the matrix of L by induction on the length of b.

b')). Since R,
)-

(
b). So we may

1.5 The Jennings ordering

In this section a useable ordering is constructed which has some interesting
properties (see Proposition 1.22). Power-Conjugate presentations are impor-
tant when working with p-groups on the computer. Jennings presentations
and the Jennings ordering result on translating these methods from groups
to group algebras. However this ordering is not currently used in the package
Diag, as an efficient method for storing products during reduction in the Buch-
berger algorithm is lacking. A good storage method for the ordering <y, is
described in Sect. 2.3.

For r > 1 the rth dimension subgroup F,.(G) of a finite p-group G is defined
by
F.(G):={9eG|g—1erad"(kG)}.

Clearly F} = G and F,41 < F,.. Amongst others, the following properties of
dimension subgroups are proved in [5, §3.14].

Proposition 1.16. Let G be a finite p-group. The F.(G) form a decreasing
central series. If v is large enough then F, = 1. Moreover, [F,., Fs] < F.i
and {¢g? | g € F,.} C Fp, for allr,s > 1. O

Note however that F,.1 can be equal to F; without F, being trivial. For
example, if G is cyclic of order nine then Fy and Fj are both cyclic of order
three.

Definition 1.17. Let G be a group of order p™. A system of Jennings PC-
generators for G consists of elements g1,...,9n of G satisfying:

— If g; € F, then g1 € F,..
— The g; with g; € F, — F.11 are minimal generators for F,./F,..1.

Jennings PC-generators do indeed lead to a polycyclic presentation for G:

Lemma 1.18. Let g1, ..., gy be Jennings PC-generators for G. Then g7 lies

N (Git1s--->9n) for all 1 < i <n and [g;, g;] € (gjt1---,9n) for all 1 <i <
Jj<n.

Proof. A consequence of Proposition 1.16. (N
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Ezample 1.19. Let G = {(a,b,c,¢) be the following semidirect product of
order 32: The subgroup {(a, b, ¢) is normal, and elementary abelian of order 8.
The element ¢ has order 4, and its left conjugation action is a — b — ¢ — abc.

Then Fy = (ab, ac, $*) and F3 = {(ac). These are both elementary abelian.
A system of Jennings PC-generators for G is a, ¢, ab, ¢?, ac.

The last three of these generators are Jennings PC-generators for Fs.
Another system of Jennings PC-generators for Fy is ab, b, $2, but note that
[¢,bc] = ac and therefore this system cannot be extended to Jennings PC-
generators for G.

Definition 1.20. Let g1,...,gn be Jennings PC-generators for a p-group G.

1. Set X ={ay,...,a,} and define an algebra epimorphism ¢: k(X) — kG
by a; — g; — 1. Set I = Ker(¢). Call k(X)/I a Jennings presentation
for kG.

2. Assign a; dimension v if g; € F. — Fry1, so if ¢(a;) € rad"(kG) —
rad"" (kG). So for each w € (X) the dimension dim(w) is at least as
big as the length L(w). Ordering X by a1 < ag < -+ < a, induces an
ordering <iex on (X). The Jennings ordering <y on (X) is defined as
follows:

u <jv <= dim(u) > dim(v), or
same dimension, and £(u) < £(v), or

same dimension, same length, and u >)ex v.

Remark 1.21. The Jennings ordering is a useable ordering and belongs to the
family of orderings constructed in Example 1.4. Together with its Jennings
ordering, a Jennings presentation satisfies Hypothesis 1.5 for A = kG.

One advantage of the Jennings ordering is that the ideal LM (I) in (X) is
particularly easy to determine:

Proposition 1.22. Let g1,...,g9, be a system of Jennings PC-generators
for a p-group G, and kG = k(X)/I the corresponding Jennings presentation.
Then

1. The minimal generators of the two-sided ideal LM (I) in (X) are the
words af’ for 1 <i <n and a;a; for1 <i<j<n.
2. Nx consists of the words aéra." 7" ...af" with0 <e; <p—1.

3. The set {p(w) | w € Nx and dim(w) = r} is a k-basis for a complement
of the subspace rad” " (kG) in rad” (kG).

Proof. We shall show that the words a? and a;a; (in the latter case for i < j)
lie in LM (I). The first two parts then follow immediately. Part 3. follows
from 2. and Jennings’ Theorem (Theorem 3.14.6 in [5]).

If dim(a;) = r then ¢(a?) lies in kF),, which is generated by the ¢(a;)
with dim(a;) > pr. So there is an f € k(X) such that a} — f € I and each
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w € supp(f) satisfies either dim(w) > pr or (w) = 1. Since a? has length p,
one has a¥ = LM (al — f).

For i < j set s := dim(a;), t := dim(a;) and ¢ := [g;, g;], whence ¢ € Fyy,.
Once more there is an f € k(X) such that ¢(f) = ¢—1 and every w € supp(f)
satisfies w < aja; < a;a;. Then a;a; — aja; — f — fa; — fa; — faja; lies in 1
and has leading monomial a;a;, because g;g; = cg;9;- ]

Example 1.23. Let G be the cyclic group of order four. A system of Jennings
PC-generators for G is g,h with g> = h and h? = [g,h] = 1. The corre-
sponding Jennings presentation for FoG is Fa(a,b)/(a? + b, ab + ba, b?), with
dim(a) = 1 and dim(b) = 2. The k-basis Nx is {1,a,b,ba}. In the Jennings
ordering

1>a>a?>>b>ab>ba>a*>a%>ba®>0b2.

Remark 1.24. If G is not elementary abelian, then Jennings PC-generators
for G cannot be minimal generators and so there are relations in kG = k(X) /I
which involve length one words. However the Jennings ordering ensures that
each word in LM (I) has length at least two.



2 The Buchberger Algorithm for modules

Let F be a free kG-module for a p-group G. In this chapter we derive a version
of the Buchberger Algorithm which constructs Grobner bases for submodules
of F. Bergman’s Diamond Lemma [12] is the template for the definitions and
proofs of this chapter. In the next chapter we shall derive two variants of the
Buchberger Algorithm which can be used to construct minimal projective
resolutions.

There is a Diamond Lemma for modules in Bergman’s paper [12, §9.5]. We
shall here derive a new Diamond Lemma for modules which works throughout
with a fixed k-basis for F', a fact which has considerable benefits for com-
puter calculations. The new Diamond Lemma works by dividing Bergman’s
elementary reductions into two classes and only applying second class reduc-
tions to elements which are irreducible for the first class. The fixed k-basis
for F' is the basis Ex(F') of Chapter 1.

Here is a simple example of a two-speed reduction system:

Ezample 2.1. Set A :=TFy(a)/I, where I is the two-sided ideal generated by
a+a? and a®. Clearly I = (a).

We interpret the generators of I as a reduction system with two elemen-
tary reductions: r1 replaces a by a?, and 7, replaces a® by 0. Then a is not
reduction-finite, for the rule “always apply 1 to the first factor” leads to

a—alad—ate

By contrast if we declare o to be first- and r; to be second-class then ry
will always be used wherever possible. For example, we are forced to replace
a® by 0 and may no longer apply 71 to the first factor. So now every element
of Fo(a) is reduction-finite.

The core of this chapter is the Diamond Lemma for a two-speed reduction
system (Theorem 2.12 in Section 2.1). This is used in Section 2.2 to derive the
Buchberger Algorithm and in Section 2.3 we discuss implementation issues
for this algorithm.

D.J. Green: LNM 1828, pp. 21-32, 2003.
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2.1 The Diamond Lemma for modules

We shall assume Condition 1.5 throughout, so A is a finite-dimensional k-
algebra. As in §1.2 suppose further we are given a free right A-module F' =
;" e;A and a useable ordering < on E(F).

2.1.1 Reduction systems

Definition 2.2. Let M C F be a submodule. A reduction system for M is a
family fr = (fr)rer satisfying

1. Each f. is an element of kEx \ {0}
2. LC(f;)=1forallTeT
3. Each f, lies in M.

Each f; may therefore be written as LM(f;) — h,, where h, € kEx and
A < LM(f;) for each A € supp(h,).

Definition 2.3. Call
RS(fr) :={(r,B) € T x Nx | LM(f;)B € Ex}

the set of of T-reduction sites. To each such site (1, B) associate an ele-
mentary T-reduction r.g: F — F, defined as the following k-linear map:
rr(A) = hy x B for A= LM(f;)B and r.g(A) = A for A € Ex otherwise.
For B =1 abbreviate r.1 to r-. A composition of finitely many elementary
T-reductions shall be called a T-reduction.

So r-p(y) — vy is a scalar multiple of f. x B for each y € F. It follows that
r(y) —y € M for every T-reduction 7.

Definition 2.4. Let y be an element of F'.

1. y is trreducible if r(y) = y for every T-reduction r. Denote by Fi, the
k-vector subspace of irreducibles.

2. y is reduction-finite if the sequence (r;r;—1---1r1(y)) is eventually constant
for each sequence (r;) of elementary reductions. If y is reduction-finite
there are T-reductions r such that r(y) is irreducible.

3. y 1is reduction-unique if it is reduction-finite and there is precisely one
z € Fiyy such that there are T-reductions r satisfying r(y) = z. This
element z is then denoted rr(y).

Lemma 2.5. FEvery element of F' is reduction-finite.

Proof. As Ex is an ordered finite set we may order its power set. This or-
dering is induced by the lexicographical ordering on the free monoid (Ex),
for we may view the power set of EFx as a subset of (Fx): one turns subsets
into words by writing down the elements of the subset in descending order.
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Now let r = ;g be an elementary T-reduction. Then every element A of
the support of h, is smaller than LM (f;) and so AB < LM(f.)B. Moreover
each element of the support of A x B is at most AB. So suppr(y) < suppy,
with equality if and only if r(y) = y. As the power set is finite, the support
can only get smaller finitely many times. ]

Lemma 2.6. (Compare Lemma 1.1(i) in [12].) The reduction-unique ele-
ments of F form a k-vector subspace, and the map rr from this subspace
to Fi. is k-linear.

Proof. Let y,z € F be reduction-unique, let A\,u € k, and let r be a T-
reduction such that r(Ay + pz) lies in Fj,. Then there are reductions 7/, "
such that r'r(y) = rr(y) and r"r'r(z) = rr(z). Therefore r(\y + pz) =
r"r'r(Ay + pz), which is just Arp(y) + pre(z). O

2.1.2 Ambiguities and the Diamond Lemma

Definition 2.7. 1. As in Lemma 1.10 denote by S the smallest generating
set of LM (I) as a right ideal in (X). For o € S set hy := N (o) € kNx.

2. Write My for Y . fr * kNx, the A-submodule of M generated by fr.
For A € E let T be the k-vector subspace of M spanned by

{fr*xB|7€T, Be Nx and LM(f;)B < A}.

Hence each Ty is a A-submodule of Mr.

Definition 2.8. Recall from Definition 1.11 that each A € FEx is of the form
A = e;w, where w € Nx and e; is a free generator of F. We wrote w(A) := w.

1. An inclusion ambiguity is a 4-tuple (7,t, A, B), where
— 7,t are distinct elements of T';
— B lies in Nx and A, AB in Ex;
— LM(f;)=A and LM (f;) = AB.
The ambiguity is called resolvable if there is a T-reduction r satisfying
r(fe — fr * B) = 0. It is resolvable relative to < if the S-polynomial
ft — fr*x B lies in Tap.

2. A toppling consists of a 4-tuple (1,0, A, B), where
— 7 liesinT and o in S;
— B lies in Nx and A in Ex;
— LM(f;)=A, 0o =w(A)B and w(A) # 1.
The toppling is resolvable if there is a T-reduction r satisfying r(f+B) =
0. It is resolvable relative to < if the S-polynomial f; x B lies in Tap.
This toppling is called a toppling for T.

Remark 2.9. Inclusion ambiguities are true ambiguities, for r,p and r; are
two distinct elementary T-reductions which alter AB. In contrast, topplings
may be modelled on Bergman’s overlap ambiguities, but they are not really
ambiguities. This is because there is no elementary T-reduction r, 5. Rather,
one has to replace AB by A x B before one is allowed to apply T-reductions.
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Remark 2.10. If (1,0, A, B) and (7', 0’, A’, B") are two distinct topplings then
A’B’ is not divisible by AB.

Example 2.11. Let G be the dihedral group Dg and F' the free right kG-
module on one generator e. Recall (Example 1.9) that k(a,b)/(a?,b?, abab +
baba) is a presentation of kG. Setting f, := eaba + ebab and T := {r}
yields a reduction system fr without inclusion ambiguities. The set S has
nine elements:

010203 |04 | O5 O¢ a7 g8 g9
o [[a2]b?]ab?|ba?]aba?|abablbab®|baba? [babab
he|lO1O0| 00| O |baba|l O 0 0

The topplings are (11, 05, eaba, a) and (11, 06, eaba, b) with S-polynomials f, *
a = ebaba and f;, *b = ebaba respectively. But (71, 0¢, eaba, bab) is not a
toppling, even though eaba.bab = e.abab.ab = eab.abab.

Theorem 2.12 (Diamond Lemma). (Compare Theorem 1.2 of [12].)
Let fr = (fr)rer be a reduction system for the submodule M of the right
A-module F. Then the following are equivalent:

(a) All ambiguities (including topplings) are resolvable.
(d') All ambiguities (including topplings) are resolvable relative to <.
(b) All elements of F are reduction-unique and moreover

rr(r(a) *b) = rp(a*b)

for all a € kEx, b € kNx and all T-reductions .
(¢) The irreducible A € Ex constitute a k-basis for the quotient module
F/Mr.

If these statements hold then we may identify F/Mrp with the k-vector space
Ey.. For a € Fyyy and b € kNx the A-action is given by a - b = rp(a*b).

Remark 2.13. The second part of (b) corresponds to Lemma 1.1(ii) of [12].
The reason for this discrepancy is that Bergman’s overlap ambiguities are
true ambiguities whereas our topplings are not.

Proof (of Theorem 2.12). Clearly (a’) follows from (a).

(¢) = (b): Let y € F. Let r,7’ be two T-reductions such that r(y) and r’(y)
are irreducible. Then r(y) — r'(y) lies in My N Fiy = {0} and so y is
reduction-unique. Now suppose given r, a, b as in (b). Then (r(a)—a)*b €
My and so the irreducible element rr(r(a) x b — a * b) lies in My and is
therefore zero. By Lemma 2.6 rp is linear.

(b) = (a): Let (1,0, A, B) be a toppling. Then h, x B = r.(A) * B and so
rp(A % B) = rp(hy * B). Now let (7,t, A, B) be an inclusion ambiguity.
Then h, * B =r,g(AB) and hy = 1(AB), so rr(h; * B) = rr(h:).
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(b) = (c¢): The map rr is a projection from F' to Fj,;, whose kernel is con-
tained in M. Conversely My is generated as a A-module by the f., and
by (b) we have rp(f; xb) = 0 for all b € kNx. So Ker(rr) = Mr.

(a’) = (b): Let D € E. We shall prove the following statements:

1. Each A € Ex with A < D is reduction-unique.
2. rp(r(A) x B) = rp(A x B) for all T-reductions r and all pairs (4, B)
with A € Fx, B € Nx and AB < D.
It suffices to prove the statements for every D in the finite set

D:={DeE|D=ABfor Ac Ex, B € Nx}.

We shall do this by induction in D € D. The case D = maxD = max E is
the desired statement (b). For the inductive step (and to start the induc-
tion, if D = min D) we assume Statement 1 for A < D and Statement 2
for AB < D.

Assume first that D lies in Ex. If D is divisible by LM (f;) for at most one
7 € T then D is reduction-unique (inductive hypothesis for Statement 1).
If (7,t, A, B) is an inclusion ambiguity with D = ABC for some C € Nx
then r,go(D) = h,+BC and ry¢(D) = hyxC. Since h,*B—h; = fi— f.+B
lies in Typ by (a’), the inductive hypothesis for Statement 2 implies
rp(he % C) = ro(hy x B+ C). So D is reduction-unique.

Now suppose given A € Ex and B € Nx with D = AB. It suffices to
prove Statement 2 for elementary T-reductions. If AB € Ex or r(4) = A
then this is trivial. So we may assume there are T € T, 0 € S, A’ € Ex
and C4,Cs, C3 € Nx satisfying:

A= A’Cl, B = 0203, LM(fT) = AI, g = ’UJ(A)CQ .
We must show that rr(r,¢,(A) * B) = rp(A % B), or equivalently that
re(frxC1xB)=0. (2.1)

We have two cases to consider:
— If C1Cy € Nx then (1,0, A’,C1C5) is a toppling. So (2.1) follows from
(a’) and the inductive hypothesis for Statement 2.
—If C1Cy € LM(I) then C < C1B for every C' € supp(C; * B). So
(2.1) follows from the inductive hypothesis for Statement 2.
O

Definition 2.14. Let fr be a reduction system for the submodule M C F
satisfying M = M and the equivalent conditions of Theorem 2.12. Then fr
is a Grébner basis for the module M. A Grébner basis is minimal if it has
no inclusion ambiguities.
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2.2 The Buchberger Algorithm

The Buchberger Algorithm Buchberger takes a finite generating set A for
M C F and transforms it into a minimal Grébner basis. To do this Buch-
berger processes three finite lists:

— fx is the current approximation to a Grobner basis, a reduction system
for M without inclusion ambiguities.

— The reduction system fy contains elements of M waiting to be incorpo-
rated into fx. The reduction system fr generates M, where T is defined
as KIIU.

— X contains the topplings of K which have yet to be made resolvable.

We shall need the function monic: kEx — kEx defined by monic(0) = 0 and
monic(y) = y/LC(y) for y # 0. Hence LC (monic(y)) =1 for all y # 0.

An important component of Buchberger is Incorp. This algorithm incorpo-
rates the elements of fiy into fx by removing inclusion ambiguities from fr.
At the same time X is updated accordingly.

Algorithm 2.15 (Incorp).
Processes lists fx, fu, X as above. At the end U is empty.

WHILE U is non-empty DO
Choose a u € U.
IF fr has an inclusion ambiguity (k,u, A, B) with k € K THEN
fu := monic(f, — fx * B)
IF f, =0 THEN U :=U \ {u} END IF
ELSE
FOR each inclusion ambiguity (u, k, 4, B) with x € K DO
Transfer x from K to U.
Remove every toppling for x from X.
END FOR
Transfer u from U to K.
Append all topplings for u to X.
END IF
END WHILE

Proposition 2.16. The algorithm Incorp stops in finite time. Let T(0) be
the initial state of T and K(1) the final state of K. Then Mgy = Mp(),
and K(1)4 2 T(0)4 for every A € E. Moreover fry has no inclusion
ambiguities.

We shall need one further definition for the proof of the proposition.
Definition 2.17. For a reduction system fr define

M(fr):={A€ Ex|A=LM(f;)B witht €T, B€ Nx}.
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Remark 2.18. VM stands for “Visible Monomials”. There is a surjection from
the set RS(fr) of T-reduction sites onto VM (fr) given by sending (7, B) to
LM(f,)B. This surjection is a bijection if and only if the reduction system
fr has no inclusion ambiguities.

Proof (of Proposition 2.16). Each time a new element is added to K the set
VM (fk) grows in size. As Ex is finite this can only happen finitely often.

To fu we assign a word of length |U] in the finite alphabet Ex by writing
down the LM (f,,) in ascending order. Call this word the signature of fi;. Con-
sider what each iteration of the main loop in Incorp does to the signature. The
size of U can increase if u is transferred from U to K, but this only happens
finitely many times. If u is reduced because of an inclusion ambiguity then
either |U| becomes smaller or the signature decreases in the lexicographical
ordering: that is, the signature decreases in the length-lexicographical order-
ing. As this is a well ordering the algorithm stops in finite time.

Now let (k,u, A’, B') be an inclusion ambiguity with « € U and k € K.
If fu = fx then we may discard u without altering My or T4. If they are
distinct then there are A € &k \ {0} and f, € kEx satisfying LC(f,) = 1
and f, = fx * B’ + Af/,.. The algorithm replaces f, with f/,. Since LM (f!) <
LM(f.,) there is no change to My, and T4 can only get larger. ]

The Buchberger Algorithm also requires the procedure Expand:

Procedure 2.19 (Expand).
Input: A toppling v = (k,0, A, B) in X.

Remove « from X.
Append monic(f, * B) to U if non-zero.

Algorithm 2.20 (Buchberger).
Input: A finite reduction system fy for M with My = M
Output: A minimal Grébner basis fx for M

K:==0X:=0

Carry out Incorp.

WHILE X is non-empty DO
FOR each toppling v in X DO

Perform Expand on 7.

END FOR
Carry out Incorp.

END WHILE

The algorithm Buchberger is a special case of the following algorithm:

Algorithm 2.21.
Input: A finite reduction system fy for M with My = M
Output: A minimal Grébner basis fx for M
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K=0U:=0,xX:=0
WHILE V, X not both empty DO
EITHER
Transfer a non-empty subset of V' to U.
OR
Perform Expand on at least one element of X.
END EITHER
Carry out Incorp.
END WHILE

Clarification 2.22. “EITHER ... OR ... END EITHER” means: perform
exactly one of the two options. As V, X are not both empty at least one of
the options can always be performed. If both can be performed, choose which
one.

Theorem 2.23. Algorithm 2.21 stops in finite time. The final state of fx
is a minimal Grébner basis for M. Hence these statements also apply to the
algorithm Buchberger.

Proof. Each time a new element is added to K in Incorp, the set VM (fk)
becomes larger. As Ex is finite, this can only happen finitely often, no matter
how often Incorp is performed. Once K becomes constant, the list X’ shrinks
each time Expand is performed and is left unchanged by Incorp. Similarly the
list V' shrinks until it becomes empty. So the algorithm stops.
Set T := K I1U as above. Each time elements are transferred from V to
U one has T34 C T3V for every A € E. By the time V becomes empty one
has MT =M.
Let K! be the state of K at the end of Algorithm 2.21. The rules governing
X ensure that every toppling (k, 0, A’, B') with k € K! occurred in X at
some point and then later as f, * B’ in U. At this later time the toppling is
resolvable relative to < over fr. Proposition 2.16 then says that the toppling
is resolvable relative to < over K! too. The result follows from Theorem 2.12.
O

Remark 2.24. Algorithm 2.21 might appear unnecessarily general at first, but
for actual calculations it has the advantage that it can be started when the
list fy is only partially known. If (as often happens) we know the value of
dimy (M) in advance then Lemma 2.25 tells us what the final size of VM (fk)
should be. Once this size has been reached we may stop the algorithm, even
if not all elements of fy, have yet been used.

Lemma 2.25. Let fr be a reduction system for the module M C F. Then:

1. fr is a Grébner basis for M if and only if | VM (fr)| = dimy(M).
2. fr is a minimal Gréobner basis for M if and only if |RS(fr)| = dimg (M)
and fr has no inclusion ambiguities.
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Proof. The statement | VM (fr)| = dimy(M) is equivalent to Statement (c)
of the Diamond Lemma (Theorem 2.12). If there are no inclusion ambiguities
then |RS(fr)| = |VM(fr)| by Remark 2.18. O

2.3 Implementation

The Buchberger Algorithm 2.21 is not actually used in the package Diag.
Rather it serves as a template for the algorithms ElimBuchberger (3.7) and
HeadyBuchberger (3.18) which are used. But it is still worthwhile to consider
how best to implement the Buchberger Algorithm, for here too the algorithm
serves as a template for the two variants.

There are several places in the Buchberger Algorithm 2.21 and in its
component Incorp (2.15) where more than one action is possible. For exam-
ple when an element is to be chosen from a given list, or when one meets
“EITHER ... OR ...”. This generality helps in the proofs and means that
the programmer has to choose from a plethora of possible strategies. The
strategy used in the package Diag will now be described.

2.3.1 The algorithm Incorp

Experience shows that the most expensive part of the Buchberger Algorithm
is calculating the products needed for reduction in Algorithm 2.15 (Incorp).
For if (k, u, A, B) is an inclusion ambiguity one needs to calculate the product
fw * B in order to determine the value of r,5(f,). Let p™ be the order of the
group G, let m be the rank of the free kG-module F', and let ¢ be the length of
the word B € Nx C (X). The computer knows the *-product as the matrices
(with respect to the basis Nx) of the right #-action f +— f *a on kG for
each a € X. So in order to calculate f,; * B the computer has to perform ¢m
multiplications of a p™ x p"™-matrix with a vector in (Fp)pn.

Moreover the number of such elementary reductions that need to be cal-
culated for one application of Incorp is typically very large, and an individual
product f * B often gets used many times. It would take too long to recal-
culate f, * B each time from scratch; and it would require too much space
to compute and store all such products at the start of Incorp: the storage
requirements would be comparable to constructing a k-basis of the module.
But the reason Grobner bases are being used is to handle cases where k-bases
for the module are too big.

The following version of Incorp calculates each product f, * B at most
once, but also discards each product once it has been finished with and so
manages to achieve acceptable space requirements.

Definition 2.26. Let fr be a reduction system for the submodule M C F.
Order (X) with the ordering <gry and E(F) with the ordering of Exam-
ple 1.13.
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1. Define the dimension of f € kE(F) \ {0} with leading monomial e;w by
dim(f) := (w).
2. For d > 0 define a set RS4(fr) and a family I1;(fr) by

RSa(fr) :={(r,B) € T x Nx | dim(f,B) = d and LM(f,)B € Ex},
Hd(fT) = (fT * B)(TvB)ERSd(fT) :

Algorithm 2.27. Order E(F) as in Example 1.13.
Processes lists fx, fu, X as in Algorithm 2.15.

Write down ITo(fx).
FOR d >0 DO
WHILE there are v € U with dim(f,) = d DO
Choose a u € U with LM (f,) as large as possible.
IF fr has an inclusion ambiguity (k,u, A, B) with xk € K THEN
Look up value of f * B in IT;(fx).
fu := monic(f, — fx * B)
IF f, =0 THEN U := U \ {u} END IF
ELSE
FOR each inclusion ambiguity (u, k, 4, B) with x € K DO
Transfer  from K to U.
Remove each toppling for s from X.
END FOR
Transfer u from U to K.
Append all topplings for u to X.
Append (u, 1) to RS4(fK)-
END IF
END WHILE
IF U is empty THEN stop algorithm END IF
Calculate ITyy1(fk) from fx and II4(fx).
Discard IT4(fK).
END FOR

Lemma 2.28. Algorithm 2.27 is a special case of Algorithm 2.15.

Proof. The ordering (1.13) on E(F) satisfies LM (f1) > LM (f3) if dim(f1) <
dim(f2). Let (x,u, A, B) be an inclusion ambiguity with f; # 0 for f! :=
monic(fy, — fi * B). Then LM (f],) < LM (f,) and so dim(f},) > dim(f,).

If dim(f,) > d for every u € U at the beginning of the WHILE-loop
then dim(f,) = d for each u that is chosen. So if (x,u, A, B) is an inclusion
ambiguity then (x, B) does lie in RS4(fx). Then at the end of the WHILE-
loop dim(f,,) > d for every u € U. So no elements of U are left behind. O

Remark 2.29. Computing IT411(fk) from fx and IT4(fk) is not difficult.
Let (k, B) be an element of RS411(fK), a set which is easy to determine. If
B =1 then f,, x B = f.. Otherwise B = B’a with B’ € Nx, a € X and
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(k,B’) € RS4(fK). Then f, *x B = (fx * B’) x a. The value of f, * B’ can
be looked up in IT;(fx) and so the value of f, * B can be determined with
m := rank(F') multiplications of a matrix with a vector.

Remark 2.50. If k is transferred from K back to U then there is an inclu-
sion ambiguity (u,x, A, B) with v € U and dim(f,) > dim(f,) (equality
will be possible in Algorithm 3.15). Hence & is transferred back to U before
any products f, * w are calculated. In this sense no products are calculated
unnecessarily.

Remark 2.31. Tf I14,(fK) is known for some dy > 0 and dim(f,,) > dy for all
u € U then one can start Algorithm 2.27 with d = d rather than d = 0. This
often happens during the Buchberger Algorithm.

2.3.2 The Buchberger Algorithm

Definition 2.32. Let fr be a reduction system for the submodule M C F.
Order (X) with <gp1, and E(F) with the ordering of Example 1.13.

1. A toppling v = (1,0, A, B) has dimension dim(f,B) = {(w(A)B).
2. For a list X of topplings set Xy := {y € X | dim(v) = d}.

Algorithm 2.353. Order E(F) as in Example 1.13.
Input: A finite reduction system fy for M with My = M.
Output: A minimal Grébner basis fx for M.

K:=0U:=0,X:=0,d:=0.
IIy(fK) is the empty family.
WHILE V, X not both empty DO
EITHER
Discard I14(fx)-
Transfer a non-empty subset of V' to U.
d:=0.
Write down Iy (fx).
OR
Apply Expand to the elements of X1 using IT4(fk).
Calculate yy1(fk) from fx and IT4(fx).
Discard IT4(fx).
d:=d+1.
END EITHER
Carry out Incorp as in Algorithm 2.27.
END WHILE

Lemma 2.34. Algorithm 2.33 is a special case of Algorithm 2.21.

Proof. It v = (k,0,A, B) a toppling then dim(y) > dim(f.) + 1. So no
topplings get skipped over. O
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Remark 2.35. If v = (k,0,A, B) is a toppling with dim(y) = d + 1 then
B = B'afor B € Nx and a € X. So AB’ in Ex since 0 = w(A)B. Hence
one may look up the value of f. * B’ in II;(fx) and compute f, * B as
(fxxB') *a.

Remark 2.36. Each time Incorp is carried out in Algorithm 2.33 one may start
in dimension dy := d instead of dimension 0 (cf. Remark 2.31).

Remark 2.37. No strategy has been given for the “EITHER. ... OR ...” deci-
sion as here the Buchberger Algorithm is not a good model for the algorithms
ElimBuchberger and HeadyBuchberger.

Remark 2.38. The dimension dimy (M) is often known in advance, and then
one can usually stop the Buchberger Algorithm early. For if |RS(fk)| =
dimg (M) at the end of Incorp then fx is already a minimal Grébner basis,
by Lemma 2.25.



3 Constructing minimal resolutions

Minimal resolutions can be constructed by iterating the following key task:

Given a homomorphism between two free kG-modules, compute min-
imal generators of the kernel.

In this chapter we will derive two variants of the Buchberger Algorithm that
was developed in Chap. 2. Together these two variants perform the key task.
The first variant is treated in Sect. 3.1: well-known elimination methods are
used to determine the kernel. The second variant is developed in Sect. 3.2 and
makes essential use of the fact that we are using a negative word ordering.
A small alteration to the definition of an inclusion ambiguity ensures that
the Buchberger Algorithm produces a minimal generating set as well as a
Grobner basis.

In Sect. 3.3 we shall consider pratical aspects of performing these two
Buchberger variants. Finally we shall see in Sect. 3.4 how to use a by-product
of the elimination to calculate preimages: we shall compute products in co-
homology by lifting cocycles, and this calls for taking preimages.

3.1 The kernel of a homomorphism

Using the Buchberger Algorithm with an elimination ordering to determine
the kernel of a map is a standard technique for commutative Grébner bases.
This method is also known in the noncommutative case [52].

Let ¢: F» — Fy be a A-linear map, where Fy = @, e;A and > =
@?:1 0; A are free right A-modules. Here, A is a finite dimensional k-algebra
as in Hypothesis 1.5. Set F':= F} & Fy and I' := {¢(f) — f | f € F»}. That
is, I' is the graph of —¢. The following result is then clear:

Lemma 3.1. As a A-module, I' is generated by {¢(n;) —n; | 1 < j < n}.
Moreover I' N Fy = Ker(¢). O

Definition 3.2. Suppose useable orderings on E(Fy) and E(F3) have been
chosen. There is exactly one ordering on E(F) = E(Fy) 1 E(Fy) which ex-
tends these two orderings and also satisfies As < Ay for all Ay € E(Fy) and
Ay € E(Fy). This ordering is clearly useable. We shall call it an elimination
ordering.

D.J. Green: LNM 1828, pp. 3346, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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Example 3.3. The elimination ordering used in the package Diag is obtained
by choosing the ordering from Example 1.13 on E(Fy) and E(F3).

Proposition 3.4. (Cf. [52, §4]) Choose an elimination ordering for E(F')
and let fr be a minimal Grébner basis for I'. Set Ty :={r € T | LM (f;) €
Fi} and Ty :=T\Ty. Then

1. Ty ={r€T| f- € F5}, and fr, is a minimal Grébner basis for Ker(¢).

2. {m(fr) | 7 € T1} is a minimal Grobner basis for Im(¢), where mp is
projection F' — Fy.

3. Consider the reduction system fp, for I'. Let f be an element of Im(¢)
and r a Ty -reduction such that r(f) is irreducible over Ty. (Such reduc-
tions exist by Lemma 2.5.) Then r(f) lies in Fy and ¢(r(f)) = f.

Proof. Let r1 be a Ti-reduction and 79 a Ts-reduction. Then ro(y) = y for
each y € F, and for each y € Fy we have r1(y) = y and r2(y) € Fs. Since fr
is a minimal Grobner basis for I" this implies (1) and (2).

Part (3): r(f) lies in F» by (2). Now recall the definition of I. O

Definition 3.5. Because of properties (2) and (3) we shall call fr, a preim-
age Grébner basis for Im(¢). These properties will be useful when lifting coy-
cles.

The first variant ElimBuchberger of the Buchberger Algorithm computes a
preimage Grobner basis for Im(¢) together with a minimal generating set for
Ker(¢). This algorithm and its component ElimIncorp process four finite lists:

— fk is a reduction system for I' without inclusion ambiguities. Moreover
K; = K. The reduction system fyx is the current approximation to a
preimage Grébner basis for Im(¢).

— The reduction system fy; contains elements of I'— F, which are waiting to
be incorporated into K. Set T := K11 U.

— fv is areduction system for Ker(¢) = I'NF». At the end of ElimBuchberger
fv will be a generating set for the kernel. I" is generated by the reduction
set fyw, where W is defined as K TU I V.

— X contains the topplings of K which are not yet known to be resolvable
over fr.

Algorithm 3.6 (ElimIncorp).
Processes lists fx, fu, X, fv.
U is empty at the end.

WHILE U not empty DO
Choose a u € U.
IF f, lies in Fy, THEN
Transfer u from U to V.
ELSE IF fr has an inclusion ambiguity (x,u, A, B) with xk € K THEN

fu :=monic(fy, — fi * B).
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IF f, =0 THEN U := U \ {u} END IF
ELSE
FOR each inclusion ambiguity (u, k, A, B) with k € K DO
Transfer x from K to U.
Remove each toppling for k£ from X.
END FOR
Transfer u from U to K.
Append all topplings for u to X.
END IF
END WHILE

Algorithm 3.7 (ElimBuchberger).
IHPUt: ¢(771)’ RS (b(nn)
Output: Generating set fi for Ker(¢) and preimage Grobner basis fx for
().
fu == {monic(¢(n;) —n;) | 1 <i < n}.
K=0,X:=0,V:=0.
Carry out ElimlIncorp.
WHILE X not empty DO
Perform Expand on at least one element of X.

Carry out ElimIncorp.
END WHILE

Proposition 3.8. The algorithm ElimBuchberger stops in finite time. When
it stops fv is a generating system for Ker(¢) and fx is a preimage Grébner
basis for Im(¢).

Proof. The elimination ordering ensures that Elimlncorp proceeds just like
Incorp for Im(¢) with extra book-keeping. Similarly ElimBuchberger proceeds
like Buchberger for Im(¢). So Elimlncorp and ElimBuchberger stop in finite
time.

Set W := KITUIIV. Then fy is a reduction system for I" with Iy = I
Let W! = K'II V! be the value of W at the end of ElimBuchberger and
let (k,0,A, B) be a toppling of fy1 with k € K'. Immediately after it is
expanded this toppling is resolvable relative to <. As the vector space Wxp
stays the same or becomes larger at each subsequent stage of ElimIncorp and
ElimBuchberger, this toppling is also resolvable relative to < as a Wl-toppling.
Applying the algorithm Buchberger to fy1 produces a Grébner basis fy2 for
TI'y1. Set W2 := K'II1 V2. Then by the Diamond Lemma fy2 is a minimal
Grobner basis for I', and K! is the set {w € W | LM(f,) € F1}. The result
follows by Proposition 3.4. ad

3.2 Minimal generating sets

The Buchberger Algorithm can also be used to determine a minimal gen-
erating set of a module. For this it is necessary to distinguish between the
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elements of the reduction system which were there from the beginning and
those which arise as expansions of topplings. For expansions lie in the radical
of the module and therefore cannot belong to any minimal generating set. To
record this distinction we shall use a heady reduction system.

Let M be a submodule of the free right A-module F', where A is a finite-
dimensional k-algebra as in Hypothesis 1.5. Suppose a useable ordering has
been chosen on E(F).

3.2.1 Heady reduction systems

Definition 3.9. A heady reduction system for M consists of a reduction
system fr for M together with a decomposition T = TH II T® such that
fo lies in 32, cpu fnxJ for each p € Tk,

Recall that J C k(X) is the inverse image of the radical rad(A).

Definition 3.10. An elementary T-reduction v, 5 is called heady if T € TH
and B =1, otherwise it is called radical. The composition of several radical
elementary T-reductions is called a radical T-reduction.

Definition 3.11. For A € E define T to be the k-vector space spanned by
{f-*B|7€T and B € Nx with LM(f,)B < A, and 7 € T® if B=1}.

A toppling (1,0, A, B) is called radically resolvable if there is a radical T-
reduction r with v(f; * B) = 0. It is called radically resolvable relative to <
if fr* B lies in THy.

Theorem 3.12. Let M be a submodule of the free right A-module F' and fr
a heady reduction system for M which has no inclusion ambiguities. Then
the following statements are equivalent:

(a) All topplings are radically resolvable.

(d') All topplings are radically resolvable relative to <.

(b) All elements of F' are reduction-unique. Moreover there is for each a €
My % J a radical T-reduction r satisfying r(a) = 0.

If these equivalent statements hold then {f, | n € T"} is a minimal generat-
ing set for Mr.
Proof. Clearly (a’) follows from (a).

(b) = (a): If (1,0, A, B) is a toppling then f; x B lies in My * J. So there is
a radical T-reduction r with r(f, * B) = 0.

(a’) = (b): The Diamond Lemma (Theorem 2.12) implies that all elements
of F' are reduction-unique. As before set

D:={DeE|D=ABfor Ac Ex, B € Nx}.
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Each a € Mt * J can be written as

a=ax= Z A7'Bf7'*B

(r,B)eT x Nx
for suitable A\, € k, where A\;1 = 0 if 7 € TH. Define Dy € D by
Dy :=max{LM(f;)B | \rp # 0}.

The proof is by induction. Assume that for each A with Dy < D there is
a radical T-reduction r with r(ay) = 0. Now consider the case Dy = D.
Since there are no inclusion ambiguities there is exactly one pair (7, B)
with LM (f;)B = D. If D € Ex then r.p is a radical elementary T-
reduction and r,p(a) = ax, where A 5 = 0 and X,z = A\¢p/ otherwise.
Hence Dy, < D and the claim follows by the inductive hypothesis.

If D does not belong to Ex then there are Cy,Cy € Nx with C;Cy; = B
and a toppling (7,0, LM (f;),C1). By (a’) we can write f.+C; as a, with
D,, < LM(f-)C:. Therefore we can write a as ax with Dy, < D, and the
claim follows.

By the definition of heady reduction system the family fr= generates M.
Since there are no inclusion ambiguities the family (LM (f,)),er# is linearly
independent over k and each k-linear combination is fixed by every radical
T-reduction. So by (b) no nontrivial linear combination of fru lies in My *.J.

O

3.2.2 Algorithms for heady reduction systems

Let fr be a heady reduction system.

Definition 3.13. An inclusion ambiguity (7,t, A, B) will be called inadmis-
sible if T € TH, t € TR, and B = 1. All other inclusion ambiguities are
admissible. Note that LM (f;) = LM (f;) in the inadmissible case.

Remark 3.14. Let (,t, A, B) be an inclusion ambiguity. If ¢ € T then the
ambiguity is admissible. If the ambiguity is inadmissible then B = 1 and
(t,7,A,1) is an inclusion ambiguity which is admissible.

The Buchberger Algorithm Buchberger can be adapted to respect heady re-
duction systems. The new algorithm HeadyBuchberger again processes lists
fr, fu und X, but fx, fu and fr are now heady reduction systems. Here,
Tis KU and T = KF 1T U". Elements keep their type (R or H) on
being transferred between lists. For example, when transferring from U to
K, elements of UT are sent to K and elements of UH are sent to K.

Algorithm 3.15 (Headylncorp).
Processes lists fx, fu, X.
At the end U is empty.
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WHILE U not empty DO
Choose au € U.
IF fr has an admissible inclusion ambiguity (k,u, A, B) with k € K THEN
fu = monic(fu — fx * B)
IF f, =0 THEN U :=U \ {u} END IF
ELSE
FOR each admissible inclusion ambiguity (u, x, A, B) with k € K DO
Transfer x from K to U.
Remove each toppling for x from X.
END FOR
Transfer u from U to K.
Append all topplings for u to X.
END IF
END WHILE

Proposition 3.16. Headylncorp stops in finite time. Let fp) be the initial
state and fr (1) the final state of the reduction system. Then M1y = Mrp(q)
and each A € E satisfies K(1), 2 T(0)a and K(l)i 2 T(O)f}. Moreover
fr@) has no inclusion ambiguities.

Proof. If (u,k, A, B) is inadmissible then (k,u, A, B) is admissible. So fx
stays free of inclusion ambiguities.

Each time a new element is added to K one of two things happens: either
VM (fx) becomes larger or K becomes smaller. As Fx is finite this can
only happen finitely many times.

We can form a word of length |U| in the alphabet Ex by writing down
the LM (f,) in increasing order. Only when a new element is added to K
can |U| increase. Each remaining step either makes |U| smaller or makes the
word associated to U larger in the lexicographical ordering. As there are only
finitely many words of a given length, the algorithm does stop in finite time.

Now let (k,u, A’, B") be an admissible inclusion ambiguity with u € U,
k € K. If f, = f. then we may discard u without altering My, T4, TE.
If they are not equal then there are A\ € k\ {0} and f € kEx such that
LC(f!)=1and f, = f. * B'+ Af]. The algorithm replaces f, with f/. As
LM (f!) is smaller than LM (f,), there is no change to Mz, and T4 can only
get larger. If B’ = 1 and x € K then u lies in U, for the ambiguity is
admissible. So T# too can only get larger. ]

Procedure 3.17 (HeadyExpand).
Input: A toppling v = (k,0, A, B) in X.
Remove « from X.

Append monic(f, * B) to U if nonzero.

Now we can state the Buchberger Algorithm for heady reduction systems.
This time we shall jump straight to the more general case.
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Algorithm 3.18 (HeadyBuchberger).
Input: A finite reduction system fy for M with My = M
Output: A minimal generating set fr = for M.

K=0U:=0,xX:=0
WHILE V, X not both empty DO
EITHER
Transfer a nonempty subset of V to U
OR
Perform HeadyExpand on at least one element of X.
END EITHER
Carry out Headylncorp.
END WHILE

Remark 3.19. Briefly, the modifications to the usual Buchberger Algorithm
are as follows:

1. Some inclusion ambiguities are declared to be inadmissible.
2. Brand new generators are put in U,
3. Expansions are put in U%.

Theorem 3.20. HeadyBuchberger stops in finite time. At the end {f, | n €
K*HY is a minimal generating set for M.

Proof. Each time a new element is added to K in Headylncorp, one of two
things happens: either VM (fr) becomes larger or |K | becomes smaller. In
the latter case VM (fk) stays the same: it can never decrease in size. Since
FEx is finite we conclude that the heady reduction system fx is constant
after finitely many applications of Headylncorp. After this, X’ shrinks each
time HeadyExpand is performed and is left unchanged by Headylncorp. So
after finite time the lists X and V are both empty and the algorithm stops.

Set T := K II U as above. Each time elements are transferred from V to
U we have T94 C T%*" and TOldlj C 77" % for each A € E. By the time
V is empty we have Mp = M.

Let K! be the value of K at the end of HeadyBuchberger. The rules gov-
erning X ensure that each toppling (x, 0, A’, B') with k € K! occurred in X
at some point and then later as f,. * B’ in U. From this later time onwards
the toppling is radically resolvable relative to < over T'. So Proposition 3.16
says that the toppling is radically resolvable relative to < over K'. The result
follows from Theorem 3.12. O

3.3 Implementation
Let F,, = @'18:(?) kG be the nth term in the minimal projective resolution of

the trivial right kG-module k. The nth differential d,,: F;, — F,,_1 is charac-
terised by the images in F,,_; of the 3(n) free generators of F,,. These images
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are stored in the .bin-file for d,,. The first differential d; is easy to write down.
For n > 1 one calculates S(n + 1) and the images for d,,1 simultaneously
by finding minimal generators for the kernel of d,,. For this the above algo-
rithms are used, which only require as input the images under d,, of the free
generators of F,: they do not need the matrix of d,, as a k-linear map.

3.3.1 The variants of the algorithm Incorp

The algorithm ElimIncorp Let M be a submodule of the free module F' =
F1 @ F,. Impose on E(F) the ordering of Example 3.3. Then LM (f) € E(F})
for each f € kE(F) \ kE(Fy). For such f set dim(f) := ¢(w(LM(f))).

Let fr be a reduction system for M. As in Proposition 3.4, define Ty, T5
by Tl = {T eT | LM(fT) S E(Fl)} and T2 = {T eT | fT € FQ} By
comparison with Definition 2.26 we then define a set RSq(fr,) and a family
a(fr,) by

RSq(fry) :=={(7,B) € Ty x Nx | dim(f.B) =d and LM(f;)B € Ex(F)}

and Iq(fr,) := (fr * B)(r.B)eRSa(fr,)

Algorithm 3.21 (Implementation of Elimlncorp).

Processes lists fx, fu, X, fy as in Algorithm 3.6.

Order E(F) as in Example 3.3.

Suppose given a dy > 0 such that dim(f,,) > do for each u € Uy and Iy, (fx,)
is known. (Always true for dy = 0.)

Transfer all elements of Us to V.
FOR d > dyp DO
WHILE there are v € U = Uy with dim(f,) = d DO
Choose a u € U with LM (f,) as large as possible
IF fr has an inclusion ambiguity (k,u, A, B) with xk € K THEN
Look up value of f, * B in II;(fx,).
fu := monic(f, — fx * B)
IF f, =0 THEN
U:=U\{u}
ELSE IF f, now lies in F» THEN
Transfer u from U to V.
END IF
ELSE
FOR each inclusion ambiguity (u, x, A, B) with x € K DO
Transfer x from K to U.
Remove each toppling for x from X.
END FOR
Transfer v from U to K.
Append (u, 1) to RSq(fk,)-
Append all topplings for u to X.
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END IF
END WHILE
IF U is empty THEN stop algorithm END IF
Compute i11(fk,) from fr, and H4(fk,).
Discard Iy(fk,)-
END FOR

The algorithm Headylncorp The implementation of this algorithm is
closely modelled on the implementation of Incorp (cf. §2.3.1). We shall use
the same notation.

Algorithm 3.22 (Implementation of Headylncorp).

Processes lists fx, fu, X as in Algorithm 3.15.

Order E(F) as in Example 1.13.

Suppose given a dy > 0 such that dim(f,) > do for each v € U and Iy, (fx)
is known. (Always true for dy = 0.)

FOR d > dop DO
WHILE there are u € U with dim(f,) = d DO
A:=max{LM(f.) |ue U}
Vi={ueU|LM(f.) =A}
IF V2 is non-empty THEN
Choose a u € VE,
ELSE
Choose a u € V.
END IF
IF fr has an admissible inclusion ambiguity (k,u, A, B)
with k € K THEN
Look up value of f, * B in IT4(fx).
fu = monic(fu — fx * B)
IF f, =0 THEN U := U \ {u} END IF
ELSE
FOR each admissible inclusion ambiguity (u, s, A, B)
with k € K DO
Transfer k£ from K to U.
Remove from X all topplings for .
IF LM (f.) = LM (f.) THEN Remove (k,1)
from RSq(fx). END IF
END FOR
Transfer u from U to K.
Append to X all topplings for u.
Append (u,1) to RSa(fk).
END IF
END WHILE
IF U is empty THEN stop algorithm END IF
Calculate ITq11(fk) from frx and Iq(fx).
Discard I14(fk).
END FOR
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3.3.2 The variants of the Buchberger Algorithm

The simplest strategy for determining the kernel of ¢: Fo — F} is the following
algorithm. Here 71, ...,n, are free generators for the free kG-module F5.

Algorithm 8.23.

Input: ¢(771)a ey ¢’(71n)

Output: A minimal generating set fa for Ker(¢) and a preimage Grobner
basis fp for Im(¢).

Carry out ElimBuchberger on ¢(m1),. .., ¢(nn).

fB := the resulting preimage Grobner basis fx for Im(¢).

Carry out HeadyBuchberger on the generating set fi for Ker(¢).
fa := the resulting minimal generating set fr# for Ker(¢).

However the dimension of Ker(¢) is often known in advance, for example
when ¢ is a differential in the minimal resolution. We shall see that this
knowledge can be used to make the algorithm HeadyBuchberger 3.18 stop
earlier. Moreover! one can interweave the algorithms ElimBuchberger (3.7)
and HeadyBuchberger and thus make the algorithm ElimBuchberger stop ear-
lier too. This can lead to a considerable time saving.

We shall now assemble the composite algorithm, which requires five pro-
cedures and four conditions. First though we have to solve a problem of
notation: we have given the indexing sets in ElimBuchberger and in Heady-
Buchberger the same names as in the model algorithm Buchberger, namely
K, U and T := K I1 U. Rather than introduce further potentially confusing
notation I consider it best to settle for the following convention:

The reduction systems fx, fy and fr in the two procedures derived
from ElimBuchberger have nothing to do with the reduction systems
fr, fu and fr in the three procedures from HeadyBuchberger. The
same goes for the two lists X of topplings.

It is the reduction system fy which is responsible for communication between
the two algorithms.

The five procedures will be stated first, then the algorithm itself, and then
the four conditions.

Procedure 3.2/ (InitElimBuchberger).
Input: ¢(n1)a feay ¢(77n)

fu == {monic(¢(n;) —n;) | 1 <1i < n}.
K=0,X:=0,V:=0.

HO(le) is empty.
Carry out ElimlIncorp as in in Algorithm 3.21, with dy = 0.
0 :=0.

1 As already hinted at in Remark 2.24.
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Procedure 3.25 (LoopElimBuchberger).
Variables: as in InitElimBuchberger.
We have X; = () for d < 6.

Apply Expand to the elements of Xy using ITy(fk, ).
Calculate ITp41(fxk,) from frx, and p(fx,)-

Discard y(fk,)-

0:=0+1.

Carry out ElimIncorp as in Algorithm 3.21, with dy = 6.

Procedure 3.26 (InitHeadyBuchberger ).
K=0,U:=0,x:=0.

Io(fx) is empty.

p:=0.

Procedure 3.27 (ReadHeadyBuchberger).
Variables: as in InitHeadyBuchberger.
Input: New elements of Ker(¢) in fy.

Discard II,(fx).

Transfer all elements of V to UH.

Write down Iy (fx).

p:=0.

Carry out Headylncorp as in Algorithm 3.22; with dg = 0.

Procedure 3.28 (LoopHeadyBuchberger).
Variables: as in InitHeadyBuchberger.
We have X; = ) for d < p.

Apply HeadyExpand to the elements of &, using IT,(fx).
Calculate IT 41 (fx) from fx and IT,(fx).

Discard II,(fx).

p:=p+1

Carry out Headylncorp as in Algorithm 3.22; with dg = p.

Algorithm 3.29 (Kernellnterwoven ).
nput: v = dim(Ker(6)), and ¢(1m), - ., $(n).

43

Output: A minimal generating set fu for Ker(¢) and a preimage Grobner

basis fp for Im(¢).

Carry out InitElimBuchberger.
Carry out InitHeadyBuchberger.
REPEAT
Carry out LoopElimBuchberger.
UNTIL Condition A is satisfied.
fB := current value of fx in ElimBuchberger.
Carry out ReadHeadyBuchberger.
WHILE Condition B not satisfied DO
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Carry out LoopHeadyBuchberger.
IF Condition C is satisfied THEN
REPEAT
Carry out LoopElimBuchberger.
UNTIL Condition D is satisfied.
Carry out ReadHeadyBuchberger.
END IF
END WHILE
fa := current value of fx = in HeadyBuchberger.

Condition 3.30 (Condition A).

Meaning: Enough elements of Ker(¢) have been found to make it worth start-
ing HeadyBuchberger.

Condition: | VM (fk, )| = dimg(Im(¢)) in ElimBuchberger, so fk, is a preimage
Grobner basis for Im(¢). Moreover: either ElimBuchberger has finished (i.e.,
the list X' is empty), or LoopElimBuchberger has been carried out at least
n4 times since fx, first became a preimage Grobner basis.

Explanation: Ideally we would stop ElimBuchberger as soon as fy becomes
large enough to generate Ker(¢), but this condition is impractical to test on
the computer. By contrast Condition A is easy to test, and experience shows
that it is usually first satisfied shortly before or after fir becomes a generating
set for Ker(¢). The parameter n 4 allows for fine tuning and its optimal value
seems to depend on the prime p. For p = 2,3 a good value is n4 = 2. For
p =51 currently use na = 5, for otherwise Condition A is often satisfied far
too early. It is cheaper to have Condition A satisfied a little too late rather
than a little too early.

Condition 3.31 (Condition B).

Meaning: The algorithm has found a minimal generating set for Ker(¢) and
can terminate.

Condition: | VM (fr)| = dimg(Ker(¢)) in HeadyBuchberger. Also U = ),
and: dim(f,) < dim(f,) and dim(f,) < dim(y) for all K € K#, u € U and
vyeX.

Explanation: By Lemma 2.25 f§ is a minimal Grobner basis for Ker(¢) if and
only if |VM(fxk)| = dimg(Ker(¢)). The remaining conditions ensure that
K™ remains constant for the rest of HeadyBuchberger, which means that the
current state of fiwm is also the final state. Note that the later parts of this
condition are in particular satisfied if U = X = (.

Condition 3.32 (Condition C).

Meaning: The elements of the kernel found up to now do not seem to gener-
ate. Suspend HeadyBuchberger and continue with ElimBuchberger.
Condition: X # @) in ElimBuchberger and | VM (fx )| < dimy(Ker(¢)) in Heady-
Buchberger. Moreover either X = () in HeadyBuchberger, or the last ng ap-
plications of LoopHeadyBuchberger have left VM (fx) unchanged.
Explanation: In practice this usually means that fr does not generate Ker(¢).
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A good choice for p = 2,3 seems to be ng = 2. For p =51 use ng =1, as
each cycle of LoopHeadyBuchberger takes a rather long time.

Condition 3.33 (Condition D).

Meaning: Suspend ElimBuchberger once more and continue with HeadyBuch-

berger.

Condition: X is now empty in ElimBuchberger; or new elements of Ker(¢)

have been found; or LoopElimBuchberger has now been performed np times

without finding new elements of Ker(¢).

Explanation: To check whether new elements of Ker(¢) have been found, the

computer performs ReadHeadyBuchberger at the end of LoopElimBuchberger.
The third part of the condition allows for the possibility that Condition C

caused HeadyBuchberger to be suspended when in fact fr did generate the

kernel. Usually I set np = 2.

Lemma 3.34. Algorithm 3.29 Kernellnterwoven stops in finite time. At the
end fa is a minimal generating set for Ker(¢) and fp is a preimage Grébner
basis for Im(¢).

Proof. All elements occurring in fy belong to Ker(¢), so fa is a minimal
generating set for the kernel provided the algorithm does stop. As ElimBuch-
berger stops in finite time, X is empty after finitely many applications of
LoopElimBuchberger. So LoopElimBuchberger can only be performed finitely
often and Condition C can only be satisfied finitely often. Once Condition C is
never again satisfied, LoopHeadyBuchberger only has to be performed finitely
often to make the X of HeadyBuchberger empty. But if X is empty in Elim-
Buchberger and in HeadyBuchberger, then Condition B will be satisfied. O

3.4 Computing preimages

Let d: F» — F be a kG-linear map between free kG-modules, and let (b,),cr
be a finite family of elements of Im(d). Our task in this section is to compute
a family (u,),cr of elements of F5 which satisfies d(u,) = b, for all p € R.
For example, let F3 be another free kG-module and : F3 — F; a kG-
linear map whose image is contained in that of d. We would like to construct
a lift 1): F3 — Fy of 1, that is a kG-linear map making the following diagram

commute.
I3 I3

Lo

FQL)F]_

Let (e,),er be free generators for Fj, set b, := 1)(e,) € Im(d) and calculate
preimages u, of the b,. Then a map 9 of the desired kind is constructed by
setting @(ep) := u,. This situation comes up when lifting cocycles to chain
maps in order to compute the Yoneda product of two cohomology classes.
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Tools for computing preimages were created in Sect. 3.1. Set F' := Fo® F1,
choose an elimination ordering on E(F) and use ElimBuchberger to calculate
a preimage Grobner basis for Im(d).

Algorithm 3.35 (Lift).
Input: Family (b,),cr in Im(d), preimage Grobner basis fr for Im(d).
Output: Preimages (u,),er-

FOR each p € R DO u, := b, END FOR

WHILE there are p € R with LM (u,) in F; DO
Find 7 € T and B € Nx satisfying LM (f;)B = LM (u,).
up == u, — LC(up). fr x B.

END WHILE

Proposition 3.36. The algorithm Lift stops in finite time. At the end each
u, lies in Fy and satisfies d(u,) = b,.

Proof. By part 3 of Proposition 3.4, such 7, B can always be found. The result
follows. U

Now we shall state a version of Algorithm 3.35 Lift suitable for implementa-
tion. As in Sect. 3.1, for a reduction system fgr set

Ri:={peR|u, e F\Fs}.

Algorithm 3.87 (Implementation of Lift).

Input: Family (b,),cr in Im(d), preimage Grobner basis fr for Im(d).
Output: Preimages (u,),cr-

Order E(F) as in Example 3.3.

Observe that Ty = T.

FOR each p € R DO u, := b, END FOR
Write down Iy (fr).
FOR d > 0 DO
WHILE there are p € Ry with dim(u,) = d DO
Choose a p € Ry with LM (f,) as large as possible.
Find 7 € T and B € Nx which satisty LM (f;)B = LM (u,).
up, :=u, — LC(u,).fr x B
END WHILE
IF R, is empty THEN stop algorithm END IF
Calculate ITyy1(fr) from fr and II4(fr).
Discard I4(fr).
END FOR



4 Grobner bases for graded commutative
algebras

Let p be an odd prime and k a field of characteristic p. Cohomology rings
over k are not commutative but rather graded commutative. So if  and y
are homogeneous cohomology classes in degrees n and m respectively, then
one has y.x = (—1)™z.y rather than y.x = x.y. Consequently free graded
commutative algebras are not in general polynomial algebras. So as we want
to work with presentations of cohomology rings, we will need Grébner bases
for graded commutative rings. I know of no such theory in the literature, and
so one will be developed here. Note that there is more than one possibility
for such a theory.

If y is an element of a graded commutative algebra which is homogeneous
of odd degree, then the relation y? = 0 is automatic. Relations of this kind
hold even in free graded commutative algebras. This leads one to suspect
that they will enjoy a privileged status in the desired Grobner basis theory.
The Grobner bases that we shall now develop were designed with the aim
of abolishing as far as possible the privileged status of these “structural”
relations, in order to make the resultant methods easier to implement.

This principle that the Grobner basis methods should be easy to imple-
ment actually leads to a different kind of Grébner bases: not Grobner bases
for ideals in graded commutative algebras but rather Grobner bases for right
ideals in certain algebras which I shall call ©-algebras. A ©-algebra is what
you get when you take the presentation as an associative algebra of a graded
commutative algebra and then remove the relation y? = 0 for each odd di-
mensional free generator.

One sees from this definition of a ©-algebra that a ©-algebra has the same
underlying vector space as the polynomial algebra on the same generators,
but a different multiplication. In particular the bases of monomials is only
closed up to sign under multiplication in the ©-algebra. This means that
we cannot use E. Green’s Grobner bases for algebras with a multiplicative
basis [41, 42].

The Grobner bases we shall develop for right ideals in @-algebras bear
a strong resemblance to commutative Grobner bases. A good text on these,
the most widely known Grobner bases, is Chapter 15 of Eisenbud’s book [31].
The main difference is that at the start of the Buchberger Algorithm one has

D.J. Green: LNM 1828, pp. 4965, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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explicitly to add the element y? to the generating set of the right ideal for
each odd dimensional generator y of the ©-algebra.

Section 4.1 starts with the definition of a ©-algebra and proceeds to establish
some results on the structure of such algebras which will be needed to set
up Grobner bases for them. For example, right ideals satisfy the ascending
chain condition (Proposition 4.16), every right ideal of interest to us is a
two-sided ideal (Proposition 4.18), and any two monomials have a highest
common factor and a lowest common multiple (Lemma 4.22).

Grobner bases for right ideals in @-algebras are introduced in Sect. 4.2. As
usual there is a Buchberger Algorithm for constructing Grébner bases. The
remaining sections contain applications: Sect. 4.3 describes how to calculate
the kernel of a homomorphism of graded commutative algebras, and Sect. 4.4
introduces Groébner bases for right modules over a ©-algebra. These can be
used to determine the intersection of two ideals and the annihilator of an
element.

Remark 4.1. There is more than one way to set up Grébner bases for graded
commutative algebras. Here are some advantages of the current approach:

— As far as possible, the “structural” relations y? = 0 are treated in exactly
the same way as the remaining relations. This makes it easier to list the
critical pairs?.

— Elements of a ©-algebra may be represented as polynomials. The polyno-
mial is unique, and every polynomial can occur.

— Grobner bases for right ideals in a @-algebra are analogous to the usual
commutative Grobner bases. Grobner bases for two-sided ideals would be
more complicated as they would share at least some of the characteristics
of noncommutative Grébner bases.

Remark 4.2. If p = 2 then the cohomology algebra H*(G) is a commutative
k-algebra. So in this case one can use commutative Grobner bases. A good
source is Chapter 15 of Eisenbud’s book [31].

Remark 4.3. The Grobner bases we develop here have nothing to do with
the Grobner bases of Chap. 2. The Grobner bases of that chapter are for
modules over the group algebra of a p-group and are used to construct mini-
mal resolutions. The Grobner bases of the current chapter are for right ideals
in @-algebras and are required in order to be able to compute in graded
commutative algebras such as cohomology rings.

4.1 The structure of @-algebras

Definition 4.4. Let k be a field of odd characteristic p. Let zy,...,z, be
indeterminates, each equipped with a degree |z;| = t; > 0.

! Pairs of relations whose leading monomials have a common factor.
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1. The O-algebra A = O(z1,...,2,) on z; overk is defined as the associative
algebra

O(21s vy 2n) = k{21, 2n)/(zjz — (1) 2525 for 1 <i < j<m).

The ordered n-tuple (21, . .., zn) s part of the structure of the ©-algebra A.
2. P(A) :=E[z1,..., 2] is called the associated polynomial algebra of the O-
algebra A. We shall denote multiplication in P(A) by xp to distinguish
it from multiplication in A.
3. The family B = B(A) of elements of A is defined as follows:

B:={z" 2" | (ma,...,my) € N"}.
The following lemma hardly requires a proof.

Lemma 4.5. Let A =0(z1,...,2,) be a O-algebra.

1. The family B = B(A) is k-basis of A.

2. B is a k-basis of the associated polynomial algebra P(A) and closed under
multiplication xp in the polynomial algebra.

3. For every pair by, by € B there is exactly one 12 € {—1,1} satisfying
b1b2 = Elgbl *p b2.

Proof. Order the monomials of k(z1, ..., 2,) with the length-lexicographical
ordering induced by z, > -+ > 2;. The reduction system

{zjzi — ()Y ziz; |1 <i<j<n}  (ti =]z

has no inclusion ambiguities and all overlap ambiguities are resolvable. So
the Diamond Lemma [12] tells us that B is a basis. The rest is then clear. O

Ezample 4.6. Let A be the algebra O(y,z) with y and z one-dimensional.
Then yz.y = —y?z and yz *p y = y?z. Hence in this case we have yz.y =
—yz *p Y.

Remark 4.7. More generally, if w is an arbitrary word in the generators of
a O-algebra A then there are unique b, € B and ¢, € {—1,1} satisfying
W = €y by,. For any two words v, w one has vw = Fwv.

Remark 4.8. In general though, elements of a @-algebra do not commute,
even up to a sign. For example, if y, z are both 1-dimensional then neither
(y + 2)y = y(y + 2) nor (y + z)y = —y(y + 2) holds in O(y, 2).

Definition 4.9. Let A be a O-algebra. A total ordering < on B(A) shall be
called useable if for all b,by,by € B it satisfies

]fbl Sbg then b1 *pbgbg *p b.

Useable orderings exist for every ©-algebra.
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Ezample 4.10. The graded lexicographical ordering <gcx is defined by
b1 <griex b2 < deg(b1) < deg(ba), or deg(by) = deg(bs) and by <jex b2

This ordering is useable.

Remark 4.11. Let A be a ©-algebra. By definition A is finitely generated and
each generator is in positive degree. Therefore:

1. B(A) has a smallest element for the ordering <gyiex, namely 1.

2. The set {b € B | b <giex bo} is finite for each by € B, as {b € B | |b] < n}
is finite for each n > 0,

3. <grlex is a well ordering.

Remark 4.12. Each element a of the ©-algebra A has a support supp(a) C B.
If a useable ordering has been chosen then each a # 0 has a leading monomial
LM (a) € B.

Lemma 4.13. Let a1,as be elements of a ©-algebra A. If aras = 0 then at
least one of ay,as must be zero. If ajas is a term (that is, its support has size
one), then both ai and as are terms.

Proof. Choose a useable ordering and assume that a;,as are both nonzero.
For ¢« = 1,2 let \;b; be the leading term of a;. The product of these two terms
is A1 A2b1 *p ba, and no other product of a term in a; with a term in as can
produce a scalar mutliple of by *xp by. The analogous statement holds for the
product of the two smallest terms. ]

Definition 4.14. A monomial ideal in the O-algebra A is an ideal which is
generated by a subset of the basis B(A).

Remark 4.15. Here we need not distinguish between left, right and two-sided
ideals, because the left and the right ideal generated by a subset of B coincide.

Proposition 4.16. Right ideals in a ©-algebra satisfy the ascending chain
condition.

Proof. Let I be aright ideal in the @-algebra A. Order B(A) with the graded-
lexicographical ordering, set

LM(I) = {LM(f) | f e IN{0}} € B

and write LT (I) for the subspace of A with k-basis LM (I). Then LT(I) is
a monomial ideal in A. As B is also a k-basis of the associated polynomial
algebra P(A), we may also view LT(I) as a monomial ideal in P(A). Since
P(A) is noetherian there is a finite subset S C LM (I) C B which generates
LT(I) as an ideal in P(A). Then S also generates LM (I) as a right ideal
in A.
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Now choose for each s € S an f € I with LT (f;) = 1.s. Denote by J the
right ideal in A generated by the finite set {fs | s € S}. Clearly J C I. If
J is not equal to I then there is an f € I'\ J such that LM (f) <grex LM (g)
for every g € f+J, for <guex is a well-ordering. As however the term LT(f)
lies in LT(I) there are s € S and a term ¢ satisfying LT (f) = st. But this
leads to a contradiction, because then g := f — fst lies in f 4 J and satisfies
LM (g) <griex LM(f). 0

Remark 4.17. If x1,...,x, are even- and yi,..., Y, odd-dimensional then
the free graded commutative algebra on the x; and the y; is the quotient of
the ©-algebra on the same generators by the relations y? = 0 for 1 <4 < m.

Proposition 4.18. Let A be the O-algebra O(x1,...,Tr,y1,.-.,Ys), where
each x; is even- and each y; odd-dimensional. Let I be a homogeneous right
ideal in A. If y? €I for every 1 < j <s, then I is a two-sided ideal.

The proof of the proposition requires a special case of the following lemma.
Later on in Theorem 4.31 we shall use the lemma in its full generality.

Lemma 4.19. Let A be the O-algebra O(x1,...,2Zr,Y1,...,Ys), where each
x; is even- and each y; odd-dimensional. Let fi,...,f: be elements of A
which are homogeneous of degree n, and g1, ...,g; elements of A which are
homogeneous of degree m. Set ¢ := (—1)™" and define

t t
= Zgifi - EZfigi :
=1 =1

Then there are elements hy, ..., hs of A with the following properties:

1. Each h; is either zero or homogeneous of degree n + m — 2.
2. ¢ = Ej L yJ
3. supp(y; 2h;) C supp(@) for each j.

Proof. If b, b’ are monomials of degree n, m which do not satisfy b'b = ebb’
then ged(b, ') involves at least one of the y;. a

Proof (of Proposition 4.18). For each homogeneous f € A and for each gen-
erator z of A, Lemma 4.19 implies that

zf = (=1)* fz lies in I. (4.1)

Here p is the degree of f and v that of z. Now let b be an element of B. We
shall prove by induction on the degree of b that bl is a subset of I. If b is a
generator of A then the result follows from (4.1). If it is not then there are
b1,be € B satisfying b = +b1by and both of positive degree. As their degrees
are less than that of b we deduce that by C I and b1 C I from the inductive
hypothesis. a
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Example 4.20. Let a and b have degree 1. The right ideal generated by a+b
in O(a,b) is not a two-sided ideal, as it does not contain a? + ab.

Definition 4.21. Let A be a O-algebra and by,bs elements of B(A). The
greatest common denominator ged(by,bs) € B and the least common multiple
lem(by, bo) € B are defined as follows:

ged(by, ba) == ged of by, by in P(A)
lem(by, be) := lem of by, be in P(A)

These definitions make sense, as we shall now see:

Lemma 4.22. Let A be a ©-algebra and by, by elements of B.

1. If there are a, f1, fo € A with afi = b1 and afy = by, then there is exactly
one f € A with af = ged(by, ba).

2. If there are a, f1, fo € A with by f1 = a and by fo = a, then there is exactly
one f € A with lem(b1,b2) f = a.

Proof. In both parts the uniqueness of f follows from Lemma 4.13. In the
first part it follows from the same lemma that a, f1, f» are terms?. So there
isan f’ € A such that axp f' = ged(by,bs), as P(A) is a polynomial algebra.
But af = +ax*p f'.

Lemma 4.13 also implies that it suffices to prove the second part for terms
a, f1 and fo. Again, we use the corresponding result for P(A). a

Lemma 4.23. Let A be a O@-algebra and < a useable ordering on the k-basis
B(A). The following statements are equivalent:

1. < 1s a well-ordering.
2. 1 is the smallest element of B.

Proof. Suppose there is a b € B with b < 1. Write b*" for the nth *p-power
of b. So b*" = +b™ and b*3 = bxp bxpb. Then 1 >b > b2 > ... > b >
b*n+1 > ...

Now suppose that 1 is the smallest element of B and let b,, be a decreasing
sequence in B. Let I be the monomial ideal in P(A) generated by the b,,. As
P(A) is noetherian there is an ng > 1 such that I is generated by by, ..., bp,.
So for each n > ng there are m = m(n) € {1,...,n9} and b = b(n) € B,
satisfying b,, = by, *p b. But then

bm:bm*Plgbm*Pi):bnSbnoSbmy

and so by, = by, for all n > ng. O

2 A term is a scalar multiple of a monomial, and a monomial is an element of B.
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4.2 Grobner bases for right ideals

We now know the structure of ©-agebras well enough to set up Grobner
bases in this context. These are modelled on Grébner bases for ideals in
(commutative) polynomial algebras, as described in Chapter 15 of Eisenbud’s
book [31].

4.2.1 Grobner bases and the Division Algorithm

Definition 4.24. Let I be a right ideal in the @-algebra A and fs = (fs)ses
a family of nonzero elements of I. Assume a useable ordering on B(A) has
been chosen.

1. LM(fs) denotes the family {LM(fs)|s € S}.

2. Denote by (LM (fs)) the ideal generated by LM (fs) in the free commuta-
tive monoid (B, xp). Hence (LM (fs)) is a k-basis for the monomial ideal
LM(fs)A.

3. fs is a Grobner basis for the right ideal I if

(LM (fs)) = LM(I\ {0}).

4. fs is a minimal Grébner basis for the right ideal I if LM (fs) is a minimal
generating set for the ideal LM (I \ {0}) in (B, *p).

Remark 4.25. Consequently minimal Grobner bases are always finite.

Hypothesis 4.26. Let A be a @-algebra, I a homogeneous right ideal in A,
fs = (fs)ses a family of homogeneous nonzero elements of I and < a useable
ordering on B(A).

Proposition-Definition 4.27. (cf. [31, p. 334])
Assuming Hypothesis 4.26 one has:

1. For each f € A there is an f' € A, an n > 0 and triples (s;,b;, \;) for

1 <1 < n satisfying the following conditions:

a) s; €S, b; € B and \; € k* for each i.

b) f = fl + 2?21 )\ifSib’L"

¢) If /0 then LM(F) ¢ (LM(fs)).

d) LM(f,bi) > LM (fs,b;) for i < j.

e) If f' #0 and n > 1 then LM (fs, bn) > LM(f").

We shall call such an [’ a reduced form of f over (<, fs). The following

properties also hold:

f) If n > 1 then f is nonzero and LT(f) = A\ LT (fs,b1).

g) If s1,...,8, are known for some r < n then the b; and the \; are
uniquely determined for i < r. If n und s1,...,s, are known then f'
is uniquely determined.
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2. For each f € A there is an ' € A, an n > 0 and triples (s;,b;, \;) for
1 < i < n which satisfy the above conditions (a), (b) and (d) and also
(¢) supp(f") (1 (LT(fs)) = 0.

We shall call f' a completely reduced form of f over (<, fs). Property (g)
above also holds here.

Proof. Part 1: If f =0 or LM(f) ¢ (LM(fs)) then set n = 0 and f' = f.
Otherwise there is a triple (s1,b1, A1) such that f; := f — Ay fs, b1 satisfies
either fi =0 or LM (f1) < LM (f). If there are s # s’ € S such that LT(f)
is divisble by LT(f,) and by LT(fs), then there is more than one possibility
for s1. But one s; has been chosen, b1, A\; and f; are uniquely determined.

Iterating we obtain a sequence fy = f, f1, f2,... for which the sequence
LM(f;) is strictly decreasing. This sequence (f;) is finite, because every mono-
mial LM (f;) lies in the finite set

p(f) ={be B |3 €supp(f) with [b] = [V'[}.

Part 2: First calculate a reduced form g of f. If the intersection supp(g) N
(LM (fs)) is not empty, set h := g— LT(g). Then h is nonzero and LM (h) <
LM(f). We may assume that h has a completely reduced form h’, for as in
Part 1 the induction is well-founded. Then LT (g)+h’ is a completely reduced
form of f. a

Remark 4.28. Hypothesis 4.26 therefore implies that every Grobner basis for
the right ideal I is also a generating set for I. For the only possible reduced
form for an element of I is 0.

4.2.2 The Buchberger Algorithm

The Buchberger Criterion for being a Grobner basis will now be presented,
and then the Buchberger Algorithm for constructing a Grébner basis. On the
way we shall need some more definitions.

Definition 4.29. Assume Hypothesis 4.26. Let s,t be elements of the index
set S. Lemma 4.13 implies that there are unique terms Ts, T¢ satisfying

LT(fs)7s = lem(LM (fs), LM(ft)) = LT (fe)7e -
The S-polynomial o5y = o(fs, ft) is defined by
Ost = [sTs — feTt .
1t follows that b < lem(LM (fs), LM(f;)) for every b € supp(cst).

Definition 4.30. Assume Hypothesis 4.26.

1. A homogeneous element f € A is called weakly reducible if either f = 0
or there are sy, ..., 8, € S and homogeneous elements g1, ..., g, € A\ {0}
satisfying the following conditions:
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(l) f= Z::1 fsl'gi'

b) LM(fagi) < LM(f) for cvery i.

Note in particular that f is weakly reducible if it has 0 as a reduced form.
2. Let s,t be elements of S. The S-polynomial o is called weakly resolvable

if there are s1,...,8,. € S and homogeneous elements ¢1,...,g, € A\ {0}

satisfying:

a) Ost = 22:1 Js:9i-

b) LM(fs,9:) <lem(LM(fs), LM(f;)) for everyi.

So if g is weakly reducible then it is weakly resolvable, but the reverse

implication may well be false.

Recall that the generating set of a @-algebra is part of its structure.

Theorem 4.31 (Buchberger Criterion). (cf. [31, p. 336])

Let I be a right ideal in the ©-Algebra A and fs a family of elements of I,
as in Hypothesis 4.26. Assume further that fs generates I as a right ideal.
Then the following statements are equivalent:

1. fs is a Grébner basis for the right ideal I.

2. FEvery reduced form of o is zero for all s,t € S.
3. og has zero as a reduced form for all s,t € S.

4. os 1s weakly resolvable for all s,t € S.

If moreover 2% is weakly reducible for every odd-dimensional generator z of A,

then each of the following statements is equivalent to the first four statements.

5. Statement 2 holds for all s,t with gcd(LM (fs), LM (f;)) # 1.
6. Statement 3 holds for all s,t with ged(LM (fs), LM (f:)) # 1.
7. Statement 4 holds for all s,t with gcd(LM (fs), LM (f:)) # 1.

We shall see in Example 4.33 that Statements 1. and 7. are not equivalent
without the condition on the 22.

Proof. Each statement follows from 1. and implies 7. Each of the first four
statements also implies 4. The proof that 4. implies 1. is directly analogous
to the proof of [31, Theorem 15.8].

It remains to show that 7. implies 4. Denote by v1,...,yn the odd-
dimensional generators of A. For s € S write by = LM (fs), 7s = LT(fs)
and hs = 75 — fs. Hence fs = 75 — hs. Suppose s,t € S satisfy ged(bs, by) = 1.
Define ¢ € {+1,—1} by bsby = ebibs. Then oy is a scalar multiple of
fs1t — €f:Ts. Showing that o is weakly resolvable means showing that
fse — fits = > vy fs.9; for suitable si,...,s, € S and g; € A\ {0}
satisfying LM (fs,g;) < bs *p by for each i. But

fsTt - Efth = Eh‘tTS - hsTt
== 6htfs - hsft + (ghths - hsht)
= fsht - 5.fths -9
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where @ is defined by @ := (fshy + hsft — hshe) — e(hefs + fihs + hihs).
By assumption fs, f; are homogeneous. Since bs, b; have no common factor,
e = (=11l Now, Lemma 4.19 tells us that there are ¢1,...,¢y in A
that satisfy & = Zjvzl jJQ»qu as well as for each j the condition supp(y?@) -
supp(®). So if each y]2 is weakly reducible we obtain the required expression
for fo1r — e feTs. O

Theorem 4.32 (Buchberger Algorithm). (cf. [31, p. 337])
Let A be the O-algebra O(z1,...,Zr,Y1,--.,YN), where each x; is even-
and each y; is odd-dimensional. Let < be a useable ordering on B(A) and
I a homogeneous right ideal in A. Let fs = (fs)ses be a finite family of
homogeneous nonzero elements of A which generates I.

Assume further that each y]2 is contained in I and weakly reducible
over fg.

If at least one step of the following two types is possible, then carry one
out to obtain a new family fy.

Type 1 step Pick an unordered pair {s,t} C S and calculate a reduced form
I over fs of its S-polynomial os. If f' = 0 then set U := S, otherwise
set U := ST {up} and fu, := f'. Set T := S in both cases.

Qualification: Only use pairs which satisfy ged(LM (fs), LM (f)) # 1 and
for which this step has not been carried out before.

Type 2 step Pick s € S, set T := S\ {s} and calculate a reduced form f' of
fs over fr. Set U := T if f' = 0, otherwise set U := T 1 {up} and
fuo = 1"

Qualification: LM (fs) must lie (LM (fr)). That is, there is at € T and
a term 7 satisfying LT(fs) = LT (f)T.

We then obtain a sequence fs(o), fs(1),--- by setting S(0) = S and fsm41)
to be the fu for fs). This sequence has finite length and the last term fg(y)
is a minimal Grobner basis for I.

Proof. The monomial ideal (LT (fy)) contains (LT (fs)), and they are equal
if and only if T' = U. As monomial ideals are also ideals in the polynomial
algebra P(A) they satisfy the ascending chain condition. So after finitely
many steps one has T' = U. But then the sequence stops after finitely many
steps: if T = U for a Type 2 step then U is a proper subset of S, and if T' = U
for a Type 1 step then U = S and there are only finitely many pairs s,t to
work through.

Clearly fy and fg generate the same right ideal in A. If f € A is weakly
reducible over fg, then it is weakly reducible over fy; too. Similarly for ¢,t' €
T: o4y is weakly reducible over fy if it is over fs. For the last term fg(,) of the
sequence no Type 1 steps are possible, and so Statement 7. of Theorem 4.31
is satisfied. The assumption on the odd-dimensional generators ensures then
that fg(,) is a Grobner basis for I. Since no Type 2 steps are possible, this
Grébner basis is minimal. O
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Ezample 4.33. Let A be O(a,b,c,d,x,y), where the generator degrees are
|z| = |y| = 2, |a] = |b] =1 and |¢| = |d| = 3. Assume the ground field &k has
characteristic greater than 2. Define f; € A for 1 < i < 12 as follows:

fl::a2 f2::b2 fgizd.%'—c_d f4::by_c+d

and

fs:=ac+ad fe :=bc—bd fri=c+d? fs :=abd
fg = bd2 f10 = ad2 f11 = Cd2 — d3 f12 = d3 ’

Set S :={1,2,3,4} and R := {1,...,12}, and let I be the right ideal gen-
erated by fs. Applying the Buchberger Algorithm to fg produces fr. The
equations

fi—fhr*=c+d> and fafs+ fafs =2(c* —d?)

imply that ¢? and d? lie in I. This means that fr cannot possibly be a
Grébner basis for I, for (LM (fr)) does not contain d?. But fr does satisfy
Statement 7. of Theorem 4.31. We deduce that ¢? and d? are not weakly
reducible over fg, and therefore not over fg either.

Conclusion: At the start of the Buchberger Algorithm it is essential to
ensure that y? is weakly reducible for each odd-dimensional generator y. The
simplest way to ensure this is to append the 32 to the family fs.

4.3 The kernel of an algebra homomorphism

At one point in Carlson’s Completeness Criterion one has to compute the
kernel of the restriction map from H*(G) to H*(H) for each maximal subgroup
H < G. So we need to be able to determine the kernel of a map of graded-
commutative algebras.

Let A = O(z1,...,2,) and B = O(wy,...,w,) be O-algebras, let I C A
and J C B be two-sided ideals and let ¢: A/I — B/J be a map of graded
algebras. It is well known that in the commutative case the kernel of ¢ can
be determined by elimination. The first step is to lift ¢ to a map ®: A — B
of algebras.

Great care has to be taken when applying elimination methods to the
case where A and B are ©-algebras. Firstly, it is not always possible to
lift to a map of graded algebras #: A — B (cf. Example 4.34). Secondly,
Example 4.35 shows that the evaluation map A®y B — B/J is not in general
a map of graded algebras. But if the algebras A/I and B/J are both graded
commutative, then the kernel can be computed.

Ezample 4.34. Let A= B = O(y1,y2) with |y;| = 1, and let I = J = (y?,v3).
Define a map of graded algebras ¢: A/I — B/J by y1 + 1 — y1 +y2 + J and
y2 + I — yo + J. The only possibility for a lift @ is @ is y; — y1 + y2 and
Yo +— yo. But then @ does not respect the relation ysy1 = —y1yo.



60 4 Groébner bases for graded commutative algebras

For ¢: A/I — B/J as above, let C be the @-algebra O(wy, ..., Wm, 21, .-, 2n)
which contains both A and B as subalgebras. Let I' C C be the two-sided
ideal generated by

{b—ala€eA,beBand ¢(a+1)=b+J}.
We must calculate the two-sided ideal K :={a € A|a+ I € Ker(¢)} in A.

Ezample 4.35. Let A = B = O(y) with |y| = 1 and let ¢: A — B be the
identity map. Then C is the ©-algebra ©(yp,ya). There is no map C — B
of graded algebras sending both y4 and yp to y, as it would be impossible
to preserve the relation ypys = —yays.

Lemma 4.36. If B/J is graded commutative then ANT = K.

Proof. Clearly K C ANT. Now let n:C — B/J be the map of graded
algebras which sends w; to w; + J and z; to ¢(z + I). This is indeed a map
of graded algebras, because the graded commutativity of B/J means that
the relation z; . w; = (—1)‘Zi|'|wj|wj . z; is preserved. It is immediate from the
definitions that I" C Ker(n). Equally it is clear that ANKer(n) lies in K. O

The elimination ordering Lemma 4.36 means that the kernel of a map of
graded commutative algebras can be found by elimination. Elimination is a
special case of the Buchberger Algorithm which uses an elimination ordering.

Definition 4.37. Let < be a useable ordering on B(C). Fach b € B(C)
is assigned an elimination dimension edim(b) by setting edim(z;) = 0 and
edim(w;) = |w,|. The elimination ordering <eiim on B(C) is then defined for
all b,c € B(C) as follows:

b <elim C <= |b| < ‘C|,’ or
|b] = |¢| and edim(b) < edim(c); or
|b| = |c|, edim(b) = edim(c) and b < c.

Corollary 4.38. Suppose we are given O-algebras A = O(z1,...,2,) and
B = 0O(wy,...,wy), together with two-sided homogeneous ideals I C A and
J C B such that B/J is a graded commutative algebra. Let ¢: A/I — B/J
be a map of graded algebras and let < be a useable ordering on B(C'), where
we set C := O(wy,...,Wm,21,---,2n). Let ' C C be the two-sided ideal
generated by the set

{b—ala€ A, beB and p(a+1)=b+J}

Suppose fs = (fs)scs s a family of homogeneous elements of C which form
a minimal Grobner basis for the right ideal I' with respect to the elimination
ordering <elim on B(C). Set T :={se€ S| LM<, (fs) € B(A)}. Then fr is

a minimal Grébner basis for the homogeneous right ideal

K:={acA|la+1IcKer(¢)}.
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Proof. The elimination ordering is constructed to ensure that LM <_, (fs)
lies in B(A) if and only if f, € A. O

Example 4.39. Choose the ordering <gucx of Example 4.10 on B(C). Let
<clim be the corresponding elimination ordering. The following orderings on
B(A) coincide:

1. The ordering <giex on B(A);
2. The restriction to B(A) of the ordering <giex on B(C);
3. The restriction to B(A) of the ordering <ejim on B(C).

Hence the family f7 in Corollary 4.38 is a minimal Grobner basis for K with
respect to the usual graded-lexicographical ordering <gex on B(A).

Ezample 4.40. The ordering <.opno is defined in Definition 5.9. If B(A) and
B(B) are ordered with this ordering, then one can order B(C) with this
ordering: for the y-degree and the r-dimension of each generator of C are
known. Now let <gm, be the corresponding elimination ordering on B(C).
Then the following orderings on B(A) coincide:

1. The ordering <.ono on B(A);
2. The restriction to B(A) of the ordering <.qn, on B(C);
3. The restriction to B(A) of the ordering <y, on B(C).

So the family fr of Corollary 4.38 is a minimal Grébner basis for K with
respect to the ordering <.on, on B(A). This is the ordering used in the package
Diag.

Remark 4.41. In these two cases (Examples 4.39 and 4.40) one can therefore
use the Buchberger Algorithm (Theorem 4.32) to construct a minimal Grob-
ner basis for K, provided that the algebra A/I is also graded commutative.
For this we have to construct a finite family fg of homogeneous elements of
C which generates I' as a right ideal. An fg of this kind can be obtained as
the union of three families:

— A minimal Grébner basis for 7

— A minimal Grobner basis for J;

— {h; — z; | 1 <i<n}. Here h; is the unique completely reduced element of
the coset ¢(z; + 1) € B/J.

This fs contains minimal Grébner bases for I and J, and so y? is weakly
reducible over fg for each odd-dimensional y € {wy,...,Wm,21,...,2n}. SO
the right ideal generated by fg is two-sided. Moreover (b — a1)bs + a1 (by —
ag) = biby — ajas for a1, as € A and by, by € B with b; + J = ¢(a; + I). Since
biba+J = ¢(ajaz+1), the ideal generated by fg is indeed I". The hypotheses
of Theorem 4.32 are satisfied.
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4.4 Intersections and Annihilators:
Grobner bases for modules

We shall now generalise Grébner bases for right ideals in ©-algebras to Grob-
ner bases for right modules over ©-algebras. Again, this is modelled on the
commutative case: indeed Eisenbud [31] defines Grébner bases for modules
straight away: Grobner bases for ideals are then merely a very important
special case.

Grobner bases for modules have many uses. The current version of the
package Diag uses them for two purposes: to compute the intersection of two
ideals and to determine the annihilator of an element.

This section contains nothing really new: the underlying methods are very
well known, and there are no problems adapting them to ©-algebras.

Definition 4.42. Let A be a O-algebra, < a useable ordering on B(A) and
F =@, e;A the free right A-module on generators ey, ..., en.

1. Denote by B(F') the following k-basis of F':
B(F):={eb|1<i<s, beB(A)}.

2. The operation xp: B(F') x B(A) — B(F') defined by (e;b) p b’ := e;(b*p
b') makes B(F) a k-basis of the free module P(F) on the e; over the
associated polynomial algebra P(A). Moreover

(e;b)b' = e;(bb') = Fe;(bxp V).

The word “monomial” will also be used for elements of B(F).

3. An ordering < on B(F') is useable if for all e;b,ejc € B(F) and V', €
B(A)

Ife;b < ejc and V < then (e;b) xp b’ < (ejc) *p .

4. Given a useable ordering on B(F'), the support supp(f) C B(F) and the
leading monomial LM (f) € B(F') of a nonzero f € F are defined in the
usual way.

5. Let M C F be a submodule and fs = (fs)scs a family of nonzero elements
of M. Define LM (fs) and (LM (fs)) as in Definition 4.24, and also the
concepts Grobner basis and minimal Grobner basis for M. In particular,
(LM (fs)) is the submodule of the free (B(A),*p)-module B(F') generated
by LM (fs).

6. Assigning each generator e; of F a degree |e;| € Z means that every
e:b € B(F) receives a degree. Set B(F), := {e;b € B(F) | |e;b| = n}
and F, .= {f € F | supp(f) € B(F)n}. Then F = @, o F,. Moreover
B(F), is finite and F,, = {0} for n sufficiently large and negative. If
f € F, then f is homogeneous of degree n.

Ezample 4.43. Given a useable ordering on B(A) and an ordering on the free
generators eq, . .., e, of F' we obain a useable ordering on B(F') by setting

eb<ejc <= e <e or e =cjandb<c.
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Ezample 4.44. (The elimination ordering)
Let F’ and F” be free right A-modules, and assume useable orderings on
B(A), B(F') and B(F") have been chosen. Setting F' := F’ @ F" we have
B(F) = B(F') I B(F"). We extend the orderings on B(F’) and B(F") to an
ordering on B(F') by setting b < b for all ¥ € B(F') and " € B(F"). For
f € F\ {0} one then has: LM(f) € B(F") if and only if f € F".

Now let M C F be a submodule and fgs a Grobner basis for M. Setting
T:={s eS| fs € F'} we obtain a Grobner basis fr for M N F". If fs is
minimal for M then fr is minimal for M N F”.

Ezample 4.45. (The intersection of two right ideals)
Let I and J be right ideals in A. Set F' := A, F” := Aand F .= F' & F".
Order B(F) with the elimination ordering. Define a submodule M of F' by

M:={(i+ji)eF|iclandjeJ}.

Then M NF" is the set {a € A| (0,a) € M}, that is INJ. If fg is a Grobner
basis for M, set

T :={s e S| Thereis a g, € A with f; = (0,gs)}.
This defines a family g7 which is a Grobner basis for the right ideal INJ C A.

Ezample 4.46. (The annihilator of an element)

Given a two-sided homogeneous ideal I C A and a homogeneous element
¢ € A we need to be able to calculate the annihilator Anny,;(¢). We shall do
this by calculating the right ideal J C A defined by J := {a € A | (a € I}.
Since I is two-sided, I C J and one has J/I = Anny ().

Again set F := A @ A with the appropriate elimination ordering and
consider the submodule M := {(i 4+ Ca,a) | i € I and a € A} of F. Then
MNF'"={a€ A] (0,a) € M} is the desired ideal J. If fg is a Grobner
basis for M then set

T:={se S| Thereisags € Amit fs =(0,95)}.
This defines a family g which is a Grobner basis for the right ideal J.

Remark 4.47. The Buchberger Algorithm for right ideals in ©@-algebras as-
sumed that the ideal was homogeneous. This is because there are basically
two ways to ensure that the Division Algorithm in Proposition-Definition 4.27
and the Buchberger Algorithm 4.32 stop: either one requires that the useable
ordering on B(A) is a well-ordering or one restricts to homogeneous ideals
and uses the fact that each B(A), is finite.

We shall also only establish the Buchberger Algorithm for modules in the
homogeneous case. Note however that Definition 4.42 allows the degrees of
the module generators to be nonzero and to differ from each order. This is
sensible and indeed necessary, as Example 4.46 shows. Here the generators
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of F are ey := (1,0) and ey := (0,1). If we set |e1] := —|(| and |ez| := 0 then
(Ca,a) is homogeneous of degree n for all a € A,. Hence the submodule M
is homogeneous.

Remark 4.48. Let I be a two-sided ideal in the ©-algebra A. More generally,
Grobner bases and an elimination ordering can be used to determine the
kernel of an arbitrary map of free right A/I-modules.

Remark 4.49. Let I and J be homogeneous right ideals in the ©-algebra A,
and assume Grobner bases fg for I and gp for J are known. How should the
computer decide whether I C J? Answer: By computing a reduced form f/
over gr of each fs. The Buchberger Criterion (Theorem 4.31) says that I C J
if and only if f; = 0 for all s € S. This method could equally be applied to
any generating set of I.

Hypothesis 4.50. Let A be a O-algebra and F := @~ e;A the free right
A-module on generators ey, ..., e,. Suppose we are given compatible useable
orderings on B(A) and on B(F'). Let M C F be a submodule and fs = (fs)ses
a family of homogeneous elements of M \ {0}.

Definition 4.51. Assume Hypothesis 4.50. Let s and t be elements of S.
Write LM (fs) = ei_bs.

If iy # is then there is no S-polynomial og. If iy = iy =: i, then
Lemma 4.13 says there are unique terms Ts, Ty satisfying

LT(fs)Tt = eilcm(bs, bt) = LT(ft)Ts .

The S-polynomial st = o(fs, ft) is defined by og = fsm¢ — fi7s. Hence
¢ < e;lem(bg, by) for every ¢ € supp(ost). The definition of “weakly resolvable”
for S-polynomials for modules is analogous to Definition 4.30.

Theorem 4.52 (Buchberger Criterion for modules). (cf. [31, p. 336])
Assume Hypothesis 4.50. Moreover let M be the submodule of fs generated
by F'. Denote by C the set of all critical pairs

C:={(s,t) € S* | There is an S-polynomial o} .

The following statements are equivalent:

1. fs is a Grobner basis for the module M.

2. Every reduced form of o is zero for each (s,t) € C.
3. For each (s,t) € C, zero is a reduced form of f = ogt.
4. 0g is weakly resolvable for each (s,t) € C.

Proof. Each statement follows from 1. and implies 4. The proof that 4. implies
1. is directly analogous to the proof of [31, Theorem 15.8]. O
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Ezample 4.53. Let A be the ©-algebra O(z,y) with |z| = |y| = 2. So A is the
polynomial algebra k[z, y]. Let F' be the free right A-module e; A®es A and let
M C F be the submodule generated by f; := ejx and fs := e;y — esx. Then
fiy — fox = egx®. This is an example of why there are only four equivalent
statements in Theorem 4.52, and not seven as in Theorem 4.31.

Theorem 4.54 (Buchberger Algorithm for modules). (cf.[31, p. 337])
Assume Hypothesis 4.50. Moreover assume fg generates the submodule M.

If at least one step of the following two types is possible, then carry one
out to obtain a new family fy .

Type 1 step Pick an unordered pair s,t € S with s # t and calculate a
reduced form f" over fg of its S-polynomial os;. If f' = 0 then set U := S.
Otherwise set U := S {ug} and fu, := f'. Set T := S in both cases.
Qualifications: The S-polynomial og exists. This step has not yet been
carried out on this pair.

Type 2 step Pick an s € S, set T := S\ {s} and calculate a reduced form
I of fs over fr. If f' =0 then set U := T. Otherwise set U := T 11 {ug}
and fu, == f.

Qualification: LM (fs) lies in (LM (fr)). That is, there is at € T and a
term T satisfying LT (fs) = LT(f)7.

We then obtain a sequence fs(o), fs1),--- of families by setting S(0) = S and
Jsmy1) to be the fu for fsny. This sequence has finite length and the last
term fs(n) is a minimal Grobner basis for M.

Proof. Analogous to the proof of Theorem 4.32. ad
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Once the first N terms of the minimal resolution are known, one can deter-
mine the presentation (generators and relations) of the cohomology ring out
to degree N. The method was developed by Carlson, E. Green and Schnei-
der [21], and is recalled in Sect. 5.1. Then in Sect. 5.2 we will discuss how
Grdbner bases for kG-modules can be used to carry out this method.

In order to make the relations in the cohomology ring as simple as possible,
one has to take care how one chooses generators. One strategy for choosing
generators is described in Sect. 5.3. One also wants the Groébner basis for the
relations ideal to be as small as possible, so this section also introduces a
useable monomial ordering which was designed in tandem with the generator
choice strategy.

In Sect. 5.4 we shall consider a technical question that arises when deter-
mining the relations: how best to compute a large batch of product cocycles
in one go. Finally, Sect. 5.5 concerns the restriction map to the cohomology
ring of a subgroup.

5.1 Basics

Let (P,,d,) be the minimal projective resolution of the trivial kG-module k.
Then P, is a free kG-module, whose rank we shall denote by §(n). The nth
cohomology group H"(G) is the additive group Homyg (P, k). Since P, is a
free kG-module, cohomology classes can be represented as vectors in k%)
where the ith component of such a vector is the value of the corresponding
cocycle on the ith free generator.

Each such cocycle ¢: P,, — k can be lifted to a kG-linear map ¢g: P, — Py,
which satisfies € o ¢9 = ¢. Of course, the map e: Py = kG — k here is the
augmentation map, which is the projective cover of k. In turn, one can lift
¢ to a chain map

dntm dn
— Pn+m % Pn+m—1 Pn Pn—l
¢7nJ/ ¢m71l ¢ol
dm
S Pm —_— Pm—l PO

D.J. Green: LNM 1828, pp. 67-80, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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Now let ¥: P, — k be a degree m class. The product! ¢ is the composition
P 28 P S k.

One way to determine the ring structure in degrees < N is as follows:

Algorithm 5.1.
Input: Minimal resolution Py d~N> Py_1—--—F Sk
Output: List G of all generators and family fg of all relations in degrees < N.

G:=0,5:=0.
FOR 1<n < N DO
P, := All products in degree n of elements of G.
Realise each element of P,, as a cocycle.
Z,, := subspace of H"(G) spanned by these cocycles.
Read off new relations and add to fg.
Extend G by adding on a basis for a complement of Z,.
END FOR

The remainder of this chapter is mainly about putting this algorithm into
practice. In particular, the individual steps of the algorithm will be explained
in detail in §5.2.2.

5.2 Practical considerations

5.2.1 Lifts of cocycles

Suppose we are given a map ¢m—1: Ppym—1 — Pm—1, such that the image of
Dm—19dy4m lies in Im(d,, ). We need to find a kG-linear map ¢,,: Pyt — P
which makes the diagram

dn+7n
Pn+m Pn+771,— 1

¢Ml ¢m71l
Pm d—m> mel

commute. Let ey, ...,e,. and n1,...,ns be the free generators of the free kG-
modules P, 1, and P, ,,_1 respectively. The computer constructs a lift ¢,,
by setting

om(e;) := a preimage of ¢,—1dp+m(e;) under d,.

Algorithm 3.37 is used to compute preimages, but we have to consider how
to determine the composition ¢,,—1 0 dptm-

! This is the Yoneda product. Here it coincides with the cup product.
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The map d;, 4, is represented on the computer by the images dy, 4, (€1),

.oy dpym(er). In other words, dytn, is represented by its matrix over kG
with respect to the bases e; and n;. The map ¢,,—1 is also represented by
its matrix, and so we should compute the composition by multiplying these
two matrices. But we have already seen in Sect. 1.4 how to multiply elements

of kG.

Calculating a product Suppose cocycles ¢: P, — k and ¢: P,, — k are given,
and that the lift ¢,,,: Py — Pp, is known. Then the product ¥.¢ is the
cocycle ¥ o ¢, Py — k. This composition can of course be determined
without multiplying matrices over kG.

Let e1,...,e, be free generators for Py, and (3,...,(; free generators
for P,,. The map ¢,, is known to the computer by its matrix M over kG
with respect to these bases. Let M be the matrix over k obtained from M
by applying the augmentation map to each entry.

The cocycle 1) is represented by a vector in k*. Applying the matrix M
to this vector yields the vector in £” which represents the cocycle ¥.¢.

5.2.2 Grobner bases and the visible ring structure

The Algorithm 5.1 will now be described in more detail. Care must be taken
with the way several steps are performed.

The computer uses Grobner bases to be able to work with relations in the
cohomology ring. The type of Grébner bases involved depends on the prime
number p.

p odd: Grébner bases for right ideals in a ©-algebra are used, as described
in Chap. 4.

Let A be the ©-algebra ©(G) and let < be a useable ordering on the
k-basis B(A) for A. One difficulty here is that the generating set G is not
completely known until the end of the algorithm. This is not a problem if
we use the ordering <gex (see Example 4.10), as we kann simply define
each new generator to be larger (lexicographically) than each previously
known generator. Equally unproblematic is the ordering <.,n, which we
shall meet in Definition 5.9: this is the ordering that actually gets used
in the package Diag.

Suppose that the computer has just found a new generator y in odd
degree. As Example 4.33 demonstrates, it is very important that the
Relation 2 is immediately added to the relations in fg.

p = 2: In this case ordinary commutative Grobner bases are used. Let A be
the polynomial algebra k[G]. For the sake of uniformity, we will stick as far
as possible to the notation introduced for ©-algebras. So B(A) stands for
the free commutative monoid on G, a k-basis for A. The associated poly-
nomial algebra P(A) now coincides with A, and the product *p agrees
with the product on A. The definition of a useable ordering on B(A) is
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then obvious, and corresponds to the definition of a monomial ordering
in [31, S. 328], except that useable orders are not required to be well
orderings. As we however are only interested in homogeneous ideals, this
difference is irrelevant.

The following algorithm is a special case of Algorithm 5.1. It uses Grobner
basis methods and is explicit enough to be implemented on the computer.
Note that Type 1 steps (calculate and reduce S-polynomial) from the Buch-
berger Algorithm for ©-algebras are used, but that Type 2 steps (resolve an
inclusion ambiguity) are never used.

Algorithm 5.2.

Input: Minimal resolution Py d—N> Pyv1— > P Sk

Output: List G of all generators in degree < N. Minimal Grébner basis fg
for the relations in degree < N, together with a minimal generating set for
these relations.

G:=0,5:=0.
FOR1<n <N DO
Compute and reduce all S-polynomials of degree n.
P,, := all elements of B(A) which are irreducible and lie in degree n.
For each w € P, calculate the cocycle (.
Z,, := the subspace of H"(G) spanned by (Cw)wep, -
IF dimg(Z,) < |P,| THEN
Append new relations to fg, using procedure ReadOffRelations.
END IF
IF dimg(Z,) < dimg(H"(G)) THEN
Choose new generators and add them to G,
using procedure ChooseGenerators.
IF p and n are both odd THEN
For each new y € G append the relation y? to fs.
END IF
END IF
END FOR
Finish off applying the Buchberger Algorithm to fs.

We have already seen how to compute the product of two cocycles. In Sect. 5.4
we shall discuss efficient methods for the mass production of product cocycles

G-

The vector space Z,, consists of all the decomposable classes in degree n.

Procedure 5.3 (ReadOffRelations).

Q:=10
FOR w runs through P,, in increasing order DO
IF there are scalars A\, € k with ¢, = > .o A\, THEN

Append w — > -5 Ayv to fs.
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ELSE
Append w to Q.
END IF
END FOR

Procedure 5.4 (ChooseGenerators).
(The use of this particular method is justified in Sect. 5.3.)
Let Z < G be the greatest central elementary abelian subgroup.

Calculate N, := H"(G) N /0.

IF dimy, (V) > dimy(Z2,) THEN
Determine a basis for a complement of Z, NN, in N,,.
Append this basis to G.

END IF

Calculate Z,, := {z € H"(G) | Resz(z) is nilpotent}.

IF dimy,(X,) > dims(Y,) THEN
Determine a basis for a complement of ), in A,.
Append this basis to G.

END IF

IF dimg(H"(G)) > dimg(X,,) THEN
Determine a basis for a complement of &), in H"(G).
Append this basis to G.

END IF

Lemma 5.5. At the end of Algorithm 5.2 the induced homomorphism A™ —
H"(Q) is surjective for n < N. Moreover, the kernel in this degree is A" N J,
where J denotes the ideal generated by fg.

At no point in the algorithm is a Type 2 step (resolution of an inclusion
ambiguity) performed. So no elements are ever removed from the index set S,
and the value of no fs is ever changed.

Hence there are three kinds of relations fs:

1. Reduced forms of S-polynomials.
2. Relations produced by ReadOffRelations.
3. Relations of the form y?, where p and |y| are both odd.

The relations of the last two kinds constitute a minimal generating set for J.

Proof. The relation family fg is determined degree by degree, and so the se-
lection method in ReadOffRelations ensures that inclusion ambiguities? never
arise.

Strictly speaking though, fs is not built up degree by degree when p is
odd, for the relations y? with |y| odd are recorded too early. However, an

2 That is, pairs s # t in S, so that LM (fs) divides LM (fs).
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inclusion ambiguity could only arise if there was an s € S with LM (fs) =y,
and this is impossible as all elements of G correspond to indecomposable
classes. O

5.3 Monomial ordering and generator choice

To represent the cohomology algebra H*(G) on the computer we choose ho-
mogeneous generators zi, ..., z, for H*(G) and a useable monomial ordering
for the ©-algebra A := O(z1,...,2,). Then H*(G) is the quotient algebra
A/I for a two-sided ideal I, and we compute a minimal Grébner basis fg for
the right ideal I. As far as the computer is concerned, the cohomology ring
consists of these generators, the chosen monomial ordering and this Grébner
basis.

It is well known that the size of a Grobner basis and therefore the perfor-
mance of methods using Grobner bases depends very heavily on the chosen
monomial ordering, and on the choice of generators. In this section we shall
use properties of cohomology rings to develop some guidelines which at least
empirically lead to suitably small Grobner bases.

At the point when the computer has to choose generators in degree n it knows
or could compute the following data:

— The cohomology groups HS"(G)

— The previously chosen generators in degree < n

— All relations in degree < n

— The subspace of decomposable elements in H*(G)

— The cohomology ring of each proper subgroup.

— The restriction map from HS™ to each proper subgroup.

Conceivably we could switch to different generators later on, but this would
involve a very complicated elimination of generators. So we have:

Guideline 5.1. Generators in degree n must be chosen using only information
in degree < n.

5.3.1 Nilpotent generators

A theorem of Quillen says that a cohomology class is nilpotent if its restriction
to every maximal elementary abelian subgroup is nilpotent. Consequently we
can assume that the subspace of nilpotent classes in degree n is known when
choosing new generators. The following example motivates the next guideline.

FEzample 5.6. Let p > 2 be a prime and k the field F,,. Let F' be the free
graded commutative algebra F := k[z] @k A(y1,y2), where the generator
degrees are given by |z| = 2 and |y1]| = |y2| = 1. Let A C F be the subring



5.3 Monomial ordering and generator choice 73

generated by a := x and b := y1y2. Now, A is also generated by a = x and
c:=x + y1y2. So we obtain two different presentations of A, namely

A = k[a,b]/(b?) and A = k[a,d]/(c* = 2ac + a?).

At least in this case we see that choosing nilpotent generators where possible
leads to a simpler presentation.

Guideline 5.2. Each time new generators are chosen, as many nilpotent ele-
ments as possible should be chosen.

This guideline is implemented by the package Diag as follows: Let V' C H*(G)
be the subspace of decomposable classes and W C H"(G) the subspace of
nilpotent classes. Let d be the codimension of V in H” and e < d the codi-
mension of V' in V + W. Selecting new generators means choosing elements
g1, ---,9q of H" which form a basis for a complement of V. In order to con-
form with Guideline 5.2, the computer chooses g1, ..., ge in W which form a
basis for a complement of V in V 4+ W.

Even within these constraints the package Diag does not choose g1, ..., ge
at random. Recall that a cohomology class is called essential if its restriction
to every proper subgroup is zero. The essential classes in H"(G) constitute a
subspace of the nilpotent subspace?, and the computer can also calculate this
subspace. The program first chooses as many essential generators as possible,
and only then turns to the remaining nilpotent classes. It should however be
noted that essential generators are much less common than nilpotent gen-
erators: cohomology rings of 2-groups have no essential generators, and the
extraspecial group of order 72 and exponent 7 seems to be the smallest group
whose cohomology ring does have an essential indecomposable class.

Example 5.7. The algebra A is presented as follows:
A= kla,b,c,d]/(c*, cd — ab) .

Question: What does the relation c¢d = ab tell us? Answer: It tells us that ab
is nilpotent, as ¢ is nilpotent. So we should choose a useable ordering that
makes ab the leading monomial of c¢d — ab.

Requiring ab > cd does indeed lead to a simpler Grébner basis, namely
{c?,ab — cd}. In contrast cd > ab leads to the larger Grébner basis {c?, cd —
ab, abc, a®b?}.

Guideline 5.3. The monomial ordering should satisfy the following condition:
If b, b’ are monomials of the same degree and b involves nilpotent generators
but &’ does not, then b < ¥'.

To comply with this guideline every monomial is assigned a “y-degree”, such
that every nilpotent generator has y-degree 1 and every remaining generator
has y-degree zero. If b, b’ are monomials of the same degree and b’ has smaller
y-degree than b, then we set b < b'.

3 Here we are assuming that the group G is not elementary abelian.
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5.3.2 Regular generators

Let Z be £21(Z(G)), the greatest central elementary abelian subgroup of G.
Section 5.5 describes how to compute the restriction map from G to Z. Later
on in Sect. 6.3 we shall see how to identify certain regular sequences by
inspecting their restrictions to Z.

In particular, every element of H"(G) whose restriction to Z is a regular
element is itself a regular element of H*(G). We shall call such classes Duflot
regular elements. Regular generators can also help ensure a simple presenta-
tion of the cohomology ring. However it is undesirable to have two regular
generators whose difference is a zero divisor. Ideally all regular generators
should be algebraically independent of each other, but this would be difficult
to guarantee in practice.

Guideline 5.4. Every opportunity to choose a completely new Duflot regular
element as a generator should be acted upon.

In practice this is achieved as follows. Let U C H"(G) be the subspace of
elements whose restriction to H?(Z) is nilpotent. Let V' C H"(Z)/v0 be
the image under restriction of H*(G), and let W C V be the image of the
decomposable subspace of H"(G). First of all as many new generators as
possible are chosen to lie in U. No matter how the remaining generators in
this degree are chosen, their restrictions form a basis for a complement of
Win V.

Guideline 5.5. Regular generators should be very small in the monomial or-
dering. However, Guideline 5.3 takes precedence, and so nilpotent generators
should be infinitely smaller than regular generators.

A motivating example for the second part of this guideline now follows.

Ezample 5.8. Let a,b,y, z be elements of a cohomology ring, with y nilpotent
and z Duflot regular. Assume further that the relation by = az holds. Should
we view this relation as a statement about by or about az? It is a statement
about az, for it tells us that az is nilpotent, which means that a is nilpotent
too.

To comply with the guideline, each generator x is assigned an “r-dimension”.
If 2 is Duflot regular then rdim(z) = |z|, otherwise rdim(z) = 0. If b,b’ € B
have the same degree and y-degree, then we set b < b’ if rdim(b) > rdim(d’).

5.3.3 In summary

At last we can define the monomial ordering <c.on, which is used in the
package Diag.
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Definition 5.9. Let A be the ©-algebra on a finite set X. Suppose that every
x € X has been assigned a degree |x| and in addition a y-degree ydeg(z) €
{0,1} and a r-dimension rdim(z) € {0, |x|}. The ordering <cono on B(A) is
defined as follows. For b,c € B(A) we set

b <coho € <= |b] < |c|; or
|b] = |c| and ydeg(b) > ydeg(c); or
|b] = ||, ydeg(b) = ydeg(c) and rdim(b) > rdim(c); or
|b] = |c|, ydeg(b) = ydeg(c), rdim(b) = rdim(c) and b <jex c.

5.4 Calculating products in batches

Algorithm 5.2 calls for product coycles to be calculated in large batches.
This raises the question of how most efficiently to calculate a product, and
whether it is possible to acheive savings of scale. This section presents one
strategy whose performance is eminently satisfactory in practice. Moreover,
theoretical considerations provide a plausibility argument for this satisfactory
performance. The strategy will be developed in several steps.

In order to compare the costs of various approaches it is necessary to have
an estimate for the cost of computing preimages.

Assumption 5.10. Suppose we are given a map d: @ kG — @" kG of free
kG-modules, together with a preimage Grobner basis for d. Moreover suppose
we are given r elements of the image Im(d). We can compute preimages of
these r elements by performing Algorithm 3.37. We now have to estimate the
cost of performing this algorithm.

We shall assume that the cost is directly proportional to nr, and in par-
ticular independent of m. In this section we shall say that computing these
preimages costs nr units.

The product of two coycles First let ¢ € H'(G) and ¢ € H*(G) be cocycles.
There are two ways to calculate the product .¢. The first method has already
been described in this chapter: one constructs a lift ¢s: P..s — P, and the
product is the composition ¥ o ¢5. The second method depends upon the fact
that the product is graded commutative. This means that we could equally
well lift ¢ to ¥,: Prys — P, form the composition ¢ o), and finally multiply
by (—1)"°. Which of these two methods is better?

If the degrees r, s are equal, then there can be no difference. Now assume
that n := r 4 s is fixed. As before we shall denote by G(m) the rank of the
free kG-module P,,. Constructing ¢s_; out of ¢s_;_1 involves calculating
preimages of 5(n — i) elements under the map d,_;. This costs B(n —1i).08(s —
i — 1) units. It is well known that 8(n) is a function of n which grows as
a polynomial whose degree is one less than the p-rank of G. For fixed n we
therefore have:



76 5 The visible ring structure

1. As r increases, the number of times we have to lift ¢ in order to reach ¢g
falls.

2. The last lift (that is, constructing ¢4 out of ¢s_1) costs 5(n).6(n—r—1)
units. This decreases quickly as r increases.

3. Similarly, the cost of the penultimate lift sinks fast as r increases, and so
on.

We therefore formulate the following guideline:

Guideline 5.6. When we have to multiply two cocycles, we choose to lift the
cocycle whose degree is larger. The bigger the difference between the two
degrees becomes, the more sense this choice makes.

The product of more than two cocycles Now let b € B(A) be a word of
length ¢ > 2 and degree n. There are then ¢ ways to factorise b as = *p c,,
where z belongs to the generating set G and ¢, to B(A). To be more precise
there are at most ¢ such factorisations, since 22 can only be factorised as
x *p x, for example. As in Algorithm 5.2 we assume that the cocycle of each
¢, is known in advance. Which one of these factorisations b = x *p ¢, should
be used in order to calculate the cocycle of 7 Guideline 5.6 prescribes the
following solution:

Guideline 5.7. In this situation, one should choose an x whose degree |z| is
as small as possible. The product is calculated by lifting c,,.

The orderings <cono and <gex are both based on a lexicographical order-
ing of B(A), so on an ordering on the set G. In order to put Guideline 5.7
into practice it will be helpful to specify this ordering on G. The ordering
on G we shall use is the so-called chronological ordering. This means that
for 2,2’ € G we have z < 2’ if 2 was added to G earlier than 2z’ was. Since
Algorithm 5.2 constructs G on a degree by degree basis, the ordering <gex
agrees on G with this chronological ordering. However this is not the case for
the ordering < oho-
To comply with Guideline 5.7 we denote by G, the set

Gy := {z € G | x features in b}
and set x(b) := min<, ,  Gy. This generator satisfies
|2(b)| = min{|z| | z € Gy},

and so we calculate b as x(b).cy ). One additional advantage of this method
is that the answer always has the correct sign. This is because x(b) is the first
generator to occur in the word b € B(A), which means that x(b).c,) does
equal b rather than —b.
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Many products in the same degree As in Algorithm 5.2, suppose we are given
a set P, of degree n elements of B(A). What is the most efficient way to
compute the coycle of each b € P,,? For each b € P,, and for each factorisation
b=xx*pcwith x € G and ¢ € B(A) we may assume that the cocycle of ¢ is
known.

For 1 <r < § we define sets X,., B, and C,. as follows:

X, ={zxe€G||z|=r} B, :={beP,|z(b) € X,}
Cy, :={c € B(A) | there is a b € B, with b = z(b) *p c}.

Were r > 3 then B, would be the empty set. Every element of C). has degree
n—r.

For a single product x *p ¢, Guideline 5.7 tells us to construct the lift c,
rather than the lift z,,_,. But which of the following two strategies is now
more efficient?

Strategy C  Construct the rth lift ¢, of each ¢ € C..
Strategy X  Construct the (n — r)th lift of each = € X,.

First we shall consider the size of the set C... Let M, , be the size of the
set I, , defined by

I, :={ce B(A) | cis irreducible, |c|] =n —r and |z(c)| > r}.

As C, is a subset of I, , we have |C,| < M, ,. Without the condition on
|z(c)| one would have M, , = B(n — r), for all generators and relations in
degree < n—1 are known. Indeed we do have M,, ; = B(n—1), but experience
shows that M, ./B(n — ) is a rapidly decreasing function of r.

Sticking to one of the two strategies seems to make much more sense
than adopting a hybrid strategy, as we can then reuse the results of earlier
calculations. For Strategy C this means that the (r — 1)th lift of each ¢ € C,.
and for Strategy X that the (n — r — 1)th lift of each x € X, is known.

Constructing (n — 7)th lifts of all € X, involves calculating | X, |.6(n)
preimages of elements of P,_,._1, at a cost of | X.,.|.8(n).6(n —r — 1) units.
Constructing rth lifts of all ¢ € C, involves calculating at most M, ,.5(n)
preimages of elements of P._q, at a cost of M, ,.5(n).5(r — 1) units. Hence

M,,.0(r—1)
| Xr|.B(n—r—1)

Cost of Strategy C = - Cost of Strategy X.

What matters is whether the rational number o, , := | M. Sr—1) 4o larger

T Bn—r=1)
or smaller than one.
For r = 1 we have M, ; = B(n — 1) and |X;| = §(1). Hence a,1 =

Bn=l) Assuming @ is not cyclic then |X;| > 2. In the extremal case

B(1).8(n—2)
n = 2 where both strategies are equivalent one has a1 = 1. For large n, the
ratio ggz:g tends to one from above. So Strategy C is the winner, at least

for the case r = 1.
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The situation in the general case is

S M, .B(r—1) B(n—r)
" B %] Bl 1)

As before % tends to 1 from above, but analysing t]}\;e factor %ﬁ;i‘)

is not so easy. As r increases, B(r — 1) increases and Blner) decreases. For
large r the size of X, is often at most one. If X, is empty than Strategy X
has nothing to do, but Strategy C proceeds as normal.

The package Diag uses Strategy C. In practice, the case r = 1 always
involves by far the most work — and this is the case where Strategy C is the
clear winner.

Guideline 5.8. In order to calculate every b = x(b) xp ¢ € P,, with |z(b)| = r,
we construct the rth lift ¢, of each ¢ € C,.. That is, we use Strategy C.

Remark 5.11. There is a further reason for preferring Strategy C. In practice
the most time-consuming part of this strategy is the calculation of very many
preimages under the map di: P, — Py. However it would be very straightfor-
ward to determine the matrix of a k-linear map so: Py — P; which satisfies
dyso(z) = x for each « € Im(dy). Then one could compute preimages much
more quickly using this matrix. This method has not yet been included in
the package Diag.

It might even be worth the effort to construct the matrix of a similar
splitting of ds, in order to speed up the calculation of preimages under ds.

Implementation of this guideline Recall that the set I, , was defined by
I,,:={ce B(A)] cis irreducible, |c|] =n —r and |z(c)| > r}.

The set C, is contained in I,, ,., and for the sake of simplicity we shall lift every
¢ € I, ,. The above complexity estimates allowed for this. Note moreover
that I, 41,41 is a subset of I,, ., and so if ¢,_; has been calculated for every
In_1,—1, then ¢, is known for every c € I, ;.

In §5.2.1 it was shown how to construct ¢, out of ¢,_; for a single ¢ € I, ;.
In order to construct the lift ¢, of each c € I, , in one go, one first calculates
all compositions ¢,_1 o d,, and then computes all M, , . 8(n) preimages in
one application of Algorithm 3.37. All lifts ¢, for this pair n,r are stored in
one file (the .chm file). In order to expedite the subsequent construction of
¢r41 for ¢ € I, 11 r41, a second ordering on the set I,_, = I,_,y1,1 of all
B(n — r) irreducible monomials in degree n — r is used: in this new ordering,
every ¢ € I,,_,45 s appears earlier than every ¢ € I,_, \ In_y1s.s.

Only when the degree n part of Algorithm 5.2 has been completed is
the final form of the set I,, known. To be more precise, the cocycles of the
b € I,, then form a basis for H*(G), and so |I,,| = #(n). These coycles were
calculated as coordinate vectors with respect to dual basis for the k-vector
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space H(G) = Homyg (@ﬁ(") kG,k) = (@ﬁ(") k) . Both basis change
matrices are computed and stored (.icy file). These matrices will be useful
for the computation of restriction maps. In addition the cocycles of the new

generators are stored (.unz file) and their Oth lifts* are written down (.chm
file for (n,0)).

5.5 Restriction to subgroups

Let H # 1 be a subgroup of the p-group G. This section is concerned with
the restriction map from the cohomology of G to that of H. The package
Diag makes use of the restriction map in two different ways:

— To calculate the restriction Resp(z) of each generator z of H*(G). The
result should be a polynomial in the generators of H*(H). Using an elim-
ination ordering (see Sect. 4.3) the computer can then work with the re-
striction map as an algebra homomorphism and determine its kernel (see
Remark 4.41).

— To calculate the inverse image Resy' (V) in H*(G) of a subspace V C
H"™(H). We have seen in Sect. 5.3 how such calculations can be used to
determine the nilpotent and essential classes in H"(G). In the same way,
some regular elements can be detected.

Basics Let (P,,dy) be the minimal resolution of the trivial kG-module k,
and (Qn,d},) the minimal resolution of the trivial kH-module k. As (P, d,,)
is also a free resolution of k over kH, the inclusion map ¢: H — G lifts to a
chain map

i Py P P U P =kG — &

SR R B | o

d' d /
e Qp = Qo= QL — T Qu=kH —— k

The restriction Resy (¢) has as its cocycle the composition @, “ P, Ak,

How subgroups are represented First of all we need to consider how to repre-
sent the inclusion map ¢: H < G on the computer. As described in Sect. 1.3,
the group G is known to the computer as a list of permutations in the sym-
metric group S|g| which form a minimal generating set. Similarly H is rep-
resented as a subgroup of S| by a minimal generating set (h;). For this
reason the computer will view ¢ as a monomorphism H — G rather than as
an inclusion H — G.

4 Recall that a cocycle is a kG-linear map P, — k, and its Oth lift is a map
P, —» Py = kG.
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This monomorphism ¢ is represented on the computer by its matrix as a
k-linear map with respect to the bases Nxg) of kH and Nx(g) of kG. This
matrix is determined by first calculating the image permutations ¢(h;) € S|q|,
and is stored in the .ima file.

Lifting the inclusion map Now suppose that the resolutions P, and @, are
known out to the nth degree, including a preimage Grobner basis for d,: P, —
P, _1. Suppose further that the (n—1)th lift +,,_; has already been calculated,
as the images in P,_; = EBﬂ(n_l) kG of the By(n — 1) free generators of
Qn_1 = @ﬂH(n_l) kH. In particular, ¢q is represented by 1 € Py = kG.

Set M := fy(n) and let e1,...,epn be the generators of the free
kH-module Q,. One turns d,: @™ kH — @""""YkH into a map
A: EB’G(H) kG — @B("fl) kG of free kG-modules by applying the matrix of
1:kNx gy — kNx(g) to each summand of EBﬁH(n*l) kH, which turns each

d' (e;) into an element of @°" 1 kG.
After this the construction proceeds in the same way as lifting a cocycle.
One forms the composition ¢,,_1 o A and sets

tn(e;) := a preimage of ¢,_1A(e;) under d,.

Then ¢y, is stored as this list of S (n) elements of ®5(n) kG, in the nth .icm
file for H.

From this representation of ¢,, the restriction map Resy: H*(G) — H"(H)
can easily be recovered as its matrix with respect to the standard (i.e., dual)
bases of these cohomology groups. When necessary this matrix can then be
used to deduce the matrix of Resy with respect to the bases I, of irreducible
monomials.
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Chapter 5 described how to determine all generators and relations of the
cohomology ring out to degree N. Carlson presented in [18] a criterion which
allows one to conclude that there are no further generators or new relations
in higher degrees. In the current chapter we shall recall Carlson’s criterion
and discuss how to put it into practice.

One part of the criterion is a condition on the Koszul complex, so the def-
inition of this complex is recalled in Sect. 6.1. Then Carlson’s criterion is
stated in Sect. 6.2. Section 6.3 starts by recalling a few facts about regu-
lar sequences and then proceeds to explain how the package Diag chooses a
system of parameters for the cohomology ring and calculates the depth.

If the group G has small p-rank then the cohomology of the Koszul com-
plex and the Poincaré series of the cohomology ring are easier to determine.
This is the business of Sect. 6.4, whose results were definitely known to the
experts.

Carlson’s criterion allows one to compute the cohomology rings of all
groups of order p™ by induction in n. Section 6.5 describes how the pack-
age Diag handles cohomology rings of subgroups in order to ensure that the
cohomology ring of an isomorphism class of p-groups is only calculated once.

6.1 The Koszul complex

Koszul complexes play an important role in Carlson’s completeness criterion.
As Carlson explains in [18], it makes sense here to view them as cochain
complexes.

Hypothesis 6.1. Let A =@,,~, A" be a graded commutative k-algebra with
A® = k., which is generated by finitely many homogeneous elements of A1 :=

@n>0 A
In particular, this hypothesis holds for the cohomology ring H*(G).

Definition 6.2. Let A be a graded commutative k-algebra as in Hypothe-
515 6.1.

D.J. Green: LNM 1828, pp. 81-90, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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1. The Koszul complex KC((; A) of an element ¢ € A™ with n > 0 is by
definition the following complex (C*,0):
a) C° is the free A-module on one generator u..
b) C' is the free A-module on one generator v¢.
c¢) C' is zero otherwise.
d) 6:C" — C**1 sends u¢ to Cve (fori=0).
Since A is itself graded the Koszul complex is bigraded: that is, we may
write C* = D,z C% where for x € A™ we have zu; € C™ and xv; €
Cl™="_ Then § has bidegree (1,0).

2. Let(y,...,¢ be a sequence of homogeneous elements of A*. If the prime p
is odd we shall suppose further' that each (; is an element of A%*. The
Koszul complex of this sequence is then defined by

K(Cyoo oy (i A) = K((13A) ®a - @4 K(G5 A) .

This complex inherits a bigrading and the coboundary 6 has bidegree (1,0).
Hence there are homology groups H*I(K(C1, ..., ¢ A)) for each j € Z.

The version of Carlson’s criterion in the following section differs very slightly
from the original: we shall not require the parameters in Condition 6.6 to be
even-dimensional if p = 2. The following lemma ensures that both versions
of the criterion are equivalent.

Lemma 6.3. Let A be a graded commutative k-algebra, as in Hypothesis 6.1.
Let (1,Ca, ..., ¢ be a sequence of homogeneous elements of AT satisfying

H*(K(C1y. .G A) =0 for every j > 0. (6.1)
Replacing (1 by (? preserves this property (6.1).

Proof. Set ¢ := (3 and write (C**,0) for the complex K((a, . .., (; A). Denote
by (K**,§) the complex K({; A), and write (L**, §) for the complex K(¢?; A).
We know that H*/ (K ®4 C') = 0 for every j > 0 and have to prove the same
statment for H*J(L @4 C). To simplify notation we write u := Ue, V1= Vg,
u' = ez, v i=ve2 and n = [(].
Let v’ ® f +v' ® g be a cocycle in Z¥ (L @4 C) with j > 0. Hence f lies

in C¥, g lies in C*=%+2" "and §(v' ® f + v’ ® g) = 0. Consequently

5f=0 and (*f—69=0.
Sou®(f+v®ge (K ®sC)%*" is a cocycle and by assumption there are
a € Cit and b € O29 with f(u®a+v®b) =u®(f +v®g. That
is,

da=Cf and Ca—3db=g.
But then u® f +v®a € (K ®4 C)¥ is another cocycle and bounds by
assumption. So there are ¢ € C*~1J and e € C'=2I+™ gatisfying 6(u ® ¢ +
v®e)=u® f+v®a But then v/ @ c+v' @ (Ce +b) lies in (L ®4 C)i~17
and satisfies §(v' @ c+v' ® (Ce+ b)) =uv' @ f+v' ®g. O

! In order to avoid having to pay attention to signs.



6.2 Carlson’s completeness criterion 83
6.2 Carlson’s completeness criterion

Carlson showed in [18] that one can completely calculate the cohomology ring
using only finitely many terms of the minimal resolution. His main result (his
Theorem 5.6) appears here as Theorem 6.9.

Hypothesis 6.4. Let G be a finite p-group and N a natural number. As usual,
k is a field of characteristic p.

Suppose that we are given a finitely generated free graded commutative
k-algebra Q = @,,~, Q" together with a map p: Q — H*(G) of graded com-
mutative k-algebras and a homogeneous ideal J in Q that lies in Ker(p). In
addition we shall assume the following properties:

1. @ is generated in degrees < N.
2. J is generated in degrees < N.
3. For every n < N the map p: Q™ — H"(G) is surjective with kernel JNQ".

We define a graded commutative ring R = Ry by R := @/J and denote by
6 = Oy the induced homomorphism Ry — H*(G).

Remark 6.5. Given these assumptions, the map 6: R* — H"(G) is an iso-
morphism for each n < N. Up to isomorphism R only depends on G and
N, for R is generated by the indecomposables in HSV (G) together with the
relations in the same degree range.

Condition 6.6 (“Condition G”). Let G, N and R be as in Hypothesis 6.4.
There are (3, ...,(- in R with the following properties:

. (1,...,¢ form a homogeneous system of parameters for R.

. 0((1), ..., 0(¢) form a homogeneous system of parameters for H*(G).
. HY(K (..., ¢s R)) = 0 for every j > 0.

Z::1 max(2, |Cl|) < N.

If this condition holds, then r must be the p-rank of G. Property 3., which
concerns the cohomology of the Koszul complex, is referred to in the Ap-
pendix as Carlson’s Koszul condition

w N =

=~

Remark 6.7. It is not yet known whether there is such a sequence in the
cohomology ring of every such G. However, an existence proof for the case
r < 3 has recently been given by Okuyama and Sasaki [53]. Their result holds
more generally in the case r—z < 2, where z is the p-rank of the centre Z(G).

Condition 6.8 (“Condition R”). For G,N,Q, J, R as in Hypothesis 6.4 set

Er = ﬂ{Ker(R N H*(G) Bes H*(H)) | H < G a maximal subgroup},

o ﬂ{Ker(Q 25 H*(G) 2% H*(H)) | H < G a maximal subgroup} .

So &g is the inverse image in @) of £g. The condition requires that
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1. &g is generated in degree < N.

Moreover there are homogeneous elements ¥1,...,yg in R which have the
following properties. Here d is the p-rank of the centre Z(G).

2. y1,...,yq is a regular sequence in R. (Which implies that y,...,yq are
algebraically independent over k.)

3. (y1),--.,0(ya) is a regular sequence in H*(G).

4. There are finitely many homogeneous elements aq, . .., as of R such that
Er is the free module on the «; over the polynomial algebra k[y1, . .., ya].
Moreover |a;| < N for each 1 <4 < s. (Holds trivially if £ = {0}.)

Theorem 6.9 (Carlson [18]). Let G,N,Q, J, R be as in Hypothesis 6.4. If
Conditions 6.6 and 6.8 are both satisfied then 0: R — H*(G) is an isomor-
phism.

Proof. Let (y, ..., (- be homogeneous elements of R satisfying Condition 6.6.
Define (1,...,( € R by {; := (2 if |¢;| = 1 and (; := (; otherwise. Then
C1,...,¢ satisfy Condition 6.6 too, by Lemma 6.3. Moreover |(;| > 2 for
each 1 < 4 < r. This reduces the theorem to the case proved by Carlson

in [18]. O

6.3 Duflot regular sequences

This section begins by recalling the relevant facts about regular sequences.
Then the notion of a Duflot regular sequence is introduced: a regular se-
quence in H*(G) will be called Duflot regular if it can be proved to be regu-
lar by restricting to the centre. Such sequences are needed in order to check
Condition 6.8. After this we discuss how to find a homogeneous system of
parameters.

Let A be a graded commutative k-algebra, as in Hypothesis 6.1. Recall
that a homogeneous element ¢ of A™ is called regular if ¢ is nonzero and not
a zero divisor. A sequence (1, ..., (,, of homogeneous elements of AT is called
regular if ¢; is a regular element of A/((y,...(—1) for each 1 <i < m. It easy
to show that a regular sequence stays regular if the terms in the sequence are
permuted. The depth of A is the length of the longest regular sequence.

Theorem 6.10. Assuming 6.1 we have:

1. All mazximal regular sequences in A have the same length.
2. The depth of A is bounded above by dim A.

If moreover A is the cohomology ring H*(G) of a p-group G then:

3. The Krull dimension dimH*(G) is equal to the p-rank r of G.
4. The depth T of H*(G) satisfies the inequality z < T < r, where z is the
p-rank of the centre Z(G).
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Proof. For parts 1. and 2. consult for example §4.3—4 of Benson’s book [7]
(strictly though the proof there is for the commutative case). Part 3. is a
theorem of Quillen [55]. The inequality z < 7 in Part 4. is Duflot’s Theo-
rem [28]. O

Remark 6.11. The theorem that follows allows a constructive proof of Du-
flot’s Theorem and is also important for the computer calculation of group
cohomology. It seems to have been known for some time as a Folk Theorem.
The method goes back to Broto and Henn [15], who were apparently the first
to consider the cohomological implications of the fact that the multiplication
map u:G X C — G is a group homomorphism if C' is a central subgroup.
Adem and Milgram [4] only proved a special case of the theorem, but their
proof easily generalizes. The first explicit statement of the result in full gener-
ality is due to Carlson [17], though he describes the proof he gives as a sketch.
A more detailed proof may be found in Okuyama and Sasaki’s paper [53].

Theorem 6.12. ([17, 53])

Let C < G be a central subgroup and yi,...,Ym homogeneous elements
of H*(G). Write §j; for the restriction Res&(y;).

If g1, ..., Um 18 a regular sequence in H*(C), then y1,...,Ym is a reqular
sequence in H*(G). In particular, this happens if g1, . .., Ym s a homogeneous
system of parameters for H*(C) (which then implies that m is the p-rank
of C). O

Definition 6.13. A Duflot regqular sequence in H*(G) is a sequence of ho-
mogeneous elements of H*(G) whose restrictions to Z = {1 (Z(G)) form a
reqular sequence in H*(Z). Here, £21(Z(G)) stands for the greatest central
elementary abelian subgroup of G. Theorem 6.12 implies that Duflot reqular
sequences are indeed regular sequences. A Duflot reqular sequence is called
complete if its length is equal to the p-rank of Z.

Now let (i, ..., (n be a sequence in H*(G) that might be Duflot regular. Set
n = max{|(;| | 1 <i <m}. In order to decide whether the sequence really
is Duflot regular we only need the restrictions of the ¢; to Z = 2,(Z(Q)).
For this we only need to know HS"(G), as the cohomology rings of the ele-
mentary abelian groups are well known. So we can decide whether or not a
given sequence is Duflot regular without knowing the whole cohomology ring.
Moreover, experience suggests that we can always choose the generators of
H*(G) in such a way that they contain a complete Duflot regular sequence.

Choosing a system of parameters As Carlson explains in [17, §5.3.1] it is a
hard problem to choose a suitable homogeneous system of parameters, for the
ground field is small and the degrees of the parameters should be as small
as possible. The method currently employed by the package Diag to find a
suitable system of parameters is a stop-gap. However, it is surprising how
often this method does suffice.
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First of all a complete Duflot regular sequence is chosen from the genera-
tors with positive r-dimension. Then the program uses rather naive methods
to try to extend this sequence to a sequence hq,...,h, with r = p-rank(G)
satisfying the following conditions for every maximal elementary abelian sub-
group V of G:

— The restrictions Resy (h1), ..., Resy (hs) for s = p-rank(V) form a regular
sequence in H*(V).
— Resy (hy) =0for s <i<r.

If such a sequence is found then it definitely is a system of parameters
for H*(G). If no such sequence can be found, or if the resulting sequence
hi,...,h, is not simultaneously a system of parameters for the current co-
homology ring approximation R = Ry, then the cohomology computation
terminates unsuccessfully.

The depth of R is determined by finding the largest m < r such that
hi,...,hy is a regular sequence in R. If m < r then one calculates the
intersection of the annihilators Anng(h;) for ¢ > m. If this intersection is
nontrivial then the depth of R is m.

Remark 6.14. This method for finding a system of parameters works for 50
of the 51 groups of order 32. The exceptional case is the group known to the
group library SMALL GROUPS as group number 6 of order 32. For this group
I had to find a system of parameters by hand.

Improving the selection of a system of parameters will be a priority in sub-
sequent work on the package Diag.

6.4 Groups of small rank: Koszul complex and Poincaré
series

The homology groups of the Koszul complex are easier to determine if the
p-rank of the p-group G is small. Moreover the Poincaré series can then be
easily determined from the homology of the Koszul complex.

To be more precise, the methods in this section are for the case r —z < 2,
where 7 is the p-rank of G and z is the p-rank of the centre Z(G). These
results are definitely not new, but they are not easy to find in the literature.

Hypothesis 6.15. Let A =@, -, A" be a graded commutative k-algebra with
A% = k which is generated by finitely many homogeneous elements of A1 :=

@n>0 A"
Let (1, (o, ..., ¢ be a sequence of homogeneous elements of A1, such that
(at least) the first d terms form a regular sequence in A. Write m; := |{j|

and o(m) := Z;zl m;. If the prime p is odd we shall require that each m;
be even.
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Definition 6.16. The Poincaré series py (t) of a graded k-vector space V =
P,z V" is defined by

py(t) = t"dimg(V").
nez

Lemma 6.17. Let A be a graded commutative k-algebra as in Hypothe-
sis 6.15. Then

o(m) r \r—i .
palt) =" %[5_0((11_)tmf)m o

j=1

where H* := HY(K((1, - .., (3 A)).

Proof. Write (C**,¢) for the Koszul complex K((1,...,(-; A). Let Z; be the

set of all size i subsets I of {1,...,r}. Set my := 3, ;m; and
= o Jvigel
v = wr ® - @wr,y, where wr = {uj IV

So vy lies in C®»—™1,
Since C%* = Dcz, v1A we have poi-(t) = > ;o7 7™ pa(t). So as the
bidegree of ¢ is (1,0) it follows that > (—1)'pgi-(t) = > i_o(—1)'pei~(t).
O

Notation 6.18. For 0 < s < r denote by A(s) the quotient A/((1,...,(s)-

Lemma 6.19. Suppose Hypothesis 6.15 holds withd = r. Set N := ijl m;.
Then
pA('r) (t)

Moreover HI(K((1, ..., ¢ A)) = 0 if and only if A(r)N+7 = 0.

pa(t) =

Proof. As (; is regular in A we deduce as in [18, Proposition 3.3] that
Hi7j(K:<C1a EERE CT7 A)) = Hi_17j+m1 (K(<27 R CT? A/(Cl))) (62)
The result follows by induction on r. ]

Lemma 6.20. Suppose Hypothesis 6.15 holds with d = r — 1. Write I for
the homogeneous ideal Ann (. _1)(¢,) in A(r —1). Set N := Z?Zl mj. Then

_ Pa@) (t) —t"rpr(t)
[T, (1=t

Moreover H*I(K((,..., 3 A)) = 0 if and only if the groups A(r)N+mr+i
and INtI are both zero.

pa(t)
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Proof. Using Lemma 6.17 and (6.2) we reduce to the case r = 1, which means
that N = 0. Then H%J = [V and HY = A(1)"™*J. O

Lemma 6.21. Suppose Hypothesis 6.15 holds with d = r — 2. Define a
homogeneous ideal I C A(r —2) by I := Anng_9)(¢r—1,(). Moreover
define J = Anng_9)(Gro1), K = J/(J and L := Anny_1)((). Set
N = Z;l:l m;j. Then

pA('F) (t) - tmT»pL (t) — tm"’lpK(t) 4 tm,.,lerT,pl (t)
Palt) = (1 —tm .
Hj:l( - tj )
Moreoever H*I(K(Cy, ..., (3 A)) = 0 if and only if the groups IN+7, KN+mr
IN+me_1 and A(T)N+mT71+mr+j are all zero.

Proof. Using Lemma 6.17 and (6.2) we reduce to the case r = 2, where
N =0. Then H% = [J and H*J = A(2)m™1+m2%7. To determine H'J we set

81 = {(a,b) € A™H © A™H | Gya = (b}
3 = {(Gre,Ge0) € A™MH @ A | c e AT}
53 :={(0,b) € A™FT @ A™2HI | (b= 0}.

— o~

Then HY = §7/8] and S} = Jm2+i 5o
e S ST
Sinsy S5 +S)
et {q € Amit | 3h e AmH with Ga = (b}
C GJl GAI 7
hence HJ o Km2+i g [+, o

Remark 6.22. So for r —d < 2 one can calculate the homology of the Koszul
complex using operations like annihilator, quotient and intersection. By con-
trast, for larger values of r — d it seems one has to use the general method
for finding the kernel of a map between free modules.

Remark 6.23. To check Condition 6.6 and calculate the Poincaré series, the
computer has to solve the following task:

Let I C J be right ideals in the @-algebra A. Determine whether the
k-vector space J/I is finite-dimensional. If so, determine its Poincaré series.
Grobner bases for I and J are known.

Let G be the generating set of A. Let A; and A; be the sets of leading
monomials of the Grobner bases for I and J respectively. First one checks for
each A\ € Ay and each x € G that A xp 2% is divisible by at least one pu € Ay
for large N. The quotient space J/I is finite-dimensional if and only if each
such pair passes this test. Then one constructs the set () of all monomial
multiples v of elements of Aj; such that v is not divisible by any element
of Ar. This set @ is a k-basis for J/I.
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6.5 Identifying subgroups

To compute the cohomology ring H*(G) we have to know the restriction maps
to certain subgroups. These subgroups are:

— The maximal subgroups, in order to determine the ideal of essential classes.

— The maximal elementary abelian subgroups, in order to choose nilpotent
generators and a homogeneous system of parameters.

— The greatest central elementary abelian subgroup, in order to choose reg-
ular generators and identify a complete Duflot regular sequence.

We have to assume that the cohomology rings of these groups are already
known, and so the computation of the cohomology rings of all p-groups of
order p" is performed by induction on n. The induction starts with the el-
ementary abelian groups, whose cohomology is well known. More generally,
the Kiinneth Theorem means that all generators and relations for H*(G) lie
in degree at most two for any abelian G.

Isomorphism classes of small groups The Isomorphism Problem for groups
of order p™ goes as follows: Decide whether or not two given groups G1, Go
of order p™ are isomorphic. If they are, give an isomorphism from G; to Gs.
Calculating the cohomology ring H*(G) is a lot simpler if the computer can
solve the Isomorphism Problem for subgroups of G.

Ezxample 6.24. The extraspecial 2-group 2?4 of order 32 has 15 maximal
subgroups. Nine of these are isomorphic to Dg x Cs, and the remaining six
subgroups are all isomorphic to each other. So if the computer can solve the
Isomorphism Problem for groups of order 16 then it only has to perform
two cohomology computations in order to known the cohomology rings of all
maximal subgroups. If not then it has to perform 15 computations.

See [13, 14] for a survey of the classification problem for finite groups of small

order. The Isomorphism Problem for many groups of small order is solved by
the group library SMALL GROUPS, which is included in the distributions of
the Computer Algebra Systems GAP [36] and MAGMA.

To be precise this group library solves the Isomorphism Problem for those
p-groups whose order divides one of the numbers 28, 35, 5° and 7. So it
is only for groups of order 2!° that one does not have a solution to the
Isomorphism problem, but can hope to construct a significant portion of the
minimal resolution using Diag.

The representation of inclusions In the group library, every isomorphism
class is represented by a group with a preferred minimal generating set. The
package Diag always uses this generating set to construct a presentation of
the group algebra.

Now let H be a subgroup of G, let K be the representative of the iso-
morphism class of H, and let k1, ..., ks be the preferred minimal generators
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of K. An isomorphism from K to H induces a monomorphism K ~— G. The
subgroup H is represented on the computer by specifying K together with
the images in G of the ;. If two subgroups are isomorphic as abstract groups,
then the group K will be the same in both cases but the images of the &;
will differ.
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In the preceding chapters a Grobner basis method was developed for con-
structing minimal resolutions. Methods were developed for carrying out Carl-
son’s approach to cohomology ring computation which

— use Grobner bases for calculations with £G-modules, and
— work for odd primes as well as for the prime 2.

These methods were implemented in the C programming language. The pack-
age is called Diag. It uses the library of a package called “The C MeatAxe” [56]
to work with vectors over F,, and the computer algebra system GAP [36] to
assemble the necessary information about the group and its subgroup struc-
ture.

To date the applications have been in two areas:

— Computing cohomology rings of small p-groups.
— Constructing as many terms as possible in the minimal resolution for larger
p-groups.

All big computations were performed on Jon F. Carlson’s computer toui, a
Sun ULTRA 60 Elite 3D. I am very grateful to Professor Carlson for the use
of this machine.

Additionally the exact period of one periodic module was calculated to
give a taste of another area where the package could be used.

7.1 Cohomology rings of small p-groups

The calculation of the mod-p cohomology rings of all groups of order p® was
brought to completion by Leary [46] and Milgram—Tezuka [48]. The cohomol-
ogy rings of all groups of order 32 were determined by Rusin [57], and Carlson
recently completed the calculation of the cohomology rings of all groups of
order 64 [19, 20]. For odd primes the cohomology ring of the central product
Cp2 * pf'Q of order p* was calculated by Benson and Carlson [10].

The package Diag was used to compute the cohomology rings of the fol-
lowing groups:

— All 15 groups of order 81 = 3%,

D.J. Green: LNM 1828, pp. 93-100, 2003.
(© Springer-Verlag Berlin Heidelberg 2003
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— 14 of the 15 groups of order 625 = 5.
— Several groups of order 64 = 26 and one group of order 243 = 3°.

To reproduce all these cohomology rings here would require well over a hun-
dred pages. Instead, the full results have been made available on the World
Wide Web, and three of the most interesting cohomology rings are described
in the appendix. The address for the online cohomology rings is as follows:

http://www.math.uni-wuppertal.de/ green/Coho/index.html

This database also includes the cohomology rings of all p-groups whose order
divides one of 2°, 3%, 52 and 73. The groups are numbered according to the
group library SMALL GROUPS (cf. Sect. 6.5).

Interpreting the tables In the rest of this section more details will be given
about the individual computations. The most significant data about the coho-
mology rings will be presented in tabular form. The meanings of the columns
will now be explained with an example.

No. Name mer zTng Degrees ng br be |hil &
7SylyAg 22312 16 12233342526371 88 14 146,2,4 —
10 22211 11 12233'4151627 44 14 146,4 3,3,4
11Cyx3232333 6 1323 3 2

The table lists three of the 15 groups of order 81 = 3*. The first column
says that these are groups number 7, 10 und 11 of this order. Group No. 7
is the Sylow 3-subgroup of the alternating group Ag and group No. 11 is
the direct product of the cyclic group of order 9 with the elementary abelian
group of order 9. (We are using the ATLAS notation for elementary abelian
groups [26].) By contrast, group No. 10 has no common name.

The subsequent columns: m is the number of minimal generators of the
group, r is the p-rank of the group and z that of the centre. The exponent
of the group is p°. Column 7 lists the depth of the cohomology ring. The
number of minimal generators of the cohomology ring is denoted ng, and
the degrees of these generators are listed in the next column: for example,
group No. 11 has three generators in degree one and three in degree two. The
number of minimal relations is denoted by ng, and by stands for the largest
degree of a relation.

The remaining columns only concern nonabelian groups. The value of b¢
is the degree in which Carlson’s criterion first recognises the presentation
of the cohomology ring to be complete. Then the degrees of a homogeneous
system of parameters hq,...,h, is given. These parameters are ordered such
that the first z terms form a complete Duflot regular sequence.

We write Ess*(G) for the ideal of essential classes in H*(G). That is,

Ess*(G) = {# € H*(G) | Resy(z) = 0 for every maximal subgroup H < G}.
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So Ess*(G) = &g for R = H*(G) in the language of Condition 6.8 (Carlson’s
“Condition R”). Checking this condition involves establishing that Ess*(G)
is free as a module over the polynomial algebra k[hq, ..., h,]. The degrees of
the free generators are listed in column £. So group No. 7 has no essential
classes, whereas the essential ideal for group No. 10 is free of rank three on
generators in degrees 3, 3, 4.

7.1.1 The groups of order 81

There are fifteen isomorphism classes of groups of order 81 = 3*. The coho-
mology ring of all fifteen of these groups was calculated. These computations
took 12 minutes in all. Selected data on each of these cohomology rings is
listed in Table 7.1.

Table 7.1. Cohomological data for the groups of order 81

No. Name merzT ng Degrees nr br be | hi| £
1 Csy 14111 2 120 1 2
209xCy 22222 4 1222 2 2
3 22322 12 122%3%415'6% 44 12 12 2,6,2  3,4,5
4 22222 4 1222 2 2 4 2,2 2
5C»rx3 23222 4 1222 2 2
6 23211 6 122131416 910 10 6,2 2,4
7Syl; A9 22312 16 122°3%425%6%7" 83 14 14 6,2,4 —
8 22211 13 1223314252627 65 14 14 6,4 3
9 Syl,Us(8) 22212 9 12243%' 21 6 8 6,2 —
10 22211 11 1?233'4'5'6%7" 44 14 14 6,4 3,3,4
11Cox3% 32333 6 1323 3 2
123772 x3 31323 11 1325326 22 6 10 2,6,2 —
1331723 32322 8 13223156 10 10 10 2,6,2 3,4,5,6
143772 %Co 32211 7 132246 9 810 6,4 3
15 3* 41444 8 142 4 2

Carlson’s Depth-Essential Conjecture The following theorem is proved
in [16]:

Theorem 7.1 (Carlson). Let G be a p-group and s an integer satisfying
z < s < r, where r is the p-rank of G und z that of its centre. Denote by
A (G) the set of all rank s elementary abelian subgroups of G.

If there is a class 0 # x € H*(G) such that Resg (x) = 0 for the centralizer
H =Cqg(V) of every V € As(G), then the depth of H*(G) is less than s.

In particular, this happens when G has a proper subgroup H which con-
tains the centralizer of every V € A(G).
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Conversely the depth-essential conjecture claims that if the depth is s — 1
then there does exist such a class x. This has been proved in the special case
s = z+1, characterising the cases where Duflot’s lower bound for the depth is
tight [38]. Note that if the cohomology ring is Cohen-Macaulay! or contains
an essential class then there is nothing to prove. Moreover it is easy to see
that one only has to consider those V € A, (G) which contain the greatest
central elementary abelian subgroup.

All groups of order 81 satisfy this conjecture. One sees this immediately for
all apart from group No. 7, which has depth 2. But this group has precisely
one rank 3 elementary abelian subgroup, and it is self-centralising. So the
conditions for the last part of Theorem 7.1 are satisfied.

7.1.2 The groups of order 625

There are 15 isomorphism classes of groups of order 625 = 5*. To date only
the cohomology rings of 14 of these groups could be computed. The com-
putation for group No. 8 took 5 days 20 hours. Numerical data about these
cohomology rings is listed in Tables 7.2 and 7.3, as the generator degrees for
the cohomology rings had to be put in a separate table for space reasons.

The tables also list some information on the unfinished case, group No. 7.
This is the Sylow 5-subgroup of the sporadic Conway group Co; and its
cohomology ring is therefore of considerable interest. It is the complexity of
the relations ideal that is currently preventing a complete calculation.

The data for this group are drawn from a computation out to degree 30.
There are certainly at least 36 minimal generators and 556 minimal relations.
It is also certain that there is a generator in degree 10 that constitutes a com-
plete Duflot regular sequence, and that there are essential classes in degrees
4 and 5. This means that the depth of the cohomology ring is one.

We see from the tables that all groups of order 625 = 5% have essential classes
and therefore satisfy Carlson’s depth-essential conjecture.

7.1.3 Two essential classes with nonzero product

Let G be the Sylow 2-subgroup of Us(4). This is Small Group No. 245 of
order 64. It group has four minimal generators, exponent 4 and p-rank 2. All
involutions are central, and so the theorem of Adem and Karagueuzian [3]
tells us that the cohomology ring H*(G) is Cohen—Macaulay and has essential
classes. Hence the group satisfies the depth-essential conjecture. Hier are the
usual cohomological data:

rzTng  Degrees ng br bo |hl &
222 26 1441688296112 270 22 22 8,8 4855637881697106118128134141
! That is, the depth is equal to the Krull dimension.
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Table 7.2. Cohomological data for the groups of order 625

2
2
20
2
2
18
307
24
30
30
2
18
18
16

20

18
307
24
30
30

18
18
16

No. Name merzTng nr br bc
1 Cée2s 14111 2 1
2025)(025 22222 4 2
3 22322 16 90
4 22222 4 2
5Ci25 X5 23222 4 2
6 23211 8 20
7SylsCoi 21311 36?7 5567
8 22311 20 151
9 22211 23 230
10 22211 23 230
11 Cy x5%2 32333 6 3
125" x5 31322 11 51
1352 x5 32322 10 21
14572« Cos 32211 9 22
15 54 41444 8 4

2

[hui &
2,10,2 3,4,5,6,7,8,9
2,2 2
10,2 2,4,6,8
10,7,7 4,5; more too?
10,2, 4 3,4,5,5,6,7
10,8 3,5,7
10,8 3,5,7
2,10,6  4,5,5,6,6,7,7,8

2,10,2 3,4,5,6,7,8,9,10
10,4 3,5,7

The generator degrees are listed in Table 7.3 for space reasons.

Table 7.3. Degrees of cohomology ring generators for groups of order 625

No.

S UL W N

Degrees

1121
1222

122432415161 718191102

1222
1222

1223151719110t
7 12243%435%6273829%10%11%212213%14215"

8 122332425161 718192103111 12!
9 1223314%5162718292102111121 13141 15!
10 12233142516271829210%111 121131 141151

11 1323
12 1325327189110t
13 1322315179110t
14 1322416181101
15 1424

This table is a continuation of Table 7.2.

(only up to degree 30 inclusive)

97
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Notice how large the ideal of essential classes is. For this reason it was nec-
essary to state the degrees of the free generators using the notation used for
cohomology ring generator degrees.

This group is the first known case where the product of two essen-
tial classes is not always zero. (Of course, elementary abelian groups are
excluded here.) To be more precise, the products Ess*(G).Ess'®(G) and
Ess®(G).Ess®(G) are one-dimensional and equal. The base of the free module
Ess™(G) can be so chosen that the one 14-dimensional free generator gen-
erates these product spaces. All remaining products of essential classes are
Zero.

It was conjectured by Huynh Mui [51] and T. Marx [47] that the essential
ideal squares to zero. Pham Anh Minh proved in [49] that each essential
class ¢ satisfies € = 0. Pakianathan and Yalgin related the nilpotency degree
of the essential ideal to a question about fixed points of G-CW-complexes
in [54]. The computation describes here disproves the Mui-Marx conjecture.

In the terminology of Hall-Senior [45] this is group No. 187 of order 64,
also known as 6413a5. Many group invariants cannot distinguish this group
from the direct product Qg x Qg = 641 pas.

This cohomology computation took 37 hours 24 minutes. More than half
the time was spent on the computation and analysis of Ess*(G). It is then all
the more susprising that this cohomology ring was calculated several years
ago by hand, by J. Clark [25]. Using Clark’s calculation one can show that
the essential ideal does not square to zero without having to rely on com-
puter calculations (see [39], which also corrects some minor errors in Clark’s
calculation).

Note that the cohomology rings of all remaining groups of order 64 are
described on Carlson’s web page [19].

7.1.4 A 3-group with Cohen—Macaulay defect 2

Let G be a p-group. As in the tables write r for the Krull dimension and
7 for the depth of the cohomology ring. Most known cohomology rings are
either Cohen—Macaulay (7 = ), or have Cohen-Macaulay defect one. (By
definition, the Cohen—-Macaulay defect is the difference r — 7 between Krull
dimension and depth.) Previously the only exceptions were for the prime 2.
We shall now meet a 3-group with defect 2.

Let G be the small group number 16 of order 243 = 3°. Computing the
cohomology ring took 37 minutes. Here are the usual cohomological data. As
there are essential classes, the depth-essential conjecture holds for this group.

menrzTNng Degrees nrbrbe |hi|l €
23311 171223324252637%8' 103 16 16 6,2,4 3
The Poincaré series is
(1) = 142t + 262 + 263 + ¢ + 15 + 266 4 267 + 24 +¢°
Pl = (1— (1~ (1 - ) '
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7.2 Resolutions for larger p-groups

The Sylow 2-subgroups of the sporadic finite simple group HS are of order 29,
and for the Conway group Cos and the Mathieu group M4 they have order
210 A part of the minimal resolution was constructed for each of these 2-
groups. The ranks as free modules of the terms in these resolutions are given
in Table 7.4. There now follows a brief discussion of each case.

Table 7.4. Minimal resolutions for three Sylow 2-subgroups

Group||Syl, HS|Syl, Cos |Syly, Maa

|(;| 29 210 210
rkPo 1 1 1
rkP; 3 4 4
kP 7 11 12
rkPs 14 23 25
rkPy 23 41 49
rkPs 34 65 85
rkPs 48 97 143

rk Py 65 139 222
rkPg 84 191 336
rk Py 105 253 485
rkfﬂo 131 328

rk}ﬁ1 163
rk}ﬁg 198
rkfﬂg 236
rkfﬁ4 280

Higman-Sims Let G be a Sylow 2-subgroup of HS. The 2-rank of G is 4
and its order is 2°. The cohomology ring of this group was completely deter-
mined by Adem, Carlson, Karagueuzian and Milgram [2], based on Carlson’s
construction of the minimal resolution out to the 10th term. All generators
and relations occur by degree 14. Using Diag the minimal resolution was
constructed out to degree 14.

The third Conway group Let G be a Sylow 2-subgroup of Coz. The 2-rank
of G is 4 and its order is 2'°. The cohomology of Cos was investigated by
Benson [8], but the cohomology ring of the Sylow 2-subgroup G is still not
known. The package Diag was used to construct the minimal resolution out
to the 10th term. In degree 8 there is a cohomology class whose restriction
to the centre (cyclic of order 2) is nonzero. This class therefore constitutes a
complete Duflot regular sequence. Hence it is thinkable that this cohomology
ring could be completely calculated within the next few years.
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The largest Mathieu group Let G be a Sylow 2-subgroup of May. The 2-
rank of G is 6 and its order is 2'°. Maginnis has determined the cohomology
ring structure out to degree 8 using spectral sequence methods. Using the
package Diag I constructed the minimal resolution out to the 9th term. In
degree 8 there is a cohomology class whose restriction to the centre (cyclic of
order 2) is nonzero. This class therefore constitutes a complete Duflot regular
sequence.

The matrix over k = o of the 8th differential dg would require 9,11 GB.
For the construction of dg out of dg the Grobner basis for the elimination
required 130 MB, and the Grobner basis for the kernel required 124 MB. The
9th differential itself requires 20 MB. Constructing dy from dg took 6 days
and 18 hours.

7.3 The period of a periodic module

The natural 3-dimensional FoUs(3)-module M is known to be periodic [35],
but its exact period is not known. The Sylow 3-subgroup G of Us(3) is ex-
traspecial of order 27 and exponent 3. The period of M as a G-module was
previously unknown too: however, by a theorem of Benson and Carlson [11],
one knows that this period divides 6.

Using the package Diag I constructed the minimal resolution of M as a
FygG-module. As M is only defined over Fg, the programs had to be adapted
to work over non-prime fields. I was able to show that the period of the G-
module M is 6. This is because the ranks as free modules of the first terms
(starting with the Oth term) are 1,2,2,2,2,1,1,2,2; and the maps d7 and d;
have exactly the same matrices.

For this and related computations the matrices and permutations of the
Online ATLAS [60] were indispensable.



A Sample cohomology calculations

The cohomology rings of over a hundred small p-groups may be found on the
World Wide Web at the address

http://www.math.uni-wuppertal.de/ green/Coho/index.html

Some salient samples are printed in this appendix.

A.1 The cyclic group of order 2

G is Cs, the cyclic group of order 2.
This cohomology ring is well known. It has one generator: y in degree 1.
There are no relations.

A.2 The cyclic group of order 4
G is Cy, the cyclic group of order 4.
This cohomology ring is well known. It has 2 generators:

1. y in degree 1
2. x in degree 2

There is one minimal relation: y% = 0.
This minimal resolution constitutes a Grobner basis for the ideal of relations.

A.3 The Klein 4-group
G is Vy, the elementary abelian group of order 4.
This cohomology ring is well known. It has 2 generators:

1. y1 in degree 1
2. yo in degree 1

There are no relations.

D.J. Green: LNM 1828, pp. 101-130, 2003.
(© Springer-Verlag Berlin Heidelberg 2003



102 A Sample cohomology calculations

A.4 The dihedral group of order 8

G is Dg, the dihedral group of order 8. It is the third Small Group of order 8
and its Hall-Senior number is 4.

G has rank 2, 2-rank 2 and exponent 4. Its centre has 2-rank 1.

The 3 maximal subgroups are: Cy, V4 (2%).

There are 2 conjugacy classes of maximal elementary abelian subgroups. Ev-
ery such subgroup has 2-rank 2.

This cohomology ring is well-known, and was successfully calculated.

Ring structure

The cohomology ring has 3 generators:

1. y1 in degree 1
2. yo in degree 1
3. z in degree 2, a regular element

There is one minimal relation: y;y2 = 0.
This minimal relation constitutes a Grobner basis for the ideal of relations.

FEssential ideal Zero ideal.

Nilradical Zero ideal.

Completion information

For this cohomology computation the minimal resolution was constructed out
to degree 4. The presentation of the cohomology ring reaches its final form
in degree 2. Carlson’s criterion detects in degree 4 that the presentation is
complete.

This cohomology ring has dimension 2 and depth 2. A homogeneous sys-
tem of parameters is

h1 = x in degree 2
hy = y2 + 4% in degree 2

The first two terms hq, ho constitute a regular sequence of maximal length.
The first term h; constitutes a complete Duflot-regular sequence. That is
to say, its restriction to the greatest central elementary abelian subgroup
constitutes a regular sequence of maximal length.

FEssential ideal The essential ideal is the zero ideal.
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The Koszul complex A basis for R/(hi, he) is given below. Carlson’s Koszul
condition requires that each basis element has degree less than 4.

1. 1 in degree 0
2. yo in degree 1
3. y1 in degree 1
4. y? in degree 2

1+t

Poincaré series m

Restrictions to subgroups

Restriction to maximal subgroup No. 1, isomorphic to Vj
(1 y2 0 T = Y3+ Y1y

Restriction to maximal subgroup No. 2, isomorphic to V4
Y1 —0 Y2 = %1 T = Y3+ Y1y

Restriction to maximal subgroup No. 3, isomorphic to Cy
Yy1—y Y2 =y T

Restriction to maximal elementary abelian subgroup No. 1, isomorphic to Vj
Y1 —0 Y2 = Y2 + U1 T Y1y

Restriction to maximal elementary abelian subgroup No. 2, isomorphic to V,
Y1 = Y2 Y2 =0 T y1ye +y7

Restriction to the greatest central elementary abelian subgroup, isomorphic
to CQ

y1 — 0 Yo — 0 m»—)yQ

A.5 The quaternion group of order 8

G is Qg, the quaternion group of order 8. It is the fourth Small Group of
order 8 and its Hall-Senior number is 5.

G has rank 2, 2-rank 1 and exponent 4. Its centre has 2-rank 1.

The 3 maximal subgroups are: Cy (3x).

As every involution is central, there is exactly one maximal elementary
abelian subgroup. It has 2-rank 1.

This cohomology ring is well-known, and was successfully calculated.
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Ring structure

The cohomology ring has 3 generators:

1. y1 in degree 1, a nilpotent element
2. yo in degree 1, a nilpotent element
3. v in degree 4, a regular element

There are two minimal relations:

L y3 =yiys + 43
2. y3=0

These minimal relations constitute a Grobner basis for the ideal of relations.

Essential ideal There are two minimal generators:

1. y1y2
2. y%

Nilradical There are two minimal generators:

L oy
2.1

Completion information

For this cohomology computation the minimal resolution was constructed out
to degree 4. The presentation of the cohomology ring reaches its final form
in degree 4. Carlson’s criterion detects in degree 4 that the presentation is
complete.

This cohomology ring has dimension 1 and depth 1. A homogeneous sys-
tem of parameters is

h1 = v in degree 4

The first term hy constitutes a regular sequence of maximal length. The first
term hy constitutes a complete Duflot-regular sequence. That is to say, its
restriction to the greatest central elementary abelian subgroup constitutes a
regular sequence of maximal length.

FEssential ideal The essential ideal is free of rank 3 as a module over the
polynomial algebra in hy. The free generators are:

G1 = y1y2 in degree 2
G2 =y} in degree 2
G3 = y?yo in degree 3

The essential ideal squares to zero.
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The Koszul complex A basis for R/(h;) is given below. Carlson’s Koszul
condition requires that each basis element has degree less than 4.

1. 1 in degree 0

yo in degree 1
y1 in degree 1
y1y2 in degree 2
y? in degree 2
y3yo in degree 3

S CU W

142t +2t2 + 3

Poincaré series D)

Restrictions to subgroups
Restriction to maximal subgroup No. 1, isomorphic to Cy
y1— 0 Yo — Y v x?
Restriction to maximal subgroup No. 2, isomorphic to Cy
y1—y y2 — 0 v x?
Restriction to maximal subgroup No. 3, isomorphic to Cy
Y1y Y2 Y v 2’
Restriction to maximal elementary abelian subgroup No. 1, isomorphic to Cy
y1 —0 y2 — 0 vyt

Restriction to the greatest central elementary abelian subgroup, isomorphic
to CQ

y1 — 0 Yo — 0 vyt

A.6 The Sylow 2-subgroup of Ujs(4)

G is the Sylow 2-subgroup of Us(4). It is Small Group number 245 of order
64 and its Hall-Senior number is 187.

G has rank 4, 2-rank 2 and exponent 4. Its centre has 2-rank 2.

All fifteen maximal subgroups are isomorphic to the Small Group number 32
of order 32.

As every involution is central, there is exactly one maximal elementary
abelian subgroup. It has 2-rank 2.

This cohomology ring was calculated by Clark [25], albeit with minor errors
(see [39]). The computer calculation was successful.



106 A Sample cohomology calculations
Ring structure

The cohomology ring has 26 generators:

y1 in degree 1, a nilpotent element
y2 in degree 1, a nilpotent element
ys in degree 1, a nilpotent element
y4 in degree 1, a nilpotent element
v1 in degree 4, a nilpotent element
v in degree 4, a nilpotent element
vs in degree 4, a nilpotent element
vy in degree 4, a nilpotent element
9. t1 in degree 6, a nilpotent element
10. t5 in degree 6, a nilpotent element
11. t3 in degree 6, a nilpotent element
12. t4 in degree 6, a nilpotent element
13. t5 in degree 6, a nilpotent element
14. tg in degree 6, a nilpotent element
15. t7 in degree 6, a nilpotent element
16. tg in degree 6, a nilpotent element
17. r1 in degree 8, a regular element
18. ro in degree 8, a regular element
19. g1 in degree 9, a nilpotent element
20. g2 in degree 9, a nilpotent element
21. g3 in degree 9, a nilpotent element
22. q4 in degree 9, a nilpotent element
23. g5 in degree 9, a nilpotent element
24. gg in degree 9, a nilpotent element
25. 01 in degree 11, a nilpotent element
26. 09 in degree 11, a nilpotent element

P© NSO W

There are 270 minimal relations:

yi = Yols + Y2Us + Y1Ys + Y1y2 + y%
Y3 = Yoys + Y3 + Y1ya +y1Ys
Yays = Y12y + Y1y2ys + Y195 + Yiva
Y3 = Y1293 + Y195 + yiya + yiye + uf
YaUs = Y2Us+Y2v2 + Y103+ Y102+ Y101 Y3 Ysya + Ui yeya +ytya+yiye + 7
Yav3 = Y2 + Y104 + Y103 + Y1v2 + y1ys + yi
Yav2 = Yovs + Y101 + YiYsya + Yiyeys + yiye + U3
Yav1 = Yav3 + Y101 + YiYsya + yiys + yiye +yi
9. y3v4 = Yovs + YoU3 + Y13 + Yiysys + yiye
10. y3vs = yavs + Y202 + y1va + Yiya + yiys + ylye
11. y3v2 = yava + Y104 + Y101 + Yiys + yive + i
12. y3v1 = Y202 + Y103 + Y1v2 + Y101 + Yiyeys + yiys + 5
13. yov1 = Y102 + ?ff?/:% + yi‘yz

PN O =



14.
15.
16.

17.
18.
19.
20.

21.

22.
23.
24.

25.
26.

27.

28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.
40.
41.
42.
43.
44.
45.
46.
47.

48.
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Yiyays = Yiya + yiye

Yy = yiye

Yats = Yals + yota + yite + yits + yit1 + y1y3va + Yiyavs + yivs + yivs +
yivz + yiv

Yatr = Yats + Yats + Yite + Y1y3vs + yivs + yiva + yivy

Yate = Yota + y1tr + Yits + yits + yit1 + yiyovs + yiva + yivo

Yats = Yats + Y1ts + y1ta + Y1t + Yiyavs + yiyovs + yivs + yive

Yaty = yols + yolr + Yoty + yots +y1ts +yits + y1ts + y1ta +y1ts +yito +
Yiy2vs + yiva + yive

Yats = yatr + yats + yits + Y1ty + yite + yits + yite + Y1y504 + YT y2vs +
Yyiy2vs + yiva + yive + yiu

yats = yats + yrte + yrta + y1ts + yivs

Yats = Yot + yits + yita + yita + Y1930 + Yiy2vs + yivg

ysts = yats + yol7z + Yoty + Yotz + y1ts + y1t7 +y1te + y1ts +y1ta +y1ts +
yit1 + y1y304 + yiva + yios

Ystr = yats + yats + yitr + yits + yita + yits + yite + yiva

yste = yats + yits + yite + yits + yits + yita + y1y30a + yTyava + yiva +
yiva + yivr

Ysts = Yot + yats + Y1ty +yits + yrta + y1ts +y1y504 + YT Y203 + YT y2v2 +
yiva + yive + yivr

Ysta = yats + Yats + yite + yits + yiyavs + yiva

ysts = yata + yits + yrta + Y1304 + yiva + yive + yion

ysta = y1ts + Y1y30a + YiY2vs + yiyava + yiva

yst1 = yits + yita + yits + y1y3vs + Yiy2vs + Yiyavs + yivy

Yale = yata + Yots + yite + yita + yits + yits + y1y3vs + yivs

Yats = Yatatyite+yits+yits+yiy2va+y3 y2vs+y3 yava+yt vatyivs+yivr
Yalo = yits + yita + yite + yit1 + yivs

yat1 = yita + yit1 + Yiyava + yiyevs + yiva + yivs + yivs

v3=0

V3Vs = Y3Y2va + Y3yovs + yiva + yivs

v§ =0

VU4 = Y3Yav2 + yiva + yivs + yive + yive

VU3 = Y Y23 + Y1y

v3 =0

V1Vs = YTY30s + YiYava + Yiva + yiva

V1V3 = Y3Y2va + YPYava + Yiva

V1V = YPY203 + YTyava + yivs + ylvs

vi=0

yits = yits + yits + yits

Vats = Yoqa + Y243+ Y146 + Y105 + Y32 + Y371+ Y1ysr2 +Y1Ysr1 +Y1yers +
yira +yir +yite + yita

Vaty = Yaqs + Y243 + Y146 + Y102 + Y1q1 + Y372 + Y371 + Y1yare + y1ysra +
Y1ysT1 + y1yera + yiyert + yirs + yirn + yits
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49.

50.

ol.
92.

53.

o4.

95.

56.

o7.

58.

59.

60.
61.

62.

63.

64.

65.
66.

67.
68.
69.
70.
71.
72.

73.

A Sample cohomology calculations

Vate = Y2q3 + Y143 + Y142 + YoyaT2 + Y2yar1 + Y3r1 + Y1yare + Y1yari +
yiyer1 + yita + yits + yita + yit

vats = Yaqa + Y105 + Y103 + Y192+ Y1q1 + Y2yara +Yayar1 +y5re +y1yars +
y1yare + y1yar1 + yita + yits + yite + yita

vats = Y1q6 + Y105 + Y1qa + Y143 + y1ysre + y1ysr1 + yiyers + yite

Vats = Yaqa + Y243 + Y105 + Y1qs + Y1q3 + Y372 + Y31 + yryare + y1yars +
Y1ysre + y1yer + yire + yire + yits + yits

vty = Yaqs + Y196 + Y105 + Y12 + Y1¢1 + Y2yara + yoyar1 + Y371 + y1yar1 +
Y1y3T1 + y1yers + yire +yiry +yits +yits +yity

Vgt = Y2q3 + Y196 + Y105 + Y14 + Y2yarz + Yayar1 + Y3r1 + yiyars +
Y1yar1 + Y1ysre + y1ysr1 4+ yiyers + yiyer: + yit

vsls = Yags + Y145 + Yoyara + yoyari + Y31 + y1yars + yi1yari + y1ysra +
Y1yar1 + yits

Usty = Yoqa +Y2q3 + Y104 + Y13 + Y3T2 + Y31 FyiTe +yirs +ytta+yits +
yits + yita

vste = Y196 + Y195 + Y194 + Y1G2 + Y1q1 + Y1Yara + Y1ysr1 + yiyera +
y1yar1 + yita + yits + yita + yita

Vsts = Yaqa + Y243 + Y16 + Y1qa + Y11 + Y372 + Y31 + y1yar1 + y1ysre +
Y1y + Yiyer + yits

vsts = Yaqa + Y203 + Y146 + Y105 + Y372+ Y571+ y1ysr2 +Y1ysry +y1yera +
yirs + yiry + yits + yits + yita + yits

V3t3 = Y2q3 + Y146 + Y14 + Y2yar2 + Yoyar1 + Y371 +Y1y3r1 + y1yere + yita
sty = Y2q3+Y1q6 + Y195 + Y194 + Y143 + Y2yar2 +Yoyar1 + Y31+ yr1ysra +
Y1ysr1 + Y1yers + yits

v3ts = Y1g6 + Y14 + Y143 + Y1q2 + Y1Yare + y1yars + Yaysri + yayare +
y1y2r1 + yits + yits + yits + yita

Vols = Yoqa + Y146 + Y105 + Y143 + Y2yar2 + Yoyar1 + y3r2 + yryare +
Y1yar + Y1ysre + Y1ysri + Yiyere + yiyert + yire + yirn + yits + yit
Valy = Yaqa + Y196 + Y105 + Y12 + Y1¢1 + Y2yara + yoyar1 + y3re + y1yar1 +
Y1ysT1 + y1yers + yire + yirn + yita + yit

Vate = Y145 +Y10a+H Y12 FY1 QL HY YaT1H Y1 Y22 H YL yer Ty YT Tyt
Vats = Y2qs + Y145 + Y194 + Y192 + Y141 + Yoyara + yoyar1 + Y371 +Y1yars +
Y1yare + yryert + yire + yirs + yits + yite + yit

Uats = Y23 + Y1ds + Y1G2 + Y1q1 + Y2yara + Yayar1 + Y3T1 + Y1yars +
Y1ysre + y1ysr + yire + yirs + yits

vats = Yaqs + Y12 + Y1q1 + Yayara + Yayari + Y371 + Y1yar1 + yrysra +
yits + yits + yits + yity

Vata = Y1G5 + Y1q1 + Y1yars + yiyer + yits + yits

vaty = Y1q5 + Y102 + Y11 + Yryars + yryert + yits + yits + yit

vits = Yoqa + Y1qa + Y142 + YoyaT2 + Y2Yar1 + Y3r2 + Y1yare + Y1yar1 +
Y1Yar1 + yfm + y%ﬁ + y‘ft4 + y%tQ + yi‘h

vity = Y2q3 + Y1d6 + Y105 + Y142 + Yoyarz + Yayar1 + Y3r1 + y1ysra +
Y1ysr + y1yer + yire + yir + yity

vite = Y2qs +Y1q1 + Yayara + yoyar1 + Y31 + y1yar1 + y1ysre +yits +yit



74.
75.
76.
e
78.
79.
80.
81.
82.
83.
84.
85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.
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vits = Y2q3 + Y1G3 + Y141 + Y2yaT2 + Yayar1 + Y31 + y1yare + y1ysrz +
Y1yar1 + yits + yits

vits = Y2q3 + Y143 + Y12 + Y141 + Y2yar2 + Yoyart + y3r1 + y1yare +
Y1ysra + y1yar1 + yits + yita

vits = Y1g6 + Y1q5 + Y1qa + Y1G3 + Y1ysra + Y1ysr1 + Yiyars + yita + yito
vty = Y1q5 + Y1G2 + Y1yaT2 + Y1yaT1 + y1ysre + y1yer + yits

vty = Y1q1 + y1yar1 + y1ysre + yits + yite + yit

Yade = Y294 + Y243 + Y195 + Y143 + Y1q1 + Y3yar1 + Yayare + Yayar: +
YouysTa + Yayar1 + Yara + Yar1 + y1yars + y3ire + yiry + yits + yity

Yags = Y294 + Y2q3 + Y196 + Y11 + Y3Yar2 + Y2yaT2 + Y2ysre + Yyaysra +
Y3ra + Y31 + y1yart + yiysre + yiysr1 + yits + yits + yit

Yaqs = Y196 + Y145 + Y194 + Y1q2 + Y1q1 + Y2yar1 + Yaysre + Yyaysr1 +
Yiyars + y1ysr + yire + yirs + yits + yits

Yaq3 = Y145 + Y1q1 + Y2yar2 + Y2ysra + Y2ysr + yryars + yryers +yire +
yiry + yits

Yaqz = Y2qs + Y1d6 + Y105 + Y144 + Yayara + yoyari + y3ra + yiyare +
Y1yar1 + y1ysre + y1ysri + yit

Yaqi = Y2q3 + Y1G5 + Y142 + Y1q1 + Y3yara + Yayare + yaysr1 + yar1 +
Y1yar2 + y1yars + yirs + yita + yits

Ysds = Y16 + Y145 + Y1q1 + Y3yara + ysyar1 + yaysri + Y371 + y1ysre +
Y1ysr1 + y1yert + yira + yirn + yits

Y395 = Y243 + Y196 + Y193 + Y1q1 + Y3yare + Y3yar1 + Y2yare + Y2yar1 +
Yaysra +y2ysr1 +yar2 + Y31+ Y1yare + y1yari + y1ysr1 + yryers +yire +
yir1 + yita + yits

Y3q4 = Y294 + Y243 + Y196 + Y145 + Y194 + Y193 + Y192 + Y3Yar2 + ysyari +
Y2ysr2 + yar2 + Y31 + y1yert + yits

Y393 = Y2Q4 + Y195 + Y194 + Y143 + Y192 + Y3Yar2 + Y3yari + Y2yar2 +
Y2yar1 + Y2y3r1 + Y32 +Y1yar2 + Y1yars + y1ysre + y1yert +yire +yir +
yits + yits + yits +yity

Y32 = Y146 + Y1YaT2 + y1yar1 + y1ysr1 + yire +yir + yita +yits +yit
Y3q1 = Y146 + Y105 + Y194 + Y143 + Y1q2 + Y3yar1 + Y2ysra + Y32 + y1yare +
y1ysr1 + yryara + yits + yits + yits + yity

Y2ds = Y20a + Y106 +Y14a +Y1q2 + y2ysr1 +Y3r2 +y1ysr1 + yryara +yits +
yits +yita

Y205 = Y1G6 + Y1q4 + Y11 + Y2YaT2 + Y2yar1 + Yoysre + Y371 + Y1yart +
Y1ysra + y1ysr1 + yryers + yits + yits + yite + yita

Y292 = Y196 + Y195 + Y194 + Y1Yar2 + Y1yar1 + Y1Y3r2 + Y1ysrs + Yiyar2 +
Y1yar1 + yits + yits + yita

Y2q1 = Y105 + Y1q2 + Yy1q1 + Yayar1 + Y2ysra + yryare + yryers + yits +
yits +yit

t3 = yiyayar2 + YT Y2ysTa +yiYaysTL +YTYSTL + Y Yare +YiYar + YT Yz +
Yiyars

trts = YTy2qa+y 6 Ty a5 Y aa+yi 1 +yTysyara+yTysyar1 + 3 yayar: +
Yiyaysr1 + yiyars + yiysr + yiyars + yir
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97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.
111.

112.

113.

114.

115.
116.

117.

118.

119.

A Sample cohomology calculations

2 = y2yoyar1 + yiy2ysre + yiysre + YTyt 4+ Yiyare + yiysre + yiysry +
Yiyar

tots = Y3q6 + Yiqs + Y3 a3 + YIysyara + yiyoyara + Yiyoyar1 + Yiyaysra +
Yiysre + yiysre 4 yiyars 4 yir

totr = yiy2qa+yiqe+ Y3 qa+yi ae +yiysyar +yiyeyari Hyiyara -yt yars +
YIysre + ydyare + yire + yir

t% =:y%y2y4r2A—y%y2y3r24—y%y2y3r1%—y%y§r2+—yfy§r1%—y§y4r2+—y§y4r14—
y1y3r1'+'y1y2r2‘+'ylrl
%%—mwm+%%+%%+mw+wm+%mmm+%w%m+w%ﬁ+
Yiyars + yiyars + yiyars + yiyar + yira + yiry

t5tr = Yy qu i qe + Y3 G5 Ty Y as HyTysyara YT yayara + Y yaysra+
Y3y2ysr1+yTysroH YT YT Y yaro H Yt ysTe HYTysT Y yara Hyi e+ Yt
tste = YTy2qa+yi a5+ qa+yias+yiae YT ysyar1 +yiyeyar1 YT y2ysri +
YiyaTe + YiysTL + yiyary + yiysr

12 = yiyoyars + yiyayar1 + YT y2ysT1 + YT YETe + YT yars + YT ysre +yiyere +
y%y2rl

tats = Y3 g6+t qa+yi e+ yiar +yTysyara +yTysyar +yiyeyar +yiyare +
YIysT1 4 yiyare + yiyars + yiysry + yire + yir

tatr = YTyaqa+yiy2as + i as YT as+yTy2ysroHyTYSTL Y yara YT YsTe +
yirs

tate = Yiy2qs + Yiy2qs + Yigs + Yiqa + Yias + yiaz + yiar + yiysyars +
YIysyart + yiyaysre + yiyars + yiysra + yiyers

tats = Y3q6 + Ui a5 + yiqu +yas +yi @ + YT ysyars + YT yayare + yiyayars +
Yiysre + yiyars + yiyars + yire

t3 = yiyayare + YT yayars + YT yaysrs +yTys T +ytyars +yiysra + yiyare +
Y3yart + yiro

tsts = yiqs + Y3 qa + yias + yiysyars + Y2yare + yRyar + Yiyers + yim
tstr = Yiyaqs + Yiy2qs + yias + yiae + yiar + yivayars + yiyoyars +
YTyaysra + yiysr + yir

tate = Y1y2qa + Y3 g6 + Ui a5 +Yiqa + Y3 g2 + YT ysyar +yiyeysra +yiysT +
ﬁmw+ﬁmm+ﬁ%ﬁ+ﬁmm+%m ;

t3t5 =y} y2¢13 + yiqe + yl CI5 + y1q4 + y3qs + vig + y1y3y4r2 + Y3 y3y4r1 +
Yiyoyars + y1y2y47'1 + y1?127"2 + y1y2T1 + Yiyars + y1y47"1 + y1y2r2 +yir
tsts = yigs + yias + Yiqs + viar + Yiysyare + Yiysyar1 + Yiyayare +
YTyaysra + Yy + yiyar + yiyars + yiysr

t3 = yiyayars + Yiyaysre + yiyars + yiysre + yiysre + yiyer: 4 yire
tots = yiqu + Y3q2 + yiyoyars + yivoysrs + yiyary + yiyars + yiysre +
YIysr1 + yiyare 4+ yire + yir

totr = Y3qz + Y +yPysyare + Y ysyart +yyeyara + yiyayars + yiysre +
Yiysr

tats = YTy2qs + Yiq2 + Yiqr + Yiysyars + yiyare + yiyary + yiyars +
Yiysra + yiyer: + yisz

tots = YTyaqa + Yiqs + Ui a3 + yiy2ysre + yiy2ysry + YiyaTL + yiyars +
Yiyary + yiysre + yiysr + yiyare + yire + yir
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tots = Yiy2qs + Yiy2qs + yias + vias + yiqr + yiyayars + yiyayar: +
YTyaysr1 + yiysra + yiyars + yiyer

tats = y3yaqs + ¥ g6 + Y32 + Y3 ysyars + yiyayars + yiyayary +yiyoysri +
YiYsTL 4 Yiyar + Ylysrae + ylysr + yilyars + yim

t5 = yiyara + yiysr + yirs

tits = yae+yi a5+ Y3 a3+ yTysyare +yiyeysriFyiyara Hytyar i yara+
Yir

titr = Yiyaqa +Yiy2q3 + U305 + Yiqu +yias + yiar + yiysyary + yiyeyare +
YY2yar1 + YTY2ysTe + yiyaysT1 + YiYaT1 + yiyars + yiyer

tite = yiy2qs + ¥ias + Y3 a2 + yiysyars + yiyayars + yiysre + yiyers +
Y3yary + yira

tits = yiyaqs + Yiy2as + Y302 + i@+ yiysyary + yiyaysre + yiyaysr +
YiysT2 + YTYsT1 + yiyars + yiyere +yin

tits = YiYaqs + Yiqa + Yiqs + viqn + yiysyar: + Yiyoyars + yiyeyar: +
Yiyayara + yiyaysrL + YTYaTe + YTysTy + yiyary + yiyars + yire + yim
t1ts = yiy2qs + yias + Uias + yiaa + vl as + vi a1 + yiveyars + yiyeysr +
Yiyare + Yiysra + yiyare + yir

tity = ybqs + Y3 a3 + yiae + yiyaysry + yiyars + yiyery + yir

5 = yiysrs + yire + yim

Y102 = Yiy2qa +YTY2q3 + i a6 + v3 qa+ Yl g2 +yiar +yTysyary +yiyayara +
YTy2ysr1 + Yiysra + yiysra + yiysr

Y101 = Yiyaqa + Y1y2a3 + Y1 s + Yiy2yare + yiyayary + yiysre + yiyara +
Yiyara + yire + yir

Y302 = Yiyaqs + Yiy2q3 + Ui qs + Y3 qs + YTysyars + yiyaysra + yiyare +
YiysrL + yiyar + yire + yin

Y301 = Y3q3 + yiqr + yiysyars + yiyaysra + yiyars + yiyary + yiysre +
Y3yary + yir

Y202 = Y3qs + yiqa + yias + yiq2 + yiqr + yivayar + yTysTe + yiysr +
Yiyars + yiysre + yiyare + yivar: + yin

Y201 = yivequ + yiyeas + vige + vias + viar + yiysyari + yiyoyar: +
Yiysra + Yiyare + Yiyars + yire + yire

Y102 = Yiy2qs + Yiy2qs + Y1 a5 + Y3 a2 + yTysyars + yiyayart + yiyaysri +
Yiyara + YiYaTL + yiyare + ylysre + yiysm

Y101 = yiyeqa+ Y3 qa+yias + Yl e+ yiyeyara +yT s e+ ytysri +ytyara +
yir

VaGe = Y204T2 + Y20U3T1 + Y2U2T2 + Y2U2T1 + Y1U4T2 + Y1U4T1 + Y1U3T2 +
Y1vaTs + Y1var1 + Y101T2 + y1v1r1 + yiqa + yigs + Yiysyars + yiyayars +
Y3yoyar1 + yiyars + yiyars + yiyar

V4Q5 = YoU3T2+Y2U2r2+Y2V2T1+Y1U3T1+Y1V2T2+Y1V2T1 +Y1 0172 +Y1 171+
Y1 Y Y3 yar1 HY Yo yare H Y Yo yar Hyi yara+y T ysTa Yt yar1 H Y Te YT
V4Qa = Yo04T1 + YoUaT2 + Y2Vl + Y1472 + Y104T1 + Y1U3T2 + Y1U3T1 +
Y1022 +y1var1 H Y1012 + Y1011 H YT Qe+ Y3 YsYare Y3 Ysyart + Y yayara +
Y3 yayar1 + yiyar
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142.

143.

144.

145.

146.

147.

148.

149.
150.

151.

152.

153.

154.

155.
156.

157.

158.

159.

160.

161.
162.

163.

A Sample cohomology calculations

V4q3 = Y20aT2 + Y2U2T2 + Y2U2T1 + Y1U3T2 + Yy1U3T1 + Y1v2r2 + Y1021 +
y1vire + y1o1r1 + yias + yiae + yia + yiysyare + yiysyary + yiyayars +
Yiy2yary + yiyars + yiysre + yiyare + yire + yim

vag2 = Y1qs + yias + Yyl + yiq + ylyary + ylysra + ylyers + yiyer: +
yirs +yire

V4q1 = Y2U4T2+Y204T1+Y2VsT2+ Y2021 +Y1U3T2+Y1V3T1+Y1V2T1 +Y1v171 +
Yl gyt 1y ysyaraH Yt ysyar1 +yt yayari +yiysraHytyera+ytyari +yir
V3¢6 = YaUaT1 + YovaTa + Y10aT2 + Y10aT2 + Y1v2T1 + Yiqs + Yias + Yyl +
Yiyars

V3Q5 = Y204T2 + Y20U3T1 + Y2U2T1 + Y104T1 + Y1U3T2 + Y1U3T1 + Y1U2T2 +
y1ver1 + yias + ylar + ytysra + ytysre + yiyers + yiyer: + yire + yir
U3qa = Y2U3T2 + Y2U2T2 + Y2U2T1 + Y1vaT2 + Y1vaT1 + Y1022 + Y1021 +
yias + yia + yiyars + yiysry + yiyers

V3q3 = Y2U3T1 + Y2U2T2 + YoU2T1 + Y1U4T2 + Y1V4T1 + Y1V3T2 + Y1371 +
Y1vare + Y1var1 + yigs + yiqu + yiyare + yiysry + yiyers + yira + yin
v3q2 = Yiqs + Y1qs + yiqe + ylyers + yiyars + yira + yim

U3q1 = Y204T2 + YoU2T2 + Y2U2T1 + Y1U4T2 + Y1U4T1 + Y1UsTL + Y1v2r1 +
yigs + yiyars + ylysre + yiysr + yiyers + yiyers + yim

V2@6 = Y204T2 + Y204T1 + Y2U2T1 + Y104T1 + Y1V2T2 + Y1U2T1 + Y1U1T2 +
Yiqs + Yiysyars + yiysyary + ylyeyare + yiyayary + ylyara + ylyars +
yiysri + yiyers + yiyer: + yiro

Vags = YoUaTo + Yovar1 + Y2UaTs + Yovart + Y1vare +y1v1r1 + yigs +yiq +
Y3ysyars + yiysyars + yiyeyare + yiyayars + ylyars + yir

Va4 = YaUsTo+Y20aT1 +Y2VaT2 +Y1vaT2 + Y1021 + Y1012+ Y1 0171 +Y s+
YiqL -+ YR ysyara+yTysyars +yyayara +yTyayar Hytyara +ytysra +yiyar
Vaq3 = YoUaTo + Yovar1 + Y2var1 + Y101T2 + y1v1T1 + yiqs + yias + yia +
Yiysyara + YSysyars + Yiyayara + yiyayary + yiyars + ylysra

v2g2 = Yiq2 + yiqr + yiyars + ylysra

Vaq1 = YouaT1 +Y2Uara +y1vaT2 +Y1v1 T2+ Y1 01T+ YT Qa+ YT+ YT Ysyar +
Yiy2yar + yiyars + yiyars + yiysra + yiyar

V16 = YoUsTo + Y2371 + Y2var1 + Y103T1 + Y1var1 +Yy1v1r +yiqa +yigs +
YiYsyar2 + Yiysyary + yiyayars + yiysra + yir

V15 = Y2U3T2 + Y2U3T1 + Y2UaT2 + Y1U3T2 + Y1v2r2 + Y1v2r1 + Y111 +
yiqa + yigs + yiqe + yiysyars + yiysyars + yiyayars + yiyers + v
V1G4 = Y203T2 + Y2UsT1 + Y1vara + Y11 + Yiysyare + yiysyars + yiyar: +
Yyiysra + yiysry + yivers + yire + yim

V1q3 = YoUsTa + YovsT + Y1vart + y1vire + Y11t + yiqs +yias + yia +
Y ysyars + Yiysyars + yiyars + yiyar

V1G2 = Yiqa + Yiyare + yiyars + ylyers + yire + yir

V1q1 = YaUsT1 + Yovara + Y103T2 + Y1vaT2 + Y1v1T2 +Y1v1m1 + Yigs +yige +
Yysyars + yiyayars + yiyare + ylyary + ytysre + ylysr + yira + yim
tsqe = Yatsra+yotrri+yotare +yotsrs +yitsre +y1teri Hyrtere +y1tsri +
Yitary 4 yitsra + yitirs + yi1y3vars + yiyovars 4+ yiysvars + yiyovsrs +
Yyavars + yiyavors + yivars + Y3 vsry + yivars + yivars + yfvire +yuir
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tsqs = Yotrra+yotari +yotsre+yitsre +yitrre +yrters Hyrlsre +yrtare +
YitaT1 Y1t T Y1y 0are + YT Yo vara H YR Yavs T+ YT 0AT Y Us T H YT o+
yivirs + yivir

t8qs = yolsgr1 +yotare +yolars +yrtsre +y1tsri +yr1tera +yi1ter1 +yi1tsra+
yitsr1+y1tire +y1tir +yiy2vsry +yTyavers +yivsra +yivsrs +yvar: +
yivire + yivir

tgqs = Yatsre +yatara +y2tari +yrtera+yiterityitara+yitsri+yi1tars +
Yit1r1 + y1ysvars + Yiyavsra + yiyavsry + yiyavars + yivars 4+ yivsrs +
YTy + yivars + yivirs + yiviry

t3q2 = Y1y30aT2 + Y1Y304T1 + YTY2vaT2 + YT y2vaT1 + YiY2UsTe + Yiyavsrs +
yivary + yiosry + yioars

tsqr = Yatsre + Yatsr1 + Yatrre + yatara + yatars + yalare + yilsra +
y1trre + Yatere + yiteT1 + Yalsra + yitare + yalsre + yitsr + yatirs +
y1tiry + y1y§v4r1 + y%y2v47“2 + y%y2v37“2 + y%y21127‘1 + y;:f’vl?“Q + Z/%U17“1
trqe = Yatsra+yotsrot+yitrrat+yitere +yiters Hy1tsri Hyrtari +yitsri +
Yitar1 +yTy202r2 + YT y2var + Y vara +yivars +yivsra +yvsry +yfvara +
yivars + yiuir

trqs = Yatsr1 +y2trri +y2tsri+yrtrra+yitera tyiteri +yitsre +y1tare +
Y1lsro + yitars + Y1y3vaTe + YT y2vaTe + YT Y2041 + Y7 Y2032 + YiY2UsT1 +
yfygvgm + y%mrz + y:13113’/‘1 + y%vgrl

t7qs = Yatsra+yotsri +yotrra+yotsre +yotsri +yitrre +yrtrri +yrtera +
Yiter1 + y1ysvara + Yiyavsre + yiy2vsry + yivsrs + yivsry + yivars

t7q3 = yatsra + yatsrT1 + Yol7rr + yolsra + yotsr + yitere + yaler: +
Y3y2v3Ta + yivsre + yivsry + yivir

t7qa = Y1y50aTs + YiY2vaT2 + Yiyavar + Yiyavsre + Yivary + yivars +
Y vsrs + yiuir

t7q1 = Yatsra+yotsri +yotsre+yotsrs +yitrre +yrters Hyrlsre +yrtara +
Y1tsre + yitars + yiyavars + Yiyavsr1 + yivery 4+ yivirs

teqs = YotarTo +y2tar1 +y2tsri +y1tsri +yrtrra+yrtrri+yitera+yitsra +
y1tare +yitary +y1tire +y1t1r1 +Yiy2vsT1 + Y Yavare + Y3 vare + yivars +
yivars + yiuir

teqs = YataTo + Yatsre + Yatsri + yrtsre + yatrra + yatrry + yatera +
Yiter1 +yitsri+yitars +yitara +y1tira+yiyovart + YT yavsr + YT Y2vara +
Yiy2var1 + Yivare + Yivars + yiuirs

teqs = Yotar1+Y2tsre+yi1trre+y1trri+yrter1 +yatsra+yrtsri+yitara +
yitari+yitir Fy2yovart FY3yavart + Y3 vare +YUsTe F YU +YFUary +
Z/fvlﬁ

teqs = Yatara+yotsri+yitrra+yitrrr +yiters Hyrtsre Hyrlsri Hyrtari +
Y1tsroFyrtiro+ YT yavaro+ Y yavara Y Yyavar1 Y vsTo+ YT vara +yTvi o+
yi)’vl""l

teGa = Y1y5vaT2+YTY2usT2H YT Y2UsTL H YT Yavar2 + YT VAT YT V2T YT 01T
teqr = Yatari +yotsra+yitsro+yitrrr Hyitere Hyitsre Hy1tsri Hyitsre +
Yitsry 4 yitors + yitirs + y1y3vare + y1y3oars + Yiyavart + yiyovsrs +
YTyavars + yiy2var1 + yivars + yivire + yivir
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182.

183.

184.

185.
186.

187.

188.

189.

190.

191.

192.

193.

194.

A Sample cohomology calculations

t5qe = Yatsra+Yotsr1 +yotars +yotsrr +yitsre +y1lsr1 Hyrteri Hyatsre +
Yitsr 4+ yitars +yitars +yitsry + yitors + yitirs + y1y3vars + y1y3vars +
YiY2vaT1 + YTY2vsTe + YTY2vsT1 + YTY2va1 4 Yivars + yivary + yivars +
yivirs

t5qs = yatsre +yatsri +yatara +yotars +yotsro+y1tere +y1ter1 +y1trra +
y1ter1 + yitsry + yitars + yitars + yatsre + yalsry + yitare + yitars +
YTY20aT + YTy20aT1 + YTY2vsT1 + Yiy2var + yivsre + yivars + yivirs
t5qs = Yolgra + YolsT1 + Yotare + y1tsre + yitsr: + yiters + y1t57“1 +
y1t47“2 +y1t47‘1 +y1tare +y1t17“2 +y1t1r1 +y1y2v47‘2 +y1 YaU4aT1 +y1 Y2U3T2 +
YiYavare + YiYavart + Yivars + yivars + Yivsra + yivars + yivirs

t5qs = Yatsra+yotsri +yotars +yitsre +y1tsT1 Hy1ter1 Hyrlsri Hyrtare +
Y1tar1 +yitsrFyitiraHyitar H Y1 ya0ar FyTyavara Y yavara Hyvare +
Yivary + yiusry + yivir

t5q2 = Y1Y30aT2 + Y3 y2vars + YT y2v3ra + Y3 vare + yivars + Y3 vsT + yivary
t5q1 = Yotsri +yotara+yotsro+yitsrs Hyitrre Hyrtars Hyrtare +yrtore +
yitire + y1tir + y1y3oars + Y1y3vars + yiyavsre + yiyavers + yivary +
Yiusra + yivsry + yiviry

taqe = Yatsre +yatsr1 +yatrra+yatrri +yataras +yotsre +yitsre +y1tsr: +
Yitera 4+ yitsra +yitsri +yitare + yitars + yitary + Y1y3vars + yiyovars +
yfygvgrg + yfw;rl + y%vgrg + y%vgn + y%vgrl + y%vlrg

taqs = Yatsra+yotsri +yotrra+yotrrs +yotsrs +y1tsre +yrtsri +yrteri +
Yitsro + yitsry + yitare + yitary + yitsri + yiters + yitors + y1ysvars +
YTY204T1 + YTY2vsT2 + YTy2vare + YTY2v2r1 + yivars + yvars + yivsra +
Y vsry + yivars + yivar

taqs = Yolgro +yolsr1 +yolrro +yolrry +yatars +yatsre +y2tsri +yitsra+
yitsrityitera+yi1teri+yitsrotyrtsrityitsre+yitsri +yitera+yrtori +
Y1Y304T2 + Y3 Y2vaT2 + YT Y2vaT1 + Y3 Y2vsTe + YT yavare + Y3 vare + yivary +
Yiusra + yivars + yivire + yivir

t4q3 = YotgTo +y2tsrT1 +y2trre +y2trri +yatara +yatsra+yalsri +yitsra +
yitsT1+yitera+yrteri+yrtsretyitsriHyitara+yatari +yitsre+yitari+
Yitora+yitort +y1y5var1 +YTy2vara YT Yavart +yivare +yivary +yusri +
y%UITQ

taga = Y1y304T2 + YIY2vaTs + YiYavsTe + Yiyavars + yiyovary + yvars +
Yivary + yivsry + yivery 4 yivirs

taqr = YotgT1+Y2trr1 +y2tare +y2tars +yatsra+yatsri +yilsri+yitera +
Yiter1 +yitsr +yitars +yitara + yitsry + yitart +y1yavars + yiyavars +
Y3yov3T2 + YiYavars + Yivart + yivsrs + Yivsrt + yivars 4+ yiviry

t3qe = Yatrra+yotrri+yotars +yotsre +yotsrs +y1tsre +yrlsri +yrtrre +
yitzry + yitera + yitery + yitsre + yitsre + yitsry + yitars + yrysvars +
Yiy20aTe + YiY2vsTa + YT y2vsT1 + YTy2v2r1 + yivare + yivsre + yivsr +
yivars + yivary

t3qs = Yotrra+yotrri+yotare +yotsre +yitsre Hy1tsri Hyrtrre +yrteri +
Yiters + yitert + Yitsri + yitort + Yiyavsre + yivars + yivary + yivgre +
yivire + yivir
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t3qs = Yotrra+yotrri +yotsri +yitsre +y1tsT1 Hyrtrre Hyrteri Hyrtere +
Yiter1 + yitsra + yitsr + yitsre + yitsry + yitars + yitars + yiyavary +
Yiy2vsr1 + yivare + yivary + yivsry + yivers + yloirs + yioir

t3q3 = Yolrro +yolrrs +yolare +yrtsre +y1tsri +yrtzra+y1tzri +yitera+
Yiter1 +yitsra+yitsri +yitara +yitars +y1ysvart +YIyavare + YT Y2vsra +
Yivare + yivars + yusre + yvsry + yivirs + yioir

t3g2 = Yiy2vars + yTyovsre + Yiy2vars + yivars + yvsry +ydvor +ydvir
t3q1 = Yotrr1+y2tare +y2tsri +y1tsri +yrtrri+yrteri +yitsra+yitsri+
Yrtora +y1tars +Y1y50ar2 +Y1Y3vaT1 +YTY2vaT1 + YT VAT + YT UsTe + YT UsT
taqe = Yatara+yotari +yitera +yiters +yitsri Hyrtare +yrtari +yrtsre+
Yitsry 4 yitors + yitors + y1y3vare + y1y3vars + Yiyavars + yiyovsrs +
YTyavsr1 + yiy2var1 + yivars + yivsre + yivary

taqs = Yotaro +y2tar1 +y1ter2 +y1ter1 +yrtsra+yrtsri+yitara+yitsra +
y1t3r1+yitars +y1tir Y1 Yavare FYTY2Uare YT Y2 Ve + Y VAT, + Y U3+
yi?'vgm + yi’vzrz + yi”wﬁ + y%vl'fl

toqs = Yatara+yotari +yitera +yiters +yitsre Hyrtari Hyrtsre +yrtsri +
Yitors + yitirs + Y1y3vars + Yiyavare + Yiyovsra + yiysvars + yivary +
Yiusro + yivary + yivir

toqs = Yotaro +y2tar1 +y1ter2 +y1ter1 +y1tsr1+yrtara+yitsra+yitari +
y1t27"1 + y1t1r1 + y1y§v47’1 + y%y2U47’1 + y%ygngl + y%ngrl + yi”vu’g +
Yivary + yivars + yivary + yivire + yivir

taga = Yiyavsra + Yiyavara + Yivars + Yivars + yivors + yivire + yivir
taqr = yotar1 + yaters + yitsra + yitary + yitsry + y1ysvars + yiyovsra +
Y3 y2vsr1 +YTY2vara + YT Y22 + YT vara YT vaT1 + YT vsT + YT vare H YU Ty
t1ge = Yat3ra+yatari +yitsra+yitars+yitars +yitara+yitori +yitira +
Y1tir1 + Y1y3vaT2 + Yiyavsre + YTy2vsr1 + Yiy2vert + yivart + yivsry +
Y3vart + yiuirs

t1gs = yotsratyotsri+yitsri+yitari+yitsra+yitaratyitiri+y1ysvar +
YTyavsra + YTY202Te + Yiy2var1 + Yivars + yivary + yivsry + yivars
t1qs = Yaolara + Yotzry + Y1tsre + Yitsr1 + yitare + yitary + yater: +
Y1t171 +Y1Y50ar2 + Y1Y30aT1 +YTY2vaT2 + YT y2var1 +YTY2vsT + Yy +
Yyavars + yvsra + yivsry

t1q3 = yotsro+yatsri+yrlsre+yi1tsri +yi1tars +yrtari +yrtore +y1tirs +
yly%w*z +y1y§v4r1 +y%yzv47‘2 —H/%yzvzxﬁ +y%?JQU37’2 —Hﬁyzvzﬁ +y§’v4r1 +
y?vsrz

tigo = y%ygvgrg + y%vﬂ‘l

tigr = yatsri+yitsratyitsTi+yitaratyitari+yitsrotyiteri+y1yivara+
Y1Y304T1 + Yiy2vars + Yiyavart + yiy2vsre + yiyavart + yivars + yivir
V402 = Y1Y3U4T1 + YTY20aT2 + YTY2vaT1 + YivsT1 + Yiuir

V401 = Y1Y304T1 + YT Y2uaT2 + YT Y2vaT1 + YT Y2VsT1 + YT Y2v2r1 + YiusTy +
yivir

V302 = Y1Y304T1 + YiYavUsT2 + YiYavsTt + Yiyavart + yivars + yivars
V301 = YTY2vsT + Yivsry + yivary + ylviry

0202 = YFYavar1 + Yiy2v2r2 + YPvsT1 + YPvars + Y1
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232.
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A Sample cohomology calculations

V201 = Y1Y3vaT1 + YIY2vars + YIY2var1 + yivary + yivir

V102 = Y1Y304T1 + YiY202r1 + YPvars + Yiuary

V101 = y%yzvzm + yyavart + Yivary + Yivars + yivary + yivry

t802 = yltg’f‘g + y%tﬂ"l + y%t(ﬂ’l + y%t3T2 =+ y%tg’lj + y%tg’/’z =+ y%tgrl +

yitire + y St

tgo1 = y1t87”2 +y1t7r1 +y1t4r1 +y1t37“2 +y1t2r2 +yitary +Zl/1t17"2 +y1t1r1

t702 = y1t8?“2 + yitrry + yiters + yiters + yitars + yitary + yitsrs +
yitsr: + y1t2r2

t701 = y1 t87‘2 + yl t6T2 + yl t4r2 + y1t37“2 + y1t37"1 + Y1 t27’2 + y1t1r1

tgo2 = y1t77'2 + l/1t47’2 + y1t37”2 + y1t27’2 + y1t27"1

t601 = y1t87"1 + yitrry + yitrry 4 yitars + yitar + yitsre + yitsr +

yitors + y1t1r1

t500 = y1t77“2 + yitzry + yiters + yiters + yitars + yitsra + yitors +

yitory + y1t17“2

t501 = yl t77‘2 + yl t77’1 + yl tGTQ +y1t6’l"1 +y1t47"2 +y1t37”2 +y1 t27‘2 + y1t17’2

t400 = y1t87"1 + y1t7r2 + y1t67"1 + y1t27“1 + yitiry

tyo1 = y1t77”2 + y1t7r1 + y1?567‘1 + y1t37“1

t302 = y1t77“1 + Z/1t67“2 + y1t67“1 + y1t37“1 + yitars + yitory + yitira

tzo1 = y1t87“1 + y1t6T2 + 2/1?567“1 + y1t27“2 + yitors + yitirs

t202 = yltg’/‘l + Y1 t67’1 + Y1 t4’l“1 + y1t1r1

tp01 = y1t87"1 + y1t6T1 + y1t37’1 + y1t2r1

t10g = y1t87'1 + y1t7r1 + y1t67'1 + y1t2r2 + yitors + yitirs

t101 = Yitery + yitary + yitars + yitirs

@& = yoyar3 + yoyar? + y2ysr3 + y3ri + yryard + y1ysri + yiyers + yiyer?

G596 = Y2Tr1q4 + Y2143 + Y172q5 + Y1723 + Y172q1 + Y1714g6 + Y171G4 +

917’1Q2 +y17’1Q1 +y3y4r§ +y3yar: +yayar3 +yzy41"17"2 +Y2ysr3 +ya2ysrire +

Z/27“1 +y1y47"1 + y1y37‘2 +ylys7"17"2 +y1y37"1 + y1yor3 +ylsz17"2 +y1yori +

Yirs +yir + yitary + yltsrs + yitsry + yitors + yitors + yitir

Q3 = Y2yar3 + Y2uars + y2ysri + yars + Y3+ y1yars + y1ysrs + yiyers +

yi1yers +Yirs + yirt

G496 = Y2T2q3 + Y172q6 + Y172qs + le2Q3 + Yy1r1ge + Y1r1gs + ZJ17’1(14 +

Y3YariTa +y3y47"1 +yoyar3 +y2y47”1 +yzy3r2 +y2y3r17"2 +y2y3r1 +ydrira+

Y1ysrire + Y1y2rs + yryarire + yitsra + yitsrs + yiters + yitir

G495 = Y2193 + Y172qs + Y172qa + Y17293 + Y172q1 + Y1719 + Y171G2 +

Y3YaTs +YsyariTe + Yayarire + yayari + y2ysri +ysrire + Y3 +y1yars +

Y1yaT1Te + Y1yar? + y1ysra + y1ysrire + yitars + yitors + yitir

43 = Y2yaT3 +Y2yaTT +Y2ysT3 +Y2ysrT + Y373 +y1yars +y1yart +y1yers +

y1y27"%

4396 = Y2T2q4 + Y27r2qs + Y2riqa + Y2r1g3 + Y171qg6 + Y1714¢5 + Y171G3 +

Y3YaT172 + Y3yari + Yyoyars + Yoyarire + Yaysras + yars + yari + y1yarire +

Y1YaT? +y1ysriTe + Y1Y3re + y1yerire + y1yers + Y2 +yirire +yitars +

yitars + yitsry + yitors + yitors + yitirs + yitir

4395 = Y2r2g3 + Y2ri1qa + Y172q6 + Y1724 + Y1723 + Y172G2 + Y171G5 +

Y1T1qa + Y1T1q1 F Y3YaT3 + YsYaT1T2 + Y2ysrs + Yoysrire + y2ysri + yari +



243.

244.

245.

246.

247.

248.

249.
250.

251.

252.

253.

254.

255.

256.

257.
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Y1yariTe +Y1YsTire +y1yerire +Yiyers +yirs Fyirire +yttare +yttars +
yitars + yttary

G394 = Y2T2q3 + Y2r1qa + Y172q6 + Y1724 + Y172¢3 + Y172G2 + Y171G6 +
Y171q4 + Y171G3 + Y1192 + Y2yars + yayari + Y2ysrs + yaysri + ysrire +
Y1yars + yayari + yrysrire + yaysri +yirs + yirt + yitsra + yitsr
43 = Y2yaTs +Y2yaT +Y2ysT3 +Y2ysrT + Y3 +y1yars +y1yart +yiyers +
y1yari + yirs + yird

G296 = Y2T2q4 + Y27r1qa + Y172q6 + Y1725 + Y172q4 + Y172G2 + Y171G5 +
YIT1q4 + V17102 + Y2yars + Yoyari + Y575 + Y312 + Y1yars + y1yarire +
Y1ysrs + yirire + yird + yitary + yitsr + yitirs

G205 = Y2T2qa+Y2r1qa+ Y1205 +Y1T2qa+Y2yaTs +Y2yarI Y33 +ysrire+
Y1YsT3+y1Yerira+ i yeri Hyirs +yiriratyittara+yttar +yitsro+yitar
G294 = Y2T2q4 + Y27r1qa + Y1722 + Y1716 + Y17145 + Y171G4 + Y171G2 +
y2y47“§ +y2y4r§ + y%@ + y%Tﬂ‘Q + Y1Yar172 +y1y47‘f +y1Yy3rire +y1y37‘f +
Y1Y2T3 + y1yarire + Yitars + yitsrs + yitir

4203 = Yoraqa + Y2r1qs + Yir2q6 + Y172Gs + YiT2qa + Yoyard + yoyari +
Y3T3Hy3TiTe +Y1Yars +y1yarira +Y1ysrs +y1ysrire Y1 yerire +y1yeri +
yitary + yitsry + yitirs

% =0

G196 = Y2T2q3 + Yar1qa + Y172g6 + Y172g2 + Y172¢1 + Y1714g6 + Y171G5 +
YiT1qa+Y1T1q1 +Y3Yars +Ysyarire +ysyart +yoyars +yayarire +yoysri +
Y312 + Y1yars + y1ysrire + yi1ysri + yiyerire + yiyert +yirs +yirt +
yitars + yitsra + yitars

0195 = Yar1qa + Y1r2qa + Y171G6 + Y171q1 + Y3yars + yayari + yaysrs +
YoysTT + Y5TS + Y5TIT2 +Y1YaT1T2 + Y1Yari + y1ysrs + y1ysrire + y1ysri +
Y1y2rs +yird +yirire +yttars +yttsre +yitsrs +yttars +yitar +yitirs
G194 = Y27r2q4 + Y2143 + Y1726 + Y172G5 + Y172q4 + Y172G3 + Y172G2 +
YiT2q1 + Y1T1G6 + Y171qa + Y1T1q1 T Y3YaTs + Ysyarire + Yayars + yaysrs +
YaysT1re + YaysrT + Y373 + Y3+ Y1yarira +y1yars + yiysrs +y1ysrirs +
Y1Y3TT +Y1Y2r1Te +Y1Yer + YT re YT Hyttary +yitsre +yi‘t37“1 +y1‘t17“2
4193 = Y2raqaty2r2q3+yY2r1q3+y1raqatyireqs+yireqi+yir1gs+y1riqi+
Ysyars + ysyarire + yayar: + yaysri + yars +y3rira + y3r: + yiyarira +
Y1yars +y1ysrs +yiyerire +yir +yirt +yttsre +yttori +yttire +yitir
Q192 = YoT1qa + Y1726 + Y1716 + Y171G5 + Y171Ga + Yoyarire + Yoyari +
Y3712 + Y1yars + y1yart + y1ysri + yirs + yirire + yitare + yitsra +
yitira + yitir

47 = Y2yaT +Y2ysTs +Y2ysTT + Y373 +y1yars +y1yari +y1ysrs +yiyeri +
yirt

4602 = Y2Yaraqa +YIyar1qa + YiTaqs + YiTage + YiToqn +Yir1qs + Y104+
Yiysyari + yiyaysrire + YTYsTs + yiyari + yiyars + yiyart + yiyar? +
Yiyers + yirire + yird

4601 = YiYaraqa + YiyaT2qs + Yiraqs + yir1qs + yiysyari + yiyayars +
yiyzy4r1r2+-y%yzy3r1rz%-yfy§r§4-y%y§T%+-y?y4r%+-y?y4r1rz%-y§y4r%4—
Yirire
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258.

259.

260.

261.

262.

263.

264.

265.

266.

267.

268.
269.
270.

A Sample cohomology calculations

4502 = YiY2r1qa + YiT2qa + Y3203 + Y3202 + Y106 +YiT11 + YT YsYarT +
y%yzy4r§ + Yiy2ysrs + y%yzyaﬁrz + y%yzy:ﬂ“% + y2y3riry + yiyarire +
yiyars + yl Ysrire + y1 Yyars + i 1927”17"2 + i 7”2

Q501 = y1y2T2q4 + y1y27"2(J3 + Yiyariqa + y1y27“1!]3 + y17"2Q4 + y17‘2Q3 +
Z/17"1Q4 + y17"1Q3 + y17"1Q1 + y1y3y4r1r2 + y1y3y4r1 + y1y2y4'r2 + Y3 yaysrs +
yiyars + y1yz7"1 + y1y47”1 + y1y2r1r2 + yirs + y17“17“2 + ym

Q402 = y1y2T2q4 + ylrzqo + y17“2(J3 + y1r2q2 + lequ + y17“1Q4 + yi”mq?. +
yir§Q24-y?T1q1%-y%yzy4r%4-y%y§rf4-y?y4rlrz4-y?y3r§4-y?ysr?4-y?yzrf4-
i

Q101 = YiYar1qa+yiTaqa+yiT2q2 H YT r2q1 H YT T1g6 YT T15 YT YsYaTI T+
YiYayars + YTYayariTe YT y2yart +yTYsTs YT ysTire YT ys T +yyars +
Yiyar? + yiysrs + yiysrt + yiyert +yirs +yirire

4302 = YiYoTo2qa +YiY2T1qa + Y3 Y2143 T Y3206 + Y T2qa + Y3 T2g2 + Y roqn +
Yirige + yirigs + yirtigs + yirige + yvitiqn + yiysyarire + yiysyar? +
YiY2yar? +yiyaysTiTa +YTYaysT FYTYETE FYTYsTITe HYTYs T H YT yari e+
Yiyar? + ylysrs + yiysrirs + yiyarire + yirire

4301 = YTyaraqa+yiyer1qatyiraqs +yir1q6 Ty TIgs H YT riqn +yTysyari+
Yiyayary + yiusrs + yiysrire + yivars + ylyar? + yiysrire + ylysr? +
Yiyars + ylyarire + yirs + yird

4202 = Yiy2r1qa + YiYar1q3 + Yiroqe + YiT2qs + yireqa +yiTige + YiT1gs +
yiysrire + yiysrt + yivars + yiyarire + yiysr3 + yiysrira + yiysr? +
Yiyars + yiyarira + yiyart

G201 = YiT2qs + Y205 + YiT2qs + Y106 + Y104 + YiTIG3 + YiTIGL +
Yiyars + yiysrs + yiysrt + yiyers + yiyert

4102 = YTYaraqa+Yy2raq3+yiy2r13 +yir2qs +yir2qa+yir2qs +yiTage +
Yiraqn +yirigs  YiT1q1 + Yiysyarire + Yiysyars + yiyeyari + yiyeysrs +
Yiyaysri +YTYsTS +yiysrire +ytyars + yiyart +ytyerire +yirs +yirirs
Q101 = YTyar1qa + YT yar1qs + ¥irads + yirags + yirege +yirigs +yirigs +
YSriqr + YiysyariTe + YiyayariTe + Yiyayari + yivoysrs + yiyirire +
Yiyarira + yiysrs + ylysri + yiyerire + yirire

2 _

05 =0 .
0102 = Y17144
0?2 =0

A minimal Grobner basis for the relations ideal consists of the above minimal
relations, together with the following superfluous relations:

271.
272.
273.
274.
275.
276.
277.
278.
279.

Y1Y2Y3Ya = YiYsya + Yiyays + yiys + yi

Y1Y3Ys = Yiysys + yiyays + Yiyays + vivi + viva + yiys
Y3v3 = Y1Y2vs + Y3vs + yivr

Ysv2 = Y192v3 + Yivs + yiva + yive

Yiysys =0

Yiyays =0

Yiys =0

yiys =0

Yiy2 =0



280.
281.
282.
283.
284.
285.
286.
287.
288.
289.
290.
291.
292.
293.
294.
295.
296.
297.
298.
299.

300.

301.
302.
303.
304.
305.

306.

307.
308.
309.
310.
311.
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yp =0

ysts = yits + yits + yiysvg + y3yavs + yivg

Ystr = yits + yits + yita + yiyavs + yiva + yiva + yiv

Ysts = yits + yits + yita + yits + yivs + yiva + yiv

Yats = yitr + yite + yits + yits + yita + yiy3va + Yiyova + yivo

Y1yats = yits + yits + yita + yits + yivs

V1Yot = Yits +yite +yits +yits + Yt + Y yavs + Y y2vs + Y3 yave +yivg
Y1yats = Yoty + yits + yPts + yits + vt + yPysvs + yivs + yive +yivg
Y1yats = yite + yits + yits + yiysva + yiyavs + yiyave + yiva + yivs

Yiy2vs =0
Yyiy2vs =0
Yiyava =0
yfv4 =0
y?vg =0
y?vg =0
yjvy =0

yits = yits + yits

yitr = yits + yits

yite = yita + yits

Y3qs = Yiqa + Yiqs + Y3yare + Y3yar1 + Y1yeysre + yi1y3r1 + yiyare +
Yiyars + yir

Y3qs = yiqa + y3yars + y3yari + yiyaysri + y1yar + yiyars + yiyers +

2 3
YiY2r1 T Yire

yits =0
yits =0
y?tz = O
yi)tl =0

Yiy2qs = Yiqs + yiaz + yiq + yiyayars + yiyayart + ytyare + yiysre +
Yiyars + ytysr1 + yire + yir

Y3yaqs = yiqs + yige + yiqr + yiyeyaras + yiyeyars + yivars + yiyars +
Yiyars + ylyars + yire + yim

yias = yiaa + yiae + yia + yiyars + yiysrs + ytysrs + yiyers

yigs = ylqr + ylyars + ylyer

yig3 =0
Y72 =0
yiq =0

Essential ideal There are 21 minimal generators:

SRR el

Y1Ysya
Y3 y2ya
y%ygyg
yiys
Yiya
Yiys
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7. yiyo
8. yi
9. y1yavs + yiva + yiv1

10. y1y2v3 + yivs

11. y1yova + yive

13. y%t7

14. y?tg

15. yits

16. y%t4

18. y%tg

19. yity

20. Y196 + Y194 + Y102 + Y1y3T1 + Y1y2r2

21. y1g5 + y1q1 + y1yar2 + y1yer

Nilradical There are 24 minimal generators:

Y4, Y3, Y2, Y1, V4, U3, V2, V1, tSa t77 tGa t57 t47 t3a t27 t17 g6, 45, 44, 43, 42, 41,
02, 01.

Completion information

For this computation the minimal resolution was constructed out to de-
gree 22. In this degree the presentation of the cohomology ring reaches its
final form, and Carlson’s criterion detects that the presentation is complete.

This cohomology ring has dimension 2 and depth 2. A homogeneous sys-
tem of parameters is

hi1 = rq in degree 8
ho = ro in degree 8
The first two terms hq, ho constitute a regular sequence of maximal length.
The first two terms hq, hy constitute a complete Duflot-regular sequence.

That is to say, their restrictions to the greatest central elementary abelian
subgroup constitute a regular sequence of maximal length.

FEssential ideal The essential ideal is free of rank 75 as a module over the
polynomial algebra in hq, hy. The free generators are:

In degree 4:

L. Go1 = yiysys

2. Go2 = Y3y2va
3. Goz = Yiy2ys3
4. Goa = yiy3
5. Gos = Y3ya
6.

Gos = yfyg
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7. Gor = yiyo
8. Gos = yi
In degree 5:
1. Gog = y3ysys
2. Gio = y}y2ya
3. Gu = y‘lly4
4. G12 = y‘fyg
5. Gi3 = yiyo
6. G14 = y?
In degree 6:
L. Gis = y1y2vs + yiva + yiv1

2.

Gi6 = Y1923 + y%v4

3. Gi7 = y1yav2 + yive
In degree 7:

1. Gis = y193v4 + Yiy2vs + yiyove
2. Gig = Y3y2va + yiva + yivy
3. G20 = yiyovs + yiva

4. Ga1 = yiyav2 + yivs

5. GQQ = y§v4

6. Ggg = yi”vg,

7. G24 = y:fUQ

8. Gas = yin
In degree 8:

1. G26 = y%tg

2. G27 = y%t7

3. Ggg = y%ts

4. Gag = yits

5. G3o = yits

6. G31 = y%tg

7. G32 = y%tg

8. G33 = y%tl

Gsa4 = yiy3v4
G35 = Y324

. Ggg = yf’ygvg
. G = y3yovo

. G = yfuy
. Gag = ylvs
. Gao = yivo
. Gu = yin

In degree 9:

121
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~

In

G

In

In

In

1
2
3
4

In

1

SOt W

No otk N

O NSO

Gz = yits
Guz = yity
Gua = yits
Gus = yity
Gue = yits
Gur = yits
Gus = yity
degree 10:

Ga9 = Y146 + Y1q4 + Y192 + Y1y371 + Y1y272

Gs0 = y1G5 + Y1q1 + Y1yar2 + y1y2r:
Gs1 = yity
Gsy = yits
Gs3 = yita
Gs1 = yita
degree 11:

Gs5 = Y1924 + Y1Y2yara + Y1y2yars + y1y3r2 + yiyers + yiyere
G's6 = Y192G3 + Y1Y2yaT2 + Y1Y2yars + y1yary
Gs7 = Yiqs + Yiqa + Y3 g2 + yiysr1 + yiyars
Gss = yigs + yiq1 + yiyara + y3yor
Gso = Y3qa + Yiyara + yiyars + yiyers + yirs + yir
Goo = Yiqs + Y3yars + yiyar: + yiyer
Ge1 = yig
1G>

Ge2 = Yiq1 + Yiyars + yiysra
degree 12:
Ge3 = Yiy2qs + Yiy2yars + yiyayar + Y3yare + yiyers + yiyors

Goa = Y3y2qs + Y3y2yara + Y3y2yars + yiyir
Ges = yigs + Yiqa + yige + yiysr + yiyars
Gos = Yiqs +yiqu + yiyara + yiyary
Ger = Yiqa + Y3yars + yiyars + yiyars + yire + yir
Ges = Y3q3 + Y3yars + yiyars + yiyar
Geo = yiqo
Gro = yiq1 + Yiyars + y3ysra

degree 13:

. G =ylq

. G2 =yigs

. Grs =yl

. G =yilq

degree 14:

. Grs = yiqu
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Every essential class squares to zero, but the essential ideal does not square
to zero. Here are the relations which are not of the form G;.G; = 0:

1. G17Ga6 = Grs
2. G16G30 = G5
3. G16G29 = G5
4. G16G2s = Grs
5. G16Gar = G5
6. G15G31 = Grs
7. GosGag = G
8. Go3Gyg = G5
9. Go1Gs0 = G5

Poincaré series The Poincaré series is of the form f(t)/(1 — %)%, with

f(t) =14 4t + 82 + 10> + 12t* + 13t° + 165 + 20t7
+ 1665 + 13t° + 12610 + 1061 + 8¢12 + 4413 ¢4,

A.7 The Sylow 3-subgroup of Ag

G is the Sylow 3-subgroup of the alternating group Ag. It is Small Group
number 7 of order 81.

G has rank 2, 3-rank 3 and exponent 9. Its centre has 3-rank 1.

The 4 maximal subgroups are: 3_1‘_+2, 312 (twice) and 3%.

There are 2 conjugacy classes of maximal elementary abelian subgroups. They
are of 3-rank 2, 3 respectively.

This cohomology ring was successfully calculated.

Ring structure

The cohomology ring has 16 generators:

y1 in degree 1, a nilpotent element
Y2 in degree 1, a nilpotent element
x1 in degree 2, a nilpotent element
Zo in degree 2

x3 in degree 2

w; in degree 3, a nilpotent element
wo in degree 3, a nilpotent element
ws in degree 3, a nilpotent element
v1 in degree 4, a nilpotent element
vg in degree 4

. up in degree 5, a nilpotent element
. u9 in degree 5, a nilpotent element
. t1 in degree 6, a nilpotent element

PO NSO

— e =
WO ©



124 A Sample cohomology calculations

14. t5 in degree 6
15. t3 in degree 6, a regular element
16. s in degree 7, a nilpotent element

There are 88 minimal relations:

1.y2=0
2. y1y2 =0
3.y3=0
4. Yoz = 0
5. Y1To = 0
6. Y221 = 0
7. Y11 = 0
8. ToXg = 0
9. T1x3 = 0
10. T1Toy = —Y2W1
11. 22 =0
12. YoWo = 0
13. Yyrws = 0
14. Yyiwr = 0
15. T3Ws = 0
16. r3wp; = 0
17. ToWo = —Y2U1
18. Y12 = 0
19. T1W3 = YaU1
20. T1Wo = 0
21. T1Wwyp = 0
22. Yyivp = 0
23. T3V = 0
24. T3V = 0
25. T2Vl = —W1W3 — Ya2U1
26. T1V2 = —Y2Uq
27. w3 =0
28. wowsz =0
29. w3 =0
30. wW1Wy = 0
31. w?=0
32. Tr1v = 0
33. Yiug = 0
34. Yyiuy = 0
35. Wa2V2 = —ygtl
36. W1V2 = T2U1 — yztg
37. T3Ug = 0
38. r3up = 0
39. yita =0
40. w3V, = ygtl



41.
42.
43.
44.
45.
46.
47.
48.
49.
50.
ol.
92.
53.
54.
95.
96.
S7.
58.
59.
60.
61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.
75.
76.
e

78.
79.
80.
81.
82.
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wovy = 0
w11 = 0
Tiuz = Yoty
iUy = 0
yit1 =0
(Egtg = 0
V1V2 = —wWiU2
l‘3t1 =0
332251 = —Wi1U2 — Y28
T1te = YaW3V2 — YaTaUa — Y2ToUy
vi=0
W3U] = —W1U2 — Y25 — YoW3V2 + Yool + Y2T2U
Walg = 0
w1 = 0
W1Ul = Y2W3V2 — Y2X2U2 — Y2T2U7
xltl =0
y1s=0
Voll] = W3ty — ToS — ToW3Vy + m%ug + x%ul + ygvg — Y2Zalo
waly = —Yowsug + Y2wiUsz

2 2 2
w1ty = —Tow3V2 + ToUg + ToUL + Y2U5 — Y2Tala
x3s =0
ViU = 0
ViUl = Y2wsUz — Y2wW1U2
w3ty = YowszUg — Y2wWiUs
’wgtl =0
w1ty = —YowzUz + YowiUz
T1S = YaW3Uz — Y2wW1U2
Vol = —W3S + TaW3zUz — TaW1U2 — Y2U2U2
vty = TaW3Uz — TaW1U — YoU2U2
u3 =0
U Uz = W38 — TaW3lUg + TaW1lUz + YoUaUz — Yowits
u? =0
'Ultl =0
wos =0
W1S = —TaW3zUz + TaW1U2 + Y2U2U2
Ugtz = V2§ — 1‘2’(U1t3
U1t2 = 7’[031}% —+ TovU2U9 +$2’U.)3t2 — I‘%S — II?%ZUg’UQ + SC%’U,Q + ’I,’g)ul + y2v2t2 +

YoaV3 — Yox3ts — Yox3ts
ugty = Yav1t3

’U,1t1 =0

v18s=0

t2 = 71):23 — IQ’UQtQ — x%t:’)

t1ty = W3Vt — ToWwsS+TIW3UL — XZW1 U — YoV2S — Yo T2VoUs + Y2 Towsts +

Yorowilsy
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83. 12 =

84. U28 = —w1w3t3 - y2u1t3

85. u1s = —wgvgw+x2w38—x§w3m+x§w1u2+ygvgs—|—y2wgvgu2—y2x2w3t3—
Yoxowils

86. tQS = 7’1}%11,2 — TU28 — l’gwgtg - Q'ngltg -+ yQZL’Q’Uth

87. t18 =0

88. s2=0

A minimal Grobner basis for the relations ideal consists of the above minimal
relations, together with the following superfluous relation:

89. wijw3uy = —Yows3s + Y2 TowW3Us — Y2ToW1 U
FEssential ideal Zero ideal.

Nilradical There are 11 minimal generators:
Y2, Y1, T1, W3, W2, Wy, V1, U2, U1, tla S.

Completion information

For this cohomology computation the minimal resolution was constructed out
to degree 14. The presentation of the cohomology ring reaches its final form
in degree 14. Carlson’s criterion detects in degree 14 that the presentation is
complete.

This cohomology ring has dimension 3 and depth 2. A homogeneous sys-
tem of parameters is

hy = t3 in degree 6
ho = x3 4+ x2 in degree 2
hs = v in degree 4

The first two terms hq, ho constitute a regular sequence of maximal length.
The last term hg is annihilated by the class y;.

The first term h; constitutes a complete Duflot-regular sequence. That
is to say, its restriction to the greatest central elementary abelian subgroup
constitutes a regular sequence of maximal length.

FEssential ideal The essential ideal is the zero ideal.

142t +2t2 + 33 4+ 3t + 265 + 25 + 17
(1—t2)(1—t*)(1—15)

Poincaré series

A.8 Small Group No. 16 of order 243

G is Small Group number 16 of order 243.
G has rank 2, 3-rank 3 and exponent 27. Its centre has 3-rank 1.
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One of the four maximal subgroups is the abelian group Cg x C3 x C3. The
other three are isomorphic to Small Group number 6 of order 81.

There is one conjugacy class of maximal elementary abelian subgroups. Each
such subgroup has 3-rank 3.

This cohomology ring was successfully calculated.

Ring structure

The cohomology ring has 17 generators:

y1 in degree 1, a nilpotent element
y2 in degree 1, a nilpotent element
x1 in degree 2, a nilpotent element
2o in degree 2, a nilpotent element
x3 in degree 2

w1 in degree 3, a nilpotent element
wy in degree 3, a nilpotent element
vy in degree 4, a nilpotent element
vg in degree 4

10. wup in degree 5, a nilpotent element
11. us in degree 5, a nilpotent element
12. t; in degree 6, a nilpotent element
13. t5 in degree 6

14. t3 in degree 6, a regular element
15. s1 in degree 7, a nilpotent element
16. s in degree 7, a nilpotent element
17. r in degree 8, a nilpotent element

e I A o e

©w

There are 103 minimal relations:

1.y2=0

2. y1y2 =0

3. 43 =0

4. Y13 = 0

5. Yoo = —Y1T2
6. Y21 = Y172
7. Y11 = 0

8. XTaT3z = Yowy

9. T1xX3 = 0

10. 23 =0
11. 1Ty = 0
12. 22 =0
13. Y1wy = 0
14. Yyrwy = 0
15. Y1v2 = 0

16. ToWo = Y2U1
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17. ToW1 = 0
18. T1Wg = 0
19. 1w = 0
20. Yyiv1 = 0

21. r3v] = WwiwWsg + Y2X3W2
22. x9v2 = You1 — YaT3wo

23. T1UV2 = 0
24. w3 =0

25. wi =0

26. ToU1 = 0
27. Tr1vp = 0
28. y1ue =0
29. Yyiuy = 0

30. wove = x3Us — T3UY + $§w2 — m§w1 + yoto — yot1
2
31 W1V = T3U1 — £E3w2 - y2t2 + ygtl — Yowi1W2

32. yth =0
33. Wa2V1 = 0
34. wivy = —Yawiws

35. ToUg = ygtl
36. Touy = Yowiwa

37. iU = 0
38. iUy = 0
39. yltl =0

40. v1v2 = Wiy + Y23Us — YaT3U1 + Y2TiWe — YoxFwy
41. x3t1 = wiug + Y252 + Y251
42. oty = Y951

43. CCltg =0

44. v3=0

45. WalUg = —W1Ug — T3W1W2
46. Wal1 = —W1U2 — Y252
47. WUl = T3W1W2 — Y251
48. £B2t1 =0

49. (Eltl =0

50. Y182 = 0

51. Y181 = 0

52. waty = T3S2 — Y203 + YoTats — Y2x3V2 + Yo + YoT3wiwe

53. wity = T351 + Y203 — Yoxzla + Yox3v2 — Yor — Yowiug — YoT3wiwo
94. ViU = —YaWiU2 — Y2T3W1 W2

55, VUl = Yo — Yawi U

56. w2t1 = Yor

57. w1t1 = —Yaor

58. ToSg = Yor

59. Io81 — 0

60. 182 = 0



61.
62.
63.
64.
65.
66.
67.
68.
69.
70.
71.
72.
73.
74.

75.

76.
e
78.
79.
80.
81.
82.

83.
84.
85.
86.
87.
88.
89.
90.
91.
92.

93.
94.
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181 = 0

yir=20

vat1 = ugus + Tywi Uz + T3W1We — Y2381
_ 2 2 3 3

v1ta = W1S2+Y202U1+Y2L352 — Y2351 —Y2L3U2 —Y2T3UT +Y2 T3 W2+ Y2 T3W1
_ 3 3

T3T = W1S2 — Y2UU2 + Y2V2U1 — Y2382 — Y2X3S51 — Y2T3W2 + YoT3W1

2=0
uj =

u? =0

Ultl =0

WaS2 = —Y2V2U2 + Y2U2U1 + Y2352 + yzmqu - ygxgwl

W81 = —W182 + Y2U2U2 + Y2U2U1 — Y2382 + Y2351 + yz:r%ul — ygxgwg

_ 2 2 3 3
W1S1 = YoU2U1 — Y2351 — Yo2T3U2 — Y2X3U1 + Yo2X3W2 + YoX3w1
zor =0

z1r =20
_ 2 2 2 3
Uty = V2S2+1281 +X381 + Y2305 —Y2x3lo +Y2L30 —Yol1Us +YoL3wWi Uz +
2
Y2T3wW1W2

Urty = V2814 T35 — Yavala +Yax3v3 — Yaits + Y2 w2 — Y2x3ts — yous Uz —
Yawi182 — y2x§w1w2

Ugty = —YawiS2

u1t1 = Ya2W152

V182 = YaU1U2 — YoW1S2 — Yo2X3WiUz + y2$§w1w2

V181 = —Y2uU1U2 + Y2T3WiU2 — y2$§w1w2

W2l = —Y2U1U2

WIT = Your Uy + YW1 Sy — YaL 3w wo

12 = —US’ —&—x%v% +x§t2 —x§v2 —x§t3 — U189 —x%wlug —xgwlwg — YaU252 —

3 3 4 4
Y2T3V2U2 — Y2T3V2U1 + YoT3U2 + Y2X3U1 — Y2T3W2 — Y2T3W1 + YaT3wils

tite = U182 — YoU2S1 + YoT3VaUs + YoT3UaUs — YoTaS2 + YoTis1 + Yoxius —
Yorjws — yoxgwits

VaT = U1 S — Y2U2S2 — YaU251 + YaZ3Ualis + YoT3vaUy + Yohss + Yoxzwats
t =

U282 = U182 +T3W1S2 +Y2U2S2 — YaT3V2U2 + Y2T3V2U1 +y2$§82 —|—y2x§u2 -
Yoxjwy + yoxgwols

U281 = —ULS2 — Y2V282 + Y2X3V2U2 — y2x§32 — y2$§sl +y2$§u2 — 92$§U1 +
YoThws — YyoTiw — Yawzwats

U1S) = —X3W1 S2—Y2V251+YaT3Valn —Y2T3S2 — Y2351 +1aXiUus —Yoxiul +
YoTGwa — YoZjwr — YaTzwity

vir=20

a8 = —V3Uz +V3UL +T3VoUs + T3 89+ Thug — THUL +T3Wwe — 3w +Yov3 +

2,2 3 2 3 3
Yor3v5 + Yozt — T3Wal3 + Yor3ts — YoX3Ui Uz — YoL3W1S2 + Yol3WiWe —
Yowiwats

_ 2 2 3 4 5 3 2.2
l2s1 = —vyu1 +TZ0U2 + T551 + T3U1 — T3Wa — Yoy — YolgUaty — YoT5v5 —
3 2 3 2
Yax3le — r3W1t3 — Y2r3ts + Yau1S2 + YoT3wi U2 + Y2wiwals
_ 2 3
t182 = —You182 —Y2L3U1 Uz + Y2 X3 W1 S2 + Y2 T3W1 Us — Y2 L3W1 W — Yo W Wat3y

_ 2 3

t181 = You182 +Y2X3UL UL — YoT3W1 S2 — Y2X3W1 U2 + Y2 X3W1 W2 + Yow Watsy
_ 2 3

U2l = YaU1S2 + Y2T3U1U2 + Y2T3W1S2 — Y2T3W1U2 — YaX3W1W2
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95. u1r = You182 — Y2T3uUU2 + Y2T3W1S2 — YowiWals

96. tor = —wvouiug + x%wlsg + xgwlug + ygvqu — ygvgul + Yox3v2852 —
YoT3V281 + Y2T3ss + YaTius — Yox3wy — Tzwiwals + Yoxjwats

97. 2 =0

98. $182 = —UVaUjiU2 + x%wlsg + LL’%’LUlUQ - yQ'U%UQ — Y2X3V282 + y2$§U2U2 —
Yox3vaus + Yo sa — yoxfuy + yoriws — Tzwiwats — yoxiwats — yox3wits
99. s? =
100. t17 =0

101. s97 = YovouiUs — Y2T3U1 Sy — yga:gwluQ + yox3wiwats
102. 817 = Yovouq U + YoT3u1S2 — Y2T3W U + YaTzwiwals
103. r2 =0

These minimal relations constitute a Grobner basis for the ideal of relations.
Essential ideal There is one minimal generator: y;xs.

Nilradical There are 13 minimal generators:
Y2, Y1, T2, T1, W2, W1, V1, U2, U1, b1, 52, 81, T

Completion information

For this computation the minimal resolution was constructed out to de-
gree 16. In this degree the presentation of the cohomology ring reaches its
final form, and Carlson’s criterion detects that the presentation is complete.

This cohomology ring has dimension 3 and depth 1. A homogeneous sys-
tem of parameters is

h1 = t3 in degree 6
ho = x3 in degree 2
hs = vy in degree 4

The first term h; constitutes a regular sequence of maximal length. The two
remaining terms ho, hg are both annihilated by the class y;.

The first term h; constitutes a complete Duflot-regular sequence. That
is to say, its restriction to the greatest central elementary abelian subgroup
constitutes a regular sequence of maximal length.

Essential ideal The essential ideal is free of rank 1 as a module over the
polynomial algebra in hy. The free generator is G; = y1x2 in degree 3. The
essential ideal squares to zero.

14+ 2t +2t2 4+ 263 +t2 + 85 +2t5 4+ 27 4 23 1 ¢°
(1 —#2)(1 — t4)(1 — t6)

Poincaré series



Epilogue

There are many possibilties for further developing the methods presented
here and performing new computations. Some are research projects in their
own right, whereas others would only take a couple of days at most. However,
the line had to be drawn somewhere for the current work.

We may draw the following conclusions:

— The new Grobner bases for kG-modules pass the theoretical and practical
parts of the test. They provide the most powerful method to date for
constructing minimal resolutions over p-groups.

— Carlson’s completeness criterion for the calculation of cohomology rings
works just as well for p-groups with p odd as it does for 2-groups.

— There are p-groups such that some products of two essential classes are
nonzero.

Areas for future work:

— Presumably it is straightforward to generalize the Grobner basis methods
for kG-modules to modules over finite dimensional basic algebras.

— Constructing further terms in the minimal resolution for the Sylow 2-
subgroup of the Mathieu group Ms, will be difficult, as an enormous
amount of data has to be stored temporarily. Parallel computers offer one
way of distributing the storage requirements. I can think of two possi-
ble strategies for parallelizing the construction of minimal resolutions, but
their feasiblity has yet to be evaluated.

— As indicated in Remark 5.11, the calculation of product cocycles can be
speeded up by calculating preimages under the first differential d; with a
matrix rather than by reduction over a Grobner basis. Once this has been
implemented it must be possible to compute the cohomology ring of the
Sylow 2-subgroup of the Conway group Cog out to degree 11.

— The storage management in the component of Diag that implements Grob-
ner bases for graded commutative algebras can almost certainly be im-
proved. After this it might well be possible to finish off the computation
of the cohomology ring of the Sylow 5-subgroup of the Conway group Co; .
It is the complexity of the relations ideal that has prevented a complete
computation up to now.

D.J. Green: LNM 1828, pp. 131-135, 2003.
(© Springer-Verlag Berlin Heidelberg 2003



132 Epilogue

— By Duflot’s Theorem, the p-rank of the centre Z(G) is a lower bound for
the depth of the cohomology ring H*(G). For groups of small order, this
lower bound is attained noticeably more often if p > 5 than for p = 2,3.
For groups of order p there is one counterexample for each of p = 2,3 but
none for p > 5. For groups of order p* there are three counterexamples for
each of p = 2,3 but none for p = 5. However, the wreath product group
C,1C, of order pP*! always has depth exceeding Duflot’s lower bound [22].
It would be useful to have a group-theoretic description for depth.

— The current method for identifying a homogeneous system of parameters
must be improved. Ideally one wants a system of low total dimension, which
contains a regular sequence of maximal length. The paper [38] provides one
way to implement these criteria using restriction information.

— We have not discussed the extent to which the choice of minimal generating
set for the p-group G affects the performance of the construction of the
minimal resolution. Experience shows however that the implications of this
choice can be very great. One minimal generating set for the Sylow 2-
subgroup of the Mathieu group My, was successfully used to compute the
minimal resolution out to the 9th term, whereas another did not even allow
the construction of the 6th term.

— There are 2328 groups of order 128. With only a few exceptions it is prob-
ably possible to compute the cohomology ring of any one of these groups.
But computing all 2328 cohomology rings would take a long time.

— Benson conjectures in [9] that the Castelnuovo-Mumford regularity of
H*(G) is always zero, and proves this when the cohology ring has Cohen—
Macaulay defect — that is, dimension minus depth — at most two.

To date, no defect three cohomology rings seem to have been calcu-
lated. The methods used in Diag for computing the homology of the Koszul
complex are described in §6.4 and assume that the defect has been proved
to be at most two. Carlson has shown [19] that the cohomology ring of
each group of order 64 has defect at most two. By contrast, if G is small
group number 52 of order 128, then H*(G) does have defect three. This is
because G has p-rank four, its centre has rank one, and there is an essential
class in degree four. So computations for groups of order 128 will provide
the first serious test of the regularity conjecture.

— In the same paper [9], Benson also puts forward a new completion criterion,
which it would be good to test.

— We could probably compute the cohomology rings of most of the 67 groups
of order 243. But the extraspecial group 3_1‘_+4 of exponent 3 will cause prob-
lems, as a particularly large number of terms of the resolution is needed.

— If G is a direct product group, then the Kiinneth theorem gives its coho-
mology. If G is not a direct product, then the essential ideal is free and
finitely generated as a module over the polynomial algebra generated by a
complete Duflot regular sequence [40]. This can allow one to conclude early
on that there are no unknown relations between the known generators.
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algorithm

— Buchberger, 27, 31

— ElimBuchberger, 35
— Elimlncorp, 34, 40

— Expand, 27

— HeadyBuchberger, 39
— HeadyExpand, 38

— Headylncorp, 37, 41
— Incorp, 26, 30

— Kernellnterwoven, 43
— Lift, 46

associated polynomial algebra, 51

basic algebra, 4
Buchberger algorithm, 3, 27, 58, 65
Buchberger criterion, 57, 64

Carlson’s Koszul condition, 83
Cohen—Macaulay defect, 98, 132
Cohen-Macaulay ring, 96
completely reduced form, 56
completeness criterion

— Benson’s, 132

— Carlson’s, 2, 83-84

Condition G, 83

Condition R, 83

critical pair, 50

depth, 84

depth-essential conjecture, 95-96
Diag package, 8, 93

Diamond lemma

— Bergman’s, 3

— two-speed, 4, 24

Duflot regular element, 74
Duflot regular sequence, 85

— complete, 85

Duflot’s theorem, 84-85, 132

elimination dimension, 60
essential class, 73
essential conjecture, 1, 98
essential generator, 73
essential ideal, 94

Grobner basis, 3

— for a kG-module, 25

— for a right ideal in a @-algebra, 55
— minimal, 25, 55

— preimage, 34

Hall-Senior number, 98

inclusion ambiguity, 23

— inadmissible, 37

— resolvable, 23

— resolvable relative to <, 23
irreducible, 22

Jennings ordering, 19
Jennings PC-generators, 18
Jennings presentation, 19

Koszul complex, 81-82
Koszul condition, see Carlson’s Koszul
condition

minimal resolution
— key task for construction of, 4, 33
monomial ideal, 52

normal form, 3

ordering

— elimination, 33, 60

— graded lexicographical, 52
— Jennings, 19

— negative, 4
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— reverse length-lexicographic, 14 system of parameters
— useable, 14, 16, 51 — method for choosing one, 85, 132
p-rank, 5 T-reduction, 22
Poincaré series, 87 — elementary, 22
—— heady, 36
r-dimension, 74 —— radical, 36
reduced form, 55 — radical, 36
reduction-finite, 3, 22 T-reduction site, 22
reduction system, 22 ©-algebra, 49, 51
— heady, 36 toppling, 23
reduction-unique, 22 — radically resolvable, 36
regular element, 84 — radically resolvable relative to <, 36
regular sequence, 84 — resolvable, 23
regularity conjecture, 132 — resolvable relative to <, 23
Type 1 step, 58, 65
S-polynomial Type 2 step, 58, 65
— in a module over a ©-algebra, 64
— in a @-algebra, 56 weakly reducible, 56
— of inclusion ambiguity, 23 weakly resolvable, 57

— of toppling, 23
SMALL GROUPS library, 89 y-degree, 73
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