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Preface

At the time we write this book there are several excellent references avail-
able which discuss various aspects of modular invariant theory from various
points of view: Benson [6]; Derksen and Kemper [26]; Neusel [85]; Neusel and
Smith [86]; and Smith [103]. In this book, we concentrate our attention on the
modular invariant theory of finite groups. We have included various techniques
for determining the structure of and generators for modular rings of invari-
ants, while attempting to avoid too much overlap with the existing literature.
An important goal has been to illustrate many topics with detailed examples.
We have contrasted the differences between the modular and non-modular
cases, and provided instances of our guiding philosophies and analogies. We
have included a quick survey of the elements of algebraic geometry and com-
mutative algebra as they apply to invariant theory. Readers who are familiar
with these topics may safely skip this chapter.

We wish to thank our principal collaborators over the years with whom we
have had so much pleasure exploring this fascinating subject: lan Hughes, Gre-
gor Kemper, R. James Shank, John Harris as well as our students and friends,
Jianjun Chuai, Greg Smith, Mike Roth, Brandon Fodden, Emilie Dufresne,
Asia Matthews and Chester Weatherby. In particular we thank John Harris,
R. James Shank, Jianjun Chuai, Mike Roth, Emilie Dufresne, Asia Matthews,
Chester Weatherby and Tristram Bogart for reading draft chapters and point-
ing out errors and suggesting improvements. We also thank Marie-José Bertin
for clarifying the history of her own work to us.

Finally, our thanks go to the anonymous referees for many helpful and
constructive remarks.

Fredericton, New Brunswick H E. A. Eddy Campbell
Kingston, Ontario David L. Wehlau
August 2010
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1

First Steps

Invariant theory seeks to determine whether a (mathematical) object can be
obtained from some other object by the action of some group. One way to
answer this question is to find some functions that map from the class of
objects to some field (or more generally some ring). Invariants are functions
which take the same value on any two objects which are related by an element
of the group. Thus if we can find any invariant which takes different values
on two objects, then these two objects cannot be related by an element of
the group. Ideally, we hope to find enough invariants to separate all objects
which are not related by any group element. This means we want to find a
(finite) set of invariants f1, fa, ..., f with the property that if two objects are
not related by the group action then at least one of these r invariants takes
different values on the two objects in question.

For example, suppose we wish to determine whether two triangles are
congruent, that is, whether one can be obtained from the other by translation,
rotation, reflection or a combination of these operations. One useful invariant
is the area function: two triangles with different areas cannot be congruent.
On the other hand, the (unordered) set of three functions which give the
lengths of the three sides are sufficient: two different triangles having sides of
the same lengths must be congruent.

For us, the mathematical objects are elements of some vector space with a
group action and the invariants will be those regular functions on the vector
space that are constant on each of the group orbits.

We begin with some basic material on the action of groups on vector spaces
and their coordinate rings, followed by a simple illustrative example. There are
excellent references available: Benson [6], Derksen and Kemper [26], Neusel
[85], Neusel and Smith [86] and Smith [103]. We also note that many advances
in modular invariant theory have been made due to the programming language
MAGMA [10], especially the invariant theory packages developed by Gregor
Kemper.

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 1
Encyclopaedia of Mathematical Sciences 139,
DOI 10.1007/978-3-642-17404-9_1, (C) Springer-Verlag Berlin Heidelberg 2011
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2 1 First Steps

1.1 Groups Acting on Vector Spaces and Coordinate
Rings

We begin with a finite dimensional representation p of a group G over a field
K, i.e., a group homomorphism

p:G— GL(V)

where V' is a finite dimensional vector space over K. In this book we will
always denote the characteristic of the field (which may be 0) by p.

For us, the group G is always assumed to be finite of order denoted |G|. The
representation of G is said to be a modular representation if p divides |p(G)|
and a non-modular one if not. Many questions which are well understood in
the non-modular case are much less well understood in the modular case. One
of the main reasons for this is that Maschke’s Theorem fails to hold for mod-
ular representations. That is, modular representations may not be completely
reducible and usually are not. Researchers have substituted techniques from
algebraic geometry, commutative algebra, and group cohomology (including
Steenrod operations) in an effort to make up for this deficiency. The main
technique used in this book is the fact from representation theory that the
cyclic group of order p has only finitely many indecomposable inequivalent
representations in characteristic p.

The representation defines a left action of the group G on V. Given ¢ € G
and v € V we write o(v) for the vector p(c)(v), the result of applying p(o)
to v. Very often, the representation is fixed throughout an example and we
make little reference to it.

We denote the set of vectors fixed (pointwise) by the group G by

Ve={veV]ao(v)=v, forall o € G},
and for a subset X of V', we denote by
Gx ={oceG|o(v)=w, forallve X}

the isotropy or stabilizer subgroup of X. Usually, if X = {v} is a singleton
set we will write G, to denote Gx.

Now consider V*, the vector space dual to V. This is the set, Homg (V, K),
of linear functionals from V to K. Recall that x : V' — K is said to be a linear
functional if z(av + bw) = ax(v) + bz(w) for all v,w € V, and all a,b € K.
Of course, we have dimg(V*) = dimg (V).

The action of G on V' determined by p naturally induces a left action of G
on V* as follows. Let € V* be any linear functional on V" and let ¢ € G. Then
o(x) should be another linear functional on V. This new linear functional is
defined by (o(z))(v) := z(c71(v)). In this definition we use o~ instead of &
in order to obtain a left action (and not a right action) of G on V*. This new
representation of G is often referred to as the dual representation.
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Lemma 1.1.1. Suppose we have a fized representation p : G — GL(V) and
consider also p* : G — GL(V*). In general, for o € G the matriz representing
plo) € GL(V) with respect to a fized basis is the transpose inverse of the
matric representing p* (o) with respect to the dual basis. O

Associated to the vector space V' is its coordinate ring also called its ring
of regular functions. This ring, denoted K[V], is a major object of study in
algebraic geometry. We may define K[V] in a number of equivalent ways.

Here is a very concrete definition of the coordinate ring of V. Let

{1‘1,.’[72, e 7:13”}
be a fixed basis of V*. Then K[V] is the polynomial ring in n variables:
K[V] = Klz1, 22, . .., 2y).

This is a useful description of K[V]. For an ezponent sequence I = (i1,...1,)
consisting of non-negative integers, we define the monomial

Z'I — xél . ..1-2"7
We say that x! has degree i; + --- + i,, and we denote the degree of z! by
deg(x!) or even deg(I). As usual, we say that a polynomial f = 3 a;x’i for
a; € K is homogeneous of degree d if each of its monomials, 2%, is of degree
d. We observe that K[V] is naturally graded by degree: we may write

K[V] = ®a>0K[V]a

where K[V]4 denotes the subspace of homogeneous polynomials of degree d
(including the zero polynomial). We also observe that K[V] is a graded algebra.
This just means that each K[V]q is a subspace and that if f € K[V]; and
[T € K[V]q then ff" € K[V]itar-

If V is a direct sum, V = U @& W then we have a finer grading indexed by
N2 on K[V] induced by the isomorphism K[V] = K[U] @k K[W] given by

K[V]g,ay = K[U]a @x K[W]a.

More generally, if V= W, ®@Wa & - - - &W,, then K[V] has a N"-grading given
by
KVl dardm) = KWila, @ K[Wala, ®@ - - @ K[Wii]a,, -

Thus if f S K[V](dl,dg,‘..,dm)? then

f(t1v1, tava, ..o tpUm) = t‘f%gZ -~-t%"f(v1,v27 ceey Um)

for all t1,ts,...,t,m € K. We say that elements of K[V]4, ds,..,4,,) are multi-
homogeneous. If each W; is G-stable, then the G-action will stabilize each
N™-graded summand K[V]4, d,.....,.) of K[V].

geeey
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From an abstract point of view, if K is infinite we may define K[V] as a
ring of functions:

K[V]:={f:V = K| f is a regular function on V'}.

A function f is reqular on V' if f may be written as a polynomial in some (and
hence every) basis of linear functionals on V.

We note that in order to view K[V] as a ring of functions on V' we require
that K be infinite. If K is finite, for example, if K = F,, the field with p
elements, then the two different polynomials z; and 2% in K[V] determine the
same function on V. Let K denote an algebraic closure of K and let V = KQV.
The inclusion K C K induces an inclusion V € V. Thus K[V] C K[V] and two
elements of K[V] are equal if and only if they determine the same function on
V.

We may also define K[V] as the symmetric algebra on V*:

K[V] = 5°(V*).

The action of G on V given by p also naturally induces an action of G on
K[V]. We may describe this action in two ways according to the description
we use for K[V]. In terms of polynomials we merely extend the action of G on
V* additively and multiplicatively. That is, let o € G and f, f’ € K[V]. Thus
o(f +f)=0o(f) +o(f) and o(ff') = (a(f))(o(f")).

Equivalently, if we regard the elements of K[V] as functions on V' we may
define this action of G on K[V] via (a(f))(v) := f(c~1(v)).

The main object of study in invariant theory is the collection of polynomial
functions on V left fixed by all of G. This collection of functions forms a ring,
denoted K[V]%:

K[V]9 :={f €K[V]|o(f) = f forall 0 € G}.

We observe that if a polynomial f is fixed by both ¢ and 7 € G, then f is also
fixed by o7. We may conclude, therefore, that if f is invariant with respect
to every element of some set of generators for G, then f € K[V]¢.

1.1.1 V Versus V*

A common question that arises is why we insist upon considering the action
of G upon V* and K[V] rather than on the symmetric algebra on V, S*(V).
In order to answer this question, consider the following example.

Ezample 1.1.2. Let G = C,, x Cp, the elementary Abelian p-group of order p*.
We consider a three dimensional representation of G given by

100
G={a10]||abeF,} cGL(V).
bl
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Here G is generated by the two elements given by taking (a,b) = (1,0) and
(a,b) = (0,1). These two elements are easily seen to be of order p and to
commute. Thus G is indeed isomorphic to Cp, x C},. We examine the geometry
of the action of G on V' by considering the orbits under this action. Let
v = (v1,v9,v3) € V IF3 If v # () then we see that G - v = {(v1,v2 +
avi,vs +bv) | a,b e Fp} consnsts of p? points. Conversely, if v; = 0 then the
orbit of v consists of the single point v.

If 0 € G is represented by a matrix A in GL(V) with respect to the
standard basis, then the matrix of o in GL(V*) with respect to the dual basis
is given by (AT)~!. Thus working with the basis of V* dual to the standard
basis of V', we see that

1—a—-b
G= 01 0 a,beF, » C GL(V™).
00 1

Let {e1, e2,e3} be the standard basis of V' and let {z1, 22,23} denote the
dual basis of V*. The geometry of G acting on V is reflected in the invariant
functions in F,[V]¢ = §*(V*)¢ = Flxy, na, ns] where ny = 28 — 22 "2y and
ng = ah — a:’f_lxg. If we consider a point v with 0 # v; € F, then the two
functions ny and ng are both constant on these orbits. Moreover, it is not too
difficult to see that, if v/ € V = IE‘_p3 with 21(v) = z1(v'), na(v) = na(v’) and
n3(v) = nz(v'), then v/ € Gv.

Using S*(V)¢ instead, we would have found S* (V)¢ = F,[f1, 2, e3] where
f1 is a cubic expression beginning f; = €} +.... In particular, these do not
correspond to functions which are constant on the orbits of G.

This example shows why we are interested in both the matrix represen-
tation of G on V and also on V*. Examining the former allows us to see the
geometry of the group action. Examining the latter allows us to understand
which polynomials are invariants. Rather than writing out both matrices for
a group element o, we will often compromise by writing out the matrix A=!
of 071 in GL(V). This shows us directly how o~! is acting on V and allows
us to study the orbits in V. The transpose of this matrix shows how o acts
on V* and thus we may understand the action of ¢ on V* by considering the
rows of A~ and the action of A=! on row vectors by right multiplication.

A dramatic illustration of the difference between the group actions on V'
and V* is provided by the following subgroup of GL(V) where V is a seven
dimensional vector space over I, the field of order p. We define

1000000
0100000
0010000
o(a,b,e,d)=1a001000
0b00100
00c0010
ddd0001
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and we take G = {o(a,b,c,d) | a,b,c,d € F,} C GL(V). We will show in
Example 8.0.8 that F[V]“ is a polynomial ring.

On the other hand, consider the group H C GL(V) consisting of the
transposes of the elements of G acting on V', that is, the group of matrices

100a00d
0100b0d
00100cd
7(a,b,¢,d)=[10001000
0000100
0000010
0000001

We will show in Example 8.0.9 that F[V]# is not Cohen-Macaulay.

Note that both groups are generated by reflections (reflections are defined
below in §1.5).The definitions of polynomial rings and Cohen-Macaulay rings
may be found in §2.3 and §2.8 respectively.

1.2 Constructing Invariants

One general method to construct invariants of finite groups is as follows. Let
f € K[V]. Then the transfer or trace of f is defined as

Tr(f) = T(f) = Y _ olf)-
g€eG
Similarly, the norm of f is defined by
N(f) =N(f) = [] o ().
geG

We also have occasion to use relative versions of these constructions. Suppose
H is a subgroup of G and we have a polynomial f which is H-invariant. Then
we choose a fixed set of left coset representatives G/H := {01,09,...,0,} and
define

TG (f) =Y ou(f)
=1

and

NG(f) =[] oe(h).
/=1

It is easy to see that for f € K[V] the elements Tr%(f) and N%(f) are
independent of the choice of 01,09, ...,0,.. However, for general f this is not
true. For this reason, it is often useful to take H to be the isotropy subgroup
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Gy. Of course, for any finite group G, subgroup H, and f € K[V]# we have
that Tr$ (f) and NG (f) are both G-invariants. Note that Tr®(f) = Tr?e}(f)
and NO(f) = N (f).

Still more generally, consider an element f € K[V]. We define the G-orbit
of f to be {o(f) | 0 € G}, denoted Gf. A slightly different way to describe
the orbit of f is to use the isotropy subgroup Gy of f. We have Gf = {o(f) |
o € G/Gy} where G/Gy denotes a set of (left) coset representatives of G ¢ in
G.

Suppose, then, that |G f| = m. From here, we can form the polynomial

SN =[] A=h)=> (=1)'six™,
heGf 1=0

where s; € K[V]¥. The coefficients are elementary symmetric functions in the
elements of Gf. That is, if we write Gf = {f1,..., fmm}, then

si(f)=fit+fot o fm s
sa(f) = fifo+ fifs+ -+ fifm

Sm(f) = flfom .
For any finite group G, and f € K[V] we have that

TeY(f) = |Gyls1(f),
NY(f) = sm ()€1,

1.3 On Structures and Fundamental Questions

The problems we will consider fall roughly into two classes:

1. Find generators for K[V]“. Failing that, find an upper bound for the
largest degree of an element of a homogenous minimal generating set.

2. Determine the structure of ]K[V]G. For example, determine those groups
G for which the ring of invariants K[V]“ is a polynomial algebra, a hy-
persurface, or a Cohen-Macaulay ring.

Both questions are interesting for either specific groups, or for classes of
groups. In general, much more is known in the non-modular case than in the
modular case.

1.4 Bounds for Generating Sets

Emmy Noether proved (see Theorem 3.1.2) that the ring of invariants of a
representation V' of a finite group acting is always generated as an alge-
bra by a finite collection of homogeneous invariants fi, fa,... f;. Using the
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graded Nakayama lemma (Lemma 2.10.1) we see that the number 8(V,G) :=
max{deg(fi;) | 1 <14 <t} is independent of the choice of generators provided
t is minimal. This number 5(V, Q) is called the Noether number for V.

Noether showed that generators of degree at most |G| are required when
p = 0. For non-modular groups with p > |G|, this theorem is still true.
Richman and others have shown Noether’s original bound, 5(V,G) < |G|,
applies if G is solvable. Smith [103][pg 175], Fleischmann [39], and others
have shown that for non-modular groups, K[V]¢ is generated in degrees at
most dimg(V)(|G| — 1). For an overview of this topic, see Wehlau’s paper
[111]. Here we need dimg (V) > 1 and |G| > 1.

There was a conjecture that non-modular groups have rings of invariants
that are generated in degrees less than or equal |G|. The difference between
the known bound and this conjectural bound was known as the problem of
Noether’s gap: is there a non-modular group in the gap or not? In 1999, Fleis-
chmann gave a beautiful and clever variation of Noether’s original argument
that showed the conjecture was true (see [39]). Independently, Fogarty [42]
proved the same result. Below we give a simplified version of Fogarty’s proof,
due to Benson, see Theorem 3.5.1.

It is proved by Campbell, Geramita, Hughes, Shank and Wehlau in [17]
that if K[V]G is a hypersurface, then this ring is generated in degrees less than
or equal to |G|. More generally, Broer [12] has shown that if K[V]¢ is Cohen-
Macaulay, then this ring of invariants is generated by elements of degree at
most dimg(V)(|G| — 1). G. Kemper has made the conjecture that Noether’s
degree bound, |G|, applies whenever K[V]¢ is Cohen-Macaulay.

Symonds [106], using work of Karagueuzian and Symonds [62] has proved
that

Theorem 1.4.1. If K is finite and G is a non-trivial finite group acting on
V with dimg (V) > 1, then K[V]9 is generated in degrees less than or equal to
dimg (V)(|G] — 1)

A synopsis of this work is given in §3.6.

1.5 On the Structure of K[V]%: The Non-modular Case

The invariant theory of finite groups is much better understood in the non-
modular case. For example, in this situation, a complete characterization of
those representations for which K[V]% is polynomial is known. To state this
characterization we need the following definition.

Definition 1.5.1. Let V' be a representation of G defined over a field K. Then
o € G is a reflection if dim V7 = dimV — 1. Qver a field of characteristic p,
a reflection of order p is called a transvection.

Classically, a (real) reflection was defined as an element o with single non-
trivial eigenvalue —1, and a (complex) reflection as an element with single
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non-trivial eigenvalue a (complex) root of unity. What we have defined as a
“reflection” was originally called a “pseudo-reflection”. This older terminology
is still used by some authors.

The following famous and beautiful theorem follows from the work of Cox-
eter [24], Shephard and Todd [101], Chevalley [22], and Serre [95]. To prove one
direction, that groups generated by reflections over C have polynomial invari-
ant rings, Shephard and Todd classified all such representations and showed
that in each case the ring of invariants is polynomial. Unaware of their work,
Chevalley [22] proved in 1955 that for representations over R generated by
reflections of order 2 the ring of invariants is always polynomial. Chevalley’s
proof is truly beautiful, short and does not rely on any classification. Serre who
was familiar with the work of Shephard and Todd observed that Chevalley’s
proof works for all groups generated by reflections over C not just reflections
of order 2. He also proved a partial converse valid over any field, see below.
We describe a new proof by Dufresne of this result, see Section 12.2.

Theorem 1.5.2. Let G be a finite group with |G| invertible in the field K.
Then K[V]€ is a polynomial algebra if and only if the action of G on V is
generated by reflections.

Theorem 1.5.3. Let G be a finite group represented over F. If K[V]% is a
polynomial algebra then the action of G on V is generated by reflections.

Aside from examples and special cases (see for example Nakajima’s Theo-
rem 8.0.7), the characterization of representations of finite groups with poly-
nomial rings of invariants remains one of the most important open problems
in modular invariant theory.

There are other wonderful theorems concerning characterizations of hyper-
surfaces (Nakajima), Gorenstein rings (Watanabe), or Cohen-Macaulay rings
(Hochster and Eagon) in the non-modular case.

In the modular case, we note the theorem of Kemper [65]: a bi-reflection
is an element 0 € G with Im(0 —1: V' — V) of dimension less than or equal
to 2.

Theorem 1.5.4. Let G be a finite group with |G| represented over the field F
of characteristic p > 0 with p | |G|. If K[V]¢ is Cohen-Macaulay then if the
action of G on V is generated by bi-reflections.

This topic is explored in more depth in §9.2. It remains an open problem
to characterize those modular bi-reflection groups whose rings of invariants
are Cohen-Macaulay.

1.6 Structure of K[V]%: Modular Case

J.P. Serre proved one direction of Theorem 1.5.2 holds in the modular case. He
showed that whenever K[V is a polynomial ring, the action of G on V must
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be generated by reflections. Examples of reflection groups whose invariant
rings are not polynomial are known. See for example, §8.2.

Nakajima has characterized those p-groups with polynomial rings of in-
variants when K = I, is the prime field of order p. Roughly speaking, he
shows that such groups resemble the ring of invariants of the full Upper Tri-
angular group. He gave examples of elementary Abelian reflection p-groups
with non-Cohen-Macaulay invariant rings, a somewhat simpler example is the
example mentioned above at the end of §1.1. Nakajima’s characterization fails
over larger fields, as shown by an example due to Stong, see §8.1.

Kemper and Malle have examined the class of irreducible representations
of modular reflection groups and determined which have polynomial rings of
invariants. Unfortunately, irreducible representations are few and far between.
We summarize their work in §8.3.

Much work remains to be done on characterizing groups with polynomial
rings of invariants.

1.7 Invariant Fraction Fields

It will be useful on occasion to study the fraction fields denoted Quot(K[V])
or K(V) and K(V)% of the domains K[V] and K[V]¥, respectively; in some
situations we encounter, it is useful to recall the results of Galois Theory. It
is not difficult to see that (K(V))¢ = Quot(K[V]%). For, given an invariant
fraction % € K(V)%, we may write

i _ fHa';él U(f/) _ fHo';él O'(f/)

e o(f) NE(f7)
and note that the denominator of the right hand side is invariant. Since the
fraction itself is also invariant, the numerator of the right hand side is invariant

as claimed.
Then we have the diagram

K[V]® & K[V]

K(V)¢ = K(V)

and we see that the bottom row of this diagram tells us that K(V) is a
Galois extension of K(V)%, that is, there exist ¢ = |G|-many rational functions
a; = % such that {ay,...a,} is a basis for K(V) as a vector space over K(V)¢.

Furthérmore, the induced G-action on

K(V) = &L, K(V)a;
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is the regular representation of G.

It is a famous question of Noether’s whether or not K(V)¢ is purely tran-
scendental; this is the question of whether or not there are n = dim(V) el-
ements a; € K(V)¢ such that K(V)¢ = K(ay,...,a,). The answer to this
question is negative in general. However, if p > 0 and G is a p-group, then
K(V)¥ is purely transcendental (see [81]). We will revisit this question in
section §7.6.

1.8 Vector Invariants

Consider the coordinate ring of mV = @™V with the diagonal action of G.
The ring K[m V] is called a ring of vector invariants of G. Rings of vector
invariants provide an important class of examples and counterexamples.

In [19], Campbell and Hughes give generators, as conjectured by Richman
[92], for F,[m V)¢ where Cp denotes the cyclic group of order p, and V>
denotes its 2 dimensional indecomposable representation. An easy corollary
is the fact, first observed by Richman, that this invariant ring requires a
generator of degree m(p — 1). Therefore, Noether’s degree bound, |G|, does
not hold for p-groups.

Kemper has proved that, if G is any modular group, then F[m V]¢ is not
Cohen-Macaulay for all sufficiently large m. In every example known, taking
m = 3 is sufficiently large to obtain a non-Cohen-Macaulay ring of invariants.

If G is a p-group and m > 3, then F[mV]% is not Cohen-Macaulay, see
9.2.3. This is an important corollary of the result (see 9.2.2) that if K[V]¢ is
Cohen-Macaulay, then G is generated by bi-reflections. Here an element ¢ € G
is called a bi-reflection if dim VY > dim V' — 2. This theorem shows us how
rarely we may expect to encounter Cohen-Macaulay rings as the invariants of

p-groups.

1.9 Polarization and Restitution

Consider the maps A:V - mV =Va@V & ---dV and ¢: mV — V given
—_— ———
m copies

by A(v) = (v,v,...,v) and ¢(v1,v2,...,Vm) = V1 + V2 + -+ + vp. Both of
these maps are GL(V)-equivariant where GL(V') acts diagonally on m V.

These two maps naturally induce ring maps A* : FimV] — F[V] and
¢* : F[V] — F[mV] given by (A*(F))(v) = F(A(v)) = F(v,v,...,v) and
(¢*(f))(U1,U2, cee ,Um) = f(¢(vlvv2a cee ,’Um)) = f(vl +ve 4.+ Um)-

Let f € F[V]4. Using the N™-grading on F[m V] we have

¢"(f) = Z ftirsizneniim)

i1tinte i =d
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where each f(i, i,...i,,) € Flm V], iy, i,)- These polynomials f(i, i, . i)
are called partial polarizations of f and we write

Pol™(f) = {f(il,ig,...,im) i1 +io+ -+ iy = d}

to denote the set of all such partial polarizations.

In order to compute individual polarizations, we take m indeterminates
A= (A1, A2,..., Am), and consider v = (vq,vs,...,v,,) where each v; repre-
sents a generic element of V. We write Av = A\jv1 + Agvg + - -+ + A\ v, and
then we have

FOAV) = " (f)(Mv1, Ad2va, . .., A Um)

_ i1 )12 i
= E ATAS A f(il,ig,“.,im)(vlav% .- -Um)
i1+io+.im=d

=> Nfi(v)

11|
with |I| =41 +i2+ -+ + i, = d where
freKmV] =K[V];, ®K[V];, ® - @ K[V];,, CK[mV]q

As a special case, we may take m = d = deg(f) and (i1,i2,...,%,) =
(1,1,...,1) to get the full polarization of f denoted

P(f) = f(l,l,...,l) = fmulti—linear S K[dV]

Lemma 1.9.1. The mapping [ = f(i,is,....in,) 15 GL(V)-equivariant. In par-
ticular, if G is any subgroup of GL(V) and f € K[V]Y, then Pol™(f) C
K[m V]¢

Proof. Let o € GL(V'). We need to show (o f)r = o(fr). The former is defined
by the equation

(af)(Av) Z)\I of)r
But
(o f)(AV) = f(Ao~1v) ZAffIa v)

Therefore,
(@)i(v) = file™ (V) = (0 f1) (V).

O

Lemma 1.9.2. The full polarization P(f) of f is a symmetric function, i.e.,

P()(r(v)) =P(f)(v)
where 7(V) = (Vr(1), -+ - Vr(m)) for all 7 € Yp,.
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Proof. Since 7(Av) = (Ar1)Vr(1) + Ar2)Vr(2) + -+ Ar(m)Vr(m)) We have
W) = F(r(Av)
for all 7 € Xy. a

The map induced by A is called restitution and denoted by R or by R,,.
It is defined by R : K[m V] — K[V] and R(F)(v) = F(v,v,...,v).
——

m
The following lemma is expressed in terms of the multinomial coefficient
(;l) = #lvm' where I = ('1:1, ?:2, ey ’l:”L).

Lemma 1.9.3. Let f € K[V]y be homogeneous of degree d, and consider the
sequence of positive integers i1,12, ..., %m with i1 +is + -+ + iy = d. Then

d
RSt o)) = (i1 iy ... im)f'

In particular,

RP(f) = d\f.

Proof. Setting v = (w,w,...,w) we have A\v = |A\|w where |A\| = A\ + X2 +
-+« 4+ Ag. Therefore,

FOw) = £(w) = fw) = 3 () )

|1|=d
Conversely.
FOV) = > Mfr(w,w,..ow) = > NRf(w) .
[I|=d |I|=d
Comparing the coefficients we see (?)f =Rfr. O

Remark 1.9.4. 1f d! is invertible in K, then f = RP(f/d!) lies in the image of
R. In particular, if f € K[V]§ and d is invertible in K, then f € R(F[dV]%).

The following example illustrates polarization and restitution.

Ezxample 1.9.5. Let K be a field of any characteristic. Consider the usual three
dimensional permutation representation V of Y3, the symmetric group on
three letters. Let {x,y, 2z} be a permutation basis for V*. It is well known that
if K has characteristic zero, then K[V]** is the polynomial ring K[s1, sg, s3]
where sy = x+y+ 2, S = xy+ xz+yz and s3 = xyz. This result is also true
when K has positive characteristic, even for characteristics 2 and 3. We will
outline one proof of this result in §3.2 and give another proof in §5.1.1. Here
we consider the ring of vector invariants K[2 V]*3. Weyl [112] proved that the
polarizations of the elementary symmetric functions f = s1,9 = s2,h = s3
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suffice to generate K[2V]*3 if 6 = | 23] is invertible in K. In fact, he proved
that if V' is the usual permutation representation of X, then for any n and any
m the polarizations of the elementary symmetric polynomials s1, so, ..., s,
generate the ring K[m V]*» provided only that n! is invertible in K. Here we
have

Fvi + Xava) = f(Az1 + Aama, Aiy1 + Aaya, A121 + Aaza)
=Mz +y1 +21) + Aoz +y2 + 22).

Thus Pol®(f) = {fi0, fo1} where

flo=x1+yi+ 21
fo1 = x2 + Y2 + 20.

Similarly,
g(Av1 + Aava) = g( Azt + Aama, Miy1 + Aaya, A12z1 + Aaza)
= M(z1y1 + 2121 + y121)
+ MA2(T1y2 + T122 + Y122 + Y122 + 2122 + 21Y2)
+ A3 (22y2 + Tazo + Y222).

Thus Pol*(g) = {920, 911, go2} Where

g20 = T1Yy1 + T121 + Y121,
911 = T1Y2 + T122 + y1%2 + Y122 + 2122 + 21Y2,
Joz = T2Y2 + X222 + Y2 22.

Here ¢1; is the full polarization P(g). Finally

h(Axy + Aaxa, Aiy1 + Aoy, A121 + A22z)
= /\i'($1y1Z1) + )\%/\Q(xlym + x1y221 + Toy121)
+ )\1)\%(1‘13}22’2 + ToyY129 + Z‘ngzl) + )\%.%‘21/22’2.

Hence Polz(h) = {h30, ha1, h12, ho3} where

hao = T1y121,
ho1 = T1y122 + T1Y221 + T2Y121,
hi2 = 21y220 + T2y122 + T2Y221,
hoz = z2y220.

Weyl’s result tells us that if the characteristic of K is neither 2 nor 3, then
K[2V]*5 is generated by the nine invariants

f10, fo1, 920, 911, go2, N30, hat, Ri2, hos.
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It turns out that these nine invariants also generate K[2V]** if K has char-
acteristic 2. The identity

3(@1y125 + yr12125 + 212193) = [1og902 — froforgur + frohaz + 93
— 2f10h12 + farg11 — 4920902 + 2forhor

shows how to express the invariant k := x1y; zg +y1 zlx% +x1 zlyg in terms of
the polarized elementary symmetric functions when 3 is invertible. However,
over a field of characteristic 3, this identify expresses an algebraic relation
among the polarized elementary symmetric functions. In fact, over a field of
characteristic 3, it is not possible to express k as a polynomial in the nine
polarized elementary symmetric functions. In fact, it turns out that the nine
polarized elementary symmetric functions together with the invariant k£ form
a minimal generating set for K[2V]** when K has characteristic 3.

Polarization and restitution may be defined more generally, as follows.
Given a multi-homogeneous function

feRKW oW @ - & Wt](il,ig ..... it)
and given positive integers mq,mo, ..., ms, we define maps

A:Wl@WQGB---@Wt—>m1W1€Bm2W269-~-€9tht

and
dp-mWidmaWo®d---dmWy =W eWyod---aW,
given by
A(v1,09, 0.y 0) = (U1, U1y e v oy U1, U2, V25« v oy U2y« oy Uy Uty v ooy Ug)
my ma me
and

ma mo my
¢(U113U12a"'av1m17~";vtlavt27"'7vtmt):(E Ulja E U?ja"'? E vtj)~
=1 =1 i=1

As above, these induce GL(W;) x GL(W3) X - -+ x GL(W;)-equivariant
maps ¢* : KW @ Wa @ --- & W] — Kimi W1y @ ma Wa @ - -+ @ my W] and
A* :K[m1W1®m2W2@~~@tht] HK[Wl@WQ@@Wt]

Given f € K[W, & Wy & - - - & W], the multi-homogeneous components of
@*(f) are the partial polarizations of f. We denote the full set of these partial
polarizations by Pol™t" T ( f),

As above, we distinguish as a special case, the full polarization of f. This
is the unique multi-linear partial polarization and we again denote it by P(f).
The full polarization may also be described as follows. For each k = 1,2,...,t,
we let Py, : K[Wh]a, — K[dpWi](1,1,...,1) denote the full polarization operator

geany
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from the k' copy of V as defined earlier. Then we put P = P,Pi_q--- PaP1
which is given by

P:KW1eWo @ ©Wil(a, ds,....d) — KldiW1 @ doaWo & ---©diWi|(11,...1)-

It is easy to see that these more general partial polarization operators are
GL(W7) x GL(W3) x - -+ x GL(W}) — equivariant and that P(f) is symmetric
(invariant) under the action of Xy, x Xy, x - -+ x Xy,. We define a generalized
restitution operator R = Ry, ry,...r,) = Rt 0 Rg_1 0+ 0 Ry 0o Ry similarly:

R:KriWi®roWe@®---driW ] - KW @Wa @ - ®W,;
so that

R(F)(Viy,...,ve) = F(V1,...,V1,Va, ..., Vo, o, Vi oo V)
—_——— ——

T1 T2 Tt

for F' € K[lel D roWs @& --- @ ’/‘tWt]. Then R(P(f)) = dqi!ds!- dt'f if
J e KWi@Wa@---®Wi](4, ds,...,a,)- Note that unlike polarization, restitution
is an algebra homomorphism.

1.10 The Role of the Cyclic Group C,, in Characteristic p

In many respects, the characteristic p invariant theory of the cyclic group C,
of order p plays a central role in modular invariant theory. In this book, we
will spend considerable effort developing our understanding of Cp-invariants
in characteristic p. To partially explain the importance of C), we begin with
the following two very useful lemmas.

Lemma 1.10.1. Suppose H is a normal subgroup of G with quotient group
G/H. Let V be a representation of G. Then G/H acts naturally on V1 and
VG = (V)G 0

We will use Lemma 1.10.1 in the proof of the next lemma. However, its
main use will be when we apply it to a normal subgroup H of a group G
acting on a coordinate ring K[V]. Then we have K[V]¢ = (K[V]#)&/H . This
is the topic of Chapter 14.

Lemma 1.10.2. Let G be any p-group for p a prime and let H be any mazximal
proper subgroup. Then H is normal in G necessarily of index p. Hence if G
is generated by H and o, we have G/H = C,, generated by &, the image of o
in G/H. O

The preceding lemma shows that for any p-group G, we may construct a
composition series, that is, construct a tower of groups G;, each normal in the
next such that G;11/G; = C), with Gy = {e} and G,,, = G.

We record this result as the following lemma.
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Lemma 1.10.3. Suppose G is a p-group. Then G is solvable with all compo-
sition factors isomorphic to Cp. That is,

{e} =Gp<aG1<4G2«... 4G, =G
with G;/Gi—1 2 Cp, for alli=1,2,...,m. O

A consequence of this lemma is that we may compute the invariants of a
p-group G by repeatedly computing invariants under an action of the cyclic
group Cp. Given {e} = Gg<1G1 <G2<...4G,y, = G, we proceed as follows.
First, we compute R; := K[V]|% where G; = C,. Then we compute Ry =
K[V]&2 = (K[V]¢1)¢2/CGr =~ Rlcp. Continuing in this manner we compute
Rjp1 = K[V]%+1 = (K[V]%)%5+1/Gi = RS? for j = 0,1,...,m. This yields
Ryny1 = K[V]9. Thus, in theory at least, any composition series of G' provides
an inductive method of computing the G-invariants. Of course, this so-called
“ladder method” is applicable to any solvable group.

In practice, this method runs into difficulties particularly for representa-
tions of G over a field K of characteristic p, see §14. Heuristically, the prob-
lems occur because C), is acting on K[V]# which is most often not polynomial
and, in particular, is not of the form K[W]. For modular representations, this
presents special difficulties. Chapter 14 discusses this technique in detail and
shows how we may use group cohomology to handle the extra difficulties that
arise in the modular case.

1.11 C, Represented on a 2 Dimensional Vector Space in
Characteristic p

As a simple example of a modular group action, consider the vector space
Vs of dimension 2 over a field F of characteristic p > 0 with basis {e1,ea}.
We start with a lengthy but elementary proof which illustrates part of the
attraction of modular invariant theory. Namely, that it is possible to prove
some theorems using only basic techniques.

Let C, denote the cyclic group of order p generated by o. Consider the

matrix
(10
=11

inside GL(2,F) where F is a field of characteristic p. It is easy to show, using
induction, that
i (10
i ( 1).

Therefore, we obtain a representation p : C, — GL(V:) given by the rule
p(c?) = 7°. We have o(e1) = 7(e1) = e1 + ez and o(ez) = 7(e2) = ea.

Let {x,y} be the basis for V5" dual to {e1, e2}. Then o(z) = z and o(y) =
-z +y.
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We see immediately that the polynomial x is an invariant. Moreover, since
(y +x)? = yP + 2P, the polynomial N = y? — xP~1y is another example of an
invariant. We will see below, in Theorem 1.11.2, that for this representation,
these two invariants are the two most important invariants.

Lemma 1.11.1. N%(y) = y? — 2P~ 1y. .

Our goal is to show that the ring of Cp-invariants is the algebra generated
by the two invariants N and z:

Theorem 1.11.2. F[V5]¢ = Fz, N].
Before proving Theorem 1.11.2, we need some preliminary results.
Lemma 1.11.3. Let f € F[V3]. Then deg,(o(f)) = deg, (f).

Proof. Let m denote deg, (f) and write f = a,,y™ + m1y™ -+ ag
where a; € Flz] and a,,, # 0. Then

o(f) = olam)(@W)™) + o(am-1)(o(y)™ ") + - + o(ao)
= am(y - x)m + amfl(y - x)m—l +---+ap
= apy™ + terms of lower order in y

Thus deg, (o(f)) = m. O

Since N is monic when considered as a polynomial in the variable y with
coefficients from F[z], we may divide any polynomial f € R by N to get
[ =4qN + 1 where ¢,7 € F[z, y| are unique with deg,(r) < p = deg, ().

Lemma 1.11.4. If f € F[V5]¢ and f = qN + r with deg, r < p, then q,r €
F[VAJC.

Proof. First we note that it is enough to show that ¢ and r are o-invariant
since o generates C)p.

We have f = o(f) = (0 - q)(c(N))+ (o -r) = (6 -¢)N + (o - 7). Since
deg, (0 - r) = deg,(r) < p, by the uniqueness of remainders and quotients we
must have o -r =r and 0-q¢ = gq. a

Now we need a result concerning the partial differential operator Biy'
Lemma 1.11.5. If f € Flx,y|%, then %(f) € Flz,y]¢.

Proof. We note that it is sufficient to show that if f € F[V], then U(aiy(f)) =

é%(a f). Further, we note that both o and % are F-linear maps. Therefore, to
show that they commute we need only show that they commute on monomials:

0 _ " _
o(a—y(xayb)) = U(bxayb 1) = bz (y — x)b L and
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Remark 1.11.6. The lemma above also follows from the Leibnitz’ rule:
1o} 0 0
a_y(f1f2) = 8—y(f1)f2 + fla_y(fQ)

We now give the proof of Theorem 1.11.2.

Proof. Clearly, F[V2]“» D F[N, z]. Thus it suffices to prove that each invariant,
[, is contained in F[z, N]. We prove this by induction on deg, (f).

If deg, (f) =0, then f € F[z] C Flx, N].

Next, suppose deg, ( f) = d and that every invariant, whose degree in y
is less than d, lies in Flx, N]. Write f = ¢- N + r, where m := deg, (r) < p.
We will now show m = 0. Assume, by way of contradiction, that m > 1 and
consider the invariant h defined by

_ 0

h: Gy

Then h = ay + b, where a is a non-zero scalar and b € F[z]. But h =
olay +b) =a(y — z) + b= ay + b — ax and this contradiction shows that we
must have m = 0. Therefore, f = q- N +7 where q € F[V5]%, deg,(q) =d—p
and r € F[z]. By the induction hypothesis, ¢ € Fz, N] and thus f € F[z, N].

O

In later chapters, we will discuss some elements of commutative algebra
and we will be able to give a simpler proof of this result. An outline of this
simpler proof is as follows. Since {z, N} is a homogeneous system of parameters
for F[V5]% (see §2.6 for details) and the product of their degrees equals the
order of the group, then Theorem 1.11.2 follows from Theorem 3.1.6.

We pause here for a discussion of history and philosophy. The invariant
theory of polynomials began in characteristic 0.

For example, at the time of Newton and Vandermonde, there was intense
interest in generalizing the famous quadratic formula. The problem was to find
the roots of high degree polynomials in one variable with integer coeflicients by
means of radicals. One method of study was to suppose the solution and study
which polynomials arise: perhaps, it was thought, all of them. Let x4, ..., 2,
denote the roots of a polynomial f(t) = a,t™ + -+ + a1t + ao for integers a;.
This means, of course, that

n

f(t) =an H(t — ;)

=0

and ag,aq, ..., a,_1 are the elementary symmetric polynomials in z1, zs, ..., Z,.
We note that the right hand side is invariant under any permutation of the
variables. Therefore, in order to understand solutions of such equations by
means of radicals it is possibly useful to understand the invariants of per-
mutations of n-variables. Such considerations lead to the invariant theory of
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other groups, and many books on invariant theory begin with this particular
situation.

For another approach, we note that Theorem 1.11.2 tells us that the ring of
invariants F[V3]? is a polynomial algebra. Characterizing the modular groups
with this property, where the rings of invariants are again polynomial algebras,
is still an open question, perhaps the most important open problem in this
area of research. By way of contrast, the characterization of such groups in
the non-modular case (Theorem 1.5.2) is one of the best-known and beautiful
results in classical invariant theory. We are attracted to such results because
an important property of the original algebra is preserved under the action of
the group.

It is not difficult to show that F(V3)¢» and F(z,N) are equal using Galois
Theory. It is often not too difficult to discover sets of invariants with the
property that the quotient field they generate is the quotient field of the ring
of invariants. Heuristically, as one is led to believe by Noether’s question,
fewer generators are needed at the quotient field level to generate the field
of invariants. In any event, Theorem 1.11.2 is attractive also in this sense —
that the generators needed for the field of invariants suffice to generate the
ring of invariants as well.

The example, while simple and straightforward, offers a glimpse into the
world of invariant theory. We seek to discover which invariants generate the
ring of invariants and we are interested in the algebraic structures that are
exhibited by the invariant ring.

1.12 A Further Example: C), Represented on 2V, in
Characteristic p

Here we compute the ring of invariants of the group Cj, on 2V, := V5 @ Vs.
Here we are considering the action of C),, determined by

1000
1100
0010
0011

We introduce
1000

—-1100
0010
0001

g1 =

and
1000

0100
0010
0011

09 =
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Thus o = og07 "

Let {z1,y1,%2,y2} be the basis for the vector space (2V3)* dual to the
standard basis of 2V;. Thus o;(z;) = z; for 1 < 4,5 < 2, 0;(y;) = y, for
1<j7#1<2,01(y1) = y1 + 21 and 02(y2) = ya2 — 2. Define G to be the
group generated by o1 and o2, so that G = C, x C}, and H to be the group
generated by o = g20; ' so that H = Cp. We want to compute F[2 V3] H.

Given the example just computed, it is easy to see that

F[2V2)¢ = F[Vo] % @ F[Va] % = Fla1, N(y1), 22, N(y2)].
Now we consider the diagram

F(2V)Y — F2W)! — F(@2V)

F2V5]¢ — F2Va]7 — F[2V4).

By Galois Theory, we have that the field F(2V3)# is an extension of the
field F(2V5)C of degree p; that is, F(2V5)H as vector space over F(215)% has
dimension p. In order to exploit this property, we need to find an element of
F(2V2)H that lies outside of F(2V5)¢.

It is easy to see that the element u = x1y2 — x2y1 is an invariant of least
degree in F[2 V5]H outside F[2 V5]¢, and therefore F(2 V5) has basis

{1,u,u2,...,up71}.

We see that
uP = 2N (y2) — 25N (1) + 28 b

Theorem 1.12.1.
F[Q VQ}CP = F[xlﬂxQ»N(yl)vN(yQ)vu] .

In fact, .
F[2 V5] = éBf;&F[xl,x27N(y1),N(yz)]ul .

Proof. Our challenge is to show that {1,u,u?,...,uP~"} is a basis for F[2 V5]
as a module over F[2V5]¢.
Since G is Abelian, we have that H is normal in G and hence

F[2V5]9 = (F[2 Vo] )</ 1.

We note that the image of either oy or oy generates G/H = C,.
We define
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A1:O'1—Id
AQZO'Q—Id and
A =0 —1d.

Consider f € F[2V2]# and note that o(f) = f implies o1 (f) = o2(f) and thus
Ay (f) = As(f). In particular, f € F[2V3]% if and only if A;(f) = 0. Also

o(A1(f) = o207 H(o1(f) = ) = 02(f) — o(f) = o1 (f) — [ = Au(f).
Thus A; : F2 V57 — F[2 V5)#

Lemma 1.12.2. If f € F[2Vo]?, then A(f) = zixaf’ for some f' €
F[2 Vo]

Proof. For any f € F[2 V3] we write f = Zzl:o fey! with f, € Flzy, 22, ys] for
0 < ¢ < d in order to see that Ay(f) = x1f’. Similarly, As(f) = aof”. If
f € F[2V5)H, then o1(f) = oa2(f), and so x1f' = zof”. But 2; and x5 are
co-prime in F[2 V3] and so A1 (f) = z1z2f"" for some f"" € F[2 V3]. Since both
Ay (f) and x1z9 are H-invariant, we see that " € F[2 Va]H. a

We now finish the proof of Theorem 1.12.1. Since A} = (o7 —Id)? = o} —
Id = 0 we see that AY(f) = 0 for all f € F[2V5]. Thus given 0 # f € F[2 Va]H
there must exist an £, 0 < ¢ < p with the property that 0 # A%(f) € F[2V,]7
and A“T(f) = 0. We claim that then f = anzo fmu™ for f,, € F2V5]¢. We
proceed by induction on £. If £ = 0 then A;(f) = 0 which implies f € F[2 V3]
as we observed above. For the general case, we write Ay (f) = x12of" with
/' € F[2Va]H and observe that f/ = Y01 f7 um with all £, € F[2V3]% by
induction. Now consider

-1
Al(f g1 = 411+ 3 )
1 -1
—ar (a4 f;zm(um“))
m=0

—2
Zf Al m+1>

m=0

N

|-

= A" ($1$2f + fz 141 (u") +

= A§‘1<

o~

-1

¢
14
CU1£E2fu —fz Z( u' $1$2 z

g

C\\H \SOIM
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-2 1 -2 N 4
= Ail( Z Tz fu™ + Zfé—l Z (z) ul(—xla:g)[_i
m=0 i=0

where h,, € F[2V3]¢ for m = 1,2,...,/ — 2 and this final expression is

equal to zero since, as is easily verified, A!(u®) = 0 whenever ¢t > s.
Therefore, f + uf'/¢ € @fn_zloF[Q V5]%u™ by the induction hypothesis. Thus
f € @t _ F[2Va]%u™ which proves Theorem 1.12.1. O

1.13 The Vector Invariants of V,

Given a representation V' of a group G and an integer m > 2, a ring of
invariants K[m V]¢ is called a ring of vector invariants. A theorem providing
an explicit description of K[m V]¢ for all m > 1 is called a first fundamental
(or main) theorem for V. The following first fundamental theorem for V5 was
conjectured by David Richman and proved by Campbell and Hughes, see [19].
Their proof is technical and uses a deep result about the rank of zero-one
matrices in characteristic p. We will give a shorter proof which uses ideas
from this book and which has the advantage that it yields more than just a
generating set; it yields a SAGBI basis as we shall see in §7.4.

Theorem 1.13.1. Let G = C), = (o) act on V. = mVa. Let {y;,x;} denote a
basis for the it copy of Vy' in V* where o(y;) = y; + x; and o(z;) = z;. Thus
{z1,y1,%2,Y2, - - ., T, T } 08 an upper triangular basis for V*. Then the ring
of invariants F[m V] is generated by the following invariants:

1. x; fori=1,2,...,m.
2. N () =P — 2Py, fori=1,2,...,m.

3wy = x5y —xy; for 1 <i<j<m.
4. T (y$rys2 . ytm) where 0 < a; < p fori=1,2,...,m.

Remark 1.13.2. Shank and Wehlau [99] showed that if a;+-as+- - -+a,, < 2(p—
1), then Tr (y1 952 ... y%m) lies in the subalgebra generated by 1, o, . . . , Zp,
and u;; with 1 <14 < j < m. Additionally, they also showed that if we exclude
invariants of this form, the remaining invariants minimally generate F[m V3]».

The following example illustrates Theorem 1.13.1.

Ezample 1.13.3. If we take m = 3 and F a field of characteristic p =
3, then Theorem 1.13.1 tells us that F[3V5]%® is generated by z1,xs,x3,
N(y1),N(y2), N(ys3), u12,u13, uss and some transfers.
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It is straightforward to compute

Tr% (i) = 0 fori=1,2,3;
T (yiy) = —wix; for 1<14,j < 3;
T (y7y;) = wiuys for 1 <i#j<3;

T (Y1y2y3) = T1u23 — T3u12;
Tr (1/12?/]2) = —Ujj; — xfxf for 1 <i<j<3;
Tr(yiy1y2ys) = —ijUix, — TiT; T where {i,7,k} = {1,2,3}.

Thus we see, in agreement with Remark 1.13.2, that F[315]¢® is minimally
generated by

1, T9, T3, N(y1), N(y2), N(y3), uia, w1z, uzz, Tr%(yiy3ys),
c c c:
T (yiy2u3), Tr° (y1y3y3) and Tr (y7y503).

Remark 1.15.4. The proof of Theorem 1.13.1 (see §7.4) shows in particular
that the invariant Tr” (y¥ _1y§ B yP~1) cannot be expressed using only in-
variants of lower degree and thus the Noether (m Vs, Cp) > m(p — 1). (Of
course, the theorem also shows that we have equality here.) Similarly, in Corol-
lary 7.7.3, we show that (over a field of characteristic p) S(m V., Cp) > m(p—1)
if » > 3. Thus, unlike the non-modular situation, in the modular setting, there
can be no general bound on S(V, @) independent of V. In fact, fix any field
K and any linear algebraic group G and consider 3(G) := sup{8(V,G) | G <
GLk(V)}. Bryant and Kemper [15] showed that 3(G) is finite if and only if
G is a finite group whose order is invertible in K.
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Elements of Algebraic Geometry and
Commutative Algebra

In this chapter we summarize the basic elements of algebraic geometry and
commutative algebra that are useful in the study of (modular) invariant the-
ory. Normally, these techniques are most useful in questions about the struc-
ture of rings of invariants, and, as well, they seem to be most useful in proving
theorems that hold true for all groups, modular or not. It is worth noting that
a large fraction (as much as one third — see the paper of Fisher [37, Page
146]) of the papers in mathematics in the latter stages of the 19th century
were studies of invariant theory. It is worth noting as well that commutative
algebra was invented, discovered if you prefer, by Hilbert, in order to clarify
and understand invariant theory more fully, see Fisher [37]. There are several
excellent references, including Atiyah and Macdonald [5], Dummit and Foote
[32], Eisenbud [33], Lang [74], Matsumura [79], and a forthcoming book by
Kemper, [67].

2.1 The Zariski Topology

Algebraic geometry uses algebra to study geometric objects and vice versa.
Given a vector space V defined over a field K we study the K-valued poly-
nomial functions on V. Let {z1,x2,...,2,} be a basis for V* = homg(V, K),
the vector space of linear functionals on V. We consider the polynomial ring
S = K[x1, 2, ...,z,]. Here each x; is naturally a (linear) function on V' and
we consider a polynomial in S to be a function on V' by using the usual
pointwise definitions for products and sums of functions. Thus each element
of f € S is a K-valued function, f:V — K with domain V.

We would like to use the geometry of V' and the action of G on V to study
S and its structure as a G-module. However, there is a problem for us since
we will most often be working over a finite field F. If F is finite then so is V'
and thus there are only finitely many functions from V to F. However, the
polynomial ring S is always infinite. For example, if F = IF),, the field of order
p, then the two polynomials z; and x¥ represent the same function from V' to

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 25
Encyclopaedia of Mathematical Sciences 139,
DOI 10.1007/978-3-642-17404-9_2, (C) Springer-Verlag Berlin Heidelberg 2011
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F,. There are a few ways around this difficulty. We will proceed by extending
our field K to an algebraically closed field K. We will work with both K and
K and then interpret what our results say about invariants over K. We write
V.=V Rk K.

We define the coordinate ring of V by K[V] := K[z1,z2,...,2,] and the
coordinate ring of V by K[V] := K[z, 22, . .., x,]. In this section, the connec-
tion of this coordinate ring K[V], to the geometry of V, is explored.

Given a set T' of polynomials in S we define V(T') = V(T to be the

subset of V on which every element of T vanishes, that is,
ViA(T)=V(T)={veV|f(v)=0forall feT}.

We say that V(T) is the variety that is “cut out” by the set T. A subset X
of V which can be realized as X = V(T) for some subset 7" of S is called an
algebraic subset of V.

Given such an algebraic subset X of V we may view functions on V as func-
tions on X via restriction. By definition, the coordinate ring of the subvariety
X is the set of such restricted functions. Thus restriction gives a surjective
algebra map, res : K[V] — K[X]. Hence K[X] = K[V]/Z(X) where the ideal
Z(X) is the kernel of res. Thus Z(X) = Zg(X) is the subset of polynomials in
S vanishing on X, that is,

To(X)=T(X)={f €S| f(v)=0forall v € X}.
The following celebrated theorem of Hilbert holds, see [5, pg 85].

Theorem 2.1.1. (Hilbert’s Nullstellensatz) Let S = K[y, xa,...,2,], where
K is algebraically closed. If I is an ideal of S then T(\V(I)) = /1.

The following two results will be useful later on.

Lemma 2.1.2. Let vy, va,...,v, be distinct elements of the K-vector space
V. Then there ezists a (non-homogeneous) h € K[V such that

h(os) = 1 ifi=1,
N0 it

Corollary 2.1.3. Let vy, vs,...,vy be distinct elements of the K-vector space
V. Let c1,¢9,...,¢m € K be given. Then there exists f € K[V] such that
fvi) =¢; fori=1,2,...,m.

The concept of the coordinate ring of V' can be extended to any algebraic
subset X C V by considering the functions on V restricted to X. Of course,
any function of Z(X) when restricted to X gives the zero function. Thus
two functions fi, fo € S = K[V] have the same restriction to X if and only
if fi — fo € Z(X). Thus studying the restrictions of elements of S to X
is equivalent to studying the ring S/Z(X). This ring, S/Z(X), is called the
coordinate ring of the subset X and is denoted K[X].
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We note that K[X] will fail to be a domain when I(X) is not prime, i.e.,
when X is not irreducible. However, K[X] does not have nilpotent elements
because Z(X) is a radical ideal. In fact, as we shall see in the next section,
every Noetherian K algebra without nilpotent elements can be realized as the
coordinate ring of some variety X.

2.2 The Topological Space Spec(S)

Given a coordinate ring S = K[V as above, we consider two sets; MaxSpec(S9)
denotes the set of all maximal ideals of S, and Spec(S) denotes the set of
all prime ideals of S. Minimal closed subsets of V correspond to the max-
imal ideals of S so that there is a one-to-one correspondence between the
points of V and the elements of MaxSpec(S). This correspondence identi-
fies V' with MaxSpec(S). Under this identification, the Zariski topology on V'
makes MaxSpec(S) into a topological space.

This topology passes to Spec(S) as well: M C Spec(S) is closed if and only
if there exists an ideal J of S such that M consists of all the prime ideals of
S which contain J, i.e, if and only if M = {I € Spec(S) | I D J}. Hence a
point of the topological space Spec(S), i.e., a prime ideal of S, is closed in this
topology if and only if it is a maximal ideal of S. This topology on Spec(S)
is also referred to as the Zariski topology.

We now return to the question of non-algebraically closed fields. Often, our
field K is not algebraically closed, for example, it is often a finite field. Since
our main object of study is K[V] = K[z, x2, ..., Z,], we prefer not to merely
extend the base field and study K[V]. Instead, we compromise and consider
the elements of K[x1, 2, . ..,z,] as functions from V to K, i.e., we view K[V]
as a sub-ring of K[V]. With this bigger domain, each of the (infinitely many)
elements of K[V] corresponds to a different function on V. This allows us to
treat the elements of K[V] solely as functions and so to relate the algebraic
properties of K[V] to the geometric properties of V.

2.3 Noetherian Rings

We will always study rings that are commutative with a 1. There are many
good references including Atiyah and Macdonald [5], Bruns and Herzog [14],
Dummit and Foote [32], Eisenbud [34], Land [75], Matsumura [80], Zariski
and Samuel [116] and [117].

We assume that R is non-negatively graded, that is R = ®©32 g where
each R, is a K vector space and R; - R; C R;1; for all ¢, € N. We further
suppose that R is connected, i.e., that Ry = K. Finally, we will also assume
that R is finitely generated. This means that there is a finite collection of
elements Z = {f1, fo,..., ft} C R such that every element of R may be
written as a K linear combination of products whose factors are elements
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of Z: R =XK|[f1, fa,..., ft]- If R is a graded connected finitely generated K-
algebra and all of the generators fi, fa,..., f may be taken in R; then we
say that R is a standard graded K-algebra. We note that a finitely generated
K-algebra is always Noetherian, i.e., every ideal I of R is finitely generated:
I'=(g1,92,--.,9s) = Rg1 + Rg2 + - - - + Rys.

An element h € R is homogeneous (of degree d) if there exists d such
that h € Rg. An ideal I of R is graded (or homogeneous) if it generated by
homogeneous elements. Equivalently, I is graded if whenever h € I and we
write h = hg + h1 + -+ hg with h; € R;, we have all hl,hg,...,hd € I. The
ideal R4 := ©32, Rq is the unique maximal homogeneous ideal in R.

The prototypical example of a finitely generated K-algebra is the poly-
nomial ring K[z, 2, ...,2,], where the x; are (algebraically independent)
indeterminates. If I C R is a graded ideal then the quotient ring R/I is also
a graded ring via (R/I)q = Ra/Iq. Furthermore, if R is a standard graded
algebra, then R/I is also standard graded. In fact, it can be shown that every
standard graded K-algebra arises in this manner.

Suppose R is a finitely generated K-algebra which is a domain. Let
f1, f2, -, fm denote the set of generators for R. Consider the polynomial ring
S =Klzy,x2,...,2m,]. We may view S as the coordinate ring of the K-vector
space V of dimension m, i.e., S = K[V] where we identify the indeterminates
Z1,&2, ...,y with a basis of V*. Then we have a surjection

m:S—R

given by m(x;) = f;. Let I denote the kernel of 7. Since we have assumed that
R is a domain, [ is a prime ideal of S. Thus we may view R as the coordinate
ring of an (irreducible) algebraic subset X of V. Here X = Vy (I). The map
of varieties which is dual to the ring 7 is an embedding of X into V' = K™.
For this reason, if R is minimally generated by m elements we call m the
embedding dimension of R, denoted edim(R).

Let R be a Noetherian ring and suppose @ is a prime ideal in R. We define
the height of p to be i if pg C 1 C -+ € p; = p is a chain of prime ideals of
maximal length of R contained in p. More generally, if I is any ideal of R, then
the height of I is defined by height(I) = min {height(p) | p 2 I, p is prime}.
Finally, the Krull dimension of R is the supremum of the heights of all prime
ideals in R.

Ezample 2.3.1. A polynomial algebra K[z, zo, . . ., x,] has Krull dimension n.

Of course, the embedding dimension of a finitely generated K algebra R is
always greater than or equal to its Krull dimension with equality if and only
R is a polynomial ring. A Noetherian ring R is called a hypersurface ring or
just a hypersurface if edim(R) < Krull dim(R) + 1.
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2.4 Localization and Fields of Fractions

Let R be a commutative ring and let T C R be a subset which is closed under
multiplication and which contains 1. We introduce an equivalence relation ~
on R x T by putting

(r,t) ~ (r',t') < s(rt’ —r't) =0 for some s € T'.

We write the fraction a/b to denote the equivalence class of (a,b) and TR to
denote (R x T')/ ~ which is called the localization of R at T". The operations
a/b+ c/d := (ad + be)/bd and (a/b)(c/d) = ac/bd endow T~'R with a ring
structure.

An important example of this construction is T = {f™ | m € N} where
f is some element of R which is not a zero divisor. In this situation we write
Ry to denote T7'R.

Another important example arises from a prime ideal g in R. Since p is
prime, its complement T'= R\ p is a multiplicatively closed set containing 1.
We write R, for T7'R. In our setting, the natural map R — R,, carrying a
to 7 is injective.

Furthermore, there is a bijection (induced by the map R — R,,) between
the set of prime ideals of R, and the set of prime ideals of R which are
contained in p. One of the most important features of localization at p is that
R, is a local ring, i.e., R, has a unique maximal ideal.

If R is a domain, then (0) is a prime ideal. Then Ry is just the field of
fractions or quotient field of R, which we denote by Quot(R).

An important property of quotient fields we will exploit is the following.
Suppose that R C S are domains which are finitely generated algebras over
the same coefficient field, and that R and S share the same Krull dimension.
Then Quot(S) is a finite dimensional Quot(R) vector space.

2.5 Integral Extensions

Suppose that R is a subring of S. An element y of S is integral over R if there is
a monic polynomial f(X) = X"+ fr_ 1 X" 1+ + fo with f1, fo,..., fr € R
such that f(y) = 0. We say that S is an integral extension of R or simply
that S is integral over R if every element y of S is integral over R. The
integral closure of R in S is the set of elements of S which are integral over
R. The normalization of a domain R is its integral closure in its field of
fractions Quot(R). A domain R is integrally closed or normal if it equals its
normalization.

Proposition 2.5.1. Let R be a subring of S and suppose y € S. Then y is
integral over R if and only if the ring R[y] is a finitely generated R-module.
Furthermore, if S is a finitely generated R-algebra, then S is integral over R
if and only if S is a finitely generated R-module.
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We will use the following well-known theorem many times.
Theorem 2.5.2. Suppose that S is an integral extension of R.

1. Lying Over: Let p be a prime ideal of R. Then there exists a prime ideal
q of S with q N R = p. Moreover, p is a mazimal ideal if and only if q
1s. We say that q lies over p.

2. Going-Up: Let p1 € p2 C - -+ € pt be an ascending chain of prime ideals in
R. Supposet > s and q1 S q2 C --- C qs @s an ascending chain of prime
ideals in S with q; N R =1p; fori=1,2,...,s. Then the ascending chain
of primes in S can be extended, i.e., there exist prime ideals qsy1,...,q:
of S such thatq; Cq2 C---Cqr andq; NR=p; foralli=1,2,...,t.

3. Going-Down: Further suppose that R is integrally closed. Let p1 2 p2 2
-+ D pt be a descending chain of prime ideals in R. Suppose t > s and
qi 2 g2 2 -+ 2 qs s a descending chain of prime ideals in S with
q;NR=mp; fori=1,2,...,s. Then the descending chain of primes in S
can be extended, i.e., there exist prime ideals Qsy1,...,q: of S such that
Q12922 --2qtandq; N R=p; foralli=1,2,...,t.

2.6 Homogeneous Systems of Parameters

Let R be a finitely generated K algebra. A homogeneous system of parameters
of positive degree for R is a set of homogeneous elements {f1, fa,..., fn} of R
where n is the Krull dimension of R and with the property that R is finitely
generated as a module over the ring A = K[f1, fa, ..., fu]. Equivalently, R is
integral over K[f1,..., fn]-

The Noether Normalization Lemma, a fundamental theorem of modern
algebra, asserts that homogeneous systems of parameters always exist. This
result is used repeatedly in the study of the polynomial invariants of finite
groups. Noether’s Normalization Lemma was originally proved by Hilbert but
has acquired its name since Emmy Noether stated and proved it as a lemma
in her 1926 paper [88] in order to prove her main result that rings of invariants
of finite groups are finitely generated algebras (Theorem 3.1.2).

Theorem 2.6.1 (Noether Normalization Lemma). Let A be a finitely
generated graded connected K-algebra. Then A has a homogeneous system of
parameters.

Remark 2.6.2. If A is a finitely generated graded K-algebra of Krull dimension
n, and {hi,ho,...,h,} is a (any) homogeneous system of parameters, then
we will refer to B = K[hy, ha, ..., hy] as a Noether Normalization of A.

A sequence hi,ha,...,h; in R is a partial homogeneous system of pa-
rameters if it can be extended to a homogenous system of parameters
hi,hy ... he,heg, ..., hy. The following lemma is a very useful characteri-
zation of homogeneous systems of parameters.
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Lemma 2.6.3. Let A C K[V] be a Noetherian graded subring of Krull dimen-
sion n = dim V. Suppose {hi, ha,...,h,} is a set of homogeneous elements of
A. Then hy,hs, ..., hy, is a homogeneous system of parameters for A if and

only if Viz(h, ha, ..., hy) = {0}.

Proof. An ideal (fi, fa,..., ft) generated by ¢t (homogeneous) elements has
height less than or equal to t with equality if and only if (f1, fo,..., fi) is a

partial (homogeneous) system of parameters. Thus hq, ho, ..., h, is a homo-
geneous system of parameters if and only if height(hq, he, ..., h,) = n if and
only if dim V(hy, ha, ..., hy,) = 0if and only if Vi7(hy, ha, ..., hy) is a finite set
of points. Now since each h; is homogeneous, Vy-(h1, ho, ..., hy,) is stable un-

der scaling, i.e., if v € Vy7(hy, ha, ..., hy) then Av € Viz(hy, ho, ..., hy) for all
A € K. In particular, if Vi(h1, ha, ..., h,) contains any point other than the
origin then Vy7(hy, ha, ..., hy) contains a line and is thus infinite. This shows
that Vi-(hy, ho, ..., hy) is finite if and only if Vi-(h1, he,..., h,) = {0}. O

2.7 Regular Sequences

A sequence {r1,...,7s} in R is called a regular sequence if (r1,...,7s)R # R
and r; is not a zero-divisor in R/(ry,...,r;—1)R for 1 <i < s. (For ¢ =1 this
means 71 is not a zero-divisor in R.) We call s the length of the sequence.

If R is a Noetherian ring and r1, 79, ... is any regular sequence in R then
the sequence of ideals R(r1) € R(r1,r2) € ... in R is strictly increasing and
so must have finite length. A regular sequence is maximal if it cannot be
extended to a longer regular sequence.

Regular sequences do not necessarily remain regular when permuted, see
Kaplansky [59, pg. 102], but the situation is nicer for homogeneous regular
sequences.

Proposition 2.7.1. Let R be a finitely generated commutative algebra graded
over K of any characteristic p > 0. Then any permutation of a homogeneous
reqular sequence z1, za, ...,z 1s again a (homogeneous) regular system.

Proof. Consider the case where w, z is a regular sequence, that is, suppose
that w is not a zero-divisor in R, that z is not a zero-divisor in R/(w) and
suppose that rz = 0 for some r in R. We note that since z is homogeneous,
we may assume that r is homogeneous of minimal degree with this property.
However, since z is not a zero-divisor modulo w, we have that r = sw for some
homogeneous element s € R. But then rz = swz = 0, which implies sz = 0
contradicting the minimal degree property of r. Therefore, z cannot be a zero-
divisor in R. Now suppose the image w of w in R/(%) is a zero-divisor. Then
there are homogeneous elements ¢, € R with rw = ¢gz. But z is not a zero-
divisor modulo (w), so it must be that ¢ = tw for some homogeneous t € R,
and then rw = twz, so r = tz, since w is not a zero-divisor in R, and therefore,
7T = 0 as required.
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In the general case, because the group of permutations is generated by
transpositions of the form, (¢,¢ + 1), it is sufficient to show that

ZlyeweyRO—1yR0+19R0y -+ Rk
isregular. Now z1, ..., z¢—1 is regular, so it suffices to show that z¢41, 24, ..., 25
is regular in R' = R/(z1,...,20-1). But zp40,...,2, is regular in R’ =
R/(z1,29,...,20 2041), S0 the result follows from the previous paragraph. O

2.8 Cohen-Macaulay Rings

The depth(R) of a ring local ring (R, m) is defined as the maximal length of
a regular sequence in m. It can be shown that in a graded Noetherian ring
R any two homogeneous maximal regular sequences have the same length. If
R is a graded Noetherian ring we put depth(R) = depth(R;). The depth of
a ring is always less than or equal to its Krull dimension. A local Noetherian
ring (R,m) is said to be Cohen-Macaulay if depth(m) = height(m) and a
general Noetherian ring R is said to be Cohen-Macaulay if the localization of
R at each of its prime ideals is Cohen-Macaulay.

It can be shown (see for example [6, Section 4.3]) that a Noetherian graded
algebra A is Cohen-Macaulay if and only if there is some homogeneous system
of parameters for A which is also a regular sequence. In our setting it is often
easier to use this condition to show that a ring is Cohen-Macaulay.

For example, it is easy to show that x1,xs,...,x, is a regular sequence
in K[z1,22,...,z,] which shows that K[z, zs,...,2,] is a Cohen-Macaulay
ring.

Cohen-Macaulay rings enjoy a number of useful properties. For non-
modular representations of finite groups, a theorem due to Hochster and
Eagon [53] shows that the ring of invariants is always Cohen-Macaulay. We
will show in Chapter 9, Theorem 9.2.2, that very few modular representations
have a Cohen-Macaulay ring of invariants. This is one of the main reasons
why modular rings of invariants are more difficult to handle.

We now give a fundamental theorem of Noetherian algebra. The usual
proofs of this theorem use homological algebra, e.g. Smith [102, Corollary
6.7.7]). We give a (previously unpublished) proof of Tan Hughes which does
not use any homological algebra. In our opinion, Hughes proof is more straight-
forward than any of the other proofs of which we are aware.

Theorem 2.8.1. Let A be a finitely generated connected graded K-algebra
which is Cohen-Macaulay. Then every homogeneous system of parameters for
A is a regular sequence for A.

Proof. The proof is by induction on n = dim A. If n = 0 there is nothing to
prove. Suppose n = 1. This implies that there exists a homogeneous element
u € A with u not a zero divisor (and u ¢ Ap). We let y be a homogeneous
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system of parameters for A. We must show that y is not a zero divisor. Now
u satisfies some monic polynomial of degree r (say) with coefficients in K[y].
Since both u and y are homogeneous, this implies that if a € A with ay = 0,
then au” = 0. But v is not a zero divisor and so a = 0. This shows that y is
not a zero divisor as required.

We now suppose that n > 1. Let y1,¥2,....,y, be a homogeneous system
of parameters for A. We first show that A has a homogeneous system of param-
eters which is a regular sequence for A which is contained in K[y, ya, ..., yn].
Since A is Cohen-Macaulay, it has some homogeneous system of parame-
ters which is a regular sequence. Let u denote the first element in this reg-
ular sequence and for x € A write T to denote the image of xz in A/(u).
Now A/(u) is Cohen-Macaulay with dim A/(u) = n — 1. Since A is integral
over K[y1,¥y2, .- .,Yn], we know A/(u) is integral over K[y1, %3, . . ., Un). There-
fore, by the Noether Normalization Lemma, there are homogeneous elements
U2, U3, -, Un € K[y1,y2,...,Yyn] such that uz,us,...,u, is a homogeneous
system of parameters for A/(u). By induction, this is a regular sequence for
A/(u) and so u,usg,us,...,u, is a homogeneous system of parameters for A
which is a regular sequence for A. But then wus,w, us, ..., u, is a regular se-
quence for A by Proposition 2.7.1. Note that us € K[y1,y2, ..., yn]. We repeat
the above argument using us in the role of u and conclude that A has homoge-
neous system of parameters z; = ug, 29, .. ., 2, contained in K[y1,ya, ..., yn]
which is a regular sequence for A.

Now y; is integral over K[z1, 22, . . ., 2,] and so y; satisfies a monic polyno-
mial of degree r (say) with coefficients in K[z1, 29, ..., 2,] C K[y1, 92, ..., Yn]-
Thus y] = —21;01 a;yt with a; € K[z1, 29,...,2,]. Expressing each a; as
a polynomial in yi1,¥y2,...,y, we see that one of the terms a; includes the
monomial y{_i. From this, using the homogeneity of the y; and of the z;,
it follows that there exists some k, and some non-zero scalar A\ for which
we have Az = y§ + Zf;é byt with homogeneous b; € Klya,...,yn] for
i=0,1,...,s— 1. For z € A, we now denote by T the image of z in A/(zx).
Then the above implies that 77 is integral over K[vz,73, - . ., Un|. Thus A/(zx)
is integral over K[z, 73, . ..,¥Un] and so, since dim A/(z;) = n — 1, we have
that 72,73, ..., Un is a homogeneous system of parameters for A/(zy). So, by
induction, it is a regular sequence for A/(zx). This implies that zx, y2,...,yn
is a regular sequence for A. By Proposition 2.7.1, y2,93,...,%n, 2k is also a
regular sequence for A. But z; = A~!y{ +b with b in the ideal A(ya,y3,-..Yn)
of A. Thus y2,¥s3,...,Yn,¥y; is a regular sequence for A which implies that
Y1,Y2, - - -, Yn is also a regular sequence for A. O

The following theorem (see [6, Theorem 4.3.5] for a proof) gives two more
important characterizations of Cohen-Macaulay algebras.

Theorem 2.8.2. Let A be a graded connected Noetherian K-algebra. The fol-
lowing are all equivalent.

1. A is a Cohen-Macaulay ring of Krull dimension n.
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2. There ezists a homogeneous system of parameters yi,ya, ..., Yn in A such
that A is a free K[y1,ya2, - . ., Yn]-module.

3. A is a free K[y, ya, . .., yn]-module for every homogeneous system of pa-
rameters yi,ya, ..., Yn in A.

2.9 The Hilbert Series

Let R be a finitely generated graded K-algebra. The fact that R is finitely
generated implies that each of its homogenous components Ry is a finite di-
mensional K vector space. We define the Hilbert series of R to be the power
series
H(R,A) =) dimg (R;)\.
i>0

This series is sometimes called the Poincaré series of R as well.

For example, suppose R = K[hy,...,h,] is a polynomial algebra on gen-
erators of degrees d;. Then

n

1

i=1
This is apparent when we consider that

1

m:1+)\d+)\2d+...+)\md+..._

Suppose R is a graded Cohen-Macaulay ring and hq, ho, ..., h, is a homo-
geneous system of parameters for R. Putting H = K[hy, ha, ..., h,] we have
a Hironaka decomposition

R=®i_Hf;
on generators f;, of degrees m; for i = 1,...,r. Then
Aml .. A’I’I’L,.
H(RA) = o

[T, (1= Ad)

We are now in a position to define what it means for a Noetherian graded
domain R over a field K to be Gorenstein. Namely we require that R is Cohen-
Macaulay and that there exists an integer m such that

H(R, AL = X (=) ER(R,\).

Lemma 2.9.1. 1. A polynomial algebra R has a symmetric Hilbert series in
the sense above, hence is Gorenstein.
2. A hypersurface has a symmetric Hilbert series in the sense above, hence
is Gorenstein.
O
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2.10 Graded Nakayama Lemma

Let R be a finitely generated graded connected K-algebra. Let M be a non-
negatively graded R-module. An element f € M is clearly not required as a
generator of M if f lies in the submodule R M where Ry = ©32{ Rq. We let
Q(M) denote the (graded) vector space Q(M) := M/R; M. Here by a graded
vector space we mean a vector space W which is a direct sum of vector spaces
W = ®% W4 where elements of Wy are said to be homogenous of degree d.

Proposition 2.10.1 (Graded Nakayama Lemma). Let R be a finitely
generated graded connected K-algebra. Let M be a finitely generated mon-

negatively graded R-module. Then the homogeneous elements fi, fa,..., fr
generate M as an R-module if and only if their natural images fi, fa, ..., fr
span the K vector space Q(M) = M /R, M. Moreover, the elements f1, fa, ..., fr
minimally generate M if and only if {f1, f2, ..., fr} is a vector space basis of
Q(M).

Proof. Suppose that {f1, fa,..., fr} spans Q(M) and let N := >/ _| Rf; be
the submodule generated by f1, fo,. .., fr. Note that since the f; are homoge-
neous, N is a graded submodule of M. Assume by way of contradiction that
N is a proper submodule of M and let d denote the least degree in which
Ny C My. Choose m € My \ Ny and write m = Z:Zl ¢; f; with ¢; € K. Then
m=>"_,cfi+ 23:1 gjm; for some homogeneous g; € Ry and m}; € M.
By projecting this equation onto degree d we may assume deg(g;mj) = d
for i = 1,2,...,t. Thus deg(m}) < d for all j since degg; > 1. Therefore
m}; € N for all j =1,2,...,t by the definition of d. This shows that m € N,
contradicting our assumption.

Conversely it is clear that if fi, fa,..., f, generate M then their natural
images span Q(M).

The final assertion of the Proposition follows immediately. a

Note that any (homogeneous) lift of any homogeneous vector space basis
for M /R4 M determines a minimal homogeneous generating set for M as an R-
module. In particular, consider M = R. Let {f1, fo, ..., f»} be homogeneous
elements of R, whose natural images {f1, fa, . ., f»} form a vector space basis
of Q(Ry). Then f1, fa,..., fr minimally generate R as a K algebra. To see
this consider that Ry = Y., Rf;. Thus if f € Rq then f = Y7_, g;f; for
some homogeneous elements g; € R;. By induction on degree, we see that
gi € K[f1, fa,..., fr] and thus f € K[f1, fa, ..., fr]. Conversely, it is clear that
an element of R not lying in Ri cannot be written as a polynomial in lower
degree elements of R and thus any homogenous algebra generating set must
surject onto to a spanning set for Q(Ry).

In summary, we see that a homogeneous minimal generating set for R as an
K-algebra is obtained by lifting a homogeneous vector space basis of R/ Ri.
From this we see that such homogeneous minimal generating sets for R are
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not unique but that the number of generators of any given degree is fixed. We
also note that dimg (R /R%) is the embedding dimension of R.

We apply the graded Nakayama lemma to a ring of invariants R = K[V]¢
to introduce terminology as follows. An invariant lying in R2 may be written
as a sum of products of other invariants of lower degree. For this reason, an
invariant lying in Ri is called decomposable. Conversely, an invariant (with
zero constant term) not lying in Ri is indecomposable and lies in some set of
algebra generators for K[V]%.

2.11 Hilbert Syzygy Theorem

Theorem 2.11.1 (Hilbert Syzygy Theorem). Let M be any finitely gen-
erated graded module over a polynomial ring A = K[z1, za, . .., x,]. Then there
s a finite graded resolution of M by free graded A-modules

0— My 2% My 220 0 2 My 2 My 2 M — 0
Moreover, we may take k < n.

Note that here we do not assume that deg(x¢) = 1. We denote by I, the kernel
of the map py : My — My_1. The theorem proceeds by choosing homogeneous
generators for Iy_; and a free module M, mapping onto it. Therefore the
maps at each stage depend upon this choice. If at each stage we choose a
homogeneous minimal generating set for the kernel I, of p, then we obtain a
homogeneous minimal free resolution.

Although the maps depend upon our choice of ideal generators, the num-
ber k for which [ is first zero does not, provided we choose a homogeneous
minimal generating set for each ideal Iy, i.e., provided we work with a minimal
free resolution. This number measures, in some sense, the complexity of M. It
is called the projective dimension of M as an A-module and denoted pd(M).

We define the Betti numbers, 3¢(M), of M to be the rank of the /*! syzygy
module: B¢(M) := rank 4 (M) when the free resolution of M is minimal. For
example, 31(M) counts the number of minimal relations among any set of
minimal homogeneous generators of M. Like the length of the resolution, &,
the Betti numbers 8¢ (M) do not depend upon the choices made in constructing
a minimal free resolution of M. Using the grading on the M, we may define
the graded Betti numbers, B¢;(M) := the number of minimal generators of M,
which have degree j. Again, the graded Betti numbers do not depend upon
the choices made in constructing a minimal free resolution of M. Of course,
> i>0Bej = B for all £. Thus pd(M) = max{i | 3;(M) # 0}.

Since the maps in the resolution preserve degree and since the resolution
is everywhere exact, the Hilbert syzygy theorem yields

k
H(MA) =D (=1)"H(M;, \).

=0
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Now we have H(A, )\) =11, W Since each M; is a free A-module,
we may write M; = ] ¢ 1Am;; for some m;1, my2, ..., My, € M;. Therefore,
H(M;, \) = (Adeelma) 4 pdes(miz) 4. 4 ydeg(mar)) /TTT (1 — Adeg(@e)) In
terms of the graded Betti numbers this is H(M;, \) = (3, ﬂ” N/ T, (1 -
Adeg(@e)) and

224 (=18 N
Hz 1(1 — ,\deg(we))

In particular, this shows that when A is a polynomial ring, the Hilbert
series of any finitely generated graded A-module may be expressed as a ra-
tional function, i.e., as the quotient of two polynomials. By Noether’s Nor-
malization Lemma, every Noetherian graded ring R is finitely generated over
some polynomial ring A, and thus H(R, \) is always a rational function of .
Furthermore, any finitely generated R-module M is also a finitely generated
A-module and thus H(M, \) is a rational function of .

An important example of the above for us will be when M = R is a Noethe-
rian ring. For example, when R = K[V]%. Let {f1,..., fs} denote a minimal
homogeneous generating set for R. Let A = K[z, 22, ..., 25| denote the poly-
nomial algebra on generators x; where we declare that deg(z;) = deg(f;) for all
i=1,2,...,s. In our notation above, then, we have s = edim(R) = dim(A).
Let pp denote the surjective algebra map from A = My to R determined by
po(x;) = fi for ¢ = 1,2,...,s. The map py provides R with the structure
of a finitely generated A-module and thus we may consider its resolution by
syzygies. This turns out to be an effective way to study R and in particular
to compute H(R, \). In Chapter 13 we will study this technique in detail.

H(M,\) =
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Applications of Commutative Algebra to
Invariant Theory

In this chapter, we use some of the basic commutative algebra discussed in
the previous chapter to develop some basic results about rings of invariants.

Let R be a Noetherian graded K-algebra. Suppose that G is a group of
degree-preserving automorphisms of R. Then G acts on Ry and we denote the
elements of Ry fixed by G by RdG and we define RC = @dZORﬁ so that R®
is a graded connected algebra.

If G acts on R as degree-preserving automorphisms, then it is easy to see
that G also acts on Quot(R) as a group of automorphisms of the field. We
may therefore form the invariant subfield Quot(R)%.

Lemma 3.0.1. For any finite group G, we have Quot(R)® = Quot(R%).
Consequently, the extension Quot(R)¢ C Quot(R) is Galois, with group G
and so Quot(R) has dimension |G| as a Quot(R)Y vector space.

Proof. 1f r/s € Quot(R)“ with r, s € R, then

ro T He;éUEG o(s)
s NE(s)

Since the fraction itself and the denominator are both invariant, the numerator
is also, finishing the proof. O

Proposition 3.0.2. If R is a unique factorization domain, then R is inte-
grally closed. In particular, F[V] is integrally closed.

Proof. Suppose that r/s € Quot(R®) is integral over R. We suppose that
r and s do not share any common factor. There exist ag,a1,...,a;—1 € R
such that (r/s) + a;_1(r/s)""t + .-+ + a1(r/s) + ag = 0. Therefore r’ =
—s(ag_1r""t + ay_9rt™ 25 + -+ + ayrs' ™2 + agst™1). Thus every irreducible
factor of s divides r* and so must also divide r. But since r and s share no
common factors, this implies that s must be a unit. Thus r/s € R. O

Proposition 3.0.3. Let R be an integrally closed domain on which the finite
group G acts. Then RS is also integrally closed.
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Proof. Suppose /s € Quot(R%) is integral over R“. Then r/s is integral over
R and lies in Quot(R)“ C Quot(R). Since R is integrally closed, this implies
that r/s € R and since r/s is G-invariant, r/s € RC. 0

Proposition 3.0.4. Let G be any finite group acting on a finitely generated
algebra R as a group of automorphisms. Then R is integral over RC. In par-
ticular, R is a finitely generated RS -module.

Proof. Suppose R is generated by elements {ri,...,rs}. For ¢ an indetermi-
nate, consider the polynomials F;(t) € R[t] defined as

G

Fl(t) = H (t — O’(’I‘i)) = Zai,jti.
j=0

oelG

We extend the action of G to automorphisms of R[t] by defining o(¢) = ¢ for
all o € G. With this convention we see from the definition of F;(¢) that the
polynomials F;(t) are invariant. Thus each coefficient a; ; on the right-hand
side is invariant. Furthermore, we have shown that each of the generators of
R is integral over R®, and therefore R is integral over R as claimed. The
final assertion of the proposition follows using Proposition 2.5.1. a

Lemma 3.0.5. Using the notation of the above proof,

rfeort

0<i; <|G|-1}
spans R as a module over RC. a

The following important Corollary of Proposition 3.0.4 is immediate.

Corollary 3.0.6. Let G be a finite group. Let fi, fo, ..., fn € F[V] be a se-
quence of homogeneous invariants. Then f1, fo, ..., fn is a homogenous system
of parameters for F[V]% if and only if it is a homogenous system of parameters
for F[V].

Remark 3.0.7. Proposition 3.0.4 implies that if G is a finite subgroup of GL(V')
then dimK[V]¢ = dim K[V] = dimg V.

It follows that the Krull dimension of RS is the same as the Krull dimen-
sion of R.

3.1 Homogeneous Systems of Parameters

There are some especially useful homogeneous systems of parameters for
F[V]¥. If our group is a permutation group, then the elementary symmet-
ric functions form a homogeneous system of parameters, see Section 3.2. If
F is finite then we may always use the Dickson invariants as a homogeneous
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system of parameters, see Section 3.3. If our representation is lower trian-
gular, then Mui has constructed a homogeneous system of parameters, see
Section 3.4. In particular, Mui’s result applies for any modular representation
of a p-group (by Proposition 4.0.2).

If the field F is infinite, then we can construct a homogeneous system of
parameters by a method due to Dade, see [104]. First, we show that there
must exist a basis {z1,...,2,} for V* which has the property that, for any n-
tuple o1, ..., 0, of elements of G, the set of linear forms {o1(z1),...,0n(2,)}
is linearly independent. We begin by choosing any non-zero element x; € V*.
We choose the remaining basis elements o, 3, ..., z, inductively as follows.
Having chosen 1, 9, ..., x; we consider the union of proper subspaces of V*
defined by

K; = U spang{oi(z1),02(22),,...,0i(x;)} .

01,02,...,0;€G

construction depends upon the observation that, as a finite union of proper
subspaces, K;, cannot be all of V* when F is infinite. We note also that K;
is stable under the action of G by definition. While i < n we may choose a
linear form x;4; € V*\ K;. Such an element xz; + 1 has the property that
o(ziy1) € V*\ K; for all 0 € G. Now form the polynomials

fi= Ngl (1),
for i = 1,2,...,n. Each f; is of degree less than or equal |G|. To see that
f1s f2y- -+, fn is @ homogeneous system of parameters, suppose f;(v) = 0 for
all ¢ = 1,2,...,n. Since each f; is a product of linear forms, there must
exist, for each ¢, a group element o, € G with o;(z;)(v) = 0. But the set
{o1(21),02(x2),...,0n(x,)} is linearly independent in V* and hence it is lin-
early independent also in V' =F® V*, and hence v = 0, as required.

Remark 3.1.1. If we are working over a finite field F we may work in the
algebraic closure IF of F to use Dade’s construction to construct a homogeneous
system of parameters, fi, fa,..., fn in F[V]9. Note that the homogeneous
system of parameters will lie in [V]€ for a finite overfield F/ O F containing
the finitely many coefficients of the f;.

Probably the most famous result of Invariant Theory is David Hilbert’s
proof [52] that (in modern terminology) the ring of invariants of a (geometri-
cally) reductive group is finitely generated. However, his proof does not apply
to modular representations since these fail to be linearly reductive. For a good
discussion of these issues, see Derksen and Kemper’s book [26, section 2.2].
However, Emmy Noether [88] proved the following result.

Theorem 3.1.2. The ring of invariants F[V] of a finite group is finitely
generated.
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Proof. By the graded Nakayama lemma, Lemma 2.10.1, we need to prove
that Q(F[V]%) = F[V]9/(F[V]¢)? is a finite dimensional F vector space. Let
F be the algebraic closure of F and consider V .= V@pF. It is clear that
Q(F[V]Y) = Q(F[V]®) @ F. Therefore, it suffices to show that Q(F[V]Y)
is a finite dimensional F vector space. Hence, replacing F by F if necessary
we may assume that F is infinite. Therefore, by Dade’s algorithm, there ex-
ists a homogeneous system of parameters fi, fa, ..., f, for F[V]¢. By Corol-
lary 3.0.6, these elements fi, fa,..., f, also form a homogeneous system of
parameters for F[V]. Let A denote the polynomial ring A = F[f1, fa,..., fal.
Since F[V] is a Cohen-Macaulay ring, there exists hi,ho,...,hy € F[V]
such that F[V] = &!_, Ah;. Since F[V] is a finitely generated A-module
and A is a Noetherian ring, we see that F[V] is a Noetherian A-module.
It is clear that F[V] is an A-module and thus as an A-submodule of a
Noetherian A-module, F[V]¢ is also a Noetherian A-module. Thus there ex-
ists a finite set g1,9o,...,9, € F[V]¢ with F[V]¢ = > i=1 Agj. Therefore
FIV]Y =F[f1, f2y- -+, fns 91,92, - - - > gr) is a finitely generated F-algebra. O

In the notation of the above proof, the elements f1, fa,..., f, are tradi-
tionally called primary invariants and the elements g1, go,..., g, secondary
inwvariants. It is important to notice that there are infinitely many choices for
both the primary and secondary invariants. These two terms merely describe
the role of certain invariants within a particular fixed generating set.

Since F[V]¢ is finitely generated, its spectrum, Spec(F[V]) is an affine
variety which we denote by V//G . Dual to the natural inclusion of algebras
is the natural surjection of varieties

vV = VJG.

The fibres of this surjection consist of G-orbits: W‘;,lc;(ﬁv’g(’l})) = Gw. The ge-
ometry and topology of V//G reveals information about the ring of invariants,
F[V]¥, and vice versa.

Proposition 3.1.3. [105, Proposition 2.2.3] Let {f1, f2y..., fn} be any ho-
mogeneous system of parameters for the polynomial ring S = Flz1, x2,. .., Ty
and suppose the degree of f; is d;. Then S is a free R = F[f1, fay. .., [n]-
module on H?:l d; many generators.

Proof. Since S is Cohen-Macaulay, we have a Hironaka decomposition
S =®;% Rn;

for some homogeneous 71,72, ...,n, € S. Using this decomposition we see
that the Hilbert series of S is given by
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H(S,A) =D H(R,M)Adeetn)
j=1

Z;“:l \deg(n;)

SIS (1= %)

Since H(S,A) = [Ti—,(1 — X)~! we see that

i )\deg(nj) _ H?:l(l — /\dl)
— [lim (T =)

TTa+x+x2 4. 2%
i=1

Setting A = 1 here gives m = [[}_, d;. 0

Corollary 3.1.4. [26, Theorem 3.7.1] Let {f1, fa,..., fn} be any homoge-
neous system of parameters of degrees dy,da, ..., d, for F[V]%. Then F[V]¢

a free R="F[f1,..., fo]-module if and only if it has ([[;—, d;)/|G| many gen-
erators as an R-module. If F[V]% is not free as an R-module, more generators
are required.

Proof. Using Proposition 3.1.3 we have
F[V] = &L, R

where m =[], d;. Hence {n1,m2,...,mm} is a vector space basis for F(V)
as an Quot(R)-vector space. Thus the degree of the field extension F(V)
over Quot(R) is [] ,d;. By Lemma 3.0.1, the field extension F(V') over
Quot(F[V]¥) has degree |G|. Therefore, the degree of the subfield exten-
sion Quot(F[V]¥) over Quot(R) is ([T}, d;)/|G|. Thus F(V)¢ has dimension
(ITi=, di) /|G| as a F(f1, fo, ..., [n)- vector space. Suppose F[V]¢ => i1 Rh,
where s is minimal. Then {hl, ha, ..., hs} spans F(V)¢ as a Quot(R)-vector
space and thus s > (T, di)/|G|.

Ifs > ([Ti=, d:)/|G|, then {h1,h2,...,hs} C ]F( )¢ is an Quot(R) linearly
dependent set. Therefore we may write Y °_, 72h; = 0 for some a;j,b; € R

Jj=1 b
with at least one a; # 0. Clearing denominators gives Y 5, ash; = 0 with
ajy,ab,...,a, € R not all zero, showing that F[V]% is not a free R-module
(and thus that F[V] is not Cohen-Macaulay). O

Remark 3.1.5. In the above proof we showed that the field extension F(V)¢
over Quot(R) has degree ([];_, d;)/|G|. This shows that if {f1,..., f,} is any

homogeneous system of parameters of degrees di, . ..,d, for F[V]%, then |G|
divides [T\, d;.
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Corollary 3.1.6. Let {f1, fo,..., fn} be any homogeneous system of param-
eters of degrees dy,da, . .., d, for F[V]9. Then

n

Hdi = |G| if and only if F[V]S =F[f1, f2, ..., fu] -

i=1

3.2 Symmetric Functions

Consider G = X,, C GI(V) acting as all permutations of a basis {z1,..., 2}
for V*. We note that Gz = {x1,...,2,} and that H,, (¢t) =[]/, (t — 2;) =
Z?ZO(—l)jsjt”_j. Here, the s; is the j-th elementary symmetric function

Sj = E Tiy Ly =" Ty -
1<i1<i2<-<i;<n

The following theorem is well known. It can be proven easily using Corol-
lary 3.1.6. We will give a more constructive proof in §5.1.1.

Theorem 3.2.1. Let K be a field of any characteristic and let the symmet-
ric group on n letters, X,, act on the n dimensional K vector space V by

permuting a basis. Let {x1,22,...,z,} denote the dual basis of V*. Then
K[V]¥* = K][s1, 82, . ., 8n] where s; = s;(x1,T2,...,7,) is the i" elementary
symmetric function in {x1,22,...,Tn} fori=1,2,...,n.

Of course, the elementary symmetric functions enjoy many beautiful prop-
erties, and symmetric functions occur in many different situations in mathe-
matics.

The following theorem is well-known. We will prove a stronger version of
this result in Theorem 5.1.11.

Theorem 3.2.2.
Flz1,..., 205" = F[s1,...5n].

Proof. We begin by showing that the set {s1,...,s,} forms a homogeneous
system of parameters. By Lemma 2.6.3, we may do this by showing that the
only common zero (working over the algebraic closure of F) of the functions
{$1,...,8n} is the origin. We proceed by induction on n. When n = 1, there
is nothing to prove.

Consider the algebra surjection determined by

0:Flxy,...,zp] — Flay, ..., 25-1]
z;, ifi<n
0 ifi=n
We are using si, so,...,S, to denote the elementary symmetric functions in

T1,%2,...,Ty,. To denote the elementary symmetric functions in 1, 2, ..., Tp_1
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'_1. Note that s; = 6(s;) for i = 1,2,...,n — 1
and 0(s,) = 0. We assume by induction that the only common zero of
{sﬁ,...,s;kl} is the origin. Now consider a point (ai,...,a,) at which
$1,--.,8p all vanish. In particular, s,, = x1 - - -z, vanishes. We may assume
without loss of generality that a, = 0. Therefore, 0 = s;(ai,...,a,) =
si(ar, ... an-1,0) = 0(s;)(a1,...,an—1) from which it follows by induction
that 0 = a1 =--- = ap—1.

We note that s; has degree ¢ and therefore, []1; deg(s;) = n! = |X,|.
Hence the theorem follows from applying Corollary 3.1.6. O

we will use s1,85,...,s

Of course, there are many interesting questions involving symmetric func-
tions, see for example Macdonald [78] or Sturmfels [105]. For example, given a
symmetric function, how can it be written in terms of the elementary symmet-
ric functions? This question is answered by using SAGBI bases, see §5.1.1. As
well, there are other generating sets for the symmetric functions, for example,
in characteristic zero we may use the power sums

7 7
hile—&—...mn,

for 1 < ¢ < n. However, the power sums do not necessarily generate the full
ring of symmetric functions over a field of positive characteristic. For example,
it is easy to see that z129 ¢ Fa[z1 + 22,27 + x3]. Other important questions
concern the Hironaka decomposition of F[V] as a module over F[V]*». This
topic is considered in §6.1.

3.3 The Dickson Invariants

Suppose F is a finite field of order ¢ = p® and let V' be an n-dimensional vector
space over F. We consider G = GL(V). Then any vector v € V* \ {0} has
O¢(v) = V*\ {0}. Now we obtain

n

Fn(t) = H (t — w) = Z(il)n—idi)ntq"*i'

weV* =0

The d; 5, are known as the Dickson invariants, and they enjoy many beautiful
properties.
For example, when p = 2 and n = 2 we have

By(t)=tlt+z)(t+y)t+z+y)

so that d1 o = 22 + 2y +y? and da 2> = zy(x +y) = 2%y +zy>. More generally,
we have

Lemma 3.3.1. 1. F,(t) = F%_ | (t) — FY" 1 (2,)F,_1(2).
2. dip=dl, ) —dicyn 1 FIZ (z0).

i,m—1
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We note that deg(d;,,) = ¢" — ¢" . Therefore, we have

Hdeg(dm =|GL(V)|.

This latter calculation is pretty. There are ¢" vectors in V', and any one
of them may be identified with the first row of a matrix in GL(V') excepting
the zero vector. Hence there are ¢ — 1 choices for the first row. Similarly, the
second row corresponds to vectors in V' that are linearly independent of the
first, and there are ¢ — ¢ choices for these. And so on.

Lemma 3.3.2. The set {d1 n,...,dnn} is a homogeneous system of parame-
ters for F[V], hence
Fldin, -, dnn] = FV].

3.4 Upper Triangular Invariants

Consider G = U, (F,), the group of all upper triangular matrices with 1’s
along the diagonal and entries from the finite field I, of order ¢ = p®. This
group was shown to have a polynomial ring of invariants by Mui [82] through
his construction of a generating set. Let {x1,x2,...,2,} be the basis of V*
dual to the standard basis of V' = FFy. Note that Og(z;) = x; + Vi—1 where
Vi—1 denotes the subspace of V* with basis {1, 2a,...,2;—1}. We define

veV;_1

and observe that h; is homogeneous of degree ¢*~!. Note that h; = Fi_q(z),
where F;_;(t) is defined in §3.3. Therefore, []7_, deg(h;) = |U,(F,)|.
When p = 2, we get hy = x, ha = y(y + ) = y* + xy. For arbitrary p, we

have hy = Haer (y + ax) = y? — aP~1y.

Lemma 3.4.1. F [hy,..., h,] = F,[V]°. O

3.5 Noether’s Bound

In this section we will prove that the ring of invariants for a non-modular group
G is always generated by invariants of degree at most |G|. Noether originally
proved this over fields of characteristic 0. Here we will prove this under the
weaker hypothesis that |G| is invertible in F. This was proved independently by
P. Fleischmann [39] and J. Fogarty [42] in 2000. D. Benson (see [26, pg. 109])
simplified Fogarty’s proof and here we present this simplified version.
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Theorem 3.5.1. Let V be a representation of a finite group G. If |G| is in-
vertible in K, then K[V] is generated by invariants of degree at most |G|.

Proof. Put m = |G| and [m] = {1,2,...,m}. We begin by considering
K[V]; = > 2, K[V]4, the unique homogeneous maximal ideal of K[V].
We first show that its m™ power (K[V]4)™ is a subset of the Hilbert ideal
I := (K[V]§)K[V], the ideal of K[V] generated by all the homogeneous in-
variants of positive degree.

To see this, take any f1, fa,..., fm € K[V];. Write G = {01,02,...,0m},
let o € G and consider the product [, (f; — (00;)(fi)) = 0. Expanding this
expression and summing over all o € G gives:

> g [T fi=0

AC[m)] i€A
where h,A = ZO’EG Hze[m]\A U(Uifi) € K[V]G
The summand corresponding to A = [m] in the above is |G| fife - fm

with hy,) = |G|. For all other subsets A, we have hy € K[V]{ and thus
|G| fif2 - fm lies in the Hilbert ideal I. Since |G| is invertible, fifo - frn € 1
and thus (K[V];)™ C I.

Since K[V] is a Noetherian ring, there exist finitely many homogeneous
invariants hy, ha, . .., h,. € K[V]¢ which generate the Hilbert ideal I. Without

loss of generality we may assume that {hy, ha,...,h.} is a minimal such set
of invariants. Note that if degh; > m, then h; = Z@:l hijx; where each hy;
is a homogeneous element of K[V] = K[z1, 22, ..., a:rj with deg(hq;) > m, i.e.,

where h;; € (K[V]4)™ C I. Since m < deg h;; < deg h;, we see that h;; lies in
the ideal of K[V] generated by hy, ha, ..., hi, ..., hy. Thus if deg h; > m, then
h; is not required as a generator of I. Thus our assumption that hy, hs, ..., h,
minimally generate I implies that degh; < m for allt=1,2,... 7.

Consider any invariant f € K[V]% with deg(f) > m. Since deg(f) > m,
we see that f € (K[V]4+)™ C I and we may write f = >\, k;h; where each
k; is a homogeneous element of K[V],.. Since |G| is invertible, we may average
over the orbit to obtain

1 m 1 m T 1 m.or
f= @;Uj(f) = @Zzaj(kihi) = @ZZUJ(I‘“)]“

j=11i=1 j=1i=1

1 rom

i=1 j=1

Since Z;nzl oj(k;) € K[V]$, this shows that f is a decomposable invariant
and so cannot be part of any minimal algebra generating set for K[V]¢. O

The above proof shows that in the non-modular case, the Hilbert ideal

is generated by homogeneous elements of degree at most |G|. Kemper [26,
Conjecture 3.8.6 (b)] has made the following conjecture.
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Conjgecture 3.5.2 (Kemper). Let V be a representation of a finite group G. The
Hilbert ideal (K[V]¥)K[V] is generated by homogeneous elements of degree
at most |G|.

3.6 Representations of Modular Groups and Noether’s
Bound

In this section, we describe work of Karagueuzian and Symonds [62] and
Symonds [106].

Theorem 3.6.1. IfF is finite of characteristic p and G is a finite group, then
F[V] has only finitely many isomorphism types of indecomposable summands.

The theorem has real force when G is modular, for then G has, in general, a
“wild” representation theory: it is not possible to classify the indecomposable
representations of G.

Example 3.6.2. We recall the following material from the paper of Elmer
and Fleischmann [36], where a much more complete discussion occurs. Let
G = (5 x (5 be generated by elements o, 7. It is known that this group has
countably many isomorphism classes of indecomposable representations. Con-
sider the 3-dimensional representation, V', of GG over a field, IF, of characteristic
2 given by

100 101
plo)y=1{011 and p(t)=1010
001 001

We let U denote the trivial 1-dimensional representation of G and we let W
denote the regular 4-dimensional representation of G. Then the symmetric
algebra of V over F contains the indecomposable summands U, V and W and
no others.

Recalling the notation and result of section §3.4, we saw that the invari-
ants of the upper triangular group G = U, (F,) are generated by the orbit
polynomials

h; = H (x; +v), where V;_1 is the span of {z1,...,2;_1}.
veV;_1

That is, Flz1, 29, ...,2,]¢ = Flh1, ha, ..., h,]. Let I denote the integer se-
quence (1,2,...,n) and let I’ = (1,2,...,n — 1), and, for any subsequence
J C I', we define J¢ = I'\ J. Finally, we define

H(J)=TFlhe | £ € JO.

We note that G acts trivially on H(J) for any J. Given any p-group P,
we may embed P in G (see §4.0.2), and hence H(J) is P-invariant under
this embedding for any J. We define finite dimensional graded FP-modules
X(P,J) C F[V]. Then
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Theorem 3.6.3. There is an isomorphism of graded FP-modules
FlVI=2@,crH(J)®r X(P,J).

This structure theorem states that F[V] contains one copy of X (P, J) for each
monomial of H(J). The general case of a modular group follows.

Remark 3.6.4. We note that there are 2"~ ! — 1 such subsets, for any P. In
[20], Campbell and Selick constructed 2™ subsets M (i) of F[V], each of which
is an injective module over Steenrod’s algebra A. The module M (0) is the
ring of invariants of the non-modular group F*. The relationship between the
modules X (P, J) is not known to the authors of this book.

Ezample 3.6.5. Let G denote the group Us(F), so that F[V]% = Flhy, hal,
where hy = z; and hy = 29 — 29 'zy. We set T = F[V]/(h2). Then, as
modules over FG, we have

F[V] =F[he] @ T where T =X(G,{1})® X(G,{0}) .
Then, as modules over FG, we have
F[V] = Flh, ho] ® X(G,0) ® Flho] ®@r T(G, {1})

where X (G, () is the module spanned by {1} and T(G,{1}) is the module
spanned by {xg, x3,... ,xq_l}. The interested reader should compare to §7.2.
Ezample 3.6.6. Karagueuzian and Symonds [61, §2, extended example]: the
case n = 3 and p = 3. Let G denote the group Us(F), so that F[V]¢ =
F[h1, ha, h3] where |h;| = 371, We set T = F[V]/(h3). Then, as modules over
FG we have

F[V] = Flhy, ha, h3] @ T(G,0) ® F[hy, hs] @ X (G, {2})
@ Flha, hs] ® X (G, {1}) @ Flhs] ® X (G, {1,2}) .

Theorem 3.6.7. Suppose { f1, f2,..., fn} 18 a homogeneous system of param-
eters for the ring of invariants of the modular group G. Then F[V]% is gener-
ated by module generators over F[f1, fa,..., fn] of degrees less than or equal

to
n

S(fl-1) .

i=1
Moreover, the relations among the module generators have degrees less than

or equal to
n

1+ 3 (6] - D).

i=1

Finally, the degree of P(G,V,t) as a rational function in t is at most —n.
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Corollary 3.6.8. [106] If F is finite and G is a non-trivial finite group acting
on V with dimp(V) > 1, then F[V]9 is generated in degrees less than or equal
to dimp(V) (|G| — 1).

These conclusions follow from the following theorem of Symonds, [106]

Theorem 3.6.9. The invariant ring F[V]¢ has Castelnuovo-Mumford regu-
larity 0.

Remark 3.6.10. Symonds proves more: if G acts on Flz1,xa, ..., z,] by homo-
geneous linear substitutions of the z;’s, then the invariant ring has Castelnuovo-
Mumford regularity 0.

3.7 Molien’s Theorem

The following theorem of Molien, provides a constructive method to compute
the Hilbert series of a ring of invariants of a finite group in characteristic 0.

Theorem 3.7.1. (Molien) Let K be a field of characteristic zero.

1 1
VI = i Sz, =)

Proof. Since the dimension of a vector space is unchanged under field exten-
sions, we may assume that K is algebraically closed.

Let W be any K representation of G. By the orthogonality relations for
characters, see for example the book of Dummit and Foote [32][Chapter
18, Theorems 15 and 16] or Lang [75][XVIII §5]), we have dimg(W¢) =
ﬁ Y occ trace(oyw).

Take o € G and consider the matrix A € GL(V) representing the action
of ¢ on V. Considering the Jordan Normal form of A we see that since A has
finite order and K is characteristic zero, the matrix A must be diagonalizable.
Let p1, p2, - - -, pn. denote the n eigenvalues of A. Thus, working with a basis of
eigenvectors, we may assume that A = diag(p1, p2,...,pn). Write R := K[V].

Let x1, o, ..., x, be the dual basis of V*. Thus the full set of monomials of
degree m, {x{' 25> ---xp" | a1 + a2 + -+ + a, = m} forms an eigenbasis for

the action of A on R,, The trace of the action of o on R, is thus

tfaCG(U\Rm) = Z p1—a1p2—a2 e,

a1taz+--t+ap=m

Therefore,
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1 _ 1
— 1A (1 = p2A) -+ (L= pp)

det(Idy — \o)
(1+pid+piA +...)

s
Il
—

=

> prPS p%") A™

0 <a1+az+---+an—m

(trace( R, )) AT

m

M

0

3
I

Thus,

(dimg RE)A™

E'qg

H(RE,\)

m=0

= <G| Z trace(o|g,, )> AT

oceG

8

1
- @ [; det(Idy — Ao—1)

1 1
Gl [; det(Idy — Ao)
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O

Remark 3.7.2. Suppose |G|™! € K, that is, G is a non-modular group. Ele-
ments of representation theory give us a complex representation of G, known
as the Brauer lift, which shares the same Hilbert series as K[V]9, see [25][§82].
Thus Molien’s Theorem can be used to compute the Hilbert series of the ring

of invariants for any non-modular representation of a finite group.

Remark 3.7.3. Note that if 0 and 7 are two elements of GG lying in the same
conjugacy class, then ¢ and 7 have the same eigenvalues on V' and therefore,

1 1
det(Idy — Ao)  det(Idy — A1)’

3.7.1 The Hilbert Series of the Regular Representation of the
Klein Group

Consider
0100 0001
_ o _|rooo} . _[o010
=% T looo01| ™77 T o100

0010 1000
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The group G = {I4,0,7,07} is the Klein 4-group. We consider the ring of
invariants K[V]¢ where K is a field of any characteristic.

Since G acts by permutations on V, the Hilbert series H(K[V]%, ) is the
same for all characteristics. Using Molien’s Theorem we compute

1 1 3
HK[VIEN) = 5 <(1 V- Az)z)

1 3
:Z(1+/\+A2+A3+/\4+...)4+1(1+>\2+A4+/\6+...)2

1
:Z(1+4)\+10>\2+20)\3+35)\4+...)

3
+Z(1+2)\2+3>\4+...)
=14+ A+4N2 5N 110 4. ..

Note that

1 1 3
H(K[V]Gv)‘) = 4 <(1 — )\)4 + (1 _ )\2)2)
_

1+ 2)2+3(1—\)>2
41 = N1+ A2
1—A+ A2
(T= N1 +N)?
14 M3
(L=N)(1—=A2)3 "

This is the Hilbert series we would expect to find if K[V]¥ possessed a homo-
geneous system of parameters in degrees 1, 2, 2, 2 over which the invariants
are a rank 2 free module with generators in degrees 0 and 3. Suppose there is
such a homogeneous system of parameters. Looking in degrees 1 and 2 we see
that (essentially) the only possibility for such a system is a, by, ba, b3 where
a = $1+1'2+1‘3+1‘4, b1 = I1I2+I’3I4, bg = 2123+T2x4 and b3 = 21X4+T2x3.
We use Lemma 2.6.3 to study this. Suppose v = (v1, v2,v3,v4) is a point in V
at which a, by, b, b3 all vanish, that is,

v+ ve4+v34+ve=0
V1V2 + V3V4 = 0
v1v3 + vovy =0

1104 + vov3 =0

If v1 = 0, then we have vov3 = vous = v3vy = 0 from which we conclude two
of these three are also zero. But a(v) = 0 forces the fourth to also be zero.
So we may assume by symmetry that none of the v, = 0. Assume there is a
point v where all 4 coordinates are non-zero. Then we have
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V3V4

Vg = ———
U1

V2V4

Vg = ———
U1

V2V3

Vg = ———
U1

It follows that v? = v = vZ = v2. Hence 0 = a(v)? = 4v?. In characteristic not

2 we get a contradiction and so can conclude that a, b1, bs, b3 is a homogeneous
system of parameters. However in characteristic 2 we see that v = (1,1,1,1)
is a point where a, by, b2, b3 all vanish and hence they are not a homogeneous
system of parameters in this characteristic.

However, the elementary symmetric functions form a homogeneous system
of parameters in all characteristics. The corresponding form of the Hilbert
series is

L+2) 20 4 )°
1=X1 =21 -X)(1-2xY
As we will see later in §4.7, there is a set of module generators for K[V]
over K[V]** of degrees 0, 2, 2, 4, 4 and 6 valid in any characteristic.

H(K[V]Y, ) =

3.7.2 The Hilbert Series of the Regular Representation of Cjy

Consider the regular representation of the cyclic group G := C4 with generator
0. The matrix of ¢ is given by

0001
1000
0100
0010

We want to compute the ring of invariants K[V]¢ where K is a field of any
characteristic.

As in the previous example, the Hilbert series H(K[V]%, \) is the same in
all characteristics. Using Molien’s Theorem we compute

1 1 1 2
H(K[V]G,/\) = Z <(1 — )\)4 + (1 _ )\2)2 + (1 _ /\4)>

=14+ A+302 4503 +100* +14X° + 2208 + ..
T4+ A2+ A3 420+ A5
(1= (1=A2)(1—=A3)(1 -\

This suggests that the ring of invariants K[V]¢ is a free module over the ring
of symmetric functions on generators of degrees 0, 2, 3, 4, 4, and 5. We will
see in §4.8 that this is the case in every characteristic except 2. In fact, in
characteristic 2, this ring of invariants is not even Cohen-Macaulay. Bertin [9]
provided this ring of invariants as the first example of a unique factorization
domain that was not Cohen-Macaulay answering a question of Pierre Samuel.
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3.8 Rings of Invariants of p-Groups Are Unique
Factorization Domains

Theorem 3.8.1. Let F be a field of characteristic p > 0 and let P be a p-
group. Then F[V]F is a unique factorization domain.

Proof. We proceed by induction on degree. If f € F[V]¥ has degree 1 then
clearly, f is prime and there is nothing to prove.

Suppose then, that f € F[V]¥ with deg(f) > 1. Decompose f as a product
of primes in F[V]: f = fifa--- f;. Take 0 € P. Since o(f) = f we must
have o(f1) = Af; for some j with 1 < j < ¢ and some A € F*. Without
loss of generality, we may suppose that {1,2,...,s} = {j | 30 € P,\ €
F* with o(f1) = Af;}. Note that if o € P and 1 <14 < s, then o(f;) = Af; for
some j with 1 < j < s and some \ € F*.

Define hy := f1f2 -+ fs. Then for each 0 € P we must have o(hy) = A(o)hy
for some A(o) € F*. Now take 0,7 € P. Then

(07)(h1) = o(7(h1)) = o(A(T)h1) = A(7)(0(h1)) = A(7)(A(0)ha)
A)A(T)hy.

Thus A(o7) = A(o)A(7). This shows that
A:P—F*

is a linear character of P. In particular, 1 = A(e) = A(o?) = A(0)P and
therefore (1 — A(0))P = 0, whence A\(o) =1 for all o € P.

This shows that h; lies in F[V]?. Moreover, for each j = 1,2,...,s there
exists 0 € P and A € F* such that o(f1) = Af;. This shows that h; is
an irreducible element in F[V]¥. Now by induction, the invariant f/h; may
be uniquely factored into a product of irreducibles in F[V]?. Thus f/h; =
hahs - - - hq where h; is irreducible in IF[V]P for 2 < j < q. Therefore, we have
factored f = hihs---hq into a product of irreducibles.

Suppose now that f = hih}---hl is another factorization of f into irre-
ducibles in F[V]¥. Working in F[V] we see that since the prime f; of F[V]
divides f we must have that f; divides hj for some k. Without loss of gen-
erality, we assume that k = 1. But since b} € F[V]F, this implies that f;
divides R} for all j = 1,2,...,s. Hence h; divides the irreducible element h)
in F[V]¥ and thus hy and h} are associated irreducible elements of F[V]F.
Write hf = uhy for some u € F*. Then f/hy = hohs...hy = p~thyhl - Rl
Now by induction, the element f/h; of F[V] has a unique factorization up
to ordering and scalar factors. Thus ¢ = r and, renumbering if necessary, h;-
is an associate of h; for all j = 2,3,...,¢. Therefore, F[V]¥ is a unique fac-
torization domain. a

Ezxample 3.8.2. We take p = 3 and work over F3. Let
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B:{(‘gg) |a,deF3\{O},beF3}

be the set of all invertible 2x2 lower triangular matrices over F3. Let V' be
the natural 2 dimensional representation of B.

The p-Sylow subgroup U of B is the set of all the elements of B with 1’s
along the main diagonal. Thus U is isomorphic to Cs, the cyclic group of order
3. We work with basis {e1, ea} of V with respect to which the elements of B
are lower triangular and also the dual basis {x,y} of V*. Thus ey and = are
eigenvectors for all the elements of B and fixed points for the elements of U.

We have already seen in Theorem 1.11.2 that F3[V]Y = F3[z, N]| where
N = N(y) = y* — 2%y. Thus F3[V]V is polynomial and so is clearly a unique
factorization domain, as it must be by the theorem.

In contrast, consider F3[V]Z. Since U is a normal subgroup of B, we have
F3[V])E = (F3]V])V)B/U = Fs)z, NJ#*1}. The non-trivial element —1 € B/U
acts on F3[V]Y via —1-2 = —z and —1- N = —N. Thus F3[V]? contains the
irreducible elements 22, N and N2. Indeed, it is not too difficult to show
that these 3 invariants generate F3[V]Z. The two irreconcilable factorizations
(xN) - (zN) = (2?) - (N?) show that F3[V]? is not a unique factorization
domain.

3.9 When the Fixed Point Subspace Is Large

In this section, we consider the situation where the group fixes point-wise a
subspace of codimension 1 or 2. In both cases, this guarantees that the ring
of invariants is especially well-behaved.

We will need the following lemma of J.P. Serre, his “Normality Criterion”.
Recall that a Noetherian domain R is said to be integrally closed or normal, if
R is integrally closed in its fraction field Quot(R). In other words, R is normal
precisely if the following condition holds: if r,7" € R and there is a monic
polynomial f(t) = Z?:o a;t" with coefficients a; € R such that f(%) = 0,
then 5 € R.

Theorem 3.9.1 (Serre’s Normality Criterion). [80, Theorem 23.8] A
Noetherian domain R is integrally closed if and only if the following two con-
ditions hold:

(R1) If p € Spec(R) satisfies height(p) < 1, then R, is a reqular local ring.
(S2) If p € Spec(R) satisfies height(p) > 2, then depth(R,,) > 2.

Part 1 of the following theorem was first proved by Landweber and Stong
[73] with different techniques.

Theorem 3.9.2. Let G be any subgroup of GL(V') over any field K. Put n :=
dimg (V). Then
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1. If dimg (VE) = n — 1, then K[V]Y is a polynomial algebra.
2. If dimg (VY) = n — 2, then K[V]Y is Cohen-Macaulay.

Proof. We will prove both assertions simultaneously using a technique brought
to our attention by Abraham Broer. First, we note that the question of
whether K[V]¢ is polynomial or is Cohen-Macaulay is unchanged under an
extension of the underlying field K. For example, this can be seen from Corol-
laries 3.1.6 and 3.1.4. Thus we may assume that K is algebraically closed. For
part 1, we define

(V) G)gooa := {p € Spec K[V]“ | K[V]g is a regular local ring}.
For part 2, we define
(V) G)gooa := {p € Spec K[V]% | K[V]g is a Cohen-Macaulay local ring}.

In both cases, the set (V//G)gooa is an open subset of V/G. For part 1, this
is shown in [71, VI Cor.1.16] and [80, Chapter 13]. For part 2, this is shown
in [80, Chapter 8, Prop. (22.C)]. We also need the following two results.

Let A be a finitely generated graded K-algebra with maximal homogeneous
ideal m = A,.

1. A is a polynomial ring if and only if Ay, is a regular local ring.
2. A is Cohen-Macaulay if and only if Ay, is Cohen-Macaulay.

These statements are 2.2.25 and 2.1.27(c) of [14]. Let m denote the irrele-
vant ideal of K[V]%, i.e., m = K[V]{. By the above two statements, we need
to show that m € (V//G)good-

Let I denote the prime ideal I := Z(V%) € Spec(K[V]%) and note that
height (1) = codim(V¥). Now K[V]¢ is integrally closed and hence by Theo-
rem 3.9.1, it satisfies the two conditions (R1) and (Sz2). By (R1), K[V]¢ is a reg-
ular local ring if codim V& = 1. If codim V¢ = 2, then 2 = Krull dim(K[V]¥)
and since the depth of any ring is at most its Krull dimension, we see that (Sz)
implies that 2 = Krull dim(K[V]¥) > depth(K[V]§) > 2 and thus K[V]¥ is
Cohen-Macaulay. Thus in both cases I € (V//G)gooa. In particular, we see
that (V//G)good is @ non-empty open set.

We claim that (V//G)good contains some maximal ideal n which contains I.
To see this we define (V/G)vaa := V)G \ (V) G)good- Let J denote the ideal
J :=Z((V)/G)baq). Assume by way of contradiction that every maximal ideal
n containing I lies in (V//G)paa, i.e., that every maximal ideal n containing
also contains J. Since [ is a radical ideal, I is the intersection of the maximal
ideals which contain it (see [80][Theorem 5.5], cf. the discussion in §2.2) and
thus

I= () n2uJ

n maximal
noJ

Thus I € Z(J) = (V//G)baa- But this is a contradiction since we know I €
(V//G)good- This proves the claim.
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Thus there is a maximal ideal n containing I and with n € (V/G)gooa. Let
w denote the point of V¢ corresponding to the ideal n, i.e., {w} = V(n), and
consider the map 9 : V' — V defined by ¢ (v) = v + w. Dual to this map we
have the algebra homomorphism ¢* : K[V] — K[V] given by ¢*(f) = f o %.
The map * is G-equivariant since for any o0 € G and any v € V' we have

ie., a(¥*(f)) = ¥*(o(f)). In particular, if f € K[V]Y, then ¢*(f) € K[V].
Thus restricting ¥* gives an algebra automorphism of K[V]“. Note that
¥*(n) = m. Therefore, ¢* induces an isomorphism of K[V]§ onto K[V]S,.

Since n € (V//G)good, this shows that m € (V/G)good- ]
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Examples

In this chapter we collect a number of interesting examples and basic results
in order to illustrate some of the techniques. As usual, our focus is two-fold:
either determine a generating set of invariants, or determine the structure of
the ring of invariants, or both. We begin with a useful lemma.

Lemma 4.0.1. Suppose G is a p-group and F has characteristic p and let V
be any positive dimensional representation of G. Then V& # {0}.

Proof. By Lemma 1.10.3, there exists a composition series
{e} =Gp<aG1<4G2«... 4G, =G

with Gi/Gi—l = Cp for all i = 172, ey,

We proceed by induction on the length of this composition series. The
result is trivially true when m = 0 and G = {e}.

Suppose by induction that W, := V% # {0} and consider the action of
Gr41/Gg on Wy. Let o be a generator of the group G41/Gy = C,. Consider
the Jordan Normal Form for the action of ¢ on W,. Choose a Jordan block
with associated eigenvalue A. Since ¢ has order p, we have AP = 1. But then
(A=1)? = 0 and therefore, A = 1. Therefore, the eigenvector associated to the
block is in fact fixed by o. Since Gy1/Gy is cyclic, this eigenvector is fixed by
all of Gy11/Gy. Hence VCet1 = (VGe)(Geir/Ge) = WZ(G““/G‘Z) # {0}, finishing
the proof. a

Fixing a basis for V, we will denote by U(V) the subgroup of GL(V)
consisting of lower triangular matrices with ones along the diagonal. We will
also use the notation U, (F) to denote this subgroup when V has dimension
n.

Proposition 4.0.2. Let G be a p-group. Suppose V' is ann dimensional repre-
sentation of G defined over any field F of characteristic p. Then G is conjugate
to a subgroup of U(V).

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 59
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Proof. We will construct an ordered basis of V' with respect to which every
element of G is lower triangular. The proof proceeds by induction on the
dimension n of V. If V has dimension 1, there is nothing to prove.

In general, by the previous lemma, we note that W = V¢ has dimension
at least 1. We consider the action of G on V/W. By induction, there is a
basis for V/W with respect to which every element of G is lower triangular.
Appending a basis for W to the chosen basis for V/W gives a lower triangular
basis for V. O

The following result, see Wilkerson [113], provides a very useful homoge-
neous system of parameters when working with a p-group.

Proposition 4.0.3. Suppose that the action of G on V is lower triangular
with respect to the basis {e1,ea,...,e,} of V. Let {x1,x2,...,2,} be the dual
basis of V*. Then Ngzl (a:l),NgI2 (z2),...,N& () is a homogeneous sys-
tem of parameters for F[V]9.

Proof. The action of G on V* is upper triangular. Thus for eachi =1,2,...,n
and each ¢ € G, we may write o(z;) = 0% + ¢»,; Where a,; € F* and
Goi € Flx1, 29, ...,2;-1]. Therefore Ngz (x;) = HUGG/Gmi o(x;) = aix?" +q
for some a; € F* and deg, (¢;) < d; where d; = [G : G,]. Now we will
use Lemma 2.6.3. To see that it applies, we must show that the only point
where all n of the norms vanish is the point 0 € V. To see this, consider v =

(v1,v2,...,0,) € V(I) where I = (Ngm1 (xl),NgI2 (z2),...,N& (z))F[V].

n

Since ¢; must be 0 we have Ngz1 (z1) = oqxill and thus v; = 0. Thus ¢a(v) =
0 and thus Ngm2 (x2)(v) = 0 forces va = 0. But then ¢3(v) = 0 and so

N%(z3)(v) = 0 implies v3 = 0. Continuing in this manner we see that v =
(0,0,...,0). Thus by Lemma 2.6.3, we see that

(zn)

Tn

NG, , (21),N¢G,  (w2),...,N¢

is homogeneous system of parameters for F[V]¢. O

We are able to prove a more general result in Lemma 6.2.1 using term
orders.
The following example shows that F[3 V3] is not Cohen-Macaulay.

Ezxample 4.0.4. Consider the representation V = 3V of Cp over a field F of
characteristic p. Fix a generator ¢ of C, and choose an upper triangular ba-
sis {1, y1, %2, Yo, T3, y3} for (3Vo)* with o(y;) = y; + z; and o(x;) = x; for
i = 1,2,3. By Proposition 4.0.3, x1, 22, 23, N(y1), N(y2), N(y3) is a homoge-
neous system of parameters for F[3 V5]“». However, x1, 2, T3 is not a regular
sequence in F[3 V2] To see this, we use the elements Ui; = Ty — x;y; for
1 < i< j < 3. These 3 elements are easily verified to be invariants. Further-
more, the relation zius3 — rouiz + x3ui2 = 0, which is easily verified, shows
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that 73 - U1z = 0 in F[V]% /(21,22). Using deg(u12) = 2, it is easy to see that
uyz & F[V] (21, 22). Thus z3 is a zero divisor in F[V] /(x1, z2). This shows
that x1, x2, r3 is a partial homogeneous system of parameters which is not a
regular sequence in F[V] and hence that F[V]%» is not Cohen-Macaulay. A
similar argument in a different setting is given in Example 9.1.6.

4.1 The Cyclic Group of Order 2, the Regular
Representation

Suppose G = C5 and V is a 2 dimensional K vector space. Let o be a generator
of G and let the action of G on V' be given by

({01
7=7 T\10)°

with respect to a basis {e1, ea}. Let {z,y} denote the dual basis of V*. Thus
o(z'y’) = 27y". In particular, (zy)? is invariant. If i # j then 2'y? + 27y’ is
invariant. We claim that K[V]¢ = K[z + y, xy]. Note that this representation
is the special case n = 2 of the standard n dimensional representation of
X, Tt is clear that K[V]¢ D K[z + y, xy]. Assume, by way of contradiction,
that K[z + vy, xy] is a proper subset of K[V]%. Let d be minimal such that
K[z +y,ayla ¢ K[V§.

Every element f € K[V]§ \ K[z + y, 2y]q is of the form f = Zf:t cixlyd?
where ¢, ¢iq1,...,¢9 € K and ¢; # 0. Among all such f, fix one with ¢
maximal. Define f' := f — c;(xy)*(z + y)?~2. Then f’ is invariant and f’ =
Z?:t +1 cialy?=" for some scalars ¢;. By the maximality of ¢, we must have
€ K[z +y,zylq. But then f = ci(xy)t(z +y)? 2 + f’ € K[z + y, zy]. This
contradiction shows that K[V]¢ = K[z + y, zy].

Of course, since Cy = X5, the symmetric group on 2 letters, we recognize
these two invariants as the elementary symmetric functions in x and y. This
is the best possible situation in invariant theory, in which the ring of invariant
polynomials is again polynomial algebra. We see from this calculation, or from
Molien’s Theorem, that

1

HmWPA%:HTEHTKW

It is also worth noting that this calculation is independent of the field.

Note that we could have calculated the Hilbert series in advance, and its
form suggests that the ring of invariants is a polynomial ring on two invari-
ants, one of degree 1 and the other of degree 2. The reader should be warned,
however, that there are rings R for which the form of the Hilbert series resem-
bles that of a polynomial ring even though R is no such thing, see Stanley’s
paper [104, page 481].
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4.2 A Diagonal Representation of Csy

Suppose K is a field of characteristic different from 2. Then K contains a
square root of 1, different from 1, namely -1. Suppose the generator, o, of the
cyclic group Cs acts on V* via

. (-10
o0 (0_1)

with respect to the basis {z,y}. Then we note that o(z') = (—1)*z* so that
x' is invariant if and only if i = 2j. Similarly, y* is invariant if and only if
i = 2j. Observe that 2%/ = (22)7 and that o(z'y’) = 2%y® is invariant. It isn’t
hard to prove from here that K[V]¢ = K[z?, y?, zy].

There are a variety of ways to consider this example; we demonstrate two
particular viewpoints. First we have the isomorphism

K[V]G >~ K[a, b, c]/(c* — ab)

where deg(a) = deg(b) = deg(c) = 2. In another approach, we observe that
{22,9?} forms a homogeneous system of parameters for K[V]%, and that
K[V]¢ is a free module over K[z2,y?] on the basis {1,zy}. In particular,
we see that K[V]% is a Cohen-Macaulay ring, for example by applying Corol-
lary 3.1.4.

The Hilbert series of this ring of invariants is

1—t4

7ﬂvaAy:at§F.

4.3 Fraction Fields of Invariants of p-Groups

We recall here material from the paper of Campbell and Chuai [16]. Consider
a representation V' of a p-group G over a field F of characteristic p > 0. By

Proposition 4.0.2, we can choose a basis {x1,z2, ..., x,} for V* such that (o —
1)z; is in the span of {1, 22,...,2;-1} forallc € Gand foralli =1,2,... n.
In particular, we note that x; is invariant. We define R[m] := Flz1, 22, . .., Zm]

for 0 < m < n subject to the convention that R[0] = F. Then G acts on R[m].
For any non-zero f € R[m], we may express f as a polynomial in z,, and
write

f = fo+ frawm + -+ faxi,

with f; € Rm — 1] for all ¢ = 0,1,...,d and where f; # 0. The leading
coefficient fq € R[m — 1] of f plays a prominent role in our analysis and we
therefore denote it by c(f). Writing o(x,,) = Tm + Qm—1Tm—1+- -+ o121, we
have o(f) = Z?:o o(fi)(@m + Qm_1Tm_1+ - +aix1)". Therefore, o(c(f)) =
c(of) for all o € G. In particular, if f is an invariant, so is ¢(f).
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For each m with 1 < m < n, let ¢,, € R[m]® denote a fixed ho-
mogeneous invariant with the smallest positive degree in z,, among all in-
variants in R[m]“. The existence of ¢, follows from the fact that the set
R[m)9\R[m — 1] is non-empty since N(x,,) := [locgo(rm) = a:lffl +
{terms of lower degree in z,,} lies in it. We take ¢; = x1. The invariants
¢m = ¢(¢m,) € R[m — 1] will play a special role.

Finally, note that we can make no claim as to the total degree of ¢,,, in
particular, we cannot claim that the total degree of ¢,, is less than or equal
to |G| for all m. If that were true, we would be able to prove that F(V)¢
is generated in degrees less than |G|, that is, that the Noether bound holds
for the invariant fields of p-groups in characteristic p. We note, however, that
Fleischmann, Kemper and Woodcock have proved that the Noether bound
does holds for invariant fields for arbitrary representations of any finite group
in any characteristic, see [40].

We first prove two lemmas.

Lemma 4.3.1. For any f € R[m]Y, there exists an integer k > 0 such that
i f € Rlm —11[g,0].

Proof. We use induction on deg, (f). When deg, (f) = 0, there is nothing
to prove. So we may assume deg, (f)=d > 0.

In the ring R[m)].,,, the element ¢, /cy, is monic as a polynomial in z,,.
Hence we may divide f by ¢,,/cn in order to obtain f = ¢'(¢m/cm) + 1/
where ¢',7" € R[m].,, with deg, (r') <deg, (ém). Thus

f=0(f)=0(d)(bm/cm) + (1)

for all o € G. Since

deg,, (o(r')) = deg,, (') < deg,, (ém),

we see by the uniqueness of remainders that v’ = o(r’) and hence ¢ = o(¢’) for
all o € G. Therefore ¢, 1’ € R[m)| fm. Multiplying by a suitable power of ¢, we
see that there exist an integer s > 0 and polynomials ¢ = ¢3¢/, r = ¢35 r' €
R[m]% such that ¢}, f = qém + r where deg, (r) = deg, (') < deg, (ém).
Therefore, r € R[m — l]G because ¢,, has the least positive degree in x,,
inside R[m]“. Since deg, (q) = deg, (f)—deg, (ém), we see by induction
that c!,q € R[m — 1]%[¢,,] for some ¢ > 0. Therefore, for k = s + ¢ we have
ck f € Rlm — 1]%[¢.], as required. O

We note that it follows immediately from Lemma 4.3.1 that if ¢,,, = 1 for
allm =1,2,...,n, then any f € R[m]% lies in F[¢1, ..., ¢m] as easily seen by
induction on m. We record this observation as

Corollary 4.3.2. If ¢, =1 for allm =1,2,...,n, then
FV]¢ =Flp1, ..., bl

is a polynomial ring.
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Lemma 4.3.3. For any finite number of invariants hy, ..., h; € R[m]Y, there
exists a monomial ¢ = c’fl coockmoin ey, .. cm, such that ch; € Foy, ..., ¢m]

foralli=1,2,... t.

Proof. We use induction on m. First let m = 1. Since ¢; = x7 and ¢; = 1,
the lemma follows from Corollary 4.3.2. Now assume m > 1. By Lemma
4.3.1, there exists an integer s > 0 such that ¢ h; € R[m — 1]%[¢,,] for all
i =1,2,...,t. For i = 1,2,...,t, write ¢ h; = ijlfi a;;j¢l,, where a;; €
R[m — 1] for all i and j. Now, since the finite set {a;; | 1 < i < ¢,1 <
j <'iq} is contained in R[m — 1], we conclude by induction that there exist
ki,...,km_1 > 0 such that clfl i ‘aji € Flg1,...,¢m—1] for all i and

m—1
j. Hence we have, for ¢ = c]fl .- cfnm s, that ch; € Flgy, ..., ¢n] for all
i=1,2,...,t, as required. a

The following theorem shows that for a p-group, the invariant field is
purely transcendental, a result originally due to Miyata [81]. This formulation,
however, is constructive.

Theorem 4.3.4. Let G C U(V) C GL(V) be a p-group. Choose any set of

homogeneous invariants ¢1, ..., ¢, with the property that (bm € R[m|% is of
smallest positive degree in x,, for 1 <m < n. Then F(V)G =F(¢1,...,bn).
Furthermore, there exists a non-zero f € Flo1,..., ¢n] such that F[V]? =
]F[d)h RS} ¢n]f

Proof. We use the notation from above. For the first part of the theorem,
we need only to show that any h € F[V] lies in F(¢y,...,¢,). Assume
h € Rm]“\R[m — 1]. By Lemma 4.3.1, there exists an integer s > 0 such

that ¢, h € Rlm — 1]G[¢m]. We write ¢}, h = ZZ:1 ar@k,, where ay € R[m —

1¢ for k = 1,2,...,d. By Lemma 4.3.3, there exists some monomial ¢ =
ot ith o LS € Floy, ... dm_1] and & - ay € Fp1,. .., m_1] for

all k=1,2,...,d. Thus he]F(¢1,...,¢m) CF(p1,...,bn).

For the proof of the second part, let F[V]¢ = Flgy,...,g¢]. Then we
can write g; = h;/f where h; € Flp1,...,¢,] for i = 1,2,...,¢ and
f €F[¢1,..., Py is non-zero. Then

FV]¢ =Flh/f ho/fo- - he/f] CFb1, ..., duly

as required. O

4.4 The Alternating Group

We study A,,, the subgroup of X, consisting of all even permutations acting
via its usual n dimensional representation V. An alternating function is a
polynomial f with o(f) = —f for all odd permutations o. It is well known
that a function invariant under A, may be uniquely written as the sum of
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a symmetric function together with a symmetric function times the discrimi-
nant.
Here the discriminant may be described as

An = H (Jﬁj — .Z‘l'),

1<i<j<n
if p=0 or if p > 2. When p = 2, we use the orbit sum
Ay, =04, (;v?_lxg_Q Ce X))
We have the following Hironaka decomposition
K[V]4 = K[V]¥ @ K[V]*" A,.

Hence, K[V]4" is generated by n + 1 elements as an algebra, and so K[V]4»
is a hypersurface. It is easy to see that A2 is invariant under X,, when p = 0
or p > 2.

To see this result in these latter cases, suppose p = 0 or p > 2, and let ¢ be
any odd permutation so that Y/, is generated by A,, together with . Suppose
that f € K[V]4" and define fy := (f + o(f)) and f_ := 1(f — o(f)). We
note that for 7 € A, we have 7(f1) = L(r(f) £ 10(f)) = 1(f + 07/(f)) =
(f £ 0(f)) = f+ for some 7' € A, because A, is normal in X,. Thus
both fi and f_ are invariant under A,. Clearly f. is fixed by ¢ and hence

is a symmetric function, while o(f_) = —f_. To finish the proof, we need
to show that f_ = f’A, for some symmetric function f’. We observe that
fo(z1,29,...,2y) = —f(x2,21,...,T,) since the transposition interchanging

x1 and x5 is odd. Therefore, f_ vanishes on the hyperplane determined by
xo—x1 = 0 and therefore, (x2 —x1) divides f_. Similarly, z; —; divides f_ for
all 1 <1i < j <n. Consequently, f_ = f'A, for some polynomial f’. Finally,
for an odd permutation o, we have o(f_) = o(f")o(An) = o(f')(—A4A,) and
we conclude o(f’) = f’ so that f is, in fact, symmetric.

If F = K has characteristic 2, then [ [, o, ;<. (zj—2i) = [[1<;<j<n (¥ +7:)
is a symmetric function. However, as we noted above, we may define

A, =04, (x?_lxg_2 S Tp—1)

which is not symmetric but is invariant under A,,. Lemma 4.5.3 states that
with this definition for A,,, the usual Hironaka decomposition of F[V]4" as a
module over F[V]* is still valid in characteristic 2.

4.5 Invariants of Permutation Groups
We say that V' is a permutation representation of G if there exists a basis

of V' which is permuted by the action of G. We call this basis a permu-
tation basis of V. In other words, V is a permutation representation of G
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it G ¢ X, € GL(V). A key observation is that when we work in the ba-
sis of V* dual to the permutation basis, the elements of G permute the set
of all monomials. Therefore, given a monomial 2!, we form the orbit sum
Oc(z!) = doec/n o(xz’) where H = G, is the isotropy group of x!. It is
easy to see that Og(x!) is a G-invariant polynomial.

Lemma 4.5.1. The orbit sums Og(z!) of degree d form a basis for K[V]S.

Proof. Any f € K[V]4 may be written as sum of monomials
f= Z a;xl.
deg(I)=d

But for any o € G we have o(f) = > 001 garo(z”). It follows that if f is

G-invariant and 27 € Gz! then a; = a;. The result is immediate. O

Corollary 4.5.2. Suppose that V is a permutation representation of G. The
Hilbert series of K[V]€ depends only on G C X, and not on the field K. O

Lemma 4.5.3. The Hironaka decomposition
FV]4" = F[V]*" @ F[V]*" A,

is valid over a field F of characteristic 2 with A,, = Oa,, (:ﬂ?ilxg*2 e Zpe1).
O

4.6 Gobel’s Theorem

In this section we give a theorem of M. Gébel [44] which provides a good gen-
erating set of orbit sums for the invariants of any permutation representation.
In order to prove Gébel’s Theorem we introduce the concept of a gap.

Consider a permutation representation V for a group G. Let {z1,2a,...,2,}
be a permutation basis for V*. Consider a monomial m = z{*z3* - - - 2% = g4,

We let set(A) denote the set of exponents set(A) := {a1,as2,...,a,}. We
define the height of z*, denoted ht(A) and ht(z4), to be the largest exponent,
ht(A) := max{a; | 1 <i < n}. We also define deg(A) := deg(x?). We say the
monomial 24 has a gap or a gap at r if there exists a non-negative integer r
such that {r+1,7+2,...,ht(A)} C set(A) but r ¢ set(A). Note that x4 does
not have a gap means that set(A) = {0,1,2,...,ht(A4)}.

Theorem 4.6.1 (M. Go&bel). Let V' be a permutation representation of G.
Then
{Oq(x?) | 2 does not have a gap} U {x1xg---x,}

is a generating set for K[V]9.
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Proof. Given an exponent sequence A = (ay,ag,...,a,) we write A5(A4) :=
{7 | a; = s} and A;(A) := |As(A)|. We define a partial order on exponent
sequences (and the corresponding monomials) as follows. If deg(A) > deg(B)
then we declare that A > B. When deg(A) = deg(B), we declare that A > B
if there exists an integer ¢ with A\;(A4) > A(B) and As(A) = As(B) for all
s > t. Note that if A and B are two sequences with A » B and B # A, then
A and B must lie in the same X,,-orbit.
If 0 ¢ set(A) then x4 and Og(z?) are both divisible by the invariant
Sn = X1To--T,. In particular, if 0 ¢ set(4) and A # (1,1,...,1), then
Og(z?) is decomposable and so not required in any generating set. Thus we
can and will assume from now on that 0 € set(A).
Suppose m = x“ has gap at 7. From m we define a new monomial 7 as
follows:
m =2t ab? . 2 where b; = {a“ %f i < T
-1 ifa;>r
Consider the product of orbit sums O¢(m)Ox, (m/m). Note that Ox, (m/m)
is the d'" elementary symmetric function, sq, where d = deg(m/m). Then we
can write
Oa(m)Ox, (m/m) = ZCQOG Me,)

aceX

where X is some index set, each m, is a monomial, each c, is a positive
integer and where if o, 8 € X are distinct, then Og(m,) # Og(mg). Note
that we can and will assume that each m,, is of the form m, = m - p(m/m)
for some p € X,. To see this, note that ma = o(m) - 7(m/m) for some
o€ Gand 7 € X,. Since Og(my) = Og(o~1(m,)), we may replace m,, by
o~ Y(ma) = m- o~ 17(m/m). In particular, we will assume that each m,, is
divisible by m.

Consider one of the orbit sums Og(my) where @ € X. We claim that
me < m in the partial order defined above. To see this, write m = z# and
m = 2P and m, = 2¢. Put t = ht(A). Tt is clear that ht(B) =t — 1 and that

A (B) = As+1 (A)

fors=r,r+1,...,t—1. Also,

Mo = T 7 ) = (@2l o) - (i, - a1,)
for some 7 € X, and some 1 < i3 < iy < ig < n. Taking A = {iy,ia,...,4q4}

we have

A4(C) = (A(B)\ A) U (A,_1(B) N A)
= (A1 (A)\ A) U (A,(4) N 2)

foreach s=r,r+1,...,t.
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Suppose that C' > A. Then A (C) > A (A). Since A,(C) = A (A) N A,
from the equation above, we must have 4;(C) = A;(A) which implies that
A(A) C A and M(A4) = M(C). Hence Ai—1(C) > A—1(A) because C > A.
But A;—1(C) = (A4(A) \ A) U (A—1(A) N A) = A;—1(A) N A. Therefore,
A¢,1(C0 :iA¢,1@4),A¢,1(C0 C A and At—laj)::At71@4)

Continuing in this manner we find that A,(C) = A4(A) and A,(A) C A
forall s=r+1,r4+2,...,t. But |A| = d = deg(m/m) = Zi:r+1 As(A) which
implies that A = U!_,, A,(A). Therefore,

T(m/m) = H x;.
i€A
r+1<s<t

Thus our assumption that C' > A implies that C' = A and that ¢, = 1.
Therefore

Oc(m) = O (M) - O, (m/mM) = > ¢aOc(ma)

acY

where |Y| = |X| — 1 and my < m for all @ € Y. The fact that m has a gap
implies that deg(m) < deg(m). Furthermore, deg(7) # 0 since m # s,, since
we have assumed that 0 € set(A). Thus 1 < deg(m) < deg(m).

In summary, the assumption that m has a gap and m # s, implies that
O¢(m) may be expressed as a polynomial in orbit sums of monomials which
are smaller than m in our partial order.

Using induction with respect to the partial order this shows that if m
has a gap and m # s, then we do not require Og(m) as part of a minimal
generating set of orbit sums for K[V]¢. Thus a generating set is formed by
taking s,, together with the orbit sums of all monomials without a gap. O

Remark 4.6.2. Note that, in fact, the above proof proves the stronger state-
ment that K[V]% is generated as a module over K[V]*" by the set {Og(z?) |
I has no gaps}.

Definition 4.6.3. An orbit sum Og(x?) is called special if either A has no
gaps or A = (1,1,...,1). Thus Gébel’s Theorem asserts that the ring of in-
variants of a permutation representation is always gemerated by its special
orbit sums.

Remark 4.6.4. If the permutation action of G on V acts transitively on the
permutation basis of V', then the monomial s, is an indecomposable orbit
sum. Conversely, if the permutation basis of V' consists of r orbits with r > 2,
then s, is the product of r lower degree invariant monomials, each without a
gap. Thus if G does not act transitively on the permutation basis of V', then
the ring of invariants is generated by the orbit sums of the monomials without

gaps.

Corollary 4.6.5. Let V be a permutation representation of G with dim(V') >
3. Then
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dim V'
s < (M)

Proof. The largest degree monomials without a gap are those monomials m
with set(m) = {0,1,2,...,n — 1}. Such monomials have degree (). Since
n >3 we have (5) > n = deg(sn). O

4.7 The Ring of Invariants of the Regular
Representation of the Klein Group

In this section and the next we examine in detail two examples in order to
illustrate the use of Gobel’s Theorem and Hilbert series.

The first example is a continuation of the example we considered in §3.7.1.
We are considering the regular representation of the Klein group G := Cs x Co
over a field K of any characteristic. We choose a basis {1, 29, x5, 24} for V*
with G-action given by

g1 02

T < T2 X1 < T4
g1 g2

T3 < T4 To < I3.

We begin by analyzing the structure of K[V]“ as a module over the ring
K[V]E4 since the elementary symmetric functions s1, s2, s3, s4 form a homo-
geneous system of parameters for K[V].

By the proof of Gobel’s Theorem (see Remark 4.6.2), we know that the
ring of invariants is generated as a module over K[s1, sq, $3, 4] by the orbit
sums without gaps. In addition to the elementary symmetric functions, the
special orbit sums are associated to the decreasing exponent sequences

(3,2,1,0), (2,2,1,0), (2,1,1,0), (2,1,0,0),

For each such exponent sequence, as well as for the elementary symmetric
functions, we need to write the X4 orbit sum as G orbit sums.
In §3.7.1, we showed that

14+2X2 +2X1 + )6
(T=X)1 =21 =X)(1-X%

HK[V]F,A) =

The form of this Hilbert series means that if K[V] is Cohen-Macaulay, it
must be generated as a module over K[sq, sz, s3, $4] by 6 invariants of degrees
0, 2, 2, 4, 4 and 6. We note that these invariants may be chosen to be orbit
sums by Lemma 4.5.1. Of course, if K[V]% is not Cohen-Macaulay, then more
generators will be needed, see Corollary 3.1.4.

Writing out the Xy special orbit sums as G-orbit sums we get:
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Ox,(x1) = s1 = Og(x1)
024({E1£L'2 = = Og(l’llﬂg) + Og(l’lxg) + Og($1$4)
024(.1’1372333 = = Og($1l‘2$3)
Ox, (w1227314) = 54 = Og(T1222324)

2
Ox, (x122

2
Ox, (xiz273

2. 2
Ogx, (zix523

s182 — 3s3 = Og(zi22) + Og(aixs) + Oc(ximye)
= 5183 — 454 = Og(¥3x923) + Oc (23 2924) + O (23 2324)

= 5983 — 38154 = Og(232323) + Og(x3x022) + Og(xizen?)

o e — — ' —

Ox, (x323523) = 515253 — 35754 — 352 + 45254

= Og(aia3as) + O (rizexy) + Og(aiwaa]) + Og(aiaias)
+ OG(xle‘r‘l)

By Gobel’s Theorem, the 20 G-orbit sums which occur on the right hand
side of the above equations, together with 1, generate K[V]“ as a module
over K[sy, $2, 83, $4]. We will now show that the 6 orbit sums 1, Og(z123),
Og(z124), Oc(22x924), Og(v32324), Og(x3x373) suffice to generate K[V]¢
as a module over K[sq, s2, 3, $4].

Clearly, Og(z1) = s1, Og(z122923) = s3 and Og(x1x22324) = S4 are not
required as module generators.

The following identities, although tedious, are all easily verified. They show
how the remaining 12 candidate orbit sums lie in the K[sy, so, 83, 84]-module
generated by the 6 orbit sums listed above.

- OG($1$4)

—s3 + $1(s2 — Og(z123) — O (2124))

—s3 + $10¢(z123)
—s3 + 510g(r124)
Og(z2x314)

= (5183 — 454) — Og(a2xo1y) —

= —(s184 — $253) + $30a(z124) + 530¢(x123)
—(s1584) + 830¢(7173)

—(s184) + 830G (124)

—(s? (s183 — 284) O (x123)

— (

2
$184 — $18283 + 83) —

5183 — 284)Oc(x124) — Og(x1x2x3)

= — (5754 — 515283 + 53) — 51530¢(7123) — 5200 (v 2924)
— O¢(x32323)
f(sf54 — 818983 + 28954 + sg) —2540¢(x124)

— 800¢(23w914) — 520¢(232324) — O (23 2523)
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Og(xi’xgm) = —(s15253 — 4s984) + (5183 — 254)O¢(x123) — 2540 (T124)
+ 550g(23w924) + 8590 (23374) + O (xir3w3)
Og(m‘;’xgxi) = —(815283 — 289284) — 51830 (v123) + (5153 — 254) O (T124)

+ 520¢ (x3womy) + Og(z:fa:%xg)

This shows that K[V]Y is the K[sy, sa, 53, s4]-module generated by 1,
Oc(r173), Og(1124), Oc(237924), Oc(2323714), OG(x32323). Furthermore,
applying Proposition 3.1.4, we see that K[V]¢ is in fact the free K[sy, s2, 53, 54)-
module generated by these 6 orbit sums and thus that K[V]® is Cohen-
Macaulay.

Next, we turn to the question of a minimal algebra generating set for
this example. The above shows that K[V] is generated by the 4 primary
invariants si, So, S3, sS4 and the 6 secondary invariants listed above. Of course,
1 is not required in an algebra generating set. Also, since Og(z3waz4) =
Oc(x172)Og(z124) and Og(x2z314) = Og(r123)Og(7174), We see that
Og(23x924) and Og(z3x324) are decomposable invariants and so not part
of a minimal algebra generating set. Similarly, the identity

Og(xfxgosg) = 535951 — 45482 + Og($1x4)OG(z1x3)2 + SQOg(x1z4)2

— sg(’)g(xlm) — $3510¢(x123) + 2540 (x123)

shows that Og(z3x323) is decomposable. Therefore, K[V]¢ is generated by

51,52, 0g(2123), Oc(T124), 53, S4-
Continuing we may write

4sy = 155 — Og(x122)Og(r324) — Og(123) O (x224) — O (2124) O (2213).

First suppose that the characteristic of K is different from 2. Then 1/4 € K
and so we may use the above identity to write s4 as a polynomial in the other
5 invariants. Therefore, K[V is generated by s1, 52, Og(z173), Og(x124), 53

This is the best we can do. If we could get by with only 4 generators, then
K[V]¢ would be a polynomial ring. The form of the Hilbert series shows this is
not the case. More directly, recall that the Hilbert series begins H(K[V]%, \) =
14+ X+ 4X2 4+ 503 4 110* + ... Of course, we need the linear generator s;.
We also need three quadratic generators in addition to s7 to span the degree
2 invariants. These 4 invariants will generate only a 4 dimensional subspace
of K[V]3 and thus a fourth generator of degree 3 is required.

Now suppose that K has characteristic 2. In this case, 6 algebra generators
are required. To see this, consider the point v = (1,1,1,1). The first five
generators s1, s2, Og(z123), Og(r124), s3 all vanish at v. However s4(v) = 1.
Hence s4 cannot be expressed in terms of the other 5 generators. Using degree
arguments it is easy to see that none of the 5 remaining generators can be
expressed in the other 4.
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4.8 The Ring of Invariants of the Regular
Representation of Cj

We consider the regular representation of the cyclic group G := C4 of order
4 over a field K. We choose a permutation basis for V and we denote the
corresponding permutation basis for V* by {x1,z2,23,24}. So a generator
o € (G maps x1 to Ts, To to x3, x3 to x4, and x4 to x1.

As we saw in §3.7.2, the Hilbert series of the ring of invariants K[V]¢ in
any characteristic is given by

1 1 1 2
HEIVI® ) = 4 ((1 B VIR v A4>>

=1+ A+322+5X3 4+ 100* 4+ 14X\ 4+ 22)\° +
o LEXEN N
T =N =21 =231 =AY

By Gébel’s theorem, we know that K[V]¢ is generated by elements of degrees
at most 6. As in the case of the regular representation of the Klein group, we
analyze the ring of invariants as a module over

IK[:I;17:'U27‘/'L.37:I:4]24 = K[sl7 52,83, 84]7

where s, denotes the elementary symmetric functions. Thus if K[V]¢ is Cohen-
Macaulay, the generators for K[V]¢ as a K[V]**-module will have degrees 0,
2,3, 4,4, and 5.

By the proof of Gébel’s Theorem (see Remark 4.6.2), we know that the
ring of invariants is generated as a module over K[sy, sq, s3, 84] by the orbit
sums without gaps. In addition to the elementary symmetric functions, the
special orbit sums — just as in the case of the regular representation of the
Klein group — are associated to the decreasing exponent sequences.

(3,2,1,0), (2,2,1,0), (2,1,1,0), (2,1,0,0).

Proceeding just as before to write the Y, orbit sums of these and the ele-
mentary symmetric functions as G orbit sums, we find that there are 19 orbit
sums from which to determine module generators:

Os, (1 = Og(71)

Os,(x122) = 52 = Og(z122) + O (123)
Ox, (r12223) = 83 = Og(x12273)
Ox, (2315) = Og(23r2) + Oc(x3x3)

)
)
)
Ox, (x1292314) = 84 = Og(x1292324)
)
Ox, (23 2923)
)

(=7
= O(;(.’L‘%xgxg) + Og(m%xgm) + Og(x%xgm)
(=7

Os, (x3xdr3) = Og(vizizs) + Og(zizer?) + Og(zirisy)
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Ox, (xzfac%mg) Og(x1x2x3) + Og(m1x2x4) + Og(x1x2x3) + Og(x1x3x4)
+ Og(xlmga:4) + Og(x32323)

In the Cohen-Macaulay case, we will see that
1,0¢(z113), Og(2ixs), Og(xiwexs), Og(xizexs), Og(zizies)

generate K[V]% as a K[sq, sa, 83, s4]-module.
Here are the identities needed to verify this:

Og(z123) = 59 — Og(7172)

Oc(xirs) = (5152 — s3) — 5106(2172)
Oc(23x314) = (5153 — 484) — O (23 2023) — O (23 T224)
Oc(23x9w3) = (—8154 + 5283) — 530 (r122))
Oc(23airy) = —25154 + 530¢(x120) — O (22 2323)
Oc(3r3ry) = (—8354 + 25954) — 540g(1122) + 520 (3 2024)

— 510G (2t 523) + Og(xi5es)
Oc(a3x3x?) = (—ssy — 53) — 51830g(x122) — 520¢(xw014)
— Og(afzizs)
Oc(x3wax3) = (—s3s4 + 28954 — 53) + 520¢(7172) + 5206 (23 292:3)
— Og({w313)
Oc(x3x3xs) = (515283 — 25254) + (—5183 + 84) O (2129) — 5206 (x32023)
+ Og(x3x3x3)
Oc(23x01]) = (25284 — 52) — 840¢(x122) + 5106 (v1w223) — Og (23 w323)
206 (x3i3) = 530¢(x213) — 590 (3waw4) + 5106 (23 292:3)
Thus if the characteristic of K is not 2, then the 6 module generators

listed above suffice. However, in characteristic 2, the last equation yields a
K[s1, 82, 83, S4] linear relation

53(96;(1‘%@) — szOg(xfmgm) + sloc(xfxgxg) =0

among the module generators. By considering the Hilbert series we see that in
light of this relation, we need an extra module generator which we may take
to be Og(x3z2r3). Thus, in characteristic 2, K[V]¢ is not Cohen-Macaulay
and requires 7 secondary generators.

Now we consider algebra generating sets. The identity

5183 — 520 (x112) + Og(x122)? — O (23r21s) = 454

rewrites as
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OG(.’L’%.’EQI’;;) = 8183 — 520¢(x122) + Og(x1m2)2 — 4s4.

Hence Og(x3x224) is not required as a generator (in the presence of s4).
Also,

20¢(zirdes) = —25154 + 5106 (23 2923) — 5253 — 520¢(v3x2)
+ 25306 (z172) + Og(2172) O (7712)
which shows that Og (2223x3) is decomposable if the characteristic of the field
is not 2.

Together with the above relations these two identities show that F[V]
generated as an algebra by

G is
51,582,583, 54, Og(x172), Og(x2x3), Og(23w013)
and (if the characteristic of K is 2)
Og(zirixs), Og(zirixs) .
Thus in characteristics different from 2, we see that
K[V]¢ = K[s1, 2, Oc(x122), 53, O (2222), O (222923, 54].

Note that the largest required generator has degree 4 which is the order of G.
In characteristic 2, we have

s254 + 52 + Og(2122) O (vix013) = Og(x3ries).

Thus Og(z3x323) is not required as an algebra generator even in characteristic
2. Thus, in characteristic 2, K[V]¢ is generated by

{51,852, 0c(x122), 53, O (23 22), 54, O (w]waws), Oc(aiwazs), Oc(aiaias)} .

From the Hilbert series, we know that dimg[V]§ = 14. However, the extra
relation in characteristic 2 given by

510¢(22x023) — 8983 — 520 (x229) + Og(x129)Og(2325) = 0

(which follows from the above identities) shows that the 8 generators other
than Og(z3r323) only generate a 13 dimensional subspace of K[V]5. Thus an
algebra generator of degree 5 is required in characteristic 2.

Remark 4.8.1. The example of the regular representation of Cy over the field
Fy of order 2 is important historically. Pierre Samuel asked the question
whether every unique factorization domain was Cohen-Macaulay. His stu-
dent Marie-José Bertin [9] answered this question in the negative using the
example we have just considered. She showed that this ring of invariants is
not Cohen-Macaulay and since it is the ring of invariants of a p-group, it is a
unique factorization domain. For a good description of this, see [43].
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4.9 A 2 Dimensional Representation of C3, p = 2

We consider a representation V' of G = C5 with generator o on V' of dimension
2 over Fo. We suppose that the action of o on V* with basis {x,y} given

- ()
11)°
Then o acting on Fa[V] = Fa[x,y] sends x to y and sends y to = + y.

It is straightforward to calculate the ring of invariants for G. First we
observe that the Dickson invariants (see §3.3) r = 22 + zy +y?, s = 2%y + 2/
form, as always, a homogeneous system for F5[V]“. Second we observe that
G has index 2 in GLy(Fy), and that t = 2 + 2%y + »® is invariant. It isn’t
hard to see using Galois theory that

Folz,y]9 = Fola® + ay + 32, 2%y + 2y, 2° + 2%y + 4],

and, therefore, this ring is a hypersurface. As part of this calculation, we note
2 =13 4+ 52 +rs.

Therefore, we obtain a resolution over the ring A = Fsla,b,c] with
deg(a) = 2, deg(b) = deg(c) = 3, and p(a) = 22 + xy + y2, p(b) = 2%y + 232,
p(c) = 23 + 22y + y3. We obtain

0— A(? +a®+b* +bc) — A — Fylz,y]¢ — 0.

It follows that ) .
1+t°+t

G 5 _

H(F[V]¥,t) = a—p2

4.10 The Three Dimensional Modular Representation
of C),

Suppose p > 2 and let F be a field of characteristic p. Consider the action of
C, = (o) on a three dimensional F vector space V' determined by the matrix

100
c=1110
011

Note that this matrix has order p and thus does indeed afford a three di-
mensional representation of G = C),. This representation turns out to be the
unique indecomposable representation of C;, of this dimension. We will discuss
this question and related matters later in §7.1.

We will compute the ring of invariants of this representation and see that
it is a hypersurface. We will give two different computations of this ring of
invariants. The first takes advantage of prior knowledge of the Hilbert series
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which reduces the amount of work considerably. The second is longer but does
not rely on any prior knowledge.

We let {z,y, 2z} denote the basis of V* dual to the standard basis of V. We
begin by observing that some invariants are easily constructed: z is invariant,
as are N%(y) and N(z). Furthermore, it is not hard to see that d = y? —
2xz — xy is also invariant. You may well wonder where d came from. There
are two considerations, one coming from the form of the Hilbert series, see
immediately below, and the other from a consideration of what we refer to as
“integral invariants”, see §7.5. In the meantime, we note simply that while the
polynomial expressions for N%(y) and N (z) depend upon p, the expressions
for z and d do not: the “same” polynomial x, or d, is invariant for all primes.

Theorem 4.10.1.
F[V]9 = Flz, N (y), N“(z), d]

The next two sections are devoted to the two proofs of this theorem.

4.10.1 Prior Knowledge of the Hilbert Series

Our first approach to this example uses the work of Almkvist and Fossum [3].
They have shown that there exists a three dimensional representation of C),
in characteristic 0 which has the same Hilbert series as the current ring of
invariants F[z,y, 2]“7. Let ¢ be a complex (primitive) p-th root of unity and
consider the matrix

€200

T=1 010

0 0¢&2

For p > 2, the matrix 7 has order p and the Hilbert series of the associated
representation of C}, can be shown to be the same as the Hilbert series of
the characteristic p representation. Almkvist and Fossum’s work has been
extended and explained by Hughes and Kemper in references [54] and [55].

Lemma 4.10.2. We have
ST 1+ N

HEWIE N = T 550w ~ TN =)

a

The first form of the Hilbert series suggests that there is a homogeneous
system of parameters for F[V]¢ consisting of one invariant of degree 1 and two
of degree p, and that there is a fourth invariant of degree 2, whose powers give
module generators for the ring of invariants over the subalgebra generated by
the homogeneous system.

The second form of the Hilbert series suggests that there is a homogeneous
system of parameters for F[V]“ consisting of one invariant of degree 1, one
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invariant of degree 2 and one invariant of degree p, and that there is a fourth
invariant of degree p which generates the ring of invariants as a module over
the subalgebra generated by the homogeneous system.

Both of these suggestions turn out to be correct, but the reader should be
warned that the form of the Hilbert series cannot always be “realized”.

It is easy to find three invariants: first of all z is invariant, and we may form
NYy) = y? — 2771y and NE(2) = 2P — 22P~1 — ..., We note that N(y)
is F-linear in y, but that NY(z) is not. Consideration of this phenomenon
eventually leads to the following.

Lemma 4.10.3. 1. Let x € V* and suppose G is a p-group acting on V*
with the property that

(G -1z ={(oc-1)(x)|oeG}

is a vector space. Then N (z) is a p-polynomial, that is, is the only powers
of © which occur are of the form 2P and hence the polynomial is Fp,-linear
m x.
2. The coefficients of the various powers of x in the polynomial N (z) are
the Dickson invariants in the elements of the vector space (G — 1)(x).
3. NY(x) is F-linear in x if and only if (G — 1)(x) is a vector space.
O

By Proposition 4.0.3, the sequence z, N(y), N(z) is a homogeneous system
of parameters for F[V]. Therefore, F[V] is finitely generated as a module
over the subalgebra A = F[x, N(y),N(z)]. As noted above, the form of the
Hilbert series suggests the existence of an invariant of degree 2. We note that
F[V]2 has dimension 6, and it is fairly easy to compute the action of o on
F[V]2 and determine that d = y? — 2zz — 2y and z? span the homogeneous
invariants of degree 2. We also note that the proof of Proposition 4.0.3 shows
that {z,d,N(z)} is also a homogeneous system of parameters for F[V/]%».

What relation holds between the generators above? We observe that dP
and N(y)? both have terms of the form y?’ and this allows the one to be
written as a polynomial expression in z, N(z) and the other. Further, no
lower power of d* can be written as a polynomial in o, N(y) and N(z) given
the term y?* in d*. Thus

Flz,d,N(y), N(2)] = ®!Z)F[z, N(y), N(2)]d".
Similarly, N(y)? € F[z,d,N(z) but N(y) ¢ F[z,d,N(z). Hence
Flx,d,N(y),N(z)] = F[z,d,N(z)] & Flz,d, N(2)|N(y)

Using either of these decompositions we can find H(F[z, d, N(y), N(z)], A). For
example, from the second decomposition, we see
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H(F[xv d, N(y)v N(Z)]v )‘) = H(F[w, d, N(Z)]7 )‘)(1 + )‘p)
1+ NP
(1 —=X)(1—=X2)(1—xp)’

Given the computation of Almkvist and Fossum above which computes the
Hilbert series of F[V]Y, we see

H(F[z,d,N(y),N(2)],A) = H(F[V]G7 A)

Since Flz,d, N(y), N(z)] C F[V]%, these two rings must be equal.
We contrast the preceding with the computation below in which none of
the individual steps are hard, but there are many steps to take.

4.10.2 Without the Use of the Hilbert Series

Without the information encoded in the Hilbert series we must work harder
to compute the ring of invariants. As above, it is easy to construct invariants,
but it is much more difficult to know when to stop. That is, it is hard to
determine which sets of invariants are generating sets in the absence of other
information.

The next theorem tells us that the only invariants in z, y and z which have
degree less than p in z must be polynomials in z,d and N%(y) = N(y).

Theorem 4.10.4. If f € F[V3]° and f = Z?:o fiz" where f; € Flz,y,d] and
j <p, then [ € Flz,d,N(y)].

Proof. The proof of the theorem is by induction on j.
For j =0, f = fo € Flz,y,d]. Write

f = i aidi
=0

where a; € F[z,y] and apply delta:

0=A(f) =) Ala)d'.
i=0
Since {z,y,d} is algebraically independent, A(a;) = 0. Thus
a; € F[V] % = Fla, N(y)].
For j > 0, we apply delta to f to get
0=A(f) = A(fy)?" +a(f)ARE) + ...

Since deg, (A(27)) < j, we have A(f;) = 0. Rewriting A(f) gives
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= A(f)o() + [AE) + Alf-0)7 7+
or ‘ |
0=jfyz '+ A(fj—1)2" ' + terms with smaller z-degree.

Thus f; € A(Flz,y,d]) C (z)F[z,y,d].
Write f; = «zh with h € Flz,y,d]. Let d = d — za& € Flz,y| so that
ze=d—d.

Then . . . '
fiz) = h(z2)z7 "t = hdz? ™t — hd' 27!
and
=
f=(hd—hd + fj_1)z " + Z fiz".
i=0

Thus, by induction, f € Flz,d, N(y)].
]

Since N(z) is monic when considered as a polynomial in the variable z,
we may divide any polynomial f by N(z) to get f = ¢N(z) + r where ¢ and
r are unique with deg, r < p.

Lemma 4.10.5. If f € R® and f = ¢N(z) + r with deg_r < p, then q,r €
RC.

Proof. We have f =o0-f = (0-9)(6-N(z))+(c-r) = (0-q)N(z)+ (o -r). Since
oc-z=z+y,0-y=y+aand o-x =z, it follows that deg, (o - h) = deg_(h)
for all h € R. In particular, deg, (o -r) = deg,(r) < p. Thus by the uniqueness
of remainders and quotients, we must have o - r = r and o - ¢ = ¢. Hence
o' -r=rand ¢ q=q and thus ¢,r € R®. O

Consider f € F[xz,y, 2]¢ and write f = ¢-N(z) +r where deg_(r) < p. We
may also write

p—1
_ § )
r= Tz
=0

where 7; € Flz,y].
Before proceeding to the proof of Theorem 4.10.1, we have the following
lemma.

Lemma 4.10.6. z* divides r;.

Proof.
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Fix j with 0 < j < p—1. Equating the coefficients of 27 in the above equations
we get

Equivalently, we have

p—1 i o
G+ Dyolrin) = —(0 — )+ 3 (.)yf-ﬂam)

i=j12 M
Applying 0! to this equation we obtain:
p—1 i
G+ 00 e =~ =D+ 3 (§)e e (a0)
i=j+2

Note that 0~ !(y) = y — z and o~ !(z) = 2. Thus if for some k we have z*
divides 7;, then we also have z**! divides (c=! — 1)(r;). Therefore, if z**+1
divides r; for alli = j+2,...,p—1 and also z* divides 7, then Equation 4.10.1
implies that 2%+ divides 7;41.

We proceed by induction. We will prove that x* divides 7; and that z?*+!
divides r; for all i =t +2,...,p — 1 by induction.

For the initial step, ¢ = 0, we consider Equation 4.10.1 with j = p — 2.
From that equation, we see that x divides r,_;. Then the above remark with
k =0 and j = p — 3 shows that = divides r,_5. Continuing to apply this
remark we obtain that x divides r; for all i = 1, ..., p—1 which completes the
initial step of the induction.

For the general step, we assume that z'~! divides r,_; and that z* divides
ri foralli =t+1,...,p — 1. But then using the above remark again with
k=t—1and j =t—1, we obtain that 2 divides r;. Now applying the remark
with k =t and j = p — 2 shows that ' + 1 divides 7,_2. Next applying the
remark with £ =t and j = p — 3 shows that z* + 1 divides rp_3.

Continuing in this fashion we obtain that x!*! divides r; for all i = ¢ +
1,...,p — 1 which completes the proof of the lemma. a

We now give the proof of Theorem 4.10.1.

Proof. As above, we take f € F[z,y, 2]% and write f = ¢N(z)-+r. We consider
elements of F[x,y, 2] as polynomials in z. In particular,
Ly p+1

d:xz—&—(p%y + 5

By the lemma, we may divide d into r to obtain r = d-g+h where deg, (h) = 0.
Then r = o(r) = d-o(g) + o(h) with deg,(c(h)) = 0. Thus by the uniqueness
of the remainder, we see that g = o(g) and h = o(h), i.e., g, h € Flx,y, 2]°.
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In summary, we have shown that if f € F[z,y,2]®, then we have f =
q¢-N(2)+7r =q-N(2)+d-g+h where h € F[z,y]® = F[z, N(y)]. By induction
on degree we may show that

9,9 € ]F[.Z‘, d, N(y), N(Z)]

and thus
h € Flz,d, N(y),N(z)].






5

Monomial Orderings and SAGBI Bases

Let S denote the polynomial ring K[z1,...,x,]. The set of monomials in S
is M :={z{*z3*-...- 2% | a1,a9,...,a, € N}. A term in S is an element of
the form c¢m where ¢ € K and m € M.

Definition 5.0.1. A monomial order is a total order on M such that

1.m>1 for allm e M\ {1}, and
2. if m1 > mo, then mmy > mmsy for all monomials m,my,ms.

The following lemma shows that every monomial ordering is a well-
ordering, i.e., every non-empty set of monomials contains a least element.
This is the key fact we need in order to use monomial orders as the basis of
induction proofs.

Lemma 5.0.2. A monomial ordering is a well-ordering.

Proof. Consider a non-empty set of monomials A C M and let I be the ideal
of S generated by A. Then the monomials in I are precisely those monomials
in S which are divisible by some monomial of A. Since S is a Noetherian ring,
the ideal I is minimally generated by some finite subset {my,...,m,} of A.
Without loss of generality we assume that my is the smallest monomial in
the finite set {m1,...,m,}. Since {my,...,m,} generates I, the set of mono-
mials in [ is also characterized as those monomials of S which are divisible by
some m; with 1 < ¢ < r. Take any monomial m in A. Then m lies in I and so
there exists ¢ such that m; divides m. Write m = m/m;. Then 1 < m/. This
together with m; < m; implies m; < m’m; < m’m; = m. Therefore, m; is
less than or equal to every monomial of A. O

Now let f be any non-zero element of S and write f (uniquely) as a linear
combination of distinct monomials: f = c¢ymi + coms + ... + ¢,m, where
c; € Kand m; € M for all i = 1,2,...,r. Without loss of generality, assume
m1 >m,; for all i = 2,3,...,r. We say that m; is the lead monomial of f and
write LM(f) = m;. Similarly, we say that c¢;ym; is the lead term of f and write
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LT(f) = cimq, that ¢ is the lead coefficient of f and write LC(f) = ¢1. We
make the conventions that LM(0) = 0, LT(0) = 0 and LC(0) = 0 although we
do not consider 0 a term nor a monomial.

We now give some examples of monomial orderings. In these examples we

’ ’
ay Gz

Pxg?e .zt and m' = xq @y

. . . a
will use two different monomials m = 7" x5 Y

Ezample 5.0.3 (Lexzicographic Ordering). Define i > 1 by a1 = al,ay =
ab,...,a;—1 = a,_; but a; # a}. Then in the lexicographic ordering, m <fex
m/ if and only if a; < a].

Ezample 5.0.4 (Graded Lexicographic Ordering). Suppose a1 + as ... + a, #
ay+al .. .+al, then m <g1ex m' if and only if a1+as .. .+a, < aj+a,...+al,.
On the other hand, if a; + as ...+ a, = a} +ay...+ a,, then m <gpex M’
if and only if m <pex m’. Thus if two monomials have different degrees, the
one of lower degree is smaller in the graded lexicographic ordering. For two
monomials of the same degree, the graded lexicographic ordering yields the
same order as the lexicographic ordering.

Ezample 5.0.5 (Graded Reverse Lexzicographic Ordering). Thereisa j, 1 < j <
n, such that a, = aj,,an—1 = aj,_q,...,a;41 = aj 4 but a; # a. Suppose
a1 +ag...+an, #aj +ady...+al, then in the graded reverse lexicographic
ordering, m <gRrevLex M’ if and only if a1 + a2... +a, < @} +db... + al,.
Conversely, if a1 +az...+a, =a] +ah...+al, then m <grevLex M’ if and
only if a; > aj.

We might be tempted to define a reverse lexicographic ordering by putting
m <RgevLey M if and only if a; > a;- where j is the greatest value of ¢ such
that a; # a. Unfortunately, this ordering would not be a monomial ordering
since 1 = 2929 - ... - 2% > m for all monomials m # 1.
Ezample 5.0.6. Let f = 3z1x3 — 5x3xy + 223 € S = Klxy, 22, 73, 24]. In the
lexicographic order LM(f) = z1z3. In graded lexicographic order LM(f) =
r3x4 and with respect to the graded reverse lexicographic ordering LM(f) =
Ezample 5.0.7 (Weight Orderings). Let U = Uy, Us, ..., U, be a sequence of
n elements of N C R™ which are linearly independent over R. From the
two monomials, we form two integer sequences E = (eg,ea,...,e,) and E' =
(€, €5, ...,¢€l,) in N” where e; is the dot product of U; with (a1,a2,...,an)
and € is the dot product of U; with (a},ay,...,ay). Since Uy, Us,...,U,
span R™ and m # m/, we must have E # F’. Define i > 1 by e; = €}, e5 =
€h,...,e,—1 = €;_, but e; # e}. Then we define m <y m’ if and only if e; < €.

The first three examples are special cases of a weight ordering. For exam-
ple, if we take U = (1,0, ...,0),(0,1,0,...,0),...,(0,0,0,...,1) then the two
orderings <y and <p.; coincide. We note that the graded lexicographic or-
der and the graded reverse lexicographic order can both be realized as weight
orders.
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The experience of many people has shown that computer computations
done using graded reverse lexicographic order are very often faster than the
same computations done in another monomial order. There are also theoretical
reasons for preferring the graded reverse lexicographic order when studying
the invariants of p-groups. For example, many of the proofs given in Chapter 7
rely upon properties of the graded reverse lexicographic order.

We will assume the reader to be familiar with the elements of the Grébner
basis theory for ideals.

5.1 SAGBI Bases

In invariant theory, we are interested in subalgebras of S = K[z1,...,z,].
This leads us to consider SAGBI bases. The word SAGBI is an acronym for
Subalgebra Analogue of Grébner Bases for Ideals. The concept of a SAGBI
basis was introduced separately by Robbiano and Sweedler [93] and by Kapur
and Madlener [60].

As the name suggests, the theory of SAGBI bases is very much analogous
to the theory of Grébner basis. There is one central difference between the two
theories. While we know that every ideal of S = K[z1, z3,...,z,] has a finite
Grobner basis. But as we shall see there exist finitely generated subalgebras
R of S which have no finite SAGBI basis.

Let R be any graded subspace of S = K[zy,22,...,z,]. As we did for
ideals, we denote by LT(R) the vector space

LT(R) := spang{LM(f) : f € R} .

One of the most important properties of this subspace is the fact that
H(R,\) = H(LT(R), ). Moreover, if R is a subalgebra of S, then LT(R)
is also an algebra which we call the lead term algebra of R.

Lemma 5.1.1. 1. H(R,\) = H(LT(R), \).
2. If R is a subalgebra of S, then LT(R) is an algebra.
O

Definition 5.1.2. Let R be a subalgebra of S = K[z1,x2,...,2,]. A subset B
of R is a SAGBI basis for R if the algebra generated by {LT(b) | b € B} is
LT(R).

The following example shows how a generating set may fail to be a SAGBI
basis.

Ezample 5.1.3. Consider the subalgebra R of S = K[z, y, 2] generated by the
three functions fi := zy + y2, fo := xy® + y23 and f3 := 323y. We use
the graded reverse lexicographic monomial ordering with x > y > z. Thus
LT(f1) = xy, LT(f2) = xy® and LT(f3) = 323y.
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Notice that 3LT(f1)* = 3(zy)* = (2y?®)(32%y) = LT(f2) LT(f3). This
identity among lead terms gives rise to a corresponding difference, 3} — fa f3.
Evaluating this difference we find

3f1 — fofs = 1223y° + 18225 + 12297 4 3¢® — 323923,

Now the lead monomial here, 23y°, can be obtained as LM(f1)? LM(fs) and
so we consider

3f1 — fofs — 12f2fy = —62%y° + 3y8 — 3239223 — 1227923 — 24?23
—12¢°23.

Here the lead monomial 22y% = LM(f,)? and we consider

3f1 — fofs — 122 fo + 6£2 = 3y° — 323y22% — 120%932% — 122923
—129°23 + 63225,

Thus %® lies in LT(R). However, y® is not in the algebra generated by the
three monomials LT(f;), for ¢« = 1,2,3. Thus the original monomial relation
LM(f1)* = LM(f2) LM(f3) has led us to an element

fo=3f1 — fofs — 12f7 fo + 615

of R whose lead monomial is not a consequence of the lead monomials of fi,

f23 f3~

Definition 5.1.4. Let B be a subset of S = K[z1,xza,...,2,]. A téte-a-téte
(over B) consists of two different factorizations of a monomial with all factors
taken from the set {LM(f) | f € B}:

S

[Ty = [T

i=1

where a; > 0, by > 0 and f; € B for all i = 1,2,...,s. The téte-a-téte is
trivial if the two factorizations share a common factor greater than 1.

Given a téte-a-téte, we may choose non-zero constants ¢y, co € K such that
e [T, LT(fi)% = co [[5_; LT(fi)%. We will call the corresponding difference
alll, [ —celli, ff’ a téte-a-téte difference.

FEzample 5.1.5. We continue with Example 5.1.3. To the three generators
f1, f2, f3, we must add f4 to our SAGBI basis since its lead term, 3® is not
accounted for by the lead terms of f, fa, f3.

Now we consider téte-a-tétes among the four polynomials f1, fa, f3, f4.
There is only 1 non-trivial new téte-a-téte given by 3f5 — f3f1. Evaluating
this difference we get
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fs5:=3f3 — fafa = 3289323 + 12259123 + 12219523 + 1223y52% + 9229723
— 6239325 4+ 929° 20 + 39327,

Since LM(f5) = 2%y®23 cannot be written as a product of the lead mono-
mials of the fi, f2, fs, fi, we must further extend our SAGBI basis to
{f1, fa, f3, fa, f5}. At this stage, we do not find any new non-trivial téte-a-
tétes among the lead terms of these five elements. As we shall see, this guar-
antees that these five elements form a SAGBI basis for R, the subalgebra they
generate. That is to say that the subalgebra LT(K[f1, f2, f3]) is generated by
the 5 monomials LM(f;) with i = 1,2,...,5.

With the above examples in mind, we will now describe algorithms asso-
ciated with finding a SAGBI basis. The first, the subduction algorithm, is the
analogue of the reduction algorithm used for Grobner bases. Given a finite
set B={f1, f2,..., fs} and a non-zero element f, it produces a new element
F = f — P where F is such that its lead term cannot be factored over the
lead monomials of elements of B and P is in the subalgebra generated by B.

Algorithm 5.1.6 (Subduction Algorithm)

1. Initialize: F := f;
2. While FF # 0 do
If there exists a factorization LT(F) = e]];_ LT(f;)*
Then P:=P+c[[;_, fis F:==F —c[[_, [
Else Return F, P;
3. End While

The “If” statement in the above algorithm can be implemented by a re-
cursive search. In general, this statement can be rather time consuming to
perform.

The result F', produced by the subduction algorithm is called the subduc-
tion of f (over B). Note that in general, it is not unique since it depends upon
the choice of the factorizations chosen each time through the loop.

The next algorithm is not guaranteed to halt on all possible inputs. As we
shall see there are (finitely generated) subalgebras of S = K[z1,zo, ...,z
whose lead term algebras are not finitely generated. Such a subalgebra cannot
have a finite SAGBI basis. If however, the subalgebra, R, generated by B =
{f1, f2s--., fs} does have a finitely generated lead term algebra, then the
following algorithm will produce a SAGBI basis B for R.

Algorithm 5.1.7

1. Initialize: B := B;
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2. Repeat
B = 0;
For each non-trivial téte-a-téte difference d over B do
F := the subduction of d over B;
If FF #0 then B’ := B U{F};
End For
B:=BUB;
For each F in B’ do
If the subduction of F over (B\ {F}) is 0
then B := B\ {F'};

End For
3. Until B =10
4. Return B

Example 5.1.8. Let F be a field of characteristic p > 0 and let V5 denote
the two dimensional representation of the cyclic group C, of order p. If o
is a generator of C), then there is a basis, {x,y}, of V*, such that o(z) =
z and o(y) = x +y. We consider 2V, = Vo @ V5 and its coordinate ring
F[2V3] = F[xl,yl,zg,ygl. Let R denote the ring Flxy, x2, N1, Na, u13] where
N; = N(y;) = v¥ — 2P y; and w12 = x2y1 — 1y2. We showed in §1.12 that
F[2 V5] = R but we will not need this fact for this example.

First we consider the ring R equipped with the graded reverse lexicographic
ordering with y; < x1 < ya < xe. Then LT(N;) = —yixf_l for i = 1,2 and
LT(ulg) = —Y271. ) ) )

Define fy := u12 and inductively define f; := x’z’uplilfi,l — 1:1]\75%1 €R
for i > 1. It is easy to see using induction that f; = —yglxl + mgtylz

i i 1

i1 i
fi=ah " fioi—x Ny

_ p'-p it

i—1 i—1 _
(=8 mi+ab ) — o (yh — 2h )P

_ P p’
= —Yp T1 + Ty Y1.

Thus y2 1 = LM(f;) € LT(R) for all i > 0.

Conversely, we claim that y% ¢ LT(R) for all j > 1. To see this, assume, by
way of contradiction, that there is an element i € R with LT(h) = J where
J > 1. Since h € R, we know that h may be written as a linear combination of
products of 1, xe, N1, Na and u12. Because the monomial y3 occurs in h, this
expression for h must include N3* (and we must have j = pm). But that would
imply that LM(h) > LM(NJ*) = x;p_l)myén since there is no other way to
factor zgp_l)mygn over the lead terms of z1, z2, N1, Na, u12. This contradiction
shows that yg ¢ LT(R) for all j > 1. Therefore, any SAGBI basis for R must

be infinite since it must contain yglxl = LM(f;) € LT(R) for all i > 0.
We remark that the elements f; arise as téte-a-tétes when the SAGBI
algorithm is run to try to produce a SAGBI basis for this example.
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Ezample 5.1.9. Here we consider the same ring R = F[x1, 2, N1, Na, u1s] as in
the previous example. Again, we will use a graded reverse lexicographic order;
however, this time we will put 21 < y; < 3 < y2. Thus we have LT(N;) =
for i = 1,2 and LT(u12) = x2y;. Here (as in the previous example) there
is only one non-trivial téte-a-téte among the original five generators. This is
given by (z2y1)? = (22)P(y1)P. The corresponding téte-a-téte difference is

p D _ P p—1 D,.p
uyy — Xy N1 = o1y — Yooy

. -1 —1, p—1 :
which has the same lead term, zhy;2]™ ", as does 25~ "z} "uj2. Subtracting

this off we get

1 1

p D p—1_p—1 _ D,.p p—1_p
U — Ty N1 — x5 Xy U2 = —YoTy +YoTy Ty

Finally,

uPy — 2Ny — a2 P gy + 2PNy = 0
and thus the lone téte-a-téte subducts to zero. This implies that the minimal
generating set x1,xo, N1, No, uis is itself a finite SAGBI basis.

Notice also that we have found the generating relation that the five gener-
ators of this four dimensional ring must satisfy, i.e., R = F[a, b, ¢, d, €] /I where
I is the principal ideal generated by

e? —bPc —aP P e 4 aPd

and deg(a) = deg(b) = 1, deg(c) = deg(d) = p and deg(e) = 2.

5.1.1 Symmetric Polynomials

Here we consider the classical example of symmetric polynomials. Unlike the
usual analysis, we will work over an arbitrary field, K.

Recall from §3.2 the elementary symmetric polynomials s1, 8a,...,8, in n
variables. The s; are implicitly defined by the equation

n

H(/\ —2z;) = Z(—l)tst(zl, 22y ) AT

t=0

in Klz1, 22, . .., 2a][A].
Thus explicitly we have

51(217227'-«7271):Zl+22+"'+2n7

S2(21, 22, ...y 2n) = 2122 + 2123 + -+ + Zn_12n,

St(Zl,ZQ,...,Zn): E ZilziQ.'.Zit7
11 <ig<---<it

Sn(21,22, .oy 2n) = 2122+ Zp.
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Also sg(z1,22,.-.,2n) = 1.

Now we consider the symmetric group on n letters: G = X, and its usual
n dimensional representation, V. It is well known (at least for characteristic
zero) that the elementary symmetric functions in the n elements of a permu-
tation basis for V* generate the polynomial ring K[V]%. Indeed, we gave a
characteristic free proof of this result in §3.2. Here we will give another proof
of this result and show furthermore that the elementary symmetric functions
are in fact a SAGBI basis for K[V]¢ with respect to any monomial order.

We begin by choosing a permutation basis for V' and we consider the
dual basis, B, for V*. Fix a monomial order, <. We label the n elements
of the B by x1,x9,...,x, such that x; > x;41 in the fixed monomial order
for i = 1,2,...,n — 1. The symmetric group acts on K[V] by permuting the
elements of B via o(x;) = z4(;) for o € X,.

Lemma 5.1.10. LT(s;) = x129 - - - 2.

Proof. We proceed by induction on ¢. It is clear that LT (s1) = 1 since 1 > x;
for all i > 2. Suppose now that ¢ > 2 and assume by induction that LT(s;—1) =
T1To -+ - T¢_1. Given any t distinct subscripts, i1, 42, ...,7;, we need to show
that z;, 2, -+ 24, < x122---x¢. Without loss of generality, we may assume
that iy > i; for all j = 1,2,...,t — 1. In particular, ¢, > ¢t and thus z;, <
x¢. Since LT(si—1) = @122 - x4—1, We Know x;, i, - x4, < T1To- - Ty—1.
Therefore, x;,zi, -+ Ti,_,Ti, < T1%2---x4_124,. But from x;, < z;, we see
that z12a -+ 21w, < 2129 - x4—12¢. Therefore, x;, xi, -+ - i, < X122~ X4

O

For ease of notation, we define m; := LT (s;) for t =1,2,...,n.

We now proceed to characterize the lead monomials in K[V]%. Given any
monomial m' = x{*z5?--- x%", there is some permutation o € X, such that
Ug(1) = Qg(2) = = Qg(n). Then o(m’) = abrab? - abr where b; = o(i) sat-
isfies by > by > --- > b,,. We call a monomial whose exponents are ordered in
this way a descending monomial. Clearly, the X,,-orbit of any monomial con-
tains a unique descending monomial. We claim that this descending monomial
is always the largest monomial in the orbit.

To see this, consider a descending monomial m := 25242 ... 20 Notice

that m =[]}, mgt_b‘“ where for ease of notation we have b, 1 = 0. Thus

m o= [ JLM(s;)" 0
t=1

n

t=1

= LM(f)

where f =[]}, stV ¢ K[V, If 7(m) is any element of the orbit of m,
then 7(m) is a monomial occurring with non-zero coefficient in f = 7(f) and
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thus 7(m) < m. This shows that the descending monomial m is the greatest
monomial in its orbit.

Since V is a permutation representation, the set consisting of the orbit
sums of all monomials forms a vector space basis for K[V]¥. By the above, the
lead term in the orbit sum of a monomial, m, is the unique descending mono-
mial in the orbit of m. Therefore, the set of all descending monomials is pre-
cisely the set of lead monomials for K[V]¢. Furthermore, the above factoriza-
tion of the descending monomial m into a product of powers of my, ms, ..., my,
shows that {sy,s2,...,8,} is a SAGBI basis for K[V]“. Also, note that sub-
duction provides an algorithm for writing any invariant as a polynomial in the
elementary symmetric functions. We record the above results as the following
theorem.

Theorem 5.1.11. Let K be any field. Let V be the usual n dimensional
permutation representation of the symmetric group on n-letters, X, . Then
K[V]*» is the polynomial ring on the n elementary symmetric functions:

K[V]¥" = Kls1, 52, . --,5,]. Furthermore, for any monomial ordering on the
permutation basis, the n elementary symmetric functions form a SAGBI basis
for K[V]*n. O

Remark 5.1.12. This theorem is in fact valid over any commutative ring of
coefficients, K, see Bourbaki [11, Ch. 4, Thm. 1, p. 58].

5.2 Finite SAGBI Bases

Unlike the situation for Grobner bases we cannot always guarantee that a
finite SAGBI basis will exist, even for finitely generated subalgebras. We next
give an example which illustrates this phenomenon by exhibiting a ring of
invariants that fails to have a finite SAGBI basis.

Ezxample 5.2.1. Consider the usual three dimensional representation of the
alternating group Az over a field K of any characteristic. We will work with a
permutation basis and lexicographic order. Write As = (o) and let {e;, eq,e3}
be a basis of V such that o=!(e;) = e3, 0 1(e2) = e; and 07 (e3) = ey. Let
{z,y, 2z} be the dual basis of V*. Then o(x) =y, o(y) = z and o(z) = =.
Since this is a permutation representation, the orbit sums form a vector
space basis for K[V]42. These orbit sums are all of one of the following two
forms x%y®2z® or 2%y’ 2¢ +2by°2* + x°y°2® where a > b and a > c. In the latter
case z%y’z¢ is the lead term of the orbit sum. In particular 2" t12" is the
leading monomial of an invariant for all r = 0,1,2,.... We will show that this
monomial cannot be written as a product of other lead monomials. Suppose by
way of contradiction that #7127 = (212 )(2%22°?) where 22 = LT(f)
and 2%z = LT(fy) with fi, fo € K[V]4s. Since f; = o(f;) we see that
z%y* is a monomial occurring in f; and thus z*z% > x%y®. This implies
that a; > ¢;+1 for ¢ = 1,2. Therefore r+1 = a1+az > (c14+1)+(c2+1) = r+2.



92 5 Monomial Orderings and SAGBI Bases

This contradiction shows that " T12" cannot be written as a product of lower
degree lead monomials. This means that every monomial generating set for
the lead term algebra of K[V]4* must contain {z"*'z" | r =0,1,2,...} and
thus K[V]4# has no finite SAGBI basis (with respect to the basis {x,y, 2} and
lexicographic order).

We will see below that changing the monomial order cannot help. However,
first we will show that in a certain setting, there always exists a finite SAGBI
basis. In particular, this will mean that if the characteristic of K is 3, then
by changing the basis of V* in the above, we can get a finite SAGBI basis for
K[V]4s.

The results in the following sequence were proved by Shank and Wehlau,
see [99].

Proposition 5.2.2. Let A C Flzy,x2,...,x,] be a subalgebra and suppose
there exist hi,ha,..., h, € A and positive integers dy,ds,...,d, such that
LM(h;) = 2. Then A has a finite SAGBI basis.

Proof. Let H := F[:z:l ,1’2 yoo oy xdn]. Since xf & — = LM(h;) for i = 1,2,...,n
we see that H C LT(A). Furthermore, since xfl , a?g e ,m;i;l is a homogeneous
system of parameters for Flzy, za,...,z,], we have that F[zy, 2, ..., 2y] is
a finitely generated H-module containing A as a submodule. Since H is a
Noetherian algebra, this implies that LT(A) is a finitely generated H-module.
Since LT(A) is generated by monomials, this implies that there is a finite
subset of monomials my,ma, ..., m, which generate LT(A) as an H-module.
For each ¢ = 1,2,...,r, write m; = LT(f;) with f; € A. Then the set
{hi,ha,....,hy} U{f1, fo,..., fr} is a SAGBI basis for A. a

Fix any monomial order on F[V] = F[zy, 23, ..., z,] such that 1 < 23 <

- < . Recall that the representation of G on V is called triangular (with

respect to the chosen basis of V*) if LM(o(x;)) = x; foralli =1,2,...,n and
for all o € G.

Theorem 5.2.3. If the representation of G on V is triangular, then F[V]¢
has a finite SAGBI basis.

Proof. Let {x1,x2,...,2,} be the basis of V* with respect to which the
representation of G is triangular. Since LM(o(z;)) = z; for all 0 € G,
we see that the norms of the z; satisfy LM(N(z;)) = LM([[,cqo(:)) =
[I,eq LM(o(z;)) = .IZ,LG‘. Therefore, by the preceding proposition, F[V]¢ has
a finite SAGBI basis. O

Combining Proposition 4.0.2 with Theorem 5.2.3 we get the following re-
sult.

Theorem 5.2.4. Suppose that G is a p-group and V' is any representation of
G defined over a field F of characteristic p. Then there is a choice of basis
and monomial order such that F[V] has a finite SAGBI basis.
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5.3 SAGBI Bases for Permutation Representations

M. Gébel [45] showed that if G acts on K[V] by permuting the variables then,
using a lexicographic order, the ring of invariants, K[V]“, has a finite SAGBI
basis if and only if G is a product of symmetric groups, or what is the same
thing, that the permutation group G is generated by reflections. Later [46] he
conjectured that this result should extend to any term order. He was able to
prove the extension for the case of the alternating group in the paper [47].
The conjecture was proved in (various forms in) [91], [72] and [107]. We give
a proof here that uses the geometry of the group representation.

Theorem 5.1.11 showed that the usual permutation representation of X,
has a finite SAGBI basis. The goal of this section is to prove that this is
essentially the only permutation representation with a finite SAGBI basis.

Definition 5.3.1. We take UF_ | A; = {1,2,...,n} to be any partition of the
set {1,2,...,n} into disjoint subsets. The corresponding Young subgroup of
X, is the group X(A1) x X(A2) x ... X(Ay) where X(A;) ={r e X, | 7(i) =
i for alli¢ Aj}.

We begin with a result from group theory.

Lemma 5.3.2. Let G be a subgroup of X,,. Suppose that G is generated by
transpositions. Then G is a Young subgroup of X,. Furthermore, if G acts
transitively on {1,2,...,n}, then G = X,.

Proof. We prove the second statement first. Suppose that G is a transitive
subgroup of X,, generated by transpositions. Let R denote the set of trans-
positions in G. Without loss of generality, (1,2) € R. If n = 2, then we are
done. Thus we suppose that n > 3. Since G acts transitively, there must be a
transposition (i1,71) € R with i1 < 2 and j; > 3. Without loss of generality,
i1 = 2 and j; = 3 and thus we may assume that (2,3) € R. Thus R contains
all permutations on 1,2,3. If n = 3, we are done, and thus we may suppose
that n > 4. Again, since G acts transitively, there exists (i2,j2) € R with
1o < 3 and jo > 4. Without loss of generality, io = 3 and jo = 4 and thus
we may assume that (3,4) € R. Continuing in this manner we may assume
that (1,2), (2,3),...,(n —1,n) € R. Thus G = X, which proves the second
assertion of the theorem.

The first assertion follows easily from the second. a

Suppose that V is a permutation representation of G with permutation
basis {v1, va, ..., v, }. Let {21, 29, ..., 2, } be the dual basis of V*. The permu-
tation action of G on V induces a permutation action of G on the monomials
in F[V]. This in turn induces a permutation action of G on the set of expo-

nents as follows. Let (a1, az,...,a,) € N® be a sequence of exponents. Then
- n) — pb1..b by,
o((ay,asz,...,ay)) = (b1,be,...,by) where o(x{'x5? - xln) = a'z? - ay

(and b; = ag(;)).



94 5 Monomial Orderings and SAGBI Bases

In this section we will prove the following theorem which was proved in-
dependently by Kuroda [72], Reichstein [91], and Thiéry and Thomasse [107].

Theorem 5.3.3. Suppose that'V is a permutation representation of G. Choose
a permutation basis of V and let {x1,xa,...,x,} be the dual basis of V*. Fix
a monomial ordering on K[x1,xa,...,x,]. Then K[V]|® has a finite SAGBI
basis with respect to this fixed order if and only if the action of G on V is
generated by reflections.

Since the only permutations that are reflections are transpositions, apply-
ing Lemma 5.3.2 we obtain the following immediate corollary.

Theorem 5.3.4. Suppose that V is a permutation representation of G. Choose
a permutation basis of V and let {x1, 22, ..., x,} be the dual basis of V*. Fix
a monomial ordering on K[xy,z2,...,z,]. Then K[V]|¢ has a finite SAGBI
basis with respect to this fixed order if and only if G acts on V as a Young
subgroup of X,.

Now we begin the proof of Theorem 5.3.3. First we suppose that K[V]¢
has a finite SAGBI basis with respect to the permutation basis and the fixed
monomial order. We will show that this implies that the action of G on V is
generated by reflections. Throughout this proof we will work with the usual
Euclidean topology on R™. We write R>¢ := {x € R | z > 0} and Q3¢ :=
{r e Q]| z >0}

Definition 5.3.5. A cone in R™ is a subset C' of R™ such that \x € C for all
x € C and for all A € R with A > 0.

Let cone(S) := {A181 + dasa + -+ Mese |t €Nys; € S, N € R\ > 0}
denote the convex cone spanned by S.

Let C denote the convex cone C' := cone({(a1,as,...,a,) | [[i_, zf €
LT(K[V]9)}) spanned by the exponents of lead terms of elements of K[V]%.

Let B = {fi, f2,..., f+} be a finite SAGBI basis for K[V]“ and let Sy :=
{(a1,a2,...,a,) | [Ti=, 2" = LT(f) for f € B}. Then C = cone(Sp) which is
a closed subset of R™ since Sy is finite.

Lemma 5.3.6. The union of all the G-translates of C is the entire positive

orthant:
RZ, = ] o(C)
oeG

Proof. Clearly, Useqo(C) C RZ,. Since C is closed, Uycqo(C) is also closed.
Thus it suffices to prove that Q% C Uyeqo(C). Let a = (ai,asz,...,an,)
be any element of Q2. Take ¢ € N such that b := t(ai,az,...,a,) =
(b1,bg,...,b,) € N". Then the orbit sum Og ([T}, 2) € K[V]%. Let [}, =%
denote the corresponding lead term, LT(O¢ ([T~ z%)). Then (c1, ¢a, ..., ¢n) =
o((b1,bs,...,by)) for some o € G.
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We also know that (cy,ca,...,¢,) and t~*(cy,ca,...,c,) both lie in C.
Thus

(bl,bg,...,bn) = 0'_1((01,02,...,0”))

and

(a1,a9,...,an) =0 ((c1/t,ca/t,...,cn/t)) € a7 H(O).
Since (a1, az, ..., a,) was an arbitrary element of Q% this shows that Q%, C
UUEGU(C>- O

Lemma 5.3.7. Let a € Q%N C. Suppose o € G is such that o(a) € C. Then
o(a) = a.

Proof. Since o(a) € C, we may write o(a) = >, \js; where Sy =
{s1,82,...,8} and A; € R with \; > 0 for all j = 1,2,...,r. Put
A= (M, A2,...,A) € RY,. Consider the set of all solutions A := {z =
(21,22, -, 2r) €ER" | 2181 + 2282+ - -+ 2,8, = o(a)}. Then A is a non-empty
affine subspace of R™. If A is zero dimensional, then A consists of the unique
solution A to a system of rational equations. Thus this unique solution must
have A\; € Qfor all j =1,2,...,7. On the other hand, if the dimension of A is
positive, then there exist points of ANQ" arbitrarily close to A. Since A € R%,
we may find a point N = (A{,\,...,\.) € ANQZL,. Thus we have shown

that we may always write o(a) = Z;:1 7v;8; where Sy = {s1,s2,...,s,} and
v; € Q with v; > 0forall j =1,2,...,r.
Clearing denominators we may further write b := to(a) = Z;Zl('y;-)sj

where b := to(a) and 7} := ty; € N for all j = 1,2,...,r. Therefore b =

H;:1 LT(sj-j ) is a lead monomial of an invariant. Therefore b > 7(b) for all
o € G, ie., to(a) > 7(to(a)) for all o € G. This implies that o(a) > 7(c(a))
for all 7 € G. Thus o(a) > a.

Similarly a > o(a) and this proves that a = o(a). O

Corollary 5.3.8. Let a lie in the topological interior of C. If o(a) = a for
some o € G, then o = e.

Proof. Choose a small (half-) ball U’ in C' with o(a) € U’. Choose a small ball
U € C with a € U. Since ¢! is continuous, we may choose U small enough to
ensure that U C o~ (U’). Then o(U) C U’. There are infinitely many rational
points in U and U’. By the preceding lemma, the group element o must fix
each of these rational points, including a basis of Q™ (and of R™). Therefore
o =e. O

Corollary 5.3.9.
U (@) #R%

TeEG\{o}
forallo € G.
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Proof. Take a € Q™ in the topological interior of C. By Corollary 5.3.8, the
isotropy group of a is trivial and thus the G-orbit of a consists of |G| many
distinct elements. By Lemma 5.3.7, no two of these elements can lie in the
same translate of C. Thus all |G| translates of C' are required to cover RZ,,.
O

Proposition 5.3.10. Let a lie in the topological boundary of C. Then there
exists o € G with o # e such that o(a) € C.

Proof. Choose an infinite sequence of rational points a1, as, as, . .. outside of C'
which converge to a. For every 4, there exists some o; € G such that o;(a;) € C
and o; # 1. Choose a subsequence a;,,a;,,ai,, ... such that o;; = o for all
j. Then oy, (as,), 0iy(Giy), iy (aiy), - .. 1s & sequence in C' which converges to
o(a). Since C' is closed, o(a) € C. a

Corollary 5.3.11. Let F' be a codimension 1 face of the cone C. Let H be
the hyperplane spanned by F'. Let op denote the automorphism of R™ which
is reflection in H. Then oy € G.

Proof. The hyperplane H contains infinitely many rational points. Combining
the previous proposition with Lemma 5.3.7 we see that there is a non-trivial
o € G which fixes H pointwise. Since o is a permutation, it preserves distance
and thus we must have o = op. O

Corollary 5.3.12. G is generated by reflections.

Proof. Let G’ denote the subgroup of G generated by all the reflections in G.
Take a point a € Q" in the topological interior of C' and consider its orbit
G - a. By Corollary 5.3.8, this orbit has size |G|. We will show that G’ acts
transitively on this orbit. Choose a point in the orbit, say a’ € G - a. We will
show that a’ lies in the G’-orbit of a.

Let {Hy, Hs, ..., H} denote the set of reflection hyperplanes correspond-
ing to the reflections in G. This set of reflection hyperplanes, subdivides
R"™ into a finite number of connected convex subsets. We consider a path,
I':[0,1] — R, from a to a’. Thus I'(0) = a and I'(1) = a’. We choose this
path I' such that for each reflecting hyperplane H j, the path meets H; at most
once, i.e., |I'"1(H;)| < 1. Furthermore, we choose I" to avoid the intersections
of every pair of reflecting hyperplanes H;, Hg, i.e., we have I'"1(H; N Hy) = ()
forall 1 < j <k <s. Write I'""(US_, H;) = {t1,ta,...,1,}. We choose I' such
that r is minimal. We will prove that a’ lies in the G’-orbit of a by induction
on the number r.

If r = 0, then the path I" does not cross any of the reflecting hyperplanes.
Thus a and o’ both lie in C. But since a’ € G - a, we must have a = a’ by
Lemma 5.3.7. Thus @’ € G’ - a.

Now we handle the general case » > 1. The point = := F(%) lies in
some translate Cq of C. There is a unique point a”’ € G - a N C;. Clearly, we
may define a path I : [0,1] — RZ from a to a” such that I"(t) = I'(t) for all
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t € [0,t,-1] and with I''(¢) lying in the interior of Cy for all ¢t € (¢,_1,1]. Then
F/fl(UjA:lHj) = {t1,ta,...,t.—1}. Therefore, by induction, we see that a” lies
in the G’-orbit of a. Let H denote the reflecting hyperplane containing I'(¢,.).
Then a” and o’ lie on opposite sides of H. Furthermore, by Corollary 5.3.11,
we know that the reflection oy is an element of G'. Since o (a”) must lie in
(4, we see that oy (a”) = o’ by Lemma 5.3.7. Thus ¢’ € G’ - a as required.
Since G’ acts transitively on the G - a, we must have |G’| > |G - a| = |G|.
This proves G = G’ is generated by reflections. a

This completes the proof of one direction of Theorem 5.3.3, namely that if
V is a permutation representation of G such that K[V]% has a finite SAGBI
basis, then the action of G on V is generated by reflections.

Now we consider the converse. Let W be an n dimensional permutation
representation of G generated by reflections. Lemma 5.3.2 implies that W =
WieWyd---@dW, and G = Xy X Xg, x--- x Y4 is a Young subgroup of
Y, where d; = dimW; for i = 1,2,...,7. Therefore, K[W]¢ = K[W;]¥ ®
K[W5] ¥4 @- - - @K[W,]*¢ . By Theorem 5.1.11, K[W;]*4 is a polynomial ring
with a SAGBI basis B; consisting of d; invariants. Thus B = By UBsU---UB,
is a finite SAGBI basis for K[W]“. This completes the proof of Theorem 5.3.3.
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Block Bases

The ideal I of K[V] generated by the homogeneous invariants of positive
degree, I = K[V]f - K[V], is called the Hilbert ideal. We have already seen
one use of the Hilbert ideal in the proof of Theorem 3.5.1. Not surprisingly,
the quotient algebra formed with respect to this ideal is also very useful to
consider.

Definition 6.0.1. The ring of coinvariants is the quotient ring

Since K[V]§ -K[V] is a graded ideal, K[V] is also a graded algebra, and is
easily seen to be Artinian, i.e., dimg (K[V]¢) is finite. The ring of coinvariants
is a classical object of study. One of the first important questions to ask
is which representation of G is given by each of its graded pieces? Another
problem is to find a vector space basis for K[V]g and then to describe the
multiplication with respect to this basis.

We observe that

K[V]G ~K ®K[V]G K[V]

so that
K[V]G ®K K[V]G = K[V]G ®r K ®K[V]G K[V] =~ K[V]

and therefore
HK[VIY,A) - H(K[V]e, A) = HK[V],A) .

Example 6.0.2. Let G = X3 be the symmetric group on 3 letters, acting in
the usual way on a three dimensional vector space V' by permuting the basis
{e1,e2,e3}. Let {x1, 22, 23} be the dual basis of V*. Then by Theorem 5.1.11,
K[V]¢ = K[s1,s2,53) where s; = z1 + x9 + 73, 82 = 172 + T173 + T2T3
and s3 = x1z9w3. The Hilbert series of K[V]¢ is given by H(K[V]¥, \) =
(1 =X = A2)7H1 — A3)~L Of course, H(K[V],\) = (1 — \)~3. Since

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 99
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s1, 82, 83 is a homogeneous system of parameters, K[V] is a free K[V]%-module

with

HEKV],A) A=A =)0 =N
HKVIEA) =01 =1 =X

=(T+NA+A+A) =1+20+202 + 23

H(K[V]g, A) =

The elements 1,21, T2, 2172, 2%, 2229 (or more properly their natural im-
ages) form a basis for K[V]q. Note that these six elements are all the monomial
factors of z3xs.

Working in K[V, many of the products of these basis elements are obvi-
ous: (71)? = 22, (21)(x2) = 2172, (71)(122) = 2329, and (z2)(2?) = 2322.

Since 23 = (71 + x2)81 — 82 — 73 — 2179, We have (25)? = —2? — 2175 in
K[V]c. Since 23 = s3 —x152 +27s1, we have (1) = 0 in K[V]¢. Finally, since
7123 = (21)(—23 — 2122) = —23 — 2229, we have 122 = —23z5 in K[V]g.

Definition 6.0.3. Let « € S = K[z1, 2, ...,z,] be a monomial and let R C
S be a graded subalgebra (of Krull dimension n). We say that o generates a
block basis for S over R if the set of all monomial factors of « is a vector
space basis of S/R4+S. Such a basis consisting of all the monomial factors of
a single monomial is called a block basis.

Let fi, f2,..., fn be a homogeneous system of parameters for a Cohen-
Macaulay ring S. Let B denote the algebra B = K[f1, fa, ..., fn]. Since S is
Cohen-Macaulay, S is a free B-module:

S = EB;’:Ith
for some hq, ha,...,h; € S. Therefore,
t t
H(S,A\) =D H(Bhj,\) =>_ H(B, A",
j=1 j=1

Thus H(S,\)/H(B,\) = 22:1 Adeg(hs) From this we see that the polynomial
H(S,\)/H(B, \) encodes the degrees of the module generators for S over B.

In particular, if & = 7252 - - - x% generates a block basis for S over B, then

An

H(S,\)/H(B,\) Z Z Z \frtiztetin

11=012=0 1, =0

ai az Qn

= Z Z...Z)\il)\iz.../\in

11=012=0 in=0

et

:H DY
j=1



6.1 A Block Basis for the Symmetric Group 101

Also, notice that substituting A = 1 into H(S, \)/H(B,\) = Z;Zl Adeg(h;)
yields ¢, the rank of S as a free B-module.

When K[V]¢ = K[f1, f2, - - -, fn] is a polynomial ring, its ring of coinvariant
K[V]e may be btudled as follows. We consider the Hironaka decomposition
of K[V] as an K[V]%-module: K[V] = @;le[V]GhJ—. In this case, the Hilbert
ideal I is easily described: I = K[V]YK[V] = ®!_K[V]{h; and thus

K[V]e =K[V]/I =a!_Kh; .
Thus we see that

H(K[V]g, A) = HK[V], \)/H(K[V], A)

n

_1;[11_ /Hl_)\deg(ﬂ

™1 — pdes(f:)
N H 1—X
=1
= H(l N W A )\dEg(fi)—l)
i=1
when K[V]9 is a polynomial ring. In particular, evaluating at A = 1, we

see that, when K[V]¢ is polynomial, the rank of K[V] as a K[V]%-module is
given by []"_, deg(f;). Of course, we have already seen this result in Propo-
sition 3.1.4.

6.1 A Block Basis for the Symmetric Group

Let S, = K[z1, 2, ...,2,] and consider the natural action of the symmetric
group X, on S,. The Hilbert series of S,, is given by H(S,,\) = [[/_; -
As we have seen in Section 5.1.1, S2» = K[sl,SQ, ..., Spn] where deg(s;) =
fori =1,2,...,n. Thus H(S; ", )\) T, - Therefore H((Sn) s, A)
T =

This shows that S, is a rank n! free S2»-module as also follows from
Proposition 3.1.3. It also suggests the possibility that the monomial «,, =
2272 - 2"~ might generate a block basis for S,, over S>». We will now show
that this is indeed the case. This result is classical, see Artin’s book [4, p. 41].

)

Proposition 6.1.1. Let o, = 223 - 271 and let B := {3 | B divides o, }.
Then
Klzy,za,..., 2] = @K[$1,$27 R

BeB
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Proof. Since we know that S, has rank n! as an S2>"-module, and since there
are n! monomials which divide ay,, it suffices to prove that the S2»-module
generated by the monomial divisors of «;, contains all of S,,. The proof is by
induction on n. For n = 1 we have X1 = {e}, a; = 1 and S, = 5121 and
hence the result is trivially true. For the inductive step, we assume that the
divisors of «,_1 form an Sfj‘l’ '-module basis for S,,_;. We need to show that
every f € S, lies in the S>»-module generated by the factors of a,,. Recall
the algebra surjection first discussed in §3.2:

0:S,— S, 1
x, ifi<n
T — o
0 ifi=n
Recall that s1,ss,...,s, denote the elementary symmetric functions in
Z1,T2,...,%,. We denote by s7,sh,...,s!,_; the elementary symmetric func-
tions in x1,®g,...,2,—1. Recall that s, = 0(s;) for ¢ = 1,2,...,n — 1 and
6(s,) = 0. In particular, §(S>") = S’ffl‘l.

Clearly, we may assume that f is homogeneous. We proceed by induction
on the degree of f. If deg(f) = 0 then f lies in the S>-"-module generated by
1.

Suppose then that deg(f) = m > 0. Write f = a’ + bx,, where @’ € S,,_1
and b € S,,. Then 0(f) = a’. By induction on n, there exist (unique)

fé = f,é(3/175/2> Tt S’II’L—l) € Sffil = K[Sllvséa Tt S’/I’L—l}
such that
= > [y
B divides ap_1
Define
fa = fz(s1,52,...,5n-1) € Sn
and
a= Y fsB€ESn
B divides a1
Then

0a)=0( > fsD)

B divides ay—1

> ()8

B divides ay—1

= > fiB

B divides o —1

l
=a

=0(f) .
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Therefore, f —a € ker0 = (z,)S,. Write f — a = gz, for some g € S,, with
deg(g) = m — 1. By induction on degree, we may write g = Zﬁ divides o, 985
for some g € S>». Hence we have

f=a+gz,
= Y. B+ D gsmal
3 divides ay—1 3 divides ay,

We would be done at this stage were it not for the possibility that one of the
monomials x,( occurring in the above expansion of f might not divide «,,.
This can only happen if the exponent of z, in z,0 is exactly n. We handle
this as follows. Recall that [Ti_, (t — ;) = >7_((—1)7s;t"~7. Substituting
t = z, into this identity we find 0 = Z?ZO(—l)jijﬁ_j and thus z' =
> iy (=1)7* san=7. For each monomial 2,8 not dividing o, we make the

substitution xj; = 77| (—1)/Ts 2.7/, This shows that f lies in the S;-
module generated by the monomial factors of a,, and so completes the proof.

a

It is well-known that the elementary symmetric polynomials generate the
ring of symmetric polynomials. Proposition 6.1.1 gives the deeper result show-
ing how to express any polynomial what so ever in terms of symmetric poly-
nomials.

6.2 Block Bases for p-Groups

The lemma below generalizes Proposition 4.0.3.

Lemma 6.2.1. Let f1, fa,..., fn be a sequence of homogeneous elements in
S = K|z, za,...,2,) with deg(f;) = d; for i = 1,2,...,n. Suppose that
with respect to some monomial ordering, LT(f;) = xf fori=1,2,... n.
Then f1, fa,. .., fn is a homogeneous system of parameters in K[V] and o :=
T, x?ﬁl generates a block basis for S over R :=K|[f1, fo, ..., fn]

Proof. First we show that fi, f2,..., fn is a homogeneous system of parame-
ters in K[V]. We will show this by proving that the only common zero of all
these n functions evaluated on V := V ®g K is the origin, i.e., by applying
Lemma 2.6.3. Let v = (vq,v2,...,v,) € V be such that f;(v) = 0 for all
i=1,2,...,n.

Without loss of generality, z1 < x93 < --- < z, in the given monomial
ordering. By the multiplicative property of monomial orderings, every mono-
mial of degree d; which is less than xf must be divisible by some x; where
j < i. In particular, f; = mf‘ modulo (x1,z2,...,z;—1). Thus f1 = ;v;ll and
hence v; = 0. Therefore fy(v) = v‘212 which implies that vy = 0. Continuing in
this manner we see that the only common zero is v = (0,0,...,0).
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As we observed earlier, we know that
H(R,\) = (1 - /\dl)fl(l — /\dz)*1 ..... (1— )\dn)fl
and therefore,
H(S/RS,A) = ﬁ A-N%_ ﬁ(l FAFAZ AT
(1=2)

i=1 =1

From this we see that the rank of S as an R-module is []}"_; d;. Since this rank
is equal to the number of monomial factors of «, it suffices to show that these
factors span S/R4.S or equivalently that they generate S as an R-module.

Let S” denote the R-module generated by the monomial factors of o and
suppose, by way of contradiction, that S’ C S. Choose h € S\ S’ such
that LM(h) is the smallest possible. Write LT (h) = ca}'z3? - - - 2% and write
a; = q;d; +r; where 0 < r; < d; for all i = 1,2,...,n. Then H?zl x;' is a
monomial factor of a and thus

n n

W= h—e([] )] =)

i=1 i=1
lies in S'\ S’ and LT(R") < LT(h). This contradiction proves the result. O

Corollary 6.2.2. Suppose that P is a p-group and that V is a representation
of P. Choose a basis {x1,22,...,xn} of V* with respect to which G is upper
triangular. Then Ngml (xl),Ngm2 (z2),. .. ,Ngw (zn) s a homogeneous sys-

tem of parameters in F[V|¥ and o = []}_, xfi_l generates a block basis for

F[V] over F[Ngﬁ (1), Ngm2 (z2),...,N& (zn) where d; = |G|/|Gq,|.

Proof. This follows immediately since (using the graded reverse lexicographic
ordering with ;7 < z3 < -+ < z,) we have LM(NgT(:cZ)) = 2% for all
i=1,2,...,n. ' O
Ezxample 6.2.3. Consider the group of lower triangular matrices,

U, =U,(V) C GL,(F).

Choose the dual (upper triangular) basis {z1,xa,...,z,} for V* and use the
graded reverse lexicographic order with x7 < 29 < -+ < z,,. We define

V(i) := spang{z1,z2,...,2;} C V"
for 1 <i<nand V(0) :={0}. Then U, (V) -z; ={a;+y |y € V(i—1)}. Let

h; denote the norm

h; = NgT = H (x: +v).
yeV(i—1)

Clearly, LT(h;) = ¥ """ Then Corollary 6.2.2 asserts that the monomial

p—1_p°-1 Pl

b ah T al generates a block basis for F,[V] over F,[V]U».
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The Cyclic Group C),

7.1 Representations of C, in Characteristic p

Let G = C, denote the cyclic group of order p. In this section, we wish to
study the representation theory of C), over a field I of characteristic p.

We begin by considering a finite dimensional indecomposable Cp,-module,
V. In representation terminology, this means we have a finite dimensional
indecomposable representation p : C,, — GL(V). We fix a generator o of C,.
Now since oP = 1, every eigenvalue A of ¢ must be a p* root of unity. Thus
0=A —1=(A—1)? and so A = 1 is the only p'" root of unity in F. Since the
only eigenvalue of o lies in F, we may choose a basis {ej, ea,...,e,} of V such
that p(o) is in (lower) Jordan normal form with respect to this basis. If there
are two or more Jordan blocks in this Jordan normal form these blocks yield
a decomposition of V' into a direct sum of smaller C),-modules contradicting
the indecomposability of V. Thus

100...00
110...00
011...00
PO =1
000...10
000...11

Lemma 7.1.1. The matriz above has order p® if and only if p*~' < n < p°.
In particular, this matriz has order p if and only if 1 <n < p. ad

We note that o(e,) = e, and o(e;) = €; + €;41 for 1 < i < n —1. We
call such a basis a triangular basis of V,, and we say that ey is distinguished.
Notice that the Cp-module generated by e; is all of V;,.

Definition 7.1.2. For each n with 1 < n < p we denote the indecomposable
Cp-module of dimension n by V,,.

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 105
Encyclopaedia of Mathematical Sciences 139,
DOI 10.1007/978-3-642-17404-9_7, (C) Springer-Verlag Berlin Heidelberg 2011
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The preceding discussion, combined with lemma 7.1.1, proves the

Lemma 7.1.3. Over any field of characteristic p, there are exactly p” inequiv-
alent indecomposable representations of Cpr, one of dimension n for each n
less than or equal to p". Furthermore, we have the following chain of inclu-
sions:

ViCVaC - C V.

O

The indecomposable representations V,, also occur in the following way.
Consider the action of o on V5, the indecomposable representation of dimen-

sion 2:
oo = (11)-

We saw in Theorem 1.11.2 that F[V3]“? = Fz,y? — 2P~ y|. In particular, for
0<d<p-—1, we see that IF[Vg}dCP is spanned by z?. Thus dimIF[Vg]g” =1
for 0 < d < p — 1 which implies that dimF[V5]y is an indecomposable C),-
representation for d < p. Since dim F[Va]q = d+1 we must have F[V5]s = Vi
ford=0,1,...,p—1.

In general, any p-group has only one projective indecomposable module
up to isomorphism in characteristic p, see Benson [7, §3.14]. Here we prove

Lemma 7.1.4. If the indecomposable C,-module V,. is projective, then r = p.
Thus every projective Cp-module is a free Cp-module.

Remark 7.1.5. We observe that V,, = FC, and that, therefore, V,, is (isomor-
phic to) the regular representation of C.

Proof. Let {e1,ea,...,¢e,} be a triangular basis for V, where e; is distin-
guished. Consider the submodule V; = spang{ep—r+1,€p—r+2,- .., €} Where
r < p. Assume, by way of contradiction, that V, is projective and consider
the short exact sequence of Cj,-modules:

given by v(e;) = {ep_rﬂ’ le =7 where W = ker(v).
0, ifi>r;

If V,. is projective, then this sequence splits and thus V, must have a
complement M in V,, and we have V, = V,. @ M. But then Vpc’” =V, @ MO
has dimension at least 2. This contradiction proves that V,. is not projective.

O

Remark 7.1.6. Since V), is projective, its dual, V7, is an injective module. But
since V), = V7, we see that V), is injective.
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Remark 7.1.7. We note here that if G is a finite group with non-cyclic p-
Sylow subgroups, then there are infinitely many inequivalent indecomposable
representations of G over a field of characteristic p. If p = 2 and the 2-
Sylow subgroups of G are isomorphic to either the Klein 4-group, a dihedral
group, a semi-dihedral group or a generalized quaternion group, then the
representation theory of G over an infinite field F of characteristic 2 is tame.
This means that all but finitely many indecomposable representations of each
fixed dimension can be parameterized by essentially one parameter (running
over F). Of course, over a finite field, there are always only finitely many
representations of a given dimension since GL(n,F) has only finitely many
subgroups for each n and so the notion of tame does not make sense over finite
fields. If the p-Sylow subgroups of G are non-cyclic and not the Klein 4-group,
nor a dihedral group, nor a semi-dihedral group nor a generalized quaternion
group, then the modular representation theory of G is wild. This means that
the problem of classifying the inequivalent indecomposable representations
contains the unsolved problem of simultaneously reducing to Jordan canonical
form two linear operators on a finite-dimensional space. Solving this problem
is considered hopeless. For details about these results, see, for example the
book of Benson [6, § 4.4]. But recall from §3.6 that Symonds has shown that
only finitely isomorphism classes of representations of such a group G occur
in any decomposition of F[V]¢ into indecomposable G-modules.

An immediate consequence of Lemma 7.1.3 is that the equivalence class
of an indecomposable Cp-module, V, is entirely determined by dim(V). In
particular, the indecomposable module V* := hom(V,F) is isomorphic to V'
since dim(V*) = dim(V).

Since we are primarily interested in invariants we often concentrate on the
C) action on V* rather than on V itself. Accordingly we will usually choose
the dual basis {x1, z2,...,2,} for V* to the basis {e1, e2,...,e,} and replace
the previously chosen generator o by the new generator o =1 (which will we
again denote by o. In other words, we choose an upper triangular basis of V*
with o(z1) = z1 and o(z;) = x; + 2,1 for 2 < i < n. Again, we call z,, a
distinguished variable since x,, generates the cyclic Cp-module V*. Observe
that V. has basis {e,} and that (V;*)%» has basis {21 }. Note that if A € V*,

then X is a distinguished variable for V* if and only if A restricted to Vnc’” is
not identically zero.

As in Chapter 1, we consider the twisted derivation A : F[V] — F[V]
defined as A = o — Id. Then ker(A) = F[V]% and for f, f' € IF[ } we have
A(fF) = A(f) F'—a(F)A(F'). As well, we note that AP~1 = SV~ " 5¢ = Ty,
In this notation, we observe that x; = A" #(x,,).

We note that for such a triangular basis of V¥, that the fixed point x; is
dual to a distinguished element of V,,. Conversely, the distinguished variable
T, is dual to a fixed vector in V,.

If W C V are two G-modules, we say W is a summand of V if there exists
another G-submodule U of V such that V' = W & U. In this case, we say
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that U and W are complements of one another. If V' is any finite dimensional
Cp-module, then V' can be decomposed into a direct sum of indecomposable
Cp-modules:

VeEmW EBmQVQEBmpr

where m; € N for all i and mW = WoW @---@d W. The invariants

m summands
F[m W], associated to m W, are referred to as vector invariants.

Lemma 7.1.8. If V= mVi@emoVa---&...mpV, and V = m ViemsVs - - -@
...myVy, are two decompositions of V', then m; = m; for all 1 <i < p.

Proof. Note that the kernel of A : V; — V; is ViCp which is one dimensional
for all ¢. Thus
~ 0 if 1 >4
dim(A7(V;)) = { e
1—g ifj <.
Therefore, (p — j)mp + (p — 1 — j)mp_1 + -+ + mjy1 = dim(A7(V)) for all
0 < j < p— 1. Clearly, this system of equations uniquely determines the
coefficients my, mag, ..., my. a

Remark 7.1.9. We may also prove the above lemma by observing that for each
i, the number of Jordan blocks of size i in the Jordan normal form for the
matrix of o is m;.

Remark 7.1.10. Each indecomposable C,-module, V,,, satisfies dimF(Vn)CP =
1. Therefore, the number of summands occurring in a decomposition of V is
given by m; +ma + - +m, = dim VECe.

It is important to observe that such a decomposition is in general not
unique, there are many choices for the individual summands. The following
example gives a simple illustration of this.

FEzxample 7.1.11. Let p > 5 and consider three indecomposable €, modules:
A = spang{as,aq,as,as,a1} =2 Vs, B = spang{bs,by,bs,bo,b1} = Vs and
C = spang{cy, c1 } = Va. Here we suppose the given bases are triangular with
fixed points a1, b1 and ¢1. Now define V:= A Bo C.

The Cp-submodule A’ := spanp{as+bs+ca, as+bs+c1, az+b3, ag+ba, a1+
by} is isomorphic to Vs. Similarly, B’ := spang{as + 205 + 3c1, a4 + 2by, a3 +
2b3, ag+2bo, a1 +2bq } is isomorphic to Vs. Finally, if we take C’ := spang{as+
by — c2,a1 — ¢1} = V5 then we have another decomposition: V = A’ @ B’ ¢ C".

In the non-modular situation, every indecomposable submodule has a com-
plement. This is not the case in the modular setting as the following example
illustrates.
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Example 7.1.12. We continue with the notation of the previous example. The
submodules A, B, C, A, B, C'", A® B, A® C, etc. are all summands of V.
B @ C' is a complement of A.

Consider D := spang{as,as,a1} and E := spang{as + ¢1,a2,a1}. These
two modules do not have any complements and so are not summands of V.
Note that while D lies in a summand, A, the submodule E can not be extended
to an indecomposable summand.

In general, the decomposition of a tensor product V,, ® V,,, into indecom-
posable summands can be somewhat complicated to derive. It is clear that
Vi®V, 2V, and the following lemma shows how to decompose V, ® V/,.

Lemma 7.1.13. V, @ V,, = nV,.

Proof. We proceed by induction on n. For n = 1, the isomorphism V,@V; £V,
is clear. For the general case, we assume the induction hypothesis V, ® V;,_1 =
(n — 1)V, and consider the short exact sequence

0—>Vn—1i>vn*>‘/1‘>0

Since V}, is free, hence flat, tensoring with V, yields a new short exact
sequence:

0—V, 0V — V, 0V, —V,0Vi 2V, —0
Since V,, is projective, this sequence splits and thus
V, @V, 2V, 0V 0V, 2(n-1)V,aV,=nl,
O

We also have a simple formula for the result of tensoring with a copy of
Va.

Lemma 7.1.14.

Va, ifn=1
Vn®‘/2% anl@VnJrl) if1<n<p;
2V, if n =p.
Proof. The case n = 1 is clear and the case n = p is a special case of
Lemma 7.1.13. Suppose then that 1 < n < p. We choose triangular bases
{e1,€ea,...,¢e,} and {e}, 5} for V;, and V5 respectively. Here e; and e} are dis-

tinguished and e,, and e}, are C)-fixed. Define v1 :=e3 ®e}, w1 := (n—1)e1 ®
eh—ea®el and vy := A7 1(vy) for 1 <t < n+landwy ;== A7 (w;) for1 <t <
n—1. It is easy to verify that wy = (n—t)e; @ ey —erp1 ®@e] — (t—1)ery1 ® e
forl<t<n-—-land v =e Q€]+ (t—1)eim1 @b+ (t — 1)ey ® ef for
1<t <nandwv,11 =ne, ®eh. Since v,+1 and w,_; are 2 linearly indepen-
dent C)p-fixed vectors, we see that Vo ® V,, contains at least 2 indecomposable
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summands. On the other hand, V := spang{v,va,...,0n41} = V,y1 and
W := spang{wi, we,...,wp_1} = V,_1. Furthermore, VN W = {0} since
their fixed lines are linearly independent. Finally, considering dimensions we
see that Vo @V, =V oW =ZV,11 0 V,_1. a

Remark 7.1.15. A shorter non-constructive proof using the Jordan normal
form of matrices has been given by Hughes and Kemper, [54, Lemma 2.2].

7.2 The Cp-Module Structure of F[V,,]

We now want to consider the symmetric algebra F[V] as a graded Cj,-module,
and as a module over F[V]%. In this section, we treat the case where V =V,
is indecomposable. In the next section, we will consider decomposable modules
V. Although F[V,,] is infinite dimensional, we have the degree decomposition
FV,] = @q- FV,]a and each F[V,]4 is a finite dimensional Cj-module. Our
goal is to decompose each F[V,,]4 as a direct sum: F[V,,]q = mg1V1 ®@mg Vo ®
-+ @ mgpVy. We fix notation by choosing a triangular basis {z1,x2,..., 2}
for V; with distinguished variable z,,.

In order to solve the decomposition problem, we will consider F[V,,] not
just as a Cp-module but also as a F[V;,,]¢»-module. Suppose that W is an
indecomposable summand of the Cjp-module F[V,,]q and f € F[V,]% is a
homogeneous invariant of degree r. Then f-W is a Cp-submodule of F[V,,] g+
isomorphic to W. However, as the following example shows, f - W need not
be a summand of F[V,,] g4

Ezample 7.2.1. Consider F[V5] as a Cp,-module where F has positive character-
istic p # 2. As usual, we denote the generator of C}, as o and write A = o —1.
Choose a basis {x1,z2} of V5 = F[V5]; such that Az; = 0 and Azs = ;.
Note that {vs := 23, vy 1= 22122+ 2%, v1 := 227} is a basis of F[Vz]z such that
A(vz) = v9, A(ve) = v1 and A(vy) = 0. Thus F[V3]; = Vs and F[Vs]s & Vs,
Also, x1 € ]F[Vg]lcp However, x; - F[Va]; =2 Vo C F[V2]s = V3 and x4 - F[V3]y is
not a summand of F[V3]s.

Note that when p = 2, we have A(vy) = v; = 0. Thus in characteristic 2,
F[Va]a & Vo @ Vi where spang{z3, 22} 2 V5 and spang{z3 + 122} = V5.

7.2.1 Sharps and Flats

Let F[V,]* denote the principal ideal of F[V,,] generated by N (x,,). Clearly
we may assume n > 2. Note that deg, (N»(z,)) = p and that N (z,) is
monic when considered as a polynomial in x,; therefore, we may divide any
given f € F[V,] by N (z,,) to obtain f = ¢-N (x,,)+r for some ¢, € F[V},]
with deg, (r) < p.

Note that if f is invariant, then so are both ¢ and r. To see this, apply
o to the equation f = ¢ - N%(x,) + 1 to get f = o(q) - N (z,,) + o(r).
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Since x, is a distinguished variable, deg, (o(r)) = deg, (r) < p. Thus, by
the uniqueness of remainders, o(r) = r and therefore o(q) = ¢.

We define F[V]* := {r € ]F[ ] | deg, (r) < p}. Note that both F[V,]” and
F[V,,]* are vector spaces and that as vector spaces, F[V,,] = F[V,]* @ F[V,]’.
Furthermore, both F[V,,]” and F[V,,]f are C,-stable. Therefore, we have the

Cp-module decomposition
F[V,,] = F[V,]! @ F[V,.]".
In contrast to Example 7.2.1, we have

Prop0s1t10n 7.2.2. Let W be an indecomposable summand of F[V,]q and let
f € F[V,,]% be a homogeneous invariant of degree 7.

1. If W =V, then f-W is a summand of F[V,] g4
2.If f =N(xy,), then f-W is a summand of F[V,,]a4p-

Proof. For the first we assertion, we note that f - W is a C,-submodule of
F[V,]a4r. Since dim(f - W) = p, we see that f- W = V, is an injective
submodule by Remark 7.1.6. Hence the inclusion fW < F[V,,]44, splits and
therefore, F[V,]a4r = f- W @& W' for some Cp-module W'.

For the second assertion, write F[V;,]q = W & W' for some Cp-module W',
Then

FlValatp = F[V iy ®FValosy
N(zn) - F[Vala © F[Valis,
= N(zn) - W& N(z,) - W @ F[V, ]d+p

I

Lemma 7.2.3. The C,-module F[V,,)% is free if d +n > p+ 1.

Proof. The proof is by (downward) induction on n. For the base case n = p,
we are considering the regular representation V,, and we may choose a basis
{wi, w2, ..., wp} of V' which is (transitively) permuted by the action of C,.
Then the degree d monomials in the variables {w1, wa,...,w,} form a vector
space basis for F[V,]; and this basis of monomials is again permuted by C).
Clearly, the only invariant monomials are those of the form (wjws - --wy)®
for some non-negative integer b. All other monomials subdivide naturally into
Cp-orbits of size p.

Notice that any of the variables w; may be chosen as a distinguished
variable z;, for V), since each generates V" as a Cj-module. Thus we may
take N9 (z,) = N (w;) = HTEC,, T(w;) = wiws - - wp. From this we see
that F[V,, J#is spanned by the monomials divisible by w1w2 -+~ wp, i.e., by the
monomials w{'w$? - - -wp,” where all e; > 1. Also IF[V] is spanned by the

e
monomials not divisible by wiws - - - wp, i.e., by the monomials wi*ws? - - - wp”
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where e; = 0 for at least one 4. In particular, every monomial, other than the
monomial 1, in the basis of F[V,]” lies in a Cj,-orbit of order p. Thus for a > 1
we see that IF[V ]d is a direct sum of copies of Vp, i.e., is a free Cp-module.
For the general case, we suppose that the result holds for F[Vn+1] and
that d > (p + 1) — n. Let {x1,72,..., 2,41} be a triangular basis for V7,
where 2,41 is distinguished. Consider the short exact sequence of Cp-modules

0— F[VnJrl] £ F[Vn+1]2+1 —’ ]F[V ]d+1 — 0.

Here p is given by multiplication by the C)p-fixed variable z; and 6 is induced
if i =1;

by 0(z;) = 0 1 Z ' Now F[V,11]% and F[V,41]%,, are both free
Ti_1, ifi>2.

by the induction hypothesis. Thus by Remark 7.1.6, we see that F[V;, 1]’ b is

injective. Thus the above sequence splits and F[V, } q41 1s projective. But by

Lemma 7.1.4, this means that F[V},]’, ; is free. O

Theorem 7.2.4. Let d be a non-negative integer and write d = qp + r where
0 <r <p-—1. Then F[V,,)]q¢ = F[V,.], ® kV, as C,-modules for some non-
negative integer k.

Proof. The proof is by induction on ¢q. If ¢ = 0 the result is trivially true.
Suppose d > p (so g is at least 1) and consider the Cp-equivariant homomor-
phism

I F[Vn]d—p—’F[Vnm

given by multiplication by N¢»(z) for a distinguished variable z. The map
is onto by definition of F[V},]* and is injective since F[V},] is a domain. Thus
is an isomorphism. Also, since d > p, we know, by Lemma 7.2.3, that F[V},]’,
is free and so we may write F[V},]%, = sV, for some s. Thus

FVo]a = FIV, ), @ FIV, %
= F[Vala—p @ sVp
(F[Vn]r St Vp) @ s VP

1%

for some t where the last isomorphism follows from the induction hypoth-
esis. Hence F[V,]¢ & F[V,], ® kV,. Furthermore, we may compute k =

(("“'3_1) — ("+:_1)> /p by comparing dimensions. O
Ezample 7.2.5. We consider p = 11 and n = 4. What are we able to say at
this point about the decomposition of F[V4];? According to Theorem 7.2.4,
if we know the decomposition of F[V,]4 into indecomposable representations
for 1 < d < 10, then we know the decomposition of F[V,]s for all values of
d. Furthermore, by Lemma 7.2.3, we know that F[V,]q = F[V4]’ is free for
d = 8,9 and 10. As well, we have F[V4]o = F = V; and F[V,]; = V4. In order
to complete the calculation for d = 2,3,4,5,6 and 7, it suffices to compute



7.3 The Cp-Module Structure of F[V] 113

the matrix representing the action of o on F[V,], for these values of d and
rewrite them in Jordan Normal Form. This is a straightforward problem of
Gaussian elimination. Using a MAGMA script to do this we obtained the
results summarized in the following table.

| d |dimension|Non—Free Summands|Free Summands|

0 1 Vi

1| 4 Vi

2 10 Vs Vs

3| 20 Va® Vs & Vio

4| 35 VieVse Wy 2Vnn
5| 56 Vi Vg 4V
6| 84 Ve Vi1
7 120 VlO 10 ‘/11
8| 165 15V
9 220 20 Vi1
10| 286 26 Vi1

Now, suppose we wish to know the decomposition of F[V4] for some large
value of d. For d = 126 for example, we observe that 126 = 5 (mod 11)
and thus F[Vy]126 = Vi & Vs @ 4Vy; & kVi1, where £ = 31768 again by
Theorem 7.2.4.

Note that one can use these arguments to compute the Hilbert series of
F[V4]®. That is, we know that the coefficient of A% is equal to the number
of summands in F[Vy]4. For example, the coefficient of A\'2¢ is 31774. This
example is revisited in detail in Example 13.0.2.

7.3 The Cp-Module Structure of F[V]

We now extend these ideas to decomposable Cp-modules, V. This is not too
difficult since most of the ideas extend in a straightforward manner.

In order to simplify things, we first observe that if V; is a summand of V,
say V.=V, @ V', then

FV]=FVi & V'] =F[W] @ F[V'],
and more importantly,
F[V]% =F[Vi] ® F[V'|.

Thus we may easily describe F[V] and F[V]“» once we have understood F[V]
and F[V’]%. Therefore, by induction, we may assume that V contains no
summand isomorphic to V7. Such a representation V is said to be reduced.

Let V be a reduced finite dimensional representation of C, and decompose
V into a direct sum of indecomposable summands:
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V=V, Vo,® -V,

Choose a distinguished variable z; € V7 for each i = 1,2,...,m. Then the
set {z;; == A](zl) [0<j<m—1,1<3% < m} is a vector space basis for V*.
We let N; = N (z;) = Il cc, T % denote the norm of z; for i =1,2,...,m.

Let f € F[V]%. Since N; is monic, when considered as a polynomial in the
single variable z;1, we may divide Ny into f to obtain the unique decomposition
f = fiN1 + r1 where the remainder r; has degree at most p — 1 in the
variable z;. Next, we divide r; by N, to obtain a unique decomposition:
= fiN1+ faNa + ry where deg,, (f2) <p, deg,, (r2) < p and deg_,(r2) < p.
Continuing in this manner we obtain a unique decomposition

f:f1N1+f2N2++mem+T

where deg, (f;) < p for all i < j and deg, (r) < p for all i. We note
that r is unchanged under a reordering of the norms. Therefore, the set
{N1, Na,...,Np,} is a Grobner basis for the ideal they generate and r is the
normal form of f, see [1, Theorem 1.6.7, p. 34]. We will call this the norm de-
composition of f. Note that the norm decomposition depends upon the choice
and order of the z; but is otherwise unique.

Proposition 7.3.1. Suppose f € F[V]° and consider its norm decomposi-
tion: f = fiN1 + faNo + ...+ fulNpw + 7. Then f1, fo, ..., fi,7 € F[V]%

Proof. Applying o we have that f = o(f1) - Ny + o(f2) - A+ o(fm) -
Np, + o(r). Since deg, (o(r)) = deg, (r) and deg, (o(f;)) = degZi(f]) for all
¢ and j, the uniqueness of the norm decomposition shows that o(r) = r and

o(f;) = f; for all j. O
As before, denote by F[V]* the ideal of F[V] generated by the norms
Ni,Na,. .., Nm,andF[ ] :=={r eF[V]|deg, (r) <pforalli=12,...,m}

Thus F[V]’ is the set of functions f having all coefficients f; = 0 in its norm
decomposition. Note that again F[V]” and F[V]* are both Cj-stable and we
have the sharps and flats Cp-module decomposition

F[V] = F[V]* @ F[V]".

The decomposition V =V, ® V,,, @ --- @V, induces an isomorphism
FIV] 2 F[V,,| ®F[V,,] ® - - - @ F[V,,,, ]. This isomorphism in turn yields an N™
multi-grading on F[V] given by the degrees in each V,,,:

F[V](dhtﬁ »»»»» dm) — ]F[an]dl ® F[Vnz]dz R F[Vn'rn]d

m

The action of C,, preserves this grading and thus F[V]%», F[V]* and F[V]’
each inherit this grading. The following general version of Theorem 7.2.4 fol-
lows.
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Theorem 7.3.2 (Periodicity Theorem). Let V =V,, & V,,, & --- &V, .
Let dy,ds, ..., d,, be non-negative integers and write d; = ¢;p + r; where 0 <
r <p—1fori=1,2,...,m. Then

F[V](dhdm m) = [V]("‘I;TZ, Tm) ©® kV

as C,-modules for some non-negative integer k.

Proof. We will induct on m. Write V=V, @W for W =V,,, ®--- @V, .
By induction, we have

FV](dy,day...dr) = FlViila, @ F[W](as.....dm)
= (F [ n1]r1 D SV) (F [W](rz,...,rm) EBth)
= F[V](rl,.“,rm) b k‘Vp
as claimed. O

Finally, we want to generalize Lemma 7.2.3. It is easy to see that

F[V]?dl,dz,...,dt) = FV, ] ® F[Vnz]dz ®- OFV, 10 .
Using Lemma 7.1.13 we see by Lemma 7.2.3 that F[V]° (dy da....dry) 18 fTEC
if di+n; > p+1 for some ¢ with 1 <i < m. In partlcular 1fd— d1—|—d2+
-+ dy >mp— (ny +ng + -+ + Ny ), then some d; must exceed p — n; and
therefore F[V]’, is free. This proves following result.

Proposition 7.3.3. Suppose V is a reduced C,-module with m = dim V.
Let d be a positive integer with d > m(p — 2). Then F[V]y & [V]g ®kV, for
some k.

7.4 The First Fundamental Theorem for V5

This section is devoted to finding generators for the vector invariants of V5,
i.e., for F[m V5] for all m > 1.

In 1990, Richman [92] conjectured a set of generators for F[m V5]¢». Camp-
bell and Hughes [19] proved Richman’s conjectured generating set is correct
in 1997. Their proof itself is somewhat difficult and relies upon a deep result
of Wilson concerning the rank of 0-1 matrices in characteristic p.

Here we give a new proof of the first fundamental theorem due to Camp-
bell, Shank and Wehlau [21]. This new proof enjoys a number of advantages.
The new proof yields a description of the C,-module structure of F[m V3.
This description is quite explicit and easily computable. The new proof also
provides a SAGBI basis for the ring of invariants. Thirdly, the new proof is
simpler and in particular avoids the use of Wilson’s theorem.

We will prove the following.
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Theorem 7.4.1. Let G = Cp, act on V = mVs. Let {y;,x;} denote a basis
for the i™" copy of V5 in V* where o(y;) = y; + x; and o(x;) = z;. The ring
of invariants F[m V3% is generated by the following invariants:

1.z fori=1,2,...,m.
2. N(y:) =P —aP 'y, fori=1,2,...,m.
8wy = xiyy — iy for 1 <i<j<m.
4. TeCr (y$rys2 . ytm) where 0 < a; < p fori=1,2,...,m.
Moreover, this set of generators is a SAGBI basis for the ring of invariants

with respect to the graded reverse lexicographic order determined by y1 > x1 >
Yo > o0 > Ty

A theorem such as this giving explicit algebra generators for all vector
invariants of a fixed representation is called a first fundamental theorem. A
second fundamental theorem would give a generating set for the algebraic
relations among such generators.

Remark 7.4.2. It was shown by Shank and Wehlau [99] that the invariants
of the form Tr% (y®1y52 ... y%m) with a; + ag + - - - + am < 2(p — 1) are not
required in a minimal generating set, nor in a SAGBI basis. However, none of
the other invariants listed in Theorem 7.4.1 can be omitted.

Proof. We now begin the proof of Theorem 7.4.1. Let A denote the ring gen-
erated by the invariants given in the statement,

A =Ty, N(yi),uij, Tr(y?) [ 1 <i < j <m,0<a; <p|.

We need to show that F[m Vg]dc” C Ay for all d > 0. We proceed by induction
on d.

The case d = 0 is clear since F[m V3] = F. Now consider the gen-
eral case d > 0. Take f € F[m Vg]dc’” and write f = f! + f° where
ff =30 fiN(y;) with f; € Fim Vg]gfp. By induction, each of the f; € A
and thus f! € A. Hence we may assume from now on that f = f”. Suppose
f=fre F[ng]gfl doordin) where di +dy + --- + d,,, = d. If there exists ¢
with d; > p then since 7de’gyi (f) < p we see that x; divides f. Hence f = z; f’
where f' € F[m Vg]gfl. Again, by induction, this implies that f’ and hence f
lies in A. Therefore, we may assume that d; < p for all i =1,2,... ,m.

We now recall the polarization and restitution operators defined in §1.9.
We will take f € F[m V3]q and consider its full polarization P(f) = fu11,..1)-
We will also exploit the restitution map

R =R da,....d) * Fld V2] 11,1y = FIm V2], ds,....d0n)
defined by

R(f)=f(Vi,- s VI, Ve s Vo, oo Vi ooy Vi)
——— ———— —_——

d1 d2 dm
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where d =d; +dy + -+ + dp,.-

We have R(P(f)) = Af where X\ = d;!dy! - - -d,,!. Since each d; < p we see
that f = R(F) where F = Pq1_ »(A~1f)) € FldVal, ). We will show
that f € Ay by considering the lead monomials of f and F.

We are using {z;,y;} to denote the usual co-ordinate functions for the j'
copy of Vo in m V,. We have F[d V3] = F[d1Va @ daVa @ -« - @ d,, Va]. We let

{Z51, 951, 252, Y52, -+ Tjd,, Yja; }

denote the co-ordinate functions on d; Vo. We will use the graded reverse
lexicographic order on Flm V5] with y1 > @1 > y2 > @a > -+ > Y > T
Similarly, we use the graded reverse lexicographic order on d Vs determined
by

Y11 > T11 > Y12 > X2 > 0 > Tidy > Y21 > 00 > Xdd,,

Thus

Tik < Yjks TG+ 1)k < Tk, Y41k < Yiks Tjk+1) < Tjk and yjpr1) < Yik-
With this term order we have the following lemma.

Lemma 7.4.3. Let dy,ds, . ..,d, be non-negative integers with 0 < d; < p
fori=1,2,...,m. Suppose F € F[d VQ](CIP1 D) is a multi-linear invariant of
degree d = dy +dg + - - -+ dp,. Then LM(F) € {LM(P(f) | f € A, ds,....d) }-

We defer the proof of Lemma 7.4.3 until §7.4.2. Instead, we show why
Lemma 7.4.3 suffices to prove the invariants listed in Theorem 7.4.1 do form
a generating set for the ring of invariants. To see this, assume by way of
contradiction, that f is a homogeneous element of F[m V3]® \ A. By the
above, we have that f = f” is homogeneous of multi-degree (dy,ds,...,dy)
where d; < p for all ¢ = 1,2,...,m. Suppose f is such that LM(P(f)) is
minimal among those f = f° € Fm V3] \ A. Write f = RP(A~1f) where
A =dildy!---dp! € F. By Lemma 7.4.3, there exists h € A4, d,,...d,,) With
LT(P(h)) = LT(P(A~1f)). Define F' := P(A~1f) — P(h). Therefore, we have
LM(F’) = LM(P(A~tf—h)) < LM(P(A~1f)). By the choice of f, this implies
that A= f —h € A. Thus f = A(A\"1f —h)+\h € A. This contradiction shows
that the invariants listed in the statement of Theorem 7.4.1 do indeed form a
generating set for the ring of invariants. ad

We will prove that these invariants are not just a generating set but indeed
a SAGBI basis at the end of §7.4.2.

7.4.1 Dyck Paths and Multi-Linear Invariants

Before we can prove Lemma 7.4.3, we need to describe the multi-linear C)-
invariants. This amounts to giving a description of the decomposition of the
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Cp-module ®%V; into indecomposable Cp-modules. Each such summand con-
tains a fixed line and these are the multi-linear invariants we seek.

Define non-negative integers ug(k;) by the direct sum decomposition of the
Cp-module ®V4 over Fy:

d D
®V2 = @Mg(k) Vi .
k=1

We have the following lemma.
Lemma 7.4.4. Let p > 3. Then

B (k) = 8} and (k) = 6.

and
15(2), ifk=1
L (k) = pl(k — 1)+ pd(k+1), if2<k<p-2;
r pi(p — 2), ifk=p—1;
pi(p = 1) +2ul(p),  ifk=p;
ford>1.

Proof. The initial conditions are clear. The recursive conditions follow imme-
diately from the three equations from Lemma 7.1.14:

1oV, ="1;
VidVo=V 1@ Vi forall2<k<p-1
Vo @ Vo =2V,

O

We now introduce certain combinatorial objects that we will use to de-
scribe the decomposition of @?V; into indecomposable summands. At the end
of this section, we provide an example illustrating the correspondence between
invariants and these combinatorial objects.

A Dyck path of length d is a lattice path in the first quadrant of the xy-
plane from (0,0) to (d,0) comprised of a sequence of steps each of the form
(1,1) or (1,-1). Steps of the form (1,1) are called rises and denoted by R. Steps
of the form (1, —1) are called falls and denoted by F.

A Dyck path is encoded by a Dyck word which is a sequence of R’s and
F’s with an equal number of each. The condition that the path remain in the
first quadrant, i.e., on or above the z-axis corresponds to the restriction on
the word that among the first ¢t symbols there are never more F’s than R’s
forall 1 <t <d.

If I' =172 ...74 is a Dyck word, then for each ¢t with 1 < ¢ < d, the initial
portion of the word, y17vs ..., is a partial Dyck word and the corresponding
t steps are called a partial Dyck path.
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The path height or height of a (partial) Dyck path is ¢ if the path touches
but does not cross the line y = q. We will say that a partial Dyck path from
(0,0) to (t, k) has finishing height h.

An initially Dyck path of escape height ¢ and length d is a partial Dyck path
from (0,0) to (t,q) for some t < d followed by an entirely arbitrary sequence
of d —t steps each step being a rise or a fall. Thus an initially Dyck path may
wander after touching the line y = ¢ and in particular is not confined to the
first quadrant. We denote the set of initially Dyck paths of escape height ¢
and length d by IDPZ

We let PDP‘iq denote the set of all partial Dyck paths of length d and

height at most q. We write PDPiq(h) to denote the set of partial Dyck paths
of length d, height at most ¢ and finishing height h.

We will abuse notation and terminology occasionally by identifying a Dyck
path with its corresponding word and vice versa. We will denote the set of all
finite words (without any restrictions) that can be formed using the alphabet
{R.F} by {R.F}*.

Let vd(h) := [PDPZ (k)| for 1 < h < . We also define #¢ := [IDP?|. With
this notation we have the following lemma.

Lemma 7.4.5. Let ¢ > 2. Then

v2(h) = 6% and I/;(h) =0},

q

7g(h) =0 and 7,(h) =0,

q

and
v (1), if h =0;
vyt (h) = S vd(h —1) +vd(h+1), f1<h<q-1;
vg(q—1), if h=g;
and
vt =vt (q—1)+ 207
foralld>1.

Proof. All of these equations are easily seen to hold except perhaps the final
one. Its left-hand term g+ = |IDPZ+1| is the number of initial Dyck paths of
length d 4+ 1 and escape height g. We divide such paths into two classes: those
which first achieve height ¢ on their final step and those which achieve height
q sometime during the first d steps. Paths in the first class are partial Dyck
paths of length d, height at most ¢ — 1 and finishing height ¢ — 1 followed by
a rise on the (d + 1)* step. There are vJ (¢ —1) = |PDPiq_1(q —1)| such
paths. The second class consists of initial Dyck paths of escape height ¢ and
length d followed by a final step which may be either a rise or a fall. Clearly,
there are 2|IDP§| = 204 paths of this kind. |
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Corollary 7.4.6. For alld € N, all primesp > 2 and all k =1,2,...,p—1
we have

B = v (k=) and ) =7, .

Proof. Comparing the recursive expressions and initial conditions for ug(k)
and Vg_Q(k — 1) and for ug(p) and Dg_l given in the previous two lemmas
makes the result clear for p > 5.

For p = 2, it is easy to see that ud(1) = v§(0) = &) for d > 0 and
pd(2) =241 = for d > 1.
1, if k+dis odd;
0, if k+d is even.
Hence pd(3) = LQ 51| for d > 0. From the recursive relation 7 = vd(1) +
204 we see that 7§ = L2 ] =pi(3). O

For p =3 and k = 1,2, we have pd(k) = vi(k—1) = {

Given an arbitrary word I' = y1v2 - - - 1+ € {R,F}* we define a multi-linear
monomial A(I") = z129 - -+ z¢ € F[t V5] by taking z; = z; if v, = R and z; = y;

We will show that for k = 1,2,...,p— 1, each element of A(PDPip_2(k:))
is the lead term of an invariant which spans the fixed line of a summand iso-
morphic to Vj of ®?V;. Further, we will show that each element of A(IDPZ 1)
is the lead term of an invariant in the image of the transfer.

Consider a partial Dyck path of length d, height at most p—1 and finishing
height k. Let I" = ~1y2 - - - 74 denote the corresponding partial Dyck word. We
wish to match each of the falls v; with a rise v.(;). We do this recursively as
follows. Choose the smallest value of j such that v; is a fall which we have
not yet matched with a rise. Let ¢ be maximal such that i < j, 7, = R and
i # m(¢) for all £ < j. Then we declare that m(j) = ¢. Let I :={j | 7; = F},
Iy :=w(h) and I3 := {1,2,...,d} \ ({1 UIs). Note that |I3] = k and 7, = R
for all ¢ € Is. We define 0(I") = (Hjeh u,r(j))j) [Lics, xi- We also define

0'(I") = (Hjell “w(j),j) [Lics, vi-

This construction associates to each partial Dyck path of length d, height
at most p — 1 and finishing height k a multi-linear invariant 0(I") € F[d V5]®»
Also,

IM@O(D) = | [] LM(ursy) | I i
Jjel i€ly
= H Tr(3)Yi H Ti
jel i€l3
= A(D).

Next, we suppose I = 7172 ---7q is a word corresponding to a initially
Dyck path of escape height p — 1 and length d. Then there exists ¢t with 1 <
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t < dsuch that I'" := ;75 - - - v corresponds to a partial Dyck path of finishing
height p — 1. Let ¢ be minimal with this property and let I := 172 - - ;.
We define 0(I") := Tr(¢'(I") Hf:tﬂ z;) where z; = x; if v, = R and z; = y; if
vi =F.

Thus we have associated a multi-linear invariant 6(I") € Tr% (F[d V4]) to
each initially Dyck path of escape height p — 1 and length d. We have

T (0/(I)) = Huﬁm,j TrCP(H Yi) = Huw(j),j Hmk

jEIl kels j611 kels

since |Is] = p — 1. Thus

IM(Te (0' (1) = | [] M uaiyy) | TT 26 = | 1] 2=yws | T 2 -

VIS kels Jjen kels

Therefore,

IM(Tr " (0(1) = | [ z=yws | [] 2 [ 2 =AD)

Jjel kels i=t+1

where z; = x; if v, =R and z; = y; if v, = F.
We have

Proposition 7.4.7. Let vy € PDP‘épf2 L ]Dszl. Then

1. LM(0(7)) = A(7).

2.If v € PDP%p_Q(h), then the invariant 0(vy) lies in F[dx/'g](chlw’l) =
(@,)% and has length h+1 for all 0 < h <p—2.

3. Ifve IDPZ_l, then the invariant 0(v) lies in F[d ‘/2}(6;1:17__71) =~ (®@9V,)C%
and has length p.

4. The set G(PDP‘ép_2 W IDPZ_l) is a basis for F|d VQ](CELMI) >~ (@V4)% .

Proof. We have already seen that LM(0(v)) = A(y) and that A(y) €
FldVa)(7y . 1) 1f ¥ € PDPL, ,(h), then

AR (T)) = AH( IT w05 I1 y) - ( I w0, j> AH( 1T y>

Jjel 1€ls jel i€l3

- < 11 “ﬂ(j),j)(h =D ] =i = (n—1)t6(D).

jen i€l3

Therefore, £(0(1")) > h.
Since the lead terms of the invariants in the image of 6 are distinct, we
see that the image of 6 is a linearly independent set. This shows that the
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image of 6 is a ba81s for (®4V,)% since | L§_ %PDP<p o(h) U IDPZ_1| =
S v o(h) + 7 = b m,,( ) + 1(p) = dims(®9V3). Furthermore,
this equality shows that H(IDPp 1) is a basis for Tr (®9V5) and that each

element of 9(PDP<p »(h)) spans the fixed line of one summand of ®?V5 iso-
morphic to Vj. O

7.4.2 Proof of Lemma 7.4.3

In this section we combine some of the above results in order to prove
Lemma 7.4.3. After giving this proof we also prove the final assertion of Theo-
rem 7.4.1.

We maintain the notation of the previous two sections.

We will use the following lemma which is easy to prove.

Lemma 7.4.8. Suppose 1 and 2 are two monomials in Flm Va] (4, a,.....d,)
with y1 > 2. Then LM(P(y1)) > LM(P(2)).

( aii, ai2 amdm)

For ease of notation, we will write Tr? (y?) = T Vi1 Y12 Y

where a = (a11,a12, . - -, Gmd,, )-

Proof (of Lemma 7.4.3).
Suppose F' € F[d Vg](cipl .1y is a multi-linear invariant of degree d.
By Proposition 7.4.7, we may write

= ] =, I TIM(uijre) J] IM(Tr(y®))
(’L] EBl (l,j,k‘,z)GBQ aEB3
for some index sets B, B> and Bs. Define
H R((E”) H R(U” ké H R TI‘
(i,j)€B1 (i,5,k,£) € Ba a€B3
Note that R(z;;) = x4, R(wijre) = usp (or 0 if ¢ = k). Also, since R is
Cp-equivariant,

p—1
RATE (- i) :R<Za U yfm))
k=0

— k ail Amdm,
—ZU R(yii T Ymd, )

= TeCr (R(yf1: -yl )

mdm

— TI‘ (y?qygz ... yglm)

where «; = Z;l=1 ai; <d;i <pforl<i<m. Thus f € A.
Let Iy := LM(F). By Lemma 7.4.8, I'1 = LM(P(v1)) = LM(P(f)) where
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11 =R(1) = H x; H Uj k H Tr (R(y®)) = LM(f) .

(i,j)€B1  (ij.k£)€By  a€Bs
Hence f € A with LM(F) = LM(P(f)) as required. O

Proof (of the second assertion of Theorem 7.4.1). We need to prove that the
invariants listed in Theorem 7.4.1 are in fact a SAGBI basis for the ring of
invariants. Let f € F[m V5]%. Dividing f by each N(y;) we may reduce to the
case where f = f”. Furthermore, if f is divisible by any ;, we may replace f
by f/x;. Thus we may reduce to the case where f = f* € F[m Vg](c;ph
with 0 < d; <pforalli=1,2,...,m.

Next, we note that the above proof demonstrates something stronger
than the statement given in Lemma 7.4.3. The proof shows that for ev-
ery f € Flm VQ](Cdpl,dz,...7d,,,L)’ the lead monomial LM(P(f)) lies in the alge-
bra generated by {LM(P(z;) | 1 < i < m} U{LM(P(u;;)) |1 <i < j <
m} U {LM(P(Te% (yf1yg2 - y%m))) | 0 < a; < p fori = 1,2,...,m}. From
this it follows immediately that the invariants listed in Theorem 7.4.1 form a
SAGBI basis. This completes the proof of Theorem 7.4.1. a

da,...,dm)

We will now give an example to illustrate the ideas in the above proof of
Theorem 7.4.1.

Example 7.4.9. We take p = 5 and m = 3 and consider invariants of multi-
degree (1,1,2). In symbols, we are considering F[3 ‘/2](01571’2). We have the full
polarization P : F[3V3]1,1,2) — F[4V2](1,1,1,1)- To avoid double subscripts,
we will abuse notation by using the bases {x1, y1, T2, Y2, z3,ys} of (3V2)* and
{z1,y1, %2, Y2, T3, Y3, T4, ys} of (4V5)*. Here P(z) = z for z € {x1,y1,22,y2}
and P(x3) = x3 + x4 and P(y3) = ys + ya. Accordingly, R(z) = z for z €
{z1,y1,T2,y2,T3,y3} and R(x4) = z3 and R(ys) = y3.

This full polarization equivariantly embeds F[3V2]1,1,2) & V2 ® Vo ®
S2(Vo) 2 Vo @ Vo ® V3 into Vo ® Vo ® Vo @ Va. The image of this embed-
ding is spanned by the 12 elements z; 2222 where 21 € {z1,91}, 22 € {®2,y2}
and z3 € {w324, T3Ys + Y3T4, Y3ya}-

By Lemma 7.4.5, we see that there are 5 partial Dyck paths of length
d = 4 and height at most p — 2 = 3. The partial Dyck words corresponding
to these 5 paths are Iy = RFRF, I, = RRFF, I's = RRRF, I, = RRFR and
I's = RFRR. Furthermore, there is one word corresponding to an initially
Dyck path of length d = 4 and escape height p — 1 = 4. This is the word
I's = RRRR. The paths corresponding to the first 5 words have finishing
heights 0,0,2, 2 and 2 respectively. Of course, the final word, I, corresponds to
a path which achieves height p—1 = 4. This means that @*Vs = 2V, @3 Vs & V5.
This decomposition can also be found using Lemma 7.4.4.

Applying A, we get A(I1) = z1ysxsys, A(l2) = x122y3ys, Al3) =
T1X2T3Y4, A(F4) = T1X2Y3T4, A(F5) = T1Y2X374, and A(Fﬁ) = T1X2X3T4.
We recognize these 6 monomials as the lead terms of the 6 invariants:
Fy = 0(I) = wiouss, Fy = (1) = wygugs, Fz = 0(I3) = x102u34,
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Fy := 0(I'y) = zueszy, F5 = 0(I5) = wuisxszy, and Fg = 0([s) =
T1Z2x3xs = — Tr(y1y2y3ys)-

Note that ui3uss = UioUzs + U4Uo3, ToU13T4s = T1U3T4 + T3U12T4 and
T1T3Uz4 = T1ToU34 + T1T4Us3 are not required as basis elements.

Restituting these 6 invariants we get R(F1) = 0, fo := R(F2) = uisuss,
R(F3) =0, fs:=R(Fy) = z1ugsx3, f5 := R(F5) = u12a3, and fo := R(Fs) =
x1x2x§ = —’I‘r(ylygy%). The two invariants F; and F3 restitute to 0 since
these two invariants do not lie in P(F[3 Va](11,2))-

Note that fy, = AQ(%yl'ILQSyg) and f5 = AQ(%ulgyg) and thus f; and
f5 both lie inside copies of V3. Also, fg = A*(—y1y293) spans the fixed
line in a copy of Vs. Therefore, we see that {f2, f4, f5, f¢} forms a basis for
F[3VAI( o) = (V2 © V2 © $2(12) % = (1 8 Vo © Vo) 2 (Vi 92 V3 & V5) .

7.5 Integral Invariants
In this section, we describe natural invariants in characteristic 0 which map

to elements of F[V},]“» under mod p reduction. Much of this discussion follows
the paper of Shank [98].

Consider
100...00
110...00
011...00
g = -
000...10
000...11

an n X n matrix with entries in the field of rational numbers Q. Then o
generates an infinite cyclic subgroup of SL(n,Q). We denote this subgroup
by Z. Let W,, denote the n dimensional Q vector space on which ¢ and hence
Z acts. Let {1, 29, ..., 2z, } denote the basis of W* dual to the standard basis..
We consider the ring of invariants Q[W,,] = Q[z1, ..., z,]%. Note that since Z
is infinite, we have no reason to expect that this ring of invariants is finitely
generated. Surprisingly, it turns out to be so.

Remark 7.5.1. By way of explaining this latter remark, consider the group
H = Z generated by
> [1 o]
11

H:{Bﬂ ieZ}.

This group sits naturally in SLy(C). The Zariski closure of H is the group

Ga(((:){[iﬂ |z€(C}.

so that
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Here we use the notation G,(C) to emphasize that this group is isomorphic to
the group of complex numbers under addition. Let V' be any representation
of SLy(C) and let C? denote the standard 2-dimensional representation of
SLo(C) with basis {e1,e2}. Consider the algebra map

p:C[V&C? —C[V]

taking f to the function p(f) given by p(f)(v) = f(v, e2). We note immediately
that G,(C) = {7 € SL2(C) | 7(e2) = e2}. Roberts, [94], proved that the map
p restricted as follows

ClvV & C?5=© — c[v]%-(©

is an isomorphism of algebras. Since the former ring of invariants is known
to be finitely generated by Hilbert’s famous result, so also is the latter. For
the case needed here where G = SL2(C), the finite generation of the ring
of invariants was first proved by Gordan [48] or [49]. It is also true that
QIV]* =Q[V]%@.

Famously, there is a unique n-dimensional irreducible representation of
SL2(C) which can be given by the natural action of SLa(C) on

{x" 1 X"y, vy

where (C?)* has basis { X, Y'}. This identification provides a map from SLy(C)
to GL(W,, ® C). Under this map and with an appropriate choice of basis, the

matrix
10
11

is carried to

100...00
110...00
011...00
000...10
000...11

There are excellent references for this material: the primer of Kraft and Procesi
[70], and the book of Procesi [90].

Given an element f of Q[W,]%, we may clear denominators by multiply-
ing by an appropriate integer m to obtain f’ = mf € Z[x1,...,7,]%. Then
reduction modulo p gives a map from Z[zy,...,z,]% to Fplzq,...,2,]% C
Flz1,...,2,)% = F[V,]%. Any element of F[V,,] that may be constructed
in this manner is called a integral invariant. Note the abuse of notation here
in which {z1,...,2,} is used to denote the dual bases over both Q and F,
and o is used to represent a generator of both Z and C,,.
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Classical invariant theorists have long recognized the difficulty of describ-
ing C[V @ C?]3%2(©). Even today, the description is complete for only a handful
of representations. The material above indicates that describing the integral
invariants of F,[V,,]% is equivalent.

The invariant z; € Q[V,,]% is associated to the invariant z; € F[V,]%%
for every field F of characteristic p and representation V,, of C, for n > 1.
Similarly,

T3 — 20113 — 1120 € Q[Wn]Z
is associated to an infinite family of invariants 23 — 2z;23 — x122 € F[V,]?
for every field F of characteristic p and representation V;, of C, for n > 3.

Shank, [97] and [98], conjectured that every ring of invariants of a Cj-
representation, F[V,,]¢7, is generated by the three classes of invariants: norms,
transfers and integral invariants. By norms here we mean only the norm N(x,,)
of the distinguished variables z,, € V,*.

In order to discuss integral invariants comprehensively, we introduce the
(non-finitely generated) ring Q[Vu] := Q[z1, 2, z3,...] over Q having in-
finitely many generators of degree 1. Of course, for any n € N, we have the
surjective map 6 : Q[Vo] — Q[V4,] given by

o
9(@-)_{% if 1 < n,

0 if7i>n.

The integers, Z, with generator o, act on Q[V4] via the left action generated by

o(x;) = i+ i1 lfl =2 As usual, we will use A to denote the operator
T ifi=1.
o —Id.
We will equip Q[V,,] with the graded lexicographic ordering with z; <
To < x3 < ...

Lemma 7.5.2. Suppose n > m > 1. Let 3 € K[V;,_1] be a monomial and
write 3 1= ' - x;" . Then Bxp,_1 and Bx,, are consecutive monomials
of K[V,] in the monomial ordering, i.e., if v is a monomial of K[V,] with

Bxm—1 <7y < Bxm, then v = Bx,,.

Proof. Write v = x{l x%é ---xJ» and let a denote the least integer such that
Qg + 0L £ j4. Since Bry—1 <7y < By, we must have deg(vy) = deg(3) + 1
and thus Bz, 1 < v implies that i, + ™1 > j,. If a < m — 1, then i, > b,
would imply that Sz, < <, contradicting the hypotheses. If a > m — 1,
then 4,1 +1 = j;,—1 would imply that v > Bz,,, again contradicting the
hypothesis. Therefore, a = m — 1 and we have i1 = ji,i2 = Jo,...,Im—2 =
Jm—2 and iy, 1 + 1 # Jmo1.

From, Bx,;,—1 < v we see jm—1 < im—1 + 1. Conversely, from v < Bz, we
see that j,,—1 > i;—1. Therefore, j,,—1 = i¢mym—1. Finally, from v < Bzx,,, we
conclude that j,,, > 1 and since deg(y) = deg(8) + 1, we must have j,, = 1
and v = fBxy,. a



7.5 Integral Invariants 127

Lemma 7.5.3. Let f be any non-zero polynomial in Klz1,xa,...,2,]. Then
LT(A(f)) <LT(f).

Proof. Tt is easy to see that LT(A(S)) < @ for any monomial 5. Applying this
to each term in f we see that LT(A(f)) < LT(f). O

Theorem 7.5.4. Suppose that n > m > 1 and that B is a monomial in
K[z1, %2, .., Tm_1]. Then Br, ¢ LT(K[z1,2a,...,7,]%).

Proof. Suppose that f € K|z, za,...,2,] with LT(f) = SBa,. Write f =
Bxm + f'. Then LT(f') < Bz, i.e, by Lemma 7.5.2, LT(f') < S2;,—1. Now
A(f) = Brm_1+AB)xm +A(B)Tm—_1+A(f). We will show that LT(A(f)) =
Bxpm_1 # 0 and thus f ¢ K[z, z0,...,2,]%

First, we see that LT(A(f")) < LT(f") < Bzm—1. Secondly, A(B) < 3
implies that A(B)xy—1 < OBZm-1. Finally, LT(A(8)) < [ implies that
LT(A(B)xm) < Bz and thus by Lemma 7.5.2 we get

LT(B)xm = LT(A(B)zm) < BTm—1.

Since x,, does not divide fz,,_1, we see that LT(A(8)xn,) # Brm—1 and
therefore, LT(A(8)m) < Bxm—1. Thus LT(A(f)) = fzm—1 # 0 as claimed.
O

In contrast to Theorem 7.5.4, we have the following.

Theorem 7.5.5. Consider a monomial

m—1
B=aiwy? - apm T € Fley, @, ..., Ty

Letay, > 2 andn > 1+Y_," ag({—1). Then there exists f € K[x1, x2, ..., 2,]"
with LT(f) = Bafr.

Proof. Suppose first that either K has characteristic 0 or that a,, < p :=
characteristic(K). Then

LT(A(Bz%m)) = @B _1xim L

m m

We define
f1= Bl — amBrm—128 P
and note that
LT(A(f1)) < amﬂzm_len’"fl.

For j > 2, if A(f;j—1) # 0, then we will define f; inductively from f;_; as
follows. Write
LT(A(fj-1)) = vz

where k > 1 and v € K[z1, Z2,...,2,_1]. Then define

k—1
fi=fi—1 — vz Tria.
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Thus
LT(A(f;)) < ~vay = LT(A(fj-1))

and therefore, the sequence LT(A(f1)), LT(A(f2)),... is strictly decreasing.
However, this may not guarantee that the algorithm terminates since the
number of variables involved is increasing at the same time. However, since

LT(f;) = By

for all j, all that remains to show is that the algorithm terminates with some
fj S K[ml,mg, . ,xn]Z.

To see that the algorithm does indeed terminate and that the final in-
variant uses at most n variables, we introduce the concept of the weight of a
monomial. A monomial

A= xll’lxg"’ - -xf;s
has weight, wt(X) := Y_;_, ¢be. It is easy to see that every monomial ap-
pearing in A(\) has weight strictly smaller than wt()). Also, note that
wt(yzF 12, 41) = wt(y2F) + 1. Thus every monomial occurring in each f;
has weight at most wt(SBx%m ). Furthermore, each of these monomials also has
degree Y ;" | ap,. Thus if
b1 ,.b2 b

A=z'x? - -as

with b, > 1 appears in some f;, then > ,_; by = > /2, a¢ and > ,_, ¢by <
> e, lag. From this we see that the largest value of s that can occur corre-

sponds to the monomial 2}z, where t = (3" as) —land t+n =, , la,.

Thus . . .
n:ZEag— (Zag)—i—l:l—i—Zag(E— 1).
=1 =1 =1

In fact, it can be shown that this monomial always does occur with non-zero
coefficient in the invariant f.

Finally, we consider the case where a,, > p := characteristic(K) > 0.
Dividing a,, by p we may write a,, = gp + r where 0 < r < p. By the above,
there exists h € Flx1, 22, ..., 2,]% with LT(h) = B27,. Since LT(N(x,)) = 2P,

we see that N(z,,)?h is invariant and has lead term Sz%m, as required. O

Definition 7.5.6. The algorithm used in the above proof to construct an in-
variant with given lead term was introduced in [98] and is known as Shank’s
algorithm.

When we apply Shank’s algorithm to the lead term x%ﬁl, we produce
invariants s;_; € F[V,,] for each i, 3 <4 < n. This family of invariants plays
an important role in our analysis of the fraction fields associated to the rings
of invariants, hence we will refer to them as the Shank invariants.

The algorithm yields the following invariants:
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71—

2 i—3 i—3 i—2
Si—1 =xh “vg +x1xy “v1 + -+ 2] Cmevi_s + 2] Vg

i—1
= alzy
j=0
where vg = x9, and v1 = —(i—1)x3. It is not hard to see that, for 1 < j <i—3,
we have
Vj = Qy3T3 QG aTie,
while

Vi—2 = Qj—22%2 + Q;—23T3 + -+ + Q;—2,;T;,

for coefficients «;;, € IF. Here are some examples:

S92 = xo(x2) — 122 + x1(—223)
s3 = o3(x2) + 122(—3x3) + 23 (2 + 314)
54 = x5(20) + w125(—423) + vw2(273 — 614)

a3 (—xy — 223 — 624 — 875)

Of course, as an alternative to the work of Shank, we could proceed to show
that the requirement that A(s;—1) = 0 gives us a system of equations in the
unknowns o which can be shown to have a (unique monic) solution over
the integers.

The following lemma ensures that we may isolate z; from the expression
for s;_1 once we have inverted x;.

Lemma 7.5.7. The coefficient of the term xi_Q:E,- in the integral invariant
s;—1 18 invertible in IF,.

Proof. The lemma follows through the calculation of the coefficients of the
following monomials occurring in A(s;—1):

Monomial Coefficient
i—2
Ty T Qi1+ Q521
i—3
T, “TaTi—2 021+ 205-3,—2
i—j—1 j—1 .
Ty T Ty Tiej Qi—jyi—1—j T JQ¥i—2—j,i—j
2 i—4 .
rixy "3 agq + (1 —3)ag s,
and now Shank’s algorithm tells us that a; 3 = —(i — 1). We may conclude

that the coefficient of i~ 2?x; is

(=1)"(i = 3)!(i = 1),

which is invertible for 3 < i < n < p, as required. O
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7.6 Invariant Fraction Fields and Localized Invariants

We have good descriptions of the fraction field of a ring of invariants since
we may apply Galois theory. But how much information can we expect to
obtain about the ring of invariants from its fraction field? This question was
examined by Campbell and Chuai [16] and is recalled here. See also §4.3.

We think of the fraction field as the localization of the ring away from the
prime ideal (0). Our approach is to begin by considering a ring localized at a
fixed point of the Cj-action.

First, let us consider the case V' =V, over a field F of characteristic p. We
have

F[V,] = Flay, zg, ..., 2y)

such that o(z;) = z; + x;—1, subject to the convention zg = 0. We use the
Shank polynomials

Si—1 = xg_l + -+ 041;2721‘3_11‘2 + -+ (—1)i(i — 1)(2 — 3)'1‘11_2.%} .

Since, by Lemma 7.5.7, the coefficient of xi_Q:ﬁ,— is invertible in IF, this equation
can be solved for z; in the localized ring F[V},]., . For example, we have sy =
.Z'% — x122 — 2x12x3, which we solve for

1 )
T3 = — (82 — T35 +T122).
3 2x1( 2 2 172)

Inductively, we may assume that xs3,...,x, can be written as functions of

xlﬂ, 9 and the invariant rational functions s;_1, 3 < i < n. That is, we have
proved

Proposition 7.6.1.
_ mraEl .
FlVple, = Floy, 22,81 | 3 <@ <nl.
Consequently,

]F[Vn]cp = ]F[:rfl,N(xQ) =uah - $€71x2,8i71 | 3<i<n]

1

and
F(V,)r = F(a1, N(z2), si-1 |3<i<n).

The proposition reveals clearly the limitations of this method. We note
that the invariant fraction field is generated by dim(V) elements. Further,
the ring of invariants localized at the single invariant x; is also generated
by dim(V) many elements. That is, as soon as just one suitable element is
inverted, the complex and subtle structure of the ring of invariants collapses to
this relatively simple structure: no traces are needed to generate the localized
rings and all of the generators needed are of degree p or less.

In the event V' has more than one non-trivial summand, say
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VooV, CV

with n,m > 1, we need a particular kind of integral invariant, the degree 2
determinant invariants. Let {x1,z2,...,2,} be a triangular basis for V,* with
x, distinguished. Similarly let {y1,¥y2,...,¥m} denote a triangular bases for
V. with y,, distinguished. Then u = uy, v, = z1y2 — x2y1 is invariant, and
there is one such an invariant for every pair of non-trivial summands in the
indecomposable decomposition of V.

There is one more family of invariants that are needed, again associated to
a representation with more than one non-trivial summand, say V,, & V,, C V
with bases as above and n < m. Suppose f = f(z1,...,x,) € F[V,]° has
degree d. One of the polarizations of f, fq—1.1, has multi-degree (d — 1,1)
in V,, & V,,. We consider the second copy of V,, here as being embedded as
a Cp-submodule of V,,,. Thus we may interpret fy_;; as a bi-homogeneous
polynomial of degree d — 1 in the variables x1,z9,...,z, and degree 1 in
Y1,Y2, - - -, Yn. With this interpretation, we denote fq_1,1 by fi. We are inter-
ested only in applying this construction to the Shank invariants. In the three
examples above, these are

(82,n,m)1 = —T2y1 + 222Y2 — 2w3y1 + T1(—Y2 — 2y3)

(83,m.m)1 = 62471Y1 — 3T3T2y1 — 3T3T1Y2 + 3T3Y2
—3xaw1ys — 2x2w1y1 + 5 (—Y2 + 3ya)

(Sa,mm)1 = —24x527y1 + 1624227191 + 874270

—18z4xTy1 — 4x323y1 — 8T37271Y2 + 4T3T2T1 Y1

+2x3xTys — 6327 Y1 + 4adys — 4a3T1Ys

+822xTys + 2m0xTys — Bwaxiyr — a3 (—y2 — 2ys — 6ys + 8ys),

Note the abuse of notation here: s3 y, », = s2v,,,v,,, - Note as well that s; ,, », is
only defined for ¢ < min(n,m).

Again, it is critical to note that the coefficient of z' 'y, in (Sinm)1 18
invertible in F. This follows from Lemma 7.5.7.

Decompose V as V = kiVi @ kaVo @ --- ® k, V), and choose a triangular
basis for V*

{Zijm | 1<i<n, 1<j<k,, 1<n<p}

with the property that o(z; ;) = @i jn + Ti—1,jn, subject to the convention
that 29 j, = 0. Thus

FlV]=Flz;jn | 1<i<n, 1<j<k, 1<n<p]

Now we choose the largest m for which k,,, > 0 and fix a particular copy
Ve of Vin. Let {x1,22,..., 2} denote the usual basis for Vi Set 1 =
21 6m and T2 = T2 ¢m. Then o(z1) = 21 and that o(z2) = z2 + 2.
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For each other distinct non-trivial summand V,,, then, we have n < m
and we choose the usual basis {y1,...,yn}, that is, we have o(y;) = yi + yi—1
with yo = 0. We consider the polarized Shank invariants ($;—1.,m)1 for 3 <
i < n — 1, each of which has a term ' 2y; which occurs with coefficient
(=1)i(i —1)(i — 3)!, invertible in F. As above, we may inductively solve for y;,
3 < i < n, in the localized ring F[V],,. Finally, we consider the determinant
invariant

Un,m = UV, ,V,, = T1Y2 — T2Y1
and note that we have

1
Y2 = _(un,m + .Z‘le).
T
Hence we have proved the following

Theorem 7.6.2. Let V =k Vo @ --- Dk, V), be any reduced representation of
Cp. Choose a triangular basis {z; jn | 1 < i < n} for the jth copy of V, for
J=12,...,ky forn=2,3,...p. Fiz a choice x1 = x1¢m and T2 = T2¢m
for some £ and m the largest m for which k., > 0. Then

F[V]zl = F[mitlyx2ax1,j,n>un,m7 (Si,n,m)l ‘ 1 S ] S k:ny 2 S n S p]
and

F(V)CP = F(IlilvN(l?)»Il,j,naun,ma (Si,n,m)l ’ 1<5< kna 2<n< p) .

7.7 Noether Number for C),

In this section, we will present a theorem of Fleischmann, Sezer, Shank and
Woodcock which gives exact values for the Noether number of the ring of
invariants of any representation of C),. Here we will follow their proof closely.
However, we will change it in order to make it self-contained, The proof given
below does not rely on results from [100].

Recall that we say that V is reduced if V' does not contain a copy of V7 as
a summand.

Theorem 7.7.1. Let V be a non-trivial reduced representation of Cp, the
cyclic group of order p defined over a field F of characteristic p > 0. Let
s be the mazimum dimension of an indecomposable summand of V. (Thus
2<s<p.) Then

D, if V=V orV=2V,;
(p—1)dim(V %), if VmVy form > 3;
(p—1)dim(VE) + 1, if s =3;
(p—1)dim(VE) +p—2, ifs>4.

ﬂ(v’ Op) =
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Note that dim V' is the number of indecomposable summands in V.

If s = 2, then the result follows from the Theorem 7.4.1 (and Re-
mark 7.4.2). Thus we suppose that s > 3.

We begin the proof of Theorem 7.7.1 by developing lower bounds for
B(V,Cp). To do this, we consider the two Cp-representations U = Vi & m Vs
and W = V3 @ mV;. Choose a triangular basis {wy, 2o, Yo, 2o} for the sub-
module V;* of U* and triangular bases {y;,z;} (i = 1,2,...,m) for the du-
als of the m summands isomorphic to V. Thus A(wg) = 20, A(20) = o,
A(y;) = x; and A(z;) =0 for i = 0,1,...,m. Then {wo, 20, Yo, o} U {yi, z: |
i=1,2,...,m} is a basis for U*. Viewing W as a C}, submodule of U we may
take {20, y0,zo} U {yi,x; |i=1,2,...,m} as a basis for W*.

Lemma 7.7.2. Take U = V, & mVy and W = V3 & m Vs as above. Then
Te ((woyryz - ym )P 128 7%) is an indecomposable element of F[U]» and
Te% ((zoy1ya - - - Ym )P Yyo) is an indecomposable element of F[W]C».

Proof. We consider U first. Put Fy, := Tr ((woy1ya - - - ym )P~ 125 72).

We proceed by induction on m. For m = 0, we are concerned with F[V,]¢».
Shank [98] found a set of generators for F[V4]“». We describe this computation
at length in Chapter 13. We will use the graded reverse lexicographic order
on F[V,] determined by wg > zo > yo > . Using Lemma 9.0.2, we can show
that LT (Fp) = fzgp ~%. The (non-minimal) generating set for F[V,;]C» given by
Shank includes invariants whose lead term is of the form z{ precisely for the
values i = p—1,p,...,2p — 3 (including Fp). Furthermore, the only invariant
among the generators whose lead term is divisible by wq is N(wp) with lead
term wf. This shows that the largest (with respect to the graded reverse
lexicographic order) monomial in LT(F[V,]%?), is strictly smaller than z¢ for
alld =1,2,...,p—2. In particular, there can be no (sequence of) téte-a-tétes
among the generators yielding invariants with lead term zg for d < p—1. This
shows that Fj is indecomposable since its lead term cannot be expressed as a
product of lead terms of lower degree invariants. The reader may find a more
detailed version of this argument in [96].

For the general case m > 1, we assume the induction hypothesis that F,,—1
is a non-zero indecomposable element of F[Vy @ (m — 1) V5]». We consider
the C, submodule U’ = V; & (m — 1) Vo & V4 of U whose dual has basis
{Wo, 20, Y0, T0s Y1, 15 - - + s Ym—1s Tm—1, Tm }. The inclusion of U’ into U induces
a surjective, multi-degree preserving, Cp-equivariant algebra map = : F[U] —
F[U'] determined by 7(¢m) = Tm, T(Ym—1) = Tm—1 and fixing all the other
variables. Now

m(Fm) = 7( > o((z0y192* Ym—10m)" 95 7))
oceCy

Z (o (209192 * Ym—1Ym)P " Y5 2))
oceC)y

=Y o(n((zom¥2 Ym-1um)" U5 )
oeC)y
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= Z o (209192 Ym—12m)* 5 %)
oeC)y
=20t > o((zoyiyz Yma) )
oeC)p

= 22 T ((zoy1y2 - Ym1)P Yl )
= J?;fn_lFm,1 .

Note that since Fy,—1 # 0, this shows that F}, # 0. Assume by way of con-
tradiction that F,, is decomposable in F[U] and write F,, = Y_;_, fig; for
some multi-homogeneous invariants f;, g; € F[U] S". Thus each of the products
figi has multi-degree (2p—3,p—1,p—1,...,p—1). Let 2% denote the largest
power of ,,, which divides f; for i = 1,2,...,r. Similarly, let 2% denote the
largest power of x,, which divides ¢g;. Thus a;+b; = p—1foralli =1,2,...,7.
Therefore, writing f; = 2% f/ and g; = 2% g] we have 7(F,,,) = 22,1 > flg!
with f/ and g} in F[U’]%. Hence F,,—1 = Y_;_, flg}. Since F,,_1 is inde-
composable, one of the f/ or g}, say f/, must be a non-zero constant, c.
Thus 7(f;) = czP ! and therefore, f; has multi-degree (0,0,0,...,0,p — 1).
Hence f; € F[ym,xm]ffl = Fy?, — 22, ", Tm]p—1 = spang{z?, 1}. But then
7w(f;) = 0 contradicting the fact that f/ = c¢. This contradiction shows that
F,,, is indecomposable in F[U]%.

The proof that TrC ((zoy1ys - - - ym)P 'yo) is indecomposable in F[IW]C
is similar. We proceed by induction as above using Lemma 7.7.2 and using
Theorem 4.10.1 to handle the base case. ad

Corollary 7.7.3. Let V' be a non-trivial reduced representation of C,. Let s
be the mazimum dimension of an indecomposable summand of V. Suppose
s> 3. Then

: C, e a.
BV,Cp) = {(p Ddm{=)+1, - Ge=3
(p—1)dim(V) +p—2, ifs>4.
Proof. We treat the case s = 4 first. Put m := dim(V%) — 1 and U :=
Vi ® mV,. Decompose Vas V =V, , @V, &---®V,, where rg > 4 and
ri >2fort=1,2,...,m. For each i« = 0,1,2,...,m, choose a distinguished
variable X; € V;r. We determine a C)-equivariant surjection ¢ : V* — U* by
requiring that ¢(Xo) = wg and ¢(X;) = y; for i = 1,2,...,m. This induces a
Cp-equivariant surjection, which we also call ¢ mapping F[V] onto F[U]. Thus
H(AY(X;)) = AV(¢p(X;)) for all i and j. Restricting to invariants we get an
algebra map ¢ : F[V]% — F[U|%.
Since ¢ is an algebra homomorphism and since

ST (X0 X1 Xz -+ Xin)PHA(X0)P~2)) = Te ((woyaya -+~ ym )P ™25 %)

is indecomposable in F[U]?, it follows that
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Tr (X0 X1 X5 -+ X )P LA(X)P2)

is indecomposable in F[V]%». Therefore, 3(V,Cp) > (m +1)(p — 1) +p — 2.
The case s = 3 is proved similarly. a

Our next goal is, of course, to show that any invariant whose degree exceeds
the bound given in Corollary 7.7.3 must be decomposable.

Accordingly, we consider a degree a with a > (m—+2)(p—1). By the discus-
sion preceding Theorem 7.3.2, we see that every f € F[V]“ may be written as
f = ff4 f> where f* € F[V]t and f* € IF[ ]°. Since f* € F[V]%, we may write
ff= 27»':{1 N () with f; € F[V ] . Therefore, f is indecomposable if

and only if f* is indecomposable. T hus we concentrate our attention on f7.
Since F[V] is free, (F[V]%)% = Tr% (F[V],). Thus to prove Theorem 7.7.1,
it suffices to show that every homogeneous invariant of the form Tr® (k) of
degree at least (m + 2)(p — 1) is decomposable.

In order to study the image of the transfer, we consider F[V] as an
F[V]“»-module. Since F[V] is integral over F[V]%, we know that F[V] is
a finitely generated F[V]“»-module, i.e., there exist hy,hg,...,h; € F[V]
such that F[V] = F[V]%h; + F[V]%hy + --- + F[V]|“h,. By the graded
Nakayama lemma 2.10.1, we may find a homogeneous minimal such set of
generators hq,ha,...,hs by lifting back to F[V] any homogeneous basis for
the maximal homogeneous ideal in the ring of coinvariants F[V]c, = F[V]/J
where J is the Hilbert ideal. We define (V') = max{d | (F[V]c,)s # {0}}.
Hence for a homogeneous minimal set of generators, hi,ho, ..., s, we have
¥(V) = max{deg(h;) | 1 < i < t}, Thus v is the degree of the Hilbert series
H(F[V]c,,A) (which is in fact a polynomial).

Given any homogeneous h € F[V], we may write h = f1h1+ foha+- - -+ fih:
with f1, fa, ..., f; € F[V]% and deg(h) = deg(f;) + deg(h;) fori =1,2,... ¢
Therefore, Tr? (h) = f1 Trep (hy)+fa Treyp (ha)+- - -+ f¢ Tre, (By). This shows
that if deg(h) > (V), then Tr“ (h) is a decomposable invariant.

Our next step is to get upper bounds (which will turn out to be sharp) for
~v(V). As above, we let s denote the maximum dimension of an indecomposable
summand of V. We will show that

(V) = (p—1)dim(VE) +1, if s =3;
T = - 1) dim(Ve) +p—2, ifs>4.

As we noted above, v(V') = deg(H(F[V]c,, A). Thus

(V) = deg(H(F[V], A) — deg(H(J, \)
= deg(H(F[V], A) — deg(H(LT(J), \)
= deg(H(F[V]/ LT(J), \).

This is true regardless of which monomial order is used to determine lead
terms.
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Thus (V) is the highest degree of a monomial not lying in LT(J). We will
use this characterization to determine (V).

We consider the case s = 3 first. For this case, we may write V =
my Vo @maVa where ma > 1. We choose distinguished variables yi1,ya, - - ., Ym,
and Zyp, 41y Zmy42s - -« s Zmytme- We define y; = A(z;) for mp +1 < i <
my + mg and x; = A(y;) for 1 < i < my + mo. Then we have F[V]
Flzmy 415 Zmat2s - - - s Zmytmas Y1y Y2y « - « s Yy +mzs T1s L2y« « + s Tnq+mo)- We fix a
graded reverse lexicographic order with respect to these variables and satis-
fying y1 < z; for my +1 <@ <myj +mo and x; < y; for all 1 < ¢ < my + mo.

It is easily verified that d; = y? —2x,2; — x;y; is invariant with LT(d;) = y?
for all m; +1 < ¢ < my + me. Similarly, the polarizations of d; given by
dij = Yiy; — Tizj — 2;T; — T;y; are also invariant and satisfy LT(dij) = YilY;
for all m; +1 < i < j < my + mgo. The linear monomials 1, Za, ..., Tmy+ms
are all invariant. Finally, 2/ = LT(N%/(z;)) € LT(J) for all 1 < i < my
and y! = LT(N% (y;) € LT(J) for all my +1 < i < mq + mo. From this
it is clear that a monomial not lying in LT(J) cannot be divisible by any
x;, nor by any y;y; with i, j > my + 1, nor by any 2z, nor by any y. This
shows that the highest degree monomials which may lie outside LT(J) are
those of the form (Y192 * * * Yy Zmy 41 * * Zmy+ma )P~ Ly; With j > my. Therefore,
Y(m1Va@maVz) < (my+ma)(p—1)+1 = (p—1) dim(V»)+1 which completes
the proof for the case s = 3.

The proof for the case s > 4 is similar. In this case, we will need two small
technical lemmas in order to bound (V).

Before stating and proving these lemmas, we fix some notation. As above,
we write V =V, @ Vy, @ --- @ Vy,, and we choose a distinguished variable z;
in each V. We then consider the basis B := {z;; [ 1 <i <m,0 < j < d;}
of V* where z;; := AJ(z) for all j = 0,1,...,d; — 1 and i = 1,2,...,m.
We also define B' := {z;; |1 <i<m,1 <j<d}=B\{z,22,.--..%m}
and the polynomial ring R := F[B] = Flz;; | 1 <i <m,1 < j < d;]. Let
a be any monomial of degree p in R. Write &« = ujua...up—1 and define
o/ =wjws ... wy_1 to be the monomial of degree p — 1 in F[V] where ws € B
and A(wg) = u,s for s =1,2,...,p — 1. We fix a graded reverse lexicographic
order on F[V] (and R) with z;; < z;; whenever j > k.

Let S be any subset of {1,2,...,p—1}. We will denote {1,2,...,p—1}\S
by S’. We define Xg := [[s € Sws and Xg := [[s € S"ws so that for all

subsets S, we have XsXg = . Fix a generator o of C, and consider the
function
p—1p—1
t
F = H(w] o' (w;))
t=0 j=1
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Lemma 7.7.4.

F = > ()P Xe % (X) .
SC{1,2,...,p—1}

Proof. For each t we have

H(’wj — o' (wy)) = Yo (-)f¥lxeot(Xs)

SC{1.2,...p—1}

Thus

O
The function F' defined above satisfies the following.
Lemma 7.7.5.
LT(F) = —a .
In particular, « € LT(J).
Proof. Since of(w;) = wj +tA(w;) + (5) A% (w;) +- - = w; +tu; + ... we see

that LT (w; —o'(w;)) = —tu; for all ¢ > 1 and all j. Therefore, if 1 <t <p-—1
—1 —1 —1

we have LT([]jZ; (w; — o'(w;)) = [1j=) LT(w; — o*(wy)) = [[}=, —tu; =

(—t)P~ta = a. For t = 0, we have w; — 0°(w;) = 0. Therefore, F is the sum

of p — 1 non-zero summands, each of which has lead term «. Thus LT(F) =

(p—Da=—a. O

Note that 2z = LT(N®(z;)) € LT(J) for all 1 < i < m. Thus we have
shown that the monomials of largest degree which may lie outside LT(J) are
those monomials of the form (21292, )P '’ where & = ujug -+ up_2 is
some monomial in R of degree p — 2. Thus y(V) < m(p — 1) + p — 2. This
completes the proof of Theorem 7.7.1.
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7.8 Hilbert Functions

Hughes and Kemper [54] provide an explicit formula for the calculation of
the Hilbert series of an arbitrary representation of C, in characteristic p as
follows. We have that

V= Vn1+1 53] Vn2+1 S D Vﬂk+1

where each V;,, 1 is an indecomposable Cp-module of dimension n, + 1, 0 <
ng < p. We define a function Dy (§,t) € C[t] as
(1= grer I 2j\~1
— Nng— -
Dv(f’t)—H 1_—1_[(1—5 )

tp
=1 =0

Theorem 7.8.1. Let M(2p) C C denote the set of 2p-th roots of unity. Then,
for V and Dy as just defined, the Hilbert series of F[V|? is given by

1+¢
H(F[V]%,t) =
V)% 0= Y D).
£eM(2p)
If all of the ny are even, then the formula simplifies to
wEv =t S I[ o e
EEM(p)f 15=0

Furthermore, the multiplicity of Vi, in F[V] as a Cp-module is given by

S S hgn, i<
2p VS, t), yn b,

§EM(2p)
while the multiplicity of V,, in F[V] as a Cp-module is given by

> e

£EM(2p)

Remark 7.8.2. Suppose that V is a sum of odd dimensional indecomposables
Vikzl = @V,,4+1 where all n; are even.
Fix a primitive p-th root of unity ¢ € C. Define the matrices
M, = diag(€™,6™72,. .. 6,1,671, ..., =2 ¢7nt) € GL,,11(C)

and set
M = diag(Ml, MQ, . ,Mk) S GLdim(V)((C)-
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We obtain a non-modular representation of C;, by mapping a generator to M.
We may use Molien’s theorem Theorem 3.7 to determine the Hilbert series
of C[M]». It is a remarkable fact that this Hilbert series is the same as
the Hilbert series of F[V]». Both Almkvist [2] and Hughes and Kemper [54]
believe this to be a “combinatorial accident”.
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Polynomial Invariant Rings

In this chapter, we study representations of groups which have polynomial
rings of invariants. In characteristic 0, this happens if and only if the group is
a reflection group. Recall 1.5.1

Definition 8.0.1. Suppose V' is a representation of G defined over a field K
of any characteristic. We say that o € G is a reflection on 'V if the dimension
of V7 is dim(V') — 1, that is, e # o fizes a hyperplane pointwise.

A reflection o € GL(V) is said to be a transvection if it is not diagonaliz-
able. If it is diagonalizable, it is said to be a homology.

Building on work of Shephard and Todd [101], and Chevalley [22], Serre
proved

Theorem 8.0.2. If K[V]% is a polynomial ring, then G is generated by re-
flections.

Lemma 8.0.3. Suppose V is a representation of G defined over a field F of
characteristic p > 0. If 0 € G is a reflection whose order is p”, then o has
order p.

Proof. Choose any element v € V' lying outside of the hyperplane V7. Then
o(v) = Av+w for some A € F and w € V7. Now of(v) = LAv+ (A4 N2+
-+ 4 1)w. Therefore, o (v) = X v+ (W P4+ X 2+ ... 4 Dw = v. In
particular, A" = 1 and so as a (p")™-root of unity, A\ = 1. Thus o®(v) = v.
Therefore, oP fixes all of V' pointwise as claimed. ]

Definition 8.0.4. Let P be a p-subgroup of GL(V) where V is an n di-
mensional vector space over the field F of characteristic p. We say that P
is a Nakajima group (with respect to B) if there exists an ordered basis
B ={zy,x9,...,2,} of V* such that

1. o(x;) —x; € span{zy, 2, ...,x;—1} foralli=1,2,... , nand forall o € P,
i.e., in the basis B, P is an upper triangular group, and

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 141
Encyclopaedia of Mathematical Sciences 139,
DOI 10.1007/978-3-642-17404-9_8, (C) Springer-Verlag Berlin Heidelberg 2011
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2.P=P,P, 1P :={0404_1---01 | 0; € P;} where P, :== {0 € P |
o(x;) = x; for all j # i}.

If P is a Nakajima group, we call the basis B a Nakajima basis.
An example of a Nakajima basis is given in Example 8.0.8.
Lemma 8.0.5. For i < j, P; normalizes Pj, that is, P;P; = P;P;. ]

From this it follows that the set P,P,_1--- P> P; is in fact a subgroup of
P. Tt is also clear that P; N P; = {e} for all i # j.

Lemma 8.0.6. Suppose that B = {x1,22,...,2n} is a basis of V* and that
P is a finite subgroup of GL(V). As above, let P, = {0 € P | o(x;) =
xj for all j # k}. Then every element v € P,,P,_1 --- Py has a unique expres-
sion of the form v = on,0p-1---01 with o; € P; fori=1,2,...,n.

Proof. We proceed by induction on n with the case n = 1 being trivial.
Suppose the result holds for n — 1 and assume 0,,0,_1 01 = TpTp_1-" T1
where o;,7; € P; for i = 1,2,...,n. Let 7 denote the element Tn’lan =

Tne1Tn—2""" Tlaflagl . O’;El. Then

1 —1

T ton (i) = o if 1 < m;
T(ml) = 1 - B o
Tn—1Tn—2"""T101 09y "'Cfnfl(ﬂ?i) =x,, ifi=n.

Thus 7 € PLNP,N---NP, = {e} and therefore 7, = o,. This implies
Op—10p_2+"+01 = Tp—1Tn—2 -+ T1. Applying the induction hypothesis yields
,=0;foralli=1,2,...,n—1. O

Theorem 8.0.7. Let P be a p-subgroup of GL(V) and suppose that B =
{z1,@9,...,2,} is an ordered basis of V* with respect to which P is an upper
triangular subgroup of GL(V*). Then G is a Nakajima group with Nakajima
basis B if and only if F[V]" = F[N1, Na, ..., N,] where N; = N§ (x;).

i

Proof. First we assume that B is a Nakajima basis for P. Since
P:PnPnfl"'Pla

Lemma 8.0.6 implies that
1Pl =TT IPl-
k=1

Since
OnOp—1-01(z)) = op (k)
where o; € P; for i = 1,2,...,n, we see that P -z, = Py - . Furthermore,

if oy, 7 € Py are such that oy (x) = 7 (xf), then O'k_lTk(xk) = z;, and thus
O'k_lTk =P NP, N---NP, ={e}. This shows that | P - x| = | Pg|. Therefore,



8 Polynomial Invariant Rings 143

deg Ny = |P-xy| = | Py -xi| = | P| and thus [T;_, deg(Ny) = [1o—, |Px| = | P|.
By Proposition 4.0.3, N1, Na, ..., N, is a homogeneous system of parameters
for F[V]F. Therefore, by Corollary 3.1.6, F[V]¥ = F[Ny, No, ..., N,].

The proof of the opposite direction follows immediately from Theo-
rem 8.0.11 below. ad

Ezample 8.0.8. Define

1000000
0100000
0010000
o(a,by,e,d)=1a001000
0600100
00c0010
ddd0001

and let G denote the subgroup of GL(V') given by these matrices as a, b, ¢ and
d vary over F,,. We first saw this group in §1.1.1. The action of o(a,b, ¢,d) on
V* is given by the matrix

100—-a 0 0 —d

010 0 =b 0 —d
0010 0 —c—d
0001 0 0 O
0000 1 0 O
0000 0 1 O
0000 0 0 1

with respect to the basis B dual to the standard basis. It is clear that P, =
PQ = P3 = {6} while

P, ={0(a,0,0,0) |a € F,},
P; ={0(0,0,0,0) |beF,},
Ps ={0(0,0,¢,0) | ce F,} and
Pr = {0(0,0,0,d) | d € F,} .

It is also clear that the Abelian group G = P;FPs--- P;, and so B is a Nakajima
basis for G' and thus F[V]% is a polynomial ring.

By way of contrast in this next example, we return to the group H defined
in §1.1.1 as the transpose of the G of the previous example acting on V.

Ezample 8.0.9. The transpose of o(a, b, ¢, d) has the form
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100a00d
0100b0d
00100cd
o(a,b,e,d)=10001000
0000100
0000010
0000001

We consider the group H C GL(V) given by these latter matrices as a,b,c
and d vary over IF,. Following our usual convention, we rewrite the ac-
tion of H on V in lower triangular form. The matrix just given is written
with respect to the standard basis {ej,es,...,er}. Re-ordering this basis as
{e4, €5, €6, €7,€1, €9, e3} and re-writing the matrix accordingly we obtain

1000000
0100000
0010000
o(a,b,e,d)=10001000
a00d100
0604010
00cd001

We will show that F[V]# is not Cohen-Macaulay. We define a = o(1,0,0,0),
8 =0(0,1,0,0), v = (0,0, 1,0) and & = (00,0, 1).

Let K be the subgroup generated by «, 6 and . We label the basis dual to
the basis {es, €6, €7, €1, €2, €3, €4} as {x1, T2, T3, T, Y1, Y2, Y3} so that (V)& =
span {x1, T2, x3, x}. Define N;(t) = tP — xf_lt. By Nakajima’s Theorem 8.0.7,
we have

FV]¥ = Flay, 22, x5, 2, N1(y1), N2 (y2), Ns(ys3)]-

Now define A = ¢ — 1. The rest of this example flows from Example 4.0.4. We

calculate
AWN:(y) = 2@ —at ™) = Ni(a)

and hence
ugj o= (2P — 2PN — (2P - xé’*l)Ni

is H-invariant for 1 < i < j < 3. It is easy to verify that
Tiugg — Taurs + w3u12 =0

and that {x1,z9, 23} is a partial homogeneous system of parameters in F[V]
and hence also in F[V]#. Assume by way of contradiction that F[V]# is Cohen-
Macaulay. Then 21, x5, 23 is a regular sequence in F[V]# and therefore, since
xz3u12 =0 (mod x1,x2), we have

U1z = f1x1 + faxo
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for some f1, fo in F[V]#. Clearly we may assume that the f;’s are homogeneous
of degree 2p — 2. As a K-invariant of this degree, we must have f; = ho +
hiN1(y1) + haNa(y2) + hsNs(ys), where h; € Flxy, z2, 23, 2] for 0 < j < 3.
Further, as a H-invariant, we have

0=A(f1) = hi A(N1(y1)) + h2 A(N2(y2)) + haNs(yz)) -
Rewriting this expression we have
(hy + hg + h3)aP™t = hya? ™' + hoat ™' 4 hgaf ™!

Expanding the right hand side as a linear combination of monomials we see
that any non-zero term is a scalar multiple of a monomial from one of the
h;’s times the monomial z¥ ~!. But any such term must be divisible by 2.
Therefore, the degree of h; is at least p — 1, and so h; = he = hg = 0, from
which we see f1 € F[x1, 29, 23, z]. The same argument applies to fo. But this
would mean w9 € F[zy, 29, 23, z], a contradiction.

Lemma 8.0.10. Let S and T be subgroups of a group K. Then the cardinality
of the set ST := {st | s € S,t € T} is given by

_ 1SIIT]

T| = .
5T |SNT|

Proof. Let S :={s; | 1 <i <[S:SNT]} be a set of left coset representatives
for SNT in S and let 7 :={t; | 1 < j < [T : SNT]} be a set of left
coset representatives for SN T in T. Define the set L := {s;at; | s; € S,z €
SNT,t; € T}. We see ST = L since clearly ST C L and L C ST. Suppose
sixt; = sya'ty where s;, sy € S, tj,ty € T and z, 2’ € SNT. Therefore,
sy 8w = x’tj/tj_l € SNT. Therefore, si_,lsi,tj/tj_l € SNT and thus s; = sy
and t; = t;;. Hence x = z’. This shows that every element of ST can be
written uniquely in the form s;xt; with s; € S, ¢t; € 7 and x € SNT. Hence

|ST|:[S:SOT]«\SHTL[T:SQT}:%-\Smﬂ-|S|§|T|zl‘ggﬂ. u]

The following Theorem is due to Yinglin Wu [114].

Theorem 8.0.11. Let P be a p-subgroup of GL(V'). Suppose F[V]F is a poly-
nomial ring on the norms of the elements of some basis B = {y1,y2, .-, Yn}
of V*:

F[V]” =F[Np (1), Np (v2),---,Np (ya)] -

Then there exists an ordering of B with respect to which P is a Nakajima
group.

Proof. We begin by showing that
‘Py1|‘|Py2|""Pyr| = |W1| ’ |W2|"'|Wr71|'|Py1 ﬁPy2 m"'mPyr‘

forallr = 2,3,...,n where W; := (P, NPy, N---NP,, )P, for1 <i<n—1.
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For r = 2, we need to show that |P,, |- |Py,| = |Py, Py,| - |Py, N P,,|. This
is immediate from Lemma 8.0.10. Now we proceed by induction on r. Hence
we assume that

|Py1|"Pyz|""Pr|:‘W1|"W2|""Wr71|'|Py1mPy2m"'mPyr‘~

Multiplying both sides of this equation by |P,, ., | gives

|Py1|'|Py2|"‘|Pr|'|Py |Wl|'|W2‘"'|Wr—1|'|PylmPyzm'"mPyTHPy

'r+1| = r+1| :

Applying Lemma 8.0.10 with S = P, N P,N---NP, and T = P,

yrp1 WE get

‘PylmPyQQ' : 'mPyr|'|Pyr+1| = |(Py1mpy2ﬂ‘ : 'mPyr)Pyr+1|'|Py1mPyzm' : 'mPyr+1|

and therefore,

[Pyl [Pyo| - [Py, s | = (WAL [Wal - W - [Py, OV Py, NN Py

il

as required.
In particular, since Py, N Py, N---N P, = {e} we see that

|Py1|‘Pyz||Pyn| = |W1||W2||Wn71| .

The hypothesis F[V]F = F[N}@yl (y1), Ngyz (y2),---, Ngy (yn)] implies that
T, deg(NI;yv (y:)) = | P| by Corollary 3.1.6. Since deg(N(yx)) = |P|/|P,,]| for
all i, we have that [[,_, |P|/|P,,| = |P| and therefore, [, | P, | = |P|" .
Thus 1—[?1—11 |[Wi| = |P|"~!. Since each of the sets W; is a subset of P, we
must have W; = P for all 4 = 1,2,...,n — 1. In particular, (P, N Py, N
---NP, )P, =P, ie, P,P, = P and thus |P,P,, | = |P| But, again by

Lemma 8.0.10, [P, Py, | = {pilpe) = |P,| | P,, | and hence |P, |- |P,,| = |P].
Since B is unordered we similarly obtain |Py|-|P,, | = |P|forallk =1,2...,n.

Therefore,

- T 1P| |P|" P
| Py| = = =7 =5 =P
H ,];[1 |Pyk| Hk:l |Pyk‘ |P| !

Applying Lemma 8.0.6 shows that |P| = |P,P,—1--- Pi| and therefore,
P=P,P,_1---P. It only remains to show that there is some ordering of B
with respect to which the group P is upper triangular.

Define Vj := {0} and V}} :=={v € V* | (c —1)v € V| forall o € P}
for all £ > 1. Let s be minimal such that V* = V*. Choose an ordered basis
{x1,29,...,2,} of V* which is compatible with the flag {0} = V; C V}* C
-+ C VJ = V* Thus for each k with 1 < k < s, there exits a j such that
{z1,22,...,2;} is a basis of V}*. Thus P is upper triangular with respect to
the basis {x1,z2,...,z,}.

Write x; = Z?:l aijy; fori=1,2,...,n. For 1 <k < s, define
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Wy, :=span{y; € B | a;; # 0 for some ¢ with z; € V}'} .

We claim that W, = V' for all £ = 1,2,...,s. Take z; € V7. Then z; =
> iy qijy; with y; € Wy, for all j with ag; # 0. Thus x; € Wy. Therefore
Vi € Wy

For the opposite inclusion, let y; € W}. Then there exists some ¢ such that
xy € VP and oy # 0. Take any o € P. We want to show that (c—1)y; € V;*_;.
Write 0 = 0,01 -+ - 01 with o, € P, fora = 1,2,...,n. Since P, normalizes
P, when a < b, we may write 0 = 0403,0;, -+ 0%, 10101 where o, € P, for
a=j+1,j+2,...,n. Thus (6 = 1)y; = 00,0y, - 0 10j-1--01(y;) —y; =
(0; — )y;. But (05 — D)y = (05 — 1)(X i, anys) = (o — 1)y;. Since
(0; — 1)z € Vi—1 and since ay; # 0, this shows that (0 — 1)y; = (0; — 1)y, €
Vi—1. Therefore, y; € Vi.. Thus, W), C V.

This shows that we may order the y; in such a way that B is compatible
with the flag {0} =V C Vi* C --- C V) = V*. Using this ordered basis for B
we see that P is upper triangular. Hence P is a Nakajima group with respect
to this ordered basis. a

In 1980, H. Nakajima [83] working over the prime field proved that, if
F,[V]¥ is polynomial, then P is a Nakajima group. In the next section, we
give an example, due to Stong, which shows that Nakajima’s result cannot be
extended naively to other fields.

8.1 Stong’s Example

Here we give an example due to R Stong that shows that Nakajima’s Theorem
does not extend to larger fields. We work over the field F, with ¢ = p®. We
may suppose the field F, has basis over F, consisting of {1,w, u}. Let H be
the group generated by the matrices

110 101
010]and[010],
001 001

and let G be the group generated by H and the matrix

lwp
c=|010],
001

with respect to the basis {z,y, 2} of V*. We note that both groups are gener-
ated by reflections, but that G is not a Nakajima group, since we cannot choose
a basis of V* with respect to which each generating reflection is concentrated
in a single column.

It is not hard to see that F,[V]¥ = F,[z, N(y), N(z)], where N(y) =
yP—aP~ly and N(z) = 2P —2P~1z. We calculate o(N(y)) = N(y) — (wP —w)xP,
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and o(N(z)) = N(z)— (P —p)zP. From here we can construct two G invariants
fi = (WP —p)N(y)— (WP —w)N(z) and fo = N(y)? — (P —w) P~ DN (y)a? .
Using Lemma 2.6.3 it is not hard to see that {z, f1, fo} form a homogeneous
system of parameters, and thus by Corollary 3.1.6 that F,[V] = F,[z, f1, f2]
is a polynomial ring.

We may also use Theorem 3.9.2 to see immediately that F,[V]
a polynomial ring.

G must be

8.2 A Counterexample

For non-modular groups, we have the characterization of Shephard and Todd
which asserts that F[V]¢ is a polynomial ring if and only if the action of
G on V is generated by reflections. It is known that this characterization
fails for modular representations. For example, the representation described
in Example 11.0.3 is generated by reflections but its ring of invariants is not
polynomial. One of the most important open questions in modular invariant
theory is to give a geometric characterization of modular representations of
finite groups having a polynomial ring of invariants.
In 1982, V. Kac [57] made the following conjecture.

Conjecture 8.2.1. Let K be an algebraically closed field. Then K[V]¢ is a poly-
nomial ring if and only if each isotropy group G, for v € V is generated by
reflections.

In this section, we describe an unpublished counter-example to Kac’s con-
jecture due to Campbell, Hughes and Shank in 1995. We note that Exam-
ple 11.0.3 is also an example of such a reflection group whose ring of invari-
ants is not polynomial. In their classification of irreducible reflection groups,
Kemper and Malle [63, Example 2.2] also gave a counter-example.

Let F be an algebraically closed field of characteristic p and consider

1000
0100
G= acl0 |a,b,ceF,

cb01

G is a subgroup of GL4(F) isomorphic to C3. Note that G is a reflection
group since it is generated by the following three reflections:

1000 1000 1000
o100 4 _fo100 . _lo1o00
a=1l10107 =loo10|l"?" =|1110

0001 0101 1101

Theorem 8.2.2. For all v € V', the isotropy group G, is a reflection group.
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Proof. Let v = (a1,a2,b1,b2) € V. 1t is clear that if a; = as = 0, then G, = G.
If a; = 0 and as # 0, then G, is generated by a. If a1 # 0 and as = 0 then
G, is generated by (. Finally, if a1 # 0 and as # 0, then G, is generated by

1 000
. 0 100
the reflection a2 110
-1 Z—; 01
Each of these subgroups is a reflection group and thus all of the isotropy
subgroups are reflection groups. O

Remark 8.2.8. Since each proper non-trivial isotropy subgroup is generated
by a single transvection, the ring of invariants for each of these groups is a
polynomial algebra.

Theorem 8.2.4. F[V]% is not a polynomial algebra.

Proof. Let {x1,z2,y1,y2} denote the basis of V* dual to the canonical basis
of V. Thus a(y1) = y1 + 1 and B(y2) = ya + 2o. If F[V]¢ were a polynomial
algebra, it would have four generators and the product of the degrees of the
generators would be |G| = p3. Observe that z; and x5 are invariant and that
dimg F[V]¥ = 2. Thus if F[V]% is a polynomial algebra, it has one generator
in degree p and one in degree p?>. We will show that F[V]¢ does not have a
generator in degree p.

Consider the subgroup H of G generated by « and 5. Then H is a Nakajima
group isomorphic to C, x C, and F[V]¥ 2= F[z, 22, N1, No] where Ny =
y? — 2Py and Ny = ¢f — ab lys. Since F[V]¢ C F[V]H, the degree p
elements of F[V]¢ are contained in the vector space spanned by Nj, N, and
the monomials in 21 and x5 of degree p. Since y(Ny) = Ny + (25 — x’l’_le)
and 7(Na) = No+ (¢f — b 1) we see that v does not fix any non-zero linear
combination of Ny and Nj. Hence F[V]% does not have a generator in degree
p and is not a polynomial algebra. ]

Remark 8.2.5. We show in Example 10.0.11 that F[V]€ is a hypersurface ring
with two generators x; and xzo of degree 1, a generator 1 N1 + 22Ny of de-
gree p + 1 and two generators N& (N;) and N%(N,) of degree p®. Note that
Proposition 11.0.1 can also be used to show this.

8.3 Irreducible Modular Reflection Groups

In this section, we recall the work of Kemper and Malle [63]. Suppose G is
represented on V over a field F of characteristic p dividing the order of G and
that V is irreducible as a G-module. Of course, in modular representation the-
ory, the irreducible representations are essentially few and far between, as we
have just seen for C}. Nevertheless, such representations have been classified.
Using the classification, Kemper and Malle have proved the following
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Theorem 8.3.1. Suppose V' is an irreducible representation of the modular
group G. Then F[V] is a polynomial ring if and only if G is generated by
reflections and if W is any non-trivial subspace of V, then F[V]SW has a
polynomial Ting of invariants.

We note that F[V]%W polynomial implies that Gy is generated by reflections.

Remark 8.8.2. As observed by Kemper and Malle, the theorem is equivalent
to the following. Suppose v is any point of V = F ®g V, where F denotes
the algebraic closure of F, and that G, denotes the stabilizer of v. Then
F[V]¢ is polynomial if and only if G is generated by reflections and F[V]%" is
polynomial.

Remark 8.5.3. Kemper and Malle, see [68], also proved that the invariant field,
F(V)Y, of an irreducible reflection group is purely transcendental.

It is not sufficient to assume that each G, is a reflection group.

Ezxample 8.53.4. Let G = Y act on its 4-dimensional irreducible representation
V in characteristic 2. Then G, is generated by reflections for all non-zero
v € V, but F[V]¢ is not polynomial.

8.3.1 Reflection Groups

As noted above, a reflection o € GL(V) is said to be a transvection if it is not
diagonalizable. If it is diagonizable, it is said to be a homology.

We denote by RL,, (FF) the subgroup of GL,,(F) generated by its reflections.
Similarly, we let RU,,(IF) denote the subgroup of GU,,(F), the unitary group of
dimension n over F, generated by its reflections. Then RL,, (F) contains SL,, (F)
as a subgroup of index 2. Similarly respectively RU,, (F) contains SU,,(F) as
a subgroup of index 2.

We denote by GO,,(F) the general orthogonal group over F and by SO,, (F),
the special orthogonal group over F. And we denote by 23 (F) the commutator
subgroup of GO, (F). Finally, we denote by G; the i-th group in the list of
finite reflection groups given by Shephard and Todd [101] and by W,(G;) the
mod p reduction of its reflection representation. The irreducible subgroups
of GL,(IF) generated by reflections were classified by Wagner [109] and by
Zalesskii, and Serezkin [115], for n > 3.

Theorem 8.3.5. Let V' be a vector space of dimension n > 3 over F of char-
acteristic p > 2 and let G denote a subgroup of GL(F) generated by reflections
such that V is irreducible and primitive as a G-module. Then one of the fol-
lowing holds:

1. G =RL,(F), or G = RU,(F);
2. 2¥(F) € G C GO, (F), G # SO, (F);
3.G=X,41 forpt(n+1);



8.3 Irreducible Modular Reflection Groups 151

4. G =Xy 1o forn>5andpt(n+2);

5. G = Wy(G,;) for 23 < i <37, 1 # 25,26,32 and p 1 |G| orp € {3,5,7}
corresponds to the columns marked p or np in [69, Table 6.3];

6.p=5,n=3 and G is the group 3 - A7 X 2 (sometimes denoted EJ3(5));

7.p=3,n=4 and G is the group 4- L3(4) : 25 (sometimes denoted J4(4)).

8.3.2 Groups Generated by Homologies of Order Greater than 2

These groups and representations were classified by Mitchell in characteristic
0 and by Wagner in positive characteristic, see [108].

Theorem 8.3.6. Let V' be a vector space of dimension n > 3 over F of char-
acteristic p > 2 and let G denote a subgroup of GL(FF) generated by pseudo-
reflections, containing homologies of order greater than 2 such that V is irre-
ducible and primitive as a G-module. Then one of the following holds:

1. SLo(F) € G € GL,(F) or SUL(F C G C GU,(F), G # RL, (F), RU, (F);
2. G = Wy(Gas) and p # 3;

3. G =Wy(Gag) and p # 2,3;

4. G =W,(Gs2) and p # 3.

8.3.3 Groups Generated by Transvections
There is no analogue for these groups in characteristic 0. We refer to [58].

Theorem 8.3.7. Let V' be a vector space of dimension n over F, a finite field
of characteristic p. Let G denote a subgroup of GL(F) generated by transvec-
tions such that V is irreducible and primitive as a G-module. Then one of the
following holds:

1. G = SL,(F), Sp,,(F),SU,(F) andp # 2, n # 3 ;
2.G=S50,(F), p=2 and n > 4 is even;

3. G =X 41 0r Xyio, p=2and n > 6 is even;
4.G=Xp1o forn>5andpt(n+2);

5 G=SLy(F), p=>5 and n =3;

6.p=2,n=23 and G is the group 3 - Ag;
7.p=2,n=6 and G is the group 3-Uy(3) : 22.
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The Transfer

In this chapter, we consider in detail the transfer (also called the trace) map
introduced in §1.2. Let H be a subgroup of the finite group G. Choose a set of
left coset representatives for H in G. We denote this set of representatives by
G/H. Thus G = U,cq/roH is a decomposition of G into left cosets. There
is an extensive theory considering the relative versions of the results of this
chapter, see Fleischmann [38] or Fleischmann and Shank [41].

As in §1.2, we define the relative transfer

™5 KV)7 — K[V]¢
fo— > .

oceG/H

To see that the image of Tr$ lies in K[V, let f € K[V]¥ and take an ar-
bitrary group element o9 € G. Write G/H = {01,03,...,0,.} where r is the

index of H in G. Then {ogo1,0002,...,000,} is another set of left coset rep-
resentatives for H in G. Therefore, there exist m,7o,...,7. € H such that
{0001,0009,...,000,} = {011,072, ...,0.7,.}. Therefore, oo(Tr%(f)) =

o0(Ximy 0i(f) = Yy 000i(f) = iy oimi(f) = Yimy 0i(f) = Trg(f).

Lemma 9.0.1. The map TY% is independent of the choice of coset represen-
tatives. O

The most important of these maps is the map Tr?e} which we denote by
Tr¢.

In general, the transfer map does not behave well with respect to products.
However, if f; € F[V]¢ and f, € F[V]¥ then we have

TG (fife) = Y olfif2)= Y olfi)o(fa)

oc€G/H c€G/H
G
= Y fiolf)=F Y, olf) = A TG(f).
ceG/H oceG/H
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Thus Trfl is an F[V]%-module homomorphism. Also, note that the transfer
map preserves degree.

Notice that if f € F[V]%, then Tr% (f) = Yoccuo(f) = %f =[G :
H]f. Thus the composition

le]
Try

F[V]¢ — F[V]¥ —& F[V]¢

is just multiplication by [G : H]. Therefore, if [G : H] is invertible in F, then

1
@ ™5 K[V]H - K[V]9

is a projection operator. This projection onto the invariants is known as the
Reynolds Operator. In particular, using the Reynolds Operator, we see that
for non-modular representations, we have F[V]? = F[V]¢ @ (ker Tr$). For
this reason, the transfer is well understood and accordingly less interesting in
the non-modular case.

The following well-known lemma is very useful in studying the image of
the transfer for modular groups.

Lemma 9.0.2. Let ¢ = p" be a prime power and suppose that £ is a positive
integer. Then

Z o —1, ifq—1 divides ¢;
o 0, if ¢ — 1 does not divide .

celF,
Proof. 1t is sufficient to sum over the non-zero elements of F,. Let 1 be a

generator for the group of units of F,. Hence F, \ {0} = {n°, n,n?,...,n7 2}
and, therefore,

o= ) =) ")
ceF, i=0 i=0

Every non-zero element of F,, including in particular 7°, is a root of the
polynomial 247t —1 = (z—1)(14+z+...+2972). If ¢— 1 divides ¢, then * = 1
and the sum is ¢ — 1. If ¢ — 1 does not divide £, then n* # 1 and therefore, n*
isaroot of 1+ 2+ ...+ 2772 Hence if ¢ — 1 does not divide ¢, then the sum
is zero. 0O

Remark 9.0.3. In the above lemma, ¢ is a positive integer. However, it will be
convenient to consider the case where ¢ = 0. In that case, the sum, Zcemq &,

involves 0° and so is not well-defined. In most of the applications we will use,
the sum will most naturally be 0 and so we will consider 0° to be equal to 1.
Thus even though ¢ — 1 does divide ¢ when ¢ = 0, the sum in our applications
will be 0.
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Example 9.0.4. We consider the two dimensional irreducible representation,
V5, of the cyclic group of order p over a field F of characteristic p. We choose
a basis {z,y} for V5 and a generator o of C, such that o(y) = y + = and
o(x) = x.

Since the ring of invariants F[V3]¢» = F[z, N = y? — 2P~ '4] is a polynomial
subring, we have that IF[VQ] = Flz , ] s a free F[V3]%-module. In fact, it is
easy to see that F[V5] = OF[V5]% y7. We use this Hironaka decomposition

to study the transfer map
T+ FVa] = @f g FVa] % y! — F[V]

We have Tr® = SP~1 o and therefore, Tr *(f(z,y) = P fa,y + ).
It is easy to show that o®(y) = y + iz. Thus ¢*(y?) = (y + iz)’ and therefore

"?
L

T () = D _(y+ia)
53 ()

p—1
- (e

Thus by Lemma 9.0.2, we see that Tr (y7) = 0 unless j = p — 1 in which

s
Il
- o

hS]

M“ ‘lM

t

I
o

case we have Tr (yP~1) = (g:%)yoxl’_l(Zf;Ol P71y = —gP~ L
Given f € F[Vs], we write f = Zp_l f5y? where f; € F[Vﬂc for each
§=0,1,...,p—1. Then Tr" (f) = S0 T (f;y7) = 302, f; T (y7) =

— fp—12P~ L. Thus the image of Tr® is the principal ideal of ]F[Vg] » generated
by 2P~ L.

Ezxample 9.0.5. Take G to be the symmetric group on 3 letters and K to be
any field. Let G act on V = K3 by permuting the basis {ej,ea,e3} of V.
Write {z,y, z} for the dual basis of V*. Then G also permutes {z,y, z}. Then
K[V]¢ = K[s1, 52, s3] where s1 =z +y + 2, 85 = 2y + 22 + yz and s3 = 2yz.

We have G = {e, (12), (13), (23), (123), (132)} where for example (123) -
aey + beg + ce3 = aea + bes + cey and (123) -y = z.

Then Tr%(f) = f+ (12)- f+(13) - f +(23) - f + (123) - f + (132) - f. Thus
T (f(,y,2) = fe,y,2) + f(y,2,2) + [(2,9,2) + f(2,2,9) + [y, 2,2) +
f(z,2,y).

Let N denote the normal subgroup of index 2 in G, the alternating group
on 3 letters. Thus Tr™ (f) = f+ (123)- f + (132) - f = f(z,y,2) + f(y, 2, x) +
f(z z,y).

The coset decomposition of G with respect to N is G = N U (12)N =
{e,(123), (132)} U {(12), (13),(23)}. We have Tr§(f) = f + (12) - f for f €
FIVIY. Thus TS5 (F(z, 9, ) = £(2,9,2) + £ (9,7, 2)
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Now consider the subgroup H = {e, (12)} of G of order 2 which fixes e3
and z. Then T (f) = [+ (12) - f = [(2,y,2) + [ (4., 2).
Decomposing G as a union of left H-cosets gives

G=HU(123)H U (132)H = {e,(12)} L {(123),(13)} L {(132), (23)}.
Hence
TeG(f) = f+ (123) - f + (132) - f

for f € F[V]H. Therefore, v (f(x,y, 2)) = f(z,y,2) + f(y, 2, x) + f(z,z,y).
To study the full transfer homomorphism, Tr%, we exploit the block basis
and corresponding Hironaka decomposition given in Proposition 6.1.1:

KV] =KV aK[V]¢z o K[V]9y @ K[V]Yzy ® K[V]¢ 22 @ K[V]C 22y .

Let f € K[V] and write f = fo + fix + foy + fazy + fa2? + fs2%y where
fi € K[V]¢ forall i =0,1,...,5.
It is easy to compute that

(1) = |G| =6,
Tr%(z) = Tr%(y) = 2(z + y + 2) = 251,
Tr(ay) = 2(wy + 22 + y2) = 259,
Tr% (22) = 2(2® + 9y + 2%) = 2(s? — 2s5), and
e (22y) = (2y + 222 + 2y? + 2% + y?2 + y2?) = 5150 — 353 .

T (f) = T (fo + frz + foy + fawy + faz? + f52%y)
= Tr%(fo) + Te9(frz) + TeC(foy) + Tt (fszy) + TrC(faz?)
+ T (fsa®y)
= fo TrG(l) + f1 TrG(:v) + f2 TrG(y) + f3 TrG(osy) + fa TrG(os2)
+f5 Tr% (2?y)
= 6fo + 2f151 + 2f251 + 2f380 + 2f4(s] — 252)
+f5(s182 — 3s3) .

Lemma 9.0.6. For G a finite group, if N < H < G is a sequence of subgroups
of G, then Tr§ = Tr$ o Tri.

We may use right cosets to define another useful map. If H is a subgroup

of G, choose a set (2 of right coset representatives for H in G. and define

Y - K[V] — K[V] by TrG(f) = Y wee o (f). This map depends upon the
choice of coset representatives used. However, for all possible choices we have
the following factorization of Tr%.

Lemma 9.0.7. Let N be a normal subgroup of the finite group G and suppose
—~G
H is another subgroup of G with N < H < G. Then Tr§ = Tril oTr,.
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Proof. Write {2 = 01,09, ...,0, for the right coset representatives of H in G

chosen to define the map Trg. Then we have the decomposition G = LI}_, Ho;
of GG into right H-cosets.
Let H = Uj_;7;N be a decomposition of H into left N-cosets. Then
G =Uj_,Uj_;7jNo;. Since N is normal in G, this gives G = LIj_; LUj_; 7;0;N.
Thus for any f € K[V,

r

B5 () =SS nei() =S Y meif) = S nTg(f) -
j=1

i=1 j=1 j=11i=1

G —~a
We claim that 2;21 7, Try (f) = TrR(Tr (f)). In order to see this, we only
~ G —~a
need show that Trp(f) lies in the domain of Tr§, i.e., that Tr,(f) is N-
invariant. To see this, let n € N be arbitrary and note that f is N-invariant.
—~G
Thus writing n; = 0; 'no; € N we have n - Try(f) = n- Y, 0i(f) =
r r r —~G .
2ici(noi)(f) =2y oini(f) = 22,2, 0i(f) = Try(f), as required. o
The following corollary is immediate.

Corollary 9.0.8. Tr]%(K[V]N) C Tr]HV(K[V]N)'

Ezample 9.0.9. We continue with Example 9.0.5. Examples of factorizations
of Tr% include Tr¢(f) = TN () = TGP (f)) and TxC(f) =

—~G
Te? (Tr; (f)) for f € K[V]. This latter factorization gives Tr®(f(z,y, 2)) =
T (h(z,y, 2)) = h(z,y, 2) + h(y, z, z) where for one choice of coset represen-

tatives, we have h(z,y, z) = T}i(f(ﬂc, y,2)) = f(x,y,2)+f(y, 2, )+ f(2,,x).

As we noted above, the transfer map Trg is a homogeneous F[V]%-module
homomorphism. In particular, its image, Tr$ (F[V]¥), is a graded F[V]¢-
submodule of F[V]%, that is to say, the image of the transfer, Tr (F[V]), is a
homogeneous ideal of F[V]¢. We will be interested in describing the algebraic
subset, X, of V//G (more precisely, its lift 7T‘771G(X ) C V) corresponding to
this ideal.

We will assume throughout the rest of this chapter that the base field has
positive characteristic p unless stated otherwise.

Theorem 9.0.10. Let N be a normal subgroup of the finite group G and
suppose F has characteristic p. Then

VR(EVIV)Y = | 7V
order(oc N)=p

{0}

where the union is over all quotient group elements cN € G/N of order p.
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Proof. First, we prove

(o

V(TI‘%(F[V]N)) 2 UOrder(aN):pV .
Let v € Uorder(o-N):pV0-7 i.e., suppose there exists ¢ € G\ N, with o? € N
and ov = V.
Let H denote the subgroup of G generated by N and o. Thus [H : N] = p.
Take f € F[V]Y. Then

TN (f) =Y o'(f)
1=0
and . .
(Try (M) (V) =D flo7iv) =Y f(v) =pf(v)=0.
1=0 1=0

By the previous corollary, (Tr% (f))(v) = 0 also. Therefore,

v e vy (TS EV]Y)).

50

Next, we prove the opposite inclusion, V(Tr§ (F[V]Y)) C Uorder(eN)=pV -
Take v € V'\ Uorder(,,N):pVU. By Corollary 2.1.3, there exists h € F[V] such

that
1 if N
h(w): 1 we NV,
0 ifweGv\Nv.

Notice that it can happen that o ¢ N but ov € Nv, i.e., ov = 7v for
some 7 € N and some o € G \ N. In this case, 7-'0 € G, and therefore,
o € N - Gy where since N is normal in G, the set N - Gy is a subgroup of G.
Conversely, if o is any element of N - G, then there exist 7 € N and 01 € Gy,
such that 0 = 7071 and thus ov = 7v € Nv. In conclusion, for ¢ € G, we have
ov € Nv ifand only if 0 € N - G,.

Let f:=][.cn7(h) € FIV]Y. For all 7 € N, we have 7~ 'w € Nv if and
only if w € Nv and thus

fw)= T he " w) =

{1 ifweée Nv,
TEN

0 ifweGv\Nv.

Let G = U!_,0;N be a decomposition of G into left N-cosets. Then

t

(TR (V) = Zf(ff{lV) =[{i]o;'ve NV}
—iloy N -G} =il e N-Gu}| .

Consider a right coset No of N and suppose this right coset meets N - Gy,.
Then we have 1o = 701 where 7,7 € N and 01 € Gy. Now let 790 be any
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other element of the coset No. Then o = TQTflTal is also in N - G. Thus
if the coset No meets N - Gy, it is contained in IV - Gy. Since N is normal,
every right coset is also a left coset: No = 0N, and thus we see that

N-G, = |_| o;N .

0, EN-Gy
Therefore,
. N - Gv
(TR (MNV) =il oi € N -G} = | =]
= | N?vG | by the second isomorphism theorem for groups
G
=I5

Thus it remains to prove that p does not divide the index of Ny in Gy.
Assume by way of contradiction that p does divide [Gy : Ny]. Then there
exists o1 € Gy such that oy N, has order p in g—z, ie, o1 € Gy \ Ny and
ol € Ny. Since Ny = Gy N N, we see that o ¢ N. Thus 01N has order p
as an element of G/N. Also, v € V7' since o1 € Gy. This contradicts(;)ur

original assumption on v and this contradiction shows that p does divide |5+ |.

Therefore (Tr$(f))(v) # 0 and hence v ¢ VV(Trg(]F[V]N)). O

Of course, the most important case of the above Corollary is when N =
{e}. In that case we have

G 50
vy (MOFV)) = | V.
order(c)=p
Thus the subvariety of V' corresponding to the ideal of F[V] generated by the
elements in the image of the transfer consists of precisely those points = in V'
for which p divides the order of the isotropy group G,.

Ezxzample 9.0.11. We continue with Example 9.0.9. We have seen that the im-
age of Tr™* is the ideal in K[V]** = K[s1, 52, 53] generated by 6, 2s1, 25, 2(s3—
2s9), 8182 — 3s3. Thus if the characteristic of K is not 2 nor 3, then Tr*® is
surjective.

If K has characteristic 2, then the image of the transfer is the principal
ideal generated by

s182 — 83 =(x+y+2)(zy+xz+yz) —xyz
= ny +z%z+ myQ +x2? + sz + yz2
=y +2) +a(y +2)* +y2(y + 2)
= (y+2)(@® + 2y + 2z + y2)
=(y+2)(z(z+y)+z2(z+y))
=(y+2)(z+y)(z+2)
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Thus the image of the transfer vanishes precisely on the union of planes:
v T v - {(a,a,c) € V | a,c € K} U {(a,b,a) € V | a,b €
K} U {(a,b,b) €V | a,b € K}.

Now we consider the situation when the characteristic of K is 3. In that
case, the image of the transfer is generated by the two invariants s; and ss.
Taking the two equations x +y+ 2z = 0 and zy + zz 4+ yz = 0 and substituting
z = —(x + y) into the second gives

0=2ay—z(x+y) —ylr+y)
—(a® + 2y + 1)

= —(a® = 22y +¢°)

= —(z —y)?

Thus if both s; and sy vanish at a point v = (a,b,c) € V', we must have
a = b and similarly, b = c. Therefore, we find that in characteristic 3, the
ideal Tr>*(K[V]) cuts out the line {(a,a,a) € V | a € K}. Of course, this line
is precisely the set of points of V' fixed by the subgroup N = {e, (123),(132)}
of order p = 3.

For any o € G, we denote by P, the ideal of F[V] generated by the set
(c—-1)V*:={o-x—x|xeV*}
Lemma 9.0.12. Let 0 € G. Then

Vi (P,) =V,

In fact,

Po = Tepy) (V7).

Proof. First, let v € V° and take z € V*. Then ((0 — 1) - z)(v) = (0 - x)(v) —
z(v) = z(c~ ') — z(v) = z(v) — z(v) = 0. Thus v € V=(P,).
For the opposite inclusion, take v € V7(P,) and consider a basis
{zlax% R 71'n}
of V*. Write v = (v1,v9,...,v,) and
w:i=o0 ‘v = (wy,wa,...,w,)
in terms of (the dual of) this basis. Then
0=((o=1)-a)(v) = (0~ 2:)(v) = 25(v) = x5 (07 "v) — z:(v)
=z;(w) —z;(v) = w; — v;
for all i =1,2,...,n. Therefore v =w = o~ and thus v € V°.
Having shown Vi-(P,) = V°, the final statement in the lemma is equiv-
alent to the assertion that P, is a radical ideal. Since P, is generated by

homogeneous elements of degree 1, it is in fact a (homogeneous) prime ideal
and thus is certainly radical. a
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Since P, is a prime ideal, by the “lying over” Theorem 2.5.2 (1), P, NF[V]
is also a prime ideal. Let f,h € F[V]. Then (¢ — 1)(fh) = o(f)o(h) — fh =
o(f)o(h) —o()h+o(f)h= fh=o(f) (0 —1)(h)+h- (7~ 1)(f) € P,. Hence
(c —1F[V] C P,.

Specializing of the result of Theorem 9.0.10 to the case N = {e}, we have
the following equality of ideals:

Im TrG = (morder(o):ppﬂ) n F[V]G

Proposition 9.0.13. Let G be a permutation group. Then Im Tr% is a radical
ideal.

Proof. Recall that {Og(m) | m is a monomial of F[V]} is a vector space basis
for F[V]€. Since for any monomial, m, Tr% (m) = |G| Oq(m), we see that the
set {Og(m) | m is a monomial of F[V],p does not divide |G,,|} is a vector
space basis for Im Tr"~.

Suppose that f € VImTr and write f” € Im Tr®. Express the invariant
f as a linear combination of orbit sums: f = 22:1 ¢iOg(m;) where ¢; € F
and m; is a monomial in F[V] for all ¢ = 1,2,...,t. Choose m € N large
enough that p™ > r. Then 7" = 3! chOg(mfm) € Im Tr®. Since V is a

permutation representation, it followsz_tilafo G = Gps for all monomials m of
F[V] and for all positive integers s. Thus >/_, ¢ "Oa(m?") € ImTr® implies
that cfm = 0 for all i for which p divides |Gy, |. Hence f = Y'_, ¢;iOg(m;)
expresses f as a linear combination of elements of Im Tr® and thus f € Im Tr.

O

Suppose now that G = (7) is a cyclic permutation group with p dividing
|G|. Define o := 7IGl/P Then the subgroup generated by ¢ contains all the
elements of order p in G. Every element of order p in G is of the form o”
for some r with 1 < r < p. Clearly, V7 C V7 . If we choose integers s > 1
and t < 0 such that rs + pt = 1, then (¢")* = o(c?)™" = o and we see
that V7 C V’. Therefore, V- (Tt (F[V])) = /2, V' = V'. which is a
subspace of V and hence is an irreducible variety. Thus Im Tr% = v/Im Tr¢
is a prime ideal.

We may give the same argument algebraically as follows. Consider such
an element of G of order p which we again write as ¢” where 1 < r < p.
From the factorization " — 1= (14+ 0+ 02 +---+0""1)(0 — 1), we see that
(6" —1)V* C (0 —1)V* and therefore, P,» C P,. Again, writing (¢”)® = o for
an appropriate positive integer s shows that Py = P(srys C Pyr. Hence P, =
P, for all 7 = 1,2,...,p — 1. Therefore, Im Tr® = V/Im Tr% = (ﬁf;%?ar) N
F[V]¢ =P, NF[V]% is a prime ideal.

We record this result as

Proposition 9.0.14. If G is a modular cyclic permutation group, then
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Im Tr¢

is a prime ideal.

Ezample 9.0.15. Consider the regular representation V,, of C, = (o) defined
over [F,,. As usual, we choose a triangular basis {x1,z2,...,2p} for V, dual
to the basis {e1,ea,...,e,} of V. Then V7 = Vpc” = spang {e,} is a one
dimensional space. By definition, the ideal P, of F[V,] is generated by the
degree 1 elements (o — 1)z as x varies over V. We have

zi—1 if 2 <0 < p;

(0= Dai = o(z;) — :{

0 ifi=1.
Thus Py = (z1,22,...,Tp—1) is the ideal generated by the linear functionals
which vanish on the fixed line V* and Im Tr = (z1,T2, ..., 2p_1)NF[V,]%.

Next, we will show that for any modular representation of G, the ideal
Tr“(F[V]) is a non-zero proper subset of the irrelevant ideal, F[V]§ :=
o2, F[V1§, of F[V]C.

If f is invariant, then Tr®(f) = |G|f = 0 since p divides |G|. In particular,
this means that in degree 0, Tr®(IF[V]) contains only 0. This proves that
Tr%(F[V]) is a subset of the irrelevant ideal.

In fact, it is always a proper subset of the irrelevant ideal since by Theo-
rem 9.0.10, it cuts out the variety of points v whose isotopy group G, con-
tains an element of order p. Thus VV(TrG (F[V])) = {v € V| p divides |G,|}.
Therefore, Tr%(F[V]) = F[V]$ if and only if V7 = {0} for every element of
order p € G. But by Lemma 4.0.1, we see that the subspace V7 is never zero
if the order of o is p. Of course, since G is a modular group, there will exist
elements in G of order p.

The following lemma which is a consequence of Artin’s Theorem on Char-
acters (see, for example, [75, VI Theorem 4.1]) will be used to show that Tr“
is never the zero map.

Lemma 9.0.16. Let K be any field and let I' :== {¢4 | o € A} be any set of
(distinct) field automorphisms of K. Then I' is a linearly independent subset
of the vector space of all maps from K to K.

Proof. Assume by way of contradiction that there is a linear relation

Cl¢a1 + 02¢a2 +-+ Ct¢at =0

among the elements of I'. Furthermore, we assume that ¢ is minimal so that
any subset of I' containing ¢ — 1 or fewer elements is linearly independent.
Thus each of ¢1,cs,...,c; must be non-zero. Note that ¢ > 2 since the zero
map is not a field automorphism.

Let a € K be arbitrary. Evaluating the above linear relation at x € K and
multiplying by ¢4, (a) yields the equation
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cl¢a1 (a’)(bOél (‘r) + c2¢041 (a)¢a2 (x) +eo Ct¢a1 (a)(bat ({,C) =0

which is valid for all z € K. On the other hand, if we evaluate the linear
relation at the point ax we get

€190, (@) Pay () + 2000, (a)Pas (€) + -+ + 100, (@) Pa, () = 0

for all x € K. Subtracting we find

C2(0a, (@) = Gy (@) Pay (€)
+ ¢3(¢a: (@) = bas (@) Pas () + - -
+ ¢i(¢a, (@) = ba, ()P, (2) = 0

which holds for all x € K. By the minimality of ¢, we must have ¢,, (a) —
¢a,;(a) = 0 for all ¢ = 2,3,...,t. In particular, ¢, (a) = da,(a). But since
a € K was arbitrary, this implies ¢, = ¢a,. This contradiction shows that
I' is linearly independent. a

Corollary 9.0.17. Let V be a representation of the finite group G. The image
of the transfer Tv” : F[V] — F[V] is non-zero.

Proof. Each ¢ € G defines an automorphism, ¢, of the ring F[V] given
by ¢.(f) = o(f). We may extend these ring automorphisms to field au-
tomorphisms of F(V), the quotient field of F[V]. We do this by defining

¢ (f/h) := ¢(f)/ds(h). Then, by the preceding lemma, Yec s # 0,
i.e., there exists f,h € F[V] such that > .. ¢,(f/h) # 0. Now define
W = [l,eqo(h) and [ := f[],cq\ (e o(h). Then f" € F[V] and b’ € F[V]¢
and f/h = f'/h. Therefore 3>, o, (f'/h) = ¥, ec(do(f))/¢a(h)) =
(X gec o (f)/0 = Tr®(f")/h is non-zero. Hence Tr%(f’) # 0. O

Note that by Theorem 9.0.10, this corollary shows that Uorder(a):pvg £V,

i.e., there must always be some points of V whose isotropy group is non-
modular.

Proposition 9.0.18. Let N < H < G be a sequence of subgroups of G where
N is normal in G and suppose that p does not divide the index of H in G.
Then Tm Tr§, = Im TrX NF[V]€.

Proof. First, suppose that f € Im Tri NF[V]¢ and write f = Tr¥ (h) where
h e F[V]N. Since f € F[V]%, we have Tr%(f) = [G : H]f and thus

Te§ (h/[G : H]) = Tefy (T (h/[G : H]) = T (f/1G: H]) = f .

For the opposite inclusion, we consider the factorization from Lemma 9.0.7:
—~a

Tr% = Tr& oTry. Suppose tléat fe ImTrg and write f = Tr%(h) where

h € F[V]N. Then f = Tri(Tr,; (h)) € Im Tr&. 0
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Corollary 9.0.19. Let P be a p-Sylow subgroup of G and let N C P be a
normal subgroup of G. Then the two ideals Im Trﬁ and Im Trg have the same
height.

Proof. Since F[V]F is integral over F[V]% we may apply “going-up” and
“going-down” (Theorem 2.5.2). Since the above lemma shows that Im Trjl\),
lies over Im Tr;, the result follows. O

9.1 The Transfer for Nakajima Groups
We want to describe the image of the transfer for a Nakajima group . We begin
with some preliminaries. The following lemma is known as Lucas’ Lemma.

Lemma 9.1.1. Let p be prime and let m = mg + mip + map® + - - - + mp®
and i = ig+i1p+iop® +- - -+isp® be the p-adic expansions of two non-negative

integers m and i. Then
() () o
10 11 1s

(%)

Proof. Considering the expression (1 + y)™ as a polynomial with coefficients
in ), we have

i <W.L>yj = f[(l +y)m”

=0 J j=0

I
w
o
—
= 3

k
p—1 p— p—1
mo mi Ms\  kotkipt..ksp®
PRI ko kl PR k y .
ko=0ki=0  ks=0 s
Comparing the coefficient of y* in the first and last expressions gives the result.
O

In fact, the following generalization is true.

Lemma 9.1.2. Let g = p” be a prime power and let m = mo+myq+...+msq°
be the g-adic expansion of m and iy = iy 0 + ir1q + ... + iy 5q° 15 the g-adic
expansion of i,.. Then
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m mo mq mg
()= ) (o ) ™)
11505k 21,05+ 5 %k,0 11,155 k1 sy +-52,s

Remark 9.1.8. The preceding lemma is essentially due to Dickson — see [28].
There he also proves that the highest power of p dividing (') is p® where e
is the total amount carried when the addition ¢; + - - - + 4, = m is performed
base p.

Definition 9.1.4. Let m be a non-negative integer. We denote by ay,(m) the
sum of the digits in the p-adic expansion of m: a,(m) :==mo+mi +---+m,
where m = Y7_ m;p’ and 0 <m; <p foralli=0,1,...,s

Let W be a subset of V*. If W is an I, subspace, i.e., if W is closed under
addition, we define d(W) := [, cpr 0y 2
Now we prove a generalization of Lemma 9.0.2.

Lemma 9.1.5. Let V be an F vector space and let W be a finite subset of
V* which is closed under addition, so that W is a vector space over IF,,. Put
m := dimg, (W). Then in F[V] we have

1. Z z® =0 unless p — 1 divides s and ay,(s) > m(p — 1).

zeW
2. 2" =dw).
zeW
Proof. We use the convention that 0° = 1. Thus when s = 0, we have
>pew ¥ =p™ -1 =0. We assume for the following that s > 1.
The proof is by induction on m. Let {1, 2, ..., 2y} be an F), basis of W,

For m = 0, the result is clear. For m = 1, we have )y, 2° = Zcemp(cxl)s =
3 Zcemp c®. Now let  be a generator for the cyclic group of non-zero elements
of F,,. Then ZceFP ¢ = Zcer\{o} c® Z (nJ)S If p — 1 divides s, then
n* =1 for all j and Zcer ¢® =p—1= —1. Since every non-zero element of
FF,, is a root of the polynomial P —1 = (z—1) (2P~ 2+ 2P 3 +-- - 2+1),if p—1
does not divide s, then n® # 1 and thus n® is a root of (P2 +2P =3+ - .+x+1).
Thus if p — 1 does not divide s, then > ¢® = 0. Therefore, for m = 1 we

celFyp
have

Z e —xf, if p— 1 divides s;
e 0, if p — 1 does not divide s.

Suppose m > 1 and let W' denote the F, vector space spanned by
{z1,22,...,Zm—1}. Then

Z 2% = Z Z(m—i—cacm)s

zeW zeW’ celF,

=T X3 () e

zcW'’ ceF, =0
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() Y e Y W

S
>
j= ceF, zeW’
: S
N HED D o
Jj=1 celF, zeW’

since ) cp ® =0and Y}y 2® = 0. This shows that > _, 2* is non-
zero if and only if there is some value of j with 1 < j < s — 1 such that
Deer, €77 X sew ¥ # 0. By induction, 37y 27 = 0 unless p — 1 divides
j. By the proof of the m =1 case, ZceF ¢®~J =0 unless p — 1 divides s — j.
Thus we may concentrate on the values of s and j which are both divisible by
p—1.

Suppose (5) Xoer, ¢ Xpenr @’ # 0 and let s = ag + aip + -+ + ap’
and j = by + bip + -+ + byp? be the p-adic expansions of s and j. Since
(j) # 0, by Lucas’ Lemma, we must have b, < a, for all r = 0,1,...,t.
Since j < s, there is some value of r with b, < a,. Therefore, a,(j) < a(s).
Since Y- oy @7 # 0, by induction, we must have a,(j) > (m —1)(p — 1) and
therefore, a,(s) > (m —1)(p —1).

Since p" =1 (mod p — 1) for all r, we see that o, (i) = ¢ (mod p — 1) for
all non-negative integers i. Therefore, a,(s) = 0 (mod p — 1) and ay(s) >
(m —1)(p — 1) which implies that a,(s) > m(p —1).

Now we prove 2. Take Wy C W \ {0} such that Wy contains exactly one
element of every one dimensional F,, subspace of W (thus |[Wy| = (p™—1)/(p—
1)). Thus every non-zero element x € W can be written uniquely as = cxg
where ¢ € Fp \ {0} and zo € Wy and d(W) = [], cw, (cer,\ 0y c@0) =

(_1>|W0‘ HonWo To = (_1)m HZEOEWO Zo-

The above discussion shows that #%; ! divides " .y, @°. Since Yy 2°
is a GL(W )-invariant, this shows that y?~! divides }_ .y, 2* for all y € W.
Since the elements of W, are pairwise relatively prime and since F[V] is a
unique factorization domain, this shows that [, cyy, zo divides > .y 2°.
Therefore, d(W) divides )y 2°.

To complete the proof, we consider 3>y, #*" ~! and d(W) as polynomials
in x,, with coefficients in F[W’]. We use the lexicographic order on F[W] with
7y <2 < -+ < Ty, and compare LT (Y y 2P" 1) and LT(d(W)). The least
value of j such that p—1 divides j and ap( > (m—1)(p—1)isj=pm 1 -1.
Therefore, the lead term of ), #? "l

m 1 1
— _ 1 m—1__ m__,m—1
E P § P 1)x” P
m 1_1 m

cely, zeW’

By induction, )y 2P"" =1 = d(W’) and thus the lead term of

Z :I:pm -1

zeW
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is
1

—d(W")zP" =P
On the other hand,

LT@w) =LT( J[ «)=rr [[ =« II =)

zeW\{0} zeW\W’ zeW’'\{0}
=LT( [[ odw)=dw’) ][] LT(x)
zeW\W’ zEW\W'
= dW)(] com)”™ " = dW)(=aty )"
celF,

= —d(W)ar "

Therefore, d(W) and Yy, 22" ~! have the same degree and the same lead
term. Since the former divides the latter, they must be equal as claimed. O

Proposition 9.1.6. We take P to be a Nakajima group with Nakajima basis
{z1,22,..., 20} for V*. Then

1. The set W; :={(0 — 1)z; | o € P} is an IF,, vector space.
2. ImTr" is the principal ideal of F[V]¥ generated by [, d(W;).

Proof. Let P; := {0 € P | o(z;) = x; for all j # i}. Since P is a Nakajima
group , P = P,P,_1... P, and the P-orbit of x; is the same as the P;-orbit
of x;. Since each non-identity element of P; is a transvection, every such
element has order p by Lemma 8.0.3 and thus P; is an elementary Abelian
p-group. Let 0,7 € P; and write o(z;) = x; + ¥, and 7(z;) = x; + y, where
Yo,Yr € span{zi,za,...,2;—1}. Then o7(x;) = o(7(x;)) = o(z; + y,) =
o(z;)+0(yr) = x; + Yo +y- and thus (o7 —1)a; = (6 — 1)a; + (7 — 1)a;. This
shows that W; is closed under addition and is therefore an F,-vector space.

For the second statement, let d; denote the F, dimension of W;. Then
F[V]¥ = F[N(z1),N(x2),...,N(z,)] where deg(N;) = p%. By Lemma 6.2.1,
the monomial factors of m := [];_, z¥ "~ form a block basis for F[V] over
F[V]?P. Thus if f € F[V], we may write (uniquely) f = 3", gividos m JaQ Where
each f, € F[V]F. Hence

(= Y T(far)= D faTrF(a)

o divides m o divides m

Thus to find Im Tr”, it suffices to compute Tr” (a) for all monomials & which

.. di1
divide m =[], =¥ " .

Suppose 24 = z{*x5? - 2% divides m, i.e., suppose a; < p% — 1 for all
i = 1,2,...,n. Since o;(z;) € span{zi,z2,...,2;} and (o; — 1)z; = 0 for

o; € P; and i # j, we see that
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(0non—1-"- 01)(xA) = (0pon—1-"- 02)(01(:1:(1“)95;2 . xf{‘)

= (0non—1--03) (01 (27" o2 (wp?)a5® - - ")
= (Onon—1---04)(01(27")o2(25?)os(x5* ) g - - - )

= o1 (27" )oa(25?) - on(ay) -

Therefore,
T (@ ag? i) = Y o(a?)
ceP
= Z Z Z (0pOn_1---o1)(x™)
on€P, 0pn_1€Pn 1 o1€P;
=D SlED SRR SEAC TRt
0n€P, 0 1€EP,_1 o1€P;
n
S DI
1=10,€P;
n
IS
i=1yeW,;
Now,
a; .
S = &3 () =3 (§) T v
yeW; €W, j=0 §=0 yew;

By Lemma 9.1.5, ZyeW y’ equals 0 unless p—1 divides j and a,(j) > d;(p—1).

Since j < a; < d; foralli =1,2,...,n we have, Tr? (x{*x5? -+ - x8n) = 0 unless
a; =d; — 1 for all 2 = 1,2,...,n. By the second statement in Lemma 9.1.5,

we have

n
T (2 g ) = T D (s + )t

=1 0O

We remind the reader that for V= F", we showed in §3.4 that the ring of
invariants F[V]Y» is the polynomial ring on the invariants hy, ha, . .., hy,.
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Lemma 9.1.7. We have that Im TrV» ) s the principal ideal generated by
(R0 )

Proof. By Proposition 9.1.6, Im Tr/»(F¢) is generated by [T, d(W;) where
W; is the F, vector space spanned by {xl, Xy ooy Lo}

We will show that d(W,) = —h{" d(W,_ 1) for all ¢ = 1,2,...,n. By
convention, we take d(Wp) = —1 and hg = 1. We proceed by induction on t.
For ¢t = 1, we have W, = {0} and thus d(W;) = 1 = hd~ d(Wy).

Assume then that d(W;) = h2~d(W,;_,) and con51der d(Wiy1). We have

d(Wigq) = H x = H x H y

ze€W11\{0} €W \Wy  yeW\{0}
= JI =zaom)
TEWe 1 \Wy

=d(W,) H H Cxi41 + 2

cEF \{0} 2EW;

=d Wf H H $t+1 + Z/C)

c€FN\{0} zeWr

=d(W,) H (c H xt+1+z/>

ceF N\ {0} \ zeW;

q—1
=d(Wy) H c (H Tpi1 —|—z’>

ceF N0} ) \ew,
=dW) (1) ] @1 +2)"" = —d(Wi)hy .
z'eWy

From this we get d(W;) = (=1)t(h1ha - - hy—1)?" L. Thus Im TV (Fa) is gener-
ated by [[j_, d(Wi) = £ [}, (hihg - -hs—1)9 ' = £(hP 'Ry ™2 hy)? L
O

Corollary 9.1.8. Let V be an n dimensional vector space over F,. Then
Im TrYY) s the principal ideal of F[V]C“Y) generated by d(V)"!

Proof. Suppose that f € Im TV, By Proposition 9.0.18,
Im Tr V) = 1 eV ) A, [1]GLV),
By the preceding lemma, Im TrY” is the principle ideal generated by
(R TR =2 hy )T

Therefore,
f= (RS )T



170 9 The Transfer

for some h € F,[V]V~(Fa). Since [Leer\ oy 21 = —297" and d(V) =

[T,ev\ (o} ¥» We see that 297! divides d(V) but z¢ does not divide d(V).

Since hy = x1, we see that :c&”*”(q*” divides f. Take any non-zero element

y € V*. Since 27 and y lie in the same GL(V)-orbit, and since f is GL(V)-
invariant, we see that y(™~D(@=1) also divides f. Putting these facts together
we get that d(V)"~! divides f.

For the opposite inclusion, we must show that d(V)"~! lies in Im TrGH
But

V).

d(V) = (=1)"(hihg ... h,)??

and thus using the preceding lemma, d(V)"~! lies in Im TrV»(Fa) | But clearly,
from its definition, d(V) € F,[V]S“(V). Therefore,

d(V)"~t € Im TV ) AR, [V]OHV) = I TeCHY)

9.2 Cohen-Macaulay Invariant Rings of p-Groups

Hochster and Eagon [53] have shown that non-modular invariant rings are
always Cohen-Macaulay. A very important question in modular invariant the-
ory is whether or not the invariant ring is Cohen-Macaulay. Campbell, Hughes
and Pollack [18] show that a sufficient condition is that the p-Sylow subgroup
have a Cohen-Macaulay invariant ring. In this section, we give a necessary and
restrictive condition for the invariant ring of a p-group to be Cohen-Macaulay,
Theorem 9.2.2. This result is the culmination of a sequence of papers begin-
ning with Ellingsrud and Skjelbred [35] and leading to Campbell, Geramita,
Hughes, Shank, Wehlau [17], and Kemper [65]. In particular, this result can
be viewed as a generalization of the calculation given in Example 4.0.4. The
proof we give here of Theorem 9.2.2 avoids the use of group cohomology.

Definition 9.2.1. A element 0 € GL(V) is called a bi-reflection if the endo-
morphism o — Iy of V' has rank less than or equal to 2.

Here o — Iy is a linear endomorphism of V' and thus its rank is just the
rank of the corresponding matrix. Thus o is a bi-reflection if and only if
dimF(V") Z dlm]F(V) — 2.

Kemper’s proof of the following result uses group cohomology.

Theorem 9.2.2. Let G < GL(V) be a p-group and suppose that F[V]C is a
Cohen-Macaulay ring. Then G is generated by bi-reflections.

Proof. Suppose that F[V]¢ is Cohen-Macaulay. Let H be the subgroup of G
generated by all the bi-reflections in G. Assume, by way of contradiction, that
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H # G. By Lemma 1.10.3, there exists a maximal proper subgroup N of G
such that H < N, N<G and [G : N] = p. Take 0 € G\ N. By Theorem 9.0.10,

Trpvie Vo (Teg (FIVIY)) = Tepge (Vorder(on)=p V)
and thus

TTJC\T; (FIVIV) = ﬂ I]F[V]G (Vo) .
order(cN)=p

Here we are writing Zgyje(X) for X C V to denote the ideal of func-
tions in F[V]¢ which vanish on my,¢(X) C V)G, ie., Zeyje(X) denotes
Irpvye (mv,a(X)) = Zepy(X) NFIVIC.

Now I]F[V]G(VU) = F[VI® N Zpp (V7). Therefore by the going-up and
going-down Theorem 2.5.2 (2) and 2.5.2 (3),

height(Zgyye (V7)) = height(Zev (V7).

But V7 is just a subspace of V and clearly height (Zrp (V7)) = rank(o — I).
Since an ideal and its radical have the same height, we see that

height (Tr§ (F[V]Y)) = min{rank(c — I/) | order(cN) = p}
> 3, by definition of H and N .

But if R is any Noetherian ring and I is an ideal of R of height m, then
(by [79][Theroem 24 14.F] say) there exist ay,as,...,a, € I such that the
ideal (a1,as,...,am) also has height m. Therefore, there exist a1, as,a3 €
Tr§ (F[V]Y) such that a1, ag, as is a partial homogeneous system of parameters
in F[V]%. Since F[V]“ is Cohen-Macaulay, ay,as,a3 is a regular sequence in
F[V]C.

Write a; = Trg(fz) with f; € F[V]Y for i = 1,2,3. Now the map ™5 =
l+o0+02+---+0P71 = (0 —1)P7! and thus we have a; = (o — 1)P7L(f;).
Define b; by b; := (0 — 1)P72(f;) (so b; = f; if p = 2) for i = 1,2,3. Then
(0 —1)(b;) = a;. Also, note that for any h € F[V]" and any n € N, we have
n- (o —1)(h) = no(h) —nh = on/(h) —h = (0 — 1)h where n’ = 0 ~'no € N.
Thus b; = (o — 2)P~(f;) € F[V]Y for all i = 1,2, 3.

Expanding

ay ag as
det aj ag as =0
by by b3

along the first row, we have a; (az2bs —asbs)+az(asb; —a1bs) = as(azb; —aibs).
It is easily verified that (o — 1)(a;b; — a;b;) = 0 and thus a;b; — a;b; € F[V]
for all 1 < i # j < 3. Therefore, by the definition of a regular sequence,
there must exist hy, ho € F[V]¥ such that asb; — ajby = hiai + hoas. Thus
az(by — he) = a1(h1 + b2). Again, by the definition of a regular sequence, this
implies that there exist t € F[V]¢ such that b; —hy = ta; and thus b; € F[V]¢.
But then a; = (6 — 1)b; = 0. This contradiction shows that H must be equal
to G, i.e., that G is generated by its bi-reflections. a
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More general versions of this result and related material may be found in
Kemper [65, §3], and Lorenz [77, §8].

Corollary 9.2.3. Let V' be a faithful modular representation of a p group G
defined over a field F. Then F[3V] is not Cohen-Macaulay.

Proof. Consider e # o € G. Then dim V? < dim V —1. Therefore dim(3 V)7 <
3(dimV —1) = dim(3 V) — 3. Thus no non-trivial element of G can act on 3V
as a bi-reflection. O

Example 4.0.4 is a simple example of Corollary 9.2.3. Historically it was
study of this example which lead to the development of the proof of Theo-
rem 9.2.2.

Theorem 3.9.2 provides a partial converse to Theorem 9.2.2, by giving a
class of representations for which all elements are bi-reflections and for which
the ring of invariants is always Cohen-Macaulay. Note that the converse of
Theorem 9.2.2 is not valid. For example, at the end of §1.1.1, we exhibited
an example of a group generated by reflections whose ring of invariants is not
Cohen-Macaulay.

Let H be a subgroup of G such that H contains a p-Sylow subgroup of G.
We have already seen in Proposition 9.0.18 that this condition means there
is closer relation between F[V]# and F[V]“ than in general. The next result
shows there is another similarity between these two rings.

Proposition 9.2.4. Suppose that H is a subgroup of G such that |G : H]
is invertible in F. If F[V]¥ is Cohen-Macaulay, then F[V]¢ is also Cohen-
Macaulay.

Proof. Choose a homogeneous system of parameters f1, fa, ..., f, for F[V]¢.
Then by Corollary 3.0.6, this is also a homogeneous system of parameters for
F[V]" and F[V]. Let r denote the index of H in G. Recall that 1/r Tr% :
F[V]H# — F[V]% is the Reynolds operator and accordingly we have the F[V]%-
module decomposition F[V]# = F[V]¢ @ U where U := ker Tr%.

Let B := F[fi, f2,..., fn] and let I denote the ideal of F[V]¥ generated
by (f1, f2,---, fn) and let J := I NF[V]%. The above decomposition implies
that

FVI? /T =FV|¢/JoU/K

where K = f1U + foU 4 --- + f,U. Choose a basis
TR R
for F[V]¢/J and another basis
O S

for U/K. Then {hy,ha,...,hs} is a basis for F[V]H /I. Lift each h; to an
element h; € F[V]#. Then
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S
F[V]" = Bh;
i=1

and F[V]9 = 3>°7_| Bh,. But since F[V]# is Cohen-Macaulay, we have in fact
that F[V]# = @:_,Bh; and F[V]Y = @!_, Bh;. Thus, since it is a free B-
module, F[V]¢ is Cohen-Macaulay. o

Remark 9.2.5. Let V be a fixed non-trivial modular representation of the
group G. Then Gregor Kemper has proved that for sufficiently large m, the
ring of vector invariants F[mV]% is not Cohen-Macaulay. See [65]. It remains
an open question whether m = 3 is sufficiently large. Suppose G is a p-group
generated by reflections and F[V]¢ is Cohen-Macaulay. There are examples
that show that sometimes, but not always, F[2V]¢ is Cohen-Macaulay. It is an
open problem to characterize those V for which F[2V]¢ is Cohen-Macaulay.
See the work of Chuai [23] and Shank and Wehlau [99].

9.3 Differents in Modular Invariant Theory

Here we recall work of A. Broer [13], closely following his exposition. His work
is best understood in the context of §2.5. That is, suppose that R C S are
connected graded commutative rings with unit, that S'is integral over R, both
of which are domains and integrally closed in their quotient fields Quot(R)
and Quot(S), and that the extension Quot(R) C Quot(R) is separable. Then
the trace map Tr : Quot(S) — Quot(R) is surjective, respects the grading,
and Tr(S) C R.

We suppose that, as a R-module, S has homogeneous generators sy, . . ., Sm,
and we define an epimorphism of algebras

Rlay,az,...,amn) £, S by the rule
plag) = s

where deg(ay) = deg(s¢) with kernel I. We refer to elements of I as relations
in S and to I as the ideal of relations. Now S integral over R implies that
there is a monic polynomial

fe(t) = er,gtj, where r;, € R and fo(sg) =0 .

As before, we write R for the ideal of positive degree elements of R and we
consider the Hilbert ideal R4S of S. The quotient algebra S/(R4.S) is a finite
dimensional algebra. In the event that R = S¢, we call S/(R,)% the ring of
coinvariants of G.
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9.3.1 Construction of the Various Different Ideals
The Noether Different Ideal

The enveloping algebra of the extension S over R is the algebra S¢ = S®pg S.
We define J to be the kernel of the multiplication map

S®RSﬁ>
s®s — ss.
Then J is generated by sy, ® 1 — 1 ® s¢, 1 < £ < m. We define K to be the

annihilator of J in S¢ and the Noether different ideal as the image p(R) =
ZD]SV/R =N C S. In other words, s € ®V if and only if there is a t € S¢ such

that p(t) = s and for all s’ € S we have (1® s')t = (s’ ® 1)t.

The Galois Different Ideal
Consider the natural map associated to an element » ¢, ® ¢, € S©

w:S®S — Endgr(S)
[wite ® t))(s) = Y te Te(tys) -

Then w is a S°-module map under the natural S¢-module structure on
Endg(S), and the image w(S¢) C Endg(S) is the cyclic S¢-module gener-
ated by Tr. Let

Endg(S) = S
e(n) =n(ls) -
We define the Galois different ideal to be
DG =D = {e(n) | n € w(5°) NEndg R} = e(w(S°) NEndg R .

We note that Endg R is the collection of maps R — R given by multiplication
by the elements of R, the elements of the Galois different are the maps s —
> te Tr(tes).

There is an alternate description of %! in the case that R = S¢. We
consider the twisted group ring (SG, -) which is additively the free S-module
on generators {e, | o € G} with multiplication determined by the formula

S1€5 - S2€r = $10(82)€0r-

The unit of the group is the unit of the twisted group ring, and (SG,-) is
naturally a graded module over S€. There is also a natural inclusion of as-
sociative rings (SG,-) — Endg(S) taking o = Y sge,, to the R-linear map
pa(s) = > se04(s). Of course, the element ) . e, determines the trace over
G. The Galois different is equal to the intersection of the two-sided ideal gen-
erated by ) . €, with the subring S (that is S[Idg]). Broer notes that an
extension S¢ C S is said to be Galois if the Galois different ideal is the trivial
ideal (1g), providing a rationale for the language.
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The Inverse Dedekind Different Ideal
The inverse Dedekind different ideal is defined as
(@)~ = (DQ/R)_l = {r € Quot(R) | for all s € S, Tr(rs) € R}

We note that, for every R-linear map n : S — R, there is a unique r € (D)~!
such that n(s) = Tr(rs) for all s € S. Therefore, we define the Dedekind
different ideal to be

P = D¢/ = {r € Quot(R) | r(D”)"' C R} .

Under our hypotheses, the Dedekind different is a divisorial graded ideal in S,
that is, the height of any one of its primary components is one. If, in addition,
S is a unique factorization domain, then the Dedekind different ideal is a
homogeneous principal ideal. In this case, we denote a generator by 6.

The Twisted Trace Different Ideal
Here we define the twisted trace different ideal or T-different ideal to be
T=9%,, =2 (Tx(®”)™)).

When ©P = (), we define the twisted trace to be the R-module homomor-
phism given by

s s
Tro(s) = 6 Tr(sh) .
In this case, since 2 (DS/R)_I, we do have Try(sf) € OR C S. Then we
have that
= STI‘Q(S)

The Kahler Different Ideal

Recall that J is defined to be the kernel of the multiplication map S¢ =
S®S — S. The graded S = S¢/J-module of Kdihler differentials is defined
to be

2=0gp=1J/ J?.

Recall the ideal of relations I determined by

I C Ray,az,...,a0n] 29,

We suppose that I is generated by {f1, fo, ..., fx}. For each such f;, we define

g({ldtl gy gy

dfe = Dty It
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where
of _ Ot
8tj H 6aj '

Then 2 is generated by the dt; = t, ® 1 —1®t, + J?, 1 < £ < m subject
to the relations just given and we obtain a presentation of {2 by free graded
S-modules

Fy — Fy — 25/r

where F} is of rank k and Fj is of rank m. The S-linear map between F} and
Fj is associated to the m x k matrix A with entries

of;
ot;

The Kdahler different ideal or Jacobian ideal, denoted DX = @g/R, is the
annihilator Anng(£2), in other words, the zero-th Fitting ideal of £2. We note
that ®F is generated by the determinants of all m x m-minors of A. The
elements of this theory show that the Kéhler different ideal does not depend
upon the choices of presentation or homogeneous bases.

For any m relations {f1, fo,..., fm} C Rla1,az,...,an], the Jacobian de-
terminant is defined to be

Aij =

of;

Jac(fl,an-“afm) - det( Ot

yes

and the Kéhler different ideal is the ideal generated by the Jacobians associ-
ated to the ( :1 ) m-tuples of generators of I.

Now suppose that S = Flzy,za,...,2,] is a graded polynomial algebra
on algebraically independent generators x,. We consider the presentation of
R-algebras given by

I — Rlay,az,...,an] 2> S

given by p(as) = xp. Each element r € R can be written as a polynomial

in the xy’s, that is, r = r(x1,22,...,2,), and we can construct an element
r(a) =r(ay,as,...,a,) € Rlay,asg,...,ay]. On the other hand, we can simply
consider r as a constant in R[aq,as, ..., ay]. Then the difference r(a) — 7 € I
is a relation. Therefore, for any 1 < ¢ < n we have
or(@) =) _ o) =) or(a), lr(z)
5$g aag aag afw '
This latter expression is the usual partial derivative of R as an element of
Flx1, 22, ..., 2y,]. It follows in this case that
d(r(a) —7) 9(r(a))
Jac(————) =]
ae( g ) = Jac S0,

the classical Jacobian. Further, since the relations r(a) — r generate I, we see
that X is generated by the Jacobians of the m-tuples of elements from R.
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Differents and Properties of Modular Invariant Rings

Broer has determined the inclusions of the various differents as follows.

Theorem 9.3.1. 1. We have DK C N Cc ©G C DL gnd ®N C Ann 2;
2. We have @7 Cc ©P and if D7 is a principal ideal, then D C DT;
3. If S is free as a graded R-module, then DV =D =T =P,
O

Broer’s techniques allow him to analyze how various properties of modular
invariant rings are related to properties of the differents. We recall here two
of his theorems.

First, recall that S/(R4) is said to be a Poincaré duality algebra if there
exists a non-degenerate symmetric bilinear mapping

S/(Ry) @ S/(Ry) — S/(Ry)

Theorem 9.3.2. The following statements for R C S are equivalent:

1. S/(Ry) is a Poincaré duality algebra;

2. 9N is a principal ideal;

3. 9% js q principal ideal;

4. ©P is a principal ideal and DN = DCY% = DD,

In the case of most interest for this chapter, Broer proves

Theorem 9.3.3. We assume that S = Flxy,...,2,] is a graded polynomial
algebra with deg(xy) > 0 for all £ = 1,2,...,n. We consider the extension
R C S as in this section. Then the Dedekind different ®P = () is principal,
and the following statements are equivalent.

1. The ring R is also a polynomial algebra;

2. S is free as graded R-module;

3. S/(R.) is a Poincarduality algebra;

4. Either 9% or ®N or % equals ©P;

5. We have DK = DN = DGl = T = D,

6. There exists {f1, f2,- .., fn} such that > deg(fe¢) — deg(z¢) = deg() and
0 7é Jac(flvav . '7fn)7.

7. There exists {f1, fo,..., fn} such that R =T[f1, fa,..., fn].
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Invariant Rings via Localization

In some circumstances, it is possible to study a ring of invariants through
a well-chosen localization. In this chapter, we give some instances of this
technique.

Let R be a finitely generated algebra which is a domain. Recall that Ry
denotes the localization of R with respect to the multiplicative set generated

by f.

Proposition 10.0.1. Suppose that B is a subalgebra of R and that f1, fo is
a regular sequence in B such that By, = Ry, and By, = Ry,. Then B = R.

Proof. Take h € R. Since R C Ry, = By, we may write h = by/f]" and
h = ba/ fi* for some by,by € B and n,m € N. Therefore, by f5* = by f{*. Since
f1, f2 is a regular sequence in B, so also is f{*, f3*. This implies that by = bf3"
for some b € B. Thus h = bf3"/f* = b lies in B. O

Lemma 10.0.2. Suppose that B is a subalgebra of R and I is an ideal of R.
IfI C B and f € VIN B, then By = Ry.

Proof. There exists m € N such that f™ € I. Take h € Ry and write h = r/f*
with r € R. Then 7f™ = hf**™ € I C B and h = rf™/f**™ € B;. O

Theorem 10.0.3. Suppose B is a subalgebra of F[V|E containing the image

of the transfer, Im Te¢ C B. Let f1, fo € VImTr® N B be two elements such
that fi, fo is a reqular sequence in B. Then B = F[V]C.

Remark 10.0.4. Suppose that B is a subalgebra of F[V]¢ containing the image
of the transfer. Further, suppose that f; and f> are non-associate primes of

B lying in VImTr®. A relatively routine calculation shows that fi, f» is a
regular sequence in B and so B = F[V]¢.

Remark 10.0.5. Let F denote the algebraic closure of F and consider V :=
F® V. By Theorem 9.0.10, we have that v/ Im Tr® consists of those invariant
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polynomlals in F[V] which vanish on the subvariety V of V defined by V =
e V7 where X consists of all the elements ¢ of G of order p. Thus given

an element f € F[V]%, we may check that f € vV ImTr® by verifying that f
vanishes on V' for every element o € G of order p.

We illustrate Theorem 10.0.3 by using it to compute (again) the ring of C,,
invariants, F[2 V5]¢?. Let ¢ be a generator for Cp. Choose a triangular basis
Y2, T2, Y1, 21 for (2V2)* with o(y;) = y; + x; and o(x;) = x; for i = 1,2. We
use the graded reverse lexicographic order on F[2 V5] with 21 < y; < 23 < y2.
We take N; = N(y;) = yP — 2P 'y, for i = 1,2 and u = xpy; — 2192. Let B
denote the ring B = F[x1, 2, u, N1, Na|. We will use Theorem 10.0.3 to show
that F[2 V5] = B.

We begin by verifying that Im Tr“» c B.

Lemma 10.0.6. Let 0 < a,b<p—1and pute:=a+b— (p—1).

0, if e < 0;
T (yfys) =  —uP~! — (w122)P 1, ifa=b=p—1;

—1-b, p—1— :
— (@)™ b e, otherwise.
e

Proof.

3
L

T (yiyh) = (y1 + k1) (yo + kao)®

a b

b

kigt a i k] J b J

> (3wt 2 ()

k=0 =0 7=0

a b a b ) 4p—1

S (5) (0)aturtut o
J k=0

i=0 j=0

11
= o

By Lemma 9.0.2, S0~ kit is zero unless i+ j =p—1ori+j=2(p—1) in
which case this sum is -1. Therefore, Tr” (y¢44) = 0 if a+b < p—1. Moreover,
ifp—1<a+b<2(p—1), then

T (yiys) = ( )(p )miy‘f T Ty
- a b i a—i p—1—i b—p+1+i
== Z i 1) zh Y2
i=p—1—b P

a+b—p+1 a b
o p—1—b+t a+b—p+1—t b—t ¢t
= — L Y1 Lo Y2
- <p—1—b+t)<b—t>

t=
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a+b—p+1 a b
p—1—-b _p—a-—1
= —T xT
! 2 ( ; (p—l—b+t>(b—t>

191

—1- —a—1 b e—t, e—t
Z( —l—b—f—t)(b t'rlyl x5y -

Wilson’s Theorem asserts that (p — 1)! = —1 (mod p) and Lucas’ Lemma
gives (77") = (—1)* (mod p). Using these two facts we get

t a+b—p+1—t b—t—p+l+4a t
1Y ) Ya

(p—lcib—&—t)(l;) - (p—l—b—i—t)!(z!—&-b—p—i—l—t)! t!(bb!—t)!

a! b!

T -0t (p—1-b+t)! (-1

_ald! (p—1)!

o(e=t)t (p—1—b+t)(b—1t)
a! b! bt

= oY

B _(emi)!!t!(_l)b(_l)t

B , ald! (p—1)

T T le=n (p—1—=0b)'d!
. alb! 1

=D (e—t)t! (p—1—1b)ldl

()t a! b!

= (1) (p—1—0b)! bl(e—t)e!

~ (1)t al el

(p—1-=0)le! (e—1t)l!

=)

Therefore, for p—1 < a+b < 2(p— 1) we have
€
T o) = —at e S (atat s
t=0
— _( >l‘1 1-b 12) afl(ny1 —xlyQ)e

a
e
a —1-b_p—a—1
- b 7 VA
o)1 Ta

Fora=b=p—1, we get one extra term corresponding to i+j = 2(p—1)

which does not vanish. Thus Tr® P(yy™ 1y§ 1) = —uP7l — (zy29)P7 L. O
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Using Lemma 10.0.6, we can see that Tr" (F[2V5]) C Flzy, 2o, u, N1, Na]
as follows. The four invariants x1,xs, N1, No form a homogeneous system of
parameters for F[2V3]. Taking H = F[z1, 22, N1, N2] we have the Hironaka
decomposition F[2Va] = @Py &P} Hyfyh. Since Tr is H-linear, we see
that Tr (F[2 Va]) € P20 SSP 0 H - Te% (y¢ub) < Flay, w2, u, N1, No).

Lemma 10.0.6 also shows that z1,z2 € VImTr” since Tr(yf_l) = P!
and Tr(y2 ™) = 257",

To use Theorem 10.0.3 to show that F[2 V5]“» = Fzy, x5, u, N1, Ny, it only
remains to show that xo,x; is a regular sequence in B = F[x1, z2,u, N1, No|.
We begin by noting that x1,x2,u, N1, Ny is a SAGBI basis for B. This is
clear since LT(z1) = z1, LT(x2) = ma, LT(u) = xay1, LT(N;) = 3¢ and
LT(N3) = y%. Thus the only non-trivial téte-a-téte difference is u? — x5 Ny
which subducts to zero via u? — 25Ny + i Ny — (z122)P~u = 0. In fact, we
already found this SAGBI basis in Example 5.1.9.

To see that xo, 21 is a regular sequence in B, we suppose that x1g9 = x2h
for some g,h € B. Then z; divides LT(h). We need to show that x; divides
h in B. This follows from the following lemma.

Lemma 10.0.7. Suppose B is a SAGBI basis for a ring B C Flx1, 9, ..., xy)
with respect to a graded reverse lexicographic term order with x1 < xz; for all
i=2,3,...,n. Further, suppose that x1 € B and that x1 is the unique element
of B whose lead term is divisible by x1. Let f € B. If 1 divides LT(f), then
x1 divides f in B.

Proof. Assume that the result is false. Then there exist elements f € B
whose lead term is divisible by z; but for which f/x; ¢ B. Choose such
an f with minimal lead term. Since B is a SAGBI basis for B, we may write
LT(f) = LT(21)® LT (g1)* LT(g2)* - - - LT(gs)** where 21,91,92,...,9s € B
and ej,es,...,es are non-negative integers. Since z; divides LT(f) and x4
does not divide LT(g;) for i = 1,2,...,s, we must have ¢y > 1. Define
fr=f—a5°g{ g% - g5=. Then LT(f') < LT(f). Since we are using a graded
reverse lexicographic ordering with x; small, this implies that x; divides
LT(f’). Then by the minimality of f we see that b’ = f'/x; € B. But then
f =z (250 g1 gS2 -+ - g% + R') is divisible by z in B. O

An important application of the above lemma is in combination with the
following proposition.

Proposition 10.0.8. Let A = F[fy, fa, ..., f-] C F[V]E. Suppose

1. F[V] is integral over A;

2. Quot(A) = F(V);

3. There exists h € A such that hA is a prime ideal of A and Ay, is a unique
factorization domain.

Then A =TF[V]9.
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Proof. By [6, Lemma 6.3.1, p. 73], hypothesis (3) implies that A is itself a
unique factorization domain and is therefore by Proposition 3.0.2 integrally
closed. Let f € F[V] be arbitrary. By (2), f lies in Quot(A). Then (1) implies
that f is integral over A and since A integrally closed, f € A. Therefore
A =T[V]°. O

Verifying the first hypotheses of Proposition 10.0.8 is usually easy as all
we need to do is ensure that A contains a homogeneous system of parameters.
Verifying the second hypothesis is a little harder but the following result due
to Kemper, [64, Cor 1.8], is often applicable or by the use of Theorem 4.3.4.

Proposition 10.0.9. Let f1, fa, ..., fn be n algebraically independent homo-
geneous polynomials over a field K. Then the degree of the field extension

K(zy,@2,...,2,) : K(f1, f2, ..., fn)] is at most [[,_, deg(fi).

Corollary 10.0.10. Let f1, fa,..., fn € K[V]® be algebraically independent
homogeneous invariants. If [],_, deg(fi) < 2|G|, then K(fi, f2,...,fn) =
K(V)€.

Proof. Since K(f1, fo, ..., fn) CK(V)¢ CK(z1,29,...,2,), we have

21G| > ] des( )

> [H;(xhx%'-wxn) cK(f1, fo, -, fu)]
= [K(z1, 22, ..., 20) : KV [K(V)E : K(f1, for -, fn)]
= |G| ) [K(V)G : K(fl?f%' . 7fn)]

Thus [K(V)G : K(fh f2, ey fn)] < 2. O

Verifying the third hypothesis of Proposition 10.0.8 is generally much
harder than verifying the first two hypotheses. In particular, it is hard to
show that the element A is prime in the ring A which is usually given by
specifying a set of generators for A. One way to do this however is when the
invariant h is x1. If a SAGBI basis for A with respect to grevlex, with x
small, is known, then Lemma 10.0.7 can be used to show that the principal
ideal z1 A is a prime ideal of A. We illustrate this with a simple example.

Ezample 10.0.11. We return to the 4 dimensional representation of C,* con-
sidered in Section 8.2. This representation is given by

1000
0100
G= welo |a,b,ceF,

cb01

Let {x1,x2,y1,y2} be the basis of V* dual to the standard basis of V. We
will use the graded reverse lexicographic ordering with z; < 22 < y1 < yo.
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One may verify that the following functions are G-invariants:

1
Z2

h=2a(yh — o5 yo) + a1y} — 2} y) = @2y + .

2
fr=Ng )=y +...
G P’
fo=Ng, (y2) =15 +...

We will show that F[V]% = F[xy, 2, h, f1, f2] by applying Lemma 10.0.7 and
Proposition 10.0.8. We seek a SAGBI basis for F[V]%. Accordingly, we consider
the lone téte-a-téte among 1, z2, h, f1, fo which is h? — 28 fo. We perform the
subduction of this téte-a-téte and obtain

p
W —abfo —alfy —hY (@7 eyt =0,
j=1

Thus {z1, 2, h, f1, f2} is a SAGBI basis for the algebra A := F[z1, x2, b, f1, f2]
which they generate. Since LT (z1) = =1, LT(z2) = 22, LT(f1) = yfg and
LT(f2) = yg2, we see by Lemma 6.2.1 that x1, x2, f1, fo forms a homogeneous
system of parameters and so F[V] is integral over A.

Since the lead terms of z1,x9,h, fi are algebraically independent, so
are these 4 polynomials themselves. Applying Corollary 10.0.10 we see that
F(xl, ZTo, h, fl) = F(V)G

By Lemma 10.0.7, we know that Ax is a prime ideal of A. Furthermore,
from the subduction of the téte-a-téte above, we see that f1 € Flzy, 22, h, fo]s,
and therefore, A,, =F[x1, xa, h, f1, fo]ay =F[z1, 22, h, f2]s,- Since Flxy, x2, h, fo]
is a polynomial ring, this implies that A,, is a unique factorization domain.

Applying Proposition 10.0.8 we see that F[V]|® = A = F[zy, x2, h, f1, fol.
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Rings of Invariants which are Hypersurfaces

As we have seen, we seek to characterize those representations V' of groups G
whose rings of invariants are well-behaved. The best behaved rings of invari-
ants, K[V]9, are those which are polynomial rings, that is, K[V]¢ is generated
by dim(V') many invariants. A slightly less well behaved class of examples is
provided by those rings of invariants which are hypersurfaces, that is, K[V]¢
is generated by dim(V') + 1 many invariants. Those representations with this
property have been extensively studied in characteristic 0 by Nakajima [84].
Less is known for modular groups. When G is a Nakajima group with max-
imal proper subgroup H, the following proposition shows that the ring of
H-invariants is a hypersurface (or a polynomial) ring,.

Proposition 11.0.1. Let R be an integral domain of characteristic p and
suppose the finite group G acts faithfully on R. Suppose H < G is a mazimal
proper subgroup of index k < p. Let 0 € G\ H. If there exists y € RY such
that x := (0 — 1)y lies in R® and such that the set (o — 1)RH lies in the
principal ideal of R generated by x, then RY = RC[y].

Proof. Since the group H is a proper subgroup of G, the field Quot(R)% is a
proper subfield of Quot(R) (in fact, the degree of the extension Quot(R)¢ C
Quot(R)™ is |G|/|H|) and thus the ring R is a proper subring of R¥. Thus
there exists f € R \ RY. Since G is generated by H together with o, we see
that (¢ — 1)f is a non-zero element of R which is divisible by z. This shows
that = # 0 and hence that ¥ is not G-invariant. Therefore, y ¢ Quot(R)“. By
the maximality of H in G, this implies, using Galois Theory, that

Quot(R) = Quot(R)%[y] = &4 Quot(R)y/ .
We will will show, using induction, that for every non-negative integer m,

R0 Quot(R)y = R n > R .
1=0 1=0

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 185
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For m = 0, we need to show that R N Quot(R)¢ = R” N R%, i.e., that
R” N Quot(R)Y = RC. Clearly, R C RY N Quot(R)¢. Conversely, if h €
RT N Quot(R)“, then h is an element of R which is fixed by G and thus
h € RC.

For the general case, m > 1, we choose a set of left coset representatives,
denoted G/H, for H in G. Consider the polynomial

Fity= [[ (t—9)=t"+ fusst"* "+ + fo € R[] .
geG/H

One of the roots of F(t ) is the element y since one of the coset representatives

lies in H. Therefore, y* € Zk ! RGy

First, we consider the cases m < k. Take f e RENYT Quot(R)“y".
Write f = 31" fiy® where f; € Quot(R)“. Since (o —1) f lies in the principal
ideal of R generated by x, we may write (o — 1) f = xf’ where f’ € R. Thus

m

af =(e-1)f=(@-1)Y fu) = olfis) = f/
i=0 =0 =0
=) =Y
=0

_g m—1 m—1
= mfmy™" x+z< )f Yer I+ fily+a) =) fyt
=0

i=0

Thus zf" = mfry™ 'z+w wherew € > " Quot( )¢yt Since z € RY, this
shows that f’ = mf,y™ ! 4+ w/z lies in Zi:o Quot(R)%y". Therefore fle
Quot(R)“[y]NR = Quot(R)TNR = R”. Hence f' € RTNY.", ' Quot(R)Cy!
and thus by the induction hypothesis, f € > /" ' RGy.
Since
Quot(R)" = ®i; Quot(R)“y’

and since m < k, we see that {1,y,%2,...,4™ 1} is linearly independent over
Quot(R)“ and thus

Therefore, mf,y™ ' = f —w/x € RE™ ! and thus mf,, € R®. But
m < k < p implies that m is invertible in R and thus f,, € R®.
Now the induction hypothesis applied to the element

m—1
f=tmy™ =Y fiv/
=0

show that it lies in
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m—1
R0 " RYY
i=0
and therefore, f € 321" R%y*, as required.

Thus we have shown that R N Quot(R)%[y] = R N R%[y]. Combining
this with Quot(R)“[y] = Quot(R) gives R NQuot(R)? = RENR%[y), i.e.,
RH = RC[y]. This completes the cases m < k.

For the cases m > k, we utilize the fact y* € Zi:ol R%y" which we showed
above. Using this we have >;" ) RSy’ = Zf:_ol Ry’ and >°1"  Quot(R)%y’ =

1=

Zf;ol Quot(R)%y?. Thus for m > k, using the induction hypothesis, we are
done. O

The prototypical example of Proposition 11.0.1 is the action of C}, on 2V;
given in §1.12.

Proposition 11.0.2. The hypotheses of Proposition 11.0.1 imply that H is a
normal subgroup of index p in G.

Proof. Define z := y? — 2P~ ly. It is easy to verify that z is fixed by ¢ and
thus 2 € R®. Consider the polynomial F(t) := t? — 27~ — z € RY[t]. Note
that for every k € F,, we have F(y + kx) = (y + kx)? — 2P~ (y + kz) — 2 =
yP + kPxP — P ly — kaP — 2z = yP — 2P~y — 2 + kP — kaP = 0. Thus
F(t) = Hi;é(t — (y+ kx)). Since F(t) is G-invariant (having declared that G
fixes t), we see that each element g € G must permute the factors of F' and
hence also the roots of F. Thus for each g € G, there exists k € IF,, such that
9(y) =y + kz.

We define ¢ : G — F,, by ¢(g9) = (9(y) — y)/z. Note that for ¢1,92 € G,
if g1(y) =y + kiz and g2(y) = y + ko, then (9201)(y) = g2(91(y)) = g2(y +
kix) = g2(y) + krz = y + kox + kyz. Thus ¢(g291) = ¢(g2) + ¢(g1) and thus
¢ is a group homomorphism.

Since y ¢ RY, we know that ¢(c) # 0 and thus ¢ is a surjective group
homomorphism. Furthermore, since y € R¥, the subgroup H lies in the kernel
of ¢. But since H is a maximal proper subgroup of G, this means H is the
kernel of ¢. Therefore, H is a normal subgroup. Finally, since the index of the
kernel of ¢ equals the cardinality of the image of ¢, we see that the index of
H is |F,| = p. ]

Example 11.0.3. This example illustrates the use of Proposition 11.0.1. It is
also interesting as a simple example of a reflection group whose ring of in-
variants fails to be a polynomial ring. Let F denote a field of characteristic p
containing an element e satisfying e — ¢ = 1. For example, if € — e = 1, we
could take F = F[e], a field of order p”.

We consider the representation generated by the three reflections

1000 1000 1000
s fatoo) o Jotoo) o100
“loot1o|” T loo1o]'7 Tloo010

0001 0011 10e1l
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with respect to the standard basis of V. We let {ya, 2, y1, 21 } denote the dual
basis of V*.

We denote by H the group generated by {«, 3,v} and define G to be the
group generated by {«, 3,7v,0} where

1000
. |o100
0010
1001

Then G is a Nakajima group and we will use Proposition 11.0.1 to show that
H has a hypersurface as a ring of invariants.

Further, we let K denote the group generated by {a, 8}. Then K = C, xC,,
and as in §1.12, we have F[V]X = Flzy, y? — 22 'yy, 20,48 — 25 ).

We define Y] := ¢} — xpflyl, X =(y—-1)Y, = (e —e)al =2, Vs :=
ygfxp71y2 and Xy := (y—1)Yo = xf—zé’*lxl. Then F[V]X = F|Ys, 20, Y71, 21].

We will compute F[V]# = (F[V]¥)H/K by applying Proposition 11.0.1 to
R = F[V]¥ and the index p subgroup H/K of G/K.

Since o fixes z1,y; and z9 and o(y2) = y2 + x1, we see that o fixes X;,Y;
and X, and o(Y3) = Yo+ (af —ah'x,) = Ya 4 X,. Therefore, applying (o —1)
to an arbitrary monomial m = 29V 232Y2? of R gives

(01— m = 2V (01 — 1)Y3?
= o agyl (Yo + Xo) — V32

b
b . .
a3 ()

Jj=1

Thus (o7 — 1)m is always divisible by X5 and therefore X5 divides (o1 — 1) f
for all f € R.
Defining 7 by v = 70 gives

1000
. o100
7 = 1loo10

00e€el

Then 7 fixes yo, z2 and z1 and 7(y1) = y1 + ex1. Therefore, 7 fixes Ys, X5 and
X1 and T(Yl) = Yl + (€p — 6)(E11) = Y1 —‘rl'}l) = Yl +X1

Working with 771 = 77~ we find as above that (7=! —1)m is divisible by
X, and thus X; divides (7=t —1)f for all f € R.

Let f € R be arbitrary. Then 7o(f) = f. Thus o(f) = 771(f) and
therefore (¢ — 1)f = (77! — 1)f. Hence X, divides (0 — 1)f in R and
also X divides (0 —1)f = (r=! — 1)f in R. Since R is a unique factor-
ization domain, this implies that the least common multiple X3 X5/ =
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2Pz — 2571 of X; and X, divides (0 — 1)f in R. Thus all the hy-
potheses of Proposition 11.0.1 are satisfied and we may apply the Propo-
sition and conclude that R*/K = RG/K[h] where h is any element of R
such that (o0 — 1)h = 22(2~" — 257"). For example, we may take h =
(XoY1 — X1Ya)/ay = (2" — b ")y} — af ') — af 7 (4 — 2§ 'yo). Thus
FIV)H = (FV)S)H/K = RG/K[p) = (F[V]¥)S/K[h] = F[V]C[h]. Hence we
have reduced to computing F[V].

We may easily find the ring of G-invariants since G is a Nakajima
group. We find that F[V]® = F[zy,x2, f1, f2] where fi = N(y;) = Y —
XYy o=yl = ah Py =l P+ ad My and fy = N(o) = Y -
X0y, = y§2 —x’;_pyg— (28 —z12h )P (42 — b y2). Therefore, F[V]H =
Flx1, z2, f1, f2,h] where h = xpfly’f — byl — x§p72yf + zﬁ’flxé’*lyl -
a:pflyg + 2" zpflyg.

Furthermore, from the C), representation 2V, we know that U? — Xg Ny +
X]Z_)NQ — (Xle)pflU = 0 where U = X2Y1 - X1Y2 = h!l?l, N1 = f1 and
N5 = fy. Therefore,

0=U"— XPfi + XPfy — (X2 Xo)P~1U
= (ha1)? — (2} — 212b P f1 + (@) f2 — (2)P7 (2} — wy2h )P~ (hay)

2 2
el G S L I o S P e € S T L
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Separating Invariants

The original and possibly most important use of invariants is to detect whether
two mathematical objects are equivalent under some transformation. For ex-
ample, given two matrices, we may wish to decide whether or not they are
conjugate. If their eigenvalues differ, then they cannot be conjugate. In other
words, the eigenvalues serve to partially distinguish non-conjugate matrices.
Separating invariants typically play a similar role.

We note that much of the material in this chapter is valid in characteris-
tic 0. This topic has generated much recent interest, see the book of Derksen
and Kemper, [26, §2.3.2, p. 54 and §3.9.4, p. 119], and thesis and papers of
Dufresne, [30] and [31], the papers of Kemper, [66], and Draisma, Kemper and
Wehlau, [29].

Definition 12.0.1. Let S C K[V] and let u,v € V. We will say that u and v
are S-equivalent if f(u) = f(v) for all f € S.

It is clear that S-equivalence is an equivalence relation on V and also
(via restriction) on V. A trivial example is obtained by taking S = K[V] in
which case the equivalence classes in V are the individual points of V. At the
opposite end of the spectrum, if we take S = K C K[V]%, then all of V is one
S-equivalence class.

Remark 12.0.2. Note that if S is any subset of K[V] and R = K[S] is the
subalgebra of K[V] generated by S, then S-equivalence and R-equivalence are
the same equivalence relation.

For our purposes, the most important example is S = K[V]G.

Theorem 12.0.3. Let G be a finite subgroup of GL(V) where V' is an n di-
mensional vector space over the field K. Then u,v € V are K[V]%-equivalent
if and only if u € G -v.

Proof. Of course, if f(u) # f(v) for any f € K[V], then u and v cannot lie in
the same G orbit (since if v = o-u then f(v) = f(ou) = (671(f))(u) = f(u)).

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 191
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Conversely, suppose u,v € V are K[V]%-equivalent. Assume, by way of
contradiction, that u ¢ Gu. Then by Corollary 2.1.3, there exists f € K[V]
such that f(u) = 0 and f(ov) = 1 for all ov € Gu. Define h := NY(f) €
K[V]“. Since f divides h, we have h(u) = 0. Thus 0 = h(v) = [[,cq(0f)(v).
Hence there exists ¢ € G with 0 = (of)(v) = f(o0~v) contradicting the
definition of f. a

Note that the hypothesis that G be finite is required in the above theorem.
For example, if we consider the subgroup C* = GL(1,C) acting on the line
V = C, then it is clear that C[V]® = C. Thus there is a single C[V]° -
equivalence class. However, there are two orbits in V: one consisting of the
origin and a second consisting of all other points of V.

Remark 12.0.4. If G is a reductive group over an algebraically closed field
K, then it can be shown that u and v are K[V]%-equivalent if and only if
the topological closures of their orbits G - v and G - v in V have non-empty
intersection.

Theorem 12.0.3 shows that we may detect whether two points v,w € V
lie in the same G orbit by evaluating invariants on the two points. Indeed, by
Remark 12.0.2, if fi, fo, ..., f» is a generating set for K[V]¢ then u and v lie
in the same G orbit if and only if f;(u) = f;(v) for all i =1,2,...,r.

Suppose now that fi, fa,..., fr is a minimal generating set for K[V]€.
The question arises whether it is necessary to verify all r of the equations
filu) = fi(v) for ¢ = 1,2,...,r in order to be certain that v € G - u. The
answer to this question is almost always no.

Ezample 12.0.5. Let K be any field and suppose that the integer n > 3 is
invertible in K. Let ¢ be a primitive n*® root of unity in K and let G denote
the subgroup of GL(V) generated by o~! = <g 2) Clearly, G is the cyclic
group of order n. If {z,y} is the basis of V* dual to the standard basis of V'
then o(z) = ¢ 'z and o(y) = £ 1y. It is easy to see that K[V]¢ is minimally
generated by the n+1 monomials 2™, 2" 1y, ... zy" !, y™. However, the values
of the three monomials ™, " 'y, y™ alone suffice to determine whether two
points lie in the same orbit.

To see this, consider any two points u = (uj,us) and v = (vq,v3) € V.
Suppose that 2™ (u) = 2™ (v), 2" ty(u) = 2" ty(v) and y"(u) = y"(v). We
consider the two possibilities: 2™ (u) = 0 and z™(u) # 0. If 2™ (u) = 0, then u
lies on the z-axis which consists of two orbits: the origin and the set {(a,0) |
a # 0}. The value y™(u) = uj = y™(v) distinguishes in which of these two
orbits the points u and v lie. Thus we have seen that if 2™ (u) = 0, then the
pair of invariant monomials z™ and y™ suffice to determine whether v and v
lie in the same G-orbit.

Next, consider the case where 2" (u) # 0. In this case, u; # 0 and thus
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(up ™ up)’
(uf)=
xnfly U 7 znfly v ) i ni
_ @) @O
2" (u) z"(v)
for all i+ = 2,3,...,n — 1. Therefore, by Theorem 12.0.3, v and v lie in the
same G-orbit.

Definition 12.0.6. Let G be a subgroup of GL(V') where V is an n dimen-
sional vector space over the field. We say that a subset S C K[V]¢ separates
if S-equivalence and K[V]%-equivalence are the same equivalence relation on
the points of V.

i, n—i n—i __

'y (u) = ujuy

It is easily seen that the following is an equivalent definition.

Definition 12.0.7. A subset S C K[V separates if for all u,v € V, we have
the following: if there exists an invariant f € K[V]® with f(u) # f(v), then
there exists h € S with h(u) # h(v).

Theorem 12.0.8. Let G be an arbitrary (possibly infinite) group of automor-
phisms of K[V]. There is a finite separating set S C K[V]©.

Proof. We consider the ideal
J=(f®l-1®f|feK[V]° cK[V]ek K[V].

Since the ring K[V] @k K[V] = K[V & V] is Noetherian, every generating set
for J contains a finite generating set. Thus there exist

f17f27"'af77l EK[V}G
such that
J=(fi®l-1@f,[01-1® fo,...,fm @1 =1® fin).

We will show that S = {f1, f2,..., fm} is a separating set. Let u,v € V
and suppose there exists f € K[V]¢ with f(u) # f(v). Write f®1—-1® f =
Yt 9i(fi®1-1@ f;) with g; € K[V] @ K[V].

Define an algebra homomorphism

m:K[V] @k K[V] — K
g&h = g(uh(v) .
Then
0F# flu) = flo) =n(f®1-11f)

™ (Zgi(fi ®1- 1®fi)>

1=

—_

m(g:)(fi(u) = fi(v)) .

1

m

(2

Therefore, there exists ¢ such that f;(u) # fi(v). O
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Ezample 12.0.9. Consider the action of C), = () on V = mV;. As usual, we
choose a triangular basis {z1, y1, 2, Y2, - - -, Tm, Ym } for V* with o(y;) = yi+a;
and o(x;) = x; for all i = 1,2, ..., m. Generators for this ring of invariants are
given in Theorem 7.4.1. Here we will show that S is a separating subalgebra
where S is the subalgebra generated by the following invariants:

l.x;fori=1,2,...,m.
2. N (y;) :yf*xfﬂyi fori=1,2,...,m.
3. uiy = wjy; — wy; for 1 <i < j <m.

Suppose then that v,w € V and that f(v) = f(w) for all f € S. Write
zi(v) = ai, yi(v) = b , zi(w) = o; and y;(w) = B; for i =1,2,...,m.

First we consider the case where z;(v) = x;(w) =0 for all4 =1,2,...,m.
Then N;(v) = N;(w) implies that b7 = 7 for all i. Thus 0 = b¥ 3% = (b;— ;)P
and therefore y;(v) = y;(w) for all i = 1,2,...,m. Thus v = w.

Thus we may assume that zx(v) = xp(w) # 0 for some k with 1 < k < m.
Let W denote the k" copy of V5 (with basis dual to {x, yx}). Since F[W]¢ =
Flxg, N (yi)], we see that the two invariants x; and N (y;) separate C,
orbits on W. In particular, since ar = a4 and by, = (i, there must exist ¢ with
0 < ¢ < p—1such that (ag,by) = o - (o, Br) = (ar, Bx — La,).

Now u;i(v) = uji(w) for all j # k (where for ease of notation, we define
ujk = —ug; if j > k). Thus a;jby —arb; = o B —axG;. But using by, = B, — Loy,
we see that a;(8r — o) — arb; = B — axf;. Thus Lojor + arb; = arf;.
Therefore, ay(b; — ; + fa;) = 0. Since oy, # 0 this yields b; = §; — Loy for
all j # k. Therefore, v = o‘(w) € Cpw.

If G is finite, we can give a constructive proof of Theorem 12.0.8. Suppose
G is a finite group of automorphisms of K[V].
Consider the polynomial

n

F(t,2):= [[(t =Y o(x:)2") € KV]9[t, 2]

ceG i=1
Theorem 12.0.10. The coefficients of F(t,z) form a finite separating set.

Proof. Suppose that each coefficient of F(t, z) takes the same value at u as
it does at v. Then F(t, z)(u) = F(t, 2)(v) in the unique factorization domain
KI[t,z]. Since t — >, x;(u)z" is a factor of F(t, z)(u), it must also be a factor
of F(t,z)(v). Therefore, there exists 7 € G such that ¢t — Y1 | z;(u)2" =
t—>1  (T-x;)(v)2". Hence Y1y i (u)z' = Y1 (7-2;)(v)z" and thus z;(u) =
xi(t71-w) foralli =1,2,...,n. Hence u =7 1(v) € Gu. O

Corollary 12.0.11. If G is a finite subgroup of GL(V') then there exists
a finite separating set S = {f1, fa,.-., fm} with deg(f;) < |G| for all
i=1,2,...,m.

Proof. The coefficients of F(t,z) separate and have degree at most |G|. O
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12.1 Relation Between K[V]¢ and Separating
Subalgebras

In this section, we prove a number of results that show that each separating
subalgebra is closely related to the full ring of invariants.

In [87, Lemma 3.4.2], the following result is proved for G' any geometrically
reductive group. Here we suppose G is finite.

Lemma 12.1.1. Let G be a finite group and let R be a K-algebra equipped
with a G-action. Suppose fi, fa,...,fs € RE and consider the ideal I =
(fi, fas---y fs) of RE.If f € (f1, fa, ..., fs)RNRC, then there exists a positive
integer t such that f* € I.

Proof. The proof is by induction on s. If s = 1, then we may write f = f1h for
some h € R. Since both f, f € RY, it follows that f = fio(h) for all o € G.
Thus [[,cq f = [I,cq fro(h) and therefore fI¢ = fl‘G‘N(h) € f1iRC.

Now assume s > 2 and that the result is true When_I has s — 1 gen-
erators. Write R = R/fsR and for h € R, denote by h the image of h
in R. Take f € (f1,f2,...,fs) RN RE. Then f € (f1, fa,..., fs—1)RN Y.
Thus by our induction hypothesis, there exists a positive integer ¢ such that
7 el=(F, E,...,ﬁ)ﬁc. Hence we may write f' = Y7 | fih; where
hiha.....hs € R and By ha,... ooy € R . Therefore ft — S5} fih; =
fohs and f* — 3577 fio(hy) = fso(hs) for all ¢ € G. Hence [[,.q(f" —
Sint fio(h) = peq fso(hs). Thus f161— €N (h,) € (i, o, fom1) RN
RC. Applying the induction hypothesis again, there is a positive integer v
such that (f16 — fI°'N(R))Y € (f1,fo,..., fo_1)RE. Therefore fHGIv €
(f1, f2,---, fs)RC. a

Theorem 12.1.2. Suppose that S C K[V is a graded separating subalgebra.
Then K[V]% is integral over S.

Proof. Let I = S - K[V] denote the ideal of K[V] generated by S; and let
J = K[V]§ - K[V] denote the Hilbert ideal. Take any v € V(I). Since S is a
separating set and since h(v) = 0 for h € Sy, it follows that f(v) = 0 for
all f € K[V]§. Thus v € V(J). Hence V(I) C V(J). Therefore v/J C V1.
In particular, K[V]§ € VI NK[V]®. Take f € K[V]¢. Then, by the above,
f € V/I. Therefore, there exists a positive integer m such that f™ € INK[V]C.
By Lemma 12.1, there is a positive integer ¢ with f™* € S,K[V]“. This
implies that the ring K[V]%/S;K[V]¢ has Krull dimension 0 and thus this
ring is a finite dimensional K vector space. Therefore by the graded Nakayama
lemma 2.10.1, we see that K[V]% is a finitely generated S-module. This implies
that K[V]¢ is integral over S. O

In particular, we have the following result.
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Corollary 12.1.3. If S C K[V]% is a graded separating subalgebra, then
dim S = dim K[V]¢.

Remark 12.1.4. Tt is possible to show (see [30][Corollary 3.2.5]) that the hy-
pothesis that S be graded is not required for the proof of Corollary 12.1.3
provided that G is reductive.

Note that the converse of Theorem 12.1.2 is not true as the following
example shows.

Example 12.1.5. Consider the two dimensional representation of the trivial
group, G = {e} over a field K. Take S = K[z,4?, 2%y] C K[V]¢ = K[z,y].
Since y = (2?y)/(x)? € Quot(S) and since y satisfies the monic equation T2 —
y? € S[T), we see that y lies in the integral closure of S. Hence K[z, y] = K[V]¢
is the integral closure of S. Consider the two points u = (0, 1) and v = (0, —1).
Since z(u) = 0 = z(v) and y?(u) = 1 = y?(v) and z2y(u) = 0 = 2%y(v) we see
that S does not separate u from v and thus S is not a separating subalgebra.

Theorem 12.1.6. Suppose G is finite and S C K[V]Y is a graded separating
subalgebra. Then the field Quot(K[V]) is a finite purely inseparable extension

of Quot(S5).

Proof. Dual to the inclusion ¢ : S — K[V]¢ is the morphism ¢* : VG —
Spec(S). In terms of ideals, this map is given by ¢*(P) = PN S for a prime
ideal P € VJ/G = Spec(K[V]%). Since ¢ is injective, ¢* is dominant, i.e., its
image is dense in Spec(.S). We claim that ¢* is also injective.

First, we show it is injective on maximal ideals. Take two different maximal
ideals I and J of K[V]¥. The ideals I and J have height n = dim V. Hence
both Vi#(I) and Vi#(J) are zero dimensional subvarities of V, i.e., both these
varieties consist of a (non-empty) finite set of points of V. Write Vi-(1) =
{a1,az,...,as} and Vi-(J) = {b1,b2,...,bs}. Since S separates, there exists
fi € Swith f;(a;) # fi(b1) foralli =1,2,...,s. Define f := [[_,(fi — fi(a;))-
Then f € S with f(a;) = 0for all i and f(b1) # 0. Therefore, f € SNI = ¢*(I)
but f ¢ SNJ=¢*(J) and ¢*(I) # ¢*(J).

Now we use this to show that ¢* is injective. Take any two different prime
ideals P and Q of K[V]¥. Assume, by way of contradiction, that ¢*(P) =
¢*(Q). Since the prime ideals P and @ are different, there exists (without loss
of generality) a maximal ideal I of K[V]“ containing P but not containing @
(see for example [80][Theorem 5.5]).

Since ¢*(P) = ¢*(Q) and P C I we have the chain of prime ideals ¢*(Q) C
¢*(I) in S. By Theorem 12.1.2, the “Going Up” Theorem (Theorem 2.5.2 (2))
applies here. Thus there exists a prime ideal J of K[V]¢ such that Q C J and
JNS = ¢*(I). By “Going Up” and “Going Down” (Theorem 2.5.2), since
I is maximal in K[V]9, the ideal INS = J N S is maximal in S and this
implies that J is maximal in K[V]. But then ¢*(I) = ¢*(J) implies that
I = J since ¢* is injective on maximal ideals. However, Q C J and Q € I.
This contradiction shows that ¢* is indeed injective.
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By [56, Theorem 4.6], since ¢* is a dominant injective morphism, we have
that Quot(K[V]¥) is a finite purely inseparable extension of ¢(Quot(S)) hence
also of Quot(S). O

Remark 12.1.7. The above theorem is true even without the hypothesis that
S be graded. For a proof of this see [26, Proposition 2.3.10] or [30].

Definition 12.1.8. Let S be a subalgebra of K[V]. If K has characteristic p
then we define the inseparable closure or p-root closure of S in K[V], denoted

§by
S:={f € K[V]| 3t €N with f*' € S}.

For ease of notation, we define S = S when K has characteristic 0.

Proposition 12.1.9. Let S be a subalgebra of K[V]¢ and suppose that S sep-
arates. Then S also separates.

Proof. If K has characteristic 0 then there is nothing to prove. Thus we sup-
pose that the characteristic of K is p > 0. Take u,v € V and suppose that
h(u) = h(v) for all h € S. Then 0 = (h(u) — h(v))?" = h?" (u) — h?" (v) for
h € S and all » € N. Therefore f(u) = f(v) for all f € S. Since S separates
this implies that u and v are K[V]%-equivalent. Thus S separates. O

Theorem 12.1.10. Let S be a graded separating subalgebra of K[V]%. Then
S =K[V]°.

Proof. Since K[V]% is integrally closed, we know that S C K[V]®. For the
opposite inclusion, take f € F[V]¢. Then Theorem 12.1.6 implies that f?" &
Quot(S) for some 7 € N (use 7 = 0 and fP" = f if K has characteristic 0).
Furthermore, by Theorem 12.1.2, fP" is integral over S, and thus fP" € S.

Thus f € S. a
Proposition 12.1.11. Let S be a subalgebra of K[V]. Then S=3.

Proof. Take f € S. Then f € Quot(S) and f satisfies some equation z¢ +
12871+ -+ ¢9 = 0 where cg,c1,...,¢; € 5. We must show that there
exists r € N with f*" € S. Write f = a/b where a,b € S. Then there exists
¢,m € N with a?,b?" € S. Take r > max{¢,m}. Then a? ,b* € S and
P = a?" /b?" € Quot(S). Furthermore, 0 = (f* 4+ ¢, 11 4+ -+ ¢o)? =
P+ LT+ = ) L) T ) with
cgr,cﬁ’r, .. .,Cf:1 € S. Thus f? € S which means that f € S.

For the opposite inclusion, take f € S. Then there exists 7 € N with
h = fP" € S. Write h = a/b with a,b € S. Then bf?" = a € S. Thus (bf)?" =
b L(bfP") = " ~lg € S and hence bf € S. Thus f = bf/b € Quot(S).
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Furthermore, if h satisfies the monic equation 2t 4+ c;_12* "1 4---4¢¢ = 0 with
€o,C1,...,¢, €S C S, then f satisfies the monic equation 27" +¢,_; 2= 1P 4

-+« + cg = 0. Therefore, f € S. O

Remark 12.1.12. In fact, it can be shown that if S is a graded subalgebra of
F[V]¢ where F is a field of characteristic p, then S separates if and only if

S =F[V]%. For details sce [50] or [27, Remark 1.3].

12.2 Polynomial Separating Algebras and Serre’s
Theorem

The ideal J := (f@1-1®f | f € K[V]9) c K[V]®xK[V] plays a central role
in the proof of Theorem 12.0.8. We consider this ideal more carefully now.
This ideal corresponds to the reduced scheme having the same underlying
topological space as V' Xy /g V. Following Dufresne we call this the separating
scheme and denote it by Sg. Thus

Sc = Spec(K[V] @kpyie K[V]) .

We consider the map 6 : K[V] — K[V] @k K[V] defined by §(f) = f®1—
1 ® f. For any subalgebra B C K[V], we have

and in particular,

K[V] @xpyie K[V] K([(‘s’(ﬁﬂi}ﬂg)[gf} _ KV @jIK K[V]

Theorem 12.2.1 ([30] Theorem 3.2.1). Let B be a subalgebra of K[V]°.
Then B is a separating subalgebra if and only if \/(6(B)) = v/(§(K[V]Y).

Proof. We will exploit the fact that the radical of any ideal I is obtained by
taking the intersection of all maximal ideals containing I. Thus we need to
consider the maximal ideals of K[V]®g K[V]. These are precisely the ideals of
the form Zy; v{(u,v)} N (K[V] @k K[V]). (Recall that Zy;, -{(u,v)} denotes

the maximal ideal of K[V]®@%K[V] corresponding to a geometric point (u,v) €
VxV)

The assertion that B is a separating subalgebra means that every pair
of points u,v € V can be separated by invariants if and only if they can be
separated by elements of B. In terms of ideals, this can be stated as

Ty, (u,0) 0 (K[V] @ K[V]) 2 6(K[V])

if and only if
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Ty v (u,0) N (K[V] @k K[V]) 2 6(B)

for all u,v € V. Thus B is a separating subalgebra if and only if 1/(6(B)) =
(O(K[V]F)). O

If G is a finite group, then the separating scheme is quite simple; it is a
union of |G| subspaces each of dimension n = dim V' lying in V' x V. Indeed,
take 7 € G and let H, denote the subspace H, := {(v,7(v)) | v € V} of
VxV.

Lemma 12.2.2. If G is a finite group, then

Se=|J H: .

T€G

Proof. Since G is finite, the invariants will separate points not in the same
G-orbit by Theorem 12.0.3. Thus (u,v) € Sg if and only if Zy - {(u,v)} N
(K[V] @x K[V]) 2 6(K[V]%), if and only if v = 7(u) for some 7 € G, if and
only if (u,v) € H; for some 7 € G. O

A natural question is whether we may find separating subalgebras which
are better behaved than the full ring of invariants. In particular, when may
we find a polynomial subalgebra which separates? The following theorem an-
swers this question in characteristic 0 and gives a necessary answer in positive
characteristic.

Theorem 12.2.3. Let G be a finite group. If K[V contains a graded separat-
ing algebra which is a polynomial ring, then the action of G on 'V is generated
by reflections.

Proof. Suppose B C K[V]¢ is a graded polynomial separating algebra. By
Corollary 12.1.3, the algebra B has dimension n. Write B = K[f1, fa, ..., fn]-
Then (6(B)) = (6(f1),0(f2),...,0(fn)) has n generators and cuts out a variety
S = UregH; of codimension n in V' x V. Thus 6(f1),0(f2),...,0(fn) is a
partial homogeneous system of parameters. Therefore

K{V] @k KW])
(6(B))

is a complete intersection and hence is also Cohen-Macaulay. Therefore,
since K[V] ®k K[V] is Noetherian, Hartshorne’s Connectedness Theorem, see
[51][Corollary 2.4], applies and we conclude from it that Spec(K[V] @ K[V])
is connected in co-dimension 1. Since Spec(K[V] @ g K[V]) and S¢ correspond
to the same underlying topological space, this means that Sg is connected in
co-dimension 1.

Consider the two components H, and H, of Sg corresponding to the iden-
tity and an arbitrary element o of G. Since S¢ is connected in co-dimension
1, there exists a sequence of components H. = H,,,H.,...,H., = H,

Spec(K[V] ®p K[V]) = Spec (
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such that H.,_, N H,, has dimension n — 1 (i.e., codimension 1 in H,, ,
and in H,) for all ¢ = 1,2,...,s. Now (u,v) € H,,_, N H,, if and only if
7i—1(u) = v = 7;(u), if and only if 7,7 (u) = u and v = 7;(u), if and only if
we VT and v = 7i(u). Therefore, H,, ,NH,, = V7i-17 This means that
dim V717 = dim H, ,NH, =n-1,ie, 7,7 is a reflection. Therefore,

0O=Ts=To (7'0_171)(7'1_17'2) e (75_117'5) expresses o as a product of reflections
in G. O

Remark 12.2.4. By Remark 12.1.4 we may omit the hypothesis of graded from
Theorem 12.2.3.

Corollary 12.2.5 (Serre’s Theorem). Let G be a finite group. If K[V]¢
a polynomial ring, then the action of G on V is generated by reflections.

In characteristic zero, Theorem 12.1.10 shows that if S is a graded poly-
nomial beparating subalgebra, then S = K[V]®. In positive characteristic,

suppose F[V]¢ = F[f1, f2, ..., fn] is a polynomial ring. Then using Proposi-
tion 12.1.9, we see that S = F[f? " P .., fE""]is a polynomial separating
subalgebra for all r1,79,...,7, € N. These two results together with Theo-

rem 12.2.3 suggest that perhaps whenever there is a polynomial separating
subalgebra, the ring of invariants itself is polynomial. The following example,
due to Dufresne [30] shows that this is not the case.

Ezample 12.2.6. In this example, we show that for positive characteristic, the
existence of a polynomial separating subalgebra, S C F[V]%, does not nec-
essarily imply that IF[V]G is a polynomial ring. To see this, we consider Ex-
ample 11.0.3 from the point of view of separating invariants. We maintain
the notation from Example 11.0.3, although we will now denote the group of
order p? by G. In that example, we computed the ring of invariants of a four
dimensional representation V of G, the elementary Abelian group of order p?
over a field F. We found that

F[V]® = Flzy, f1, 22, f2, h]

where

1

2
P —p,p p>—p p -
Yo — a3 —Hr:l Y1,

2

fi= yf — I
2 2 TN _

fo=yb —ab TPyb — (af — 22 )P (yh — 25 ye) and
—1 —1 —1 —1 —1

h= (277" —ab )(yf,lei y1) — 2 (ys — b y2)

_ p—1p p— 2p—2_p p—1_p—1 p—1_ p p—1_p—1
=T Y — Ty yl_ml Yi T Ty Y1 — Ty Y+ Xy Y2

with
hP — (af 1717’27 1)pf1+xf Py —al 7P(af 1—:1:]23 1)p h=0.

We define f% a perturbation of fs, as follows,
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ra -1 —1\p—
foi=fo= (@ =P R

and take S = Flxy, z9, f1, ]?2] = Flzy, 22, f1, f2]. Note that ]?2 is homogeneous
of the same degree as fs. _
Then F[V]G = ]F[l‘l, fl, o, fg, h] = S[h] with

WP — (a7 —ab P+ (@ )P =0

In particular, k? € S and therefore h € 5. This shows that 5 = F[V]% and
thus by Proposition 12.1.9, S is a separating subalgebra.

Since 1, x2, f1, fo forms a homogeneous system of parameters, these ele-
ments are algebraically independent and thus S is a polynomial subalgebra of
F[V] which is also a separating algebra.

12.3 Polarization and Separating Invariants

Recall the polarization operators defined in §1.9. In this section, we prove a
surprising theorem relating separating invariants and polarization. This ma-
terial comes from the work of Draisma, Kemper and Wehlau [29].

Theorem 12.3.1. Suppose S is a separating subset of K[V]E and let m > 1.
Then Pol™(8S) is a separating subset of Km V]¥. More generally, suppose S
is a separating subset of KW, @Wa - - @WT]G and that m1, msg, ..., m, are
positive integers. Then Pol™™2-™Mr(§) s q separating subset of Klm, W1 &
maWo @ --- ®@m,W,]%.

Proof. We will prove the second assertion. Consider two points

V= (vgl)vvél)v"'71}7(72’1]9)7’0&2)3-~-avfgga-"ﬁvir)7vér)7--~7v1(722)7
w = (wgl),wél),...,wgz,w?),wém,...,wgsg,...,w%r),wér),...,wgzl)

of V where V = m; Wi @mo Wo & - - - @m,.W,.. Suppose that g(v) = g(w) for
all
g c P01m17m2’m’mr(5) — UfES Polmlxm27"')m7‘(f).

We need to show that this assumption implies that v and w lie in the same
G-orbit.

Take f € Sand for k=1,2,...,randi=1,2,...,my, let )\gk) denote an
indeterminate. Consider

ma mao My

f(z /\§1)v§1) ,Z )\52)1)52) e Z /\Z(.T)UZ(T)) = Z )\‘]f‘](vﬁl), vgl), e ,v,(ﬁ?')
i=1 i=1 i=1 J

where each fj lies in Pol™ ™2™ (S). Therefore

f_](v§1),v§1), .. .,vfﬁi) = fJ(wgl),wél), o ,w(r))

My
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for all J and
mi ma My
FEAD S0 . 300
i=1 i=1 i=1
ma mo my
AL SN S0 u).
i=1 i=1 i=1

Now pick o € K and substitute in the above A'*) by a1 forall k = 1,2,... 7.
Thus

m

1 mo M
f(Zai_lvgl) ,Zai_lv?) e Zai_lvgr))
i=1 i=1 i=1
mi ma my
= f(Zo/—lwz(l) ,Zai_lwgz) ey Zai_lwy)).
i=1 i=1 i=1

Since this holds for all f in the separating set .S, there must exist o, € G such
that

m1 mao My
aa(Zai_lvEI) ,Z ai_lvgz) RN Z ai_lvlm>
i=1 i=1 i=1
miy ma uzs
= (Z ai_lwfl) ,Z ai_lwl(?) ey Z ai_1w§T)>.
i=1 i=1 i=1
Now to each a € K, we have associated an element o, of G. Let ¢ :=
max{my, ma,...,m,}. Choose 7 € G such that there exist ay,as,...,a; dis-
tinct elements of K with 0a, =T forall s =1,2,...,¢t

Thus we have T(Z;ikl ai_lvgk)) = ai_lw(k)> forall 1 <s<tand

K2 7

1 < k <r. Writing this in matrix terms we have

(k)y _, (k)

2 mp—1

1 oy ay ..oy ’7'(1)1 wq 0
1ay a2 ..o | | 7@l — w 0
L -

Lam, ag,, - agr T(Uﬁfg) _ wsy’flz 0

for all 1 < k < r. Since the square matrix is a Vandermonde matrix with
determinant [[, ., ;.;(o; — ;) # 0, we see that T(’Ul(k)) - wgk) = 0 for all

1<i<myand 1<k <r. Thus7(v)=w. |

Ezxample 12.3.2. We consider the representation 3 V5 of C5 over a field F of
characteristic 3. By Theorem 1.11.2, we know that F[V,]“® = F[N, 2] where V'
has triangular basis {z,y} and N = N(y) = y3—22y. Let {1, 91, 2, y2, T3, Y3}
be a triangular basis for (3V2)* and consider the Pol®({z, N}). Clearly,
Pol(z) = {z1,x2,z3}. To compute Pol(N), we consider
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(Ay1 + A2y + Asys)® — (A1 + Aoz + A3w3)” (Myr + Aoy + Asys)
- A?Nl + /\gN2 + )\§N3 + /\?/\21‘11“2 + /\%)\3$1U23 - )\1)\%1‘21,(,12

— M A3T3u13 + ASA3mau0s — Ao A3T3u2s — A Ao As(Tours + T1ua3)

where N; = N(y;) and w;; = xy; — x;y; for 1 < ¢ < j < 3. Thus
POI(N) = {Nl,N27N3} U {mkuij | k=1,231<1<j< 3} Therefore
by Theorem 12.3.1, we see that the set A = {x1, 29,23, N1, No, N3} U{xpu;; |
k=1,2,3,1<i<j <3} is a separating set for the action of C3 on 3 V5.

Note that u3, = 23Ny — 23Ny + (z122)?u12 and thus we see that uis €
S where S is the F-algebra generated by the separating set A. Similarly,
u13, Uz € S.

Comparing Example 1.13.3 with Theorem 12.1.10 we see that the four
other generators of F[3 V]2,

Tr (yiyays), Tr (yiy2y3), Te% (y19393)

and
Tr (y2y3y3)

also lie in S.
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Using SAGBI Bases to Compute Rings of
Invariants

In [98], Shank constructed generating sets, in fact, SAGBI bases, for the rings
F[V4]¢ and F[V5]¢ for all primes p > 5. Of course, for the primes p = 2,3,
the corresponding actions are actions of Cp2 or Cps, not C,. The rings of
invariants F[V,]%, F[V,4]¢°, F[V5]¢® and F[V5]¢® are all easily computed by
computer, for example, using MAGMA.

We explain here the method used in [98]. This is a method used to con-
firm that a conjectural set of generators does indeed generate the full ring of
invariants. In theory, this method will work for any ring of invariants F[V]
provided we can compute a closed form for its Hilbert series, H(F[V]%,\).
Currently, for modular groups, there is only a formula for H(F[V]%,\) for
those groups G for which p? does not divide |G| (and for permutation repre-
sentations). This formula is described in [55].

We begin with a simple example to illustrate the main ideas.

Ezample 13.0.1. Let G = Cp, V = Vo @ V5 and let F be any field of charac-
teristic p. We choose a generator o of C, and a basis {z1,y1,%2,y2} for V*
such that o(z;) = z; and o(y;) = y; + x; for i = 1,2. We want to show that
F[V]¢ = Flx1, 2, u, N1, Na] where u = 22y; — 2192, and N; = yf — xfflyi for
i=1,2.

The method of Hughes and Kemper gives

(1 a2y
(1= 22)(1 = N)2(1 — ap)2°

H(FV]YA) =

We declare that 1 < y1 < z2 < y2 and work with the resulting graded

reverse lexicographic ordering on the monomials of F[V] = Flx1,y1, 22, y2].
With this ordering we have LM(z;) = z;, LM(N;) = y? for i« = 1,2 and
LM(u) = zoy;.

We define T := F[z1, N1, 22, No,u]. It is easily verified that these five
functions are all invariants and therefore, T C F[V]“. We want to show that
T is the full ring of invariants. We consider the monomial algebras @ :=
Flz1, vy, 22,95, x2y1] C LT(T) and A := Flzq, y}, x2, y5]. Since z1, 4%, z2,y5 is
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a homogeneous system of parameters for F[V], we see that @ must be a finite
A-module.

It is not too difficult to see that Q = Zf:_ol A (z2y1)?, but rather than
prove this directly we consider M := Zf;ol A(xoy1)" as an A-submodule of
Q. It is clear that M is a free A-module: M = @f;olA (w2y1)t. Thus

H(Ma /\) = : H(A (nyl)ia)‘)

<
[l
- o

H(A, A)AZ
0

1 L
“ T ora w2
= H(F[V]Y,\).

Thus we have the chain of inclusions M C @Q C LT(T) C LT(F[V]%). But
since H(F[V]9, \) = H(LT(F[V]%), ), we have H(M, \) = H(F[V]¥, )\), and
therefore, M = Q = LT(T) = LT(F[V]%). In particular, the monomials in M
form a vector space basis for the vector space of lead terms of F[V]¢. Since the
monomials in M are generated multiplicatively by x1,zs, y§ = LT(Ny), vf =
LT(Nz) and x2y; = LT(u), we have, in fact, proved that {z1,x2, N1, No,u} is
a SAGBI basis (and hence a generating set) for F[V]%.

There are some features of Example 13.0.1 that make the computation
simpler than it is in general. These include the fact that the natural minimal
algebra generating set is already a SAGBI basis and the fact that monomial
algebra @ is a free A-module in the example. In particular, this second fact
made the calculation of H(M, A) particularly easy. We will have to account
for less well behaved algebras in the general case.

Having seen this first example we proceed to describe the method in gen-
eral. Suppose then that we have a closed expression for H(F[V]%, \). The first
step is to somehow guess a finite set of invariants B which is a SAGBI basis
for F[V]%. The method then gives a way to use the knowledge of H(F[V]%, \)
to prove that B is indeed a SAGBI basis for F[V]%.

Consider the algebra T' generated by the elements of B and the algebra Q)
generated by the set of monomials {LM(f) | f € B}. Clearly Q@ C LT(T). Let
n denote the Krull dimension of F[V]. We choose n invariants f1, fa,..., fa
in F[V] such that ay,as,...,a, forms a homogeneous system of parameters
for F[V] where a; = LM(f;) for ¢ = 1,2,...,n. Then @ (and T) is a finitely
generated A-module and so there exists a finite set Iy C @ such that

Q=Y A-h.
hely

We wish to find such a set 5. We choose a finite subset I" of  and consider
the A-module, M, generated by I":

.
I
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M:=> A-h.

Thus we have M C Q C LT(T) C LT(F[V]%. If we can show M = LT(F[V]%),
then we will have shown that B and also I' U {ay,as,...,a,} is a SAGBI
basis for F[V]%. Since M C LT(F[V]%), it suffices to show that H(M,\) =
H(LT(F[V]%), ). But since H(LT(F[V]%),\) = H(F[V]F,\), our goal is to
prove that H (M, \) = H(F[V]E, \).

Since we have a closed expression for H(F[V]%, )), we need to compute
H(M, ) from knowledge of I'. This computation is at the heart of this
method. We exploit the fact that M is an A-module and A is generated by
monomials. We first decompose M into a direct sum of certain A-submodules
and then proceed to compute the Hilbert series for each of these submod-
ules.

We illustrate the entire method by computing a generating set for F[V;]11.
This example displays essentially all of the details involved in computing
F[V,]¢ for general p.

Ezxample 13.0.2. We write R := F[V3]“1* where F is a field of characteristic 11.
We take the triangular basis {z,y, z, w} of V3 where o(x) =z, o(y) =y + «,
0(z) = z+y and o(w) = w + z. Again, we use the reverse lexicographic
ordering with < y < z < w. Thus by Theorem 5.2.4, there is indeed a finite
SAGBI basis for F[V;]¢1.

We begin by choosing hy = =, hy = d = y*> — 2xz — xy, hg = Tr(wP™1!) =
Tr(w'®) = 21 +... and hy = N(w) = w'! +.... Then the corresponding lead
terms a; = z, as = y?, a3 = 2'°, ay = w'' do indeed form a homogeneous
system of parameters for F[V]. There are two more integral invariants:

e:=y>—3zxyz+ 2% and
f =322y — 6wy® — 329° — y? — 823z + 18wzyz + 622yx + Iwy’x + 9zy°x
+ 232 — Qw?a? — 18wza? — 122222 — 3wyz? — 62yx? — y2a?

We make the “guess” that the set B comprised of the following twenty-four
invariants is a SAGBI basis for R.

(0) h17 h?; h37 h4

(1) e,
(2 )Tr(zw Nfor1<i<9
(3) Tr(2'w®) for 3<i <9
(4) Tr(w®) for 7<i<9
(5) Tr(z?w?) for 7<i <9
In reality, the corresponding guess for general p was motivated by computer
experiments with small values of p.
Using Lemma 9.0.2 it is not too hard to show that the corresponding lead
monomials are
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,wll

(0)
()y yz

(2) 10‘*"for1<z<9
(3) yz8tifor3<i<9
(4) 10127, 10f01‘7<’£<9
(5) 10792208 for 7< j <9

We take A := F[z,y?, 21° w!!] and consider R as an A-module. Now we
wish to guess our set I" of A-module generators for R. We take I} to be the
above listed monomials excepting z, 2, 2%, w!! which, of course, lie in A.
Thus I} consists of 24 monomials. To form I', we add four more monomials:

(6) 1

(7) = LM(Tr(zw'®) Tr(w?)) = LM(Tr(2w?)) LM(Tr(w?))
(8) y'z* = LM(f?) = LM(f)*

(9) y°2* = LM(ef) = LM(e) LM(f)

Note that each of these four extra monomials lies in LT (F[B]).

We let M denote the A-module generated by the twenty-eight monomials
of I'. We will show, using their Hilbert series, that M = LT(F[V;4]“1) and
thus that I'U {x,y?, 2'°, w''} generate LT(F[V4]“*!) as an algebra.

We are faced with the problem of calculating H(M, A). In Example 13.0.1,
this was easily done because M was a free A-module. Here this is definitely
not the case. We proceed by decomposing M into a direct sum of simpler
A-modules as follows. For a,b € N we define

M, p) = spanp{z'y’zFw’ | j=a (mod 2) and k=b (mod 10)} .
Then each M4 ) is an A-module and

M =&, Sh—o Map) »

and therefore,

19
N =D H(Mwp), A - (13.0.1)
a=0 b=0
Thus we have reduced to finding the Hilbert series of the simpler A-modules,
Mqp)-

Writing each of the twenty-eight module generators for M in the form
z'y? 2Fw’, we note that i and ¢ are always zero. It is clear that for an A-
module generator, ¢ must be zero since z € A. There are deeper reasons why
we always find £ = 0. This is related to our choice of w as the greatest variable
in our triangular basis.

We begin by sorting these twenty-eight A-module generators of M accord-
ing to the parity of j and the residue class of k£ modulo 10.
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k mod 10
0 1 2 3 4 5 6 7 8 9
ol 1 Y222 ytot Y226 Y228
j mod 2 L1 | 12 | 18 | 14 | 15 | 16 | 17 | 18 | 19
1] 4 Y322 Y32t Y326 y2®
y210 [ gzl | 212 [ gzt | y2t4 | y2tB | y216 | y2!7 Y19

Thus M1 is cyclic for j = 0,1 and k& odd. Therefore H(M; ), A) =
H(A,NAOTFH for j = 0,1 and k odd. Also H(Mo,),A) = H(A,A) and
H(Mq,8),A) = H(A, M) A?. For the other values of (j, k), the A-module M )
has exactly two generators and is not a free A-module.

Suppose M, 1) is minimally generated by the two monomials m; = Yy 20
and m1 = y**2%2. Note that m; cannot divide mo nor can ms divide m; since
both are required as generators of M, ). For concreteness, we suppose that
a1 < ay (and then by > by). We can resolve My by free A-modules by the
following exact sequence:

0— AS & Aay @ Aas & M(j,k) —0

with Wo(3) = y®2~%a; — 221722y and ¥ (a;) = m; and ¥ (as) = mo . We
make this exact sequence graded by declaring that oy has the same degree as
my, that as has the same degree as ms and that 8 has the same degree as
y®22%. Then by the additivity of Hilbert series (-, \) we find that

H(Mj k), ) = —H(AB,A) + H(Aas & Aaz, \)
= —H(A AT H(A A (A, NN Fe
= H(A, \) (=A% b 4 yorth g yaatb2)
12

As an example, consider M, o) which is generated by m; = yz'* and
mg = y°22. We can resolve My 2y by free A-modules as follows:

0— A8 2% Aay ® Aas 25 My o) — 0

with ¥ (8) = y*ay — 2% and ¥ () = yz'? and ¥; (an) = y°22 .
Thus H(M 1,2y, A) = H(A, A) (AT + 2B 1T,
This argument yields the following Hilbert series:

H(Mr gy, A) = (AN (A1 + AT+ %),
H(Mio,2), ) = H(A, A (=AM + A2 4 28),
H(Mr 29, A) = H(A N (AT + 212 4 07),
H(Mo ), A) = H(A, \) (=M1 + 214 4 3%),
(M0, A) = HIAN) (AT A1 4 07),
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H(Mo,6),A) = H(AA) (A1 + X104 X%),
H(M1,6),A) = HAN) (A + 217 4+ X%),
(Mo, A) = H(AN) (N + AT A1),

Using Equation (13.0.1) we have the following calculation of H(M,\).
First, let

V) = (TN 207228 42X L A0 oIl o2 A8 L AT L o) 15 4 9)\16) |
Then

H(M,\) = g\ H(A,N)

q(N)
(1= M) (1= X2)(1 = A\IO) (T — A1)

Simplifying this yields

T4+ A3+ 274+ A8 4 2)9 4 2710

(T =21 = A1 = A)(1 =AM
1T—2242X2 — A3 4+ X2 —2)0° 42X

B (1= N)3(1— A1)

= H(F[V4]°, \).

H(M,\) =

Thus the monomials generated by the elements of I'U{z, y?, 1%, w!'!'} form
a vector space basis for LT (F[V4]“11) and so B is a SAGBI basis (and thus a
generating set) for F[V,]11.

As stated above, this method works entirely similarly to verify a SAGBI
basis for F[V,]¢» for general p > 5. The reader may see all the details in [98]
from which this example was adapted.
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We consider a group G with a normal subgroup N. If 0 € G and 7 € N, then
70 = ot for some 7/ € N by normality. Therefore for f € F[V]V, we have
7-(0-f)=710-f=07"-f=0-fand thus o - f € F[V]". This shows that G
acts on F[V]N. Clearly (F[V]Y)¢ = F[V]€. Since N acts trivially on F[V]V,
in fact, G/N acts on F[V]" and (F[V]V)¢/N = F[V]. We have seen this in
detail in Lemma 1.10.1.

This description suggests that we may compute F[V] by first computing
F[V]Y and then computing the G/N invariants in the ring of F[V]". Thus
we may work with the two smaller groups N and G/N. In characteristic zero,
this method is very powerful. See for example the work of Littelmann [76],
Popov [89], Wehlau [110].

A major difficulty with this technique is that we must find the invariants
of the G/N action on a ring which is usually not a polynomial ring. If G/N is
a linearly reductive group, then this difficulty can be surmounted by replacing
F[V]¥ by a polynomial ring as follows. The space of decomposable invariants,
D := (F[V]¥)? is a G/N-stable ideal in F[V]¥. If G/N is linearly reductive,
we may choose a G/N stable complement, @ to D:

FVIN =D& Q.

A set {f1,..., f,} of N-invariants is a generating set for F[V]" if and only if
the images {ﬁ, e 7ﬁ} span F[V]¥/D. Thus we may choose generators for
F[V]N by taking a basis {f1, ..., fm} of Q. We then consider the dual of Q, Q*
as a G/N representation space. More precisely, we introduce indeterminates
Y1y .-, Ym of degree 1 and define a G/N action on Flyi,...,yn] as follows.

For o € G/N we put
m
v o= e,
j=1
where of ; € F is defined by
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m
U'fi:ZO‘ijr
j=1

The point here is that Flyi, . .., ym] is a polynomial ring of Krull dimension m
whereas there are usually algebraic relations among the functions fi,..., fm.
There is a natural G/N-equivariant algebra surjection

p:FIW] = Fly,...,ym] = Flf1,..., fm] = FV]V

carrying y; to f; where W = @Q is the m dimensional G/N-representation
dual to spang{yi,...,Ym}. Since G/N is linearly reductive, p restricts to the
algebra surjection

pCN L FIWION 2 Flyy, o yn) N = Flfi,. . fu] Y = FIV]C.

Thus to compute F[V], it suffices to compute F[V]YN and F[W]¢/N.

If G/N is not reductive, the above programme requires two modifications.
The first change is not too difficult. The construction of W must be done more
carefully. It no longer suffices to lift a minimal generating set f1,..., f, of
F[V]¥. We require a set of generators hy, ..., h, whose span is a G/N stable
vector space. To do this, we begin with a set of generators (which need not
be minimal), {f1, ..., fm} for F[V]¥. We define @ to be the vector space

Q:=spanp{o-fi|oceGi=1,...,m}

and choose a vector space basis hq, ..., h, for é Then we use indeterminates
Y1i,---,Yr as before: for o € G, we define

T
_ o o,
0-Yi = E Q; ;Y5
j=1
where

™
g
O'h7: E ai,jhj'
j=1

Thus F[W] = Flyi,...,y,] where W = Q. Since this construction produces
a larger G/N-module W than in the reductive case, the computation of
F[W]S/N may be expected to be correspondingly harder.

The second difficulty we must overcome, if G/N is not reductive, is more
serious. Although

o Flyt, .. ym] — Flf1, ..., fm] = F[VIY
is an algebra surjection, the restriction
PNy, ym] YN S Flfe, . f] €N = FV]C

is usually not surjective.
Before discussing how to deal with this, we give an example of an algebra
surjection whose restriction is not surjective.
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Ezxample 14.0.1. We take IF a field of characteristic p and G = C,, with gener-
ator . With F[V;] = Flz,y] and F[V4] = Flu] we have o -y =y + =z, 0-z ==z
and o - u = u. Consider the surjective algebra homomorphism

p:F[Va] — F[W]

given by p(y) = u and p(z) = 0.
This surjection is Cp-equivariant since

o-ply)=0c-u=u=p(y+xz)=pl-y) and
o-plx)=0-0=0=p(c-x).

However, at the level of invariants, the map is not surjective:
o0 s FVa]% = By — a7~ Yy,a] — FIVi] = F[u]
where pr (y? — xP~1y) = uP and p®»(x) = 0.

Now we return to the question of overcoming this difficulty. We use group
cohomology to measure the extent to which p&/V fails to be surjective.

14.1 Group Cohomology

A good reference for group cohomology may be found in Benson’s book [8].
We will very briefly recall the definitions needed for cyclic groups. Let G = Cy,
be a cyclic group of order m with generator o. Define two maps, Tr and A
by Tr(z) = x + o(z) + 0%(z) + --- + c™ 1(x) and A(z) = o(z) — z. With
this notation we construct a periodic projective resolution of the trivial C,,-
module, F as follows. Put F; &2 FG for all ¢ and define 0; : F; — F;_1 by

Tr if 7 is even.

b {A if i is odd,

Thus we have
~Brg AFc B rG 2 e B FG 2 FG

with Fy/Im(0;) = FG/Im(A) 2 F.
Applying the functor Hompg (-, M) and taking the cohomology of the re-
sulting complex we get

H°(Cn; M) = Kernel(A|p) = M9,
Kernel(Tr |5/)
Im( Ay )

Kernel( Alar)
2001 . —
A (Cmi M) = Im(Tr |pr)

HY(Cpp; M) =
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and, for i > 0, H**Y(C,,,; M) = HY(Cy; M) and H*(C,; M) = H?(Cpp; M).

Since the cohomology functor is additive, we see that a C),-module de-
composition of M gives a vector space decomposition of H*(C,,; M) in terms
of HY(C,,; V) with V indecomposable.

We now specialize to the case where m = p, is the characteristic of F. By
the above, we see that it is important to understand H'(Cjp; V;,). The reader
may wish to refer back to §7.1. Consider any triangular basis {e1, ea,...,e,}
of V,,.

Clearly H%(C); V;,) is a one dimensional Vector space spanned by e;. Using
the fact that AP~ = (g — 1)P~1 = 3P~ o’ = Tr, we see that

HY(CpiVp) = H2(Cp§ Vp) =0
while, for n < p, we have
HY(Cp;Vy) = {&,} and
H?(Cp3 Vi) = {e1} -

The first equality follows since A(V,,) = V,,—1 and Tr(V;,) = {0}. The second
equality follows similarly since e; spans Kernel(A) and Im(Tr |y, ) = 0.

14.2 Cohomology and Invariant Theory

Recall the situation at the beginning of this chapter with G/N acting on
F[V]¥N. Choose a set of generators { f1, fa, - - ., fm } for F[V]"¥ and a polynomial
algebra A = Fly1,ya, ..., Ym] equipped with a G/N-action such that the map
p: A — F[V]N given by p(y;) = fi is G/N equivariant. We recall the notation
W for the representation of G/N given by {y1,y2,...,Ym so that A = F[W].

We let J denote the ideal in A which is the kernel of p. The short exact
sequence of A-modules

0—-J L1 ALFVIN -0

induces a long exact sequence in group cohomology

G/N G/N 1
— JOIN T QGNP R)Y S HY(G/N;T) S HYG/N; A) 2

Of course, all the maps in this long exact sequence are AS/N-module maps.
From the sequence, we see that

FV]¢

ker(d)

=~ Im(9)

and therefore, we have the following isomorphisms of vector spaces.

F[V]€ = ker(6) @ Im(8) = Tm(p%/N) @ ker(y1).
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This shows that F[V]¢ is generated by module generators of the two F[W]%/N-
modules: Im(p&/V) and ker(v1).

Therefore, in order to find a generating set for F[V]¢ in this situation,
we have the additional work of computing F[W]%/N-module generators of
ker(y!). In practice, in our experience, doing so is a hard problem. Indeed,
even computing H*(G/N;J) and H'(G/N;F[W]) seems impractical unless
G/N is cyclic.

We finish this section by giving three examples.

Ezxample 14.2.1. We let F denote the finite field of order p? and we choose an
element w € F with w not in the prime field IF,. Thus w generates F over IF).
We consider the subgroup of GL(3,F) generated by the three matrices.

100 100 100
cl=1110], ri=1010], plt=(010],
011 w01 101

Then G is a group of order p3. Let V' denote the three dimensional F vector
space on which G is acting and let {z,y, z} denote the basis of V* dual to the
ordinary basis.

Let H be the subgroup of order p? generated by ¢ and p. Since the index
of H in G is p, H is normal in G. Note that H is a Nakajima group and thus
we have

F[V]? = Flz,N” (y),N"(2)] = Flz,y, 27" — 22 ~1z].

Hence the space of indecomposables Q(F[V]#) = (F[V]4)/(F[V]¥)? is a three
dimensional vector space with basis the images of

2 2
{x,y,z” —zP *lz}

in the quotient.

Now we consider the action of G/H = C,, on Q(F[V]¥). The image of 7
generates G/H, and we write A := 7 — 1. Then A(z) = 0, A(y) = = and
AN (2)) = y?" — 2P° 1y, Hence Q is not C) stable and so we extend @ to
the four dimensional space @ with basis

{y7 €T, yp2 - xpz—ly’ Zp? - po_lz}'
Dualizing and lifting we take W = V5 @ V5.

We define A := F[W] = F[X1, Y1, X2, Ys] where A(X;) = 0 and A(Y;) =
X, fori =1,2. Define p : A — F[V]7 by p(Y1) =y, p(X1) = z, p(Yz) = N7 ()
and p(X,) = A(p(Ya)) = y?° — 2" ~ly. Then p is a Cp-equivariant algebra
surjection.

The short exact sequence of A-modules

0—J -5 ALTFVIHE S0
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induces a long exact sequence in group cohomology

/H

G/H e} 1 1
0— JOH L AGH P20 myIC S g G/H; T) S HY(G/H; A) S ...
We will show that p&/V is surjective. By exactness, this is equivalent to show-

ing that v! : HY(G/H; J)—H'(G/H; A) is injective.
2 2
Define N := Y? — X? 'Y, Then the kernel of p, J, is the principal

ideal generated by Y1p2 - Xf%lYl — X5 = N — X,5. We write [f]4 to denote
the cohomology class in H'(G/H; A) represented by f € A. Similarly, [f];
denotes the cohomology class in H'(G/H;J) represented by f € J.

Suppose [f/(X2—N)]s € ker~*. Since [f/(Xa—N)]a = 0, we have f'(Xa—
N) € A(A) and so we may write f'(Xo — N) = A(f) for some f € A.
Dividing f by N considered as a polynomial in Y; we have f = ¢N + r where
degy, (r) < p?. Similarly, ' = ¢'N +r' where degy, (r’) < p®. Thus

F(N = X3) = A(f) = A(g)N + A(r) and
F'(N = X3) = (¢'N+7r")(N = X2) = N(¢'N +71" — X) — ' Xo.

Thus ¢' N + 1" — Xo = A(q) € A(A). Hence

f'=¢N+1r =A(g+Ys) € A(A) and thus,
F(N = X3) = A((q + Y2) (N — X3)) € A(J).

Therefore, [f'(N — X3)]; = 0 and thus 4! is injective.
This shows that p@/N : A% — F[V]% is surjective. We define

fl =z,
fo=Ny) =y? —a? 'y,
fa = p(XoY1 — X1Y5)

2_
P ly)y

2 2 2
—z2P — 2P Yy 2Pz, and

= Jc(zp2 — xp2_1z) - (yp2 —z
= yp2+1
f4 :NG(Z) :Zp3 ...
Then F[V]¢ is generated by
27
p(X))=x=fi, pXo)=y" —a¥ ly= L4 7P f,
Y ) = fa, ,D(X1Y2 - X2Y1) = f3, and

Hence F[V]Y = F[f1, f2, f3, f4-

Ezxample 14.2.2. Consider the matrix
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100
cl=(110
011

acting on the three dimensional vector space V3 over F of characteristic 2.
It is easy to see that o generates a cyclic group, G, of order 4, and we
write F[V5] = F[z,y, z]. Then
o-r=u,
oc-y=y+x, and
o-z=z+1Yy.
We consider the normal subgroup N of G generated by o2. We see immediately

that as FN-modules, V3 = Vo ® Vi, where V5 has basis {x, z} and V; has basis
{y}. Therefore, as FN-modules, we have

F[Vs] = F[V] @ F[Vi] = Flz, 2] © Fly].

Therefore,
FV3]N 2 F[Va @ ViV =Flz, 2* — z2,y].

Thus the space of indecomposables Q(F[V3]Y) = F[V3]Y /(F[V5]Y)? is the
three dimensional vector space with basis {x,y, 2% + xz}. Next, we consider
the action of G/N = Cy on Q(F[V3]"). Let 7 denote a generator of G/N.
Then

Tox =1,
T-y=y+x, and
7 (22 4 x2) =22+ a2+ y? +ay.

Hence the abstract vector space spang{z,y, 22 +zz, 22 +z2} is not G/N stable
and we must instead consider the abstract 4 dimensional space, ), with basis

{z,y,2° + 22,9° + 2y}

which is G /N-stable since 7 - (y? +zy) = y* +2y. We dualize and lift to obtain
W =V, @ Vo and we write

F[W] = F[ah b17 asz, b2]
where

T-a; =a;, and
T'bi:bi—Fai

Define
p: F[W] — F[Vs]Y
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by

plaz) =y* +xy, and

Then p is a G/N-equivariant surjection.
As usual, the short exact sequence of A := F[W]-modules

0—J AL FY -0

induces a long exact sequence in group cohomology

G/N G/N 1 1

0 — JON TS ACIN P FA9 S HY(G/N;T) S HY(G/N; A) S L.
We claim that in this case, the map p&/N
prove this by showing that

is surjective. By exactness, we may

vt HY(G/N; J)—H' (G/N;F[W])
is injective.
Since p = 2, we have that Tr¢/N = 7 41d = 7 — Id = A. Therefore
Kernel(Tr |5r)
Tm(Aly)
_ Kernel(Aly)
~ Im(Trly)

HY(G/N;M) =

As usual, for f € F[W]% we let | flrw) denote the cohomology class in
H'(G/N;F[W]) represented by f. Similarly if f € J%, we denote by [f];
the cohomology class f represents in H*(G/N;J). To see that ! is injective,
consider an element f € J such that v*([f]gw) = 0. Thus f € 5 (F[W]).
Write f = Tr§(f) for some f' € F[W].

Note that F[W] has Krull dimension 4 and that F[V]" has Krull dimen-
sion 3. We note that

p(az) = p(b] + a1by),

and so J is the principal ideal generated by the element 7 := ay + b% + a1b;.
Since f € J, we may write f = f'r for some f’ € F[W]. Since f € ImTr, it
must vanish on
—G/N _
w :{(623076130) ‘523/81 EIF}

Thus

0= f(B2,0,1,0) = f'(B2,0, 31,0) - 7(Ba,0, B1,0) = f'(B2,0,31,0)5%.
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Therefore f’ must vanish on the set

{(B2,0,51,0) | B # 0, B2, b1 € F}.

Hence, by continuity, f/ must vanish on

{(82,0,81,0) | Bo, By € Fy = W,

Therefore f' € 1/Im Tr%. Since W is equivalent to a permutation represen-

tation, Proposition 9.0.13 implies that f’ € Im Trg Thus there exists an ele-
ment f” € F[W] with Tr§ (f”) = f'. This shows that f = f'r = Tr{(f")r =
TS (f'r) € Tr§(J). Therefore [f]; = 0. Thus we have shown that v' is
injective and so pG/ N is surjective. Now

FIW]S/N = Flay, b1, asby + aiba, b3 + aiby, b3 + azbs)]
and
F[Va]¢ = p(F[W]9/N) = F(f1, fa, f3, fa] where
fl =7,
f2 = y2 + zy,
fs =vy3 +ay? + 222 + 222, and
fa= 2+ a2+ y2z2 + xy22 + zyZz + z2yz.

In particular, we see that F[V3]¢ is a hypersurface. Furthermore, it is
straightforward to verify that the relation among the generators is given by

A+ fAfafs+ fifa=0.

Example 14.2.5. Let Fy = {0,1,w,w?} be the field of order 4 where w satisfies
w? +w + 1 = 0. Consider the subgroup G of GL(3,F,) generated by the 2
matrices

100 100
cl=1[110], rt=[010
011 w01l

Let V denote the three dimensional F, vector space on which G acts with
{z,y, 2} the basis of V* dual to the standard basis. Notice that the subgroup
N generated by o is the group we considered in Example 14.2.2. Thus N has
order 4 and

Fu[VIN = Fulf1, fo, f3, f4]

where

=z,

fa=y*+wy,

fa =19 + xy? + 22° + 222,

fa= 2 a2+ y222 + xyz2 + xyzz + x2yz.
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Furthermore, 72 = I3 and thus G has order 8 and N is normal in G.

We will use a ladder to study the ring of G invariants: F4[V]¢ =
(F4[VIV)G/N where G/N = Cy. Write A = 7 — 1. The action of G/N on
F4[V]Y is given by

A(f1) =0,

A(f2) =0,

A(fs) = f7, and
Alfa) = fi(f2+ D) -

Thus we define W = 2V} & 2 V5, where W* has basis {a1, ag, as, b3, a4, by}
with

7(a;) =a; fori=1,2,3,4 and
T(bl) =b; +a; fori=3,4

We define p : A := F4[W] — F4[V]Y by

plai) = fi,

plaz) = fa,

p(bs) = f3,

plaz) = A(fz) = [,

p(by) = f1 and

plas) = A(fa) = fi + fife.

Thus p is a G/N-equivariant surjection.
Again the short exact sequence of A-modules

0—J-5ALFVIY -0

induces a long exact sequence in group cohomology

G/N G/N

0 — JON LY qaN P2 G 5 g GNs g) D HY(GING A) B
In this case, we will see that p&/N is not surjective. We define
fs =19 + x2* + 2%9y% + 2tz
Since A(fs) = z(wz)* + z*(wx) = 0, we see that f5 is G-invariant.

It is easy to see that f5 does not lie in the image of p&/N as follows. We
have

pCN (F WG = pS/N (Fyfar, ag, b3 + azbs, b3 + asbs, azby + asbs))
=Fulfr, fo, 3+ Fifas i+ flfa+ Fifofa i fa+ L fs + Fifafs].
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Note that f; has degree i for all i = 1,2,...,5 and thus degree considerations
show that if f5 € p&/N(F4[W]S/N), then f5 € F4f1, f2]s. Since every element
of Fy4[f1, f2]5 is divisible by f; = z and the lead monomial of f5 is y° we see

that f5 & Fu[f1, fols-
The ideal J is generated by the 3 relations
ag + b§ + 0,10,2[)3 + a%b4
az +a3 and

as + a%ag + ail.
Consider
f=(aa+ a%)(ag + a:{’) + aq(aq + a%ag + a‘ll) = agas + a%ag +ajaq € J.

Note that f = A(f') € A(F4[W]) where f' = agbs + abs + ajby.
However, f ¢ A(J). Therefore f represents a non-zero cohomology class
[fl; € HY(G/N;J) with 41([h];) = 0 € HY(G/N;F4[W]). This corresponds
to the invariant

p(9) = fofs + f2fs + fifs = f5 € F4[W)C.

With a little more work the reader may show that the Fy[W]%/N-module,
ker v! is generated by the element just considered [azag + a%as +aja4)] ;. Thus
F4[V]€ is generated by p(F4[W]*) together with f5. From this it easily follows
that

F4[V]® =Fulfr, fo, f5, 1]

where

fs = p(N“/H (by))
_ 28 +y4z4 +3cy7+x2y224 +x3y4z+x3y5x5y22+x622.

Remark 14.2.4. Note that the representation considered in Example 14.2.3 is
the same representation as that considered in Example 14.2.1 when p = 2.
However, the choice of ladder (i.e., the tower of normal subgroups used) is
different in the two examples.






References

1. William W. Adams and Philippe Loustaunau, An introduction to Grébner
bases, Graduate Studies in Mathematics, vol. 3, American Mathematical Soci-
ety, Providence, RI, 1994. MR 1287608 (95g:13025)

2. Gert Almkvist, Representations of Z/pZ in characteristic p and reciprocity
theorems, J. Algebra 68 (1981), no. 1, 1-27. MR 604290 (82k:14047)

3. Gert Almkvist and Robert Fossum, Decomposition of exterior and symmet-
ric powers of indecomposable Z/pZ-modules in characteristic p and relations
to invariants, Séminaire d’Algebre Paul Dubreil, 30éme année (Paris, 1976
1977), Lecture Notes in Math., vol. 641, Springer, Berlin, 1978, pp. 1-111.
MR 499459 (81b:14024)

4. Emil Artin, Galois theory, second ed., Dover Publications Inc., Mineola,
NY, 1998, Edited and with a supplemental chapter by Arthur N. Milgram.
MR 1616156 (98k:12001)

5. M. F. Atiyah and I. G. Macdonald, Introduction to commutative algebra,
Addison-Wesley Publishing Co., Reading, Mass.-London-Don Mills, Ont., 1969.
MR 39:4129

6. D. J. Benson, Polynomial invariants of finite groups, London Mathematical
Society Lecture Note Series, vol. 190, Cambridge University Press, Cambridge,
1993. MR 94j:13003

, Representations and cohomology. I, second ed., Cambridge Studies

in Advanced Mathematics, vol. 30, Cambridge University Press, Cambridge,

1998, Cohomology of groups and modules. MR 1634407 (99£:20001b)

, Representations and cohomology. II, second ed., Cambridge Studies
in Advanced Mathematics, vol. 31, Cambridge University Press, Cambridge,
1998, Cohomology of groups and modules. MR 1634407 (99f:20001b)

9. Marie-José Bertin, Anneauz d’invariants d’anneaux de polynomes, en car-
actéristique p, C. R. Acad. Sci. Paris Sér. A-B 264 (1967), A653—-A656.
MR 0215826 (35 #6661)

10. W. Bosma, J. Cannon, and C. Playous, The magma algebra system. . the user
language, J. Symbolic Comput. 24 (1997), no. 3-4, 235-265.

11. N. Bourbaki, Eléments de mathématique. I: Les structures fondamentales
de lanalyse. Fascicule XI. Livre II: Algébre. Chapitre 4: Polynomes et
fractions rationnelles. Chapitre 5: Corps commutatifs, Deuxiéme édition.

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory, 223
Encyclopaedia of Mathematical Sciences 139,
DOI 10.1007/978-3-642-17404-9, (C) Springer-Verlag Berlin Heidelberg 2011


http://www.ams.org/mathscinet-getitem?mr=1287608
http://www.ams.org/mathscinet-getitem?mr=604290
http://www.ams.org/mathscinet-getitem?mr=499459
http://www.ams.org/mathscinet-getitem?mr=1616156
http://www.ams.org/mathscinet-getitem?mr=39:4129
http://www.ams.org/mathscinet-getitem?mr=94j:13003
http://www.ams.org/mathscinet-getitem?mr=1634407
http://www.ams.org/mathscinet-getitem?mr=1634407
http://www.ams.org/mathscinet-getitem?mr=0215826
http://dx.doi.org/10.1007/978-3-642-17404-9

224

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

References

Actualités Scientifiques et Industrielles, No. 1102, Hermann, Paris, 1959.
MR 0174550 (30 #4751)

Abraham Broer, Remarks on invariant theory of finite groups, Unpublished
manuscript, 1997.

, Differents in modular invariant theory, Transform. Groups 11 (2006),
no. 4, 551-574. MR 2278139 (2007h:13007)

Winfried Bruns and Jiirgen Herzog, Cohen-Macaulay rings, Cambridge Studies
in Advanced Mathematics, vol. 39, Cambridge University Press, Cambridge,
1993. MR 1251956 (95h:13020)

Roger M. Bryant and Gregor Kemper, Global degree bounds and the
transfer principle for invariants, J. Algebra 284 (2005), no. 1, 80-90.
MR, 2115005 (2005i:13007)

H. E. A. Campbell and Jianjun Chuai, On the invariant fields and localized
invariant rings of p-groups, Quarterly Journal of Mathematics 10 (2007), no.
10.1093/qmath/ham011, 1-7.

H. E. A. Campbell, A. V. Geramita, I. P. Hughes, R. J. Shank, and D. L.
Wehlau, Non-Cohen-Macaulay vector invariants and a Noether bound for a
Gorenstein ring of invariants, Canad. Math. Bull. 42 (1999), no. 2, 155-161.
MR 2000b:13005

H. E. A. Campbell, 1. Hughes, and R. D. Pollack, Rings of invariants and p-
Sylow subgroups, Canad. Math. Bull. 34 (1991), no. 1, 42-47. MR 92h:13008
H. E. A. Campbell and 1. P. Hughes, Vector invariants of U2(Fp): a proof of a
conjecture of Richman, Adv. Math. 126 (1997), no. 1, 1-20. MR 98¢:13007
H. E. A. Campbell and P. S. Selick, Polynomial algebras over the Steenrod alge-
bra, Comment. Math. Helv. 65 (1990), no. 2, 171-180. MR 1057238 (91£:55006)
H. E. A. Campbell, R. J. Shank, and David L. Wehlau, Vector invariants for
the two dimensional modular representation of a cyclic group of prime order,
Advances in Math. 225 (2010), no. 2, 1069-1094.

Claude Chevalley, Invariants of finite groups generated by reflections, Amer. J.
Math. 77 (1955), 778-782. MR 17,345d

Jianjun Chuai, Two-dimensional vector invariant rings of abelian p-groups, J.
Algebra 266 (2003), no. 1, 362-373. MR 2004e:13010

H. S. M. Coxeter, The product of the generators of a finite group generated by
reflections, Duke Math. J. 18 (1951), 765-782. MR 0045109 (13,528d)
Charles W. Curtis and Irving Reiner, Representation theory of finite groups
and associative algebras, Wiley Classics Library, John Wiley & Sons Inc., New
York, 1988, Reprint of the 1962 original, A Wiley-Interscience Publication.
MR 1013113 (90g:16001)

Harm Derksen and Gregor Kemper, Computational invariant theory, Invariant
Theory and Algebraic Transformation Groups, I, Springer-Verlag, Berlin, 2002,
Encyclopaedia of Mathematical Sciences, 130. MR 2003g:13004

, Computing invariants of algebraic groups in arbitrary characteristic,
Adv. Math. 217 (2008), no. 5, 2089-2129. MR 2388087 (2009a:13005)

L. E. J. Dickson, Theorems on the residues of multinomial coefficients with
respect to a prime modulus, Q. J. Pure Appl. Math. 33 (1902), 378-384.

Jan Draisma, Gregor Kemper, and David Wehlau, Polarization of
separating invariants, Canad. J. Math. 60 (2008), no. 3, 556-5T71.
MR 2414957 (2009¢:13011)

Emilie Dufresne, Separating invariants, Ph.D. thesis, Queen’s University,
Kingston, Ontario, Canada, 2008, defended.



http://www.ams.org/mathscinet-getitem?mr=0174550
http://www.ams.org/mathscinet-getitem?mr=2278139
http://www.ams.org/mathscinet-getitem?mr=1251956
http://www.ams.org/mathscinet-getitem?mr=2115005
http://dx.doi.org/10.1093/qmath/ham011
http://www.ams.org/mathscinet-getitem?mr=2000b:13005
http://www.ams.org/mathscinet-getitem?mr=92h:13008
http://www.ams.org/mathscinet-getitem?mr=98c:13007
http://www.ams.org/mathscinet-getitem?mr=1057238
http://www.ams.org/mathscinet-getitem?mr=17,345d
http://www.ams.org/mathscinet-getitem?mr=2004e:13010
http://www.ams.org/mathscinet-getitem?mr=0045109
http://www.ams.org/mathscinet-getitem?mr=1013113
http://www.ams.org/mathscinet-getitem?mr=2003g:13004
http://www.ams.org/mathscinet-getitem?mr=2388087
http://www.ams.org/mathscinet-getitem?mr=2414957

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

References 225

, Separating invariants of finite reflections groups, Advances in Math.
221 (2009), no. 6, 1979-1989.

David S. Dummit and Richard M. Foote, Abstract algebra, third ed., John
Wiley & Sons Inc., Hoboken, NJ, 2004. MR 2286236 (2007h:00003)

David Eisenbud, Commutative algebra, Graduate Texts in Mathematics, vol.
150, Springer-Verlag, New York, 1995. MR 97a:13001

, Commutative algebra, Graduate Texts in Mathematics, vol. 150,
Springer-Verlag, New York, 1995, With a view toward algebraic geometry.
MR, 1322960 (97a:13001)

Geir Ellingsrud and Tor Skjelbred, Profondeur d’anneauz d’invariants en car-
actéristique p, Compositio Math. 41 (1980), no. 2, 233—244. MR 82¢:13015
Jonathan Elmer and Peter Fleischmann, On the depth of modular invariant
rings for the groups Cp x Cp, Progress in Mathematics 278 (2009), 45-62.
Charles S. Fisher, The death of a mathematical theory: a study in the sociology
of knowledge, Arch. History Exact Sci. 3 (1966), no. 2, 137-159. MR, 0202546
Peter Fleischmann, Relative trace ideals and Cohen-Macaulay quotients of mod-
ular invariant rings, Computational methods for representations of groups and
algebras (Essen, 1997), Progr. Math., vol. 173, Birkh&user, Basel, 1999, pp.
211-233. MR 1714612 (2000j:13007)

, The Noether bound in invariant theory of finite groups, Adv. Math.
156 (2000), no. 1, 23-32. MR 1800251 (2001k:13009)

Peter Fleischmann, Gregor Kemper, and Chris Woodcock, Homomorphisms,
localizations and a new algorithm to construct invariant rings of finite groups,
J. Algebra 309 (2007), no. 2, 497-517. MR 2303190

Peter Fleischmann and R. James Shank, The relative trace ideal and the depth
of modular rings of invariants, Arch. Math. (Basel) 80 (2003), no. 4, 347-353.
MR 2004e:13012

John Fogarty, On Noether’s bound for polynomial invariants of a finite group,
Electron. Res. Announc. Amer. Math. Soc. 7 (2001), 5-7 (electronic).
MR 1826990 (2002a:13002)

Robert M. Fossum and Phillip A. Griffith, Complete local factorial rings which
are not Cohen-Macaulay in characteristic p, Ann. Sci. Ecole Norm. Sup. (4) 8
(1975), no. 2, 189-199. MR 0382257 (52 #3142)

Manfred Gobel, Computing bases for rings of permutation-invariant polynomi-
als, J. Symbolic Comput. 19 (1995), no. 4, 285-291. MR 96f:13006

, A constructive description of SAGBI bases for polynomial invari-
ants of permutation groups, J. Symbolic Comput. 26 (1998), no. 3, 261-272.
MR, 1633927 (99f:13002)

, The optimal lower bound for generators of invariant rings without
finite SAGBI bases with respect to any admissible order, Discrete Math. Theor.
Comput. Sci. 3 (1999), no. 2, 65-70 (electronic). MR 1695195 (2001b:13008)

, Rings of polynomial invariants of the alternating group have no finite
SAGBI bases with respect to any admissible order, Inform. Process. Lett. 74
(2000), no. 1-2, 15-18. MR 1761193 (2001d:13003)

P. Gordan, Beweis dass jede covariante und invariante einer bindren form eine
ganze function mit numerischen coefficienten solcher formen ist, J. fur reine
u. angew. Math. 69 (1868), 323-354.

Paul Gordan, Vorlesungen tber Invariantentheorie, second ed., Chelsea Pub-
lishing Co., New York, 1987, Erster Band: Determinanten. [Vol. I: Determi-



http://www.ams.org/mathscinet-getitem?mr=2286236
http://www.ams.org/mathscinet-getitem?mr=97a:13001
http://www.ams.org/mathscinet-getitem?mr=1322960
http://www.ams.org/mathscinet-getitem?mr=82c:13015
http://www.ams.org/mathscinet-getitem?mr=0202546
http://www.ams.org/mathscinet-getitem?mr=1714612
http://www.ams.org/mathscinet-getitem?mr=1800251
http://www.ams.org/mathscinet-getitem?mr=2303190
http://www.ams.org/mathscinet-getitem?mr=2004e:13012
http://www.ams.org/mathscinet-getitem?mr=1826990
http://www.ams.org/mathscinet-getitem?mr=0382257
http://www.ams.org/mathscinet-getitem?mr=96f:13006
http://www.ams.org/mathscinet-getitem?mr=1633927
http://www.ams.org/mathscinet-getitem?mr=1695195
http://www.ams.org/mathscinet-getitem?mr=1761193

226

50

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

References

nants|, Zweiter Band: Bindre Formen. [Vol. II: Binary forms|, Edited by Georg

Kerschensteiner. MR 917266 (89g:01034)
. F. D. Grosshans, Vector invariants in arbitrary characteristic, Transform.
Groups 12 (2007), no. 3, 499-514. MR 2356320
Robin Hartshorne, Complete intersections and connectedness, Amer. J. Math.
84 (1962), 497-508. MR 0142547 (26 #116)
David Hilbert, Ueber die Theorie der algebraischen Formen, Math. Ann. 36
(1890), no. 4, 473-534. MR 1510634
M. Hochster and John A. Eagon, Cohen-Macaulay rings, invariant theory, and
the generic perfection of determinantal loci, Amer. J. Math. 93 (1971), 1020-
1058. MR 46:1787
Tan Hughes and Gregor Kemper, Symmetric powers of modular representations,
Hilbert series and degree bounds, Comm. Algebra 28 (2000), no. 4, 2059-2088.
MR 2001b:13009
, Symmetric powers of modular representations for groups with a
Sylow subgroup of prime order, J. Algebra 241 (2001), no. 2, 759-788.
MR 1843324 (2002e:13012)
James E. Humphreys, Linear algebraic groups, Springer-Verlag, New York,
1975, Graduate Texts in Mathematics, No. 21. MR 0396773 (53 #633)
Victor Kac and Keiichi Watanabe, Finite linear groups whose ring of invariants
is a complete intersection, Bull. Amer. Math. Soc. (N.S.) 6 (1982), no. 2, 221—
223. MR 640951 (83h:14042)
William M. Kantor, Subgroups of classical groups generated by long
root elements, Trans. Amer. Math. Soc. 248 (1979), no. 2, 347-379.
MR 522265 (80g:20057)
Irving Kaplansky, Commutative rings, revised ed., The University of Chicago
Press, Chicago, Ill.-London, 1974. MR, 0345945 (49 #10674)
Deepak Kapur and Klaus Madlener, A completion procedure for computing a
canonical basis for a k-subalgebra, Computers and mathematics (Cambridge,
MA, 1989), Springer, New York, 1989, pp. 1-11. MR 1005954 (90g:13001)
D. B. Karagueuzian and P. Symonds, The module structure of a group action
on a polynomial ring: examples, generalizations, and applications, Invariant
theory in all characteristics, CRM Proc. Lecture Notes, vol. 35, Amer. Math.
Soc., Providence, RI, 2004, pp. 139-158. MR 2066462 (2005g:13011)
Dikran B. Karagueuzian and Peter Symonds, The module structure of a group
action on a polynomial ring: a finiteness theorem, J. Amer. Math. Soc. 20
(2007), no. 4, 931-967 (electronic). MR 2328711
G. Kemper and G. Malle, The finite irreducible linear groups with polynomial
ring of invariants, Transform. Groups 2 (1997), no. 1, 57-89. MR 98a:13012
Gregor Kemper, A constructive approach to Noether’s problem, Manuscripta
Math. 90 (1996), no. 3, 343-363. MR 1397662 (97d:13005)
_, On the Cohen-Macaulay property of modular invariant rings, J. Alge-
bra 215 (1999), no. 1, 330-351. MR 2000d:13008
, Computing invariants of reductive groups in positive characteristic,
Transform. Groups 8 (2003), no. 2, 159-176. MR, 2004b:13006
, A course in commutative algebra, first ed., Graduate Texts in Mathe-
matics, vol. 256, Springer, to appear, 2010.
Gregor Kemper and Gunter Malle, Invariant fields of finite irre-
ducible reflection groups, Math. Ann. 315 (1999), no. 4, 569-586.
MR MR1731462 (2001c:13006)



http://www.ams.org/mathscinet-getitem?mr=917266
http://www.ams.org/mathscinet-getitem?mr=2356320
http://www.ams.org/mathscinet-getitem?mr=0142547
http://www.ams.org/mathscinet-getitem?mr=1510634
http://www.ams.org/mathscinet-getitem?mr=46:1787
http://www.ams.org/mathscinet-getitem?mr=2001b:13009
http://www.ams.org/mathscinet-getitem?mr=1843324
http://www.ams.org/mathscinet-getitem?mr=0396773
http://www.ams.org/mathscinet-getitem?mr=640951
http://www.ams.org/mathscinet-getitem?mr=522265
http://www.ams.org/mathscinet-getitem?mr=0345945
http://www.ams.org/mathscinet-getitem?mr=1005954
http://www.ams.org/mathscinet-getitem?mr=2066462
http://www.ams.org/mathscinet-getitem?mr=2328711
http://www.ams.org/mathscinet-getitem?mr=98a:13012
http://www.ams.org/mathscinet-getitem?mr=1397662
http://www.ams.org/mathscinet-getitem?mr=2000d:13008
http://www.ams.org/mathscinet-getitem?mr=2004b:13006
http://www.ams.org/mathscinet-getitem?mr=MR1731462

69.

70.

71.

72.

73.

74.

75.

76.

e

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

References 227

, Invariant fields of finite irreducible reflection groups, Math. Ann. 315
(1999), no. 4, 569-586. MR 2001¢:13006

Hanspeter Kraft and Claudio Procesi, A primer of invariant theory, notes by
G. Boffi, http://www.math.unibas.ch/ kraft /Papers/KP-Primer.pdf 1 (1982,
rev. 2000), 125.

Ernst Kunz, Introduction to commutative algebra and algebraic geome-
try, Birkhduser Boston Inc., Boston, MA, 1985, Translated from the
German by Michael Ackerman, With a preface by David Mumford.
MR 789602 (86e:14001)

Shigeru Kuroda, The infiniteness of the SAGBI bases for certain invariant
rings, Osaka J. Math. 39 (2002), no. 3, 665-680. MR 1932287 (2003k:13033)
Peter S. Landweber and Robert E. Stong, The depth of rings of invariants
over finite fields, Number theory (New York, 1984-1985), Lecture Notes in
Mathematics, vol. 1240, Springer, Berlin, 1987, pp. 259-274. MR 88k:13004
Serge Lang, Algebra, second ed., Addison-Wesley Publishing Company Ad-
vanced Book Program, Reading, MA, 1984. MR 783636 (86j:00003)

, Algebra, third ed., Addison-Wesley Publishing Company Advanced
Book Program, Reading, MA, 1993.

Peter Littelmann, Koreguldre und dquidimensionale Darstellungen, J. Algebra
123 (1989), no. 1, 193-222. MR 1000484 (90e:20039)

Martin Lorenz, Multiplicative invariant theory, Encyclopaedia of Mathematical
Sciences, vol. 135, Springer-Verlag, Berlin, 2005, Invariant Theory and Alge-
braic Transformation Groups, VI. MR 2131760 (2005m:13012)

I. G. Macdonald, Symmetric functions and Hall polynomials, second ed., Ox-
ford Mathematical Monographs, The Clarendon Press Oxford University Press,
New York, 1995, With contributions by A. Zelevinsky, Oxford Science Publi-
cations. MR 1354144 (96h:05207)

Hideyuki Matsumura, Commutative algebra, second ed., Mathematics Lecture
Note Series, vol. 56, Benjamin/Cummings Publishing Co., Inc., Reading, Mass.,
1980. MR 575344 (82i:13003)

, Commutative ring theory, Cambridge Studies in Advanced Mathemat-
ics, vol. 8, Cambridge University Press, Cambridge, 1986. MR 88h:13001
Takehiko Miyata, Invariants of certain groups. I, Nagoya Math. J. 41 (1971),
69-73. MR 0272923 (42 #7804)

H. Mui, Modular invariant theory and cohomology algebras of symmetric
groups, J. of Fac. Sci. Univ. Tokyo Sect. 1A Math. 22 (1975), 319-369.
Haruhisa Nakajima, Modular representations of p-groups with reqular rings of
invariants, Proc. Japan Acad. Ser. A Math. Sci. 56 (1980), no. 10, 469-473.
MR 82a:20016

, Rings of invariants of finite groups which are hypersurfaces, J. Algebra
80 (1983), no. 2, 279-294. MR, 85e:20036

Mara D. Neusel, Invariant theory, Student Mathematical Library,
vol. 36, American Mathematical Society, Providence, RI, 2007.
MR 2280491 (2007m:13007)

Mara D. Neusel and Larry Smith, Invariant theory of finite groups, Mathe-
matical Surveys and Monographs, vol. 94, American Mathematical Society,
Providence, RI, 2002. MR 1869812 (2002k:13012)

P. E. Newstead, Introduction to moduli problems and orbit spaces,
Tata Institute of Fundamental Research Lectures on Mathematics and



http://www.ams.org/mathscinet-getitem?mr=2001c:13006
http://www.math.unibas.ch/~kraft/Papers/KP-Primer.pdf
http://www.ams.org/mathscinet-getitem?mr=789602
http://www.ams.org/mathscinet-getitem?mr=1932287
http://www.ams.org/mathscinet-getitem?mr=88k:13004
http://www.ams.org/mathscinet-getitem?mr=783636
http://www.ams.org/mathscinet-getitem?mr=1000484
http://www.ams.org/mathscinet-getitem?mr=2131760
http://www.ams.org/mathscinet-getitem?mr=1354144
http://www.ams.org/mathscinet-getitem?mr=575344
http://www.ams.org/mathscinet-getitem?mr=88h:13001
http://www.ams.org/mathscinet-getitem?mr=0272923
http://www.ams.org/mathscinet-getitem?mr=82a:20016
http://www.ams.org/mathscinet-getitem?mr=85e:20036
http://www.ams.org/mathscinet-getitem?mr=2280491
http://www.ams.org/mathscinet-getitem?mr=1869812

228

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

References

Physics, vol. 51, Tata Institute of Fundamental Research, Bombay, 1978.
MR 546290 (81k:14002)

E. Noether, Der endlichkeitssatz der invarianten endlicher linearer gruppen der
characteristik p, Nachr. v. d. Ges. d. Wiss. zu Gottingen (1926), 28-35.

V. L. Popov, Constructive invariant theory, Young tableaux and Schur functors
in algebra and geometry (Toruri, 1980), Astérisque, vol. 87, Soc. Math. France,
Paris, 1981, pp. 303-334. MR 646826 (83i:14040)

Claudio Procesi, Lie groups, Universitext, Springer, New York, 2007, An ap-
proach through invariants and representations. MR 2265844 (2007;:22016)
Zinovy Reichstein, SAGBI bases in rings of multiplicative invariants, Com-
ment. Math. Helv. 78 (2003), no. 1, 185-202. MR 1966757 (2004¢c:13005)
David R. Richman, On wvector invariants over finite fields, Adv. Math. 81
(1990), no. 1, 30-65. MR, 91g:15020

Lorenzo Robbiano and Moss Sweedler, Subalgebra bases, Commutative algebra
(Salvador, 1988), Lecture Notes in Math., vol. 1430, Springer, Berlin, 1990, pp.
61-87. MR 1068324 (91£:13027)

Michael Roberts, On the covariants of a binary quantic of the nth degree, Quar-
terly Journal of Pure and Applied Mathematics 4 (1861), 168-178.
Jean-Pierre Serre, Groupes finis d’automorphismes d’anneauz locaux réguliers,
Colloque d’Algebre (Paris, 1967), Exp. 8, Secrétariat mathématique, Paris,
1968, p. 11. MR 38:3267

Miifit Sezer and R. James Shank, On the coinvariants of modular representa-
tions of cyclic groups of prime order, J. Pure Appl. Algebra 205 (2006), no. 1,
210-225. MR 2193198 (2006k:13015)

R. J. Shank, Classical covariants and modular invariants, Invariant theory
in all characteristics, CRM Proc. Lecture Notes, vol. 35, Amer. Math. Soc.,
Providence, RI, 2004, pp. 241-249. MR 2005d:13012

R. James Shank, S.A.G.B.I. bases for rings of formal modular seminvariants,
Comment. Math. Helv. 73 (1998), no. 4, 548-565. MR 2000a:13016

R. James Shank and David L. Wehlau, Computing modular invariants of p-
groups, J. Symbolic Comput. 34 (2002), no. 5, 307-327. MR 2003j:13006

, Noether numbers for subrepresentations of cyclic groups of prime or-
der, Bull. London Math. Soc. 34 (2002), no. 4, 438-450. MR 2003a:13005

G. C. Shephard and J. A. Todd, Finite unitary reflection groups, Canadian J.
Math. 6 (1954), 274-304. MR 15,600b

Larry Smith, Polynomial invariants of finite groups, Research Notes in Mathe-
matics, vol. 6, A K Peters Ltd., Wellesley, MA, 1995. MR 1328644 (96£:13008)
, Polynomial invariants of finite groups. A survey of recent develop-
ments, Bull. Amer. Math. Soc. (N.S.) 34 (1997), no. 3, 211-250. MR 98i:13009
Richard P. Stanley, Invariants of finite groups and their applications to
combinatorics, Bull. Amer. Math. Soc. (N.S.) 1 (1979), no. 3, 475-511.
MR 81a:20015

Bernd Sturmfels, Algorithms in invariant theory, Texts and Monographs in
Symbolic Computation, Springer-Verlag, Vienna, 1993. MR 94m:13004

Peter Symonds, On the castelnuovo-mumford reqularity of rings of polynomial
invariants, preprint (2009), 1-11.

N. M. Thiéry and S. Thomassé, Convex cones and SAGBI bases of permu-
tation invariants, Invariant theory in all characteristics, CRM Proc. Lec-
ture Notes, vol. 35, Amer. Math. Soc., Providence, RI, 2004, pp. 259-263.
MR 2066473 (2005e:13006)



http://www.ams.org/mathscinet-getitem?mr=546290
http://www.ams.org/mathscinet-getitem?mr=646826
http://www.ams.org/mathscinet-getitem?mr=2265844
http://www.ams.org/mathscinet-getitem?mr=1966757
http://www.ams.org/mathscinet-getitem?mr=91g:15020
http://www.ams.org/mathscinet-getitem?mr=1068324
http://www.ams.org/mathscinet-getitem?mr=38:3267
http://www.ams.org/mathscinet-getitem?mr=2193198
http://www.ams.org/mathscinet-getitem?mr=2005d:13012
http://www.ams.org/mathscinet-getitem?mr=2000a:13016
http://www.ams.org/mathscinet-getitem?mr=2003j:13006
http://www.ams.org/mathscinet-getitem?mr=2003a:13005
http://www.ams.org/mathscinet-getitem?mr=15,600b
http://www.ams.org/mathscinet-getitem?mr=1328644
http://www.ams.org/mathscinet-getitem?mr=98i:13009
http://www.ams.org/mathscinet-getitem?mr=81a:20015
http://www.ams.org/mathscinet-getitem?mr=94m:13004
http://www.ams.org/mathscinet-getitem?mr=2066473

108.

109.

110.

111.

112.

113.

114.

115.

116.

117.

References 229

A. Wagner, Collineation groups generated by homologies of order greater than
2, Geom. Dedicata 7 (1978), no. 4, 387-398. MR 512113 (81e:20055)

Ascher Wagner, Determination of the finite primitive reflection groups over
an arbitrary field of characteristic not 2. I, Geom. Dedicata 9 (1980), no. 2,
239-253. MR 578199 (81g:20096)

David Wehlau, Equidimensional representations of 2-simple groups, J. Algebra
154 (1993), no. 2, 437-489. MR 1206131 (93k:14064)

David L. Wehlau, The Noether number in invariant theory, C. R. Math. Acad.
Sci. Soc. R. Can. 28 (2006), no. 2, 39-62. MR 2257602 (2007h:13008)
Hermann Weyl, The classical groups, Princeton Landmarks in Mathematics,
Princeton University Press, Princeton, NJ, 1997. MR 98k:01049

Clarence Wilkerson, A primer on the Dickson invariants, Proceedings of the
Northwestern Homotopy Theory Conference (Evanston, Ill., 1982) (Provi-
dence, RI), Contemp. Math., vol. 19, Amer. Math. Soc., 1983, pp. 421-434.
MR 85¢:55017

Yinglin Wu, Rings of invariants of certain modular groups, Ph.D. thesis,
Queen’s University, Kingston, Ontario, Canada, 2009, defended.

A. E. Zalesskil and V. N. Serezkin, Finite linear groups generated by reflec-
tions, Izv. Akad. Nauk SSSR Ser. Mat. 44 (1980), no. 6, 1279-1307, 38.
MR 603578 (82i:20060)

Oscar Zariski and Pierre Samuel, Commutative algebra. Vol. 1, Springer-Verlag,
New York, 1975. MR 52:5641

, Commutative algebra. Vol. II, Springer-Verlag, New York, 1975.
MR 52:10706



http://www.ams.org/mathscinet-getitem?mr=512113
http://www.ams.org/mathscinet-getitem?mr=578199
http://www.ams.org/mathscinet-getitem?mr=1206131
http://www.ams.org/mathscinet-getitem?mr=2257602
http://www.ams.org/mathscinet-getitem?mr=98k:01049
http://www.ams.org/mathscinet-getitem?mr=85c:55017
http://www.ams.org/mathscinet-getitem?mr=603578
http://www.ams.org/mathscinet-getitem?mr=52:5641
http://www.ams.org/mathscinet-getitem?mr=52:10706




Index

Almkvist, 76, 78

alternating function, 64
alternating group, 91, 93, 155
Artin, 101

Atiyah, 25, 27

Benson, 1, 8, 106, 107, 213
Bertin, 53, 74
bi-reflection, 9, 170, 172
Bourbaki, 91

Brauer lift, 51

Broer, 8, 173

Bruns, 27

Bryant, 24

Cs, 75

Cy, 53, 72

Campbell, 8, 23, 49, 62, 115, 130, 148,
170

character, 54

Chevalley, 9

Chuai, 62, 130, 173

closed set, 29

Cohen-Macaulay, 6-9, 11, 32-34, 42, 43,
53, 56, 60-62, 69, 71-74, 100, 144,
170-173

cohomology, 170, 213, 214, 216, 218,
220, 221

coinvariants, 99, 135

coordinate ring, 3, 11, 16, 2628, 88

Coxeter, 9

Cy, 11, 16-18, 20, 60, 75, 76, 88,
105-108, 110, 111, 113, 125, 126,

H.E.A. Eddy Campbell, D. Wehlau, Modular Invariant Theory,

132-134, 136, 155, 180, 187, 189
194, 205, 215
Cpr, 106

Dade, 41, 42

depth, 32, 56

Derksen, 1, 191

Dickson, 165

Dickson invariants, 40, 45, 75, 77
Draisma, 191, 201

Dufresne, 191

Dummit, 25, 27, 50

Eagon, 9, 32

Eisenbud, 25, 27

elementary symmetric functions, 7, 13,
15, 40, 44, 45, 53, 61, 69, 72, 90,
91, 102

Elemer, 48

Ellingsrud, 170

equivariant, 214

Fleischmann, 8, 48, 63, 132, 153
Fogarty, 8, 46

Foote, 25, 27, 50

Fossum, 76, 78

free resolution, 36

Gobel’s Theorem, 66, 68—70
Galois theory, 75, 130
Geramita, 8, 170

Gordan, 125

Gorenstein, 9, 34

Grobner basis, 85, 87, 91, 114

231

Encyclopaedia of Mathematical Sciences 139,
DOI 10.1007/978-3-642-17404-9, (C) Springer-Verlag Berlin Heidelberg 2011


http://dx.doi.org/10.1007/978-3-642-17404-9

232 Index

graded Nakayama lemma, 35, 36, 42

height, 28, 31, 32, 55, 164, 171, 175, 196

Herzog, 27

Hilbert, 25, 30, 41, 125

Hilbert ideal, 47, 48, 99, 101, 135, 173,
195

Hilbert series, 34, 37, 42, 50-53, 61, 62,
66, 69, 71-78, 85, 99, 101, 113,
135, 138, 139, 205, 207-209

Hilbert syzygy theorem, 36

Hilbert’s Nullstellensatz, 26

Hironaka decomposition, 42, 45, 65,
101, 155, 156, 182

Hochster, 9, 32

homogeneous system of parameters, 30,
41, 42, 44

homology, 141, 150

Hughes, 8, 23, 32, 76, 115, 148, 170, 205

hypersurface, 7, 8, 28, 34, 65, 75, 149,
185, 188, 219

integral invariants, 76, 124-126, 207

integrally closed, 29, 30, 39, 40, 55, 56,
173, 183, 197

invariant ring, 11, 20

Jordan block, 59

Kac, 148

Kapur, 85

Karagueuzian, 8, 48, 49

Kemper, 1, 8, 10, 11, 24, 25, 47, 63, 76,
148-150, 170, 172, 173, 183, 191,
201, 205

Krull dimension, 28-33, 40, 56, 100,
195, 212, 218

Landweber, 55

Lang, 25, 27, 50

lead term, 83, 86, 87, 89, 91, 92, 94,
120, 128, 133, 137, 166, 167, 182

lead term algebra, 85

leading coefficient, 62

leading monomial, 91

linearly reductive, 41, 211, 212

Littelmann, 211

Lorenz, 172

Mdi, 41, 46

Macdonald, 25, 27, 45

Madlener, 85

Malle, 10, 148-150

Matsumura, 25, 27

minimal free resolution, 36

minimal generating set, 35

minimal set of generators, 135

Molien, 50

Molien’s Theorem, 51-53, 61

monomial, 3, 64, 66-68, 83-86, 88,
90-92, 94, 95, 100-104, 112, 120,
123, 126-128, 133, 135-137, 145,
161, 167, 188, 205, 206, 221

Nakajima, 9, 10, 147, 185

Nakajima basis, 142, 143, 167

Nakajima group, 141, 142, 145, 147,
149, 164, 167, 185, 188, 189, 215

Nakajima’s Theorem, 144, 147

Neusel, 1

Noether, 7, 8, 11, 20, 30, 33, 41, 46, 63,
132

Noether Normalization, 30, 37

Noether number, 8, 24, 132

Noether’s degree bound, 8, 11, 46, 63

Noether’s gap, 8

Noetherian ring, 28, 31, 32, 37, 42, 47,
83, 171

orbit sum, 66-72, 91, 161

p-polynomial, 77

p-Sylow subgroup, 55, 164, 172

path height, 119-121, 123

permutation group, 40, 93, 161

permutation representation, 13, 14, 65,
66, 68, 91, 93, 94, 97, 161

Poincaré series, 34

Pollack, 170

polynomial algebra, 7, 9, 20, 28, 34, 37,
56, 61, 149, 176, 177, 214

Popov, 211

primary invariants, 42

prime ideal, 27-30, 56, 130, 160-162,
196

pseudo-reflection, 9

reflection, 1, 8-10, 96, 97, 141, 147-149,
187



regular sequence, 33

regular function, 4

regular representation, 11, 53, 61, 69,
72, 74, 106, 111, 162

regular sequence, 31-33, 60, 61, 144,
171, 179, 182

relection, 150

Richman, 8, 11, 23, 115

Robbiano, 85

SAGBI basis, 45, 85-87, 91-94, 97,
115-117, 123, 182, 183, 205-207

Samuel, 27, 53

secondary invariants, 42

Selick, 49

separating invariants, 200, 201

Serezkin, 150

Serre, 9, 55

Serre’s normality criterion, 55

Sezer, 132

Shank, 8, 23, 92, 115, 116, 124, 128-133,
148, 153, 170, 173, 205

Shank invariants, 128

Shephard, 9, 148, 150

X4, 69, 72

Skjelbred, 170

Smith, 1, 8, 32

Stanley, 61

Steenrod, 49

Stong, 10, 55, 147

Sturmfels, 45

Index 233

Sweedler, 85

symmetric group, 13, 44, 90, 91, 99,
101, 155

Symonds, 8, 48-50, 107

term, 36, 83, 84, 87, 93, 117, 119, 127,
129, 132, 145, 181, 182

Todd, 9, 148, 150

trace, 50, 153

transfer, 120, 135, 153-157, 159, 160,
163, 164, 179

transvection, 141, 149, 150, 167

unique factorization domain, 39, 53-55,
74, 166, 175, 182, 183, 188

upper triangular group, 141

upper triangular invariants, 46

variety, 27, 42, 161, 162
vector invariants, 11, 13, 115, 116, 173

Wagner, 150

Watanabe, 9

Wehlau, 8, 23, 92, 115, 116, 170, 173,
191, 201, 211

Wilson, 115

Woodcock, 132

Wu, 145

Zalesskil, 150
Zariski, 27
Zariski topology, 25, 27



	Cover
	Encyclopaedia of Mathematical Sciences Volume 139 - Invariant Theory and Algebraic Transformation Groups VIII
	Modular Invariant Theory
	Copyright
	Preface
	Contents
	Index of notations
	1 First Steps
	1.1 Groups Acting on Vector Spaces and Coordinate Rings��������������������������������������������������������������
	1.1.1 V Versus V *�������������������������

	1.2 Constructing Invariants����������������������������������
	1.3 On Structures and Fundamental Questions��������������������������������������������������
	1.4 Bounds for Generating Sets�������������������������������������
	1.5 On the Structure of \mathbb{K}[V]^G: The Non-modular Case
	1.6 Structure of \mathbb{K}[V]^G: Modular Case
	1.7 Invariant Fraction Fields������������������������������������
	1.8 Vector Invariants����������������������������
	1.9 Polarization and Restitution���������������������������������������
	1.10 The Role of the Cyclic Group C_p in Characteristic p
	1.11 C_p Represented on a 2 Dimensional Vector Space in Characteristic p
	1.12 A Further Example: C_p Represented on 2V_2 in Characteristic p
	1.13 The Vector Invariants of V_2

	2 Elements of Algebraic Geometry and Commutative Algebra���������������������������������������������������������������
	2.1 The Zariski Topology�������������������������������
	2.2 The Topological Space Spec(S)����������������������������������������
	2.3 Noetherian Rings���������������������������
	2.4 Localization and Fields of Fractions�����������������������������������������������
	2.5 Integral Extensions������������������������������
	2.6 Homogeneous Systems of Parameters��������������������������������������������
	2.7 Regular Sequences����������������������������
	2.8 Cohen-Macaulay Rings�������������������������������
	2.9 The Hilbert Series�����������������������������
	2.10 Graded Nakayama Lemma���������������������������������
	2.11 Hilbert Syzygy Theorem����������������������������������

	3 Applications of Commutative Algebra to Invariant Theory.�����������������������������������������������������������������
	3.1 Homogeneous Systems of Parameters��������������������������������������������
	3.2 Symmetric Functions������������������������������
	3.3 The Dickson Invariants���������������������������������
	3.4 Upper Triangular Invariants��������������������������������������
	3.5 Noether’s Bound��������������������������
	3.6 Representations of Modular Groups and Noether’s Bound����������������������������������������������������������������
	3.7 Molien’s Theorem���������������������������
	3.7.1 The Hilbert Series of the Regular Representation of the Klein Group��������������������������������������������������������������������������������
	3.7.2 The Hilbert Series of the Regular Representation of C_4

	3.8 Rings of Invariants of p-Groups Are Unique Factorization Domains���������������������������������������������������������������������������
	3.9 When the Fixed Point Subspace Is Large�������������������������������������������������

	4 Examples�����������������
	4.1 The Cyclic Group of Order 2, the Regular Representation������������������������������������������������������������������
	4.2 A Diagonal Representation of C_2
	4.3 Fraction Fields of Invariants of p-Groups����������������������������������������������������
	4.4 The Alternating Group��������������������������������
	4.5 Invariants of Permutation Groups�������������������������������������������
	4.6 Gobel’s Theorem
	4.7 The Ring of Invariants of the Regular Representation of the Klein Group����������������������������������������������������������������������������������
	4.8 The Ring of Invariants of the Regular Representation of C_4
	4.9 A 2 Dimensional Representation of C_3, p = 2
	4.10 The Three Dimensional Modular Representation of C_p
	4.10.1 Prior Knowledge of the Hilbert Series���������������������������������������������������
	4.10.2 Without the Use of the Hilbert Series���������������������������������������������������


	5 Monomial Orderings and SAGBI Bases�������������������������������������������
	5.1 SAGBI Bases����������������������
	5.1.1 Symmetric Polynomials����������������������������������

	5.2 Finite SAGBI Bases�����������������������������
	5.3 SAGBI Bases for Permutation Representations������������������������������������������������������

	6 Block Bases��������������������
	6.1 A Block Basis for the Symmetric Group������������������������������������������������
	6.2 Block Bases for p-Groups�����������������������������������

	7 The Cyclic Group C_p
	7.1 Representations of C_p in Characteristic p
	7.2 The C_p-Module Structure of \mathbb{F}[V_n]
	7.2.1 Sharps and Flats�����������������������������

	7.3 The C_p-Module Structure of \mathbb{F}[V]
	7.4 The First Fundamental Theorem for V_2
	7.4.1 Dyck Paths and Multi-Linear Invariants���������������������������������������������������
	7.4.2 Proof of Lemma 7.4.3���������������������������������

	7.5 Integral Invariants������������������������������
	7.6 Invariant Fraction Fields and Localized Invariants�������������������������������������������������������������
	7.7 Noether Number for C_p
	7.8 Hilbert Functions����������������������������

	8 Polynomial Invariant Rings�����������������������������������
	8.1 Stong’s Example��������������������������
	8.2 A Counterexample���������������������������
	8.3 Irreducible Modular Reflection Groups������������������������������������������������
	8.3.1 Reflection Groups������������������������������
	8.3.2 Groups Generated by Homologies of Order Greater than 2�������������������������������������������������������������������
	8.3.3 Groups Generated by Transvections����������������������������������������������


	9 The Transfer
	9.1 The Transfer for Nakajima Groups�������������������������������������������
	9.2 Cohen-Macaulay Invariant Rings of p-Groups�����������������������������������������������������
	9.3 Differents in Modular Invariant Theory�������������������������������������������������
	9.3.1 Construction of the Various Different Ideals���������������������������������������������������������


	10 Invariant Rings via Localization������������������������������������������
	11 Rings of Invariants which are Hypersurfaces�����������������������������������������������������
	12 Separating Invariants�������������������������������
	12.1 Relation Between \mathbb{K}[V]^G and Separating Subalgebras
	12.2 Polynomial Separating Algebras and Serre’s Theorem��������������������������������������������������������������
	12.3 Polarization and Separating Invariants��������������������������������������������������

	13 Using SAGBI Bases to Compute Rings of Invariants����������������������������������������������������������
	14 Ladders�����������������
	14.1 Group Cohomology����������������������������
	14.2 Cohomology and Invariant Theory�������������������������������������������

	References�����������������
	Index������������

